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Physical oceanography research in Canada has been extremely productive for the period of 20072010, with over 750 peer-reviewed journal articles by over 600 individual researchers from 111
institutions, departments, or companies from across the country. These accomplishments are
recorded in the 2011 report to the International Association for the Physical Sciences of the
Oceans (IAPSO) compiled by Blair Greenan and Jody Klymak with assistance from Tineke van
der Baaren. This report is provided in three components (bibliography with full abstracts,
alphabetical listing of the bibliography and a list of Canadian researchers and organizations). The
documents are available on the CNC-SCOR web site at
http://www.cmos.ca/scor/scorindexe.html. The bibliography is also available on the Mendeley
website at http://www.mendeley.com/groups/1305293/canadian-iapso-2007-2010/.
The following criteria were used in the compilation of this report:
• Canadian publications are those published by researchers in Canadian institutions such as
universities or government labs. It does not include publications by Canadian researchers
working at institutions outside Canada.
• This survey only includes peer-reviewed journal articles (no tech reports, data reports, white
papers, etc.)
• The time frame of the survey is 1 Jan 2007 to 31 Dec 2010
The report consists of a categorized bibliography summarizing abstracts from Canadian scientists
conducting physical oceanography research. Topics span the breadth of the global oceans, with
Canadian contributions, including observations of the oceans on all scales, laboratory studies,
numerical studies, and theoretical work. The list of papers makes clear that Canadians are sought
after for many international collaborations, as well as working on problems of national
significance. In addition, the impact of student training on the papers is clear, with many of the
600 Canadian researchers mentioned above being students when the cited work was written.
The report is deliberately broad in its interpretation of "physical science of the oceans", and
includes a number of climate papers, papers on atmospheric flows, and a significant number of
papers on the chemistry of the oceans. We hope no one is offended if their work ended up on one
side of the line or the other and it is certainly possible that we have omitted some publications in
error. Hence, we would encourage the community to provide feedback to us.
The numbers above are an impressive body of research for a four year period, and it is worth
noting where the support for these programs came from:
• First, and most noteworthy, this was the period when the Canadian Foundation for Climate and
Atmospheric Sciences (CFCAS) was being actively funded. This allowed support for graduate
students, post-docs, and technicians that made many of these papers possible.
• This period also encompassed the first batch of papers from the International Polar Year (20072008). Physical oceanographers participated in the C3O project, the Circumpolar Flaw Lead

System Study, along with significant effort put into Arctic climate and ice changes during these
years. This effort was reflected in a recent special issue of Atmosphere-Oceans.
• NSERC Discovery Grants still remained an important source of funding of the University
system, funding diverse programs across the discipline.
• Research in the federal government lab system was supported through departmental core Abase funding as well at targeted funding through programs such as CSA-GRIP and PERD.
Arguably, the backbone of observational physical oceanography in Canada remains the
government laboratories operated by Fisheries and Oceans Canada (DFO). These labs have a
mission that attempts to balance efforts in environmental monitoring with directed research. The
Bedford Institute of Oceanography (BIO), St. Andrews Biological Station, Maurice Lamontagne
Institute and the Northwest Atlantic Fisheries Centre have well-established long-term monitoring
programs both on and off the continental shelves of the Northwest Atlantic. The Institute of
Ocean Sciences (IOS) maintains the Station Papa time series, monitoring of the Strait of Georgia,
and the west coast of Vancouver Island. Work regularly takes place by Arctic groups from BIO,
IOS, and the Freshwater Institute Science Laboratory on the Coast Guard icebreakers. These
efforts are complemented through academia with platforms such as the CCGS Amundsen, which
focuses on Arctic research.
The successes of previous years point towards challenges for the future. Firstly, CFCAS is no
longer being funded by the federal government. This is a major loss for physical oceanographers,
as our efforts do not always fit in well with multidisciplinary programs and networks, and
CFCAS was a good way to keep small independent efforts funded. Secondly, federal spending
is restrained and this has and will continue to have impact on federal laboratories. Third,
shiptime for government and academia will continue to be constrained by the availability of
platforms.
Academia can possibly take up some of this slack, and perhaps universities are an appropriate
place for basic research to be carried out. However, it is quite difficult to get adequate funding
from NSERC for field-going programs without assembling something on the scale of a Network
Centre of Excellence. We would argue more medium-scale funding needs to be made available,
and the unique nature of seagoing research needs to be argued for vigorously if Canada is to
remain internationally relevant in oceanography.
These challenges are mitigated by many advances that are being made in physical oceanography
that Canadian scientists can take advantage of. Autonomous instruments are becoming cheaper
and much more flexible. Canada already plays an important role in the Argo profiling float
program. We are starting to gain expertise in gliders and other floats. Improvements in battery
technology and data telemetry via Iridium satellites makes collecting comprehensive data sets
with these instruments possible for a fraction of the cost of using a ship. Of course, in the
meantime improved numerical models and laboratory experiments will continue to guide our
understanding of physical oceanography.
In summary, the document we assembled is perhaps idiosyncratic in scope, but it highlights the
comprehensive work being done by Canadian oceanographers. Assembling these reports is a
significant effort, and we would be interested in ideas as to how to improve it in the future. In

particular, as we argue for our science to our funding agencies, it would really help to indicate
what investments pay off in terms of impact on the scientific community. Future efforts will be
directed towards assembling those metrics, but based on this effort we suspect Canada is getting
a phenomenal return for its investment in our research, and further renewal and investment is
necessary to keep the discipline alive and healthy.
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1 Global Ocean
1.1 Coastal Processes
Gilbert, D., N. N. Rabalais, R. J. Dí az, and J. Zhang, 2010, Evidence for greater oxygen
decline rates in the co astal ocean than in the open ocean, Biogeosciences, 7: 2283-2296,
doi:10.5194/bg-7-2283-2010
In the global ocean, the num ber of reported hypoxic sites (oxygen <30%
saturation) is on the rise both near
the coast and in the open ocean. But
unfortunately, most of the papers on hypoxia only present oxygen data from one
or two years, so that w e often lack a long-term perspective on whether oxygen
levels at these locations are decreasing, steady or increasing. Consequently, we
cannot rule out the possibility that many of the newly reported hypoxic areas were
hypoxic in the past, and that the increas
ing number of hypoxic areas partly
reflects increased res earch and monitoring efforts. Here we ad dress this
shortcoming by computing oxygen concentration trends in the global ocean from
published time series and from tim e series that we calculated using a global
oxygen database. Our calculations reveal that median oxygen decline rates are
more severe in a 30 km band near the coast than in the open ocean (>100 km from
the coast). Percentages of oxygen time series with negative oxygen trends are also
greater in the coas tal ocean th an in the open ocean. Finally, a s ignificant
difference between median published oxygen trends and median trends calculated
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from raw oxygen data suggests the existen ce of a publication bias in favor of
negative trends in the open ocean.
Kemp, W. M., J. M. Testa, D. J. Conley, D. Gilbert, and J. D. Hagy, 2009, Temporal
responses of coastal hypoxia to nutrient loading and physical controls, Biogeosciences, 6:
2985-3008, doi:10.5194/bg-6-2985-2009
The incidence and intensity of hypoxic wa ters in coastal aquatic ecosystem s has
been expanding in recent decades coincid ent with eutrop hication of the coas tal
zone. Worldwide, there is strong intere st in reducing the size and duration of
hypoxia in coastal waters, because hypoxia causes negative effects f or many
organisms and ecosystem processes. Although strategies to reduce hypoxia by
decreasing nutrient loading are predicated on the assumption tha t this action
would reverse eutrophication, recent analys es of historical data from European
and North Am erican coastal system s suggest little evidence for sim ple linear
response trajectories. We review publis hed parallel tim e-series data on hypoxia
and loading rates for inorganic nutrient s and labile organic m atter to analyze
trajectories of oxygen ( O2) response to nutrient loading. We also assess existing
knowledge of physical and ecolo gical factors regulating O 2 in co astal marine
waters to facilitate analysis of hypoxia responses to reductions in nutrient (and/or
organic matter) inputs. Of the 24 system s identified where concurrent time series
of loading and O 2 were available, half displaye d relatively clear and direct
recoveries following rem ediation. We expl ored in detail 5 well-studied system s
that have exhibited complex, non-linear re sponses to variations in loading,
including apparent "regime shifts". A summary of these analyses suggests that O 2
conditions improved rapidly and linearly in systems where remediation focused
on organic inputs from sewage treatm ent plants, which were the prim ary drivers
of hypoxia. In larger more open system s where diffuse nut rient loads are m ore
important in fueling O 2 depletion and where clim atic influences are pronounced,
responses to rem ediation tended to fo llow non-linear trends that may include
hysteresis and time-lags. Improved understanding of hypoxia remediation requires
that future studies use c omparative approaches and conside r multiple regulating
factors. These analyses should consider: (1 ) the dominant temporal scales of the
hypoxia, (2) the relative contributions of inorganic and organic nutrients, (3) the
influence of shifts in clim atic and ocea nographic processes, and (4) the roles of
feedback interactions whereby O2-sensitive biogeochemistry, trophic interactions,
and habitat conditions influence the nutri ent and algal dynam ics that regulate O 2
levels.
Maji, R. and L. Sm ith, 2009, Quantitative analy sis of seabed m ixing and intertidal zone
discharge
in coasta l
aquifers,
Water
Resour.
Res.,
45,
W11401,
doi:10.1029/2008WR007532
Contaminant loading from an inland s ource zone to the nearshore m
arine
environment is exam ined using a satura ted-unsaturated simulation model which
incorporates both the influence of the gr owth and the extinction of the seepage
face in the intertidal zo ne and the in clusion of hydrom echanical stress coupling
due to tidal loading. The system analyzed represents a site where an unconfined
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aquifer extends offshore with a broad intertidal zone. The volumetric discharge of
groundwater in the intertidal zone dominates the discharge occurring beyond the
low-tide line. For m ost of the cases exam ined, within th e intertidal zone, the
recirculated saline com ponent of the disc harge is greater than the freshwater
component. The majority of the contaminant mass exits through the seepage face
located above the ins tantaneous tide line. The peak contam inant loading rate
occurs around the tim e of the f alling midtide. At low tid e, the con taminant
loading rate is more than 2 orders of magnitude lower than the peak rates, even
though groundwater discharge rates are
highest as low tide is approached.
Sensitivity studies indicate that the relative proportion of recirculated intertidal
zone discharge to fresh intertidal zone
discharge is most sensitiv e to the
magnitude of the freshwater flux, the spat ial variation of the outflow across the
intertidal zone as influenced by anis otropy in hydraulic conductivity, and tidal
pumping as influenced by specific
storage. Dilution of contam inant
concentrations due to m ixing with seawater beneath the sed iment-water interface
is represented in terms of a dilution f actor, defined relative to the onshore source
concentration. For our base case, the
dilution factor for the con taminant
concentration averaged over one tidal cycle at the high-tide, midtide, and low-tide
lines was 1.3, 3.9, and 560, respectively. The key factors determining contaminant
dilution at the sedim ent interface are locat ion within the intertidal zo ne and the
vertical extent of the contaminant plume as it enters the intertidal zone.

1.2 Global Sea Level
Freeland, H. J. and D. Gilbert, 2009, Estimate of the Steric Contribution to Global Sea
Level Rise from a Comparison of the W OCE One-Time Survey with 2006-2008 Argo
Observations, Atmos.-Ocean, 47(4): 292–298, doi:10.3137/OC312.2009
It is well known from
observations by altimetric satellites (predom inantly
TOPEX/Poseidon and Jason-1) that global sea level is rising. W hat is less well
known is exactly how the observed sea level rise is partitioned between a steric
contribution (sea level rising because of changes in am bient temperature and
salinity) and a contribution arising from the addition of new water m ass to the
oceans. Strictly sp eaking, such a separation is not possib le because of the nonlinearity in the equation of state for sea water, but in practice the non-linearities
are sufficiently small to allow th is separation as a very good first approxim ation.
A careful comparison of the W orld Ocean Circulation Experiment (WOCE) onetime survey with recent observations by the Argo array indicate a steric
component to sea level rise of 2.2 mm y–1 between the early 1990s and 2006 to
2008. This is a significantly larger rise rate than previously estimated and, along
with recent estim ates of m elt rate from ice sheets, is in m uch closer agreement
with the total rise rate as reported b y altimetric satellites, 3.2 ± 0.4 mm y–1 over
this period.
Oliver, E. C. J. and K. R. Thom pson, 2010, Madden-Julian Oscillation and sea level:
Local and remote forcing, J. Geophys. Res., 115, C01003, doi:10.1029/2009JC005337
The Madden-Julian Oscillation (M JO) is the dom inant mode of at mospheric
variability in the tropic al atmosphere on intraseasonal time scales ( i.e., weeks to
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seasons). This study exam ines the conn ection between the MJO and global sea
level measured by altim eters over the last 17 years. W e first identify regions
exhibiting a significant (bot h statistical and practical ) relationship between sea
level and the MJO. The first region consists of the equa torial Pacific and western
coastal zones of North and South Am erica. Consistent with previous stu dies, we
identify wind-driven eq uatorially trapped Kelvin waves that propagate eastward
along the equatorial Pacific and then tran sform into coastal trapped waves that
propagate poleward along the western coasts of North and South Am erica. The
second region includes the shallow waters
of the Gulf of Carpentaria (off
Australia's north coast) and the adj acent Arafura and T imor seas. Setup by
onshore winds is shown to be the dom
inant physical process. Finally, the
northeastern Indian Ocean is shown to be a com
plex region in volving a
combination of equatorially trapp ed Kelvin wa ves, coastal trapped waves, and
westward-propagating Rossby waves exhibi ting characteristics of both local an d
remote forcing. The implications of th e results for deep and coastal ocean
forecasting are discussed.

1.3 Global Scale Modeling
Gertz, A., D. N. Straub, 2009, Near-Inertial Os cillations and the Damping of Midlatitude
Gyres: A Modeling Study, J. Phys. Oceanogr., 39(9): 2338–2350
The classic wind-driven double-gyre problem for a hom ogeneous (unstratified)
thin aspect ratio f luid is conside red, but allowing for the flow to be depth
dependent. Linear free m odes for which the vertical wavenum ber kz ≠ 0 are
inertial oscillations, and they are e xcited with a large -scale stochastic forcing.
This produces a background sea of near-iner tial oscillations and their interaction
with the vertically averaged flow is the focus of this study. In the absence of 3D
forcing, the near-inertial m otion vanishes and the barotropic quasigeostrophic
system is recovered. With 3D forcing, 2D-to-3D energy transfers—coupled with a
forward cascade of 3D energy and scale- selective dissipation—provide an energy
dissipation mechanism for the gyres. The rela tive strength of this mechanism and
a Rayleigh drag applied to the 2D flow depends on both the 3D forcing strength
and the Rayleigh drag coefficient.
Griffiths, S. D. and W . R. Peltier, 2009, M odeling of Polar Ocean Tides at the Last
Glacial Maximum: Amplification, Sensitivity, and Climatological Implications. J. Clim.,
22, 2905–2924, doi:10.1175/2008JCLI2540.1
Diurnal and semidiurnal ocean tides are calculated for both the presen t day and
the Last Glacial Max imum. A num erical model with complete global coverage
and enhanced reso lution at h igh latitudes is us ed including the phys ics of selfattraction and loading and internal tide drag. Modeled present-day tidal
amplitudes are overestimated at the standard resolution, but the error decreases as
the resolution increases. It is argued that su ch results, which can be im proved in
the future using higher-resolution simulations, are preferable to those obtained by
artificial enhancement of dissipative processes. For simulations at the Last Glacial
Maximum a new version of the ICE -5G topographic reconstruction is used along
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with density stra tification determined from coupled atm osphere–ocean climate
simulations. The m odel predicts a signi ficant amplification of tides around the
Arctic and Antarctic c oastlines, and these changes are interpreted in term s of
Kelvin wave dynamics with the aid of an exact analytical solution for propagation
around a polar continent or basin. Thes e polar tides are shown to be highly
sensitive to the assumed location of the grounding lines of coastal ice sheets, and
the way in which th is may contribute to an interaction between tides and climate
change is discussed. Globally, the picture is one of energized se midiurnal tides at
the Last Glacial Maximum, with an increase in tidal dissipation from present-day
values, the dominant energy sink being the conversion to internal waves.
Haidvogel, D. B., Arango, H., Budgell, W . P., Cornuelle, B. D., Curchitser, E., Di
Lorenzo, E., Fennel, K., Geyer, W. R., He
rmann, A. J ., Lanerolle, L., Levin, J.,
McWilliams, J. C., Miller, A. J., Moore, A. M., Powell, T. M., Sh chepetkin, A. F.,
Sherwood, C. R., Signell, R. P., Warner
, J. C., W ilkin, J., 2008, Regional Ocean
Forecasting in Terrain-following Coordinates: Model Formulation and Skill Assessment,
J. Comp. Phys., 227: 3595–3624, doi:10.1016/j.jcp.2007.06.016
Systematic improvements in algorithm ic design of regional ocean circulation
models have led to significant enhancement in sim ulation ability a cross a wide
range of space/tim e scales and m arine system types. As an exam ple, we briefly
review the Regional O cean Modeling Syst em, a m ember of a general class of
three-dimensional, free-surface, terrain-following numerical models. Noteworthy
characteristics of the ROMS com putational kernel include: consistent temporal
averaging of the barotropic m ode to guarantee both exact conservation and
constancy preservation pr operties for tracers; redefined barotropic pressuregradient terms to account for local varia tions in the density field; vertical
interpolation performed using conservati ve parabolic splines ; and higher-order,
quasi-monotone advection algorithms. Examples of quantitative skill assessm ent
are shown for a tidally driven estu ary, an ice-covered high-latitude sea, a windand buoyancy-forced continental shelf, and a m id-latitude ocean b asin. The
combination of moderate-order spatial approximations, enhanced conservation
properties, and quasi-monotone advect ion produces both m ore robust and
accurate, and less diffusive, so lutions than those produced in earlier terrainfollowing ocean models. Together with advan ced methods of data assim ilation
and novel observing system
technologies, these capabilities constitute the
necessary ingredients for multi-purpose regional ocean prediction systems.
Hofmann, E., Druon, J.-N., Fennel, K., Friedr ichs, M., Haidvogel, D., Lee, C., Mannino,
A., McClain, C., Najjar, R., O'Reilly, J., Siewert, J., Pollard, D., Previdi, M., Seitzinger,
S., Signorini, S., and W ilkin, J., 2008, Easter n U.S. Continental Shelf Carbon Budget:
Integrating Models, Data Assimilation, and Analysis, Oceanography, 21(1): 32–50
no abstract; first paragraph
The past two decades have seen the develo pment of large m ultidisciplinary
oceanographic programs that focus on unde rstanding carbon cycling processes in
coastal and oceanic en vironments. Synthesis and m odeling activities typically
followed toward the ends of these
programs (e.g., Joint Global Ocean Flux
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Study), usually long after the field experi ments had been planned and carried out.
A lesson from these program s was articulated in subsequent community planning
reports (e.g., the Ocean Carbon Trans port, Exchanges and Transform ations
Report [OCTET; http://www. msrc.sunysb.edu/octet/Workshop_Report.htm] and
Ocean
Carbon and Clim
ate
Change Report [OCCC;
http://www.carboncyclescience. gov/documents/occc_is_2004.pdf]): future ocean
carbon cycle research program s should promote close collaborations am ong
scientists with expertise in measurement, data analysis, and numerical modeling at
every stage of developm ent— formative stages of hypothesis building, planning
and execution of field program
s, data analysis, num erical modeling, and
synthesis.
Holloway, G., 2008, Observing global ocean topostrophy, J. Geophys. Res., 113, C07054,
doi:10.1029/2007JC004635
Recent publications hav e evaluated topostrophy, τ ≡ f × V · D where is f
Coriolis, V is velocity, and
D is gradient of total depth, as a m
eans of
comparing models' circulations. Some results are striking. Comparing four global
models, two with m odest grid size and tw o with fine grids, Merryfield and Scott
(2007) show that finer grid m odels are characterized by m ore positive τ,
especially at greater depths and higher latitudes. Among nine Arctic Ocean
models, Holloway et al. (2007) find τ in three of the models quite distinct from the
other six, a result shown to depend upon subgrid eddy param eterization. From
different choices of num erical method within the sam e model, Penduff et al.
(2007) show that im proved numerical representations sup port more positive τ.
Can these model results be com pared with observations? A global compilatio n
has been prepared from 17120 current meter records, spanning 83087 current
meter-months. The compilation tends to confirm modeling progress achieved by
finer resolution, im proved parameterizations and better representations. A new
characterization of global ocean circulat ion emerges, with suggestiv e dynamical
insights.
Maltrud, M. and G. H olloway, 2008, Im plementing biharmonic neptune in a global
eddying
ocean m
odel,
Ocean
Modelling,
21(1-2):
2234, doi:10.1016/j.ocemod.2007.11.003
Results are presented from a pair o f global ocean circulation sim ulations whose
horizontal resolution is fine enough to a llow spontaneous for mation of eddies.
The only difference between the two runs is inclusion of a param eterization for
the “neptune effect” [Holloway, G., 2004. From classical to statistical ocean
dynamics. Surv. Geophys. 25, 203–219] in one of the m, which tends to force the
flow along local topographic contours. A La placian operator for m of this force
has been used for numerous studies with coarse (non-eddying) resolution models.
For eddying resolutions, however, a biha rmonic friction operator is commonl y
used to avoid strong dam ping at sm all scales. Here we extend the neptune
parameterization to a biharm onic operator, and test how inclusion of neptune
affects the fidelity of simulation.
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Wakamatsu, T., M. G. G. Forem an, P. F. Cumm ins, J. Y. Cherniawsky, 2009, On the
Influence of Random Wind Stress E rrors on the Four-Dimensional, Midlatitude Ocean
Inverse Problem, Mon. Wea. Rev., 137(6): 1844–1862, doi:10.1175/2008MWR2621.1
The effects of the param eterized wind stress error cova riance function on the a
priori error covariance of an ocean
general circulation model (OGCM) are
examined. These effects are diagnosed by computing the projection of the a priori
model state error covariance matrix to sea surface height (SSH). The sensitivities
of the a priori error covariance to the wind stress curl error are inferred from the a
priori SSH error covariance and are show n to differ between the subpolar and
subtropical gyres because of different
contributions from barotropic and
baroclinic ocean dynamics. The spatial st ructure of the SSH error cov ariance due
to the wind stress error indi cates that the a priori m odel state error is determined
indirectly by the wind stress cu rl error. The impact of this sensitiv ity on the
solution of a four-dimensional inverse problem is inferred.
Stuhne, G. R. and W . R. Peltier, 2 009, An unstructured C-grid based method for 3-D
global
ocean d
ynamics,
Ocean
Modelling,
28(1-3):
97-105,
doi:10.1016/j.ocemod.2008.11.005
In an earlier work, we describ ed how an unstructured grid num erical framework
based on an energy-conserving Arakawa C-gr id discretization could be applied to
ocean general circulation models (OGCMs). We discuss herein how we adapted
our previously published rigid-lid, hydr ostatic, Boussinesq OGCM techniques to
shallow-water and baroclinic free-surface dynamics. The simulation of the global
M2 tide is proposed as a useful benchm ark for testing unstructured grid ocean
models. Tidal simulations are m uch more manageable that full-fledged OGCM
climate simulations, being based on si
mpler physical assum ptions and
parameterizations, and requiring less com putation time per test. W e demonstrate
that the results of unstructured Arakawa C-grid sim ulations of the M2 tide
reproduce those of an equivalent regular grid discretization. Because unstructured
grid methods carry a com putational overhead, however, their use can only be
justified where reso lution must be concentr ated in localiz ed regions. The tides
around Hudson’s Bay are well-d escribed in a multi-scale context, and we show
that strong discontinuities in m esh resolution do not appreciably distort the
shallow-water tidal solution. Progressing to fully 3-D m odels, it is demonstrated
that the barotropic M2 tidal structure is consistently represented between m odels.
Efforts to resolve the generation of baroclinic waves by the barotropic tide were,
however, frustrated by the exis tence of a num erical mode that has been
independently verified by other investigators working on similar methods. This
Merryfield, W. J., W.-S. Lee, G. J. Boer, V. V. Kharin, B. Pal, J. F. Scinocca, and G. M.
Flato, 2010, The first coupled historic al forecasting project (CHFP1), Atmos.-Ocean,
48(4): 263-283, doi:10.3137/AO1008.2010
A set of retrospectiv e multi-seasonal ensemble predictions based on a coupled
global atmosphere-ocean model is described. These predictions, designated as the
first coupled Historical Forecastin g Project or CHFP1, are produced with the
climate model CGCM3.1 of the Canadian Centre for Clim ate Modelling and
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Analysis using a very simple initia lization procedure in which m odel sea surface
temperatures (SSTs) are nudged toward the observed values during a multi-year
period preceding the b eginning of a forecast. This proce dure, in ad dition to
constraining initial SSTs to be c lose to observations, initializes equatorial Pacific
zonal wind stress and thermocline depth with som e skill. The ability of the
subsequent forecasts to predict th e evolution of SSTs, particularly in th
e
equatorial Pacific, and surface air tem peratures globally and in Canada is
assessed. The results are com pared with those of the second Historical
Forecasting Project or HFP2, which uses a two-tier strategy in which model SSTs
are externally specified. Skill of CH FP1 forecasts, though generally modest,
exceeds those of HFP2 in som e cases, despite the larg er multi-model ensemble
used in HFP2. CHFP1 represents an initial step in development directed toward a
coupled operational seasonal prediction system for Canada.
Saenko, O. A, and W. G. Lee, 2010, Reorganization of the o cean overturning in a colder
climate, Geophys. Res. Lett., 37, L04606, doi:10.1029/2010GL042417
Using a clim ate model, the effect of strong cooling on the ocean overturn ing
circulation is investigated. The cooli ng has a profound impact. Essentially, the
conversion of dense water of Northern Hem isphere origin to li ghter water shifts
from taking place pred ominantly in th e Southern Ocean in th e present day,
relatively warm climate to the low-latitude oceans in the cold clim ate. The main
factors contributing to this reorganization of oceanic overturning are related to the
changes in oceanic stratification and wind field.

1.4 Climate Science
Matthews, H. D., and A. J. W
eaver, 2010, Committed climate warming, Nature
Geoscience, 3, 142-143, doi:10.1038/ngeo813
The perception that future clim ate warming is inevitable s tands at the centre of
current climate-policy discussions. W e argue that the notion of unavoidable
warming owing to inertia in the
climate system is based on an incorr ect
interpretation of climate science.
Rabalais, N. N., R. J. Díaz, L. A. Levin, R. E. Turner, D. Gilbert, and J. Zhang, 2010,
Dynamics and distribution of natural and human-caused hypoxia, Biogeosciences, 7: 585619, doi:10.5194/bg-7-585-2010
Water masses can becom e undersaturated with oxygen when natural processes
alone or in com bination with anthr opogenic processes produce enough organic
carbon that is aerobically decom posed faster than the rate of oxygen re-aeration.
The dominant natural processes usually involved are photosynthetic carbon
production and microbial respiration. The re-supply rate is indirectly related to its
isolation from the su rface layer. Hypoxic water m asses (<2 mg L−1, or
approximately 30% satu ration) can for m, therefore, under "natural" con ditions,
and are more likely to occur in marine systems when the w ater residence time is
extended, water exchange and ventilation are minimal, stratification occurs, and
where carbon production and export to
the bottom layer ar e relatively high.
Hypoxia has occurred through geological time and naturally occurs in oxygen
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minimum zones, deep basins, eastern bounda ry upwelling system s, and fjords.
Hypoxia development and continuation in many areas of the world's coastal ocean
is accelerated by hum an activities, especially where nutrient loading increased in
the Anthropocene. This higher lo ading set in motion a cascading se t of events
related to eutrophication. The formation of hypoxic areas has been exacerbated by
any combination of interactions
that increase prim ary production and
accumulation of organic carbon leading to
increased respiratory dem and for
oxygen below a seasonal or perm anent pycnocline. Nutrient loading is likely to
increase further as population growth and resource intensification rises, especially
with increased dependency on crops using fertilizers, burning of fossil fuels,
urbanization, and waste water generation. It is likely that the occurrence and
persistence of hypoxia will be even more widespread and have more impacts than
presently
observed.
Global climate change will further complicate the causative factors in both natural
and human-caused hypoxia. The likelihood of strengthened stratification alone,
from increased surface water temperatu re as the global clim ate warms, is
sufficient to worsen hypoxia where it curren tly exists and facilitate its formation
in additional waters. Increased precipitation that increases freshwater discharge
and flux of nutrients will result in in creased primary production in the receiving
waters up to a point. The interplay of in creased nutrients and stratification where
they occur will aggrav ate and accelerate hypoxia. Changes in wind fields m ay
expand oxygen m inimum zones onto m ore continental shelf areas. On the other
hand, not all reg ions will experience increased precipitation, some oceanic water
temperatures may decrease as cu rrents shift, and frequency and sev erity of
tropical storms may increase and tem porarily disrupt hypoxia m ore often.
The consequences of global warm ing and clim ate change are ef fectively
uncontrollable at least in the near term . On the other hand, the consequences of
eutrophication-induced hypoxia can be reve rsed if long-term , broad-scale, and
persistent efforts to reduce substant
ial nutrient loads are developed and
implemented. In the face of globally expa nding hypoxia, there is a need for water
and resource m anagers to act now to redu ce nutrient loads to m aintain, at le ast,
the current status.
1.4.1 Attribution
Stott, P. A., Gillett, N. P., Hegerl, G. C ., Karoly, D. J., Stone, D. A., Zhang, X. and
Zwiers, F., 2010, Detection and at tribution of clim ate change: a regional perspective,
Wiley Interdisciplinary Reviews: Climate Change, 1: 192–211, doi:10.1002/wcc.34
The Intergovernmental Panel on Clim ate Change f ourth assessment report,
published in 2007 cam e to a m ore confident assessment of the causes of global
temperature change than previous reports and concluded that ‘it is likely that there
has been significant anthropogenic warm ing over the past 50 years averaged over
each continent except Antarctica.’ Since then, warming over Antarctica has also
been attributed to hu man influence, and further evid ence has accum ulated
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attributing a m uch wider range of climate changes to human activities. Such
changes are broadly consistent with theo retical understanding, and climate model
simulations, of how the planet is expect ed to respond. This paper reviews this
evidence from a regional persp ective to reflect a growing interest in
understanding the regional effects of c limate change, which can differ m arkedly
across the globe. We set out the methodological basis for detection and attribution
and discuss the spatial scales on which it is possible to m ake robust attribution
statements. We review the evidence s howing significant human-induced changes
in regional temperatures, and for the effects of external forcings on changes in the
hydrological cycle, the cryosphere, circulation changes, oceanic ch anges, and
changes in extremes. We then discuss future challenges
for the science o f
attribution. To better assess the pace of change, and to understand more about the
regional changes to which societies need to adapt, we will need to refine our
understanding of the effects of external forcing and internal variability.
Zhang, X., F. W . Zwiers, G. C. Hegerl, F. H. Lambert, N. P Gillett, S. Solomon, 2007,
Detection of human influence on 20th century precipitation trends, Nature, 448: 461-465,
doi:10.1038/nature06025
Human influence on clim ate has b een detected in su rface air tem perature, sea
level pressure, free atmospheric temperat ure, tropopause h eight and o cean heat
content. Human-induced changes have not, however, previously been detected in
precipitation at the glo bal scale, partly because changes in precipitation in
different regions cancel each other out a nd thereby reduce the streng th of the
global average signal. Models suggest that anthropogenic forcing should have
caused a sm all increase in glo bal mean precipitation and a la titudinal
redistribution of precipitation, in creasing precipitation at high latitud
es,
decreasing precipitation at sub -tropical latitudes, and possibly changing the
distribution of precipitation within the tropics by shifting the position of the
Intertropical Convergence Zone. Here we compare observed changes in land
precipitation during the twentie th century averaged over latitudin al bands with
changes simulated by fourteen clim ate models. We show that anthropogenic
forcing has had a detectable influe
nce on observed changes in average
precipitation within latitudinal bands, and that these changes cannot be explained
by internal climate variability or natural forcing. W e estimate that anthropogenic
forcing contributed significantly to obs erved increases in precip itation in the
Northern Hemisphere mid-latitudes, drying in the Northern Hem isphere
subtropics and tropics, and moistening in the Southern Hemisphere subtropics and
deep tropics. The observed changes, whic h are larger than es timated from model
simulations, may have a lready had significant effects on ecosystem s, agriculture
and human health in regions that are sensit ive to changes in precipitation, such as
the Sahel.
Zwiers, F. W. and G. C. Hegerl, 2008, Clim ate change: attributing cause and effect,
Nature, 453: 296-297, doi:10.1038/453296a
No abstract; this is the first 2 paragraphs
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The climate is changing, and so are aspects of the world's physical and biological
systems. It is no easy matte r to link cause and effect — the latest attack on the
problem brings the power of meta-analysis to bear.
The article by Rosenzweig and colleagues 1 that appears on page 353 of this issue
is the first to form ally link observed gl obal changes in physical and biological
systems to hum an-induced climate change, predominantly from increasing
greenhouse gases. By surveying a huge literature, Rosenzweig et al. demonstrate
that changes in physical a nd biological systems are pervasive; that these impacts
lie mainly in directions consistent with warming of the cli mate system; and that,
at least partly, they a re likely to be the resu lt of climate change c aused by
increasing concentrations of greenhouse gases.
1.4.2 Climate Modelling
Eby, M., K. Zickfeld, A. Montenegro, D. Archer, K. J. Meissner, and A. J. Weaver, 2009,
Lifetime of anthropogenic clim ate change: Millennial time scales of potential CO 2 and
surface temperature perturbations, J. Clim., 22: 2501-2511, doi:10.1175/2008JCLI2554.1
Multimillennial simulations with a fully coupled climate–carbon cycle model are
examined to assess the persistence of the climatic impacts of anthropogenic CO2
emissions. It is found that the time required to absorb anthropogenic CO 2 strongly
depends on the total am ount of emissions; for emissions similar to known fossil
fuel reserves, the time to absorb 50% of the CO 2 is more than 2000 yr. The longterm climate response appears to be independent of the rate at which CO 2 is
emitted over the next few centuries. Results further suggest that the lifetime of the
surface air tem perature anomaly might be as m uch as 60% longer than the
lifetime of anthropogenic CO 2 and that two-th irds of the maximum temperature
anomaly will persis t for longer than 10 000 yr. This suggests
that the
consequences of anthropogenic CO2 emissions will persist for many millennia.
Fyke, J., A. J. W eaver, D. Pollard, M. E by, L. Carter, and A. Mackintosh, 2010, A ne w
coupled ice sheet-clim ate model: description and sensitiv ity to Ee mian, Last Glacial
Maximum, late Holocene and m odern conditions. Geoscientific Model Development
Discussion, 3: 1223-1269, doi:10.5194/gmdd-3-1223-2010
The need to better unders tand long-term climate/ice sheet feedback loops is
motivating efforts to couple ice sheet models into Earth System models which are
capable of long-timescale simulations. In this paper we describe a coupled model,
that consists of the University of Victoria Earth System Climate Model (UVic
ESCM) and the Pennsylvania State University Ice m odel (PSUI). The clim ate
model generates a surf ace mass balance (S MB) field via a sub-gridd ed surface
energy/moisture balance model that resolves narrow ice sheet ablation zo nes. The
ice model returns revised elevation, surface albedo and ice area fields, plus coastal
fluxes of heat and m oisture. An arbitrary number of ice sheets can be simulated,
each on their own high-reso lution grid and each capable of synchronous or
asynchronous coupling with the overlying c limate model. The model is designed
to conserve global heat and m oisture. In the process of im proving model
performance we developed a procedur e to account for modelled surface air
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temperature (SAT) biases within the en ergy/moisture balance surface model and
improved the UVic ESCM snow surface schem e through addition of variable
albedos and refreezing over the ice sheet.
Fyke, J. G., L. Carter, A. Mackintosh, A. J. Weaver, and K. J. Meissner, 2010, Surface
melting over ice shelves and ice sheets as
assessed from modelled surface air
temperatures, J. of Clim., 23, 1929-1936, doi:10.1175/2009JCLI3122.1
Summer surface m elting plays an important role in the evo lution of ice shelves
and their p rogenitor ice sheets. T o explore the m agnitude of surface m elt
occurring over modern ice shelves and ice sheets in a clim ate scenario forced by
anthropogenic emissions of carbon dioxide (CO 2), a coupled climate model was
used to simulate the distribution of summer melt at high latitudes and project the
future evolution of high-melt regions in both hemispheres. Forcing of the clim ate
model with CO2 emissions resulting from combustion of the present-day fossilfuel resource base resulted in expansi on of high-m elt regions, as defined by the
contour marking 200 positive degree-days per year, in the Northern Hemisphere
and the Antarctic Peninsula and the in troduction of high summ er melt over the
Ross, Ronne-Filchner, and Am ery ice shelves as well as a large portion of the
West Antarctic Ice Sheet (WAIS) and m ost of the Greenland Ice Sheet (GIS) by
the year 2500. Capping CO 2 concentrations at present-day levels avoided
significant summer melt over the large Antarctic shelves, the WAIS, and much of
the GIS.
Le Clainche, Y., A. F. Vézina, M. Levasse ur, R. Cropp, J. Gunson, S. Vallina, M. Vogt,
C. Lancelot, I. Allen, S. Archer, L. Bopp,
C. Deal, S. Ellio tt, M. Jin, G. Malin, V.
Schoemann, R. Simò, K. Six, and J. Stefels, 2010, A first appraisal of prognostic o cean
DMS models and prospects for their use in climate models, Global Biogeochem. Cycles,
24, GB3021, doi:10.1029/2009GB003721
Ocean dimethylsulfide (DMS) produced by marine biota is the largest natural
source of atmospheric sulfur, playing a m ajor role in the formation and evolution
of aerosols, and consequently affecting climate. Several dynam ic process-based
DMS models have been developed over the last decade, and work is progressing
integrating them into clim ate models. Here we report on the f irst international
comparison exercise of both 1D and 3D prognostic ocean DMS models. Four
global 3D models were com pared to global sea surface chlorophyll and DMS
concentrations. Three local 1D m odels were compared to three different oceanic
stations (BATS, DYF AMED, OSP) where available time series data offer
seasonal coverage of chlorophyll and DM S variability. T wo other 1D m odels
were run at one site only. The m ajor point of divergence am ong models, both
within 3D and 1D models, relates to their ability to reproduce the summer peak in
surface DMS concentrations usually observe d at low to m id- latitudes. This
significantly affects estimates of global DMS emissions predicted by the m odels.
The inability of most models to cap ture this summer DMS maximum appears to
be constrained by the basic structure of prognostic DMS models: dynam ics of
DMS and dimethylsulfoniopropionate (DMSP), the precursor of DMS, ar e slaved
to the paren t ecosystem models. Only the models which in clude environmental
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effects on DMS fluxes independently of ecological dynamics can reproduce this
summer mismatch between chlorop hyll and DMS. A major conclusio n of this
exercise is that prognostic DMS m odels need to give m ore weight to the direct
impact of environmental forcing (e.g., irradiance) on DMS dynam ics to decouple
them from ecological processes.
Lewis, J.P., A. J. W eaver and M. Eby, 2007, Snowball versus slushball Earth: Dynamic
versus nondynamic sea ice? J. Geophys. Res., 112, C11014, doi:10.1029/2006JC004037
Modeling studies of the Neoproterozoic s nowball Earth offer two variations for
snowball conditions, the original “hard” snowball Earth where the ocean is
completely covered by sea ice, and an alternate slushball Earth or “soft” snowball,
where there is an equatorial oas is of open water. W e use the Univ ersity of
Victoria Earth System Climate Model to show that the soft snowball result is only
possible when dynamics are excluded from the sea ice component of the m odel.
Using a purely th ermodynamic sea ice com ponent the soft snowball co ndition is
stable, whereas with a dynam ic and thermodynamic sea ice com ponent it is not.
As the behavior of dynam ic sea ice larg ely depends on wind stress, we com pare
simulations using two different wind fiel ds: a zonally averaged present-day wind
field and a wind field deri ved by a general circulati on model, the Fast Ocean
Atmosphere Model, using Neoproterozoi c conditions. Another consequence of
using dynamic sea ice is that the sea ice does not become sufficiently thick to
flow under its own weight when there is open water; this suggests that sea glacier
dynamics are not important for snowball inception.
Meissner, K. J., M. Eby, A. J. W eaver, and O. A. Saenko, 2008, CO 2 threshold for
millennial-scale oscillations in the climate system: implications for global wa rming
scenarios, Clim. Dyn., 30: 161-174, doi:10.1007/s00382-007-0279-0
We present several equilibrium
runs under varying atm ospheric CO2
concentrations using the University of Victoria Earth System Climate Model
(UVic ESCM). The model shows two ve
ry different responses: for CO 2
concentrations of 400 ppm or lower, the sy stem evolves into an equilibrium state.
For CO2 concentrations of 440 ppm or high er, the system starts oscillating
between a state with vig orous deep water formation in the S outhern Ocean and a
state with no deep water form ation in th e Southern Ocean. The flushing events
result in a rapid inc rease in atmospheric temperatures, degassing of CO 2 and
therefore an increase in atmospheric CO2 concentrations, and a reduction of sea
ice cover in the Southern Ocean. They also cool the deep ocean worldwide. After
the flush, the deep ocean war ms slowly again and CO 2 is taken up by the ocean
until the stratification becomes unstable again at high la titudes thousands of years
later. The e xistence of a thr eshold in CO 2 concentration which places the UVic
ESCM in either an oscillating or non-oscillating state makes our results intriguing.
If the UVic ESCM captures a m echanism that is present and important in the real
climate system, the consequences would comprise a rapid increase in atmospheric
carbon dioxide concentrations of several tens of ppm , an increase in global
surface temperature of the order of 1–2°C, local temperature changes of the order
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of 6°C and a profound change in o cean stratification, deep water temperature and
sea ice cover.
Min, S.-K., X. Zhang, F. W . Zwiers, P. Friederichs, and A. Hense, 2009, Signal
detectability in extrem e precipitation changes a ssessed from twentieth century c limate
simulations, Clim. Dyn., 32: 95–111, doi:10.1007/s00382-008-0376-8
This study assesses the detectab ility of external influences in ch
anges of
precipitation extremes in the twentieth century, which is explored through a
perfect model analysis with an ensemble of coupled global climate model (GCM)
simulations. Three indices of precipita tion extremes are defined fr om the
generalized extreme value (GEV) distribution: the 20-year return value ( P 20), the
median (P m), and the cumulative probability density as a probability-based index
(PI). Time variations of area-averages of these three extreme indices are analyzed
over different spatial dom ains from the globe to continental regions. Treating all
forcing simulations (ALL; natural plus anthropogenic) of the twentieth century as
observations and using a preindustrial cont rol run (CTL) to es timate the internal
variability, the am plitudes of response pa tterns to anthropogen ic (ANT), natural
(NAT), greenhouse-gases (GHG), and su lfate aerosols (SUL) forcings are
estimated using a Bayesian decision m
ethod. Results show that there are
decisively detectable ANT signals in globa l, hemispheric, and zonal band areas.
When only land is considered, the global and hemispheric detection results are
unchanged, but detectable ANT signals in the zonal bands are lim
ited to low
latitudes. The ANT signals are also detectable in the P m and PI but not in P 20 at
continental scales over Asia, South America, Africa, and Australia. This indicates
that indices located near the center of the GEV distribution (P m and PI) may give
better signal-to-noise ratio than indices re presenting the tail of the distribution (P
20). GHG and NAT signals are al so detectable, but less r obustly for more limited
extreme indices and regions. These result s are largely insensitive when m odel
data are masked to mimic the ava ilability of the observed data. An imperfect
model analysis in which fingerprints ar e obtained from simulations with a
different GCM suggests that ANT is r obustly detectable only at global and
hemispheric scales, with high uncertainty in the zonal and continental results.
Montenegro, A., M. Eby, A. J. W eaver, and S.R. Jayne, 2007, Response of a clim ate
model to tidal m ixing parameterization under present day and La st Glacial Maxim um
conditions, Ocean Modelling, 19: 125-137, doi:10.1016/j.ocemod.2007.06.009
Experiments with a clim ate model were conducted under present day and last
glacial maximum conditions in order to examine the model’s r esponse to a
vertical mixing scheme based on internal tide energy dissipation. The increase in
internal tide energy flu x caused b y a 120 m reduction in sea level had the
expected effect on diffusivity values, which we re higher under lower sea level
conditions. The im pact of this vertical diffusivity change on the Atlantic
meridional overturning is not straightfo rward and no clear re lationship between
diffusivity and overturn ing is found. There exists a weak
positive co rrelation
between overturning and changes to th e power consum ed by vertical m ixing.
Most of the clim atic response generated by sea level change was not related to
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alterations in the internal tide energy flux but rather to the direct change in se a
level itself.
Montenegro, A., V. Brovkin, M. Eby, D. Archer , and A. J. Weaver, 2007, Long term fate
of anthropogenic carbon, Geophys. Res. Lett., 34, L19707, doi:10.1029/2007GL030905
Two earth-system models of intermediate complexity are used to study the long
term response to an input of 5000 Pg of carbon into the atmosphere. About 75%
of CO2 emissions have an average pertur bation lifetime of 1800 years and 25%
have lifetimes much longer than 5000 years. In the sim ulations, higher levels of
atmospheric CO2 remain in the atm osphere than predicted by previous
experiments and the av erage perturbation lifetime of atm ospheric CO2 for this
level of emissions is mu ch longer than the 300–400 years proposed by other
studies. At year 6800, CO2 concentrations between about 960 to 1440 ppmv result
in global s urface temperature increases between 6 and 8°C. There is also
significant surface ocean acidification, with pH decreasing from 8.16 to 7.46 units
between years 2000 and 2300.
Mysak, L. A., 2008, Glacial inceptions: Past and future, Atmosphere-Ocean, 46: 317-341,
doi:10.3137/ao.460303
The realistic simulation of northern hemisphere glacial inceptions, which occurred
during the Quaternary period, has challenge d scores of clim ate theoreticians and
modellers. After reviewing the Milankovitc h theory of glacia tion, a num ber of
earlier modelling studies of the last glacial inception (LGI) which have employed
either high-resolution Ge neral Circulation Models (GCMs) or Earth system
Models of Intermediate Complexity (EMICs) are des cribed. The latter class of
models has been developed over the past two decades in o rder to investigate th e
many interactions and feedbacks am
ong the geophysical and biospheric
components of the Earth system that take place over long time scales.
Sedlacek, J., J.-F. Lemieux, L. A. Mysak, L. B. Trem blay, and D. M. Holland, 2007, The
granular sea ice m odel in s pherical coordinates and its application to a global climate
model. J. Clim, 20: 5946-5961, doi:10/1175/2007JCLI1664.1
The granular sea ice model (GRAN) from Tremblay and Mysak is converted from
Cartesian to spherical coordinates. In this conversion, the m etric terms in the
divergence of the deviatoric stress and in the stra in rates are includ ed. As an
application, the GRAN is coupled to the global Earth System Climate Model from
the University of Victoria. The sea ice model is validated against standard
datasets. The sea ice volum e and area exported through Fram Strait agree well
with values obtained from in situ and sa tellite-derived estimates. The sea i ce
velocity in the interior Arctic
agrees well with buoy drift data. The
thermodynamic behavior of the sea ic e model over a seasonal cycle at one
location in the Beaufort Sea is validate d against the Surface Heat Budget of the
Arctic Ocean (SHEBA) datasets. The thermodynamic growth rate in the model is
almost twice as large a s the observed growth rate, and the melt ra te is 25% lower
than observed. The larger growth rate is due to thinner ice at the beginning of the
SHEBA period and the absence of internal heat storage in the ice layer in the
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model. The simulated lower summer m elt is d ue to the smaller-than-observed
surface melt.
Sedlacek, J. and L. A. Mysak, 2008a, A mode l study of the Little Ice Age and be yond:
changes in ocean heat content, hydrography, and circulation, Clim. Dyn., 33(4): 461-475,
doi:10.1007/s00382-008-0503-6
The Earth System Climate Model from the University of Victoria is used to
investigate changes in ocean properties such as heat content, temperature, salinity,
density and circulation during 1500 to 2000, the time period which includes the
Little Ice Age (LIA) (1500-1850) and the industrial era (1850-2000). We force the
model with two different wind-stress fiel ds which take into account the North
Atlantic Oscillation. Furtherm ore, temporally varying radiativ e forcings due to
volcanic activity, insolation changes and greenhouse gas changes are also
implemented. We find that changes in the upper ocean (0-300 m) heat content are
mainly driven by changes in radiative forcing, except in the polar regions where
the varying wind-stress induces changes in ocean heat content. In the f ull ocean
(0-3,000 m) the wind-driven effects tend to reduce, prior to 1700, the downward
trend in the ocean heat content caused by the radiative f orcing. Afterwards no
dynamical effect is visible. The colder ocean temperatures in the top 600 m during
the LIA are caused by changes in radiat ive forcing, while the cooling at the
bottom is wind-dr iven. The changes in salinity are sm all except in th e Arctic
Ocean. The reduced salinity content in the subsurface Arctic Ocean during the
LIA is a result f rom reduced wind-driven inflow of saline water f rom the North
Atlantic. At the surface of the Arctic Ocean the changes in salinity are caused by
changes in sea-ice thickness. The changes in density are a com posite picture of
the temperature and s alinity changes. Furthermore, changes in the m eridional
overturning circulation (MOC) are cau sed mainly by a varying wind-stress
forcing; the additional buoyancy driven ch anges due to the radiative forcings ar e
small. The sim ulated MOC is re duced during the L IA as com pared to the
industrial era. On the other hand, the ven tilation rate in the Southern Ocean is
increased during the LIA.
Sedlacek, J. and L.A. Mysak, 200 8b. Sensitivity of sea ice to wind stress and rad iative
forcing since 1500: A model study of the Little Ice Age and beyond, Clim. Dyn., 32(6):
817-831, doi:10.1007/s00382-008-0406-6
Three different reconstructed wind-stress fields which take into account variations
of the North Atlantic Oscillation, one ge neral circulation model wind-stress field,
and three radiative forcings (volcanic activity, insolation changes and greenhouse
gas changes) are used with the UVic Earth System Climate Model to simulate the
surface air temperature, the sea-ice cover, and the Atlantic meridional overturning
circulation (AMOC) since 1500, a period which includes the Little Ice Age (LIA).
The simulated Northern Hemisphere surface air tem perature, used for m odel
validation, agrees well with several tem perature reconstructions. The sim ulated
sea-ice cover in each hemisphere responds quite differently to the forcings. In the
Northern Hemisphere, the simulated sea-ice area and volum e during the L IA are
larger than the present-d ay area and volum e. The wind-driven changes in sea-ic e
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area are about twice as la rge as those due to ther modynamic (i.e., radiative)
forcing. For the sea-ice volume, changes due to wind forcing and thermodynamics
are of sim ilar magnitude. Before 1850, th e simulations suggest that volcanic
activity was m ainly responsible for th e thermodynamically produced area and
volume changes, while after 1900 the slow greenhouse gas increase was the m ain
driver of the sea-ice changes. Changes in insolation have a small effect on the sea
ice throughout the integration period. The export of the thicker sea ice during the
LIA has no significant e ffect on the m aximum strength of the AMOC. A m ore
important process in altering the maximum strength of the AMOC and the sea-ice
thickness is the wind-driven north ward ocean heat transp ort. In the Southern
Hemisphere, there are no visible long-term trends in the simulated sea-ice area or
volume since 1500. The wind-driven changes are roughly four tim es larger than
those due to radiative forc ing. Prior to 1800, all the radi ative forcings could have
contributed to the therm odynamically driven changes in area and volum e. In the
1800s the volcanic forcing was dom inant, and during the first part of the 1900s
both the insolation changes and the gree nhouse gas forcing are responsible for
thermodynamically produced changes. Finall y, in the latter part of the 1900s the
greenhouse gas forcing is the dom inant factor in determining the sea-ice changes
in the Southern Hemisphere.
Skvortsov, A., M. Eby, and A. J. Weaver, 2009, Snow cover validation and sensitivity to
CO2 in the UVic ESCM, Atmos-Ocean., 47(3): 224-237, doi:10.3137/AO929.2009
The University of Victoria’s (UVic) Ea rth System Climate model is used to
conduct equilibrium atmospheric CO2 sensitivity experiments over the range 200–
1600 ppm in order to explore changes in northern hemisphere snow cover and
feedbacks on terrestrial surface air tem perature (SAT). Simulations of warmer
climates predict a retreat of sn
ow cover over northern continents, in a
northeasterly direction. The decline in northern he misphere global snow m ass is
estimated to reach 33% at 600 ppm and 54% at 1200 ppm . In the most northerly
regions, annual mean snow depth increases for simulations with CO2 levels higher
than present day. The shift in the latitude of maximum snowfall is estimated to be
inversely proportional to the CO 2 concentration. The northern hem isphere net
shortwave radiation changes are found to be greater over land than over the ocean,
suggesting a stronger albedo feedback from changes in terrestrial snow cover than
from changes in sea ice. Results also re veal high sensitivity of the snow m ass
balance under low CO 2 conditions. The am plification feedback (defined as the
zonal SAT anomaly caused by doubling CO 2 divided by the equatorial anom aly)
is greatest for scenarios with less th an 300 ppm, reaching 1.9 at the pole for 250
ppm. The st ronger feedback is attribut ed to the significant albedo changes over
land areas. The sim ulation with 200 ppm triggers continuous accumulation of
snow (‘glaciation’) in regions which, acco rding to paleo -reconstructions, were
covered by ice during the last glacial cycle (the Canadian Arctic, Scandinavia, and
the Taymir Peninsula).
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Weaver, A. J., K. Zickfeld, A. Monten egro and M. E by, 2007, Long term climate
implications of 2050 em ission reduction targets, Geophys. Res. Lett., 34, L19703,
doi:10.1029/2007GL031018
A coupled atm osphere-ocean-carbon cycle m odel is used to exam ine the long
term climate implications of various 2050 greenhouse gas em ission reduction
targets. All em ission targets considered with less than 60% global reduction by
2050 break the 2.0°C threshold warm ing this century, a number that som e have
argued represents an upper bound on m anageable climate warming. Even when
emissions are stabilized at 90% below pr esent levels at 2050, this 2.0°C threshold
is eventually broken. Our results suggest that if a 2.0°C warming is to be avoided,
direct CO2 capture from the air, together with subsequent sequestration, would
eventually have to be introduced in addition to sustained 90% global carbon
emissions reductions by 2050.
1.4.3 Modes of Climate Variability: eg. El Nino-Southern Oscillation
(ENSO)
Cheng, Y., Y. Tang, X. Zhou, P. Jackson, and D. Chen, 2009, Further analysis of singular
vector and ENSO predictabili ty in the Lam ont model—Part I: singular vector and the
control factors, Clim. Dyn., 35(5): 807-826, doi:10.1007/s00382-009-0595-7
In this study, singular vector analysis was performed for the period from 1856 to
2003 using the latest Z ebiak–Cane model version LDEO5. The singular vector,
representing the optimal growth pattern of initial perturbations/errors, was
obtained by perturbing the constructed ta ngent linear model of the Zebiak–Cane
model. Variations in the singular vector and singular value, as a function of initial
time, season, ENSO states, and optim al period, were investigated. Em phasis was
placed on exploring relative roles of linear and nonlinear processes in the optim al
perturbation growth of EN SO, and deriving statistically robust conclusions using
long-term singular vector analysis. It was found that the first singular vector is
dominated by a west–east dipole spanning most of the equatorial Pacific, with one
center located in the east and the other in the central Pacific. Singular vectors are
less sensitive to in itial conditions, i.e., independ ence of seasons and decades;
while singular values exhibit a strong se
nsitivity to initial conditions. The
dynamical diagnosis shows that the total linear and nonlinear heating term s play
opposite roles in controlling the optimal perturbation growth, and that the linear
optimal perturbation is more than twice as large as the non linear one. The total
linear heating causes a warm ing effect and controls two positive perturbation
growth regions: one in the central Pacifi c and the other in the eas tern Pacific;
whereas the total linearized nonlinear advection brings a cooling effect controlling
the negative perturbation growth in the central Pacific.
Cheng, Y., Y. Tang, P. Jackson, D. Chen, and Z. Deng, 2010, Ensemble Construction and
Verification of the Probabilistic EN SO Prediction in the LDEO5 Model,
J. Clim.,
23,(20): 5476–5497, doi:10.1175/2010JCLI3453.1
El Niño–Southern Oscillation (ENSO) retrospective ensemble-based probabilistic
predictions were perfor med for the period of 1856–2003 using the Lam
ontDoherty Earth Observatory, version 5 (LDE O5), model. To obtain m ore reliable
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and skillful ENSO probabilistic pr edictions, first, four ensemble construction
strategies were investigat ed: (i) the optim al initial perturbation with singula r
vector of s ea surface tem perature anomaly (SSTA), (ii) the realis tic highfrequency anomalous winds, (iii) the stochastic optim al pattern of anom alous
winds, and (iv) a combination of the
first and the third strategy. Second,
verifications were cond ucted to ex amine the r eliability and resolution of the
probabilistic forecasts provi ded by the four m ethods. Results sug gest that
reliability of ENSO pr obabilistic forecast is more sensitive to the choice of
ensemble construction strategy than the resolution, and a reliable an d skillful
ENSO probabilistic p rediction system may not neces sarily have the best
deterministic prediction skills. Among these ensemble construction methods, the
fourth strategy produces the m ost reliable and skillful ENSO probabilistic
prediction, benefiting from the joint contributions of the stochastic optimal winds
and the singular vector of SSTA. In particular, the stoc hastic optimal winds play
an important role in improving the ENSO
probabilistic predictability for the
LDEO5 model.
Cheng, Y., Y. Tang, X. Zhou, P. Jackson, and D. Chen, 2010, Further analysis of singular
vector and ENSO predictabili ty in the Lam ont model—Part I: singular vector and the
control factors, 35(5): 807-826, doi:10.1007/s00382-009-0595-7
In this study, singular vector analysis was performed for the period from 1856 to
2003 using the latest Z ebiak–Cane model version LDEO5. The singular vector,
representing the optimal growth pattern of initial perturbations/errors, was
obtained by perturbing the constructed ta ngent linear model of the Zebiak–Cane
model. Variations in the singular vector and singular value, as a function of initial
time, season, ENSO states, and optim al period, were investigated. Em phasis was
placed on exploring relative roles of linear and nonlinear processes in the optim al
perturbation growth of EN SO, and deriving statistically robust conclusions using
long-term singular vector analysis. It was found that the first singular vector is
dominated by a west–east dipole spanning most of the equatorial Pacific, with one
center located in the east and the other in the central Pacific. Singular vectors are
less sensitive to in itial conditions, i.e., independ ence of seasons and decades;
while singular values exhibit a strong se
nsitivity to initial conditions. The
dynamical diagnosis shows that the total linear and nonlinear heating term s play
opposite roles in controlling the optimal perturbation growth, and that the linear
optimal perturbation is more than twice as large as the non linear one. The total
linear heating causes a warm ing effect and controls two positive perturbation
growth regions: one in the central Pacifi c and the other in the eas tern Pacific;
whereas the total linearized nonlinear advection brings a cooling effect controlling
the negative perturbation growth in the central Pacific.
d'Orgeville, M. and W. R. Peltier, 2007, On the Pacific Decadal Oscillation an d the
Atlantic Multidecadal Oscillation: Might the y be relate d?, Geophys. Res. Lett., 34,
L23705, doi:10.1029/2007GL031584
The nature of the Pacific Decadal Oscillation (PDO) is inv estigated based upon
analyses of sea surface tem perature observations over the las t century. The PDO
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is suggested to be comprised of a 2 0 year quasi-periodic oscillation and a lower
frequency component with a characteris tic timescale of 60 years. T he 20 year
quasi-periodic oscillation is clea rly identified as a phase locked sign al at th e
eastern boundary of the Pacific basin, whic h could be interpreted as the signature
of an ocean basin m ode. We demonstrate that the 60 year component of the PDO
is strongly time-lag correlated with the Atlantic Multidecadal Oscillation (AMO).
On this timescale the AMO is shown to lead the PDO by approximately 13 years
or to lag the PDO by 17 years. This re lation suggests that the AMO and the 60
year component of the PDO are signatures of the same oscillation cycle.
Fyfe, J. C., N. P. Gillett, and D. W. J. Thompson, 2010, Comparing variability and trends
in observed and m odelled global-mean surface tem perature, Geophys. Res. Lett., 37,
L16802, doi:10.1029/2010GL044255
The observed evolution of the global-mean surface temperature over the twentieth
century reflects the combined influences of natural variations and anthropogenic
forcing, and it is a primary goal of clim ate models to represent both. In this study
we isolate, compare, and remove the following natural signals in observations and
in climate models: dy namically induced atmospheric variability, the El NiñoSouthern Oscillation, and explosive vol canic eruptions. We make clear the
significant model-to-model variability in estimates of the variance in g lobal-mean
temperature associated with thes e natural signals, especially associated with the
El Niño-Southern Oscillation and expl osive volcanic eruptions. When these
natural signals are rem oved from time series of global-mean tem perature, the
statistical uncertainty in linear trends from 1950 to 2000 drops on average by
about half. Hence, the results m ake much clearer than before where som e model
estimates of global warm ing significantly deviate from observations and where
others do not.
Lin, H., G. Brunet, and J. S. Fontecilla, 2010, Impact of the Madden-Julian Oscillation on
the intraseasonal forecast skill of the North Atlantic Oscillation, Geophys. Res. Lett., 37,
L19803, doi:10.1029/2010GL044315
Using the output of the intraseasonal hindcast experiment conducted with the
GEM global atm ospheric model during 24 extended winters, the association
between the forecast skill of the NAO and the amplitude and phase of the MJO in
the initial condition is investigated. It is found that with a lead tim e up to abou t
one month the NAO for ecast skill is signifi cantly influenced by the existence of
the MJO signal in the init ial condition. A strong MJO leads to a better NAO
forecast skill than a weak MJO. An initial state with an MJO phase corresponding
to a dipole tropical convec tion anomaly in the eastern Indian Ocean and western
Pacific favors a m ore skillful NAO forecas t than an MJO phase with a single
tropical convection anomaly near 120°E. Thes e results indicate that it is possible
to increase the skill of the NAO a nd the extratropical surface air tem perature
intraseasonal forecast with an im proved tropical initialization, a better p rediction
of the tropical MJO and a better repres
entation of the tropi cal-extratropical
interaction in dynamical models.
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Tang, Y., H. Lin, J. Derom e, and M. K. Tippett, 2007, A predictability m easure applied

to seasonal predictions of
the Arctic Oscillation,
J. Clim., 20: 4733-4750,
doi:10.1175/JCLI4276.1
In this study, ensem ble seasonal predictions of the Arctic Oscillation (AO) were
conducted for 51 winters (1948–98) using a simple global atm ospheric general
circulation model. A means of estimating a priori the p redictive skill of the AO
ensemble predictions was develope d based on the re lative entropy (R) of
information theory, which is a measure of the difference between the forecast and
climatology probability density functions (PDFs). Several important issues related
to the AO predictability, such as the dom inant precursors of forecast skill and the
degree of confidence that can be placed in an individual forecast, were addressed.
It was found that R is a useful m easure of the confidence that can be placed on
dynamical predictions of the AO. When R is large, the prediction is likely to have
a high confidence level whereas when R is small, the pr ediction skill is m ore
variable. A small R is often accom panied by a re latively weak AO index. The
value of R is dominated by the predicted ensem ble mean. The relationship
identified here, between model skills and the R of an ensemble prediction, offers a
practical means of estimating th e confidence level of a seas onal forecast of the
AO using the dynam ical model. Through an analysis of the global sea surface
temperature (SST) forcing, it was found that the winter AO-related R is correlated
significantly with the a mplitude of the SST anomalies over the tropic al central
Pacific and the North Pacific durin g the previous October. A large value of R is
usually associated with strong SST anom alies in the two regions, whereas a poor
prediction with a sm all R indicates that SST a nomalies are likely weak in thes e
two regions and the observed AO anom aly in the specific winter is likely caused
by atmospheric internal dynamics.
Tang, Y., Z. Deng, X. Zhou, Y. Cheng, and D. Chen, 2008, Interdecadal Variation of
ENSO Predictability in Multiple Models,
J. Clim., 21(18): 4811–4833,
doi:10.1175/2008JCLI2193.1
In this study, El Niño–Southern Oscillati on (ENSO) retrospective forecasts were
performed for the 120 yr from 1881 to 2000 using three realistic m odels that
assimilate the histo ric dataset of sea surface temperature (SST). By exam ining
these retrospective forecasts and correspond ing observations, as well as the
oceanic analyses from which forecasts we re initialized, several important issues
related to ENSO predictability hav e been explored, includ ing its in terdecadal
variability and the dominant factors that control the interdecadal variability.
The prediction skill of the thre e models showed a very con sistent interdecadal
variation, with high skill in the late ni neteenth century and in the m iddle–late
twentieth century, and low skill duri ng the period from 1900 to 1960. The
interdecadal variation in ENSO predictability is in good agreement with that in
the signal of interannual va riability and in the degr ee of asymm etry of ENSO
system. A good relationship was also iden tified between the degree of asymmetry
and the sign al of interannual variability, and th e former is h ighly related to th e
latter. Generally, the h igh predictability is a ttained when ENSO signal streng th
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and the degree of asymmetry are enhanced, and vice versa. The atmospheric noise
generally degrades overall prediction skill, especially for the skill of mean square
error, but is able to favor som e individual prediction cases. The possible reasons
why these factors control ENSO predictability were also discussed.
Tang, Y., H. Lin, and A. M. Moore, 2008, Meas
uring the potential predictability of
ensemble
climate
predictions,
J.
Geophys.
Res.,
113,
D04108,
doi:10.1029/2007JD008804
In this study, ensemble predictions of the El Niño Souther n Oscillation (ENSO)
and the Arctic Oscillation (AO) were conducted using two coupled m odels and
two atmospheric circulation m odels, respectively, as well as various ensem ble
schemes. Several m easures of potential predictability including ensemble mean
square (EM 2), ensemble spread and the ratio of signal-to-noise were explored in
terms of their ability of estimating a priori the predictive skill of the ENSO and
AO ensemble predictions. The e mphasis was put on exam ining the relationship
between the measures of predictability that do not use observations and the m odel
prediction skill of correlation and m ean square erro r (MSE) that m ake use of
observations. The relationship identified
here offers a practical means of
estimating the potential predic tability and the confidence level of an individua l
prediction. It was found that the EM 2 is a better indica tor of the actu al skill of
ensemble ENSO and AO prediction than
the ratio of signal-to-noise. W hen
correlation-based metrics are used, the predic tion skill is like ly to be a linear
function of EM 2, i.e., the larger the EM 2 the higher skill th e prediction; whereas
when MSE-based metrics are used, a “trian gular relationship” is suggested
between them, na mely, that when EM 2 is lar ge, the prediction is lik ely to be
reliable whereas when EM 2 is s mall the prediction skill is highly variable. In
contrast with ensemble weather predicti on (NWP), the ensem ble spread is not a
good predictor in quantifying clim ate prediction skill in th e models used in this
study because the forced response m ay be much larger th an the noise in the
climate timescales compared to the NW P. A statistical framework was proposed
to explain why EM 2 is a good indicator of actu al prediction skill in the ensemble
climate predictions.

Tang, Y. and Z. Deng, 2010b, Low-dimensional nonlinearity of ENSO and its impact on

predictability,
Physica
D:
Nonlinear
Phenomena,
239(5):
258-268,
doi:10.1016/j.physd.2009.11.006
Using a hybrid coupled m odel, we perf orm a bred vector (BV) analysis and
retrospective ENSO (El Niño and the Southern Oscillation) forecast for the period
from 1881 t o 2000. The BV local dim ension and BV-skewness inherent to the
intensity of nonlinearity are analyzed. Emphasis is placed on exploring the nature
of the low-dim ensional nonlinearity of the ENSO system and the rela tionship
between BV-skewness and model prediction skills. The results show that ENSO is
a low-dimensional nonlinear system, and the BV-skewness is a good m easure of
its predictability at the decadal/interdecadal time scales. As the low-dimensional
nonlinearity of ENSO is weakened, high predictability is attained, and vice versa.
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The low-dimensional nonlinearity of ENSO is also investigated and verified using
observations.
Another finding in this study is the rela tionship between the error growth rate
(BV-rate) and actual prediction skill. While there is a good positive co rrelation
between them in some decades, the BV -rate demonstrates a strong inverse
correlation with the prediction skill in other decades. The BV-rate components
contributed by the nonlinear process play a dominant role in quantifying ENSO
predictability. The possible m echanism for the link between BV-rate, BVskewness and ENSO predictability is discussed.
Vettoretti, G., M. D’Orgeville, W. R. Pe ltier, and M. Stastna, 2 009, Polar clim ate
instability and climate teleconnections from the Arctic to the midlatitudes and tropics, J.
Clim., 22: 3513-3539, doi:10.1175/2009JCLI2481.1
It is generally accepted that the ocean ther mohaline circulation plays a key role in
polar climate stability and rapid climate change. Recently reported analyses of the
impact of anom alous freshwater ou tflows from the North Am erican continent
onto either the North Atlantic or Arctic Oceans demonstrate that, in either case, a
clear reduction in the Atlantic meridional overturning circulation, accompanied by
an increase in sea ice extent, is pr
edicted. The results also reconcile proxyinferred Younger Dryas Greenland temperature variations. The aim of the present
work is to provide a detailed investigation of the pathways along which the signal
associated with overturning circulati on anomalies propaga tes into both th e
midlatitudes and the tropics and the effect such teleconnections have on the
tropical ocean–atmosphere system. The authors consider both the impact of
substantial slowing of the overturning circ ulation due to freshwater forcing of the
North Atlantic as well as its recovery after the anomalous forcing has ceased. The
changes in tropical clim ate variability are shown to manifest themselves in shifts
of both the typical tim e scale and inte nsity of ENSO events in the m odel.
Evidence is presented for m echanisms that involve both atmospheric and oceanic
pathways through which such N orthern Hemisphere high-latitude events are
communicated into both the midlatitudes and the tropics and th ereafter
transformed into changes in the nature of tropical variability.
Wu, A., W . W. Hsieh, G. J. Boer, and F.
W. Zwiers, 2007, Changes in the Arctic
Oscillation under increased at mospheric greenhouse gases, Geophys. Res. Lett., 34,
L12701, doi:10.1029/2007GL029344
The Arctic Oscillation (AO) under incr
eased atmospheric concentration of
greenhouse gases (GHG) was studied by co mparing an ensemble of si mulations
from 13 coupled general circulation mode ls with GHG at the pre-industrial level
and at the late 20 th century level, for November to March. The chan ge in the
linear AO patte rn as G HG increased reveals positive sea level p ressure (SLP)
anomalies centered over the Gulf of Alaska, and weaker negative SLP anom alies
over eastern Canada and North Atlantic – a pattern resem bling the nonlinear AO
pattern arising from a quadratic relati on to the AO index. This quadratic AO
pattern itself has positive SLP anom alies receding from Europe but strengthening
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over the Gulf of Alaska and surrounding areas as GHG increased. This study
points to the im portance of the nonlinear structure in determining how the linear
oscillatory pattern changes when there is a change in the mean climate.
Yu, B., A. Shabbar, and F. W. Zwiers, 2007, The enhanced PNA-like climate response to
Pacific interannual and decadal variability,
J. Clim., 20: 5285-5300,
doi:10.1175/2007JCLI1480.1
This study provides further evidence of the impacts of tropical Pacific interannual
[El Niño–Southern Oscillation
(ENSO)] and Northern Pacific decad
al–
interdecadal [North Pacific index (NP I)] variability on the Pacific–North
American (PNA) sector. Both the tropospheric circulation and the North
American temperature suggest an e nhanced PNA-like clim ate response and
impacts on North Am erica when ENSO and NPI variability are out of phase. In
association with this variability, large stationary wave activity fluxes appear in the
mid- to high latitudes originating from the North Pacific and flowing downstream
toward North Am erica. Atmospheric heating a nomalies associated with ENS O
variability are conf ined to the T ropics, and generally have the sam e sign
throughout the troposphere with m aximum anomalies at 400 hPa. The heating
anomalies that correspond to the NPI
variability exhibit a center over the
midlatitude North Pacific in which the heating changes sign with height, along
with tropical anomalies of comparable magnitudes. Atmospheric heating
anomalies of the sam e sign appear in both the tropical Pacific and the North
Pacific with the out-of-phase com bination of ENSO and NPI. Both sources of
variability provide energy transports toward North America and tend to favor the
occurrence of stationary wave anomalies.
Yu, B. and F. W . Zwiers, 2007, The im pact of combined ENSO and PDO on the PNA
climate: a 1000-yr climate modeling study, Clim. Dyn., 29: 837-851, doi:10.1007/s00382007-0267-4
This study analyzes the atmospheric response to the combined Pacific interannual
ENSO and decadal– interdecadal PDO variability, with a focus on the Pacific North American (PNA) sector, using a
1,000-year long integration of the
Canadian Center for Clim ate Modelling and Analysis (CCCma) coupled climate
model. Both the tropospheric circulati on and the North Am erican temperature
suggest an enhanced P NA-like climate response and im pacts on North Am erica
when ENSO and PDO variab ility are in phase. The anomalies of the centers of
action for the PNA-like pattern are signi ficantly different from zero and t he
anomaly pattern is field significant. In
association with the s tationary wave
anomalies, large stationary wave activity fluxes appear in the m id-high latitudes
originating from the North Pac ific and flowing downstream toward Nor th
America. There are significant Rossby wave source anomalies in the extratropical
North Pacific and in the subtropical Nort h Pacific. In addition, the axis of the
Pacific storm track shifts southward with the positive PNA. Atmospheric heating
anomalies associated with ENSO variability are confined primarily to the tropics.
There is an anomalous heating center ove r the northeast Pacific, together with
anomalies with the same polarity in the tropical Pacific, for the PDO variab ility.
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The in-phase combination of ENSO and PDO would in turn provide anom alous
atmospheric energy transports towards North America from both the Tropical
Pacific and the North P acific, which tends to favor the occurrence of stationary
wave anomalies and w ould lead to a P NA-like wave anom aly structure. The
modeling results also confir m our analysis based on the observational record in
the twentieth century.
Zhang, X., J. W ang, F. W . Zwiers, and P. Ya Groisman, 2010, The influence of large
scale climate variability on winter m aximum daily precipitation over North America, J.
Clim., 23: 2902- 2915, doi:10.1175/2010JCLI3249.1
The generalized extreme value (GEV) distribution is fitt ed to winter season daily
maximum precipitation over North Am erica, with indices representing El Niño–
Southern Oscillation (ENSO), the Paci fic decadal os cillation (PDO), and the
North Atlantic Oscillation (NAO) as predictors. It was found that ENSO and PDO
have spatially consistent and statistically sig nificant influences on extrem e
precipitation, while the influence of NAO is regional and is not field significant.
The spatial pattern of extrem e precipitation response to large-scale clim ate
variability is similar to that of total precipitation but somewhat weaker in terms of
statistical significance. An El Niño c ondition or high phase of PDO corresponds
to a substantially increased likelihood of extreme precipitation over a v ast region
of southern North America but a decreased likelihood of extreme precipitation in
the north, especially in the Great Plains and Canadian prairies and the Great
Lakes/Ohio River valley.
Zhou, X., Y. Tang, and Z. Deng, 2007, The impact of atmospheric nonlinearities on the
fastest growth of ENSO pre
diction error, Clim. Dyn., 30(5): 519-531,
doi:10.1007/s00382-008-0392-5
In this paper we explore the im pact of atmospheric nonlinearities on the optimal
growth of initial condition error of El Niño and the Southern Oscillatio n (ENSO)
prediction using singular vector (S V) analysis. This is perfor med by c omparing
and analyzing SVs of t wo hybrid coupled models (HCMs), one com posed of an
intermediate complexity dynamical ocean model coupled with a linear statistical
atmospheric model, and the other one with the same ocean model coupled with a
nonlinear statistical atmosphere. Tangent linear and adjoint m odels for both
HCMs are developed. S Vs are computed under the initial conditions of seasonal
background and actual ENSO cycle simulated by the ocean model forced with the
real wind data of 1980–1999. The optim ization periods of 3, 6 and 9 months are
individually considered. The results s how that the first SVs in both HCMs are
very similar to each o ther, characterized by a central east-west dipole pattern
spanning over the entire tropical Pacific. The spatial patterns of the leading SV in
both HCMs are no t sensitive to op timization periods and initial time. However,
the first singular value, indicating the optim al growth rate of prediction error,
displays considerable differences between the two HCMs, in dicating a significant
impact of atmospheric nonlinearities on th e optimal growth of ENSO pr ediction
error. These differences are greater with increasing optimization time, suggesting
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that the impact of atmospheric nonlinearities on the optim al growth of prediction
error becomes larger for a longer period of prediction.
Zhou, X., Y. Tang, Y. Cheng, and Z.
Deng, 2009, I mproved ENSO Prediction by
Singular Vector Analysis in a Hybrid Coupled Model. J. Atmos. Oceanic Technol., 26,
626–634, doi:10.1175/2008JTECHO599.1
In this study, a m ethod based on singular vector analys is is proposed to im prove
El Niño–Southern Oscillation (ENSO) predic tions. Its essential idea is that the
initial errors are projected onto thei
r optimal growth patterns, which are
propagated by the tangent linear m odel (TLM) of the original prediction m odel.
The forecast errors at a given lead time of predictions are obtained, and then
removed from the raw predictions. This m ethod is applied to a realistic ENSO
prediction model for improving prediction skill for the period from 1980 to 1999.
This correction m ethod considerably im proves the EN SO prediction skill,
compared with the original predictions without the correction.
Zhou, X., Y. Tang, and Z. Deng, 2009, Assimilation of historical SST data for long-term
ENSO
retrospective forecasts,
Ocean
Modeling,
30(2-3):
143-154,
doi:10.1016/j.ocemod.2009.06.015
In this study, the assimilation of historic SST (sea surface temperature) data was
performed for long-term ENSO hindcasts. The emphasis was placed on the design
of background error covariance (BEC) th at dominates the transfer of SST
information to the subsurface. Four different data-assimilation schemes, based on
Optimal Interpolation (OI) algorithm, were proposed, and com pared in term s of
ENSO simulation and prediction skills for the period from 1876 to 2000.
It was found that the d ata-assimilation scheme that has a three-dimensional BEC
constructed from model simulations forced by observed wind stress can
effectively correct the second-layer tem perature in the SST assim ilation and lead
to the best ENSO prediction skill. Furt her analysis for the long-term hindcasts
shows that the prediction sk ills have a s triking decadal/interdecadal variability
similar to that found in other m odels. These results provide a funda mental basis
for the further study of ENSO predictability.
1.4.4 Sea Level
Abeysirigunawardena, D. S. and I. J. W alker 2008, Sea Level Responses to Clim atic
Variability and Change in Northern British Colum bia, Atmos.-Ocean, 46(3): 277–296,
doi:10.3137/ao.460301
Sea level responses to clim atic variability (CV) and change (CC) signals at
multiple temporal scales (interdecadal to monthly) are s tatistically examined
using long-term water level records from Prince Rupert (PR) on the north coast of
British Columbia. Analysis of obs erved sea level data from PR, the longest
available record in the region, indicates an annual average m ean sea level (MSL )
trend of +1.4±0.6 mm yr-1 for the pe riod (1939–2003), as oppos ed to the longer
term trend of 1±0.4 mm yr-1 (1909–2003). This suggests a possible acceleration
in MSL trends during the latter half of the twentie th century. According to the
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results of this study, the causes behind this acceleration can be attributed not only
to the effects of global warming but also to cyclic climate variability patterns such
as the stron g positive Pacific Decadal Oscillation (PDO) phase tha t has been
present since the m id-1970s. The linear regression model based on highest sea
levels (MAXSL) of each calendar year s howed a trend exceeding twice that (3.4
mm yr-1) o f MSL. Pre vious work shows th at the influence of vertical crustal
motions on rela tive sea level are negligible at PR. Relations between s ea levels
and known CV indices (e.g., the Multivariate ENSO Index (MEI), PDO, Northern
Oscillation Index (NOI), and Aleutia n Low Pressure Index (ALPI)) are explored
to identify potential cont rols of CV phenom ena (e.g., the El Niño Southern
Oscillation (ENSO), PDO) on regional MSL and MAXSL. Linear and non-linear
statistical methods including correla tion analyses, multiple regress
ion,
Cumulative Sum (CumSum) analysis, and Superposed Epoch Analysis (SEA) are
used. Results suggest that ENSO forci ng (as shown by the MEI and N OI indices)
exerts significant influence on winter sea level fluctuations, while the PDO
dominates summer sea level variability. The o bservational evidence at PR also
shows that, during the period 1939–2003, these cyclic shorter temporal scale sea
level fluctuations in response to C V were significantly greater than the longer
term sea-level rise trend by as m uch as an order of m agnitude and with trends
over twice that of MSL. Such extrem e sea level fluctuations related to CV events
should be the immediate priority for
the development of coastal adaptation
strategies, as they are superimposed on long-term MSL trends, resulting in greater
hazard than longer term MSL rise trends alone.
Berthier, E., E. Schiefer, G. K. C. Clarke, B. Menounos, and F. Rémy, 2010, Contribution
of Alaskan glaciers to s ea-level rise derived from satellite imagery, Nature Geoscience,
doi:10.1038/NGEO737
Over the past 50 years, retreating glaciers and ice caps contributed 0.5 mm yr−1 to
sea-level rise, and one third of this c ontribution is believed to com e from ice
masses bordering the Gulf of Alaska. Howe ver, these estim ates of ice loss in
Alaska are based on measurem ents of a limited number of glaciers that are
extrapolated to constrain ice wastag e in the m any thousands of others.
Uncertainties in the se estimates arise, for example, from the com plex pattern of
decadal elevation changes at the scale of individual glaciers and mountain ranges.
Here we combine a comprehensive glaci er inventory with elevation changes
derived from sequential digital elevati on models. We find that between 1962 and
2006, Alaskan glaciers lost 41.9±8.6
km3 yr−1 of water, and contributed
0.12±0.02 mm yr−1 to sea-level rise, 34% less th an estimated earlier. Reasons for
our lower values include the higher spatial resolution of our gl acier inventory as
well as the reduction of ice thinning undernea th debris and at the glacier m argins,
which were not resolv ed in earlier work. W e suggest that estimates of mass loss
from glaciers and ice caps in other mountain regions co uld be subject to sim ilar
revisions.
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Gower, J. F. R., 2010, Comm ent on “Response of the glo bal ocean to Greenland and
Antarctic ice m elting” by D.
Stammer, J. Geophys. Res., 115, C10009,
doi:10.1029/2010JC006097
no abstract; introduction
[1] Stammer [2008] comes to the conclusion that sea level rise from melting
Greenland ice will have little effect on sea levels in the Pacif ic and other distan t
areas for over 50 years. This result has
important ramifications and has been
reported in the press. He derives a si
milar result for melting of Antarctica.
However, these are conclusi ons that the paper is unabl e to support. A retraction
needs to be printed.
[2] Stammer's [2008] study is on the redistribution of water properties (including
sea level) in the oceans of the world in response to injection of fresh water near
Greenland and Antarctica. Stamm er's Figure 1 shows locations and amounts of
fresh water entering th e oceans in a graphical, semiquantitative form. Stammer's
Figures 2–11 show m aps and plots of the response of the global ocean after tim e
steps of up to 50 years. Stamm er's Figure 6 shows that in 50 years, sea level will
have increased in the Baffin Bay/Labra dor Sea area by about 30 mm , but in the
rest of the Atlantic by less than 10 mm, and in the Pacific by only 1.5 to 2 mm .
Similarly, Stammer's Figure 10 shows sea leve l rise after 50 years due to m elting
of Antarctica, of 10 c m close to Antarc tica, but less than 0.5 mm for areas north
of 60°S.
[3] Stammer's [2008] paragraph 47 in section 5 st ates, “The corollary of our
findings is that m elt water dumped into the North Atlantic f rom Greenland will
reside first of all in the Atlantic an d will only slowly prop agate into the other
basins. In p articular, it will take a significant length of time until th e Pacific
Ocean will “feel” this extra volume, for example, in form of sea level rise. This is
an important result sinc e it im plies that m elting of Greenland's ice cap is m uch
less of a threat to tropical islands in the Pacific than it is for the coas ts of North
America and Europe.”
Peltier, W. R., 2009, Closure of the budget of global sea leve l rise over the GRACE era:
the importance and m agnitudes of the requ ired corrections for global glacial isostatic
adjustment, Quat. Sci. Rev., 28(17-18): 1658-1674, doi:10.1016/j.quascirev.2009.04.004
The budget of global sea level rise includes contributions from several distinct
factors, including thermosteric effects, the wasting of sm all ice sheets and
glaciers, and the loss of mass by the great polar ice sheets and by th e continents
due to desiccation. Since the former contribution may be estimated on the basis of
both hydrographic survey data and m ore recently using Argo float data, the
second may be estimated on the basis of m ass balance measurements on existing
ice-fields, and the latter on the basis of modern GRACE-ba sed time dependent
gravity field measurements, the inputs to the globally averaged rate of sea lev el
rise may be directly constrained. Sin ce GRACE also provid es a measurement of
the rate at which m ass is being add ed to the oceans, we are now in a position to
ask whether this rate of mass addition to the oceans matches the rate at which
mass is being rem oved from the continents. As dem onstrated herein, the m ass
component of the budget of global sea le vel is closed within the observational
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errors. When the m ass-derived contribution is added to the th ermosteric
contribution it is furthermore shown that the inference of the net rate of global sea
level rise by the altim etric satellites Topex/Poseidon and Jason 1 is also
reconcilable over the GRACE era. It is noted those individual terms in the budget,
especially the contribution from
small ice sheets and
glaciers, rem ains
insufficiently accurate. It is dem onstrated that the lingering influence of the Late
Quaternary ice-age upon s ea level is profound and th at closure of the budget
requires an accurate model of its impact.
1.4.5 Carbon Cycle and Climate Change
Boer, G. J. and V. Arora, 2009, Temperature and concentration feedbacks in the carbon
cycle, Geophys. Res. Lett., 36, L02704, doi:10.1029/2008GL036220
Feedback processes in the carbon budget
are investigated in a m anner that
parallels the treatment of feedback processes in the energy budget. The analysis is
applied to s imulations with the C CCma earth system model CanESM1 using a
range of emission scenarios. For the a tmosphere there is a pos itive “carbontemperature” feedback which acts to increase CO 2 flux to the atm osphere as
temperatures warm. There is also a ne gative “carbon-concentration” feedback
which acts to rem ove CO2 from the atm osphere via enhanced uptake of CO 2 by
the land and ocean as CO 2 concentration increases. While the positiv e feedback
associated with tem perature change is reaso nably linear and consisten t as
temperature increases, the feedback associated with CO 2 concentration is not. The
negative carbon-concentration fee dback weakens with increasing CO
2
concentration thereby e nhancing atmospheric CO2 and acceleratin g global
warming. The behaviour of the inferre
d carbon-concentration feedback is
different for different em ission scenarios implying a dependence on state
variables other than CO 2 concentration. The carbon-concentration feedback
behaviour inferred for a particular scenario may not, theref ore, be used to infer
system behaviour for other scenarios.
Boer, G. J. and V. Arora, 2010, Geographic Aspects of Temperature and Concentration
Feedbacks in the Carbon Budget. J. Clim., 23(3): 775–784, doi:10.1175/2009JCLI3161.1
The geographical distribution of feedb ack processes in the carbon budget is
investigated in a m anner that parallels that for climate feedback/sensitivity in the
energy budget. Sim ulations for a range of e mission scenarios, m ade with the
Canadian Centre for Clim ate Modelling and Analysis (CCCma) earth system
model (CanESM1), are the basis of the analysis. Anthropogenic CO 2 emissions
are concentrated in the Northern Hem isphere and provide the forcing for changes
to the atmospheric carbon budget. Transports redistribu
te the em itted CO2
globally where loc al feedback processes act to enhance (p ositive feedback) or
suppress (negative feedback) local C O2 amounts in response to changes in CO 2
concentration and temperature.
An increased uptake of CO 2 by the land and ocean acts to counteract increased
atmospheric CO2 concentrations so that “carb on–concentration” feedbacks are
broadly negative over the twenty-first century. Largest values are found over land
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and particularly in trop ical regions where CO 2 acts to f ertilize plant growth.
Extratropical land also takes up C O2 but here the effect is lim ited by cooler
temperatures. Oceans play a less er negative feedback role with com paratively
weak uptake associated with an in crease in the atm osphere–ocean CO2 gradient
rather than with oceanic biological activity.
The effect of CO 2-induced temperature increase is, by contrast, to increase
atmospheric CO2 on average and so represents an overall positive “carbon–
temperature” feedback. Although the aver age is pos itive, local reg ions of both
positive and negative carbon–temperatu re feedback are seen over land as
a
consequence of the competition between changes in biological productivity and
respiration. Positive carbon–tem perature feedback is found over m ost tropical
land while m id–high-latitude land exhibits negative feed back. There are also
regions of positiv e and negative oceanic carbon–temperature feedback in the
eastern tropical Pacific.
The geographical patterns of carbon–c oncentration and carbon–temperature
feedbacks are comparatively robust across the range of em ission scenarios used,
although their m agnitudes are somewhat le ss robust and scale nonlinearly as a
consequence of the large CO 2 concentration changes engendered by the scenarios.
The feedback patterns deduced neverthele ss serve to illustra te the localize d
carbon feedback processes in the climate system.
Christian, J. R., V. K. Arora, G. J. Boer, C. L. Curry, K. Zahariev, K. L. Denm an, G. M.
Flato, W. G. Lee, W . J. Merryfield, N. T. Roulet, and J. F. Scinocca, 2010, The global
carbon cycle in the Canadian Earth System
Model (CanESM1): Preindustrial control
simulation, J. Geophys. Res., 115, G03014, doi:10.1029/2008JG000920
The preindustrial carbon cycle is descri bed for the Canadian Centre for Clim ate
Modelling and Analysis Earth system model (CanESM1). The inte rhemispheric
gradient of surface atm ospheric CO2 concentration (xCO 2) is reve rsed from the
present day, with hig her concentrations in the Southern He misphere, and
southward interhemispheric transport by the ocean, estim ated at 0.38 P g C yr −1.
The seasonal cycles of xCO 2 and surface CO 2 exchange are dom inated by
Northern Hemisphere terrestrial processes; the ocean contribution to CO 2 flux is
in phase with the la rger terrestrial flux in the tropics and out of phase in the
extratropics. Ocean processes dominate the relatively small Southern Hemisphere
variability. Interannual variability of land carbon exchange is m uch larger th an
ocean exchange; both are comparable to results from previously published models
with possibly larger variab ility in the terrestrial fl ux. Terrestrial net prim ary
production (NPP) is determined largely by water availability at low latitudes, with
temperature becoming more important at high latitudes. Te mperature and
moisture affect both NPP and heterotroph ic respiration such that re spiration
effects tend to dampen the effect of fluctuations in NPP on CO 2 exchange. Ocean
CO2 flux variability is controlled by a variety of physical and biological processes
with greater control by physical processes in the tropics and a larger biological
contribution in the extratropics. Ocean CO 2 flux is m ore strongly correlated with
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tropical sea surface temperature (SST) than terrestrial, but the variance associated
with tropical SST is larger on land, in absolute terms, because of the much greater
total variance of the land carbon flux. A novel hypothesis is a dvanced to explain
how biological drawdo wn can cause recen tly upwelled water to be a net sink
rather than source for atm ospheric CO2. This process occurs over large areas of
extratropical ocean and for ms a natural sink for at mospheric CO2 that is
potentially sensitive to both ocean acidi fication and anthrop ogenic perturbations
of the aeolian iron flux.
Matthews, H. D. and D. W . Keith, 2007, Carbon-cycle feedbacks increase the likelihood
of a warmer future, Geophys. Res. Lett., 34, L09702, doi:10.1029/2006GL028685
Positive carbon-cycle feedbacks h ave the potential to reduc e natural carbon
uptake and accelerate future climate change. In this paper, we introduce a novel
approach to incorporating carbon-cycle f eedbacks into probabilistic assessm ents
of future warm ing. Using a coupled cl imate-carbon model, we show that
including carbon-cycle feedbacks leads to large increases in extrem e warming
probabilities. For exam ple, for a scenario of CO 2 stabilization at 550 ppm , the
probability of exceeding 2°C war ming at 2100 increased by a factor of between
1.7 and 3, while the pro bability of exceeding 3° C warming increased from a few
percent to as much as 22%. CO 2 fertilization was found to exert little influence on
the amount of future warm ing, since increased carbon uptake was partially offset
by fertilization-induced surface albedo ch anges. The effect of positive carboncycle feedbacks on th e likelihood of extreme future warm ing must be
incorporated into climate policy-related decision making.
Matthews, H. D., L. Cao, and K. Caldeira, 2009, Sensitivity of oc ean acidification to
geoengineered climate stabilization, Geophys. Res. Lett., 36, L10706,
doi:10.1029/2009GL037488
Climate engineering has been proposed as a possible response to anthropogenic
climate change. While climate engineering may be able to s tabilize temperatures,
it is generally assum ed that th is will not prevent continued ocean acid ification.
However, due to the strong coupling be tween climate and the carbon cycle,
climate engineering cou ld indirectly affect ocean chem istry. We used a global
Earth-system model to inve stigate how cli mate engineering may affect surface
ocean pH and the degree of aragonite
saturation. Climate engineering could
significantly re-distribute carbon em issions among at mosphere, land and ocean
reservoirs. This could slow pH decreases somewhat relative to the non-engineered
case, but would not affect the level
of aragonite satura tion due to opposing
responses of pH and aragonite saturation to temperature change. However, these
effects are dependent on enhanced car bon accumulation in the land biosphere;
without this, climate engineering has little effect on pH, and leads to accelerated
declines in aragonite saturation.
Schmittner, A., A. Oschlies, H. Damon Ma tthews, and E. D. Galbraith, 2008, Future
changes in climate, ocean circulation, ecosystems, and biogeochemical cycling simulated
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for a business-as -usual CO2 emission scenario until year 4000 AD, Glob. Biogeochem.
Cycles, 22, GB1013, doi:10.1029/2007GB002953
A new model of global climate, o
cean circulation, ecosystems, and
biogeochemical cycling, including a fully coupled carbon cycle, is presented and
evaluated. The model is consistent with m ultiple observational data sets from the
past 50 years as well as with the obs erved warming of global surface air and sea
temperatures during the last 150 years. It is applied to a simulation of the coming
two millennia following a bus iness-as-usual scenario of anthropogenic CO2
emissions (SRES A2 until yea r 2100 and subsequent linear decrease to zero until
year 2300, corresponding to a total re lease of 5100 GtC). Atm ospheric CO2
increases to a peak of more than 2000 ppm v near year 2300 (that is an airborne
fraction of 72% of the emissions) followed by a gradual decline to ∼1700 ppmv at
year 4000 (airbo rne fraction of 5 6%). Forty-four percent of the ad ditional
atmospheric CO2 at year 4000 is due to positiv e carbon cycle–climate feedbacks.
Global surface air warms by ∼10°C, sea ice melts back to 10% of its current area,
and the circulation o f the abyssa l ocean collap ses. Subsurface oxygen
concentrations decrease, tripling the volume of suboxic water and quadrupling the
global water column denitrification. We estimate 60 ppb increase in atmospheric
N2O concentrations owing to doub ling of its oceanic production, leading to a
weak positive feedback and contributing about 0.24°C warm ing at year 4000.
Global ocean prim ary production alm ost doubles by year 4000. Planktonic
biomass increases at high latitudes and in the subtropics whereas it decreases at
midlatitudes and in the tropics. In our m odel, which does not account for possible
direct impacts of acidification on ocea n biology, production of calcium carbonate
in the surface ocean doubles, further increasing surface o cean and atmospheric
pCO2. This repre sents a new po sitive feedback mechanism and leads to a
strengthening of the positive interaction between climate change and the carbo n
cycle on a multicen tennial to m illennial timescale. Changes in ocean biology
become important for the ocean carbon upt ake after year 2 600, and at year 400 0
they account for 320 ppm v or 22% of the atmospheric CO 2 increase since th e
preindustrial era.
Zickfeld, K., J. C. Fyfe, O. A. Saenko, M. Eby and A. J. W eaver, 2007, Response of the
global carbon cycle to human-induced changes in Southern Hemisphere winds. Geophys.
Res. Lett., 34, L12712, doi:10.1029/2006GL028797
An Earth S ystem model is used to e xplore the response of the oceanic and
terrestrial carbon sinks to strengthening and poleward shifting of the extratropical
Southern Hemisphere winds, which is a robust feature of clim ate models'
response to greenhouse gas forcing thr ough the 20th and 21st centuries. W e find
that under tim e-varying CO2 emissions poleward intensifying Southern
Hemisphere winds act on average to slig htly enhance the efficacy of both the
oceanic and terrestrial carbon sinks, thus providing a small negative feedback on
the atmospheric CO2 concentration. Regionally, the effects of the changing winds
on oceanic and terrestrial carbon u ptake are more pronounced and partly of
opposite sign. We further show that the magnitude and sign of global oceanic CO2
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uptake is also controlled by changes in mesoscale eddy activity, which has been
suggested to increase in response to intensifying Southern Hemisphere winds.

1.5 Carbon Cycle and Ecosystems
Christian, J. R., 2007, Advection in plankton
models with variable elem ental ratios,
Ocean Dyn., 57(1): 63-71, doi:10.1007/s10236-006-0097-7
As ocean biogeochemical models evolve to pe rmit the elemental composition of
plankton populations and dissolved orga nic matter to v ary, each element is
normally assigned a separate state vari
able, which is advected and m
ixed
independently of the others. In a populat ion of cells with varying elem ental
quotas, the proper currency of the advecti on operator is subpopulations of si milar
cells. The spatial gradient in total C, N, or P su mmed over the spe ctrum of such
subpopulations is identical to that calcul ated for the population means, so treating
the various elem ents as independent shoul d generally be a valid approxim ation.
However, errors can arise in high-order advection schemes with nonlinea r
corrector terms, which are not a dditive across the subpopulation s. Some
numerical examples indicate that th ese errors are relatively small [O(10−3-10−4)]
but can be as high as O(10 −2) in certain cases. As grid resolution varies, the error
scales approximately to the Courant number.
Galbraith, E. D., S. Jaccard, T. F. P edersen, D. M. Sigman, G. H. Haug, M. Cook, J. R.
Southon, and R. Francois, 2007, Carbon dioxid e release from the North Pacific abyss
during the last deglaciation, Nature, 449: 890-894, doi:10.1038/nature06227
Atmospheric carbon dioxide concentrati ons were signif icantly lower during
glacial periods than during intervening interglacial periods, but the m echanisms
responsible for this difference remain uncertain. Many recent explanations call on
greater carbon storage in a poorly ventilated d eep ocean during glacial periods,
but direct evidence regarding the ventilat ion and respired carbon content of the
glacial deep ocean is sparse and often equivocal. Here we present sed imentary
geochemical records from sites spanning the deep subarctic Pacific that—together
with previously published results—show that a poorly ventilated water m ass
containing a high concentra tion of respired carbon di oxide occupied the North
Pacific abyss during the Last Glacial Maxi mum. Despite an inf erred increase in
deep Southern Ocean ventilation during the first step of the deglaciation (18,000–
15,000 years ago), we fi nd no evidence for i mproved ventilation in the abyssal
14,600 years ago: this change was
subarctic Pacific until a rapid transition
accompanied by an acceleration of export production from
the surface waters
above but only a sm all increase in atmospheric carbon dioxide concentration. W e
speculate that these change s were m echanistically linked to a roughly coeval
increase in deep wate r formation in th e North Atlantic, which f lushed respired
carbon dioxide from northern abyssal wate rs, but also increased the supply of
nutrients to the upper o cean, leading to g reater carbon dio xide sequestration at
mid-depths and stalling the rise of atmospheric carbon dioxide concentrations.
Our findings are qualitatively consiste nt with hypotheses invoking a deglacial
flushing of respired carbon dioxide from an isolated, d eep ocean reservoir, but
suggest that the reservoir m ay have been released in stages , as vigorous deep
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water ventilation switch ed between North Atlantic and Southern Ocean source
regions.

Hamme, R. C. and R. F. Keeling, 20
08, Ocean ventilation as a driver of
interannual variability in atm ospheric potential oxygen, Tellus B, 60(5): 706717, doi:10.1111/j.1600-0889.2008.00376.x

We present observations of interannual variability on 2-5 yr timescales in
atmospheric potential oxygen (APO ≈ O2 +CO2) from the Scripps Institution of
Oceanography global flask sam pling network. Interannual variations in the tracer
APO are expected to arise from air-sea fluxes alone, becaus e APO is insensitive
to exchanges with the terr estrial biosphere. These in terannual variations are
shown to be regionally coherent and robus t to analytical artefacts. W e focus on
explaining a feature dom inant in records from the Northern He misphere stations,
marked by increasing APO in the late 1990s , followed by an abrupt drawdown in
2000-2001. The timing of the drawdown matches a renewal of deep convection in
the North Atlantic, followed the next year by a severe winter in the western North
Pacific that m ay have allowed ventilation of denser isopycnals than usual. W e
find a weak correlation between changes in the interhemispheric APO difference
and El Niño indices, and the observations show no strong feat ures of the 1997-98
El Niño. Com parisons with estim ates of variations in ocean productivity and
ocean heat content demonstrate that thes e processes are secondary influ ences at
these timescales. We conclude that the ev idence points to variab ility in ocean
ventilation as the main driver of interannual variability in APO.

Juranek, L. W., R. C. Hamme, J. Kaiser, R. Wanninkhof, and P. D. Quay, 2010, Evidence
of O2 consumption in underway seawater lines: Implications for air-sea O 2 and CO2
fluxes, Geophys. Res. Lett., 37, L01601, doi:10.1029/2009GL040423
We observed O2 deficits of 0.5 to 2.0% (1 to 4 μmol/kg) in the underway seawater
lines of three different ships. Def icits in O2/Ar and isotopic enrichm ents in
dissolved O2 observed in underway s eawater lines indicate a respiratory removal
process. A 1% respiratory bias in underway lines would lead to a 2.5–5 μatm
(2.5–5 μbar) enhancement in surface water pCO2. If an underway pCO2 bias of
this magnitude affected all measurements, the global oceanic carbon uptake based
on pCO2 climatologies would be 0.5–0.8 Pg/yr higher than the present estimate of
1.6 Pg/yr. Treatm ent of underway lines with bleach for several hours and
thorough flushing appeared to m inimize O2 loss. Given the increasing interest in
underway seawater m easurements for the determ ination of surface CO 2 and O 2
fluxes, respiration in underway seawater lines must be ide ntified and eliminated
on all observing ships to ensure unbiased data.
Peltier, W. R., Y. Liu, and J. W. Crowley, 2007, Snowball Earth prevention by dissolved
organic carbon remineralization, Nature, 450, 813-818, doi:10.1038/nature06354
The ‘snowball Earth’ hypothesis posits the occurrence of a sequence of
glaciations in the Earth’s history sufficiently deep that photosynthetic activity was
essentially arrested. Because th e time interval during wh ich these e vents are
believed to have occurred immediately pr eceded the Cambrian explosion of life,
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the issue as to whether such snowball s tates actually developed has important
implications for our unders tanding of evolutionary bi ology. Here we couple an
explicit model of the Neoproterozoic car bon cycle to a model of the physical
climate system. We show that the dr awdown of atm ospheric oxygen into the
ocean, as surface temperatures decline, o perates so as to increase th e rate of
remineralization of a m assive pool of dissolved organic carbon. This leads
directly to an increase of atmospheric carbon di oxide, enhanced greenhouse
warming of the surface of the Earth, and the prevention of a snowball state.
Pena, M. A., S. Katsev, T. Oguz, and
D. Gilbert, 2010, Modeling dissolved oxygen
dynamics and hypoxia, Biogeosciences, 7(3): 933-957, doi:10.5194/bg-7-933-2010
Hypoxia conditions are in creasing throughout the world, influencing
biogeochemical cycles of elements and marine life. Hypoxia results from complex
interactions between physical and bioge ochemical processes, which can not be
understood by observations alone. Models are invaluable tools at studying system
dynamics, generalizing discre te observations and predicting future states. They
are also useful as m anagement tools fo r evaluating site-sp ecific responses to
management scenarios. Here we revi ew oxygen dynam ics models that have
significantly contributed to a better unde rstanding of the effects of natural
processes and hum an perturbations on the development of hypoxia, factors
controlling the extent and tem poral variability of coastal hypoxia, and the effect s
of oxygen depletion o n biogeochemical cycles. Because hypoxia occurs in a
variety of environments and can be persis tent, periodic or episodic, m odels differ
significantly in their comple xity and temporal and spatial resolution. We discuss
the progress in developi ng hypoxia models for benthic and pelagic system s that
range from sim ple box m odels to th ree dimensional circulation m odels.
Applications of these mode ls in five m ajor hypoxia regions are presented. In the
last decades, substantial progress has been m ade towards the param eterization of
biogeochemical processes in both hypoxic water colum ns and sediments. In
coastal regions, sem i-empirical models have been used more frequently than
mechanistic models to study nutrient enrichment and hypoxia relationships.
Recent advances in three-d
imensional coupled physical-ecologicalbiogeochemical models have allowed a better representation of physicalbiological interactions in these systems. We discuss the remaining gaps in process
descriptions and suggest directions
for im provement. Better process
representations in models will help us answer several important questions, such as
those about the causes o f the observed worldwide increase in hypoxic conditions,
and future changes in the intensity and spread of coastal hypoxia. At the sam e
time, quantitative m odel intercomparison studies suggest that the predictive
ability of our m odels may be adversely affected by their increas ing complexity,
unless the models are properly constrained by observations.
Zahariev, K., J. R. Christian, and K. L. Denm an, 2008, Preindustrial, historical, and
fertilization simulations using a glob al ocean carbon model with new parameterizations
of iron limitation, calcifi cation, and N2 fixation, Prog. Oceanogr.y, 77(1): 56-82,
doi:10.1016/j.pocean.2008.01.007
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The Canadian Model of Ocean Carbon (CMO C) has been developed as part of a
global coupled climate carbon model. In a stand-alone integration to preindustrial
equilibrium, the m odel ecosystem and gl obal ocean carbon cycle are in general
agreement with estimates based on observations. CMOC reproduces global m ean
estimates and spatial distributions of va rious indicators of the strength of the
biological pump; the spatial distribu tion of the air–se a exchange o f CO2 is
consistent with present-day estim ates. Agreement with the observed distribution
of alkalinity is good, co nsistent with recent estimates of the mean rain ratio th at
are lower than historic estimates, and with calcification occurring primarily in the
lower latitudes. With anthropogenic emissions and climate forcing from a 1850–
2000 climate model simulation, anthropogenic C O2 accumulates at a sim ilar rate
and with a similar spatial distribution as estim ated from observations. A
hypothetical scenario f or complete elimination of iron lim itation generates
maximal rates of uptake of atmospheric CO2 of less than 1 PgC y−1, or about 11%
of 2004 industrial em issions. Even a ‘perfe ct’ future of sustained fertilization
would have a m inor impact on atmospheric C O2 growth. In the long term , the
onset of fertilization causes the ocean to take up an add itional 77 PgC after
several thousand years, com pared with about 84 PgC thought to have occurred
during the trans ition into the la st glacial maximum due to iron f ertilization
associated with increased dust deposition.
Zhang, J., D. Gilbert, A. J. Gooday, L. Levi n, S. W . A. Naqvi, J. J. Middelburg., M.
Scranton, W. Ekau, A. Peña, B. Dewitte, T. Oguz, P. M. S. Monteiro, E. Urban, MN. N.
Rabalais, V. Ittekkot, W. M. Kemp, O. Ulloa, R. Elmgren, E. Escobar-Briones, and A. K.
Van der Plas, 2010, Nat ural and hum an-induced hypoxia and consequences for coastal
areas: synthesis and future developm ent, Biogeosciences, 7: 1443-1467, doi:10.5194/bg7-1443-2010
Hypoxia has become a world-wide phenom enon in the global coastal ocean and
causes a deterioration of the structu re and function of ecosystem s. Based on the
collective contributions of members of SCOR Working Group #128, the present
study provides an overview of the m ajor aspects of coastal hypoxia in different
biogeochemical provinces, including estu aries, coastal waters, upwelling areas,
fjords and sem i-enclosed basins, with various external forcings, ecosystem
responses, feedbacks and potential impact on the sustainability of the fishery and
economics. The obvious external f orcings include freshwater runoff and other
factors contributing to stratification, organic matter and nutrient loadings, as well
as exchange between coastal and open ocean water m asses. Their different
interactions set up m echanisms that dr ive the system towards hypoxia. Coastal
systems also vary in th eir relative susceptibility to hypoxia depending on their
physical and geographic settings. It is understood that coastal hypoxia has a
profound impact on the sustainability of ecosystems, which can be seen, for
example, by the change in the foo d-web structure and system function; other
influences include com pression and loss of habitat, as well as ch anges in
organism life cycles and reproduction. In m ost cases, the ecosystem responds to
the low dissolved oxygen in non-linear ways with pronounced feedbacks to other
compartments of the Earth System, including those that affect human society. Our
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knowledge and previous experiences illustrate that there is a n eed to develop new
observational tools and models to support integrated research of biogeochem ical
dynamics and ecosystem behavior that will improve confiden ce in rem ediation
management strategies for coastal hypoxia.

1.6 Heat Transport
Greatbatch, R. J. and X. Zhai, 2007, The Generalized heat function, Geophys. Res. Lett.,
34, L21601, doi:10.1029/2007GL031427
A generalized heat function is defined fo r diagnosing the pathways by which heat
is carried by the ocean. In contrast to previous work, our generalized heat function
varies along an isentrope only in the presence of mixing. The generalized heat
function is diagnosed using the Levitus gl obal ocean data set, net northward heat
transport based on the data set of Grist and Josey, and different specifications for
mixing in the ocean. The separation between the heat flux carried by th e shallow
wind driven cells and the deep overturning ci rculation is clearly revealed, with up
to 0.4 PW being associated with the spreading of North Atlantic Deep Water. The
importance of eddy-induced m ixing near the surface of the S outhern Ocean is
evident.

1.7 Abyssal Flows
Swaters, G. E., 2009, Mixed bottom -friction-Kelvin-Helmholtz destabilization of sourcedriven abyssal overflows in the ocean,
J. Fluid Mech., 626: 33-67,
doi:10.1017/S0022112008005673
Source-driven ocean currents that flow
over topographic sills are im portant
initiation sites for the abyssal com ponent of the therm ohaline circulation. These
overflows exhibit v igorous space and tim e variability over m any scales as they
progress from a predominately gravity-d riven downslope flow to a geostrophic
along-slope current. Observations show that in the imm ediate vicinity of a sill,
grounded abyssal ocean overflows can posse ss current speeds greater than the
local long internal gravity wave speed
with bottom friction and downslope
gravitational acceleration dominating the fl ow evolution. It is shown that th ese
dynamics lead to the mixed frictionally induced and Kelvin–Helmholtz instability
of grounded abyssal overflows. W ithin the overflow, the linearized instabilities
correspond to bottom-intensified baroclinic roll waves, and in the overlying water
column amplifying internal gravity waves are generated. The stability
characteristics are described as functions of the bottom drag coefficient and slope,
Froude, bulk Richardson and Reynolds numbers associated with the overflow and
the fractional thickness of the abyssal current compared to the m ean depth of the
overlying water column. The marginal
stability boundary and the boundary
separating the parameter regimes in which the most unstable mode has a finite or
infinite wavenumber are determined. When it exists, the high-wavenum ber cutoff
is obtained. Conditions for the possible development of an ultraviolet catastrophe
are determined. In the infinite-Reynol ds-number limit, an exact solution is
obtained which fully includes the effects of mean depth variations in the overlying
water column associated with a sloping b ottom. For param eter values
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characteristic of the D enmark Strait ove rflow, the m ost unstable m ode has a
wavelength of about 19 km, a geostationary period of about 14 hours, an e-folding
amplification time of about 2 hours and a downslope phase speed of about 74 cm
s−1.
Swaters, G. E., 2009, Ekm an destabilization of inertially-stable baroclinic abyssal flow
on a sloping bottom, Phys. Fluids, 21(8), 086601, doi:10.1063/1.3211274
Baroclinic abyssal currents on a sloping bottom, which are nonlinea rly stable in
the sense of Liapunov in the absence of di ssipation, are shown to be destabilized
by the presence of a bottom Ekman boundary layer for any positiv e value of the
Ekman number. When the abyssal flow is baroclinically unstable, the dissipation
acts to red uce the inv iscid growth rate s except near th e marginal stability
boundary where it acts to increase the inviscid growth rates. It is shown that when
the abyssal flow is baroclinically stable, the Ekman destabilization corresponds to
the kinematic wave phase velocity lying outside the range of the
inertial
topographic Rossby phase velo cities. The tran sition mechanism described here
might provide a dynam ical bridge between the nonrotational roll-wave instability
that can o ccur in su percritical abyssal overflows and frictionally induced
destabilization in subinertial geostrophically balanced baroclinic abyssal currents.
In addition, the theory presented
here suggests a dissipation-induced
destabilization mechanism for coastal downwelling fronts whose cross-slope
potential vorticity gradient does not satis fy the necessary cond ition for baroclinic
instability.

1.8 IPCC 4th Assessment Report
Kharin, V. V., F. W. Zwiers, X. Zhang, and G. C. Hegerl, 2007: Changes in Temperature
and Precipitation Extremes in the IPCC Ensemble of Global Coupled Model Simulations,
J. Clim., 20: 1419-1444, http://journals.ametsoc.org/doi/pdf/10.1175/JCLI4066.1
Temperature and precip itation extremes and their potential future changes are
evaluated in an ensem ble of global coupl ed climate models participating in the
Intergovernmental Panel on Clim ate Change (IPCC) diagnostic exercise for the
Fourth Assessment Report (AR4). Climate extremes are expressed in terms of 20yr return values of annual extremes of near-surface temperature and 24-h
precipitation amounts. The sim ulated changes in extrem es are docum ented for
years 2046–65 and 2081–2100 relative to 1981–2000 in experim ents with the
Special Report on Em issions Scenarios (SRES) B1, A1B, and A2 em ission
scenarios. Overall, the clim ate models simulate present-day warm extremes
reasonably well on the global s cale, as com pared to estim ates from reanalyses.
The model discrepancies in s imulating cold extremes are g enerally larger th an
those for warm extrem es, especially in sea ice–covered areas . Simulated presentday precipitation extrem es are plausible in the extratropics, but uncertainties in
extreme precipitation in the Tropics are very large, both in the m odels and the
available observationally based datasets . Changes in warm extremes generally
follow changes in the mean summertime temperature. Cold extremes warm faster
than warm extrem es by about 30%–40%, globally averaged. The excessive
warming of cold extrem es is gene rally confined to regions where snow and sea
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ice retreat with global warm ing. With the exception of n orthern polar latitud es,
relative changes in the intens ity of precipitation extremes generally exceed
relative changes in annual mean precipitation, particul arly in tropical and
subtropical regions. Consistent with th e increased intensity of precipitation
extremes, waiting tim es for late-twentieth-century extreme precipitation events
are reduced almost everywhere, with the exception of a few subtropical regions.
The multimodel multiscenario consensus on the projected change in the globally
averaged 20-yr return values of annual extrem es of 24-h precipitation amounts is
that there w ill be an increase of abo ut 6% with each kelvin of global w arming,
with the bulk of models simulating values in the range of 4%–10% K_1. The very
large intermodel disagreem ents in the Tropics suggest that som e physical
processes associated with ex treme precipitation are not well rep resented in
models. This reduces confidence in
the projected changes in extrem
e
precipitation.

1.9 Other Global Studies
Avis, C., A. Montenegro and A. J. Weav er, 2007, The discovery of W estern Oceania: A
new
perspective, J. Coastal and Island Archaeology,
2:
197-209,
doi:10.1080/15564890701518557
Settling the islands of Oceania req uired that thousands of kilom eters of open
ocean be crossed in sto ne-age vessels. This feat must surely rank am ong the most
impressive achievements of mankind, but exactly how it occurred is unclear, since
nothing definite is known about the navigati on skills or vessels used at this tim e.
Here we use a computer simulation to study the potential role of drift voyages and
exploration by sailing downwind in the di scovery of new island groups in the
region of the Lapita expans ion in western Oceania. C ontradicting an im portant
early simulation, our results show that both drift and downwind sailing voyages
can account for all the m ajor crossings in the Lapita region extending from Near
Oceania to Samoa. Tonga and Sam oa, at the eastern limits of this area, can only
be reached under anom alous wind and cu rrent conditions, demonstrating the
importance of considering in terannual variability in a ssessing exploration and
settlement theories.
Cherniawsky, J. Y. and G. J. Sutherland, 2008, Large-scale errors in ERS altimeter data,
Marine Geodesy, 31(1):2-16, doi:10.1080/01490410701812212
A method is described for m apping time-uncorrelated large-scale errors in
satellite altimeter sea surface heights. Standard deviations o f differences between
pairs of successiv e measurements at tr ack crossovers are com puted, and the
functional dependence of these deviations on absolute time difference is used to
estimate the errors of individual measurements. This is first applied to all of ERS1,2 altimeter data in the Pacific Ocean, yielding average errors of 3.2 cm in the
deep ocean (>1 km ) and 4.7 cm in the sh allow seas (<1 k m). The procedure is
repeated for variable latitude bands, each with a full ra nge of poss ible time
differences, yielding a meridional profile of computed errors, ranging from 2.6 cm
near the Antarctic continent (67 -60S) and South Subtropical regions (25-5S) to
3.5 cm in the Antarctic Circumpolar
Current (60-45S) and the Northern
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Hemisphere Subtropical and Subpolar Gyre s. Finally, coarse-resolution m aps of
these errors are produced by subdividing th e Pacific Ocean into latitude-longitude
bins, each large enough to contain a
sufficient number of sam ples for the
functional fits. The larger errors are
in Northwest and Subtropical Pacific,
especially in South China Sea (4.3 to 4.5 cm) and off northern Australia (5.4 cm),
while the sm aller errors (2.5 to 3 cm ) are in Northeast P acific, central Tropical
Pacific and near Antarctica in South east Pacific Ocean. These are lower bounds
on altimeter errors, a s they do not include co ntributions from time-correlated
errors. We find that the computed error fields are not correlated with sea level
standard deviations, thus disproving the notion that altimeter error variance can be
scaled with the variance of sea surface height data.
Cossu, R., and M. G. Wells, 2010, Coriolis for ces influence the secondary circulation of
gravity currents flowing in large-scale sinuous submarine channel systems, Geophys. Res.
Lett., 37, L17603, doi:10.1029/2010GL044296
A combination of centrifugal and Coriolis forces drive the secondary circulation
of turbidity currents in sinuous channels , and hence determine where erosion and
deposition of sedim ent occur. Using labor atory experiments we show that when
centrifugal forces dominate, the d ensity interface shows a superelevation at the
outside of a channel bend. However when Coriolis forces dominate, the interface
is always deflected to the righ t (in the Northern Hem isphere) for both left and
right turning bends. T he relative im portance of either centrifugal or Coriolis
forces can be described in terms of a Rossby number defined as Ro = U/fR, where
U is the mean downstream velocity, f the Coriolis param eter and R the radius of
curvature of the channel bend. Channels with larger bends at high latitudes have
∣Ro∣ < 1 and are dom inated by Coriolis forces, whereas smaller, tighter bends at
low latitudes have ∣Ro∣ 1 and are dominated by centrifugal forces.
Cossu, R., M. G. W ells, and A. K. Wåhlin, 2010, Influence of the Coriolis force on the
velocity structure of gravity currents in straight submarine channel systems, J. Geophys.
Res., 115, C11016, doi:10.1029/2010JC006208
Large-scale turbidity currents in submarine channels often show a s ignificant
asymmetry in the heights of their levee banks. In the Northern He misphere, there
are many observations of the right-ha nd channel levee being noticeab ly higher
than the left-hand levee, a phenom enon that is usually attributed to the effect of
Coriolis forces upon turbidity currents. Th is article presents results from an
analog model that documents the influence of Coriolis forces on the dynam ics of
gravity currents flowing in straight s ubmarine channels. The observations of the
transverse velocity structure, downstream velocity, and interface slope show good
agreement with a theory that incor porates Ekman boundary layer dynam ics.
Coriolis forces will be im portant for most large-scale turbidity currents and need
to be explicitly modeled when the Rossby number of these flows (defined as Ro =
∣U/Wf∣, where U is the mean downstream velocity, W is the channel width, and f
is the Coriolis parameter defined as f = 2 Ω sin( ), with Ω being the Earth's
rotation rate and being the latitude) is less than order 1. When Ro 1, the flow is
substantially slower than a nonrotating flow with the sam e density contrast. The
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secondary flow field consis ts of frictionally induced Ekman transports across the
channel in the benthic and interfacial bound ary layers and a re turn flow in the
interior. The cross-channel velocities are of the order of 10% of the along-channel
velocities. The sedim ent transport associated with such tran sverse flow patte rns
should influence the evolution of submarine channel levee systems.
Cullen, J. J. and P. W . Boyd, 2008, Predicting and verifying the intended and unintended
consequences of large-s cale ocean fertilization, Mar. Ecol. Prog. Ser., 364: 295-301,
doi:10.3354/meps07551
Ocean iron fertilization (OIF ) is being considered as a strategy for m itigating
rising atmospheric CO2 concentrations. One model for implementation is the sale
of carbon offsets. Modeling studies predict that OIF has the potential to produce a
material difference in the rise of atmospheric CO 2 over the next several decades,
but this could only be attained by alteration of the ecosystems and biogeochemical
cycles of much of the world’s oceans. The efficacy of OIF on this scale has no t
been proven. However, the consequences of successful impl ementation must be
considered now, for 2 i mportant reasons: (1) to determ ine if the environm ental
effects would be predictable and verifiab le, and if so, ac ceptable; and (2) to
establish whether the basis for valu ing carbon offsets—an accurate aud it of net
reductions in cum ulative greenhouse gas potential over 100 yr—can be m et.
Potential side-effects of widespread OI F that m ust be considered include a
reduced supply of m acronutrients to su rface waters downstream of fertilized
regions, increased em issions of the pot ent greenhouse gases nitrous oxide and
methane, and changes in the extent or frequency of coastal hypoxia. Given the
uncertainties inherent in ocean models, predictions of environmental effects must
be backed up by m easurements. Thus, to go forward with confidence that the
effects of rising CO2 could indeed be m itigated through OIF over the nex t
century, and to estab lish the foundations fo r auditing carbon offsets, it must be
explicitly demonstrated that m ethods exist to predict and detect downstream
effects of OIF against the background of
both clim ate variability and global
warming. We propose that until the side-eff ects of widespread OIF can be shown
to be verifiable—and there is good r eason to believe that they cannot—OIF
should not be considered a viable technology for climate mitigation.
deYoung, B., M. Barange, G. Beaugrand, R. Ha rris, R. I. Perry, M. Scheffer, and F.
Werner, 2008, Regime shifts in m
arine ecosystems: detection, prediction and
management,
Trends
in
Ecology
and
Evolution,
23:
402-209,
doi:10.1016/j.tree.2008.03.008
Regime shifts are abrupt changes between contrasting, persistent states of any
complex system. The potential for their pred iction in the ocean and possible
management depends upon the characteristic s of the reg ime shifts: their drivers
(from anthropogenic to natural), scale (fro m the local to the basin) and potential
for management action (from adaptation to mitigation). We present a c onceptual
framework that will enh ance our ability to detect, predict and m anage regime
shifts in th e ocean, illustr ating our approach with th ree well-documented
examples: the North Pacific, the Nort h Sea and Caribb ean coral reefs. We
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conclude that the ability to adapt to, or manage, regime shifts depends upon their
uniqueness, our understanding of their causes and linkages am
ong ecosystem
components and our observational capabilities.
Nadeau, L.-P. and D. N. Straub, 2009, Basin
and Channel Contributions to a Model
Antarctic Circumpolar Current, J. Phys. Oceanogr., 39(4): 986–1002
The idea that basinlike dynam ics may play a m ajor role in determ ining the
Antarctic Circumpolar Current (A CC) transport is revisited. A si mple analytic
model is developed to describe the relationship between the wind stress and
transport. At very low-wind stress, a nonzero minimum is predicted. This is
followed by two distinct dynam ical regimes for stronger forcing: 1) a Stommel
regime in which trans port increases linearly with forcing strength; and 2) a
saturation regime in which the transport levels off. The baroclinic structure of the
Sverdrup flux into the Drake Passage latitud e band is centra l to th e analytic
model, and the geom etry of characteristic s, or geostrophic c ontours, is key to
predicting the transition between the two regim es. A r obustness analysis is
performed using an eddy-perm itting quasigeostrophic model in idealized
geometries. Many simulations were carried out in large domains across a range of
forcing strengths. The sim ulations agree qualitatively with the analy tic model,
with two main discrepancies being related to zonal jet structures and to a western
boundary inertial recirculation. Eddy fluxes associated with zonal jets modify the
baroclinic structure and lower th e saturation transport value. Ine rtial effects
increase the transport, although this effect is mainly limited to smaller domains.

1.10 Atmosphere-Ocean
Bakalian, F., H. Rit chie, K. Thom pson, and W . Merryfield, 2010, Exploring
Atmosphere–Ocean Coupling Using Principal Component and Redundancy Analysis, J.
Clim., 23(18): 4926–4943, doi:10.1175/2010JCLI3388.1
Principal component analysis (PCA), whic h is designed to look at internal m odes
of variability, has often been applied beyond its intended design to study coupled
modes of variability in combined datasets, also referred to as com bined PCA.
There are statistical techni ques better suited for this purpose such as singular
value decomposition (SVD) and canonical co rrelation analysis (CC A). In this
paper, a different technique is examined that has not often been applied in climate
science, that is, redundancy analysis (RA). Similar to multivariate regression, RA
seeks to maximize the variance accounted for in one random vector that is linearly
regressed against another random vector. RA can be used for forecasting and
prediction studies of the clim ate system. This technique has the added advantage
that the time-lagged redundancy index offers a robust method of identifying lead–
lag relations am ong climate variables. In this study, com bined PCA and RA of
global sea surface temperatures (SSTs) and sea level pressures (SLPs) are carried
out for the National Centers for Environmental Prediction (NCEP) reanalysis data
and a sim ulation of the Canadian Cent re for Clim ate Modeling and Analysis
(CCCma) climate model. A simplified state-space model is also constructed to aid
in the diagnosis and interpretation of the resu lts. The relative advantages and
disadvantages of com bined PCA a nd RA are discussed. Overall, RA tends to
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provide a clearer and more consistent picture of the underlying physical processes
than combined PCA.
Brochu, R. and R. Laprise, 2007, Surface Water and Energy Budgets over the Mississippi
and Columbia River Basins as Sim ulated by Two Generations of the Canadian Regional
Climate Model, Atmos.-Ocean, 45(1): 19–35, doi:10.3137/ao.v450102
This paper aims to compare and evaluate the surface energy and water budgets of
simulations with the operational version of the Canadian Regional Climate Model
(CRCM op) and the developm ental version (CRCM dev). The CRCM op and
CRCM dev differ in their use of s
econd- and third-generation physica l
parameterizations packages of the C anadian General Circulation Model (CGCM)
II and III, respectively. The improvements to the physics of CGCM III include the
use of the Canadian Land Surface Scheme (CLASS), a three-layer soil model with
explicit treatment of snow and canopy layers; it replac es the so-called Bucket
hydrological scheme and one-layer force-resto re surface energy budget in the
CGCM II.
The common experimental configuration for this com parison is taken from the
Project to Intercom pare Regional Clim ate Simulations (PIRCS-1c) over the
continental United States between 1987 and 1994. The analysis focuses on two
major river basins with substantial differences in atmospheric forcings, vegetation
and topography: the Mississippi and the Co lumbia river basins. The evaluation is
made using observation-based data for m onthly means of screen temperatu re,
diurnal temperature range, precipitation, run-off estimated from streamflow, and
snow depth. Some surface fluxes are also compared with the reanalyses from the
National Centers for Environm ental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) and the Europ ean Centre for Medium -range Weather
Forecasts (ECMWF).
Results show that CRCM dev co nstitutes an improvement over CRCM op,
particularly for summer evapotranspiration, precipitation and diurnal temperature
range; a remaining cold bias in screen temperature, however, is associated with an
excessive amount of snow in winter a nd a high run-off pea k in spring. CRCM o p
underestimates the snow cover at the expense of the frozen water in the soil.
Harvey, L. D. D., 2008, Miti gating the atmospheric CO2 increase and ocean acidification
by adding lim estone powder to upwelling regions, J. Geophys. Res., 113, C04028,
doi:10.1029/2007JC004373
The feasibility of enhancing the absorption of CO2 from the atmosphere by adding
calcium carbonate (CaCO 3) powder to the ocean and of partially reversing the
acidification of the ocean and the decrea se in calcite sup ersaturation resulting
from the absorption of anthropogenic CO 2 is investigated. CaCO3 could be added
to the surface layer in regions where the depth of the boundary between
supersaturated and unsaturated water is relatively shallow (250–500 m) and where
the upwelling velocity is large (30–300 m a−1). The CaCO3 would dissolve within
a few 100 m depth below the saturati on horizon, and the dissolution products
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would enter the m ixed layer within a few years to decades, facilitatin g further
absorption of CO 2 from the at mosphere. This absorption of CO 2 would largely
offset the increase in mixed layer pH and carbonate supersaturation resulting from
the upwelling of dissolved limestone powder. However, if done on a large scale,
the reduction in atmospheric CO2 due to absorption of CO 2 by the ocean would
reduce the amount of CO 2 that needs to be abso rbed by the m ixed layer, thereby
allowing a larger net increas e in pH a nd in supersaturation in the regions
receiving CaCO3. At the sam e time, the reduction in atm ospheric pCO2 would
cause outgassing of CO 2 from ocean regions not subject to addition of Ca CO3,
thereby increasing the pH and supersat
uration in these regions as well.
Geographically optimal application of 4 billion t of CaCO3 a−1 (0.48 Gt C a −1)
could induce absorption of at mospheric CO2 at a rate of 600 Mt CO 2 a−1 after 50
years, 900 Mt CO2 a−1 after 100 years, and 1050 Mt CO2 a−1 after 200 years.
Karpechko, A. Y., N. P. Gillett, L. J. Gray, and M. Dall'Amico, 2010, Influence of ozone
recovery and greenhouse gas increases on Southern Hemisphere circulation, J. Geophys.
Res., 115, D22117, doi:10.1029/2010JD014423
Stratospheric ozone depletion has signi ficantly influenced the tropospheric
circulation and climate of the Southern Hemisphere (SH) over recent decades, the
largest trends being d etected in summer. These circulation chang es include
acceleration of the extratropical tropospheric westerly jet on its poleward side and
lowered Antarctic sea le vel pressure. It is therefore expected that ozone changes
will continue to influence climate during the 21st century when ozone recovery is
expected. Here we use two contrasti ng future ozone projections from
two
chemistry-climate models (CCMs) to f orce 21st centu ry simulations of the
HadGEM1 coupled atmosphere-o cean model, along with A1B greenhouse gas
(GHG) concentrations, and study the sim ulated response in the SH circulation.
According to several studies, HadGEM1 simulates present tropospheric clim ate
better than the m ajority of other a vailable models. When forced by the large r
ozone recovery trends, HadGEM1 sim ulates significant deceleration of the
tropospheric jet on its poleward side in the upper troposphere in summ er, but the
trends in th e lower tro posphere are not sign ificant. In the simulations with the
smaller ozone recovery trends the zonal m
ean zonal wind trends are not
significant throughout the troposphere. The response of the SH circulation to
GHG concentration increases in HadGEM1 includes an increase in poleward eddy
heat flux in the stratosphere and positive sea level pressure trends in southeastern
Pacific. The HadGEM1-sim ulated zonal wi nd trends are considerably s maller
than the tr ends simulated by the CCMs, both in the str
atosphere and in the
troposphere, despite the fact that the z onal mean ozone trends are the sam e
between these simulations.
Monahan, A. H., 2008, Probability distribution of sea surface wind stresses, Geophys.
Res. Lett., 35, L05704, doi:10.1029/2007GL032268
The probability density function (pdf) of sea surface wind stresses is co nsidered.
Observed sea surface wind stresses are h ighly non-Gaussian, w ith characteristic
relationships between mom ents. A consid eration of e mpirical models of sea
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surface wind stress pdfs built fro m models of sea su rface vector winds
demonstrates that non-Gaussian structure in the vector winds m ust be accounted
for to accu rately characterise the obser ved relationships between wind stres s
moments. An idealised stochastic bounda ry layer m odel is shown to provide a
good qualitative characterisation of these pdfs.
Saenko, O. A, 2009b, On the clim atic impact of wind stress, J. Phys. Oceanogr., 39: 89106, doi:10.1175/2008JPO3981.1
A climate model is used to study the climatic impact of the stress exerted on the
ocean by the atmosphere. When this stress is set to zero ev erywhere, the climate
becomes much colder, with global-m ean near-surface air temperature d ropping
from 14.8° to 6.1°C. T he largest temperatur e decrease occurs in high latitudes,
where sea ice advances equatorward to 40° of latitude. Many of these changes are
induced by the changes in the oceanic circ ulation. In particular, with momentum
flux set to zero, the m eridional transport of buoyancy in the ocean, inclu ding that
fraction often associated with the buoya
ncy-driven circulation, essentially
vanishes and, hence, so does much of the su rface heat flux. Vertical transport of
buoyancy in the ocean is also stron gly affected. In addition, the model suggests
that the flux of momentum to the ocean has a profound indirect influen ce on the
transport of latent heat. However, the total radiative flux entering the planet at low
and midlatitudes does not change m uch. Instead, the net en ergy transport across
40°S increases, whereas that acro ss 40°N decreas es. The poleward energy
transport in the a tmosphere increases at midlatitudes in both hem ispheres,
whereas the oceanic heat tran sport decreases most strong ly in the Northern
Hemisphere. The climate becomes colder in both hem ispheres, which is not easy
to infer from the meridional transport of energy either by the clim ate system as a
whole or by its individual com ponents. Furthermore, the model suggests that it is
the wind stress d riving the m idlatitude oceans-that is, wh ere the o ceanic heat
transport accounts for only a very tiny
fraction of the t otal poleward energy
transport by the climate system, which is of more importance for maintaining the
mean position of sea ice edge and, hence, much of the global climate.
Sigmond, M., J. C. Fyfe, and J. F. Sc
inocca, 2010, Does the ocean im pact the
atmospheric response to stratospheric ozone depletion? Geophys. Res. Lett., 37, L12706,
doi:10.1029/2010GL043773
The impact of atm osphere-ocean interactions on the atmospheric response to
stratospheric ozone depletion is investig ated using a global c limate model with a
fully resolved stratosphere , troposphere, and with a nd without an interactive
ocean component. We find that while at mosphere-ocean interactions have an
impact on internally generated atmospheric fluctuations near the surface they have
no discernable influence on the externally forced atmospheric response to
stratospheric ozone depletion. This implies that an interactive ocean component in
global climate models may not be crucial for obtaining reliable projections of
future atmospheric change following the anticipated recovery of stratospheric
ozone.
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Yu, B., G. J. Boer, F. W. Zwiers, and W . J. Merryfield, 2009, Covariability of SST and
surface heat fluxes in reanalyses and CMIP3 climate models, Clim. Dyn., 36(3-4): 589605, doi:10.1007/s00382-009-0669-6
The generation and dissipation of SS T anomalies is mediated by the covariability
of SST and surface heat fluxes. The conne ction between the variability of heat
flux (including its radiative and turbul ent components) and that of SST is
investigated using the NCEP-NCAR a nd ERA-40 reanalyses and the CMIP3
multi-model collection of climate simulations. The covaria nce patterns of SST
and heat flux are broadly similar in the two r eanalyses. The upward heat fluxes
are positively correlated with the SST anomalies in the tropics, th e northern
Pacific mid-latitudes, and over the Gulf Stream, and ne gatively correlated in th e
northern subtropics and the SPCZ region. Common covariance features are seen
in all c limate models in the trop ics and the subtropics, whil e covariances differ
considerably among models at northern mid-latitudes, where weak values of the
ensemble mean are seen. Lagged covari ances are b roadly similar in the two
reanalyses and among the models, implying that heat flux feedback is also similar.
The heat flux feedback param eter is determined from the lag ged crosscovariances together with the auto -covariance of SST. Feedback is genera lly
negative and is dominated by the turbulent component. The strongest feedback is
found at m id-latitudes in both he mispheres, with the larges t values occurring in
the western and central portions of the ocean s with extensions to higher latitudes.
The latter are also areas with large
inter-model differences. The heat flux
feedback strengthens in winter and fa ll and weakens in spring and summ er. The
magnitudes of the annual and seasonal feedback parameters are slightly weaker in
most models compared to the reanalysis -based estimates. The m ean model
feedback parameter has the best pattern co rrelation and the sm allest mean square
difference compared to the reanalysis-based values, although spatial variances are
weak. Model resolution shows no relati onship with the heat flux feedback
parameters obtained from model results. The SST-heat flux covariance is
decomposed into com ponents associated with surface heat flux feedback and
atmospheric forcing processes. Heat
flux feedback dom inates over the
atmospheric forcing and heat flux dam ps SST anomalies on average at northern
Pacific mid-latitudes and southern Atlantic mid-latitudes; while the reverse occurs
in the SPCZ and northern Atlantic mid-latitudes.
Zhang, W. and W. Perrie, 2008, The influence of air-sea roughness, sea spray and stor m
translation
speed on waves,
J.
Phys.
Oceanogr.,
38(4):
817–839,
doi:10.1175/2007JPO3724.1
A coupled atm osphere–wave–sea spray m odel system is used to evaluate the
impact of sea spray and wave drag on
storm-generated waves, their height
variations, and directional wave spectra in relation to the storm location and
translation speed. Results suggest that the decrease or increase of significant
wave height due to spray and wave drag is most significant in high-wind regions
to the right of the storm track. These processes are modulations on the maximumwave region and tend to occur severa
l hours after the peak wind events,
depending on the storm translation velocity. The translation speed of the storm is
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important. The directional variation be tween local wind s and wind -generated
waves within rapidly moving storms that outrun the waves is notably different
from that of trapped waves, when
the dominant waves’ group velocity
approximates the storm translation speed. While wave drag and spray can increase
or reduce the m agnitudes of wind an d significant wave height, their
nondirectional formulations allow them to have little apparent effect on the
directional wave spectra.

1.11 Tidal/Shelf Dynamics
Arbic, B. K. and C. Garrett, 2009, A coupled os cillator model of shelf and ocean tides.
Cont. Shelf Res., 30(6): 564-574, doi:10.1016/j.csr.2009.07.008
The resonances of tides in the coup led open ocean and shelf are m odeled by a
mechanical analogue consisting of a dam ped driven larger m ass and spring (the
open-ocean) connected to a da mped smaller mass and sprin g (the shelf). W hen
both masses are near r esonance, the a ddition of even a very sm all mass can
significantly affect the oscillations of the larger mass. The influence of the shelf is
largest if the shelf is resonant with weak friction. In particular, an increase of
friction on a near-resonant shelf can, perhap s surprisingly, lead to an increase in
ocean tides. On the other hand, a shelf with large friction has little effect on ocean
tides. Comparison of the model predictions with results from numerical models of
tides during the ice ages, when lower sea levels led to a much reduced areal extent
of shelves, suggests that the predicted larger tidal dissipation then is related to the
ocean basins being close to resonance. New numerical simulations with a forward
global tide model are used to test expectations from the m echanical analogue.
Setting friction to unrealistically large values in Hudson Strait yields larger North
Atlantic M2 amplitudes, very sim ilar to thos e seen in a sim ulation with the
Hudson Strait blocked off. Thus, as anticipat ed, a shelf with very large friction is
nearly equivalent in its effect on the open ocean to the rem oval of the shelf
altogether. Setting friction in sha
llow waters throughout the globe to
unrealistically large values yields even larger open ocean tidal amplitudes, similar
to those found in sim ulations of ice-age tides. It thus appears that larger modeled
tides during the ice ag es can be a conse quence of enhanced friction in shallower
water on th e shelf in glacial tim es as well as a reduced sh elf area then. Single
oscillator and coupled oscill ator models for global ti des show that the m aximum
extractable power f or human use is a f raction of the present diss ipation rate,
which is itself a fraction of global human power consumption.
Arbic B. K., R. Karsten, and C. Garrett, 2009, On tidal resonance in the global ocean and
the back-effect of coastal tides upon open-ocean
tides, Atmo.-Ocean,
http://www.informaworld.com/smpp/title~db=all~content=t927698294~tab=issueslist~br
anches=47 - v4747(4): 239–266, doi:10.3137/OC311.2009
The resonance of sem i-diurnal tidal elevations is inv estigated with a forward
numerical forced damped global tide m odel and an analy tical model of forceddamped tides in a deep ocean basin coupled to a shelf. The analytical m
odel
contains the class ical half-wavelength a nd quarter-wavelength resonances in the
deep ocean and shelf, respectively, as well as a forcing-scale dependence which
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depends on the ratio of the phase speed of open-ocean gravity waves to that of the
astronomical forcing. In the analy tical model, when the deep ocean and shelf
resonate separately at the sam e frequency, the resonance in the coupled syste m
shifts to frequencies slightly higher and lower than the original frequency, such
that a 'double bump' is seen in plots of elevation amplitude versus frequency. The
addition of a shelf to a resonan t open ocean tends to red uce open-ocean tides,
especially when the sh elf is also n ear resonance. The m agnitude of this ' backeffect' is controlled by shelf friction. A weakly damped resonant shelf has a larger
back-effect on the open-ocean tide than doe s a strongly damped shelf. Numerical
simulations largely bear out the analytical model predictions, at least qualitatively.
Idealized simulations s how that co ntinents enhance tides by enabling the halfwavelength resonance. Sim ulations with realistic geom etry and topography but
varying longitudinal structure in the astr onomical forcing display an influence of
the forcing scale on tidal am plitudes somewhat similar to tha t seen in th e
analytical model. A frequency sweep in the sem i-diurnal band in experim ents
with realistic geom etry and topography re veals weakly resonant peaks in the
amplitudes of several shelf regions and in the globally averaged op en-ocean
amplitudes. Finally, the back-effect of th e shelf upon the op en ocean is seen in
simulations in which locations of resonant coastal tides are blocked out and openocean tidal elevations are significantly altered (increased, generally) as a result.
Balmforth, N. J. and T. Peacock, 2009, Tidal Conversion by Supercritical Topography, J.
Phys. Oceanogr., 39(8): 1965–1974
Calculations are presented of the rate of energy conversion of the barotropic tide
into internal gravity waves above topography on the ocean floor. The ocean is
treated as infinitely deep, and the topogr aphy consists of periodic obstructions; a
Green function m ethod is used to construct the scattered wavefield. The
calculations extend th e previous results of Balmforth et al. for subcritical
topography (wherein waves propagate along ra ys whose slopes exceed that of the
topography everywhere), by allowing the obs tacles to be arbi trarily steep or
supercritical (so waves propagate at sha llower angles than the topographic slopes
and are scattered both up and down). A
complicated pattern is found for the
dependence of energy conversion on ϵ, the ratio of maximum topographic slope to
wave slope, and the ratio of obstacle amplitude and separation. This results from a
sequence of constructive and destructive interferences between scattered waves
that has implications for computing tidal conversion rates for the global ocean.
Bianchin, M., L. Sm ith, and R. Beckie, 2010, Quantifying hyporheic exchange in a tidal
river using tem perature time series, Water Resour. Res., 46, W07507,
doi:10.1029/2009WR008365
An investigation into g roundwater-surface water in teraction (GSWI) beneath a
large tidally influenced river was conducted to determine the effect of tides on the
development of a hyporheic zone (HZ) a nd to quantify mixing of river water and
groundwater. Temperature measurements, coupled with independent hydraulic
head measurements, were used to detect groundwater flow within the riverbed.
GWSI under tidal forcing produced a 1 m
deep HZ. Tim e-averaged riverbed
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temperature profiles displa yed a distinct compresse d convex pattern: clear
evidence of net groundwater discharge. However, the instantaneous tim e series
data indicate that riverbed temperatures were affected by tidal forcing to a depth
of 1 m. Hea t transport modeling revealed that instantaneous velocities within the
shallow sediments of the riverbed are rather high, creating a zone of vigorous
exchange during either a flooding or ebbi ng tide. Furthermore, the magnitude of
the tidal pressure gradient was found to be significantly greater than the pressure
gradient expected across 0.8 m
high dune s, evidence that bed-form -driven
exchange under these conditions, and this scale of obs ervation, did not contribute
to the developm ent of the HZ. Conditi ons for exchange induced by shear and
current bed form are favorable during ebbing tidal conditions only; flow paths are
therefore limited in depth. Exchange flow paths in an estuary setting are complex;
they are limited in duration and space and dominated by tidal pumping.
Blanchfield, J., C. Garrett, P. W ild, and A. Rowe, 2008, The extractable power from a
channel linking a bay to the open ocean,
J. Power and Energy, 222, 289-297,
doi:10.1243/09576509JPE524
Interest in the power potential of tidal streams is growing worldwide. W hile the
latest assessment for Canadian coastlines estimates a resource of appro ximately
42 GW, these results are based on the average kinetic energy flux through the
channel. It has been shown, however, that this m ethod cannot be used to obtain
the maximum extractable power for electric ity generation. This work presents an
updated theory for the extractable power from a tidal stream in a channel linking a
bay to the open ocean. The maximum average extractable power from a channel
linking a bay to the open ocean may be estimated, within approximately 15 per
cent, as 0.22ρ gaQ0, where a is the amplitude of the dominant tidal constituent in
the open ocean and Q0 is the m aximum volumetric flowrate in th e undisturbed
state.
Cherniawsky, J. Y., M. G. G. Forem an, S. K. Kang, R. Sc harroo, and A. J. Eert, 2010,
18.6-year lunar nodal tides from altim eter data, Cont. Shelf Res., 30(6): 575-587,
doi:10.1016/j.csr.2009.10.002
Harmonic analyses of 16-year long tim e series of collocated TOPEX, Poseidon
and Jason-1 altim eter data were carried out in the Pacific and western Atlantic
Oceans and their m arginal seas. These time series are sufficiently long to
adequately separate the 18.6-year nodal satellites Q1n, O1n, K1n, M2n and K2n from
their parent constituents Q1, O1, K1, M2 and K2. Editing criteria were used to
eliminate results in areas where these satellites are weak ( i.e., smaller than their
formal error estim ates), or where they are strongly affected by aliased lowfrequency signals (e.g. in the Kuroshio, in the Gulfstream and in their extension
regions). As expected from tidal theory, the phases of the altim etry-derived nodal
satellites agree reasonably well with the phases o f their parents. However, due to
their relatively small amplitudes and the remaining influence from low-frequency
aliased signals, the altim eter observed amplitude ratios between the nodal
satellites and their parent constituents tend to exceed the v alues predicted by the
theory.
51

Examination of diurnal and sem idiurnal nodal amplitudes in select coastal areas
and marginal seas around the Pacific and the western Atlantic Ocean allo wed the
assignment of a nodal character to regions, which were each classified as nodal
diurnal, nodal semidiurnal, or nodal mixed, based on the nodal amplitudes in each
band. While the areas with predom inant diurnal tides are all nodal diurnal, the
small nodal ratio of 0.037 for M2n resulted in som e regions with strong M2 tides
being classified as nodal diurnal or nodal mixed. The amplitude ratio between K2n
and K2 is 0.30, making the K2n amplitudes sometimes comparable to those of M2n.
However, this effect was not sufficient to make all the areas with dominant M2 to
be dominant nodal semidiurnal.
The observed am plitudes of th e 18.6-year nodal constituent Mn are rela tively
small, 1.5–3.5 cm. These valu es significantly exceed its theoretical amplitudes,
which are less than 1 cm almost everywhere. The analysed signa ls at Mn
frequency are therefore of mostly non-tidal origin, part of the broad-band decadal
ocean variability.
Cummins, P. F., and L. Arm i, 2010, Upstream Internal Jumps in Stratified S ill Flow:
Observations of For mation, Evolution, and Release, J. Phys. Oceanogr., 40(6): 1419–
1426, doi:10.1175/2010JPO4435.1
The time-dependent response of upstream undular bores and internal hydraulic
jumps from initial f ormation to eventual rele ase is docu mented. Two events,
characterized by qualitatively different res ponses, are discussed. In the f irst case,
an undular bore develops upstream of the sill crest. This disturbance rem ains
upstream through the ebb tidal flow but is transf ormed to a hydraulic jump as its
amplitude increases. Toward the end of ebb tide, it is released and subsequently
disperses into a group of solitary -like waves. During the second event, an
upstream jump also develops at an early
stage of the tide. However, it is
subsequently swept downstream by the tida l flow such that the upstream region
then appears featureless . Approaching sl ack tide, as an exchange flow becom es
established, a large bore or gravity current is emitted. The different responses seen
in these two events are interpreted in term s of the Froude number associated with
the near-surface stratification.
Garrett, C. and P. Cummins, 2007, The efficiency of a turbine in a tidal channel, J. Fluid.
Mech., 588: 243-251, doi:10.1017/S0022112007007781
There is an upper bound to the amount of power that can be generated by turbines
in tidal channels as too many turbines merely block the flow. One condition for
achievement of the upper bound is that the turbines are deployed uniformly across
the channel, with all the flow through them, but this may interfere with other uses
of the chan nel. An iso lated turbine is more effective in a channel th an in an
unbounded flow, but the current downstream is non-uniform between the wake of
the turbines and the free stream . Hence some energy is lost when the se streams
merge, as may occur in a long channel. We show here, for ideal turbine m odels,
that the f ractional power loss incr eases from 1/3 to 2/3 a s the f raction of the
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channel cross-section spanned by the turbin es increases from 0 to clo se to 1. In
another scenario, possibly appropriate for a short channel, the speed o f the free
stream outside the turbine wake is controll ed by separation at the channel exit. In
this case, the maximum power obtainable is slightly less than proportional to the
fraction of the channel cross-section occupied by turbines.
Garrett, C. and P. Cummins, 2008, L imits to tidal current power, Renewable Energy, 33:
2485-2490, doi:10.1016/j.renene.2008.02.009
Estimating the extr actable power of tidal cur rents in ch annels is a practical
question that has received attention recently. Analysis has clearly shown that the
power potential is not given by the flux of kinetic energy, as has been commonly
assumed. A general formula for the m aximum available power is reviewed, along
with assessments of the reduction if only partial fences are used, as would be
required for navigational and ecological
reasons. In typical situations, the
maximum power obtainable may be achieved with a surprisingly small number of
turbines, especially if allowance is made for the flow reduction caused by drag on
the supporting structures of turbin es which reduces the m aximum power
available. Finally, the flow through tidal turbines is com pared with the cooling
water demands of nuclear reactors generating the same power.
Lamb, K. G., 2007, Tidally generated near-resonan t internal wave triads at a shelf break,
Geophys. Res. Lett., 34, L18607, doi:10.1029/2007GL030825
Numerical simulations of internal wave generation by tidal flow over a shelf
break using a linear backgr ound stratification show the presence of near-resonant
internal wave triads with spatially modulated amplitudes propagating away from
the shelf break. The near-resonant triad is comprised of m ode-one and -three
waves of tidal frequency, which are
directly forced by the tide-topography
interaction, and a second harm onic, mode-two wave generated by the nonlinear
interaction of these wa ves. A th eory for these near-resonant tr iads is presented
and compared with the numerical simulations.
Li, M., S. Radhakrishnan, U. Piomelli, and W. R. Geyer, 2010, Large-eddy simulation of
the tidal-cycle variations of an estuarine boundary layer, J. Geophys. Res., 115, C08003,
doi:10.1029/2009JC005702
The estuarine boundary layer affected by a horizontal density gr adient exhibits
temporal evolution over a tidal cycle, in a manner similar to the diurnal cycle of
the ocean surface mixed layer. A large eddy simulation (LES) model is developed
to investigate the physics controlling the growth of the boundary layer during the
flood tide and restratification during th e ebb tide. Turbulent kinetic energy,
momentum and salt fluxes, bottom stress, and energy dissipation rates calculated
from the LES m odel all show a strong flood-ebb asymmetry. Analysis of the
turbulent kinetic energy (TKE) budget shows a prim ary balance between shear
production and dissipation in the well-m ixed boundary layer over the tidal cycle.
However, TKE transport term is found to be important across the edge of the
boundary layer during the flood tide so turb ulent energy generated in the bottom
boundary layer can be transferred to th
e stratified pycnocline region. Tidal
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straining leads to a sm all and weakly convective region inside the boundary layer
during the flood tide but the strain-i nduced buoyancy flux does not m ake a
significant contribution to the turb ulence generation. Additional LES runs are
conducted by switching off the baroclinic
pressure gradient term in the
momentum equation and the tidal straining te rm in the salinity equatio n to show
that the baroclinic pressu re gradient is the m ain mechanism responsible for
generating the flood-ebb mixing asymmetry.
Peacock, T., P. Echeverri, and N. J. Balm forth, 2008, An Experim ental Investigation of
Internal Tide Generation by Two-Dimensional Topography, J. Phys. Oceanogr., 38(1):
235–242
Experimental results of internal tide generation by two-dime nsional topography
are presented. The synthetic Schlieren tech nique is used to st udy the wave fields
generated by a Gaussian bum p and a kni fe edge. The d ata compare well to
theoretical predictions, s upporting the use of these m odels to predict tidal
conversion rates. In the experim ents, viscosity plays an im portant role in
smoothing the wave fields, which heals
the singularities that can appear in
inviscid theory and sup presses secondary instabilities of the experimental wave
field.

2 The Arctic
2.1 International Polar Year (IPY)
Barber, D. G., M. G. Asplin, Y. Gratton, J. V. Lukovich, R. J. Galley, R. L. Raddatz, and
D. Leitch, 2010, The International polar year (IPY) circumpolar flaw lead (CFL) system
study: Overview and the physical system
, Atmos.-Ocean, 48(4): 225-243,
doi:10.3137/OC317.2010
The Circumpolar Flaw Lead (CFL) system study is a Canadian-led Internationa l
Polar Year (IPY) initiative with over 350 participan ts from 27 countries. The
study is m ultidisciplinary in natu re, integrating physical sc iences, biological
sciences and Inuvialuit traditional knowledge. The CFL study is designed to
investigate the importance of changing clim ate processes in the flaw lead system
of the northern hem isphere on the phys ical, biogeochemical and biological
components of the Arctic marine system. The circumpolar flaw lead is a perennial
characteristic of the Arctic throughout the winter season and for ms when the
mobile multi-year (MY) pack ice moves away from coastal f ast ice, creating
recurrent and intercon nected polynyas in th e Norwegian, Icelandic, North
American and Siberian sectors of the Arctic. The CFL st udy was 293 days in
duration and involved the ove rwintering of the Canadian research icebreaker
CCGS Amundsen in the Cape Bathurst fl aw lead throughout the annual sea-ice
cycle
of 2007-2008.
In this paper we provide an introduc
tion to the CFL project and then use
preliminary data from the field season to describe the physical flaw lead system,
as observed during the CFL overwintering project. Preliminary data show that
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ocean circulation is affected by ed dy propagation into A mundsen Gulf (AG).
Upwelling features arising along the i ce edge and along abrupt topography are
also detected and identified as important processes that bring nutrient rich waters
up to the euphotic zone. Analysis of sea- ice relative vorticity and sea-ice area by
ice type in the AG during the CFL study illu strates increased variability in ice
vorticity in late autum n 2007 and an in crease in new and young ice areas in the
AG during winter. Analysis of atmospheri c data show that a strong northeastsouthwest pressure gradient present ove r the AG in autumn m ay be a synopticscale atmospheric response to sensible and latent heat fluxes arising from areas of
open water persisting into late N
ovember 2007. The m edian atmospheric
boundary layer tem perature profile over the Cape Bathurst flaw lead during the
winter season was stable but m uch less so when compared to Russian ice is land
stations.
Carmack, E., F. McLaughlin, S. Vagle, an d H. Melling, 2008, Canada' s Three Oceans
(C3O): A Canadian contribution to the International Polar Year, PICES Press. 16(2): 2225, ISSN 1195-2512
no abstract
Introduction: The purpose of clim ate monitoring is to collect relevant, intercomparable data over sustained periods of tim e so as to allow quantification of
change within a system for decision-making purposes. This is the m otivation of
the “Canada’s Three Oceans” (C 3O) project, a Canadian contribu tion to the
International Polar Year (IPY: 2007– 2009). C3 O aims to (1) build an integrated,
consilient view of the physical, ch emical and biological oceanic stru cture of
subarctic and arctic waters around Cana da; and (2) use this inform ation to
establish a sound scien tific basis for a long-term arctic and subarctic ocean
monitoring strategy. By this strategy C3 O will address change within ocean
domains, identify gateways and ba rriers, and investigate the causal m echanisms,
consequences and stability of frontal boundaries separatin g juxtaposed ocean
domains. C3O will thus establish a ‘climate change fence’ around all of Canada’s
three oceans that will allow scien tists and policy-makers alike to have the data
and understanding upon which to practice good governance, and to deal with
emerging issues such as warming, species invasion, hypoxia and acidification.
Carmack, E. C., F. A. McLaughlin , S. Vagle, H. Melling, and W . J. W illiams, 2010,
Structures and property distributions in th e three oceans surrounding Canada in 200 7: A
basis for a long-term ocean climate monitoring strategy, Atmos.-Ocean, 48(4): 211-224,
doi:10.3137/OC324
The panarctic region is tightly connecte d to subarctic regions by through-flowing
Atlantic and Pacific water m asses and, as such, local ch anges in ice cov er, ocean
properties and ecosystem dyna mics cannot be fully understood separately fro m
large-scale oceanographic structures a nd advective processes. The Canadian
International Polar Year (IPY) project Canada' s Three Oceans (C3O) and the
related Joint Ocean Ice Study (JOIS ) have collected oceanographic data along a
transit extending around northern N orth America to establish an initial, largescale baseline against which present and future changes can be gauged. Special
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focus was given to the shelf and the basi n regions of the Canada Basin and the
Canadian Arctic Archipelago. We use
the first results from physical and
geochemical data obtained during th e summer of 2007 to discuss linkages
between the Arctic and Subarctic domains and trace the cascade of key p rocesses
that affect contem porary ocean s tructure. A rev iew of the literatu re, combined
with these observations, is used to
identify early signs of ongoing change
throughout the three oceans surrounding northern North America including ocean
warming and freshening, sea-ice m elting, increased hypoxia, reduced pH and
altered biogeography.
Pućko, M., G. A. Stern, D. G. Barber, R. W. Macdonald, and B. Rosenberg, 2010, The
international polar year (IPY) circumpolar flaw lead (CFL) system study: The importance
of brine processes for α- and ϒ-hexachlorocyclohexane (HCH) accumulation or rejection
in sea ice, Atmos.-Ocean. 48(4): 244-262, doi:10.3137/OC318.2010
We present evidence th at both geophysical and thermodynamic conditions in sea
ice are im portant in understand ing pathways of accum ulation or rejection of
hexachlorocyclohexanes (HCHs). - and γ-HCH concentrations and -HCH
enantiomer fractions have been measured in various ice classes and ages from the
Canadian High Arctic. Mean -HCH concentrations reached 0.642 ± 0.046 ng L-1
in new and young ice (<30 cm ), 0.261 ±0.015 ng L-1 in the first-year ice (30-200
cm) and 0.208 ±0.045 in the old ice (>200 cm). Mean γ-HCH concentrations were
0.066 ± 0.006 ng L-1 in new and young ice, 0.0 40 ±0.002 ng L-1 in the first-year
ice and 0.040 ±0.007 ng L-1 in the old ice. In general, -HCH concentrations and
vertical distributions were highly dependent on the initial entrapment of brine and
the subsequent desalination process. γ-HCH levels and distribution in sea ice were
not as clearly related to ice form ation processes. During th e year, firs t-year ice
progressed from freezing (accumulation) to melting (ablation). Relations between
the geophysical state of the sea ice and
the vertical distribution of HCHs are
described as ice passes through these thermodynamic states. In melting ice, which
corresponded to the algal bloom period, the influence of biological processes
within the bottom part of the ice on HCH concentra tions and -HCH enantiomer
fraction is discussed using both univariate and multivariate approaches.

2.2 Modelling
Häkkinen, S., F. Dupont, M. Karcher, F. Kauker, D. Worthen, and J. Zhang, 2007, Model
simulation of Greenlan d Sea upper-ocean variability, J. Geophys. Res., 112, C06S90,
doi:10.1029/2006JC003687
Observations indicate that the occurre nce of dense upper-ocean water m asses
coincides with periods of intense deep-water formation in the Greenland Sea. This
paper focuses on the upper-ocean hydrography of the area and its simulation in
models. We analyze properties that resi de below the summer m ixed layer at 200
m and carry the winter m
ixing signal. The analysis e mploys numerical
simulations from four different models, all of which are forced as specified by the
Arctic Ocean Model Intercom parison Project (AOMIP). The m odels exhibit
varying degrees of success in sim ulating upper-ocean properties observ ed in the
Greenland Sea, including very dense, saline water masses in the 1950s, 1960s,
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and 1970s. Two of the models predict the importance of salinity in determining
the maximum density in the upper waters of the cen tral gyre. The circulation
pattern of Atlantic W ater was cap tured well by two high-reso lution models as
measured by tem perature-salinity-density relationships. The simulated temporal
variability of Atlantic W ater properties was less satisf actory, particularly in the
case of salinity.
Holloway, G., F. Dupont, E. Golobeva, S. Ha kkinen, E. Hunke, M. Jin, M. Karcher, F.
Kauker, M. Maltrud, M. A. Morales Maqueda , W. Maslowski, G. Platov, D. Stark, M.
Steele, T. S uzuki, J. Y. W ang, D. Worthe n, and J. Zhang, 2007, Water properties and
circulation in Arctic Ocean
models, J. Geophys. Res., 112, C04S06,
doi:10.1029/2006JC003643
As a part o f the Arctic Ocean Model Intercomparison Project, resu lts from 10
Arctic ocean/ice m odels are interc ompared over the period 1970 through 1999.
Models' monthly mean outputs are latera lly integrated over two subdom ains
(Amerasian and Eurasian basins), then examined as functions of depth and tim e.
Differences in such fields as averaged temperature and salinity arise from models'
differences in param eterizations and numerical methods and from different
domain sizes, with ano malies that devel op at lower latitu des carried into the
Arctic. A system atic deficiency is seen as AOMIP m odels tend to produce
thermally stratified upper layers rather than the “cold halocline”, suggesting
missing physics perhaps related to vertical mixing or to shel f-basin exchanges.
Flow fields pose a challenge for inte rcomparison. We introduce topostrophy, the
vertical component of V×∇D where V is monthly mean velocity and ∇D is the
gradient of total depth, ch aracterizing the tendency to follow topographic slopes.
Positive topostrophy expresses a tendency for cyclonic “rim currents”. Systematic
differences of models' circulations are found to depend strongly upon assum ed
roles of unresolved eddies.
Holloway, G. and Z. Wang, 2009, Representing e ddy stresses in an Arctic (global)
model, J. Geophys. Res., 114, C06020, doi:10.1029/2008JC005169
Experiences with a number of ocean models have shown Arctic Ocean circulation
to be quite dependent upon assum ptions about eddy stresses. A key difference is
between assuming that subgrid eddies act as friction and assuming that eddies act
to generate entropy, propelling m ean flows (sometimes called “neptune”).
Fisheries and Oceans Canada is d eveloping global ocean and sea ice modeling
after Nucleus for European Modelin g of the Ocean (NEMO). We have modified
NEMO to include neptune as an alternativ e to friction. Consistent with previous
modeling studies, our results show m arked impacts. Neptune supports narrow
cyclonic midwater and deepwater currents around the peripheries of Arctic basins.
Neptune also induces two-way flows
through channels in the Canadian
Archipelago and limits the width of the ice tongue exiting at Fram Strait.
Jakobsson, M., R. Macnab, L. Mayer, R.
Anderson, M. Edwards, J. Hatzky, H. W.
Schenke, and P. Johnson, 2008, An im proved bathymetric portrayal of the Arctic Ocean:
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Implications for ocean m odeling and ge ological, geophysical and oceanographic
analyses, Geophys. Res. Lett., 35, L07602, doi:10.1029/2008GL033520
A digital representation of ocean floor topography is essential for a broad variety
of geological, geophysical and oceanogra phic analyses and m odeling. In this
paper we present a new version of the International Bathym etric Chart of the
Arctic Ocean (IBCAO) in the f orm of a digital grid on a Polar Stereographic
projection with grid cell spacing of 2 × 2 km . The new IBCAO, which has been
derived from an accumulated database of available bathymetric data including the
recent years of multibea m mapping, significantly improves our portray al of the
Arctic Ocean seafloor.

2.3 Climate Change
Barber, D. G., J. V. Lukovich, J. K eogak, S. Baryluk, L. F ortier, and G. H. R. Henry,
2008, The Changing Climate of the Arctic, Arctic, 61: 7-26
The first and strongest signs of glo bal-scale climate change exis t in the high
latitudes of the planet. E vidence is now accumulating that the Arctic is warming,
and responses are being observed across phys ical, biological, and social system s.
The impact of clim ate change on oceanographic, sea-ice, and atmospheric
processes is de monstrated in observati onal studies that highlight changes in
temperature and salinity, which influen ce global oceanic circ ulation, also known
as thermohaline circulation, as well as a continued decline in sea-ice extent and
thickness, which influences communica tion between oceanic and atm ospheric
processes. Perspectives from Inuvialuit community representatives w ho have
witnessed the effects of clim ate change underline the rapidity with w hich such
changes have occurred in the North. An analysis of potential future impacts of
climate change on m arine and terrestrial ecosystems underscores the need for the
establishment of effective adap tation strategies in the Arctic. Initiatives that link
scientific knowledge and research w ith traditional knowle dge are recommended
to aid Canada’s northern communities in developing such strategies.
Holland, M. M., B. Tre mblay, D. Bailey, an d C. M. Bitz, 2008, The Role of Natural
Versus Forced Changes in Futu re Rapid Summ er Arctic Ice, Geophysical Monograph
Series, 180:133-150, doi:10.1029/180GM10
Climate model simulations from the Community Climate System Model, version
3 (CCSM3) suggest that Arctic sea ice could undergo rapid September ice retreat
in the 21st century. A previous study indicated that this results from a thinning of
sea ice to more vulnerable conditions, a “kick” in the form of pulse-like increases
in ocean heat transport and positive feedbacks that accelerate the retreat. Here we
further examine the factors affecting thes e events, including the role of natural
versus forced change and the possibility of threshold-like behavior in the
simulated sea ice cover . We find little in dication that a critical sea ice state is
reached that then leads to rapid ice loss. Instead, our results suggest that the rapid
ice loss events result from anthropogenic change reinforced by growing intrinsic
variability. The natu ral variability in su mmer ice exten t increases in the 21 st
century because of the thinning ice cover. As the ice thins, large regions can
easily melt out, resulting in considerable ice extent variations. The important role
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of natural v ariability in the s imulated rapid ice loss is suc h that we f ind little
capability for predicting these events based on a knowledge of prior ice and ocean
conditions. This is supported by results fr om sensitivity sim ulations initialized
several years prior to an event, which exhibit little predictive skill.
Holloway, G. and A. Proshutinsky, 2007, The role of tides in Arctic ocean/ice clim ate, J.
Geophys. Res., 112, C04S06, doi:10.1029/2006JC003643
A three-dimensional coupled ocean/ice model, intended for long-term Arctic
climate studies, is ex tended to inc lude tidal effects. From sa ved output of an
Arctic tides model, we introduce parameterizations for (1) enhanced ocean mixing
associated with tides a nd (2) the r ole of tides f racturing and m obilizing sea ice.
Results show tides enh ancing loss of heat from Atlantic waters. The impact of
tides on se a ice is m ore subtle as thinning due to enhanced ocean heat flux
competes with net ice growth during rapid openings and closings of tidal le ads.
Present model results are co mpared with an ensem ble of nine models under the
Arctic Ocean Model Intercom parison Project (AOMIP). Am ong results from
AOMIP is a tendency for m odels to accum ulate excessive Arctic Ocean heat
throughout the intercomparison period 1950 to 2000 which is
contrary to
observations. Tidally induced ventilation of ocean heat reduces this discrepancy.
Min, S.-K., X. Zhang, a nd F. Zwiers, 2008, Hum an-induced Arctic moistening, Science,
320(5875): 518-520, doi:10.1126/science.1153468
The Arctic and northern s ubpolar regions are critical for clim ate change. Icealbedo feedback amplifies warming in th e Arctic, and fluctuations of regional
fresh water inflow to th e Arctic Ocean modulate the deep ocean circulation and
thus exert a strong global influence. By com paring observations to sim ulations
from 22 coupled clim ate models, we find influence from anthropogenic
greenhouse gases and sulfate aerosols in the space-time pattern of precipitation
change over high-latitude land areas north of 55°N during the second half of the
20th century. The human-induced Arctic m oistening is consistent with observed
increases in Arctic river discharge and freshening of Arctic water m asses. This
result provides new evidence that hum an activity has c ontributed to Arctic
hydrological change.

2.4 Beaufort Sea / Beaufort Gyre
Asplin, M. G., J. V. Lukovich, and D. G.
Barber, 2009, At mospheric forcing of the
Beaufort Sea ice gyre: Surface pressure climatology and sea ice motion, J. Geophys. Res.,
114, C00A06, doi:10.1029/2008JC005127
The Beaufort Gyre (BG) typically rotates anticyclonically and exerts an important
control on Arctic Sea ice dynam ics. Previous studies have show n reversals in the
BG to rotate cyclonically during su
mmer months and, in recent decades,
throughout the annual cycle. In this i
nvestigation, we e xplore the synoptic
climatology of atmospheric forcing and its relationship to sea ice m otion and BG
reversals. A catalog of daily synoptic weat her types is generated for the Beaufort
Sea Region covering the period 1979 to
2006 using NCEP/NCAR reanalysis
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mean sea level pressure data, principle components, and k
‐means cluster
analyses. Mean synoptic type frequency, persistence, and dur ation values are
calculated for each syn optic type and cont rasted between the summ er and winter
seasons. Daily synoptic types are linked to changes in sea ice vorticity by using
correlation analysis on lagged sea ice vor ticity data. Lag correlations are found
between synoptic types and sea ice vorticity smoothed over a 12 ‐week running
mean and show that cyclonic ty
pes, which promote southerly or easterly
atmospheric circulation over the sout hern Beaufort Sea, comm only precede
summer reversals. Furth ermore, significant sea sonal within‐type variability in
sea ice vorticity is detected within the synoptic types illustrating the importance of
seasonal variability on these processes.
Darnis, G., D. G. Barber, and L. Fortier, 2007, Sea Ice and the Onshore-Offshore Gradient in
pre-winter Zooplankton Assem blages in Early Fall in South- Eastern Beaufort Sea, J. Mar.
Sys., 74: 994-1011, doi:10.1016/j.jmarsys.2007.09.003
Zooplankton communities were stu died in southeastern Beaufort Sea (Arctic
Ocean) in September–October 2002. Cluster analysis and non-m
etric
multidimensional scaling revealed three distinct mesozooplankton assemblages. A
neritic assemblage occurred on the Mackenzie Shelf and in Franklin Bay, while
distinct off-shelf assemblages prevailed in the Cape Bathurst Polynya and on the
Beaufort Slope respectively. Over 95% of the mesozooplankton was comprised of
eight copepod taxa. Pseudocalanus spp. contributed predom inantly to the
discrimination of the three assem blages and was the only signi ficant indicator of
the Shelf assem blage. Oithona similis, Oncaea borealis, Metridia longa and
Calanus hyperboreus were indicators of the Polynya assemblage. Cyclopina sp.
and Microcalanus pygmaeus were indica tive of the overa ll off-shelf community
(Polynya and Slope assem blages). The im portance of om nivores and carnivores
increased from the shelf to the poly nya and the slope. Station depth and duration
of reduced ice conditions during summer (< 50% ice concentration) underpinned
the distribution of the assem blages (r2 = 0.71 and 0.45 respectively). The
abundance of Pseudocalanus spp. was independent of depth and increased with
the duration of reduced ice conditions ( rs = 0.438). The abundance of Cyclopina
sp., M. pygmaeus and other indicators of the offshore assemblages followed the
opposite trend ( rs = − 0.467 and − 0.5 respectively). Under continued clim ate
warming, a reduction of the ice cover will affect the biogeog
raphy of
mesozooplankton on and around the Mackenzie Shelf, to the potential advantage
of Pseudocalanus spp. and other calanoid herbivores.

Guay, C. K. H., F. A. McLaughlin, and
M. Yamamoto-Kawai, 2009, Differentiating
fluvial components of upper Canada Basin wa ters on the basis of measurements of
dissolved barium combined with ot her physical and che mical tracers, J. Geophys. Res.,
114, C00A09, doi:10.1029/2008JC005099
The utility of dissolved barium (Ba) as a quasi-conservative tracer of Arctic water
masses has been demonstrated previously. Here we report distributions of salinity,
temperature, and Ba in the upper 200 m of the Canada Basin and adjacent areas
observed during cruises conducted in 2003–2004 as part of the Joint W estern
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Arctic Climate Study and Beaufort Gyre Exploration Project. A salinity–oxygen
isotope mass balance is used to calculate the relative contributions from sea ice
melt, meteoric, and saline end-m embers, and Ba measurements are incorporated
to resolve the meteoric fraction into separate contributions from North American
and Eurasian sources of runoff. Large fr actions of Eurasian runoff (as high as
15.5%) were observed in the surface la yer throughout the Canada Basin, but
significant amounts of North American runoff in the surface layer were only
observed at the southernm ost station occupied in the Canada Basin in 2004,
nearest to the m outh of the Mackenzie River. Sm aller contributions from both
Eurasian and North Am erican runoff were evident in the summ er and winter
Pacific-derived water masses that comprise the underlying upper halocline layer
in the Canada Basin. Significant am ounts of Eurasian and North Am erican runoff
were observed throughout the water colum n at a station occ upied in Amundsen
Gulf in 2004. This suggests the export of runoff from both sources through the
passages of the Canadian Arctic Archipelago.
Kulikov, E. A., A. B. Rabinovi ch, and E. C. Carm ack, 2010, Variability of baroclinic
tidal currents on the Mackenzie Shelf, the Southeastern Beaufort Sea, Cont. Shelf Res.,
30(6): 656-667, doi:10.1016/j.csr.2009.11.006
Semidiurnal tidal currents on the outer
shelf of the Mackenzie Shelf in th e
Beaufort Sea were found to be strongl y influenced by the locally generated
baroclinic tide. Two prim ary factors are involved in this process: (1) the sharp
shelf break along the northeas tern Mackenzie Shelf, pr omoting the generation of
vigorous internal tidal waves; and (2) the proximity to critical latitudes for M2 and
N2 motions locking these waves and prev enting them from leaving the source
region. As a result, internal tides are resonantly tra pped between the shelf and
critical latitudes. The physical properties and temporal variations of tidal motions
were examined using current m eter measurements obtained from 1987–1988 at
four sites (SS1, SS2, SS3, and SS4) offs hore of the shelf break at depths of
~200 m. Each m ooring had Aanderaa RCM4s positioned at ~35 m below the
surface and 50 m above the bottom . Complex demodulation was used to
compute the envelopes (am plitude modulation) of these components. A striking
difference in the variability of clockwise (CW) and counterclockwise (CCW) tidal
currents was found. The CW tides are high ly variable, have greater amplitude,
exhibit a burst-like character associated with wind events and contain about 80%
of the total energy of the sem
idiurnal tidal currents. In contrast, the CCW
components have a more regular tem
poral regime with distinct m onthly,
fortnightly and 10-day modulation at astr onomical periodicities associated with
frequency differences M 2–N2 (0.03629 cpd), S2–M2 (0.06773 cpd), and S 2–N2
(0.10402 cpd). Significant horizontal correlation of the CW current envelopes was
found only between stations near the northeast Mackenzie Shelf, indicating this to
be the main area of baroclinic internal wave generation.
Lavoie, D., K. L. Denman, and R. W. M acdonald, 2009, Primary productivity and export
fluxes on the Canadian shelf of th e Beaufort Sea: a m odelling study, Ocean Modelling,
75(1-2):17-32, doi:10.1016/j.jmarsys.2008.07.007
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We present a coupled sea ice–o cean-biological (including ice algae) m odel in the
Arctic Ocean. The 1D model was devel oped and i mplemented on the Canadian
Beaufort Sea shelf to exam ine the im portance of different physical processes in
controlling the timing and magnitude of primary production and biogenic particle
export over an annual cycle ( 1987). Our results show that the snow and sea ice
cover melt and/or break-up controls th e timing of the phytoplankton bloom but
primary producers (ice algae and phytoplankton) on the ou ter shelf are essentially
nutrient limited. The total annual prim ary production (22.7 to 27.7 g-C m− 2) is
thus controlled by nutrient “pre-conditioning” in the pr evious fall and winter and
by the depth of wind mixing that is controlled in part by the supply of fresh water
at the end of spring (ice m elt or runoff). The spring bloom represents about 40%
of the total annual primary production and occurs in a period of the year when
sampling is of ten lacking. Time interpolation of observed values to obtain total
annual primary production, as done in m any studies, was shown to lead to an
underestimation of the actual producti on. Our sim ulated ratios of export to
primary production vary between 0.42 and 0.44.
Manson, G. K. and S. M. Solom on, 2007, Pa st and Future Forcing of Beaufort Sea
Coastal Change, Atmos.-Ocean, 45 (2): 107–122, doi:10.3137/ao.450204
Changes to the Beaufort Sea shoreline o ccur due to the impact of st orms and
rising relative sea level. During the ope n-water season (June to October), storm
winds predominantly from the north-west generate waves and storm surges which
are effective in erod ing thawing ice-rich cliffs and causin g overwash of gravel
beaches. Climate change is expected to be enhanced in Arctic regions relative to
the global mean and include accelerated s ea-level rise, more frequent extreme
storm winds, more frequent and extrem e storm surge flooding, decreased sea-ice
extent, more frequent and higher wa ves, and increased tem peratures. We
investigate historical records of wind speeds and direc tions, water levels, sea-ice
extent and temperature to identify variability in past forcing and use the Canadian
Global Coupled Model ensem bles 1 an d 2 (CGCM1 and CGCM2) clim ate
modelling results to develop a scenario fo rcing future change of Beaufort Sea
shorelines. This scenario and future return periods of peak storm wind speeds and
water levels likely indicate increased forcing of coastal cha nge during the next
century resulting in increased rates of cliff erosion and beach migration, and more
extreme flooding.
McLaughlin, F. A., E. C. Carmack, W. J. Williams, S. Zimmermann, K. Shimada, and M.
Itoh, 2009, Joint effects of boundary currents and thermohaline intrusions on the warming
of Atlantic water in the Canada B asin, 1993–2007, J. Geophys. Res., 114, C00A12,
doi:10.1029/2008JC005001
The 1990–1991 influx of Atlantic water, both anom alously warm and in greater
volume than in the past, enveloped the Chukchi Borderland in the western Canada
Basin by 2002 and spread across the
southeastern Canada Basin by 2007.
Warmer, younger (m ore ventilated), and le ss dense Fram Strait Branch waters
have replaced colder, older, and denser waters, increasing the temperature of the
Fram Strait Branch core from a 50-year or more m ean of ∼0.45°C to ∼0.7°C.
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Physical and geochem ical data collected from 1993 to 2007 show that the two
main transport mechanisms are the boundary current and therm ohaline intrusions,
established by large therm al gradients. The boundary current operates in a
cyclonic direction whereas th e thermohaline intrusions ope rate in an anticyclon ic
direction because of the in fluence of the Beaufort Gyre. This shows that the
Beaufort Gyre's effect on ocean circulation extends into the Fram Strait Branch of
the Atlantic layer. The boundary current, a fully pan-Arctic structure, is m uch
slower in the Canada Basin than in basins ups tream, with an effective speed of
∼0.5 cm/s. The effective spreading rate of the thermohaline intrusions, relative to
the core, is 0.2 c m/s. Thermohaline intrusions show signs of dissipation near the
Northwind Ridge in 2007 suggesting that
as tem perature gradients between
inflowing and resident waters decrease, they will d isappear from the Canad a
Basin.
Pickart, R. S., G. W . K. Moore, D. J. Torr es, P. S. Fratantoni, R. A. Goldsm ith, and J.
Yang, 2009, Upwelling on the continental slope of the Alaskan Beaufort Sea: Storms, ice,
and oceanographic response, J. Geophys. Res., 114, C00A13, doi:10.1029/2008JC005009
The characteristics of Pacific-born storms that cause upwelling along the Beaufort
Sea continental slope, the oceanographic response, and the m odulation of the
response due to sea ice are investigated. In fall 2002 a mooring array located near
152°W measured 11 significant up welling events that brought warm and salty
Atlantic water to shallow depths. When comparing the s torms that caused these
events to other Aleutian lows that di d not induce upwelling, interesting trends
emerged. Upwelling occurred m ost frequently when storms were loc ated in a
region near the eastern end of the Aleutian Island Arc and Alaskan Peninsula. Not
only were these storm s deep but they generally had northward-tending
trajectories. While the steering flow al oft aided this northward progression, the
occurrence of lee cyclogenesis due to th e orography of Alaska seem s to play a
role as well in expandin g the meridional influence of the storms. In late f all and
early winter both the intensity and fr
equency of the upwelling dim inished
significantly at the array site. It is ar gued that the reduction in a mplitude was due
to the onset of heavy p ack ice, wh ile the decreased frequ ency was d ue to two
different upper-level atmospheric bloc king patterns inhibiting the far field
influence of the storms.
Proshutinsky, A., R. Krishfield, and D.
Barber, 2009, Preface to special section on
Beaufort Gyre Clim ate System Exploration Studies: Docum enting key param eters to
understand environmental variability, J. Geophys. Res., 114, C00A08,
doi:10.1029/2008JC005162
no abstract; introduction
The Beaufort Gyre (BG) of the Arctic
Ocean is one of the m ost hostile and
inaccessible areas of the globe. Until late
1920s most of it had n ever been
measured or even explored. The region's harsh climate, winter darkness, and thick
drifting sea ice deterr ed potential o bservers and made this area in accessible to
scientific expeditions. Th e BG is a unique phenom enon comprising a set of
specific atmospheric, sea ice, an d oceanic conditions that hav e significant
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influence on the Arctic clim ate. The papers o f this sp ecial issue focus on th e
atmospheric, sea ice, oceanographic, and some biogeochemical features of this
region and describe the BG system variab ility at seasonal to decadal tim escales,
employing historical and the m ost recent data, simple hypotheses, and models to
estimate changes.
Williams, W. J., H. Melling, E. C. Carm ack, and R. G. Ingram , 2008, Kugmallit Valley
as a conduit for cross-shelf exchange on th e Mackenzie Shelf in the Beaufort Sea, J
Geophys. Res., 113, doi:1029/2006JC003591
Kugmallit Valley spans the midsection of a transect across the Mackenzie Shelf of
the Beaufort Sea. Its greates t relief is 20 m , and its width is 20 km . Using a
yearlong record of ice drift, ocean current, temperature, and salinity acquired near
the center of the valley, we describe a pattern of flow that is correlated with wind
stress and ice m otion and discuss its sim ilarity to f low within la rger submarine
canyons that cut through the shelf break. As in such canyons, there is enhanced
cross-shelf transport within Kugmallit Valley during upwelling-favorable surface
stress. The data also docum ent the down-valley flow of dense water from a flaw
lead.

2.5 Arctic Circulation and Throughflow
Bacon, S., P. G. Myers , B. Rudels, and D. A. Sutherland , 2008, Accessing the
Inaccessible: Buoyancy-Driven Coastal Currents on the Shelves of Greenland and
Eastern Canada, Arctic–Subarctic Ocean Fluxes, 703-722, doi:10.1007/978-1-4020-67747_29
One reason why the Polar and Sub-polar shelf seas are an important component of
the global climate system is that they support the fluxes of large volum es of both
solid and liquid freshwater supplied fr om the cryospheres, the hydrosphere and
the atmosphere.
This chapter is abou t sub-Arctic shelf waters in the western Atlantic se ctor, the
extent of which is illus trated in Fig. 28.1. We will discuss the relevant coasts of
Greenland and eastern Canada: specificall y, east Green land from Belgica Bank
through Denmark Strait to Cape Farewell; then west Greenland from the Labrador
Sea through Davis Strait to Baffin Bay; then Baffin Island and the coast of
Labrador. Finally, we will summ arise what we think we know, and also what is
important that we do not know.
Defossez, M., F. J. Saucier, P.G. Myers, D. Caya, J.-F. Dum ais, Analysis of a dense
water pulse following mid-winter opening of polynyas in western Foxe Basin, Canada,
Dyn. Atmos. Oceans, 49(1): 54-74, doi:10.1016/j.dynatmoce.2008.12.002
A recent study has shown that Foxe Basin' s dense waters origin ate from coastal
latent heat polynyas an d each year replace 2/3 rd of the basin' s deep waters by
propagating southeastwards in Foxe Cha nnel as a gravity cu rrent. The formation
mechanisms in 2004 of these dense waters are exam
ined here. Strong
meteorological events occurring in m id-winter over the dom ain are responsible
for the simultaneous opening of two large polynyas at Lyon Inlet and along
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Melville Peninsula's eastern coast w hile a third im portant and recurrent polynya
opens earlier at Hall Beach (northwestern Foxe Basin). Large sea-atmosphere heat
exchanges take place in these polynya
s, leading to the production of
12
12
3
21.2 × 10 kg of sea-ice and 1.53 × 10 m of dense water. The ice production
rate is on average five to six times higher in the polynya s than in the rest of the
basin. Following the to pography, the dense waters form ed at Hall B each and
along Melville Peninsula cas cade into Foxe C hannel, while those produced at
Lyon Inlet sink directly in the channel through de ep convection. The two
mechanisms synchronize and com bine together when Lyo n Inlet and Melville
Peninsula polynyas open up. The heat ex changes, sea-ice and brine production
rates estimated with a 21-year near-cli matology are sim ilar to those f ound in
2004. The results also show that the pr oduced dense waters can overflow into
Hudson Bay.
Dickson, R. R., B. Rudels, S. Dye, M. Karcher, J. Meincke, and I. Yashayaev, 2007,
Current estimates of freshwater flux through Arctic and subarctic seas, Prog. Ocean.,
73(3-4): 210 230, doi:10.1016/j.pocean.2006.12.003
As the wor ld warms, the expec tation is that th e freshwater outflows from the
Arctic Ocean to the North Atlan tic will strengthen and m ay act to suppress th e
rate of the clim atically-important Atlantic merid ional overturning circulation.
Hitherto, however, we have lacked th e system of m easurements required to
estimate the totality of the freshwat er flux through suba rctic seas. Though
observations remain patchy and ru dimentary in places, we piece-tog ether the
results from recent large-scale observational programmes together with associated
modelling, to establish prelim inary maps of the rates and pathways of fr eshwater
flux through subarctic seas. These fluxe
s are calcu lated according to two
reference salinities, S = 34.8 to conform with the majority of estimates reported in
the literature, and S = 35.2, the salinity of the inflowing Atlantic water, to
calculate the freshwater balance o f the ‘Arctic Mediterranean’. W e find that
148 mSv of freshwater enters the Nordic Seas across its northern boundary. There
it is supplemented by around 54 mSv of freshwater from Baltic runoff, Norwegian
runoff, P − E and Greenland ice m elt, so that the total freshwater contribution to
the Nordic Seas from all sources
is 202 mSv. Of this, around 51 mSv of
freshwater is estim ated to pass south to the deep Atlantic in the dense water
overflows leaving an assumed balance of 151 mSv to leave the Nordic Seas in the
upper water export through Denm ark Strait. The corresponding estim ate for the
freshwater outflow west of Greenland is 103 mSv relative to 35.2 so that the total
freshwater flux reach ing the North Atlantic th rough subarctic seas is around
300 mSv.
Dumont, D., Y. Gratton, T. E. Arbetter, 2010, Modeling W ind-Driven Circulation and
Landfast Ice-Edge Processe s during Polynya E vents in Northern Baffin Bay, J. Phys.
Oceanogr.,
40(6):
1356–1372,
http://journals.ametsoc.org/doi/abs/10.1175/2010JPO4292.1doi:10.1175/2010JPO4292.1
A high-resolution sea ice–ocean numerical model of the North Water polynya has
been developed to study the wind-driven circulation during polynya events. An
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idealized three-layer stratified ocean is used to initialize the model to characterize
the baroclinic response to realistic wi nd and ice conditions . The m odel general
circulation pattern is m ainly forced by an along-channel sea level gradient
between the Arctic Ocean and Baffin Bay, which determines the magnitude of the
southward Baffin Current, and by an across- channel sea level gradient in Baff in
Bay, which drives the northward West Greenland Curren t (WGC). These two
currents are found to be anticorrelated to each other in the Sm
ith Sound area.
During strong northerly wind events, occurr ing quite f requently in the winter–
spring period in the polynya, nutrient-rich Baffin Bay waters transported by the
WGC are forced toward the Green land shelf, coinciding with upwelling events
along the G reenland coast. W henever an ice bridge is present (i.e., the polynya
exists and is substantially open), upwelling also occurs at the landfast ice edge. In
such cases, the total upwelling area is increased by an amount that depends on the
form of the ice bridge but could easily double during certain years. The baroclinic
circulation associated with the up welling response includes the form ation of a
cyclonic eddy attached to the ice edge th at is generated duri ng strong northerly
wind events. Primary production estimations reveal that upwelling during polynya
events plays a significant role in the early spring phytoplankton bloom, suggesting
that the dis appearance of the poly nya as a result of climat e change m ay have
profound implications for the entire ecosystem.
Itoh, M., E. Carm ack, K. Shi mada, F. Mc Laughlin, S. Nishino and S . Zimmermann,
2007, Formation and spreading of Eurasian source oxygen-rich halo cline water to the
Canadian Basin of the Arctic Ocean,
Geophys. Res. Lett., 34, L08603,
doi:10.1029/2007Gl029482
We identify the source region and spreading pattern of cold, oxygen-rich water
observed in the halocline of the norther n Canada Basin using both Joint Western
Arctic Climate Studies 2002–2005 and other data. This water originates in the
winter mixed-layer in the Nansen Basin and, because of its convective origin, can
be traced by its co ld, oxygen-rich properties together with a signature of low
potential vorticity. This water, a com ponent of the cold halocline com plex,
spreads into the Makaro v Basin across the Lomonos ov Ridge between 82°N and
86°N, enters the Canada Basin between the Alpha and Mendeleyev ridges, and
continues eastward into the Beaufort Gyre north of Chukchi Plateau.
Melling, H., T. A. Agne w, K. K. Falkner, D. A. Greenberg, C. M. Lee, A. Münchow, B.
Petrie, S. J. Prinsenberg, R. M. Sam elson, and R. A. Woodgate, 2008, Fresh-Water
Fluxes via Pacific and Arctic Outflows Across the Canadian Polar Shelf, Arctic-Subarctic
Ocean Fluxes, 193-247, doi:10.1007/978-1-4020-6774-7_10
Observations have revealed persistent flows of relatively low salin ity from the
Pacific to the Arctic a nd from the Arctic to the Atlantic (M elling 2000). It is
customary to associate fluxes of fresh-water with these flows of brine, as follows:
the fresh-water flux is the volum e of fres h water tha t must be com bined with a
volume of reference-salinity water to yield the volume of seawater of the salin ity
observed. As with sensible heat flux, the choice of reference is arbitrary, but the
value 34.8 is often used in discussions of the Ar ctic. This value is an estim ate of
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the mean salinity of the Arctic Ocean by Aagaard and Carmack (1989) for a tim e
period and averaging dom ain that were not specified. Because the salinity of
seawater flowing across the shallow Beri ng, Chukchi and Canadian Polar shelves
is typically lower than 34.8, these flows tr ansport fresh-water from the Pacific to
the Atlantic Ocean.
Münchow, A., K. K. Falkner, and H. Melli ng, 2007,: Spatial contin uity of m easured
seawater and tracer flu xes through Nares Strait, a dyna mically wide channel bord ering
the Canadian Archipelago, J. Mar. Res., 65(6): 759-788
Freshwater delivered as precipitation and runoff to the North Pacific and Arctic
oceans returns to the Atlantic p rincipally via the Canadian polar shelf and Fram
Strait. It is conveyed as ice or freshened seaw ater. Here we use detailed shipbased measurements to calculate a snap -shot of volum e, freshwater, and tracer
fluxes through Nares Strait, a 500-km l ong waterway separating Greenland and
Ellesmere Island. We use quasi-synoptic observations of current by ship-mounted
acoustic Doppler current profiler (ADC P), of salinity and tem perature by CTD
probe and of dissolved nutrients by rosett e bottle sampler on four cross-sections
between 82 and 78N latitude. Data were co llected during the fi rst half of August
2003. We partition the fluxes into com ponents derived from Pacific and Atlantic
inflows into the Arctic Ocean. During the tim e of the survey, there w as a net
southward 0.91±0.10 Sv (10 6 m3 s-1) flux of volume and a net southward 31±4 10 3
Sv (977±127 km 3 y-1) flux of freshwater relative to a salinity of 34.8. Much of
the volume flux was carried within a stron
g (40 cm s-1), narrow (10 km)
subsurface jet hugging the western (Ellesmere Island) sid e of the strait. Th e
presence of this jet in f our sections spanning the 500-km length of the strait is
evidence of a buoyant boundary current through the strait. The jet was coincident
with elevated concentrations of phosphate (1.0 mmol m -3) and silicate (11 mmol
m-3) which both indicate a Pacific Ocean
source. We interpreted the ratio of
dissolved total inorganic nitrogen to phospha te in terms of fractional dilution of
Atlantic by Pacific waters. About 0.43±0.10 Sv (39%) of the southward flow was
of Pacific origin. These results are a snapshot during the summ
er of 2003
following a prolonged period of northward directed wind stress when ice cover
was mobile. Although long-term mean values are likely different, we determ ined
that the major fraction of the through-flow is carried by a jet of scale determ ined
by the internal Rossby radius (5-10 km).
Münchow, A. and H. Melling, 20 08, Ocean current observations from Nares Strait to th e
west of Greenland: Interannual to tidal variability and forcing, J. Mar. Res., 66(6): 801833
During 2003-06, as part of the Arctic Sub-Arctic Ocean Flux (ASOF) experiment,
an array o f oceansensing instrum ents was d eployed at 80.5N latitude to
investigate the flux of seawater f rom the Arctic Ocean vi a Nares Strait, the
pathway to the west of Greenland. Three-ye ar measurements of current from this
experiment provide, for the first tim e at periods longer than a single season, the
seawater flux and its variability via this important pathway. Below 30-m depth the
average flux of volume 2003-06 was 0.57±0.09 Sv (1 Sv = 10 6 m3 s-1) southward
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over a 38-km wide section reach ing 360 m in depth. A linear trend, statistically
significant at the 95% confidence level, indicates an incr ease in the sectionally
averaged flow below 30-m depth of 20 ± 10% between 2003 and 2006. The flow
is dominated by mixed diurnal and semi-diurnal tidal currents with kinetic energy
an order of magnitude larger than that of the subtidal flow. The range of seasonal
variation is 30-50% of the l ong-term mean flow. Variatio ns in flow of daily to
monthly period are comparab le in magnitude to th e average flow. The flow
through the cross-section is th e net result of a larger southward flux in the deep
western two thirds of the strait and a sm all northward flux within about 5 km of
Greenland. The latter is about 5% of the fo rmer. Spectral analyses indicates that
the cross-channel pressure gradient is h ighly correlated with th e sectionally
averaged flow consistent with geostrophy. Along-chan nel pressure gradient
explains 70% of the variance at a 33-day period with a phase lag consistent with a
frictional response; at 3-7 day period the response is weaker (<30%) with a phase
relation suggestive of contributions by both friction and local acceleration.
Myers, P. G., C. Donnelly, and M. H. Ribe rgaard, 2009, Structure and variability of the
West Greenland Current in Summ er derived from 6 repeat standard sections, Prog. in
Oceanogr., 80(1-2): 93-112, doi:10.1016/j.pocean.2008.12.003
Six historical sections across the West Greenland Current are exam ined. Three
sections have been regular ly occupied since the la te 1950s, while the three
southern ones have been taken since 1984. Significant variability is observed for
the freshwater co re of the coas tal current on the shelf, with salinity varying by
over 3 units between years. Th ere is also significant variability in the sh ape and
offshore position of the m ain shelf break f ront, leading to large va riability in
Eulerian velocities. Sig nificant presence of Irm inger Water is seen d uring the
1960s and the 2000s, being found right across
the sections in recent years.
Maximum mean transport relative to the 34.8 isohaline of
, relative
to 700 db, for 1984–2005, is observed at the Cape Desolation section. Transports
decrease to the north, w ith the majority of the exchange with the inte rior of the
Labrador Sea occurring between Cape Desolation and Fylla Bank. Inter-decadal
transport variability is observed at Fylla Bank while a d ecline in transports since
peaks in the early 19 90s is seen at Cape Farewell and Cape Desolation.
Freshwater transport is largest at Cape Desolation, with a mean Summer transport
. Freshwater tr ansport increases slightly between Cape
of
Farewell and Cape Desolation and we suggest it is related to local discharge by
glaciers into Juliannehaab Bight, as well as the melting of sea-ice. We also find
that years of high Greenland ice cap melt are consistently associated with years of
high freshwater transport at Cape
Desolation, suggesting a portion of the
freshwater transport of the W est Greenland Current may be associated with m elt
from the Greenland ice she
et. Finally, significantly enhanced freshwater
transports (33 mSv at Cape Desolation compared to the long term mean) are seen
in 2008, probably a sign ature of the record Arctic Ocean ice m elt and export in
2007.
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Prinsenberg, S., J. Hamilton, I. Peterson, and R. Pettipas, 2009, Observing and
interpreting the seasonal variability of the oceanographic fluxes passing through
Lancaster Sound of the Canadian Arctic Archipelago, Influence of Cl imate Change on
the Changing Arctic and Sub-Arctic Condition s NATO Science for Peace and Security
Series, 125-143, doi:10.1007/978-1-4020-9460-6_10
As part of the Arctic/Sub-Arctic Ocean Flux (ASOF) and the International Polar
Year (IPY) programs, a research project consisting of mooring and analysis work
has studied the ocean and ice fluxes pa ssing through Lancaster Sound, one of the
three main pathways through the Canadian Arctic Archipelago (CAA) since 1998.
The aim is to understand the variability in ocean and sea ic e volume, heat and
freshwater fluxes passing through the CAA and to determine their relationship to
the ocean and ice budg ets of the A rctic Ocean itself and to the circu lation and
vertical ventilation of the North Atlantic Ocean. Eight years of mooring data have
now been processed and analyzed. The volume, freshwater and heat fluxes exhibit
large seasonal and interannua l variabilities with sm all fluxes in the fall and early
winter and large fluxes in the summer. The seasonal mean volume flux estimates
range from a low of 0.0 Sv in the fall of 1998 to a m aximum of 1.3 Sv in the
summer of 2000 (1Sverdrup = 1.0 × 10 6 m3 s−1). It has an 8 year annual mean of
0.7 Sv and varies interannually by ±0.3 Sv. Model simulations indicate that fluxes
through Lancaster Sound m ake up 40–50% of the fluxes through the entire
Canadian Arctic Archipelago, and that they are dependent on the sea level
difference between the Beaufort Sea and Baffin Bay and on the horizontal density
gradients across the C AA, observations of which are scarce or non-existent.
Regression analysis with the Arctic Ocean wind field shows that th e fluxes
through the NW Passage measured in Lancaster Sound are significantly correlated
with the far fi eld wind forcing in the B eaufort Sea. The n ortheastward winds in
the Beaufort Sea, parallel to the wes tern side of the Canadian Arctic Archipelago,
show the highest correlation on m onthly to interannual time scales. This result is
consistent with the transport being dr iven by a sea level difference between
opposite ends of the NW Passage, and th e difference being determ ined by setup
caused by alongshore winds in the Beaufort Sea.
Straneo, F. and F. J. Saucier, 2008, The Outflow From Hudson Strait and Its Contribution
to the Labrador Current,
Deep Sea Res. Part I, 55: 926-946,
doi:10.1016/j.dsr.2008.03.012
This study describes the first year round observations of the outflow from Hudson
Strait as obtained from a m oored array deployed m id-strait from August 2004–
2005, and from a high-resolution hydrographic section conducted in Septem ber
2005. The outflow has the structure of a buoyant boundary curre nt spread across
the sloping topography of its southern
edge. The variability in the flow is
dominated by the extrem e semi-diurnal tides and by vigorous, m ostly barotropic,
fluctuations over several days. The fresh water export is seasonally concentrated
between June and March with a peak in November–December, consistent with the
seasonal riverine input and sea-ice melt. It is highly variable on weekly timescales
because of synchronous salinity an d velocity variations. The estimated volume
and liquid fresh water transports du ring 2004–2005 are, respectively, of 1–1.2 Sv
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and 78–88 (28–29) mSv relative to a salinity of 34.8 (33). This im plies that the
Hudson Strait outflow accounts for approximately 15% of the volume and 50% of
the fresh water transports of the Labrador Current. This larger than previously
estimated contribution is partially due to the recycling, within the Hudson Bay
System, of relatively fresh waters that flow into Hudson Strait, along its northern
edge. It is s peculated that the source of this inf low is the outflow from Davis
Strait.

2.6 Deep Water and Deepwater Renewal
Defossez, M., F. J. Saucier, P. G. Myer s, D. Caya, and J.-F. Dum ais, 2008, Multi-Year
Observations of Deep Water Renewal in Foxe Basin, Canada, Atmos.-Ocean, 46(3): 377–
390, doi:10.3137/ao.460306
New oceanographic m ooring data reco rded between 2004 and 2006 show an
abrupt arrival of cold and salin e water at the bottom of Foxe Channel each year.
Foxe Channel is the deepest part of Foxe Basin, an Arctic/Subarctic inland sea in
the Hudson Bay system. This dense water mass is detected at depth in the middle
of the channel at the begi nning of spring. It is characterized by a sh arp
temperature drop and salinity rise. This
pulse-like phenom enon is recurrent,
although there is som e interannual variabil ity depending on the severity of the
preceding winter. The d ense water probably originates from the coastal polynyas
of western Foxe Basin. A gravity current in Foxe Channel flows southeastwards
and significantly m odifies the water column along the ch annel by raising
isotherms by 140 m . The water column re sponds to the dense water pulse with a
time lag of one month. Although the pulse lasts only three months, it renews more
than two-thirds of the deep water in Foxe Channel and is th erefore an important
component of the general circulation in F oxe Basin. This shows that the pulse is
an energetic event and that the newly advected dense water m ay have enough
kinetic energy to overflow the sill between Foxe Basin and Hudson Bay.
Timmermans, M. L., H. Melling, and L. Rai nville, 2007, Dynamics in the deep Canada
Basin, Arctic Ocean, inferred by thermistor-chain time series, J. Phys. Oceanogr., 37(4):
1066-1076, doi:10.1175/JPO3032.1
A 50-day time series of high-resolution tem perature in the deepest layers of the
Canada Basin in the A rctic Ocean indicates that the deep Canada Basin is a
dynamically active environm ent, not the quiet, stable basin often assum ed.
Vertical motions at the near-inertial (tidal) frequency have amplitudes of 10-20 m.
These vertical disp lacements are surpri singly large considering the downward
near-inertial internal wave energy flux t ypically observed in the Canada Basin. In
addition to motion in the inte rnal-wave frequency band, the m easurements
indicate distinctive subinertial temperature fluctuations, possibly due to intrusions
of new water masses.
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2.6.1 Thermohaline Variability
Walsh, D., I. Polyakov, L. Tim okhov, and E. Carmack, 2007, Thermohaline S tructure
and Variability in the E astern Nansen Basin as seen from Historial Data, J. Mar. Res.,
65(5): 685-714, doi:10.1357/002224007783649466
Newly available h istorical Russian data are used to quantify year-to-year
variations in the structure and properti es of the halocline and Atlantic W ater
layers in the eastern Nansen Basin. The data come from a series of aerial surveys
of the central Arctic Ocean done during winter between 1973 and 1979, and
repeated "Polygon" surveys of the shelf, slope, and basin north of Severnaya
Zemlya in the 1980s, and thus allow a pe rspective on shelf-basin exchange. A
water-mass census sh ows substantial surv ey-to-survey variability in several
water-mass categories, with volumetric fluctuations of ∼17% in the Up per Polar
Deep Water category, ∼14% in Atlantic Water, and ∼39% for cold surface waters
with T < −1.5°C. Mean water-mass production rates in the polygon area are found
to be 0.6-1.2 Sv for Upper Polar D eep Water, and an effective loss rate of 0.751.5 Sv is found for Atlantic W aters. On average Atlantic Water loses 16% of its
initial heat content within the 350 km -long survey area, possibly enhanced by
double-diffusive processes. Mean upward heat fluxes above the Atlantic W ater
are estimated to be between 4 and 6 W /m2, based on heat budget considerations.
Upward heat fluxes of this magnitude would have a major effect on sea ice, which
is regularly observed to be thinner in this area of the Nansen Basin. Shallow-water
profiles taken close to Severnaya Zem lya show cold and salty waters denser than
offshore waters at sim ilar depths, and ev idence of convection is seen in m any
profiles taken over the continental shelf and slope, reflecting deep convective
events extending in some cases below the deepest observed depth of 1000 m.

2.7 Freshwater Content
Carmack, E., 2007, The alpha/b eta ocean distinction: a perspective on freshwater flux es,
ventilation, nutrients and prim ary productivity in high-latitude seas, Deep-Sea Res. II,
54(23-26): 2578-2598, doi:10.1016/j.dsr2.2007.08.018
Stratification is perh aps the m ost important attribute of oceans with regards to
climate and biology. Two sim ple aspects of the ocean' s climate system appear to
have a surprisingly im portant role in transforming waters that feed the global
thermohaline circulation, dom inating patterns of biogeochem ical flux and
establishing macroecological domains. First, largely because of m eridional
distillation (mainly due to the atmosphe ric transport of freshwater across the
Isthmus of Panama) the North Pacific is fresher than the Nort h Atlantic. Second,
largely because of zonal distillation
(e.g., warming and evaporation at low
latitudes and poleward transport of latent heat and m oisture by the atmosphere)
the upper layers of subtropical seas ar e permanently stratified by temperature
(NT2=gαdT/dz>0; here called alpha oceans), while the u pper layers of highlatitude seas are perm anently stratified by salinity ( NS2=gβdS/dz>0; here called
beta oceans). The physical basis for the boun dary separating alpha and beta
oceans is unclear, but m ay lie in the therm odynamical equations published by
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Fofonoff [1961. Energy transform ations in th e sea. Fisheries Research Board of
Canada, Report Series 109, 82pp]. Neverthele ss, it is clear that the resulting
thermohaline distributions establish a ‘ downhill journey’ of low-salinity (and
nutrient-rich) waters from the North Pacifi c to the Arctic an d then into the North
Atlantic. The Arctic Ocean—itself— acts a double estuary, whereby waters
entering from the North Atlan tic become either denser through cooling (negative
estuary) or lighter by f reshening (positive estuary) as they circulate within the
basin and then return to the North Atla ntic as a variety of com ponents of the
ocean's conveyor. Interm ediate and deep waters generally for m within cyclonic
beta oceans in close proximity to alphas systems. Similar patterns of stratification,
nutrients and biogeographical boundaries persist in the Southern Hemisphere. It is
thus argued that th is simple distinc tion—alpha versus beta oceans—provides a
broad, conceptual framework for sim ple interpretation of key physical and
biological processes and rates, including the impacts of climate variability.
Dmitrenko, I. A., S. A. Kirillov,
and L. B. Trem blay, 2008, The long-term and
interannual variability of summ er fresh water storage over th e eastern Siberian shelf:
Implication
for
climatic
change,
J.
Geophys.
Res.,
113,
C03007,
doi:10.1029/2007JC004304
A time series of summer fresh water content anomalies (FWCA) over the Laptev
and East Siberian sea shelves was constructed from historical hydrographic
records for the period from 1920 to 2005. Results from a multiple regression
between FCWA and various atmospheric and oceanic indices show that the fresh
water content on the shelves is mainly controlled by atmospheric vorticity on
quasi-decadal timescales. When the vorticity of the atmosphere on the shelves is
anticyclonic, approximately 500 km3 of fresh water migrates from the eastern
Siberian shelf to the Arctic Ocean through the northeastern Laptev Sea. When the
vorticity of the atmosphere is cyclonic, this fresh water remains on the southern
Laptev and East Siberian sea shelves. This FWCA represents approximately 35%
of the total fresh water inflow provided by river discharge and local sea-ice melt,
and is about ten times larger than the standard deviation of the Lena River
summer long-term mean discharge. However, the large interannual and spatial
variability in the fresh water content of the shelves, as well as the spatial coverage
of the hydrographic data, makes it difficult to detect the long-term tendency of
fresh water storage associated with climate change.
Fortin, D., and S. F. La moureux, 2009, Mu ltidecadal hydroclimatic variability in
northeastern North Am erica since 1550 AD,
Clim. Dyn., 33: 427-432,
doi:10.1007/s00382-008-0422-6
A network of varve and dendrochronologica l time series that provide annual
resolution of Boreal tree growth cond itions and Arctic snow pack and m elt
variability were used to inves tigate the imprint of the Atlantic M ultidecadal
Oscillation (AMO) on continental hydroclim atic variability in northeastern and
northern North America from 1550 to 1986 AD. The hydroclimatic proxies show
a coherent, AMO-like spectral pattern active since the late sixteenth and the early
eighteenth century in the Canadian Arc tic and southeastern Boreal regions,
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respectively. Positive AMO phases are associated with more intense spring runoff
in the Arctic and with longer grow th season and increased summer moisture
availability in the southeastern bo real forest. These results offer new insights
about the widespread response of North American hydroclimate to low frequency
changes in North Atlantic sea surface temperatures.
Jahn, A., B. Tre mblay, L. A. Mysa k, and R. Newton, 2010, Effect of the large-scale
atmospheric circulation on the variability of the Arctic Ocean freshwater export, Clim.
Dyn., 34: 201-222, doi:10.1007/s00382-009-0558-z
Freshwater (FW) leaves the Arctic O cean through sea-ice export and the outflow
of low-salinity upper ocean water. Whereas the variability of the sea-ice export is
known to be mainly caused by changes in the local wind and the thickness of the
exported sea ice, the mechanism s that re gulate the variability of the liquid FW
export are still under investig ation. To better understa nd these m echanisms, we
present an analys is of the variability of the liquid FW export from the Arctic
Ocean for the period 1 950–2007, using a sim ulation from an energy and m ass
conserving global ocean–sea ice model, coupled to an Energy Moisture Balance
Model of the atmosphere, and forced with daily winds from the NCEP reanalysis.
Our results show that the sim ulated liquid FW exports through the Canadian
Arctic Archipelago (CAA) and the Fram Strait lag chang es in the la rge-scale
atmospheric circulation over the Arctic by 1 and 6 years, respectively. The
variability of the liquid FW exports is caused by changes in the cyclonicity of the
atmospheric forcing, which cause a FW
redistribution in the Arctic through
changes in Ekman transport in the Beauf ort Gyre. This in turn causes changes in
the sea surface height (SSH) and salin ity upstream of the CAA and Fram Strait,
which affect the velocity and salinity of the outflow. The SSH changes induced by
the large-scale atm ospheric circulation ar e found to explain a large part of the
variance of the liquid FW export, while the local wind plays a m uch smaller role.
We also show that during periods of in creased liquid FW export from the Arctic,
the strength of the simulated Atlantic meridional overturning circulation is
reduced and the ocean heat transport into the Arctic is increased. These results are
particularly relevant in the context of global warm ing, as clim ate simulations
predict an increase in the liquid FW export from the Arctic during the twenty-first
century.
Jahn, A., L. B. Tremblay, R. Newton, M. M. Holland, L. A. Mysak, and I. A. Dm itrenko,
2010, A tracer study of the Arctic Ocean'
s liquid freshwater export variab ility, J.
Geophys. Res., 115, C07015, doi:10.1029/2009JC005873
We present an analysis of the variability of the liquid Arctic freshwater (FW )
export, using a simulation from the Community Climate System Model Version 3
(CCSM3) that includes passive tracers for FW from different sources. It is shown
that the FW exported through the w estern Canadian Arctic Archipelago (CAA)
comes mainly from the Pacific and from North American runoff. The variability
of the FW export from both of these sour ces is generally in phase, due to the
strong influence of varia tions of the velocity an omaly on the CAA FW export
variability. The velocity anom aly in th e CAA is in turn m ainly governed by
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variations in the large-scale atmospheric circulation (i.e., the Arctic Oscillation).
In Fram Strait, the FW export is mainly composed of Eurasian runoff and FW of
Pacific origin. The variability of the Fr am Strait FW export is governed both by
changes in the velocity and in the FW concentration, and the variability of the FW
concentration from the two largest sources is not in phase. The Eurasian runoff
export through Fram Strait depends str ongly on the release of FW from the
Eurasian shelf, which o ccurs during years w ith an anticyclonic circulation
anomaly (negative Vorticity ind ex) and takes 3 years to reach Fram Strait after
leaving the shelf. In contrast, the vari ability of the Pacific FW export through
Fram Strait is m ainly controlled by changes in the Pac ific FW storage in th e
Beaufort Gyre, with an increased export during years with a cyclonic circulation
anomaly (positive Vorticity index).
Jones, E. P., L. G. Anderson, J. Jutters
tröm, and J. H. Swift, 2008, Sources and
distribution of fresh water in the East Greenland Current, Prog. Oceanogr., 78: 37-44,
doi:10.1016/j.pocean.2007.06.003
Fresh water flowing fr om the Arctic Ocean v ia the Eas t Greenland Current
influences deep water formation in the Nordic S eas as well as the salin ity of the
surface and deep waters flowing from ther e. This fresh water has th ree sources:
Pacific water (relativ ely fresh cf. Atla ntic water), river runoff, and sea ice
meltwater. To determine the relative amounts of the three sources of fresh water,
in May 200 2 we colle cted water samples across the East Greenland Current in
sections from 81.5°N to the Irm inger Sea south of Denmark Strait. We used
nitrate–phosphate relationships to distinguish Pacific waters from Atlantic waters,
salinity to obtain the sum of sea ice melt water and rive r runoff water, and tota l
alkalinity to distinguish th e latter. River runoff contribu ted the largest part of the
total fresh water com ponent, in som e regions with som e inventories exceeding
12 m. Pacific fresh wate r (Pacific source wa ter S 32 cf. Atlantic source water
S 34.9) typically provided about 1/3 of the river runoff contribution. Sea ice
meltwater was very nearly non-existent in the surface waters of all sections, likely
at least in part as a r esult of the samples being collected before the onset of the
melt season. The fresh water from the Arctic Ocean was strongly confined to near
the Greenland coast. We thus conjecture that the main source of fresh water from
the Arctic Ocean m ost strongly impacting deep convection in the N ordic Seas
would be sea ice as opposed to fresh water in the liquid phase, i.e., river runoff,
Pacific fresh water, and sea ice meltwater.
Jones, E. P., L. G. Ande rson, S. Jutterström, L. Mintrop, and J. H. Swift, 2008, Pacific
freshwater, river water and s ea ice m eltwater across Arctic Ocean basins: Results from
the
2005 Beringia Expedition,
J.
Geophys.
Res.,
113,
C08012,
doi:10.1029/2007JC004124
Pacific water, sea ice m eltwater, and ri ver water are the prim ary sources of
freshwater in the Arctic Ocean. W e have determined their relative fractions on a
transect across the Arctic Ocean S ection 2005 Expedition onboard IB Oden,
which took place from 21 August to 23 September 2005. The transect began north
of Alaska, continued through the central Canada Basin to th e Alpha Ridge and
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into the Makarov Basin, and ended in Amundsen Basin. P acific freshwater and
river water were the m ajor sources of freshwater throughout the central Canada
Basin and into Makarov Basin, with river water fractions sometimes considerably
higher than Pacific water in the top ∼50 m. Pacific freshwater extended to depths
of about 200 m . Pacific water found over the Alpha Ridge and in the Am undsen
Basin is suggested to have been transpor ted there in the Transpola r Drift. The
inventories of Pacific fres hwater and river wa ter were roughly constant along the
section through m ost of the Canada and Makarov basins. River water fractions
were greater than those of Pacific fres hwater in the Am undsen Basin. Sea ice
meltwater fractions were negative (reflecting net ice form ation) or near zero
throughout most of the section. A comparison of freshwater inventories with those
at stations occupied during expedi tions in 1991, 1994, and 1996 indicated an
increase in river water inventories in the Makarov and Amundsen basins on the
Eurasian side of the Arctic Ocean.
Proshutinsky, A., R. Krishfield,
M.-L. Timmermans, J. Toole, E. Car mack, F.
McLaughlin, W. J. Williams, S. Zimmermann, M. Itoh, and K. Shimada, 2009b, Beaufort
Gyre freshwater reservoir: state and variability from observations, J. Geophys. Res., 114,
C00A10, doi:10.1029/2008JC005104
We investigate basin-scale m echanisms regulating ano malies in freshwate r
content (FWC) in the Beaufort Gyre (BG) of the Arctic Ocean using historical
observations and data collected in 2003–2007. Specifically, the mean annual cycle
and interannual and decadal FWC variability are explored. The major cause of the
large FWC in the BG is the proce ss of Ekman pumping (EP) due to the Arctic
High anticyclonic circulation centered in the BG. The mean seasonal cycle of
liquid FWC is a result of interplay between the mechanical (EP) and thermal (ice
transformations) factors and has two p eaks. One peak occurs around June–July
when the sea ice thickness reaches its minimum (maximum ice melt). The second
maximum is observed in November–Ja nuary when wind curl is strongest
(maximum EP) and the salt input from the growing ice has not yet reached its
maximum. Interannual changes in FWC during 2003–2007 are characterized by a
strong positive trend in the region varying by lo cation with a m aximum of
approximately 170 cm a−1 in the center of EP influenced region. Decad al FWC
variability in the period 1950–2000 is dom inated by a significant change in the
1990s forced by an atmospheric circul ation regime change. The center of
maximum FWC shifted to the sou theast and appeared to contract in area relative
to the pre-1990s climatology. In spite
of the areal reduction, the spatially
integrated FWC increased by over 1000 km3 relative to climatology.
Sutherland, D. A., R. S. Pickart, E. Peter J ones, K. Azetsu-Scott, A. Jane Eert, and J.
Ólafsson, 2009, Freshwater com position of the waters off southeast Greenland and their
link to the Arctic Ocean, J. Geophys. Res., 114, C05020, doi:10.1029/2008JC004808
The freshwater composition of waters on the southeast Greenland shelf and slope
are described using a set of high-resolu tion transects occupied in summer 2004,
which included hydrographic, velocit
y, nutrient, and chem
ical tracer
measurements. The nutrient and tracer data are used to quantify the fractions of
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Pacific Water, sea ice m elt, and meteoric water present in the upper layers of the
East Greenland Current (EGC) and East Greenland Coastal Current (EGCC). The
EGC/EGCC system dominates the circulation of this re gion and strongly
influences the observed distribution of the three freshwater types. Sea ice m elt
and meteoric water fractions are surface in tensified, reflecting their sou rces, and
generally increase southward from Denmark Strait to Cape Farewell, a s well as
shoreward. Significant fractions of Paci fic Water are found in the subsurface
layers of the EGCC, supporting the idea that this inner shelf branch is directly
linked to th e EGC and thus to the Arctic Ocea n. A set of historical sections is
examined to investigate the variability of Pacific Water content in th e EGC and
EGCC from 1984 to 2004 in th e vicinity of Denm ark Strait. The fraction of
Pacific Water increased substantially in the late 1990s and subsequently declined
to low levels in 2002 and 2004, m irroring the reduction in P acific Water content
reported previously at Fram
Strait. Th is variability is found to correlate
significantly with the Arctic Oscillation index, lagged by 9 year s, suggesting that
the Arctic Ocean circu lation patterns br ing varying amounts of Pacific W ater to
the North Atlantic via the EGC/EGCC.
Yamamoto-Kawai, M., F. A. McLaughlin, E. C. Carm ack, S. Nishino, and K. Shim ada,
2008, Freshwater budget of the C anada Basin, Arctic Ocean from salinity, δ18O and
nutrients, J. Geophys. Res, 113, C1, doi:10.1029/2006JC003858
The contribution of freshwatercom ponents (e.g. meteoritic, sea ice and Pacific
water) in th e Canada Basin is quan tified using salinity, d18O and nutrient data
collected in 2003 and 2004. The penetration depth of sea ice meltwater is limited
to the upper 30 m and brine, rejected dur ing sea ice form ation, is observed from
30 to 250 m depth. The fraction of m eteoric water is high in the upper 50 m and
decreases with depth. Pacific water entering via Bering Strait is the m ain source
of freshwater below 50 m depth. Bering Strait throughflow, which transports
Pacific water with salinity 32.5 together with meteoric water supplied upstream of
the Bering Strait, contributes up to 75 % of freshwater input (> 3,200 km3 yr-1) to
the Canada Basin. The mean residence time of Pacific water in the Canada Basin
is estimated to be 11 years.
Precipitation and river runoff from both North
American and Eurasian c ontinents add > 800 km 3 yr-1 and sea ice f ormation
removes < 900 km 3 yr-1 (< 0.6 m yr-1) of fresh water. The export of ice and
liquid fresh water from the Canada Basin contributes ~40 % of the freshwater flux
from the Arctic Ocean to the North Atlantic Ocean.
Yamamoto-Kawai, M., F. A. McLa ughlin, E. C. Car mack, S. Nishino, K. Shi mada, and
N. Kurita, 2009, Surface freshening of the Canada Basin, 2003–2007: River runoff versus
sea ice meltwater, J. Geophys. Res., 114, C00A05, doi:10.1029/2008JC005000
The extent of summer Arctic sea ice has reduced dramatically in recent years and,
simultaneously, we have observed surface freshening over the Canada Basin in
2006 and 2007. In order to identif y the source of this fresh water, either m eteoric
or sea ice m eltwater, salinity, δ 18O, and alkalinity were analyzed. Results show
that sea ice m eltwater increased in the surface water over the central p art of the
basin in 2006 and 2007, corres ponding to the melting of an additional 2.7 m (1.3
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m a−1) of sea ice. Anomalously fres h surface water observed in the southern part
in 2007, however, was mostly attributed to Mackenzie River water extending into
the basin interior, a source that was m ainly absent in the early 2000s. Comparison
with previous data sho ws that the m eltwater component of surface water in th e
southern part of the Canada Basin has pr ogressively increased at a m ean rate of
0.27 m a−1 since 1987. This can be explained by a reduction of winter sea ice
formation rate by 0.45 m or m ore during th e past two decades. The runoff
component showed larger variability in the southern basin but no obvious
temporal trend. In the central basin,
the river runoff com ponent showed a n
increasing trend of 0.7 m a−1.

2.8 Shelf Waters and Other Water Masses
Dmitrenko, I. A., S. A. Kirillov, L. B. Tremblay, D. Bauch, J. A. Hölemann, T. Krumpen,
H. Kassens, C. Wegner, G. Heinem ann, and D. Schröder, 2010, I mpact of the Arctic
Ocean Atlantic water layer on Siberian shelf hydrograp
hy, J. Geophys. Res., 115,
C08010, doi:10.1029/2009JC006020
This paper exam ines the role of the Arctic Ocean Atlantic water (AW
) in
modifying the Laptev Sea shelf bottom hydrography on the basis of historical
records from 1932 to 2008, field observations carried out in April–May 2008, and
2002–2009 cross-slope m easurements. A climatology of bottom hydrography
demonstrates warming that extends offshore from the 30–50 m depth contour.
Bottom layer temperature-time series constructed from historical records links the
Laptev Sea outer shelf to the AW bounda ry current transporting warm and saline
water from the North Atlantic. The AW warming of the m id-1990s and the m id2000s is consistent with outer shelf bo ttom temperature variability. F or April–
May 2008 we observed on-shelf near-bottom warm and saline water intrusions up
to the 20 m isobath. These intrusions are typically about 0.2°C warm er and 1–1.5
practical salinity units saltier than ambient water. Th e 2002–2009 cross-slope
observations are suggestive for the contin ental slope upward heat flux from the
AW to the overlying low-halocline water (LHW). The later al on-shelf winddriven transport of the LHW then re sults in the bottom layer the rmohaline
anomalies recorded over the Laptev Sea shelf. W e also found that polynyainduced vertical mixing may act as a drai nage of the bottom layer, permitting a
relatively small portion of the AW heat to be directly released to the atmosphere.
Finally, we see no significant warming (up until now) over the Laptev Sea shelf
deeper than 10–15 m in the historical r ecord. Future clim ate change, however,
may bring more intrusions of Atlantic-m odified waters with potentially warm er
temperature onto the shelf, which could have a critical impact on the stab ility of
offshore submarine permafrost.
Myers, P. G., N. Kulan, and M. H. Riberg aard, 2007, Irminger Water variability in the
West Greenland Current, Geophys. Res. Lett., 34, L17601, doi:10.1029/2007GL030419
We examine the historical variability of Irminger Water (IW) along 3 sections
across the West Greenland Current over 1950–2005. Significant variability in the
salinity, size and position of the IW core are seen over tim e. Some of the saltiest
and warmest IW ever recorded have
been seen since 1995 (comparable to
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previous maximums in the 1960s). During these periods, the volume of IW is also
larger, leading to larger transports in to the Labrador Sea. For the period 1984–
2005 transports at Cape Farewell are 3.8 ± 0.9 Sv, 7.5 ± 2.2 × 10 13 J and 8.5 ± 1.8
mSv of salt referenced to 35.0. LSW formation is also correlated to IW transport
at Cape Farewell with a lag of one year (0.51).
Nishino, S., K. Shi mada, M. Itoh, M. Ya mamoto-Kawai, and S. Chiba, 2008, East–west
differences in water mass, nutrient, and chlorophyll a distributions in the sea ice
reduction region of the western Arctic Ocean,
J. Geophys. Res., 113, C00A01,
doi:10.1029/2007JC004666
The R/V Mirai conducted hydrographic survey s in the western Arctic Ocean
during summer 2004 a cross a front between cold Arctic water and warm water
from the Pacific Ocean where sea ice c over has been larg ely reduced in recent
summers. The hydrographic data indicate a new type of vertical temperature
minimum water west of the front along
isohaline surfaces with approxim ate
salinity (S) of 32, which is fresher than the typical tem perature minimum (S ≈ 33)
caused by s preading of Pacific winter wa ter (PWW) mainly to the e ast of the
front. Both of the temperature minimum waters are characterized by low potential
vorticity with near-f reezing temperature, suggesting that they are form ed by
winter convection with sea ice formation. A difference between the waters results
from a large contribu tion of sea ice m eltwater to the fresh temperature m inimum
(frTmin) water of S ≈ 32. The distributions of the sea ice meltwater contribution
and nitrogen deficit suggest that summer shelf water, largely influenced by the sea
ice melt in the Chukchi Sea, is m odified by winter convectio n on its way to the
Chukchi Abyssal Plain to for m the frTm in water. This water supplies nutrients
through the water distribution to the west of the front at depths shallower than the
nutrient maximum layer caused by the PWW spreading. The shallow er nutrient
supply by the frTmin water combined with light penetration without sea ice cover
could produce a prominent chlorophyll a maximum layer west of the front.

2.9 Atmosphere-Ocean
Guo, S., H. Leighton, an d M. MacKay, 2007, Surface Absorbed and Top-of-Atmosphere
Radiation Fluxes for th e Mackenzie River Ba sin from Satellite Observations and a
Regional Climate Model and an Evaluation of the Model, Atmos.-Ocean, 45(3): 129–139,
doi:10.3137/ao.450301
Both the earth-reflected shortwave and outgoing longwave radiation (OLR) fluxes
at the top of the atmosphere (TOA) as well as s urface-absorbed solar fluxes from
Canadian Regional Climate Model (CRCM) simulations of the Mackenzie River
Basin for the period March 2000 to Se ptember 2003 are com pared with the
radiation fluxes deduced from satellite observations. The differences between the
model and satellite solar fluxes at the TOA and at the surface, which are used in
this paper to evaluate the CRCM performance, have opposite biases under clear
skies and overcast conditions, sugge
sting that the surface albedo is
underestimated while cloud albedo is overestim
ated. The slightly larger
differences between the m odel and satell ite fluxes at the surface co mpared to
those at the TOA indicate the existence of a small positive atmospheric absorption
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bias in the model. The persistent overestimation of TOA reflected solar fluxes and
underestimation of the surface-absorbed solar fluxes by the CRCM und er all sky
conditions are consistent with the ov erestimation of cloud fraction by the CRCM .
This results in a larger shortwave cloud radiative forc ing (CRF) both at the TOA
and at the surface in the CRCM simulation. T he OLR fro m the CRCM agrees
well with the satellite observations except for persistent negative biases during the
winter months under all sky conditions. U nder clear skies, th e OLR is slightly
underestimated by the C RCM during the wint er months and overestimated in the
other months. Under overcast conditions the OLR is u nderestimated by th e
CRCM, suggesting an underestim ation of cloud -top temperature by the CRCM.
There is an im provement in differen ces between model and satellite fluxes
compared to previously reported result s largely because of changes to the
treatment of the surface in the model.
Lukovich, J. V., M. G. Asplin, and D. G.
Barber, 2009, At mospheric forcing of the
Beaufort Sea ice gy re: Surface-stratosphere cou pling, J. Geophys. Res., 114, C00A03,
doi:10.1029/2008JC004849
In a com panion article we exa mined the nature of correspondence between
synoptic weather patterns and reversals in the Beaufort Sea ice gyre. In this paper
we extend this ana lysis to exam ine the role of stratospheric forcing on surface
phenomena. Investigated in particular is the correspondence be tween reversals in
stratospheric winds at 10 m bar during wi nter as defined by stratospheric sudden
warmings (SSW) and mean sea level pressu re synoptic types in the B eaufort Sea
region. Connections between strato spheric and surface events are characterized
using relative vorticity and th e square of strain com puted at different pressure
levels from the stratosphere to the surface in the Beaufort Sea region. We quantify
the correspondence between stratosphe ric flow and surfa ce phenomena through
investigation of the frequency in synoptic types derived in a com panion article
during stratospheric sudden warm ing events. Investigation of stratospheric wind
gradients averaged over the Beaufort Sea regio n demonstrates a prevalence in
anticyclonic activity during SSWs that p ersists for approximately 20 days.
Examination of the evolution in synoptic types in the Beau fort Sea reg ion also
shows an increase in the num ber of synoptic types associated with anticyclonic
activity during SSWs.
Martin, R., and G. W . K. Moore, 2007, Air-sea interaction associated with a Greenland
reverse tip jet, Geophys. Res. Lett., 34, L24802, doi:10.1029/2007GL031093
Greenland lies in c lose proximity to the North Atlantic storm track, and as such
can be a point of strong orographic intera ction with atmospheric flow. For several
years now, it has been known that the inter action of synoptic scale cyclones with
Greenland's orography can spawn localized high wind speed events, known as tip
jets off its southernm ost point. Climatologies of these events have shown that tip
jets can have either a w esterly (normal) or easterly (revers e) sense. In this paper,
we present the first simulation of a reverse tip jet presenting an examination of the
air-sea interaction that occurs durin g this event. The strength of this interac tion
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demonstrates the po tential influence that these events can have on the region' s
surface and abyssal oceanic circulation.
Moore, G. W. K., R. S. Pickart, and I. A. Renfrew, 2008, Buoy observations from the
windiest location in the world ocean , Cape Farewell, Greenland, Geophys. Res. Lett., 35,
L18802, doi:10.1029/2008GL034845
Cape Farewell, Greenland's southernmost point, is a region of significant interest
in the m eteorological and oceanographic co mmunities in that atm ospheric flow
distortion associated with the high topogra phy of the region leads to a num ber of
high wind speed jets. The resulting larg
e air-sea fluxes of m omentum and
buoyancy have a dram atic impact on the region's weather and ocean circulation.
Here the first in-situ observations of
the surface m eteorology in the region,
collected from an instrum ented buoy, are presented. The buoy wind speeds are
compared to 10 m wind speeds from the QuikSCAT satellite and the North
American Regional Reanalysis (NARR). W e show that the QuikSCAT retr ievals
have a high wind speed bias that is absent from the NARR winds. The spatial
characteristics of the high wind speed events are also presented.
Pickart, R. S., L. J. Pratt, D. J. Torres, T. E. Whitledge, A. Y. Proshutinsky, K. Aagaard,
T. A. Agnew, G. W. K. Moore, and H. J. Dail, 2010, Evolution and dynamics of the flow
through Herald Canyon in the western Chukchi Sea, Deep Sea Res. Part II, 57(1-2): 5-26,
doi:10.1016/j.dsr2.2009.08.002
The flow of summ er and winter Paci fic water masses through Herald Canyon is
investigated using data from a high-re solution hydrographic/velocity survey
conducted in summer 2004. The survey was part of the Russian-Am erican Long
Term Census of the Ar ctic (RUSALCA) program , and consisted of four crosscanyon transects occupied over a 2-day pe riod. At the tim e of the survey dense
winter water was entering the western side of the ca nyon from the Chukchi Sea,
flowing alongside a poleward jet of summer water on the ca nyon’s eastern flank.
As the dense water progressed northward it switched sides of the canyon and
underwent a sudden increase in layer thickness. This co incided with vertical
mixing near the interface of the winter and summer water, producing a new water
mass mode exiting the canyon. All of these features are consistent with the notion
of hydraulic activity occurring in the ca nyon. A three-layer hydraulic theory is
applied to the flow, which suggests that
it is supercritica l and that hydraulic
control is likely. A lock -exchange formulation accurately predicts the northward
transport of the winter water. The origin of the winter water and the m anner in
which it drains into the canyon is investigated using satellite ice-concentration
data, atmospheric re-analysis fields, hi storical in-situ da ta, and a sim ple
circulation model. Finally, the fate of th e Pacific water exiting the canyon, and its
connection to the Chukchi shelfbreak current, is discussed.
Renfrew, I. A., S. D. Outten, and G. W . K. Moore., 2009, An easterly tip jet off Cape
Farewell, Greenland. I: Aircraft observations. Quart. J. Roy. Met. Soc., 135: 1919–1933,
doi:10.1002/qj.513
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An easterly tip jet event off Cape Farewe ll, Greenland, is described and analysed
in considerable detail. In Part I of this study (this paper) co mprehensive aircraftbased observations are desc ribed, while in Part II
of this study num erical
simulations and a dynam ical analysis are presented. The easterl y tip jet of 21
February 2007 took place during the Green land Flow Distortion experim ent. It
resulted through the interaction of a barotropic synoptic-scale low pressure system
in the central North Atlantic and the high topography of southern Greenland. In
situ observations reveal a jet core at the coast with peak winds of almost 50 m s−1,
about 600–800 m above the sea surface, and of 30 m s−1 at 10 m. The depth of the
jet increased with win d speed f rom ∼1500 m to ∼2500 m as the peak winds
increased from 30 to 50 m s−1. The jet accelerated and cu rved anticyclonically as
it reached Cape Farewell and the end of the barrier. The easterly tip jet was
associated with a ton gue of cold a nd dry air along the coast of
southeast
Greenland, general cloud cover to the east, and cloud street s to the south of Cape
Farewell. Precipitation was observed dur ing the low-level com ponents of the
flight. The very high wind speeds gene rated a highly turbulent atmospheric
boundary layer and resulted in so me of the highest su rface wind stresses ever
observed over the ocean.
Scinocca, J. F., M. C. Reader, D. A. Pl
ummer, M. Sigmond, P. J. Kushner, T. G.
Shepherd, and A. R. Ravishankara, 2009, Im pact of sudden Arctic sea-ice loss on
stratospheric polar ozone recovery,
Geophys. Res. Lett., 36, L24701,
doi:10.1029/2009GL041239
We investigate the sensitivity of Northern Hemisphere polar ozone recovery to a
scenario in which there is rapid loss of Arctic summer sea ice in the first half of
the 21st century. The issue is addressed by coupling a chemistry climate model to
an ocean general circulation model and performing simulations of ozone recovery
with, and without, an external perturbation designed to cause a rapid and complete
loss of summertim e Arctic sea ice.
Under this extrem e perturbation, the
stratospheric response takes the form of a springtim e polar cooling which is
dynamical rather than radiative in origin , and is caused by re duced wave forcing
from the troposphere. T he response lags th e onset of the sea- ice perturbation by
about one decade and lasts for m ore than two decades, and is asso ciated with an
enhanced weakening of the North Atlant ic meridional overturning circulation.
The stratospheric dynamical response leads to a 10 DU reduction in polar column
ozone, which is statistically robust. While this represents a modest loss, it has the
potential to induce a delay of ro ughly one decade in Arctic ozo ne recovery
estimates made in the 2006 Scientific Assessment of Ozone Depletion.

2.10 Sea Ice
Barber, D. G., R. Galley, M. G. Asp lin, R. De Abreu, K.-A. W arner, M. Pu ćko, M.
Gupta, S. Prinsenberg, and S. Julien, 2009, Pere nnial pack ice in th e southern Beaufort
Sea was not as it appeared in the summer of 2009,
Geophys. Res. Lett., 36, L24501,
doi:10.1029/2009/GL041434
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In September 2009 we observed a m uch different sea icescape in the Southern
Beaufort Sea than anticipated, based on remotely sensed products. Radarsat
derived ice charts predicted 7 to 9 tenths multi-year (MY) or thick first-year (FY)
sea ice throughout m ost of th e Southern Beaufort Sea in the deep water of the
Canada Basin. In situ o bservations found heavily decayed, very s mall remnant
MY and FY floes interspersed with ne w ice between floes, in m elt ponds, thaw
holes and growing over negative freeboard older ice. This icescape contained
approximately 25% open water, predom inantly distributed in between floes or in
thaw holes connected to the ocean below. Although this rotten ice regim e was
quite different that the expected MY regime in terms of ice volum e and strength,
their near-surface physical properties were found to be sufficiently alike that their
radiometric and scattering characteristics were almost identical.
Bonnet, S. , A. de Vernal, C. Hillaire-Marcel , T. Radi, and K. Husu m, Variability of seasurface temperature and sea-ice co ver in the Fram Strait over th e last two m illennia,
Marine Micropaleontology, 74(3-4): 59-74, doi:10.1016/j.marmicro.2009.12.001
A sediment core loca ted on the W est Spitzbergen margin in the Fram Strait
(78°54.931′N, 6°46.005′E, water depth: 1497 m) was analyzed for its dinocyst
content in order to reconstruct hydroclimatic variations of the last 2500 years. The
relative abundance of dinocyst taxa and principal component analysis show a
major transition at about 300
cal. years BP. It is characterized by the
disappearance of thermophilic taxa Spiniferites mirabilis-hyperacanthus and
Impagidinium sphaericum and the increase of polar–subpolar taxa Impagidinium
pallidum and Pentapharsodinium dalei. Sea-surface temperature (SST) estimates
suggest warmer conditions than present (anomaly +2 °C) averaging at 7 °C in
summer until 300 cal. years BP, although cooling pulses are recorded around
1700, 1500, 1200 and 800 cal. years BP. The last 300 years were m arked by a
cooling from 7.6 to 3.5 °C and se a-ice cover increasing up to 7 months/yr. The
results demonstrate that the F ram Strait area is sensitive to hydroclim
atic
variations, notably with respe ct to sea-ice and SSTs, which a re linked to the
relative strength of northward flow of No rth Atlantic waters to th e East and
southward outflow of cold and fresh wate rs from the Arctic Ocean. Based on our
data, the warmest part of our record around 1320 cal. years BP is the only interval
of the last 2500 years that provides a possible analogue for the m odern post-AD
2000 interval, which is characterized by sea-ice free conditions.
Copland, L., D. R. Mueller, and L. W eir, 2007, Rapid loss of the Ayles Ice Shelf,
Ellesmere Island, Canada, Geophys. Res. Lett., 34, L21501, doi:10.1029/2007GL031809
On August 13, 2005, almost the en tire Ayles Ice Shelf (87.1 km 2) calved off
within an hour and created a new 66.4 km 2 ice island in the Arctic O cean. This
loss of one of the six rem aining Ellesmere Island ice shelves reduced their overall
area by ∼7.5%. The ice shelf was likely weaken ed prior to calving by a long-term
negative mass balance related to an increase in mean annual temperatures over the
past 50+ years. The weakened ice s helf then calved during the warm est summer
on record in a period of high winds, record low sea ice conditions and the loss of a
semi-permanent landfast sea ice fringe . Climate reanalysis suggests that a
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threshold of >200 positive degree days year −1 is important in dete rmining when
ice shelf calving events occur on N. Ellesmere Island.
Dmitrenko, I. A., S. A. Kirillov, L. B. Tr emblay, D. Bauch, and S. W illmes, 2009, Seaice production over the Laptev Sea shelf in
ferred from historical summer-to-winter
hydrographic observations of 1960s–1990s,
Geophys. Res. Lett., 36, L13605,
doi:10.1029/2009GL038775
The winter net sea-ice pr oduction (NSIP) over the Lapt ev Sea shelf is inferred
from continuous summer-to-winter hist orical salinity records of 1960s –1990s.
While the NSIP strongly depends on the assumed salinity of newly form ed ice,
the NSIP quasi-decadal variab ility can be linked to the wind-dr iven circulation
anomalies in the Laptev Sea region. The increased wind-driven advection of ice
away from the Laptev Sea coast w hen the Arctic Oscillation (AO) is positiv e
implies enhanced coastal polynya sea-ice production and brine release in the shelf
water. When the AO is negative, the NSIP and seasonal salinity am plitude tends
to weaken. These results are in reasonable agreem ent with sea-ice obs ervations
and modeling.
Dumas, J. A., H. Melling, and G. M. Flato, 2007, Late-Summer Pack Ice in the Canadian
Archipelago: Thickness Observations from a Ship in Transit, Atmos-Ocean, 45(1): 57-70,
http://www.cmos.ca/Ao/articles/v450105.pdf
A digital video cam era was used to photogr aph ice blocks turned on edge by the
passage of the icebreaker CCGS Des Groseilliers operating in the Canadian High
Arctic in August 2002. Ice thickness was derived from photogrammetry to an
accuracy of about 10%, with a po ssible negative bias of about 3%. Further
(presumably negative) bias related to route selection is unknown. The average
thickness of blocks m easured during half -hour intervals of observation varied
between 0.35 and 0.70 m ; the higher values are likely indicative of second-year
ice. The greatest thickness of any singl e block was less than 2 m . Histograms of
thickness were nearly symm etric and approximately Gaussian. There is evidence
to indicate that the scarcity of ridged ice reflects the ice conditions of the area and
is not an artefact of the m ethod. Based on ancillary wintertime data, the pack ice
in open waters of the north-eastern Archipelago thawed at about 0.02 m d–1 in the
summer of 2002, about three tim es less rapidly than ice near the shore. W hereas
coastal ice had vanished five weeks prio r to our voyage, pack ice in Norwegian
Bay, though thin, persisted until the end of September and becam e second-year
ice. The difference is likely a consequence of the different microclimate near land,
particularly with respect to the time of onset of the thaw season.
Dyck, S., L. B. Trem blay, and A. de Vernal , 2010, Arctic sea-ice cover from the early
Holocene: The role of atmospheric circulation patterns, Quat. Sci. Rev.,
Proxy evidence suggests that a m ean atmospheric state, rem iniscent of the
positive phase of the North Atlantic/A
rctic Oscillation (NAO), persisted
throughout the early Holocene and resulte d in a dipole pattern in sea-ice
concentration between the north -eastern and north-western North Atlantic. A
dynamic thermodynamic coupled sea-ice–ocean model is used to simulate the sea83

ice concentration and thickness in the Ar ctic during the early Holocene. It is
forced with winds, ocean currents and surface air temperatures (SAT) from recent
years with a positive phase of the NAO
in conjunction with altered long and
shortwave radiation and
surface air/ocean temperatures. The s imulation
reproduces an east/west dipol e in sea-ice cover of the Arctic and is compatible
with reconstructed sea-ice conditions
in the Chukchi Sea (inferred from
dinoflagellate cyst analysis of ocean sedim ent cores). Se nsitivity studies were
performed to investigate the individual effects of radiation, ocean forcing, SAT
and winds on sea-ice cover. Results show that in the East Siberian Sea, SAT is the
dominant forcing for changes in sea-i ce thickness, whereas winds and SAT are
the dominant factors in sea-ice con centration anomalies. In the Barents Sea, seaice anomalies are influ enced by air and s ea surface temperatures, and ocean
currents.
England, J. H., T. R. La keman, D. S. Lemmen, J. M. Bednarski, T. G. Stewart, and D. J.
A. Evans, 2 008, A m illennial‐scale record of Ar ctic Ocean sea ice variability and the
demise of the Ellesm ere Island ice shelves,
Geophys. Res. Lett., 35, L19502,
doi:10.1029/2008GL034470
Sea‐ice ice shelves, at the apex of North America (>80° N), constitute the oldest
sea ice in the Northern Hem isphere. We document the establishment and
subsequent stability of the Ward Hunt Ice Shelf, and multiyear landfast sea ice in
adjacent fiords, using 69 radiocarbon dates obtained on Holocene driftwood
deposited prior to coastal blockage. These dates (47 of which are n ew) record a
hiatus in driftwood deposition b eginning ∼5500 cal yr BP, m arking the inception
of widespread m ultiyear landfast sea ice acro ss northern Ellesm ere Island. This
chronology, together with historical observations of ice shelf breakup ( ∼1950 to
present), provides the only m illennial‐scale record of Arctic Oce an sea ice
variability to which the past three decad
es of satellite surveillance can be
compared. Removal of the rem aining ice shelves would be unprecedented in the
last 5500 years. This highlights the impact of ongoing 20th and 21st century
climate warming that continues to break up the rem aining ice shelves and soon
may cause historically ice‐filled fiords nearby to open seasonally.
Fortier, L., and J. K. Cochran, 2008, Introductio n to special section on Annual Cycles on
the Arctic Ocean Shelf, J. Geophys. Res., 113, C03S00, doi:10.1029/2007JC004457
The perennial sea-ice cover of the Arctic Ocean is shrinking rapidly in response to
the anthropogenic warming of Earth's lower atmosphere. From September 2002 to
September 2004 the Canadian Arctic Shelf Exchange Study (CASES) logged over
14,500 scientist-days at sea to document the potential impacts of a shift in sea-ice
regime on the ecosystem of the Mackenzie Shelf in the southeastern Beaufort Sea.
In particular, team s from Canada, De nmark, Japan, Norway, Spain, the United
Kingdom, and the United States totalling ov er 200 scientists took rotations on the
CCS Amundsen to study all aspects of the ecosystem during a 385-day overwintering expedition in the region fro m September 2003 to September 2004. The
resulting wealth of inform ation has revealed an unexpectedly active food web
under the winter sea ice of the coastal Beaufort Sea. From the thermodynamics of
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snow to the reconstruction of local paleo- climate, this special section focuses on
how sea-ice cover dynam ics dictate bi ological processes and biogeochem ical
fluxes on and at the margin of the shallo w Arctic continental shelf. The highly
successful CASES pr ogram has ini tiated ongoing tim e series of key
measurements of the response of the m arine ecosystem to change that have been
expanded to other Arctic regions th
rough the ArcticN et project and the
International Polar Year.
Fukamachi, Y., K. Shirasawa, A. M. Po lomoshnov, K. I. Ohshi ma, E. Kalinin, S.
Nihashi, H. Melling, G. Mizuta, and M. Wakatsuchi, 2009, Direct observations of sea-ice
thickness and brine rejection off Sakhalin in the Sea of Okhotsk, Cont. Shelf Res., 29(1112): 1541-1548, doi:10.1016/j.csr.2009.04.005
From December to June 2002–2003, sea-ice an d oceanic data were obtained from
moorings near Sakhalin in the west centr al Okhotsk Sea. Ice draft m easured by
sonar reveals distinct periods of thin and thick ice. Th in-ice periods in January–
March corresponded to offshore ice m ovement and increasing seawater salinity.
The measured change in salinity corres ponds well with that derived from heatflux calculations using the observed ice
thickness. Brine rejection f rom ice
growing in a coastal polynya off northern Sa khalin is responsible for much of the
observed salinity increase. The simultane ous observation of dense shelf water
(>26.7σθ) suggests that this region is one possi ble source. The periods of thick-ice
incursion are likely indicative of heavily deformed pack formed further north and
drifting south with the curre nt. The mean draft (1.95 m ), thick-ice ratio, and kee l
frequency during these periods are close to values observed in the Beaufort Sea.
Freshwater transport estimated from the observed ice thickness and velocity is
larger than that of the Amur River discharge.
Galley, R. J., E. Key, D. G. Barber, B.
J. Hwang, and J. K. Ehn, 2008, Spatial and
temporal variability of sea ice in the southern B eaufort Sea and Am undsen Gulf: 1980–
2004, J. Geophys. Res., 113, C05S95, doi:10.1029/2007JC004553
Changing extent, location, and m otion of th e Arctic perennial pack affect the
annual evolution of seasonal ice zones. Ca nadian Ice Service digital ice charts
covering the southern Beauf ort Sea and Amundsen Gulf are used to illustrate
summer and winter conditions and tre nds between 1980 and 2004 for several sea
ice stages of development. Results illustrate average sea ice c onditions within the
region in summer and winter for predom inant sea ice types and chang es in the
relative concentration of sea ice types in summer and winter. In summe r, a trend
toward increased old sea ice concentrati on occurred near the mouth of Amundsen
Gulf, with a trend towar d decreasing summer first-year sea ice farth er west. In
winter, increasing thick first-year sea ice extent appears to be replacing young sea
ice within the flaw lead system in the region. The dynamically driven breakup of
sea ice in spring in the Amundsen Gulf is a highly variable event taking anywhere
between 2 and 22 weeks to com pletely remove ice from the gulf. The timing and
duration of the open water season depends upon the extent and tim ing of old ice
influx. Freeze-up occurs very quickly, procee ding from west to east with little
temporal variability. The results of this paper are used to s et the context for the
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Canadian Arctic Shelf Exchange Study (CASES) in terms of sea ice dynamic and
thermodynamic processes.
Howell, S. E. L., A. Tivy, J. J. Yackel
, and S. McCourt, 2008, Multi-year sea-ice
conditions in the western Cana dian arctic archipelago regi on of the northwest passage:
1968–2006, Atmosphere-Ocean, 46(2): 229-242. doi:10.3137/ao.460203
Numerous studies have repor ted decreases in Arctic se a-ice cover over the past
several decades and General Circulation Model (GCM) simulations continue to
predict future decreases. These decreases — particularly in thick perennial or
multi-year ice (MYI) — have le d to c onsiderable speculation about a m ore
accessible Northwest Passage (N WP) as a transit rou te through th e Canadian
Arctic Archipelago (CAA). The Canadian Ice Service Digital Archive (CISDA) is
used to investigate dynam ic import/export and in situ growth of MYI within the
western CAA regions of the NWP from 1968 to 2006. This analysis finds that
MYI conditions in the western CAA regions of the NWP have remained relatively
stable because the M'Clintock Channel and Franklin regions continuously operate
as a drain-trap m echanism for MYI. Resu lts also show th at in addition to th e
Queen Elizabeth Islands (QEI) region,
the Western Parry Channel and the
M'Clintock Channel are also regions wh ere a considerable amount of MYI forms
in situ and combined with dynamic imports contributes to heavy MYI condition s.
There is also evidence to suggest that more frequent dynamic import of MYI
appears to have occurred since-1999 com pared to the f ormation of more MYI in
situ before 1999. As a result, the draintrap mechanism that has historically
maintained heavy MYI conditions in th e NWP is perhaps operating faster now
than it was in the past. Based on the 38-year MYI record examined in this study, it
is likely tha t the m echanisms operating within the western CAA regions of the
NWP can facilitate the continued presence of MYI for quite some time.
Howell, S. E. L., C. R. Duguay, and T. Markus, 2009, Sea ice conditions and melt season
duration variability with in the Canadian Arctic Archipelago : 1979-2008, Geophys. Res.
Lett., 36, L10502, doi:10.1029/2009GL037681
Sea ice conditions and m elt season durat ion within the Canadia n Arctic
Archipelago (CAA) were investigated from 1979–2008. The CAA is exhibiting
statistically significant decreases in average September total sea ice area at -8.7%
decade-1. The melt season duration within the C AA is increasing sign ificantly at
7 days decade-1. 2008 represented the l ongest melt season duration within th e
CAA over the satellite record at 1 29 days. Average September multi-year ice
(MYI) area is decreasing at -6.4 % decade-1 but has y et to reach statistical
significance as a result of increasing MYI dynamic import from the Arctic Ocean.
Results also find that th e Western Parry Channel (WPC) region of the Northwest
Passage (NWP) will continue to be sus ceptible to MYI as the tran sition to a
summer-time sea ice free Arctic continue s. The processes responsible for the
temporary clearing of the WPC region of the NWP in 2007 were also identified.
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Howell, S. E. L., A. Tivy, T. Agnew, T. Markus, and C. Derksen, 2010, Extrem e low sea
ice years in the Canadian Arc tic Archipelago: 1998 versus 2007, J. Geophys. Res., 115,
C10053, doi:10.1029/2010JC006155
Extreme sea ice m inima were observed within the Canadian Arctic Archipelago
(CAA) during 1998 and 2007. The Septem ber average sea ice area was 2.90 and
2.65 standardized anomalies below the historical 1968–1996 climatology for 1998
and 2007, respectively. October sea i ce area f or 1998 was a staggering 4.45
standardized anomalies below the historical 1968–1996 clim atology and 2007
was lower by 3.36 standardized anom
alies. We examine the role of
thermodynamic and dynamic forcing on CAA sea ice that was responsible for its
extreme loss in 1998 and 2007. Therm odynamic forcing on the sea ice was
concentrated over 1 m onth in 2007 facilita ting rapid m elt, contrasted agains t a
long melt season in 1998. This variation wa s attributed to anom alously warm air
temperatures in June, September, and October for 1998 compared to anomalously
warm temperatures in July for 2007. S ea ice dynam ics contributed to the 1998
minimum by inhibiting replenishment from the Arctic Ocean but actually
facilitated replenishment in 2007 ther eby preventing record low conditions.
Replenishment was driven by dissimilarities in sea level pressure patterns over the
CAA during these extrem e years. Evidence f or preconditioned thinning was
apparent leading up to 2007 but not str ongly apparent for 1998. Re markably, at
the onset of 1998 melt season, multi-year ice area within the CAA was 11% m ore
than the historical clim atology and 48% m ore than at the start of the 2007 m elt
season yet an extreme minima was still reached.
Kinnard, C., C. M. Zdanowicz, R. M. Koer ner, and D. A. Fisher, 2008, A changing
Arctic seasonal ice zo ne: Observations from 1870–2003 and possible oceanographic
consequences, Geophys. Res. Lett., 35, L02507, doi:10.1029/2007GL032507
Changes in the exten t of seasonal ice we re investigated using historical and
satellite observations for the period 1870–2003. The seasonal ice zone (SIZ) has
been gradually expandin g since 1870, with a marked acceleration over the past
three decades, and has m igrated north to en compass all p eripheral Arctic s eas.
The expansion of the SIZ m ay be incr easing the salinity of the upper Arctic
Ocean, consistent with recent observations. The migration of the SIZ over
continental shelves m ay also be enhanc ing the formation rate and s alinity of
Arctic deep waters, which are subsequen tly advected to the convective region of
the Greenland-Iceland-Norwegian Sea, th ereby influencing the form ation of
North Atlantic deep waters and related global thermohaline circulation.
Lukovich, J. V. and D. G. Barber, 2007, On the spatiotem poral behavior of sea ice
concentration anomalies in the Northern Hem isphere, J. Geophys. Res., 112, D13117,
doi:10.1029/2006JD007836
Reduction in the aerial extent and thickness of sea ice in the Northern Hemisphere
is an important element in understanding how the arctic responds to global-scale
climate variability and change. Previous studies have demonstrated a significant
reduction in minimum sea ice exten t [Serreze et al., 2003] with reco rd reduction
in 2005. Observational studies attribute this phenomenon to variations in sea level
87

pressure and large-scale atmospheric teleconnection patterns such as the Northern
Annular Mode (NAM) [Deser et al., 2000; Serreze et al., 2003]. In this study we
examine variations in sea ice in the context of spatiotemporal variability of sea ice
concentration (SIC) anomalies in the Northern Hemisphere during the onset of ice
formation. Examined in particular are timescales associated with coherent regions
of persistence in an e-folding time spatial distribution (EFSD). Annual variations
of weekly SIC anom alies are s tudied and spatial relations between positive and
negative SIC anomalies are explored on a hemispheric scale. The results from this
investigation demonstrate coherent SI C persistence patterns throughout the
Northern Hemisphere, with tim escales ranging from 3 to 7 weeks. Spatial
correspondence between negative trends in SIC anomalies and the EFSD suggests
that the same mechanism may be responsible for both increased ice reduction and
persistence in this region. Examination of spatial c oherence in S IC anomalies
indicates that maximum SIC anomalies prevail near the Kara Sea, Beaufort Sea,
and Chukchi Sea regions during late summer/early fall from 1979 to 2004. A
latitudinal assessment at 80°, 70°, and 60° N indicates a poleward shift and retreat
in SIC ano malies, while also underlin ing the decadal shif t in variability often
attributed to the NAM.
Min, S.-K., X. Zhang, F. W. Zwiers, and T. Agnew, 2008, Human influence on Arctic sea
ice detectable from early 1990s onwards,
Geophys. Res. Lett., 35, L21701,
doi:10.1029/2008GL035725
Human influence has previously been identi fied in the observed loss of Arctic sea
ice, but this hypothesis has not yet been tested with a formal optim al detection
approach. By com paring observed and m ulti-model simulated changes in Arctic
sea ice extent during 1953–2006 using an op timal fingerprinting method, we find
that the anthropogenic signa l first em erged in the ear ly 1990s, indicating that
human influence could have been detected even prior to the recent dramatic sea
ice decline. The anth ropogenic signal is also dete ctable for individual m onths
from May to Decem ber, suggesting that human influence, strongest in late
summer, now also extends into colder seasons.
Polyakov, I. V., L. A. Timokhov, V. A. Alexeev, S. Bacon, I. A. Dmitrenko, L. Fortier, I.
E. Frolov, J.-C. Gascard, E. Hansen, V. V. Ivanov, S. Laxon, C. Mauritzen, D. Perovich,
K. Shimada, H. L. Simmons, V. T. Sokolov, M. Steele, and J. Toole, 2010, Arctic Ocean
Warming Contributes to Reduced Polar Ice Cap, J. Phys. Oceanogr., 40, 2743–2756,
doi:10.1175/2010JPO4339.1
Analysis of modern and historical observ ations demonstrates that the temperature
of the intermediate-depth (150–900 m) Atlantic water (A W) of the Arctic Ocean
has increased in recent decades. Th e AW warming has been uneven in tim e; a
local 1°C maximum was observed in the m id-1990s, followed by an intervening
minimum and an additional warm ing that culminated in 2007 with tem peratures
higher than in the 1990s by 0.24°C. Relative to climatology from all data prior to
1999, the most extreme 2007 temperature anomalies of up to 1°C and higher were
observed in the Eurasian and Makarov Ba sins. The AW wa rming was associated
with a substantial (up to 75–90 m ) shoaling of the upper AW boundary in the
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central Arctic Ocean and weakening
of the Eurasian Basin upper-ocean
stratification. Taken togeth er, these observations suggest that the changes in the
Eurasian Basin facilitated greater upward transfer of AW heat to the ocean surface
layer. Available limited observations and results from a 1D ocean colu mn model
support this surm ised upward spread of AW heat through the Eurasian Basin
halocline. Experiments with a 3D coupled ice–ocean model in turn suggest a loss
of 28–35 cm of ice thickness after 50 yr in response to the 0.5 W m−2 increase in
AW ocean heat flux su ggested by the 1D m odel. This amount of thinning is
comparable to th e 29 cm of ice thickness loss due to loc al atmospheric
thermodynamic forcing estimated from observations of fast-ice thickness decline.
The implication is that AW warming helped precondition the polar ice cap for the
extreme ice loss observed in recent years.
Prinsenberg, S. J. and R. Pettipas. 2008, Ice and ocean mooring data statistics from
Barrow Strait, the central section of the NW Passage in the Canadian Arctic Archipelago,
Int. J. Offshore Pol. Eng., 18(4): 277-281
Since August 1998, personnel from the Be dford Institute of Oceanography have
deployed year-long moorings in Barrow Strait of the Canadian Arctic Archipelago
(CAA) to monitor the seasonal and inter-annual variabilities of ocean and pack ice
parameters. Data f rom these moorings provide statistics on ice drafts and on
ocean and ice velocities. Th is statistical inform ation is presented here for bimonthly subsets of the total eight y ear time series. Max imum ocean and ice
velocities of 150 cm/sec were observed and ice drafts of up to 22 m . The 8-yr bimonthly mean currents were stronger al ong the southern shore (15 cm /sec) where
most of Arctic surface waters pass eastwards through the Barrow Strait.
Qian, M., C. Jones, R. Laprise, and D. Ca ya, 2008, The influences of NAO and Hudson
Bay sea-ice on the clim
ate of eastern Canada,
Clim. Dyn., 31: 169-182,
doi:10.1007/s00382-007-0343-9
Sea-ice cover over the Hudson Bay (HB) exhibits large variability in the freeze-up
season normally starting in November. Its influence on the climate over eastern
Canada has been studied with the Canadian Regional Climate Model (CRCM) in
three steps. First, a 30-year continuous simulation from 1970 to 1999 was
performed as a control run to evaluate the simulated climate variability over eastern
Canada, in particularly variability associated with the North Atlantic oscillation
(NAO). Then, 50 additional 1 month experiments were performed with modified
sea-surface conditions prescribed over the HB. These integrations allowed us to
quantify the contribution of HB sea-ice anomalies versus large scale NAO
atmospheric variability (as defined by prescribed lateral boundary conditions) in
inducing climate variability over eastern Canada. Results show that the NAO is the
dominant factor controlling climate variability over eastern Canada. The
contribution of HB sea-ice anomalies is significant only in the immediate coastal
region. Under the influence of different phases of NAO, HB sea-ice anomalies do
co-vary with temperature and precipitation anomalies downstream of the HB over
eastern Canada. The ultimate cause of this co-variability is NAO variability which
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forces variability in both HB sea-ice cover as well as temperature/precipitation over
eastern Canada.
Rabenstein, L., S. Hendricks, T. Martin, A. Pfaffhuber, and C. Haas, 2010, Thickness and
surface-properties of different sea-ice regim es within the Arctic T rans Polar Drift: Data
from summers 2001, 2004 and 2007,
J. Geophys. Res., 115, C12059,
doi:10.1029/2009JC005846
Large-scale sea-ice thickness and s urface property data w ere obtained in th ree
summers and in thre e different sea-ice regimes in the Arc tic Trans-Polar Drift
(TPD) by means of helic opter electromagnetic sounding. Distribution functions P
of sea-ice thickness and of the height, spacing, and de nsity of sails were analyzed
to characterize ice regim es of different ages and deform ations. Results suggest
that modal ice thickness is affected by th e age of a sea-ice regim e and that the
degree of deformation is represented by the shape of P. Mean thickness changes
with both age and defor mation. Standard error calculations showed that
representative mean and modal thickness could be obtained with transect lengths
of 15 km a nd 50 km , respectively, in less deform ed ice regim es such as those
around the North Pole. In heavier defor med ice regimes closer to Greenland, 100
km transects were necessary for mean thickness determination and a
representative modal thickness could not be obtained at all. Mean sail height did
not differ between ice regim es, whereas sail density increased with the degree of
deformation. Furthermore, the fracti on of level ice, open m elt ponds, and open
water along the transects were determ ined. Although overall ice thickness in the
central TPD was 50% thinner in 2007 than in 2001, first-year ice (FYI) was not
significantly thinner in 2007 than FYI in 2001, with a decrease of only 0.3 m .
Thinner FYI in 2007 only occurred close to the sea-ice edge, where open water
covered more than 10% of the surface. Melt pond coverage retrieved from laser
measurements was 15% in both the 2004 MYI regime and the 2007 FYI regime.
Scott, D. B ., T. Schell, G. St-Onge, A. Rochon, and S. Blasco, 2009, Foram iniferal
assemblage changes over the last 15,000 years on the Mackenzie-Beaufort Sea Slope and
Amundsen Gulf, Canada: Implications for past sea ice conditions, Paleoceanography, 24,
PA2219, doi:10.1029/2007PA001575
Two cores, one from the Beaufort S ea Slope at 1000 m water depth (core 750)
and one from the Amundsen Gulf at 426 m (core 124), w ere collected to help
determine paleo–ice cover in the Holocene and late glacial of this area. Site 750 is
particularly sensitive to changes in pa leo–ice cover becau se it rests beneath th e
present ice margin of the perm anent Arctic ice pack. Core 124 was sampled just
in front of t he former glacier that moved out into the Am undsen Gulf and started
to recede about 13 ka B.P. Both c ores have a strong occurrence of calcareou s
foraminifera in the upper few centimeters, but these disappear throughout most of
the Holocene, suggesting more open water in that time period than present. In the
sediments representing the end of the
last glacial period (dated at ˜11,500–
14,000 calibrated years B.P. (cal B.P.)) a
calcareous fauna with an abundant
planktic foraminiferal fauna suggests a re turn to alm ost permanent ice cover,
much like the central Arctic today. Together with the foraminifera there was also
90

abundant ice-rafted debris (IRD) in both cores between 12,000 cal B.P. and
~14,000 cal B.P., but those units are of different ages between cores, suggesting
different events. The IRD in both cores appears to have the sam e magnetic and
chemical signals, but their origins cannot
be determ ined exactly until clay
mineralogy is com pleted. There is abundant organic debris in both cores below
the IRD units: the organics in core
750 are very diffuse and not visually
identifiable, but the organic m aterial in core 124 is clearly identifiable with
terrestrial root fragments; these are 14C dated at over 37,000 years B.P. This is a
marine unit as it also has glacial front
foraminifera in th e sediment with the
organic debris that m ust have been or iginating from subglacial stream s. The
seismic and multibeam data both indicate glaciers did not cross the core 124 site.
2.10.1 Polynyas
Dumont, D., Y. Gratton, T. E. Arbetter, 2009, Modeling th e Dynamics of the North
Water Polynya Ice Bridge, J. Phys. Oceanogr., 39(6): 1448–1461
The North Water polynya, the largest polynya in the world, for ms annually and
recurrently in Smith Sound in northern Baffin Bay. Its form ation is governed in
part by the formation of an ice bridge in the narrow channel of Nares Strait below
Kane Basin. Here, the widely used elastic–viscous–plas tic elliptical rheology
dynamic sea ice model is applied to the region. The idealized case is tested over a
range of values for e = [1.2, 2.0] and initial ice th icknesses from 0.75 to 3.5 m,
using constant northerly winds over a pe riod of 30 days, to evaluate long-term
stability of different rh eological parameterizations. Idealized high-resolution
simulations show that the for mation of a stable ice bridge is possible for e ≤ 1.8.
The dependence of the solution in term s of grid discretization is studied with a
domain rotated 45°. A realistic do main with realistic f orcing is also tested to
compare time-variant solutions to actual observations. Cohesion has a rem arkable
impact on if and when the ice br idge will form and fail, assessing its importance
for regional and global clim ate modeling, but the lack of observational thickness
data during polynya events prevents the authors from identifying an optimal value
for e.
Ehn, J. K., B. J. Hwang, R. Galley, and D.
G. Barber, 2007, Investigations of newly
formed sea ice in the Cape Bathurst pol
ynya: 1. Structural, physical, and optical
properties, J. Geophys. Res., 112, C05002, doi:10.1029/2006JC003702
The physical, structural, and optical prope rties of newly form ed ice types were
studied in the Cape Bathurst polyny a (71°N, 127° W) during fall freezeup in
October to early Novem ber 2003. Variab le meteorological conditions with
occasional snowfall resulted in the form ation of numerous ice types and surface
conditions. Ice sam ples were collected from horizontally hom ogeneous surfaces
representative of the a rea. Crystallographic analysis on 33 ice cores revealed
highly variable growth c onditions and form ation mechanisms in the area. The
mean fraction of granular ice was 33%, while intermediate granular-columnar and
columnar ice contributed 37% and 30%, resp ectively. Salinity profiles in the ice
were C-shaped and as the ice grew thicker, bulk salinities decreased according to
4.582 + 13.358/h i (cm). These conditions resulted in brine volumes ranging from
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4% to 46%. Bare ice su rfaces commonly formed a high salinity brine skim layer
due to brine expulsion. Salinities up to 40‰ were observed in this layer. Under
suitable conditions frost flowers formed on the ice, and their presence w as related
to characteristic ice microstructure with crystals that appeared disc-like in shape.
Fine-grained snow-ice was for med when snow merged with surfac e brine to
create a complex hypersaline surface at
the snow/ice in terface. The spectral
reflectance for the thin ice types was most strongly related to surface conditions.
The presence of frost flowers signif icantly increased the reflectance independent
of snow precipitation. Any increase in ice thickness was found to have little effect
on the reflectance once a 20–30 mm thick snow layer was present.
Galley, R. J., D. G. Barber. and J. Yackel , 2007, On the Link Between S AR-Derived Sea
Ice Melt and Development of the S ummer Upper Ocean Mixed Layer in the North Open
Water Polynya, Int. J. Rem. Sens., 28(18): 3979-3994, doi:10.1080/01431160601105900
We examine the ability of SAR-derive d landfast sea ice therm odynamic state
surrounding the North Water Polynya to pr edict the tim ing of a shallow, stably
stratified summer ocean mixed layer in the region. Radarsat-1 ScanSAR is used to
derive melt and pond onset dates over landfast sea ice surrounding the polynya,
describing its therm odynamic evolution. Salinity and tem perature profiles,
connected in time and space, are co mplemented by potential density profiles an d
mixed layer depths, which describe the evolution of the upper ocean mixed layer
between 4 April and 21 July 199 8. Surface salinity driven potential density
stratification and summer mixed layer depths are temporally coincident. Sea iceocean connection is first describ ed at the local scale, then regionally. At the local
scale, a reduction in surface salinity occurs between the melt and pond onsets over
landfast sea ice. At the pol ynya scale, interpolated pond onset date is highly
effective at predicting the timing of a th in, stably stratified summer ocean mixed
layer; this has consequences for the pot ential prediction of tim ing of maxim um
ecosystem productivity.
Hwang, B. J., J. K. Ehn, D. G. Barber, R. Galley, and T. C. Grenfell, 2007, Investigations
of newly form ed sea ice in the Cape
Bathurst polynya: 2. Microwave em ission, J.
Geophys. Res., 112, C05003, doi:10.1029/2006JC003703
This study exam ines the role of newl y formed sea ice geophysical state on
microwave emission. Coincident with s ea ice geophysical sam pling, ship-based
passive microwave emission data (dual- polarized at 19, 37 and 85 GHz) were
collected in the Cape Ba thurst Polynya during 18 October and 13 Nove mber
2003. Using polarization ratios (PRs), we found that bare thin ice was separabl e
from snow-covered ice. Thin snow (equal to 0.02–0.13 m
) thickness is
significantly correlated with the spectral gradient ratios GRV(85,19) (R 2 = 0.55,
P-value <0.05) and G RV(85,37) (R2 = 0.66, P-value < 0.05), but not with
GRV(37,19) (R2 = 0.19, P-value > 0.2). The relationship between atmospherically
corrected R37 and bare ice thickness s howed an exponential relationship very
comparable to that repo rted by Martin et al. [2004] , which is ascribed to the
reduction of bare ice su rface salinity based on both observ ational and modeling
studies. However, the relationship quickly becomes invalid for even thin snow
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covered ice, due to signif icant impact of thin w et (liquid water f raction ∼0.02–
0.04) snow on m icrowave emission. Our results suggest that the sea ice
algorithms NASA Team and NASA Tea m 2 could underestim ate total ice
concentration over thin bare ice by 35%
on average, while bo th algorithms
underestimate the total ice concentration by 20% over snow-covered ice. Using
PR(85) sea ice could be de lineated from open water using a properly adjusted
threshold value accounting for cloud or fog effects, possibly with the exception of
dark nilas and/or bare consolidated pancakes.
Smith, W. O. and D. G. Barber, 2007, Pol ynyas and Clim ate Change. A view t o the
Future, In. W.O. Sm ith and D. G. Barber (eds.): Polynyas: Windows to the W orld.
Elsevier Oceanography Series, 74: 411-419, doi:10.1016/S0422-9894(06)74013-2
There is no longer doubt that the clim ate of polar system s is changing, but the
changes are far from uniform in time and space. Similarly, the changes of climate
give rise to direct and i ndirect alterations of proce sses within polynyas. Arctic
systems are undergoing the la rgest, most rapid change, and it is expected that
polynyas within the Arctic will largely respond by a decrease in the duration of
existence each season. This in turn will in crease the m aritime nature of Arctic
polynyas, and sim ultaneously reduce their polar feat ures. Antarctic polynyas
might be expected to have a larger gradient of responses because the direction and
magnitude of clim ate change is not unifo rm. It is suggested that changes in
hemispheric characteristics of deep water will result in substantial changes in the
duration of periods of polynya existence, as well as pos sibly major alterations of
the biogeochemical cycles and food webs of the polynyas . Arctic polynyas will
likely respond to polar clim ate change based on the type of polynya they
represent. The flaw lead polynya system will likely become larger and exist for a
longer duration over the annual cycle; ic e-edge polynyas have already begun to
change (e.g., North East W ater) and in the future we m ay see these types of
polynyas become more like marginal ice zones than true polynyas. Polynyas, by
nature of their largely ephem eral nature, are indeed “indicator” regions for largescale change, and by monitoring changes within these sensitive areas, we suggest
that polynyas can act as a m
odel system for changes in pola r marine
environments.
Willmes, S., T. Krumpen, S. Adam s, L. Rabenstein, C. Haas, J. Hoelem ann, S.
Hendricks, and G. Heinem ann, Cross-validation of polynya m onitoring methods from
multisensor satellite and airborne data: a ca se study for the Laptev Sea, Can, J, Rem,
Sens,, 36: S196-S210, doi:10.5589/m10-012
Wind-driven coastal polynyas in the polar oceans are recognized as regions of
extensive new ice form ation in the cold season. Hence, they m
ay play an
increasing role in the uncertain future of the sea-ice budget in the polar oceans.
The Laptev Sea polynyas in the Siberian Arctic are well recogn ized as being
significant ice producers and m ight gain sp ecial attention with regards to ice
volume changes in the Arctic. Long-term monitoring and characterization of these
polynyas require stable m ethods to detect the area of open water and the growth,
thickness, and evolution of thin ice.
We examine different param eters and
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methods to observe polynya area and th in ice thickness during a prom inent
polynya event in the Laptev Sea in Apr il 2008. These are derived from visible,
infrared, and microwave satellite d ata. Airborne electromagnetic ice thickness
measurements with high spatial resolution and aerial photography taken across the
polynya are used to assess th e feasibility of the methods for long-term and largescale polynya monitoring within this area. Our results indicate that in the narrow
flaw polynyas of the Laptev Sea the
coarse resolution of commonly used
microwave channel combinations provokes sources of error through m ixed
signals at the fast- an d pack-ice edge s. Polynya m onitoring results can be
significantly improved using enhanced resolution data products. This implies that
previously suggested methods for the retrieval of polynya area, thin ice thickness,
and ice production are not transferable in space and time. Data as well as method
parameterizations have to be chosen carefully to avoid large errors due to regional
peculiarities.
2.10.2 Modeling Sea Ice
Dunlap, E, B. M. DeTr acey, and C. L. Tang, 2007, Short-Wave Radiation and Sea-Ice in
Baffin Bay, Atmos.-Ocean, 45(4): 195–210, doi:10.3137/ao.450402
The sensitivity of the annual cycle of
ice cover in Baffin Bay to short-wave
radiation is investigated. The Prin ceton Ocean Model (P OM) is used and is
coupled with a m ulti-category, dynamic-thermodynamic seaice m odel in which
the surface energy balance governs the growth rates of ice of varying thickness.
During spring and summ er the short-wave radiation flux dominates other surface
heat fluxes and thus has the greatest effect on the ice melt. The sensitivity of
model results to short-wave radiation is tested using several, comm only used,
shortwave parameterizations under c limatological, as well a s short-term,
atmospheric forcing. The focus of this pa per is short-term and annual variability.
It is shown that sim ulated ice cover is sensitive to the short-wave radiation
formulation during the m elting phase. For the Baffin Bay sim ulation, the
differences in the resu lting ice area a nd volume, integrated from May to
November, can be as large as 45% a nd 70%, respectively. The param eterization
of the effect of cloud cover on the short- wave radiation can result in the sea-ice
area and volume changes reaching 20% and 30%, respectively. The variation of
the cloud amount represents cloud data erro r, and has a relatively small effect
(less then ±4%) on the sim ulated ice conditions. This is due to the f act that the
effect of cloud cover on the short-wave radiation flux is largely com pensated for
by its effect on the net near-surface long-wave radiation flux.
Iacozza, J. and D. G. Barber. 2009, An examination of snow redistribution over smooth
land-fast sea ice, Hydrological Processes, 24(7): 850-865, doi:10.1002/hyp.7526
An understanding of temporal evolution of snow on sea ice at different spatial
scales is essential for improvem ent of snow parameterization in sea ic e models.
One of the problem s we face, however, is that long -term climate data are
routinely available for land and no t for sea ice. In th is paper, we ex amine the
temporal evolution of snow over sm ooth land-fast first-ye ar sea i ce using
observational and m odelled data. Change s in probability density functions
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indicate that depositional and drifting
events control the evolution of snow
distribution. Geostatistical analysis suggests that s nowdrifts increased over the
study period, and the orientat ion was related to the m eteorological conditions. At
the microscale, the temporal evolution of the snowdrifts was a product of infilling
in the valleys between drifts.
Results using two shore-based clim
ate reporting stations (Paulatuk and
Tuktoyuktuk, NWT) suggest that on-ice air temperature and relative humidity can
be estimated using air tem perature recorded at either station. W ind speed,
direction and precip itation on ice ca nnot be accurately estimated usin
g
meteorological data from either station. The tem poral evolution of snow
distribution over sm ooth land-fast sea ice was m odelled using SnowModel and
four different forcing regimes. The results from these m odel runs indicate a lack
of agreement between o bserved distribution and m odel outputs. The reasons for
these results are lack of meteorological measurements prior to the end of January,
lack of sp atially adequate surface topography and discrep ancies between
meteorological variables on land and ice.
Lemieux, J.-F., B. Tremblay, S. Thom as, J. Sedláček, and L. A. Mysak, 2008, Using the
preconditioned Generalized Minim um RESidual (GMRES) m ethod to s olve the sea-ice
momentum equation, J. Geophys. Res., 113, C10004, doi:10.1029/2007JC004680
We introduce the preconditioned gene ralized minimum residual (GMRES)
method, along with an outer loop (OL) ite ration to solve the sea-ice mom entum
equation. The preconditioned GMRES m ethod is the linear solver. GMRES
together with the OL is used to solve the nonlinear m
omentum equation. The
GMRES method has low storage requirements, and it is computationally efficient
and parallelizable. It was found that the precond itioned GMRES method is about
16 times faster than a stand-alone su ccessive overrelaxation (SOR) solver and
three times faster than a stand-alone line SOR (LSOR). Unlike stand -alone SOR
and stand-alone LSOR, the cpu tim e needed by the pre conditioned GMRES
method for convergence weakly depends on the relaxation param eter when it is
smaller than the optimal value. Results also show that with a 6-hour time step, the
free drift velocity field is a be tter initial guess than the previous tim e step
solution. For GMRES, the symm etry of the sys tem matrix is not a p rerequisite.
The Coriolis term and the off-diago nal part of the wate r drag term can then be
treated implicitly. The implicit treatment eliminates an instability characterized by
a residual oscillation in the to tal kinetic energy of the ice pack that can be present
when these off-diagonal term s are handl ed explicitly. Tr eating these terms
explicitly prevents one from obtaining a high-accuracy so lution of th e sea-ice
momentum equation unless a corrector step is applied. In fact, even after a large
number of OL itera tions, errors in the dr ift of the sam e magnitude as the dr ift
itself can be present when these terms are treated explicitly.
Lemieux, J.-F. and B. Trem blay, 2009, Numerical convergence of viscous-plastic sea ice
models, J. Geophys. Res., 114, C05009, doi:10.1029/2008JC005017
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We investigate the convergence properties of the nonlinear solver used in viscousplastic (VP) sea ice m odels. More specifically, we study the nonlinear solver that
is based on an implicit solution of the linearized system of equations and an outer
loop (OL) iteration (or pseudo tim e steps). When the time step is comparable to
the forcing tim e scale, a sm all number of OL iterations leads to erro rs in th e
simulated velocity field that are of the sa me order of magnitude as the mean drift.
The slow convergence is an issue at all spatial resolution but is more severe as the
grid is ref ined. The m etrics used by the sea ice modeling community to assess
convergence are misleading. Indeed, when performing 10 OL iterations with a 6 h
time step, the average kinetic en ergy of the pack is always within 2% of the fully
converged value. However, the errors on
the drift are of the sam e order of
magnitude as the m ean drift. Also, while 40 OL iterations provide a V P solution
(with stress states ins ide or on the yiel d curve), large parts of the dom ain are
characterized by errors of 0.5–1.0 c m s−1. The larges t errors are lo calized in
regions of large sea ice deformations where strong ice interactions are present. To
resolve those deformations accurately, we find that more than 100 OL i terations
are required. To obtain a continuously differentiable m omentum equation, we
replace the for mulation of the viscous co efficients with c apping with a tangen t
hyperbolic function. This reduces the num ber of OL iterations required to reach a
certain residual norm by a factor of ∼2.
Lemieux, J. F, L. B. Trem blay, J. Sedlacek, P. Tupper, S. Thom as, D. Huard, and J. P.
Auclair, 2010, Improving the num erical convergence of viscous-plastic sea ice models
with the Jacobian-free Newton-Krylov m ethod, J. Comp. Phys., 229(8): 2840-2852,
doi:10.1016/j.jcp.2009.12.011
We have implemented the Jacobian-free Newton–Krylov (JFNK) method to solve
the sea ice mom entum equation with a viscous-plastic (VP) for mulation. The
JFNK method has m any advantages: the sy stem matrix (the Jacobian) does not
need to be f ormed and stored, the met hod is parallelizable and the convergence
can be nearly quadratic in the vicinity of the solution. The convergence rate of our
JFNK implementation is characterized by tw o phases: an initial phase with slow
convergence and a fast phase for which th e residual norm decreases significantly
from one Newton iteration to the next.
Because of this fast p hase, the
computational gain of the JFNK m ethod over the standard solver used in existing
VP models increases with the r equired drop in the residual norm (termination
criterion). The JFNK method is between 3 and 6.6 times faster (depending on the
spatial resolution and term ination criterion) than the standa rd solver using a
preconditioned generalized minimum residual method. Resolutions tested in this
study are 80, 40, 20 and 10 km. For a large required drop in the residual norm ,
both JFNK and standard solvers som etimes do not converge. The failure rate for
both solvers increases as the grid is refined but stays relatively small (less than
2.3% of failures). W ith increasing spatial resolution, the veloc ity gradients (sea
ice deformations) get more and more important. Nonlinear solvers such as the
JFNK method tend to have difficulties when there are such sharp structures in the
solution. This lack of robustness of both solvers is however a debatable problem
as it m ostly occurs for large required drops in the residual norm . Furthermore,
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when it occurs, it usually affects only a few grid cells, i.e., the residual is small for
all the velocity com ponents except in very localized regions. Globalization
approaches for the JFNK solver, such as the line search m ethod, have not yet
proven to be successful. Further investigation is needed.
Sou, T. and G. Flato, 2009, Sea ice in the Ca nadian Arctic Archipelago: m odeling the
past (1950-2004) and the future (2041-2060),
J. Clim., 22: 2181-2198,
doi:10.1175/2008JCLI2335.1
Considering the recent losses observed in Arctic sea ice and the anticipated future
warming due to anthropogenic greenhouse gas em issions, sea ice retreat in the
Canadian Arctic Archip elago (CAA) is expected and indeed is already being
observed. As most global climate models do not resolve the CAA region, a fineresolution ice–ocean regional model is developed and used to m ake a projection
of future changes in the CAA sea ice. Results from a historical run (1950–2004)
are used to evaluate the model. The m odel does well in representing observed sea
ice spatial and seasonal variability, but tends to underestim ate summertime ice
cover. The model results for the future (2041–60) show little change in wintertime
ice concentrations from the past, but su mmertime ice concentrations decrease by
45%. The ice thickness is projected to d ecrease by 17% in the winter and by 36%
in summer. Based on this study, a completely ice-free CAA is unlikely by the year
2050, but the sim ulated ice retreat suggests that the region could support som e
commercial shipping.
Tang, C. and E. Dunlap, 2007, Modeling the annua l variation of sea- ice cover in Baffin
Bay,
Int.
J.
Offsh.
Polar
Eng.,
17(3):
176-181,
http://www.isope.org/publications/journals/ijope-17-3/abst-17-3-p176-RF-36-Tang.pdf
Baffin Bay is partially covered by sea ic e all year except in Septem ber. The
distribution of sea ice and its annual va
riation are con trolled mainly by the
meteorological conditions and ocean current s. To m odel the annual variation of
sea ice, a coupled ice-o cean model has been developed. The ocean m odel is the
Princeton Ocean Model, formulated in sigma coordinates with 16 levels ; it uses
2nd-order turbulence closure to param eterize vertical m ixing. The ice m odel is
based on H ibler’s viscousplastic rheology and contain s multiple ice categories
defined by thickness range. The heat and salt fluxes between ice and ocean are
based on the for mulation of Mellor and Kantha. The model domain encompasses
Baffin Bay and the Labrador Sea w ith a grid resolution of 1/3_ longitude and is
variable in latitude to maintain approximately square grid cells. Forcing fields are
computed from 3-hourly m eteorological variables provided by the Canadian
Meteorological Centre. The m odel is integrated from September 2004 to January
2006. The main features of the m odel simulations include an increasing ice cover
from October to February; an approxim ately constant ice cover from February to
May; and a decreasing i ce cover from June to A ugust. In m id-May, a polynya
starts to develop in nor thern Baffin Bay (North W ater Polynya),which is
maintained through July. Ice as thick as 2.5 m appears off the coast of Baffin
Island and Melville Ba y in April a nd May. The concentration and thickness in
western Baffin Bay are higher than in eas tern Baffin Bay due to the influence of
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the warm West Greenland Current flowing into Baffin Bay. The ice velocities are
relatively high in the northern straits, off the B affin Island coast and in western
Davis Strait, reflecting the seasonal wind conditions and su rface circulation. The
modeled ice distribution is com pared with satellite data, and good agreem ent is
obtained.
Terwisscha van Scheltinga, A. D., P. G. Myers, and J. D. Pietrzak, 2010, A finite element
sea ice model of the Ca nadian Arctic Archipelago, Ocean Dynamics, 60(6): 1539-1558,
doi:10.1007/s10236-010-0356-5
The Canadian Arctic Archipelago (CAA) is a com plex area for med by narrow
straits and islands in the Arctic. It is an important pathway for freshwater and seaice transport from the Arctic Oce an to the Labrador Sea and ultim ately to the
Atlantic Ocean. The narrow straits are of ten crudely represented in coupled seaice–ocean models, leading to a m isrepresentation of transports through these
straits. Unstructured meshes are an alternative in modelling this complex region,
since they are able to capture the com plex geometry of the CAA. This provides
higher resolution in the flow field and allows for more accurate transports (but not
necessarily better modelling). In this paper, a f inite element sea-ice model of the
Arctic region is described and used to estimate the sea-ice fluxes through the
CAA. The model is a dyna mic–thermodynamic sea-ice m odel with elastic–
viscous–plastic rheology and is coupled to a slab ocean, where the temperature
and salinity are restored to clim atology, with no velocities and surface elevation.
The model is spun-up from 1973 to 1978 with NCEP/NARR reanalysis data.
From 1979 to 2007, the model is forced by NCEP/DoE reanalysis data. The large
scale sea-ice characteristics show good ag reement with observations. The total
sea-ice area agrees very well with observations and shows a sensitivity to the
Arctic oscillation (AO). For 1998–2002, we find estimates for the sea-ice volum e
and area fluxes through Amundsen Gulf, McClure Strait and the Queen Elizabeth
Islands that compare well with observation and are slightly better than estimates
from other models. For Nares Strait, we find that the fluxes are m uch lower than
observed, due to the missing effect of topographic steering on the atmospheric
forcing fields. The 1979–2007 fluxes show
large seasonal and interannual
variability driven primarily by variability in the ice velocity field and a sensitivity
to the AO and other large-scale atm ospheric variability, wh ich suggests that
accurate atmospheric forcing might be crucial to modelling the CAA.
2.10.3 Remote Sensing of Sea Ice
Agnew, T., A. La mbe, and D. Long, 2008, Estim ating sea ice area flux across the
Canadian Arctic Archipelago using enhanced AMSR-E, J. Geophys. Res., 113, C10011,
doi:10.1029/2007JC004582
Enhanced resolution A dvanced Microwave Scanning Radiom eter (AMSR-E)
imagery is used to estimate daily sea ice area fluxes between the Canadian Arctic
Archipelago and the Arctic Ocean and Baffin Bay for the period Septem ber 2002
to June 2007. Over the period, Am undsen Gulf and M'Clure Strait exported 54 ×
103 km2 of sea ice area or roughly 77 km 3 of sea ice vo lume each year into the
Arctic Ocean. Export/import into the Arct ic Ocean through the Queen Elizabeth
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Islands is sm all and uncertain since no estimates for July and August could be
made due t o atmospheric attenuation of the m icrowave signal. Lancaster Sound
exported 68 × 10 3 km2 of sea ice area or roughly 102 km 3 of ice volum e into
Baffin Bay. This produced a net loss of sea ice area of about 122 × 10 3 km2 or
roughly 174 km 3 a−1 which is presum ed to be generated from
within the
Archipelago itself mainly through the stat ionary and transient polynyas and leads
that form each winter. Daily ice area fluxes for Am undsen Gulf (AG) and
Lancaster Sound (LS) were as high as ±2500 km 2 d−1 and were event driven
depending on synoptic scale atmospheric circulation and the m obility of the sea
ice. Mean sea level pressure difference acr oss each gate is moderately corre lated
with daily sea ice area fluxes despite the f act that free ice drif t conditions are not
always met in the region. Cross-gradient and daily sea ice area flux for Lancaste r
Sound show a large number of counter gr adient ice flux occurrences suggesting
that local mesoscale winds (nongeo strophic) and perhaps o cean currents play a
role in transporting sea i ce through this gate. Monthl y ice fluxes for the AG and
MS gate were pos itively correlated with the A O index indica ting that a strong
Beaufort Sea high pressure and gyre corres pond to more export into the Beaufort
Sea. Monthly fluxes for the LS gate we re positively correlated with th e NAO
index indicating that strong southerly atmospheric circulation over Baffin Bay
increases ice export into Baffin Bay from Lancaster Sound.
Ehn, J. K., C. J. Mundy, and D. G. Barber, 2008, Bio-optical and st ructural properties
inferred from irradiance measurements within the bottommost layers in an Arctic landfast
sea ice cover, J. Geophys. Res., 113, C03S03, doi:10.1029/2007JC004194
Irradiance spectra were measured at ver tical increments within the bottommost
layers of landfast sea ice with the aid of divers in Franklin Bay, Canada, in an
effort to obtain input param eters for bio-optical modeling of sea ice. The study
took place between 22 April and 9 May 2004 during the overwintering stage of
CASES (Canadian Arctic Shelf Exchange Study). The ice w as about 1.8 m thick
with a snow cover of variable thickness (~0.04 to 0.4 m). Ice surface temperatures
increased from about −12° to −6.4°C during the sam pling period, while ice
temperatures within the bottommost portion under study ranged from −3.0° to
−1.2°C. Ice algae were visible within the bottommost centimeters of the sea ice.
This algae layer had a m arked effect on the sp ectral distribution of transmitted
irradiance beneath the ice. Particulate absorp tion spectra, a p (λ), measured from
melted ice sam ples showed evidence of chloroplastic pig ment degradation and
could not fully exp lain the shape of the in situ diffuse attenuation coefficient, Kd
(λ), for the algal lay er. Interior ice layers, however, did show absorption curves
similar to a p (λ) from sa mples, suggesting the presence of degraded algal
pigments within these layers. The discrete ord inates radiative transfer (DISORT)
code was iterated in an inverse ap proach to estim ate a p (λ) and the scattering
coefficient, b tot , from the irradiance profiles. For the bottom 0.1 m of the sea ice,
b tot was around 400 m −1, while at the 0.1- to 0.2-m layer from the ice bottom it
decreased to 165 m −1. Using a p (λ) combined with wavelength independent btot as
inputs to D ISORT seem to adequately ex plain the radiative transfer near the
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bottom of first-year sea ice provided that
volume fraction.

adjustments were m ade to the brine

Ehn, J. K., T. N. Papakyriakou, and D. G. Barber, 2008, Inference of optical properties
from radiation profiles with in melting landfast sea ice, J. Geophys. Res., 113, C09024,
doi:10.1029/2007JC004656
Vertical in-ice spectral ra diation profiles were m easured within melting 1.5- to
1.7-m-thick landfast sea ice in western Hudson Bay on 25 April 2005. Because
the surface ice was sub ject to extensiv e melting and refreezing, the sea ice had
fractioned into two m ain types, i.e., areas of more ref lective white ic e and less
reflective blue ice. The shortwave al bedo was about 0.69 for white ice and 0.47
for bare blue ice. The corresponding shortwave transmittance through the ice
cover was about 0.02 and 0.09, respectively. The inherent optical properties of the
sea ice were inferred by tying the i nput and output of ra diative transfer
simulations to the radiation profiles and the ice physical properties, as w ell as to
the irradiance measurements above and below the ice c over. To explain observed
spectral albedo and transmittance simultaneously, the ice/sn ow above the interior
ice was divided into three layers on the basis of the following observations: snow
(white ice) or a th in soot containing layer (blue ic e), drained ice above and
saturated ice below the waterline. Sim ilarly, the bottom portion was divided on
the basis of the pres ence of a living i ce algae layer adjacent to the seawater
interface and a layer extending 30 cm above the bottom containing mostly detrital
matter. The interior of the ice, i.e ., roughly 20–40 cm from boundaries, was wellrepresented by a single layer of pure sea ice as the radiation field was nearly
asymptotic and the ab sorption spectra showed little evidence of impurities.
Representative values for the scattering coefficient ranged 600–800 m −1, with a
Henyey-Greenstein asymmetry parameter of 0.995. Observations within white ice
suggest that about 40% of the energy re sponsible of the internal m elting was
provided directly by shortwave radiation, while the rest is due to heat conduction.
Barber, and L . Shafai, 2009,
Galley, R. J., M. T rachtenberg, A. Langlois, D. G.
Observations of geophysical and dielectr ic properties and gr ound penetrating radar
signatures for discrimination of snow, sea ice and freshwater ice thickness, Cold Reg. Sci.
Tech., doi:10.1016/j.coldregions.2009.01.003
Separate snow and ice thickness at the sam e location are important parameters in
determining the flux of heat and light between the atmosphere and ocean in Arctic
marine environments, but physical sampling requires a great deal of effort to yield
few results spatially and temporally. Here, ground penetrating radar (GPR) at 250
MHz and 1 GHz reliab ly measured snow, riv er ice and sea ice th ickness and
compared well with ph ysical and diele ctric properties of the m edia in spite of
their spatial and tem poral variation. GPR velocities were calcu lated for snow,
river ice and sea ice from both dielectric information and GPR returns for snow
river ice and sea ice. In snow on river ice, physical sampling yielded permittivity
(ε′) of 1.68 at 1 GHz while the apparent ε′ (derived from GPR measurements) at 1
GHz from GPR returns ranged from 1.6 to 2.1 resulting in snow thickness
overestimations of 6.7% to 11%. River ice ε′ at both frequencies from physical
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samples was 3.17, while apparent ε′ ranged from 2.94 to 3.11, underestimating ice
thickness by less than 3.6%. Snow on sea ice on 4 March 2006 had a ε′ of 1.94 at
1 GHz calculated from
physical sam ples, and 1.9 derived f
rom GPR
measurements, resulting in near -identical thicknesses. Snow on sea ice 3 days
later had an ε′ of 1.67 at 1 GHz c alculated from physical sa mples, while its
apparent ε′ was 1.9 at 1 GHz, leading to a GP R-predicted snow thickness which
was 1 cm (8.3%) greater than physically measured. Physical samples of sea ice on
4 March yielded ε′ of 3.8 at 1 GHz, while GPR returns yielded an apparent ε′ of
3.35, underestimating sea ice thickness by 5.6%. GPR r eturns at 250 MHz
returned a snow-plus-sea ice thickness which was 5.9% less than physically
measured. In cases when the 1 GHz radar did resolve the sea ice–
seawater
interface, the 250 MHz system was used to measure the snow-plus-sea ice
thickness and the snow thickness res ulting from the 1 GHz r adar was subtracted
to make separate snow and sea ice thickness measurements at the same location.
Geldsetzer, T., J. B., Mead, J. J. Yackel, R. K. Scharie n, and S. E. L. Howell, 2007,
Surface-Based Polarimetric C-Band Scatterometer for Field Measurements of Sea Ice,
IEEE Trans. Geosci. Rem. Sens., 45(11): 3405-3416, doi:10.1109/TGRS.2007.907043
A portable surface-based polarimetric C-band scatterometer for field deploym ent
over sea ic e is pres ented. The sc atterometer system, its calib ration, signal
processing, and near-field co rrection are described. The near-field correction is
shown to be effective for both linear polar ized and polarimetric backscatter. Field
methods for the scatterom eter are desc ribed. Sample linear polarized and
polarimetric backscatter results are presen ted for snow-covered first-year sea ice
(FYI), multiyear hummock ice, and rough m elt pond water on F YI. The
magnitude of backscatter signa ture variability due to system effects is presented,
providing the necessary basis for quantitative analysis of field data.
Geldsetzer, T. and J. J. Yackel, 2010, Sea ice type and open water discrim ination using
dual co-polarized C-band SAR, Can. J. Rem. Sens., 35(1): 73-84
We investigate the utility of dual co-pol arized C-band synthe tic aperture radar
(SAR) imagery for discriminating sea ice types and open water during winter. We
base our analysis on ENVISAT ASAR a
lternating vertical and horizontal
polarization (VV, HH) m edium-resolution imagery of thin sea ice, firs t-year sea
ice, multiyear sea ice, and open w ater in the Canadian Arctic. W e introduce a
methodology for generating colour com posite imagery (based on VV, HH, and
copolarization ratio channels) that substa ntially enhances visu al discrimination.
We statistically compare sampled vertical and horizontal backscatter from sea ice
types and open water to assess back
scatter magnitudes and polarization
differences. The latter are pres ented as co-polarized ratio (VV/HH) values in
decibels (dB). W e conclude by presen ting a decision -tree classifier using
estimated statistical thresholds. Open water is unam biguously discriminated
(>99% accuracy) from all sea ice ty pes, except thin sea ice, using a co-p olarized
ratio threshold of 2 dB. Thin sea ice e
xhibits high variability in backscatter
magnitude and polarization difference, making its discrimination from multiyear
sea ice, rough first-year sea ice, a nd open water am biguous. Thin sea ice is
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effectively discriminated (93% accuracy) from smooth first-year sea ice using a
co-polarized ratio thresh old of 1.3 dB. Smooth snow-covered first-year sea ice
exhibits polarization differences that
are attributed to volume scattering
mechanisms within the brine-wetted snow cover.
Haas, C., J. Lobach, S. Hendricks, L. Ra benstein, A. Pfaffli ng, 2009, Helicopter-borne
measurements of sea ice thickness, using a sm all and lightweight, digital EM system , J.
Appl. Geophys., 67(3): 234-241, doi:10.1016/j.jappgeo.2008.05.005
Sea ice is an im portant climate variable and is also an obstacle f or marine
operations in polar regions. W e have developed a small and lightweight, digitally
operated frequency-domain electrom agnetic-induction (EM) system, a so-called
EM bird, dedicated for m easurements of sea ice thickness. It is 3.5 m long and
weighs only 105 kg, and can therefore easily be shipped to rem ote places and
operated from icebreakers and sm all helicopters. Here, we d escribe the technical
design of the bird operating at two frequencies of f1 = 3.68 kHz and f2 = 112 kHz,
and study its technical performance. On average, noise amounts to ± 8.5 ppm and
± 17.5 ppm for f1 and f2, respectively. Electrical dr ift amounts to 200 ppm/h and
2000 ppm/h for f1 and f2, during the first 0.5 h of operation. It is reduced by 75%
after 2 h. Calibration of the Inphase and Quadr ature ppm signals varies by 2 to
3%. A sens itivity study shows that all these signal variations do af fect the
accuracy of the ice thickness retrieval, but that it remains better than ± 0.1 m over
level ice in most cases. This accuracy is also confirmed by means of comparisons
of the he licopter EM d ata with o ther thickness measurements. The paper also
presents the ice thickness retrieval from single-component Inphase data of f1.
Haas, C., S. Hendricks, H. Eicken, and A. Herber, 2010, Synoptic airborne thickness
surveys reveal state of Arctic sea ice cover,
Geophys. Res. Lett., 37, L09501,
doi:10.1029/2010GL042652
While summer Arctic sea-ice extent has decreased over the past three d ecades, it
is subject to large intera nnual and regional variations. Methodological challenges
in measuring ice thickness continue to hamper our understanding of the response
of the ice-thickness distribution to recent change, limiting the ability to forecas t
sea-ice change over the next decade. We present results from a 2400 km long panArctic airborne electromagnetic (EM) ice thickness survey in April 2009, the firstever large-scale EM th ickness dataset obtained by fixed-wing aircraft over key
regions of old ice in the Arctic Ocean between Svalbard and Alaska. The data
provide detailed insight into ice thickness d istributions characteristic for the
different regions. Comparison with pr evious EM survey s shows that m odal
thicknesses of old ice had changed litt le since 2007, and rem ained within the
expected range of natural variability.
Hendricks, S., S. Gerland, L. H. Sm edsrud, C. Haas, A. A. Pfaffhuber, and F. Nilsen, F.
2010, Sea Ice Thickness Variability in Storfjorden, Svalbard, Annals of Glaciology,
52(57: 61-68, http://www.igsoc.org/annals/v52/57/a57a125.pdf
Results from electromagnetic induction surveys of sea-ice thickness in Storfjorden,
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Svalbard, reveal large interannu al ice-thickness variations in a region which is
typically characterized by a reoccu rring polynya. The surveys were perf ormed in
March 2003, May 2006 and March 2007 with he licopter- and ship-based sensors.
The thickness distributions are influen ced by sea-ice and atm ospheric boundary
conditions 2 m onths prior to the survey s, which are assessed with synthetic
aperture radar (SAR) im ages, regional QuikS CAT backscatter m aps and wind
information from the European Centre for M edium-Range Weather Forecasts
(ECMWF) reanalysis dataset. Locally formed thin ice f rom the Storf jorden
polynya was frequently observed in 2003 and 2007 (mean thickness 0.55 and 0.37
m, respectively) because thes e years were characte rized by prevailing
northeasterly winds. In contra st, the entire fjord was covered with thick external
sea ice in 2006 (m ean thickness 2.21 m ), when ice from the Barents Sea was
driven into the fjord by predom inantly southerly winds. The m odal thickness of
this external ice in 2006 increased from 1.2m in the northern fjord to 2.4m in the
southern fjord, indicating stronger deformation in the southern part. This
dynamically thickened ice was even thicker than multi-year ice advected from the
central Arctic Ocean in 2003 (m ean thickness 1.83 m ). The therm odynamic ice
thickness of fast ice as boundary condition is investigated with a one dimensional
sea-ice growth model (1DICE) forced with meteorological data from the weather
station at the island of H open, southeast of Storfjorden. The m odel results are in
good agreement with the modal thicknesses of fast-ice measurements in all years.
Howell, S. E. L., A. Tivy, J. J. Yackel, B. G. T. Else, and C . R. Duguay, 2008, Changing
sea ice melt parameters in the Canadian Arctic Archipelago: Implications for the future
presence of multiyear ice, J. Geophys. Res., 113, C09030, doi:10.1029/2008JC004730
Estimates of annual sea ice m elt onset, freeze onset, and melt duration are m ade
within the Canadian Arctic Archipelago (CAA) using SeaWinds/QuikS CAT data
from 2000 to 2007. The average date of
melt onset occurred on day 150, the
average freeze onset occurred on day 266, and the average number of days of melt
was 116. Melt onset occurred first, and
freeze onset occurred last within the
Amundsen, Western Arctic W aterway, and Eastern Parry Channel regions,
whereas the reverse occurred in the Queen Elizabeth Is
lands (QEI) and the
M'Clure and Viscount-Melville regions. Multiyear sea ice (MYI) increases
occurred from 2000 to 2004 because of dynamic import and first-year sea ice
(FYI) being promoted to MYI, but this replenishment virtually stopped from 2005
to 2007, coincident with longer m elt seasons. Only after two consecutive long
melt seasons (2005–2006) and alm ost no replenishment were regions to the south
of the QEI cleared of MYI. We argue that this is because MYI must slowly ablate
on the underside while in transit within th e CAA from the small oceanic heat flux
and can therefore survive
for several years in southern regions without
replenishment. Net positive dynam ic MYI import into the C AA was observed in
2007 following MYI rem oval during 2005–2006. Longer m elt seasons will
continue to reduce the inventory of FYI in the CAA following the m elt season.
Longer melt seasons within the CAA will likely not reduce MYI dynamic import,
but it remains to be seen whether o r not this MYI will be able to survive longer
melt seasons as it migrates to the southern regions.
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Hwang, B. J., A. Langlois, D. G. Barber, and T. N. Papakyriakou, 2007, On Detection of
the Thermophysical State of Landfast Firs t-Year Sea Ice Using In-Situ Microwave
Emission During Spring Melt,
Rem. Sens. of Env., 111(2-3):148-159,
doi:10.1016/j.rse.2007.02.033
In this study we exam ine the critical linkages between thermophysical properties
and microwave emissions of landfast s now-covered first-year s ea ice during
spring melt. For this w e analyzed the te mporal evolution of radiation fluxes,
electro-thermophysical properties and m icrowave emissions, and perform model
simulations to evaluate the observations. The results show five m ajor microwave
signature events: brine-rich, blowing s now, melt onset, the onset of funicular
regime, and freezing. A brine-rich snow ba sal layer can considerably increase the
snow wetness in the upper and m id layers, resulting in a significant in crease in
complex permittivity that in turn inc reases in po larization difference (δp) at 19
and 37 GHz. A dense ( 0.40 g cm− 3) wind-packed snow surface layer, d uring a
blowing snow event, was found to in
crease the permittivity (i.e., surface
reflectivity) that in tu rn increases δp in microwave emissions. Melt onset caused
by sustained war ming (above − 5 °C) corresponded to increased δp of 9 K at
19 GHz. The most dramatic increase in δp (up to 17 K at 19 GHz) coincided with
the occurrence of a rainstorm . During a freezing, m elt-freeze events enlarged
snow grains and led to formation of ice lenses and layers within the snow, thereby
significantly decreasing m icrowave emissions. We found that these five factors
state above were critical to the melt indicators (i.e., ΔTB(H) (TB(19H) − TB(37H))
and XPGR ([ TB(19H) − TB(37V)]/[TB(19H) + TB(37V)])) commonly used in the
satellite melt detection algorithms. The results suggests that the absolute value of
TB(19H) (brightness temperature of horizontal polarization at 19 GHz) would be a
good indicator along w ith ΔTB(H) (or XPGR) to delin eate the m elt onset f rom
ambiguous factors (i.e., a brin e-rich slush layer or wind-packed layer), and that
the funicular stage of s now melt on sea ice could be unam biguously detected by
either ΔTB(H) or XPGR.
Hwang, B. J., J. K. Ehn, a
nd D. G. Barber, 2008, Impact
of ice tem perature on
microwave emissivity of thin newly for med sea ice, J. Geophys. Res., 113, C02021,
doi:10.1029/2006JC003930
This study examines the impact of ice temperature on microwave emissivity over
thin, newly for med sea ice at 6, 19, and 37 GHz during October 2003 in the
southern Beaufort Sea, where th e physical properties of ne wly formed sea i ce
were coincidently measured with microwave emissions. Six ice stations with
distinct properties were selected and divided according to ice surface temperature
into warm (above –3°C) or cold (below –3°C) stations. The warm stations had a
lower emissivity at the vertical polariz ation by 0.1 than the cold stations and a
corresponding difference in brine volum e and dielectric properties. Significant
correlations were observed between brine volume and ice emissivity (R 2 = 0.8, p
value < 0.05). A sensitivity study showed that decreasing ice temperatures from
−2.1° to −5.0°C explained the observed difference of 0.1 in ice em
issivity
between warm and cold stations. The result s suggest that the tem perature of thin
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bare ice could be the critical factor in determining ice emissivity near the melting
point (about −2°C). Furthermore, a slight decreas e in ice temperature (i.e., from
−2° to −5°C) significantly reduces the brine volume, thus resulting in high ice
emissivity. Finally, we dem onstrate the pot ential of newly for med ice to caus e
errors in estimating sea ice con centrations using Advanced Microwave Scanning
Radiometer–E data.
Hwang, B. J. and D. G. Barb er, 2008, On t he Impact of Ice Em issivity on Sea Ice
Temperature Retrieval Using Passive Microwave Radiance Data, IEEE Geosci. Rem.
Sens. Lett., 5(3): 448-452, doi:10.1109/LGRS.2008.917266
This letter examines the perf ormance of two Advanced Microwave Scanning
Radiometer-EOS (AMSR-E) ice temperatur e algorithms over first-year sea ic e
during the spring transition period where ice concentrations are close to 100%.
The results showed, before snow m
elt, that the old
AMSR-E algorithm
overestimated the ice temperature b y up to 18 K, which is rela tive to in situ and
thermodynamically calculated sn ow/ice interface temperatures (Tsi). An
adjustment of vertically polarized ice emissivity of 6.9 GHz [epsivI(6V)] to 0.98,
which was identical to the constant value used in the lates t version of the AMSRE ice tem perature algorithm (posted Ju ly 2007), dem onstrated a significant
improvement in ice te mperature retrieval. However, after snow m elt, the ice
temperature retrieval with any constant epsiv I(6V) failed to correctly estimate the
ice temperatures due to large variability in the physical properties of snow and, in
turn, penetration depth and epsiv I(6V). The results suggest that a local adjustment
of epsivI(6V), which is by incorporating a sim ple thermodynamic model into the
AMSR-E ice tem perature algorithm, would be useful in im
proving the
performance of the algorithm.
Isleifson, D., A. Langlois, D. G. Barber, and L
. Shafai, 2009,
C-Band Scatterometer Measurements of Multiyear Sea Ice Before Fall Freeze-Up in th e
Canadian
Arctic
IEEE Trans. Geosci. Rem. Sens., 47(6): 1651-1661, doi:10.1109/TGRS.2008.2006566
Backscatter signatures of multiyear sea ice (MYI) during the late summ er and
early fall season before the fall freeze- up in th e Canadian Arctic Arch ipelago
(CAA) have been obtained through the
use of a ship-based po larimetric
scatterometer. The device operates in C-band, and measurements were conducted
in swaths from incidence angles of 20 ◦–60◦. Three ch aracteristic sites o n MYI
floes were investigated in the high Arctic and the cen tral Arctic regions. In situ
snow and sea-ice thermophysical data were collected at each site in conjunction
with local scatterometer m easurements. The therm ophysical data were
subsequently analyzed using dielectric m odeling techniques and coupled with the
backscattering measurements (σ◦). Observed backscatter values and ratios were
found to be in agreem ent with literature data, with volumetric scattering as the
dominant scattering mechanism.
Isleifson, D., B. Hwang, D. G. Barber, R.
K. Scharien, and L. Shafai, 2010, C-Band
Polarimetric Backscattering Signatures of Newly Formed Sea Ice During Fall Freeze-Up,
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IEEE
Trans
Geosci
Remote
Sensing,
48(8):
3256–3267,
doi:10.1109/TGRS.2010.2043954
A study of the polarimetric backscattering response of newly formed sea ice types
under a large assortment of surface coverage was conducted using a ship-based Cband polarimetric radar system . Polarimetric backscattering results and physical
data for 40 stations d uring the fall freeze-u p of 2003, 2006, and 2007 are
presented. Analysis of the copolarized
correlation coefficient showed its
sensitivity to both s ea ice thickn ess and surface coverage and res ulted in a
statistically significant separation of ice thickness into two regimes: ice less than 6
cm thick and ice greater than 8 cm thick. A case study quantified the backscatter
of a layer of snow infiltrated frost fl owers on new sea ice, showing that the
presence of the old frost flowers can e nhance the backscatter by more than 6 dB.
Finally, a statistical analysis of a series of temporal-spatial measurements over a
visually homogeneous frost-flower-covered ice floe identified tem perature as a
significant, but not exclusive, factor in the backscattering measurements.
Kaleschke, L., N. Maaß, C. Haas, S. Hendr icks, G. Heygster, and R. T. Tonboe, 2010, A
sea-ice thickness retrieval m odel for 1.4 GHz radiom etry and application to airborne
measurements over low salin ity sea-ice, The Cryosphere, 4: 583-592, doi:10.5194/tc-4583-2010
In preparation for the E uropean Space Agency's (ESA) Soil Mois ture and Ocean
Salinity (SMOS) mission, we investigat ed the potential of L-band (1.4 GHz)
radiometry
to m
easure
sea-ice thickness.
Sea-ice brightness tem perature was m easured at 1.4 GHz a nd ice thickness was
measured along nearly coincident f light tracks during the SMOS Sea-Ice
campaign in the Bay of Bothnia in Marc h 2007. A research aircraft was equipped
with the L-band Radiom eter EMIRAD a nd coordinated with helicopter based
electromagnetic
induction
(EM)
ice
thickness
measurements.
We developed a three layer (ocean-ice-at mosphere) dielectric slab model for the
calculation of ice thickness from brightness temperature. The dielectric properties
depend on the relative brine volume which is a function of the bulk ice salinity
and
temperature.
The model calculations suggest a thickness sensitiv ity of up to 1.5 m for lowsalinity (multi-year or brackish) sea-ice. For Ar ctic first year ice the modelled
thickness sensitivity is less than half a meter. It reduces to a few centimeters for
temperatures
approaching the m
elting
point.
The campaign was conducted und er unfavorable m elting conditions and the
spatial overlap between the L-band and EM-m easurements was relatively sm all.
Despite these disadvantageous conditions we dem onstrate the possib ility to
measure the sea-ice thickness with
the certain lim itation up to 1.5 m .
The ice thickness derived from SMOS measurements would be complementary to
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ESA's CryoSat-2 m ission in terms of the erro r characteristics and the
spatiotemporal coverage. The relative error for the SMOS ice thickness retr ieval
is expected to be not less than about 20%.
Krumpen, T., C. Haas, S. Hendricks, J. A.
Holemann, D. Kalm bach, and R. Gerdes,
HELIOS, a nadir-looking sea ice monitoring cam era, Cold Reg. Sci. Tech., 65(3): 308313, doi:10.1016/j.coldregions.2010.11.007
We present the prototype of a sim plified photogrammetric system (HELicopterborne Ice Observation System , HELIOS) and demonstrate how it can be used to
document ground-based and airborne sea ice surveys. The aerial unit consists of a
nadir-looking digital cam era mounted on a gim bal, a GPS receiver and a
computer. It is of low-cost and weight a nd is designed such that it withstands low
temperatures, operates autonomously and fits to any standard helicopter skid. The
accuracy of the georeferenced photo graphs is about ± 15 m for a flight h eight of
85 m, flight speed of 130 km/h and a GPS sampling rate of 4 Hz. Systematic
errors arise from the GPS-based dete rmination of the cam era position, the
pointing accuracy of the gim bal, and the ca mera alignment in flight direction.
Because most sea ice m
apping projects require les ser accuracies than
conventional mapping standards (e.g. ≤ 0.5 m for a m ap scale of 1:600, ASPRS
(1994)), HELIOS offe rs a broad range
of applications. This includes the
photogrammetric documentation of experim ental sites as well as the verification
of satellite-, and m odel-based estimates of sea ice a nd snow cover properties.
Images taken simultaneously with other ai rborne observations provide a valuable
tool to assess the accuracy of those measurements.
Langlois, A. and D. G. Barber, 2007, Passi ve Microwave Re mote Sensing of Seasonal
Snow
Covered Sea Ice,
Prog.
Phys.
Geogr.,
31(6):539-573,
doi:10.1177/0309133307087082
The Arctic is thought to be an area wh ere we can expect to see the first and
strongest signs of global-scale clim ate variability and change. W e have already
begun to see a reduction in: (1) the aerial extent of sea ice at about 3% per decade
and (2) ice thickness at about 40%. At the current rate of reduction we can expect
a seasonally ice-free Arctic by m idway through this cen tury given the current
changes in therm odynamic processes cont rolling sea-ice freeze-up and decay.
Many of the factors governing the ther modynamic processes of sea ice are
strongly tied to the presence and geophysical state of snow on sea ice, yet snow
on sea ice rem ains poorly studied. In this review, we provide a summ ary of the
current state of knowledge pertaining to the geophysical, therm odynamic and
dielectric properties of snow on sea ice. W e first give a detailed description of
snow thermophysical properties such as thermal conductivity, diffusivity and
specific heat and how snow geophysical/e lectrical properties and the seasonal
surface energy balance affect them. We also review the d ifferent microwave
emission and scattering m echanisms associated with snow-covered first-year sea
ice. Finally, we discuss the annual evol ution of the Arctic system through snow
thermodynamic (heat/mass transfer, m etamorphism) and aeolian processes, with
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linkages to microwave remote sensing that have yet to be defined from an annual
perspective in the Arctic.
Langlois, A., T. Fisico, D. G. Barber, a nd T. N. Papakyriakou, 2008, Response of snow
thermophysical processes to the passage of a pol ar low-pressure system and its impact on
in situ passive m icrowave radiometry: A case study, J. Geophys. Res., 113, C03S04,
doi:10.1029/2007JC004197
Recent reductions in both the aerial extent and thickness of sea ice have focused
attention on the effect clim ate change is having on the polar m arine system.
Concomitant with a r eduction in sea ice has been an increased frequency of lowpressure depressions at high la titudes. Recent studies have shown that we can
expect both increased in situ cyclo genesis and advection into the arctic region.
Since theses cyclones are associated w ith warm air advection, increased wind
speed, relative hum idity, and cloud cover, their im pact on s now surface energy
balance may be significant. The therm ophysical response of snow-covered firstyear sea ice to a low-pressure d isturbance is investigated along with its impact on
surface-based radiometer brightness temperature measurements. The d ata were
collected during the Canadian Arctic Shelf Exchange Stud y (CASES) between
year days 33 and 34 of 2004. Snow grai n size increased throughout the sam pling
period with growth rates of 1.28 and 2.3 mm 2 d−1 for thin and thick snow covers,
respectively. This rate was much faster than expected on the basis of other similar
experiments documented in the literature. Furtherm ore, brine volum e migrated
upward in both snowpacks owing to th e action of wind pumping affecting the
dielectric constant of the snow middle layers. This increase in permittivity caused
a decrease in brigh tness temperatures at 85 GHz of approxim ately 5 K and 10 K
in the vertical and horizontal polarizations, respectively. This signal is sufficiently
large to impact interpretation of passive microwave signatures from space.
Mundy, C. J., J. K. Ehn, D. G. Barber, and C. Michel, 2007, Influence of snow cover and
algae on the spectral dependence of transm itted irradiance through Arctic landfas t firstyear sea ice, J. Geophys. Res., 112, C03007, doi:10.1029/2006JC003683
Extensive spatial and temporal observations of sea ice algae remain limited due in
part to current destructive and time intensive sampling techniques. In this paper
we examine the influen ce of snow cove r and ice alg al biomass on the spectral
dependence of photosynthetically available radiation transm itted through the
snow-ice matrix using a data set collected in Resolute Passage, Canada, from 3 to
21 May 2003. The relationships between a norm alized difference index (NDI) of
transmitted irradiance with ice alg al biomass and with sn ow cover provided a
means to examine and compare observational and modeled data. In contrast to the
dominant scattering properties of snow, absorption largely controls the spectral
diffuse attenuation coefficient of algae. Our results sho w that sno w has little
effect on the distr ibution of transmitted spectral irradiance at wavelength s
between 400 and 550 nm, whereas algae ha ve a strong absorption peak near 440
nm that dominates changes in spectral transmission across this wavelength range.
Up to 89% of the total variation in al gae biomass was accounted for with a single
NDI wavelength com bination. Therefore the blue wavelength peak in algal
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spectral absorption lends particularly well to the r emote estimation of algae
biomass using transmitted irradiance. Deviations between observed and m odeled
data highlight the need for im provements to model inputs and therefore m ore
detailed observations of processes controlling snow, ice, and al gae in situ optical
properties.
Partington, K., J. D. Flach, D. Barber,
D. Isleifson, P. Meadows, P., and P.
Verlaan, 2010, Dual-Polarization C-Band Radar Observations of Sea Ice in the
Amundsen Gulf, IEEE Transactions on Geoscience and Remote Sensing, 48(6): 26852691, doi:10.1109/TGRS.2009.2039577
Polarimetric observations of sea ice f rom synthetic aperture radar can, in
principle, assist in sea-ice class ification and ice-water discrim ination. In this
paper, we use dual-polarization ground-ba sed scatterometer observations of sea
ice to asses s the poten tial value of sp aceborne dual-polarization observations of
sea ice for operational ice analysis, focusing on C-band and, in particular, the
contribution of the HV backscatter coe fficient and HH/VV polarization ratios.
Results show that sig nature variability resulting from frost flowers, ice
deformation, and snow cover can overw helm systematic differences between
younger ice types, up to first-year thin.
As a result of this and noise floor
limitations of spaceborne sensors, the HV backscatter coefficient makes visual ice
type and open water discrimination easier only below about 30?? incidence angle.
The HH/VV ratio is less impacted by the noise floor of spa ceborne sensors but
retains similar ambiguities for sea-ice classification.
Peterson, I. K., S. J. Prin senberg, and J. S. H olladay, 2008, Observations of sea ice
thickness, surface roug hness and ice motion in Am undsen Gulf, J. Geophys. Res., 113,
C06016, doi:10.1029/2007JC004456
Ice thickness and surface r oughness measurements of first-year (FY) sea ice were
collected with a fix-mounted helicopter -borne electromagnetic (HEM) -laser
system in Amundsen Gulf in April to May 2004. The m odal ice thickness values
are in good qualitative agreem ent with di fferent ice types identified in synthetic
aperture radar (SAR) imagery and s hown on ice charts produced by the Canadian
Ice Service. Modal ice thickness values whic h generally represent level ice
thicknesses were about 2.0 m over landfast ice. A large range of modal ice
thicknesses was observed in the m obile ice region, with values of about 0.2 m
(young ice) in leads (where there was high radar backscatter), 0.6 m (thin FY ice)
in the polynya (where there was medi um to high backscatter), and about 1.1–1.9
m (thick FY ice) elsewhere. Hig h surface roughnesses are strongly associated
with high ra dar backscatter in SAR im agery, and are observ ed in areas of large
shear. The ratio of the standard deviations of ice draft and averaged roughness in
an area of landfast ice is in good agr
eement with the ratio of the standard
deviations of ice draft and ice-equivalent roughness expected fr om isostasy, with
constant level ice and s now thickness. However, the standard deviation of iceequivalent roughness may be signif icantly underestimated, due to differences in
snow thickness between level and deformed ice, and lim itations of the laser
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processing method. Modal ice (plus snow ) thicknesses m easured with the HEM
system are within the range of historical values measured at Cape Parry.
Scharien, R. K., J. J Ya ckel, M. A. Gran skog, and B. G. Else, 2007, Coincident high
resolution optical‐SAR image analysis for surface albedo estimation of first‐year sea
ice
during
summer m elt,
Rem.
Sens.
Env.,
111(2-3):
160-171,
doi:10.1016/j.rse.2006.10.025
The parameterization of sea ice alb edo during summer, when fluctuations in the
fractional coverage of m elt ponds change on a variety of spatial and tem poral
scales, represents a significant ch allenge for both the modelling and rem ote
sensing communities. Ubiquitous cloud c over in summer inhibits th e use of
optical sensors for providing large-scale estimates of sea ice surface albedo. Cband (5.3 GHz) Synthetic Aperture RA DAR (SAR) data from ENVISAT-ASAR
is compared to co incident surface climatological albedo (α) estimates derived
from high-resolution Q uickbird VIS-NIR imagery in order to dem onstrate the
utility of high-resolution, dual-polarized (VV, HH) SAR for detec ting variations
in α of m elt pond covered landfast first-year sea ice (FYI) ad jacent to Hudson
Bay. Variations in ice α are detected from SAR imagery using the co-polarization
ratio (γ), shown to be significantly correlated (− 0.81) with α when melt ponds are
in liquid form . Results show the use of γ represents a s ubstantial increase in
correlation to α when com pared to conventional like-polarized SAR
backscattering coefficients. A regression model demonstrates that γ can be used as
an estimator for landfast-FYI α to within ± 5.2% provided: (1) The SAR images at
a shallow enough incidence angle to i nduce separation between like-polarized
channels; and (2) the conditions of Bra gg surface scattering, characteristic of
relatively shallow FYI melt ponds, is met.
Scharien, R. K., T. Geldsetzer, D. G. Ba
rber, J. J. Yackel, and A. Langlois, 2010,
Physical, dielectric, and C band m icrowave scattering properties of first-y ear sea ice
during advanced melt, J. Geophys. Res., 115, C12026, doi:10.1029/2010JC006257
This paper investigates the influence of solar heating and intermittent cloud cover
on the physical and dielectric properties of naturally snow -free, warm (>−2°),
first-year sea ice (FYI) in the southeaste rn margin of the Beauf ort Sea during
advanced melt. A sim ple three-layer physical model describing the su rface is
introduced and copolarized C band m icrowave signatures are sim ulated using a
multilayer scattering model forced with four sets of measured surface parameters.
Modeled backscatter signatures are compared to coincident surface-based C band
scatterometer signatures in order to elucidate the signature controlling properties
of the ice. Results show that 50 MHz impedance probe dielectric measurements of
desalinated upper ice layers exhibit statis tically significant diurnal variations due
to the link between so lar forcing and the availability of free water in brine-free
upper ice layers. Enhanced downwelling longwave radiation to the surface from
low-level stratus clouds is positively linearly associated (r = 0.709) with
volumetric moisture mv detected in upper ice layers . Model results show that
desalinated upper ice layers contribute volume scattering from smooth, snow-free
FYI under the observed surface mv range. Sustained cloud-f ree periods result in
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the formation of a 0.5–2.5 cm granular su rface layer, com posed of 5.2 mm ice
grains, which enhances backscatter unde r relatively dry conditions. Sensitiv ity
analyses show that layer thickness plays a significant role in scattering due to the
increased number density of inclusions which act as dis crete scatterers, and
sufficient energy may penetrate to, and scatter from, the saline columnar ice layer
under relatively dry conditions only (mv < 2%).
Tonboe, R.T., L. T. Pedersen, C. H aas, 2010, Simulation of the CryoSat-2 satellite radar
altimeter sea ice thickness retrieval uncertainty, Can. J. Rem. Sens., 36(1): 55-67
Although it is well known th at radar waves penetrate in to snow and sea ice, the
exact mechanisms for radar altim eter scattering and its link to the dep th of the
effective scattering surface from sea ice are not we ll known. Previously proposed
mechanisms linked the snow–ice interface, i.e., the dominating scattering horizon,
directly with the depth of the effective scattering surface. However, simulations
using a m ultilayer radar s cattering model show that the effective scatterin g
surface is affected by snow-cover an d ice properties. With the coming CryoSat-2
(planned launch in 2010) satellite radar altimeter, it is proposed that sea ice
thickness can be derived during winter by measuring its freeboard. In this study
we evaluate the radar altim eter sea ice th ickness retrieval uncertainty in terms of
floe buoyancy, radar penetration, and ice type distribu tion using both a scattering
model and Archim edes’ principle. The e ffect of the snow cover on the floe
buoyancy and radar penetration and on the ice cover spatial and tem
poral
variability is assessed f rom field campaign measurements in the Arctic resulting
in ice thickness uncertainties of about 0.3 m for the snow depth variability and 0.3
m for the snow density vari ability. In addition to thes e well-known uncertainties,
we use high resolution RADARS AT synthetic aperture radar (SAR) data to
simulate errors due to the variability of the effective scattering surface as a resu lt
of the subfootprint spatial backscatter and elevation distribution, sometimes called
preferential sampling. In particular, in areas where ridges represent a significant
part of the ice volum e (e.g., the Lincoln Sea), the average sim ulated altimeter
thickness estimate of 2.68 m is lower than the r eal average footprint thickness of
3.85 m, making preferential sampling the single most important error source. This
means that the errors are large and yet m anageable if the relevant quantities are
known a priori. Radar altimeter ice thickness retrieval uncertainties are discussed.
Yackel, J. J., D. G. Barber, T. N. Papakyriakou, and C. Breneman, 2007, First-year sea
ice spring melt transitions in the Canadian Arctic Archipelago from time series SAR data,
1992-2002, Hydrological Processes, 21(2): 253-265, doi:10.1002/hyp.6240
This paper synthesizes 10-years' worth of interannual time-s eries space-borne
ERS-1 and RADARSAT-1 synthetic aper ture radar (S AR) data colle cted
coincident with daily m easurement of snow-covered, land-fast first-year sea ice
(FYI) geophysical and surface radiation data collected from the Seasonal Sea Ice
Monitoring and Modeling Site, Collabor
ative-Interdisciplinary Cryospheric
Experiment and 1998 North W ater Polynya study over the period 1992 to 2002.
The objectives are to investig ate the seasonal co-relationship of the SAR tim eseries dataset with s elected surface mass (bulk snow thickn ess) and climate state
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variables (surface temperature and albedo) m easured in situ for the purpose of
measuring the interannual variability of sea ice sp ring melt transitions and
validating a tim e-series SAR m ethodology for sea ice surf ace mass and clim ate
state parameter estim ation. We begin with a review of the salient processes
required for our interpretation of tim e-series microwave backscatter from landfast FYI. Our results su ggest that time-series SAR data can reliab ly measure the
timing and duration of surface alb edo transitions at daily to weekly tim e-scales
and at a spatial scales that are on the order of hundreds of metres. Snow thickness
on FYI immediately p rior to melt onset explains a statistically significant portion
of the variability in timing of SAR-de tected melt onset to pond onset for SAR
time-series that are m ade up of m ore than 25 images. Our results also show that
the funicular regime of snowmelt, resolved in time-series SAR data at a temporal
resolution of approximately 2·5 images per week, is not detectable for snow
covers less than 25 cm in thickness.
Yu, P., S. E. L. Howell, and D. A. Clausi, 2009, <![CDATA[Fusi
ng AMSR-E and
QuikSCAT Imagery for Im proved Sea Ice Recognition]]>, IEEE Trans Geosci Remote
Sensing, 47(7): 1980-1989, doi:10.1109/TGRS.2009.2013632
The benefits of augm enting Advanced Mi crowave Scanning Radiometer for the
Earth Observing System (AMSR-E) im age data with Quick Scatterom eter
(QuikSCAT) image data for supervised sea ice class ification in the W estern
Arctic region are investigated. Experi ments compared the perform ance of a
maximum likelihood classifier when used with the AMSR-E-only data set against
using the combined data. Th e preferred number of bands to use for class ification
was examined, as well as whether principal component analysis (PCA) can be
used to reduce the dim ensionality of the data. The reliability of training data over
time was also investigated. Adding QuikSCAT often improves classifier accuracy
in a statistically significant m anner and never decreases it s ignificantly when a
sufficient number of bands are used. Com bining these data sets is beneficial for
sea ice mapping. Using all available bands is recommended, data fusion with PCA
does not offer any benefit for these data, and training data from a spec ific date
remains reliable within 30 days.

2.11 Water Properties
Holland, D. M., R. H. Thom as, B. deYoung, B. Lyberth, and M. Ribergaard, 2008,
Acceleration of Jakobshavn Isbrae triggered by warm subsurface Irminger waters, Nature
Geosciences 1: 659-664, doi:10.1038/ngeo316
Observations over the past decades show a rapid acceleration of several outlet
glaciers in Greenland and Antarctica 1. One of the largest changes is a sudden
switch of Jakobshavn Isbræ, a large outlet glacier feeding a deep-ocean fjord on
2
Greenland's west coast, from slow thickening to rapid thinning
in 1997,
3
associated with a doubli ng in glacier velocity . Suggested explanations for the
speed-up of Jakobshavn Isbræ include increased lubrication of the ice–bedrock
interface as more m eltwater has drained to th e glacier bed during recent warmer
summers4 and weakening and break-up of the floating ice tongue that buttressed
the glacier5. Here we present hydrographic data that show a s udden increase in
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subsurface ocean tem perature in 1997 along the entire west coast of Greenland ,
suggesting that the changes in Jakobsha vn Isbræ were instead triggered by the
arrival of relatively warm water originating f rom the Irminger Sea near Iceland .
We trace these oceanic changes back to changes in the atmospheric circulation in
the North Atlantic region. W e conclude that the prediction of future rapid
dynamic responses of other outlet glacier s to clim ate change will require an
improved understanding of the effect of changes
in regional ocean and
atmosphere circulation on the delivery of warm subsurface waters to the periphery
of the ice sheets.
Jackson, J. M., E. C. Carm ack, F. A. McLa ughlin, S. E. Allen, and R. G. Ingram, 2010,
Identification, characterization, and change of the near-surface temperature maximum in
the
Canada Basin, 1993–2008,
J.
Geophys.
Res.,
115,
C05021,
doi:10.1029/2009JC005265
Sea ice in the Canada Basin of the Arctic Ocean has decreased sign ificantly in
recent years, and this will likely ch ange the properties of the surface waters. A
near-surface temperature maximum (NSTM) at typical depths of 25–35 m has
been previously described; however,
its formation mechanisms, seasonal
evolution, and interannual variability have not been established. Based on
summertime conductivity, tem perature, and depth surveys and year-round IceTethered Profiler data from 2005 to 2008, we found that the NSTM for ms when
sufficient solar rad iation warms the upper ocean . A seasonal haloclin e forms in
summer once enough sea ice m elt has accumulated to separate the surface m ixed
layer from the NSTM. The NSTM becom es trapped below the summ er halocline,
thereby storing heat from solar radiation. This heat can be stored year-round in the
Canada Basin if the halocl ine is strong enough to pe rsist through winter. In
addition, energy from storm-driven mixing can weaken the summer halocline and
entrain the NSTM, thereby m elting sea ic e in winter. Throughout this cycle,
Ekman pumping within the convergent Beau fort Gyre acts to deepen the NSTM .
From 1993 through 2007, the NSTM warm ed and expanded northward and both
the NSTM and the su mmer halocline form ed at success ively shallower depths.
North of 75°N, the temperature of th e NSTM increased from 2004 to 2007 by
0.13°C/yr, and the NSTM and summ er halocline shoaled by 2.1 m /yr and 1.7
m/yr, respectively, from 1997 to 2007. The formation and dynamics of the NSTM
are manifestations of both the ice-albe do feedback effect and changes to the
freshwater cycle in the Canada Basin.
Rabe, B, A. Münchow, H. Johnson, and H. Melling, 2010, Nares Strait h ydrography and
salinity from a thre e-year moored array, J. Geophys. Res., 115, C07010,
doi:10.1029/2009JC005966
Nares Strait to the we st of Greenland facilitates the exchange of heat and
freshwater between th e Arctic an d Atlantic Oceans. Th is study fo cuses on
salinity, temperature, and density measurements from Nares Strait from a mooring
array deployed from 2003 to 2006. Innovativ e moorings requiring novel analysis
methods measured seawater properties near 80.5°N, at spacing sufficient to
resolve the internal Rossby defor mation radius. The 3 ‐year mean geostrophic
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velocity has a surface ‐intensified southward flow of 0.20 m s−1 against the
western side of the strait and a seconda ry core flowing southward at 0.14 m s−1 in
the middle of the strait. Data show warm salty water on the Greenland side and
cold fresher water on the Ellesmere Island side, especially in the top layers. There
was a clear difference in hydrographic stru cture between times when sea ice was
drifting and when it was land f ast. Ice was drifting in late summer, fall, and early
winter with a strong surface ‐intensified geostrophic flow in the m iddle of the
strait. Ice was land fast in late winter, spring, and early summer, when there was a
subsurface core of strong geostrop hic flow adjacen t to th e western side of the
strait. Salinity variations of about 2 ps u in tim e and spa ce reflect a variable
freshwater outflow from the Arctic Ocea n. One particularly strong pulse occurred
at the end of July 2005. For several da ys, steeply sloping isohalines indicated
strong geostrophic flow down the m iddle of the strait coinciding with an
amplified ice export from the Arctic due to strong southward winds.
Vincent, R. F., R. F. Ma rsden, P. J. Minne tt, K. A. M. Creber, and J. R. Buckley, 2008,
Arctic waters and m arginal ice zones: A composite Arctic sea surface tem perature
algorithm using sate llite thermal data, J. Geophys. Res., 113, C04021,
doi:10.1029/2007JC004353
The retrieval of Arctic sea surface temperatures (SSTs) using satellite radiometric
imagery has not been well docum ented owing to the paucity of match-ups with in
situ data. SST algorithms developed in temperate regions lead to positive biases in
high latitudes due to an overestim ation of atm ospheric IR absorption. The
composite arctic sea su rface temperature algorithm (CASSTA) presente d in this
paper was developed from concurrent satellite and sh ipborne radiometric data
collected in the North W ater Polynya between April and July 1998. This
algorithm considers three tem perature regimes: seawater above freezing, the
transition zones of water and ice, and pr imarily ice. Thes e regimes, which are
determined by advanced very high reso lution radiometer (AVHRR) calibrated
brightness temperatures, require different calculations for temperature estimates.
For seawater above freezing, a sp ecific Arctic SST algorithm was produced
through a linear regression of AVHRR agains t in situ data. Areas consisting
mainly of ice use an e stablished ice surface temperature (IST) algorithm . The
transition zone uses a com bination of the Arctic SST a nd IST alg orithms.
CASSTA determines the Channel 4 brightness temperature for each pixel in a
calibrated AVHRR image and then applies the appropriate algorithm to create a
thermal image. The m ean deviation of CASSTA com pared to in situ data was
0.17 K with a standard deviation of 0.21 K. This represents a significant
improvement over SST values using McClai n coefficients f or temperate waters,
which overestimate the same data s et by an average of 2.4 0 K. Application of
CASSTA to the North Water imagery gives superior results compared to existing
SST or IST algorithms.
Vincent, R. F., R. F. Ma rsden, P. J. Minne tt, and J. R. Buckley, 2008, Arctic waters and
marginal ice zones: 2. An investigation of
arctic atm ospheric infrared absorp tion for
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advanced very high resolution radiometer sea surface temperature estimates, J. Geophys.
Res., 113, C08044, doi:10.1029/2007JC004354
The derivation of sea surface temperatures (SST) from satellite radiometric data is
well established in temperate latitudes. Water vapor is typically the greatest clear
sky absorber of infrared (IR) energy between the emitting surface and spaceborne
sensor, necessitating a corrective term for SST c alculation. Algorithms developed
for advanced very high resolution radi ometers (AVHRR) use the difference in
brightness temperatures between Channel 4 (10.3 to 11.3
μm) and Channel 5
(11.5 to 12.5 μm), or T45, to estim ate the a mount of I R absorption in the
atmosphere. While relatively accurate in temperate latitudes, this approach is not
applicable to Arctic waters, typic ally overestimating the S ST by 2 to 3 K as a
result of high T45 values that are not indicative of IR abso rption by water vapor.
The high T45 values in the Arctic m ay be attributable to atmospheric ice crystals.
The attenuation of IR energy increases sharply across Channel 4 and 5 for ice
crystals, the amount of which is a function of crystal size, shape and orientation.
In the development of the Composite Arctic Sea Surface Tem perature Algorithm
in the North Water polynya (NOW), it was demonstrated that when T45 exceeded
a threshold of 2 K the surface tem perature could not be es timated owing to the
presence of a clear sky absorptive featur e. Observations from the NOW study led
to the assessment that areas where T45 > 2K were covered by ice fog. This is a
significant finding s ince these regio ns must be identified to achieve an accura te
mapping of the surface temperature.

2.12 Mackenzie River and Delta
Carmack, E. C. and R. W. Macdonald, 2008, Water and ice related phenom ena in the
coastal region of the Beaufort Sea: some parallels between native experience and western
science, Arctic, 61(3): 265-280
Information gained through Native experien ce is com bined here with scientific
measurements to describe aspects of the wintertime oceanography of the Eskim o
Lakes and Mackenzie River delta regions of the Canadian Beaufort Sea. The
experiences of Jimmy Jacobson, a T uktoyaktuk elder who lived in this region for
over 70 years, were used as the basis for scientific planning and measurement. We
focus on phenom ena of special relevance to winter trav el and fishing in four
specific examples of Native insight guiding scientific inquiry. First, we exam ine
local knowledge of ice characteristics a nd fish abundance in term s of tidal
dispersion and its effect on m ixing patterns during winter. S econd, we relate the
maintenance of a small ice-free area, used by caribou as a salt lick, to the vertical
heat flux associated with flow thr ough narrow channels. Third, we look at
potentially dangerous episodes of overfl ooding of snow and ice in the nearshore
zone in m idwinter, caused by strong westerly winds, through the analysis of
oxygen isotope distributions in ice core s. Fourth, we discuss the important
influence of wind direction on ice c
onditions, lead form ation, and brine
production in sem i-enclosed coastal bays. Finally, we note ce rtain circulation
features of ecological s ignificance relevant to concerns ab out development and
the transport of pollutants. W e conclude that by not requirin g agreement between
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indigenous knowledge and W estern science, or ranking one above the other, we
can realize the values of each approach. Specifically, indigenous knowledge can
provide direction to scien tific inquiry, while Western science can be used to
measure, model, and predict where devel opment or change m ight have the m ost
serious impact.
Prinsenberg, S. J., I. K. Peterson, and S. Holladay. 2008, Measuring Freshwater-layer
Plume Depths and Ice Thicknesses of and Beneath the L and-fast Ice Region of the
Mackenzie Delta with Helicopter-borne Sensors, J. Mar. Systems CASES Special Issue,
74, 783-793, doi:10.1016/j.jmarsys.2008.02.009
Helicopter-borne sensors have been used since the early 1990s to m onitor ice
properties in support of winter marine
transportation along the east coast of
Canada. The observations are used in ice chart production and to validate ice
hazard identification algorithms using satellite advanced synthetic aperture radar
(ASAR) imagery. In this study we evaluate d the sensors' additional capability to
monitor the freshwater plum e characteristic beneath land-fast ice. D uring the
Canadian Arctic Shelf Exchange Study (CASES) data were collected over the
Mackenzie Delta in the southern Beaufort Sea where a buoyant river plume exists.
Results showed that the electromagnetic–laser system could describe not only the
ice properties but also the horizontal distribution of th e freshwater plume depths
that decreased in depth stepwise offshor e as the flow of the buoyant plum e was
restricted by a series of ridge-rubble fields running para llel to the coast. Relative
to the 2 m mean ice thickness, the plum e layer depth varied from zero under
mobile offshore pack ice to 3 m inshore of the third set of ridge-rubble fields.
Stevens, C. W., B. J. Moorm an, S. M. Solom on, and C. H. Hugenholtz, 2009, Mapping
subsurface conditions within the nearshor e zone of an Arctic delta using ground
penetrating radar, Cold Regions Science and Technology, 56(1): 30-38,
doi:10.1016/j.coldregions.2008.09.005
This paper dem onstrates the capabilitie s of ground penetra ting radar (GPR) to
map and resolve shallo w subsurface features in the near-shore zone: (i) ice
conditions (floating or bottom fast); (ii) water bathym etry; (iii) sedim entary
structures; and (iv) interfaces b etween frozen and unfrozen sed iment. These
features were resolved in the near-s hore zone of the Mackenzie Delta, N.W.T.,
Canada, using m ulti-frequency (50, 100 and 2 50 MHz) GPR data co llected in
winter (2005 and 2006). The capability of GPR to resolve s ubsurface features in
the near-shore zone w as strongly cont rolled by bottom-fast and floating ice
conditions. The latter were discriminated using a nove l approach involving the
energy return from the base of ice and the pr esence of ice-bottom multiples.
Beneath zones of bottom -fast ice, sedimentary structures and interfaces between
frozen and unfrozen sedim ent were di scriminated by reflection geom etry and
amplitude. Beneath floating ice, water dept hs were m easured to dep ths greater
than 5 m using a multi-layer depth calculation. Overall, this research demonstrates
that baseline inform ation for geotechni cal investigations and clim ate change
research in Arctic coastal zones can be greatly enhanced with GPR data.
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Walker, T. R., J. Grant, P. Cranf ord, D. G. Lintern, P. Hill, P. Jarvis, J. Barrell, and C.
Nozais, 2008, Suspended sediment and erosion dynamics in Kugmallit Bay and Beaufort
Sea during ice-free conditions, J. Mar. Syst., 74(3-4): 794-809,
doi:10.1016/j.jmarsys.2008.01.006
The Mackenzie River is the largest river on the North American side of the Arctic
and its huge freshwater and sedim ent load impacts the Canadian Beaufort Shelf.
Huge quantities of sedim ent and associated organic carbon are transported in the
Mackenzie plume into the interio r of the Arctic Ocean m ainly during the freshet
(May to S eptember). Changing clim ate scenarios portend increased coastal
erosion and resuspension that lead to altered river-shelf-slope particle budgets.
We measured sedimentation rates, suspe nded particulate matter (SPM), particle
size and settling rates du ring ice-free conditions in Kugmallit Bay (3–5 m depth).
Additionally, measurements of erosion rate , critical shear stress, particle size
distribution and resuspension threshold of bottom sedi ments were exam ined at
four regionally contrasting sites (33–523 m depth) on the Canadian Beaufort Shelf
using a new method for assessing sedim ent erosion. Wind induced resuspension
was evidenced by a strong relationship between SPM
and wind speed in
Kugmallit Bay. Deployment of sediment traps showed decreasing s edimentation
rates at sites along an inshore–offshor e transect ranging from 5400 to 3700 g m− 2
day− 1. Particle s ettling rates and s ize distributions measured using a Perspex
settling chamber showed strong relations hips between equi valent spherical
diameter (ESD) and particle settling rates ( r2 = 0.91). Mean settling rates were
0.72 cm s− 1 with corresponding ESD values of 0.9 mm. Undisturbed sedim ent
cores were exposed to shear stress in an attem pt to com pare differences in
sediment stability across the shelf dur ing September to October 2003. Shear was
generated by vertically oscillating a perf orated disc at controlled frequencies
corresponding to calibrated sh ear velocity using a pist on grid erosion device.
Critical (Type I) erosion thresholds (u ) varied between 1.1 and 1.3 cm s− 1 with
no obvious differences in location. Sedim ents at the deepest site Am undsen Gulf
displayed the highest erosion rates (22–54 g m− 2 min− 1) with resuspended particle
sizes ranging from 100 to 930 µm for all si tes. There was no indication of biotic
influence on sediment stability, although our cores did not display a fluff layer of
unconsolidated sediment. Concurrent studies in the delta and shelf region suggest
the importance of a nepheloid layer which transports su spended particles to the
slope. Continuous cycles of resuspensi on, deposition, and horizon tal advection
may intensify with reduction of sea ice in this region. Our measurem ents coupled
with studies of circulation and cross-sh elf exchange allow param eterization and
modeling of particle dynam ics and car bon fluxes under various clim ate change
scenarios.

2.13 Hudson Bay
Else, B. G. T., J. J. Yackel, and T. N. Papakyriakou, 2008, Application of satellite remote
sensing techniques for estim ating air-sea CO 2 fluxes in Hudson Bay, Ca nada during the
ice-free season, Remote Sensing of
Environment, 112(9): 3550-3562,
doi:10.1016/j.rse.2008.04.013
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The role of coastal seas as either a sink or a so urce of CO 2 is subject to a great
deal of uncertainty. This uncertainty largely arises from a lack of observations in
the coastal zones. Remote sensing offers an avenue for expanding these
observations by allowing for the extrapolat ion of relatively lim ited data sets of
dissolved CO2 (pCO2sw). In this p aper, predictive algorithms for pCO2sw that
could be applied to rem ote sensing produc ts were created from a field data set
collected from September–October, 2005 in Hudson Bay, Canada. The field data
showed that an effectiv e pCO2sw interpolation algorithm could be created using
sea surface temperature (SST) as a predictor, and that a slight improvement of the
algorithm could be achieved if measurem ents of absorption due to coloured
dissolved organic m aterial (aCDOM) were included. U nfortunately, satellite
retrievals of aCDOM did not match well with in si tu observations, and so only SST
(obtained from the MO DIS Aqua sensor) was used to create monthly maps of
pCO2sw for the period of August–Octobe r. To estimate fluxes of CO 2, constructed
surfaces of pCO2sw were combined with estimates of gas transfer velocity derived
from QuikSCAT wind retrievals, and pCO2air based on field observations. The
results of th ese calculations revealed that Hudson Bay acts as a source of CO 2
during August and September, but reverts to a sink of CO2 in October as the water
temperature decreases. Overall, a positive flux of 1.60 TgC was estimated for the
region during the ice-free season. This result is in contrast to most Arctic or subArctic continental shelf seas, wher e usually strong absorptions of CO 2 are
observed.
Granskog, M. A., R. W. Macdonald, C.-J. Mundy, and D. G. Barber, 2007, Distribution,
characteristics and potential im pacts of chromophoric dissolved organic m atter (CDOM)
in Hudson Strait and Hudson Ba y, Canada, Cont. Shelf Res., 27(15): 2032-2050,
doi:10.1016/j.csr.2007.05.001
The characteristics of chrom ophoric dissolved organic m atter (CDOM) were
studied in Hudson Bay and Hudson Stra it in the Canadian Arctic. Hudson Bay
receives a disproportionately large influx of river runoff. W ith high dissolved
organic matter (DOM) concentrations in Arctic rivers the influence of C DOM on
coastal and ocean system s can be s ignificant, yet the distribution, characteristics
and potential consequences of CDOM in these waters rem ain unknown. W e
collected 470 discrete water sam ples in of fshore, coastal, estuarine and river
waters in the region during Septembe r and October 2005. Mixing of CDOM
appeared conservative with salinity, although regional differences exist due to
variable DOM composition in the rivers di scharging to the Bay and the presence
of sea-ice m elt, which has low CDOM concentra tions and low salin ity. There
were higher concentrations of CDOM in Hudson Bay, especially in coastal waters
with salinities <28, due to river runoff. Usi ng CDOM composition of water
masses as a tracer for the freshwater com ponents revealed that river runoff is
largely constrained to n earshore waters in Hud son Bay, while sea-ice melt is
distributed more evenly in the Bay. Str ong inshore–offshore gradients in the biooptical properties of the surface waters in the Hudson Bay cause large variation in
penetration of ultraviolet radiation and the photic depth within the bay, potentially
controlling the vertical distribution of biomass and occurrence of deep chlorophyll
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maxima which are prevalent only in the more transparent offshore waters of the
bay. The CDOM distribution and associat ed photoprocesses m ay influence the
thermodynamics and stratification of th e coastal waters, through trapping of
radiant heating within the top few meters of the water column. Photoproduction of
biologically labile substrates from CDOM could potentially stim ulate the growth
of biomass in Hudson Bay coastal wate
rs. Further studies are needed to
investigate the importance of terrestrial DOM in the Hudson Bay region, and the
impact of hydroelectric development and climate change on these processes.
Granskog, M. A., R. W. Macdonald, Z. Z. A . Kuzyk, S. Senneville, C.-J. Mundy, D. G.
Barber, G. A. Stern, and F. Saucier, 2009, Coastal conduit in southwestern Hudson Bay
(Canada) in summer: Rapid transit of freshwater and significant loss of colored dissolved
organic matter, J. Geophys. Res., 114, C08012, doi:10.1029/2009JC005270
Distributions of freshwater (s ea-ice melt and runoff) were investigated along
inshore-offshore sections in southwestern H udson Bay for fall conditions.
Conductivity-temperature-density profiles and bottle sam ples collected for
salinity, oxygen isotope ( δ 18O), and colored dissolved organic m atter (CDOM)
analyses were used to discriminate between contributions of river water (RW) and
sea-ice melt (SIM). Stations had a fresh summer surface mixed layer 5–25 m thick
overlying a cold subsu rface layer indicative of the previous winter's polar mixed
layer (PML). The fraction of RW decrea sed strongly with distance from shore,
while the opposite was true for SIM. The majority of RW wa s constrained in a
coastal domain within 100–150 km from shore, which, because of high
alongshore velocities, accounts fo r the m ajority of freshwater and volume
transports. On the basis of freshwater inventories and composition, brine and RW
accumulate in the PML over winter because o f ice for mation and do wnward
mixing. The summ er surface circu lation results in an annual ne t export of SIM
from the region. Residence tim es for freshwater components in the southwestern
sector of the bay, bas ed on currents derived from a 3-D ocean m odel for Hudson
Bay, are about 1–10 months, im plying rapid transit of fre shwater. Despite the
short residence time for RW (1–3 months), CDOM is significantly photobleached
and provides an unreliable tracer for RW. Photobleaching represents an important
sink for dissolved organic carbon entering fr om rivers and could, in part, explain
why Hudson Bay is only a m inor sink for atmospheric CO 2 in the open water
season.
Hochheim, K. P. and D. G. Barber, 2010, At mospheric forcing of sea ice in Hudson Bay
during the fall period, 1980–2005,
J. Geophys. Res., 115, C05009,
doi:10.1029/2009JC005334
The principal objective of this study is to describe the autumn sea ice regim e of
Hudson Bay in the context of atmos pheric forcing from 1980 to 2005. Both
gridded Canadian Ice Service (CIS) data and Passive Microwave (PMW) data are
used to exam ine the fr eezeup period for weeks of year (WOY) 43–52. Sea ice
concentration (SIC) anomalies reveal statistically significant trends, ranging from
−23.3% to −26.9% per decade, during WOY 43–48 using the CIS data and trends
ranging from −12.7% to −16.8% per decade during WOY 45–50 using the PMW
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data. Surface air tem perature (SAT) anomalies are highly correlated with SIC
anomalies (r2 = 0.52–0.72) and with sea ice extents ( r2 = 0.53–0.72). CIS data
show that m ean sea ice exten ts based on SICs ≥80% (consolidated ice) have
decreased by 1.05 × 10 5 to 1.17 × 10 5 km2 for every 1°C increas e in temperature
in late November; PMW data show similar results. Regression analy sis between
SAT and standardized clim ate indices over the 1951–2005 period show that the
East Pacific/North Pacific index is highly predictive of interannual SATs followed
by the North Atlantic Oscillation and Arc tic Oscillation indices. The data show
that the Hudson Bay area has recently undergone a clim ate regime shift, in the
mid 1990s, which has resulted in a signi ficant reduction in sea ice during the
freezeup period and th at these ch anges appear to be related to atmospheric
indices.
Kuzyk, Z. A., M. A. Goni, G. A. S tern and R. W. Macdonald, 2008, Sources, pathways
and sinks of particulate organic matter in Hudson Bay: evidence from lignin distributions,
Marine Chemistry, 112(3-4): 215-229, doi:10.1016/j.marchem.2008.08.001
Hudson Bay is a larg e, estuarine, shelf-li ke sea at the southern m argin of the
Arctic, where changes in seasonal ice cover and river discharge appear already to
be underway. Here we present lignin data for dated sedim ents from eleven box
cores and evaluate sources of terrigenous carbon, transport pathways, and whether
terrigenous organic matter has been influenced by recent en vironmental change.
Lignin yields (0.04 to 1.46 mg/100 mg organic carbon) decreased from the margin
to the interior and from south to north, broadly reflecting the distribution of river
inputs. Lignin compositional patterns i ndicated distinct re gional sources with
boreal forest (woody gymnosperm ) vegetation an im portant source in the south,
vs. tundra (non-woody angiosperm ) in the north. Lignin patterns suggest
redistribution of a fine-grained, minera l-associated fraction of the southernderived terrigenous carbon to the northeas t part of the Bay and ultim ately into
west Hudson Strait with the Bay's cyclonic coastal circulation. A sm all
component of the carbon makes it to the central basins of Hudson Bay but most of
the terrigenous organic material in that area appears to derive from resuspension
of older, isostatically-rebounding coastal and inner shelf deposits. Most m odern
plant debris appears to be retained
near river m ouths due to hydrodynam ic
sorting, with the exception of the southw est inner shelf, where these m aterials
extend > 30 km from shore. Temporal changes in the com position of terrigenous
organic carbon recorded in most of the southern Hudson Bay cores perhaps reflect
increases in erosion an d cross-shelf tr ansport from coastal deposits, possibly
mediated by change in ice clim ate. In contrast, temporal changes in the northwest
may relate to changes in the supply of modern plant debris under recent warm er
conditions. On the western shelf, change s may relate to ice clim ate and the
distribution of northern coas tal water and/or changes in the delive ry of materials
by the Churchill River due to water dive rsion. Although the cores show evidence
of change related to the ice climate, there is little evidence that ice itself transports
terrigenous organic carbon within the system.
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Kuzyk, Z. A., R. W . Macdonald, M. A. Gr anskog, R. K. Scharien, R. J. Galley, C.
Michel, D. G. Barber and G. A. Stern,
2008, Sea ice, hydrological, and biological
processes in the Churchill River estuary region, Hudson Bay, Est., Coastal Shelf Sci.,
77(3): 369-384, doi:10.1016/j.ecss.2007.09.030
A conceptual scheme for the transition from winter to spring is developed for a
small Arctic estuary (Churchill Rive
r, Hudson Bay) using hydrological,
meteorological and oceanographic data togeth er with models of the landfast ice.
Observations within th e Churchill River estu ary and away from the direct
influence of the river plum e (Button Bay), between March and May 2005, show
that both sea ice (production and m elt) and river water influence the region's
freshwater budget. In Button Bay, ice production in the flaw lead or polynya of
NW Hudson Bay result in salinization through winter until the end of March,
followed by a gradual freshening of the water column through April–May. In the
Churchill Estuary, conditions varied abruptly throughout winter–spring depending
on the physical interaction am ong river discharge, the seasonal landfast ice, and
the rubble zone along th e seaward margin of the landfast ice. Until late May, the
rubble zone partially impounded riv er discharge, influencing the surface salin ity,
stratification, flushing tim e, and distri bution and abundance of nutrients in the
estuary. The river discharge, in turn, advanced and enhanced sea ice ablation in
the estuary by delivering sensib le heat. Weak stratification, the supply of riverine
nitrogen and silicate, and a relatively long flushing tim e ( 6 days) in the period
preceding melt may have briefly fa voured phytoplankton production in the
estuary when conditions were still poor in the surrounding coastal environm ent.
However, in late May, the peak flow
and breakdown of the ice-rubble zone
around the estuary brought abrupt changes, including increased stratification and
turbidity, reduced marine and freshwater nutrient supply, a shorter flushing tim e,
and the release of th e freshwater pool into the interior ocean. These conditions
suppressed phytoplankton productivity wh ile enhancing the inventory of
particulate organic m atter delivered by the river. The physical and biological
changes observed in this study highlight th e variability and in stability of s mall
frozen estuaries during winter–spring transition, which implies sens itivity to
climate change.
Kuzyk, Z. A., R. W. Macdona ld, S. C. Johannessen, G. A. Stern, 2010, Biogeochem ical
Controls on PCB Deposition in Hudson Ba
y, Env. Sci. Tech., 44(9): 3280-3285,
doi:10.1021/es903832t
PCB concentrations, congener patterns, and fluxes were examined in 13 dated and
organically characterized (C, N, δ13C, δ15N) marine sediment cores from Hudson
Bay, Canada, to investigate the im portance of organic m atter (OM) supply and
transport to PCB sequestration. Drawdown of PCBs, supported by marine primary
production, is reflected in elevated
∑PCB concentrations and m ore highly
chlorinated PCB signatures in surface sediments underlying eutrophic regions.
Sediments in oligotrophic regions, whic h are dom inated by “old” m arine OM,
have lower PCB concentrations and w eathered signatures. For the s urface of
Hudson Bay, average atmospheric depositi on appears to be very low (ca. 1.4 pg
∑PCBs cm−2 a−1) compared to fluxes reported for nearby lakes (ca. 44 pg ∑PCBs
121

cm−2 a−1). 210Pb fails to provide a m eans to normalize the fluxes, highlighting
210
important differences in the biocycling of
Pb and PCBs. Unlike 210Pb,
atmospheric PCB exchange with th e water’s surface is partially force d by the
aquatic organic carbon cycle. The ex tremely low atmospheric deposition of PCBs
to the surface of Hudson Bay is likely a reflection of the Bay’s excep tionally low
productivity and vertical carbon fluxes. If future m arine production and vertical
flux of carbon increase due to loss of i
ce cover or change in river input as
consequences of global warming, PCB deposition would also increase.
Kuzyk, Z. A., R. W . Macdonald, J.-E. Trem blay, and G. A. Stern, 2010, Elem ental and
stable isotopic constraints on river infl uence and patterns of nitrogen cycling and
biological productivity in Huds
on Bay, Cont. Shelf Res., 30(2): 163-176,
doi:10.1016/j.csr.2009.10.014
Elemental (carbon and nitrogen) ratios a nd stable carbon and nitrogen isotope
ratios (δ13C and δ15N) are exam ined in s ediments and suspended particulate
matter from Hudson Bay to study the infl uence of river inputs and autochthonous
production on organic m atter distribution. River-derived particulate organic
matter (POM) is heterogeneous, nitroge
n-poor and isotopically depleted,
consistent with expectations for O M derived from terrestrial C3 vascular plant
sources, and distinct from marine OM sources. Both δ13C and C/N source
signatures seem to be transm itted to sedi ments with little or no m odification,
therefore making good tracers for terrige nous OM in Hudson Bay. They suggest
progressively larger contributions from marine sources with distance from shore
and secondarily from south to north, which broadly corresponds to the distribution
of river inputs to Hudson Bay. Proce sses other than mixing of marine and
terrigenous OM influence sedim entary δ15N values, including va riability in th e
δ15N of phytoplank ton in the Bay' s surface wate rs due to differences in relative
nitrate utilization, and post-production processes, which bring about an apparently
constant 15N-enrichment between surface waters and underly ing sediments.
Variability in the δ15N of phytoplankton in the Bay' s surface waters, in contrast,
seems to be organized spatially with a pattern that suggests an inshore–offshore
difference in surface water n itrogen conditions (open- vs. closed-system) and
hence the δ15N value of phytoplankton. The δ15N patterns, supported by a sim ple
nitrate box-model budget, suggest that
in inshore regions of Huds on Bay,
upwelling of deep, nutrient-ri ch waters replenishes surface nitrate, resulting in
‘open system’ conditions which tend to maintain nitrate δ15N at low and constant
values, and these v alues are reflected in the sinking detritus. River inflow, which
is constrained to inshore regions of Hudson Bay, app ears to be a relatively minor
source of nitrate com pared to upwelling of deep waters. H owever, river inflow
may contribute indirectly to enhanced inshore nutrient supply by supporting largescale estuarine circulation and conse quently entrainment and upwelling of deep
water in this area. In contrast to
previous proposals that Hudson Bay is
oligotrophic because it recei ves too much fresh water ( Dunbar, 1993), our results
support most of the primary production bein g organized around the m argin of the
Bay, where river flow is constrained.
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Lapoussiere, A., C. Michel, M. Gosselin, a nd M. Poulin, 2009, Spatial variability in
organic material sinking e xport in the Hudson Bay sy stem, Canada, during fall, Cont.
Shelf Res., 29(9): 1276-1288, doi:10.1016/j.csr.2009.02.004
Spatial variations in the sinking export of organic material were assessed within
the Hudson Bay system (i.e., Hudson Bay, Hudson Strait and Foxe Basin) during
the second oceanographic expedition of ArcticNet, on board the CCGS Amundsen
in early fall 2005. Sinking fluxes of partic ulate organic m aterial were m easured
using short-term free-drifting particle interceptor traps de ployed at 50, 100 and
150 m for 8–20 h at eight stations. Measurem ents of chlorophyll a (chl a),
pheopigments (pheo), particul ate organic carbon (POC), biogenic silica (BioSi),
protists, fecal pellets and bacteria were performed on the collected material. In
parallel, sea surface salinity and temperat ure were determined at 121 stations in
the Hudson Bay system. Three hydrogra
phic regions presenting different
sedimentation patterns were identified based on average s
urface salinity and
temperature. Hudson Str ait was characteri zed by a m arine signature, with high
salinity (average= 32.3) and low temperatur e (average= 2.1 °C). Eastern Hudson
Bay was strongly influenced by river runoff and showed the lowest average
salinity (26.6) and highes t average tem perature (7.6 °C) of the three regions.
Western Hudson Bay showed interm
ediate salinity (average= 29.4) and
temperature (average= 4.4 °C). Sinking fluxes of total pigm ents (chl a+pheo:
3.37 mg m−2 d−1), diatom-associated carbon (19.8 mg m−2 d−1) and BioSi
(50.2 mg m−2 d−1) at 50 m were highest in Hu dson Strait. Eastern Hudson Bay
showed higher sinking fluxes of total pigm
ents (0.52 mg m−2 d−1), diatom−2 −1
associated carbon (3.29 mg m d ) and BioSi (36.6 mg m−2 d−1) compared to
western Hudson Bay (0.19, 0.05 and 7.76 mg m−2 d−1, respectively). POC sinking
fluxes at 50 m were low and relativ ely uniform throughout the Hudson Bay
system (50.0–76.8 mg C m−2 d−1), but spatial v ariations in the com position of the
sinking organic m aterial were observe d. A large part ( 37–78%) of the total
sinking POC was unidentifiable by m icroscopic observation and was qualified as
amorphous detritus. Considering only th e identifiable m aterial, the m ajor
contributors to the POC sinking flux were intact protist c ells in Hud son Strait
(28%), fecal pellets in eastern Hudson Bay (52%) and bacteria in western Hudson
Bay (17%). A significant depth-relate d attenuation of th e POC sinking fluxes
(average loss between 50 and 150 m= 32%) and a s ignificant increase in the
BioSi:POC ratio (average increase between 50 and 150 m=76%) were observed in
Hudson Strait and eastern Hudson Ba
y. For all other sinking fluxes and
composition ratios, we found no statistica lly significant difference with depth.
These results show that during fall, th e sinking export of total POC from the
euphotic zone rem ained fairly consta nt throughout the Hudson Ba y system,
whereas other components of the organic sinking material (e.g., chl a, BioSi, fecal
pellets, protist cells) showed strong spatial variations.
Li, S. S. and R. G. Ingram , 2007, Isopycnal deepening of an under-ice river plum e in
coastal waters: Field observations and m odeling, J. Geophys. Res., 112, C07010,
doi:10.1029/2006JC003883
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The Great Whale River, located on the southeast coast of Hudson Bay in Canada,
forms a large river plume under complete landfast ice during early spring. Shortterm fluctuations of plum e depth have motivated the present num erical study of
an under-ice river plum e subject to tidal m otion and friction. W e introduce a
simple two-layer m odel for predicting the vertical penetration of the under-ice
river plume as it propagates over a deepening topography. The topography is
idealized but representative. Friction on the bottom surface of the ice cover, on
the seabed, and at the plume interface is parameterized using the quadratic friction
law. The extent of the vertical pene
tration is controlled by di mensionless
parameters related to tidal motion and river outflow. Model predictions are shown
to compare favorably with under-ice plum e measurements from the river m outh.
This study illustrates that isopycnal deepen ing occurs when the ice-cover vertical
motion creates a reduced flow cross-section during the ebbing tide. This results in
supercritical flow and tri ggers the downward plum e penetration in the offshore.
For a given river discharge, the freshwater source over a tidal cycle is unsteady in
terms of discharge velocity becau se of the variation in the effectiv e crosssectional area at the river mouth, through which freshwater flows.
Mundy, C. J., M. Gosselin, M. Starr, and C. Michel, 2010, Riverine export and the effects
of circulation on di ssolved organic carbon in th e Hudson Bay system , Canada, Limnol.
Oceanogr., 55(1): 315-323, doi:10.4319/lo.2010.55.1.0315
The distribution of dissolved organic carbon (DOC) in Hudson Bay (HB), Foxe
Basin (FB), and Hudson Strait (HS) was exam ined during 01–14 August 2003.
The HB sys tem displayed relatively high DOC concentrations with m edians of
109, 90, and 100 mmol L -1 for m easurements made in HB, FB, and HS,
respectively. Waters were significantly m odified as they circulated through the
HB system. An influence of marine-derived DOC was inferred for waters entering
the system from northern HS and FB. Th e presence of a cold-water layer and
elevated DOC concentrations observed in HB along the western coast and at
depth was explained through either brine rejection and export of surface DOC to
depth during sea ice form ation or the decomposition of a settling algal bloom . As
waters circulated in HB, an input
of terrigenous DOC was the dom
inant
modifying factor. In partic ular, DOC-laden rivers in southern HB increased th e
DOC concentration and then displayed a c onservative behavior as water exited
the bay along the southern coast of HS. A dditionally, the late stages of ice melt
observed during this study showed a significant dilution effect on su rface DOC
concentrations within easte rn HB. Input and export of riverine DOC in the HB
system was estimated at ~5.5 Tg C yr -1, which is approxim ately 23% of the
annual DOC input from rivers draining directly into the central Arctic Ocean and
therefore represents an important contribution of terr igenous carbon to north ern
seas.

2.14 Tidal Processes and Studies
Arbic, B.K., P. St-Laurent, G. Sutherla nd, and C. Garrett, 2007, On the resonance and
influence of the tides in Ungava Bay and Hudson Strait, Geophys. Res. Lett., 34, L17606,
doi:10.1029/2007GL030845.2007
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The tides of Leaf Basin in Ungava Bay may be the world's highest. An analysis of
the frequency dependence of the respons e to outside forcing, a norm al mode
analysis, and a study of the dam ped oscillation of an initial disturbance, suggest
that the Ungava Bay/Hudson Strait region has a natural period of about 12.7 hours
and so is close to resonance with the tid al forcing. The i mplications for regional
and global tides in the present, past, and future are explored.
Cummins, P. F., R. H. Karsten, and B. K.
Arbic, 2010, The Sem i-Diurnal Tide in
Hudson Strait as a Resonant Channel Oscillation,
Atmos-Ocean., 48(3): 163–176
doi:10.3137/OC307.2010
Tidal studies have show n that there exists a resonance of the se mi-diurnal tide in
the Hudson Bay- Hudson Strait system . The resonant response is particularly
strong within Hudson Strait and Ungava Ba y. It is shown he re that the sem idiurnal tide in Hudson Strait ha s characteristics that are similar to those of a halfwavelength open channel resonance. A si mple analytical model is developed to
account for the salient aspects of the se mi-diurnal response in the strait. Nondimensional parameters that govern the response are identified and evaluated
based on the physical dim ensions of the region and results from a numerical tidal
model. Taking account of the m echanical impedance presented to the channel by
Hudson Bay, the results suggest that a channel mode is resonant near semi-diurnal
periodicities, in genera l agreement with obser vations and more complex tid al
models of the reg ion. The possib ility that Ungava Bay m ay have a separate
quarter-wavelength resonance driven at th e entrance to th e continental shelf is
also briefly explored.
Griffiths, S. D. and W . R. Peltier, 2008, Me gatides in the Arctic Ocean under glacial
conditions, Geophys. Res. Lett., 35, L08605, doi:10.1029/2008GL033263
Over the history of the Earth, changes in ocean depth and coastal configuration
have led to considerable va riations in the pattern and amplitude of ocean tides.
Here we perform global simulations of ocean tides for the Last Glacial Maximum,
using new data sets for both ocean depth and density stratification. We show how
the configuration of the Arctic Oce an, which was alm ost entirely enclosed by
continents at that time, leads to the near -resonant excitation of large semi-diurnal
tides. Under ce rtain conditions, this pr eviously unidentified Arctic tide is
massively amplified in the Canadian Archipelago. Such tides m ay have played a
role in de stabilizing the coastal margins of North Am erican ice sheets, with
implications for rapid changes in the Earth's climate and ocean circulation.
Hannah, C. G., F. Dupont, and M. Dunphy, 20 09, Polynyas and Tidal Currents in the
Canadian Arctic Archipelago, Arctic, 62: 83-95
A tidal model of the Canadian Arctic Archipelago was used to map the strength of
the tidal currents, tidal mixing (h/U3), and the v ertical excursion associated with
the tidal currents that drive water upslope and downslope. The hot spots in these
quantities correspond to the location of many of the s
mall polynyas in the
archipelago, supporting the idea that th e tidal currents m ake an im portant
contribution to the dynam ics of many of these recurring polynyas. The potential
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link with tidal m ixing means that these locations may have enhanced plankton
production in the summer.
St-Laurent, P., F. J. Saucier, and J.-F. Du mais, 2008, On the m odification of tides in a
seasonally ice-covered sea, J. Geophys. Res., 113, C11014, doi:10.1029/2007JC004614
New observations from eight moorings located in Foxe Basin, Hudson Strait, and
Hudson Bay are used to study the seasonal variability of the M 2 tide. Significant
seasonal variations of the M 2 surface elevation are found in all these regions and
at all seaso ns. The larg est variations occur during winter wh ile both elevation
increase (Hudson Strait) and decrease (H udson Bay, Foxe Basin) are observed.
These variations are found recurrent at the stations where multiyear observations
are available. Observations from a velocity profiler are consistent with a seasonal
damping of the tides because of friction under ice. Nu merical simulations with a
sea ice-ocean coupled model and realistic forcing qualitatively reproduce most of
the features of the observed variability. The simulations show that the winter M2
variations are essentially caused by the under-ice fric tion, albeit with strong
regional differences. Under-ice friction m ostly occurs in a lim ited region (Foxe
Basin) and can accoun t for both in creased and decreased M2 elevations during
winter.

2.15 Contaminants Transport
Bidleman, T. F., H. Kylin, L. M. Jantune n, P. A. Helm , and R. W . Macdonald, 2007,
Hexachlorocycloheexanes in the C anadian Archipelago. 1. Spa tial Distribution and
Pathways of HC Hs in Surface W ater, Env. Sci. & Tech., 41(8): 2688-2695,
doi:10.1021/es062375b
Hexachlorocyclohexanes (HCHs) in the surface water of the Canadian
Archipelago and south Beaufort Sea we re measured in summer, 1999. Overall
concentrations of HCH isomers were in order of abundance: α-HCH (3.5 ± 1.2 ng
L-1) > γ-HCH (0.31 ± 0.07 ng L -1) > β-HCH (0.10 ± 0.03 ng L -1). Concentrations
and ratios of α-HCH/γ-HCH decreased significantly ( p < 0.001 to 0.003) from
west to east, but there was no significant variation in α-HCH/ β-HCH. The (+)
enantiomer of α-HCH was pref erentially degraded, with enantiom er fractions
(EFs) ranging from 0.432−0.463 and increasing significantly ( p < 0.001) from
west to east. Concentrations also var ied latitudinally for α-HCH and γ-HCH (p <
0.002) but not for β-HCH. Principal com ponent analysis with variables α-HCH
and γ-HCH concentrations, EF, latitude, and longitude accounted for 71% (PC 1)
and 16% (PC 2) of the variance. Mixing in the eastern Archipelago was modeled
by assuming three end members with characteristic concentrations of α-HCH and
γ-HCH. The model accounted for the observe d concentrations and higher EFs of
α-HCH at the eastern stations.

2.16 Biophysical Processes
Azetsu-Scott, K., A. Clarke, K. Falkner, J. Ha milton, E. P. Jones, C. Lee, B. Petrie, S.
Prinsenberg, M. Starr, and P. Yeats, 2010, Calcium carbonate satura tion states in the
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waters of the Canadian Arctic Ar chipelago and the Labrador Sea, J. Geophys. Res., 115,
C11021, doi:10.1029/2009JC005917
Ocean acidification is predicted to occur first in polar oceans. We investigated the
saturation state of waters with respect to calcite (Ωcal) and aragonite ( Ωarg) in six
sections along an Arctic outflow pa
thway through the Canadian Arctic
Archipelago (CAA) and into the nor thwestern Atlantic using dissolved inorganic
carbon and total alkalinity m easurements from 2003 to 2005. The study area, a
key region connecting the Arctic and th e North Atlantic, includes Sm ith Sound,
Barrow Strait, Baffin Bay, Davis Strait, Hudson Strait, and the Labrador Sea. The
average Ωarg in the Arctic outflow was 1.18 ± 0.17 in Barrow Strait and 1.31 ±
0.14 in Smith Sound, with areas where Ωarg < 1. The Arctic outflow through the
CAA has a high content of Pacifi c waters, which have a low saturation state.
These waters can be traced along the western Baffin Bay to Davis Strait. South of
Davis Strait, this outflow is modified by mixing with slope and offshore waters of
Atlantic origin and with the outflow fr om Hudson Strait. Despite the mixing, low
saturation state water can still be id entified on the southern Labrador Shelf. The
aragonite saturation horizon is found at ∼150 m in Barrow Strait; at 200 m in
Baffin Bay, Davis Strait, and Hudson Strait; and at 2300 m in the Labrador Sea.
This study provides baseline da ta of the saturation states for the waters of the
CAA and the northwest Atlantic. It also illustrates the downstream evolution of
low saturation state Arctic outflow in the northwest Atlantic.
Benoit, D., Y. Si mard, and L. Fortier, 2008, Hydroacoustic detection of large winter
aggregations of Arctic cod ( Boreogadus saida) at depth in ice-covered Franklin Bay
(Beaufort Sea), J. Geophys. Res., 113, C06S90, doi:10.1029/2007JC004276
In the Canadian Arctic, the larg e biomass of Arctic cod that must exist to explain
consumption by predators has eluded detection. From December 2003 to May
2004, acoustic estimates of Arctic cod biom ass at a 225-m-deep station in central
Franklin Bay (southeastern Beaufort Sea) increased progressively by 2 orders of
magnitude, reaching maximum values of 2.7 and 55 kg m−2 in April. Durin g
accumulation in F ranklin Bay, th e fish o ccupied the lower part of th e Pacific
halocline (140 m to bot tom), where th e temperature-salinity signature ( −1.4 to
0.3°C; 33 to 34.8 practical salinity units) corresponded to slope waters. Currents
at 200 m along the western slope of Am undsen Gulf headed SSE in early winter,
suggesting the passive advection of Arctic cod from Amundsen Gulf into Franklin
Bay. Retention in Franklin Bay against th e general circulation resulted from the
fish keeping at depth to reduce predati on by diving seals and/or to benefit from
relatively warm temperatures in th e lower ha locline. Extrapolating a standing
biomass of 11.23 kg m −2 at the station in April to the whole of Franklin Bay, the
availability of polar cod would amply satisfy the requirements of predators. Dense
accumulations of Arctic cod in embaym ents in winter likely play an important
role in structuring the ecosystem of the Beaufort Sea. Understanding how clim ate
change and the reduction of the sea ice cove r will af fect the stab ility of the
oceanographic/behavioral accumulation process requires further research and
modeling.
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Forest, A., M. Sa mpei, R. Makabe, H. Sasaki , D. G. Barber, Y. Gratton, P. W assmann,
and L. Fortier, 2008, The annual cycle of pa rticulate organic car bon export in Franklin
Bay (Canadian Arctic): Environm ental control and food web implications, J. Geophys.
Res., 113, C03S05, doi:10.1029/2007JC004262
As part of the Canadian Arctic Shelf Exchange Study (CASES), we assessed the
importance of new production and resuspen sion in determ ining the nature and
magnitude of the deep (210 m ) particulate organic carbon (POC) fl ux from
October 2003 to September 2004 in central Franklin Bay. In spring and summer,
phytoplankton production was nutrient-lim ited in the stratified surface layer and
the initial spring bloom evolved into a subsurface chlorophyll maximum (SCM) at
the nutricline. Large herbivorous calanoid copepods intercepted little of the initial
bloom but grazed intensely on the SCM. The phytop lankton and fecal p ellet
fluxes culminated sim ultaneously in July–August (24 and 23 m g C m −2 d−1,
respectively). The de trital POC f lux peaked in Septem ber (52 m g C m −2 d−1),
coincident with wind-induced resuspension of recently settled POC. In the f all,
detrital POC f luxes increased again to 22 m g C m −2 d−1, following the off-shelf
transport of terrigenous POC carried by the Mackenzie River plum e and POC
resuspended by wind on the shelf. In wi nter, the relatively weak POC fluxes (2–7
mg C m −2 d−1, detrital at 90%) resulted from the settling down of resuspended
sediments. We propose a conceptual m odel in which the ecosystem of Franklin
Bay shifts from an algal to a detrital m ode according to seasonal chang es in the
relative importance of fresh and old POC supplies. On the basis of this model, the
ecosystem of southeastern Beaufort S ea could evolve toward a less productive
equilibrium dominated by sedim ent resuspension in response to the ongoing
reduction of the ice cover.
Garneau, M.-È., S. Roy, C. Lovejoy, Y. Gratton, and W . F. Vincent, 2008, Seasonal
dynamics of bacterial biom ass and production in a coastal arctic ecosystem: Franklin
Bay,
western
Canadian Arctic,
J.
Geophys.
Res.,
113,
C07S91,
doi:10.1029/2007JC004281
The Canadian Arctic Shelf Exchange Study (CASES) included the overwintering
deployment of a research platform in Franklin Bay (70°N, 126°W) and provided a
unique seasonal record of b acterial dynamics in a coastal region of the Arctic
Ocean. Our objectives were (1) to relate seasonal bacterial abundance (BA) and
production (BP) to physico-chemical characteristics and (2) to quantify the annual
bacterial carbon flux. BA was estim ated by epifluorescence m icroscopy and BP
was estimated from 3H-leucine and 3H-thymidine assays. Mean BA values for the
water column ranged from 1.0 (December) to 6.8 × 105 cells mL−1 (July). Integral
BP varied from 1 (February) to 80 mg C m −2 d−1 (July). During winter-spring, BP
was uncorrelated with chlorophyll a (Chl a), but these variables were significantly
correlated during summer-autumn (r s = 0.68, p < 0.001, N = 38), suggesting that
BP was subject to bottom -up control by carbon supply. Integrated BP data
showed three distinct periods: fall-winte r, late winter–late spring, and summer. A
baseline level of BB and BP was m aintained throughout late winter–late spring
despite the persistent cold and darkness, with irregular fluctuations that m ay be
related to hydrodynamic events. During this period, BP rates were correlated with
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colored dissolved organic matter (CDOM) but not Chl a (r s BP.CDOM∣Chl a = 0.20, p
< 0.05, N = 176). Annual BP was estim ated as 6 g C m −2 a−1, implying a total BP
of 4.8 × 1010 g C a−1 for the Franklin Bay region. These results show that bacterial
processes continue throughout all seasons and m ake a large contribution to the
total biological carbon flux in this coastal arctic ecosystem.
Lalande, C., A. Forest, D. G. Barber, Y. Gr atton, and L. Fortier, 2009, Variability in the
annual cycle of vertical part iculate organic carbon export on Arctic shelves: Contrasting
the Laptev Sea, Northern Baffin Bay and the Beaufort Sea,
Cont. Shelf Res., 29(17):
2157-2165, doi:10.1016/j.csr.2009.08.009
The ongoing regression of sea ice cover is expected to significantly affect the fate
of organic carbon over the Arctic cont
inental shelves. Long-term moored
sediment traps were deployed in 2005–2006 in the Beaufort Sea, Northern Baffin
Bay and the Laptev Sea to com pare the annual variability of POC fluxes and to
evaluate the factors regulating the annual cycle of carbon export over these
continental shelves. Annual POC
fluxes at 200 m ranged from 1.6 to
−2
−1
5.9 g C m yr with th e highest export in Northern Baffin Bay and the lowest
export over the Mackenzie Shelf in the Beau fort Sea. Each annual cycle exhibited
an increase in POC export a few weeks before, during, or im mediately following
sea ice m elt, but show ed different patte rns over the remainder of the cycle.
Enhanced primary production, discharge of the Lena River, and resuspension
events contributed to periods of elevat ed POC export over the Laptev Sea slope.
High POC fluxes in Northern Baffin Bay re flected periods of elevated prim ary
production in the North W
ater polynya. In the Beaufort Sea sedim
ent
resuspension contributed to m ost of th e large export events. Our results suggest
that the outer shelf of the Laptev S ea will likely sustain the largest increase in
POC export in the next few years due to the large reduction in ice cover and the
possible increase in the Lena River disch arge. The large d ifferences in forcing
among the regions investigated reinfo rce the im portance of m onitoring POC
fluxes in the different ocea nographic regimes that characterize the Arctic shelves
to assess the response of the Arctic Ocean carbon cycle to in terannual variability
and climate change.
Lalande, C., S. Bélanger, and L. Fortier, 2009, Impact of a decreasing sea ice cover on
the vertical export of particulate organic carbon in the northern Laptev Sea, Siberian
Arctic Ocean, Geophys. Res. Lett., 36, L21604, doi:10.1029/2009GL040570
Long-term sediment traps were deployed from September 2005 to August 2007 in
the northern Laptev Sea to assess the a nnual variability in vertical export of
particulate organic carbon (POC). The sec ond year of deployment coincided with
the record low in Arctic summ er ice ex tent reached in 2007 th at resulted in an
increase in m arine primary production over the Siberian shelves. P OC export
fluxes increased during ice m elt in 2007, leading to a ∼2-fold increase in annual
POC export relative to 2005–2006 over the continental slope of the Laptev Sea.
These results suggest that th e continuous decrease of sea ice extent could sustain
increased POC export in the northern Laptev Sea and adjacent seas, potentially
altering marine ecosystem structure in the Siberian Arctic.
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Lavoie, D., K. L. Denman, and R. W. Mac donald, 2010, Effects of future climate change
on primary productivity and export fluxes in the Beaufort Sea, J. Geophys. Res., 115,
C04018, doi:10.1029/2009JC005493
We present projections of future prim ary production for the Canadian Beaufort
Shelf of the Arctic Oce an, using simulations of future clim ate change from the
Canadian Global Climate Model (CGCM2 ) to force a co upled sea ice-oceanbiological one-dimensional model. We compare three 18 year sim ulations, 1975–
1992, 2042–2059, and 2082–2099, to describe the im pacts of a reduction in sea
ice cover duration and thickness and an increase in surface freshwater fluxes. Our
results show an increase in average annual primary production of 6% between the
period 1975–1992 and the period 2042–2059 and
an increase of 9% between
1975–1992 and 2082–2099. The relative contribution of the ice algal and spring
phytoplankton blooms to the annual prim ary production is reduced in the future
runs owing to a reduction in the length of the ice algal grow th season (resulting
from earlier snow and ice melt) and to a reduction in the replenishment of nutrient
to the m ixed layer in winter. The
duration of the summ er subsurface
phytoplankton bloom increases, which fa vors the developm ent of t he main
copepod species and leads to an increas e in export production (16% between
1975–1992 and 2082–2099) that is greater than the increase in prim
ary
production.
Li, W. K. W., F. A. McLaughlin, C. Love joy, and E. C. C armack, 2009, Smallest Algae
Thrive
As the Arctic O
cean
Freshens,
Science,
326(5952):
539,
doi:10.1126/science.1179798
As climate changes and the upper Arctic Ocean receiv es more heat and fresh
water, it be comes more dif ficult for mixing processes to deliver nutrients from
depth to th e surface for phytoplankton growth. Com petitive advantage will
presumably accrue to s mall cells b ecause they are m ore effective in acquiring
nutrients and less susceptible to gravitational settling than large cells. Since 2004,
we have dis cerned an increas e in the sm allest algae and b acteria along with a
concomitant decrease in somewhat larger algae. If this trend toward a community
of smaller cells is sustained, it may lead to reduced biological production at higher
trophic levels.
McLaughlin, F. A. and E. C. Carmack, 2010, Deepening of the nutricline and chlorophyll
maximum in the Canada Basin interior, 2003–2009, Geophys. Res. Lett., 37, L24602,
doi:10.1029/2010GL045459
Physical and chem ical data collected in the C anada Basin interior from 2003–
2009 show that recent increases in both Ekman convergence and freshwater input,
associated with sea ice retreat and m elt, have affected the structure and dynam ics
of the upper ocean, and such changes accelerated from 2007–2009 when saltstratification below the seasonal mixed layer increased about 25%. This increased
stratification further constrains vertical heat flux and the winter renewal of
nutrients into the euphotic zone. O ne consequence of increased convergence is
that both the depth of the nutricline (i.e. the depth wh ere nitrate con centrations
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begin to increase from zero) and the de pth of the chlorophyll m aximum (which
occurs slightly below the depth of t he nutricline as here both nitrate and light are
sufficient to allow prim ary production) have increased. Nitrate concentrations at
the chlorophyll maximum depth have also recen tly decreased which suggests that
the availability of light m ay play a progressively greate r role in determining the
depth at which primary production occurs. If these trends continue, assuming that
the depth of the winter mixed layer does not deepen, such changes will negatively
affect primary productivity as long as th e Arctic Oscillation rem ains anticyclonic
and freshwater continues to be stored in the Bea ufort Gyre. These findings show
that, under such conditions, th e response of sea ice retreat in the basin interior is
distinct and opposite to the response on adjacent continental shelves where shelfbreak upwelling will increase, bringing
nitrate into the euphotic zone and
enhancing production.
Mundy, C. J., M. Gosselin, J. Ehn, Y. Gratton, A. Rossnagel, D. G. Barber, J. Martin, J.É. Tremblay, M. Palm er, K. R. Arrigo, G. Darnis, L.
Fortier, B. Else, and T.
Papakyriakou, 2009, Contributi on of under-ice prim ary production to an ice-edge
upwelling phytoplankton bloom in the Canadian Beaufort Sea, Geophys. Res. Lett., 36,
L17601, doi:10.1029/2009GL038837
The Canadian Beaufort Sea has been categ orized as an oligotrophic system with
the potential for enhanced production due to a nutrient-rich interm ediate layer of
Pacific-origin waters. Using under-ice hydr ographic data collected near the iceedge of a s hallow Arctic bay, we documented an ic e-edge upwelling event that
brought nutrient-rich waters to the surface during June 2008. The event resulted in
a 3-week long phytoplankton bloom that produced an estim ated 31 g C m −2 of
new production. This value was approxim ately twice that of previous estim ates
for annual production in the region, de monstrating the importance of ice-edge
upwelling to the local m arine ecosystem. Under-ice primary production estimates
of up to 0.31 g C m −2 d−1 showed that this production was not negligible,
contributing up to 22% of the daily averag ed production of the ice-edge bloom . It
is suggested that under-ice blooms ar e a widespread yet under-docum ented
phenomenon in polar regions, which co uld increase in im portance with the
Arctic's thinning ice cover and subsequent increase in transmitted irradiance to the
under-ice environment.
Schell, T. M., T. J. Moss, D. B. Scott, and A. Rochon, 2008, Paleo–s ea ice conditions of
the Amundsen Gulf, Ca nadian Arctic Archipel ago: Implications from the foraminiferal
record of the last 200 years, J. Geophys. Res., 113, C03S02, doi:10.1029/2007JC004202
Four boxcores were collected as part of
the Canadian Arctic Exchange Shelf
Study (CASES) in the Am undsen Gulf at wa ter depths of 59 m to 600 m . Data
from these cores help to develop a record of changes in the oceanographic history
of the area over the last 200 ye ars, with particular refe rence to the indication of
paleo–sea ice form ation, a key elem ent of the Arctic ecosystem . The four sites
cover a range of wat er depths and e nvironments to provide a basis for
comparison. The benthic fora minifera of sites CA-06 (253 m water depth) and
CA-18 (600 m water depth) show an incr ease in Arctic Surface W ater associated
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agglutinated foraminifera over the last ˜100 years (uppermost 8 to 16 cm). These
are indicating a decrease in sea ice cover and in cold saline Arctic Bottom Water
influence; these are s imilar to Canadian Arctic Arch ipelago postglacial faunas.
This contrasts with abunda nt planktic foram inifera at the sam e stations,
suggesting strong, oceanic Arctic surface
influence (little freshwater) in th e
central Gulf. The foram inifera of sites 403B (59 m water depth) and 415B (56 m
water depth), at the outermost edges of Amundsen Gulf, indicate that the presentday location of the winter flaw lead has been in place for at least the last 100
years, with foraminiferal faunas similar to those of the Beauf ort Shelf.
Additionally, station 415 is on an earlier Holocen e shoreline that is covered with
cobbles.
Tremblay, J.-É., K. Simpson, J. Martin, L. Miller, Y. Gratton, D. Barber, and N. M. Price,
2008, Vertical stability and the annual d
ynamics of nutrients and chlorophyll
fluorescence in the co astal, southeast Beaufort Sea, J. Geophys. Res., 113 , C07S90,
doi:10.1029/2007JC004547
The first quasi-annual time series of nutrients and chlorophyll fluorescence in the
southeast Beaufort Sea showed that mixing, whether driven by wind, local
convection, or brine re jection, and the ensuing replen ishment of nutrients at the
surface were minimal during autumn and winter. Anomalously high inventories of
nutrients were observed briefly in late December, coinciding with the pas sage of
an eddy generated offshore. The concentrations of NO 3 − in the upper mixed layer
were otherwise low and increased slowly from January to April. The coincident
decline of NO2 − suggested nitrification near the surface. The vernal drawdown of
NO3 − in 2004 began at the ice-water interf ace during May, leaving as little as 0. 9
μM of NO 3 − when the ice broke up. A subsurface chloroph yll maximum (SCM)
developed promptly and deepened with the nitracline until early Aug ust. The
diatom-dominated SCM possibly m ediated half of the season
al NO3 −
−
consumption while generating the prim ary NO2 maximum. Dissolved inorganic
carbon and soluble reactive phosphorus above the SCM continued to decline after
NO3 − was depleted, in dicating that ne t community production (NCP) exceeded
NO3 − -based new production. These dynam ics contrast with t hose of productive
Arctic waters where nutrient replen ishment in the upper euphotic zone is
extensive and NCP is fueled prim arily by allochthonous NO 3 −. The projected
increase in the supply of heat and freshwa ter to the Arctic s hould bolster vertical
stability, further reduce NO 3 − -based new production, and increase the relative
contribution of the SCM. This trend might be reversed locally or regionally by the
physical forcing events that episodically deliver nutrients to the upper euphotic
zone.

2.17 Carbon Cycle and Ecosystems
Berreville, O. F., A. F. Vézi na, K. R. Thom pson, and B. Klein, 2008, Exploratory data
analysis of the interactions among physics, food web structure, and function in two Arctic
polynyas, Can. J. Fish. Aquat. Sci., 65(6): 1036-1046, doi:10.1139/F08-016
Polynyas are areas of open water in ic
e-covered seas, characterized by high
biological productivity. The NEW (Northeast Water) and NOW (North W ater)
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polynyas, located off the east and west coasts of Greenland, were extensively
sampled in 1993 and 1998, respectively. We used principal component analysis to
explore the seasonal covariations am ong physical, chem ical, and ecological
characteristics in these polynyas. In
both polynyas, the m ost explanatory
eigenvector revealed the expected s easonal development of the bloom (nutrient
consumption and biom ass increases) a ssociated with declining ice cover,
warming, and mixed-layer shallowing. This seasonal pattern, however, was m uch
weaker in NEW than in NOW. No connec tions between the structure of the food
web and recycling processes were apparent in either polynya. The analysis points
to much stronger and richer interactions between the mesoplankton (i.e., diatomszooplankton) and m icrobial food webs in NOW than in NEW . The differences
between the polynyas may be e xplained in part by differe nces in their longevity,
with the longer-lived NOW polynya havi ng more time to develop com plex
trophic interactions. The results also indi cate that the conn ections between food
web structure and ecosystem function (i.e., new producti on versus recycling), at
least at the seasonal scale, are weaker than expected.
Else, B. G. T., T. N. Papakyriakou, M. A. Granskog, and J. J. Yackel, 2008, Observations
of sea surface fCO2 distributions and estim ated air-sea C O2 fluxes in the Hudson Bay
region (Canada) during the open water season,
J. Geophys. Res., 113, C08026,
doi:10.1029/2007JC004389
The lack of baseline es timates of air-sea CO 2 exchange in Arctic and sub-Arctic
regions represents a m ajor shortfall in our ability to understand how clim ate
change may affect CO 2 fluxes at high latitudes. The 2005 ArcticNet cruise of
Hudson Bay (Canada) provide d a rare com prehensive oceanographic survey of
one such region. Ship-based observations of sea-surface fugacity of CO 2 (fCO2sw)
were made at 56 locations between 15 Septem ber and 26 October and were found
to range from 259 μatm in Hudson Strait to 425 μatm at the entrance to Jam es
Bay. Strong relationships between fCO2sw and river d ischarge were identified,
with coastal waters observed to be supersaturated with respect to the atmosphere,
while offshore waters were unders aturated. High correlations of fCO2sw with
salinity, sea surface temperature, and co lored dissolved organic m atter suggest
that thermodynamic effects and the oxida tion of riverine carbon are driving
supersaturation in the coastal zone. Calculated instantaneous fluxes of CO2 ranged
from +16.5 mmol m −2 d−1 in James Bay to −19.6 mmol m −2 d−1 in Foxe Channel.
Using National Centers for Environmental Prediction wind speed climatologies, a
net sink in Hudson Bay of −0.73 (±0.4) mm ol m−2 d−1 was estim ated for study
period, substantially lower com pared to m any other Arctic shelf environm ents.
This initial study provides a prelim inary examination of fCO2sw dynamics in
Hudson Bay; f uture analyses and field measurements will be nec essary to
properly constrain CO2 fluxes in this season and over an annual cycle.
Galand, P. E., C. Lovejoy, A. K. Ha milton, R. G. Ingram, E. Pedneault, and E. C.
Carmack, 2009, Archaeal diversity and biogeoc hemical function are coupled to oceanic
circulation, Environ Microbiol., 11(4): 971–980, doi:10.1111/j.1462-2920.2008.01822.x
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Evidence of m icrobial zonation in the open ocean is rapidly accum ulating, but
while the distribu tion of communities is of ten described according to d epth, the
other physical factors struct uring microbial diversity and function rem ain poorly
understood. Here we identify three diffe rent water m asses in the North W ater
(eastern Canadian Arctic), defin ed by dis tinct temperature and salinity
characteristics, and sho w that th ey contained distinct archaeal communities.
Moreover, we found that one of
the water masses contained an increased
abundance of the archaeal alpha-subun it of the ammonia monooxygenase gene
(amoA) and accounted for 70% of the amoA gene detected overall. This indicates
likely differences in putative biogeoc hemical capacities among different water
masses. The ensemble of our results str ongly suggest that the widely accepted
view of depth stratification did not expl ain microbial diversity, but rather that
parent water masses provide the f ramework for predictin g communities and
potential microbial function in an Arctic marine system. Our results em phasize
that microbial distributions are strongl y influenced by oceanic circulation,
implying that shifting currents and wate r mass boundaries resulting from clim ate
change may well im pact patterns of microbial diversity by displacing whole
biomes from their historic distributions . This relocation coul d have the potential
to establish a substantially diffe
rent geography of m
icrobial-driven
biogeochemical processes and associated oceanic production.
Guo, L., C. Ping, and R.W. Macdonald, 2007, Mobilization pathways of organic carbon
from permafrost to arctic ri vers in a changing climate, Geophys. Res. Lett., 34, L13603,
doi:1029/2007GL030689
Arctic warming may c ause the release of vast a mounts of soil organic carbon
(SOC) from permafrost, which will m anifest itself in the f luxes and composition
of organic carbon in northern rivers and Ar ctic coastal regions. To elucidate the
transport pathways of SOC, radiocarbon composition was measured for dissolved
organic carbon (DOC), par ticulate organic carbon (POC), sedim ents and SOC
from the Mackenzie, S agavanirktok, and Yukon river basins, and soil leaching
experiments were conducted. The radiocar bon ages of riverine suspended POC
and sediments ranged from 4430 to ˜ 7970 yr BP, while DOC was m uch younger
(390–1440 yr BP) except sam ples from the Sag River. Soil leaching experim ents
released <1% of SOC as DOC. The decoupling in age and partition ing between
POC and DOC indicate s that POC in th ese rivers is dom inated by old SOC
derived from per mafrost thawing and ri ver-bank erosion in contrast to DOC,
which is more readily influenced by m odern terrestrial biomass, especially in
large river basins which al so drain subarctic regions . These observations im ply
that melting of perm afrost will be m anifest in the age and a mounts of POC in
arctic rivers whereas change in DOC will reflect altered plant ecology.
Jutterström, S., E. Jeansson, L. G. Anderson, R. Bellerby, E. P. Jones, W . M. Smethie,
Jr., and J. H. Swift, 2008, Evaluation of anth ropogenic carbon in the Nordic Seas using
observed relationships of N, P and C versus CFCs,
Prog. Oceanogr., 78(1): 78-86,
doi:10.1016/j.pocean.2007.06.001
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Several methods to compute the anthr opogenic component of total dissolved
inorganic carbon (
) in the ocean have been reported, all in som
e way
deducing (a) the effect by the natura
l processes, and (b) the background
concentration in the pre-indus trial scenario. In this wo rk we present a method of
calculating
using nutrient and CFC data, which takes advantage of the
linear relationships found between nitrat e (N), phosphate (P) and CFC-11 in the
Nordic Seas sub-surface waters. The basi s of the m ethod is that older w ater has
lower CFC-11 concentration and also has been exposed to more sinking organic
matter that has decayed, resulting in the slopes of P versus CFC-11 and N versus
CFC-11 being close to the classic Redfield ratio of 1:16. Combining this with the
slope in total alkalinity (AT) versus CFC-11 to correct for the dissolution of metal
carbonates gives us the possibility to de duce the concentration of anthropogenic
CT in the Nordic Sea s. This f urther allowed us to com pute the inventory of
anthropogenic CT below 250 m in the Nordic Seas in spring 2002, to 1.2 Gt C.
McGuire, A. D., L. G. Anderson, T . R. Christensen, S. Dallimore, L. Guo, D. J. Hayes,
M. Heimann, T. D. Lorenson, R. W . Macdonald, and N. Rou let, 2009, Sensitivity of the
carbon cycle in the Arctic to climate change,
Ecological Monographs, 79:523–555,
doi:10.1890/08-2025.1
The recent warming in the Arctic is affecting a broad spectrum of physical,
ecological, and human/cultural systems that may be irreversible on century tim e
scales and have the potential to cause rapid changes in the earth sys tem. The
response of the carbon cycle of the Arctic to changes in climate is a major issue of
global concern, yet there has not been a comprehensive review of the status of the
contemporary carbon cycle of the A rctic and its response to clim ate change. This
review is designed to clar ify key uncertainties and vul nerabilities in the response
of the carbon cycle of the Ar ctic to ongoing climatic change. While it is clear that
there are substantial stocks of carbon in
the Arctic, there are also significant
uncertainties associated with the m agnitude of organic matter stocks contained in
permafrost and the storage of methane hydrates beneat h both subterranean and
submerged permafrost of the Arctic. In the context of the global carbon cycle, this
review demonstrates th at the Arctic plays an i mportant role in the global
dynamics of both CO2 and CH4. Studies suggest that the Arctic has been a sink for
atmospheric CO2 of be tween 0 and 0.8 Pg C/yr in recent decades, which is
between 0% and 25% of the global ne t land/ocean flux du ring the 1990s. The
Arctic is a s ubstantial source of CH4 to the atm osphere (between 32 and 112 Tg
CH4/yr), primarily because of the large area of wetlands th roughout the region.
Analyses to date in dicate that the sensitivity of the carbon cycle of th e Arctic
during the rem ainder of the 21st centur y is highly uncertain. To im prove the
capability to assess the s ensitivity of the carbon cycle of the Arctic to p rojected
climate change, we recomm end that (1) integrated regional studies be conducted
to link observations of carbon dynam ics to the processes that are likely to
influence those dynamics, and (2) the unders tanding gained from these integrated
studies be incorporated into both unc oupled and fully coupled carbon–clim ate
modeling
efforts.
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Mucci, A., B. Lansard, L. A. Miller, and T. N. Papakyriakou, 2010, CO2 fluxes across the
air-sea interface in the southeastern Beaufort Sea: Ice-free p eriod, J. Geophys. Res., 115,
C04003, doi:10.1029/2009JC005330
Surface mixed layer CO 2 fugacities (fCO2-sw) calculated from carbonate system
parameters in the southeastern Beaufort Sea during the ice-free period ranged
from 240 to 350 μatm in fall 2003 and from 175 to 515 μatm in summer 2004.
The surface m ixed layer rem ains mostly undersaturated with respect to
atmospheric CO2 (378 μatm) and, therefore, acts as a potential CO
2 sink
throughout this period. Air-sea CO 2 fluxes (FCO2) were first com puted assuming
ice-free conditions and ranged from −32.4 to +8.6 mmol m −2 d−1 in fall 2003 and
summer 2004, respectively. Then we included a reduction factor to account for ice
cover (ic) and we com puted the resulting fluxes (FCO 2-ic). In fall 2003, FCO 2-ic
ranged from −4.7 mmol m −2 d−1 in the relatively open water of the Cape Bathurst
Polynya to −0.1 mmol m −2 d−1 in the southeastern Beaufort Sea, lim ited by the
presence of the m ultiyear sea ice. In summer 2004, FCO 2-ic ranged from −13.1
mmol m−2 d−1 on the western Mackenzie Shelf to +8.6 mmol m −2 d−1 at Cape
Bathurst; the variabili ty being ascribed to competi ng effects of vertical m ixing,
temperature variations, and possibly biological production. On average, a net sink
of −2.3 ± 3.5 mm ol m−2 d−1 was estimated for the ice-free period over the study
area. Nevertheless, th e FCO2 displays strong variabil ity due to ice coverage,
freshwater input, and u pwelling events. The potential responses (direction and
intensity of potential f eedbacks) of the carbon cycle in the study area to a
changing Arctic climate are discussed.
Shadwick, E. H., T. Papakyriakou, A. E. F. Pr owe, D. Leong, D., S. A. Moore, and H.
Thomas, H, 2009, Carbon cycling in the Arctic Archipelago: the export of Pacific carbon
to the North Atlantic, Biogeosciences Discuss., 6: 971-994, doi:10.5194/bgd-6-971-2009
The Arctic Ocean is expected to
be di sproportionately sensitive to climatic
changes, and is thought to be an area wh ere such changes might be detected. The
Arctic hydrological cy cle is influenced by: runo ff and precipitation, sea ice
formation/melting, and the inflow of salin e waters from Bering and Fram Straits
and the Barents Sea Shelf. Pacific water is recognizable as interm ediate salinity
water, with high concentrations of di ssolved inorganic carbon (DIC), flowing
from the Arctic Ocean to the North Atlantic via the Canadian Arctic Archipelago.
We present DIC data from an east-west section through the Archipelago, as part
of the Canadian Inte rnational Polar Year initiatives. The fractions of Pacific and
Arctic Ocean waters le aving the Ar chipelago and entering Baffin Bay, and
subsequently the North Atlantic, are co mputed. The eastward transport of carbon
from the Pacific, via the Arctic, to the North Atlantic is estimated.
Steiner, N. and K. L. Denman, 2008, Parameter sensitivities in a 1-D model for DMS and
sulphur cycling in the upper ocean,
Deep-Sea Research I, 55: 847-865,
doi:10.1016/j.dsr.2008.02.010
We have developed a marine DMS (dim ethylsulfide) module and implemented it
in a 1-D coupled atmosphere-ocean-bi ogeochemical model. In developing the
marine sulphur model we have found that several parameters used in the m odel
136

are not known to even an order of m agnitude. Our approach is used to test the
model's sensitivity to these parameters. A parameter change of ±25% is applied to
test the respective range of changes in the DMS fluxes. The model is run for a 3year time period as we ll as for the time period of the Subarctic E cosystem
Response to Iron Enrichm ent Study (S ERIES) in July 2002. The sim ulated
seasonal cycle is in ag reement with av ailable observations: Near surface DMS
concentrations vary from
in winter to in summ er. Simulated DMS
production is found to be m ost sensitive to variations of th e S:N ratio and the
bacterial consumption rate of DMS. Im plementing light or UV lim ited bacterial
activity shows a negligible ef fect in winter and increases DMS concentrations by
0.2–in summer. Similarly a yield increa se under UV stress increases summ er
values by 1–. The sim ulated diel cycle in surface DMS concentration is no more
than, even when light-dependent changes in bacterial activity are co nsidered.
Simulating the DMS response to iron ferti lization with the sta ndard run leads to
overestimation during an initial bl oom of s mall phytoplankton. W hile
implementing light-dependent bacteria l activity has a minor effect, the
implementation of yields that depend on n utrient availability significantly
improves the results. The m odel confirms earlier results showing the importanc e
of including atmospheric DMS concentrations in gas flux calcul ations when there
are high su rface concentrations and small atmospheric boundary layer heights.
Simulated summer concentrations in th e upper layer can be underestim ated by or
more if the atm ospheric concentration is set to zero. Our study shows that
inclusion of mechanistic DMS modules in comprehensive climate models requires
better knowledge of the varia tion of key param eters in the marine sulphur cycle.
Even though there are still open questions , the model reasonably reproduces the
mean annual cycle; and including variab le DMS yield improves the simulation of
the DMS response to iron fertilization during SERIES.
Tanhua, T., E. P. Jone s, E. Jeansson, S. Ju tterström, W. M. Sm ethie Jr., D. W . R.
Wallace, and L. G. Anderson, 200 9, Ventilation of the Arctic Ocean: Mean ages and
inventories of anthropogenic CO 2 and CFC-11, J. Geophys. Res., 114, C01002,
doi:10.1029/2008JC004868
The Arctic Ocean constitutes a larg e body of water that is still relatively poorly
surveyed because of logistical difficulties , although the im portance of the Arctic
Ocean for global circu lation and clim ate is widely recognized. For instance, th e
concentration and inventory of anthropogenic CO 2 (Cant) in the Arctic Ocean are
not properly known des pite its relatively large volume of well-ventilated waters.
In this work, we have s ynthesized available transient tracer m easurements (e.g.,
CFCs and SF6) made during m ore than two d ecades by the authors. The tracer
data are used to estimate the ventilation of the Arctic Ocean, to infer deep-water
pathways, and to es timate the Arctic Ocean inventory of
Cant. For these
calculations, we used the transit time distribution (TTD) concept that makes tracer
measurements collected over sev eral decades comparable with each o ther. The
bottom water in the Ar ctic Ocean has CF C values c lose to the de tection limit,
with somewhat higher values in the Eurasian Basin. The ventilation tim e for the
intermediate water column is shorter in the Eurasian Basin ( ∼200 years) than in
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the Canadian Basin ( ∼300 years). We calculate the Arctic Ocean Cant inventory
range to be 2.5 to 3.3 Pg-C, normalized to 2005, i.e., ∼2% of the global ocean Cant
inventory despite being com posed of only ∼1% of the global ocean volume. In a
similar fashion, we use the TTD field to calculate the Arctic Ocean inventory of
CFC-11 to be 26.2 ± 2.6 × 10 6 moles for year 1994, which is ∼5% of the global
ocean CFC-11 inventory.
Yamamoto-Kawai, M., F. A. McLa ughlin, E. C. Car mack, S. Nishino, and K. Shi mada,
2009, Aragonite Undersaturation in the Arctic Ocean: Effects of Ocean Acidification and
Sea Ice Melt, Science, 326(5956): 1098, doi:10.1126/science.1174190
The increase in anthropogenic carbon dioxide emissions and attendant increase in
ocean acidification and sea ice melt act together to decrease the saturation state of
calcium carbonate in the Canada Basin of the Arctic Ocean. In 2008, surface
waters were undersaturated with respect to aragonite, a relatively soluble for m of
calcium carbonate found in plankton and
invertebrates. Undersaturation was
found to be a direct con sequence of the recent extensiv e melting of sea ice in th e
Canada Basin. In addition, the retreat of the ice edge well past the shelf-break has
produced conditions favorable to en hanced upwelling of subsurface, aragoniteundersaturated water onto the Arctic continental shelf. Undersaturation will affect
both planktonic and benthic calcifying bi ota and therefore the com position of the
Arctic ecosystem.

3 Pacific Ocean
3.1 North Pacific
Ito, T., C. Deutsch, S. E merson, and R. C. Hamme, 2007, Impact of diapycnal mixing on
the saturation state of argon in the subtropical North Pacific, Geophys. Res. Lett., 34,
L09602, doi:10.1029/2006GL029209
Diapycnal mixing plays an im portant role in both physical and biogeochem ical
processes in the oceans, yet the rate of tracer m ixing has not been adequately
quantified. A theoretical anal ysis predicts that diapycnal m ixing should raise the
saturation state of noble gases in the th ermocline, at a rate proportional to
diapycnal diffusivity. We apply this theo ry to existing m easurements of argon in
the ventilated therm ocline, where the in crease in the satura tion state should be
proportional to the integrated effect
of diapycnal m ixing. Combining argon
observations from time-series stations in the North Pacific with freon ventilation
age, we tentatively estimate the regional diapycnal diffusivity at 0.35 ± 0.21 10 −4
m2s−1. Major sources of uncertainty include spa tial and temporal va riability and
sparse sampling. These uncertainties c ould be significan tly reduced using
measurements of several noble gases in a transect from the isopycnal outcrop to
the interior gyre.
Thomson, R. E., and M. V. Kr
assovski, 2010, Poleward reach of the California
Undercurrent extension, J. Geophys. Res., 115, C09027, doi:10.1029/2010JC006280
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The California Undercurrent is known to transport relatively warm, high-salinity,
nutrient-rich water from the equatorial Pacific to Vanco uver Island along the
western continental slope of North Am erica. This tran sport helps m aintain the
high productivity of the eastern boundary California Current system. In this study,
we use several decades of water property survey data for the coasts of Oregon,
Washington, British Columbia, and Alaska to s how that equatorial Pacific water
carried poleward by the undercurrent can ev entually reach the Aleutian Islands,
roughly 11,000 km from the source regi on. Long-term current m eter records
confirm the undercurrent as far north as Vancouver Island, wh ere the current is
found to be weakest in spri ng but then to strengthen th rough the summer and fall
before merging with the wind-forced, poleward flowing Davidson Current in
winter. The core depth of the equatori al water increases from 150 m ± 25 m off
northwest Washington (near the norther n end of the w estern North Am erica
coastal upwelling dom ain) to 225 m ± 25
m off southeast Alaska (near the
southern end of the Gulf of Alaska coastal downwelling domain).

3.2 Northeast Pacific Ocean
Batten, S. D. and H. J . Freeland, 2007, Plankt on populations at the bifurcation of the
North Pacific Current,
Fish. Oceanogr., 16(6): 536-546, doi:10.1111/j.13652419.2007.00448.x
As the eastward-flowing North Pacific Cu rrent approaches the North Am erican
continent it bif urcates into the so uthward-flowing California Current and th e
northward-flowing Alaska Current. This bi furcation occurs in the south-eastern
Gulf of Alaska and can vary in positi on. Dynamic height data from Project Argo
floats have recently enab led the creation of surface circulation maps which show
the likely position of the bifurcation; during 2002 it was relatively far north at
∼53°N then, during early 2003, it moved sout hwards to a more normal position at
∼45°N. Two ship-of-opportunity transect s collecting plankton sam ples with a
Continuous Plankton Recorder across the Gulf of Alaska were sampled seasonally
during 2002 and 2003. Their position was de pendent on the commercial ship’s
operations; however, most transects sampled across the bifurcation. We show that
the oceanic plankton differed in community composition according to the current
system they occurred in during spring and fall of 2002 and 2003, although winter
populations were more mixed. Displacement of the plankto n communities could
have impacts on the plankton’s reproducti on and development if they use cues
such as day length, and also on foraging of higher trophic-level organisms that use
particular regions of the ocean if the
nutritional value of the communities is
different. Although we identify some indica tor taxa for the Alaska and California
currents, functional differences in the plankton communities on either s ide of the
bifurcation need to be bette r established to d etermine the impacts of bifurcation
movement on the ecosystems of the north-east Pacific.
Chhak, K. C., E. Di Lorenzo, P. F. Cumm ins, and N. Schneider, 2009, Forcing of lowfrequency ocean variability in the Northeast Pacific,
J. of Clim., 22(5): 1255,
doi:10.1175/2008JCLI2639.1
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An ocean model is u sed to exam ine and compare the forcing m echanisms and
underlying ocean dynam ics of two dom inant modes of ocean variability in the
northeast Pacific (NEP). The first m ode is identified with the Pacific decadal
oscillation (PDO) and accounts for the m ost variance in m odel sea surface
temperatures (SSTs) an d sea su rface heights (SSHs). It is characterized by a
monopole structure with a st rong coherent signature al ong the coast. The second
mode of variability is te rmed the North Pacif ic Gyre Oscillation (NPGO). This
mode accounts for the most varian ce in sea surface salinities (SSSs) in the model
and in long-term observations. While the NPGO is related to the second EOF of
the North Pacific SST anom alies (the Victoria mode), it is defined here in term s
of SSH anomalies. The NPGO is char acterized by a pronounced dipole structure
corresponding to variations in the strengths of the eastern and central branches of
the subpolar and subtropical gyres in the North Pacific. It is found that the PDO
and NPGO modes are each tied to a sp ecific atmospheric forcing pattern. The
PDO is related to the overlying Aleutian low, while the N PGO is f orced by the
North Pacific Oscillatio n. The abov e-mentioned climate modes captured in th e
model hindcast are reflected in satellite altimeter data.
A budget reconstruction is used to study how the atmospheric forcing drives the
SST and SSH anomalies. Results show that the basinwide SST and SSS anomaly
patterns associated with each mode are shaped primarily by anomalous horizontal
advection of m ean surface temperature and s alinity gradients (T and S) via
anomalous surface Ekm an currents. This suggests a direct link of these m odes
with atmospheric forcing and the mean ocean circulation. Smaller-scale patterns
in various locations along the coast and in the Gulf of Alaska are, however, not
resolved with the budget reconstructions. Vertical profiles of the PDO and NPGO
indicate that the modes are strongest mainly in the upper o cean down to 250 m.
The shallowness of the modes, the depth of the mean mixed layer, and wintertime
temperature profile inversions contribute to the sensitivity of the budget analysis
in the regions of reduced reconstruction skill.
Foreman, M. G. G., W. R. Crawford, J. Y. Cherniawsky, and J. Galbraith, 2008, Dynamic
ocean topography for th e northeast Paci fic and its continental m argins, Geophys. Res.
Lett., 35, L22606, doi:10.1029/2008GL035152
Estimates of dyna mic ocean (o r sea su rface) topography based on satellite
altimetry and gravity observations genera lly become degraded as they approach
land. In this study, dynam ic ocean topography for the northeast Pacific Ocean is
computed independently of satellite observations using a high resolution m odel
and seasonal climatologies of temperature, salinity, and wind stress. Comparisons
with estimates based on satellite gravity and altimetry measurements show
reasonable agreement in the deep ocean but are poor on continen tal margins
where the ocean model estimates not only reveal significant seasonal differences,
but are als o shown to be reasonably accurate when compared with satellite
altimetry and coastal tide gauge m easurements. The dyna mic ocean topography
estimates provided here will pe rmit more accurate ca lculations of the geoid and
satellite altimeter absolute heights and currents.
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Freeland, H. J., 2007, A Short History of Ocean Statio
n Papa and Line-P, Prog.
Oceanogr., 75(2): 120-125, doi:10.1016/j.pocean.2007.08.005
This short article summarises the origins of observations at Ocean Station Papa,
the evolution into Line P and the subsequent history of observations along that
line.
Hamme, R. C., et al., 2010, Volcanic ash fu els anomalous plankton bloom in suba rctic
northeast Pacific, Geophys. Res. Lett., 37, L19604, doi:10.1029/2010GL044629
about 20 authors!!!!
Using multiple lines of evidence, w e demonstrate that volcanic ash deposition in
August 2008 initiated one of the largest phytoplankt on blooms observed in the
subarctic North Pacific. Unusually widespread transport from a volcanic eruption in
the Aleutian Islands, Alaska deposited ash over much of the suba rctic NE Pacific,
followed by large in creases in satellite chlorophyll. Surface ocean pCO 2, pH, and
fluorescence reveal that the bloom started a few days aft er ashfall. Ship-based
measurements showed increas ed dominance by diatom s. This evid ence points
toward fertilization of this norm ally iron-limited region by ash, a relatively new
mechanism proposed for iron supply to th e ocean. The observations do not suppor t
other possible mechanisms. Extrapolation of the pCO 2 data to the area of the bloom
suggests a modest ∼0.01 Pg carbon export from this event, implying that even
large-scale iron f ertilization at an o ptimum time of year is not very efficient at
sequestering atmospheric CO2.
Inoue, R. and C. Garrett, 2007, F ourier representation of quadratic friction, J. Phys.
Oceanogr., 37, 593-610, doi:10.1175/JPO2999.1
If a curren t is com posed of a num ber of constituents with d ifferent frequencies,
then quadratic friction may be analyzed at the same frequencies. The ratios of the
constituents of the f riction differ from the ratios f or the current its elf, with a
classic result being that f or unidirectional flow a very wea k current constituent
experiences proportionately 50% m ore friction than a strong constituent. Here,
exact results for the m agnitude of the friction constituents are derived and
confirmed numerically. The results are app lied to the tida l currents in Juan de
Fuca Strait and the Stra it of Georgia, showing that m inor constituents experience
proportionately more friction than the m ain constituent by an amount that varies
spatially but is typically less than the classic result of 50%. For two-dimensional
currents it is shown that, if there are
two current constituents with the sam e
ellipticity and m ajor axis direction, th e friction coefficien ts are separable
functions of the current c onstituent ratio and the ellip ticity. Some results are
derived for two constituents with different ellipticity and major axis direction. For
the case of two constituen ts with rectilinear but m isaligned currents, each
constituent experiences friction inclined at an angle to its cu rrent. Last, the effect
of a tida l current on the bottom f riction experienced by a steady flow is
investigated for arbitrary relative magnitudes and directions of the tide and steady
flow. In particular, the inclination of
the mean friction to the mean flow is
quantified.
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Ivanochko, T. S., S. E. Calvert, R. E. Thom son, and T. F. Pedersen, 2008, Geochem ical
reconstruction of Pacific decadal v ariability from the eastern North P acific during the
Holocene, Can. J. Earth Sci., 45: 1317-1329, doi:10.1139/EO8-037
Determining climate variations over the H olocene requires high-resolution
records with well-developed age models. A 40m long marine sediment core raised
from Effingham Inlet, an anoxic fjord on the west coast of Vancouver Island,
British Columbia, Canada, yields s uch a recor d. Forty six 14C accelerator m ass
spectrometry (AMS) dates determined from terrestrial plant material form the age
model. Downcore sam pling at both 5cm (20year) and 1.5cm (7year) resolution
indicates that high-frequency oceanographic variability has prevailed at this s ite
over the last 10000years. Spect ral analysis of wt.% opal, a proxy for diatom
productivity in the basin, reveals the bidecadal and pentadecadal periods of the
Pacific decadal oscillation (PDO)- North P acific index (NP I) that are related to
changes in the s trength of the Ale utian Low. Coherence analys is between the
Effingham Inlet data and δ18O records from Jellybean Lake (a high elevation site
in southwest Yukon) indicates regiona l coherence at periods of 45, 70, and
510years between productivity in Effingham Inlet and ch anges in the Aleutian
Low strength. Over the entire Holo cene, the strength of decad al variability has
changed. Both 20- and 50-year periods are present to som e degree in the e arly
Holocene, and only the 50year period is evident in the late Holocene. These data
imply that regim e shifts would have b een more frequent in the early Holocene
relative to the last several thousand years.
Ivanochko, T. S., S. E. Calvert, J. R. Southon, R. J. Enkin, J. Baker, A. Dallimore, and T.
F. Pedersen, 2008, Determ ining the post-glacial evolution of a northeast Pacific coastal
fjord using a m ultiproxy geochemical approach. Can. J. Earth Sci., 45(11): 1331-1344,
doi:10.1139/E08-030
A 40.32m piston core recovere d from Effingham Inlet, on the west coast of
Vancouver Island, provides the basis for a high-resolution geochemical study of
the last deglaciation and the Holocene. Gl acial retreat, basin isolation, sea-level
rise, and productivity vari ations are determ ined using proxies for sedim ent
composition (K/Al, Fe/Al, Mg/Al), grain size (Ti/Al, Zr/Al), sedim entary redox
conditions (Mo/Al, U/Al), and productivity (wt.% organic carbon, wt.% opal). As
local ice retreated and marine waters inundated the basi n, coarse-grained
glacimarine sediments were replaced by finer grain ed, laminated, opal-rich
sediments. During m eltwater pulse-1a, the dominance of lo cal crustal rise over
eustatic sea-level rise resulted in the progressive restriction of ocean circulation in
Effingham Inlet and the for mation of a te mporary freshwater lake. The transition
into stable Holocene cond itions was initiated at ~ 12 700 BP, which corresponds
to the onset of the Younger Dryas, as identified by the Greenland Ice core Project
(GRIP) ice core δ18O record and was com pleted by 10 700 BP, ~800ye ars after
the GRIP ice core record stabilized.
Holocene Mo/Al an d U/Al ra tios range
4
4
between 12-35 (×10 ) and 1-3.4 (×10 ), respectively, indicating that although
large-amplitude, high-frequency fluctuati ons occur, the sedim ents of Effingha m
Inlet inner basin have rem ained organic rich and oxygen depleted for the entire
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Holocene period. The com bination of anoxic bottom waters and a Holocene
sedimentation rate of 217cm /ka have preserved a high-resolution record of
environmental change in the northeast Pacific over the last 11 000 years.
Jackson, J. M., P. G. Myers, and D. Ia
nson, 2009, An Examination of Mixed Layer
Sensitivity in the Northeast Pacific Ocean from July 2001 - July 2005 U sing the General
Ocean Turbulence M odel and Argo Data,
Atmos.-Ocean, 47(2): 139–153,
doi:10.3137/OC308.2009
The mixed layer depth (MLD) at Ocean Station Papa (O SP) in the northeas t
Pacific Ocean has been shoaling for the
past 50 years, with the sh allowest
maximum MLDs ever recorded occurring in the winters of 2002–03 and 2003–04.
We use the General Ocean Turbulen ce Model (GOTM) to estim ate the MLD and
to determine how various atm ospheric forcings from 2001–05 at four stations in
the northeast Pacific affect the MLD. Three of the stations are in the Alaskan
Gyre: OSP (50°N, 145° W) in the south; S 16 (49°17′N, 134°40′W) at the
southeastern edge; CAG (55°N, 145° W) in the centre; and one, NSG (40°N,
145°W), is south of the Alaskan Gyre. Interpolated Argo temperature and salinity,
for both initial conditions and restoring, and atmospheric inputs (heat fluxes and
wind stress) from the National Centers for Environmental Prediction/National
Center for At mospheric Research (NCEP/NCAR) reanalysis were used.
Experiments showed that in the winter, the MLD was most sensitive to increased
winds at all stations and al so to decreased heat fluxes everywhere except at OSP.
In summer, MLD was most sensitive to changes in the shortwave radiation. A
combination of e ffects from the 2002–03 El Niño (i.e., decreased outgoing heat
fluxes, cloud cover and wind speeds) a nd a strong stratification created by a
subsurface cold water anom aly caused the MLD to be shallow in the Gulf o f
Alaska during the winter of 2002–03. Finally, our results show that for the
modelled period (2001–05), the MLD at OSP behaved differently than at other
stations in the Gulf of Alaska and therefore OSP may not be the best location to
represent the region.
Ladd, C., W. R. Crawfor d, C. E. Harpold, W . K. Johnson, N. B. Kachel, P. Stabeno, and
F. A.Whitney, 2009, A synoptic survey of young m esoscale eddies in the Eastern Gulf of
Alaska, Deep-Sea Research II, 56(24): 2460-2473, doi:10.1016/j.dsr2.2009.02.007
Eddies in the Gulf of Alaska are important sources of coastal water and associated
nutrients, iron, and biota to the high-nutri ent, low-chlorophyll central Gulf of
Alaska. Three primary eddy formation regions along the eastern boundary of the
gulf have been identified, (from south to north, Haida, Sitka, and Yakutat). In the
spring of 2005, three eddies (one of each type) were sampled soon after their
formation. The subsurface eddy core water in all three eddies was defined by high
iron concentrations and low dissolved oxygen com pared with surrounding basin
water. The Sitka and Yakutat co re waters also exhibited a subsurface tem perature
maximum (mesothermal water) co incident in depth with the iron maxim um,
suggesting that eddies may play a role in the formation of temperature inversions
observed throughout the Gulf of Alaska. The data sugge st different for mation
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regions, with the Yakutat eddy forming in shallow shelf water with riverine input,
while the Sitka and Haida eddies appear to form in deeper water.
Pospelova, V., A. de Vernal and T. F. Pedersen, 2008, Distribution of dinoflagellate cysts
in surface s ediments from the northeastern P acific Ocean (43-35 N) in relation to seasurface temperature, productivity and coastal upwelling, Marine Micropaleontology, 68,
21-48, doi:10.1016/j.marmicro.2008.01.008
Fifty-six surface sediment samples from the northeastern Pacific (43–25°N) were
investigated in order to examine the spatial distribution of modern organic-walled
dinoflagellate cysts in relation to hydrological conditions and marine productivity.
The analyzed dinoflagellate cys t assemblages are diverse, and include over 60
taxa. Multivariate statistical an alysis (CCA) of dinofl agellate cysts and
environmental variables identifies
annual productivity and sea-surface
temperature as main factors affecting dinoflagellate cyst distribution in the region.
In the studied area, marine productivity is greatly influenced by the strength of the
coastal upwelling. Cyst assem blages from the coastal sites associated with activ e
upwelling are characterized by the dom inance of heterotrophic taxa, particularly
Brigantedinium spp., Echinidinium
spp. and cysts of Protoperidinium
americanum. Taxa associated with
low productivity offshore sites are
Impagidinium spp., Nem atosphaeropsis labyrinthus, Pyxidinopsis reticulata and
Operculodinium centrocarpum. Dinoflagellate cyst species asso ciated with
warmer waters are L ingulodinium machaerophorum, Spiniferites m irabilis, S.
ramosus, S. delicatus/bulloideus, B itectatodinium spongium and Polykrikos cf.
kofoidii, while those from
cooler environm ents include Selenopem phix
nephroides, Trinovantedinium variable a nd cysts of Pentapharsodinium dalei.
Combining the present cyst dataset with
other published cyst data from
the
Northeastern Pacific, we have com piled a “NE Pacific 188” database. This
database can be used as a basis fo
r the quantitative reconstructions of
(paleo)temperature and productivity in the Northeastern Pacific.
Rogachev, K., N. Shlyk and E. Carm ack, 2007, The shedding of m esoscale anticyclonic
eddies from the Alaskan Stream and westward transport of warm water, Deep-Sea Res. II,
54(23-26): 2643-2656 doi:10.1016/j.dsr2.2007.08.017
The south-flowing waters of the Ka mchatka and Oyashio Currents and westflowing waters of the Alaskan Stream are key com ponents of the western subArctic Pacific circulation. We use CTD data, Argo buoys, WOCE surface drifters,
and satellite-derived sea-le vel observations to inve stigate the s tructure and
interannual changes in this system that arise from interactions among anticyclonic
eddies and the mean flow. Variability in the temperature of the upstream Oyashio
and Kamchatka Currents is evident by warm ing in m esothermal layer in 1994–
2005 compared to 1990–1991. A major fraction of the water in these currents is
derived directly from the Alaskan Stream
. The stream also sheds large
anticyclonic (Aleutian) eddies, averaging approximately 300 km in diameter with
a volume transport significant in comparison with that of the Kamchatka Current
itself. These eddies enclose pools of relatively warm and saline water whose
temperature is typically 4 °C warmer and salinity is 0.4 greater than that of cold144

core Kamchatka eddies in th e same density range. Aleutian eddies drift at
approximately 1.2 km d−1 and retain th eir distinctive warm and salty
characteristics for at least 2 years. Selected westward pathways during 1990–2004
are identified. If the sh orter northern route is f ollowed, Aleutian eddies rem ain
close to the stream and pers ist sufficiently long to c arry warm and saline water
directly to the Ka mchatka Current. This was observed during 1994–1997 with
substantial warming of the waters in the Kam chatka Current and upstream
Oyashio. If the eddies take a m ore southern route they detach from the stream but
can still contribute significant quantities of warm and saline water to the upstream
Oyashio, as in 2004–2005. However, the eddies following this southern route may
dissipate before reaching the western boundary current region.
Steiner, N., S. Vagle, K. L. Denm an, and C. McNeil, 2007, Oxygen and nitrogen cycling
in the northeast Pacific-Sim ulations and observations at Station Papa in 2003/2004, J.
Mar. Res., 65(3): 441-469
A long-term air-sea exchange m ooring has been maintained in the North Pacific
near Ocean Station Papa (OSP, 145W, 50N ) since September 2002 as p art of the
Canadian Surface Ocean Lower Atmosphere Study (C-SOLAS). The mooring
provides a new long-term data set fo r gas measurements. In ad dition to
Conductivity, Temperature and Depth (C TD) recorders at two depths, the
mooring is equipped with ProOceanus Ga s Tension Devices (GTDs) measuring
the total gas pressure at four different depths, two oxygen sensors, two
fluorometers for chlorophyll estim ates, and an upward-looking 200 kHz echosounder for bubble m easurements. Chlorophyll data have been added using
SeaWiFS imagery and occasional bottle casts. Data collected from June 2003 to
June 2004 are compared with simulations from a 1-D coupled atm osphere-oceanbiogeochemical model. The coupled m odel consists of an atm ospheric Single
Column Model (SCM), based on th e CCCma AGCM (Canadian C entre for
Climate Modelling and Analysis-Atm ospheric General Circulation Model), the
General Ocean Turbulence Model (GOTM) and a 7-component ecosystem model
embedded in GOTM. The ecosystem model also includes oxygen, nitrogen,
carbon, and silica cycling. The study focuses on sim ulated and observed N2 and
O2 variability. The comparison of these ga ses allows for separation of physical
and biological processes; which can then be evaluated in more detail with the aid
of model sim ulations. The m odel also tests different param eterizations for
saturation and gas exchange, including
a formulation for gas injection via
bubbles, which affects gas concentrations wi thin the whole mixed layer. For m ost
of the tim e the m odel shows good agreem ent with observations. However, in
summer 2003 the observations reveal a strong oxygen and chlorophyll event,
which is not reproduced in the standard m odel run. A we aker signal is seen in
May 2004. OSP is a High Nutrient Low Ch lorophyll (HNLC) region, lim ited by
the micronutrient iron. Increases in
usually low chlor ophyll values occur
occasionally due to natural iron enrichm ent (dust deposition, eddy transport,
below surface layer transport). Although lim itations of 1-D m odeling become
apparent here, an assum ed input of iron in the m odel explains the differences
between simulated and observed oxygen and chlorophyll m axima. The m odel
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provides information on the strength and dur ation of potential iron contribution.
No obvious dust events or eddy traverses to supply iron were recorded during this
time period. An alternative explanation is entrainment from deeper waters, where
occasional iron enrichment is known to occur due to off-shelf transport via eddies
or recirculation from the Alaskan shelf.
Shore, J., M. W . Stacey, D. G. W right, 2008, Sources of Eddy Energy Sim ulated by a
Model of the Northeast Pacific Ocean,
J. Phys. Oceanogr., 38: 2283–2293,
doi:10.1175/2008JPO3800.1
This paper examines the energy sources for eddy variability in the Gulf of Alaska
using a num erical model and a novel form of data assim ilation referred to as
spectral nudging. Spectral nudging is distinguished from conventional nudging by
its ability to operate only on specified frequency and wavenumber bands; in the
present case, only the subannual variability is nudged, and only on spatial scales
of 100 km or m ore. By using this appr oach, the broad-brush aspects of the
model’s mean state are constrained to rem ain near the m ean climatological
conditions, while the simulated eddy fiel d is determined by the m odel dynamics.
Simulations of the Nor th Pacific Ocean with a 0.25° horizon tal resolution an d
spectral nudging have been previously shown to produce eddy fields that are
significantly more energetic and more realistic than those produced by prognostic
(i.e., not nudged) simulations. The analysis of the spectrally nudged model results
undertaken here reveals the tendency of th e circulation to be both baroclinically
and barotropically unstable in different regions and to di ffering degrees. Along
the north c oast of the Gulf of Alaska, the simulation su ggests that barotropic
instability is m ore important overall as an energy source for eddie s than is
baroclinic instability. Along the east coast of the Gulf of Alaska, the simulation
suggests that both baroclinic and barotr opic instabilities are important. Although
the overall energy transfer is from the mean state to the eddy field, there are
regions of the m odel, particularly along the north coast of the Gulf of Alaska,
where the transfer of energy is from the eddy field to the mean flow.
Subbotina, M. M., R. E. Thom son, and M. V.Anisimov, 2008, Numerical simulation of a
hydrophysical structure near the seafloor in a hydrothermal venting region. Translated
from Doklady Akademii Nauk. 423(3–6),
Oceanology, 423A(9): 1423-1426,
doi:10.1134/S1028334X08090213
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Thomson, R. E., M. M. Subbotina, and M. V. Anisimov, 2009, Numerical simulation of
mean currents and water property anom alies at Endeavour Ridge: Hydrotherm al versus
topographic forcing, J. Geophys. Res., 114, C09020, doi:10.1029/2008JC005249
Numerical simulations based on realistic seafloor topography are used to examine
near-bottom currents in the region of th e Endeavour segment of Juan de Fuca
Ridge (Endeavour Ridge) in the northeast Pa cific. Results support earlier findings
that hydrothermal venting within the ˜ 2200-m deep axial valley, rather than
topographically modified, basin-scale cross-ridge geostrophic flow, is responsible
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for the near-steady northward currents observed within the confines of the valley.
Although it does not generate deep flow
within the valle y, the basin-scale
circulation determines the horizontal re distribution of the hydrothermal plumes
once they rise above the ridge crest. Si mulations of the near-bottom temperature
and salinity fields reveal that model runs that incorporate a deep westward
background flow most closely reproduce the observed plum
e anomaly
distributions above the ri dge, indicating that bottom currents in the region are
predominantly westward, counter to the prevailing southeasterly flow of the winddriven California Current in the upper half of the water column.
Thomson, R. E. and I. V. Fine, 2009, A
diagnostic model for m ixed layer depth
estimation with applic ation to Oc ean Station "P" in the northeast Pacific, J. Phys.
Oceanogr., 39(6): 1399–1415, doi:10.1175/2008JPO3984.1
This paper presents a simple diagnostic model for estim ating mixed layer depth
based solely on the one-dim ensional heat balance equation, the surface heat flux,
and the sea surface temperature. The surface fluxes drive heating or cooling of the
upper layer whereas the surface temperature acts as a “thermostat” th at regulates
the vertical extent of the layer. Daily m ixed layer dep th estimates from the
diagnostic model (and two standard bulk m ixed layer models) are compared with
depths obtained from oceanic profil es collected during th e 1956–80 Canadian
Weathership program at Station P and more recent (2001–0 7) profiles from the
vicinity of this station f rom Argo drifters. Summer mixed layer depths from the
diagnostic model agree m ore closely with observed depths and are less sensitive
to heat flux errors than those from bulk models. For the W eathership monitoring
period, the root-mean-square difference between modeled and observed monthly
mean mixed layer depths is 6 m for the diagnostic model and 10 m for the bulk
models. The diagnostic model is simpler to apply than bulk m odels and sidesteps
the need for wind data and turbulence param eterization required by these models.
Mixed layer depths obtained from th e diagnostic m odel using NCEP–NCA R
reanalysis data reveal that—contrary to re ports for late winter—there has been no
significant trend in the s ummer mixed layer depth in the central northeast Pacific
over the past 52 yr.
Ueno, H., K. Sato, H. J. Freeland, W. R. Crawford, H. Onishi, E. Oka, and T. Suga, 2009,
Anticyclonic Eddies in the Alaskan Stream.
J. Phys. Oceanogr., 39, 934–951,
doi:10.1175/2008JPO3948.1
Anticyclonic eddies propagating southwestward in the Alaskan Stream (AS) were
investigated through analysis of altimetry data from satellite observations during
1992–2006 and hydrographic data from profiling float observations during 2001–
06. Fifteen long-lived eddies were identif ied and categorized based on their area
of first appearance. Three eddies were present at th e beginning of the satellite
observations; another three form ed in th e eastern Gulf of Alaska off Sitka,
Alaska; and four were first detected at the head of the Gulf of Alaska near
Yakutat, Alaska. The other five eddies formed along the AS between 157° and
169°W, and were nam ed AS eddies. W hile the eddies that form ed in the Gulf of
Alaska mainly decayed before exiting the Gulf of Alaska, the AS eddies m ostly
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crossed the 180° meridian and reached the western subarctic gyre. Four of five AS
eddies formed under negative or weakly positive wind stress curls, which possibly
caused AS separation from the coast. Co mparison of eddy propagation speeds in
the AS with the bottom slope showed that eddies propagated faster over steeper
slopes, although eddy speeds were slower than those predicted by the topographic
planetary wave dispersion relation. An AS eddy was observed by profiling floats
in the western subarctic gyre after it de tached from the AS. Interm ediate-layer
water near the eddy center had low poten
tial vorticity com pared with the
surrounding water, suggesting that AS eddi es provided the western subarctic gyre
with water just south of the Aleutian Islands.
Ueno, H., W. R. Crawford, and H. Onishi, 2010, Impact of Alaskan Stream eddies on
chlorophyll distribution in the North Pacific.
J. of Oceanogr., 66:(3), 319-328,
doi:10.1007/s10872-010-0028-6
The impact of the Alaskan Stream (AS)
eddies on the chlorophyll a (chl-a)
distribution in the central subarctic
North Pacific was investigated through
analysis of chl-a and altimetry data from satellite observations. Altimetry
observations provided the locations of mesoscale eddies in time and space within
the maps of chlorophyll distributions. The climatological chl-a distributions
averaged in the area and tim e showing presence of AS eddies suggested that AS
eddies contributed significantly to the ch l-a distribution in th e deep-sea region of
the subarctic North Pacific. The chl-a di stribution was closely related to the AS
eddies regardless of whether the edd y was located in or detached from the AS. A
combination of two or three AS e
ddies sometimes formed high chl-a
concentration belts that injected chlo rophyll and coastal nutrient-rich waters
southward from the Aleutian Islands far in to the deep-sea region of the subarctic
North Pacific. These results indicate that chl-a distribution in the central subarctic
North Pacific was strongly impacted by AS eddies.
3.2.1 Subarctic Pacific
Crawford, W. R. and M. Robert, 2007, Recent tren ds in waters of the subarctic no rtheast
Pacific, PICES Press, 14(2): 24-25
no abstract; first paragraph
Near-surface waters of the no rtheast Pacific Ocean have b een unusually warm
since the summer of 2004. Figure 1 reveal s this warming through a sequence of
plots of temperature anom alies for t he summers of 2004 an d 2005, plus winter
2005. The summer temperatures have wa rmed significantly since 2001, with
almost no observations of colder-than-normal temperatures in 2004 and 2005.
Crawford, W. R. and P. Chandler, 2007, Recent trends in waters of the subarctic NE
Pacific, Cooler and fresher in summer of 2006, PICES Press, 15(1): 22-23
no abstract; first paragraph
Ocean temperatures at 10 m depth in the eastern Gulf of Alaska cooled by several
degrees from winter 2006 to winter 2007, with coastal waters of the NE gulf
cooling the most. This declin e followed a period of extremely high temperatures
in the region in the summers of
2004 and 2005. Above-norm al temperatures
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appeared to persist into 2007 only in the Strait of Georgia in the SE region of
Temperatures there often lag those in oceanic waters by several months to a year.
Much of the cooling from Oregon to Brit ish Columbia might be attributed to
major storms and southerly sto rm tracks of late 2006 that cooled oceanic surface
waters. Cooling earlier in 2006 is believed to be asso ciated with a shift in
atmospheric circulation patterns. Impacts of continuing cooling in late 2006 and
into 2007 are pointed out in a recent overv
iew (DFO Ocean Status Report
2007/001; http://sci.info.pac.dfo.ca/PSARC/ OSR’s/OSR.htm). It notes that
cooling in the last half of 2006 along the W est Coast was accom panied by more
boreal copepods on the Oregon continental shelf. Dr. William Peterson of the U.S.
National Marine Fisheries Service reports that preliminary indications from
samples collected in the winter and early spring of 2007 are that the copepod
community is dom inated by cool water species,
Pseudocalanus mimus and
Calanus marshallae. Neocalanus plumchrus/flemingerii also appeared to be
unusually abundant in the spring of 2007.
Crawford, W. R. and P. F. Cumm ins, 2007, Recent trends in waters of the subarctic NE
pacific: Cooling of 2006 continues into 2007, PICES Press, 15(2): 26-27
no abstract: first paragraph
Ocean temperatures at 10 m depth in the eastern Gulf of Alaska cooled by several
degrees from winter 2006 to winter 2007, with coastal waters of the NE gulf
cooling the most. This declin e followed a period of extremely high temperatures
in the region in the summers of
2004 and 2005. Above-norm al temperatures
appeared to persist into 2007 only in the Strait of Georgia in the SE region of
Temperatures there often lag those in oceanic waters by several months to a year.
Much of the cooling from Oregon to Brit ish Columbia might be attributed to
major storms and southerly sto rm tracks of late 2006 that cooled oceanic surface
waters. Cooling earlier in 2006 is believed to be asso ciated with a shift in
atmospheric circulation patterns. Impacts of continuing cooling in late 2006 and
into 2007 are pointed out in a recent overv
iew (DFO Ocean Status Report
2007/001; http://sci.info.pac.dfo.ca/PSARC/ OSR’s/OSR.htm). It notes that
cooling in the last half of 2006 along the W est Coast was accom panied by more
boreal copepods on the Oregon continental shelf. Dr. William Peterson of the U.S.
National Marine Fisheries Service reports that preliminary indications from
samples collected in the winter and early spring of 2007 are that the copepod
community is dom inated by cool water species,
Pseudocalanus mimus and
Calanus marshallae. Neocalanus plumchrus/flemingerii also appeared to be
unusually abundant in the spring of 2007.
Crawford, W. R., J. Galbraith, and N. Bo lingbroke, 2007, Line P ocean tem perature and
salinity, 1956-2005, Prog. Oceanogr., 75(2): 161-178, doi:10.1016/j.pocean.2007.08.017
Vertical profiles of temperatu re and salinity have been measured for 50 years
along Line P between the North A merican west coast and m id Gulf of Alaska.
These measurements extend 1425 km into the gulf at 13 or m
ore sampling
stations. The 10–50-m deep layer of Line P increased in tem perature by 0.9 °C
from 1958 to 2005, but is signif
icant only at the 90% level due to large
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interannual variability. Most of this increase in temperature accompanies the 1977
shift in wind patterns. Temperature cha nges at 100–150 m and salinity changes in
both layers are not statistically significant. Much of the variance in temperature is
in the upper 50 m of Li ne P, and temperat ure changes tend to be uniform along
Line P exc ept for waters on th e continental margin. Salinity changes are
dominated by variability in the halo cline between 100 and 150 m depth and are
less uniform along Li ne P. Largest oscill ations in tem perature and salinity are
between 1993 and 2003. These events can be understood by considering changes
in eastward wind speed and wind patterns that are revealed in the first two m odes
of the Pacific Decad al Oscillation. Changes in these patterns are ind icators for
both Ekman surface forcing (Surface ocean cu rrents flow to the righ t of the wind
direction) and Ekm an pumping (Surface wa ters diverge away from regions of
positive wind stress curl, leading to upwelling of colder saltier water). Changes in
temperature along the nearshore p art of Line P suggest Ekman surface forcing is
the stronger of the two processes in th e upper layer. The change in salinity
anomalies in the halocline along the seaw ard end of Line P, following the wind
shift in 1977, is in agreement with enhanced upwelling caused by stronger Ekman
pumping in this region.
Crawford, W. R., P. J. Brickley, and A. C. Thomas, 2007, Mesoscale eddies dom inate
phytoplankton distribution in northern Gulf of Alaska, Prog. Oceanogr., 75(2): 287-303,
doi:10.1016/j.pocean.2007.08.016
The HNLC waters of the Gulf of Alaska nor mally receive too little iron f or
primary productivity to draw down silicate and nitrate in su rface waters, even in
spring and summer. Our observations of chlorophyll sensed by Sea WiFS north of
54°N in pelagic waters (>500 m depth) of the gulf found that, on average, m ore
than half of all surface ch lorophyll was inside the 4 cm contours of anticyclonic
mesoscale eddies (the ratio approaches 80% in spring months), yet these contours
enclosed only 10% of the total s urface area of pelag ic waters in the gu lf.
Therefore, eddies dominate the chlo rophyll and phytoplankton distribution in
surface pelagic waters. W e outline severa l eddy processes that enh ance primary
productivity. Eddies near the continental margin entrain nutrient – (and F e) – rich
and chlorophyll-rich coastal waters into their outer rings, advecting these waters
into the basin interior to directly increase phytoplan kton populations there. In
addition, eddies carry excess nutrients and ir on in their core waters into pelagic
regions as they prop agate away from the contin ental margin. As thes e
anticyclonic eddies decay, their depre ssed isopycnals relax upward, injecting
nutrients up toward the surface lay er. We propose that this transport brings iron
and macro-nutrients toward the surface mixed layer, where they are availab le for
wind-forced mixing to bring them to surface. These mesoscale ed dies decay
slowly, but steadily, perhaps providing a relatively regular upward supply of
macro-nutrients and iron toward euphotic layers. They m ight behave as isolated
oases of enhanced m arine productivity in an otherwise iron-poor basin. We not e
that much of this productivity m ight be near or just below the base of the surface
mixed layer, and therefore poorly sam pled by colour-sensing satellites. It is
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possible, then, that eddies enrich phyt oplankton populations to a greater extent
than noted from satellite surface observations only.
Cullen, J. T., M. Chong, and D. Ianson, 2009, British Columbian continental shelf as a
source of dissolved iron to the subarctic northeast Pacific Ocean, Global Biogeochem.
Cycles, 23, GB4012, doi:10.1029/2008GB003326
The distribution of dissolved (<0.4 μm) iron (Fe) acros s the continental shelf and
slope of Queen Charlotte Sound on the west coast of Canada was exam ined to
estimate the potential of these waters as a source of Fe to the Fe-limited waters of
the subarctic northeast Pacific. Iron profiles obtained in shelf, slope, and offshore
waters demonstrate decreasing concentrations of Fe with distance from
the
continent. Within 50 m of the shelf sediments dissolved Fe concentrations were
5.3 ± 0.3 nM. This signal was detecte d, although attenuated by 80%, along the
isopycnal surface at offshore stations 40–50 km seaward of the shelf break,
strongly suggesting cross-shel f transport of an Fe-rich plume or iginating in low
dissolved oxygen (<3 m l L−1, <130 μmol kg−1) waters in subsurface water over
the continental shelf. Several phy sical mechanisms that m ay cause these Feenriched waters to advect offshore in th is region (i.e., tidal currents and Ekman
transport in the botto m boundary layer, coastal downwelling/relaxation from
upwelling, and the form ation of anticycl onic, westward-propagating, coastal
eddies) are discussed. We suggest that strong tidal currents over broad continental
shelves may play a key role in Fe supply to ocean basins.
Cummins, P. F. and H. J. Freeland, 2007, Vari ability of the N. P acific Current and its
bifurcation, Prog. Oceanogr., 75(2): 253-265, doi:10.1016/j.pocean.2007.08.006
The North Pacific Current (NPC) bifurcates approaching the west coas t of North
America into a subpolar branch that for ms the Alaska Current, and a subtropical
branch that includes the California C urrent. The variability of this current system
is discussed using num erical results from a wind-driven, reduced-gravity model.
Indices of the strength of the subpolar and subtropical components of the NPC are
examined based on output from multi-decadal simulations with the n umerical
model. This shows periods of both correlated and anti-correlated variability of the
subpolar and subtropical gyres. A decom position of the gyre transpo rt time series
indicates that the dominant mode of variability is a “breathing” mode in which the
subpolar and subtropical gyres co-vary in response to fluc tuations in the strength
of the NPC. This f inding is consistent with an analysis of dynam ic height data of
limited duration from the array of Argo drifting floats. The variability of the NPC
is also examined using sea surface height (SSH) data from satellite altimetry over
the period 1993–2005. The leading m ode of SSH over the northeast Pacific
dominates the variability of the NPC and is shown to be associated with in-phase
variations in the transpor t of the subtropical and
subpolar gyres. A strong
correlation is found between tim e-dependent fluctuations in SSH across the NPC
and variations in the strength of the transpo rt of the NPC in the m odel. This
agreement provides ev idence for variab ility of the NPC occuring in direct
response to large-scale atmospheric forcing.
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Galbraith, E. D., M. Kienast, S. L. Jaccard, T. F. Pedersen, B. G. Brunelle, D. M. Sigman,
and T. Kiefer, 2008, Consistent relationship between global clim ate and surface nitrate
utilization in the western subarctic Pacific throughout the last 500 ka, Paleoceanography,
23, PA2212, doi:10.1029/2007PA001518
The open subarctic Pacific is, at presen t, a high nitrate low chlorophyll (HNLC)
region, where nitrate is pere nnially abundant at the su rface. Theoretically, the
HNLC status of this region is subject to modification by ocean circulation and/or
micronutrient supply, with im plications for the effectiv eness of the biological
pump and hence carbon sequestration in th e ocean interior. Records of biogenic
detritus in sedim ents from throughout the subarctic Pacific indicate that export
production was generally lower during gl acial maxima, while nitrogen isotope
measurements from the Bering Sea have shown that nitrate consum ption there
was more complete during the last glacial period than it is today. Here, nitrogen
isotopic analyses of bulk sedim ents (δ 15Nbulk) from three deep water s ites in the
open subarctic Pacific are evalu ated in terms of regional nitrate isotopic
composition and local relative nitrate u tilization. The eastern subarctic Pacific δ
15
Nbulk record bears great similarity to δ 15Nbulk records from the western margin
of North Am erica over the last glacial cy cle, suggesting that variability in the
isotopic composition of subeuphotic zone
nitrate, the growth substra te, is
reasonably coherent throughout the northeast Pacific and dominates at these sites.
However, the two western subarctic Pacific records, which lie at th e heart of the
HNLC region, display a differe nt pattern, im plying that significant changes in
local relative nitrate utilization overlie the regional background variability. After a
novel correction intended to rem ove the background signal associated with
denitrification in the easte rn tropical North Pacific, these nitrate utilization
records are correlated with a benthic oxyge n isotope stack reflecting global deep
ocean temperature and ice volum e (r 2 = 0.65). The correlation im plies a strong
link between global clim ate and subarctic Pa cific nitrate utilization, w ith nearly
complete nitrate consumption during glaci al periods when export production was
low.
Halfar, J., R. Steneck, B. Schöne , G. W. K. Moore, M. Joachim ski, A. Kronz, J. Fietzke,
and J. Estes, 2007, Coralline alga reveals firs t marine record of subarctic North Pacific
climate change, Geophys. Res. Lett., 34, L07702, doi:10.1029/2006GL028811
While recent changes in subarctic North Pacific climate had dramatic effects on
ecosystems and fishery yields, past clim ate dynamics and teleconnection patterns
are poorly understood due to the absence of century-l ong high-resolution marine
records. We present the first 117-year long annually resolved m arine climate
history from the western Bering Sea/Aleutian Island region using inform ation
contained in the calcitic skeleton of th e long-lived crusto se coralline red alga
Clathromorphum nereostratum, a previously unused climate archive. The skeletal
δ 18O-time series ind icates significant warming and/or freshening of surface
waters after the m iddle of the 20th centu ry. Furthermore, the tim e series is
spatiotemporally correlated with Pacifi c Decadal Oscillation (PDO) and tropical
El Niño-Southern Oscillation (ENS O) indices. Even though the western Bering
Sea/Aleutian Island region is believed to be outside the area of significant marine
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response to ENSO, we propose th at an ENSO signal is transmitted via the
Alaskan Stream from the Eastern Nort h Pacific, a regi on of known ENSO
teleconnections.
Jaccard, S. L., E. D. Galbraith, D. M. Sigman, G. H. Haug, R. Francois, T. F. Pedersen, P.
Dulski, and H. R. Thierstein, 2009, Subarctic Pacific evidence for a glacial deepening of
the oceanic respired carbon pool, Earth and Planetary Science Letters, 277: 156-165,
doi:10.1016/j.epsl.2008.10.017
Measurements of benthic foram iniferal cadmium:calcium (Cd/Ca) have indicated
that the glacial–interglacial change in deep North Pacific phosphate (PO
4)
concentration was minimal, which has been taken by some workers as a sign that
the biological pump did not store more car bon in the deep glacial ocean. Here we
present sedimentary redox-sensitive tr ace metal records from Ocean Drilling
Program (ODP) Site 882 (NW subarctic Pacific, water depth 3244 m) to m ake
inferences about changes in deep N orth Pacific oxygenation – and thus respired
carbon storage – over the past 150,000 yr. These observations are com plemented
with biogenic barium and opal measurements as indicators for past organic carbon
export to separate the influences of
deep-water oxygen concentration and
sedimentary organic carbon respiration on the redox state of the sedi ment. Our
results suggest that the deep subarctic Pacific water m ass was depleted in oxygen
during glacial m axima, though it was not a noxic. We reconcile our results with
the existing benthic foraminiferal Cd/Ca by invoking a decrease in the fraction of
the deep ocean nutrient inventory that was preformed, rather than rem ineralized.
This change would have corresponded to an increase in the de ep Pacific storage
of respired carbon, which would have lowered atmospheric carbon dioxide (CO 2)
by sequestering CO 2 away from the atm osphere and b y increasing ocean
alkalinity through a transien t dissolution event in the deep sea. The magnitude of
change in preform ed nutrients suggeste d by the North Pacific data would have
accounted for a majority of the observed decrease in glacial atmospheric pCO2.
McKinnell, S. M. and W. R. Crawford, 2007, The 18.6-year lunar nodal cycle and surface
temperature variability in the northeast Pacific, J. Geophys. Res.. 112, C02002,
doi:10.1016/j.dsr.2008.06.003
The 18.6-year lunar nodal cycle (LNC) is a significant feature of winter (January)
air and sea tem peratures along the Nort h American west coast over a 400-year
period. Yet much of the recent temperatu re variation can also be explained by
wind patterns associated with the PNA te leconnection. At Sitka, Alaska, (57°N)
and nearby stations in northern British Columbia, the January P NA index
accounts for over 70% of average Janu
ary air tem peratures in lengthy
meteorological records. It appears that the LNC signal in January air temperatures
in this region is not inde pendent of the PNA, but is a component of it. T he Sitka
air temperature record, along with SSTs along the British Columbia coast and the
PNA index have significant cr oss-correlations with the LNC that appear at a 2year lag, LNC leading. The influence of th e PNA pattern declines in winter with
decreasing latitude but the LNC component does not. It appear s as a significant
feature of long-term SST variation at Scripps Pier and the California Current
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System. The LNC also appears over ce ntennial-scales in proxy temperatures
along western North Am erica. The lin kage of LNC- moderated surface
temperatures to processes involving ba sin-scale teleconnections expands the
possibility that the pro ximate mechanism may be locate d remotely from its
expression in the no rtheast Pacific. Some of the la rgest potential sources of a
diurnal tidal signal in the atmosphere are located in the western Pacific; the Sea of
Okhotsk and the Indonesian archipelago.
Pena, A. and D. E. Varela, 2007, S easonal and interannual variability in phytoplankton
and nutrient dyna mics along Line P in the NE subarctic Pacific, Prog .Ocean., 75(2):
200-222, doi:10.1016/j.pocean.2007.08.009
We analysed m ixed-layer seasonal and interannual variability in phytoplankton
biomass and macronutrient (NO3 and Si(OH) 4) concentrations from three decades
of observations, and nitrogen uptake rates from the 1990s along Line P in the NE
subarctic Pacific. Chlorophyll a concentrations near 0.35 mg m−3 were observed
year-round along Line P except at the nearshore station (P4) where chlorophyll a
concentrations in spring were on average 2.4 times the winter va lues. In contrast,
the temporal variability in carbon -to-chlorophyll ratios at the two m ain end
members of Line P (P 4 and OSP) wa s high. Large seasonal and interannual
variability in NO 3 and Si(OH)4 concentration were observed along Line P.
Highest upper m ixed-layer (top 15 m) nutrient concentrations occurred on the
continental shelf in late summer and ear ly fall due to seasonal coastal upwelling.
Beyond the shelf, maximum nutrient concentrations increased gradually offshore,
and were highest in late winter and early spring due to m ixing by winter storm s.
Interannual variations in upper m ixed-layer nutrient concentrations beyond the
shelf (>128°W) were correlated with E–W winds and the PDO since 1988 but
were not co rrelated with either clim ate index between 1973 and 1981. Despite
differences in nutrient concen tration, nutrient utilization (ΔNO3 and ΔSi(OH)4)
during the growing season were about 7.5 μM at all offshore stations. Variations
in ΔNO3 were correlated with those of ΔSi(OH)4. The an nual cycle of absolute
NO3 uptake (ρNO3) and NH 4 uptake (ρNH4) rates by phytoplankton in the upper
mixed-layer showed a weak increasing tr end from winter to spring/summer for
the period 1992–1997. Rates were more variab le at the nearshore station (P4).
Rates of ρNO3 were low along the entire line despite abundant NO 3 and low iron
(Fe), at the offshore portion of Line P a nd sufficient Fe at the nearsho re station
(P4). As a result, new production contribu ted on average to only 32 ± 15% of the
total nitrogen (N) uptake along Line P. NO3 utilization in the NE subarctic Pacific
is probably controlled by a com bination of environmental variables, including Fe,
light and ambient NH 4 levels. E levated ambient NH4 concentrations seem to
decrease the rates of new production (and f-ratios) in surface waters of the oceanic
subarctic NE Pacific. Contrary to e xpectation, phytoplankton biom ass, nutrient
utilization (ΔNO3 and ΔSi(OH)4), and nitrogen uptake ( ρNO3 + ρNH4) varied
relatively little along Line P, despite
significant differences in the factors
controlling phytoplankton composition assemblages and production. Future
studies would benefit from including other variables, especially light limitation, to
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improve our understanding of the seas
onal and interannual variability in
phytoplankton biomass and nutrients in this region.
Pena, A. and S. J. Bograd, 2007, Tim e series of the northeast Pacific, Prog. Ocean.,
75(2): 115-119, doi:10.1016/j.pocean.2007.308.008
In July 2006, the North Pacific Marine
Science Organization (PICES) and
Fisheries & Oceans C anada sponsored the symposium “Time Series of the
Northeast Pacific: A sy mposium to m ark the 50th anniversary of Line P”. The
symposium, which celebrated 50 year s of oceanography al ong Line P and at
Ocean Station Papa (OSP), explored the sc ientific value of the Line P and other
long oceanographic time series of the nor theast Pacific (NEP). Overviews of the
principal NEP time-series were presented, which facilitated regional comparisons
and promoted interaction and exchange of infor mation among investigators
working in the NEP. More than 80 scie
ntists from 8 c ountries attended the
symposium. This introductory essay is a brief overview of the symposium and the
10 papers that were selected for this special issue of Progress in Oceanography.
Pickart, R. S., A. M. Macdonald, G. W . K. Moore, I. A . Renfrew, J. E. W alsh, and
William S. Kessler, 2 009, Seasonal Evoluti on of Aleutian Low Pressure System s:
Implications for the North Pacific Subpolar Circulation, J. Phys. Oceanogr., 39(6): 1317–
1339, doi:10.1175/2008JPO3891.1
The seasonal change in the develop ment of Aleutian low pressure system s from
early fall to early win ter is an alyzed using a com bination of m eteorological
reanalysis fields, satellite sea surface te mperature (SST) data, and satellite wind
data. The time period of the study is September–December 2002, although results
are shown to be representative of the long-term climatology. Characteristics of the
storms were docum ented as they progressed across the North Pacific, including
their path, central pressu re, deepening rate, and sp eed of translation. Clear
patterns emerged. Storms tended to de epen in two distinct geographical
locations—the Gulf of Alaska in early fa ll and the western North Pacific in late
fall. In the Gulf of Alaska, a quasi-perm anent “notch” in the SST distribution is
argued to be of significance. The signature of the notch is im
printed in the
atmosphere, resulting in a region of enha nced cyclonic pote ntial vorticity in the
lower troposphere that is conducive for storm development. Later in the season, as
winter approaches and the Sea of Okhotsk becomes partially ice covered and cold,
the air emanating from the Asian continen t leads to enhanced baroclinicity in the
region south of Ka mchatka. This corresponds to enhanced storm cyclogenesis in
that region. Consequently, there is a seasonal westward migration of the dominant
lobe of the Aleutian low. The impact of the wind stress curl pattern resulting from
these two regions of sto rm development on the oceanic circulation is investigated
using historical hydrography. It is argued that the s easonal bimodal input of
cyclonic vorticity from the wind m ay be pa rtly responsible fo r the two distinct
North Pacific subarctic gyres.
Schallenberg, C., M. R. Lewis, D. E. Kelley, and J. J. Cullen, 2008, Inferred influence of
nutrient availability on the relationship be tween Sun-induced chlorophyll fluorescence
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and incident irradiance in the Bering Sea,
J. Geophys. Res., 113, C07046,
doi:10.1029/2007JC004355
This study examines variability in the relationship between S un-induced
chlorophyll fluorescence and incident solar ir radiance as a potential diagnostic of
the nutritional status of phytoplankton. The study site is the Bering Sea, where
two optical drifters were caught for m ore than 100 days in an anticyclonic eddy,
while two others p rovided data fro m adjacent waters. Estim ates of fluorescen ce
emission normalized to the absorption of light by pigm ents were analy zed as a
function of irradiance to describe variability of the quantum yield of fluorescence.
Yields in bright sunlight and under lower light varied by a factor of 5 or more on
the scale of days to wee ks. For the one drif ter that remained in the hig h-velocity
region of the eddy, there was a lagged
correlation between the eddy rotation
period and fluorescence param eters, with higher fluorescence yi elds in both low
and high irradiance associated with slow er rotation. Since nutrient input to the
photic zone may increase with increasing shear of the eddy flow, this is consistent
with the established suggestion that Sun-induced fluorescence increases with
nutrient stress in phytopl ankton. Independent m easurements of variable
fluorescence (Fv/Fm, an indicator of photosynthetic efficiency) further support
this interpretation. However, m odeling shows that the estab lished hypothesis of
competition between photosynthesis and fluorescence for absorbed photons (i.e.,
photochemical quenching), with hi
gh fluorescence yields reflecting
photosynthetic debility, does not apply near the sea surface, where photosynthesis
is saturated, and dissipation of exce ss absorbed radiation by nonphotochem ical
quenching is the dominant influence on fluorescence yield.
Whitney, F. A., H. J. Freeland and M. R obert, 2007, Decreasing oxygen levels in the
interior waters of the subarc tic Pacific, Prog. Oceanogr. 75(2): 179-199,
doi:10.1016/j.pocean.2007.08.007
Fifty years of m easurements at Oc ean Station Papa (OSP, 50°N, 145° W) show
trends in th e interior waters of the subarctic Pacific that are both im pacted by
short term (few years to bi-decadal) atm ospheric or ocean circulation os cillations
and by persistent climate trends. Between 1956 and 2006, waters b elow the ocean
mixed layer to a depth of at least 1000 m have been warming and losing oxygen.
On density surfaces found in th e depth range 100–400 m (σθ = 26.3–27.0), the
ocean is warm ing at 0.005–0.012 °C y−1, whereas oxygen is declining at 0.39–
0.70 μmol kg−1 y−1 or at an integrated rate of 123 mmol m−2 y−1 (decrease of 22%
over 50 years). During this tim e, the hypoxic boundary (defined as 60 μmol
O2 kg−1) has shoaled from 400 to 300 m. In the Alaska Gyre, the 26.2 isopycnal
occasionally ventilates, whereas at OSP 26.0 σθ has not been seen at the ocean
surface since 1971 as the upper ocean continu es to stratify. To interp ret the 50
year record at OSP, the isopycnal tran sport of oxygenated waters within the
interior of the subarctic Pacific is asse ssed by using a slightly m odified “NO”
parameter [Broecker, W., 1974. “NO” a conservative water-mass tracer. Earth and
Planetary Science Letters 23, 100–107]. The highest nitrate–oxygen signature in
interior waters of the North Pacific is found in the Bering Sea Gyre, W estern
Subarctic Gyre and East Kam chatka Current region as a cons equence of winter
157

mixing to the 26.6 isopycnal. By m ixing with low NO waters found in the
subtropics and Okhotsk Sea, this signature is dilute d as waters flow eastward
across the Pacific. Evidence of low NO wa ters flowing north from California is
seen along the coasts of British Colum bia and SE Al aska. Oxygen in the
subsurface waters of the Alaskan Gyre was supplied 60% by subarctic and 40%
by subtropical waters du ring WOCE surveys, whereas such estim ates are shown
to periodically vary by 20% at OSP. Othe r features discernable in the OSP data
include periods of increased ventil ation of deeper isopycnals on an
18 year
cycle and strong, short term (few month) variability caused by passing m esoscale
eddies. The potential impacts of dec lining oxygen on coas tal ecosystems are
discussed.
Wong, C. S ., L. Xie and W . W. Hsieh, 2007, Variat ion in nutrients, carbon and other
hydrographic parameters related to the 1976/ 77 and 1988/89 regim e shifts in the subarctic
Northeast Pacific,
Prog.
Oceanogr.,
75(2): 326-342, doi:10.1016/j.pocean.2007.08.002
For time series at Station P (50°N, 145° W) and stations along Line P, long term
changes in eight oceanographic and chemical parameters (sea surface temperature
(SST), salinity, oxygen, phosphate (PO 4), silicate (SiO4), nitrate (NO3), dissolved
inorganic carbon (DIC), and apparent oxyge n utilisation (AOU)) were influenced
by climate regime shifts with a “step change” of anom alies for nutrients and
carbon in the sub-arctic Pacific duri ng the 1976/77 and 1988/89 regim e shifts.
The presence of regime shifts in the data in the late 1970s and the la te 1980s was
supported by the statistical test of [Rodionov, S.N., 2004. A sequential algorithm
for testing clim ate regime shifts. Geophysical Research Letters 31, L09204,
doi:10.1029/2004GL019448], based on the S tudent t-test. The response of
nutrients and carbon to the regim e shifts was more intensive in 1976/77 than in
1988/89. Salinity, PO 4, SiO4, NO3, oxygen and DIC showed positive anom alies
during 1950–1975 and negative ones during 1976–1995. The effect of La Niña on
nutrients and carbon was larger than that of El Niño. Strong La Niña events (e.g.
1988/89) caused a sudden in crease in nutrients and ca rbon. Two regim e shifts
(1976/77 and 1988/89) occurred just after two strong La Niña events in 1976/77
and 1988/89. At Station P, upwelling of nutrient-poor subsurface water tended to
decrease the nutrients at the surface.
Wong, C. S., J. R. Christian, S.-K. Emm y Wong, J. Page, L. Xie, and S. Johannessen,
2010, Carbon dioxide in surface seawater of the eastern No rth Pacific Ocean (Line P),
1973–2005,
Deep
Sea
Research
Part
I,
57(5): 687-695, doi:10.1016/j.dsr.2010.02.003
Partial pressure of CO 2 (pCO2) in surface seawater has b een measured in the
northeastern Pacific Ocean at Station P and along Li ne P since 1973. T hese data
have been divided into ‘oceanic’ and ‘coastal/transition’ zones, and the seasonal
and interannual variability and the long-te rm trends for each zone h ave been
examined. The oceanic zone shows little seasonality in s urface seawater pCO2,
with undersaturation throughout the year . A strong, biologically-driven seasonal
cycle is offset by variation in temp erature-dependent solubility of CO 2. The
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coastal/transition zone shows a de cline in pCO2 from winter–spring through
summer and fall that is likely the res ult of seasonal stratification and convection
rather than coastal upwelling. Interannual variability all along Line P is correlated
with the m ultivariate ENSO index (MEI), with lower seaw ater pCO2 associated
with El Niño condition s. Correlations with the Pacif ic Decadal Oscillation Index
are similar but weaker, in part because there are few data prior to the 1976 regime
shift. The long-term tr end in seawater pCO 2 in the oceanic zone is
+1.36±0.16 μatm year−1, indistinguishable from the atmospheric growth rate, and
varies little am ong the seasons . In the coastal/transition zone a slow increase in
the pCO2 of surface s eawater relative to th at of the atmosphere h as led to
increasing undersaturation, particularly in spring. Aliasing of the seasonal and
interannual variability due to sampling frequency may explain p art of the
observed trend in the coasta l/transition zone, but re al changes in physical or
biological processes are also possible and require more detailed study.

3.3 Modelling
Deng, Z., Y. Tang, and G. W ang, 2010, Assim ilation of Argo tem perature and salinity
profiles using a bias-aware localized EnKF system for the Pacific Ocean, Ocean
Modelling, 35(3): 187-205, doi:10.1016/j.ocemod.2010.07.007
In this study, Argo profiles of temper ature and salinity for the period from
January 2005 to December 2007 are assim ilated into a prim itive equation model
of the Pacific Ocean using a bias-aware localized ensemble Kalman filter (EnKF)
with a sequence of 5-day assim ilation cycles. Some other in situ observations,
including XBT, TAO/TRITON and CTD prof iles, used to supplem ent, are also
assimilated into the m odel. To im prove the as similation performance, several
strategies addressing the computational expense and model error statistics are
incorporated into the ass imilation scheme. Validation is pe rformed by comparing
the analyzed ocean states with inde
pendent data, in cluding withheld Argo
profiles, satellite remote sensing sea level height anomalies (SLA) and the NCEP
ocean state re-analysis products. The results show that the assim ilation system is
capable of s ignificantly reducing the bias and R MSE of ocean tem perature and
salinity compared with the control run. It can also improve the simulation of zonal
currents and SLAs along the equator, espe cially during strong ENSO events. In
addition, a hybrid coupled ENSO predicti on model initialized by the assim ilation
analysis improves the ENSO prediction skill co mpared against that in itialized by
the control run without data assimilation.

3.4 Tropical Pacific
Aguilar-Martinez, S. and W. W. Hsieh, 2009, Forecasts of Tropical Pacific Sea Su rface
Temperatures by Neural Networks and Support Vector Regression, Int. J. Oceanogr.,
2009, doi:10.1155/2009/167239
Two nonlinear regression m ethods, Bayesian neural network (BNN) and support
vector regression (SVR), and linear regr ession (LR), were us ed to f orecast the
tropical Pacific sea su rface temperature (SST) anom alies at lead tim es ranging
from 3 to 15 m onths, using sea level pr essure (SLP) an d SST as predictors .
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Datasets for 1950–2005 and 1980–2005 were studied, with the latter period
having the warm water volum e (WWV) above the 20 ∘C isotherm integrated
across the equatorial Pacific available as an extra predictor.
The forecasts indicated that the nonlinear structure is mainly present in the second
PCA (principal com ponent analysis) m ode of the SST field. Overall,
improvements in forecast skills by the nonlinear models over LR were modest.
Although SVR has two structural advantages over neural network models, namely
(a) no multiple minima in the optimization process and (b) an error norm robust to
outliers in the data, it d id not give better overall forecasts than BNN. Addition of
WWV as an extra predicto r generally in creased the forecast skills slightly;
however, the influence of WWV on SST an omalies in the tropical Pacific appears
to be linear.
Cannon, A. J. and W . W. Hsieh, Robust n onlinear canonical correlation analysis:
application to season al climate forecasting, Nonlin. Processes Geophys., 15: 221-232,
doi:10.5194/npg-15-221-2008
Robust variants of nonlinear canonical
correlation analysis (NLCCA) are
introduced to improve performance on datasets with low signal-to-noise ratios, for
example those encountered when m aking seasonal climate forecasts. T he neural
network model architecture of standard NLCCA is kept intact, but the cost
functions used to set the model parameters are replaced with more robust variants.
The Pearson product-mom ent correlation in the double-barreled network is
replaced by the biweight m idcorrelation, and the mean squared error (mse) in the
inverse mapping networks can b e replaced by the m ean absolute erro r (mae).
Robust variants of NLCCA are demonstrated on a synthetic da taset and are used
to forecast sea surface temperatures in the tropical Pacific Ocean based on the sea
level pressure field. Results suggest that adoption of the biweight m idcorrelation
can lead to im proved performance, especially when a strong, common event
exists in both predictor/predictand datasets. Replacing the mse by the mae leads to
improved performance on the synthetic data set, but not on the clim ate dataset
except at the longest lead tim e, which suggests that the appropriate cost function
for the inverse mapping networks is more problem dependent.
Choi, J., S.-I. An, B. Dewitte, and W.W. Hsieh, 2009, Interactive feedback between the
tropical Pacific Decadel Oscillation and ENSO in a coup led general circulation model, J.
Clim., 22: 6597-6611, doi:10.1175/2009JCLI2782.1
The output from a coupled general circulat ion model (CGCM) is used to develop
evidence showing that the tropical Pacific decadal oscillation can be driven by an
interaction between the El Niño–S outhern Oscillation (ENSO) and the slowly
varying mean background climate state. Th e analysis verifies that the decada l
changes in the m ean states are attribut ed largely to decad al changes in ENSO
statistics through nonlinear r ectification. This is seen because the time evolutions
of the first principal com ponent analysis (PCA) m ode of the decadal-varying
tropical Pacific SST and the thermoclin e depth anom alies are significantly
correlated to the decad al variations of the ENSO am plitude (also skewness). Its
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spatial pattern resem bles the res iduals of the SST and therm ocline depth
anomalies after there is uneven compensation from El Niño and La Niña events.
In addition, the s tability analysis of a linearized intermediate ocean–atmosphere
coupled system, for which the background mean states are specified, provides
qualitatively consistent results co mpared to the CGCM in te rms of the
relationship between changes in th
e background m ean states and the
characteristics of ENSO. It is also shown from the stability analysis as well as the
time integration of a nonlinea r version of the interm ediate coupled model that the
mean SST f or the high -variability ENSO decades acts to intens ify the ENSO
variability, while th e mean thermocline depth for the sam e decades acts to
suppress the ENSO activity. Thus, ther
e may be an inte ractive feedback
consisting of a positive feedback between the ENSO activity and the mean state
of the SST and a negative feedback between the ENSO activity and the mean state
of the thermocline depth. This feedback
may lead to the trop ical decadal
oscillation, without the need to invoke any external mechanisms.
Christian, J. R., R. A. Feely, M. Ishii, R. Murtugudde, and X. W ang, 2008, Testing an
ocean carbon model with observ ed sea su rface pCO2 and DIC in the tropical Pacific
Ocean, J. Geophys. Res., 113, C07047, doi:10.1029/2007JC004428
A basin-scale carbon model for the tropical Pacific has been tested against in situ
observations of CO 2 partial pressure (pCO2) and dissolved inorganic carbon. Best
agreement between model and observations
occurs when gas exchange is
enhanced at low wind speeds and when frictional smoothing as a parameterization
of mesoscale eddy stirring/mixing is minimal. However, different realizations of
the biological pump are not equally sensitive to the friction parameters, and it is
not possible to com pletely isolate the effects of physics and biology. The m odel
ocean shows substantial interannual variability in pCO 2 and CO 2 flux which is
strongly correlated with the Multiv ariate ENSO Index. In terannual variability is
similar to o ther models and suggests a relatively small role for the ocean in
interannual variability of atm ospheric CO2 growth. There are s ignificant areas
where CO2 remained supersaturated throughout the 1997–1998 El Niño and ther e
was net outgassing from the “ Wyrtki Box” at all tim es, but the net flux from the
full model domain was near ze ro at the peak of the event. Testing the m odel
against ship-based observations produces a credible four-dim ensional field of the
tropical ocean carbon system . Sampling this field with methods analogous to
those used in em pirical reconstructions of CO 2 flux suggests that those m ethods
can underestimate the interannual variability by up to a factor of ∼2.5 depending
on the grid resolution used. Models and observations are not currently adequate to
state with confidence that undersam pled mesoscale variability does not affect the
variability of the regional aggregate flux.
Deng, Z. and Y. Tang, 2009, Reconstructing the Pa st Wind Stresses over the Tropical
Pacific Ocean from 1875 to 1947, J. Appl. Meteor. Climatol., 48(6): 1181–1198,
doi:10.1175/2008JAMC2049.1
An important step in understanding the cl imate system is simulating and studying
the past clim ate variability, us ing oceanic m odels, atmospheric models, or both.
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Toward this goal, long-term wind stress data, as the forcing of oceanic or clim ate
models, are often required. In this study, the possibility of reconstructing the past
winds of the tropical Pacific Ocean using historical sea surface temperature (SST)
and sea level pressure (SLP) datasets was explored. Four statistical models, based
on principal com ponent (PC) regressi on and singular v ector decomposition
(SVD), were developed for reconstructi ng monthly pseudo wind stress over the
tropical Pacific for the period 1875–1947. The high-frequency noise was removed
from the raw data prior to the recons truction. These m odels are SST-based PC
regression (model 1), SLP-based PC regression (
model 2), SST-based SVD
(model 3), and SLP-based SVD (model 4). The results show that r econstructed
wind stresses from all models can account for more than one-half of the total
variances. In general, the SLP is bette r than SST as a p redictor and the SVD
method is superior to the PC regre ssion. Forced by these reconstructed wind
stresses, an oceanic gen eral circulation model can sim ulate realistic interannual
variability of the tropical Pacific SST. However, the wind stress reconstructed by
SST-based models lead s to be tter simulation skill in com parison with that f rom
SLP-based models. Last, a long-term wind stress datase t was constructed for the
period from 1875 to 1947 by the SST-based SVD model, which provides a useful
tool for studying the past clim ate variability over the trop ical Pacific, especially
for El Niño–Southern Oscillation.
Kienast, M., M. Lehm ann, A. Timm ermann, E. Galbraith, T. Bolliet, A. Holbourn, C.
Normandeau, and C. L aj, 2008, A m id-Holocene transition in the nitrogen dynam ics of
the western equatorial Pacific: Evidence of a deepening thermocline? Geophys. Res. Lett.,
35, L23610, doi:10.1029/2008GL035464
Sedimentary δ 15N records from the oligotrophic western equatorial Pacific
(WEP) off Mindanao show that late Holocene sedim entary δ 15N is substantially
lower than that of the early Holocene, following a gradual >3 ‰ decrease that
occurred between 7 and 3 kyrs ago. Anal yses of m odern day nitrate isotope
profiles from the same region indicate the sensitivity of the WEP N pools towards
(1) the adv ection of 15N-enriched nitrate from the Eastern Equatorial Pacific
(EEP) by the North Equatorial C urrent (NEC) and the Mindanao Current in
subsurface waters and, (2) at shal low depths, the input of new and 15N-depleted
nitrate through N2 fixation. We suggest that the Holocene decrease in sedimentary
δ 15N reflects a dim inished relative input of 15N-enriched nitrate to th e surface
biota, either through an increase of regi onal nitrogen fixation, a change in nitrate
consumption along the advective path of nitrate supply, or a decrease in the
vertical supply of 15N-enriched nitrate from the NEC. The latter m echanism is
consistent with a Holocene deepening of the WEP nitracline/thermocline.
Kissel, C., C. Laj, M. Kienast, T. Bollie t, A. Holbourn, P. Hill, W. Kuhnt, and P.
Braconnot, 2010, Mons oon variability and deep oceanic circulation in the western
equatorial Pacific over the las t climatic cycle: Insights from sedimentary magnetic
properties and sortable silt, Paleoceanography, 25, PA3215, doi:10.1029/2010PA001980
Magnetic and grain size prope rties of a sedim ent core located in the western
equatorial Pacific, off the southeastern tip of the Philippine island of Mindanao,
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are presented in an effor t to reconstruct past changes in the East Asian Monsoon
and deep ocean circulation during th
e last 160 kyrs. The s edimentary
concentration of magnetic particles, interpreted to reflect past changes in runoff
from Mindanao, varies almost in antiphase with Northern Hemisphere insolation.
This suggests that precipitation was lower in the western equatorial Pacific region
during boreal insolation m axima and thus corroborates model results showing
opposing trends in precipitation between
land and the m arine realm there.
Variations in t he grain size distribution of the inorga nic sediment fraction, as
recorded by both the sortable silt mean size and the magnetic grain size, provide a
monitor of changes in sedim ent reworking by bottom currents. The close
correlation of this proxy of bottom current strength a nd the benthic d18O record
from the same site implies a tight coupling between deep water f low, most likely
Antarctic Intermediate Water (AAIW), and global climate.

Tang, Y. and Z. Deng, 2010a, Tropical Pacific upper ocean heat content variations and

ENSO predictability during the period from 1881-2000, Advance in Geosciences, 18: 87108
In this study, a long-term analysis of the tropical Pacific upper ocean heat content
(HC) was obtained for the period fr om 1881–2000, by assim ilating historic sea
surface temperature dataset into an oceanic general circulation model (OGCM)
with Ensemble Kalman filter. The validation against the NCEP (National Center
of Environmental Prediction) HC and the observed HC indicates that the analyzed
HC captures very well the larg e-scale observed features of HC. There exis ts a
striking interannual variability in the tropical Pacific upper ocean HC anom alies
(HCA). Like ENSO (El Ni˜no and the Southern Oscillation), the HCA interannual
variability also has a sig nificant interdecadal variation. The interdecadal variation
in the HCA causes the interdecadal variation in the lagged correlation between the
HCA of the equatorial western Paci
fic ocean and the SSTA (sea surface
temperature anomalies) of the equ atorial eastern Pacific, whic h in tu rn affects
ENSO prediction skill (Ni˜no3.4 S STA). The long-term retrospective ENSO
prediction from 1881–2000 by the model supported the above conclusion.
Turk, D., C. J. Zappa, C . S. Meinen, J. R. Ch ristian, D. T. Ho, A. G. Dickson, and W. R.
McGillis, 2010, Rain impacts on CO 2 exchange in the western equatorial Pacific Ocean,
Geophys. Res. Lett., 37, L23610, doi:10.1029/2010GL045520
The ocean plays a major role in the global carbo n cycle through the atmosphereocean partitioning of atmospheric carbon di oxide. Rain alters th e physics and
carbon chemistry at the ocean su rface to increase the amount of CO 2 taken up by
the ocean. This paper presents the resu lts of a prelim inary study wherein rain
measurements in the western eq uatorial Pacific are u sed to determ ine the
enhanced transfer, chemical dilution and deposition effects of rain on air-sea CO 2
exchange. Including these processes, the western equatorial Pacific CO 2 flux is
modified from an ocean source of +0.019 m ol CO2 m−2 yr−1 to an ocean sink of
−0.078 mol CO2 m−2 yr−1. This new understanding of rain effects changes the
ocean's role in the g lobal carbon b udget, particularly in regions with low winds
and high precipitation.
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Ye, Z. and W. W. Hsieh, 2008a , Enhancing predictability by increasing nonlinearity in
ENSO and Lorenz sy stems, Nonlin. Processes Geophys., 15: 793-801, doi:10.5194/npg15-793-2008
The presence of nonlinear terms in the governing equations of a dynamical system
usually leads to the loss of predictabil ity, e.g. in num erical weather prediction.
However, for the El Niño-Southern Oscillation (ENSO)
phenomenon, in an
intermediate coupled equatorial Pacific m odel run under the 1961–1975 and the
1981–1995 climatologies, the latter clim atology led to longer-period oscillations,
thus greater predictabilit y. In the L orenz (1963) 3-com ponent chaos system , by
adjusting the model parameters to increase the nonlinearity of the s ystem, a
similar increase in predic tability was found. Thus in the ENSO and Lorenz
systems, enhanced nonlinearity from changes in the governing equations could
produce longer period oscillations with increased predictability.
Ye, Z. and W. W. Hsieh, 2008b, ENSO and a ssociated overturning circulations from
enhanced greenhouse gases, J. Clim., 21:5 745-5763
With data from 12 coupled models in the Fourth Assessment Report (AR4) of the
Intergovernmental Panel on Clim ate Change (IPCC), climate under year 2000
greenhouse gas (GHG) + aerosol forci ng was com pared with clim ate under
preindustrial conditions. In the trop ical Pacific, the warm ing in the m ean sea
surface temperatures (SST) was found to have an El Niño–like pattern, while both
the equatorial zonal o verturning circulation and the meridional overturning
circulation weakened under increased GHG forcing.
For the E l Niño–Southern Oscillation (ENSO), the asymmetry in the SST
anomalies between El Niño and La Niña was found to be enhanced under
increased GHG, for bot h the ensemble m odel data and the observed data (1900–
99). Enhanced asymmetry between El Niño and La Niña was also m anifested in
the anomalies of the zonal wind stress,
the equatorial undercurrent, and the
meridional overturning circulation in
the in creased GHG si mulations. The
enhanced asymmetry in the m odel SST anomalie s was mainly ca used by the
greatly intensified vert ical nonlinear dynam ic heating (NDH) ano maly (i.e.,
product of the vertical velocity anom aly and the negative vertical temperature
gradient anomaly) during El Niño (but not during La Niña). Under increased
GHG, the enhanced positive NDH anomalies during El Niño, when time averaged
over the whole record, would change th e SST mean state by an El Niño–like
pattern.
Zhang, X., Y. Lu, and K. R. Thompson, 2009, Sea level variations in the tropical Pacific
Ocean and the Madden-Julian Oscillation,
J. Phys. Oceanogr., 39(8): 1984-1992,
doi:10.1029/2009JC005734
A global ocean circu lation model is used to exam ine the dynamical response of
the tropical Pacific Ocean to forcing as
sociated with the Madd en-Julian
Oscillation (MJO). Mo del sensitivity experiments first reveal that MJO-related
changes in sea level are caused primarily by changes in wind stress. Further, the
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MJO-related changes in sea surface tem perature (SST) are m ainly caused by
buoyancy (heat) flux in the Indian Ocean, by wind stress in the cen tral tropical
Pacific, and by both buoyancy flux and wind stress in the eas tern tropical Pacific.
Additional model sensitivity studies quan tify the tropical Pacific Ocean response
to MJO wind forcing. The sim ulations reveal that th e subsurface temperature
variations associated with the MJO pr opagate eastward along the thermocline and
rise to the surface in the eastern Pacific. Zonal advection plays a dominant role in
SST variation in the cen tral Pacific; vertical advection plays an important role in
the evolution of subsurface and su rface temperatures in the eas tern Pacific.
Finally, it is shown that MJO wind forc ing can rectify SST variations through
nonlinear interactions of the intraseasonal variations of the zonal currents and the
zonal SST gradient.
Zhang, X., Y. Lu, K. R. Thom pson, J. Jia ng, and H. Ritchie, 2010, Tropical P acific
Ocean and the Madden-Julian Oscillati on: Role of wi nd and buoyancy forcing, J.
Geophys. Res., 115, C05022, doi:10.1029/2009JC005734
A global ocean circu lation model is used to exam ine the dynamical response of
the tropical Pacific Ocean to forcing as
sociated with the Madd en-Julian
Oscillation (MJO). Mo del sensitivity experiments first reveal that MJO-related
changes in sea level are caused primarily by changes in wind stress. Further, the
MJO-related changes in sea surface tem perature (SST) are m ainly caused by
buoyancy (heat) flux in the Indian Ocean, by wind stress in the cen tral tropical
Pacific, and by both buoyancy flux and wind stress in the eas tern tropical Pacific.
Additional model sensitivity studies quan tify the tropical Pacific Ocean response
to MJO wind forcing. The sim ulations reveal that th e subsurface temperature
variations associated with the MJO pr opagate eastward along the thermocline and
rise to the surface in the eastern Pacific. Zonal advection plays a dominant role in
SST variation in the cen tral Pacific; vertical advection plays an important role in
the evolution of subsurface and su rface temperatures in the eas tern Pacific.
Finally, it is shown that MJO wind forc ing can rectify SST variations through
nonlinear interactions of the intraseasonal variations of the zonal currents and the
zonal SST gradient.

3.5 Western Pacific
Han, G. and W . Huang, 2008, Pacif ic Decadal Oscillation and Sea Level Variability in
the Bohai, Yellow, and East China Seas, J. Phys. Oceanogr., 38(12): 2772–2783
Sea level variability off East China has been investigated based primarily on 10
years of Ocean Topography Experim ent (TOPEX)/Poseidon altimetry data. The
altimetric annual harmonic has a m agnitude of 10 to 30 cm in a mplitude and is
highest in summ er, agreeing well with independent tide-gauge data. After the
inverse barometer effect is rem oved, the annual sea level cycle can be
approximately accounted for by the steric height variation. Significant interannual
sea level change was also observed from altimetry and tid e-gauge data, with a
range of 10 cm. The interannual and longer-te rm sea level vari ability in the
altimetric data are n egatively correlated (significant at the 95% confidence level)
with the Pacific decadal oscillation (PDO), attributed in part to s teric height
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change. The altimetric sea level rise rate is 0.64 cm yr −1 for the period from 1992
to 2002, consistent with the tide-gauge rate of 0.6 cm yr−1. These values are much
larger than the rate of 0.24 cm yr−1 observed at the sam e tide gauges but for the
period from 1980 to 2002, implying the sensitivity to the length of data as a result
of the decadal variability. The potential role of the PDO in the interannual and
longer-term sea level variability is discussed in te rms of regional m anifestations
such as the ocean temperature and salinity and the Kuroshio transport.
Han G. and W. Huang: Low-frequency sea le vel variability in th e South China Sea and
its relationship with ENSO, Theoretical and Applied Climatology, 97: 41-52,
doi:10.1007/s00704-008-0070-0
Sea-level variability in the South China Sea was investigated based on sate llite
altimetry, tide-gauge data, and tem perature and salinity clim atology. The
altimetric sea-level results clearly reveal three d istinct amphidromes associated
with the annual cycle. The annual sea level is higher in fall/winter in the coast and
shelf region and lower in summ er/fall in the central s ea, agreeing well with
independent tide-gauge data. Averag ed over the d eep basin (bottom
depth > 2,000 m), the annual cycle can be approxim ately accounted f or by the
steric height relative to 700 db. Significant interannual sea-level change is
observed from altimetry and tide-gauge data. The interannual and longer-term
sea-level variability in the altimetric data is negatively correlated (significant at
the 95% co nfidence level) with th e El Niño - Southern Oscillation (ENSO) ,
attributed in part to th e steric height change. The altimetric sea-level rise rate is
1.0 cm/year for the period from 1993 to 2001, which is consistent with the rate
derived from coastal tide-gauge data and approxim ately accountable for by the
steric height calculated relative to 700 db. The tide-gauge sea-level (steric height)
rise rate of 1.05 (0.9) cm/year from 1993 to 2001 is much larger than that of 0.22
(0.12) cm/year for the period from 1979 to 2001, implying the sensitivity to the
length of data as a result of the decadal variability. Potential roles of the ENSO in
the interannual and lon ger-term sea-level variability are discussed in terms of
regional manifestations such as the ocean temperature and salinity.
Kang, S. K., Cherniawsky, J. Y., M. G. G. Forem an, J.-K. So, and S. R. Lee, 2008,
Spatial variability in annual sea level variations around the Korean peninsula, Geophys.
Res. Lett. 35, L03603, doi:10.1029/2007GL032527
Analyses of annual sea level variations (Sa) around the Korean peninsula reveal
systematic spatial patterns in the phase lags and amplitudes. Sa amplitudes in this
region vary between 10 and 20 cm, with atmospheric pressure accounting for only
7.7 to 9.4 cm. These patterns are dominated by annual changes in thermosteric sea
levels in the Yellow S ea (YS) an d East/Japan Sea (EJS ), with only m inor
contributions from seasonal wind-driven set up.
Rabinovich, A. B., G. V. Shevchenko, and R. E. Thom son, 2007, Sea-ice and current
response to the wind: a vector regressional analysis approach, J. Atmos. Oceanic Tech.,
24: 1086-1101, doi:10.1175/JTECH2015.1
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The authors describe a two-dimensional (vector) regressional model for
examining the anisotropic response of ice drift and ocean current velo city (“drift
velocity”) to surface wind forcing. Illustra tion of the m ethod is limited to sea ice
response. The principal m athematical and physical properties of the model are
outlined, together with estim ates of the “response m
atrices” and the
corresponding “response ellipses” (drift velocity response to a unity wind velocity
forcing). For each direction, φ, of the wind vector
the method describes a
corresponding “wind factor” α(φ) (relative drift speed) and “turning angle” θ(φ)
(the angle between the drift velocity a nd wind vector). Th e major ellipse axis
corresponds to the direction of the “effective wind” ( φ = φmax) and the minor axis
to the direction of the “noneffective” wind. T he eigenvectors of the response
matrix define wind directions that are th e same as the wind-induced drift velocity
directions. Depending on the water depth and offshore distance, six analytical
cases are possible, ranging from rectilinear response el lipses near the coast to
purely circular response ellipses in the open ocean. The model is used to examine
ice drift along the western shelf of Sa khalin Island (Sea of Okhotsk). Responses
derived from the vector regression (f our parameter) method are less constrained
and therefore m ore representative o f wind-induced surface m otions than those
derived using the traditional complex transfer function (two parameter) approach.
Rogachev, K., E. Car mack and M. Fore man, 2008, Bowhe ad whales feed on plankton
concentrated by estuarine and tidal currents in Academy Bay, Sea of Okhotsk, Cont. Shelf
Res., 28(14): 1811-1826, doi:10.1016/j.csr.2008.04.014
Academy Bay in the Sea of Okhotsk is an important summertime feeding ground
for pelagic-feeding Bowhead whales ( Balaena mysticetus) in the western
subarctic North Pacific. The presen t work combines s atellite observations with
physical (CTD, currents, tides) and
biological (zooplankton sam pling)
measurements. Data obtained aboard the RV Lugovoe in August–September 2003
and July–August 2004 show dense populations of zooplankton (such as copepods
Calanus glacialis, Pseudocalanus sp., pteropods Limacina helicina, and
chaetognaths Sagitta sp.) that are concentrated by physical m echanisms within
this critically important ecosystem. We show that n ear-bottom, cold water
intrusions from the northern Sea of O
khotsk associated with the estuarine
circulation advect arctic herbivorous calanoids ( Calanus glacialis) and mollusks
Limacina helicina into the region.
Satellite and in situ obse rvations that include c onductivity–temperature–depth
(CTD) data and measurements of tidal currents are used to study the nature of the
estuarine circulation. Results show an anticyclonic circulation, associated with the
effect of earth' s rotation. An analytic al model shows horizontally convergent
flows in the lower lay er toward th e western c oast of the bay that pu sh water
upward along the steep slope. This together with zoopl ankton vertical migration
leads to aggregation. Thus the combinat ion of the residual eddy for mation and
swimming behavior act to concentrate zooplankton near the cape and to provide
the necessary densities of planktonic food supply for Bowhead whales.
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Steinke, S., M. Kienast, J. Groeneveld, L. -C. Lin, M.-T. Chen, and R. Rendle-Buhring,
2008, Proxy dependence of the temporal pattern of deglacial warm ing in the tropical
South China Sea: Tow ard resolving seasonality, Quat. Sci.. Rev., 27(7-8): 688 - 700,
doi:10.1016/j.quascirev.2007.12.003
Sea surface tem peratures (SSTs), reconstructed from two Globigerinoides ruber
(white) morphotypes (G. ruber sensu stricto, (s.s.); G. ruber sensu lato, ( s. l.))
Mg/Ca and alkenones (U K′37) from core MD01-2390 from the tropical South
China Sea (SCS) during the last de
glaciation reveal a proxy-dependent
discrepancy in the temporal pattern of the deglacial warm ing. Alkenone data
suggest that the deglacial warm ing is punctuated by a decrease in temperature
between 17 and 15 ka BP, corroborating previously published alkenone U K′37
SST records fro m the southern SC S. Within dating uncertainties, this cooling is
coeval with the Heinrich Ev ent 1 (H1) time interval in the N orth Atlantic region,
underscoring the imprints of northern hem isphere forcing on tropical SCS ocean
temperatures. The deglacial U K′37 SST minimum is also paralleled by a maximum
in G. ruber morphotype-specific δ18O. G. ruber Mg/Ca SST estim ates suggest a
morphotype-specific record of SSTs duri ng the time interval of H1. W hereas G.
ruber s.s. imply a continuous warm ing starting around 18 ka BP without any
marked response to H1, G. ruber s.l.-based Mg/Ca SST estimates reveal a cooling
around 17–15 ka BP similar to the H1 interval cooling seen in the alkenone SST
record. Similar proxy-dependent differences in deglacial surface water w arming
have been recorded in the eastern equato rial Pacific, implying a common pattern
on both sides of the tropical Pacific Ocean. We submit that this discrepancy could
be due to differences in seasonal
ity of planktonic f oraminifera G. ruber
morphotypes and alkenone-producing algae.
Yamazaki, H. , I. Iwam atsu, D. Hasega wa, and T. Nag ai, 2009, Chlorophyll Patches
Observed during Summ er in the Main Strea m of the Kuroshio, Atmos.-Ocean, 47(4):
299–307, doi:10.3137/OC306.2009
Two transects through the Oyashio-Kuroshio frontal region were m ade off the
coast of Japan using a towed C
TD-fluorometer (Aquashuttle). These show
numerous patches of elevated chlorophyll concentration adjacent to the Kuroshio
front. In particular, a few patches are f ound in the m ain stream of the Kuroshio.
Making use of the Temperature and Salinit y (T-S) properties of the identified
patches, the origin of the patch es is inf erred. It is conf irmed that th e patches
appearing in the Kuros hio are no t from the adjacen t coastal waters. T heir T-S
properties are similar to those in the upstream portion of the Kuroshio. These facts
suggest that the elevated level of chlorophyll in the patches arise because of
mixing that occurs while the Kuro shio passes over the Izu Ridge. The patches
found in the m ain stream of the Kurosh io are transported to the Kuroshio
extension, which is the nursery ground fo r many pelagic larval fish. These
patches, if they appear during the sp awning season, m ay provide food for these
larval fish. Thus m ixing due to bottom topography and islands of the Izu Ridge
may play an im portant role f or the surviv al of larval f ish downstream, in the
region of the Kuroshio extension.
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3.6 Biophysical Processes
Fennel, K., 2008, W idespread implementation of controlled upwel ling in the North
Pacific Subtropical Gyre would c ounteract diazotrophic N2 fixation, Mar. Ecol. Prog.
Ser., 371: 301-303, doi:10.3354/meps07772
Karl & Letelier (2008; Mar Ecol Prog Ser 364:257–268) examined the stimulation
of diazotrophic N 2 fixation by controlled upwelling of deep-water nutrients as a
potential carbon sequestration strategy in low-nutrient, low-chlorophyll regions
such as the North Pacific Subtropical Gy re. They did not exam ine the effect of
buoyancy on vertical stratification. Since s eawater upwelled from depth is colder
and saltier, and therefore de nser than surface water, it would have to b e diluted
sufficiently to prevent its convective si nking. This diluti on would lead to a
decrease in vertical stratifi cation, which could counteract N 2 fixation, as
diazotrophs bloom only under well-s tratified conditions. A back-of-the-envelope
calculation of the effe ct of large- scale controlled upwelling on upper ocean
stratification shows that controlled upwelling is unlikely to scale up and serve as a
climate stabilization wedge as defined by Pacala & Soco
low (2004; Science
305:968–972), i.e. it would not sequester 1 Gt C yr–1 over 30 yr.
Harris, S. L., D. E. Varela, F. W. W
hitney, and P. J. Harrison, 2009, Nutrient and
phytoplankton dynamics off the west coast of Vancouver Island during the 1997/98
ENSO event, Deep Sea Res. Part II, 56(24): 2487-2502, doi:10.1016/j.dsr2.2009.02.009
Six research cruises w ere conducted o ff the west coast of Vancouver Island
between April and October of 1997 and 1998 as part of the Canadian GLOBEC
project to com pare nutrient and phytopl ankton dynamics between ENSO (1997)
and non-ENSO (1998) years. Lim ited sampling also was conducted during three
cruises in 1999. During the 1997 E NSO period, there was a shallow therm ocline
( 10 m) that resulted in a shallower mixed layer, lower salinity and density, and
stronger summer stratification. In genera l on the shelf, the 1997 growing season
was characterized by higher nitrate (7.5
μM) and silic ic acid (17 μM)
concentrations, lower total ch lorophyll ( 76 mg m−2), lower phytoplankton
carbon biomass (0.2 mg C L−1), and lower diatom abundance and biomass than in
1998. Phytoplankton assemblages were dominated by nanoplankton in 1997 and
by diatoms in 1998. These results suggest that the 1997 ENSO was responsible
for a reduction in the growth and biom ass of larger phytoplankton cells. In m id1998, the hydrographic characteristics o ff the west coast of Vancouver Island
changed suddenly. The 1997 poleward transpor t of warm water reversed to an
equatorward transport of coastal water in July 1998, which was accom panied by
normal summer upwelling. During 1998, a large diatom bloom (mainly dominated
by Chaetoceros debilis, Leptocylindrus danicus and to a lesser extent by
Skeletomema and Pseudo-nitzschia sp.) was observed in July over the continental
shelf. This large bloom
resulted in chlorophyll concentr ations of up to
400 mg m−2, primary productivity of up to 11 g C m−2 d−1, and near undetectable
dissolved nitrogen concentrations at som e of the shelf stations in 1998. In
contrast, during 1997, the sub-tropical wate rs that were advected over the slope,
resulted in low chlorophyll a and primary productivity (generally <1 g C m−2 d−1).
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Therefore, there was a sharp contrast between the very high primary productivity
on the shelf in July 1998, due to norm al nutrient replenishm ent from summ er
upwelling and outflow from the Strait of Juan de Fuca, and the lower prim ary
productivity during the 1997 ENSO y ear. During 1998, non-ENSO conditions
resulted in phytoplankton biom ass that wa s twice as high on the shelf as that
measured in regions beyond the continenta l shelf of the west coast of Vancouver
Island.
Ryan, J. P., J. F. R. Gower, S. A. King, W . P. Bissett, A. M. Fische r, R. M. Kudela, Z.
Kolber, F. Mazzillo, E. V. Rienecker, and F. P. Chavez, 2008, A coastal ocean extrem e
bloom incubator, Geophys. Res. Lett., 35, L12602, doi:10.1029/2008GL034081
Novel remote sensing m ethods and in si tu observations reveal that intense
dinoflagellate blooms occur frequently in Monterey Bay, California. Bloom s can
contain surface chlorophyll concentrations exceeding 500 μg l−1 and occupy ∼5 to
80 km2. They occur prim arily during August through November and can persist
for > 1 month. Maximum bloom frequency and mean intensity are in a shallow (<
25 m depth) area of the northeastern bay, in coincidence with the warmest surface
water, low wind stress, and retentiv
e circulation. Thes e conditions favor
dinoflagellates, which can vertically
migrate to acquire nutrients in the
thermocline and aggregate as "red tide" near the surface. Bloom incubation areas,
also indicated in other coastal upwe
lling systems, may disproportionately
influence regional bloom ecology.
Ryan, J. P., A. M. Fischer, R. M. Kudela, J. F. R. Gower, S. A. King, R. Marin III, and F.
P. Chavez, 2009, Influences of up welling and downwelling winds o n red tide bloom
dynamics in Monterey Bay, California,
Cont. Shelf Res., 29(5-6): 785-795,
doi:10.1016/j.csr.2008.11.006
It has recently been shown that inner shelf waters of NE Monterey Bay, California
function as an “extreme bloom incubator”, frequently developing dense “red tide”
blooms that can rapidly spread. Located within the Calif ornia Current upwelling
system, this open bay is strongly influenced by oceanograph ic dynamics resulting
from cycles of upwelling favorable winds and their relaxation and/or reversal.
Different wind forcing causes influx of different water types that originate outside
the bay: cold nutrient-rich waters during upwelling and warm nutrient-poor waters
during relaxation. In this study, we exam ine how the bay's bloom incubation area
can interact with highly vari able circulation to cause red tide spreading, dispersal
and retention. This exam ination of proce sses is supported by satellite, airborne
and in situ observations of a m ajor dinoflagellate bloom during August and
September of 2004. Rem ote sensing of high spatial, temporal and spectral
resolution shows that the bloom originat ed in the NE bay, where it was highly
concentrated in a narrow band along
a thermal front. Upwelling cir culation
rapidly spread part of the bloom , mixing cool waters of an upwelling filament
with warm bloom source waters as they
spread. Vertical m igration of the
dinoflagellate populations was m apped by autonom ous underwater vehicle
surveys through the spreading bloom . Following bloom expansion, a two-day
wind reversal forced intrusion of warm offshore waters that dispersed much of the
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bloom. Upwelling winds then resumed, and the bloom was further dispersed by an
influx of c old water. Throughout these oceanographic responses to changing
winds, an intense bloom persisted in sheltered waters of the NE bay, where
extreme blooms are most frequent and inten se. Microscopic examination of
surface phytoplankton samples from the central bay showed that spread ing of the
bloom from the NE bay and m ixing with regional water masses resulted in
significantly increased abundance of dinoflagellates and decreased abundance of
diatoms. Similar dinoflagellate bloom incubation sites are indicated in other areas
of the California Current system and other coastal upwelling system s. Through
frequent bloom development and along-c oast transports, relatively small
incubation sites m ay significantly influence larger regions of the coa stal marine
ecosystems in which they reside.

3.7 Abyssal Flows
Thomson, R. E., E. E. Davis, M. Heesem ann, and H. Villinger, 2010, Observations of
long-duration episodic bottom currents in the Middle America Trench: Evidence for
tidally
initiated
turbidity
flows,
J.
Geophys.
Res.,
115,
C10020,
doi:10.1029/2010JC006166
Benthic flow in the Middle Am erica Trench off the Pacific coast of Costa Rica is
examined using time series from a single-point acoustic current meter moored 21
m above bottom at 4386 m depth at the southern end of the trench from
November 2005 to April 2007. In
addition to significant ( ∼0.1 m s−1) tidal
currents, the instrum ent recorded a se ries of 12 episodic northwestward alongtrench flow events of roughly m onthly duration. Event velocities often exceeded
0.25 m s−1 and were contemporary with enhanced acoustic backscatter intensity.
Events ended with a rapid (<1 day) reve rsal to s outheastward flow and reduced
backscatter. Seafloor tem perature records from two nearby Ocean Drilling
Program (ODP) borehole observatory sites reveal that the flow events were
accompanied by a steady rise in bottom water temperature. Temperatures dropped
abruptly to background values at the end o f each event. The event tim ing
generally tracked the envelope of the tidal current modulation. On the basis of the
November 2002 to February 2009 borehole obs ervatory temperature records, the
events had a m ean duration of 40(±20) days and were separated by a betweenevent interlude of 30(±25) days. Findings indicate that th e episodic f lows were
likely rotationally modified, autosuspending turbidity currents initiated by tid al
current resuspension of sediments above the shoaling trench floor to the southeast
of the mooring site. Suspended particles in the turbidity cu rrents are estimated to
range from 0.0003% to 0.006% of the curr ent by volum e. Results suggest that
tidally induced turbidity currents may be common to steep, well-mixed regions of
the deep ocean adjacent to sediment rich continental margins.

3.8 Atmosphere-Ocean
Merryfield, W. J., B. Pal, and M. G. G.
Foreman (2009), Projected future changes in
surface marine winds o ff the west coast of Canada, J. Geophys. Res., 114, C06008,
doi:10.1029/2008JC005123
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Projected future changes in the seasonal climatology of surface m arine winds at
locations off the west coast of Cana
da having long records of buoy wind
observations are evaluated, drawing on
output from 18 clim ate models. The
ensemble mean m odeled wind climatology fo r a late 20th centu ry control period
1976–1995 is found to reproduce that of th e buoy observations reasonably well,
except where local orog raphic influences not resolved by the m odels are strong .
Over the 2 1st century, ensemble mean summertime upwelling favorable winds
increase in speed by 5–10% and rotate clockwise by ≈5°, statistically s ignificant
changes. By contrast, 21st cen tury changes in ens emble mean wintertime
downwelling favorable winds are n ot statistically significant. These trends are too
weak to be detectable in the 20th century buoy observations.
Vagle, S., C. McNeil, an d N. Steiner, 2010, Upper ocean bu bble measurements from the
NE Pacific and estim ates of their role in air- sea gas transfer of th e weakly soluble gases
nitrogen and oxygen, J. Geophys. Res., 115, C12054, doi:10.1029/2009JC005990
Simultaneous observations of upper-ocean bubble clouds, an d dissolved gaseous
nitrogen (N2) and oxygen (O 2) from three winter sto rms are presented and
analyzed. The data were collected on the Canadian Su rface Ocean Lower
Atmosphere Study (C-SOLAS) mooring loca ted near Ocean Station Papa (OSP)
at 50°N, 145°W in the NE Pacific dur ing winter of 2003/2004. The bubble field
was measured using an upward looking 200 kHz echosounder. Direct estimates of
bubble mediated gas fluxes were made using assumed bubble size spectra and the
upward looking echosounder data. A one-dimensional biogeochemical model was
used to help compare data and various existing models of bubble mediated air-sea
gas exchange. The direct bubble flux
calculations show an approxim ate
quadratic/cubic dependence on mean bubble penetration depth. After scaling from
N2/O2 to carbon dioxid e, near surf ace, nonsupersaturating, air-sea tran sfer rates,
KT, for U10 > 12 m s−1 fall between quadratic and cubic relationships. Estimates of
the subsurface bubble induced air injection flux,
VT, show an approxim ate
quadratic/cubic dependence on m ean bubble penetration depth. Both KT and VT
are much higher than th ose measured during Hurricane Frances over the wind
speed range 12 < U10 < 23 m s−1. This result implies that over the open ocean and
this wind speed range, older and m ore developed seas which occur during winter
storms are more effective in ex changing gases between the atmosphere and ocean
than younger less developed seas which occur during the rapid passage of a
hurricane.

3.9 Waves
Huang, Y., B. Yin, and W. Perrie, 2008, Responses of summertime extreme wave heights
to local clim ate variations in the East China Sea,
J. Geophys. Res., 113, C09031.
doi:10.1029/2008JC004732
We detected the responses of su mmertime extreme wave heights (H top10, average
of the highest 10% of significant wave heig hts in June, July and August) to local
climate variations in the East Chin a Sea by applying an em pirical orthogonal
function analysis to H top10 derived from the W AVEWATCH-III wave m odel
driven by 6 hourly sea surface wind fiel ds from ERA-40 re analysis over the
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period 1958–2002. Decreases in H top10 in the n orthern East China Sea (Yellow
Sea) correspond to attenuation of
the East Asian Summ er Monsoon, while
increases in the south are prim arily due to enhancem ent of tropical cyclone
activities in the western North Pacific.
Martini, K. I., M. H. Alford, J. D. Na
sh, E. Kunze, and M. A. Merrifield, 2007,
Diagnosing a partly st anding internal wave in Mamala Bay, Oahu, Geophys. Res. Lett.,
34, L17604, doi:10.1029/2007GL029749
An internal partly standing wave in Mam ala Bay, Hawaii is studied using new
observations and the Princeton Ocean Model (P OM). Previous work suggested a
convergence in the bay of east- and westbound waves emanating from Kaena
Ridge and Makapuu Point, respectively. New energy flux m easurements with
shipboard ADCP/CTD c onfirm that Makapuu Point is the eastern source. After
validating the POM re sults against observations, the m odel output is m odally
decomposed and com pared with th e expected theoretical patterns of kinetic and
available potential energy, energy flux, and group velocity for a partly standing
wave. Agreement is seen for the first baroclinic mode, which also contains m ost
of the energy. The results confirm prev
ious suggestions of standing wave
dynamics in Mamala Bay.

3.10 Internal Waves
Alford, M. H., J. A. MacKinnon, Z. Zhao, R. Pinkel, J. Klymak, and T. Peacock, 2007,
Internal waves acro ss the Pacific,
Geophys. Res. Lett., 34, L24601,
doi:10.1029/2007GL031566
The long-range propagation of the sem idiurnal internal tide northward from the
Hawaiian ridge and its susceptibility to parametric subharmonic instability (PSI)
at the “ critical latitude,” λ c = 28.8°N, were exam ined in spring 2006 with
intensive shipboard and m oored observations spanning 25–37°N along a tidal
beam. Velocity and shear at λ c were dominated by intense vertically-standing,
inertially-rotating bands of several hundred m eters vertical wavelength. These
occurred in bursts following spring tide, contrasting sharply with the d ownwardpropagating, wind-generated fe atures seen at other latitudes. These m arginallystable layers (which have i nverse 16-meter Richardson number Ri 16 −1 = 0.7) are
interpreted as the inertial waves resulting from PSI of the internal tide. E levated
near-inertial energy and param eterized diapycnal diffusivity, and reduced
asymmetry in upgoing/downgoing energy, were also observed at and equatorward
of λ c . Yet, simultaneous moored measurements of semidiurnal energy flux and 1km-deep velocity s ections measured from the ship indicate that the internal tid e
propagates at least to 37°N , with no detectable energy loss or phase discontinuity
at λ c . Our observation s indicate that PSI occurs in the o cean with s ufficient
intensity to substantially alter the inertial shear field at and equatorward of λ c , but
that it does not appreciably disrupt the propagation of the tide at our location.
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3.11 Continental Slope and Shelf-slope Exchanges
Nash, J. D., M. H. Alford, E. Kunze, K. Martini, and S. Kelly, 2007, Hotspots of deep
ocean mixing on the Oregon continen tal slope, Geophys. Res. Lett., 34, L01605,
doi:10.1029/2006GL028170
Two deep ocean hotsp ots of turbulen t mixing were found over the Oregon
continental slope. Thorpe˜scale analys es indicate tim e˜averaged turbulent
energy dissipation rates of ε > 10−7 W/kg and eddy diffusivities of K ρ ˜ 10−2 m2/s
at both hotspots. However, the struct
ure of turbulence and its generation
mechanism at each site appear to b e different. At the 2200˜m isobath, sustain ed
>100˜m high turbulent overturns occur in stratified fluid several hundred m eters
above the bottom . Turbulence show s a cl ear 12.4˜h periodicity proposed to be
driven by flow over a nearby 10
0˜m tall ridge. At the 1300˜m
isobath,
tidally˜m odulated turbulence of similar intensity is conf ined within a stratified
bottom boundary layer. Along˜slope t
opographic roughness at scales not
resolved in global bathym etric data sets appears to be responsible for the bulk of
the turbulence observed. Such topography is common to most c ontinental slopes,
providing a m echanism for turbulence gene ration in regions where barotropic
tidal currents are nominally along-isobath.

3.12 Continental Shelf Studies
Feely, R. A., C. L. Sabine, J. M. Hern
andez-Ayon, D. Ianson, and B. Hales, 2008,
Evidence for Upwelling of Corrosive ' Acidified' Water onto the Continen tal Shelf,
Science, 320(5882): 1490-1492, doi:10.1126/science.155676
The absorption of atmospheric carbon dioxide (CO2) into the ocean lowers the pH
of the waters. Th is so-called o cean acidification could have important
consequences for m arine ecosystems. To better understand th e extent of this
ocean acidification in coastal waters , we conducted hydrog raphic surveys alon g
the continental shelf of western North Am erica from central Canada to northern
Mexico. We observed seawater that is unde rsaturated with re spect to aragonite
upwelling onto large portions of the continen tal shelf, reaching depths of ∼40 to
120 meters along most transect lines and all the way to the surface on one transect
off northern California. Although seasonal upwelling of th e undersaturated waters
onto the shelf is a natural phenom enon in this region, the ocean uptake of
anthropogenic CO2 has increased the areal extent of the affected area.
Moum, J. N., J. D. Nash, and J. M. Klymak, 2008, Small scale processes in the coastal
ocean, Oceanography, 21(4), pp. 33
Varied observations over Oregon’s continental shelf illus trate the beauty and
complexity of geophysical flows in
coastal waters. Rapid, creative, an d
sometimes fortuitous sampling from ship s and m oorings has allowed detailed
looks at boundary layer processes, inte rnal waves (som e extremely nonlinear),
and coastal curren ts, including how they interact. Th ese processes drive
turbulence and m ixing in shallow coastal waters and encourage rapid biological
responses, yet are poorly understood and pa rameterized. The work presented here
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represents examples of efforts by many physical ocean ographers to quantify
small-scale, coastal-mixing processes so that their effects m ight be included in
regional circulation models.

3.13 Inshore and Coastal Waters
Burd, B. J., P. A. G. Barnes, C. A. W right, and R. E. Thom son, 2008, Responses of
subtidal benthos of the Strait of Georgia to am bient sediment conditions and natural and
anthropogenic
deposition,
Mar.
Env.
Res.,
66(1):
S62-S79,
doi:10.1016/j.marenvres.2008.08.009
Patterns in infaunal biota in the S trait of Georgia are explored relative to wate r
depth, substrate type, or ganic content of sedim ents and sedim entation
characteristics. The analyses are bas ed on geographically-d iverse grab and core
data collected over a 19-year period.
Infaunal abundance and biom ass were not pr edictable by sedim ent particle size,
organic content or water depth. W hile organic flux was a reasonable predictor of
biotic factors, quality of organic m aterial, relative proporti ons of organic and
inorganic input and source of inputs were also important in this regard. Areas with
high accumulation of sedim ent and high organic flux rates from terrestrial
(riverine) sources supported the highes t macro-infaunal abundance and biom ass
found to date in the Strait of Geor
gia, and were dominated by bivalves.
Polychaetes dominated in low orga nic deposition conditions, and where
anthropogenic organic depos ition was high. However,
biota were severely
impoverished in sediments with high organic content from marine deposition, due
to low fluxes and poor quality of organic material. Taxa num ber was related to
percent total nitrogen and to the rati
o of organic/inorganic flux, both in
background conditions and where there wa s labile organic enrichm ent. Faunal
communities from the Fraser River delta, which experiences considerable bottomtransported riverine material, were very different in composition from those that
proliferate in habitats with high depos ition and organic flux from the water
column.
Dallimore, A., R. J. Enkin, R. Pienitz, J. R.
Southon, J. Baker, C. A. W right, T. F.
Pedersen, S. E. Calvert, T. Ivanochko, and R. E. Thomson, 2008, Postglacial evolution of
a Pacific coastal fjord in British C olumbia, Canada: in teractions of sea-level change,
crustal response, and environmental fluctuations—results from MONA core MD02-2494,
Can. J. Earth Sci., 45: 1345-1362, doi:10.1139/E08-042
The sedimentary record in a 40.9 m giant (Calypso) piston core (MD 02-2494)
raised from the inner basin within E ffingham Inlet, British Colum bia, Canada,
during the 2002 Marges Ouest Nord Américaines (MONA) campaign, spans from
14 360 14C years BP (17 300 calibrated calendar (cal.) years BP) to about nine
centuries before present. The core archives changes in sedimentation and sea level
immediately following deglaciation of the Late W isconsin Fraser Glacia tion,
which peaked about 15 000 14C years BP. The presence of the Mazama Ash in the
core anchors a detailed chronology based on 49 radiocarbon dates and seven
Pleistocene paleomagnetic secular vari ation correlations. Diatom assemblages
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identify a m arine–freshwater–marine transition in the basin, which occurred
11 630 14C years BP (13 500 cal. years BP). At this time, a bedrock sill, presently
at 46 m depth, was briefly exposed as sea level fell and then rose again during
isostatic crustal adjustments. These data constra in a new sea-lev el curve for the
outer coast of Vancouver Is land covering the past 12 000 14C years BP (14 000
cal. years BP), providing new information on the nature of deglaciation along the
west coast of Canada and informing interpretations of regional paleoceanographic
records and mantle viscosity models.
Foreman, M. G. G., W. Callendar, A. MacFa dyen, B. M. Hickey, R. E. Thom son, and E.
Di Lorenzo, 2008, Modeling the gene ration of the Juan de Fuca Eddy, J. Geophys. Res.,
113, C03006, doi:10.1029/2006JC004082
Numerical simulations with the Regional Ocean Modeling System are used to
study the generation of the cyclonic Juan de Fuca Eddy located off the entrance of
Juan de Fuca Strait in summer. An initial simulation forced with average summer
upwelling favorable winds, tides, a nd buoyancy boundary conditions that
maintain an estuarine flow in Juan de Fuca Strait produces an eddy and currents
that are in reasonable agreem ent with obs ervations. Sensitivity studies are then
carried out to exp lore the im portance of these three forcing mechanisms. The
relative proximity of dense water in the bottom estuarine flow entering the strait is
shown to lead to enhanced upwelling off Ca pe Flattery when either wind or tidal
forcing is applied. This upwelled water then mixes with the estuarine outflow and
is advected offshore. The tidal upw elling arises through th ree mechanisms: M2
vertical excursions of nearly 20 m at 50 m depth west of the cape on the flood
tide; strong tidally rectified vertical velocities west of the cape; and the spilling of
denser bottom water over the western wa ll of Juan de Fuca Canyon on the ebb
tide. The cyclonic eddy is a consequence of geostrophic adjustment to the doming
isopycnals that arise from the upwelling. Th ese model simulations refute an
earlier hypothesis that the eddy is generated when California Undercurrent water
is drawn up Tully Canyon and onto th
e Vancouver Island shelf, suggesting
instead that these canyon dyna mics play only a secondary role in m aintaining the
eddy once it is formed.
Johannessen, S. C., R. W. Macdonald, and B. Burd, 2008, Biogeochemical cycling in the
Strait of Georgia, Mar. Environ. Res. Special Issue, Benthic processes, organic carbon
cycling and contam inants in the Strait of Georgia, Canada,
66(1): S1-S2,
doi:10.1016/j.marenvres.2008.10.001
The papers in this special issue pres ent the results of a five-y ear project to study
sedimentary biogeochemical processes in the Strait of Georgia, with specia l
emphasis on the near-field of a large m unicipal outfall. Included in this special
issue are overviews of the sedim entology, benthic biology, status of siliceous
sponge reefs and distribution of organic carbon in the water column. Other papers
address the cycling of contaminants (PCBs, PBDEs) and redox metals in the
sediment, a method to map the extent of th e influence of municipal effluent from
staining on benthic bivalves, and th e relationships among geochemical conditions
and benthic abundance and diversity. The latter set of papers addresses the role of
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municipal effluent as a pathway of organic carbon and other contaminants into the
Strait of Georgia and the effect of th e effluent on benthic geochem istry and
biology.
Johannessen, S. C., R. W. Macdonald, C. A. Wright, B. Burd, D. P.Shaw, and A.van
Roodselaar, 2009, Joined by geochemistry, divided by history: PCBs and PBDEs in Strait
of Georgia sedim ents, Mar. Environ. Res. Special Issue, Benthic processes, organic
carbon cycling and contam inants in the Strait of Georgia, Canada, 66(1): S112-S120,
doi:10.1016/j.marenvres.2008.03.003
Polychlorinated biphenyls (PCBs) are reli ct contaminants, while polybrominated
diphenyl ethers (PBDEs) are in increasing use. Using sediment cores collected in
the Strait of Georgia, we dem onstrate that the surface sediment concentration of
PCBs is largely determ ined by envir onmental processes, such as sedim ent
accumulation and m ixing rates, while that of PBDEs is strongly influenced by
proximity to source. The Iona Island wa stewater outfall appears to be a prim ary
pathway for PBDEs. As well, Vancouver Ha rbour is highly contam inated with
both classes of chem ical. BDE-209, the m ain component of deca-BDE, is the
dominant PBDE congener. Environm ental debromination is no t evident.
Currently, the ranges of the surface concentration of PCBs and PBDEs are similar
to one another, but that will change in the future, as the con centration of PBDEs
continues to rise. The experience with PCBs suggests that if PBDEs were banned
today, it would take decades for inorganic sediment to bury them.
Johannessen, S. C. and R. W. Macdonald, 2009, Effects of local and global change on an
inland sea: the Stra it of Georgia, British Co lumbia, Canada, Clim. Res., 40(1): 121, doi:10.3354/cr00819
Global changes m anifest themselves in coastal waters depending on local
oceanography and ecosystems. In this paper, we consider the Strait of Georgia as
a case s tudy. After exam ining physical a nd chemical processes and trends, we
discuss consequences of change on ge ochemical cycling and biota. Several
components of the system are vulnerable. Declines in pH and O 2 of basin waters,
partly imported from the shelf and partly supported by carbon cycling within the
strait, could reduce benthic and pelagic ha bitat. Sea level r ise and stor ms will
interact with coasta l development to pla ce critical habitat, such as low-lying
estuaries, intertidal zones and mudflats, at risk. The decreas e and earlier peak in
zooplankton biomass may lead to changes in the food web that cascade to highe r
trophic levels such as fish and birds. An adromous fish, already showing declines,
are vulnerable to ocean regim e shifts, increasing river tem peratures, habitat
destruction, harvesting and contam inants. For southern resident killer whales
Orcinus orca, a species at risk, decline in Chinook salm
on Oncorhynchus
tshawytscha together with m arine traffic and biomagnifying contaminants will
lead to extir pation if no action is ta ken. Some stressors can be controlled only
through international action to m itigate climate change. However, we have local
control of fishing, habitat destruction, release of some contaminants and, to some
extent, river flow and temperature. Acting to control thes e stressors will support
resilience of biota in the face of inevitable global changes.
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Laval, B. E., J. Morrison, D. J. Potts, E. Car mack, S. Vagle, C. Ja mes, F. McLaughlin,
and M. Forem an, 2008, W ind-driven summertime upwelling in a fjord-type and its
impact on downstream river conditions; Ques nel Lake and River, British Colum bia, J
Great
Lakes
Res.,
34(1):
189-203,
doi:10.3394/03801330(2008)34[189:WSUIAF]2.0.CO;2
Observations and m odeling results are pr esented to explore the response of a
multi-basin, fjord-type lake to episodic wind forcing. Field observations show that
abrupt cooling and warm ing events (magnitude greater than 5°C d-1) lasting 3–6
days in a large, salm on-bearing river (Quesnel River) are due to upwelling in its
upstream lake (Quesnel Lake) during th e summer, stratified season. W ithin the
lake, vertical displacem ent of is otherms in the vicinity of the river m
outh
associated with this upwe lling is shown to be forced by wind events longer than
one quarter of the funda mental seiche period and of sufficient magnitude that the
Wedderburn number approaches on e. Upwelling occurs ne arly-simultaneously
throughout a smaller basin adjacent to the out flow (West Basin) that is separated
from the Main Basin of Quesnel Lake by a sill and contraction. W
ind-driven
water fluxes acro ss the sill are estim ated using a conceptual m odel based on
volume and heat budgets. These estimates provide an upper bound for flow across
the sill and suggest that exchange flow may at t imes be internally hydraulically
controlled, with epilimnetic velocities of up to 25 cm/s. Computed fluxes suggest
the West Basin hypolimnion has a residence time of 6-8 weeks during the summer
stratified period with each upwelling episode irreversibly exchanging 25–30% of
the hypolimnetic volume with the rest of th e lake. Implications of such events are
profound for salm on bearing ri vers wherein the therm al habitat is critical to
migration success.
Masson, D. and P. F. Cumm ins, 2007, Temperature trends and interannual variability in
the Strait of Georgia, Britis
h Columbia, Cont. Shelf Res., 27(5): 634-649,
doi:10.1016/j.csr.2006.10.009
A continuous 36 year long record of semi-monthly temperature profiles from the
central Strait of Georgia, British Columbia is used to examine low frequency
variability and trends through the water column. Decomposition of temperature
anomalies into empirical orthogonal functions shows that the dominant mode
accounts for 78% of the variance, while the principal component associated with
this mode (PC1) is dominated by fluctuations on interannual time scales. To relate
the variability within the Strait to that occurring over the northeast Pacific, PC1 is
compared with anomalies in local air temperature, sea surface temperatures off
the west coast of Vancouver Island, and upper ocean temperatures along Line-P.
These comparisons suggest that much of the interannual variability observed in
the Strait of Georgia occurs in response to large-scale atmospheric forcing over
the northeast Pacific. However, following tropical El Niño events there are
significant anomalies associated with processes occurring along the coastal
oceanic wave guide. The strongest event in the entire record, the remarkable
negative temperature anomaly of winter 1978/1979, appears to be associated with
a deep water intrusion that was forced locally.
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A warming trend is observed over the period 1970–2005 through the entire water
column of the Strait of Georgia, with a depth-averaged value of . The vertical
variation of the linear trend in temperature is contrasted with trends observed
through the upper water column in the adjoining northeast Pacific over the same
time period. Comparable trends are observed within the upper 100 m of the water
column. However, at greater depths trends in the Strait of Georgia exceed those
observed offshore by a factor of two. This is likely a consequence of the
entrainment of near-surface waters into the deep Strait by the estuarine
circulation. The results illustrate how global climatic changes may be amplified at
depth in a coastal sea.
Masson, D. and A. Pena, 2009, Chlorophyll distribution in a temperate estuary: The Strait
of Georgia and Juan de Fuca Strait,
Estuar. Coast. Shelf Sci., 82(1): 19-28,
doi:10.1016/j.ecss.2008.12.022
Data collected during 7 years of seasona l surveys are us ed to inves tigate the
distribution of phytoplankton bi omass within the es tuarine waters of the Strait of
Georgia and Juan de F uca Strait. Variab ility of the chlor ophyll distribution is
examined in rela tion to the density stra tification, light availability and nutrient
concentration. In th e Strait of Georgia, both the
horizontal and vertical
distribution of chlorophyll are found to be linked to the presence of a near-surface
layer of increased density stratification. Despite important year-to-year variability,
the seasonal cycle of chlorophyll in the Stra it of Georgia is dom inated every year
by relatively large near-surface concentrations in the spring that are linked to the
seasonal increase in solar radia tion onto th e stratified near-surface layer. In the
vertical, a sub-surface p eak is observed around 10 m depth, corresponding to the
depth of maximum water column stability. Nutrients within the euphotic zone are
in general abundant, with the exception of the Strait of Georgia in summer where
phytoplankton growth is potentially lim ited by low nitrate concentration near the
surface. The depth of the euphotic zone is estimated along the thalweg of the
estuary from transmissometer profiles. It appears to vary relatively little within
the estuary from a m inimum of 20 m in spring, near the m outh of the Fraser
River, to an autum nal maximum of about 30 m in the northern Strait of Georgia.
Finally, the estimated self-shading contribution to light attenuation is shown to be
generally significant (5–10%) in the surface waters of the Strait of Georgia,
during spring and summ er, reaching valu es as high as 35% during the spring
bloom.
Moum, J. N., J. M. Klym ak, J. D. Nas h, A. Perlin, and W. D. Smyth, 2007, Energy
Transport by Nonlinear Internal Waves, J. Phys. Oceanogr., 37(7): 1968–1988
Winter stratification on Oregon’s continen tal shelf often produces a near-bottom
layer of dense fluid that acts as an internal waveguide upon which nonlinear
internal waves propagate. Shipboard profiling and bottom lander obs
ervations
capture disturbances that exhibit properties of internal solitary waves, bores, and
gravity currents. Wavelike pulses are highly turbulent (instantaneous bed stresses
are 1 N m −2), resuspending bottom sediments into the wate r column and raising
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them 30+ m above the seafloor. The wave cross-shelf trans port of fluid often
counters the time-averaged Ekman transport in the bottom boundary layer. In the
nonlinear internal waves that were obser ved, the kinetic energy is roughly equal
to the available potential energy and is O(0.1) megajoules per m eter of coastline.
The energy transported by these wave s includes a nonlinear advection term uE
that is neg ligible in linear interna l waves. Unlike linea r internal waves, the
pressure–velocity energy flux
up includes im portant contributions from
nonhydrostatic effects and surface displacement. It is found that, statistically, uE
2 up . Vertical profiles through these wa ves of e levation indicate that up(z) is
more important in transporting energy near the seafloor while uE(z) dominates
farther from the bottom. With the wave speed c estimated from weakly nonlinear
wave theory, it is verified experimentally that the total energy transported by the
waves is up + uE c E . The high but intermittent energy flux by the waves is,
in an averaged sense, O(100) watts per m eter of coastlin e. This is s imilar to
independent estimates of the shoreward energy flux in the sem idiurnal internal
tide at the shelf break.
Nemcek, N., D. Ianson, and P. D. Tortell, 2008, A high-resolution survey of DMS, CO2
and O2/Ar distributions in productive coastal waters, Global Biogeochemical Cycles,. 22,
doi:10.1029/206GN002879
We present continuous, high-resolution measurements of surface dim ethylsulfide
(DMS), pCO2, and O 2/Ar obtained in coasta l waters of f British Colum bia,
Canada, using membrane inlet mass spectrometry (MIMS). Sampled underway at
a frequency of twice per m inute (every ∼160 m at 10 knots cr uising speed), our
data reveal fine-scale structure in gas va riability and its covariance with a number
of hydrographic param eters. All para meters exhibited large ranges ( pCO2, 200–
747 ppm; DMS, <1–29 nM; chl a, <0.1–33 μg L−1), highlighting the dynam ic
nature of the study area. A strong anticorrelation between pCO2 and O 2/Ar was
observed across the survey region, with the distributions of these gases influenced
by biology and its interplay with physical processes. In contrast, DMS levels,
which varied dramatically over short distances, showed no significant correlations
with any single va riable for the full, high-resolution data set. Howev er, when
measurements were binned to a much coarser spatial resolution, we found a linear
relationship between su rface DMS and th e chlorophyll/mixed layer dep th ratio.
The slope of this relationship differed signi ficantly from that previously derived
from open ocean data. We used several statistical techniques to estim ate the
spatial variability of gases and hydrographic parameters and the inherent sampling
errors associated with low-frequency sam pling approaches. These analyses
emphasize the im portance of high-reso lution sampling in coas tal areas,
particularly for DMS.
Pawlowicz, R., O. Riche, and M. Ha lverson, 2007, The Circulation and Residence Tim e
of the Strait of Georgia Usi ng a Si mple Mixing-Box Approach, Atmos.-Ocean, 45(4):
173–193, doi:10.3137/ao.450401
New observations in th e Strait of Georgia, British Columbia, Canada show tha t
temperature and dissolved oxygen have a pronounced seasonal cycle, with a
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spatially varying phase. Phase lags in oscillating systems arise due to internal time
scales which can be interpre ted in f luid systems as residence tim es. Exploiting
phase we construct a quantitative and intern ally consistent circulation scheme for
this body of water after dividing it into f our regions: the Fraser River plum e, the
surface waters down to 50 m , the interm ediate waters dow n to 200 m , and the
deep water. In this scheme the intermediate water, the largest region by volume, is
continually renewed, and its characteristics change in response to continuous
changes in the characteristics of source waters. The dependence of the estuarine
circulation on variations in fresh inflow is weak. The deep water is volumetrically
less important, but seasonal changes in th e density of oceanic source waters can
produce a variation in the ove rall circulation by drivin g an additional inflow
which leads to both deep renewal and increased upwelling. In turn, this increased
upwelling results in lower surface temperatures than might otherwise be expected.
Intermediate water residence tim es are about 160 days. Deep water is renewed
once per year in summer and is affected only by vertical diffusion during the rest
of the year. Surface water residence times for the entire Strait are a few months at
most, but the Fraser River plum
e has a freshwater residence tim
e of
approximately 1 d ay. In addition, we find that the residence tim e of ocean ic
source waters in the S trait is 1.7 years due to a substan tial recirculation in Haro
Strait. Other consequences of this sc heme are consistent with independent
estimates of horizontal transports, air-s ea heat fluxes, subsurface oxygen (O2)
utilization, and prim ary production. Fina lly, analysis of the spatial phase
variations suggests th at the interm ediate inflow en ters the Strait as a boundary
current along the slopes of the Fraser delta.
Zaytsev, O., A. B. Rabinovich, R. E . Thomson, and N. Silverberg, 2010, Intense diurnal
surface currents in the Bay of La Paz, Mexico,
Cont. Shelf Res., 30(6): 608-619,
doi:10.1016/j.csr.2009.05.003
Currents in the northern Bay of La Paz were examined using an 8-month Acoustic
Doppler Current Profiler (ADCP) record collected in the upper 185 m of the water
column during 2007. Flow variability wa s dominated by tidal m otions, which
accounted for 43% (33% diurnal, 10% sem idiurnal) of the total kinetic energy.
The tidal motions had a pronounced vertical structure dominated within a shallow
( 30 m thick) surface layer by intense counterclockwise (CCW) rotary S1 diurnal
radiational currents that were highly coherent w ith the counterclockwise
seabreeze. Motions within the s emidiurnal frequency b and were prim arily
associated with sign ificant counterclockwise S2 radiational tida l currents, which
were also coherent with the seabreeze. Both S 1 and S 2 tidal ellipses in the upper
layer were aligned perpendi cular to the bay entra nce with mean semi-major axes
of 55 and 20 cm/s, respectively. Below the surface layer, tidal currents decayed
rapidly to relatively weak, clockwise rota ry barotropic m otions. In contrast to
those for radiational harmonics, tidal ellipses of the gravitational constituents (M2,
K1 and O 1) were oriented cross-bay. Energy wi thin the diurnal frequency band in
the surface layer was d ominated by a c oherent component (barotropic, phaselocked baroclinic and radiational), which accou nted for roughly 65% (5 9% from
energy. Of the re maining diurnal band
S1 alone) of the total diurnal kinetic
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energy, 18% was associated with an inc oherent baroclinic com ponent and 17%
with a background noise com ponent. Below 30 m depth, the corresponding
estimates are 40%, 32% and 28%, respectively. The persistent, surface-intensified
CCW rotary currents observed at th e mooring site are as sumed to be forced by
strong CCW seabreeze winds in th e presence of a “slippery ” low-density surface
layer. This response m ay be further augm ented by topographic narrowing at the
bay entrance and by the close proxim ity of the diurnal and inertial frequency
bands in the region.
3.13.1 Sea Level
Mazzotti, S., A. Lam bert, N. Courtier, L. Nykolaish en, and H. Dragert, 2007, Cru stal
uplift and sea level rise in northern Cascadia from GPS, absolute gravity, and tide gauge
data, Geophys. Res. Lett., 34, L15306, doi:10.1029/2007GL030283
We combine data from nine GPS, absolu te gravity, and tide gauge stations to
estimate the relation between sea-level rise, vertical m otion, and solid Earth
processes in the Pacific Northwest. G PS vertical velocities (in ITRF2000) and
absolute gravity rates are well corre lated, with a gradient of 0.2 ± 0.1 μGal mm−1,
but show a significant offset of 0.53 ± 0.30 μGal yr−1 (2.2 ± 1.3 mm yr −1) (95%
confidence). Tide gauge and GPS data indicate a northeast Pacific regional sealevel rise of 1.7 ± 0.5 mm yr −1, aligned to ITRF2000, or an unlikely regional sealevel fall of −0.5 ± 0.5 mm yr −1, aligned to absolute gravity. Although we cannot
rule out a bias in the GPS referenceframe alignment, our results suggest a
possible absolute gravity bias by a l ong-period mass increase from an unknown
near-surface or deep -seated source. The im pact of such a m ass increase on
gravity, vertical motion, and sea level remains to be defined.
Mazzotti, S., C. Jones, and R. E. Thom son, 2008, Relative and Absolute Sea-Level Rise
in Western Canada and North-western U.S. from a Combined Tide Gauge-GPS Analysis,
J. Geophys. Res., 113, C11019, doi:10.1029/2008JC004835
Empirical studies and clim ate models suggest large variations of absolute sea
level (ASL) changes between oceanic ba sins. Such potential variations raise
concern on the applicability of global m ean ASL predic tions to spec ific regions
and on estimates of relative sea level (RSL) hazards. We address this issue for the
western Canada and northwestern United St ates coastline by estimating the 20th
century ASL rate using a com bination of 34 colocated tide gauge and Global
Positioning System (GPS) stations. The tide gauge data are quality controlled and
corrected for spatially and tem porally correlated sea lev el transients in order to
derive robust RSL trends and standard errors. Reference fram e and other GPSspecific issues are considered as part of the error budget in ab solute GPS vertical
velocities. Our com bined tide gau ge-GPS analysis, a ligned to the International
Terrestrial Reference Frame 2000, indicates a northeast Pacific ASL rise of 1.8 ±
0.2 mm/a through the 20th century, which is sim ilar to accepted rates for th e
global eustatic mean. For the period 1993–2003, we find a regional A SL rate of
−4.4 ± 0.5 mm /a consistent with satellite altim etry. On the basis of the
Intergovernment Panel on Clim ate Change Assessm ent Report 4 m ean scenario
and our assessment of coastal motions from GPS and tide gauge data, we derive a
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map of predicted 21st century RSL rise in western Canada a nd the northwestern
United States. Variations in coa stal uplift strongly affect spatial RSL patterns.
Subsidence of southern Puget Sound m ay significantly increase RSL rise in the
Seattle-Tacoma metropolitan area. C onversely, tectonic uplift along parts of the
outer west coast may reduce future RSL rise by up to 50–100%.
Mazzotti, S., A. La mbert, M. Van der Kooij, and A. Mainville, 2009, I mpact of
anthropogenic subsidence on relative sea-level rise in the Fraser River delta, Geol, 37(9):
771-774, doi:10.1130/G25640A.1
Subsidence is a common cause of amplified relative sea-level rise, flooding, and
erosion in coastal environm ents. In particular, subsidence due to sedim ent
consolidation can play a significant role in relative sea -level rise in large deltas.
We use a com bination of InSAR (inte rferometric synthetic ap erture radar),
leveling, and global positioning system data to m ap absolute vertical land motion
in the Fraser River delta, western Canada. W e show that primary consolidation of
shallow Holocene sediments is the main cause for the slow subsidence (–1 to –2
mm/a) affecting the delta lowlan ds. In addition, parts of the
delta undergo
increased anthropogenic subsidence. Rapid subsidence rates (–3 to –8 m m/a) are
associated with recent artificial loads and exhibit a first-order exponential
decrease with a tim e constant of ~20 years, consisten t with the theory of
consolidation. Assuming two sea-level rise scenarios of 30 or 100 cm by the end
of the twenty-first century, natural subsidence will augment relative sea-level rise
in the Fraser Holocen e lowlands by ~50% or ~ 15%. Anthropogenic subsidence
will augment relative sea-level rise by ~130% or ~40%, potentially raising it to as
much as 1–2 m . In deltaic , lacustrine, and alluvial environments, anthropogenic
sediment consolidation can result in significant am plification and strong spatial
variations of relative sea-level rise that need to be considered in local planning.
3.13.2 Estuaries
Carpenter, J. R. , N. J. Balmforth, and G. A. Lawrence, 2010, Identifying unstable modes
in stratified shear layers, Phys. Fluids, 22(5), doi:10.1063/1.3379845
One interpretation of the m echanism of instability in s tratified shear flows is
based on the idea that two independently propagating waves may interact to cause
mutual growth in one another. This theory is used in the present study to develop
a diagnostic that can be us ed to identify different t ypes of unstable m odes. We
focus on stratified shear layers that are susceptible to both the Kelvin– Helmholtz
(KH) and Hol mboe (H) m odes of instability —though the formulation is m ore
general. The diagnostic is found to be us eful in differentiating between KH and H
modes in the symmetric stratified shear layer (where the center of the shear layer
and the density interf ace coincide). The asymmetric stratified shear layer is also
examined since there is no clear d istinction between KH- and H-type modes in
this flow. The KH mechanism of growth is predicted to extend to stronger
stratifications (i.e., larger bulk Richardson numbers) than in the symmetric cas e,
in qualitative agreement with nonlinear numerical results. However, the transition
is found to be a gradual one in which the KH m echanism gives way to the H as
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the bulk Richardson number is increased. In order to demonstrate the utility of the
method, we apply it to instability observed in the Fraser River estuary.
Halverson, M. J. and R. Pawlowicz, 2008, Estuarine forcing of a river plume by river
flow and tides, J. Geophys. Res., 113, C09033, doi:10.1029/2008JC004844
Estuarine forcing of a river plume by river discharge and tides is examined with a
novel data set capable of characterizing semidiurnal to annual time scales. An
instrumented ferry made high-resolution salinity measurements as it crossed the
Fraser River plume, British Columbia, Canada, eight times per day over the years
2003–2006. The relative contribution of different forcing factors in controlling the
river plume salinity and surface area is examined over the full range of time
scales. A Lomb-Scargle periodogram of the plume salinity shows energy
concentrated in the semidiurnal and diurnal tidal bands. Diurnal lines contain
more energy relative to semidiurnal lines than the respective tidal constituents
would suggest. At fortnightly frequencies, local maxima in plume salinity
coincide with periods of maxima in daily tidal height, with no phase shift. Thus
the estuary adjusts quickly to changes in forcing. The effectiveness of tides in
setting the plume salinity is a function of river discharge and is greatest when the
river discharge is high and minimal when the river discharge is low. Tidal effects
are superimposed onto the long-period river discharge cycle. At time scales of 25
days or longer, the mean river plume salinity decreases quasi-linearly with
increasing river discharge, but the change in salinity with river discharge is
instantaneous to within the sampling resolution. Plume surface area increases with
river discharge, from 200–500 km2 at low river flow to 1000–1500 km2 at high
river flow. The magnitude of the surface area is predicted well by scaling the
mouth deformation radius.
Tedford, E. W., J. R. Carpenter, R. Pawlow icz, R. Pieters, and G. A. Lawrence, 2009,
Observation and analysis of shear instability in the Fraser River estuary, J. Geophys. Res.,
114, C11006, doi:10.1029/2009JC005313
We investigate the o ccurrence of s hear instability in the F raser River estuary.
Instabilities observed with an echo sounder are com pared with a linear stability
analysis based on observed velocity and dens ity profiles. We find that each set of
observed instabilities coincides with an unstable m ode predicted by the TaylorGoldstein equation. Each of these instab ilities occurs in a region where the
gradient Richardson number is less than the critical value of 1/4. Both the TaylorGoldstein predictions and the echo
soundings indicate th e instabilities are
concentrated either above or below the density interface. Th is “one sidedness” is
in contrast to the archetypal Kelvin-Hel mholtz instability. Although the dominant
source of mixing in the estuary appears to be caused by shear instability, when the
tide produces strong near-bed velocities, small-scale overturning due to boundary
layer turbulence is apparent throughout the depth.
Thomson, R. E., S. F. Mihaly, and E. A. Kulikov, 2007, Estuarine versus transient flow
regimes in Juan de Fuca Strait,
J. Geophys. Res., 112, C09022,
doi:10.1029/2006JC003925
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Residual currents in Juan de Fuca Strait are observe d to switch between two
fundamental states: estuarine and transien t. The estuarine regim e, which prevails
roughly 90% of the tim e in summ er and 55% of the tim e in winter, has a
fortnightly modulated, three-layer st ructure characterized by strong ( ∼50 cm s−1)
outflow above 60 ± 15 m depth, moderate ( ∼25 cm s−1) inflow between 60 and
125 m depth, and weak ( ∼10 cm s−1) inflow below 125 ± 10 m depth. Rotation
increases the upper layer dept h by 40 m on the northern side of the channel and
upwelling-favorable coastal winds augment inflow in the bottom layer by as much
as 5 cm s−1. Rotation, combined with modulation of the estuarine currents by tidal
mixing in the easte rn strait, leads to f ortnightly variability in the along-channel
velocity and cross-channel positioning of the core flow regions. Transient flows,
which occur roughly 10% of the tim e in summer and 45% of the tim e in winter,
are rapidly evolving, horizon tally and vertically shea red “reversals” in the
estuarine circulation generated during poleward wind events along the outer coast.
Major events can persist for several weeks, force a net inward transport, and give
rise to an O(10) km wide, su rface-intensified, O(100) cm s−1 inflow along the
southern (Olympic Peninsula) boundary of the strait. This “Olympic Peninsula
Countercurrent” is typically accompanied by an abrupt decrease in salinity,
indicating that it is a b uoyancy flow originating with low-density water on the
northern Washington shelf.
3.13.3 Tides
Blanchfield, J., C. Garrett, P. W ild, and A. Rowe, 2008, Tidal str eam power resource
assessment for Masset Sound, Haida Gwaii,
J. Power and Energy, 222: 485-492,
doi:10.1243/09576509JPE585
This work presents a case study for th
e power potential of a tidal stream
connecting a bay to the open ocean. The extractable power, averaged over the
tidal cycle, from Masset Sound, located in Haida Gwaii, Canada, is estim ated as
79 MW when only the dom inant M2 tidal c onstituent is included in th e analysis.
The value increases to 87 MW when the three dominant constituents are included.
It is shown that extractin g the maximum power from Masset Sound will decrease
both the maxim um water su rface elevation within the bay and the m aximum
volume flowrate through the channel to
approximately 58 per cent of their
undisturbed values.
Grundle, D. S., D. A. Tim othy, and D. E. Varela, 2009, Variati ons of phytoplankton
productivity and biomass over an annual cycle in Saanich Inlet, a British Columbia fjord,
Cont. Shelf Res., 29(19): 2257-2269, doi:10.1016/j.csr.2009.08.013
Saanich Inlet is a h ighly productive temperate fjord with th e capability to record
inter-annual patterns of water-column primary production in undisturbed
laminated sediments. We investigated spat ial and temporal variations in prim ary
productivity, total and size-fr actionated phytoplankton chl a, dissolved nutrients,
temperature and salinity at the head and mouth of Saanich Inlet from May 2005 to
November 2006. New prim ary productivity was also m easured from May to
October 2006. During the growing season (spring, summer and fall), prim ary
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productivity was 1.5 tim es higher at the m outh than at the head of Saanich Inlet
and, averaged across stations, total productivity was 460 g C m−2 y−1. Average
new productivity was 53% and 58% of tota l primary productivity at the head and
mouth of the in let, respectively, and during the growing season m
icrophytoplankton (>20 μm; mainly diatoms) was the m ost abundant size-class of
phytoplankton. These rates of prim ary production are as high as or higher than
those measured in other fjords, possibly because of a tidally-driven fortnightly
gravity exchange that supplies nutrients to surface waters that enhance biological
production when nutrients would otherwise be lim iting. This exchange delivers
nutrients at least as far inland as th e head station, while nutrients associated with
an eddy near the m outh may be the cause of even higher productivity there. W e
discuss the im pact of these nutrient sour ces to Saanich In let on the re cords of
paleoproduction generated from two Ocean Drilling Program cores extracted from
this fjord, and suggest that the fortnightly exchange buffers va riations in nutrient
supply occurring on sub-decadal or decadal scales.
Sutherland, G., M. Forem an, and C. Garre tt. 2007. Tidal current energy assessm ent
for Johnstone Strait, Vancouver Island.
J. Power and Energy, 221, 147-157,
doi:10.1243/09576509JPE338
The maximum tidal power potential of Johnstone Strait, BC, Canada is evaluated
using a two-dimensional finite element m odel (TIDE2D) with tu rbines simulated
in certain regions by increasing the drag. In itially, side channels are closed off so
that the flow is forced through one ch annel to test the va lidity of a general
analytic theory [1] with num erical results. In this case, the m odelled power
potential of 886 MW agrees reasonably we ll with the analyt ic estimate of 826
MW. In reality, two main channels, Di scovery Passage and Cordero Channel,
connect the Pacific Ocean to the Strait of Georgia. Turbines are simulated in
Johnstone Strait, northwest of t he two main channels, and separately for
Discovery Passage and Cordero Channel. Northwestern Johnstone Strait is similar
to the one channel case as the flow must go through this cha nnel, but Discovery
Passage and Cordero Channel are different as the flow can be diverted aw ay from
the channel with the turbin es and into the other channel. The m
aximum
extractable power in northw estern Johnstone Strait is found to be 1335 MW,
which agrees well with the theoretical
estimate of 1320 MW . In Discovery
Passage and Cordero Channel, the m aximum extractable power is m odelled to be
401 and 277 MW , respectively, due to the fl ow being partly diverted into the
other channel. In all cases, the current is reduced to between 57 and 58 per cent of
the undisturbed flow, close to the 56 per cent predicted by the analytic theory. All
power calculations are for the M2 constituent alone, as this is the larg est current
in the region. The total power from the eight major constituents (M2, S2, N2, K2,
K1, 01, P1, and Q1) can be obtained by multiplying the power es timates for M2
by 1.12.
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3.13.4 Deepwater Renewal in Fjords

Manning, C., R. C. Hamm e, and A. B ourbonnais, 2010, Impact of deep-water
renewal events on f ixed nitrogen loss from seasonally-anoxic Saanich Inlet,
Marine Chemistry, 122(1-4): 1-10, doi:10.1016/j.marchem.2010.08.002

We interpreted profiles of N2/Ar ratios, , and O 2 concentration collected in
Saanich Inlet, British Columbia, Canada over an annual cycle. Our m easurements
and data from a regional cabled observator y indicated that four deep- o r bottomwater renewal events occurred over our study period. Each event was correlated
with a period of weak tidal currents, su ch that very low tidal mixing allowed
inflowing water to re tain its high d ensity as it moved acro ss the sill and into the
deeper basin. By quantifying th e concentration of excess N 2 in each month and
the vertical diffusion rate, we determ ined that the N 2 production rate ranged from
1.7 ± 0.3 mmol N2 m − 2 d − 1 in summer to 8.1 ± 2.8 mmol N2 m − 2 d − 1 in winter.
This depth-integrated estimate accounts for all pathways
resulting in fixed
(bioavailable) nitrogen loss as N2 gas, including denitrification and anammox, and
incorporates any be nthic production of N 2 that d iffuses into the over lying water
column. In spring and summer, the m aximum N2 excess corresponded to the
maximum, indicating that denitrification approached completion. In these months,
the average isotopic com position of the fixed N consum ed was 7.5 ± 1.2‰.
Following bottom-water renewal in fall, which brought in nutrient-rich, low-N 2
water, the N2 concentration increased and became progressively more enriched in
15
N. The high rates of N 2 production in Saanich Inlet likely exist in other anoxic
basins that undergo periodic deep-water renewal by nitrate-rich waters.

4 Atlantic Ocean
4.1 Basin Scale Processes
Boessenkool, K. P., I. R. Hall, H. Elderfie ld, and I. Yashayaev, 2007, North Atlantic
climate and deep-ocean flow speed changes during the last 230 years, Geophys. Res.
Lett., 34, L13614, doi:10.1029/2007GL030285
Variations in the near-bottom flow sp eed of Iceland-Scotland Overflow W ater
(ISOW) are docum ented in a 230-year-long deep-sea sedim ent record from the
eastern flank of Reykjanes Ridge in the subpolar North Atlantic at (sub)decadal
time scales. For recent decades, the ISOW palaeocurrent reconstru ctions show
similarities with observational hydrographic data. Furthermore, recent ISOW flow
changes fall mostly within the range of its variability of the past 230 years. The
record also reveals a hitherto unrecognized coupling of deep flow spee ds in the
subpolar North Atlantic w ith the N orth Atlantic Os cillation (NAO) index, with
more (less) vigorous IS OW flow during negative (positive) phases of the NAO.
Our results suggest that the changes in ISOW vigor are largely controlled by the
transport and characteristics of Labrador Sea Water rather than variations in the
overflow itself, with implica tions for the meridional overturning of the Atlantic
Ocean and climate.
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Chylek, P., C. K. Folland, G. Lesins, and M. K. Dubey, 2010, Twentie th century bipolar
seesaw of the Arctic and Anta rctic surface air tem peratures, Geophys. Res. Lett., 37,
L08703, doi:10.1029/2010GL042793
Understanding the phase relationship between climate changes in the A rctic and
Antarctic regions is essential for our unders tanding of the dynamics of the Earth's
climate system. In this paper we show that the 20th century de-trended Arctic and
Antarctic temperatures vary in anti-phase seesaw pattern – when the Arctic warms
the Antarctica cools an d visa v ersa. This is the first tim e that a b i-polar seesaw
pattern has been iden tified in the 2 0th century Arctic and Antarctic temperature
records. The Arctic (A ntarctic) de-trended temperatures are high ly correlated
(anti-correlated) with the Atlan tic Multi-decadal Oscillation (AMO) index
suggesting the Atlantic Ocean as a possible link between the climate variability of
the Arctic and Antarctic regions. Recent accelerated warming of the Arctic results
from a positive reinf orcement of the linear war ming trend (due to an increas ing
concentration of greenhouse gases and other possible forcings) by the warm ing
phase of the multidecadal climate variability (due to fluctuations of the Atlantic
Ocean circulation).
d’Orgeville, M. and W . R. Peltier, 2009a, Im plications of Both St atistical Equilibrium
and Global Warming Simulations with CCSM3. Part I: On the Decadal Variability in the
North Pacific Basin, J. Clim., 22(20): 5277-5297, doi:10.1175/2009JCLI2428.1
In the low-resolution version of the Community Climate System Model, version 3
(CCSM3), the m odeled North Pacific decadal variability is dem onstrated to b e
independent of the epoch for which a st atistically steady control simulation is
constructed, either preindus trial or m odern; however, it is de monstrated to be
significantly affected by the different global warming scenarios investigated.
In the control simulations, the North Paci fic basin is show n to be dominated by
sea surface tem perature (SST) variability with a tim e scale of approximately 20
yr. This mode of variability is in c lose accord with the observed characteristics of
the Pacific decadal o scillation (PDO). A detailed analysis of the statis tical
equilibrium runs is performed based on other model variables as well [sea surface
salinity (SSS), barotropic circulation, freshwater and heat fluxes, wind stress curl,
sea ice, an d snow coverage]. These an alyses confirm that the underlying
mechanism of the PDO involves a basin- scale mode of ocean adjustm ent to
changes of the atm ospheric forcing associated with the Aleutian low pressur e
system. However, they also suggest that the observed sign reversal of the PDO
arises from a feedback in the northern pa rt of the basin. In this novel hypothesis,
the advection to the Bering Sea of “spice” anomalies form ed in the central and
western Pacific sets up a typical 10-yr ti me scale for the triggering of the PDO
reversal.
In all of the global w arming simulations described in this paper, the signal
represented by the detrended SS T variability in the North Pacif ic displays
significant power at multid ecadal frequencies. In these s imulations, the natura l
North Pacific decadal variab ility, as characterized in the control s imulations (the
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PDO), remains the leading mode of variability only fo r moderate forcing. If the
warming is too strong, then the typical 20- yr time scale of the canonical PDO can
no longer be detected, except in term s of SSS variability a nd only prior to a
significant change that occurs in the Bering Strait Throughflow.
d’Orgeville, M. and W . R. Peltier, 2009b, Im plications of Both St atistical Equilibrium
and Global Warming Simulations with CCSM3. Part II: On the Multide cadal Variability
in the North Atlantic Basin, J. Clim., 22(20): 5298–5318, doi:10.1175/2009JCLI2775.1
The nature of the multid ecadal variability in the North Atlantic basin is
investigated through d etailed analysis of multicentury integrations performed
using the low-resolution version of the Community Clim ate System Model,
version 3 (CCSM3), a m odern atmosphere–ocean coupled general circu lation
model. Specifically, the results of control simulations under both preindustrial and
present-day perpetual seasonal cycle condi tions are com pared to each other and
also to the results of five simulations with increasing CO2 concentration scenarios.
In the absence of greenhous e gas–induced warm ing, the meridional overturning
circulation (MOC) variability is sho wn to be dependent on the details of the
simulation. In the present-day control si mulation, the MOC is characterized by a
broad spectrum of low frequencies, wher eas, in preindustrial control simulations,
MOC variability is characterized either by a we ll-defined periodicity of 60 yr or
by a broad spectrum of low frequencies. In all the control simulations, the MOC
appears to respond with a delay of 10 yr to synchronous temp erature and salinity
anomalies in the deep water form ation sites located in the subpolar gyre, but
salinity dominates the density anomalies. The explanation of the modeled MOC
periodicity is therefore s ought in the creation of thes e density anom alies. The
influence of increased sea ice cov erage under cold/preind ustrial conditions is
shown to modify the s alinity variability, but it is not a sufficient conditio n for the
support of the MOC periodicity. Instead, its source appears to be a modified
subpolar gyre circulation re sulting from interaction with the bottom bathymetry,
which is able to sustain strong coupling between the horizontal and overturning
circulations.
Based on the global warm ing analyses, for the sim ulations initialized from the
cold/preindustrial statistical equilibrium run, the No rth Atlantic variability
continues to be dom inated by strong coupling between the horizontal and
overturning circulations if the imposed forcing is weak. More generally, the
delayed response of the MOC to surface den sity anomalies in the d eep water
formation regions is preserved under weak forcing.
Jeansson, E., S. Jutterström , B. Rudels, L. G. Anderson, K. Anders Olsson, E. P. Jones,
W. M. Smethie, Jr., and J. H. Swift, 2008, S ources to the East Green land Current and its
contribution to the De nmark Strait overflow,
Prog. Oceanogr., 78: 12-28,
doi:10.1016/j.pocean.2007.08.031
Data from the East Gr eenland Current in 2002 are evaluated using optim um
multiparameter analysis. The current is followed from north of Fram Strait to the
Denmark Strait Sill an d the contributions of differe nt source waters, in m ass
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fractions, are deduced. From the results it can be concluded that, at least in spring
2002, the East Greenland Current was the m ain source for the waters found at the
Denmark Strait Sill, contributing to the overflow into the North Atlantic. The East
Greenland Current carried water m asses from different source regions in the
Arctic Ocean, the W est Spitsbergen Current and the Green land Sea. The results
agree well with the known circulation of the western Nordic Seas but also add
knowledge both to the quantification and to the m ixing processes, showing the
importance of the locally formed Greenland Sea Arctic Intermediate Water for the
East Greenland Current and the Denmark Strait.
Pimentel, S., K. Haines, and N. K. Nichol s, 2008b, Modeling the diurnal variability of
sea surface temperatures, J. Geophys. Res., 113, C11004, doi:10.1029/2007JC004607
In this s tudy a one-dimensional m ixed layer o cean model is custom ized for the
purpose of estimating the diurnal signal of temperature in the near-surface ocean
layer, generically referred to as sea surface temperature ( SST). The model is
initially run with da ta from three mooring locations. It is then dem onstrated how
operational forecast d ata sets can be utilized to estimate diurnal signals over a
wide area. Daily diurnal variability maps are produced for a weeklong period over
the Atlantic Ocean. These m aps highlight the transient nature of diurnal SST
signals with day to day ch anges in their m agnitude and spatial distribution. The
resulting diurnal variability maps are ev aluated using a combin ation of infrared
and microwave satellite-derived SST observations taken over the day. These
matchups result in a m ean error of 0.09° C and a standard deviation of 0.54°C.
Advantages of m odeling the diurnal cy cle as opposed to us ing a persistence
assumption are discussed.
Sushama, L., M. Ghil, and K. Ide, 2007, Spa tio-Temporal Variability in a Mid-L atitude
Ocean Basin Subject to Period ic Wind Forcing, Atmos.-Ocean, 45(4): 227–250,
doi:10.3137/ao.450404
The mid-latitude ocean’s response to tim e-dependent zonal wind-stress forcing is
studied using a reduced-gravity, 1.5-la
yer, shallow-water model in two
rectangular ocean basins of different sizes. The small basin is 1000 km × 2000 km
and the larger one is 3000 km × 2010 km ; the aspect ratio of the larger basin is
quite similar to that of the North Atlantic between 20°N and 60°N. The parameter
dependence of the model solutions and their spatio-temporal variability subject to
time-independent wind stress forcing serv e as the referen ce against which the
results for time-dependent forcing are com pared. For the time-dependent forcing
case, three zonal-wind prof iles that m imic the seasonal cy cle are cons idered in
this study: (1) a fixed-profile wind-str ess forcing with periodically varying
intensity; (2) a wind-stress profile with fixed intensity, but north–south migration
of the m id-latitude westerly wind m aximum; and (3) a north–south m igrating
profile with periodically varying intensity. Results of the s mall-basin simulations
show the intrinsic va riability found for tim e-independent forcing to persist when
the intensity of the wind f orcing varies periodically. It thus appears that the
physics behind the upp er ocean’s variab ility is m ainly controlled by internal
dynamics, although the solutions’ spatial pa tterns are now more com plex, due to
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the interaction between the external and internal modes of variability. The north–
south migration of wind forcing, however, does inhibit the inertial recirculation;
its suppression increases with the amplitude of north–south migration in the windstress forcing. Model s olutions in the la rger rectangular ba sin and at sm aller
viscosity exhibit m ore realistic recircul ation gyres, with a small meridional-tozonal aspect ratio, and an elongated eastwar d jet; the low-frequency variability of
these solutions is dom inated by periodici ties of 14 and 6–7 years. Simulations
performed in this setti ng with a wind-stress prof ile that involves seasonal
variations of realistic amplitude in both the intensity and the position of the
atmospheric jet show the seven-year periodi city in the o ceanic circulation to be
robust. The intrinsic variability is reinforced by the pe riodic variations in the jet’s
intensity and weakened by periodic variations in the meridional position; the two
effects cancel, roughly speaking, thus preserving the overall characteristics of the
seven-year mode.
Yashayaev, I. and B. Dickson, 2008, Transformation and Fate of Overflows in the
Northern North Atlantic, Arctic-Subarctic Ocean Fluxes, 505-526, doi:10.1007/978-14020-6774-7_22
The largest full-depth changes in the m odern instrumented oceanographic record
have taken place in the Labrador Basin of the northwest Atlan tic over the las t 4
decades. The extreme amplitude of anoma lous conditions there and the
importance of their claim ed effects for the therm ohaline circulation and for
climate (e.g. Bryden et al. 2005) justify atte mpts to identify the origin of change
throughout the watercolumn of the subpolar Atlantic. At depths in the Labrador
Basin greater than the lim its of open- ocean deep convection (2,300 m or so),
change is necessarily imported to the Basin by the tw o main dense water
overflows that cro ss the Greenland–Scotland Ridge via the Denm ark Strait and
Faroe–Shetland Channel. Each of the constitue nt watermasses that form these
overflows (see, for example, Rudels et al. 2002) will carry with them the imprint
of time-varying climatic forcing in th eir source regions and of modifications en
route, and their properties will also be sub ject to altera tion by the processes of
horizontal and vertical exchange from th eir spillways to the Labrador Basin. The
purpose of this chapter is to identify fr om the hydrographic record those locations
that are of primary importance for the transfer of ocean climate ‘signals’ into and
between the two spreading overflow plumes, and if possible to trace the influence
of these changes downstream to the Newfoundland Basin and beyond in the Deep
Western Boundary Current
4.1.1 Freshwater Content
Yashayaev, I., 2007, Changing freshwater cont ent: Insights from the subpolar North
Atlantic and new oceanographic challenges,
Prog. Ocean., 73(3-4): 203-209,
doi:10.1016/j.pocean.2007.04.014
Observations and analy ses of oceanic inven tories of heat and freshwater hav e
recently provided convincing evidence of systematic global-scale changes. Some
recent studies aimed at observing, modelling and understanding these changes are
collected together in th is special issue of Progr ess in Oceanography. This
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introductory article provides som e background on the procedures used to define
these changes and their importance to clim ate change, with special reference to
the North A tlantic basin. In par ticular, we show that signif icant changes in th e
properties and distributions of the m ajor intermediate and deep wate r masses
occurred in the North Atlantic’s subpolar gyre between the 1960s and 1990s.
These changes are described using volumetric temperature-salinity censuses and
other analyses based on com pilations of observations from the warm salty 1964–
1972 period and the cold fresh 1995–1997 peri od. This article a nd the others in
this special issue are intended to provide an overview of recent advances in ou r
knowledge of large-scale heat and freshwat er changes in the ocean with the hope
that some of the open questions will inspire future work.
4.1.2 AMOC/Thermohaline Circulation
Alexander, J. and A. H. Monahan, 2009,
Nonnormal Perturbation Growth of Pure
Thermohaline Circulation Using a 2D Zonally Averaged Model,
J. Phys. Oceanogr.,
39(2): 369–386
Generalized linear stability theory is used to calculate the optimal initia l
conditions that result in transient amp lification of the thermohaline circulation
(THC) in a zonally averaged single -basin ocean model. The eigenm odes of the
tangent linear m odel verify that the sy stem is asym ptotically stable, but the
nonnormality of the system permits the growth of perturbations for a finite period
through the interference of nonorthogonal eigenm odes. It is found t hat the
maximum amplification of the TH C anomalies occurs after 6 yr with both the
thermally and salinity-driven components playing major roles in the amplification
process. The transient amplification of THC anomalies is due to the co nstructive
and destructive interference of a large nu mber of eigenmodes, and the evolution
over time is determined by how the interference pattern evolves. It is found that
five of the most highly nonnormal eige nmodes are critical to the initial
cancellation of the salinity and temperatu re contributions to the THC, while 11
oscillating modes with decay tim e scales ranging from 2 to 6 yr are the m ajor
contributors at the tim e of m aximum amplification. This analysis dem onstrates
that the different dynam ics of salinity and temperature anom alies allow the
dramatic growth of perturbations to th e THC on relatively s hort (interannual to
decadal) time scales.
Bersch, M., I. Yashayaev, and K. P. Kolterm
ann, 2007, Recent changes of the
thermohaline circulation in the subpolar North Atlantic, Ocean Dyn., 57: 223-235,
doi:10/1007/s10236-007-0103-7
Time series of hydrographic sections in the northern North Atlantic from the
period 1990 to 2004 are analyzed for
changes in the characteristics and
distribution of water masses that are i nvolved in the ther mohaline circulation
(THC). During the 1990s, the North Atlantic Oscillation (NAO) alternates from a
positive phase (strong westerlies) to a negative phase (weak westerlies). The
reduced ocean heat loss confined the conv ection in the Labrador Sea to the upper
1,200 m, generating a new salinity m inimum layer characterizing the Upper
Labrador Sea Water (ULSW), and led to a warming and salinization of the older
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LSW below due to lateral mixing. The Lower LSW, formed in the first half of the
1990s, spread in the subpolar gyre and reached the Newfoundland and Irm inger
basins after about 1 to 2 years, where the associated isopycnal doming contributed
to eastward frontal shifts in the upp er layer. After 5 and 6 years, it arrived in the
Iceland and W est European basins, resp ectively. The collapse of the isopycnal
dome in the Labrador Sea, associated with the drainage of the Lower LSW,
resulted in a slowing o f the cyclon ic circulation of the sub polar gyre. This was
accompanied in the upper layer by a westward shift of the southeastern extension
of the gyre and a northward advection of warm and saline subtropical water in its
eastern part, which finally reached the Labrador Sea after about 7 years. In the
upper layer of the La brador Sea, the advection of warm and saline water
dominated over the heat loss to the atm osphere and the freshwater gain from
melting ice and precipitation in the NAO-lo w period, so that no accum ulation of
freshwater but an increase of the heat and salt contents were observed, as in the
whole eastern part of the subpolar gyre. W ithin 1 to 2 years after the drop of the
NAO in th e winter of 1995/1996, the Subarctic (Subpolar) F
ront shifted
northward and westward north of about 50°N, favored by the retreat of the low
salinity tongue extending eastward from the southern Labrador Sea, and it shifted
southward and eastward in the Newfoundl and Basin. Therefore, the enhanced
northward advection of subtropical waters in th e northeastern North Atlantic is
balanced by the enhanced southward a dvection of subarcti c waters, including
Lower LSW in the Newfoundland Basin, in dicating a strong response of the gyre
component of the THC.
Chylek, P., C. K. Folland, G. Lesins, M.
K. Dubey, and M. W ang, 2009, Arctic air
temperature change amplification and the Atlantic Multidecadal Oscillation, Geophys.
Res. Lett., 36, L14801, doi:10.1029/2009GL038777
Understanding Arctic te mperature variability is essential f or assessing possible
future melting of the Greenland ice sheet, Arctic sea ice an d Arctic perm afrost.
Temperature trend reversals in 1940 and 1970 separate two Arctic warm ing
periods (1910–1940 and 1970–2008) by a significant 1940–1970 cooling period.
Analyzing temperature records of the Arct ic meteorological stations we find that
(a) the Arctic amplification (ratio of the Arctic to global temperature trends) is not
a constant but varies in time on a multi-decadal time scale, (b) the Arctic warming
from 1910–1940 proceeded at a significantl y faster rate than the current 1970–
2008 warming, and (c) the Arctic temperatur e changes are highly correlated with
the Atlantic Multi-d ecadal Oscillation (AMO) suggesting the Atlantic Ocean
thermohaline circulation is linked to the Arctic temperature variability on a multidecadal time scale.
Clark, P. U., T. L. Delworth, and A. J. Weaver, 2008, Freshwater forcing: W ill history
repeat itself? Science, 320: 316, doi:10.1126/science.320.5874.316a
No abstract but the article was short:
IN THEIR RESEARCH ARTICLE “REDUC ED North Atlantic de ep water
coeval with the glacial Lake Agassiz freshwater outburst” (4 January, p. 60), H. F.
Kleiven et al. present compelling evidence for an abrupt deep -ocean response to
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the release of freshwater from glacial La ke Agassiz into th e northwest Atlantic
about 8400 years ago. Such data are pa rticularly important in evaluating the
response in ocean m odels of th e Atlantic Meridional Overturning Circulation
(MOC) to freshwater forcing. For this ev ent, the freshwater forcing was likely
large but short; Clarke et al. estimate that the flood had a freshwater flux of 4 to 9
Sv released in 0.5 years. In this contex t, we are aware of no possible mechanism
that might reproduce such a forcing in response to global warm
ing, and all
available model simulations, including those with estim ates of m aximum
Greenland Ice Sheet (GIS) melting rates, indicate that it is very un likely that the
MOC will undergo an abrupt tran sition during the course of the 21s t century.
Multimodel ensemble averages under Special Report on Em
issions Scenario
(SRES) A1B suggest a best estim ate of 25 to 30% reduction in the overall MOC
strength. In one exam ple, 14 coupled m odels simulated a 100-year 0.1-Sv
freshwater perturbation to the north ern North Atlantic O cean—17 times the
recently estimated melt rates from the GIS—and the M OC weakened by a
multimodel mean of 30% after 100 years;
none of the m odels simulated a
shutdown. Another model simulated greenhouse gas levels that in creased to four
times preindustrial values and then remained fixed; the resulting GIS displayed a
peak melting rate of ab out 0.1 Sv, with little effect on th e MOC. One m odel
simulation uses the SRES A1B scenario but adds an additional 0.09-Sv freshwater
forcing as an upper-bound estim ate of pot ential GIS m elting. In this case, the
MOC weakened but subsequently recove red its strength, i ndicating that GIS
melting would not cause abrupt clim
ate change in the 21st century (
5).
Accordingly, we urge caution in drawing comparisons of the abrupt change 8400
years ago to future scenar ios involving, for example, the melting of the GIS and
its relevance to human societies.
Meissner, K. J., 2007, Younger Dryas: A data
to m odel comparison to constrain the
strength of the overturning circulation,
Geophys. Res. Lett., 34, L21705,
doi:10.1029/2007GL031304
The University of Victoria Earth System Climate Model (UVic ESCM) is used to
compare simulated tim e series of radi ocarbon during the Younger Dryas (YD)
with paleoceanographic records. I find that only a com plete shut-down and
recovery of the Atlantic Meridional Overturning Circul ation (AMOC) can
simulate both the rise in atmospheric CO2 concentrations seen in ice core records
and the peak and subsequent decrease in atm ospheric Δ14C comparable to the
peak recorded in the varved sedim ents of the Cariaco Basin. Sim
ulated
radiocarbon profiles in the weste rn North Atlantic m atch well with data f rom
deep-sea corals at the beginning of
the YD, whereas plank tonic/benthic
foraminifera records match best with a transient state during the rapid recovery of
the AMOC. The steepn ess of the increas e in atm ospheric Δ14C at ∼12.9 ka cal
could not be sim ulated with oceanic circulation changes only because the
response time of the climate system is too slow.
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Monahan, A. H., J. Alexander, and A. J.
Weaver, 2008, Stochas tic models of the
meridional overturning Circulation: Tim escales and patterns of variability. Phil. Trans.
Roy. Soc A, 366(1875): 2525-2542, doi:10.1098/rsta.2008.0045
The global meridional overturning circulation (MOC) varies over a wide range of
space and time scales in response to fluctuating ‘weather’ perturbations that may
be modelled as stochastic forcing. This study reviews model studies of the effects
of climate noise on decadal to centennial MOC variability, on transitions between
the MOC regim es and on the dynam
ics of Dansgaard–Oeschger events
characteristic of glacial periods.
Peltier, W. R., 2007, Rapid climate ch ange and Arctic Ocean fresh ening, Geology,
35(12): 1147–1148, doi:10.1130/focus122007.1
No abstract;(there was also a “comment” and ”reply” associated with this article
The author discusses th e effectiveness of Arctic freshwater out flow in arresting
the THC in relation to rapid climate change using evidence from previous studies
and NCAR climate model runs and the Younger-Dryas event as an example.
Rennermalm, A. K., E. F. W ood, A. J. W eaver, M. Eby, and S. J. Déry, 2007, Relative
sensitivity of the Atla ntic meridional overturning circulati on to river discharge into
Hudson Bay and the Arctic Ocean,
J. Geophys. Res., 112, G04S48,
doi:10.1029/2006JG000330
Increases in high-latitude river discharge over the 20 th century and projected
continued increases during th e 21st century may have an impact on the Atlantic
meridional overturning circul ation (AMOC), which could feed back to regional
and global climate. Although the general tr end in high-latitude river discharge is
positive, there is im portant geographical spread in the tren ds. While Eurasian
rivers draining into the Arc tic Ocean show positive tre nds over the 20th century,
rivers draining into Hudson Bay show
negative trends since 1964. Here the
sensitivity of AMOC to changes in river discharge into Hudson Bay and the
Arctic Ocean is studied with an intermediate-complexity Earth system model. It is
found that ocean fresh ening originating from Arctic rivers is m ore effective in
slowing down the AM OC than fre shening originating from Hudson Ba y rivers,
given the sam e magnitude of freshening in both regions. The lesser im pact of
Hudson Bay river discharge on AMOC is the result of a buildup of freshwater
anomalies in the Labra dor Sea affecting the northward flow of the Gulf Stream.
This work highlights that not only the freshening magnitude but the region where
this freshening takes place is cru cial for the AMOC response to altered river
discharge climatology.
Spence, J. P., M. Eby, and A. J. Weaver, 2008, The Sensitivity of the Atlantic Meridional
Overturning Circulation to Freshwater Forcing at Eddy-Perm itting Resolutions. J. Clim.,
21, 2697–2710. doi:10.1175/2007JCLI2103.1
The effect of increasing hor izontal resolution is exam ined to assess the response
of the Atlantic m eridional overturning circulation (A MOC) to freshwater
perturbations. Versions of a glob al climate model with h orizontal resolutions
ranging from 1.8° (latitude) × 3.6° (longitude) to 0.2° × 0.4° are used to determine
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if the AMOC response to freshwater forc ing is robust to incr easing resolution. In
the preindustrial equilibrium climate, the representation of western boundary
currents and m eridional heat transport ar e improved with resolution. Freshwater
forcings similar to the final drainage of proglacial Lakes Agassiz and Ojibway are
applied evenly over the Labrador S
ea and exclusively along the western
boundary. The duration and maxim um amplitude of model responses to
freshwater forcing showed little sensitivity to increasing resolution. An evaluation
with tracers of the forcing impact on different regions of North Atlantic Deep
Water formation revealed the possibility that increases in Labrador Sea deep
convection at higher resolution m itigate the effect of stronger boundary currents
and enhanced m ixing. With increasing re solution, there is less cooling in the
subpolar west Atlantic, more cooling in the subpolar ea st Atlantic, and greater
variability in the deep ocean respon se to the bo undary forcing. While differences
exist, the coarse-resolution m odel response remains robust at finer horizontal
resolutions.
Saenko, O. A., A. J. Weaver, D. Y. Robita ille, and G. M. Flato, 2007, W arming of the
subpolar Atlantic triggered by freshwater discharge at the continental boundary, Geophys.
Res. Lett., 34, L15604, doi:10.1029/2007LG030674
The traditional view is that widesp read discharge of freshwater into the North
Atlantic leads to a reduction of the Atlantic M eridional Overturning Circulation
(AMOC), a concomitant reduction of poleward heat transport and a cooling of the
climate of the North Atlan tic. Here we report upon coupled atm osphere-ocean
general circulation model experiments that suggest a m ore non-uniform response
of the North Atlantic climate to large freshwater perturbations. We show that in a
cold climate with exte nsive sea ice coverage in the Labrador Sea, a m assive
discharge of freshwater along coastal bounda ries leads to an anom alous warming
in the western North
Atlantic. The warming persist despite a significant
weakening of the AMOC and its associated heat transport. It is m aintained by
major reorganizations of the large-scal e wind field, oceanic circu lation and
convection in the subpolar Atlantic.
Stastna, M. and W . R. Peltier, 2007, On box models of the North Atlantic therm ohaline
circulation: Intrinsic and extrins ic millennial timescale variability in response to
deterministic and stochastic forcing,
J. Geophys. Res., 112, C10023,
doi:10.1029/2006JC003938
Millennial timescale variability in the North Atlantic Ocea n circulation is of ten
discussed in term s of c oncepts that are rooted in the dynam ics of si mple, lowdimensional box m odels. In this st udy we discuss possible explanatory
mechanisms for the millennial tim escale oscillations of the North Atlantic
Thermohaline Circulation that hav e been revealed by the Greenland ice core
record for the late glacial period. We subject three qualita tively different loworder models to stochastic and sinusoidal perturbations: (1) a bistable model, (2) a
model with a single stable equilibrium point and a single st able periodic orbit
(limit cycle) correspon ding to a collap se-flush cycle in the North Atlantic
circulation, and (3) a model with a single globally stable equilibrium point which
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nevertheless exhibits complex behavior when perturbed. We discuss both the
physical nature of the model response and its parameter dependence. We conclude
that the traditional definition of stochastic resonance should be expanded and that
the temporal characteristics of the noise terms should be considered an integral
part of m odel construction, as they profoundly affect the efficacy of a given
explanatory mechanism.
Weaver, A. J., M. Eby, M. Kienast, and O. A. Saenko, 2007, Response of the Atlantic
meridional overturning circulation to increa sing atmospheric CO2: Sensitiv ity to m ean
climate state, Geophys. Res. Lett., 34, L05708, doi:10.1029/2006GL028756
The dependence on the m ean climate state of the response of the Atlantic
meridional overturning circ ulation (AMOC) is inves tigated in 17 increas ing
greenhouse gas experiments with different initial conditions. The AMOC declines
in all experim ents by 15% to 31%, with typically the large st declines in thos e
experiments with the strongest initial AMOC. In all cases, changes in surface heat
fluxes, rather than ch anges in surface freshwater fluxes, are the dom inant cause
for the transient AMOC decrease. Su rface freshwater fluxes actually switch from
reducing the transient A MOC decrease, fo r low values of atm ospheric CO2, to
reinforcing the transient AMOC decrease, for higher values o f atmospheric CO2.
In addition, we find that due to changes in the strengths of f eedbacks associated
with water vapour and snow/sea ice, the c limate sensitivity and transient clim ate
response of the UVic model strongly depends on the mean climate state.
Zickfeld, K., M. Eby, and A. J. Weaver (2008), Carbon-cycle feedbacks of changes in the
Atlantic meridional overturning circulation under future atmospheric CO2, Global
Biogeochem. Cycles, 22, GB3024, doi:10.1029/2007GB003118
An Earth System model of intermediate complexity is used to quantify the effects
of potential reorganizations of the Atla ntic meridional overturning circulation,
ranging from a weakening to a complete shutdown, on future uptake of excess
CO2 by the ocean and the terrestrial bios phere. Circulation changes sig nificantly
reduce oceanic CO2 upt ake, with the larg est effects occurring under a com plete
shutdown. The reduction in upta ke is caused to a larg e extent by a declin e in
marine export of organic particulate
matter. On land, soil carbon increases
because of reduced s oil respiration in the m id-latitudes of the Northern
Hemisphere. This gain is partially com pensated by loss of vegetation carbon
associated with reduced primary production in the northern high latitudes due to a
cooler and dryer clim ate. Altogether, th ese processes act to m odestly enhance
CO2 concentration levels in the atmosphere, the reby leading to a sm all positive
feedback. The rise in atmospheric CO2 ranges from 13 ppm to 34 ppm in 2500,
depending on the amount of AMOC wea
kening, the m agnitude of the
anthropogenic CO2 perturbation, and the future CO2 fertilization effect.
4.1.3 Deep Water Formation
Saenko, O. A., 2009a, Sensitiv ity of the subpol ar Atlantic climate to local win ds,
Geophys. Res. Lett., 36, L03604, doi:10.1029/2008GL036308
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The mild climate of northern Europe is thought to be in part m aintained by the
deep water formation in the northern North Atlantic and the associated meridional
overturning circulation. It has been argued that this circulation is controlled by the
wind stress in the Southern Ocean. Using a coupled climate model it is shown that
the subpolar Atlantic wind stress also pl ays an im portant role. A partial or a
complete suppression of this wind stress results in the low salinity Arctic waters
filling the subpolar Atlantic interior. As a result, the regions of deep water sinking
shift southward and the associated overturning circulation, convective activity and
oceanic heat loss in th e northern North Atlantic strongly weaken. T he sea ice
advances southward and the North Atlant ic climate, including over much of
Europe, becomes colder.
Våge, K., R. S. Pickart, V. Thierry, G. Reverd in, C. M. Lee, B. Petrie, T. A. Agnew, A.
Wong, and M. H. Ribergaard, 2009, Surprising retu rn of deep convection to the subpolar
North Atlantic Ocean
in winter 2007-2008,
Nature Geoscience, 2: 67-72,
doi:10.1038/ngeo382
In the process of open- ocean convection in the subpolar North Atlantic Ocean,
surface water sinks to depth as a distinct water mass, the characteristics of which
affect the merid ional overturning circulation and oceanic heat flux. In addition ,
carbon is sequestered from the atm osphere in the process. In recent years, this
convection has been shallo w or non-existent, which could be construed as a
consequence of a warm er climate. Here we docum ent the return of deep
convection to the subpolar gyre in both th e Labrador and Irm inger seas in the
winter of 2 007–2008. We use pro filing float data from the Argo pro gramme to
document deep m ixing. Analysis of a variety of in situ, satellite and reanalysis
data shows that contrary to expectations the transition to a convective s tate took
place abruptly, without going throu gh a phase of preconditioning. Changes in
hemispheric air temperature, storm tracks, the flux of fresh water to the Labrador
Sea and the distribution of pack ice all c ontributed to an enha nced flux of heat
from the se a to the air, making the surface water sufficien tly cold and dense to
initiate deep convection. Given this com plexity, we conclude tha t it will b e
difficult to predict when deep mixing may occur again.
Schmittner, A., E. D. Galbraith, S. W. Host etler, T. F. Ped erson, and R. Zhang, 2007,
Large fluctuations of dissolved o xygen in the Indian and Pacific oceans during
Dansgaard-Oeschger oscillations caused by va riations of North Atla ntic Deep W ater
subduction, Paleoceanography, 22, PA3207, doi:10.1029/2006PA001384
Paleoclimate records from glacial Indian and Pacific ocean s sediments document
millennial-scale fluctuations of subs urface dissolved oxygen levels and
denitrification coherent with North Atla ntic temperature oscillations. Yet the
mechanism of this tele connection between the rem ote ocean basins rem ains
elusive. Here we present model simulations of the oxygen and nitrogen cycles that
explain how changes in deepwater subduc tion in the North Atlantic can cause
large and synchronous variations of oxygen m inimum zones throughout the
Northern Hemisphere of the Indian and Pacific oceans,
consistent with the
paleoclimate records. Cold per iods in the Nor th Atlantic are asso ciated with
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reduced nutrient delivery to the upper Indo-Pacific oc eans, thereby decreas ing
productivity. Reduced export prod uction diminishes subsurface respiration of
organic matter leading to hi gher oxygen concentrations and less denitrification.
This effect of reduced oxygen consum ption dominates at low latitudes . At high
latitudes in the Southern Ocean and Nort h Pacific, increased mixed layer depths
and steepening of isopycnals im prove ocean ventilation and oxygen supply to the
subsurface. Atmospheric teleconnections through changes in wind-driv en ocean
circulation modify this basin-scale patte rn regionally. These re sults suggest that
changes in the Atlantic Ocean circu lation, similar to those projected by climate
models to possibly occur in the centuri es to com e because of anthropogenic
climate warming, can have large effects on m
arine ecosystems and
biogeochemical cycles even in remote areas.
4.1.4 Labrador Current
Gamboa, G., J. Halfar, S. Hetzinger, W. Ad ey, T. Zack, B. Kunz, and D. E. Jacob, 2010,
Mg/Ca ratios in co ralline algae record northwest Atlantic tem perature variations and
North Atlantic Osci llation relationships, J. Geophys. Res., 115, C12044,
doi:10.1029/2010JC006262
Climate variability in the North Atlan tic has been link ed in par t to the North
Atlantic Oscillation (NAO). The NAO in fluences marine ecosystems in the
northwestern Atlantic and transpo rt variability of the co ld Labrador Current.
Understanding historic patterns of NAO va riability requires long-term and highresolution climate records that are no t available from instrumental data. Here we
present the first cen tury-scale proxy record of sea surface tem perature (SST)
variability from the Ne wfoundland shelf, a region from which other annualresolution shallow m arine proxies are unavailable. The 116 year record was
obtained from three sites along the eas tern Newfoundland shelf using laser
ablation inductively coupled mass spectrometry–determined Mg/Ca ratios in the
crustose coralline alga Clathromorphum compactum. The alga is characterized by
a high Mg-calcite skeleton exhibiting a nnual growth increm ents and a centuryscale lifespan. Results indicate positive correlations between interannual
variations in Mg/Ca ratios and both stati on-based and gridded instrum ental SST.
In addition, the record shows high
spatial correlations to SST across the
Newfoundland shelf and the Gulf of St. Lawrence. Before 1950 the Mg/Ca proxy
record reveals significant departures from gridded temperature records. While the
Newfoundland shelf is generally considered a region of negativ e correlations to
the NAO, the algal tim e series as well as a recent m odeling study suggest a
variable negative relationship with the NAO wh ich is strongest after ∼1960 and
before the mid-1930s.
Han, G., Z. Lu, Z. Wang, J. Helbig, N. Chen, and B. deYoung, 2008, Seasonal variability
of the Labrador Current and sh elf circulation off Newfoundl and, J. Geophys. Res., 113,
C10013, doi:10.1029/2007JC004376
Three-dimensional finite element models were established f or the Newfoundland
and Labrador Shelf to investigate c
limatological monthly mean wind- and
density-driven circulation. The m odel was forced using w ind stresses from the
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National Center for Environm ental Prediction-National Center for Atmospheric
Research reanalysis data prescribed at the sea s urface, large-scale remote forcing
determined from a North Atlantic model, monthly mean temperature and salinity
climatology, and M 2 tide on the open boundary.
The model results we re
examined against various in situ observations (moored current m eter, tide gauge,
and vessel-mounted acoustic Doppler current profiler da ta) and satellite drift
measurements and discussed together w ith literature info rmation. The seasonal
mean circulation so lutions were in vestigated in term s of relative im portance of
wind to density forcing for the Labrador
Current. Th e model results indicate
significant seasonal an d spatial variations, consistent generally with previous
study results and in approxim ate agreement with observations for the m ajor
currents. The region is dom inated by the equatorward flowing Labrador Current
along the shelf edge and along the Labr
ador and Newfoundl and coasts. The
Labrador Current is strong in the fall/win ter and weak in the spring/summer. The
mean transport of the shelf edge L abrador Current is 7.5 Sv at the S eal Island
transect and 5.5 Sv through the Flem ish Pass. The seasonal ranges are 4.5 and 5.2
Sv at the two sections, respectively. De nsity- and wind-driven com ponents are
both important in the inshore Labrador Current. The density-driven component
dominates the m ean component of the sh elf edge Labrador Current while the
large-scale wind-forcing contributes significantly to its seasonal variability.
Han, G., K. Ohashi, N. Chen, P. G. Myers, N. Nunes, and J. Fisc her, 2010, Decline and
partial rebound of the Labrador Current 1993–2004: Monitoring ocean currents from
altimetric and conductivity-tem perature-depth data, J. Geophys. Res., 115, C12012,
doi:10.1029/2009JC006091
Monitoring and understanding of Labrador Current variability is important
because it is intim ately linked to the meridional overturning circulation and the
marine ecosystem off northeast North Am erica. Nevertheless, knowledge of its
decadal variability is in adequate because of sc arcity of current meter data. By
using a novel synthesis of satellite altim etry with conductivity-temperature-depth
(CTD) data, we ass ess the Lab rador Current variability north of the Ham ilton
Bank (56°N) over 1993–2004. Our analysis shows a decline of the surface-tobottom transport of current by 6.3 ± 1.5 Sv (1 Sv = 10 6 m3 s−1) in the 1990s
(significant at the 99% conf idence level) and a likely partial rebound of 3.2 ± 1.7
Sv in the early 2000s (signi ficant at the 89% confiden ce level only). The inferred
multiyear changes in the Labrado r Current transport seem to be prim arily
barotropic and positively correlated (at th e 99% level) with the Nor th Atlantic
Oscillation at zero lag implying a fast re sponse of the regional circulation to the
atmospheric forcing variability. The results compare favorably with direct current
measurements and recent model-based findings on the multiyear variability of the
subpolar gyre and its underlying m echanisms. The study de monstrates the
feasibility of combining altimetry and CTD data f or assessing the climatic
variability of the boundary currents.
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4.1.5 Gulf Stream
Mirshak, R., M. R. Nedim ovic, B. J. W . Greenan, B. R. Ruddick, 2010, Coincident
Reflection Images of the Gulf Stream from Seismic and Hydrographic Data, Geophys.
Res. Lett., 37, L05602, doi:10.1029/2009GL042359
The development of seismic oceanography requires direct com parison of seismic
data to high-resolution oceanographic m easurements over long horizontal scales.
Here, we compare m ultichannel seismic (MCS) reflection im ages to 300 km of
spatially-coincident, high-resolution (<1 km ) expendable bathythermograph
(XBT) surveys that were collected near a f rontal region of the Gulf Stream.
Fronts, eddies, tendrils, and interleaving were among the features identified in
both data sets. In som e cases, identification of features would be difficult if only
hydrographic data were collected at conve ntional spatial scales. Comparing MCS
reflection images with others derived purely from hydrographic data reveal m any
similarities and show that inte rleaving can be clear ly identified with seism ic
methods. Varied tim e lags between MCS and hydrographic data collection
identified the need for the separation between collecting both data sets to be short
(i.e. hours to days), with advective pro cesses and decorerlati on time scales of
desired features affecting acceptable sampling strategies.
Zhai, X., R. J. Greatbatch, and J.-D. Kohlmann, 2008, On the seasonal variability of eddy
kinetic energy in the Gulf Stream region,
Geophys. Res. Lett., 35, L24609,
doi:10.1029/2008GL036412
In the Gulf Stream region, eddy kinetic energy ( EKE) peaks in summ er while, as
measured by the baro clinic eddy growth tim e scale, the ocean is m
ost
baroclinically unstable in la te winter. We argue that the seasonally-varying
Ekman pumping is unlikely to be responsible for the seas onal variation in growth
time, and that the summer pe ak in EKE results from a reduction in dissipation in
summer compared to winter.

4.2 North Atlantic
Våge, K., R. S. Pickart, G. W. K. Moore, and M. H. Ribergaard, 2008, Winter Mixed
Layer Development in the Central Irminger Sea: The Effect of Strong, Intermittent Wind
Events, J. Phys. Oceanogr., 38(3): 541–565, doi:10.1175/2007JPO3678.1
The impact of the Greenland tip jet on the wintertime mixed layer of the southwest
Irminger Sea is investigated using in situ m oored profiler data and a variety of
atmospheric datasets. The mixed layer was observed to reach 400 m in the spring of
2003 and 300 m in the spring of 2004. Bot h of these winters were m ild and
characterized by a low North Atlantic Os cillation (NAO) i ndex. A typical tip jet
event is associated with a low pressure
system that is a dvected by upper-level
steering currents into the region east of Cape Farewell and interacts with the high
topography of southern Greenla nd. Heat flux tim e series for the mooring site were
constructed that include the enhancing influence of the tip jet events. This was used
to force a one-dim ensional mixed layer m odel, which was able to reproduce the
observed envelope of mixed layer deepen ing in both winters. The deeper m ixed
layer of the first winter was largely due to a higher number of robust tip jet events,
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which in turn was caused by the steering currents focusing more storms adjacent to
southern Greenland. Application of the m ixed layer model to the winter of 1994–
95, a period characterized by a high-NAO index, resulted in convection exceeding
1700 m. This prediction is consistent w ith hydrographic data collected in summe r
1995, supporting the notion that deep conve ction can occur in the Irminger Sea
during strong winters.
Yang, D. and P. G. M yers, 2007, Im pact of e xtended NAO buoyancy forcing on the
subpolar North Atlantic and
climate variability over th e last millenium,
Paleoceanography, 22, PA3104, doi:10.1029/2007PA001439
We examine the impact of forcing a regional eddy-permitting ocean model of the
subpolar North Atlantic with anom alous buoyancy fluxes corresponding to
extended extreme states of the North Atlantic Osc illation (NAO). W e find a
weakened (enhanced) Merid ional Overturning Circulation (MOC) in our low
(high) NAO simulations. Such results m ay be consistent with ideas that suggest
the Medieval Warm Period (MW P) and the Little Ice Age ar e associated with
periods when the NAO is predom inantly in one phase. Our results also show
multidecadal MOC variability with a period
of 70 years in our h
igh-NAO
simulation, in com parison to an equ ilibrium-like circulation under low-NAO
related forcing. A less stable clim atic state is therefore suggested to occur under
high-NAO forcing, which m ay be consistent with ideas that suggest the warm ing
associated with the MWP did not occur synchronously over the North Atlantic.
The variability appears to be brought about by internal oceanic processes.
Wu, Y., C. L. Tang, and E. Dunlap, 2010, Assimilation of sea surface temperature into
CECOM by flux correction, Ocean Dyn., 60:403-412, doi:10.1007/s10236-010-0266-6
Sea surface tem perature (SST) from a near realtim e data set produ ced from
satellites data has been assimilated into a cou pled ice–ocean forecasting m odel
(Canadian East Coast Ocean Model) using an efficient data assim ilation method.
The method is based on an optim al interpolation scheme by which SST is m elded
into the m odel through the adjustm ent of surface heat flux. The m agnitude and
space–time variation of the adjustment depend on the depth of heat diffusion into
the water column in response to changes in surface flux, the correlation time scale
of the data, and m odel and data errors. The diffusion depth is scaled by the eddy
diffusivity for temperature. The ratio of the model and data errors is treated as an
adjustable parameter. To evaluate the qua lity of the assim ilation, the results from
the model with and without assim ilation are compared to independent ship data
from the Atlantic Zone Monitoring Program and the W orld Ocean C irculation
Experiment. It is shown that the assi milation has a sign ificant impact on the
modeled SST, reducing the root mean square difference (RMSD) between the
model SST and the ship SST by 0.63°C or 37%. The RMSD of the assim ilated
SST is smaller than that of the satellite SST by 0.23°C. This suggests that m odel
simulations or predictions with data assimilation can provide the best estimate of
the true SST. A sensitivity study is performed to examine the change of the model
RMSD with the adjustable param eter in the assim ilation equation. The results
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show that there is an optimal value of the param eter and the m odel SST is not
very sensitive to the parameter.
4.2.1 The Labrador Sea
Arbic, B. K., J. X. Mitrovica, D. R. MacA yeal, and G. A. Milne, 2008, On the fac tors
behind large Labrador Sea tides during th
e last glacial cycle and the potential
implications
for
Heinrich
events,
Paleoceanography,
23,
PA3211,
doi:10.1029/2007PA001573
Labrador Sea (LS) tidal elevations o ver the last glacial cycle are inves tigated in a
near-global numerical model that accurately captures the present-day tides. From
∼65 ka to ∼7 ka, the modeled elevations at the debouchement point of the Hudson
Strait ice s tream in the LS are exception ally large, com parable to th e largest
elevations seen anywhere in the present-d ay ocean. New numerical simulations
performed for this article dem onstrate that both local changes in basin geometry
(e.g., ice cover over Hudson Bay) and change s outside of the LS led to enhanced
LS paleotides. New simulations run at
higher horizonta l resolution and a
considered examination of uncertainties, including uncertainties in the adopted
sea level models, strengthen confidence
in the robu stness of the large LS
paleotides. The tide model is run with both spatially unif orm sea level drops
(taken from curves of eustatic and Red Sea sea levels versus tim e) and spatially
variable sea level maps (taken from two different gravitationally self-consistent
viscoelastic solid earth /sea level m odels, which both account for ice sheet
geometry). The tides are larg er when the spatially variable sea lev el models ar e
used. Observations in present-day Antarc tica indicate that the m echanical action
of tides significantly impacts the dynam ics of both continental ice stream s and
their associated floating ice sh elves. It is postulated here that large LS paleotides
played a key role in the for mation of Heinrich event icebergs, that is, m assive
discharges of ice from the LS into the glacial North Atlantic ocean. The paleotide
calculations described here provide a potential explanation for why the LS region,
more than any other, dom inated the production of Heinrich event icebergs. Most
previous hypotheses of a tidal role in cl imate variability and ice sheet dynamics
focus on tidal mixing. In contrast, here the role of tidal mechanical forcing of ice
sheets is emphasized.
Tang, C. L., 2009, A coupled multi-category sea ice model and POM for Baffin Bay and
the Labrador Sea, Chin. J. Polar Sci., 19(2): 149-158,
An overview of the seasonal variation of sea-ice cover in Baffin Bay and the
Labrador Sea is given. A coupled ice-ocean model, CECOM, has been developed
to study the seasonal variation and associated ice-ocean processes. The sea-ice
component of the model is a multi-category ice model in which mean
concentration and thickness are expressed in terms of a thickness distribution
function. Ten categories of ice thickness are specified in the model. Sea ice is
coupled dynamically and thermodynamically to the Princeton Ocean Model.
Selected results from the model including the seasonal variation of sea ice in
Baffin Bay, the North Water polynya and ice growth and melt over the Labrador
Shelf are presented.
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Kulan, N. and P. G. Myers, 2009, Comparing Two Climatologies of the Labrador Sea:
Geopotential and Isopyncal, Atmos.-Ocean, 47(1): 19–39, doi:10.3137/OC281.2009
Two climatologies, one using an isopycnic approach and the other employing a
more classical geopotential approach, ar e produced for the Labrador Sea region.
These differ from existing climatologies through the use of s maller search radii,
more data and a carefully chosen depth dependent correction scheme. This results
in the preservation of the strong fronts that exist between cold, fresh boundary
currents and warmer, more saline interior waters and, in general, less smoothing
of features. The waters of the West Greenland Current, the Labrador Current and
the interior are well rep resented, especially Labrador Sea Water and the Deep
Western Boundary Current. We consider that our 'best' results are produced by the
isopycnal climatology. Isopycnal averaging gives more realistic results by
reducing artificial mixing of water properties and preserving the baroclinicity
of the flow. W e estimate the total transport, using th e results from the isopycnal
climatology in a diagnostic m odel driven by clim atological winds. For the
Labrador Current/subpolar gyre at 53°N we find a transport of 46.6 Sv southward,
with 9.7 Sv of that being Labrador S ea Water, 12.1 Sv being Gibbs Fracture Zone
Water and 8.0 Sv being Denm ark Strait Overflow Water. Transport into the
Labrador Sea is 41.2 Sv with 6.6 Sv of La brador Sea Water exported back to the
Irminger Sea. Total southward freshwat er transport by the Labrador Current
(including slope and ‘gyre’ branches) is 239 mSv at 53°N, with almost 60% of
this carried in the upper laye r. Import of fresh water to the Labrador Sea from the
east in the East Greenland Current is 129 m Sv, which is divided alm ost equally
among all layers. Our estim ate of the long-te rm mean formation rate of Labrador
Sea Water is between 3.6 and 3.8 Sv.
Lu, Y., D. G. W right, and I. Yashayaev, 2007, Modelling hydrographic changes in the
Labrador sea over the past five decades
, Prog. Oceano., 73(3-4): 406-426,
doi:10.1016/j.pocean.2007.02.007
Inter-annual to inter-decadal changes of hydrographic stru cture and circulation in
the subpolar North Atlantic are studied using a coarse resolution ocean circulation
model. The study covers 1949 through 2001, inclusive. A “ti
me-mean state
nudging” method is applied to assim ilate the observed hydrographic clim atology
into the m odel. The m ethod significantly reduces model biases in the long-term
mean distribution of temperature and sa linity, which commonly exist in coars eresolution ocean models. By reducing the time-mean biases we also sig nificantly
improve the model’s representation of inter-annual to inter-decadal variations. In
the central Labrador Sea, the model
broadly reproduces the heat and salt
variations of the Labrador Sea Wa ter (LSW) as revealed by hydrographic
observations. Model s ensitivity experiments confirm that the low-f requency
hydrographic changes in the central Labrador Sea are closely related to changes in
the intensity and depth of deep conv
ection. Changes in surface heat flux
associated with the winter North Atlant ic Oscillation (NAO) index play a m ajor
role in driving the changes in T–S and sea surface height (S SH). Changes in wind
stress play a secondary role in driving these changes but are important in driving
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the changes in the depth-integrated circulation. The total changes in both SSH and
depth-integrated circulation are almost a line ar combination of the separa te
influences of variable buoyancy and momentum fluxes.
Myers, P. G., S. A. Josey, B. W heler, and N. Kulan, 2007, Interdecadal variability in
Labrador Sea precipitation m inus evaporation and salinity, Prog. Ocean., 73: 341–357,
doi:10.1016/j.pocean.2006.06.003
Changes in the air–s ea freshwater flux (equivalently Precipitation m inus
Evaporation, P − E) over the interior of the Labrador Sea have been exam ined
using the NCEP/NCAR and ERA40 reanal yses. A m ajor increase in the ne t
precipitation, equivalent to 9 cm yr−1, is observed in the mid-1970s, consistent
with a recent study that reported a sim ilar change in the east ern sub-polar gyre.
The increase in the L abrador Sea is prim arily driven b y changes in the P
component which occur in spring (and to a lesser extent summer). The seasonality
of the change is markedly different to that found for the eastern gyre which had a
strong winter increase in precipitation. Potential links between the Labrador Sea
P − E increase and the NAO and other leadin g modes of atmospheric variability
have been explored, but it has been found that the incr ease is not driven by longterm trends in these modes. The magnitudes of the increase in freshwater conten t
for a range of depths (500, 1000, 1500, 2000 m) in the Labrador Sea are then
calculated. Finally, it is suggested that the P − E increase must have played som e
role in causing the observed freshening of the La brador Sea and the wider North
Atlantic sub-polar gyre region in recen t decades, although the exact impact can
not be quantified.
Myers, P. G. and C. Donnelly, 2008, W ater Mass Transformation and Form ation in the
Labrador Sea, J. Clim., 21: 1622-1638, doi:10.1175/2007JCLI1722.1
Objectively analyzed surface hydrographic fields and NCEP–NCAR reanalysis
fluxes are used to estimate water mass transformation and formation rates in the
Labrador Sea, focusing on Labrador Sea Water (LSW). The authors e stimate a
mean long-term transformation of between 2.1 ± 0.2 and 3.9 ± 0.3 Sv (Sv ≡ 106
m3 s−1) over the years 1960–99 to water with densities greater than σ = 27.65 kg
m−3, depending on the correction used for the latent and sensible heat fluxes.
Mean long-term formation rates are found between 0.9 ± 0.2 and 1.7 ± 0.3 Sv for
σ = 27.675 − 27.725 kg m −3 and 1.2 ± 0.2 and 2.0 ± 0.3 Sv f or σ > 27.725 kg m −3.
There is tremendous variability associated with these formati on rates with years
of strong water form ation (5.7–6.6 ± 0.5–0.7 or 9.5–10.8 ± 0.7–1.1 Sv) m ixed
with years of little or no formation in the given density ranges. The North Atlantic
Oscillation (NAO) is linked (correlation coefficient of 0.45, significant at the 99%
level) with the over all formation rate for σ > 27.625 kg m −3. The observed longterm increase in net precipitation over the Labrador Sea does not seem to have
had any significant effect on LSW, potentially reducing LSW transformation rates
by 0.1 Sv. A reduction in surface salinity
leads to formation occurring at a
reduced density, but with little change in the amount of water transformed.
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Rattan, S., P. G. Myers, A.-M. Treguier, S. Theetten, A. Biastoch, and C. Böning, 2010,
Towards an understanding of Labrador Sea sa linity drift in eddy-perm itting simulations,
Ocean Modelling, 35(1-2): 77-88, doi:10.1016/j.ocemod.2010.06.007
Model drift in the Labrador Sea in eddy permitting model simulations is examined
using a series of configurations base d on the NEMO numerical framework. There
are two phases of the drift that we can identify, beginning with an initial rapid 3year period, associated with the adjustment of the model from its initial conditions
followed by an extended model drift/adjustment that continued for at least another
decade. The drift contro lled the m odel salinity in the Lab rador Sea, ov er-riding
the variability. Thus, during this initial p eriod, similar behavior was observed
between the inter-annually forced experiments as with perpetual year forcing. The
results also did not depend on whether th e configuration was global, or regional
North Atlantic Ocean. The inclusion of an explicit sea-ice component did not
seem to have a significant im pact on the in terior drift. Clear cut evidence for the
drift having an advective nature was s hown, based on two se parate currents/flow
regimes. We find, as e xpected, the repres entation of freshwater in the sub-polar
gyre’s boundary currents important. But this study also points out another, equally
important process and pathway: the input of high salinity mode water from the
subtropical North Atlan tic. The adv ective regime is dependent on the details of
the model, such as the represen tation of the f reshwater transport in th e model’s
East Greenland Current being very sensit ive to the stren gth of the local s ea
surface salinity restoring (and the underlying field that the model is being restored
to).
Rykova, T., F. Straneo, J. M. Lilly, and I. Yashayaev, 2009, Irm
inger Current
Anticyclones in the Labrador Sea obser ved in the hydrographic record, 1990-2004, J.
Mar. Res., 67(3): 361-384, doi:10.1357/002224009789954739
A significant fraction of the la teral heat transport into the Labrador Sea's interior,
needed to balance the net heat loss to the atmosphere, is attributed to the Irminger
Current Anticyclones. These m esoscale eddies advect w arm, salty boundary
current water, of subtropical origin, fr om the boundary current to the interior—
but when or how they release their
anomalous heat content has not been
previously investigated. In this stu dy, we discuss the s easonal and interannual
evolution of these anticyclones as inf erred from the analysis of hydrographic data
from the Labrador Sea from 1990 to 2004. The 29 identified anticyclones fall into
two categories, which we refer to as unconvected and convected. Unconvected
anticyclones have properties that are close to those of the boundary current,
including a fresh surface layer, and they are found near the boundaries and never
observed in winter. Convected anticycl ones, on the other hand, contain a m ixed
layer, lack a freshwater cap and are observed throughout the year. Using a onedimensional mixing model, it is shown that the con vected eddies are thos e
Irminger Current Anticyclones that have been m odified by the large winter
buoyancy loss of the region. This provides ev idence that such eddies can survive
the strong winter buoyancy loss in the Labrador Sea and that their anomalous heat
and salt content is not trivially m ixed into the Sea's interior. Finally, we observe a
clear trend in the eddies' properties towa rd warmer and saltier conditions after
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1997 reflecting changes in the source wate rs and the reduced atmospheric forcing
over the Labrador Sea.
Tripsanis, E. K. and D. J. W. Piper,
2008, Late Quaternary stratigraphy and
sedimentology of Orphan Basin: implications for m eltwater dispersal in the southern
Labrador Sea, Palaeogeography, Palaeoclimatology, Palaeoecology, 260(3-4): 521-539,
doi:10.1016/j.palaeo.2007.12.016
Orphan Basin is a deep-water basin on th e continental margin off Newfoundland,
which throughout the late Quaternary recei ved proglacial sediment from local ice
that crossed the contin ental shelf. Sediment from more distant sources was
transported southward in th e Labrador Current as pr oglacial plumes and in
icebergs. Five sedimentary facies related to glacial processes are distinguished in
cores recovered from Orphan Basin: he mipelagic sediment, nepheloid-layer
deposits (layered m ud), beds rich in ice-rafted detritus (IRD), sand and m ud
turbidites, and glaciogenic debris-flow deposits. IRD-rich beds correspond to
periods of intensified iceberg calv ing, and layered mud, turbidites, and
glaciogenic debris-flow deposits with glacial meltwater discharge.
In the Late Wisconsinan, eight periods of meltwater discharge and iceberg calving
from the Newfoundland ice sheet are interpreted from
the sediment facies in
Orphan Basin. These discharges coincide with the terminations of the cold er
periods of the D–O cycles reco rded in Greenland ice cores. The oldest m inor
meltwater event (27.5–28.5 cal ka) corresponds to the first Late W isconsinan ice
advance across the Grand Banks and NE Newfoundland Shelf. The following
three meltwater discharges (23–23.5, 23.8–24.5, and 25–27 cal ka) deposited sand
turbidites and glaciogenic de bris-flow deposits seaward of Trinity Trough, which
was occupied by an ice stream at this time, and mud turbidites in the southern part
of the basin derived from a mid-shel f ice margin on the Grand Banks. Four
periods of meltwater discharge occurred during the deglaciation and are centered
at 15, 18.5, 19.75, and 20.75 cal ka. The youngest is correlated to Heinrich event
1. In the literature, the 18.5 and 20.75
cal ka events have been recorded in
multiple glacial settings in the Nor th Atlantic, and ther efore, are inte rpreted as
large-scale events of m eltwater discharge and iceberg calving, but in Orphan
Basin the 19.75 cal ka event is also of similar scale.
Wu, Y., T. Platt, C. L. Tang, and S. Sa
thyendranath, 2007, Short-term changes in
chlorophyll distribution in respons e to a m oving storm – a modelling study, Mar. Eco.
Prog. Ser., 335: 57-68, doi:10.3354/meps335057
Using a 3-D ocean circulation m odel of th e Labrador Sea, we investigated th e
immediate response, through vertical redi stribution of the chlorophyll field, to a
steadily moving storm. The m odel is for ced by a prescribed wind and pressure
field. The numerical experiments included a control run to analyze th e horizontal
and vertical stru cture of the chlo rophyll field, and several se nsitivity runs to
investigate the response to changes in the storm param eters (translation speed,
size and intensity) and the s easonal distribution of chlorophyll. The m odel results
showed that after the p assage of th e storm, surface ch lorophyll in th e Labrador
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Sea is generally increased by vertical mixing. The largest in crease occurs in
autumn. In summer (co ntrol run), the su rface chlorophyll concentration is 1 to 3
mg m–3 higher than the concentration before the sto rm in alm ost all the a reas
under the influence of the storm . In th e shelf regions, however, the increase is
very small. The changes in surface chlorophyll concen tration are shown to be
primarily controlled by the m ixed-layer depth and the initial chlorophyll
distribution. Nitrate brought from the deep reservoir to the m ixed layer by
entrainment was estimated from the model. For a typical storm in summer, 3.35 ×
103 mol of new nitrate is added to the mixed layer for each km of storm track.
Primary production rates following the intr oduction of new nitrate will contribute
to further change in surface chlorophyll, but on a longer time scale.
Wu, Y., C. Tang, S. Sathyendranath, and T. Platt, 2007, The impact of bio-optical heating
on the properties of the upper ocean: a sensitivity study using a 3-D circulation model for
the
Labrador Sea,
Deep
Sea
Res.
II,
54(23-26):
2630-2642,
doi:10.1016/j.dsr2.2007.08.019
The impact of bio-optical heating on the properties of th e upper Labrador Sea
water was investigated by considering changes in li ght attenuation in water
associated with the seasonal change of chlorophyll distribution. The tim e- and
depth-dependent attenuation coefficients were obtained f rom remotely sensed
SeaWiFS ocean-colour data. Sea-surface temperature (SST) and mixed-layer
depth (MLD) were computed from a three-dimensional ocean circulation m odel.
The model was integrated from 1999 to 2003 with 6-hourly atm ospheric forcing.
The changes in SST and MLD attributable to bio-optical heating were determined
by comparing the m odel results using the observed attenuation coefficients
(chlorophyll) to those using a weak and c onstant attenuation (clear water). The
model results show that bio-optical hea ting is controlled m ainly by chlorophyll
concentration and MLD. The increase in SST is around 1 °C in most parts of the
Labrador Sea and the shelves, and up to 2.7 °C in areas of shallow MLD and high
chlorophyll concentrations (the Gra nd Banks and Northeastern Newfoundland
Shelf). The increase is much higher than that found in previous studies, which
was typically a fraction of a degree. Bi o-optical heating also can enhance the
stratification of the upper ocean and reduce the MLD by 20–50%.
Yashayaev, I., 2007, Hydrographic cha nges in the Labrador Sea, 1960–2005,
Prog.
Ocean., 73(3-4): 242-276, doi:10.1016/j.pocean.2007.04.015
The Labrador Sea has exhibited significan t temperature and salinity variations
over the past five decades. The whole
basin was extremely warm and salty
between the m id-1960s and early 1970s, a nd fresh and cold between the late
1980s and m id-1990s. The full colum n salinity change observed between these
periods is equivalent to mixing a 6 m thick freshwater layer into the water column
of the early 1970s. The freshening and coo ling trends reversed in 1994 starting a
new phase of heat and salt accumulation in the Labrador Sea sustained throughout
the subsequent years. It took on ly a d ecade for the whole water column to lose
most of its excessiv e freshwater, rein state stratification and accumulate enough
salt and heat to app roach its record high salt and heat contents observed between
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the late 1960s and the early 1970s. If the recent tendenci es persist, the basin’s
storages of salt and h eat will fairly soon, likely by 2008, exceed th eir historic
highs.
The main process responsible for the net cooling and freshening of the Labrador
Sea between 1987 and 1994 was deep winter convection, which during this period
progressively developed to its record de pths. It was caused by the recurrence of
severe winters during these years and in its turn produced the deepest, densest and
most voluminous Labrador Sea W ater (LSW1987–1994) ever observed. The
estimated annual production of this water during the period of 1987–1994 is
equivalent to the average volum e flux of about 4.5 Sv with som e individual
annual rates exceeding 7.0 Sv. Onc e winter convection had lost its strength in the
winter of 1994–1995, the deep LSW 1987–1994 layer lost “communication” with the
mixed layer above, consequently losing it s volume, while gaining heat and salt
from the intermediate waters outside the Labrador Sea.
While the 1000–2000 m layer was steadily b ecoming warmer and saltier between
1994 and 2005, the upper 1000 m layer experi enced another episode of cooling
caused by an abrupt increase in the air-sea heat fluxes in the winter of 1999–2000.
This change in th e atmospheric f orcing resulted in f airly intense convective
mixing sufficient to produce a new prom inent LSW class (LSW 2000) penetrating
deeper than 1300 m . This layer was stead ily sinking or deepening over the years
following its production and is presently ove rlain by even warmer and apparently
less dense water m ass, implying that LSW 2000 is like ly to follow the fate of its
deeper precursor, LSW 1987–1994. The increas ing stratification of the interm ediate
layer implies intensification in the baroclinic component of the boundary currents
around the mid-depth perimeter of the Labrador Sea.
The near-bottom waters, originating from the Denm ark Strait overf low, exhibit
strong interannual variability featuring dis tinct short-term basin-scale events or
pulses of anom alously cold and fresh water, separated by warm and salty
overflow modifications. Regardless of their sign these anomalies pass through the
abyss of the Labrador Sea, first appeari ng at the Greenland side and then, about a
year later, at the Labrador side and in the central Labrador Basin.
The Northeast Atlantic Deep Water (2500–3200 m), originating from the Iceland–
Scotland Overflow Water, reached its historically freshest state in the 2000–2001
period and has been steadily becom ing saltier since then. It is argued that
LSW1987–1994 significantly contributed to the freshening, density decrease and
volume loss experienced by this water m ass between the late 1960s and the m id
1990s via the increased entrainm ent of freshening L SW, the hydrostatic
adjustment to expanding LSW, or both.
Yashayaev, I., and A. Clarke, 2008, Evoluti on of North Atlantic Water Masses Inferred
from Labrador Sea Salinity Series, Oceanogr. 21(1): 30-45
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The Labrador Sea is th e coldest and freshest basin of the North Atlantic. W inter
cooling in this sea produces Labrador Sea Water. This intermediate water plays an
important role in the exchange of heat, freshwater, and other substances between
the atmosphere and the abyssal ocean, a ffecting the water m asses, circulation,
and, ultimately, climate of the subpolar North Atlantic basin s. The subpolar gyre
of the North Atlantic h as exhibited large ch anges in tem perature, salinity, and
volume over the p ast six decad es, largely in response to changing winter
conditions over the Labrador Sea. T he signature of these changes can be seen in
the lower limb of the Merid ional Overturning Circulation down into the North
Atlantic tropics.
Zhu, J., E. Demirov, F. Dupont, and D. Wright, 2010, Eddy-permitting simulations of the
sub-polar North Atlantic: im pact of th e model bias on water m ass properties and
circulation, Ocean Dynamics, 60(5): 1177-1192, doi 10.1007/s10236-010-0320-4
Some previous studies dem onstrated that model bias has a strong im pact on the
quality of long-term prognostic model simulations of the sub-polar North Atlantic
Ocean. Relatively strong bias of water mass characteristics is observed in both
eddy-permitting and eddy-resolving sim ulations, suggesting that an increase of
model resolution does not reduce significantly the m odel bias. This study is an
attempt to quantif y the im pact of model bias on the sim ulated water mass and
circulation characteristics in an eddy- permitting model of the sub-polar ocean.
This is d one through comparison of eddy-perm itting prognostic m odel
simulations with the r esults from two other run s in which th e bias is co nstrained
by using spectral nudging. In the first run, the temperature and salinity are nudged
towards climatology in the whole column. In the second run, the spectral nudging
is applied in the surface 30 m layer and at depths below 560 m only. The biases of
the model characteristics of the unconstrained run are similar to those reported in
previous eddy-permitting and eddy-resolv ing studies. The salin ity in th e surface
and intermediate waters of the Labrador Sea wa ters increases with respect to the
climatology, which reduces the stabil ity of the water colum n. The deep
convection in the unconstrained run is artif icially intensified and the tr ansport in
the sub-polar gyre stronger than in the obs ervations. In particular, the transport of
relatively salty and warm Irminger waters into the Labrado r Sea is unrealistically
high. While the water m ass temperature and salinity in the run with spectral
nudging in the whole colum n are closest to the observations, the depth of the
winter convection is underestimated in the model. The water mass characteristics
and water transport in the run with spectral nudging in the surface and deep layers
only are close to observations and at the sam
e time represent well the deep
convection in term s of its in tensity and position . The sour ce of the b ias in the
prognostic model run is discussed.
4.2.1.1 Biophysical Processes
Harrison, W. G., and W. K. W. Li, 2007, P hytoplankton Growth and Regulation in the
Labrador Sea: Light and Nutrient Lim itation, J. Northw. Atl. Fish. Sci., 39: 71–82,
doi:10.2960/J.v39.m592
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The importance of light and nutrients in regulating phytoplankton growth in the
Labrador Sea was evaluating using climatological data, 12 years of measurements
made as part of the Labrador Sea Mon itoring Program (LSMP) and physiological
information from the literature.
Light limits primary production and
phytoplankton growth much of the year, even during summer when surface
irradiance is at its se asonal peak. Nutrients, nitrogen (nitrate) and silicate, are
reduced to low levels in surface waters in
summer/autumn and can lim it
phytoplankton production and growth at this time of year. Nitrate appears to be
the nutrient in shortest supply on the Labra dor Shelf while silicate is in shortest
supply in th e central Labrador Basin. Multiyear trends in regional hyd rography
(increases in water temperatures, decreases in mixed layer depth) and changes in
nitrate and silicate sup ply over th e past decade ( i.e. increases in n itrate and
decreases in silicate) may be linked to changes in phyt oplankton community
composition and structure ( i.e. decreases in large form s such as diatom s and
increases in small picoplankton and nanoplankton forms).
Wu, Y., T. Platt, C. L. Tang, S. Sathyendr anath, E. Devred, and S. Gu, 2008, A summer
phytoplankton bloom triggered by high wind events in the La brador Sea, July 2006,
Geophys. Res. Lett., 35, L10606, doi:10.1029/2008GL033561
The mechanisms of nutrient resupply for an episodic phytoplankton bloom
observed in the central Labrador Sea
in July 2006 were investigated. Two
physical processes, mixed-layer deepening and Ekman pumping, are proposed to
account for the im plied nutrient replenishment. The nutrient flux and chlorophyll
concentration before and during the bloom were estimated from a simple coupled
nitrate-phytoplankton model. The m odel results show that th e enrichment of
nutrients in the euphotic layer and the subsequent bloom were related to two wind
events (storms) in the period July 7–10. As the m ixed layer deepened, nutrient
from below the nitricline were entrai ned into the euphotic zone. The Ekm an
pumping, which was m ost intense at the storm centre, en hanced the transport of
the nutrients by rais ing the nitr icline. However, Ekm an pumping alone was not
able to transport sufficient nitrate to the euphotic layer to support the observed
phytoplankton bloom.
Wu, Y. S., T. Platt, C. L. Tang, and S. Sa thyendranath, 2008, Regional differences in the
timing of the spring bloom in the Labrador Sea, Mar. Ecol. Prog. Ser., 355: 9-20,
doi:10.3354/meps07233
The environmental factors th at control the timing of the spring bloom in the
Labrador Sea were investigated us ing ocean color data from satellites, historical
oceanographic data and a prim ary production model. From the satellite data, the
onset of the spring bloom was found to pr ogress with th e season from south to
north, with the exception of the northern Labrador Sea. The onset for the northern
Labrador Sea occurred at approxim ately the sam e time as in the southern
Labrador Sea. Two poss ible factors for the regional differences were exam ined
from the data: irradiance and m ixed-layer depth (MLD). The early bloom in the
northern Labrador Sea is related to the ve ry shallow mixed layer associated with
low-salinity water. The temporal variations of the mean chlorophyll concentration
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in 4 regions of the Labrador Sea (the Grand Banks, southern, central and northern
Labrador Sea) during the growth phase of the spring bloom were modeled using a
primary production model with MLD derived from historical temperature-salinity
data. The tem poral variations, in part icular the early bloom in the northern
Labrador Sea, were well reproduced by the model. A model sensitivity study
showed that the onset of the sprin g bloom is highly sen sitive to M LD. This
confirms the finding from the data that MLD is a critical environmental factor for
the spring bloom. The availability of th e photosynthetically active radiation plays
an important role, but is not a determ ining factor of the early bloom in the
northern Labrador Sea. The sensitiv ity study also showed that pre-bloom
oceanographic conditions and attenuation of light in water have a greater effect on
the timing in a shallow mixed layer than in a deeper mixed layer.
Yebra, L., R. P. Harris, E. J. H. Hea d, I. Yashayaev, L. R. Harris, and A. G. Hirst, 2009,
Mesoscale physical variability affects zooplankton production in the Labrador Sea, Deep
Sea Res., 56(5): 703-715, doi:10.1016/j.dsr.2008.11.008
Surface distribution (0– 100 m) of zoopl ankton biomass and specific aminoacyltRNA synthetases (AARS) activity, as a proxy of structural growth, were assessed
during winter 2002 and spring 2004 in the Labrador Sea. Two fronts formed by
strong boundary currents, several anticyc lonic eddies and a cyclonic eddy were
studied. The spatial co ntrasts observed in seawater tem perature, salinity and
fluorescence, associated with those mesoscale structures, affected the distributions
of both zooplankton biomass and specific AARS activity, particularly those of the
smaller individuals. Production rates of large organism s (200–1000 μm) were
significantly related to m icrozooplankton biomass (63–200 μm), suggesting a
cascade effect from hydrography through microzooplankton to large zooplankton.
Water masses defined the biom ass distribution of the three dom inant species:
Calanus glacialis was r estricted to cold wate rs on the she lves while Calanus
hyperboreus and Calanus finmarchicus were widespread from
Canada to
Greenland. Zooplankton production was up to ten-fold hi gher inside anticyclonic
eddies than in the surrounding waters. Th e recent warming tendency observed in
the Labrador Sea will likely generate weaker convection
and less energetic
mesoscale eddies. Th is may lead to a decrease in zooplankton growth and
production in the Labrador basin.
4.2.1.2 Labrador Sea Water
Yashayaev, I., M. Bersch, and H. M. van Aken, 2007, Spreading of the Labrador Sea
Water to the Irm inger and Iceland basins,
Geophys. Res. Lett., 34, L10602,
doi:10.1029/2006GL028999
Labrador Sea Water (LSW) is a principa l convectively-formed water mass of the
subpolar North Atlantic (SPNA). Using extensive oceanographic archives we
demonstrate striking changes in SPNA caused by massive LSW production during
1987–1994 and document recent salinification and warming, imminently bringing
SPNA to the state last tim e seen in the 1960s. Two prom inent LSW classes are
spreading across SPNA since the 1980s. The first, record dense, deep, and
voluminous, class has been progressively built by intense winter convection
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through 1987–1994. Even though most of this LSW has left SPNA, its rem nants
are still present there. The second, shal lower, class streng thens in 2000; over
subsequent years its core becom es slightly thicker and deep ens. The an omalous
signals acquired by thes e LSW classes in their formation region arrive in the
Irminger and Iceland basins with the charac teristic delays of two and five years
for deeper LSW and a year and four years for shallower LSW.
Yashayaev, I., H. M. van Aken, N. P. Ho lliday, and M. Bersch, 2007, T ransformation of
the Labrador Sea Water in the subpolar North Atlantic, Geophys. Res. Lett., 34, L22605,
doi:10.1029/2007GL031812
Development, spreading and decay of the therm ohaline properties of two
Labrador Sea Water (LSW) classes are described. During the development phase,
a specific LSW class repeatedly mixed by winter convectio n in the Labrador Sea
becomes colder, denser, thicker and deep er. Once convection weakens, the LSW
class becomes isolated from the upper layer and starts to deca y, rapidly losing its
volume while retaining the sam e density due to isopycnal m ixing with the
neighbouring warm saline intermediate waters. A si milar pattern in temperature,
salinity and density is seen in the other ba sins with different time lags from about
two years in the Irm inger Sea to ten ye ars in the northern Iceland B asin and
Rockall Trough regions. The influence of LSW on the thermohaline properties of
other North Atlantic water masses is also discussed.
Yashayaev, I., N. P. Holliday, M. Bersch, and H. M. van Aken, 2008, The History of the
Labrador Sea Water: Production, Spreading, Transformation and Loss, Arctic-Subarctic
Ocean Fluxes, 569-612, doi:10.1007/978-1-4020-6774-7_25
North Atlantic Deep W ater (NADW) is a water m ass that is cen tral to th e
oceanography of the deep Atlantic, the global meridional overturning circulation
(MOC), and the climate of the Earth itself. The subpolar Atlantic is an especially
important place for these phenom ena because of the large changes wrought on
NADW in these basins. Indeed, once
it is discharged past 45°N, NADW
temperature and sali nity are altered at substantially slow er rates before
encountering Circumpolar Deep Waters in the subpolar o cean of the southern
hemisphere (McCartney and Talley 1984; Reid et al. 1977). Formation of NADW,
recirculation through th e subpolar g yre, and injection into the subtrop ical ocean
past Newfoundland are therefore central
issues to ASOF science and are
discussed here.
Yashayaev, I., and J. W . Loder, 2009, Enhanc ed production of Labrador Sea W ater in
2008, Geophys. Res. Lett., 36, L01606, doi:10.1029/2008GL036162
A May 2008 oceanographic surv ey of the Labrador Sea and recent A rgo float
profiles have revealed that convective overturning extended to a depth of about
1600 m during the winter of 2008, resulti ng in the production of a large ‘‘year
class’’ of Labrador Sea Water. This convection was the deepest since 1994, and
substantially exceeded the convection to 500–1100 m in the past few years in both
the Labrador and Irminger Seas. The result ant 0.2_C cooling of the intermediatedepth waters in the Labrador Sea has di srupted a steady warming of these waters
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since 1994. The cumulative heat loss from the ocean to the atmosphere during the
2007–2008 cooling season was the largest si nce the mid-1990s and exceeded the
2000–2007 mean by a bout 50%. This indicat es that enhanced atm ospheric
cooling, apparently associated with below-normal air te mperatures in the region,
was the predom inant factor con tributing to the enhanced LSW production in
2008.

4.3 Application of Satellite Altimetry
Devred, E., S. Sathyendranath, and T. Pl
att, 2009, Dec adal changes in ecological
provinces of the Northwest Atlan tic Ocean revealed by satellite observations, Geophys.
Res., Lett., 36, L19607, doi:10.1029/2009GL039896
Detecting the effect of clim ate change on ocean ecosystem s is facilitated if the
data are partitioned into ecological provinces. It is recognised that the boundaries
of such provinces are dynam ic, raising the imperative for frequent observations.
Using satellite data, we have assembled a time series of ecosystem delineation for
the Northwest Atlantic Ocean over a pe riod of ten years. For each province
identified in the study area, we hav e compiled data on sea-surface tem perature,
and on the biom ass and community co mposition of phytoplankton. We find
significant trends in th ese properties but they vary according to the provin ce
concerned, which em phasizes how th e physical and biological changes are
correlated at large scale. Compar isons between the trends com puted using the
average position of the provinces and th e trends derived when accounting for the
movements of the boundaries underline the value of the new approach.
Han, G., 2007, Satellite Observations of Seas onal and Interannual Ch anges of Sea Level
and Currents over the Scotian Slope, J. Phys. Oceanogr., 37(4): 1051–1065
Seasonal and interannual sea le vel and current variations over the Scotian slope
are examined using 10 years of Ocean Top
ography Experiment
(TOPEX)/Poseidon (T/P) satellite altim eter data. Geostrophi c surface current
anomalies normal to ground tracks are deri ved from the along-track gradients of
sea level anomalies. The altim etric current anomalies are combined with a
climatological mean circulation field of a f inite-element model to c onstruct
nominal absolute currents. The seasonal mean results indicate that the sea level is
highest in late summ er and lowes t in late winter and th at the surface slope
circulation is strong in winter/autumn and we aker in sum mer/spring. The total
transport associated with the westward shelf-ed ge current and with the eastward
slope current, calculated by combining the T/P data with a climatological seasonal
mean density field, reveals a sub stantial seasonal change dominated by the
barotropic component. The present analysis reveals prom inent interannual
changes of the sea level and current anom alies for the study period. The sea level
was lowest in 1996/97, when the G ulf Stream was in its m ost southern position.
The mean winter circulation over the Scotian slope was strongest (up to 30 cm s−1
in both the southwestward shelf-edge cu rrent and northeastward slope current) in
1998 and weakest (weaker and broader shelf-edge current) in 1996, which may be
related to the fluctuation of the equatorward Labrador Current strength and of the
Gulf Stream north–south position. The st udy also suggests that the root-m ean214

square current magnitude is positively corr elated with the occurren ce of the Gulf
Stream warm-core rings (W CRs) on the interannual scale, while W CR yearly
mean kinematic properties seem to have small variations.
Han, G. and J. Li, 2008, Sea level and ge
ostrophic current features from tandem
TOPEX/Poseidon-Jason data in the Newfoundland offshore, Int. J. Rem. Sens., 29(1):
265-280, doi:10.1080/01431160701271982
We have investigated sea level a nd surface currents features over the
Newfoundland Shelf and Slope using th e tandem TOPEX/Poseidon (T/P) and
Jason altimetry data (2002-2003). The consistency and error characteristics of T/P
and Jason measurements are examined not only in term s of sea level and crosstrack current anomalies but also with resp ect to current anomalies at crossovers
and the Labrador Current tran sport. Nominal absolute currents are constructed by
adding the altimetric geostrophic current anomalies to a climatological-mean
model circulation field. The com parison of the sea level and cross-track curren t
anomalies from January to July 2002 shows overall good agreement between T/P
and Jason, with correlation coefficients different from zero at the 95% confidence
level at almost all locations for sea level and at most lo cations for currents. Errors
are estimated to b e 2.5 cm for sea le vel and 10 cm/s for cross-track current
anomalies. Analyses of the current variab ility at crossovers indicate approximate
agreement of T/P and Jason measurem
ents, except for the Northeas tern
Newfoundland Shelf and Slope probably due to the ice presence during the
period. Model-altimetry combined absolute currents are used to estim ate nearsurface transport associated with the shelf-edge Labrador Current, showing good
correlation between T/P and Jason estim ates and strong seasonal changes. The
cross-track geostrophic current anomalies from September 2002 to Decem ber
2003 are used to calculate the root-m ean-square (rms) current variability at
crossovers and to derive the shelf-edge Labrador Current. The interleaved T/P and
Jason observations can better capture the spatial dis tribution of shelf and slope
circulation variability.
Han, G., J. Loder, and B. Petrie, 2010, Tida l and non-tidal sea leve l variability along
Nova Scotia coast f rom satellite a ltimetry, Int. J. of Remote Sensing, 31(17-18): 47914806, doi:10.1080/01431161.2010.485152
TOPEX/Poseidon (T/P) sea level data are used to investigate tidal and non-tidal
sea level variability over the Scotian Shelf. Eight major diurnal and sem i-diurnal
tidal constituents are derived from the September 1992 to Decem ber 2001 T/P
data. The present altimetric tides agree generally with in situ observations and
show an error reduction of over 30° in phase over Han et al.'s [Han, G., Ikeda, M.
and Smith, P.C., 1996, Oceanic tid es on the Newfoundland and Scotian Shelves
from TOPEX/POSEIDON altimetry. Atmosphere-Ocean, 34, pp. 589-604] results
for the diurnal tides. De-tided T /P sea level data are used to provide georeferenced seasonal-mean sea su rface topography during th e period September
1992 to July 2002. The T/P data are explored to estimate seasonal-mean sea level
along the N ova Scotia coast. Comparisons with sea level m easurements from
coastal tide gauges are carr ied out to evaluate the potential of altimetry data for
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coastal sea level monitoring. Seasonally the sea level is highest along the coast in
late autumn/early winter (associated with the peak of the Nova Scotian Current),
and over the Scotian Slope in summer. On the interannual scale it was low in th e
early 1990s, high in the mid 1990s, and close to normal in the late 1990s and early
2000s.
Higginson, S., K. R. Thom pson, and Y. Li u, 2009, Estimating ocean clim atologies for
short periods: A simple technique for removing the effect of eddies from temperature and
salinity profiles, Geophys. Res. Lett., 36, L19602, doi:10.1029/2009GL039647
Existing temperature and salinity ocean cl imatologies are usually m ean fields
based on ob servations collected ov er many decades. Becau se of low frequency
variability of major features such as the Gulf Stream it is often m ore appropriate
to define the m ean for shorter peri ods, but there are subsequently fewer
observations and m ore problems with a liasing of mesoscale variability. We
present a m ethod for removing eddy-related noise from observations using
satellite altimeter sea surface height measurements. We demonstrate the technique
using Argo observations from
the nor thwest Atlantic and produce m ean
temperature and salinity fields for an ei ght year period. The re duction in variance
achieved is quantified. Comparison with an existing climatology shows that there
is good agreem ent between the two analys es but that the re presentation of the
Gulf Stream is more realistic in the new climatology.
Liu, Y. and K. R. Thompson, 2009, Predictin
g Mesoscale Variability of the North
Atlantic Using a Physic ally Motivated Scheme for Assim ilating Altimeter and Argo
Observations, Mon. Wea. Rev., 137: 2223–2237, doi:10.1175/2008MWR2625.1
A computationally efficient schem e is described for assim ilating sea level
measured by altimeters and vertical profiles of temperature and salinity measured
by Argo floats. The schem e is based on a transformation of temperature, salinity,
and sea level into a set of physically meaningful variables for which it is easier to
specify spatial covarian ce functions. The sch eme also allows for s equential
correction of temperature and salinity biases and online estimation of background
error covariance parameters. Two North Atlantic applications, both focused on
predicting mesoscale variability, are used to assess th e effectiveness of the
scheme. In the f irst application the background is a m onthly temperature and
salinity climatology and skill is assessed by how well the schem e recovers Argo
profiles that were not assim ilated. In the second application the backgrounds are
short-term forecasts made by an eddy- permitting model of the North Atlantic.
Skill is assessed by the quality of forecas ts with lead tim es of 1–60 days. Both
applications show that the scheme has useful skill.
Montenegro, A. and G. L. W eatherly, 2007, D eep variability in the A tlantic Western
Boundary Current based on altim etric and expendable bathythermograph data, J.
Geophys. Res., 112, C06018, doi:10.1029/2005JC003237
The deep variability in tw o areas of the Atlantic W estern Boundary is studied.
One site is located at 38°N, inshore of the Gulf Stream. The other is at 8°S, off the
Brazilian coast. Analyses are cen tered on current tim e series estimated by a
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method that uses expendable bathythe rmograph derived dynam ic heights to
remove the near-surface signal from altimetric sea surface height. Both serie s are
approximately 6 years long. Currents are
compared to scatterom eter derived
alongshore wind stress and ba sin-wide wind stress curl. In both areas, current
variability is correlated to basin-averaged wind stress curl and also to alongshore
wind stress. The relationship between current s and wind curl is coherent with the
western boundary currents response to in terior Sverdrup flow. W e propose that
alongshore wind stress exerts control over the flow by divergence of the Ekm an
flow at the coast. In the north, the
variability is dom inated by interannual
oscillations of the wind curl. The effects of the al ongshore stress are secondary
and have annual frequency. In the southern site, the alongshore effect appears to
be the dominant forcing. The main observed results are conf irmed by data from a
numerical model with 1/6° horizontal resolution.
Thompson, K. R., J. Huang, M. Véronneau, D. G. Wright, and Y. Lu, 2009, Mean surface
topography of the northwest Atlantic: Co mparison of estim ates based on satellite,
terrestrial gravity, and oceanographic observations, J. Geophys. Res., 114, C07015,
doi:10.1029/2008JC004859
The accuracy of a new m ean sea surface topo graphy (MSST) of the northwest
Atlantic is assessed. The MSST is es
timated from 12 years of altimeter
observations referenced with respect to a new regional geoid based on a blend of
Gravity Recovery and Clim ate Experiment (GRACE), terrestrial, and altim eterderived gravity data. The new MSST is fi rst compared to a recen tly published
mean surface topography calculated using an eddy-permitting model of the North
Atlantic. Geostropic currents calcu lated from the GRACE-based MSST are next
compared to mean surface currents in the north west Atlantic estimated from the
motion of near-su rface drifters corrected for su rface Ekman effects. Finally, th e
mean path of the Gulf Stream is com pared to the line of zero skewness of sea
level variability which provides a measure of the mean path of unstable, intense
ocean currents. Overall the agreement am ongst the various estim ates of surface
topography and circulation is excellent. There are, however, som e significant
differences that can be separately attri buted to problems with the MSST and, in
some cases, with the ocean m odel (in particular the ocean clim atology to which it
was nudged).

4.4 Atlantic Storms
Jiang, J., and W . Perrie, 2008, Clim ate change effects on North Atlantic cyclones, J.
Geophys. Res., 113, D09102, doi:10.1029/2007JD008749
We investigated the po ssible climate change impacts on m idlatitude northwest
Atlantic storms using a m esoscale atmospheric model driven by the secondgeneration Coupled Global Clim ate Model (C GCM2) environmental fields, for
control (1975–1994) and high-CO 2 (2040–2059) years of the Intergovernm ental
Panel on Climate Change (IPCC) IS92a scenarios. Using ensem ble experiments,
we show that for a given storm
initialization location, the high-CO 2 climate
change scenario results in slightly h igher mean peak storm intensity than that of
the control climate. However, th e impact of averaged environmental scenario
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fields on storm intensity and track is dependent on the storm initialization location
within these averaged scenario fields. Under the climate change scenario, storms
that are initially located south of 35° N and west of 65°W exhibit the largest
differences in sto rm intensities and tracks, compared to the presen t climate.
Storms with trajectories that move close to the upper level steering jet exhibit the
largest differences in mean tracks, moving closer to the North American coast.
Jiang, J., and W . Perrie, 2009, The impacts of climate change on autum n North Atlantic
midlatitude cyclones, J. Clim., 20: 1174-1187, doi:10.1175/JCLI4058.1
This study explores how m idlatitude extratropical cyclone intensities, frequencies,
and tracks can be m odified under warm ing-induced conditions due to enhanced
greenhouse gas (GHG) concentrations. Si mulations were perform ed with the
Canadian mesoscale compressible community (MC2) model driven by control and
high CO2 climate estimates from the Canadian Clim ate Centre model, the Second
Generation Coupled Global Clim ate Model (C GCM2). CGCM2 si mulations have
effective CO2 concentration forcing, following the Intergovernmental Panel on
Climate Change (IPCC) IS92a scenario conditions, which define a near doubling of
CO2 concentrations by 2050 co mpared to the 1980s. The control and high CO 2
conditions were obtained from years 1975-94 and 2040 ¯59 of CGCM2 simulations.
For the northwest Atlan tic, the CO2-induced warming for this period (2040-59)
varies from ~1°-2°C in the subtropics, near the m
ain development region for
Atlantic hurricanes, to ~1°C in the north. In s imulations of northwest Atlan tic
storms, the net impact of this enhanced CO 2 scenario is to cause storms to increase
in radius, with marginal tendencies to become more severe and to propagate faster
(although not statistically significant), a nd for the m ean storm tracks to shift
slightly poleward.
Lalbeharry, R., R. Bigio, B. R. Thom as, and L. W ilson, 2009, Numerical Simulation of
Extreme Waves During the Storm of 20–22 January 2000 Using Winds Generated by the
CMC
Weather Prediction Model,
Atmos.-Ocean,
47(1):
99–122,
doi:10.3137/OC292.2009
The storm of 20–22 J anuary 2000 over Cana da’s Atlantic Provinces was an
exceptional storm for several reasons, these include extremely high coastal ocean
waves, widespread coastal damage due to the storm surge, very strong winds over
a large area, an extremely fast deepening rate, and a very low central pressure. It
produced unusually large waves which caused significant damage in communities
along the south coast of Ne wfoundland and the eastern shores of Nova Scotia.
Bottom scouring was observed around the f eet of three mobile offshore oil and
gas drilling platforms operating near Sable Island. Using buoy data enhanced with
a detailed data set from one of the platforms, this study examines the growth of
destructive waves and the perform ance of two state-of-the-art third generation
ocean wave m odels running in shallow water mode. The wave m odels perform
well in nu merically simulating th e extreme waves asso ciated with this s torm.
They correctly predict the growth of wind waves and handle the arrival of longperiod swells well. Unprecedented waves that damaged buildings and a lighthouse
in the Channel Head area of Port-A ux-Basques retained most of their d eep-water
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energy until they were less than one wa velength from the beach. Computations
show that dynam ic (or trapped) fetch was not a contributing factor in the
generation of the observed extreme sea states although the long-period swells
were supported by winds for a significan
t part of their tr ansit northward.
However, it appears that the m odel-generated enhanced wave growth at the buoy
location just off the southw estern coast of Newfoundla nd may be partially linked
to the creation of model trapped fetc h. The January 2000 storm was indeed an
extreme storm and was t he most intense non-tropical storm to form over Atlantic
Canada in decades.
Mulligan, R. P., A. E. Hay, and A. J . Bowen, 2008, Wave-driven circulation in a coastal
bay during the landfall of a hurricane,
J. Geophys. Res., 113, C05026,
doi:10.1029/2007JC004500
A coupled wave/flow model was used to simulate the currents in a coastal bay
during the landfall of a hurricane with large waves. Extensive wave breaking
along the shoreline and over a m idbay shoal induced the development of a strong
mean circulation in the bay, in combina tion with currents fo rced by wind, tide,
and storm surge. The general circulati on pattern consisted of inflows a long the
shoreline and over the shoal region that were driven by radiation stress gradients,
and outflows due to mass balance of the wave-driven inflow that were observed in
deeper channels. The predicted currents agreed with observations only when wave
forcing was included in the circulation model. Wave-driven flows accounted for
over 50% of the high flushing rates
during the storm a nd induced strong
horizontal velocity gradients over short (∼200 m) length scales.
Mulligan, R. P., A. J. Bowen, A. E. Hay, A. J. van der W esthuysen, and J. A. Battjes ,
2008, Whitecapping and wave field evolution in a coastal bay, J. Geophy. Res., 113,
C03008, doi:10.1029/2007JC004382
Evolution of the wave field in a coas tal bay is investigated, by com parison
between field observations and num erical simulations using a spectral wave
model (Simulating WAves Nearshore (SWAN)). The simulations were conducted
for the passage of an extratropical stor m, during which surface elevation spectra
were bimodal owing to local wind-sea ge neration and swell propagation into the
bay. SWAN was run in stationary and nonstatio nary mode for two whitecappin g
source term formulations. The first was developed by Komen et al. (1984) and is
dependent on spectrally averaged wave st eepness, and thus includes swell in the
calculation of whitecapping dissipation and typically overestimates wind sea in
the presence of swell. The second, proposed by van der Westhuysen et al. (2007),
estimates whitecapping of wind sea loca lly in the wave spectrum and is not
coupled to swell energy. This formulation reproduced the magnitude and shape of
the observed wind-sea spectral peak m uch better than the previous formulation.
Whitecapping dissipation rates have been estimated from observations, using the
equilibrium range theory developed by Phillips (1985), and are well correlated
with both wind speed and acoustic backsc atter observations. These rates ag ree
with SWAN estimates using the spectrally local expression, and provide
additional physical validation for the whitecapping source term.
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Padilla-Hernández, R., W. Perrie, B. Toulany, P. C. Sm ith, 2007, Modeling of Two
Northwest Atlantic Storms with Third-Generation Wave Models, Wea. Forecasting, 22,
1229–1242, doi:10.1175/2007WAF2005104.1
In this stu dy, three state-of-the-art operational forecast wave m odels are
implemented on nested grids in order to achieve fine-resolution wave simulations
(0.1°) in the Gulf of Maine and related northwest Atlantic waters. These models
are the Simulating W aves Nearshore (SWAN) model, the Wave Actio n Model
(WAM), and W AVEWATCH-III (hereafter W W3). Model perf ormance is
evaluated through com parisons with fiel d measurements. Four com posite model
systems are com pared: WAM and WW3 im plemented on three nested dom ains,
SWAN nested within WAM, and SWAN nested within WW3. Storm case studies
include two intense m idlatitude winter storms from January 2000 and January
2002. Although the m odels are comparable in terms of their overall perform ance
and skill, it is found that WW 3 provides a better statistical fit to the observed
wave data compared with the other models, and that SWAN gives slightly better
results if nested within WW3, rather than within WAM.
Perrie, W., W. Zhang, M. Bourassa, H. Shen, and P. W. Vachon, 2008, Impact of satellite
winds on marine wind s imulations, Wea. Forecasting, 23(2): 290–303,
doi:10.1175/2007WAF2006093.1
A variational data assimilation m ethod is applied to rem otely sensed wind data
from Hurricanes Gustav (2002) and Isabel (2003) to produce enhanced m arine
wind estimates. The variational method utili zes constraints to ensure that an
optimum combination of winds is determ ined, in the sense of m inimization of a
cost function m easuring the m isfit between observations a nd background input
field data and constraining nongeophysical features in the sp atial derivatives.
Constraints are multiplied by weights, which are objectively determined by cross
validation. Verification is obtained by co mparison with available operational in
situ buoy observations and analyses winds. It is shown that the newly constructed
midlatitude wind fields represent an improvement relative to background wind
field estimates and a lso relative to Quick Scatte rometer–National Centers for
Environmental Prediction reanalysis blended winds, and that the new winds have
an impact on simulations of waves and upper-ocean currents.
Sheng, J., L. W ang, S. Andréfouë t, C. Hu, B. G. Hatcher, F. E. Muller-Karger, B.
Kjerfve, W. D. Heyman, and B. Yang, 2007, Up per ocean response of the Mesoamerican
Barrier Reef System to Hurricane Mitch a nd coastal freshwater inputs: A study using
Sea-viewing Wide Field-of-view Sensor (Sea WiFS) ocean color data an d a nes ted-grid
ocean circulation model, J. Geophys. Res., 112, C07016, doi:10.1029/2006JC003900
The passage of category-5 Hurricane M itch through the Mesoam erican Barrier
Reef System (MBRS) in October 1998 was an extreme event with the potential to
create unusual patterns of reef connectivity. The im pact of this hurricane on the
upper ocean of the MBRS is investig
ated using a triply nested
grid ocean
circulation modeling system. The m odel results are validated with
contemporaneous ocean color data from the Sea-viewing W ide Field-of-view
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Sensor (SeaWiFS) satellite and oceanogr aphic measurements in the MBRS. The
nested grid system is forced by 6-hour ly National Centers for Environm ental
Prediction/National Center for At mospheric Research (NCEP/NCAR) winds for
the first 294 days prior to the arrival of the hurricane in the MBRS, and then by
the combination of the NCEP/NCAR wi nd-forcing and an idealized vortex
representative of Mitch f or the f ollowing 20 days. The system is also forced by
the monthly mean sea surface heat and freshwater fluxes and buoyancy forcing
associated with m ajor river dis charges and storm-induced precipitation in th e
western Caribbean Sea. The sim ulated upper ocean circulation during Mitch is
characterized by strong and divergent curr ents under the storm and intense nearinertial currents and sea surface temperature cooling behind the storm. The nested
grid system also reproduces the buoyant estuarine plum es extending from the
coast off Honduras as inferred from SeaWiFS satellite data and detected in field
measurements at Gladde n Spit in B elize shortly after the p assage of Hurricane
Mitch. The present model results suggest
that populations of site-attached
organisms associated with nearshore
and offshore reef features that are
dynamically isolated in normal conditions ex perienced greater poten tial for
ecological connection under Mitch's extreme conditions.
Wang, L., J. Sheng, A. E. Hay, and D. J. Sc hillinger, 2007, Storm-Induced Circulation in
Lunenburg Bay of Nova Scotia: Observ ations and Numerical Sim ulations, J. Phys.
Oceanogr., 37(4): 873–895
An extreme weather event (Hurricane Ju an) made landfall in Nova Scotia,
Canada, in September 2003. The storm produced an 70-cm storm surge and 40
cm s−1 coastal currents in Lunenburg Bay, registered by a
coastal observing
system. A fine-resolution (60 m) coastal circulation model is used to ex amine the
response of Lunenburg Bay to Hurricane Juan. The m odel is forced by local wind
stress at the sea sur face, and tides and rem otely generated waves spe cified at
model open boundaries. The m odel performance is assessed in term s of γ2, the
variance of the m odel errors normalized by the obser ved variance. The m odel
reproduces very well th e observed surface elev ations with γ2 values of less than
0.05, and reasonably well the observed currents with γ2 values between 0.2 and
1.1 in the bay during H urricane Juan. The model–data comparisons demonstrate
that the coastal circulation in the bay is signif icantly affected by loc al wind
associated with the sto rm. The m odel results are also used to dem onstrate the
importance of nonlinear dynam ics in the ba rotropic response of the bay to the
storm.
Yao, Y., W. Perrie, W . Zhang, and J. Jia ng, 2008, The characteristics of at mosphereocean interactions along North Atlantic extratropical storm tracks, J. Geophys. Res., 113,
D14124, doi:10.1029/2007JD008854
This study explores the characteristics of the air-sea interactions and extratropical
autumn storms in the northwest Atlant ic. Simulations are perform ed with a
relatively fine resolu tion coupled atm osphere-ocean model system. The m odel
system consists of the Canadian Mesoscale Com
pressible Community
atmospheric model coupled to a recent version of the P rinceton Ocean m odel.
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Atmospheric boundary conditions for storm sim ulations are given by the
Canadian Climate Centre m odel, Second Generation Coupled Global Clim ate
Model (CGCM2), following the Intergove rnmental Panel on Clim ate Change
IS92a scenario conditions. The CGCM2 control conditions ar e obtained from
simulated years 1975–1994. Our results s
how that inter actions between
extratropical storms and the upper o cean are affected by th e upper ocean, laten t
and sensible heat fluxes across the air-sea interface, and the atmospheric structure,
which propagates relative to the ocean surface as storms move along their storm
tracks. Three types of numerical storm experiments are conducted, for storms that
(1) make landfall, (2) move along the coastline without landfall, and (3) remain
over the open ocean. Our results suggest that the locations of the maximum storminduced sea surface temperature (SST) cooling are mainly dominated by the upper
ocean thermostructure. The storm's intensity, as represented by its maximum wind
speed, can cause further SST cooling. In turn, the upper ocean can red uce storm
intensity by as m uch as 4–5 hPa in m inimum sea level pressure, or 2–4 m s −1 in
surface winds. Although the impacts of these effects are most notable in the lower
atmospheric boundary layer, they extend to the top of the troposphere.

4.5 Carbon Cycle
Fennel, K., Wilkin, J., Previdi, M., and Najjar, R., 2008, Denitrification effects on air-sea
CO2 flux in the coas tal ocean: Sim ulations for the northwest North Atlantic, Geophys.
Res. Lett., 35, L24608, doi:10.1029/2008GL036147
The contribution of coastal ocea ns to the global air-sea CO2 flux is poorly
quantified due to insufficient availability of observations and i nherent variability
of physical, biological and chem ical processes. We present simulated air-sea CO 2
fluxes from a high-resolution biogeochemical model for the North Am erican east
coast continental shelves, a reg
ion characterized by significan t sediment
denitrification. Decreased availability of fixed nitrogen due to denitrification
reduces primary production and incorpora tion of inorganic carbon into organic
matter, which leads to an increase in seawater pCO2, but also increases alkalinity,
which leads to an opposing
decrease in seawater pC O2. Comparison of
simulations with dif ferent numerical treatments of denitrification and alkalinity
allow us to separate and quantify the cont ributions of sediment denitrification to
air-sea CO2 flux. The effective alkalinity flux resulting from denitrification is
large compared to estimates of anthropogenically driven coastal acidification.
Fennel, K. and J. W ilkin, 2009, Quantifying biological carbon expor t for the northwest
North Atlantic con tinental shelves, Geophys. Res. Lett., 36, L18605,
doi:10.1029/2009GL039818
It has been suggested that continental shelf systems contribute disproportionately
to the oceanic uptake of atmospheric CO2, but the m agnitude of this flux and the
relative contributions of different underlying mechanisms are poorly quantified. A
biological continental shelf pum p mechanism has been implied; however, the
magnitude of this export depends on adv ective transport of carbon-rich water off
the shelf, a process that is d ifficult to observe directly. Here we use a physicalbiogeochemical model for the northeastern North American continental margin to
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estimate the uptake of atm ospheric CO2, the fraction of this uptake that results
from biological processes, and the trans port of organic carbon off the shelf. Our
results suggest that there is no sy stematic difference in the area-norm alized CO2
uptake between the shelf regions and th e adjacent deep o cean. The advectiv e
transport of carbon-rich water off the shel f is insufficient to drive a Continental
Shelf Pump in this region.
Kühn, W., J. Pätsch, H. Thom as, A. V. Borges , L.-S. Schiettecatte, Y. Bozec, and A. E.
F. Prowe, 2010, Nitrogen and carbon cycling in the North Sea and exchange with the
North Atlantic - A m odel study, Part II: Carbon budget and fluxes, Cont. Shelf Res., 30:
1701-1716, doi:10.1016/j.csr.2010.07.001
The 3-d coupled physical–biogeochem ical model ECOHAM (version 3) was
applied to the Northwest-European Shelf (47°41 ′–63°53′N, 15°5′W–13°55′E) for
the years 1993–1996. Carbon fluxes were ca lculated for the years 1995 and 1996
for the inner shelf region, the North Sea (511,725 km2). This period was chosen
because it corresponds to a shift from a very high winter-tim e North Atlantic
Oscillation Index (NAOI) in 1994/1995, to an extremely low one in 1995/1996,
with consequences for the North Sea physics and biogeochem istry. During the
first half of 1996, the observed m ean SST was about 1 °C lower than in 1995; in
the southern part of the North Sea the di fference was even larger (up to 3 °C).
Due to a different wind regim
e, the normally prevailing anti-clockwise
circulation, as found in winter 1995, was replaced
by m ore complicated
circulation patterns in winter 1996. Decreased precipitation over the drainage area
of the continental rive rs led to a r eduction in the total ( inorganic and organic)
riverine carbon load to the North Sea from 476
Gmol C yr−1 in 1995 to
−1
340 Gmol C yr in 1996. In addition, the North Sea took up 503 Gmol C yr−1 of
CO2 from the atm osphere. According to our calculations, the North Sea was a
sink for atmospheric C O2, at a rate of 0.98 mol C m−2 yr−1, for both years. The
North Sea is divided into two sub-systems: the shallow southern North Sea (SNS;
190,765 km2) and the deeper northern North Sea (NNS; 320,960 km2). According
to our findings the SNS is a net-autotr ophic system (net ecosystem production
NEP>0) but released CO 2 to the atm osphere: 159 Gmol C yr−1 in 1995 and
59 Gmol C yr−1 in 1996. There, the tem
perature-driven release of CO 2
outcompetes the biolog ical CO2 drawdown. In the NNS, where respiratory
processes prevail (NEP<0), 662 and 562 Gmol C yr−1 were taken up from the
atmosphere in 1995 and 1996, respectively. Stratification separates the
productive, upper layer from the deeper layers of the wa ter column where
respiration/remineralization takes place. Duration and stability of the stratification
are determined by the m eteorological conditions, in re lation to the N AO. Our
results suggest that this mechanism controlling the nutrient supply to the upper
layer in the northern and central North Sea has a larger im pact on the carbon
fluxes than changes in lateral transport due to NAOI variations. The North Sea as
a whole imports organic carbon and e xports inorganic carbon across the outer
boundaries, and was found to be net-heterotrophic, more markedly in 1996 than in
1995.
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MacDonald, S. and R. M. Moore, 2007, Sea
sonal and spatial variations in m ethyl
chloride in NW
Atlantic waters,
J. Geophys. Res., 112, C05028,
doi:10.1029/2006JC003812
Methyl chloride concentrat ions were m easured in the upper 200 m of the water
column of the NW Atlantic during three cruises along the sam e track in spring,
summer and fall of 2003. Distinct seasonal ity was apparent, with the surface
waters being either undersaturated or close to equilibrium with the atmosphere in
spring, but with supersaturation of the wa rmer waters in summer and fall. Cooler
waters at the m ore northerly stati ons were always unde rsaturated, thus
representing a continual sink for atmosphe ric methyl chloride. Even on an annual
basis, the concentration anomaly (the difference between measured concentration
and equilibrium with the atm osphere) was strongly dependent on sea surface
temperature (SST). This empirical relationship can be u sed to extrapolate fluxes
globally or to estim ate the influence of global warming on ocean-to-atmosphere
fluxes of methyl chloride. Th e global flux of m ethyl chloride to the atm osphere
estimate based on the f ull-year relationship between concentration anomaly and
SST is 17 Gmol/y, and is reduced to 6 Gm ol/y if separate seasonal relationships
are used. It appears that the ocean com ponent of the flux is highly sensitive to
temperature, but the actual source of the m ethyl chloride in ocean waters remains
largely unknown.
Previdi, M., K. Fennel, J. W ilkin, and D. Haidvogel, 2009, Interannual variability in
atmospheric CO2 uptake on the northeast U.S. continen tal shelf, J. Geophys. Res., 114,
G04003, doi:10.1029/2008JG000881
Continental shelf systems are thought to play an important role in the exchange of
carbon dioxide (CO2) between the atmosphere and ocean. Currently, our ability to
quantify the air-sea flux of CO 2 on contin ental shelves is limited due to larg e
spatial and temporal variability coupled with historically sparse oceanographic
measurements (e.g., of surface water pCO2). Here we use the Regio nal Ocean
Modeling System (ROMS) to quantify the air-sea flux of CO 2 and its interannual
variability on the north east U.S. c ontinental shelf, which include s the Middle
Atlantic Bight (MAB) and Gulf of Ma ine (GOM). Two years marked by opposite
phases of the North Atlantic Oscillati on (NAO) are considered in the study. A
novel analysis method, second-order Taylor series decomposition, is used to
identify the important processes responsible for producing NAO-related changes
in the CO 2 air-sea flux. On the northeast U.S. shelf, atm ospheric CO2 uptake as
simulated by ROMS de creases from 2.4 Mt C yr −1 in 1985 (low NAO) to 1.8 Mt
C yr−1 in 1990 (high NAO), with most of this decrease (0.5 Mt C yr −1) occurring
in the MAB. In the MAB the diffe rence in annual air-sea flux of CO 2 is due
mainly to changes in n ear-surface wind speed, while the flux difference in the
GOM is controlled prim arily by surface water pCO2 (CO2 partial pressure)
changes resulting from changes in sea surface temperature and new production.
The large magnitude of interannual variability in the air-sea flux of CO2 simulated
here suggests the potential for even more significant flux changes in the future as
climate change accelerates.
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Prowe, A. E. F., H. Thom as, J. P ätsch, W. Kühn, Y. Bozec, L.-S. Schiettecatte, A. V.
Borges, and H. J. W . de Baar, 2009, Mechanisms controlling the air-sea CO 2 flux in the
North Sea, Cont. Shelf Res., 29(15): 1801-1808, doi:10.1016/j.csr.2009.06.003
The mechanisms driving the air– sea exchange of carbon dioxide ( CO2) in th e
North Sea are investigated using th
e three-dimensional coupled physical–
biogeochemical model ECOHAM (ECOl ogical-model, HAMburg). W e validate
our simulations using field data for th e years 2001–2002 and identify the controls
of the air–s ea CO2 flux for two location s representative for the N orth Sea's
biogeochemical provinces. In the seas onally stratified northern region, net CO2
uptake is high (
) due to high net commun ity production (NCP) in
the surface water. Overflow production re leasing semi-labile dissolved organic
carbon needs to be considered for a rea listic simulation of the low dissolved
inorganic carbon (DIC) concentrations observed during summer. This biologically
driven carbon drawdown outcompetes the temperature-driven rise in CO2 partial
pressure (pCO2) during the productive season. In contrast, the permanently mixed
southern region is a weak net CO2 source (
). NCP is generally low
except for the sprin g bloom because remineralization parallels prim ary
production. Here, the pCO2 appears to be controlled by temperature.
Schiettecatte, L.-S., H. Thom as, Y. Bozec, and A. V. Borges, 2007, High tem poral
coverage of carbon dioxide measurements in the Southern Bight of the North Sea, Marine
Chemistry, 106(1-2): 161-173, doi:10.1016/j.marchem.2007.01.001
A monthly survey of the partial pressure of CO
2 (pCO2) was carr ied in the
Southern Bight of the North Sea (SBN S) from June 2003 to May 2004. The
spatial variability of the surface dis tribution of the pCO 2 was rela tively small
(within a range of 10–70 μatm) compared to the am plitude in the seas onal signal
(∼260 μatm). On an annual scale, the pCO2 dynamics appeared to be controlled by
biological processes (primary production in springtim e and respiratory processes
in summer), rather th an temperature (in summer). The com parison with
measurements carried out in 2001 and 2002 (13 cruises) shows that the interannual variability of pCO 2 was clos e to the r ange of the sp atial variability and
mostly observed in spring, associated
to biological processes (prim
ary
production). Net ecosystem production estimated from dissolved inorganic carbon
(DIC) temporal variations showed that the SBNS is auto trophic, at an annual rate
of 6.3 mol C m −2 yr−1. The decoupling in tim e between autotrophy in spring and
heterotrophy in summ er, associated to th e relatively rapid flushing tim e of the
water mass in the are a (∼70 days), m ight allow the export of a fraction of the
springtime synthesized organic matter to the adjacent areas of the North Sea. The
SBNS was on a yearly basis a sink of atm ospheric CO2 at a rate of −0.7 mol C
m−2 yr−1.
Shadwick, E. H., H. Thom as, A. Comeau, S. E. Craig, C. W . Hunt, and J. E. Salisbury,
2010, Air-Sea CO 2 fluxes on the Scotian She lf: Seasonal to m ulti-annual variability,
Biogeosciences, 7: 3851-3867, doi:10.5194/bg-7-3851-2010
We develop an algorithm to com pute pCO2 in the Scotian Shelf region (NW
Atlantic) from satellite-based estimates of c hlorophyll-a concentration, sea225

surface temperature, and observed wind speed. This algorithm is based on a highresolution time-series of pCO2 observations from an au tonomous mooring. At the
mooring location (44.3° N and 63.3° W ), the surface waters act as a source of
CO2 to the atm osphere over the annua l scale, with an outgassing of −1.1 mol C
m−2 yr−1 in 2007/2008. A hind cast of air-sea CO 2 fluxes from 1999 to 2008
reveals significant variability both spatially and from year to y ear. Over the
decade, the shelf-wide annual air-sea fluxes range from an outgassing of −1.70
mol C m −2 yr−1 in 2002, to −0.02 mol C m −2 yr−1 in 2006. T here is a gradient in
the air-sea CO2 flux between the northeastern Cabot Strait region which acts as a
net sink of CO 2 with an annual uptake of 0.50 to 1.00 m ol C m −2 yr−1, and the
southwestern Gulf of Maine region which acts as a source ranging from −0.80 to
−2.50 mol C m −2 yr−1. There is a decline, or a negative trend, in the air-sea pCO2
gradient of 23 μatm over the decade, which can be explained by a cooling of 1.3
°C over the sam e period. Regional cond itions govern spatial, seasonal, and
interannual variability on the Scotian Shel f, while m ulti-annual trends appear to
be influenced by larger scale processes.
Thomas, H., A. E. F. Prowe, S. van He
uven, Y. Bozec, H. J. W . de Baar, L.-S.
Schiettecatte, K. Suykens, M. Koné, A. V. Bo rges, I. D. Lim a, and S. C. Doney, 2007,
Rapid decline of the C O2 buffering capacity in the Nor th Sea and implications for the
North
Atlantic
Ocean,
Global
Biogeochem.
Cycles, 21,
GB4001,
doi:10.1029/2006GB002825
New observations from the North Sea, a NW European shelf sea, show that
between 2001 and 2005 the CO2 partial pre ssure (pCO2) in surfac e waters rose
by 22 μatm, thus faster than atm ospheric pCO2, which in the sam e period rose
approximately 11 μatm. The surprisingly rapid declin e in air-sea partial pressure
difference (ΔpCO2) is primarily a response to an elevated water column inventory
of dissolved inorganic carbon (DIC), which, in turn, reflects mostly anthropogenic
CO2 input rather th an natural interannual variability. The resulting decline in the
buffering capacity of the inorganic carbonate system (increasing Revelle factor)
sets up a theoretically predicted f
eedback loop whereby the invasion of
anthropogenic CO2 reduces the ocean' s ability to uptake additional CO2. Model
simulations for the North Atlantic Ocean and therm odynamic principles reveal
that this feedback should be stro nger, at pr esent, in c older midlatitude and
subpolar waters because of the low er present-day buffer capacity and elevated
DIC levels driven either by northward advected surface water and/or excess local
air-sea CO2 uptake. This buffer capacity f eedback mechanism helps to explain at
least part of the observed trend of decreasing air-sea ΔpCO2 over time as reported
in several other recent North Atlantic studies.
Thomas, H., L.-S. Schiettecatte, K. Suykens, Y. J. M. Koné , E. H. Sha dwick, A. E. F.
Prowe, Y. Bozec, H. J . W. de Baar, a nd A. V. Borges, 2008, Enhanced ocean carbon
storage from anaerobic alkalinity generation in coastal sedim ents, Biogeosciences, 6:
267-274, doi:10.5194/bgd-5-3575-2008
The coastal ocean constitu tes the cru cial link b etween land, the open ocean and
the atmosphere. Furthermore, its shallow water colum n permits close interactions
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between the sedim entary and atm ospheric compartments, which otherwise are
decoupled at sho rt time scales (<1000 yr) in the open oceans. Despite th e
prominent role of the coastal oceans in absorbing atmospheric CO
2 and
transferring it into the deep oceans via the continental shelf pump, the underlying
mechanisms remain only partly understood. E valuating observations from the
North Sea, a NW European shelf sea,
we provide evidence that anaerob ic
degradation of organic m atter, fuelled fr om land and ocean, generates alkalinity
(AT) and increases the CO 2 buffer capacity of seawater. At both the basin wide
and annual scales anaerobic AT generation in the North Sea's tidal m ud flat area
irreversibly facilitates 7–10%, or taking into considera tion benthic denitrification
in the North Sea, 20–25% of the North Sea' s overall CO 2 uptake. At the global
scale, anaerobic AT generation could be accountabl e for as much as 60 % of the
uptake of CO 2 in shelf and m arginal seas, m aking this p rocess, the anaerobic
pump, a key player in the biologi cal carbon pum p. Under future high CO 2
conditions oceanic CO2 storage v ia the anaerobic pump may even gain further
relevance because of stimulated ocean productivity.
Thomas, H., A. E. Friederike Prowe, I. D. Lima, S. C. Doney, R. Wanninkhof, R. J.
Greatbatch, U. Schuster, and A. Corbiè
re, 2008, Changes in the North Atlantic
Oscillation influence CO2 uptake in the North Atlantic over the p ast 2 decades, Global
Biogeochem. Cycles, 22, GB4027, doi:10.1029/2007GB003167
Observational studies report a rapid decline of ocean CO 2 uptake in the temperate
North Atlantic during the las t decade. We analyze these findings u sing ocean
physical-biological numerical simulations forced with inte rannually varying
atmospheric conditions for the period 1979–2 004. In the sim ulations, surface
ocean water m ass properties and CO2 system variables exhibit substantial
multiannual variability on sub-b asin scales in respo nse to wind-driven
reorganization in ocean ci rculation and surface warm ing/cooling. The sim ulated
temporal evolution of the ocean C O2 system is broadly consistent with reported
observational trends and is influenced substantially by the phase of the North
Atlantic Oscillation (N AO). Many of th e observational estim ates cover a period
after 1995 of m ostly negative or weakly positive NAO conditions, which are
characterized in the s imulations by reduced North Atlantic Current tran sport of
subtropical waters into the eas tern basin and by a decline in CO 2 uptake. W e
suggest therefore that air-sea CO 2 uptake m ay rebound in the eastern tem perate
North Atlantic during future periods of more positive NAO, similar to the patterns
found in our m odel for the sustain ed positive NAO period in the early 1990s.
Thus, our analysis indicates that the recent rapid shifts in CO2 flux reflect decadal
perturbations superimposed on m ore gradual secular trends. The simulations
highlight the need for long-term ocean carbon observations and modeling to fully
resolve multiannual variability, which can obscure detection of the long-term
changes associated with anthropogenic CO2 uptake and climate change.
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4.6 Biophysical Processes
Brickman, D., L. Taylor, A. Gudmundsdo ttir, and G. Ma rteinsdottir, 2007, Optim ized
biophysical model for Icelandic cod ( Gadus morhua) larvae, Fish. Oceanogr., 16(5):
448-458, doi:10.1111/j.1365-2419.2007.00449.x
A characteristic of biop hysical models (BPM) is that they contain a n umber of
parameters that are poorly known or only known within a range of possible
values. This paper describes an efficien t optimized BPM developed to simulate
the Icelandic cod pelagic 0-group survey data. The method is based on presenting
the results as a probability density f unction (PDF) that a par ticle released from a
given spawning drifts downstream to a given grid location som e time later. The
model determines egg production m odel parameters (peak spawning tim e,
spawning duration, number of eggs releas ed) for each of 15 spawning grounds as
the solution of a bound constrained optim ization problem that minimizes modeldata misfits in abundance and age dist
ributions. The mode l is applied to
simulating the 2002 and 2003 summer survey data. The m odel does a reasonable
job of sim ulating the observed inshore / offshore abundance gradient and spatial
age gradient for each year. Problem areas are explained from the point of view of
model limitations. We caution that the re sults from an opt imized model should
always be assessed with the m odel’s limitations in m ind and with respect to
whatever biological data are available.
Brickman, D., G. Marteinsdottir, and L. Ta ylor, 2007, Formulation and application of an
efficient optimized biophysical model, Mar. Ecol. Prog. Ser., 347: 275-284,
doi:10.3354/meps06984
The formulation of an efficient optimized biophysical model is described, and the
model is applied to the sim ulation of the climatological 0-group distribution of
Icelandic cod Gadus morhua larvae. The m ethod is based on representing the
results from particle tracking as drift probability density functions describing the
probability that particles released from a given spawning ground are found at a
specific downstream grid location some time later. Spawning is considered to take
place from 15 spawning grounds, and the model is used to determ ine 45 egg
production model parameters as the solution of a bound constrained optim ization
problem that m inimizes model-data misfits in abundance and age distributions.
The problem is solved using a direct
search minimization routine. Two cost
functions are used. One penalizes m isfits in the gridded abundance and age
distributions (Model 1). The other directly penalizes the m isfit in the sp atial age
gradient (Model 2). A sim ple age-based settlement module is tested to determ ine
whether it improves the model fit. Results from Model 1 show a large error in the
spatial age gradient. Model 2 achieves a 20-fold reduction in this error, with only
a small degradation of the gridded abundance and age distributions. The
settlement model does not im prove the m odel fit. The re sults indicate that the
addition of m ore processes to a m odel does not always im prove model
performance, while focusing on gradie nts in age instead of simple age
distributions can lead to overall im proved performance. The technique presented
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in the present paper allows quantitative evaluation of various model processes in a
computationally efficient framework.
Dawe, E. G. L. C. He ndrickson, E. B. Colbourne, K. F. Drinkwater, and M. A. Showell,
2007, Ocean climate effects on the relative abun dance of shortfinned (Illex illeceb rosus)
and long-finned (Loligo pealeii) squid
in the northwest Atlantic Ocean, Fish.
Oceanogr.,16(4): 303–316, doi:10.1111/j.1365-2419.2007.00431.x
An unusually high abundance of long-finned squid ( Loligo pealeii) was observed
around southern Newfoundland in August– September 2000. The prevalence of
maturing females and mature males, along with the collection of a single viable
egg mop, provide the first evidence of sp awning of this speci es at the northern
limit of its geographic range of distri bution. Northward expansion of the longfinned squid population m ay be relate d to a general warm ing trend in
Newfoundland near-shore waters. However, trends in size and abundance of
short-finned squid ( Illex illecebrosus) suggest that this expansion m ay also be
related to reduced com petition. We hypot hesize that these two squid species
share, to a large ex tent, a comm on niche on the eastern USA shelf and that
opposing responses to ecosystem variation affect their rela tive abundance. W e
address this hypothesis by applying tim e-series analysis of species-specific
fishery- and survey-based abundance in dices with biologic and environm ental
input variables. Our models indicate that direct competition is not im portant, but
that variation in atmospheric forcing, as well as latitudina l position of the ShelfSlope Front (SSF), are closely related to direct oceanographic processes that exert
opposing effects on these two species
. While the direct oceanographic
mechanisms that regulate year-class strength remain unknown, we pr esent a
hypothesis to accoun t for opposing populat ion responses to o ceanographic
variation that operates early in the life history of both species. For the oceanic and
highly migratory short-finned squid, varia tion in the la titudinal position of the
SSF is related to efficiency of downstr eam dispersal by the Gulf Stream and
survival of young stages. For the neritic
long-finned squid, variation in local
inshore temperature affects the time e xposed to intense predation through its
effect on rates of e mbryonic development and growth. The expansion of longfinned squid population abunda nce in 2000 was associated with both w arm local
water temperatures and an unusual eastw ard displacement of the atm ospheric
features associated with the North Atlantic Oscillat ion (NAO). These conditions
may have resulted in an unfavorable ocean ic regime for short-finned squid but a
favorable regime for long-finned squid on the continental shelf as far north as
southern Newfoundland.
Devred, E., S. Sathyendranath, and T. Platt, 2007, Delineation of ecological provinces in
the North W est Atlantic using visible spectral radi ometry (ocean co lour), Mar. Ecol.
Prog. Ser., 346: 1-13, doi:10.3354/meps07149
In 2003, Canadian Surface Ocean Lower At mosphere Study conducted 3 research
expeditions (April–May, July and October) to the Northwest Atlantic to study gas
exchange at the air–s ea interface. Interpreting the relationships between gas
exchange and biological activity measured in these expeditions is facilitated if the
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water masses sampled can be identified in a large-scale context. Longhurst et al.
(1995) tackled the issue of water
mass characterisation by defining
biogeochemical provinces for the world ocean and in particular for the NW
Atlantic. To avoid the limitations that arise from the static arrangement of
provinces with rectilinear boundaries as used in Longhurst et al. (1995), we
developed a dynam ic method based on sta tistical analysis of geophysical and
biological data to delineate the boundaries of Longhurst’s provinces in real tim e.
This new method was applied to satellite -retrieved sea-surface temperature (SST)
and phytoplankton biomass data averaged ove r the length of the research cruises
(22, 17 and 16 d in spring, summ er and fa ll respectively). CTD casts at various
stations along the ship track were us ed to validate the method. A sensitivity study
on primary production estim ations performed with both definition s (static and
dynamic) showed a negligible difference at the basin scale; however, variations at
the province scale were significan t. The regional description afforded by the new
method was useful for the interpretation of
expedition data.
Fisher, J. A. D., K. T. Fr ank, B. Petrie, W . C. Legge tt, and N. L. Shackell, 2008,
Temporal dynamics within a contempor ary latitudinal diversity gradient, Ecol. Lett.,
11(9): 883-897, doi:10.1111/j.1461-0248.2008.01216.x
Poleward declines in s pecies diversity [latitudinal diversity gradients (LDG)]
remain among the oldest and m ost widespread of m acroecological patterns.
However, their contem porary dynamics remain largely unexpl ored even though
changing ecological conditions, including global change, may m odify LDG and
their respective eco systems. Here, we examine temporal variation within a
temperate Northwest Atlantic L DG using 31 years of annual fisheriesindependent surveys and explore its dynam ics in relation to a dom inant climate
signal [the wintertime North Atlantic Oscillation (NAO)] that varies interannually
and alters the latitudinal gradient of Northwest Atlantic continental shelf bottom
water temperatures. We found that the slopes of the annual LDG vary
dramatically due to changes in geogr
aphic distributions of 100+ species,
variations that are concealed within the cumulative, static L DG. These changes
are strongly associated w ith changes in NAO sign and st rength. This is the first
illustration of tem poral dynamics in a con temporary LDG and the firs t
demonstration of the speed at which local environmental variations can alter an
LDG. Our findings underscore the need to investigate factors that m odify LDG
separately from those that contribute to their origins.
Frank, K. T., B. Petrie, and N. L. Shackell, 2007, The ups and downs of trophic control in
continental shelf ecosystem s, Trends in Ecology and Evolution, 22(5): 236-242,
doi:10.1016/j.tree.2007.03.002
Traditionally, marine ecosystem structure was thought to be determ ined by
phytoplankton dynamics. However, an integr ated view on the relative roles of
top-down (consumer-driven) and bottom -up (resource-driven) forcing in la rgescale, exploited m arine ecosystems is em erging. Long time seri es of scientific
survey data, underpinning the m anagement of comm ercially exploited species
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such as cod, are being us ed to diagnose mechanism s that could affect the
composition and relative abundance of
species in m arine food webs. By
assembling published data from studies in exploited North A tlantic ecosystems,
we found pronounced geographical varia tion in top-down and bottom -up trophic
forcing. The data suggest that ecosystem susceptibility to top-down control and
their resiliency to exp loitation are re lated to species ri chness and oceanic
temperature conditions. Such knowledge could be used to produce ecosystem
guidelines to regulate and manage fisheries in a sustainable fashion.
Greenan, B. J. W ., B. D. Petrie, W . G. Harrison, and P. M. Stra in, 2008, The onset and
evolution of a spring bloo m on the Scotian Shelf, Limnol. Oceanogr., 53(5): 1759-1775,
doi:10.4319/lo.2008.53.5.1759
The spring bloom on the Scotian Shel f is exam ined using a m ooring array
deployed from 18 March 2002 to 18 April 2002 to provide physical, chem ical,
and biological m easurements with high tem poral and vertical resolution. These
measurements are complem ented by the Atlantic Zone Monitoring Program
(AZMP) biweekly occupations of a stati on near the m ooring site (HL2). Results
from AZMP sampling and Sea-viewing W ide Field-of-view Sensor (Sea WiFS)
ocean color imagery in early Ma rch show that coastal upwelling p layed an
important role in th e initiation of the spr ing bloom near the coast. T his was a
period of very strong horizontal gradients in surface chlorophyll. The main bloom
at HL2 was sustained for most of the mooring period with peak chlorophyll levels
reaching 6 mg m -3. Following the drawdown of nutrients in the upper 20 m , the
bloom continued for 9 d and then disappear ed at the surface but rem ained at the
depth of the nutricline (30-50 m). The onset and evolution of the spring bloom on
the inner Scotian Shelf is a com plex process in which nutr ient inventory, vertical
mixing, and coastal upwelling play roles of varying im portance throughout its
lifetime. Mesozooplankton biom ass does not change significantly until the very
end of the mooring period indicating the grazing by this com ponent of the
zooplankton did not have as im portant a role in the term ination of the bloom as
the exhaustion of near-surface nutrients.
Halliday, R. G., and A. T. Pinhorn, 2009, The roles of fishing and environm ental change
in the decline of Northwest Atlantic groundfish populations in the early 1990s, Fish. Res.,
97(3): 163-182, doi:10.1016/j.fishres.2009.02.004
The cause of the large decline in groundfish populations in the Northwest Atlantic
about 1990 rem ains unresolved although the pr evailing view is that it was due
predominantly to fishing. A similar but less ex treme decline in these po pulations
that occurred in the early
1970s is also attributed
to fishing. However,
observational data on commercial fishing effo rt suggest that fish ing effort in the
late 1980s was likely less than in th
e late 1960s–early 1970s, even when
efficiency increases are accoun ted for. Al so, the biological ch anges observed in
groundfish populations in the late 1980s we re not consistent with a hypothesis
that the early 1990s declines in biom ass were caused by recruitm ent overfishing.
There is, however, a strong coinciden ce between fluctuations in groundfish
biomass, and other biological characteristic s, and variations in the North Atlantic
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Oscillation (NAO), suggesting that the rapid changes in these characteristics in
the early 1990s were largely due to environmental variations, and that this equally
may have been true for early 1970s populat ion changes. A corollary to such a
hypothesis is that the 1960s, when NAO anomalies were consistently and strongly
negative, was a period uniquely favourable for groundfish productivity and should
not be taken as a long-term norm.
Han, G. and D. Kulka, 2009, Disp ersion of eggs , larvae and pelagic juveniles of white
hake (Urophycis tenuis) in relation to ocean currents of the Grand Bank: a m odelling
approach. J. Northwest Atl. Fish. Sci., 41: 183-196, doi:10.2960/J.v41.m627
White hake (Urophycis tenuis) is a temperate demersal fish species distributed in
the northwest Atlantic. On the Grand Bank, it is concentrated m
ainly to the
southwest where water tem peratures are warm est. Survey data indicate that
mature adult fe males aggregate on the southw est (SW) Grand Bank slope in
spring and first-year juve niles settle on the southe rn, shallow Grand Bank in
autumn. Dispersion patterns and survival pot ential of eggs, larvae and juveniles
were investigated with respect to th e effects of location (horizontal and vertical)
and timing (monthly) of spawning under monthly-mean circulation fields, M2
tidal currents and associated turbulent mixing computed from a three-dimensional
regional ocean circulation m odel. The resu lts indicate that releases b elow the
surface Ekman layer and in late spring have the highest chances for juv eniles to
settle in the southern Grand Bank nursery area in autumn. On an interannu al
scale, the strong recruitment of the 1999 yearclass has been used as an example to
examine the potential linkage between
recruitment and the streng th of the
Labrador Current. A weak along-sl ope current and strong on-bank flow
contributed to the strong recruitment of the 1999 year-class.
Head, E. J. H. and D. D. Sa meoto, 2007, In ter-decadal variability in zooplankton and
phytoplankton abundance on the Newf oundland and Scotian shelves, Deep Sea Res.,
54(23-26): 2686-2701, doi:10.1016/j.dsr2.2007.08.003
Continuous Plankton Recorder (CPR) sampling on the Newfoundland and Scotian
shelves covers three multi-year peri ods characterised by negative (1962–1971),
positive (1992–2000) and negative/neutral (2001–2003) values of the NAO index.
Water temperatures respond differ ently to changes in the NAO in different
regions: a positive NAO index tends to l ead to reduced tem peratures on the
Newfoundland shelf and to increased tem peratures on the central/western Scotian
shelf, and a negative NAO index to the reverse. Since the 1960s, the hydrographic
changes due to the NAO have been superim posed on a freshening of the water
column throughout the region, which is attr ibuted to increased contribution of
Arctic water outflow. Changes in pla nkton abundance measured by the CPR for
the three tim e periods were genera lly, but not always, sim
ilar on the
Newfoundland and eastern and western regi ons of the Scotia n shelf, although
Arctic species (e.g. Calanus glacialis, Calanus hyperboreus) were notably more
abundant and war m water species (e.g. Metridia lucens, euphausiids) less
abundant on the Newfoundland shelf than on the Scotian shelf. Three categories
of phytoplankton (colour, diatom s, dinoflagellates) increased in abundance in the
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1990s, and these increases generally persisted into 2001–2003. This is believed to
be a response to the persistent freshe ning of the water colum n, probably due to
increased stratification. The Arctic species C. glacialis and C. hyperboreus also
showed persistent increases in abunda nce after 1992, perhaps due to increased
transport from the Arc tic, although the abun dance of the Arctic s lope water
species Metridia longa decreased. Two groups, Calanus 1–4 and euphausiids,
both thought to play im portant roles in the food chain, showed persistent
decreases in abundance afte r 1992, especially on the Ne wfoundland shelf. In all
regions, Calanus finmarchicus 5–6, Oithona spp. and Centropages hamatus
abundance changed in association with variations in the NAO, although no
common mechanism could be id entified. C. finmarchicus 5–6 abundance
decreased in the 1990s and increased after 2001, while the other tw
o species
showed the opposite pattern. Centropages typicus and M. lucens abundance on the
Scotian shelf increased with rising tem perature. This is attr ibuted to in creased
production rates for the for mer and an increased influx of warm , M. lucens-rich,
slope water on to the shelf for the latter. A comparison between ring net and CPR
sampling on the Newfoundland shelf suggests that the Calanus 1–4 category is
dominated by C. finmarchicus and that late stage C. glacialis and C. hyperboreus
are grossly under-sampled compared to late stage C. finmarchicus.
Jones, J. B., and S. E. Cam pana, 2009, Stable oxygen isotope reconstruction of ambient
temperature during the collapse of a cod (
Gadus morhua) fishery, Ecological
Applications, 19:1500–1514, doi:10.1890/07-2002.1
Changing environmental conditions set ag ainst a backdrop of high exploitation
can result in severe consequences fo
r commercially harvested stocks. The
collapse of the Eastern Scotian Shelf cod ( Gadus morhua L.) off eastern Canada
was primarily due to overexplo itation but may have been exacerb ated by a
widespread temperature decline. Recent studies have called for accurate
determination of ambient temperature (the actual temperature exposure history of
the fish) before discarding environm ental conditions as a factor in the collapse.
We used the stable oxygen isotope composition of otoliths (δ18Ooto) to reconstruct
the ambient temperature history of East ern Scotian Shelf cod from 1970 to 2000
in order to determ ine whether the stock experienced the temperature d ecline or
shifted their distribution to avoid it. To correct δ18Ooto for seawater isotop e
content (δOw), we generated a new meta-equation for the relationship between
δ18Ow (per m il) and salinity ( S, in psu) on the Eastern Scotian Shelf: δ18Ow =
0.539 × S − 18.790. The am bient temperature series revealed that the large-scale
geographic distribution of m ature cod remained constant through the cooling
period, although their ambient tem perature was cooler than expected in warm er
periods and warmer than expected in cooler periods, indicating sm all-scale
thermoregulatory movement. Although the m ean hydrographic tem perature was
4°C, mature cod usually inhabited the coldest available w aters (mean ambient
temperature = 3°C), wh ile the juve niles usually inhabited warm er waters (m ean
ambient temperature = 5.5°C). Length-at-a ge was significantly related to am bient
temperature, especially in th e early years of growth, and therefore declining
ambient temperatures were at least partially responsible for declines in asymptotic
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length (up to age 8 yr). The m ost active thermoregulatory m ovement occurred
during a m oderate warming period; theref ore extreme warming events (such as
those predicted under climate change) may force large-scale northward latitudinal
shifts in this historically sedentary stock. Retroactive stable isotope chronologies
can be an important tool in sustainable management strategies under the shifting
climate conditions predicted for years to come.
Koeller, P., C. Fuentes-Yaco, T. Platt, S. Sathyendranath, A. Richards, P. Ouellet, D. Orr,
U. Skúladóttir, K. W ieland, L. Savard, a nd M. Aschan, 2009, Basin- scale coherence in
phenology of shri mps and phytoplankton in the North Atlantic Ocean,
Science,
324(5928): 791-793, doi:10.1126/science.1170987
Climate change could lead to m ismatches between the reproductive cycles of
marine organisms and their planktonic food. We tested this hy pothesis by
comparing shrimp (Pandalus borealis) egg hatching tim es and satellite-derived
phytoplankton bloom dynamics throughout the North Atlantic. At large spatial
and long temporal (10 years or longer) s cales, hatching was co rrelated with the
timing of the spring phytoplankton bloom . Annual egg development and hatching
times were determ ined locally by b ottom water tem perature. We conclude that
different populations of P. borealis have adapted to local temperatures and bloom
timing, matching egg hatching to food avai lability under average conditions. This
strategy is vulnerable to interannual oceanographic variability and long-term
climatic changes.
Lehmann, M. K., K. Fennel, and R . He, 2009, Statistical validation of a 3-D bio-physical
model for the western North Atlantic, Biogeosciences, 6: 1961-1974
High-resolution, physical-biological models of coastal and shelf regions typically
use a single functional phytoplankton group, which limits their ability to represent
ecological gradients (e.g. highly productive shelf systems adjacent to oligotrophic
regions), as these are dominated by different functional phytoplankton groups. We
implemented a size-structured eco system model in a high-resolution, regional
circulation model of the northeast North American shelf and adjacent deep ocean
in order to assess whether the added f unctional complexity of two functiona l
phytoplankton groups improves the m odel's ability to represen t surface
chlorophyll concentrations along an
ecological gradient encom passing five
distinct regions. We used satellite-de rived SST and sea-surface ch lorophyll for
our model assessment, as these a llow investigation of spatial variability and
temporal variations from
monthly to interannual, and
analyzed three
complimentary statistical measures of model-data agreement: model bias, root
mean square erro r and model efficiency (or skill). All three m easures were
integrated for the whole dom ain, for distinct subregions and were calculated in a
spatially explicit manner. Comparison with a previously published simulation that
used a m odel with a single phytoplankton functional group i ndicates that the
inclusion of an additional phytopla
nkton group representing picoplankton
markedly improves the model's skill.
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Li, W. K. W., M. R. Lewi s, and W. G. Harrison, 2008, Mu ltiscalarity of the nutrientchlorophyll relationship in coastal phytoplankton, Estuar. Coasts, 33(2): 440-447,
doi:10.1007/s12237-008-9119-7
The relationship between nitrogen (N) and phytoplankton chlorophyll a (Chl)
establishes a basis for understanding eutrophication in coastal marine ecosystems.
A substantial literature exists on cross-ecosystem analysis of this relationship, but
there is little inf ormation on cross -scale patterns. A collection of observational
records in Bedford Basin (Canada) was us ed to construct the N–Chl relationship
at four tim e scales: intra-d ay, intra-annual, interannual, and interdecadal.
Additionally, a dataset o f contingent observations from 16 biogeochemical ocean
provinces was used to construct the N–Chl relationship at large spa tial scale. In
Bedford Basin, N statistically predicts Chl at time scales that are short (intra-d ay,
intra-annual) and long (interdecadal) but no t intermediate (interannual). There is
an apparent stoichiometric regularity in the dep endence of Chl on N that crosses
time scales. Further, an apparent similitude exists between the loc al pattern at
long time scale and the global pattern at large space scale.
Li, W. K. W. and W . G. Harrison, 2008, Propagation of an at mospheric climate signal to
phytoplankton in a s mall marine basin, Limnol. Oceanogr., 53(5): 1734-1745,
doi:10.4319/lo.2008.53.5.1734
A 14-yr record of weekly observations in Bedford Basin (Canada) was used to
describe the direction and m agnitude of departures fro m long-term mean
conditions in both climate and plankton components, for the purpose of detecting
common patterns. Seasonal vertical stratification of the water colum n is
determined primarily by tem perature, but multiyear change in
the annua l
deseasonalized average stratification is induced by sa linity, which is linked to
precipitation and river disc harge. Stratification anom alies explain significant
amounts of variability in the ano malies of nutrients and total phy toplankton
biomass, especially that contributed
by diatom s, but not the biom ass of
nanophytoplankton and picophytoplankton. Inst ead, the responses of the s mall
phytoplankton groups appear directly rela ted to tem perature. Trophic linkage
between phytoplankton and copepods is not statistically demonstrable, but there is
strong evidence of linkage between
phytoplankton and bacterioplankton.
Temporal sign switching, which is the c oherent departure from norm in both an
ecosystem driver and response, strong ly indicates the propagation of an
atmospheric signal to phytoplank ton in surface waters o f Bedford Basin and
thence further through trophic linkage and export.
Mattern, J. P., M. Dowd, and K. Fennel, 2010, Sequential data assi milation applied to a
physical-biological model for the Ber muda Atlantic Tim e Series station, J. Mar.
Sys., 79(1-2): 144-156, doi:10.1016/j.jmarsys.2009.08.004
In this s tudy, we investiga te sequential data assimilation approaches for state
estimation and prediction in a coupled physical–biological model for the Bermuda
Atlantic Time Series (BATS) site. The model is 1-dimensional (vertical) in space
and based on the General Ocean Turbulence Model (GOTM). Coupled to GOTM
is a biological m odel that includes phyt oplankton, detritus, di ssolved inorganic
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nitrogen, chlorophyll and oxygen. W e performed model ensemble runs by
introducing variations in the biological parameters, each of which was assigned a
probability distribution. We compare and contrast here 2 sequ ential data
assimilation methods: the ensemble Ka lman filter (EnKF) and sequential
importance resampling (SIR). W e assimilated different types of BATS
observations, including particulate organic nitrogen, nitrate + nitrite, chlorophyll a
and oxygen for the 2-year period from January 1990 to Decem
ber 1991, and
quantified the impact of the data as similation on the model's predictive skill. By
applying a cross-validation to the data-as similative and deterministic simulations
we found t hat the predictive skill was i mproved for 2-week forecasts. In our
experiments the EnKF, which exhibited a stronger effect on the ensem ble during
the assimilation step, showed slightly hi gher improvements in the predictive skill
than the SIR, which preserves dyna
mical model consistency in our
implementation. Our num erical experiments show that statistical properties
stabilize for ensemble sizes of 20 or greater with little improvement for larger
ensembles.
Mattern, J.P., K. Fennel, and M. Dowd, 2010, Introduction and assessment of measures
for quantitative model-data comparison using satellite im ages, Remote Sensing, 2(3):
794-818, doi:10.3390/rs2030794
Satellite observations of the ocean s have great potential to im prove the quality
and predictive power of numerical ocean models and are frequently used in model
skill assessment as well a s data a ssimilation. In th is study we intro duce and
compare various measures for the quantitative comparison of satellite images and
model output that have not been used in this context before. We devised a series
of test to c ompare their performance, including their s ensitivity to n oise and
missing values, which are ubiquitous in sa tellite images. Our results show that
two of our adapted m easures, the Adapted Gray Block distance and the entropic
distance D2, perform better than the comm only used root m ean square error and
image correlation.
Pahlow, M., A. F. Vézina, B. Casa ult, H. Maass, L. Malloch, D. G. W right, and Y. Lu,
2008, Adaptive m odel of plankton dynam ics for the North Atlantic, Prog. Oceanogr.,
76(2): 151-191, doi:10.1016/j.pocean.2007.11.001
Plankton ecosystems in the North Atlantic display strong regional and interannual
variability in productivity and trophic st ructure, which cannot be captured by
simple plankton models. Additional compartments subdividing functional groups
can increase predictive power, bu t the high number of param eters tends to
compromise portability and robustness of model predictions. An alternative
strategy is to use property state variables, such as cell size, normally considered
constant parameters in ecosystem models, to define the structure of functional
groups in terms of both behaviour and response to physic al forcing. This strategy
may allow us to sim ulate realistically regional and tem poral differences am ong
plankton communities while keeping model complexity at a minimum.
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We fit a model of plankton and DOM
dynamics globally and individually to
observed climatologies at three divers e locations in the North Atlantic.
Introducing additional property state variables is shown to improve the model fit
both locally and globally, make the model more portable, and help identify model
deficiencies. The zooplankton formula tion exerts strong control on m
odel
performance. Our results suggest that
the current paradigm on zooplankton
allometric functional relationships m ight be at odds with observed plankton
dynamics. Our param eter estimation resulted in m ore realistic estim ates of
parameters important for prim ary production than previous data assim ilation
studies.
Property state variables gene rate complex emergent functional relationships, and
might be used like tracers to differentia te between locally pr oduced and advected
biomass. The model results suggest that the observed tem perature dependence of
heterotrophic growth efficiency [R ivkin, R.B., Legendre, L., 2001. Biogenic
carbon cycling in the upper ocean: effects of microbial respiration. Science 291
(5512) 2398–2400] could be an e mergent relation due to intercorrelations a mong
temperature, nutrient concentration and growth efficiency. A major advantage of
using property state variables is that no additional parameters are required, such
that differences in model performance can be directly related to model structure
rather than parameter tuning.
Shackell, N. L., K. T. Frank, J. A. D. Fisher, B. P etrie, and W. C. Leggett, 2009, Decline
in top predator body size and changing clim ate alter trophic structure in an oceanic
ecosystem, Proc. R.. Soc. B. Biol. Sci., doi:10.1098/rspb.2009.1020
Globally, overfishing large-bodied gr oundfish populations has resulted in
substantial increases in th eir prey populations. Where it has been exam ined, the
effects of overfishing have cascaded down the food chain. In an intensively fished
area on the western Scotian Shelf, Northwest Atlantic, the biomass of prey species
increased exponentially (doubling tim e of 11 years) even though the aggregate
biomass of their predators remained stable over 38 years. Concomitant reductions
in herbivorous zooplankton a nd increases in phytoplankt on were also evident.
This anomalous trophic pattern led us to examine how declines in predator body
size (approx. 60% in body m ass since the early 1970s) and clim atic regime
influenced lower trophic levels. The incr ease in prey biom ass was associated
primarily with declines in predator body size and secondarily to an increase in
stratification. Sea surface temperature and predator biom ass had no influence. A
regression model explained 65 per cent
of prey biom ass variability. Traitmediated effects, namely a reduction in predator size, resulted in a weakening of
top predation pressure. Increased stra tification may have enhanced growing
conditions for prey fi sh. Size-selective harvesting under changing clim atic
conditions initiated a trophic restructuring of the food ch ain, the effects of which
may have influenced three trophic levels.
Snelgrove, P. V. R., I. R. Bradbury, B. deYoung, and S. Fraser, 2008, Temporal variation
in fish egg and larval production by pelagic and bottom
spawners in a large
237

Newfoundland coastal em bayment, Canadian J. Fish. Aquatic Sci. 65: 159-175,
doi:10.1139/f07-148
In highly seasonal environments such as coastal Newfoundland, local production,
advection, and life history m ay influence ichthyoplankton community structure.
The spring bloom occurs in cold water that slows developm ent of eggs from
pelagic spawners and m ay transport pr opagules from optimal nearshore areas
before hatch. For bottom spawners that affix eggs to the bottom , the problem is
reduced because only actively swimming
larval stages are pelagic. W
e
hypothesize that larvae of pelagic spawners are lim ited to warm er, summer
waters, whereas larvae of bottom spawners are less constrained temporally and
less subject to flushing from the near shore environment. Ichthyoplankton taxa
sampled in Placentia Bay, Newfoundla nd, during spring–summer in 1 997–1999
showed consistent seasonal peaks in e gg and larval abundance. Although pelagic
egg production spanned spring and summ er, larval abundance peaked late in
summer or early fall in the m ost productive areas of the bay. Larval abundance of
bottom spawners peaked in spring for most taxa. Thus, pelagic eggs hatch quickly
in summer, and larvae can utilize the la te peak in nearshore copepod abundance.
Bottom spawners can utilize spring zooplankton because tem perature-dependent
development does not influence egg advection. Coastal advection and temperature
influence how different life history groups exploit spatia l and temporal peaks in
production.

4.7 Atmosphere-Ocean
Wang, L., R. M. Moore, and J. J. Cullen, 2009, Methyl iodide in the NW Atlantic: Spatial
and seasonal variation, J. Geophys. Res., 114, C07007, doi:10.1029/2007JC004626
While the global oce an is an importan t source of atm ospheric methyl iodide
(CH3I), the major producers of CH 3I within the ocean rem ain unclear. During a
seasonal study in the NW Atlantic, the relationship between CH 3I and som e
characteristic phytoplankton pigments was examined in order to identify possible
phytoplankton producers of CH 3I. Although no characteristic pigm ents exhibited
a strong pos itive correlation with C H3I, in the surface m ixed layer, there was a
weak correlation (R = 0.35, n = 70, p = 0.003) between the concentrations of CH3I
and zeaxanthin, a pigm ent characteristic of cyanobacteria in the open ocean. In
this study, a m oderate correlation was obs erved between the surface m ixed layer
CH3I concentration and depth-averaged daily radiant exposure ( R = 0.61, n = 15,
p = 0.02), which ind icates a po sitive influence of solar rad iation on CH 3I
production. However, the results from this study do not conclusively show
whether the influence was exerted thr ough photochemistry or other pathways. A
positive correlation between the CH 3I concentration and sea surface tem perature
was also observed (R = 0.61, n = 79, p 0.001).
Zhai, X., and R. J. Greatbatch, 2007, W ind work in a m odel of the northwest Atlantic
Ocean, Geophys. Res. Lett., 34, L04606, doi:10.1029/2006GL028907
The work done by the wind over the northwest Atlantic Ocean is exam ined using
a realistic h igh-resolution ocean m odel driven by synoptic wind forcing. Two
model runs are conducted with the differe nce only in the w ay the wind stress is
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calculated. Our results show that th e effect of including ocean surface curren ts in
the wind stress form ulation is to reduce the total wind work integ rated over the
model domain by about 17%. The reduction is caused by a sink term in the wind
work calculation associated with the presence of ocean cu rrents. In addition, the
modelled eddy kinetic energy decreases by about 10%, in response to direct
mechanical damping by the surface s tress. A simple scaling argument shows that
the latter can be expected to be more important than bottom friction in the energy
budget.
Zhai, X., R. J. Greatbatch, and C. Eden, 2007, Spreading of near-inertial energy in a
1/12° model of the North Atlantic Ocean,
Geophys. Res. Lett., 34, L10609,
doi:10.1029/2007GL029895
Near-inertial energy in the ocean is thought to be redistribu ted by β-dispersion,
whereby near-inertial waves generated at the surface by wind forcing p ropagate
downward and equatorward. In this letter, we exam ine the spread ing of nearinertial energy in a r ealistic 1/12° model of the North Atlantic d riven by
synoptically varying wind forcing. W e find that (1) near-i nertial energy is
strongly influenced by the m esoscale eddy field and appears to be locally drained
to the deep ocean, largely by the chim ney effect associated with anticyclonic
eddies, and (2) the interior of the subtropi cal gyre shows very low levels of nearinertial energy, contrary to expectations based on the β-dispersion effect.

4.8 Coastal and Nearshore Processes
Almeida, E., M. Dowd, J. M. Flemm
ing, and W . K. W. Li, 2009, Extraction of
interannual trends in seasonal ev ents for ecological tim e series, Limnol. Oceanogr., 7:
833-847
The statistical analysis of environmental monitoring data is an important issue in
detecting year-to-year changes in leve ls and tim ings of im portant ecological
events. In m any cases, this trend detection must explic itly view interannual
changes from the context of an evolvi ng seasonal cycle. This s tudy analyses
weekly sampling data from a long-term ocean monitoring program near Halifax,
Nova Scotia, Canada. A state space m
odel of evolving seasonality with a
quadratic trend is fit to these tim e series to ex tract the signal from the noisy and
irregularly sampled data. The p rocedure uses Kalman filter innovations to
estimate model parameters. A fixed interval smoother is th en applied to estimate
the system state. The result ant state estim ates are subjected to a trend analysis
carried out with respect to key ecological events: the level and timing of the peak,
trough, spring, and fall abundances. These ev ents are identifie d using derivative
information, followed by a regression-base d trend analysis. The analysis found a
number of s ignificant linear trends in the biogeochemical variables considered.
More generally, the approach used here is suitable for use with m onitoring data
exhibiting a unimodal seasonal signal with noise and missing values.
Lin, Y., R. J. Greatbatch, and J. Sheng, 2010, The influence of Gulf of Mexico Loop
Current intrusion on the trans port of the Florida Current, Ocean Dyn., 60(5): 1075-1084,
doi:10.1007/s10236-010-0308-0
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Based on an em pirical orthogonal function an alysis of satellite altim eter data,
guidance from numerical model results, and CANEK transport es timates, we
propose an index, based on di fferences in satellite-m easured sea surface height
anomalies, for measuring the influence of Gulf of Mexico Loop Current intrusion
on vertically integrated transport vari ability through the Yucatan Channel. We
show that the new index is significantly correlated at low frequencies (cut-off
120 days) with the cable estimates of transport between Florida and the Bahamas.
We argue that the physical basis for the correlation is the geom etric connectivity
between the Yucatan Channel and the Straits of Florida.
Zhai, L., J. Sheng, and R. J. Greatbatch, 2007, Ob servations of the dynamical response of
a coastal embayment to wind, tide, and buoyancy forcing, Cont. Shelf Res., 27(20): 25342555, doi:10.1016/j.csr.2007.07.001
Sea level, current, and hydrographic obs ervations made in Lunenburg Bay of
Nova Scotia, Canada, in the summ er and fall of 2003 are used to investigate the
dynamical response of the bay to wind, tide and buoyancy forcing. The
was similar to that on the
temperature and salinity va riability at periods of
inner Scotian Shelf, whereas th e variability at periods of 1–
was mainly
related to the local wind forcing. The five m ajor tidal constituents (M2, N2, S2, K1
and O1) extracted from the observed sea le vels accounted for about 99% of the
total tidal variance during the study period. Tidal eleva tion in Upper South Cove
had reduced amplitude and a phase lag of about an hour compared to Lunenburg
Bay itself. The observed non-tidal sea leve ls were related w ith the local wind
forcing. The semi-diurnal M2 tidal flow extracted from current measurements was
the major tidal cons tituent. The obser ved non-tidal currents had significant
temporal variation, with the first E OF (empirical orthogonal function) correlated
with the local wind forcing and the s econd EOF being weakly related to the
baroclinic transport into the bay esti mated using the thermal wind relation. The
first EOF was characterized by inflow on one si de of the bay and outflow on the
other. It is shown that the circulation variability associated with the first EOF
played an important role in the heat budget of the bay, exchanging heat (and also
salt) with the neighbouring inner Scotian Shelf.
4.8.1 Modelling
Lin, Y., R. J. Greatbatch, and J. Sheng, 2009, A model study of the ve rtically integrated
transport variability through the Y ucatan Channel: Role of Loop Current evolution and
flow compensation around Cuba,
J. Geophys. Res., 114, C08003,
doi:10.1029/2008JC005199
The relationship between Loop Current in trusion in the Gulf of Mexico and
vertically integrated transport vari ations through the Y ucatan Channel is
examined using models and the available observations. Transport in the model is
found to be a m inimum when the Loop Curre nt intrudes strongly into the Gulf of
Mexico, typically just before a ring is sh ed, and to be a m aximum during the next
growth phase in associati on with the buildup of warm water off the northwest
coast of Cuba. We argue that the transpor t variations are part of a “com pensation
effect” in which transport variations through the Yucatan Channel are at least
240

partly compensated by flow around Cuba. Numerical experiments show that the
transport variations result from the interaction between the dens ity anomalies
associated with Loop Current intrusi on and the variable bottom topography. The
compensation effect is also shown to opera te at shorter time scales (less than 30
days) in association with wind forcing.
Sheng, J. and B. Yang, 2008, Process study of co astal circulation over the inner Scotian
Shelf using a nested-grid ocean circulation model, with a special emphasis on the storminduced circulation during tr opical storm Alberto in 2006, Ocean Dynamics, 58(5-6):
375-396, doi:10.1007/s10236-008-0149-2
This study exam ines main physical pro cesses affecting the three-dimensional
(3D) circulation and hydrographic distributions over the inner Scotian Shelf (ISS)
in June and July 2006 using a nested-g rid coastal ocean circulation modeling
system known as the NCOPS-LB. The nest ed-grid system has five relocatable
downscaling submodels, with the outerm ost submodel of a coarse horizontal
resolution of (1/12)° for simulating storm surges and barotropic shelf waves over
the Eastern Canadian sh elf and th e innermost submodel of a fine resolution of
∼180 m for simulating the 3D coasta l circulation and hydrography over
Lunenburg Bay of Nova Scotia in the de fault setup. The NCOPS-LB is driven by
meteorological and astronom ical forcing and used to study the storm -induced
circulation over the ISS during tropical storm Alberto. Model results demonstrate
that the co astal circulation and h ydrographic distributions over the ISS are
affected significantly by tides, local wi nd forcing, and remotely generated coastal
waves during the study period.
Sheng, J. and B. Yang, 2010, A Nested-Grid Ocean Circulation Model for Si mulating
Three-Dimensional Circulation and Hydrography over Canadian Atlantic Coastal Waters,
Terrestrial,
Atmospheric
and
Oceanic
Sciences,
21(1):
27-44,
doi:10.3319/TAO.2009.06.08.01
A one-way nested-grid coastal ocean circ ulation modeling system was developed
for Canadian Atlantic coasta l waters based on an operational prototype shelf
circulation forecast system known as Dalcoas t3 and a high-reso lution coastal
circulation model developed for Lunenburg Bay (LB) of Nova Scotia. The nestedgrid system consists of five relocat able downscaling sub-models, including the
outermost sub-model covering the eastern Canadian shelf with a coarse horizontal
resolution of 1/12°, and the innermost
sub-model covering LB with a fine
resolution of about 180 m . The nested-g rid system is driven by m eteorological
forcing converted from three-hourly w eather forecast fields provided by the
Meteorological Service of Canada and tidal forcing produced by W ebTide using
pre-calculated tidal harmonic constants. The nested-grid system is used to
simulate the dyna mic response of c oastal waters over the inner Scotian Shelf in
June and July 2006. A comparison of model results with observations made in LB
demonstrates that the NCOPS-LB perf orms reasonably well in simulating sea
surface elevations and tidal currents, and less well in sim ulating hydrography and
non-tidal currents over the inner shelf.
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Sheng, J., J. Zhao, and L. Zhai, 2009, Exam
ination of circulation, dispersion and
connectivity in Lunenburg Bay of Nova Sco tia using a nested-grid circulation m odel – J.
Mar. Sys., 77(3): 350-365, doi:10.1016/j.jmarsys.2008.01.013
A coastal ocean observatory has been es tablished in Lunenburg Bay, Nova Scotia
since summer 2002 as part of a m
ulti-agency research program of m arine
environmental observation and prediction over Atlantic Canada coastal waters.
The observatory was operational when a cat egory-2 hurricane (Juan) m ade land
fall within 50-km of the bay in Septem ber 2003. The coastal response of the bay
to Hurricane Juan is exam ined using a nested-g rid coastal circulation modelling
system. The nested -grid system is forced by th e local wind, tides, and rem otely
generated coastal waves. A com parison of model results with observed surface
elevations and currents demonstrates that the n ested-grid system has reasonable
skills in simulating the three-dim ensional (3D) storm-induced circulation in the
study region. The 3D model currents ar e used to exam ine the transport and
dispersion of passive tracers, local flus hing time, and retention and connectivity
of passive particles in the bay duri
ng Hurricane Juan. Num erical results
demonstrate that local wind forcing play s a dom inant role in generating large
dispersion and hydrodynamic connectivity in the bay during the storm.
Sheng, J. and B. Yang, 2010, A nes ted-grid ocean circulation model for simulating threedimensional circulation and hydrography ove r Canadian Atlantic coastal waters, Terr.
Atmos. Ocean. Sci., 21(1): 27-44, doi:10.3319/TAO.2009.06.08.01(IWNOP)
A one-way nested-grid coastal ocean circ ulation modeling system was developed
for Canadian Atlantic coasta l waters based on an operational prototype shelf
circulation forecast system known as Dalcoas t3 and a high-reso lution coastal
circulation model developed for Lunenburg Bay (LB) of Nova Scotia. The nestedgrid system consists of five relocat able downscaling sub-models, including the
outermost sub-model covering the eastern Canadian shelf with a coarse horizontal
resolution of 1/12°, and the innermost
sub-model covering LB with a fine
resolution of about 180 m . The nested-g rid system is driven by m eteorological
forcing converted from three-hourly w eather forecast fields provided by the
Meteorological Service of Canada and tidal forcing produced by W ebTide using
pre-calculated tidal harmonic constants. The nested-grid system is used to
simulate the dyna mic response of c oastal waters over the inner Scotian Shelf in
June and July 2006. A comparison of model results with observations made in LB
demonstrates that the NCOPS-LB perf orms reasonably well in simulating sea
surface elevations and tidal currents, and less well in sim ulating hydrography and
non-tidal currents over the inner shelf.
Thompson, C., L. Sm ith, and R. Maji, 2007, Hydrogeological m odeling of subm arine
groundwater discharge on the cont inental shelf of Louisiana, J. Geophys. Res., 112,
C03014, doi:10.1029/2006JC003557
A regional scale hydrogeologic model has
been developed to estim ate the
magnitude of subm arine groundwater di scharge to the coastal waters of
southeastern Louisiana. The m odel domain incorporates both the onshore
recharge area of terrestrially derived fr eshwater, and fluid ci rculation within the
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sediments on the continental shelf. Th
e hydrogeologic pr operties of these
sediments, which form part of the Coas tal Lowlands Aquifer System , have been
well-characterized in earlie r studies. The low topographi c relief of the coastal
plain and an extensive zone of seawat
er intrusion are key features of the
groundwater flow system. Model calculatio ns suggest that no water containing a
substantial component of terrestrial orig in discharges on the continental shelf.
Rather the near-shore coastal zone serves as a groundwater recharge area of saline
water that then forms the seawater recirculation system beneath the coastal plain.
The modeling results are consistent with interpretations of the rates of submarine
groundwater discharge derived from
geochemical tracers, presented in a
companion paper by McCoy et al. (2007).
Thompson, K. R., K. Ohashi, J. Sheng, J. Bobanovic, and J. Ou, 2007, Suppressing bias
and drift of coastal circulation m odels through the assimilation of seasonal climatologies
of
temperature
and salinity,
Cont.
Shelf
Res.,
27(9):
1303-1316,
doi:10.1016/j.csr.2006.10.011
Recently Thompson et al. (2006. A simple method for reducing seasonal bias an d
drift in eddy resolving ocean models. Ocean Modelling 13, 109–125.) proposed a
new method for suppressing the b ias and dr ift of ocean circulation m odels. The
basic idea is to nudge the m odel toward gridded clim atologies of observed
temperature and salinity in prescrib ed frequency–wavenumber bands; outside of
these bands the model's dynamics are not directly affected by the nudging and the
model state can evolve prognostically. Gi ven the restriction of the nudging to
certain frequency–wavenumber bands, th e method is termed spectral nudging.
The frequency–wavenumber bands are chosen to cap ture the inf ormation in the
climatology and thus are centered on the clim atological frequencies of zero, one
cycle per year and its harmonics, and also low wavenumbers (reflecting the
smooth nature of gridded clim atologies). The new method is applied in this study
to a f ully nonlinear, 3D baroclinic circ ulation model of the contin ental shelves
and inland seas of Atlantic Canada and the northeast US. It is shown that the
scheme can suppress drift and bias in a nine m
onth integration (F ebruary–
October, 2002) while still allowing realisti c evolution of tides, surges and wind
and tide-driven coastal upwelling. It is al so shown that density stratification can
affect significantly tid al elevations in some regions. The implications for ocean
hindcasting and short-term forecasting are discussed.
Zhai, L. and J. Sheng, 2008, Im prove the u tility of a co astal circulation m odel by
assimilating hydrographic observations into the m odel momentum equation, Geophys.
Res. Lett., 35, L24603, doi:10.1029/2008GL035640
A numerical scheme is presented to assi milate hydrographic observations into the
momentum equation of a lim ited-area coastal ocean circulation model. This new
scheme has an advantage of assimila ting observed hydrography into the m odel
momentum equations and leaving the model temperature and salinity equations to
be fully prognostic and is well suited for tracer studies. The perform ance of this
new scheme is assessed using a nested-g rid coastal circulation m odel developed
for Lunenburg Bay of Nova Scotia, Canada . Model results dem onstrate that this
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new scheme im proves significantly the pe rformance of the coastal circu lation
model in simulating the temperature and salinity distributions and circulation over
coastal waters.
Zhai, L., J. Sheng, and R. J. Greatbatch,
2008a, Application of a nested-g rid ocean
circulation model to Lunenburg Bay of Nova Scotia: Verification against observations, J.
Geophys. Res., 113, C02024, doi:10.1029/2007JC004230
A nested-grid ocean circulation m odeling system is used to study the response of
Lunenburg Bay in Nova Scotia, Canada, to local wind-forcing, tides, rem otely
generated waves, and buoyancy forcing in the summer and fall of 2003.
Quantitative comparisons between observations and m odel results demonstrate
that the m odeling system reproduces re asonably well the observed sea level,
temperature, salinity, an d currents in th e bay. Num erical results reveal that the
spatial and temporal variability of temperature and salinity in the bay d uring the
study period is mainly forced by the local wind stress and surface heat/freshwater
fluxes, with some contribution from tidal circulation. In particular, the local heat
balance on the m onthly timescale is dom inated by cooling due to vertical
advection and warm ing due to horizontal advection and n et surface heat flux,
while high-frequency variations (timescales of 1–30 days) are m ainly associated
with vertical advection, i.e., wind-i nduced upwelling and downwelling. There is
also a strong baroclinic throughf low over the deep water region outside
Lunenburg Bay that is strongly influen ced by wind-forcing. The vertically
integrated momentum balance a nalysis indicates a modified geostrophic balance
on the monthly timescale and longer, and is dominated by the pressure term and
wind minus bottom stress in the high-frequency band.
Zhai, L., J. Sheng, and R. J. Greatbatc h, 2008b, Baroclinic dynam ics of wind-driven
circulation in a stratified bay: A num erical study using m odels of varying com plexity,
Cont. Shelf Res., doi:10.1016/j.csr.2008.05.005
The baroclinic response of a stratifi ed coastal e mbayment (Lunenburg Bay of
Nova Scotia) to the observed wind forc ing is exam ined using two num erical
models. A l inear baroclinic m odel based on the norm al mode approach shows
skill at reproducing the observed is otherm movements and sub-surface curren ts
during a time of strong stratification in the bay. The linea r model also shows that
the isotherm movement in Lunenburg Bay is influenced by the wind forcing and
propagation of baroclinic Kelvin waves from neighbouring Mahone Bay. The
effects of nonlinearity and topography are investigated using a three-dim ensional
nonlinear coastal circulation model. The nonlinear model results demonstrate that
the nonlinear advection term s generate a gyre circulation at the en trance of
Lunenburg Bay, and the slope bottom
topography at the m outh of the bay
strengthens the sub-surface time-mean inflow on the southern side of the bay. A
comparison of m odel-calculated currents in different num erical experiments
clearly shows that baroclinicity plays a dominant role in the dynam ics of winddriven circulation in Lunenburg Bay.
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4.8.2 GOMOOS
Bogden, P., J. Cannon, R. Y. Morse, I. Og ilvie, B. Blanton, and W . Perrie, 2008, A
Glimpse of the Future Web: Forecasti ng storm damage on the Maine coast, J. Ocean
Technol., 3(3): 7-11
No abstract, this is the introduction
The Internet has helped globalize the economy and change social interactions, but
the full impact on coastal science has yet to be realized. This essay provides a
glimpse of the future. We de monstrate how Web 2.0 technologies can stream line
the transition from research to practical applications. Our partners at the National
Weather Service (NW S) are m eteorologists whose forecast warnings save lives
and livelihoods. Our research partners work on the m ost advanced technologies
on the plan et for environm ental prediction. Gulf of Maine Ocean Observin g
System (GoMOOS), Inc. ( www.GoMOOS.org) has brought these two
communities together to prototyp e new ways to m itigate the im pact of coastal
storms in New England. A case study tells the story.
Pettigrew, N. R., H. Xue, J. D. I rish, W. Perrie, C. S. Roesle r, A. C. Thomas, and D. W.
Townsend, 2008, The Gulf of Maine Ocean Obse rving System: Generic lessons learned
in the first seven year s of operation (2001-2008), Mar. Technol. Soc. J., 42(3): 91-102,
doi:10.4031/002533208786842444
The Gulf of Maine Oc ean Observing System (GoMOOS) was estab lished in the
summer of 2001 as a protot ype real-time observing sy stem that now includes
eleven solar powered buoys with physical and optical sensors, four shore-based
long-range HF radar system s for surface current m easurement, operational
circulation and wave m odels, satellite observations, inshore nutrient monitoring,
and hourly web delivery of data. The observing system in the Gulf of Maine
(GoM) is one of the most comprehensive and operational of the Integrated Ocean
Observing Systems (IOOS) system s that have been established in the United
States to d ate. It has also been a ve ry successful system, with data retu rns
routinely in the 85-95% range.
The Gulf of Maine is a harsh operational environment. Winter storms pose severe
challenges, including high waves and th e build-up of sea i ce on buoy sensors,
superstructure, and solar panels, and in summer its productive waters present
severe biofouling problem s that can affect the optical sensors. The periods of
most difficult field operations often coincide with periods of greatest data value in
terms of marine safety, search and rescue, and monitoring biological productivity.
The challenges of the Gulf of Maine phys ical environment were paired with th e
unexpected challenges of the funding environm ent that have been the hallm ark of
the turn of this century. Funding for the system has been chronically short and
subject to the unpredictable fluctuations
of the congressional appropriations
process. The inadequacy and variability of funding has substantially hampered the
operations of m any of the Integrated Ocean Observing System s, including
GoMOOS, and has hindered technologica l advancements and m aintenance
measures. As a result, the design of the GoMOOS infrastructure is little improved
from that developed almost a d ecade ago, and it has deteriorated with age, usage,
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and suboptimal replacement schedules. In the absence of an adequate and reliable
funding stream, the system is fast approaching the end of its expected operational
lifetime. Unless th is trend is revers ed, the system will no longer well serve th e
many citizens, organizations, and agencies that have come to rely on the data it
provides.
In this article, we pres ent lessons learned by the scientific and technical groups
that have been responsible for the data acquisition of GoMOOS. We believe that
these lessons are generic, rather th an peculiar to the GoMOOS system, and that
they have value for others who are em barking on similar endeavors. However, it
is important to m ake clear tha t these lessons a re from the perspec tive of the
scientists, and that the views of others involved in complementary aspects of
GoMOOS, including public outreach, fundraising, a nd providing data and
products to the more general user community, are not represented here.
4.8.3 River Plumes
Milligan, T. G., P. S. Hill, and B. A. La w, 2007, Flocculation and th e loss of sedim ent
from
the Po River plum
e,
Cont.
Shelf
Res.,
27(3-4):
309-321,
doi:10.1016/j.csr.2006.11.008
In October 2000, a 100-year fl ood event in the Po River resulted in the for mation
of a fine-grained sedim ent deposit extending up to 10 km from the river m outh.
Soon after this event, and for a subse quent period of 2 years, box cores were
collected on a grid of stations off of th e Po Delta to observe the evolution of the
flood deposit. Using a process-based pa
rameterization of the disaggregated
inorganic grain size distribution, the evolut ion of the surficial sedim ent on the Po
shelf since the 2000 flood has been interp
reted in the context of particle
flocculation dynamics. This method produces estimates of floc limit, the diameter
at which the flux of single grains to the s eabed equals the flux of flocs, and floc
mass fraction, the amount of material deposited as flocs. Floc limit depends on the
extent of flocculation in suspension, and floc mass fraction describes the extent of
flocculation in the sedim ent. Immediately after the flood, these two param eters
were high at stations loca ted beneath the path of th e flood plume as observed in
satellite images. The occurrence of a highl y flocculated deposit below the path of
the plume leads to two hypotheses: (1) the high sedim ent concentration in the
river flood plume produced extensive sedim ent flocculation in the plum e and (2)
post-depositional remobilization of sedim ent delivered from the plume to the
seabed was limited in the relatively low-energy environment of the Po prodelta.
Floc limit and floc mass fraction estimated from bottom sediment sampling 3 and
10 months after the initia l sampling were lower, indicating that during nor mal
discharge, flocculated fine-grained sediment from the Po River settles close to the
mouth, leaving only a sm all amount of m aterial in suspension in the plum e for
direct deposition onto the prodelta. These findings are consistent with laboratory
studies of suspended sedim ent that s how that sedim ent concentration and
turbulent energy exert dominant control on the extent of flocculation and the loss
of sediment from suspension.
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4.8.4 Estuaries
Bourgault, D., D. E. Kelley, and P . S. Galbraith, 2008, T urbulence and boluses on an
internal beach, J. Mar. Res., 66(5): 563-588, doi:10.1357/002224008787536835
In a m anner similar to that of surface waves on beaches, high-frequency
interfacial waves (IW s) may break when approaching the ' internal coastline,'
where the undisturbed pycnocline intersects the shoaling bottom. This process has
been studied previously in idea lized laboratory and num erical experiments but
there are few field observations to docum ent the properties of I Ws shoaling on
natural internal beaches. This paper presents observations of currents, density and
turbulence collected in shore of the break point of an internal beach of the St.
Lawrence Estuary. A series of larg e- and sm all-amplitude complex-shaped and
unorganized internal boluses was observe d. The structure of these boluses is
discussed, along with their role in boundary turbulence and transport.
Curran, K. J., P. S. Hill, T. G. Milligan, O.
A. Mikkels en, B. A. Law, X. Durrieu de
Madron, and F. Bourrin, 2007, Settling velocity, effective density, and mass composition
of suspended sediment in a coastal bottom boundary layer, Gulf of Lions, France, Cont.
Shelf Res., 27(10-11): 1408-1421, doi:10.1016/j.csr.2007.01.014
Particle size distribution and size-specific settling velocity are critical parameters
for understanding the transport of fine sedi ment on continental m argins. In this
study, observed floc size versus settling velocity, volume distributions of particles
2 μm–1 cm in diam eter, and calculated eff ective densities for all par ticle sizes
provided estimates of the m ass distribution in suspension, which is used to
apportion mass among component particles, microflocs, and m acroflocs.
Measurements were m ade during relatively quiescent environm ental conditions.
Observations of size distributions based on mass demonstrate an increase in the
component particle fraction through tim e. The increase in the percentage of
component particles in suspension had im plications on water colum n properties,
as small changes in the component particle fraction affected water column optical
transmission in a way th at was not a s easily detected by changes in the volume
concentration distribution or total mass concentration. Flocs larger than 133 μm in
diameter only comprised one quarter to one third of the m ass in suspension. This
finding may explain why suspension bulk clearance rates are of ten an order of
magnitude lower than those predicted by other methods.
Mareuil, A., R. Leconte, F. Brissette, and M. Minville, 2007, Impacts of climate change
on the frequency and severity of floods in the Châteauguay River basin, Canada, Can. J.
Civil Eng., 34(9): 1048-1060, doi:10.1139/l07-022
This study aims at eval uating the hydrologic impacts of climate change on the
Châteauguay River basin in the province of Quebec, Canada. Three global climate
models (GCMs) covering a range of climate sensitivities were selected, and their
output was em ployed to adjust the param eters of a stochastic weather generator
using simple transformation rules for pr ecipitation and temperature. Values of
monthly precipitation and tem perature were extracted from the GCMs f or the
current (1960-1990) and future (2040-2060) climate. The I nternational Panel on
Climate Change em ission scenario known as B2 was selected. It represents an
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average scenario and corresponds approximately to a doubling of the atm ospheric
CO2 concentration. R esorting to stochast ically generated clim ate scenarios
allowed assessing whether the m odelled effects of climate change on flows were
statistically significant. Results ind icate that spring and su mmer-fall peak flows
were reduced on average by 30% and 12%, respectively, using the Echam4 model
derived scenarios. The Ha dcm3 model produced a weak er signal that was not
statistically significant. The CGCM2 m odel produced a statis tically significant
reduction in spring peak flows of 8% on average, whereas the simulated reduction
in summer flows was not statistically signi ficant for m any of the return periods
considered. Many sources of uncertainties we re partially considered in this study.
One is the downscaling of the GCM clim atology at the watershed scale. The
approach employed to generate the future clim
ate scenarios changed the
precipitation variability through an adjustment of the param eters of the Gamma
distribution function used to m odel precipitation amounts. Whether this approach
is truly typical of clim ate change effect remains to be ascertained. Using m ore
physically based hydrological m odels would help reduce uncertainties in clim ate
change impacts studies.
Rachel D. Simons, R. D. , S. G. Monismith, F. J. Saucier, L. E. Johnson, and G. W inkler,
2010, Modelling Stratification and Baroclinic Flow in the Estuarine Transition Zone of
the St. Lawrence Estuary, Atmos-Ocean, 48(2): 132–146, doi:10.3137/OC316.2010
This paper presents a hydrodynamic study of the St. Lawrence Estuary’s estuarine
transition zone, a 100 km region where fresh water from the river mixes with salt
water from the estuary. The circulation of the estuarine transition zone is driven
by strong tides, a large river flow, and we ll-defined salinity gradients. For this
study, a three-dim ensional hydrodynamic model was applied to the estuarine
transition zone of the St. Lawrence Estuary and u sed to examine stratification and
density-driven baroclinic flow. The model was calibrated to field observations
and subsequently predicted water level elevations, along-channel currents, and
salinity with m ean errors of less than 9%, 11%, and 17%, respectively. The
baroclinic density-driven currents were distinguished from the tidal barotropic
currents by using principal com ponent analysis. Stratification and baroclinic flow
were observed to vary throughout the estuarine transition zone on tidal and
subtidal spring-neap time scales. On a se midiurnal tidal time scale, stratification
was periodic, and baroclinic flow was re presented by pulses of sheared exchange
flow, suggesting that neither buoyancy forcing nor turbulent m ixing is dominant
at this scale. On a subtidal spring-n eap time scale, s tratification and b aroclinic
flow varied inversely w ith tidal energy, increasing on w eak neap tides and
decreasing on strong spring tides.
Zhang, Y., H. Xie, C. G. Fichot, and G. Chen, 2008, Dark production of carbon
monoxide (CO) from dissolved organic m atter in the S t. Lawrence estuarine system :
Implication for the global coas tal and blue water CO budgets, J. Geophys. Res., 113,
C12020, doi:10.1029/2008JC004811
We investigated the therm al (dark) production of carbon m onoxide (CO) from
dissolved organic matter (DOM) in th e water colum n of the St. L awrence
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estuarine system in sp ring 2007. T he production rate, Q co , decreased seaward
horizontally and downward vertically. Q co exhibited a positive, linear correlation
with the abundance of chrom
ophoric dissolved organic m atter (CDOM).
Terrestrial DOM was more efficient at producing CO than m arine DOM. The
temperature dependence of Q co can be characterized by th e Arrhenius equation
with the activation energies of freshwater samples being higher than those of salty
samples. Q co remained relatively constant be tween pH 4–6, increased slowly
between pH 6–8 and then rapidly with fu rther rising pH. Ionic strength and iron
chemistry had little influence on Q co . An empirical equation, describing Q co as a
function of CDOM abundance, tem perature, pH, and salinity, was established to
evaluate CO dark producti on in the global coastal wa ters (depth < 200 m ). The
total coastal CO dark production from DOM was estim ated to be from 0.46 to
1.50 Tg CO-C a −1 (Tg carbon from CO a −1). We speculated the global oceanic
(coastal plus open ocean) CO dark production to be in the range from 4.87 to 15.8
Tg CO-C a −1 by extra polating the coastal wa ter-based results to blu e waters
(depth > 200 m). Both the coastal and globa l dark source strengths are significant
compared to the corresponding photochem ical CO source strengths (coastal: ∼2.9
Tg CO-C a −1; global: ∼50 Tg CO-C a −1). Steady state d eepwater CO
concentrations inferred from Q co and microbial CO uptake rates are <0.1 nm ol
L−1.
4.8.5 Tidal Processes
Han, G., S. Paturi, B. deYoung, Y. Yi, and C.-K. Shum, 2010, A 3-D Data-Assimilative
Tidal Model of the Northwest Atla
ntic, Atmos.-Ocean, 47(4): 39–57,
doi:10.3137/OC303.2010
A three-dimensional (3-D) barotropic tidal model for the northwest Atlan tic is
developed for eight leading sem i-diurnal (M2, S2, N2, K2) and diurnal (K1, O1,
P1, Q1) tid al constituents based o n the Princeton Ocean Model (PO M). Multimission altimetric tidal data are assimilated into the model using a simple nudging
scheme. The assimilative model results are validated against independent in situ
observations and compared with a nonassimilative run and previous tidal models.
The root-sum-square error for the assim ilative M2, S2, N2, K1 and O1 tidal
elevations is 3.1 cm excluding the Bay of Fundy region and 11.1 cm otherwise.
Assimilation improves the accuracy of the m odel tidal elevation by 40–60% and
that of the tidal current s by 20–30%. The sem i-diurnal tidal currents agree better
with observations than do the diurnal c onstituents. The m odel K1 and O1 tidal
currents are intensified on several outer-shelf areas, qualitatively consistent with
shelf-wave theory and moored m easurements, but quantitatively overestim ated.
Results show that the present assim ilative model reproduces the pr imary tidal
constituents better than previous regional and inter-regional models. In particular,
the present model results are as accurate as those of Egbert and Erofeeva (2002)
for the northwest Atlantic shelf seas as a whole and better if the Bay of Fundy is
excluded, pointing to the importance of the high-resolution multi-satellite tides to
partially compensate for the simple assimilation technique.

249

Karsten, R. H., J. M. McMillan, M. J. Li ckley, and R. D. Haynes, 2008, Assessm ent of
tidal current energy in the Minas Passage, Bay of Fundy,
222(5): 493-507,
doi:10.1243/09576509JPE555
The tidal power available for electricity generation from in-stream turbines placed
in the Minas Passage of the Bay of F undy is exam ined. A previously derived
theory is adapted to m odel the effect of turbine drag on the flow through the
Minas Passage and th e tidal amplitude in the Minas Basin. The theoretica l
maximum power production over a tidal cycle is determined by the product of the
amplitude of the forcing tide in the Bay of Fundy and the undisturbed volum etric
flowrate through the Minas Passage. Although the extraction of the m
aximum
power will reduce the flow rate through the Mi nas Passage and th e tides in the
Minas Basin by over 30 per cent, a signifi cant portion of the maximum power can
be extracted with little change in tidal amplitude as the initial power genera tion
causes only an increase in the phase lag of the basin tides. Two-dimensional,
finite-element, numerical simulations of the Bay of Fundy–Gulf of Maine system
agree remarkably well with the theory. The simulations suggest that a m aximum
of 7 GW of power can be extracted by tu rbines. They also s how that any power
extraction in the Minas Passage pushes th e Bay of Fundy–Gulf of Maine system
closer to resonance with the forcing tides, resulting in increased tidal amplitudes
throughout the Gulf of Maine. Although extracting the maximum power produces
significant changes, 2.5 GW of power can be extracted with a m aximum 5 per
cent change in the tidal amplitude at any location. Finally, the simulations suggest
that a single turbine fence across the Minas Passage can extract the same power as
turbines throughout the passage but that partial turbine fences are less efficient.
4.8.6 Sea Level
Bernier, N. B. and K. R. Thom pson, 2007, Ti de-surge interaction off the east coast of
Canada and northeaste rn United States, J. Geophys. Res., 112, C06008,
doi:10.1029/2006JC003793
Sea level observations and a dynamical m odel are used to inve stigate tide-surge
interaction in the coas tal waters off the east coast of Canada and north ern USA.
The study is m otivated in pa rt by the need to im prove operational forecasts of
total water level and coasta l flooding. Two statistical m ethods are used to search
for evidence of tide-surge in teraction in hourly sea level records from 23 coastal
locations. The methods are based on comparison of the statistical properties of the
sea level residuals (observed sea level minus tide) occurring at different stages of
the tidal cycle. W hile recognizing the li mitations of such an approach, it is
concluded that tide-surge interaction does occur in the Northum berland Strait
which is lo cated in th e southern Gulf of St. Lawrence. Results f or the Gulf of
Maine and Bay of Fundy are less conclusi ve. A dynamical model is also used to
quantify tide-surge interact ion in the study region and to identify its physical
causes. Tide-surge interac tion in the m odel is stronge st in the Northumberland
Strait where the am plitude of the ef fect can rea ch 20 cm during and f ollowing
strong storm surge events. This is large enough to be of practical significance in
terms of flood forecasting. A series of sensitivity experiments with the m odel
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shows that the nonlin ear parameterization of bottom stress is the principal
contributor to tide-surge interaction.
Bernier, N., K. R. Thompson, J. Ou, and H. Ritchie, 2007, Mapping the return periods of
extreme sea levels: Allowing for short sea level records, seas onality, and climate change,
Global and Planetary Change, 57(1-2): 139-150, doi:10.1016/j.gloplacha.2006.11.027
This study of extrem e sea levels is m otivated by concern over increased coastal
erosion and flooding under plausible clim ate change scenarios. Extremal analyses
are performed on the annual and seasonal m axima from 24 tide gauge stations in
the Northwest Atlantic. At data poor
locations, a 40 yr surge hindcast and
information from short observation record s are used to reconstruct sea level
records prior to the annual and seasonal analysis of extremes. A Digital Elevation
Model is used to generate spatial maps of the return period of extreme sea levels
associated with specified flooding probabilities under current cond itions and
under projected global sea level rise scenario s for the next century. It is the first
time such maps have been produced. Their primary advantage is that ex treme sea
levels are expressed in term s of inunda ted areas as opposed to a critical flood
value about an arbitrary datum . Another novel aspect of this study is that the
extremal analyses are carried out for specific seasons.
Bernier, N. B., and K. R. Thom pson, 2010, Tide surge and energy budgets for Eastern
Canadian and Northeast US waters, Cont. Shelf Res., 30: 353-364
A depth averaged barotropic m odel is used to quantify the effect of tides and
storm surges on the energy budget for the co astal waters bordering the Northwest
Atlantic. The m odel is first shown capabl e of producing realistic predictions of
both tides and surges through com
parison with independent sea level
observations. In particular, it is shown th at the model can predict tidal range with
a typical RMS error of 20 cm , and realis tic semi-diurnal to diu rnal amplitude
ratios. Storm surge hindcasts are also s hown to be predicted with typical RMS
errors less than 8cm.Following successful validation of the model we produce, for
the first time, spatial maps of maximum speed due to combined tide a nd surge
(due to atmospheric forcing) current, tidal only current, and surge only current.
The model is next used to exam ine the energy budget of th e study area. It is
shown that the energy flux vectors f or the semi-diurnal and diurnal tides are very
different. O1 vectors tends to be more al igned with the ba thymetry than the M2
vectors. Most dissipation was found to occur in the high tide region of the Bay of
Fundy. It is also shown that in the mean (i.e. over a season or a year), surges and
tide–surge interaction do not play an
important role in the energy budget.
However, during a large surge event this is not true; surge and tide–surge
interaction can have an order one impact on the energy balance. W e discuss how
such infrequent and unusually large events impact the nearshore environment.
Han, G. and Y. Shi, 2008, Developm ent of an Atlantic Canadian Coastal W ater Level
Neural Network Model,
J. Atmos. Oceanic Technol., 25(11): 2117–2132,
doi:10.1175/2008JTECHO569.1
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Coastal water-level information is essential f or coastal zone m anagement,
navigation, and oceanographic researc h. However, long-term
water-level
observations are usually onl y available at a limited number of locations. This
study discusses a com plementary and sim ple neural network (NN) approach, to
predict water levels at a specified coasta l site f rom the data gathe red at othe r
nearby or remote perm anent stations. A si mple three-layer, feed-forward, backpropagation network and a neural networ k ensemble, named Atlantic Canadian
Coastal Water Level Neural Network (ACCSLENNT) models, was developed to
correlate the nonlinear relationship of sea level data am ong stations by learning
from their historical characteristics. In stantaneous hourly observations of water
level from five stations along the coast of Atlantic Canada—Argentia, Belledune,
Halifax, North Sydney, and St. John’s—are used to for mulate and validate the
ACCSLENNT models. Qualitative and quan titative comparisons of the network
output with target observations showed that despite s ignificant changes in sea
level amplitudes and phases in the study ar ea, appropriately trained N N models
could provide accurate and robust long-term predictions of both tidal and nontidal
(tide subtracted) water levels when only s hort-term data are available. The robust
results indicate that the NN models in conjunction with limited permanent stations
are able to supplem ent long-term historical water-level data along the Atlantic
Canadian coast. Because field data
collection is usually expensive, the
ACCSLENNT models provide a cost-effect ive alternative to obtain long-ter m
data along Atlantic Canada.
Horton, B. P., W. R. Peltier, S. J. Culver, R. Drummond, S. E. Engelhart, A. C. Kemp, D.
Mallinson, E. R. Thieler, S. R. Riggs, D. V. Ames, and K. H. Thom son, 2009, Holocene
sea-level changes along the North Carolina Co astline and their im plications for glacial
isostatic
adjustment
models,
Quat.
Sci.
Rev.,
28(17-18):
1725-1736,
doi:10.1016/j.quascirev.2009.02.002
We have synthesized new and existing rela tive sea-level (RSL) data to produce a
quality-controlled, spatially com prehensive database from the North Carolina
coastline. The RSL database cons ists of 54 sea-level inde x points that are
quantitatively related to an appropriate tide level and assigned an error estim ate,
and a further 33 limiting dates that confine the maximum and minimum elevations
of RSL. The tem poral distribution of the index points is very uneven with only
five index points older than 4000 cal a BP, but the form of the Holocene sea-level
trend is constrained by both terrestria l and m arine limiting dates. The data
illustrate RSL rapidly rising during the early and mid Holocene from an observed
elevation of −35.7 ± 1.1 m MSL a t 11062–10576 cal a BP to −4.2 m ± 0.4 m
MSL at 4240–3592 cal a BP.
We restricted com parisons between obser vations and predictions from the ICE5G(VM2) with rotational feedback Glacial Isostatic Adjustment (GIA) model to
the Late Holocene RSL (last 4000 cal a BP) because of th e wealth of sea-level
data during this tim e interval. The ICE-5G(VM2) model predicts significant
spatial variations in RSL across Nort
h Carolina, thus we subdivided the
observations into two regions. The model for ecasts an increase in the rate of sea252

level rise in Region 1 (Albem arle, Currituck, Roanoke, Croatan, and northern
Pamlico sounds) com pared to Region 2 (southern Pamlico, Core and Bogue
sounds, and farther south to W ilmington). The observations show Late Holocene
sea-level rising at 1.14 ± 0.03 mm year−1 and 0.82 ± 0.02 mm year−1 in Regions 1
and 2, respectively. The ICE-5G(VM2) pred ictions capture the general tem poral
trend of the observations, although there is an apparent m isfit for index points
older than 2000 cal a BP. It is presently unknown whether these misfits are caused
by possible tectonic uplift associated with the m id-Carolina Platform High or a
flaw in th e GIA m odel. A com parison of local tide gauge data with the Late
Holocene RSL trends from Regions 1 and 2 support the spatial variation in RSL
across North Carolina, and im ply an addition al increase of mean sea level of
greater than 2 mm year−1 during th e latter half of the 20th century; this is in
general agreement with historical tide gauge and satellite altimetry data.
Lefaivre, D., S. Ha mdi, and B. Morse, 2009, Statistical Analysis of the 30-Day Water
Level Forecasts in the St. Lawrence River,
Marine Geodesy, 32(1): 30-41,
doi:10.1080/01490410802661971
Forecasts of water levels in the St. La wrence River on the east coas t of Canada
have been issued every working
day since 1997 using a one-dim
ensional
hydrodynamic model (One-D) for periods extending up to 30 days. In order to
assess the perform ance of these for ecasts, a com parison between the m odel
forecasts and the observations of the wa ter levels during 2005 was done at 12
stations of the SINECO network locate d between Montreal and Quebec City. The
statistical analysis shows that mean errors are small compared to the water level
fluctuations. Confidence intervals o f the forecasted values for all stations are
evaluated.
Massey, A. C., W . R. Gehrels, D. J. Charman, G. A. Milne, W. R. Peltier, K. Lambeck,
and K. A. Selby, 2008, Relative sea-level cha nge and postglacial isostatic adjustm ent
along the coast of south Devon, United Kingdom , J. of Quaternary Sci., 23: 415–433,
doi:10.1002/jqs.1149
Previous sea-level studies suggest that southwest Britain has the fastest subsiding
coastline in the United Kingdom, but tide-gauge data, GPS and gravity
measurements and geophysical models
show little evid ence of anom alous
subsidence in this reg ion. In this paper we present 15 new sea-level index points
from four coastal barrier systems in south Devon. Eight are from compaction-free
basal sediments and others were corrected for autocom paction. Our data suggest
that relative sea level along the south Devon coastline has risen by 21 ± 4 m
during the past 9000 years. Sea-level ri se slowed during the m iddle and late
Holocene and a rise of 8 ± 1 m has occurred since ca. 7000 cal. yr BP. Anomalous
ages for many rejected points are attribu ted to sediment reworking during barrier
transgression. The relative sea-level history during the early and middle Holocene
shows a good fit with geophys ical model predictions, but the geological and
modelled data diverge in the later Holocene. Unlike the geophysical models, sealevel index points cannot di fferentiate between late Holoc ene relative sea-level
histories of south Devon and southwest
Cornwall. It is suggested that this
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discrepancy can be resolved by obtaining additional high-quality sea-level index
points covering the past 4000 years.
Thompson, K. R., N. B. Bernier, and P. Chan, 2009, Extreme sea levels, coastal flooding
and climate change with a focus on Atlantic Canada,
Nat. Hazards, 51: 139-150,
doi:10.1007/s11069-009-0380-5
Estimation of the probability distribution of extreme sea levels, for the present
time and the next century, is discussed. Two approaches are described and their
strengths and weaknesses are com pared. The first approach is based on dynam ics
and uses a storm surge model forced by tid es, winds and air pressure fields. The
second approach is based on the statistica l analysis of observed hourly sea level
records using a new first-order Markov process that can capture non-Gaussian
characteristics (such as skewness) in th e non-tidal component of the observed sea
level record. It is show n that both a pproaches can provide good estim ates of
present day flooding probabilities for regi ons with relatively strong tides. The
limitations of both approaches in terms of assessing the effect of global sea level
rise, glacial-isostatic adjustm ent of th e land, and changes in the frequency and
severity of storm s and hurricanes, are illustrated using recent results for th e
Northwest Atlantic. S ome sensitivity studies are carried out to transfor
m
uncertainty in clim ate change proje ctions into uncertainties in the probability of
coastal flooding.
Zhong, L., M. Li, and M. Foreman, 2007, Res
onance and sea level variability in
Chesapeake Bay, Cont. Shelf Res., 28(18): 2565-2573, doi:10.1016/j.csr.2008.07.007
A numerical model is used to determ ine the resonant period and quality factor Q
of Chesapeake Bay and explore ph ysical mechanisms controlling the resonance
response in semi-enclosed seas. At the resonant period of 2 days, the mouth-tohead amplitude gain is 1.42 and Q is 0.9, indicating that Chesapeake Bay is a
highly dissipative system. The modest
amplitude gain results from strong
frictional dissipation in shallow water. I t is found that the sp atial distribution of
energy dissipation varies with forci
ng frequency. While energy at tid al
frequencies is dissipated around topographic hotspots distributed throughout the
Bay, energy dissipation at subtidal frequencies is m ainly concentrated in th e
shallow-water lower Bay. An analytic calculation shows that the bottom friction
parameter is much larger in Chesapeake Bay than in other coasta l systems with
strong resonance response. The model-predicted am plitude gains and phase
changes agree well with th e observations at sem idiurnal and diurnal tidal
frequencies. However, the predicted am plitude gain in the resonant frequency
band (34–54 h period) falls below that
inferred from band-passed sea level
observations. This discrepancy can be attr ibuted to the loca l wind forcing which
amplifies the sea level response in the upper Bay. The m odel is also used to show
that rising sea levels associated with global wa rming will shif t the r esonance
period of Chesapeake Bay closer to the di urnal tides and thus exacerbate flooding
problems by causing an increase in tidal ranges.
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4.9 Shelf Shelf/Slope Processes
Craig, J. and D. Gilbert, 2008, Estim ation of Mixed Layer Depth at the AZMP Fixed
Stations. AZMP Bull. PMZA, 7: 37-42
abstract in French only
Nous examinons des données récoltées a ux sept stations fixes du Programme de
Monitorage de la Zone Atlantique afin de comparer des méthodes d’estimation de
la profondeur de la couche m élangée (Mixed layer depth, MLD). Ces sites son t
diversifiés du point de vue océanographique, géograp hique et des facteurs
climatiques qui les affectent et fournisse nt donc d’excellents contrastes pour
évaluer la m éthode du seuil, du gradie nt et une m éthode mixte d’estimation du
MLD. Nous avons trouvé que les estimations du MLD basées sur le m aximum du
gradient de densité étaient toujours pl us élevées que celles obtenues par la
méthode du seuil ou la méthode mixte du seuil du gradient. Malgré que ce résultat
soit dû en partie au fait que la zone de m élange immédiatement au-dessus du
milieu de la pycnocline soit incluse dans l’estimation par la méthode du maximum
du gradient, le cycle annuel plus marqué révélé par cette méthode en fait un indice
plus robuste dans la perspective de relier les processus biologiques et physiques.
Gilbert, D. and É. Nault, 2008, Temperatur e, Salinity and Oxygen Measurem ents from
Argo Profiling Floats in the Slope Water Region, AZMP Bull. PMZA, 7: 47-52
abstract in French only
Le programme Argo de suivi du climat océanique mondial permet l’acquisition en
temps réel de profils verticaux de tem pérature et de salinité entre 2000 m de
profondeur et la surface. Parm i les quelques 3000 flotte urs-profileurs Argo
déployés dans l’océan mondial, près d’une centaine son t équipés de senseurs
d’oxygène et cinq de ceux-ci ont été
déployés dans les eaux de la pente
continentale au sud de Terre-Neuve et de la N ouvelle-Écosse. Dans cet article,
nous présentons des statistiques de tem pérature, salinité et oxygène, dans la
région comprise entre les latitudes 35°N et 48°N et entre les longitudes 45°O et
75°O, calculées à partir de l' ensemble des données recueillies par les flotteursprofileurs Argo de 1998 à 2007.
Mikkelsen, O. A., P. A. Hill, and T. G. Milligan, 2007, Seasonal and spatial variatio n of
floc size, settling velocity, and density on the inner Adriatic Shelf (Italy), Cont. Shelf
Res., 27(3-4): 417-430, doi:10.1016/j.csr.2006.11.004
Measurements of floc sizes, floc settling velocities and effective floc densities
were obtained at three locations on the inner Adriatic shelf (Italy) in February and
May/June 2003 using the in situ si ze and settling column tripod INSSECT
(Mikkelsen et al., 2004. INSSECT—an instrum ent platform for investigating floc
properties close to the seabed. Li mnology and Oceanography: Methods 2, 226–
236). Measurements were carried out in a water depth of 8–12 m and the final
data set comprised 2491 flocs. Relationships of observed floc size vs. floc settling
velocity and floc size vs. effective floc density were similar to those observed by
other authors working in sim ilar settings. The raw data showed significant scatter
around mean trends, indicating that only a re latively small fraction of variability
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in floc settling velocity and ef fective floc density was explained by floc size. For
bin-averaged data, however, m uch of th e variability in settling ve locity and
density was explained by floc size. On the A driatic shelf mean floc settling
velocities varied from 0.48 to 1.35 mm s−1, while m ean effective floc densities
varied from 8.1 to 27.5 kg m−3; within the ra nge reported by other authors.
Analysis of variance showed significant di fferences in f loc settling v elocities,
effective floc densities and floc size in space and tim e (seasons). Th us, floc
settling velocities, effective floc densities and floc size on the inner Adriatic shelf
could not be characterized by a comm on mean, but were m ore appropriately
characterized by a range of values, varying in time and space.
Milligan, T. G. and A. Cattaneo, 2007, Sedim ent dynamics in the western Adriatic Sea:
From transport to stratigraphy, Cont. Shelf Res., 27(3-4): 287-295,
doi:10.1016/j.csr.2006.11.001
No abstract, this is the introduction
Sediment transport and accumulation on continental m argins is a fundam ental
process that im pacts the exploitation of resources and pr otection of the
environment and its eco systems. Continental margins represent a crucial hinge
zone for sedim ent transport between the em erged land m asses and the deep
marine basins, and are econom ically significant for fisheries as well as for
hydrocarbon and aggregate extraction. Anthropogenic influences on land and
near-shore areas can s ignificantly impact the transpo rt and accumulation of
sediment on continental m argins sometimes with unexpected consequences.
Continental margins act as the final sink for many of the contaminants brought to
the sea from the land. T he Adriatic Sea represents an ideal site to study sedim ent
transport due to its extended and docum ented history of hum an impacts (since
Roman times), its long-term monitoring of riverine and marine systems (since the
end of the 19th century), and its extensive record of studies in m arine sediment
transport and high-resolution stratigraphy.
The series of papers presented in th is special issue of Continental Shelf Research
is the result of a success ful collaboration between European and North American
scientists through several European Union (EU) and US Office of Naval Research
(ONR) funded projects. The research that was carried out covered a wide range of
topics which significantly increased not only our understanding of the form ation
of sedimentary strata on continental margins, but also the processes which govern
the transport of sedim ent on the continenta l shelf. The main focus of this special
issue is sediment dynamics in the Western Adriatic Sea including many aspects of
continental shelf sedimentation. Our goal with this special issue is to link studies
of the effect of water colum n processes on sedim ent with those addressing its
accumulation on the se a bed and u ltimately to its inclusion in th e stratigraphic
record.
Niu, H., A. Drozdowski, T. Husain, B. Veitc h, N. Bose, and K. Lee, 2008, Modeling the
dispersion of drilling muds using the bottom boundary layer transport model: The ef fects
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of settling velocity, Environ. Model. Assess., 14(5): 585-594, doi:10.1007/s10666-0089162-6
The benthic boundary layer transport (bblt) model was widely used in the Atlantic
Canadian offshore region to assess the potential impact zones from drilling wastes
discharges from offshore oil and gas dril ling. The current version of the bblt uses
a single-class settling velocity scenario, which may affect its perform ance, as
settling velocity is size, shape, and material dependent. In this study, the effects of
settling velocity on bblt predictions were assessed by replacing this single-class
settling velocity scenario with a multi- class size-dependent settling velocity
scenario. The new scenario was used in a hypothetical study to sim ulate the
dispersion of barite and fine-grained dr illing cuttings. The study showed that the
effects of settling velocity on bblt p redictions are spatial, temporal, and material
dependent.
Petrie, B. 2007, Does the North Atlantic Oscillation Affect Hydrographic Properties on
the Canadian Atlantic Contine ntal Shelf? Atmos.-Ocean, 45(3): 141–151,
doi:10.3137/ao.450302
An analysis of hydrographic data from the eastern Canadian continental shelf
indicates that large-scale spatial p atterns of bottom temperature and salinity
respond to sustained periods of weak
and strong m eteorological forcing
represented by the winter North Atlantic Oscillation (NAO) index. W arm, salty
(cold, fresh) conditions prevail on the Newf oundland-Labrador Shelf, the eastern
Scotian Shelf and the Gulf of St. Lawrence during periods of negative (positive)
NAO anomalies. The opposite response is seen on the central and western Scotian
Shelf and in the Gulf of Maine. Comparison of years when the NAO anomaly was
positive and had the sam e sign for at leas t the two preced ing years w ith those
years when the NAO anomaly was negative and had the same sign for at least the
two preceding years, shows differences in bottom temperature and salinity, at the
same location, of up to approximately 2°C and 0.4. A plausible explanation of the
pattern lies in a com bination of local forcing and the highly advective nature of
the oceanography that responds to NAO fo rcing. Greater westward transport of
Labrador Slope Water along the shelf edge and subsequent on-shelf penetration of
hydrographic anomalies during periods of negative NAO ano malies give rise to
the dipole nature of the tem
perature and salinity patterns. The effects on
hydrographic properties appear to be
integrated over several years of
meteorological forcing, again likely related to advection in the region.
Tang, C. L., W . Perrie, A. D. Jenkins, B. M. DeTracey, Y. Hu, B. Toulany, and P. C.
Smith, 2007, Observatio n and m odelling of surface currents on the Grand Banks – a
study of the wave effects on surface currents,
J. Geophys. Res., 112, C10025,
doi:10.1029/2006JC004028
We investigate the effects of surface waves on surface currents usin g surface
drifter data from the Grand Banks and a coupled current-wave-drifter model. The
theoretical basis of the study is Jenkins' theory of wave-current interaction in
which wind-generated s urface currents are m odified by wind-wave and wavecurrent momentum transfers. The total su rface current is the sum of t he wave
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modified current, the Stokes drift and the tidal current. Jenkins' formulation was
incorporated into the Princeton Ocean Model and applied to the Labrador Sea and
the adjacent shelves. The wave energy spectrum from Wavewatch III was used to
calculate the momentum transfer and the Stokes drift. A series of
model
experiments were conducted to simulate the drifter trajectories and examine the
sensitivity of the s imulations to model pa rameters. The r esults show that the
Stokes drift is th e dominant wave effect, which increases the surface drift speeds
by 35% and veers the currents toward the wind directions. The net effect of windto-wave and wave-to-current momentum transfers reduces the surface speeds by a
few percent. A statistica l analysis of the m odel currents and drifter data shows
that the inclusion of the wave effects improves th e model simulations
significantly. Model errors due to uncertain ties in the model parameters including
the eddy viscosity, wave spectrum, air drag of the drifters, and bottom friction are
investigated. The m odel surface currents ar e shown to be most sensitive to the
surface eddy viscosity and the wave energy spectra.
Wu, Y., I. K. Peterson, C. L. Tang, T. Pl att, S. Sathyendranath, and C. Fuentes-Yaco.
2007, The impact of sea-ice on the initiation of spring bloom on the Newfoundland and
Labrador Shelves. J. of Plankton Res., 29(6): 509-514, doi:10.1093/plankt/fbm035
The relationship between sea ice and the phytoplankton spring bloom over the
Newfoundland and L abrador shelves is examined using rem otely-sensed
chlorophyll data and sea-ice data for the period 1998–2004. A regression analysis
between the two data sets shows that th e retreat of sea ice precedes the spring
bloom, and the inter-annual variation of the spring bloom is closely correlated
with the start time of ice retreat. The spring bloom off Canada’s east coast usually
starts on the eastern Grand Banks. Here, the water properties are strongly
influenced by sea ice on the Newfoundl
and shelves in early spring when
accelerated ice melting causes the ice edge to retreat north and the melt water is
advected south by the Labrador C urrent. After the ice retreat, the water on the
eastern Grand Banks is rapidly stratified and the mixed layer shallows as a result
of surface freshening. T he shallow mixed layer promotes phytoplankton growth.
The regression analysis also reveals that an early spring bloom or ice retreat tends
to prolong the duration of the spring bloom.
Zhai, L., T. Platt, C. Tang, S. Sathyendranat h, C. Fuentes-Yaco, E. Devred, and Y. W u,
2010, Seasonal and geographic variations in ph ytoplankton losses from the m ixed layer
on the Northwest Atlantic Shelf,
J. of Mar. Sys., 80(1-2): 3646,doi:10.1016/j.jmarsys.2009.09.005
The total daily phytoplankton loss from the m ixed layer is es timated as the
difference between the prim ary production and the realized change of
phytoplankton carbon biomass. A Monte Carlo procedure is used to recover the
total loss rates for ten geographic locations on the Northwest Atlantic continental
shelf. The strong seasonal and geographic variations in mixed-layer loss rates of
phytoplankton are tied closel y to the primary production. The daily, m ixed-layer,
total loss ranges from 50 to 1000 mg C m− 2 d− 1, which is com pared with the
output of process m odels, the closure erro r being generally le ss than 10% of the
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total loss. The model results show that th e annual respiration is generally greater
than losses due to zooplankton grazing
and sinking, except that zooplankton
grazing dominates other loss terms on the west Greenland shelf.
4.9.1 Scotian Shelf
Ohashi, K., J. Sheng, K. R. Thom pson, Ch. G. Hannah, and H. Ritchi e, 2009a, Effect of
stratification on tidal c irculation over the Scotian Shelf and Gulf of St. Lawrence : a
numerical study using a three-dimensional shelf circulation model, Ocean Dyn., 59: 809825, doi:10.1007/s10236-009-0212-7
A three-dimensional shelf circulation model is used to e xamine the ef fect of
seasonal changes in wa ter column stratification on the tidal circu lation over th e
Scotian Shelf and Gulf of St. Lawrence. The model is driven by tidal forcing
specified at the m odel’s lateral open boundaries in te rms of tidal sea surface
elevations and depth-averaged currents for five major tidal constituents (M2, N2,
S2, K1, and O1). Three num erical experiments are conducted to determ ine the
influence of baroclinic pressure gradie nts and changes in vertical m ixing, both
associated with stratification, on the seasonal variation of tidal circulation over the
study region. The model is initialized with climatological hydrographic fields and
integrated for 16 m onths in each experim ent. Model res ults from the las t 12
months are analyzed to determine the dominant semidiurnal and diurnal tidal
components, M2 and K1. Model results suggest that the seasonal variation in the
water-column stratification affects the M2 tidal circul ation most strongly over the
shelf break and over the deep waters
off the Scotian Shelf (through the
development of baroclinic pressure gradients) and along Northumberland Strait in
the Gulf of St. Lawrence (through change s in vertical m ixing and bottom stress).
For the K1 constituent, the baroc linic pressure gradient and vertical m ixing have
opposing effects on the tidal circulation ove r several areas of the study region,
while near the bottom , vertical m ixing appears to play only a sm all role in the
tidal circulation.
Ohashi, K., J. Sheng, K. R. Thompson, Ch. G. Hannah, and H. Ritchie, 2009b, Numerical
study of three-dimensional shelf circulation on the Scotian Shelf using a shelf circulation
model, Cont. Shelf Res., 29(17): 2138-2156, doi:10.1016/j.csr.2009.08.005
A numerical shelf circulation model was developed for the Scotian Shelf, using a
nested-grid setup consisting of a thre
e-dimensional baroclinic inner m odel
embedded inside a two-dimensional barotropic outer model. The shelf circulation
model is based on the Princeton
Ocean Model and driven by three-hourly
atmospheric forcing provided by a num erical weather forecast model and by tidal
forcing specified at the inner m odel's open boundaries based on pre-calculated
tidal harmonic constants. The outer m odel simulates the d epth-mean circulation
forced by wind and atmospheric pressure fields over the northwest Atlantic Ocean
with a horizontal resolution of 1/12°.
The inner model simulates the threedimensional circulation over the Gulf of St. Lawrence, the S cotian Shelf, and th e
adjacent slope with a horizontal resolution of 1/16°. The performance of the shelf
circulation model is asse ssed by com paring model resu lts with oceanographic
observations made along the Atla ntic coast of Nova Scotia and in the vicinity of
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Sable Island (on the Scotian Shelf ) during two periods: October 2000–March
2001 and April–June 2002. Analysis of
model results on Sable Island Bank
indicates that tidal currents account for as m uch as 80% of the total variance of
near-bottom currents, and currents driven by local winds account for 30% of the
variance of the non-tidal near-bottom currents. Shelf waves generated remotely by
winds and propagating into the region also play an im portant role in the near bottom circulation on the bank.
Yang, B. and J. Sheng, 2008, Process study of co astal circulation over the inner Scotian
Shelf using a nested-grid ocean circulation model, with a special emphasis on the storminduced circulation during tropical storm Alberto in 2006, Ocean Dyn, 58(5-6): 375 -396,
doi:10.1007/s10236-008-0149-2
This study exam ines main physical pro cesses affecting the three-dimensional
(3D) circulation and hydrographic distributions over the inner Scotian Shelf (ISS)
in June and July 2006 using a nested-g rid coastal ocean circulation modeling
system known as the NCOPS-LB. The nest ed-grid system has five relocatable
downscaling submodels, with the outerm ost submodel of a coarse horizontal
resolution of (1/12)° for simulating storm surges and barotropic shelf waves over
the Eastern Canadian sh elf and th e innermost submodel of a fine resolution of
˜180 m for sim ulating the 3D coas tal circulation and hydrography over
Lunenburg Bay of Nova Scotia in the de fault setup. The NCOPS-LB is driven by
meteorological and astronom ical forcing and used to study the storm -induced
circulation over the ISS during tropical storm Alberto. Model results demonstrate
that the co astal circulation and h ydrographic distributions over the ISS are
affected significantly by tides, local wi nd forcing, and remotely generated coastal
waves during the study period.
4.9.1.1 Invasive Species
Brickman, D. and P. C. Sm ith, 2007, Variab ility in invasion risk for ballast water
exchange on the Scotian Shelf to eastern Canada, Mar. Pollut. Bull., 54(7): 863-874,
doi:10.1016/j.marpolbul.2007.03.015
A semi-quantitative risk assessment model for disper sion of ballast wate r
organisms in shelf seas is applied to th e Scotian Shelf region of eastern Canada.
The ballast water exchange process is si mulated as the dispersion of tracer
released into the surface layer of an ocean circulation model of t he region.
Circulation model varia bility is d riven by wind stress from a cyclical year of
forcing representing clim atological storminess. Dispersion metrics related to
invasion risk are developed and incorporat ed into a risk eq uation that com putes
the relative overall risk of invasion for ballast wate r exchange segm ents along
vessel tracks crossing the shelf. Three hundred and sixty dispersion simulations
are done for each segment of each of six tr acks. Because the flow fields represen t
climatological variability in shelf
circulation, the application of the risk
assessment model captures the expected variability in invasion risk. Model results
indicate that more than an order of m agnitude variation in risk can exist along a
given vessel track, and that tracks with o ffshelf segments provide a lower risk
option compared to onshelf tracks. The model provides quantitative guidance to
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regulators regarding what is an acceptable trip diversion and can aid in numerous
other management decisions.

4.10 Gulf of St. Lawrence
Doniol-Valcroze, T., D. Berteaux, P. Larouche, and R. Sears, 2007, Influence of thermal
fronts on habitat selection by four rorqual whale species in the Gulf of St. Lawrence,
Mar. Eco. Prog. Ser.,335: 207-216, doi:10.3354/meps335207
Understanding the factors influencing habita t selection is critica l to improving
management and conservation plans for la rge whales. Many studies have linked
the distribution of cetaceans to basic envi ronmental features such as underwater
topography and sea surf ace temperature (SST), but the m echanisms underlying
these relationships are poorly underst ood. Dynamic mesoscale processes like
thermal fronts are prim e candidates to link physiographic factors to whale
distribution because they increase biol ogical productivity and aggregate p rey.
However, previous studies of large whal es have found little evidence of such
associations, possibly because they were not at the appropriate spatio-tem poral
scales. We quantified the relationship be tween SST fronts and the distribution of
blue Balaenoptera musculus, finback B. physalus, humpback Megaptera
novaeangliae and m inke B. acutorostrata whales in the northern Gulf of St.
Lawrence. We compared the distribution of 1094 whale sightings collected from
boat surveys conducted in 1996 to 2000 to the locations of frontal areas
determined from 61 satellite maps. The distributions of whales and thermal fronts
were highly correlated (random resampling and Mantel tests of matrix similarity).
Spatial distributions differed am ong species, probably reflecting differences in
feeding strategies. Iden tification of surface fronts from satellite im agery thus
effectively complemented field observations of whales. These findings
significantly increase our unde rstanding of habitat quality in rorqual whales, and
encourage a greater use of dyna mic environmental variables in future studies of
whale habitat use.
Du, Y., P. Larouche, and P. W. Vac hon, 2007, Multi-scale feature tracking in sequential
satellite images with wavelet an alysis to measure sea surface curren ts in the Gulf of St.
Lawrence, Can. J. Rem. Sens., 33:534-540, doi:10.5589/m07-060
Measuring sea surface currents is a t echnological challenge in oceanography.
Feature tracking in time series of remote sensing imagery has been proposed as a
way to address this problem. The most commonly used approach is the maximum
cross-correlation (MCC) method, originally developed to track cloud m otion. We
propose a new technique that makes use of Daubechies wavelet analysis
combined with the MCC m ethod. In our approach, satellite im ages are
decomposed into var ious spatial s cales using the wavele t transform, and the
location with the MCC coefficient among all the scales is selected as the m ost
likely new position of the tracked feature. Results from the analysis of five pairs
of sequential National Oceanic and
Atmospheric Administration (NOAA)
advanced very high resolution radiom eter (AVHRR) i mages of the Gulf of St.
Lawrence area show th at wavelet analys is improves the estim ated sea surface
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current field by increasing the num ber of current vectors about 20% under the
same confidence level (0.9) as compared with that using the MCC method alone.
Harvey, M., P. S. Galbraith, and A. Desc
roix, 2009, Vertical distribution and diel
migration of macrozooplankton in the St. Lawr ence marine system (Canada) in relation
with the cold intermediate layer thermal properties, Prog. Oceanogr., 80(1-2): 1-21,
doi:10.1016/j.pocean.2008.09.001
Vertical distribution of various species and stag es of macrozooplankton
(euphausiacea, chaetognatha, cnidaria, mysidacea, amphipoda) were determ ined
for different times of the day and related to the physical environm ent. Stratified
sampling with the BIONESS was carried out during seven crui ses in spring and
fall 1998, 2000, and 2001, and fa ll 1999, in two different habitats in the St.
Lawrence marine system: the lower St. Lawrence Estuary and the NW Gulf of St.
Lawrence. Our results indi cate that the various m acrozooplankton species were
distributed throughout the whole water co lumn including the surface layer, th e
cold intermediate layer (CIL), and the deep layer at different tim es of day and
night in both areas during all periods.
Moreover, three types of m igrational
patterns were observed within this zooplanktonic community: (1) nocturnal ascent
by the whole population, (2) segregation into two groups; one which perform ed
nocturnal accent and another which rem ained in the deep, and (3) no detectable
migration. We also observed that th e diel vertical m igration (DVM) amplitude in
most of the macrozooplankton species varied as a function of phys ical factors, in
particular the spatio-temporal variations of the CIL therm al properties, including
the upper and the lower lim its of the CIL and the depth of the CIL core
temperature. Finally, the different
DVM patterns coupled with e stuarine
circulation patterns and bottom topography could place animals in different flow
regimes by night and by day and contribute to their retention (aggregation) and/or
dispersion in different areas, time of the day, and seasons.
Hundecha, Y., A. St-Hilaire, T. B. M. J. Ouarda, S. El Adlouni, and P. Gagnon, 2008, A
nonstationary extreme value analysis for the assessm ent of changes in extrem e annual
wind speed over the Gulf of St. Lawrence, Canada, J. Appl. Meteor. Clim., 47(11): 27452759, doi:10.1175/2008JAMC1665.1
Changes in the extrem e annual wind speed in and around the Gulf of St.
Lawrence (Canada) were investigated through a nonstationary extrem e value
analysis of the annual m aximum 10-m wind speed obtained from the North
American Regional Reanalysis (NARR) da taset as well as observed data from
selected stations of Environm ent Canada. A generalized extrem e value
distribution with tim e-dependent location and scale p arameters was used to
estimate quantiles of in terest as functions of tim e at locations where s ignificant
trend was detected. A Bayesian met hod, the generalized m aximum likelihood
approach, is implemented to estimate the parameters. The analysis yielded shape
parameters very close to 0, suggesting th at the distribution can be modeled using
the Gumbel distribution. A sim ilar analysis using a nonstationary Gum bel model
yielded similar quantiles with narrower credibility intervals. Overall, little change
was detected over the period 1979–2004. Only
7% of the investigated grid s
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exhibited trends at the 5% significant le vel, and the analysis perform ed on the
reanalysis data at locations of significan t trend indicated a rise in the median
extreme annual wind speed by up to 2 m s−1 per decade in the southern coastal
areas with a corresponding increase in the 90% and 99% quantiles of the extrem e
annual wind speeds by up to 5 m s−1 per decade. Also in the northern part of th e
gulf and some offshore areas in the south, the 50%, 90%, and 99% quantile values
of the extreme annual wind speeds are noted to drop by up to 1.5, 3, and 5 m s−1,
respectively. While the direc tions of the changes in the an nual extremes at the
selected stations are similar to those of the reanalysis data at nearby grid cells, the
magnitudes and significance levels of th e changes are generally inconsistent.
Change at the same significance level ove r the same period of the NARR dataset
was noted only at 2 stations out of 13.
Mei, Z.-P., F. J. Saucier, V. Le Fouest, B. Zakardjian, S. Sennville, H. Xie, M. Starr,
2010, Modeling the tim ing of spring phytoplankt on bloom and biological production of
the Gulf of St. Lawrence (Canada): Effect s of colored dissolved organic m atter and
temperature, Cont. Shelf Res., 30(19): 2027-2042, doi:10.1016/j.csr.2010.10.003
The effects of colored dissolved organi c matter (CDOM) from freshwater runoff
and seasonal cycle of tem perature on the dynam ic of phytoplankton and
zooplankton biomass and production in the Gulf of St. Lawrence (GSL) are
studied using a 3-D coupled physical
-plankton ecosystem model. Three
simulations are conducted: (1) the referen ce simulation based on Le Fouest et al.
(2005), in which light attenuation by CDOM is not considered and m aximum
growth rate ( μmax) of phytoplankton and zoopla nkton are not tem peraturedependent (REF si mulation); (2) light attenuation by CDOM is added to REF
simulation (CDOM simulation) ; and (3) in addition to CDOM, t he μmax of
phytoplankton and zooplankton are re gulated by tem perature (CDOM+TEMP
simulation). CDOM sim ulation shows that CDOM substantially reduces
phytoplankton biomass and production in the Lower St. Lawrence Estuary
(LSLE), but slightly reduces overall primary production in the GSL. In the LSLE,
the spring phytoplankton bloom is delayed from mid-March to mid-April, resulted
from light attenuation by CDOM. The CDOM+TEMP simulation shows that the
spring phytoplankton bloom in the LSLE is further delayed to July, which is more
consistent with observations. Annual pr imary production is reduced by 33% in
CDOM+TEMP simulation from REF a nd CDOM si mulations. Zooplankton
production is the sam e in all three sim ulations, and export of organic m atter to
depth is reduced in C DOM+TEMP simulation, suggesting that temperature
controlled growth of phytoplankton a nd zooplankton enhances the coupling
between primary production and zoopl ankton production under the seasonal
temperature cycle of the GSL.
Ouellet, P., L. Savard, and P. Larouche, 200 7, Spring oceanographic conditions and
northern shrimp Pandalus borealis recruitment success in the north-we stern Gulf of St.
Lawrence, Mar. Eco. Prog. Ser., 339: 229-241, doi:10.3354/meps339229
Time series of sea-surface tem perature (SST), thermally mixed layer depth, and
the SST warming rate in spring at the tim e of l arval emergence were correlated
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with indices of northern shrimp Pandalus borealis recruitment (cohort abundance
and larval survival index) between 1994 and 2003 in the northwest Gulf of St.
Lawrence, Canada. The recruitm ent index and larval survival index were
negatively correlated to daily mean SST at the time of larval emergence. The
recruitment index and larval surv ival index were positively correlated with the
SST warming rate and with the mixed layer depth at the time of larval emergence.
Overall, the analys is reveals that la rval emergence during a period o f weak
density stratification and low SST in th e spring, but followed by relatively high
warming rates of the upper layer of the water column, is favourable for larval
survival. We suggest that the observed relationships support the hypothesis that
oceanographic conditions in the upper laye r of the water colum n, which initiate
and sustain high levels of biological produc tion at the tim e of larval em ergence
and early developm ent, are favourable fo r northern shrim p recruitment success.
Thus, interannual variability in northern shrimp recruitment in the northwest Gulf
of St. Lawrence may be explained by Cushing’s match/mismatch hypothesis.
Saucier, F. J., F. Roy, S. Senneville, G. Smith, D. Lefaivre, D. Zakardjian, and J. F.
Dumais, 2009, Modelling of the circulation in the Estuary and Gulf of St. Lawrence in
response to variations in fresh water runoff and winds, Rev. Sci. Eau (J. Water Sci.),
22(2): 159-176
We examine recent results issued from observations and numerical simulations of
the general circu lation and clim ate of the St. Lawrence Estuary and Gulf. We
focus this study on the intensity of the estuarine circulation. The approach is
presented with an em phasis on the inte gration, using num erical simulations, of
key processes such as turbulent m ixing associated with tides at the head of the
Laurentian Channel and air-sea exchanges over the Lower Estuary and Gulf. The
numerical simulations allow us to f ollow the evolution of circulation and climate
over periods of a few hours to several years. We first examine the tidal variability
of the c irculation at the head of the Laurentian Channel and the Upper Estuary,
illustrating the im portance of processe s that largely govern the estuarin e
circulation. The m ost important processes are the dynam ical instabilities
associated with tidal straining and internal hydraulic jumps near the sills. On the
other hand, the wind stress dominates the variability of freshwater export from the
Lower Estuary and Gulf to the Atlantic Ocean. Using sensitivity experiments, the
effects of fr eshwater runoff and wi nd intensity on the estu arine circulation are
isolated. The results show that the St. Lawrence model responds to the external
forcings like a clas sical two-layer estuar y during periods of higher stratification
(spring and summer), when the freshwater drives more efficient withdrawal of the
cold intermediate layer of the Gulf to a depth of approximately 150 m. On the
other hand, in periods of lower stratifica tion (fall and winter), the wind stress
drives the deep water circulation (m ore than 150 m depth) and an excess
freshwater input partly inhi bits this ventilation, as in a m arginal northern sea.
These results suggest that an eventual reduction of freshwater runoff from the St.
Lawrence River, associated with climate change or development, could reduce the
estuarine circulation during spring and summer. During winter, such a reduction
could favour the withdrawal of deep waters from the Laurentian Channel.
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Shaw, J., G. Duffy, R. B. Taylor, J. Cha ssé, and D. Frobel, 2008, Role of a subm arine
bank in the evolution of the northeast co ast of Prince Edward Island, Canada, J . Coastal
Res., 24(5): 1249-1259, doi:10.2112/07-08607.1
In order to understand regional variations in coastal behavior on Prince Edward
Island, Canada, we investigated the role of Milne Bank, a submarine bank at East
Point, the eastern tip of the island. The objective was to determ ine how the bank
might facilitate transfer sedim ent from the eroding north coast to the adjacent
sediment-rich south coast. The study utilized grain-size and seismic data collected
on Milne B ank in 1989 and m ultibeam sonar s urveys in 1 997 and 19 99. The
disturbing effect of East Point on the hydrodynamic regime controls sedim ent
transport. The northern boundary of the ba nk is a steep sand wave located where
southward tidal and wave-driven cu
rrents rounding East Point suddenly
decelerate. Sand from the north coast ente rs Milne Bank and is carried s outh in a
field of migrating sand waves that are shed from the northern bounding sand wave
toward the prograding end of the bank. Milne Bank is a m ajor sediment sink,
rather than a link between the eroding north coast an
d the sedim ent-rich
southfacing coast. Longshore transport in nearshore bars is more likely to be
responsible for continued sediment accumulation on the south coast. Embayments
on the south coast hav e filled up in a cascading fashion, each one facilitatin g
sediment bypassing when it has reached full capacity.
Thibodeau, B., A. de Vernal, C. Hillaire-M arcel, and A. Mucci, 2010, Twentieth century
warming in deep wate rs of the Gulf of St. Lawrence: A unique feature of th e last
millennium, Geophys. Res. Lett., 37, L17604, doi:10.1029/2010GL044771
The impact of human activities on Earth's climate is still subject to debate and the
pattern of a sharp recent global temperature increase contrasting with much lesser
variable temperatures during preceding centuries has often been challenged, partly
due to the lack of unquestionable evidence. In this paper, oxygen isotope
compositions of benthic foraminifer shells recovered from sediments of the Lower
St. Lawrence Estuary and the Gulf are used to reconstruct temperature changes in
a water m ass originating from ∼400 m deep North Atlantic waters. The data
demonstrate that the 1.7 ± 0.3°C warm ing measured during the last century
corresponds to a δ18O shift of 0.4 ± 0.05‰, encom passing the temperature effect
and related change in the isotopic co mposition of the corresponding water m ass.
In contrast, δ18O values remained nearly constant over the last millennium, except
for a sm all positive shift which we attribut e to the Little Ice Age. We conclude
that the 20th century warming of the incoming intermediate North Atlantic water
has had no equivalent during the last thousand years.

4.11 The Mediterranean Sea
Demirov, E. K. and N. Pinardi, 2007, On
the relationship between the water m ass
pathways and eddy variability in the Western Mediterranean Sea, J. Geophys. Res., 112,
C02024, doi:10.1029/2005JC003174
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The role of eddies on the for mation and spreading of water masses in the Western
Mediterranean Sea is studied with an ocean general circulation model. The model
is forced with interannu ally variable surface forcing for the years from 1979 to
1999. It is found that the m odel reproduces the m ajor features of the observed
mesoscale variability in the Gulf of Lions and the large ed dies evolution in the
Algerian Basin. The seasonal evolution of circulation in the Gulf of Lions and
processes of spreading of newly for
med intermediate deep wate rs in the
postconvection period is studied for y ears 1987 and 1992. The m odel results are
compared with data from observations. It is shown that the ins tability of the
transition zone between ol d and newly form ed deep waters, which takes place
after the violent m ixing stages of the d eep convection, leads to collapse of the
mixed patch and for mation of mesoscale e ddies. Some of these eddies propagate
out of the Gulf of Lions transporting deep waters into the Algerian Basin. The rest
of the mesoscale eddies filled with newly formed deep waters r emain in the Gulf
of Lions an d tend to m erge and enlarg e. After th e cyclonic eddies reach the
Algerian Basin they interact with the intense mesoscale field existing there. The
energy analysis shows that the w inter and spring are seasons of intensified
baroclinic instability of the m ean flow in the two regions of interest, the Gulf of
Lions and Algerian Basin. The kinetic ener gy is released by baroclinic instability
in spring and summer. The spring spectra in the two regions have m aximums at
horizontal scales of about 80–100 km which is the typical scale of the eddies in
the model. These eddies propagate a cycl onic circuit. The resulting eddy-induced
mass transport in deep and intermediate layers is directed out of the Gulf of Lions
and toward the Gibra ltar Strait. Equivalently, we can argue the intermediate and
deep waters conveyor belt of the Western Mediterranean Sea is eddy-driven.

5 The Southern Ocean
Saenko, O. A., 2008, Influence of the enhanced mixing within the Southern Ocean fronts
on
the overturning circulation,
Geophys.
Res.
Lett.,
35,
L09602,
doi:10.1029/2008GL033565
Observations indicate that turbulent mixing is enhanced in the major fronts of the
Antarctic Circumpolar Current (ACC), pe netrating through much of the wate r
column. Here we em ploy a sim ple representation of this process in a global
climate model to evaluate its po tential impact on the ocean' s overturning
circulation. Two effects are ob tained. First, the frontally-intensified mixing in the
Southern Ocean increases the tran sformation of NADW to UCDW. Se cond, by
intensifying the de nse water upwelling in the south, the vertical m ixing in the
ACC fronts returns a fraction of
the northward flowing AABW /LCDW as
UCDW, consistent with recen t observational results; the correspond ing abyssal
overturning weakens. The results are interpreted using a single-basin model.
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5.1 Antarctica Sea Ice
Geddes, J. A. and G. W. K. Moore, 2007, A climatology of sea ic e embayments in the
Cosmonaut
Sea, Antarctica,
Geophys.
Res.
Lett.,
34,
L02505,
doi:10.1029/2006GL027910
The Cosmonaut Sea off the coast of Antarctica is characterized by highly variable
sea ice con ditions. As the sea ice expands during the austral fall and
winter,
embayments, open bodies of water surrounded on three sides by sea ice, as well as
polynyas often form. Using sea ice concentr ation data provided by satellite-based
passive microwave instruments from 1979 to 2004, we characterize these
embayment events by their size and tem poral evolution. The data suggests a
striking periodicity in the occurrence of these embayments, with the exception of
a “quiet” period between 1984 and 1987. The large embayment events seem to
appear approximately every thre e years in th e same location and p ersist for
anywhere between m id-June to m id-August. These results indicate there is
predictability in the occurrence of emba yment events, adding im portant insight
into the characterization of sea ice variability in this region.
Nicolaus, M., C. Haas, and S. W illmes, 2009, Evolution of first-year and second -year
snow properties on sea ice in the W
eddell Sea during spring-summer transition, J.
Geophys. Res., 114, D17109, doi:10.1029/2008JD011227
Observations of snow properties, superi mposed ice, and atm ospheric heat fluxes
have been performed on first-year and second-year sea ice in the western Weddell
Sea, Antarctica. Snow in th is region is particular as it do es usually survive
summer ablation. Measurem ents were perf ormed during Ice Station Polarstern
(ISPOL), a 5-week drift station of the German icebreaker RV Polarstern. Net heat
flux to the snowpack was 8 W m−2, causing only 0.1 to 0.2 m of thinning of both
snow cover types, thinner first-year and thicker second-year snow. Snow thinning
was dominated by compaction and eva poration, whereas m elt was of m inor
importance and occurred only internally at or close to the s urface. Characteristic
differences between snow on first-year and second-year ice were found in snow
thickness, temperature, a nd stratigraphy. Snow on sec ond-year ice was thicker,
colder, denser, and m ore layered than on first-y ear ice. Metamorphism and
ablation, and thus mass balance, were similar between both regimes, because they
depend more on surface heat fluxes and less on undergr ound properties. Ice
freeboard was mostly negative, but floodi ng occurred m ainly on first-year ice.
Snow and ice in terface temperature did not reach the m elting point during the
observation period. Nevertheless, form ation of discontinuous superim posed ice
was observed. Color tracer experim
ents suggest considerable m eltwater
percolation within the snow , despite below-melting temperatures of lower layers.
Strong meridional gradients of snow and sea-ice properties were found in this
region. They suggest sim ilar gradients in atm ospheric and oceanographic
conditions and implicate their importance for melt processes and the location of
the summer ice edge.
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5.2 Water Masses
Richardson, L. E., T. K. Kyser, N. P.
James, and Y. Bone, 2009, Analysis of
hydrographic and stable isotope data to dete rmine water masses, circulation, and m ixing
in the eastern Great Australian Bight,
J. Geophys. Res., 114, C10016,
doi:10.1029/2009JC005407
Hydrographic and stable isotope data from waters in the e astern Great Australian
Bight (GAB) sam pled during March–Apr il 1998 indicate that both m ixing and
evaporative processes are im portant on the shelf. Five water m asses are defined
on the basis of their temperature, salinity, δ 2H and δ 18O values. Two of these are
end-members, the F linders Current (FC) and th e Great Australian Bight Plume
(GABP), whereas the o ther three are a re sult of m ixing between these two endmembers. Water m ass distribution reflects an anticyclonic gyre in the eastern
GAB. Cool and fresh w ater present at dept h along the Eyre Pe ninsula is sourced
from upwelling of Flinders Current water directly from the shelf break. This water
is progressively heated, evaporated, and mixed with warmer and more saline shelf
waters as it flows around the gyre. High temperatures, salinities, and δ 2H values
in surface waters in the central GAB suggest that the Great Australian Bight
Plume has a greater spatial extent than previously recorded, also occurring along
the shelf edge between 130°E and 133°E. A high temperature, high salinity, low δ
2
H water mass th at is isotopically similar to the Flind ers Current occ urs in the
west of the study area, i ndicating intrusion of Flinders Current water into the
central GAB. Differences in isotopic com positions of off-shelf water suggest that
the Great Australian Bight Plume is
flowing off the s helf and mixing with
Flinders Current water at ˜132°E; howev er, this outflow does not generate an
eastward flowing current during the period when samples were collected.

5.3 Atmosphere-Ocean
5.3.1 Effects of Changing Climate/CO2
Fyfe, J. C., O., A. Saenko, K. Zickfeld, M. Eby and A. J. Weaver, 2007, The role of
poleward intensifying winds on Southern Ocean warm ing, J. Clim., 20: 5391-5400,
doi:10.1175/2007JCLI1764.1
Recent analyses of the lates t series of climate model simulations sug gest that
increasing CO2 emissions in the atm osphere are partly responsible for (i) the
observed poleward shifting and strength ening of the Southern Hem isphere
subpolar westerlies (in associ ation with shiftin g of the southern annular m ode
toward a h igher index state), and (ii) the observed warm ing of the subsurface
Southern Ocean. Here the role that pol
eward-intensifying westerlies play in
subsurface Southern Ocean warm ing is explored. To this end a clim ate model of
intermediate complexity was driven separately, and in co mbination with, tim evarying CO2 emissions and tim e-varying surface winds (derived from the fully
coupled climate model simulations mentioned above). Experim ents suggest that
the combination of the direct rad iative effect o f CO2 emissions and polewardintensified winds sets the overall magnitude of Southern Ocean warming, and that
the poleward intensified winds are key in te rms of determining its latitudina l
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structure. In particular, changes in wind stress curl associated with p olewardintensified winds significantly enhance pure CO 2-induced subsurface warm ing
around 45°S (through in creased downwelling of warm surface water), reduces it
at higher latitudes (thro ugh increased upwelling of cold deep water), and reduces
it at lower latitudes (th rough decreased downwelling of warm surface water).
Experiments also supp ort recent high-resolution ocean model experim ents
suggesting that enhanced m esoscale eddy activity associated with polewardintensified winds influences subsurface (and surface) warm ing. In particular, it is
found that increased poleward heat transpor t associated with increased mesoscale
eddy activity enhances the warm ing south of the Antarctic Circum polar Current.
Finally, a mechanism involving offshore Ekman sea ice transport (m odulated by
enhanced mesoscale activity ) that acts to signif icantly limit the hum an-induced
high-latitude Southern Hemisphere surface temperature response is reported on.
Sigmond, M. and J. C. Fyfe, 2010, Has the ozone hole contributed to increased Antarctic
sea ice extent?, Geophys. Res. Lett., 37, L18502, doi:10.1029/2010GL044301
Since the 1970s sea ice extent has decr
eased dramatically in the Northern
Hemisphere and increased slightly in the Southern Hemisphere, a difference that
is potentially explained by ozone depl
etion in the S outhern Hemisphere
stratosphere. In this study we consider the impact of stratospheric ozone depletion
on Antarctic sea ice extent usin g a c limate model forced with observed
stratospheric ozone depletion from 1979 to 2005. Contrary to expectations, our
model simulates a year-round decrease in Antarctic sea ice due to stratospheric
ozone depletion. The largest percentage s ea ice decrease in our model occurs in
the austral summ er near the coast of Antarctica, due to a m echanism involving
offshore Ekman sea ice transport. The largest absolute decrease is simulated in the
austral winter away from the coast of Antarctica, in response to an ocean warming
that is con sistent with a poleward s hift of the large-s cale pattern of sea surface
temperature. Our m odel results strongly suggest that proce sses not linked to
stratospheric ozone depletion must be invoked to explain the observed increase in
Antarctic sea ice extent.
Spence, P., O. A. Sae nko, M. Eby, and A. J. W eaver, 2009, The Southern Ocean
overturning: Parameterized versus permitted eddies, J. Phys. Oceanogr., 39: 1634-1651,
doi:10.1175/2009JPO4120.1
Four versions of the sam e global clim ate model, with horizon tal resolution
ranging from 1.8° × 3.6° to 0.2° × 0.4°, ar e employed to evaluate the resolution
dependence of the Southern Ocean m eridional overturning circulation. At coarse
resolutions North Atla ntic Deep W ater tends to upwell diabatically at low
latitudes, so that the Southern Ocean is weakly coupled with the rest of the ocean.
As resolution increases and eddy ef fects become less param eterized the interior
circulation becomes more adiabatic a nd deep water increasingly upwells by
flowing along isopycnals in the Southern Ocean, despite each m odel having the
same vertical diffusivity profile. Separati ng the overturning circulation into mean
and eddy-induced components demonstrates that both the perm
itted and the
parameterized eddies in duce overturning cells in the South ern Ocean with m ass
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fluxes across m ean isopycnals. It is f ound that for som e density classes the
transformation rate derived from surface buoyancy fluxes can provide a proxy for
the net m eridional transport in the upper Southern Ocean. Changes in the
Southern Ocean overturning in respons e to poleward-intensifying S outhern
Hemisphere winds concom itant with increasing atm ospheric CO2 through the
twenty-first century are also investigat ed. Results suggest th at the circulation
associated with th e formation of Antarctic Intermediate Water is likely to
strengthen, or stay essentially unchanged, rather than to slow down.
Spence, J. P., J. C. Fyfe, A. Montenegro, and
A. J. W eaver, 2010, Southern Ocean
response to strengthening winds in an eddy-permitting global climate model, J. Clim., 23,
5332-5343, doi:10.1175/2010JCLI3098.1
A global clim ate model with horizontal re solutions in the ocean rang ing from
relatively coarse to eddy perm itting is used to inves tigate the resolution
dependence of the Southern Ocean re sponse to poleward intensifying winds
through the past and present centuries. The higher-resolution sim ulations show
poleward migration of distinct ocean
fronts associated with a m ore highly
localized near-surface temperature response than in the lower
-resolution
simulations. The higher-resolution sim ulations also show increasing southward
eddy heat transport, less high-latitude cooling, and greater sea ice loss than the
lower-resolution simulations. For all resolu tions, from relatively coarse to eddy
permitting, there is poleward m igration of the Antarctic Circum polar Current in
the Atlantic and the western ha lf of the Indian basin. Finally, zonal transports
associated with the An tarctic Circumpolar Current are shown to be se nsitive to
resolution, and this is discussed in the context of recent observed change.
5.3.2 Carbon Cycle
Tortell, P. D., C. D. Payne, Y. Li, S. Trim born, B. Rost, W. O. Smith, C. Riesselman, R.
B. Dunbar, P. Sedwick, and G. R. DiTullio, 20 08, CO2 sensitivity of Southern Oce an
phytoplankton, Geophys. Res. Lett., 35, L04605, doi:10.1029/2007GL032583
The Southern Ocean exerts a strong impact on marine biogeochemical cycles and
global air-sea CO 2 fluxes. Over the com ing century, large increases in surface
ocean CO2 levels, combined with increased upper water column te mperatures and
stratification, are expected to diminish Southern Ocean CO 2 uptake. These effects
could be significantly modulated by concom itant CO2-dependent changes in th e
region's biological carbon pump. Here we show that CO 2 concentrations affect the
physiology, growth and species composition of phytoplankton assemblages in the
Ross Sea, Antarctica. Field resu lts from in situ sam pling and ship-board
incubation experiments demonstrate that inorganic carbon uptake, steady-state
productivity and diatom species co mposition are sensitive to CO 2 concentrations
ranging from 100 to 800 ppm . Elevated CO2 led to a measurab le increase in
phytoplankton productivity, promoting the
growth of larger chain-form ing
diatoms. Our results su ggest that CO 2 concentrations can influence biological
carbon cycling in the Southern Ocean,
thereby creating potential clim ate
feedbacks.
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Zickfeld, K., J. C. Fyfe, M. Eby and A. J. Weaver, 2008, Comment on "Saturation of the
Southern Ocean CO2 sink due to recent climate ch ange", Science, 319(5863), 570b,
doi:10.1126/science.1146886
We disagree with the conclusion of Le Quéré et al. (Reports, 22 June 2007, p.
1735) that poleward intensifying w inds could continue to weaken the Southern
Ocean sink in the future. W e argue that altered winds, along with rising
atmospheric carbon dioxide, will likely incre ase the efficiency of this sink in the
21st century.

6 Turbulence and Mixing
Mikkelsen, O. A., K. J. Curran, P. S . Hill, and T. G. Milligan, 2007, Entropy analysis of
in
situ
particle
size,
Estuar.
Coast.
Shelf
Sci.,
72:
615-625,
doi:10.1016/j.ecss.2006.11.027
Entropy analysis has been used to classify in situ particle (floc) size spectra of
suspended particles into groups based on
similar distribution characteristics.
Results revealed that the in situ spectra sorted into groups that reflected different
forcing conditions (e.g. variations in turbulence). The different forcing conditions
were not necessarily reflected in other commonly used distribution measures such
as median floc diameter. This suggests th at entropy analysis m ay be an effective
approach for investigating the effect of changes in forcing conditions on floc size.
It is hypothesized that it m ay be possible to derive the average shape of floc size
spectra from m easurement of the forc ing conditions alone and subsequently
derive parameters such as floc fraction, fl oc density, floc settling velocity and the
optical properties of the water column from the average spectra.
Mueller, R. D., W . D. Smyth, B. Ruddic k, 2007, Shear and Convective Turbulence in a
Model of Therm ohaline Intrusions, J. Phys. Oceanogr., 37(10): 2534–2549,
doi:10.1175/JPO3137.1
Thermohaline interleaving is an important m echanism for laterally fluxing salt,
heat, and nutrients betw een water m asses. Interleaving is driven by a release of
potential energy resulting from the dif fering diffusivities of heat and salt in
seawater. The flows are com posed of stack ed intrusions that flux m ore and less
buoyant water in opposite direc tions. In this paper, the role of shear instability
caused by this juxtaposed m otion is investigated. The model described in Walsh
and Ruddick is m odified to include both the effects of shear-induced turbulence
and an im proved convective m ixing parameterization. Shear and convective
mixing play a similar and significant role in interleaving dynamics. In the absence
of either instability, cross-front fluxes are increased by approximately 30%. While
in situ ob servations of horizontal diffusivity resulting from interleaving are not
yet precise enough to calibra te the param eterizations independently, parameter
values based on independent laboratory and numerical studies lead to d iffusivity
predictions that are within the error of the observations.
Smyth, W. D., and B. Ruddick, 2010, Effects of Ambient Turbulence on Interleaving at a
Baroclinic Front, J. Phys. Oceanogr., 40(4): 685–712, doi:10.1175/2009JPO4297.1
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In this pap er the auth ors investigate the action of a mbient turbulence on
thermohaline interleaving using both theo ry and num erical calculations in
combination with observations from Meddy Sharon and the Faroe Front. The
highly simplified models of am bient turbulence used previously are improved
upon by allowing turbulent diffusivities of momentum, heat, and salt to depend on
background gradients and to evolve as the instability grows.
Previous studies have shown that am bient turbulence, at typical ocean levels, can
quench the therm ohaline interleaving in stability on baroclinic fronts. These
findings conflict with th e observation that interleaving is co mmon in baroclinic
frontal zones despite ambient turbulence. Another challenge to the existing theory
comes from numerical experiments showing that the Schmidt number for sheared
salt fingers is much smaller than previously assumed. Use of the revised value in
an interleaving calculation results in interleaving layers that are both weaker and
thinner than those observed. This study aims to resolve those paradoxes.
The authors show that, when turbulence has a Prandtl number greater than unity,
turbulent momentum fluxes can compensate for the reduced Schm idt number of
salt fingering. Thus, am bient turbulence determines the vertical scale of
interleaving. In typ ical oceanic in terleaving structures, the observed property
gradients are insufficient to pred ict interleaving growth at an observa ble level,
even when improved turbulence models are used. The deficiency is small, though:
gradients sharper by a few tens of percent are sufficient to support instability. The
authors suggest that this is due to the ef ficiency of interleaving in er asing those
property gradients.
A new class of m
echanisms for inte rleaving, driven by flow-dependent
fluctuations in turbulent diffusivities, is identified. The underlying m echanism is
similar to the well-kno wn Phillips layering instability; h owever, because of
Coriolis effects, it has a well-defined vertical scale and also a tilt angle opposite to
that of finger-driven interleaving.

6.1 Coastal Mixing Induced by Internal Tides/Waves
Alford, M., R. Lien, H. Simmons, J. Klymak, S. Ramp, Y. Yang, D. Tang, and M. H.Chang, 2010: Speed and evolution of nonlinear in ternal waves transiting the South China
Sea. J. Phys. Oceanogr., 40(6): 1338-1355, doi:10.1175/2010JPO4388.1
In the South China Sea (SCS), 14 nonlinea r internal waves are detected as they
transit a synchronous array of 10 m oorings spanning the waves’ generation site at
Luzon Strait, through the deep basin, and onto the upper continental slope 560 km
to the west. Their arriv al time, speed, width, energy, am plitude, and n umber of
trailing waves are monitored. Waves occur twice daily in a par ticular pattern
where larger, narrower “A” waves alternate with wider,
smaller “B” waves.
Waves begin as broad internal tides close to Luzon Strait’s two ridges, steepening
to O(3–10 km) wide in the deep basin and O(200–300 m) on the upper slope.
Nearly all waves even tually develop wave trains, with larger–steeper waves
developing them earlier and in greater numbers. The B waves in the deep basin
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begin at a m ean speed of ≈5% greater than the linear mode-1 phase speed for
semidiurnal internal waves (computed
using clim atological and in situ
stratification). The A waves travel ≈5%–10% faster than B waves until they reach
the continental slope, presumably because of their greater am plitude. On the
upper continental slope, all waves speed up relative to linear values, but B waves
now travel 8%–12% faster than A waves, in spite of be ing smaller. Solutions of
the Taylor–Goldstein equation with obs erved currents demonstrate that th e B
waves’ faster speed is a result of modulation of the background currents by an
energetic diurnal internal tide on the upper slope. Attem pts to ascertain the phase
of the barotropic tide at which the wave s were generated yielded inconsistent
results, possibly partly because of cont amination at th e easternmost mooring by
eastward signals generated at Luzon Strait’s western ridge. These results present a
coherent picture of the transbasin evolu tion of the waves but underscore the need
to better understand their generation,
the nature of their nonlinearity, and
propagation through a time-variable background flow, which includes the internal
tides.
Garrett, C. and E. Kunze, 2007, Internal tide generation in the deep ocean, Ann. Rev.
Fluid Mech., 39, 57-87, doi:10.1146/annurev.fluid.39.050905.110227
Internal tides are in ternal gravity waves generated in str atified waters by th e
interaction of barotropic tidal currents with vari able bottom topography. They
play a role in dissipating tidal energy a nd lead to m ixing in the deep ocean. Key
dimensionless parameters governing their generation include the tidal excursion
compared with the scale of the topogra phy, the bottom slope compared with the
angle at which rays of internal waves of tidal frequency propagate, and the height
of the topo graphy compared with the depth of the ocean . Recent th eoretical
developments for parts of this param eter space particularly relevant to the deep
ocean show that m ost of the energy fl ux is associated with low modes that
propagate away from the generation regi on. For isolated features this energy flux
is not strongly dependent on the bottom slope. Intense beam s of internal tidal
energy are expected near “critical s lopes," bottom slopes equal to the ray slope,
and lead to local mixing.
Garrett, C. and T. Gerkem a, 2007, A note On the body-force term
in internal-tide
generation, J. Phys. Oceanogr., 37, 2172-2175, doi:10.1175/JPO3165.1
The generation of internal tides can be as cribed to the action of a buoyancy force
caused by the flow of the barotropic ti
de over topographic features. It is
commonly assumed that the barotropic flow can be taken as hydrostatic, but it is
shown here that this leads to a lineariz ed governing equation for the baroclinic
tide that is only valid if the baroclinic tide is
also hydrostatic. A governing
equation for the baroclinic tide, valid fo r any s ituation, is derived here and is
shown to be exactly equivalent to a
simple transformation of the governing
equation for the combined barotropic and baroclinic tides.
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Klymak, J. M., R. Pinkel, and L. Rainville, 2008, Direct breaking of the internal tide near
topography: Kaena Ridge, Hawaii,
J. Phys. Oceanogr., 38: 380-399,
doi:10.1175/2007JPO3728.1
Barotropic to baroclin ic conversion and atten dant phenomena were recently
examined at the Kaen a Ridge as an aspect of the Hawaii Ocean
Mixing
Experiment. Two distinct m ixing processes appear to be a t work in th e waters
above the 1100-m -deep ridge crest. At middepths, above 400 m , mixing events
resemble their open-ocean counterparts . There is no apparent m odulation of
mixing rates with the f ortnightly cycle, and they are well modeled by standard
open-ocean parameterizations. Nearer to th e topography, there is quasideterministic breaking associa ted with each baroclinic crest pas sage. Largeamplitude, small-scale internal waves ar e triggered by tidal forcing, consistent
with lee-wave formation at the ridge break. These waves have vertical
wavelengths on the order of 400 m. Duri ng spring tides, the waves are nonlinear
and exhibit convective instabilities on their leading edge. Dissipation rates exceed
those predicted by the open-ocean parameterizations by up to a factor of 100, with
the disparity increasing as the seaf loor is app roached. These observations are
based on a set of repeated CTD and microconductivity profiles obtained from the
research platform (R/P) Floating Instrument Platform (FLIP), which was
trimoored over the southern edge of th e ridge crest. Ocean velocity and shear
were resolved to a 4-m ve rtical scale by a suspended Doppler sonar. Dissipation
was estimated both by m
easuring overturn displacements and from
microconductivity wavenumber spectra. The methods agreed in water deeper than
200 m, where sensor resolution limitations do not limit the turbulence estim ates.
At intense m ixing sites new phenom ena await discovery, and existing
parameterizations cannot be expected to apply.
Klymak, J. M. and S. M. Legg, 2010, A si mple mixing scheme for models that resolve
breaking
internal
waves,
Ocean
Modell.,
33(3-4):
224 - 234,
doi:10.1016/j.ocemod.2010.02.005
Breaking internal waves in the vicin ity of topography can reach heights of over
100 m and are thought to enhance basin-wi de energy dissipation and m ixing in
the ocean. The scales at which th ese waves are m odelled often include the
breaking of large waves (10 s of meters), but not the turbulence dissipation scales
(centimeters). Previous approaches to pa rameterize the turbulence h ave been to
use a universally large viscosity, or
to use m ixing schemes that rely on
Richardson-number criteria.
A simple alternative is presented that enhances m ixing and viscosity in the
presence of breaking waves by assum ing that dissipation is governed by the
equivalence of the density overturning scales to the Ozmidov scale (, where LT is
the size of the density o verturns, and N the stratification). E ddy diffusivities and
viscosities are related to the dissipation by the Osborn relation (Kz=ΓεN-2) to yield
a simple parameterization , where Γ≈0.2 is the flux coefficient. This m ethod is
compared to previous schemes for flow over topography to show that, when eddy
diffusivity and viscosity are assum ed to be proportional, it dissipates the correct
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amount of energy, and that the dissipa tion reported by the m ixing scheme is
consistent with energy losses in the model. A significant advantage of this scheme
is that it has no tunable param eters, apart from the turbulent Prandtl number and
flux coefficient. A disadvantage is that the overturning scales of the turbulence
must be relatively well-resolved.
Klymak, J. M., S. Legg, and R. Pinkel, 2010, A simple parameterization of turbulent tidal
mixing near supercritical topography,
J. Phys. Oceanogr., 40(9): 2059-2074,
doi:10.1175/2010JPO4396.1
A simple parameterization for tidal diss ipation near superc ritical topography,
designed to be app lied at d eep midocean ridges, is presented. In th is
parameterization, radiation of internal tides is quantified using a linear knife-edge
model. Vertical internal wave m odes that have nonrotating phase speeds slower
than the tidal advection speed are as sumed to dissipate locally, primarily because
of hydraulic effects near the ridge crest. Evidence for high modes being dissipated
is given in idealized numerical models of tidal flow over a Ga ussian ridge. These
idealized models also give guidance for where in the wate r column the predicted
dissipation should be place d. The dissip ation recipe holds if the Coriolis
frequency f is varied, as long as hN/W f, where N is the stratification, h is the
topographic height, and W is a width scale. This parameterization is not applicable
to shallower topography, which has signi ficantly more dissipation because nearcritical processes dominate the obser ved turbulence. T he parameterization
compares well aga inst simulations of tidal dis sipation at the Kauai r idge but
predicts less dissipation than estimated from observations of the f ull Hawaiian
ridge, perhaps because of unparameterized wave–wave interactions.
Klymak, J. M., S. Legg, and R. Pinkel, 2010, Hi gh-mode stationary w aves in stratified
flow
over large obstacles,
J.
Fluid
Mech.,
644:
312-336,
doi:10.1017/S0022112009992503
Simulations of steady two-dim ensional stratified flow ove r an isolated obstacle
are presented where the obstacle is tall enough so that th e topographic Froude
number, Nhm/Uo 1. N is the buoyancy frequency, hm the height of the topography
from the channel floor and Uo the flow speed inf initely far from the obstacle. As
for moderate Nhm/Uo (~1), a colum nar response propagates far up- and
downstream, and an arrested lee wave forms at the topography. Upstream, most of
the water beneath the crest is blocked, wh ile the moving layer above the crest has
a mean velocity Um = UoH/(H−hm). The vertical wavelen gth implied by this
velocity scale, λo = 2 πUm/N, predicts dom inant vertical scales in th e flow.
Upstream of the crest there is an a ccelerated region of flu id approximately λo
thick, above which there is a weakly oscillatory flow. Downstream the accelerated
region is thicker a nd has less intense velocities. Similarly, the upstream lift of
isopycnals is greatest in the first wavelength near the crest, and weaker above and
below. Form drag on t he obstacle is dom inated by the blocked response, and not
on the details of the lee wave, unlike flows with moderate Nhm/Uo.
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Directly downstream, the lee wav e that forms has a vertical wavelength given by
λo, except for the deepest lobe which tends to be thicker. This wavelength is small
relative to the fluid depth and topogra phic height, and has a horizontal phase
speed cpx = −Um, corresponding to an ar rested lee wave. When considering the
spin-up to steady state, the speed of verti cal propagation scales with the vertical
component of group velocity cgz = αUm, where α is the aspect ratio of the
topography. This implies a time scale = tNα/2π for the gro wth of the lee waves,
and that steady state is attained m ore rapidly with steep topography than shallow,
in contrast with linear theory, which does not depend on the aspect ratio.
Legg, S. and J. M. Klymak, 2008, Internal hydraulic jumps and overturning generated by
tidal flow over a
tall steep ridge,
J. Phys. Oceanogr., 38, 1949–1964,
doi:10.1175/2008JPO3777.1
Recent observations fro m the Hawaiian Ridge indicate ep isodes of o verturning
and strong dissipation coupled with the tid al cycle near the top of the ridge.
Simulations with realistic topography a
nd stratification suggest that this
overturning has its origins in transient in ternal hydraulic jumps that occur below
the shelf break at m aximum ebb tide, and then propagate up the slope as internal
bores when the flow revers es. A series of nu merical simulations explores the
parameter space of topographic slope, ba rotropic velocity, stratification, and
forcing frequency to identify the parameter regime in which these intern al jumps
are possible. Theoretical analysis predicts that the tidally driven jumps may occur
when the vertical tidal excursion is
large, which is sho wn to im ply steep
topographic slopes, such that dh/dxN/ω > 1. The vertical length scale of the jumps
is predicted to depend on the flow speed such that the jum p Froude number is of
order unity. The num erical results agree with the theoretical pred ictions, with
finite-amplitude internal hydraulic jum ps and overturning form ing during strong
offslope tidal flow over steep slopes. Thes e results suggest that internal hydraulic
jumps may be an im portant mechanism for local tidally generated m ixing at tall
steep topography.

6.2 Island Wake Mixing
Hasegawa, D., M. R. Lewis, and
A. Gangopadhyay, 2009, How islands cause
phytoplankton to bloom
in their wakes,
Geophys. Res. Lett., 36, L20605,
doi:10.1029/2009GL039743
The development of phytoplankton bloom s in Von Kàrm àn vortex streets in
island wakes has been inve stigated using a co upled bio-physical model which
evolves a geostrophically balanced flow past a rela tively small (L = 10 km)
oceanic island. Three major processes associated with the “island mass effect” are
found to occur in series in our num
erical experiment. First, increases in
phytoplankton were observed in the lee due solely to passive advection from the
deep maximum. Second, following the sh edding of cyclonic eddies, upwelled
nitrate enhances local p rimary production in the surface euphotic layer resulting
in a phytoplankton bloom . The bloom peaks appeared about tw o weeks
downstream from the island. Third, a w eaker bloom is also found in the
immediate lee of the isla nd, associated with nutri ent injection and longer
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residence time of upwe lled water. The dem onstrated detailed features of island
mass effect are remarkably consonant with previously observed phenomena in the
real ocean.

6.3 Turbulence in the Nearshore Zone
Hay, A. E., 2008, Near-bed turbulence and reli ct waveformed sand ripples: Observations
from the inner shelf, J. Geophys. Res., 113, C04040, doi:10.1029/2006JC004013
Results are presented from a field investigation of near-bed turbulence above
degrading waveformed sand ripples in 17- m water depth on the inner shelf. The
heights of the 50-cm wavelength primary ripples were about 5 cm at the start of
the observation period, and decreased by
a factor of 2 within 15 days. The
principal degradation mechanism involved fish making pits in the seafloor. Nearbed turbulent kinetic energy dissipation rates are estim ated both from the energy
spectrum and from the vertical structure function within the inertial subrange, and
ranged from 0.1 × 10 −6 to 3 × 10 −6 W/kg. The friction velocity, u *, at the bed
ranged from 0.3 to 0.5 cm /s, and the wave friction factor, f w , from 0.017 to 0.02.
The nearbed turbulence intensities and consequently the estimated values of u 2 *
and f w are likely too sm all by a factor of 2, partly to satisfy the s mooth-wall
constraint, and partly to account for the e ffects of s mall-scale turbulence within
the finite-volume range cells of the cohe rent Doppler system used to m ake the
turbulence estimates. Finally, the results i ndicate that the hydraulic roughness of
relict ripples is likely a function of both ripple height and steepness, and that the
relative roughness should also depend on the near-bed wave orbital excursion. For
modeling purposes, Nielsen' s ripple roughne ss formula is recomm ended, with a
reduced proportionality cons tant to account for the e ffects of irregu lar wave
forcing and non-equilibrium ripple history.
Newgard, J. P. and A. E. Hay, 2007, Turbulence intensity in the wave boundary layer and
bottom friction under (m ainly) flat bed conditions, J. Geophys. Res., 112, C09024,
doi:10.1029/2006JC003881
Variations with wave energy of near-bed turbulence and the wave friction facto r
are investigated in the near-shore zone for bed states spanning low-steepness sand
ripples and flat bed, and for wave energi es extending well into the sheet f low
regime. The measurements were made using a 1.7-MHz pulse -coherent Doppler
profiler in ca. 3-m mean water depth. N ear-bed turbulence intensities, phaseaveraged over the highest-1/3 waves, p eak at phases between 10° and 55° after
the wave crest, this ph ase decreasing with increasing wave Reynolds num ber.
Wave friction factors com puted from near-bed vertical tu rbulence intensity fall
within the range pr edicted by existing sem i-empirical formulae, and exhibit
broadly similar trends. At the higher end of the observed wave energy ran ge (i.e.,
in the sh eet flow regime), however, the measured friction factors increase with
sea-and-swell energy f aster than the pr edictions. This anom alous increase is
correlated with inf ragravity wave energy and with m ean cross-shore current
speed, but not with other forcing param eters including m ean long-shore current
speed, wave skewness, wave asymmetry and wave breaking frequency. It is
argued that the anomaly is partly due to additional near-bed turbulence associated
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with infragravity waves, and theref ore that these data are not inconsis tent with
Wilson's (1989) parameterization for bottom roughness in oscill atory sheet flow.
Peak near-bed turbulence intensities are independent of wave Reynolds num ber
for Re 1.2 × 10 6, but proportional to Re for Re 1.2 × 10 6, this abrupt change
possibly indicating a critical dependence on Re of turbulence production in the
WBL over flat or nearly flat mobile beds.
Rousseau, S., E. Kunze, R. Dewey, K. Bartlett, and J. D
ower, 2010, On Turbulence
Production by Swimming Marine Organisms in the Open Ocean and Coastal W aters. J.
Phys. Oceanogr., 40(9): 2107–2121, doi:10.1175/2010JPO4415.1
Microstructure and acoustic profile time series were collected near Ocean Station
P in the eastern subarctic North Pacific and in Saanich Inlet at the south end of
Vancouver Island, British Colum bia, Canada, to examine production of turbulent
dissipation by swi mming marine organisms. At Ocean Station P, although a
number of zooplankton species are larg e enough to generate turbulence with
Reynolds numbers Re > 1000, biom ass densities are typically less than 10 3
individuals per cubic m eter (<0.01% by vo lume), and turbul ent kinetic energy
dissipation rates ε were better correlated with 1 6-m vertical shear than acoustic
backscatter layers. In Saanich Inlet, where krill densities are up to 104 individuals
per cubic meter (0.1% by volum e), no dra matic elevation of dissipation rates ε
was associated with dusk and dawn vertical migrations of the acoustic backscatter
layer. Dissipation rates are a factor of 2 higher [
ε = 1.4 × 10 −8 W kg −1,
2
corresponding to buoyancy Re = ε /(νN ) 140] in acoustic backscatter layers
than in acoustically quiet waters, regardless of whether they are vertically
migrating. The O(1 m) thick turbulence patches have vertical wavenumber spectra
for microscale shear commensurate with the Nasmyth model turbulence spectrum.
However, the turbulence bursts of O(10−5 W k g−1) proposed to occur in such
dense swarms appear to be rare. Thus far, intense turbulent bursts have been
found infrequently, even in very dense aggregations O(104 individuals per cubic
meter) characteristic of coastal and high-latitude environs. Based on sampling to
date, this corresponds to a frequency of occurrence of less than 4%, suggesting
that turbulence production by the marine biosphere is not efficient.

6.4 Turbulence and Mixing in the Laboratory or Simulated
Bourouiba, L. and P. Bartello, 2007, The in termediate Rossby number range and 2D-3D
transfers in decaying rotating hom ogeneous turbulence, J. Fluid. Mech., 587: 139-161,
doi:10.1017/S0022112007007124
Rotating homogeneous turbulence in a fini te domain is studied using num erical
simulations, with a particular em phasis on the in teractions between the wave and
zero-frequency modes. Numerical simulations of decaying hom ogeneous
turbulence subject to a wide range of background rotation rates are presented. The
effect of rotation is exa mined in two f inite periodic domains in order to test the
effect of the size of the com putational domain on the results obtained, thereby
testing the accurate sampling of near-r esonant interactions. W e observe a nonmonotonic tendency when Rossby num ber Ro is varied from large values to the
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ain size. Three rotation
small-Ro limit, which is robust to the change of dom
regimes are identified and discussed: the large-, the intermediate-, and the smallRo regimes. The intermediate-Ro regime is characterized by a positive transfer of
energy from wave m odes to vortices. The three-dimensional to two-dimensional
transfer reaches an initial m aximum for Ro ≈ 0.2 and it is associated with a
maximum skewness of vertical vo rticity in favour of positiv e vortices. This
maximum is also reached at Ro ≈ 0.2. In the interm ediate range an overall
reduction of vertical energy tran sfer is obs erved. Additional characteristic
horizontal and vertical scales of this particular rotation regime are presented and
discussed.
Fellouah, H. and A. Pollar d, 2009, The velocity spectra and turbulence length scales
distributions in the near to intermediate regions of a round turbulent free jet, Phys. Fluids,
21, 115101, doi:10.1063/1.3258837
Stationary and flying single hot-wire m easurements were made to inves tigate the
near to intermediate field in a round free turbulent jet. Measurements were carried
out at Reynolds num bers ReD based on the jet exit mean velocity and th e nozzle
diameter, between 6000 and 100 000. The objective of this study was to
investigate the concept of a m ixing transition proposed by Dim otakis [“The
mixing transition in turbulent flows ,” J. Fluid Mech. 409, 69 (2000)] . This was
done through the m easurement of the ve locity spectra and the calculation of
Kolmogorov λK, Taylor m icroscale λT, the Liepm ann–Taylor microscale λL, and
the viscous length scale λν at different positions in the near to intermediate regions
of a round free jet. The pres ent results dem onstrate the local nature of m ixing
transition. It is found that the Kolmogorov, Taylor, and viscous length scales all
decrease in m agnitude with the local Reynolds num ber Reδ based on the local
center line mean velocity and the local tim e-averaged diameter of the jet an d
appear to be only weakly dependent on the radial position, although the ratio
ReT/Reδ1/2 varies nonlinearly across the je t radius. The ratio of the la minar to
viscous length scale exceeds unity beyond th e potential core of the jet. Moreover,
the skewness of the axial velocity is approximately −0.4 over 30<ReT<400.
Fellouah, H., C. G. Ball, and A. Pollard, 2009,
Reynolds number effects within the
development region of a turbulent round free jet, Int. J. Heat Mass Trans., 52(17-18):
3943-3954, doi:10.1016/j.ijheatmasstransfer.2009.03.029
In this work, flying and stationary
hot-wire measurements were m ade to
investigate the effect of the Reynolds num ber on the near- and intermediate-fields
region (0 6 x/D 6 25) of a round fr ee jet. Measurements were carried out over a
range of Reynolds numbers, based on the jet exit m ean velocity and the nozzle
diameter, that span the m ixing transition. The specific Reynolds num bers tested
were 6000, 10,000 and 30,000. The objective of th is study was to determine what
differences there were in mean velocity profiles, turbulence intensity profiles, and
velocity spectra. Results reve aled a close coupling between the mean velocity
distribution and the turbul ence intensities and the Re ynolds shear stress. From
those data obtained, it was concluded that the inertial sub-range frequency span
increases with dis tance downstream from the jet inlet and the m ixing transition
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seems to occur at th e appearance of the inertial sub-range rather than at the
transition from the inertial to dissipation range.
Smyth, W. D., J. R. Carpenter, and G.
A. Lawrence, 2007, Mixing in Symm etric
Holmboe Waves, J. Phys. Oceanogr., 37(6): 1566–1583
Direct simulations are used to study tu rbulence and m ixing in Holm boe waves.
Previous results showing that m ixing in Holmboe waves is com parable to th at
found in the better-known Kelvin–Helmholtz (KH) billows are extend ed to cover
a range of stratification levels. Mix ing efficiency is discussed in detail, as are
effective diffusivities of buoyancy and m omentum. Entrainment rates are
compared with results from laboratory experiments. The r esults suggest that the
ratio of the thicknesses of the she ar layer and the s tratified layer is a key
parameter controlling mixing. With that ratio held constant, KH billows mix more
rapidly than do Holm boe waves. Among Holmboe waves, mixing increases with
increasing density difference, despite the f act that the tr ansition to turb ulence is
delayed or prevented entirely by the st ratification. Results are summarized in
parameterizations of the effective viscosity and diffusivity of Holmboe waves.
Sutherland, B. R., A. N. F. Chow, and T. P. Pittman, 2007, The collapse of a mixed patch
in stratified fluid, Phys. Fluids, 19, 116602, doi:10.1063/1.2814331
Lock-release laboratory experiments are performed to examine the collapse of a
localized mixed patch of fluid in a unifo rmly stratified ambient with constant
buoyancy frequency, N. The intrusion speed is approxim ately 0.13NHℓ, in which
Hℓ is the depth of the mixed patch. This is consistent with the speed of intrusions
released from a full-depth lock where Hℓ = H is the dep th of the am bient. The
vertically propagating wave s have frequency set by
N (ω ≃ 0.7N) and the
horizontal wavelength, λx, is s et by Hℓ (λx ≃ 1.5Hℓ). The am plitude is found to
scale as the depth of th e mixed region cubed at sm all Hℓ, and saturates at large
Hℓ≳10 cm due to nonlinear effects.
Tedford, E. W., R. Pieters, and G. A. Lawrence, 2009, Symmetric Holmboe instabilities
in
a laboratory exchange flow,
J.
Fluid
Mech.,
636: 137-153,
doi:10.1017/S0022112009007733
Laboratory experiments have been conducted that test the predictions of Holmboe
(Geofys. Publ., vol. 24, 1962, pp. 67–112). Symmetric Holm boe instabilities are
observed during steady, m aximal two-layer exchange flow in a long laboratory
channel of rectangular cross-section. Internal hydraulic controls at each end of the
channel isolate the subcritica l region within the channel from disturbances in th e
reservoirs. Inside the channel, th e instabilities form cusp-like waves that
propagate in both directions. The phase speed of the instabilities is consistent with
Holmboe's theory and increases along the length of the channel as a result of the
gradual acceleration of each layer. This acceleration causes the wavelength of any
given instability to inc rease in the f low direction until it is approxim ately twice
the most amplified wavelength. At this point new waves develop with the result
that the average wavelength is almost constant along the length of the channel.
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Uddin, M. and A. Pollard, 2007, Self-sim ilarity of Co-Flowi ng Jets: The virtual origin,
Phys. Fluids, 19(6), doi:10.1063/1.2740709
From round and plane jet experim ental data, it can be inferred that the existence
of the vir tual origin can be attribu ted to variations in thic kness of the internal
boundary layer at the orifice. Based on th is, and further support from large eddy
simulations (LES) of axisymm etric coflowing round jets with various inlet
conditions, we propose that the local value of the variance in the thickness of the
boundary layer and thus the velocity distri bution at the jet inle t can be used to
predict the location of the virtual origin. This, in turn, indicates the inadequacy of
the traditionally used length scale, the jet half-width/radius, and suggests the local
variance is a length scale with better physical significance. It appears unlikely that
the turbulence intensity distri bution at the orifice plays a significant role in the
determination of the virtual origin or the axial spread of the effective jet width.

6.5 Eddy Mixing/Flux
Eden, C., R. J. Greatbatch, and D.
Olbers, 2007, Interpreting Eddy Fluxes. J. Phys.
Oceanogr., 37(5): 1282–1296
A generalization of the transform ed Eulerian and tem poral residual m eans is
presented. The new formulation uses rotational fluxes of buoyancy, and the full
hierarchy of statistical density m oments, to reduce the cross-isopycnal eddy flux
to the physically relevant com ponent associated with the averaged water m ass
properties. The resulting eddy-induced diapycnal di ffusivity vanishes for
adiabatic, statistically steady flow, and is related to either the growth or decay of
mesoscale density v ariance and/or the covariance between sm all-scale forcing
(mixing) and density fluctuations, such as that associa ted with the ir reversible
removal of density variance by dissipat ion. The relationshi p between the new
formulation and previous approaches is de scribed and is illust rated using results
from an eddying channel model. The formalism is quite general and applies to all
kinds of averaging and to any tracer (not just density).
Greenan, B. J. W, 2008, Shear and Rich ardson number in a mode-water eddy, Deep-Sea
Res. Pt. II, 55: 1161-1178, doi:10.1016/j.dsr2.2008.01.010
Measurements of stratification and shear we re carried out as part of th e EDDIES
tracer release experim ent in m ode-water eddy A4 during the summ er of 2005.
These measurements were accom plished using both shipb oard instrumentation
and a drifting mooring. A strong relationship between shear intensity and distance
from the center of the eddy A4 was observed with the shipboard ADCP.
Diapycnal diffusivity at the SF 6 tracer isopycnal prior to and during the release
−6
was estimated from the drifting mooring to be 2.9×10
m2 s−1. Diffusivity
increased by an order of m agnitude to 3.2×10 −5 m2 s−1 during the period of the
final tracer survey in ea rly September, which was sim ilar to the value e stimated
from the tracer analysis for the whole experiment (3.5×10−5 m2 s−1, [Ledwell, J.R.,
McGillicuddy Jr., D.J., Anderson, L.A., 2008. Nutrient flux into an intense deep
chlorophyll layer in a m ode-water eddy. Deep-Sea Research II, this issue
[doi:10.1016/j.dsr2.2008.02.005]].
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Li, M., S. Vagle, D. M. Farmer, 2009, Large Eddy Simulations of Upper-Ocean Response
to a Midlatitude Storm and Comparison with Observations*, J. Phys. Oceanogr., 39(9):
2295–2309
A large ed dy simulation (LES) model is used to inves tigate an u pper-ocean
response to a fall storm in the open ocean of the North Pacific Ocean. The storm
is characterized by rapid increases in wind speed and surfac e heat los s but a
relatively steady wave field. The LES model shows that surface co nvergence
zones or windrows organize into line pa tterns aligned with the wind direction,
evolving from nearly parallel lines to irregular structures featuring Y junctions as
the wind speed increases. The do wnwelling-to-upwelling velocity ratio ranges
between 1.2 and 1.6, indicating a m oderate level of asymmetry between the
downwelling and upwe lling plumes in Lang muir circulation. During the storm ,
the turbulent Langm uir number Lat increases from 0.2 to 0 .5 while the vertical
turbulence intensity σw2 decreases from 1.4 to 0.7 u*2, where u* is th e friction
velocity. The order of turbulence intensi ties in three d irections switches from
crosswind ≈ vertical > downwind directions to downwind > crosswind > vertical
directions. This suggests a transition from Langmuir to shear turbulence as the
storm progresses. The Hoennikker number (Ho) remains below 0.1 and the strong
evaporative heat loss does not contribute much to the turbulence generation in the
ocean mixed layer. Th e LES resu lts are compared with in situ and acoustic
measurements collected during the storm . Patterns of model-predicted nearsurface downwelling zones are in good agreement with horizontal distributions of
bubble clouds revealed in sidescan sonar im ages. Striking similarity is also found
in the temperature anomalies between the LES m odel and high-resolution
thermistor chain measurements.

6.6 Front Dynamics, Intrusions, and Double Diffusion
Inoue, R., H. Yamazaki, F. Wolk, T. Kono, J. Yoshida, 2007, An Estimation of Buoyancy
Flux for a Mixture of Tur bulence and Double Diffusion, J. Phys. Oceanogr., 37(3) 611–
624
Microstructure measurements were m ade in the Mixed Water Region of the
Oyashio/Kuroshio/Tsugaru currents sy stem where both turbulence and double
diffusion are involved in m ixing. While inte nse turbulence is observed near the
front between the Oyashio and the Tsuga ru Current, double diffusion occupies a
noticeable fraction in both the Tsugaru Water and the M ixed Water between the
Oyashio and the Kuroshio. After determ ining a criterion to distinguish double
diffusion from turbulence, vertical diffusivities and buoyancy fluxes are estimated
using microstructure data. When turbulence is weak, double diffusion is observed
around temperature and salinity anom alies, partly due to interleaving, and
dominates the buoyancy flux. Vertical di ffusivities due to double diffusion are
parameterized as a function of the 10- m-scale density ratio. The 10-m -scale
diffusivity estimates are consistent with the microstructure data when an
appropriate criterion to reproduce a proba bility density function for the Turner
angle is ap plied. A weighted -average diffusivity model is proposed to account
properly for turbulence and double diffusion simultaneously.
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Lavery, A. and T. Ross , 2007, Acoustic scatte ring from double-diffusive microstructure,
J. Acoustical Soc. America, 122(3): 1449-1462, http://dx.doi.org/10.1121/1.2764475
Laboratory measurements of high-frequency broadband acoustic backscattering
(200–600 kHz) from the diffusive regime of double-diffusive microstructure have
been performed. This type of microstructure, which was characterized using direct
microstructure and optical shadowgraph techniques, is identified by sharp density
and sound speed interfaces separating well-mixed layers. Vertical acoustic
backscattering measurements were performed for a range of physical param eters
controlling the double-diffusive microstructure. The echoes have been analyzed in
both the frequency domain, providing information on the spectral response of the
scattering, and in the time domain, using pulse com pression techniques. High
levels of variability were observed , associated with in terface oscillations and
turbulent plumes, with many echoes showing signifi cant spectral s tructure.
Acoustic estimates of interface thickness (1–3 cm), obtained for the echoes with
exactly two peaks in the com pressed pulse output, were in good agreem ent with
estimates based on direct m icrostructure and optical shadowgraph measurements.
Predictions based on a one-dim ensional weak-scattering model th at includes the
actual density and sound speed profiles agree reasonably with the
measured
scattering. A rem ote-sensing tool for mapping oceanic m icrostructure, such as
high-frequency broadband acoustic scattering, could lead to a better understanding
of the extent and evolution of doubl e-diffusive layering, and to the importance of
double diffusion to oceanic mixing.
Pinheiro, L. M., H. Song, B. Ruddick, J. Dube rt, I. Ambar, K. Mustafa, and R. Bezerra,
2009, Detailed 2-D i maging of the Mediterran ean outflow and m eddies off W. Iberia
from multichannel seismic data, J. Mar. Sys., doi:10.1016/j.jmarsys.2009.07.004
Reprocessing of a 326-km long multichannel seismic line acquired in the Tagus
Abyssal Plain off W Iberia in 1991 allowe d detailed imaging of the thermohaline
structure of several m esoscale features within the water colu
mn. The
interpretation was supported by subsur face float m easurements, Sea Level
Anomaly (SLA) m aps and Sea Surf
ace Temperature (SST) im ages
contemporaneous with the acquisition of the seismic data. Clear im ages were
obtained of the reflective patterns associ ated with one previously known and one
newly discovered m eddy, one cyclone, the upper and lower cores of the
Mediterranean Undercurrent, and th e interface of the high-salin ity tongue of the
Mediterranean Water with the North Atlan tic Central W ater. These revea l a
complexity and a deta il of the lateral variations of the thermohaline s tructure not
easily observed by conventional physical oceanography tools.
The mesoscale structures were imaged via reflections from oceanic fine structures
of scale 30 m or less. We compare the characteristics of observed reflections with
known mechanisms of fine-structure production. Most of the observed reflections
are consistent with in ternal waves and therm ohaline intrusions as pr eviously
hypothesized. We postulate a new m echanism to explain the form ation of the
steeply sloping reflections that outline the m eddy and other features, involving
frontogenetic isopycnal advection, form ation of therm ohaline intrusions, and
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tilting of the intrus ive layers by m esoscale shear flows. The im aging technique
therefore shows the relationship between mesoscale features and the fine-scale
oceanographic phenomena associated w ith mixing, including steeply-sloped
structures that would otherwise not be tracked using CTD profiles alone.
Ross, T. and A. Lavery, 2009, Laboratory observations of double- diffusive convection
using high-frequency broadband acoustics, Experiments in Fluids, 46(2): 355-364,
doi:10.1007/s00348-008-0570-9
High-frequency broadband (200–300 kHz) acoustic scattering techniques have
been used to observe the diffusive regi me of double-diffusive convection in the
laboratory. Pulse compression signal processing techniques allow (1) centim etrescale interface thickness to be rapidly, rem otely, and continuously m easured, (2)
the evolution, and ultimate merging, of multiple interfaces to be observed at highresolution, and (3) convecti on cells within the surrounding m ixed layers to be
observed. The acoustically m easured interface thickness, combined with
knowledge of the slowly varying temperat ures within the surrounding layers, in
turn allows the direct estim ation of double-diffusive heat and buoyancy fluxes.
The acoustically derived interface thickness, interfacial fluxes and migration rates
are shown to support established theo
ry. Acoustic techniques com plement
traditional laboratory sampling methods and provide enhanced capabilities for
observing the diffusive regime of double-diffusion in the ocean.
Ruddick, B., H. Song, C. D ong, and L. Pinheiro, 2009, W ater column seismic images as
smoothed maps of temperature gradient, Oceanography, 22(1): 192-205
Multichannel seismic imaging of ocean water colum n features is a new
interdisciplinary study that m ay become an accep ted oceanographic tool in
coming years. W e now know that reflector s are associated with water colum n
thermohaline fine structures such as internal waves and intrusions (on a scale of ~
10–50 m) associated with ocean m ixing, and also that the im ages outline largerscale oceanographic features such as currents, water-m ass boundaries, eddies,
meddies, and fronts. The synopticity and detail showing the relationships between
mesoscale and fine-scale features prom ises improved insight into the processe s
that cascade energy from mesoscales to mixing scales. In order to trust a new tool,
oceanographers require a quantitative unde rstanding of how the new tool acts
upon physical properties to yield a final resu lt. We explain the ba sic principles of
multichannel seismics, and show that the imaging process can be v iewed as a
filtering operation acting on the ac oustic impedance field, which, on the sca les
that matter, is pr imarily (but no t completely) associated with tem perature
variations. Synthetic seismic images show the derivative of acoustic im pedance,
averaged over the resolution scale of the acoustic source wavelet— they are, aside
from side-lobe effects, essentially smoot hed maps of tem perature gradient. W e
use a conductivity-temperature-depth (CTD) trace from the periphery of a m eddy
to estimate the con tribution of thermal (83%) and saline ( 17%) anomalies to a
synthetic seismic trace, and then us e multiple CTD traces from the same data se t
to construct a synthetic s eismic image. This synthetic im age compares favorably
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to a real seism ic image of a different meddy with important differences that can
be ascribed to the higher lateral resolution of the seismic technique.
Ruddick, B. R., N. S. Oakey, and D. Hebert, 2010, Measuring lateral heat flux across a
thermohaline front: A model and observational test,
J. Mar. Res., 68(3-4): 523-539,
doi:10.1357/002224010794657146
We develop and test a m ethod to observati onally estimate lateral intrusive heat
flux across a front. The m odel combines that o f Joyce (19 77), in whic h lateral
cross-frontal advection by intrusions crea tes vertical tem perature gradients, and
Osborn and Cox (1972) in which vertical
mixing of those gradients creates
thermal microstructure that is dissi pated by m olecular conduction of heat.
Observations of thermal microstructure dissipation χT are then used to estimate the
production by intrusions, and hence the la teral heat flux and diffusivity. This
method does not depend on the precise
mechanism(s) of m ixing, or on the
dynamical mechanisms driving the frontal
intrusions. It relies on several
assumptions: (1) lateral cross-frontal advection produces diapycnal temperature
gradients that are mixed locally, (2) thermal variance is dissipated locally and not
exported, (3) intrusion scales are larger than turbulence scales, and (4) isotropy of
temperature microstructure is assumed in order to estimate χT.
The method is tested using m icrostructure observations in Meddy "Sharon,"
where the erosion rate and associated la teral heat flux are known from successive
mesoscale hydrographic observations (Hebert et al., 1990). An expression is
developed for the production (lateral heat flux times lateral temperature gradient,
expected to equal χT) in a front of s teady shape that is eroding (detraining) at a
steady rate; the production is proportional to the erosion speed and the square of
the cross-frontal temperature contrast, both of which are well-known from
observations. The qualitative structure a nd integrated value of the dissipation
agree well with model assumptions and predictions: thermal variance produced by
lateral intrusive heat flux is d issipated locally, dissipation in intru sive regions
dominates total dissipation, and the tota l dissipation agrees with the observed
erosion rate, all of which suggests that m icrostructure observations can be used to
estimate intrusive heat flux. A direct com parison was made between lateral heat
flux estimated from mesoscale Meddy stru cture plus the known rate of erosion,
and lateral flux based on m icroscale temperature dissipation, with excellent
agreement in the frontal zone and poorer agreement where lateral temperature
gradient is too small to accurately measure.

6.7 Acoustics, Bubbles and Turbulence
Gemmrich, J., 2010, Strong Turbulen ce in the Wave Crest Region, J. Phys. Oceanogr.,
40(3): 583–595
High-resolution vertical velocity pro files in the surface layer of a lake reveal th e
turbulence structure beneath strongly fo
rced waves. Dissipation rates of
turbulence kinetic energy are estim ated based on centered s econd-order structure
functions at 4-Hz sampling. Dissipation rates within nonbreaking wave crests are
on average 3 tim es larger than values f ound at the sam e distance to the free
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surface but within the wave trough region. This ratio increases to 18 tim es for
periods with frequent wave breaking. The depth-integrated mean dissipation rate
is a function of the wave f ield and correlates well with the m ean wave saturation
in the wave band ωp ≤ ω ≤ 4ωp. It shows a clear threshold behavior in accordance
with the onset of wave breaking. T he initial bubble size distribution is estim ated
from the observed distribution of energy dissipation rates, assum ing the Hinze
scale being the limiting size. This model yi elds the slope of the size distribution,
, consistent with labo ratory results reported in the litera ture, and implies
that bubble fragmentation associated with intermittent high dissipation rates is a
valid mechanism for the setup of bubble size spectra.
Pratson, L. F., E. W. H. Hutton, A. J. Kettner, J. P. M. Syvitski, P. S. Hi ll, D. A. George,
and T. G. Milligan, 2007, The im pact of floods and storms on the acoustic reflectivity of
the inner continental shelf: A modeling assessment, Cont. Shelf Res., 27(3-4): 542-559,
doi:10.1016/j.csr.2005.12.018
Flood deposition and storm reworking of sediments on the inner shelf can change
the mixture of grain sizes on the seabed and thus its porosity, bulk density, bulk
compressional velocity and reflectivity. Whether these changes are significant
enough to be detectable by repeat subbottom sonar surveys, however, is
uncertain. Here the question is addre ssed through num erical modeling. Episodic
flooding of a large versus sm all river ove r the course of a century are modeled
with HYDROTREND using the drainage basin characteristics of the Po and
Pescara Rivers (respectively). A sim ilarly long stochastic record of
storms
offshore of both rivers is sim ulated from the statistics of a long-term mooring
recording of waves in the western Adriatic Sea. These time series are then input to
the stratigraphic model SEDFLUX2D, which simulates flood deposition and storm
reworking on the inner shelf beyond the ri ver mouths. Finally, annual changes in
seabed reflectivity across these shelf re gions are com puted from bulk densities
output by SEDFLUX2D and com pressional sound speeds com puted from m ean
seafloor grain size using the analytical model of Buckingham [1997. Theory of
acoustic attenuation, dispersion, and pulse propagation in unconsolidated granular
materials including m arine sediments. Journal of the Acoustical Society of
America 102, 2579–2596; 1998. Theory of compressional and shear waves in
fluidlike marine sediments. Journal of the Acoustical Society of Am erica 103,
288–299; 2000. Wave propagation, stress relaxation, and grain-tograin shearing in
saturated, unconsolidated marine sediments. Journal of the Acoustical Society of
America 108, 2796–2815]. The m odeling predicts reflectivities that change from
<12 dB for sands on the innerm ost shelf to >9 dB for muds farther offshore,
values that agree with reflectivity m easurements for these sedim ent types. On
local scales of 100 m, however, maximum changes in reflectivity are <0.5 dB. So
are most annual changes in reflectivity over all water depths m odeled (i.e., 0–
35 m). Given that signal differences need to be 2–3 dB to be resolved, the results
suggest that grain-size induced change s in reflectivity cau sed by floods and
storms will rarely be detectable by most current sub-bottom sonars.
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Ross, T., I. Gaboury, and R. Lue
ck, 2007, Sim ultaneous acoustic observations of
turbulence and zooplankton in the ocean,
Deep Sea Res. I, 54(1): 143-153,
doi:10.1016/j.dsr.2006.09.009
Models and laboratory experiments show that zooplankton may locate food more
easily in turbulent waters, but whether pl ankton seek or avoid turbulence in th e
ocean is an open question. It is diffi cult to measure turb ulence and plankto n
simultaneously and with the necessary spatial resolution using traditional methods
(nets and airfoil shear sensors). Ac
oustics is commonly used to survey
zooplankton abundance and recent studies ha ve shown that stra tified turbulence
can also be a significant source of sound scatter. This may seem like more of a
complication than a boon for those aim ing to use acoustics to observe plankton in
turbulence. We present acoustic data, how ever, that show that zooplankton and
turbulence can be observed sim ultaneously with a single 307 kHz sounder. The
different natures of the two targets (discr ete targets versus a volume effect) allow
them to be distinguished. The key is sampling the same targets at multiple ranges.
The volume scattering strength of a discrete target will increase as the target nears
the sounder, because th e volume sampled decreases. Tu rbulence, as a volum e
scattering effect, has little range dependence to its volume scattering strength.
Trevorrow, M. V., B. Vasiliev, and S. Vagle, 2008, Directionality and maneuvring effects
on a surface ship underwat er acoustic signature, J.Acoust. Soc.Am., 124(2): 767-778,
doi:10.1121/1.2939128
This work examines underwater source spectra of a small (560 tons, 40 m length),
single-screw oceanographic vessel, focusi ng on directionality and effects of
maneuvers. The m easurements utilized a set of four, self-contained buoys with
GPS positioning, each recording two cal ibrated hydrophones with effective
acoustic bandwidth from 150 Hz t o 5 kHz. In straight, consta nt-speed runs at
speeds up to 6.2 m s(-1), the ship source spectra showed spectral levels in
reasonable agreement with referen ce spectra. The broadband source level was
observed to increase as approximately speed to the fourth power over the range of
2.6-6.1 m s(-1), partially biased at low speeds by nonpr opulsion machinery
signals. Source directionality patterns we re extracted from variation s in source
spectra while the ship transited past th e buoy field. The observed spectral source
levels exhibited a broadside maximum, with bow and stern aspect reduced by
approximately 12-9 dB, respectively, inde pendent of frequency. An em pirical
model is proposed assum ing that spectra l source levels exhibit sim ultaneous
variations in aspect an gle, speed, and turn rate. After c orrection for source
directionality and speed during turning m aneuvers, an excess of up to 18 dB in
one-third octave source levels was observed.

7 Numerical Modeling
Ambadan, J. T. and Y . Tang, 2009: Sigm a-Point Kalman Filter Data Assim ilation
Methods for Strongly Nonlinear System s, J. Atmos. Sci., 66(2): 261–285,
doi:10.1175/2008JAS2681.1

287

Performance of an advanced, der ivativeless, sigma-point Kalman filter (SPKF)
data assimilation scheme in a strongly nonlinear dynamical model is investigated.
The SPKF data assim ilation scheme is compared against standard Kalman filters
such as th e extended K alman filter (EKF) and ensem ble Kalman filter (EnKF)
schemes. Three particular cases —namely, the s tate, parameter, and join t
estimation of states and param
eters from a set of discontinuous noisy
observations—are studied. The problems associated with the use of tangent linea r
model (TLM) or Jacobian when using s tandard Kalman filters are eliminated
when using SPKF data assimilation algorithms. Further, the constraints and issues
of SPKF data assimilation in real ocean or atmospheric models are emphasized. A
reduced sigma-point subspace m odel is proposed and investigated for higherdimensional systems.
A low-dimensional Lorenz 1963 model and a higher-dim ensional Lorenz 1995
model are used as the test beds for data assimilation experiments. The results of
SPKF data assim ilation schemes are com pared with those of standard EKF and
EnKF, in which a highly nonlinear chaotic case is studied. It is shown that the
SPKF is c apable of estim ating the m odel state and par ameters with bette r
accuracy than EKF and EnKF. Num erical experiments showed that in all cases
the SPKF can give consistent results with better assimilation skills than EnKF and
EKF and can overcome the drawbacks associated with the use of EKF and EnKF.
Greenberg, D. A., F. Dupont, F. H. Lyar
d, D. R. Lynch, and F. E. W
erner, 2007,
Resolution issues in num erical models of oceanic and coastal circulation, Cont. Shelf
Res., 27(9): 1317-1343, doi:10.1016/j.csr.2007.01.023
The baroclinic and barotropic properties of ocean processes vary on m any scales.
These scales are determined by various factors such as the va riations in coastline
and bottom topography, the forcing m eteorology, the latitudi nal dependence of
the Coriolis force, and the Rossby radius of defor mation among others. In this
paper we attempt to qualify and quantify scales of these processes, with particular
attention to the horizon tal resolution necessary to accurately reproduce physical
processes in num erical ocean m odels. We also discus s approaches taken in
nesting or down-scaling from global/basin-scale models to regional-scale or shelfscale models. Finally we of fer comments on how vertica l resolution affects the
representation of stratification in these numerical models.
Huang, A., Y. R. Rao, Y. Lu, and J.
Zhao, 2010, Hydrodynam ic modeling of Lake
Ontario: An intercom parison of three m odels, J. Geophys. Res., 115, C12076,
doi:10.1029/2010JC006269
The solutions of three lake hydro dynamic models, nam ely, Princeton Ocean
Model (POM), Canadian Version of Diecas t Model, and Estuary, Lake, and
Coastal Ocean Model, are com pared with each other and with observ ations in
Lake Ontario. The models have the same horizontal resolution and are forced with
meteorological observations during mid-April to early October of 2006. The three
models obtained qualitatively sim ilar results, although they have diffe rences in
physical parameters, numerical scheme, and vertical discretization. Comparison
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with observations shows that the m odels can reproduce the time evolution of lake
surface temperature reasonably well. All the models p roduced shallower mixed
layers than observations at midlake stations, causing significant errors in
simulating the tem peratures in th e thermocline but perf ormed better near the
coast. All the models also reproduced the characteristics of the time variability of
the surface currents but quantitatively had substantial errors at subsurface levels.
The three models all reproduced the observed spatial pattern of the summer mean
near-surface temperatures, with upwelling (colder tem peratures) along the north
shore and downwelling (warm er temperatures) along the southeas tern shore. The
models simulated a lake-wide cyclonic ci rculation occupying a large portion of
the lake, consistent with the observed climatology, but showed distinct differences
in simulating the smaller gyre in the western corner of the lake. Although POM
has half-vertical layers compared to z level models, its performance is comparable
or slightly bette r than other m odels in m ost of the measures. During a strong
easterly wind event, the performances of the models are similar in simulating the
upwelling and downwelling processes in th e lake and agree with the expected
dynamic response to the strong wind forcing.
McGillicuddy Jr., D., B. deYoung B., S. C. Doney, P. M. Gilbert, D. Stammer, D., and F.
E. Werner, 2010, Models: Too ls for Synthesis in International Oceanographic Research
Programs,
Oceanography,
23(3),
http://www.physics.mun.ca/~bdeyoung/mcg_et_al_2010_IOC_50th.pdf
no abstract; introduction
Through its prom otion of coordinated in ternational research program s, the
intergovernmental Oceanographic Comm ission (IOC) has facilitated m ajor
progress on som e of the m ost challenging problems in oce anography. Issues of
global significance—such as general ocean circulation, the carbon cycle, th
e
structure and dynamics of ecosystems, and harmful algal bloom s—are so large in
scope that they require international collaboration to be addressed system atically.
International collaborations are ev en more important w hen these issues are
affected by anthropogenic processes — such as clim ate change, CO 2 enhancement,
ocean acidification, po llution, and eutrophication—whose impacts may differ
greatly throughout the global ocean. These pr oblems require an entire portfolio of
research activities, including global survey s, regional process studies, tim e-series
observations, laboratory based investiga tions, and sa tellite remote sensing.
Synthesis of this vast array of results presents its own set of challenges (Hofmann
et al., 2010), and m odels offer an exp licit framework for integration of the
knowledge gained as w ell as detailed investigation of the underlying dynam ics.
Models help us to understand what happene d in the past, and to m ake predictions
of future changes —both of which support the developm ent of sound policy and
decision making. We review examples of how models have been used for this
suite of purposes, focusing on areas where IOC played a k ey role in organizing
and coordinating the research activities.
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Pan, S., N. MacDonald, J. W illiams, B. A. O'Connor, J. Nicholson, an d A. M. Da vies,
2007, Modelling the hy drodynamics of offshore sandbanks , Cont. Shelf Res., 27(9):
1264-1286, doi:10.1016/j.csr.2007.01.007
This paper describes the details of a quasi-three-dimensional model (3DBANK),
which has been developed to investig ate medium and long -term morphological
evolution and development of offshore sandbanks. The m odel is based on a threedimensional tidal m odule using the Ga lerkin-eigenfunction method, but also
includes four sub-modules to compute: the instantaneous bedform characteristics
from which the temporal and spatial variations of the shear st resses at the sea bed
can be derived; the suspended sediment concentration through the water colum n;
the bed-load and suspended sedim ent fluxes at a point-in-plan; and the resulting
morphological changes, respectively. The m odel also includes the effects of the
wind and waves at the sea surface, as well as the wave–current interaction (WCI),
and operates with full hydrodynam ic and morphodynamic interaction. The
components of the m odel were tested ag ainst laboratory and field data, and the
complete model was th en applied to Middlekerke Bank off the Flem ish coast
where extensive field measurements were taken during the European Community
(EC) funded Circulation and Sediment Transport Around Banks (CSTAB) Project
using various advanced instrum entation including STABLE and HF OSCR.
Comparisons of the model results with the field measurements and observations
show that the m odel is capable of reproducing the current and wave-induced
bedforms, bed roughness, tidal currents and tidal residuals around the sandbank
satisfactorily, and can be used to study the long-term sandbank evolution under
various offshore conditions. This paper, however, focuses on the hydrodynam ic
aspects of the m odel, while the details of the morphological com ponents will be
given in a companion paper.
Sacher, W. and P. Bartello, 2008, Sam pling errors in ensemble Kalm an filtering. Part I
Theory, Mon. Wea. Rev., 13(8): 3035-3049, doi:10.1175/2007MWR2323.1
This paper discusses the qua lity of the analysis given by the ensem ble Kalman
filter in a perfect model context when ensemble sizes are limited. The overall goal
is to improve the theoretical understanding of the problem of systematic errors in
the analysis variance due to the lim ited size of the ensemble, as well as the
potential of the so -called double-ensemble Kalman filter, covarian ce inflation,
and randomly perturbed analysis techniques to produce a stable analysis—that is
to say, one not subject to f ilter divergence. This is achiev ed by expressing the
error of the ensem ble mean and the analys is error covariance matrix in terms of
the sampling noise in the background error covariance matrix (owing to the f inite
ensemble estimation) and by com paring these errors for all m ethods. Theoretical
predictions are confirmed with a simple scal ar test case. In light of the analytical
results obtained, the expression of the op timal covariance inflation factor is
proposed in terms of the limited ensemble size and the Kalman gain.
Sacher, W., and P. Bartello, 2009, Sam pling Errors in Ensemble Kalm an Filtering. Part
II: Application to a Barotropic Model,
Mon. Wea. Rev., 137(5): 1640–1654,
doi:10.1175/2008MWR2685.1
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In the current study, the authors are concerned with the comparison of the average
performance of stochastic versions of the ens emble Kalman filter with and
without covariance inflation, as well as the double ensem ble Kalman filter. The
theoretical results obtained in Par t I of this study are confronted with idealized
simulations performed with a perfect ba rotropic quasigeostrophic model. Results
obtained are very consistent with the analytic expressions found in Part I. It is also
shown that both the double ensemble Kal man filter an d covariance inflatio n
techniques can avoid f ilter divergence. Nevertheless, cova riance inflation gives
efficient results in te rms of accuracy and reliability for a much lower
computational cost than the double ensem ble Kalman filter and for s maller
ensemble sizes.
Shore, J. A., 2009, Modelling the circulation and exchange of Kings ton Basin and Lake
Ontario
with FVCOM,
Ocean
Modelling,
30(2-3):
106-114,
doi:10.1016/j.ocemod.2009.06.007
An unstructured gr id, finite-volume, 3-dimensional primitive equation, sigmacoordinate terrain follo wing ocean model (FVCOM) has been applied to Lake
Ontario to investigate its m onthly climatological circulation with a focus on
Kingston Basin. Kingston Basin, in the nor theastern end of Lake Ontar io, sits
between the main body of the lake and th e outflowing St. L awrence River and is
adjacent to the Bay of Quinte Area of Concern designated by the In ternational
Joint Commission. The focus of this st udy is to use the unstructured m odel
FVCOM to m odel the m ean circulation in the Basin. Res ults showed tha t the
FVCOM model can take up to 3 years to spin-up from rest for a wind-forced,
almost fully enclosed lake m odel. The model accurately rep roduced the curren t
flow field within the m ain body of the la ke and compared favourably to the flow
field observed during the International Field Year for the Great Lakes (IFYGL) in
Kingston Basin. Transport stream function results show that the structu re of the
flow into Kingston Basin from the main body of the lake ch anges throughout the
year.

8 Upwelling
Allen, S. E. and B. M. Hickey, 2010, Dyna mics of advection-driven u pwelling over a
shelf
break submarine canyon,
J.
Geophys.
Res.,
115,
C08018,
doi:10.1029/2009JC005731
The response over a su bmarine canyon to a several d ay upwelling event can b e
separated into three phases: an initial transient respons e; a later, m uch longer,
“steady” advection-driven response; and a f inal relaxation phase. For the
advection-driven phase over realistically steep, deep, and narrow canyons with
near-uniform flow and stratification at rim depth, we have derived scale estim ates
for four key quantities. Observations from 5 real-world canyon studies and 3
laboratory studies are used to validate the scaling and estimate the scalar constant
for each scale. Based on 4 geom etric parameters of the can yon, the background
stratification, the Corio lis parameter, and the inc oming current, we can e stimate
(1) the depth of upwelling in the canyon to within 15 m, (2) the deep vorticity to
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within 15%, and (3) the presence/absence of a rim depth eddy can be determ ined.
Based on laboratory data, (4) the total upwelling flux can also be estim ated. The
scaling analysis shows the importance of a Rossby number based on the radius of
curvature of isobaths at the upstream m outh of the canyon. This Rossby num ber
determines the ability of the flow to cross the canyon isobaths and generate the
pressure gradient that drives upwelling in the canyon. Other important scales are a
Rossby number based on the length of th e canyon which measures the ability of
the flow to lift isopycnals and a Burg er number based on the width of the canyon
that determines the likelihood of an e ddy at rim depth. Generally, long canyons
with sharply turning upstream isobaths, strong incoming flow, small Coriolis
parameter, and weak stratification have the strongest upwelling response.
Dawe, J. T. and S. E. Allen, 2010, Solution convergence of flow over steep topography in
a numerical model of canyon upwelling , J. Geophys. Res., 115, C05008,
doi:10.1029/2009JC005597
The convergence as resolution is increased is exam ined for a num erical model
simulation of upwellin g over a co ntinental shelf canyon. A series of idealized
one- and two-dim ensional models are us ed to plot the dependence of bottom
Ekman layer velocity structure and tran sport on m odel resolution. Using these
results as a guide, a bottom Ekm an layer-resolving three-dimensional numerical
model is constructed. This model is used to simulate a laboratory model of canyon
upwelling. Alongshore velocity, volum e of fluid upwelled through the canyon
onto the shelf, and change in depth of the canyon water are examined at three grid
resolutions. Numerical model particle trajectories are compared with a laboratory
model of canyon upwelling to validate the m odel. The results suggest that current
computational cluster power is sufficient to accurately simulate a ll aspects of
upwelling in a steep canyon with the ex ception of flow se paration from the
canyon wall.
Ianson, D., R. A. Feely, C. L. Sabine, an d L. W. Juranek, 2009, Features of coastal
upwelling regions that determ ine net air-sea CO2 flux, J Oceanogr., 65(5): 677-687,
doi:10.1007/s10872-009-0059-z
The influence of the coastal ocea n on global net annual air-sea CO 2 fluxes
remains uncertain. However, it is well known that air-sea pCO 2 disequilibria can
be large (ocean pCO 2 ranging from ∼400 µatm above atmospheric saturation to
∼250 µatm below) in eastern boundary curr ents, and it has been hypothesized that
these regions may be an appreciab le net carbon sink. In addition it h as been
shown that the high productivity in
these regions (re sponsible for the
exceptionally low surface pCO 2) can cause nutrients an d inorganic carbon to
become more concentrated in the lo wer layer of the water c olumn over the shelf
relative to adjacen t open ocean waters of the s ame density. This paper explores
the potential role of the winter season in determ ining the net annual CO 2 flux in
temperate zone eastern boundary currents, using the results from a box m odel.
The model is parameterized and forced to represent the northernm ost part of the
upwelling region on the North American Pacific coast. Model results are
compared to the few summer data that exis t in that region. The model is also used
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to determine the effect that upwellin g and downwelling strength have on the net
annual CO2 flux. Results show that downwellin g may play an im portant role in
limiting the a mount of CO 2 outgassing that occurs during winter. Finally data
from three distinct regions on the Pacifi c coast are com pared to high light the
importance of upwelling and downwelling strength in determining carbon fluxes
in eastern boundary currents and to sugge st that other features, such as shelf
width, are likely to be important.
Waterhouse, A. F., S. E. Allen, and A. W. Bowie, 2009, Upwelli ng flow dynam ics in
long canyons at low Rossby num
ber, J. Geophys. Res., 114, C05004,
doi:10.1029/2008JC004956
Submarine canyons, topographic features incising the cont inental slope, vary in
both shape and size. T he dynamics of short canyons have been observed and
described in the field, in the laborator y, and with num erical simulations. Flow
within long canyons, such as Juan de Fuca canyon, located between Vancouver
Island and Washington State in the Pacific N orthwest, is less well understood.
Physical models of both long and shor
t canyons have been constructed to
understand the upwelling dynamics in long cany ons and how upwelling changes,
as compared with the dyna mics of short canyons, at low Rossby num
ber.
Stratification and rotation, both important parameters in determining the dynamics
in canyons, can be controll ed and scaled accordingly for replication of oceanic
conditions. The physical model is spun up to an initial rotation rate, and the flow
is forced by increasing the rotation rate ov er the equivalent of several days. Flow
visualization is used to determine the strength and location of upwelling, the
strength and mechanisms generating vorticity, as well as the differences between
the flow within the long and short canyons. The pattern of upwelling between the
two canyons is sign ificantly different in the horizontal with upwelling occurring
through the canyon head in the short canyon and upwelling occurring close to the
mouth along the downstream rim in the long canyon. At hi gh Rossby num ber,
upwelling is similar in both the long and short canyon and is driven by advection.
However, as Rossby num ber decreases, the flow in the long canyon is m
ore
strongly affected by the str ong convergence of the isoba ths near the canyon than
by advection alone.

9 Waves in the Ocean
9.1 Wind-generated Waves
Xu, F., W . Perrie, B. Toulany, and P.
C. Smith, 2007, W ind-Generated Waves in
Hurricane Juan, Ocean Modelling, 16(3-4): 188-205, doi:10.1016/j.ocemod.2006.09.001
We present num erical simulations of the ocean surface waves generated by
hurricane Juan in 2003 as it reached its m ature stage (travelling from deep waters
off Bermuda to Nova Scotia and m aking landfall near Halifax) using SW AN
(v.40.31) nested within WAVEWATCH-III (v.2.22; denoted WW3) wave
models, implemented on m ultiple-nested domains. As f or all s torm-wave
simulations, spectral wave developm ent is highly dependent on
accurate
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simulations of storm winds during its life cycle. Due to Juan’s rap id translation
speed (accelerating from 2.28 m s−1 on 27 September, 1200 UTC to 20 m s−1 on
29 September, 1200 UTC), an interpolat ion method is developed to blend
observed hurricane winds with numerical weather prediction (NWP) model winds
accurately. Wave model results are compared to in situ surface buoys and ADCP
wave data along Juan’s track. At landfa ll, Juan’s m aximum waves are m ainly
swell-dominated and peak waves lag th e occurrence of the m aximum winds. We
explore the influence of surface wav es on the wind and show that the accuracy of
the wave simulation is enhanced b y introducing swell and Stokes drift feedback
mechanisms to modify the winds, and by limiting the peak drag coefficient under
high wind conditions, in accordan ce with recent theoretical and exp erimental
results.
Xu, F. and W. Perrie, 2008, Spectral Properties of Cyclone-Generated Waves in Deep
and Shallow Water, Volume 4: Ocean Engineering; Offshore Renewable Energy, 911918, doi:10.1115/OMAE2008-57824
Juan is recorded as one of th e most damaging storms in the modern history of
Nova Scotia, Canada. In this paper, the spectral evolution characteristics of waves
generated by hurricane Juan are studied, based on the observed 1D wave spectra
along Juan's track in deep open ocean waters (buoy 44137) and the 2D wave
spectra in shallow coastal waters at the directional waverider (DW R) location.
Valuable results are ob tained for cy clone-generated wave spectral properties, in
both deep and shallow waters. In deep water, as illus trated at buoy 44137, the
spectral variation, spectra pattern developm ent, spectral peak frequency, cut-off
frequency coefficient and high frequency spectral tail of the wave spectra are
analyzed, before, during and after the cyclone' s passing. Thus, the spectral
variation characteristics during the entire cyclone
processe are obtained.
Properties of the high frequency spectral
tail are d iscussed, using average
frequency and peak frequency as th e cut-off frequency parameters under different
cut-off coefficient conditions, respective ly. We suggest reasonable values for the
cut-off frequency parameter. Cyclone-generated 2D wave spectra in shallow water
(at DWR location) are investigated, shoaling effects, 2D spectral
pattern
variations, swell and wind wave s spectral evolution. Our study
shows the
invalidity of presently accepted spectral formulae, in describing cyclone-generated
waves.

9.2 Breaking Waves
Chen, Z., C. S. Zhan , K. Lee, Z. Li, and M. Boufadel, 2008, Modelling of Oil Droplet
Kinetics Under Breaking W aves, Oil Spill Response: A Global Perspective, 4: 221-236,
doi:10.1007/978-1-4020-8565-9_30
A research program was initiated to deve lop numerical models to describe oil
droplet formation and behaviour following oil spills at sea. S pecifically, suitable
models have been examined to quantify the energy requirement for the form ation
of oil droplets and their subsequent
mixing and resurfacing. W ave energy
dissipation rate ( ε) is a critical param eter governing the evolution of spilled oil
including its droplet size distribution, break-up, coalescence, dispersion, and
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resurfacing. Four parameters influencing energy dissipation rate were considered,
and one was selected for detailed study of oil droplet kinetics including related
mixing and transport. Since previous expe riments illustrated the evolution of oil
droplets maintained under a constant wa ve energy level, a population model was
used to account for the change of droplet size and distribution with tim e. It is
expected that these study results will pr ovide a fundamental understanding of the
natural oil dispersion process and the
exact nature of the fluid m echanics
involved. This inform ation will be used to formulate a standard procedure for
testing available and new oil spill countermeasures.
Chen, Z., C.-S. Zhan, K. Lee, Z. Li, a nd M.C. Boufadel, 2009, Modeling oil droplet
formation and evolution under breaking waves,
Energy Sources, Part A: Recovery,
Utilization,
and
Environmental
Effects,
31(5):
438-448,
doi:10.1080/15567030701531295
A research program was initiated to deve lop numerical models to describe oil
droplet formation and behavior following oil s pills at sea. Specifically, suitable
models have been examined to quantify the energy requirement for the form ation
of oil droplets and their subsequent
mixing and resurfacing. W ave energy
dissipation rate is a criti cal parameter governing the evolution of spilled oil
including its droplet size distribution, breakup, coalesce, and dispersion. Methods
of computing the energy dissipation rate were researched, and one wa s selected
for a detailed study of oil droplet kinetic s. Additionally, a population model was
developed to account for the evolution of oil droplets under typical wave energy
levels. Preliminary validation of th e proposed m odels, using a full-scale
computer-controlled wave tank f acility at the Centre f or Offshore Oil and Gas
Environmental Research (COOGER),
showed good agreem ent between
experimental data and predictions for mean oil droplet diam eter under breaking
wave conditions for tim e intervals of 1, 10, 60, and 300 m in after the spill. A
similar correlation was observed for o il concentration in the aqueous phase.
Comparisons were also m ade to eva luate the inf luence of energy on oil droplet
behavior in the presence of chemical dispersants. The study results will be used to
formulate a standard procedure for developing new oil spill countermeasures.
Chen, Z., C. S. Zhan, and K. Lee, 2009, Form ation and vertical m ixing of oil droplets
resulting from oil slick under breaking waves - a modeling study, Environ. Forensics, 10:
347-353, doi:10.1080/15275920903347438
Oil spilled at sea can be dispersed by a variety of natural processes, of which the
influence of breaking waves is dom inant. In this study, for mation and the
subsequent vertical m ixing of oil dropl ets with respect to low and high wave
energy quantities are investigated through a coupled modeling approach. Methods
of computing the energy dissipation rate for the field waves were extended to
support the modeling of oil droplet kineti cs, including related vertical mixing and
transport. The developed method was first examined with literature data including
an agreement with results reported in Delvigne and Sweeney (1988). P reliminary
experimental validation was then conduc ted using a full-scale autom ated wave
tank facility at the Cen tre for Offshore Oil an d Gas Environm ental Research
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(COOGER, Dartmouth Canada); consis tency has been observed between
experimental data and model predictions for the mean oil droplet diam eter under
breaking wave conditions for time intervals of 1, 10, 60, and 300 minutes after the
spill. Outputs of this research will be used to improve existi ng oil spill modeling
tools and to formulate effective oil spill countermeasures.
Gemmrich, J. R., M. L. Banner and C.
Garrett, 2008, Spectrally resolved energy
dissipation and momentum flux of breaking waves, J. Phys. Oceanogr., 38: 1296-1312,
doi:10.1007/978-3-540-36906-6_9
Breaking waves dissipate energy in the oceanic surface layer (top few meters) and
also support the air-sea mom entum flux. Spectrally resolved energy dissipation
and momentum flux are extracted from open ocean observations of the breaking
crest length distribution Λ(c). This concep t, first introduced by Duncan and
Phillips more than 2 decades ago, incl udes an unknown proportionality factor b.
Independent estimates of direct turbulence measurements are used to evaluate this
proportionality factor.
Hwang, P. A., B. Zhang, J. V. Toporkov, and W. Perrie, 2010, Com parison of composite
Bragg theory and quad-polar ization radar backscatter from RADARSAT-2: W ith
applications to wave b reaking and high wind retrieval, J. Geophys. Res., 115, C08019,
doi:10.1029/2009JC005995
Depolarized (de-pol) radar backscatte r is now produced by m any spaceborne
satellites. Analysis of RADARSAT-2 (R2) quad-polarization (quad-pol) data with
collocated in situ ocean wind m
easurements reveals th at the de-p ol radar
backscatter does not saturate in high wi nds. This is a signif icant development for
radar wind sensing, because wi nd retrieval with copolariz ed (co-pol) backscatter
suffers from problems of incidence- and-azimuth-angle-dependent signal
saturation and dampening in high winds. We present a study com paring satellite
quad-pol measurements with the co mposite surface Bragg (CB) theory of radar
backscattering from the ocean surface. Th e co-pol data are in good agreement
with the CB theory. De- pol data are more sensitive to wind speed com pared to
theoretical prediction, thus retrieval of high winds is more accurate using the depol return. The cubic wind speed depende nce of de-pol retu rns in high winds
reflects the significant breaking wave contributions. The relationship can be used
to obtain wave-breaking properties from space.
Hwang, P. A., B. Zhang, J. V. Toporkov,
and W. Perrie, 2010, Correction to
“Comparison of com posite Bragg theory and quad-polarization radar backscatter from
RADARSAT-2: With applications to wa ve breaking and high wind retrieval”, J.
Geophys. Res., 115, C11099, doi:10.1029/2010JC006653
no abstract; correction
In the paper “Comparison of composite Bragg theory and quad-polarization radar
backscatter from RADARSAT-2: W ith applications to wave breaking and high
wind retrieval” by P. A. Hwang et al. ( Journal of Geophysical Research, 115,
C08019, doi:10.1029/2009JC005995) the coeffici ents in equation (11) are in
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error. The c orrect equation for wind speed inversion from the depolarized radar
return should be

where U10 is reference wind speed at 10 m elevation, q the C band depolarized
radar return in dB, q = σ0HVdB, and the radar incidence angle.
Lamb, K. G., O. Polukhina, T. T alipova, E. Pelinovsky, W. Xiao, and A . Kurkin, 2007,
Breather Generation in Fully Nonlinear Models of a Stratified Fluid, Phys. Rev. E., 75(4),
doi:10.1103/PhysRevE.75.046306
Nonlinear wave m otion is studied in a symmetric, con tinuously stratified,
smoothed three-layer fluid in the framework of the fully nonlinear Euler equations
under the Boussinesq approximation. The weakly nonlinear limit is discussed in
which the governing equations can be redu ced to the f ully integrable modified
Korteweg–de Vries equation. For som e choices of the layer thicknesses the cubic
nonlinear term is positive and the modified Kortew eg–de Vries equation has
soliton and breather solutions. Using such a stratification, the Euler equations are
solved numerically using a sign-variable, initial disturbance. Breathers were
generated for several forms of the in itial disturbance. The breath ers have
moderate amplitude and to a good approximation can be described by the
modified Korteweg–de Vries equation. As
far as we know
this is the first
presentation of a breather in numerical simulations using the full nonlinear Euler
equations for a stratified fluid.
Lamb, K. G., 2008, On the calculation of the av ailable potential ener gy of an isolated
perturbation in a density stratified fluid,
J. Fluid Mech. 597: 415-427,
doi:10.1017/S0022112007009743
Two methods for calculating the available po tential energy (APE) of an isolated
feature in a density-stratifie d fluid, such as an internal solitary wave or an eddy,
are compared. The first form ulation calculates the AP E by integ rating the
perturbation potential energy density Ew. The second uses an available potential
energy density Ea. Both formulations are based on the reference density obtained
by adiabatically rearranging the density fi eld to a state of minim um energy. It is
shown, under more general conditions than us ed previously, that (i) the integrals
of Ew and Ea over a finite domain are identical; and (ii) that for an isolated feature
in an unbounded dom ain, the far-field density
can be used as the reference
density if Ea is used to find the APE. This is not the case when Ew is used, hence
use of the available p otential energy density formulation is sim pler in this
situation.
Rojas, G., and M. R. Loewen, 2010, Void fraction m easurements beneath plunging and
spilling breaking waves, J. Geophys. Res., 115, C08001, doi:10.1029/2009JC005614
The temporal and spatial variations of the void fraction fields beneath deepwater
breaking waves were investigated in th e laboratory. There were a total of 13
measurement positions along the plungi ng wave; the peak void fractions
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measured varied from 0.024 to 0.96 and th e time-averaged void fractions varied
from 0.012 to 0.37. For the spilling wave, there were four measurement positions,
and the m ean void fractions varied fr om 0.17 to 0.29. It was found that an
energetic spilling breaker may entrain approximately the same volume of air as a
steeper, larger-amplitude plunging breaker. The speed of advance of the air cavity
entrained beneath the plunging wave was es timated to be 70% of the phase speed
of the breaking wave. The speed of the third bubble cloud entrained by the splashup was found to be approxim ately 90% of the phase speed. Beneath the spilling
breaker, the speed of advance of the bubbl e cloud was estim ated to be 100% of
the phase speed. These measurements have lead to the identif ication of four
significant events during the breaking of a plunging wave: the plunging water jet
impacting the forward face of the wave, the air cav ity collapse, the s plash-up
impact on the forward wave face, and the loca tion and tim ing of the peak void
fraction in the splashing zone. Numerica l models of plunging breakers should be
able to accurately predict the timing and nature of these events.

9.3 Rogue Waves
Garrett, C. and J. Gemmrich, 2009, Rogue waves, (Quick study), Physics Today, 62(6):
57-59,
http://ptonline.aip.org/journals/doc/PHTOADft/vol_62/iss_6/62_1.shtml?bypassSSO=1
no abstract
Rich and challenging physics lies behind th e gigantic ocean waves that seem to
appear without warning to damage ships or sweep people off rocky shores.
Media accounts often portray rogue, or freak, waves in dramatic terms. New
Scientist proclaimed on 30 June 2001, “It came from nowhere, snapping giant
ships in two.” Tales of such m onsters of the d eep give th e impression that th e
waves are huge and unpredictable. In this Quick Study, we address two basic
questions. First, what causes rough seas with large ocean w aves? Second, for a
given sea state (a general term used to describe the surface roughness), do extralarge waves occur m ore frequently than random superposition of different wave
trains would predict?
Gemmrich, J. and C. Garrett, 2008, Unexpected waves, J. Phys. Oceanogr., 38: 23302336, doi:10.1175/2008JPO3960.1
Extreme, or “rogue,” waves are those in th e tail of the probability distribution and
are a m atter of great concern and consid erable research. Th ey may be partly
associated with non-Gaussian behavior caused by resonant nonlinear interactions.
Here it is shown that even in a Gaussian sea, “unexpected” waves, in the sense of,
for example, waves twice as large as any in the preced ing 30 periods, o ccur with
sufficient frequency to be of interest
and importance. The return period of
unexpected waves is qu antified as a f unction of the height m ultiplier and prio r
quiescent interval for various spectral shapes, and it is shown how the return
period is modified if allowance is m ade for nonlinear changes in wave shape
and/or a buildup of one or m ore waves prior to the unexpected wave. The return
298

period of “two-sided” unexpected waves,
quiescence, is also evaluated.

with subsequent as well as prior

Gemmrich, J. and C. Garrett, 2010, Unexpected waves: Intermediate depth simulations
and
comparison with observations,
Ocean Eng.,
37(2-3):
262-267
doi:10.1016/j.oceaneng.2009.10.007
In an earlier study, we defined an “unexpected wave” as, for exa mple, a wave
twice as high as any of the preceding 30 waves. Here we extend earlier deep water
simulations to allow for the greater crest enhancement in water of finite depth and
find that the predicted frequency of unexp ected waves increases significantly. We
also analyze data obtained by wave buoys off the east and west coasts of Canada.
In both deep and intermediate depth water, the occurrence of unexpected waves is
in reasonable accord with our sim ulations, supporting our assumption of random
superposition of waves t hough with local crest enhan cement by the non-resonant
second harmonic.

9.4 Nonlinear Internal Waves
Ansong, J. K. and B. R. Sutherland, 2010, Internal gravity waves generated by convective
plumes, J. Fluid Mech., 648: 405-434, doi:10.1017/S0022112009993193
We present experimental results of the generation of internal gravity waves by a
turbulent buoyant plume impinging upon the interface betw een a uniform density
layer of fluid and a linearly stratified la yer. The wave field is observed and its
properties are m easured non-intrusively using axisymm etric Schlieren. In
particular, we determine the fraction of the energy flux associated with the plume
at the neutral buoyancy level that is extrac ted by the waves. On average, this was
found to be approxim ately 4%. Within the limits of the experim ental parameters,
the maximum vertical displacem ent amplitude of waves were found to depend
linearly upon the m aximum penetration he ight of the plum e beyond the neutral
level. The frequency of the waves was found to lie in a narrow range relative to
the buoyancy frequency. The results are used to interpret the generation of waves
in the atm osphere by convective stor ms impinging upon the tropopause via the
mechanical oscillator effect.
Boegman, L. and G. N. Ivey, 2009, Flow sepa ration and resuspension beneath shoaling
nonlinear internal waves, J. Geophys. Res., 114, C02018, doi:10.1029/2007JC004411
Laboratory observations are presented show ing the structure and dynam ics of the
turbulent bottom boundary layer beneath nonlinear internal waves (NLI Ws) of
depression shoaling upon sl oping topography. The advers e pressure gradient
beneath the shoaling w aves causes the rear face to steepe n, flow separation to
occur, and wave-induced near-bottom vortices to suspend bed m aterial. The
resuspension is directly attributed to the near-bed viscous stre ss and to near-bed
patches of elevated positive Reynolds st ress generated by the vortical structures.
These results are con sistent with p ublished field observations of resuspension
events beneath shoaling NLI Ws. Elevated near-bed viscous stresses are found
throughout the dom ain at locations that ar e not correlated to the resuspension
events. Near-bed viscous stress is thus required for incipient sediment motion but
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is not necessarily a precursor for resusp ension. Resuspension is dependent on the
vertical velocity field associated with positive Reynolds stress and is also found to
occur where the mean (wave-averaged) vertical velocity is directed away from the
bed. The results are interpreted by an alogy to the eddy-str ess and turbulent
bursting resuspension models developed for turbulent channel flows.
Brown, G. L. and B. R. Sutherland, 2007,
Internal Wave Tunnelling Through Nonuniformly Stratified Shear Flow, Atmos.-Ocean, 45(1): 47–56, doi:10.3137/ao.v450104
We examine the transmission of internal gravity waves through a non-uniform ly
stratified fluid with vert ically varying background shear. To quantify wave
transmission we show that the appropriate measure is the ratio of the flux of
transmitted to incident pseudoenergy, T. We derive an analytic prediction of T for
the transmission of waves through a piecewis e-linear shear flow in two cases. In
both, the fluid is unstratified over the dept h of the shear and uniform ly stratified
elsewhere. In one study, the density prof ile is continuous. Such a basic state is
unstable but with vanishingly sm all growth rate as the bulk Richardson num ber,
Ri, becomes large. In the lim it of an infinitely large Richardson number (no
shear), we recover the tunnelling pred iction of Sutherland and Yewchuk (2004).
In weak shear, inciden t waves can transm it weakly, even if the phase speed
matches the flow speed within the shear layer (a critical level). However, no
transmission occurs when the phas e speed of incident waves exactly m atches the
flow speed on the opposite flank of th e shear. In strong shear, with Ri ≈ 1, a
transmission peak occurs where the incident wavenumber and frequency are close
to, but different from , those associated with unstable m odes. In a second study,
the background density profile is disc ontinuous and representative of a wellmixed patch within a once uniform ly stratified fluid. In this case, no transmission
occurs for incident waves with phase speed matching the speed of the flow within
the shear layer. However, a transmission spike occurs if the inciden t waves are
resonant with interfacial waves that flank the shear.
Fouli, H. and D. Z. Zhu, 2008, Transition of Two-Layer Stratified Flow from the Slope of
Bottom Topography to a Horizontal Channel,
Atmos.-Ocean, 46(4): 391–404
doi:10.3137/AO928.2008
An experimental s tudy was conducted to i nvestigate the transition of two-layer
stratified flow from the slope of bottom topography to a horizontal channel. Three
experiments, with a reduced gravity of g ′ = 1.64, 6.47 and 18.0 cm s–2, were
performed. Particle im age velocimetry and planar las er-induced fluorescence
were used to obtain the m easurements of velocity and concentration fields. The
flow rate, obtained from the m easured velocity field, increas es significantly
toward the toe of the topography by alm ost 40% from that at the sill crest due to
the interfacial wave activities. In th e horizontal channel, however, the flow rate
only increases marginally. Estimates of the composite Froude number indicate
that the supercritical flow on the
slope of the topogr aphy goes through the
transition to the subcritical flow in the horizontal channel. The transition is mainly
due to the increas e in the lower-layer th ickness because of increasing interfacial
friction caused by the breaking of interf acial waves, and no internal hydraulic
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jumps are observed. The m easured mean concentration field showed the
formation of an intermediate layer of medium density, which increased its
thickness with g′ and helped to suppress turbul ence. Spectral analysis of the
density interfacial fluctuations indicated that the interfacial waves that develope d
on the slope of the topography broke up
downstream of the toe into s maller
amplitude waves at larger frequ encies. The waves at several channel crosssections were also examined.
Gregory, K. D. and B. R. Sutherland, 2010, Tr ansmission and reflection of internal wave
beams, Phys. Fluids, 22(10), 106601, doi:10.1063/1.3486613
An existing m ethod for predicting the part ial transmission of plane internal
gravity waves acro ss a weakly stratified re gion is adap ted so as to p redict the
transmission of internal wave beam s having finite horizontal and vertical extent.
The results are com pared with laborator y experiments in which inte rnal waves
generated by an oscillating cylinder are incident upon a m ixed region of varying
depth and stratification. The results are in go od agreement except when the
characteristic frequency of the beam is close to the minimum buoyancy frequency
of the weakly stratified m ixed region. In this case, the predicted transm ission
coefficient varies rapidly with frequency and so is sensitive to small measurement
errors. Applications of this method to atmospheric and oceanic internal waves are
discussed.
Holdsworth, A. M., S. Décam p, and B. R. Sutherland, 201 0, The axisymmetric collapse
of a mixed patch and internal wave ge neration in uniformly stratified fluid, Phys. Fluids,
22(10), doi:10.1063/1.3489124
Laboratory experiments are us ed to inves tigate the axisy mmetric collapse of a
localized mixed region in uniformly stratified ambient. The collapsing fluid forms
an intrusion and generates vertically pr opagating internal gravity waves in the
stratified ambient. The speed of th e intrusion is found to be (0.085±0.001) N0Hm
where Hm is the depth of the mixed patch and N0 is the buoyancy frequency.
Internal wave frequencies are set by the buoyancy frequency, ( ω ≃ 0.8N0), and the
effective horizontal wavenumber is set by the radius of the cylinder so that kr ≃
2Rc. Vertical displacement am plitudes scale with the dep th of the m ixed patch
according to |ξ|/(Hm/2) = 0.032±0.002 and we fi nd that about 2% of the available
potential energy of the m ixed region is extracted by the internal waves.
Extrapolation of these results to oceanic circumstances of mixed region collapse
beneath a hurricane gives a conservative estim ate of the power extracted by
internal waves during the lifecycle of the storm is estimated to range from 6×10 10
to 4×1012W . The corresponding power from all hurricanes averaged over the
course of a year can range from 1×109 to 8×109W .
Korobov, A. and K. G. Lam b, 2008, Interharmonics in internal gravity waves generated
by
tide-topography interaction,
J.
Fluid
Mech.
611:
61-95,
doi:10.1017/S0022112008002449
The dynamics and spectrum of internal gravity waves generated in a linearly
stratified fluid by tidal flow over a flat-topped ridge ar e investigated at five
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different latitudes using an inviscid
two-dimensional numerical model. The
resulting wave field include s progressive freely propa gating waves which satisfy
the dispersion relation, and forced waves which are trapped non-propagating
oscillations with frequencies outside the internal wave band. The flow is largely
stable with respect to sh ear instabilities, and, thr oughout the runs, there is a
negligibly small amount of overturning whic h is confined to th e highly nonlinear
regions along the sloping topography a nd where tidal beam s reflect from the
boundaries. The wave spectrum exhibits a self-similar structure with prom inent
peaks at tidal h armonics and interharmonics, whose m agnitudes decay
exponentially with frequency. Two str ong subharmonics are generated by an
instability of tidal bea ms which is par ticularly strong for near-critical latitudes
where the Coriolis frequency is half the tidal frequency. When both subharmonics
are within the free internal wave range (as in
cases 0°–2 0° N), they form a
resonant triad with the tidal harmonic. When at least one of the two subharmonics
is outside of the range (as in cases 30°–40° N) the observed instability is no
longer a resonant triad in teraction. We argue that the two subharmonics are
generated by param etric subharmonic instability that can produce both
progressive and forced waves. Other inte rharmonics are produced through wave–
wave interactions and are not an artefa ct of Doppler shif ting as assum ed by
previous authors. As the two subharmonics are, in general, not proper fractions of
the tidal frequency, the wave–wave interactions are capable of transferring energy
to a continuum of frequencies.
Lamb, K. G., 2007, Energy and pseudoenergy flux in the internal wave field generated by
tidal
flow over topography,
Cont.
Shelf
Res.,
27(9):
1208-1232,
doi:10.1016/j.csr.2007.01.020
The mechanical energy and pseudoenergy budgets in the internal wave field
generated by tidal flow over topography is considered usi ng a nonlinear, twodimensional numerical model. The Boussi nesq and rigid lid approximations are
made, viscosity and diffusion are ignor
ed and the flow is treated as
incompressible. Both ridge and bank e dge topographies are considered. The
nonlinear energy equation and an equation for pseudoenergy (kinetic energy plus
available potential energy) are satisfied to within les s than 1%. For a unif orm
stratification (constant buoyancy frequency N) the available potential energy
where is
density is identical to th e linear potential energy density
the density perturbation. For weak tidal flow over a ridge in the deep ocean, using
a uniform stratification, the generated wave s are small, approximately 2% of the
water depth, and the tradition al expression for the energy flux,
accurately
gives the pseudoenergy flux. For a case with strong tidal flow across a bank edge,
using a non-uniform stratification, large internal solitary waves are generated. In
this case, the line ar form of the potenti al energy is very different from
the
available potential energy and the traditional energy flux term
accounts for
only half of the pseudoenergy flux. Fluxe s of kinetic and av ailable potential
energy are comparable to the trad itional energy flux term and hence m ust be
included when estimating energy fluxes in the internal wave field.
302

Mirshak, R. and D. E. Kelley, 2009, Inferring pr opagation direction of nonlinear internal
waves in a vertically sheared background flow, J. Atmos. Oceanic Technol., 26: 615–625,
doi:10.1175/2008JTEC0632.1
Internal waves heave the background flow through which they propagate. If the
background flow is vertica lly sheared, the high-pass-fi ltered velocity f ield will
thus contain signals of both the wave
velocity and the heaved flow. Under
conditions of large wave am plitude and large backgroun d shear—a common
situation for nonlinear internal waves in coastal waters—the velocity fluctuations
caused by wave heaving of the background flow can be comparable to the wave
velocity itself. This complicates the inference of wave properties such as energy
flux and propagation direction. The pres ent study deals with m ethods to infer
propagation direction in such situations. A ttention is given to three m ethods that
may be applied to acoustic Doppler curr ent profiler m easurements: a “f iltering”
method that estim ates wave signals fr om high-pass-filtered tim e series, a
“beamwise” method that infers wave dire ction from lagged co rrelations of echo
intensity between the spatially separated acoustic beam s of the profiler, and a
“modal” method that separates backgr ound and wave signals by regressing the
high-pass-filtered velocity field onto a normal-mode wave model. The m ethods
are tested using synthetic datasets. The results suggest that the filtering method is
biased by wave heaving of the background shear, while the beamwise and m odal
methods are resistan t to heaving. The beamwise m ethod provides accurate
predictions of wave propagation angle for cases in which th e measurements have
high temporal resolution and the envi ronment exhibits no depth-averaged
background flow. The limitation on depth-averaged flow is relaxed for the m odal
method, but it requires the m easurement of stratification. These issues are
illustrated, and the app licability of thes e methods is explored with a series of
sensitivity tests, and it is found that the different m ethods perform well under
different circumstances.
Munroe, J. R. and B. R. Sutherland, 2008,
Generation of internal waves by sheared
turbulence: experiments, Env. Fluid Mech., 8(5-6): 527-534, doi:10.1007/s10652-0089094-3
A series of experiments is presented that model the generation of internal gravity
waves in the ocean by the forcing of tur bulent eddies in the surface m ixed layer.
The experimental setup consists of a shallow mixed upper layer and a deep
continuously stratified lower layer. A s ource of turbulence is dragged through the
upper layer. Internal waves can freely propa gate in the lower layer. The internal
waves are measured using synthetic schlie ren to determine the frequencies of the
generated waves. Consistent with other st udies, it is found that the characteristic
frequencies of internal waves genera ted by turbulence are an approxim
ate
constant fraction of the buoyancy frequency.
Nault, J. T. and B. R. Sutherland, 2007, Intern al wave transmission in nonuniform flows,
Phys. Fluids, 19(1), 016601, doi:10.1063/1.2424791
We compute transmission coefficients fo r internal waves propagating in a fluid
with continuously varying stratification and background shear. In stationary fluid
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the transmission is char acterized by the ratio of transmitted to incident energy.
More generally, transm ission across the sh ear is appropriatel y characterized by
the ratio of transm itted to incid ent pseudoenergy flux. First, we exam ine the
transmission and reflection of internal waves incident upon a weakly stratified
layer in stationary fluid focusing upon th e opposing limits of piecewise-linear
theory and a heur istic application of Wentzel-Kramers-Brillouin (WKB) theory.
We find the WKB prediction is reas onably accurate if the d istance of transition
from strong to weak stratific ation is as small as one sixth the vertical wavelength
of the transmitted waves. In the lim it of infinitesimally small transition distances
the prediction of piecewise-linear th eory is reproduced. Second, we consider the
transmission of internal waves acros s a shea r layer which initially is u niformly
stratified. In particular, we show th at significant transmission is possib le across
critical layers if the minimum gradient Richardson num ber is less than 1/4.
Finally, we show that inte rnal waves can partially transm it across a mixed region
that results from the evolution of an unstable shear layer. Transm ission across
critical layers occurs for waves w hose horizontal phase speed matches the
background flow speed at levels w here the gradient Richar dson number is less
than 1/4.
Clark, H. and B. Sutherland, 2009, Schlieren measurements of internal waves in nonBoussinesq fluids, Exp. Fluids, 47(2): 183-193, doi:10.1007/s00348-009-0648-z
Previous experiments that have examined the generation of internal gravity waves
by a m onochromatic source have b een restricted to sm all amplitude forcing in
Boussinesq stratified fluids . Here we presen t measurements of internal waves
generated by a circular cylinder oscillating at large amplitude in a non-Boussinesq
fluid. The `synthetic schlieren' optical m easurement technique (Sutherland et al.
in J Fluid Mech 390:93-126, 1999) is extended to stratifications in which the
index of refraction of the fluid m ay vary nonlinearly with density. The m ethod is
applied to exam ine disturbances in a pproximately uniformly stratified am bient
fluids consisting either of sodium chlo ride (NaCl) or sodium iodide (NaI)
solutions whose concen trations increase to near-saturation at the botto m of the
tank. In particular, we repor t upon the first extensive m easurements of the optical
properties of NaI solutions as they
depend upon concentration and density.
Applying the results to experim ents, we find that large am
plitude forcing
generates a patch of oscillatory tur bulence surrounding the cylinder, thereby
increasing the effective cylinder size and decreasing the amplitude of the waves in
comparison with the predictions of linear theory. We parameterize the influence
of the turbulent boundary la yer in term s of a n effective cylinder radius and
forcing amplitude.
Stastna, M. and K. G. Lam b, 2008, Sediment resuspension mechanisms associated with
internal waves in coastal waters,
J. Geophys. Res., 113, C10016,
doi:10.1029/2007JC004711
Large-amplitude, vertically trapped inte rnal waves can induce sizab le velocities
and trigger hydrodynam ic instabilities in the bottom boundary layer, thereby
contributing to the resuspension of sedim ents and the m aintenance of sediment
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concentration in the water co lumn. We discuss numerical simulations of several
different situations in w hich the boundary layer in the wave footprint undergoes
hydrodynamic instability, with a resultan
t increase in the incidence of
spatiotemporal structures that could facilitate sediment resuspension. For the case
of internal solitary waves we pro vide bounds in parameter sp ace separating
regions in which internal waves can be expected to efficiently resuspend sediment
from those in which the boundary layer in the wave footprint is both lam inar and
stable. A notable finding is that the onset of instability is a strong function of the
background current. The Lagrangian tran sport of passive particles due to the
instability is explored, and some quantitative measures of the efficiency of the
particle transport process are provided. W e subsequently discuss the evolution of
the power s pectra of the bottom shear stress w ith time and f ind that while th e
general characteristics of the instability are robust, lowering either the Reynolds
number or the strength of the background
current leads to an increase in the
typical length scales associated with the m ature instability. Finally, we discuss
instabilities during the internal wave generation process and alternative instability
mechanisms when the bottom is not flat.

9.5 Remote Sensing of Waves
Cheel, R. A. and A. E. Ha y, 2008, Cross-ripple patterns and wave directional spectra, J.
Geophys. Res., 113, C10009, doi:10.1029/2008JC004734
Rotary sonar images of the seafloor during SandyDuck97 are used to investigate
the geometry of the cross-rippled bed state relative to the directional properties of
the incident waves. The sonar im agery indicates that the cr oss-ripple pattern is a
quasi-regular diamond-shaped lattice constr ucted of variable length ladder-like
tiles, each with shorter-wa velength ripples residing within the troughs of the
longer-wavelength component. The longer-wav elength crests were oriented at
approximately ±30° with respect to th e incident wave direction. Most wave
directional spectra were not bimodal in direction and, for the small number (17%)
which were, the distribution of the angular separations of the two peaks was very
broad and indicated no preferred value.
Thus, contrary to som e previous
suggestions in the literature, these results indicate not only th at cross ripples do
not require waves propagating from two di fferent directions for their f ormation
but also that for m ost of the occurrenc es during this experi ment, cross ripples
formed when the incident wave field was unimodal in direction. Finally, the
orientation angles of th e long-crested ripple com ponents exhibit no dependence
on mean current velocity.
Maier, I. and A. E. Hay, 2009, Occurrence and orientation of anorbi tal ripples in nearshore sands, J. Geophys. Res., 114, F04022, doi:10.1029/2008JF001126
The orientation of linear transition ripples (LTRs) relative to inc ident wave
direction is studied using rotary fan beam sonar images and wave and current data
from electromagnetic flowmeters in ∼3 m water during SandyDuck97. LTR
occurrence is determ ined objectively w ith an autom atic recognition algorithm.
LTRs occurred for RMS wave orbital velocities between 0.15 and 0.35 m s−1. The
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ripples were highly two dim ensional, and of the anorbital type ( λ0/D50 = 524 to
535, d0/D50 = 4300 to 25,000) w ith 7.6 cm mean wavelength in 150 μm median
diameter sand. The ripple crests were t ypically aligned perpendicular to the
incident sea-and-swell dire ction: specifically, about 60% of the normals to the
crests differ from wave direction by less than 5° and more than 90% by less than
10°. During rapid changes in wave
direction, however, ripple orientation
adjustment lagged the wave direction by O(1 h). Ripple reorie ntation occurred
piecewise along the crests, with new crest segments sometimes bridging two or
more old segments. The 1 h reorientation time scale is longer by several orders of
magnitude than the ad justment time based on theoretical bed load transport rate
and the ripple volum e. As a possible e xplanation, we suggest that a significant
fraction of the transport, m ore than 90%, bypasses the ripples during orientation
adjustment through large angles.
Zhang, B., W. Perrie, and Y. He, 2009, Re mote sensing of ocean waves by along-track
interferometric synthetic apertu re radar, J. Geophys. Res., 114, C10015,
doi:10.1029/2009JC005310
A new wa ve retrieval m ethod for the Along-Track Interferometric Synthetic
Aperture Radar (AT-InSAR) phase im age is presented. The new algorithm,
named parametric retrieval algorithm (PRA), uses the full nonlinear m apping
relations. It differs from pr evious retrieval algorithms in that it does not require a
priori information about the sea state or the wind vector from scatterometer data.
Instead, it combines the observed AT-In SAR phase spectrum and assumed wind
vector to estim ate the wind sea spectr um. The m ethod has been validated using
several C-band and X-band HH-polarized AT-InSAR observations collocated
with spectral buoy measurements. In this paper, X-band and C-band HH-polarized
AT-InSAR phase images of ocean waves are first used to study AT-InSAR wave
imaging fidelity. The resulting phase sp ectra are quantitatively com pared with
forward-mapped in situ directional wave spectr a collocated with the AT-InSAR
observations. Subsequently, we combine the parametric retrieval algorithm (PRA)
with X-band and C-band HH-polarized AT-InSAR phase images to retrieve ocean
wave spectra. The results show that the ocean waveleng ths, wave directions, and
significant wave heights estim ated from the retrieved o cean wave spectra are in
agreement with the buoy measurements.
Zhang, B., W. Perrie, and Y. He, 2010, Validat ion of RADARSAT-2 fully polarimetric
SAR measurements of ocean s urface waves, J. Geophys. Res., 115, C06031,
doi:10.1029/2009JC005887
C band RADARSAT- 2 fully polarim etric (fine quad-polarization m ode,
HH+VV+HV+VH) synthetic aperture radar (SAR) images are us ed to validate
ocean surface waves m easurements using the polarimetric SAR wave retriev al
algorithm, without estim ating the co mplex hydrodynamic modulation transfer
function, even under large radar incidenc e angles. The linearly polarized radar
backscatter cross s ections (RBCS) are first calcul ated with the copolarization
(HH, VV) and cross-polarization ( HV, VH) RBCS and the polarization
orientation angle. Subsequently, in the
azimuth direction, the vertica lly and
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linearly polarized RBCS are used to m easure the wave slopes. In the range
direction, we combine horizontally and vertically polarized RBCS to estim ate
wave slopes. Taken together, wave slope spectra can be d erived using estimated
wave slopes in azimuth and range directions. Wave parameters extracted from the
resultant wave slope spectra are validat ed with colocated National Data Buoy
Center (NDBC) buoy m easurements (wave periods, wavelengths, wave
directions, and significant wave heights) and are shown to be in good agreement.

9.6 Miscellaneous Wave Studies
Carpenter, J. R. , E. W. Tedford, M. Rahmani, and G. A. Lawrence, 2010, Holmboe wave
fields in sim ulation and experim ent, J. Fluid Mech.,
648: 205-223
doi:10.1017/S002211200999317X
The basic wave field resulting from
Holmboe's instability is s tudied both
numerically and experim entally. Comparisons between the direct num erical
simulations (DNS) and laboratory experim ents result in Holmboe waves that are
similar in their appearance and phase
speed. However, different boundary
conditions result in m ean flows that displa y gradual variations either temporally
(in the simulations) or spatially (in the experiments). These differences are found
to affect the evolution of the dom inant wavenumber and amplitude of the wave
field. The simulations exhibit a nonlinear ‘wave coarsening’ effect, whereby the
energy is shifted to lower wavenumbers in discrete m erging events. This process
is typically found to result from either ejections of m ixed fluid away from the
density interface or vortex pairing. In the experiments, energy is transferred to
lower wavenumbers by the ‘stretching’ of the wave field by a gradually varying
mean velocity. This stretching results in a reduction of wave am plitude compared
with the DNS.
Carton, X., F. J. Poulin, and M. Pavec, 2010, Linear baroclinic and param
etric
instabilities
of boundary curren
ts
in a two-layer m
odel,
Geophys. Astrophys. Fluid Dyn., doi:10.1080/03091929.2010.490556
The linear baroclinic and param etric instabilities of boundary currents with
piecewise-constant potential vorticity are studied in a two-layer quasi-geostrophic
model. The growth rates of both the
exponential modes and of the optim al
perturbations are calcu lated for the baroclin ic instability of steady coastal
currents. We show that the growth rates of the exponential modes are maximal for
a vertically symmetric flow. Furthermor e, the vertical asymm etries induced by
different layer thicknesses, the presence of a barotropic potential vorticity or
bottom topography, all act to dampen the growth rates and favor growth at shorter
wavelengths. It is shown that this behavi or can be predicted from the conditions
for vertical resonance of Rossby waves on the two potential vorticity fronts. Also,
the baroclinic instability of the optim al perturbations has larger growth rates at
shorter wavelengths and shorter tim e scales. As well, the presence of a sloping
bottom of moderate amplitude favors the growth of these optim al perturbations.
Finally, we com pute the growth rates of parametric instability of oscillatory
coastal flows. We show that subharmonic resonance is the most unstable mode of
growth. In addition, a second region of parametric instability is found (for the first
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time) away from marginality of exponentia l-mode baroclinic instability. It is
shown that the functional dependency
of the growth rate s of param etric
instability, for optimal excitation, are similar to that of the optimal perturbations
of baroclinic instability. To explain th is a m echanism for parametric instability,
involving the rapid growth of short-wave optimal perturbations, is proposed.
Mullarney, J. C., A. E. Hay, and A. J. Bowen, 2008, Resonant modulation of the flow in a
tidal channel, J. Geophys. Res., 113, C10007, doi:10.1029/2007JC004522
The coupling between a quarter-wave resonance in a coastal bay and a Helmholtz
mode in an adjacent cove (connected to the bay through a narrow channel) is
investigated by comparing field measurements to analytical and numerical model
predictions. Pressure and velocity sp ectra from locations throughout the bay
reveal an oscillation with a period of approximately 1 hour, consistent with a
quarter-wave seiche mode. The associat ed sea surface disp lacements throughout
the bay are sm all (less than 5 cm RMS, i.e., only 10% of the tidal elevation).
Velocities within the channel are significantly modulated in the 1-hour band, with
amplitudes up to 40% of the peak tidal cu rrent. The analytical model shows that
the modulation of the channel flow re sults from the interaction between the
quarter-wave mode in the main basin and a Helmholtz resonance in the cove, also
with a period near 1 hour. The amplitude
and phase of the 1-hour oscillation
varies through the tidal cycle becau se of the change in Helmholtz frequency with
tidal elevation. Good quantitative agr eement between the data and the m odel
predictions is obtained if a drag coeffi cient approximately 3–4 times larger than
the classical value of 3 × 10−3 is used in the channel and cove.
Mulligan, R. P., A. E. Hay, and A. J. Bowen, 2010, A wave-driven jet over a rocky shoal,
J. Geophys. Res., 115, C10038, doi:10.1029/2009JC006027
Field observations and m odel simulations are presented of flow generated by
waves breaking over a shoal at the entrance to a sh allow bay. The shoal is
composed of a series of steep and narro w bedrock ridges with depths of 2–8 m at
the ridge crests. Observations from instrum ents on the shoal indicated peak
significant wave heights during a
storm event were 2.4–4.0 m across the
observation sites; this spatial variability is due to wave breaking over the ridges.
The 2-D depth-averaged hydrodynam ic model Delft3D, c oupled to the wave
model SWAN, was used to sim ulate the waves and wave-driven flow over the
shoal and throughout the entire bay with a nested fine grid (5 m resolution) to
resolve the shoal bathym etry. The model predicts a well-defined jet behind the
shoal, with m ean axial speeds of
0.4–0.7 m /s. The observations indicate
maximum speeds behind the shoal of 0.3–0.4 m /s, exceeding the m aximum tidal
current speed by m ore than a factor of 4, that are consistent in timing and
direction with the model predictions. The model overpredicts wave breaking over
the steep slopes and as a result the current speeds are overestimated.
Perrie, W. and D. T. Resio, 2009, A Tw
o-Scale Approximation for Efficient
Representation of Nonlinear En ergy Transfers in a W ind Wave Spectrum. Part II:
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Application to Observed W ave Spectra, J. Phys. Oceanogr., 39, 2451–2476,
doi:10.1175/2009JPO3947.1
In Part I of this series, a new m ethod for estimating nonlinear transfer rates in
wind waves, based on a two-scale appr oximation (TSA) to the f ull Boltzmann
integral (FBI) for qu adruplet wave–wave interactions, was presented, and this
new method was tested for idealized sp ectral data. Here, the focus is on
comparisons of the TSA and the d iscrete interaction approxim ation (DIA) with
the FBI for observed wave spectra from
field m easurements. Observed wave
spectra are taken from a wave gauge array in Currituck Sound and a directional
waverider off the coast near the Field Res earch Facility at Duck, North Carolina.
Results show that the TSA compares much more favorably to the FBI than does
the DIA, even for cases in which the pa rametric component of the form ulation
does not capture the sp ectral energy distribution very well. These results rem ain
valid for the TSA estimates when the FBI results are significantly affected by the
directional distribution of energy. It is also s hown that although nonlinear
transfers are substantially weaker in swell portions of
the spec trum these
interactions contribute significantly to the spect ral evolution and net energy
balance in long-distance swell propagation.
Perrie, W., A. Susilo, a nd B. Toulany, 2010, A new approxim ation for nonlinear wave–
wave
interactions,
Ocean
Modelling,
33(1-2):
159-176,
doi:10.1016/j.ocemod.2009.12.009
Modern wave m odels require an accura te computation of the nonlinear wave–
wave interactions. This is because non linear wave–wave inte ractions play an
important role in the evolution of wi nd waves, accounting for nonlinear transfer
of wave energy to lower and higher freque ncies within the spectrum. Presently, in
almost all operational state-of-the-art wave models, nonlinear transfer due to
wave–wave interactions are evaluated by the discrete interaction approxim ation
(DIA), which was developed by pioneering studies led by Hasselm ann more than
two decades ago. Although many efforts have tried to develop new methodologies
to improve DIA, its basic formulation has not changed. In this study, we present a
new computational method by evaluating th e dominant nonlinear wave transfer
along the wavenumber and the wave dire ctional axes, and by approximating the
contributions along the resonance loci. Th e new method is denoted the Advanced
Dominant Interaction (AvDI) method. We show that AvDI is sufficiently efficient
that it can b e implemented within an operational wave model. As a validation of
the approach, we com pare simulations of hurricane Juan with observed wave
data.http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VPS4Y4PVTM1&_user=10&_coverDate=12%2F31%2F2010&_rdoc=1&_fmt=high&_orig=gate
way&_origin=gateway&_sort=d&_docanchor=&view=c&_searchStrId=1680246
764&_rerunOrigin=google&_acct=C000050221&_version=1&_urlVersion=0&_
userid=10&md5=fde1e5d4e6c9ce0bc063afdb21a9cfa5&searchtype=a - aff1
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Resio, D. and W. Perrie, 2008, A two-scale appr oximation for efficient representation of
nonlinear energy transfers in a wind wave spectrum. Part 1: Theoretical Development, J.
Phys. Oceanogr., 38(12): 2801-2816, doi:10.1175/2008JPO3713.1
A new m ethod for estim ating the transfer rates in wind wave spectra is derived
and tested, based on a two-scale approxim ation (TSA) to the to tal integral f or
quadruplet wave–wave interactions. Com parisons of this new estim ation method
to the full integral are given for seve ral idealized spectra, including Joint North
Sea Wave Project spectra with d ifferent peakednesses, a f inite depth case, and
cases with perturbations added to underl ying parametric spectra. In particular,
these comparisons show that the TSA is a significan t improvement over the
discrete interaction appr oximation (DIA) in deep water and an even greater
improvement in shallow water.
Wang, X. L., V. R. Swail, F. W . Zwiers, X. Zhang, and Y. Feng, 2009, Detection of
external influence on trends of at mospheric storminess and northern ocean wave heights,
Clim. Dyn., 32: 189–203, doi:10.1007/s00382-008-0442-2
The atmospheric storminess as inferred from geostrophic wind energy and ocean
wave heights have increased in boreal wint er over the pas t half century in the
high-latitudes of the northern hem isphere (especially the northeas t North
Atlantic), and have decreas ed in more southerly north ern latitudes. This stud y
shows that these trend patterns contain a detectable response to anthropogenic and
natural forcing combined. The effect of external influence is found to be strongest
in the win ter hemisphere, that is, in the northern hem isphere in January–March
and in the southern hem isphere in Ju ly–September. However, the s imulated
response to anthropogenic and natural forcing combined, which was obtained
directly from clim ate models in the case of geostrophic wind energy and
indirectly via an em pirical downscaling procedure in the case of ocean wave
heights, is s ignificantly weaker than the magnitude of the observed changes in
these parameters.
Yong, H., Y. Baoshu, W. Perrie, and H. Y ijun, 2008, Responses of summertim e extreme
wave heights to loc al climate variations in the East China Sea, J. Geophys. Res., 113,
C09031, doi:10.1029/2008JC004732
We detected the responses of su mmertime extreme wave heights (H top10, average
of the highest 10% of significant wave heig hts in June, July and August) to local
climate variations in the East Chin a Sea by applying an em pirical orthogonal
function analysis to H top10 derived from the W AVEWATCH-III wave m odel
driven by 6 hourly sea surface wind fiel ds from ERA-40 re analysis over the
period 1958–2002. Decreases in H top10 in the n orthern East China Sea (Yellow
Sea) correspond to attenuation of
the East Asian Summ er Monsoon, while
increases in the south are prim arily due to enhancem ent of tropical cyclone
activities in the western North Pacific.
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9.7 Rossby Waves
Poulin, Francis J., Kristopher Rowe, 2008: On “A Consistent Theory for Linear Waves of
the Shallow-Water Equations on a Rotating Pla ne in Midlatitudes”. J. Phys. Oceanogr.,
38(9): 2111–2117, doi:10.1175/2007JPO3932.1
Recently, Paldor et al. provided a consis tent and unified theory for Kelvin,
Poincaré (inertial–gravity), and R ossby waves in the ro tating shallow-water
equations (SWE). Unfortunately, the ar ticle has some errors, and the effort is
made to correct them in this note. A lso, the eigenvalue problem is rewritten in a
dimensional form and then nondim ensionalized in term s of more traditional
nondimensional parameters and compared to the dispersion relations of the old
and new theories. The errors in Paldor et al. are only quantitative in nature and do
not alter th eir major results: Rossby wave s can have larger phase speeds than
what is predicted from the classical theory, and Rossby and Poincaré waves can
be trapped near the equatorward boundary.
Poulin, F. J., 2009, Can Long Meridional Lengt h Scales Yield Faster Rossby W aves? J.
Phys. Oceanogr., 39(2): 472–478
There is much interest in better
understanding the westward-propagating
subinertial signal in the ocean basins b ecause it influences many aspects of the
ocean’s circulation. One explanatio n for the origin of this signal is that it is
predominantly composed of Rossby wave s. Chelton and Schlax assum ed the
observations were Rossby waves and com pared their phase speeds with those
predicted from nondispersive linear
quasigeostrophic wave speeds. They
concluded that the theo ry underestimated the observed wav e speeds. Recently, in
the context of the shallow-water model, Paldor, Rubin, and Mariano found that by
including the full meridional variation of the Coriolis p arameter, the Rossby
waves have faster phase speeds. Here, th eir analysis is extended to derive a
general dispersion relation fo r stratified Rossby waves that is suitable for both
mesoscale and synoptic length scales. Th en, realistic profiles of the buoyancy
frequency are used to com pare the phase speeds from the Ocean Topography
Experiment (TOPEX)/Poseidon data with the new theory. It is found that the new
theory does not yield any significant increase in Rossby wave speeds.

9.8 Solitary Waves
Aghsaee, P., L. Boegm an, and K. G. Lam b, 2010, Breaking of shoaling internal solitary
waves, J. Fluid Mech., 659: 289-317, doi:10.1017/S002211201000248X
The breaking of fully nonlinear internal solitary waves of depression shoaling
upon a uniform ly sloping boundary in a sm oothed two-layer density field was
investigated using high-re solution two-dimensional simulations. Our simulations
were limited to narro w-crested waves, which are m ore common than broadcrested waves in geophysical flows. The simulations were performed for a wide
range of boundary slopes S ∈ [0.01, 0.3] and wave slopes extending the
parameter range to weaker slopes than co nsidered in previous labo ratory and
numerical studies. Over steep slopes ( S ≥ 0.1), three distinct breaking processes
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were observed: surging, plunging and co llapsing breakers whic h are associated
with reflection, convective instability and boundary-layer separation, respectively.
Over mild slopes (S ≤ 0.05), nonlinearity va ries gradually and the wave fissions
into a train of waves of elevation as it passes through the turning point where
solitary waves reverse polarity. The dyna
mics of each breaker ty pe were
investigated and the predominance of a particular mechanism was associated with
a relative developm ental time scale. The breaking location was m odelled as a
function of wave a mplitude (a), characteristic wave length and the isopycnal
length along the slope. The breaker type was characterized in wave slope ( Sw =
a/Lw, where Lw is a m easure of half of the wa velength) versus S space, and the
reflection coefficient (R), modelled as a function of th e internal Iribarren number,
was in agreem ent with other studies. Th e effects of grid resolution and wave
Reynolds number (Rew) on R, boundary-layer separation and the evolution of
global instability were studied. High Reynolds numbers (Rew ~ 104) were found to
trigger a global instab ility, which modif ies the breaking process re lative to the
lower Rew case, but not necessarily the break ing location, and results in a ~ 10 %
increase in R, relative to the Rew ~ 103 case.
Bourgault, D. and C. Richards, 2007, A laborat ory experiment on internal solitary waves,
American Journal of Physics, 75(4): 1-5, doi:10.1119/1.2437749
A simple laboratory experim ent is designe d to show the properties of internal
solitary waves. The procedure and analys is are suited for a senior undergraduate
laboratory course, though the technique s described may also be used for
demonstration purposes in a fluid m echanics course. The measurements collected
can be compared to the weakly nonlinear Korteweg–deVries (KdV) theory for the
wave shape, lengthscale-amplitude relationship, and phase speed. The experiment
provides a good introduction to internal solitary waves in the ocean, along with an
exploration of error analysis and the limits of applicability of a theory.
Bourgault, D., M. D. Blokhina, R . Mirshak, and D. E. Kelley, 2007, Evolution of a
shoaling internal solitary wavetrain,
Geophys. Res. Lett., 34, L03601,
doi:10.1029/2006GL028462
Field observations of an in ternal solitary wavetrain impacting a shoaling bottom
are presented. Measurements of the spatio-temporal characteristics of the shoaling
waves are given, as well as estim ations of the mixing they may have caused upon
impact. The observations are discussed in the context of num erical simulations,
laboratory experiments, and hypotheses recently raised on the origin and
evolution of internal solitary waves in coastal environments.
Bourgault, D. and D. E. Kelley, 2007, On
the Reflectance of Unifor m Slopes for
Normally Incident Interfacial Solitary Waves, J. Phys. Oceanogr., 37(5): 1156–1162
The collision of interfacial solitary waves with sloping boundaries may provide an
important energy source for m ixing in co astal waters. Collision energ etics have
been studied in the labora tory for the idealized cas e of norm al incidence upon
uniform slopes. Before these resu lts can be recast into an ocean parameterization,
contradictory laboratory findings must be addressed, as m ust the possibility of a
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bias owing to laboratory sidewall effect s. As a first step, the authors have
revisited the laboratory results in the context of numerical simulations performed
with a nonhydrostatic laterally averaged m odel. It is shown that the simulations
and the laboratory m easurements match closely, but only for sim ulations that
incorporate sidewall friction. More laboratory measurements are called for, but in
the meantime the numerical simulations done without sidewall friction suggest a
tentative parameterization of the reflectance of interfacial solitary waves upon
impact with uniform slopes.
Carr, M., M. Stastna, and P. A. Davies, 2010, Internal solitary wave-induced flow over a
corrugated bed, Ocean Dyn., 60(4): 1007-1025, doi:10.1007/s10236-010-0286-2
A combined numerical and experimental study of the propagati on of an internal
solitary wave (ISW) over a corrugated bed is presented, in which the a mplitude
and the wavelength of the corrugated bed, together with the wave am plitude and
wave speed of the ISW, have been varied parametrically. Both ISWs of elevation
and depression have been considere d. The wave-induced currents over the
corrugated bed cause flow separation at
the apex of the corrugations and a
sequence of lee vortices forms as a result . These vortices develop fully after the
main wave has passed over the topographic feature, resulting in deform ation of
the overlying pycnocline and, in som e instances, significant vertical m ixing. It is
found that the intensity of
the vortex form ation is dependent on both the
amplitude and wavelength of the bottom topography. In the case of an ISW of
depression, the generation of vertically ( upward)-propagating vortices is seen to
result in entrainment of fluid from a bottom boundary jet (Carr and Davies, Phys
Fluids 18:016601, 2006), while, in the elevation case, a second m echanism is
present to induce significant turbulent mixing in the water column. It occurs when
the bottom corrugations reach into, o r are very near, the pycnocline at rest. Larg e
waves of elevation that are stab le on approach to the corrugations exhibit
evidence of a spatio-temporally developing shear instability as they interact with
the bottom corrugation. The shear instability takes the form of billows that have a
vertical extent that can reach 50% of the wave amplitude.
Chin-Bing, S. A., A. Warn-Varnas, D. B. King, J. Hawkins, and K. La mb, 2009, Effects
on acoustics caused by ocean solito ns, Part B: Acoustics, Nonlinear Analysis: Theory,
Methods
&
Applications,
71(12):
e2194-e2204, IS
SN
0362-546X,
doi:10.1016/j.na.2009.04.069
Large amplitude internal solitary waves in the o cean can interfere with
underwater acoustic signals. For certain
acoustic parameters (source depth,
receiver depth, and frequency) a redist ribution of acoustical energy to higherorder acoustic m odes can occur as the acoustic signal propagates through the
solitary wave train. Depending on the ocean bottom composition, this can result in
a significant loss in acoustical signal
intensity. In ord er to s imulate and
understand this phenomena, it is necessary to generate a solitary wave train that is
realistic and contains the spectral com ponents that will interact with the acoustic
signal. This requires a prim itive equation nonhydrostatic ocean model. Part A
[A.C. Warn-Varnas, S.A. Chin-Bing, D. King, J. Hawkins, K. Lam b, Effects on
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acoustics caused by ocean solitons: Part A. Oceanography, Nonlinear Anal., in
press (doi:10.1016/j.na.2009.02.104)] of this two-part article addressed that issue.
In this work we use acoustic m odel simulations to demonstrate the mode linkage
between the solitary wave tra in and the acoustic signal that can result in a large
signal loss. Understanding the linkage allo ws for pre-examination of the solitary
wave characteristics to determine if they could affect propagating acoustic
signals. The procedure has the advantag e that only a few com puter runs are
required from the ocean model and no leng thy computer runs are required from
acoustic propagation models. Only a qui ck calculation of the acoustic m ode
eigenvalues is needed.
Lamb, K. G. and V. T. Nguyen, 2009, Calcul
ating Energy Flux in Internal Solitary
Waves with an Application to Reflectance, J. Phys. Oceanogr., 39(3): 559–580
The energetics of internal solitary waves (ISWs) in continuous, quasi-two-layer
stratifications are explored using fu lly nonlinear, nonhydr ostatic numerical
simulations. The kinetic energy of an internal solitary wave is always greater than
the available potential energy, by as
much as 30% for the stratifications
considered. Because of differe nt spatial distributions of the kinetic and available
potential energy densities, however, the fluxes are quite different. The available
potential energy flux is found to always exceed the kinetic energy flux, by as
much as a factor of 5. The sizes of th e various fluxes in the wave pseudoenergy
(kinetic plus available potential energy) equation ar e compared, show ing that,
while the linear f lux term (velocity–pressure perturbation) do minates the fluxes,
the fluxes of available potential and kine tic energy are significant for large ISWs.
Past work on estimating th
e reflectance (ratio of reflected to incid
ent
pseudoenergy flux) associated with internal solitary waves inci dent on a linearly
sloping bottom in laboratory experi ments and num erical simulations has
incorrectly assumed that the available potential energy flux was equal to the
kinetic energy flux. He nce, the sensitivity of reflectance estim ates to the way the
flux is calculated is investigated. For th ese low Reynolds number situations, it is
found that a correct account of the ava ilable potential energy flux reduces the
reflectance by as much as 0.1 when the pycnocline is close to the surface.
Lamb, K. G., 2010, Energetics of internal solitary waves in a background sheared current,
Nonlin. Processes Geophys., 17: 553-568, doi:10.5194/npg-17-553-2010
The energetics of internal waves in th e presence of a background sheared current
is explored via num erical simulations for four different s ituations based on
oceanographic conditions: the nonlinear interaction of two internal solitary waves;
an internal solitary wave shoaling through a turning point; inte rnal solitary wave
reflection from a sloping boundary and a deep -water internal seiche trapped in a
deep basin. In the sim ulations with variable water depth using the Boussinesq
approximation the combination of a bac kground sheared current, bathymetry and
a rigid lid r esults in a c hange in th e total energy of the system due to the work
done by a pressure change that is es
tablished across the dom ain. A final
simulation of the de ep-water internal seiche in which the Boussinesq
approximation is not invoked and a diffuse air-water interface is added to the
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system results in the energy rem aining constant because the generation o f surface
waves prevents the esta blishment of a net pressure increas e across the dom ain.
The difference in the perturbation energy in the Boussinesq and non-Boussinesq
simulations is accounted for by the surface waves.
Marsden, R. F., 2007, Tracking solitary waves below land-fast ice, J. Geophys. Res., 112,
C08002, doi:10.1029/2006JC004004
Data from two acoustic Doppler curre nt profilers, separated by 76 m
and
deployed through land-fast ice in the Ca nadian Arctic Archipelago in May 2002,
are examined. The three velocity co mponents were sam pled intermittently at 1minute intervals over a 3-week period to 19 m below the ice-water in terface. The
vertical structure was resolved using e mpirical orthogonal functions (EOF), while
the shallow water Korteweg de Vries (KdV) and deep water Benjam in-Ono (BO)
theoretical solutions were used to guide a pseudowavelet analysis of the
horizontal structure. Num erous instances of near-simultaneous spikes were
detected in the em pirical mode 1 time series. A 3.5-hour period on 21 May 2002
containing two disturban ces was examined in deta il. Wavelet scalograms
suggested that there was a 20-minute lag in the first disturbance and 16 minutes in
the second. The scalogram values indicated that KdV was more consistent with
the waveshapewave shapes than BO theory. The character o f the two ev ents was
very different. The first had a broader spa tial distribution than the second, and the
measured translational speed was reasonably consistent with that of a m ode 1
KdV solitary wave. The second event had a much slower propagation speed and a
near surface maximum in the vertical ve locity eigenvector, suggesting a m ode 2
wave. It is suggested that ice keels fr om a nearby pressure ridge could be the
source.
McMillan, J. M. and B. R Sutherland, 2010, The Lifecycle of axisymm
etric internal
solitary waves, Nonlin. Proc. Geophys., 17: 443-453, doi:10.5194/npg-17-443-2010
The generation and evolution of solitary wa ves by intrusive gravity currents in an
approximate two-layer fluid with equal upper- and lower-layer depths is examined
in a cylindrical geom etry by way of theo ry and numerical simulations. The study
is limited to vertically symmetric cases in which the density of the intruding fluid
is equal to the average density of the ambient. We show that even though the head
height of the intrusion decreases, it propagates at a constant speed well beyond 3
lock radii. This is beca use the stro ng stratification at th e interface supports the
formation of a mode-2 solitary wave that surrounds the intrusion head and carries
it outwards at a constant speed. The wave and intrusion propagate faster than a
linear long wave; therefore, there is strong supporting ev idence that the wave is
indeed nonlinear. Rectilinear Korteweg-de Vries theory is ex tended to allow the
wave amplitude to decay as r-p with p= ½ and the theo ry is com pared to the
observed waves to demonstrate that the
width of the wave scales with its
amplitude. After propagating be yond 7 lock radii the intrusion runs out of fluid.
Thereafter, the wave continues to spread radially at a constant speed, however, the
amplitude decreases sufficiently so that linear dispersion dom inates and the
amplitude decays with distance as r-1.
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Stastna, M. and F. Poulin, 2007, On the Existence of Solit ary Wave Solutions to the
Shallow-Water Equations on the f Plane, J. Phys. Oceanogr., 37(3) 794–798
In a recen t paper L i argued that th e inviscid shallow-water equations on the f
plane exhibit a class of zonally propagating solitary wave solutions, referred to by
the author as “geosolitary waves.” These solutions have propagation speeds that
are slower than the shallow-water s peed (gH)½, and as constructed by Li, have a
cusp in the height and zonal velocity field at the origin. The meridional velocity is
found to be discontinuous at the origin, though its magnitude is much smaller than
the magnitude of the zonal velocity. The auth ors reconsider the existence of
geosolitary waves from the point of
view of dyna mical system theory and
demonstrate that the cusp discontinuity at the origin is an unavoidable property of
the solutions. Moreover, it is shown that, in contrast to suggestions m ade by Li,
adding viscosity and diffusivity does not yield sm ooth, bounded solitary wave
solutions. Last, the reason why geosolitary waves cannot be expected to exist in a
continuously stratified fluid is discussed.
Stastna, M., F. J. Poulin, K. Rowe, and D. Subich, 2009, On fully nonlinear, vertically
trapped wave packets in a stratified fluid on the f-plane, Physics of Fluids, 21, 106604,
doi:10.1063/1.3253400
The ubiquity of solitary and solita rylike internal waves in the coastal ocean has
been recognized for some time. Recent theoretical studies of a strongly nonlinear,
weakly nonhydrostatic set of la yer-averaged model equations have predicted that
rotation, for exam ple, on the f-plane, can lead to the decay and subsequen t
reemergence of internal solitary wav es. We reconsider this problem using high
resolution numerical simulations o f the ro tating stratified Euler equ ations. We
find that in certain cases the in itial disturbances indeed f ission into nonlinear
wave packets, with the constituent wa ves making up the wave packet being, in
themselves, nonlinear. However, f or typical coastal ocean parameters this only
occurs at rotation rates higher than those on Earth on the tim e scales we are able
to simulate. We confirm, using the Dubreil–Jacotin–Long equation, that the
vertical structure of the wave-induced currents is well pr edicted by the f ully
nonlinear theory of nonrotati ng internal solitary waves and that weakly nonlinear
Korteweg–de Vries equation-based theory
fails to describe this structure
accurately. Subsequently, we consider flat-c rested solitary waves that allow us to
fix the wave am plitude while varying the horizontal wavelength. We find that as
the waves’ horizontal extent nears the ba roclinic Rossby radius m ore energy i s
deposited into the wave tail. However, no wave overtaking is observed, and an
explanation for this fa ct is proposed. Finally, we discuss the effects of the
horizontal component of the rotation v ector and derive an exact equation for
rotation modified waves near the equator. This equation demonstrates that in this
situation, rotation modifies the structure of the fully nonlinear waves but does not
lead to solitary wave decay.
Sutherland, B. R. and J. T. Nault, 2007, Intr usive gravity currents propagating along thin
and thick interfaces, J. Fluid Mech., 586: 109-118, doi:10.1017/@002112007007288
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Inviscid gravity currents released from a finite-length lock are known to
propagate at a constant speed to a predicted finite distance before decelerating. By
extension this should occur in a two-laye r fluid with equal upper- and lower-layer
depths for an intrusion having the
average density of the ambient. The
experiments presented here show this is not necessarily the case. The finite-depth
thickness of the interface non- negligibly influences the evolution of the intrusion
so that it propagates well beyond the predicted constant-speed limit; it propagates
without decelerating beyond 22 lock lengths in a rectilinear geometry and beyond
6 lock radii in an axisymmetric geometry. Experiments and numerical simulations
demonstrate that the intrusion sp eed decreases to half the two-layer speed in the
circumstance in which the in terface spans the dom ain. The corresponding long
mode-2 interfacial wave speed increas es rapidly with interfacial thickness,
becoming comparable with the intrusion speed when the interfacial thickness is
approximately one-quarter the dom ain height. For somewhat thinner interfacial
thicknesses, the intrusion ex cites solitary waves that m ove faster than the longwave speed. The coupling between intrusions and the waves they excite, together
with reduced mixing of the current head, result in constant-speed propagation for
longer times.
Swaters, G. E., 2007, Perturbations of sol
iton solutions to th e unstable nonlinear
Schrödinger and sine-Gordon equations,
Stud. Appl. Math. 118, 99-116,
doi:10.1111/j.1467-9590.2007.00365.x
The adiabatic evolution of soliton solutions to the unstable nonlinear Schrödinger
(UNS) and sine-Gordon (SG) equations in the presence of sm all perturbations is
reconsidered. The transport equations de scribing the evolution of the solitary
wave parameters are determined by a dir ect multiple-scale asymptotic expansion
and by phase-averaged conservation relatio ns for an arbitrary perturbation. The
evolution associated with a dissipative pe rturbation is explicitly determined and
the first-order perturbation fields are also obtained.
Turnbull, M. R. and G. E. Swaters, 2007, Evolu tion of solitary m arginal disturbances in
baroclinic frontal geostrophic dynam ics with dissipation and tim e-varying background
flow, Proc. R. Soc. A, 463(2083): 1749-1769, doi:10.1098/rspa.2007.1850
A two-layer frontal geostrophic flow corre sponds to a dynam ical regime that
describes the low-frequency evolution of baroclinic ocean currents with large
amplitude deflections of the interface be tween the layers on length-scales longer
than the internal def ormation radius within the context of a thin upper laye r
overlying a dynam ically active lo wer layer. The finite-amplitude ev olution of
solitary disturbances in baroclinic frontal geostrophic dynamics in the presence of
time-varying background flow and dissipati on is shown to be governed by a twoequation extension of the unstable nonlinear S chrödinger (UNS) equation with
variable coefficients and forcing. The soliton solution of the unperturbed UNS
equation corresponds to a saturated isolated coherent anom aly in the baroclinic
instability of surface-intensified oceanographic fronts and cu rrents. The adiabatic
evolution of the propagating soliton
and the unifor mly valid first-order
perturbation fields are determ ined using a direct perturbation approach together
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with phase-averaged conservation rela tions when both dissipation and tim e
variability are present. It is shown th at the soliton am plitude parameter decays
exponentially due to the presence of the dissipation but is unaffected by the tim e
variability in the background flow. On the other hand, the soliton translation
velocity is unaffected by the dissipation and evolves onl y in response to the tim e
variability in the background flow. The ad iabatic solution for the induced m ean
flow exhibits a dissipation-generated ‘she lf region’ in the far field behind the
soliton, which is removed by solving the initial-value problem.
Warn-Varnas, A., S. A. Chin-Bing, D. B. King, J. Hawkins, and K. La mb, 2009, Effects
on acoustics caused b y ocean solitons, Part A. Oceanography,
Nonlinear Analysis.
71(12): e1807-e1817, doi:10.1016/j.na.2009.02.104
Our work a ddresses the link between internal solitary waves and acoustics. The
location of the study is in the Yellow
Sea south of the Shandong peninsula.
Previously in this region, we have pe rformed internal solitary wave generation
and propagation sim ulations with the Lam b nonhydrostatic m odel [K. La mb,
Numerical experiments of internal wave s generated by strong tidal flow across a
finite amplitude bank edge, J. Geophys. Res. 99 (c1) (1994) 848–864; A. W arnVarnas, S.A. Chin-Bing, D.B. King, J.A. Hawkins, K.G. Lam
b, M. Teixeira,
Yellow Sea ocean-acoustic solitary wave modeling studies, J. Geophys. Res. 110
(2005) C08001, doi:10.1029/2004JC002801]. The model parameters were tuned
to SAR data. Here, we consider variati ons of solitary wave characteristics in
parameter space. W e introduce scaling parameters for a two-layer analogu
e
configuration. This analogue is applied to predicted numerical solutions with the
full nonlinear nonhydrostatic Lam b model in the first of the above-m entioned
references. Variations of density difference across the pycnocline, tidal forcing
and topographic height are considered. Characteristics of solitary waves are
analyzed as the parameters deviate from a tuned case to data. Changes of solitary
wave functional form , amplitude, w avelength, and phase speed are tracked. W e
consider oceanographic and acoustical pa rameters that describe the physical
ocean–acoustic environment and its associated variability. For certain source,
receiver, and acoustical frequency confi gurations, a redistribution of acoustical
energy to higher m odes can occur and result in acoustical intensity loss in the
presence of solitary wave trains [A. Warn-Varnas, S. A. Chin-Bing, D.B. King, J.
A. Hawkins, K.G. Lamb, M. Teixeira, Yellow Sea internal solitary wave
variability, in: N.G. Pace, Finn B. Jensen (Eds.), Impact of Littoral Environmental
Variability on Acoustic Predictions and Sonar Performance, Kluwer Academ ic
Publishers, Dordrecht, The Netherlands, 2002]. This will be considered in part B.
Warn-Varnas, A., S. Chin-Bing, D. King, J. Hawkins, K G. La mb, and J. Lynch. 2007.
Winter Primer 4 ocean-acoustic solitary wave studies, IEEE J. Ocean. Eng. 32: 436-452,
doi:10.1109/JOE.2006.875273
In this paper, we present results fro m a joint oceanographic-acoustic study of
solitary waves and their e ffects during the 1997 winter PRIMER4 experiment on
the shelfbreak south of Cape Cod, MA. The study addresses the acoustic effects
induced by solitary waves and as sociated oceanographic phenomena. Solitary
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wave generation and propagation simulations are produced by the Lamb model [J.
Geophys. Res., vol. 99, pp. 848-864, 1994]. The m odel is nonhydrostatic and is
formulated in 2.5 di mensions using terrain following coordinates. Acoustic field
calculations are perform ed with a parabolic equati on acoustic m odel along the
path of solitary wave train propagation. The oceanographic m odel is initialized
from density profiles derived from conductivity-temperature-depth (CTD) casts
using analytical functions. The model is forced with a prescribed semidiurnal tidal
velocity. An ocean background current
is introduced. Simulations based on
parameters derived from m easurements show the f ollowing: 1) inter nal solitary
waves of elevation propagate onto the shelfbreak region; 2) opposin g ocean
currents enhance the formation of solitary waves at th e shelfbreak; 3) d eepening
of the winter mixed layer results in less penetration of the solitary waves on to the
shelf; 4) d ensity structure, mixed-layer depth, tidal forcing, and ocean curren ts
control the formation of solitary waves of elev ation at the s helfbreak; 5) energy
conversion, from semidiurnal barotropic to semidiurnal barcoclinic tides and to
internal solitary waves, occurs; 6) am plitudes and periods of m odeled solitary
waves are in the range of therm istor chain m easurements; and 7) lower m ixedlayer densities increase the phase s peed of simulated solitary waves. Acoustic
field calculations are coupled to the pr opagation of the solitary wave packets
through the sound-speed changes that
are derived fro m the oceanographic
simulations. Acoustic model predictions show signal intensity fluctuations similar
to the anomalous loses i- n acoustic energy observed in the Yellow Sea data taken
by Zhou [J. Acoust. Soc. Amer., vol. 90, pp. 2042-2054, 1991]. In some cases, the
presence of solitary waves on the shelf
enhances the propagation of acoustic
energy onto the shelf. This was o bserved for acoustic simulations where the
acoustic source was located beyond the shelfb reak and at a depth greater than the
shelf depth.
Warn-Varnas, A., J. Ha wkins, K. G. La mb, S. Piacsek, S. Chin -Bing, D. King, and G.
Burgos, 2010, Solitary wave generation dynam ics at Luz on Strait, Ocean Modelling,
31(1-2): 9-27, doi:10.1016/j.ocemod.2009.08.002
A high resolution m odeling study is undertaken, with a 2.5-dimensional
nonhydrostatic model, of the generation of internal waves induced by tidal motion
over the ridges in Luzon Strait. T he model is forced by the barotropic tidal
components K1, M2, and O1. These tidal
components, along with the initial
density field, were extracted from data and models. As the barotropic tide m oves
over the Luzon Strait si lls, there is a conve rsion of barotropic tidal energy into
baroclinic tidal energy. Depressions are generated that propagate tow ards the
Asian Seas International Acoustics Experiment (ASIAEX) test site on the Chinese
continental shelf. Nonlinear effects steepen the depressions, frequency and
amplitude dispersion set in, and disintegration into large amplitude solitary waves
occurs. The effects of varying the in
itial density fiel d, tidal component
magnitudes, as well as adding a stea dy background current to represent the
occasional excursions of the Kuroshio Current into the strait, are considered.
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Depressions are generated at each o f the two sills in Luzon Strait which radiate
away, steepening and evolving into internal solitary wave trains. Baroclinic fluxes
of available potential energy, kinetic ener gy and linear are calculated for various
parameter combinations. The solitary wave trains produced in the simulation s
generally consist of large amplitude wave trains altern ating with small amplitude
wave trains. During strong tidal flow, Ke lvin–Helmholtz type instabilities can
develop over the taller double-humped sill. The so litary waves propagating
towards the ASIAEX t est site have b een observed to reach am plitudes of 120–
250 m, depending on the tidal strength. ASIAEX observations indicate amplitudes
up to 150 m and the W indy Island Experi ment (WISE) measurements contain
magnitudes over 200 m. The model results yield solitary wave amplitudes of 70–
300 m and half widths of 0.60–3.25 km, depending on param eter values. These
are in the range of obser vations. Measurements by Klymak et al. (2006) , in the
South China Sea, exhibit am plitudes of 170 m, half widths of 3 km and phase
speeds of 2.9 m s−1. Model predictions indicate that the solitary waves m aking up
the wave packet each experien ce different background currents with strong near
surface shear.
The energy in the lea ding soliton of the lar ge amplitude wave tra ins ranges
between 1.8 and 9.0 GJ m−1. The sm aller value, produced using barotropic tidal
currents based on the Oregon State University data base, is the same as the energy
estimated to be in a solitary wave observed by Klymak et al. (2006). Estimates of
the conversion of barotropic tidal energy into radiating internal wave energy yield
conversion rates ranging between 3.6% and 8.3%.

10 Density Currents, Baroclinic and Shear Flows
Inoue, R. and W. D. Smyth, 2009, Efficiency of Mixing Forced by Unsteady Shear Flow,
J. Phys. Oceanogr., 39(5): 1150–1166, doi:10.1175/2008JPO3927.1
The dependence of mixing efficiency on time-varying forcing is studied by direct
numerical simulation (DNS) of Kelvi n–Helmholtz (KH) instability. Tim edependent forcing fields are designed to reproduce a wavelike oscillation by
solving the equations of motion in a tilted coordinate frame and allowing the tilt
angle to vary in tim e. Mixing efficiency Γc is defined as the ratio of potential
energy gain to dissipation, both averag ed over one forcing cycle and first
examined via parameters characterizing waves: the m inimum Richardson number
Rimin and the norm alized frequency of the forcing ω/N. The effect of Reynolds
number Re0 and the initial random disturbance amplitude b are also examined. In
the experiments presented, Γc varies between 0.21 and 0.36 and is controlled by
the timing of two events: the em ergence of KH billows and the arr ival of the
deceleration of the m ean shear by the wavelike forcing. Here, Γc is higher than a
canonical value of 0.2 when the deceleration phase of the forcing suppresses the
less efficient turbulence after breakdown of KH billows. However, when Ri min
and ω/N are sm all, KH billows star t to de velop before Rimin is achieved .
Therefore, the forcing accelerates th e mean shear and thereby sustains turbulence
after the breakdown of KH billows. The canonical valu e is then reproduced in the
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DNS. Although larger values of Re 0 and b intensify the developm ent of KH
billows and modify Γc, this effect is les s significant when forcing fields act to
sustain turbulence. The tim e-averaged Thorpe scale and Ozm idov scale are also
used to see how m ixing is m odified by fo rcing fields and compared with past
microstructure measurements. It is f ound that DNS also corresponds to past
observations if the forcing accelerates the mean shear to sustain turbulence.
Poulin, F. J., G. R. Flierl, and J. Pedlos ky, 2010, The Baroclinic Adjustm ent of Tim eDependent
Shear Flows,
J.
Phys.
Oceanogr.,
40(8):1851–1865,
doi:10.1175/2010JPO4217.1
Motivated by the fact that tim e-dependent currents are ubiquitous in the ocean,
this work studies the tw o-layer Phillips model on the beta plane with ba roclinic
shear flows that are steady, periodic, or aperiodic in time to understand their
nonlinear evolution better. When a line arly unstable b asic state is sligh tly
perturbed, the primary wave grows exponentially until nonlinear advection adjusts
the growth. Even though for long tim e scales these nearly two-dim ensional
motions predominantly cascade energy to la rge scales, for relatively short times
the wave–mean flow and wave–wave inte ractions cascade energy to sm aller
horizontal length scales. The authors dem onstrate that the m anner through which
these mechanisms excite the harm onics depends significantly on the
characteristics of the basic s tate. Time-dependent basic states can
excite
harmonics very rapidly in com parison to steady basic states. Moreover, in all the
simulations of aperiodic baroclinic shear flows, the barotropic com ponent of the
primary wave continues to grow afte r the adjustm ent by the nonlinearities.
Furthermore, the authors find that the co rrection to the zonal m ean flow can be
much larger when the basic state is aperiod ic compared to the periodic or steady
limits. Finally, even though tim e-dependent baroclinic shear on an f plane is
linearly stable, the authors show that pert urbations can grow algebraically in the
linear regime because of the erratic variations in the aperiodic flow. Subsequently,
baroclinicity adjusts th e growing wave a nd creates a final state th at is m ore
energetic than the nonlinear ad justment of any of the unstable steady baroclinic
shears that are considered.
Poulin, F. J., 2010, The Linear Stability of Tim e-Dependent Baroclinic Shear, J. Phys.
Oceanogr., 40(3): 568–581
This article aim s to advance the unde rstanding of inhere nt randomness in
geophysical fluids by considering the particular example of baroclinic shear flows
that are spatially uniform in the horizon tal directions and aperiodic in time. The
time variability of the shear is chosen to be the Kubo oscillator, which is a fa mily
of time-dependent bounded noise that is oscillatory in nature with various degrees
of stochasticity.
The author analyzed the linear stability of a wide range of temporally periodic and
aperiodic shears with a zero an d nonzero mean to get a m ore complete
understanding of the effect of oscillations in shear flows in the context of the twolayer quasigeostrophic Phillips model. It is determined that the par ametric mode,
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which exists in the p eriodic limit, also exists in the r ange of small and moderate
stochasticities but vanishes in highly e rratic flows. Moreover, random variations
weaken the effects of periodicity and yield growth rates more similar to that of the
time-averaged steady-state analog. This si gnifies that the periodic shear flows
possess the most extrem e case of stabiliz ation and destab ilization and are thu s
anomalous. In the limit of an f plane, the linear stability problem is solved exactly
to reveal that individual solutions to the linear dynam ics with tim e-dependent
baroclinic shear have growth rates that are equal to th at of the tim e-averaged
steady state. This implies that baroclinic shear flows with zero means are linearly
stable in that they do not grow expone
ntially in tim e. This m eans that the
stochastic mode that was found to exist in the Mathieu equation does not arise in
this model. However, because the p erturbations grow algebraically, the aperiodic
baroclinic shear on an f plane can give rise to nonlinear instabilities.
Swaters, G. E., 2010, Modal Interpretation for the Ekman Destabilization of Inviscidly
Stable Baroclinic Flow in the Phillips Model,
J. Phys. Oceanogr., 40(4): 830–839,
doi:10.1175/2009JPO4311.1
Ekman boundary layers can lead to the dest abilization of baroclinic f low in the
Phillips model that, in the absence of dissipation, is nonlinearly stable in the sense
of Liapunov. It is shown that the E kman-induced instability of inviscidly stable
baroclinic flow in the P hillips model occurs if and only if the kinematic phase
velocity associated with the dissipati on lies outside the interval bounded by the
greatest and least neutrally s table Rossby wave phase velocities. Thus, Ekm aninduced destabilization does not correspond to a coalescence of the barotropic and
baroclinic Rossby m odes as in class ical inviscid baroclinic instability. The
differing modal m echanisms between the tw o instability processes is the reason
why subcritical baroclinic shears in the cl assical theory can be destabilized by an
Ekman layer, even in the zero dissipation limit of the theory.
Wells, M. and P. Nadarajah, 2009, The Intrusion Depth of Density Currents Flowing into
Stratified Water Bodies, J. Phys. Oceanogr., 39(8) 1935–1947
Theory and laboratory experim ents are presented describing the depth at which a
density current intrudes into a linearly stratified water column, as a function of the
entrainment ratio E, the buoyancy flux in the dense current B, and the magnitude
of the stratification N. The main result is that Z E−1/3B1/3/N. It is shown that the
depth of the intrusion scales as Z (3 ± 1)B1/3/N for laboratory experiments, and as
for oceanic density currents. The velocity of a large-scale density
current is controlled by a geostrophic balance defined as Ugeo = 0.25g′s/f, where s
is the slope and f is the Coriolis parameter. The geostrophic buoyancy flux is then
defined by Bgeo = g′Ugeoh, with g′ the reduced gravity and h the thickness of the
current. The scaling
herein implies that the depth of an oceanic intrusion
is relatively insensitive to changes in source water properties but is very sensitive
to changes in the stra tification of the water column, consistent with the previous
scaling of Price and B aringer. For exam ple, if the buoyancy flux of a dense
current were to double while the stratific ation remained constant, then there
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would only be a 25% increase in the
intrusion depth, whereas doubling the
stratification would result in a 50% decrease of the intrusion depth.

11 Laboratory Studies
Afanasyev, Y. D. and V. N. Korabel, 2008, Wakes and vortex streets behind a localized
force: numerical simulations, Comm. in Nonlin. Sci. and Num. Sim., 13(6): 1101-1111,
doi:10.1016/j.cnsns.2006.10.001
Two-dimensional wakes behind a body for ce acting inside a sm all circular area
are investigated using direct numerical simulations. The flows induced by a single
force are asymptotically related to the far-field wakes of a bluff body but belong
to a wider class of flows because the problem contains an extra control parameter.
Stable (almost parallel) wakes as well as regular vortex streets similar to those
observed in the wakes of bluff bodies
were obtained in our sim ulations. The
behavior of the frequency of vortex shedding in the unstable wakes is described in
detail for different values of the m ain control parameters of the flow, nam ely the
amplitude of the f orcing, the v elocity of the stream, the size of the forcing are a
and the kinem atic viscosity of fluid. Tw o different regimes of vortex shedding
were observed in the space of these control param eters. Transition between the
regimes is characterized by a rapid drop in frequency. The relation between the
flows generated by a force and those past a circular cylinder is identified.
Afanasyev, Y. D., P. B. Rhines, and E. G. Lindahl, 2008a, Em ission of inertia-gravity
waves by baroclinically unstabl e flows: laboratory experiments with Altimetric Imaging
Velocimetry, J. Atmosp. Sci., 65: 250-262, doi:10.1175/2007JAS2336.1
Results from new experim ents on baroclin ic instability of a coastal jet
demonstrate that this almost balanc ed flow spontaneously em its inertial waves
when the Rossby radius of
deformation is rela tively small such that the
characteristics of baroclinic meanders match the dispersion relation for the inertial
waves. The energy of th e waves is small compared to the energy of the flow. A
single event of wave emission is identified in the experiment with larger radius of
deformation and is interpreted in te rms of vorticity dynam ics. The flows are
generated on a laboratory polar ϐ-plane where the Corio lis parameter varies
quadratically with latitude. A new m ethod for imaging the rotating flows, which
the authors call “altimetric im aging velocimetry,” is em ployed. Optical color
coding of slopes of the free-surface elevation field allows the authors to derive the
fields of pressure, su rface elevation, geostrophic velocity, or the “grad ient wind”
velocity with very high spatial r esolution (typically several million vectors)
limited largely by the pixel reso lution of the availab le imaging sensors. The
technique is particularly suited for the i nvestigations of sma ll-amplitude waves,
which are often difficult to detect by other methods.
Afanasyev, Y. D., P. B. Rhines and E. G. Lindahl, 2008b, Laboratory experim ents with
Altimetric Imaging Velocimetry: Cylinder wakes on the polar beta-p lane, Phys. Fluids,
20(8), 086604, doi:10.1063/1.2968451
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Intense vortices in the wake of a circu lar cylinder are investigated in a rotating
parabolic (polar) ϐ-plane fluid. This system has a background potential vorticity
(PV) field that supports Rossby waves and cau ses vortices to migrate and radiate.
A method for im aging rotating flows, which we call “altim etric imaging
velocimetry” is em ployed. Optical color coding of slopes of the free-surface
elevation field yields the pressure, geos trophic and gradient wind velocity, and
potential vorticity fields with very hi gh spatial resolution, lim ited largely by the
pixel resolution of the available imaging sensors. Cylinder w akes on the polar ϐplane exhibit strikingly diffe rent regimes as it is translated azimuthally, eastward
or westward. Self-arrangement of vortices after the cylinder was stopped drives an
intense eastward jet form ed by the ro ws of anticyclones and cyclones on its
flanks. In agreem ent with the idea of a PV staircase, this jet has a strong PV
gradient at its center, while PV is ho mogenized by the vortices on either side. A
slowly translating cylinder generates Rossby wave s with phase propagation
locked to th e cylinder, and interm ediate cases show a widespread vortex/ wave
interaction.
Afanasyev, Y. D. and V. Jewtoukoff,
2009, Dipolar gyres gene rated by continuous
forcing on a polar beta-plane, Phys. Fluids, 21, 066602, doi:10.1063/1.3156007
Dipolar vortices generated by a force ap
plied to an area of finite size are
investigated in a rotating, polar β-plane fluid. The laboratory polar β-plane is
dynamically equivalent to the polar regions of the ocean or the atmosphere where
the Coriolis parameter varies quadratically with la titude. Both f orced and
unforced evolution of the f low is observed. Th e altimetric imaging velocimetry
method is employed for im aging the rota ting flows and m easuring the velocity
and surface elevation fields. The forced dipoles were observed to rotate in the
anticyclonic direction from their initial orientation where the axis of the dipole is
aligned with the direction of the force toward some steady state where the axis of
the dipole is at an angle to the direction of the force. The theoretical prediction of
the rotation angle is found to be in good agreem ent with the experimental results.
Asymptotic solutions for limiting cases when forced dipoles are affected either by
the Ekman-type bottom friction or by the γ-effect are found. The experiments also
demonstrate that the u nforced free dipoles ro tate anticyclonically with alm ost
steady rate and emit basin-scale Rossby waves.
Afanasyev, Y. D., P. B. Rhines, and E.
G. Lindahl, 2009, Velocity and Potential
Vorticity fields measured by Altimetric Imaging Velocimetry in the rotating fluid, Exps.
Fluids, 47(6): 913-926, doi:10.1007/s00348-009-0689-3
An optical m ethod of altim etric imaging velocimetry (AIV) for m easuring the
slope of the surface elevation in th e rotating fluid with free surface is describ ed.
This method allows one to obtain the m ajor dynamical fields in the fluid layer
including velocity, vorticity and surface elevation. W hen used in combination
with the Optical Thickness m ethod the AIV can be used to render the full
dynamical characteristics of a two-layer fl ow. Both methods allow one to achieve
very high spatial resolution by rendering a ve locity vector in e ach pixel of the
image. An example of the two-layer sour ce-driven flow on a c-p lane (also called
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polar b-plane) is offered to de monstrate the application of these m ethods. This
‘‘b-plume’ is a gyre-like response to a point source of fluid, including intense jets,
eddies and Rossby waves.
Derzho, O. G. and Y. D. Afanasyev, 2008, Rotating dipolar gyres on a gamm a-plane,
Phys Fluids, 20(3), 036603, doi:10.1063/1.2890083
Nonlinear dipolar vortices/gyres on a γ-plane are investigated both experimentally
and theoretically. The solutions describe a fundam ental dipolar m ode of large
scale barotropic motion of the polar ocean or atm osphere on the rota ting planet.
The entire dipolar gyre is predicted to
rotate anticyclonically with a specific
angular velocity. The existence and stability of the theoretically predicted flow are
confirmed in a laboratory experiment on a rotating platform. The laboratory flows
are induced by an electrom
agnetic method and are observed using the
nonintrusive optical method of altimetric imaging velocimetry. The rotation rate
of the experim ental flow is in good agreem ent with that predic ted theoretically.
Detailed measurements of the velo city field an d surface elevation demonstrate
that an assu mption of linearity of the rela tion between the r elative vorticity and
the stream function is valid.
Munroe, J. R., B. R. Sutherland, C. Voeg eli, V. Bir man, and E. H. Meiburg, 2009,
Intrusive gravity currents from finite-length locks in a uniformly stratified fluid, J. Fluid
Mech., 635: 245-273, doi:10.1017/S0022112009007563
Gravity currents intruding into a un iformly stratified am bient are examined in a
series of fi nite-volume full-depth lock -release laboratory experiments and in
numerical simulations. Previous studies have focused on gravity currents which
are denser than fluid at the bottom of the ambient or on symmetric cases in which
the intrusion is the aver age of the ambient density. Here, w e vary the density of
the intrusion between these two extrem es. After an in itial adjustment, the
intrusions and the internal waves they ge nerate travel at a constan t speed. For
small departures from symmetry, the intrusion speed depends weakly upon
density relative to the ambient fluid de nsity. However, the internal wave speed
approximately doubles as the waves change from having a mode-2 structure when
generated by symmetric intrusions to ha ving a mode-1 structure when generated
by intrusions propagating near the botto
m. In the latter circum stance, the
interactions between the intrusion and internal waves reflected from the lock-end
of the tank are sufficiently strong and so the intrusion stops propagating before
reaching the end of the tank. These observa tions are corroborated by the analysis
of two-dimensional numerical simulations of the experimental conditions. These
reveal a significant transfer of availa ble potential energ y to the ambient in
asymmetric circumstances.

12 Instrumentation
Bishop, C., R. Bachmayer, and B. deYoung , 2009, Underwater Glider Research at
Memorial
University,
J.
Oceanic
Tech.,
4(1),
http://www.physics.mun.ca/~bdeyoung/GliderResearch.pdf
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no abstract; first paragraph
Autonomous Underwater Gliders (AUGs) are becoming the tool of choice for
oceanographers to collect in-situ data on the world’s oceans. Since the summer of
2006, the National Research Council-Institute for Ocean Technology (N RC-IOT)
and Memorial University (MUN) have b een exploring the potential for AUGs to
gather oceanographic infor mation with application to the Newfoundland Shelf.
Our group has now collected over a m onth’s worth of deploym ent data, and has
flown over 700 km with AUGs. Prelim inary work has involved testing these
vehicles in our local environm ent and also the integration of new sensors into th e
platform.
Hurley, J., B. deYoung, and C. W illiams, 2007, Reducing drag and oscillation of spheres
used for buoyancy in oceanographic m oorings. J. Atmos. Oceanic Tech., 25: 1823-1833,
doi:10.1175/2006JTECHO472.1
Numerical and laboratory resu lts of the drag characteristics are presented for
different configurations of an under water buoyancy package. It is shown that the
drag and oscillation of an underwater sphere can be reduced substantially with the
addition of a shaped cowling. The influen ce of several differe nt cowling shapes
on the drag and lift are determined. The results from a numerical fluid dynamical
calculation are com pared and lab oratory measurements are scaled. Both the
dynamic and static com ponents of drag and lift are presented. The drag force for
an underwater sphere can be reduced by more than 80% for a full teardrop-shaped
cowling. A truncated teardrop, m ore practical for real applications, will still
reduce the drag by 60%–70%. In additio
n to the drag, the am
plitude of
oscillations driven by eddy shedding is similarly reduced.
Williams, C. D., R. Ba chmayer, and B. deYoung, 2008, Progress in predicting the
performance of ocean g liders from at-sea m easurements, OCEANS 2008, 15-18 Sept.
2008:1-8, doi:10.1109/OCEANS.2008.5152068
With over 100 comm ercially-available ocean gliders being us ed by researchers
around the world, there is strong evidence that these platform s have become the
tool of choice for those who require continuous sampling of ocean properties over
a range of user-controllabl e depths. Researchers conti nue to add new se nsors to
these vehicles usually o n the extern al surfaces where a sen sor can work in an
essentially unobstructed flow condition. Th ese added sensors change the
behaviour of the glider. For the purpos e of improving our predictions of the
behaviour of a glider during steady-stat e glides and course-changing manoeuvres,
it is useful to have a sim ple analytical hydrodynamic model which can be
validated quickly using at-sea m easurements during several descending and
ascending glides. The purpose of this pape r is twofold: (i) to show how the
hydrodynamic properties which govern steady-state gliding can be extracted from
measurements made with on-board sens ors, and, (ii) to show how these
hydrodynamic properties can be used to pred ict the performance of ocean gliders
(e.g. glide angle, glide speed, duration of
voyage etc.). We describe a threeparameter model which has proved useful in representing the behaviour of an
ocean glider during s traight-line descents and ascents. This parametric model has
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been validated with at-s ea measurements during m ultiple glides. Estim ates for
these parameters can be obtained f rom the m easurements of four quantities onboard a Slocum ElectricTM glider, namely (i) the fore-and-aft position of the
pitch-control battery, (ii) the volume of seawater which is ingested or expelled by
the buoyancy engine, (iii) the glider pitch angle, and, (iv) the glider depth. We
describe briefly a method for obtaining estimates for three of these parameters and
show some results in te rms of the glide r drag and lif t coefficients over a wide
range of operating conditions. Additional wo rk is outlined to obtain es timates for
the parameters which determ ine the pitching moment behaviour of this ocean
glider.
Zedel, L., 2008, Modeling Pulse-to- pulse Coherent Doppler Sonar, J. Atmos. Oceanic
Tech., 25: 1834-1844, doi:10.1175/2008JTECHO585.1
Coherent Doppler sonar provides a pow erful tool for probing boundary layer
flows under field and laboratory conditions. However, velocity profiling
applications of this technique are complicated by characteristic velocity and range
ambiguities. Proper implementation for any application requires careful design so
that performance can be accurately predic ted. In this p aper, a com puter model
capable of simulating coherent Doppler operation is presented. The point scatterer
model operates in three dim ensions and accommodates bist atic transducer
geometries. Excellent agreement is demonstrated between model sim ulations and
laboratory trials. Som e simple model a pplications are presented. The m odel has
been developed for profiling applications but is equally suited to m odeling point
measurement acoustic Doppler velocimeters.
Zedel, L. and F. Y. Cyr- Racine, 2009, Extracting Fish and Water Velocity from Doppler
Profiler Data ICES J. Mar. Sci., 66(9): 1846-1852, doi:10.1093/icesjms/fsp168
Doppler current profilers are optim ized for measuring water velocities, but have
the demonstrated capability to m easure fish swimming speeds. This is possible
when fish form schools that are larg e enough for all m ultiple Doppler sonar
beams to sample the fis h speeds at the same time. In situations where fish are not
present in at least three acoustic beam s, it is impossible to extr act fish velocity
with the data-processing algorithms normally used to extract water velocity. We
present an alternative m ethod of analysing Doppler sona r data that treats data
from individual acoustic beams independently, so that velocities can be extracted
when fish a ppear intermittently in the sonar beam s. The method determines the
variance for each velocity estim ate so that data averaging can be adjusted to
achieve the desired accuracy. The algorithm is applied to ex tract both water and
fish velocities from Doppler profiler observations of overwintering Atlantic cod
(Gadus morhua) in Smith Sound, Newfoundland. Currents in this enclosed coastal
area are slow (˜10 cm s −1), and the fish appear to m ove passively with the water
much of the time. However, there are times when the fish have velocities different
from those of the water, and profiles averaged over 20 d show clear differences in
fish and water velocities.
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13 Remote Sensing
Bélanger, S., M. Babin, and P. Laro uche, 2008, An empirical ocean color algorithm for
estimating the contribution of chromophoric dissolved organic m atter to total light
absorption in optic ally complex waters, J. Geophys. Res., 113, C04027,
doi:10.1029/2007JC004436
To estimate the depth-integrated rate of photochem ical processes involving
chromophoric dissolved organic m atter (CDOM) in coastal waters, the
contribution of CDOM to the total absorption coefficient must be known from UV
to green. At 307 sites sam pled in various coastal marine environments, the ratio
between CDOM and the total absorption coefficient ([ a CDOM /a t ]) at 412 nm was
found to vary over a wide range, from 0.20 to 0.95. An e mpirical algorithm was
developed to retrieve [a CDOM /a t ](412) from satellite remote sensing reflectance.
The absolute uncertainty on the [ a CDOM /a t ] retrieval was 0.14. As exem plified
with the data from the Baltic and North Seas, the algorithm provides a m eans to
distinguish the contribution of CDOM to th e absorption coefficient of colored
detrital material (i.e., CDM = CDOM + nonalgal particle s) at the regional scale.
The implications of the variability in the magnitude and spectral shape of [ a CDOM
/a t ] for the assessm ent of depth-integrated production of any photoproducts
involving CDOM photolysis are discussed in details. We applied the algorithm to
a Sea-viewing Wide Field-of-View Sensor (SeaWiFS) image of the Southeas tern
Beaufort Sea where terrestrial inputs are abundant. The spatial variability in the [a
CDOM /a t ] reaches as much as threefold over th e continental shelf and beyond.
These results clearly show that it is necessary to account for the spatial variability
of [a CDOM /a t ] when quantifying C DOM-related photochemical processes in the
ocean.
Choisnard, J. and S. Laroche, 2008, Propert
ies of variational data assim ilation for
synthetic aperture radar wind retrieval,
J. Geophys. Res., 113, C05006,
doi:10.1029/2007JC004534
The quality of m arine wind vector retr ieved from variational data assimilation
(VAR) of Synthetic Aperture Radar (SAR ) backscatter observation is assessed. It
is found that the obs ervation is most sensitive to wind speed. The retrieved wind
direction from VAR is largely influenced by background wind direction and most
of the SAR observation variability is assigned to wind sp eed. Non-linearity of the
Geophysical Model Function (GMF ) introduces wind speed bias, m odulated by
wind direction anisotropy (up-downwind/ crosswind difference). The exam ination
of the background wind vector departure fr om observation reveals two regimes: a
quasi-linear response to wind directi on for high background wind speed; and a
rather monotonic response with two sh arp transitions located at crosswin d
directions for low background wind sp
eed. Information content of SAR
observation is estimated using the entropy reduction approach, both analytically
and from Monte-Carlo sim ulations. Crosswind directions have the lowest
information content and correspond to those wher e non-linearity introduces
largest discrepancies between analytic and Monte-Carlo estim ations. The linear
approximation of the GMF needed in
the incremental VAR formulation is
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examined. The retrieved winds using th e incremental formulation are in good
agreement with those using the non-linear GMF. Monte-Carlo simulations reveal
specific situations, around sharp tra nsitions at c rosswind directions, where both
linear and non-linear V AR formulations may produce m ore noise than extract
information form observations.
Danielson, R. E., M. Dowd, and H. Ritchie, 2008, Objective analysis of m arine winds
with the benefit of the Rada rsat-1 synthetic aperture ra dar: A nonlinear regression
framework, J. Geophys. Res., 113, C05019, doi:10.1029/2007JC004413
Surface wind analyses are constru cted from spaceborne syn thetic aperture radar
(SAR) measurements along coastal regions of eastern and western North America
and collocated operational m arine wind fo recasts. Each an alysis minimizes the
error sum of squares of the wind for
ecast, the SAR backscatter, and wind
direction that is inf erred from the SAR backscatter gradient. The rela tive
importance of the SAR wind inform ation is defined by its expected error
covariances. Parameters that define these covariances are postulated for half the
analyses by comparison with an independent set of buoy observations. The
remaining analyses are found to com pare better with buoy observations than
conventional analysis approaches. It is suggested that SAR wind inform ation
generally be weighted strongly in an anal ysis and that an error covariance length
scale of O[10 km] is appropriate.
Devred E., S. Sathyendranath, and T. Platt, 2007, Relationship between the Q factor and
inherent optical p roperties: Relevance to ocean -colour inversion algorithm s, Geophys.
Res. Lett. 34, L18601, doi:10.1029/2007GL030764
Conversion between upwelling irradiance and rad iance at the sea surface,
essential for some aspects of remote sensing of ocean colour, requires knowledge
of the Q factor. The Q factor depends on solar zenith angle, satellite viewing
angle and the optical properties of the wa ter. For sim ulated data f or two f ixed
solar zenith angles, we express the Q factor as a function of total absorption and
backscattering coefficients. The new param eterisation is us ed in an algorithm to
retrieve total water backscattering from in situ ocean-colour data. The algorithm
performs better than th ose in whic h the Q factor is expressed as a function of
chlorophyll-a concentration alone.
Forget, M.-H., S. Sathyendranath, T. Platt, J. Pomm ier, and C. Fuentes-Yaco, 2007,
Computation of pri mary production from re mote-sensing of ocean colour of the
Lagrangian site of C-SOLAS, Mar. Ecol. Prog. Ser., 352: 27–38, doi:10.3354/meps07223
At the C-SOLAS Lagrangian S tudy site, the phytoplankton comm unity was
dominated by diatom s in declining bloom conditions, which were characterised
by a decrease in prim ary production over tim e. Measurements of prim ary
production were performed using photosynthesis-light experiments and simulated
in situ incubations. S everal methods were used to assign photosynthetic
parameters for estim ation of prim ary production from remote-sensing of ocean
colour: (1) the nearest-neighbour m ethod (NNM), (2) a tem perature-dependent
model, (3) an iterative approach to retrieve photosynthetic parameters from in situ
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measurements of phytoplankton production, and (4) average values of m easured
parameters. Owing to the declining status of the diatom population and its patchy
distribution, the m agnitude of pr imary production m easured from in situ
incubations was highly variable.
Under bloom conditions, all m ethods
underestimated production com pared with results of si
mulated in situ
measurements; however, the NNM provided th e closest estimates to the in situ
measurements. In the declining bloom phase, the NNM overestim ated primary
production, whereas the iterative method returned estimates of production in good
agreement with the in situ observations. In conditions characterized b y mixedphytoplankton populations, the NNM returned estim ates in agreem ent with the
observations. A new method is proposed
for classifying im age pixels using
criteria accessible to remo te sensing, according to the phase of the d iatom bloom
(bloom versus declining conditions) and acco rding to community compositio n
(diatom versus m ixed population). Upon separating the database used for
parameter assignment into 2 parts, one representing the ge neral phytoplankton
community and the other representing decl ining diatom conditions, estimates of
chlorophyll a-normalised water-column production were in good agreem ent with
in situ observations.
Forget, M.-H., S. Sathyendranath, T. Platt, J. Pommier , C. Vis, M. Kyewalyanga, and C.
Hudon, 2007, Extraction of photosynthesis-irra diance parameters from phytoplankton
production data: Demonstration in various aquatic systems, J. Plankton Res., 29(3): 249262, doi:10.1093/plankt/fbm012
A method is presented for extraction of the photosynt hesis-response parameters
from profiles of phytoplankton production. The procedure, previously proposed
but not tested, is im plemented here in various types of aquatic system and a
protocol is established for its use. Valu es of daily prim ary production integrated
over the photic zone were estim ated from in situ or sim ulated in situ in cubations
in four coastal and open-ocean m
arine systems, and from photosynthesisirradiance (P–E) curves in the afore-mentioned marine systems, as well as in two
freshwater systems. The slope of the measured daily water-colum n production
(normalised to water-colum n chlorophyll a biomass) plotted against the daily
incident irradiance was vari able from system to system (0.09 to 0.60), showing a
broader range than previously reported va lues. Using an iterative procedure, we
estimated the photosynthetic param eters from this linear relationship. Generally,
estimated values lie within the 95% c onfidence interval of the photosynthetic
parameters obtained from the P–E curves, showing that the estimates agree well
with measurements. The new method, based on the photophysiological response
of the phytoplankton comm unity, provides a way to enhance our ability to
compute primary production from remote sensing of ocean colour.
Gower, J. and S. King, 2007, An Antarctic ice-related "superbloom" observed with the
MERIS satellite imager, Geophys. Res. Lett., 34, L15501, doi:10.1029/2007GL029638
MERIS (Medium Resolution Imaging Spectrometer) satellite im agery for early
March 2006 shows streaks and patches of wh at appears to be an intense plankton
bloom among broken ice off Ronne Entrance, Antarctica, near 73 S, 83 W . The
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streaks are 2 to 10 km wide and up to 100 km long, extending across open water
between land and the ice edge. We interp ret these s treaks as an example of a
previously reported type of “superbl
oom,” in which very high surface
concentrations of chlorophy ll occur in water containi ng ice platelets. Spectral
bands of the MERIS satellite im ager in the visible and near-infrared allow
computation of an index suitable for detection of surface blooms containing high
concentrations of chlorophyll, especially blooms associated w ith high-scattering
from suspended sediment or ice. The images presented here suggest a new way in
which MERIS images can contribute to the study of primary productivity in polar
regions.
Huot, Y., C. A. Brown, and J. J. Cullen, 2007, Retrieval of phytoplankton biom ass from
simultaneous inversion of reflectance, the
diffuse attenuation coefficient, and Suninduced fluorescence in coastal waters,
J. Geophys. Res., 112, C06013,
doi:10.1029/2006JC003794
A model has been developed to retr ieve phytoplankton absorption, a proxy for
phytoplankton biomass, from observations of reflectance ( R) and the diffuse
attenuation coefficient ( K d) collected by m oored radiometers in coas tal waters,
where high concentrations of chrom ophoric dissolved organic m atter (CDOM)
confound conventional ocean color algorithms. The inversion uses simultaneously
two forward m odels: (1) a look-up tabl e (LUT) that accounts for instrum ent
geometry and the effect of the solar angle on both R and K d and (2) an analytical
function describing the effects of Sun- induced fluorescence (SIF) of chlorophyll
on R. Estimates of phytoplankton biom ass (mostly from SIF), the absorption by
colored matter, and th e particulate backscattering coefficients (mostly from the
LUT) are obtained by optimizing the amplitude and shape of the absorption and
backscattering coefficients in the fo rward model to best m atch the observations.
An equation describing the quantu
m yield of fluorescence (photons
fluoresced/photons absorbed) as a function of incident irradiance constrains the
model and allows estimates of phytoplankton absorption. Innovations include: the
utilization of both R and K d, providing good separation of the effects of
backscattering from absorption; avoida nce of reflectance bands between 400 and
600 nm, thereby avoiding interference from
bottom reflection and CDOM
fluorescence; utilization of the full em ission band of SIF; and accounting for the
irradiance-dependence of its quantum yield. The m odel effectively retrieved
chlorophyll concentration from an independent data set — r = 0.76, n = 93, with a
mean absolute percent error (MAPE) of 24% ; this is better th an a modern ocean
color algorithm (OC4V4) on its validation da ta set, when restricted to the sam e
range of chlorophyll (r = 0.67, n = 384, MAPE = 51%).
Lee, Z., S. Shang, C. Hu, M. Lewis, R. Arnone, Y. Li, and B. Lubac, 2010, Time series of
bio-optical properties in a subtropical gyre: Implications for the evaluation of interannual
trends of biogeochem ical properties, J. Geophys. Res., 115, C09012,
doi:10.1029/2009JC005865
With a validated Quasi-Analytical Algorithm, an 11 year (1998–2008) m onthly
time series of the prim ary optical properties of waters in th e center of the South
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Pacific gyre was developed from Seaviewing Wide Field-of-view Sensor
(SeaWiFS) and Moderate Resolution Imaging Spectroradiometer (MODIS). Also
derived are chlorophyll a (Chl a) concentrations with the o perational empirical
algorithms for SeaW iFS and MODIS. Th e optical pro perties include th e
absorption coefficient (at 443 nm) of phytoplankton (
aph) and that of the
combination of detritus and gelbstoff ( adg). From these tim e series, we further
derived their annual background (summ er low) and seasonal intensity (the
difference between winter high and summer low). These time series show that (1)
the optical properties have different
seasonal and in terannual variations,
indicating different dynamics of these properties in the subtropical gyre; (2) there
is a decreasing trend (r 2 = 0.24) of the background aph in the 1998–2008 period
and an increasing trend of the aph seasonal intensity (r2 = 0.11) for this period, and
both trends are not statistic ally significant; (3) the aph time series agrees with the
Chl a time series at the seasonal scale, but differs with respect to interannual
variations; and (4) different interannual trends could be inferred with different
time frames. These res ults emphasize that it is difficult to draw unequivocal
conclusions about long -term trends of biogeochemical properties in th e oceans
with the cur rent relatively short bio -optical records. To clarif y and predict such
trends, it is critical to get a full account of the forces that are responsible for the
seasonal and interannual variations of these properties.
Moore, C., A. Barnard, P. Fietzek, M. R. Lewi s, H. M. Sosik, S. White, and O. Zielinski,
2008, Optical too ls for ocean m onitoring and research, Ocean Sciences, 5: 661-684,
doi:10.5194/osd-5-659-2008
Requirements for understand ing the relation ships between ocean color and
suspended and dissolved m aterials within the water column, and a rapidly
emerging photonics and m aterials technology base for perfor ming optical based
analytical techniques have generated a diverse offering of commercial sensors and
research prototypes that perform
optical measurements in water. Through
inversion, these tools are now being used to determine a diverse set of related
biogeochemical and physical param
eters. Techniques engaged include
measurement of the solar radiance distri bution, absorption, scattering, stim ulated
fluorescence, flow cytom etry, and vari ous spectroscopy m ethods. Selective
membranes and other techniques for material isolation further enhance specificity,
leading to sensors for measurement of dissolved oxygen, m ethane, carbon
dioxide, common nutrients and a variety of other param eters. Scientists are using
these measurements to infer information related to an increasing set of parameters
and wide range of applications over relevant scales in space and time.
Nair, A., S. Sathyendranath, T. Platt, J. Mora les, V. Stuart, M.-H. Forget, E. Devred, E.,
and H. Bouman, 2008, Remote sensing of phytoplankton functional types, Remote Sens.
Environ., 112(8): 3366–3375, doi:10.1016/j.rse.2008.01.021
The principal goal in early missions of satellite-borne visible spectral radiometry
(ocean colour) was to create synoptic fiel ds of phytoplankton biomass indexed as
concentration of chlorophyll-a. In th e context of climate change, a m
ajor
application of the results has been in the modelling of primary production and the
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ocean carbon cycle. It is now recognised that a partition of the marine autotrophic
pool into a suite of phytoplan
kton functional types, each type having a
characteristic role in the biogeochem ical cycle of the ocean, would increase our
understanding of the role of phytoplankton in the global carbon cycle. At the same
time, new m ethods have been emerging th at use visible spectral radiom etry to
map some of the phytoplankton functional types. Here, we assess the state of the
art, and suggest paths for future work.
Pimentel, S., K. Haines, and N. K. Nichols, 20 08a, The assimilation of satellite-derived
sea surface tem peratures into a diurnal cycle model, J. Geophys. Res., 113, C09013,
doi:10.1029/2007JC004608
Satellite sea surface temperatu re (SST) observations available from infrared and
microwave radiometers derive a skin and sub-skin temperature measurement from
very near the ocean surface. These measurements, particularly those taken during
the day und er clear calm conditions, are of ten seen to hav e a diurna l warming
signal. These diurnal SST signals can
result in errors and aliasing when
observations collected at different tim es of the day and from
a variety of
observation sources are m erged together to obtain “foundation” or bulk SST
observation products. A sim ilar problem occurs when SST observations are
assimilated into ocean m odels, which typically do not reso lve a diurnal cycle. In
this article, a novel data a ssimilation method is developed and im plemented that
explicitly utilizes diurnal signal information in SST observations. The technique
assimilates SST observations taken over the day into a diurnal cycle model by
making corrections, within uncertainty bounds, to the surface boundary forcing of
the model. In particular, the surface wind speeds and the fraction al cloud cover
parameter, which are typically po orly known over the o ceans, are tuned in the
process. This method is shown to improve the estimate of diurnal SST variability,
and it has the potential to reduce uncertain ties in estimates of foundation or bulk
SST. As such, the procedure can be viewed as a dynamic observation operator.
Platt,
T. and S.
Sathyendranathhttp://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V6V4SRDFF32&_user=10&_coverDate=08%2F15%2F2008&_rdoc=1&_fmt=high&_orig=gateway&_
origin=gateway&_sort=d&_docanchor=&view=c&_searchStrId=1676567305&_rerunOri
gin=google&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=aa072
0f50bf63cc900c1c87e06b802bf&searchtype=a - aff2, 2008, Ecological indicators for the
pelagic zone of the ocean from
remote sensing, Remote Sensing Env.
112(8): 3426-3436, doi:10.1016/j.rse.2007.10.016
It is generally accep ted that responsib le stewardship of the ocean im
plies
ecosystem-based management. A requirement then arises for ecosystem indicators
that can be applied in serial fashion with a view to detection of ecosystem change
in response to environmental perturbations such as climate change or overfishing.
The status of ecological indicators for the pelagic ecosystem is review ed. The
desirable properties of such indicators are listed and it is pointed out that rem ote
sensing (ocean colour, supplemented by sea-surface temperature) is an im portant
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aid to achieving them . Some ecological indicators that can be dev eloped from
remotely-sensed data on ocean colour are tabu lated. They deal with th e seasonal
cycle of phytoplankton biom ass, production and loss term s, annual production,
new production, ratio of pr
oduction to respiration, spatial variances in
phytoplankton biomass and production, sp atial distribution of phytoplankton
functional types, delineation of ecol ogical provinces and phytoplankton size
structure.
Platt, T. and S. Sathyendranath, 2008, Ecologi cal indicators for the p elagic zone of the
ocean, Remote Sens. Environ., 112(8): 3426-3436, doi:10.1016/j.rse.2007.10.016
It is generally accep ted that responsib le stewardship of the ocean im
plies
ecosystem-based management. A requirement then arises for ecosystem indicators
that can be applied in serial fashion with a view to detection of ecosystem change
in response to environmental perturbations such as climate change or overfishing.
The status of ecological indicators for the pelagic ecosystem is review ed. The
desirable properties of such indicators are listed and it is pointed out that rem ote
sensing (ocean colour, supplemented by sea-surface temperature) is an im portant
aid to achieving them . Some ecological indicators that can be dev eloped from
remotely-sensed data on ocean colour are tabu lated. They deal with th e seasonal
cycle of phytoplankton biom ass, production and loss term s, annual production,
new production, ratio of pr
oduction to respiration, spatial variances in
phytoplankton biomass and production, sp atial distribution of phytoplankton
functional types, delineation of ecol ogical provinces and phytoplankton size
structure.
Platt, T., S. Sathyendranath, M.-H. Forget, G. N. White, C. Caverhill, H. Boum an, E.
Devred, and S. Son, 2008, Operational m ode estimation of prim ary production at large
geographical
scales,
Remote
Sens.
Environ.,
112(8):
3437–3448,
doi:10.1016/j.rse.2007.11.018
A protocol is developed for calcu
lation of phytoplankton production fro m
remotely-sensed data in the operational mode. The key elem ent is an objectiv e
assignment, on a pixel-by-pixel basis, of the parameters required to implement a
primary production m odel (parameters of the photosynthesis-response function
and of the vertical distri bution of pigm ent biomass). In a regional context, the
assignment is made by searching the archived data on these parameters according
to the (remotely -sensed) chlorophyll concentration and su rface temperature. We
refer to this approach as the Nearest-Neighbour Method. The procedure is
justified on the basis of the known vari
ation of bio- optical properties of
phytoplankton with chlorophyll and tem perature as well as th rough consideration
of the seasonal variation of watercolumn stratification and its effect on the vertical
pigment profile. We illustrate the method, and its justification, using data from the
Northwest Atlantic Ocean. Using data from an oceanographic expedition not
included in the arch ive, we find that the pa rameters estimated in this way are not
significantly different from those obtain ed by direct m easurement. We estim ate
the error associated with param eter assignment on the calcul ated phytoplankton
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production to be about 27%. Some pot
discussed.

ential limitations of the m ethod are

Platt, T., S. Sathyendranath, M.-H. Forget, G. N. White III, C. Caverhill, H. Boum an, E.
D., and S.-H. Son, 2008, Operational estim
ation of prim ary production at large
geographical
scales,
Remote
Sensing
of
Env.,
112(8):
3437-3448,
doi:10.1016/j.rse.2007.11.018
A protocol is developed for calcu
lation of phytoplankton production fro m
remotely-sensed data in the operational mode. The key elem ent is an objectiv e
assignment, on a pixel-by-pixel basis, of the parameters required to implement a
primary production m odel (parameters of the photosynthesis-response function
and of the vertical distri bution of pigm ent biomass). In a regional context, the
assignment is made by searching the archived data on these parameters according
to the (remotely -sensed) chlorophyll concentration and su rface temperature. We
refer to this approach as the Nearest-Neighbour Method. The procedure is
justified on the basis of the known vari
ation of bio- optical properties of
phytoplankton with chlorophyll and tem perature as well as th rough consideration
of the seasonal variation of watercolumn stratification and its effect on the vertical
pigment profile. We illustrate the method, and its justification, using data from the
Northwest Atlantic Ocean. Using data from an oceanographic expedition not
included in the arch ive, we find that the pa rameters estimated in this way are not
significantly different from those obtain ed by direct m easurement. We estim ate
the error associated with param eter assignment on the calcul ated phytoplankton
production to be about 27%. Some pot
ential limitations of the m ethod are
discussed.
Platt, T., G. N. White III, L. Zhai, S. Sathyendranath, and S. Roy, 2009, The phenology
of phytoplankton bloom s: Ecosystem indicators from remote sensing, Ecological
Modelling, 220(21): 3057-3069, doi:10.1016/j.ecolmodel.2008.11.022
Remote sensing offers m any advantages in the developm ent of ec osystem
indicators for the pe lagic zone of the ocean. P articularly suitable in th is context
are the indicators arising from time series that can be constructed from remotely
sensed data. For example, using ocean-co lour radiometry, the phen ology of
phytoplankton blooms can be assessed. Metrics defined in this way show prom ise
as informative indicators for the entir e pelagic ec osystem. A sim ple
phytoplankton–substrate model, with forcing dependent on latitude and day
number is used to explore the qualit
ative features of bloom phenology for
comparison with the results observed in a suite of 10-year tim
e series of
chlorophyll concentration, as assessed by remote sensing, from the Northwest
Atlantic Ocean. The model reveals features of the dynam ics that might otherwise
have been overlooked in evaluation of the observational data.
Platt, T., S. Sathyendranath, G. N. White, C. Fuentes-Yaco, L. Zhai, E. Devred, and C.
Tang, 2009, Diagnostic Properties of Phytoplankt on Time Series from Remote Sensing,
Estuaries and Coasts, 33: 428-439, doi:10.1007/s12237-009-9161-0
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Remote sensing provides our only window into the phytoplankton community on
synoptic scales, permitting the construction of spatially distributed tim e series of
biomass indexed as chlorophyll concentr ation. Data from the SeaW iFS mission
have accumulated to th e point where they meet the criterion of a 10-year series.
The seasonal phytoplankton cycle is the dom inant mode of temporal variability.
The time series can be used to construct a variety of ecological indicators of the
pelagic system useful i n ecosystem-based management. These are rev iewed and
examples of their im plementation are presented. Phenology of phytoplankton
blooms is given particular attention. In
terannual variation in som e of the
indicators is strong, presum ably a respons e to variation in la rge-scale forcing.
Examination of the results in the cont ext of a sim ple phytoplankton-nutrient
model enhances the interpretation. Remote sensing imagery also lends itself to the
retrieval of information on comm unity structure, in addition to biom ass. More
information will be r ecovered from satellite imagery if the rem ote-sensing
program is coupled closely to a ship program on which appropriate bio-optical
observations are m ade. The data series
can be distilled to yield concise
descriptions of the unfolding of ecosystem characteristics through time.
Platt, T., S. Sathyendranath, G. N. White, C. Fuentes-Yaco, L. Zhai, E. Devred, and C.
Tang, 2010, Diagnostic Properties of Phytoplankton Time Series from Remote Sensing,
Estuaries and Coasts, 33(2): 428-439, doi:10.1007/s12237-009-9161-0
Remote sensing provides our only window into the phytoplankton community on
synoptic scales, permitting the construction of spatially distributed tim e series of
biomass indexed as chlorophyll concentr ation. Data from the SeaW iFS mission
have accumulated to th e point where they meet the criterion of a 10-year series.
The seasonal phytoplankton cycle is the dom inant mode of temporal variability.
The time series can be used to construct a variety of ecological indicators of the
pelagic system useful i n ecosystem-based management. These are rev iewed and
examples of their im plementation are presented. Phenology of phytoplankton
blooms is given particular attention. In
terannual variation in som e of the
indicators is strong, presum ably a respons e to variation in la rge-scale forcing.
Examination of the results in the cont ext of a sim ple phytoplankton-nutrient
model enhances the interpretation. Remote sensing imagery also lends itself to the
retrieval of information on comm unity structure, in addition to biom ass. More
information will be r ecovered from satellite imagery if the rem ote-sensing
program is coupled closely to a ship program on which appropriate bio-optical
observations are m ade. The data series
can be distilled to yield concise
descriptions of the unfolding of ecosystem characteristics through time.
Sathyendranath, S. and T. Platt, 200 7, Spectral effects in bio-optical control on the ocean
system, Oceanologia, 49(1): 5-39
The influence of phytoplankton on the
spectral structure of the subm arine
irradiance field is reviewed. The i mplications for the ocean system of the spectral
response by phytoplankton to the ambient li ght field are discussed. For exam ple,
it provides the basis for retrieval of phytoplankton biom ass by visible spectral
radiometry (ocean-colour remote sensing). In the computation of prim
ary
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production, the results of spectral m odels differ in a known and system atic
manner from those of non-spectral ones. The bias can be corrected without risk of
incurring additional random errors. The models in use for phytoplank ton growth,
whether based on available light or absorb ed light, whether expressed in terms of
chlorophyll or carbon, are shown all to conf orm to the same basic formalism with
the same parameters. Residual uncertainty lies less with the models than with the
parameters required for their im plementation. The subm arine light field and the
spectral characteristics of phytoplan
kton carry latent inform
ation on
phytoplankton community structure. Differe nces in spectral response by different
functional types of phytoplankton are small but significant. Optical considerations
limit the maxim um phytoplankton biom ass that can be sustained in a given
surface mixed layer. Moreover, the upper boun d on the bio mass depends on th e
spectral response of the dom inant phytoplankton taxa. A s a result, an optical
control exists in the m ixed layer th at tends to resis t extreme excursions of the
biomass and also to maintain biodiversity in the phytoplankton.
Son, S., T. Platt, C. Fuentes-Y
aco, H. Bouman, E. Devred, Y. W
u, and S.
Sathyendranath, 2007, Possible biogeochem ical response to the passage of Hurricane
Fabian
observed by satellites,
J.
Plankton
Res.,
29(8):
687-697,
doi:10.1093/plankt/fbm050
Physical and biogeochem ical changes i nduced by the Hurricane Fabian in the
Northwest Atlantic in early Septem ber 2003 were observed using com posite
satellite images. Af ter the passag e of the hurricane, th e mean sea surface
temperature (SST) along the track decr eased on average by about 1.3°C with
maximum decrease of 10°C. At the sam e time, the m ean Chl a conc entration
increased by about 42%. Entrainm ent of cold, nutrient-rich waters by vertical
mixing induced by the hurricane seem s to have enhanced the phytoplankton
production. Asymmetric distribution of changes in SST and Chl a (strong
intensity on the right side of the storm track) was observed from the satellite data.
The storm-induced nitrate increase estimated from the satellite SST, using a local
relationship between nitrate and temper ature measurements was about 40% on
average along the track of the storm . A numerical model study and climatological
nutrient profile showed an increas e in mixed-layer depth of 26 m and nitrate
increase of about 0.2 μmol L−1 after the storm passage. In addition to altering the
physicochemical conditions of the water colum n, physical forcin g by th e
hurricane also changed the taxonomic composition of phytoplankton. It is inferred
that the dominance of diatoms after the storm is a result of the increase in nutrient
concentration within the mixed layer due to the wind forcing of the storm.
Voss, K. J., S. McLean, M. Lewis, C. Johns on, S. Flora, M. Feinholz, M. Yarbrough, C.
Trees, M. Twardowski, and D. Clark, 2010, An example crossover experiment for testing
new vicarious calibration techniques for satellite ocean color radiometry, J. Ocean Atmos.
Technol., 27: 1747-1759, doi:10.1175/2010JTECH0737.1
Vicarious calibration of ocean color satellites involves the use of accurate surface
measurements of water-leav ing radiance to u pdate and improve the system
calibration of ocean co lor satellite sensors. An expe riment was perform ed to
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compare a free-fall technique with the established Marine Optical Buoy (MOBY)
measurement. It was found in the laborat ory that the radian ce and irradiance
instruments compared well within thei r estimated uncertainties for various
spectral sources. The spectrally averaged differences between the National
Institute of Standards and Technology (NIST) values for the sources and the
instruments were <2.5% for the radiance sensors and <1.5% for the irradiance
sensors. In the field, the sensors
measuring the above-surface downwelling
irradiance performed nearly as well as they had in the laboratory, with an average
difference of <2%. W hile the water-leaving radiance Lw calculated from each
instrument agreed in alm ost all cas es within the combined instrument
uncertainties (approximately 7%), there was a relative bias between the two
instrument classes/techniques that vari ed spectrally. The spectrally averaged
(400–600 nm) difference between the two instrument classes/techniques was
3.1%. However, the spectral variation resu lted in the free-fall instrum ents being
0.2% lower at 450 nm and 5.9% higher at 550 nm. Based on the analysis of one
matchup, the bias in Lw was sim ilar to that o bserved for Lu(1 m) with both
systems, indicating the difference did not come from propagating Lu(1 m) to Lw.
Zhai, L., T. Platt, C. Tang, M. Dowd,
S. Sathyendranath, and M.-H. Forget, 2008,
Estimation of phytoplankton loss rate by remote sensing,
Geophys. Res. Lett., 35,
L23606, doi:10.1029/2008GL035666
A method is presented for estim ation of seasonally-varying, to tal loss rate of
phytoplankton from time series of satell ite-derived phytoplankton biomass data.
The loss is calculated as the differe
nce between th e (modelled) rate of
photosynthesis and the observed, realized
rate of change of phytoplankton
biomass. A Monte Carlo procedure is
used to recover the loss rates. The
(biomass-normalized) total loss rate shows a seasonal cyc le with values ranging
from 0.5 to 3 m g C ( mg Chl)−1 h−1 and shows an abrupt shift during the spring
bloom. On the other hand, the absolute
loss rate increases during bloom s, a
consequence of the increase in the biom ass. The normalized total loss rate can b e
further expressed as a tim e-varying fraction of the ass imilation number. The
fraction lies in the range from 0.2 to 0.8. During the increasing (decreasing) phase
of phytoplankton blooming, the ratio of growth to total lo ss increases (decreases),
such that this ratio may have value as an ecological indicator for blooms.

14 Tsunami Research
Bornhold, B. D., J. R. Harper, D. McLaren, and R. E. Thomson, 2007, Destruction of the
First Nations Village o f Kwalate by a Rock Avalanche-g enerated Tsunami, Atmos.Ocean, 45(2): 123–128, doi:10.3137/ao.450205
The First Nations (D a’naxda’xw) village of Kwalate, Knight Inle t, British
Columbia was located along the shore of a funnel-shaped bay. Archaeological
investigations show that this was a m ajor village that stretched 90 m along the
shoreline and was home to possibly 100 or m ore inhabitants. Oral stories indicate
that the village was co mpletely swept away by a tsunam i that form ed when an
840-m high rock avalanche descended into the water on the opposite side of the
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fjord. Shipboard geological m apping, combined with em pirical tsunami
modelling, indicate that the tsunam i was likely 2 to 6 m high prior to run-up into
the village. Radiocarbon dates reveal that the village was occupied from the late
1300s CE until the late 1500s CE when it was destroyed by the tsunami.
Candella, R., A. B. Rabinovich, and R. E. Thomson, 2008, The 2004 Sumatra tsunami as
recorded on the Atlantic coast of South America, Advances in Geosciences, 14: 117-128,
doi:10.5194/adgeo-14-117-2008
The 2004 Sum atra tsunami propagated th roughout the World Ocean and was
clearly recorded by tide gauges on the Atlantic coast of South America. A total of
17 tsunami records were found and subsequently exam
ined for this region.
Tsunami wave heights and arrival tim es are generally consistent with num erical
modeling results. Maximum wave heights of more than 1.2 m we re observed on
the coasts of Uruguay and southeastern Brazil. Marked differences in tsunam i
height from pairs of closely located tid e gauge sites on the coast of Argentina
illustrate the importance that local to pographic resonance effects can have on the
observed wave response. Findings reveal that, outside the Indian O cean, the
highest waves were recorded in the South Atlantic and not in th e Pacific as has
been previously suggested.
Cherniawsky, J. Y. , V. V. Titov, K. Wang and J.-Y. Li, 2007, Numerical Simulations of
Tsunami Waves and Currents for Southern Vancouver Island f
rom a Cascadia
Megathrust Earthquake, Pure and Applied Geophysics, 164(2-3): 465-492,
doi:10.1007/s00024-006-0169-0
The 1700 great Cascadia earthquake (M
= 9) generated widespread tsunam i
waves that affected the entire Pacific Ocean and caused d amage as distant a s
Japan. Similar catastrophic waves m ay be generated by a future Cascadia
megathrust earthquake. We use three rupt ure scenarios for this earth quake in
numerical experiments to study propagatio n of tsunami waves off the west coast
of North America and to predict tsu nami heights and currents in several bays and
harbours on southern V ancouver Island, British Columbia, including Ucluelet,
located on the west coast of the isla nd, and Victoria and Esquim alt harbours
inside Juan de Fuca Strait. The earthquake scenarios are: an 1100-km long rupture
over the entire length of the subduction zone and separate ruptures of its northern
or southern segments. As expected, the southern earthquake scenario has a limited
effect over most of the Vancouver Island coast, with waves in the harbours not
exceeding 1 m. The other two scenarios produce large tsunami waves, higher than
16 m at one location near Ucluelet and over 4 m inside Esquim alt and Victoria
harbours, and very strong currents that reach 17 m/s in narrow channels and near
headlands. Because th e assumed rupture scenarios are based on a previous
earthquake, direct use of the m odel results to estimate the effect of a f uture
earthquake requires appropriate qualification.
Fine, I. V., J. Y. Cherniawsky, A. B. Rabi novich and F. E. Stephensen, 2009, Num erical
modeling and observations of tsunam i waves in Alberni Inlet and Barkley Sound, British
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Columbia, Pure and Applied Geophysics, 165(11-12): 2019–2044, doi:10.1007/s00024008-0414-9
Alberni Inlet is a long a nd narrow fjord adjacent to Barkley Sound on the Pacific
Coast of Vancouver Island, Canada. Port Albe rni, at the head of the inlet, was
affected in 1964 by the largest Pacific tsunami waves in Canadian history. We use
observations and results from two num erical models to investigate the resonan t
characteristics of the region and amplification of tsunami waves in Barkley Sound
and Alberni Inlet. The first m odel (A) was forced at its open boundary with a
stationary autoregressive signal, sim ilar to the observed background noise. The
second model (B) used an initial sealevel deformation from a potential
earthquake off California in the southe rn segment of the Cascadia Subduction
Zone, producing transient tsunam i waves. Spectral, cross-spectral and frequencytime (f-t) analyses of the observations
were used to exam ine the resonan t
properties and topographic response of the lo cal area. The respective results show
large admittance functions over a wide 0.5–0.9 cph frequency band, implying a
low Q factor but high amplification of ar riving waves. This unusual behavior is a
result of two effects: A quarte r-wave resonance of the system for its fundam ental
Helmholtz mode and amplification due to the narrowing of the channel cross
section from Barkley Sound to Alberni Inlet. The model A numerical results agree
favorably with the observations, indicating an energetic resonant m ode at
frequency of *0.53 cph (112 m in), with its nodal line located near the entrance to
Barkley Sound and am plification factor value close to 12. The resu lts from the
tsunami propagation model (B) yield spectral characteristics similar to those from
the model A and from the observations. The m aximum tsunami current speed for
this scenario is 2.4 m s-1 in Sproat N arrows, which divides Alberni Inlet into two
parts, while the largest com puted wave height is 1.6 m in t he northern Alberni
Inlet, in the area of Port Alberni.
Gower, J., 2007, The 26 December 2004 tsunami measured by satellite altim etry, Int. J.
Rem. Sens., 28(13-14): 2897-2913, doi:10.1080/01431160601094484
The 26 Decem ber 2004 m agnitude 9 earthqu ake off Sum atra provided the first
examples of trav elling tsunami waves in mid-ocean clearly detected by satellite
altimetry. The earthquake was the largest si nce satellite altim etry started in the
1970s and gave peak-to-trough wave height s in mid-ocean of over a m etre. The
tsunami was detected by three of the four altimeters presently giving sea surface
height information. Each detected the sp reading front twice, as it m oved southwestwards into the Indian Ocean and as it m oved northwards into th e Bay of
Bengal. They also detected the d isturbed region closer to the ep icentre that
expands with the slower velocities of higher-frequency waves. Although the plate
rupture is estimated to extend over about 1300 km in a north/south direction, the
satellite observations appear consistent with a smaller generation area towards the
south of this ruptu re zone. Fronts observed in the Indian Ocean show a positiv e
first crest. Those observed in the Bay of Bengal are of sm
aller amplitude and
appear to show a first negative first cr est (trough). The struct ure in the Indian
Ocean front observed b y Jason-1 suggests th e possible p resence of a shorterwavelength negative component superimposed on the positive crest.
340

Laverov, N. P., L. I. Lobkovsky, B. W . Levin, A. B. Rabinovich, E. A. Kulikov, I. V.
Fine and R. E. Thom son, 2009, The Kuril Tsunam is of November 15, 2006, and January
13, 2007: Two Trans-Pacific Events,
Doklady Earth Sciences. 426(4): 658–664,
doi:10.1134/S1028334X09040333
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Lobkovskii, L. I., A. B. Rabinovich, E. A .Kul ikov, A. I. Ivashchenko, I. V. Fine, R. E.
Thomson, T. N. Ivel' skaya, and G. S. Bogdanov, 2009, The Kuril Earthquakes and
Tsunamis of Nove mber 15, 2006 and January 13, 2007: Observations, Analysis, and
Numerical Modeling, Oceanology, 49(2): 166-181, doi:10.1134/S0001437009020027
Major earthquakes occurred in the regi on of the Central Kuril Islands on
November 15, 2006 ( M w = 8.3) and January 13, 2007 ( M w = 8.1). These
earthquakes generated strong tsunam is recorded throughout the entire Pacific
Ocean. The first was the strongest trans-Pacific tsunami of the past 42 years (since
the Alaska tsunami in 1964). The high probability of a strong earthquake ( M w ≥
8.5) and associated destructive tsunam i occurring in this re gion was predicted
earlier. The most probable earthquake source region was investigated and possible
scenarios for the tsunam i generation were modeled. Investigations of the even ts
that occurred on November 15, 2006, a nd January 13, 2007, enabled us to
estimate the validity of the forecast and compare the parameters of the forecasted
and observed earthquakes and tsunam is. In this paper, we disc uss the concept of
“seismic gaps,” which form ed the basis for the forecast of these events, and put
forward further assumptions about the expected seismic activity in the region. We
investigate the efficien cy of the tsuna mi warning services and estim ate the
statistical parameters for the observed tsunami waves that s truck the Far Eastern
coast of Russia and Northern Jap an. The propagation and transform ation of the
2006 and 2007 tsunam is are studied using num erical hydrodynamic modeling.
The spatial characteristics of the two events are compared.
Mecking, J. V., C. T. Fogarty, R. J. Great batch, J. Sheng, and D. Mercer (2009), Using
atmospheric model output to sim ulate the m eteorological tsunami response to Tropical
Storm Helene, 2009, J. Geophys. Res., 114, C10005, doi:10.1029/2009JC005290
In the fall of both 1999 and 2000, unexpect ed “rapid tides” occurred along the
coast of the Avalon Penins ula of Newfoundla nd. These rapid tides have been
linked to the passing of Tropical Storm Jose (1999) and Tropical Storm Helene
(2000) over the Grand Banks. Here we examine the dynamic ocean response to
Tropical Storm Helene (2000) using a barotropic shallow water ocean m odel
forced by atmospheric p ressure and surf ace winds derived from a si mulation of
Helene using a dynam ical model of the atm osphere. The ocean m odel is able to
capture the main features of the observe d response at the coast of Newfoundland
as seen in the available tide gauge data. Results show that the sim ulated sea level
response at the coast is driven by a co mbination of wind stress and atmospheric
pressure forcing, the form er generally dominating. An exception is C onception
Bay, Newfoundland, where the response is
captured mainly by atmospheric
pressure forcing. Offshore near the
edge of the Grand Banks, atmospheric
pressure and wind stress forcing are equa lly important. The wind-forced response
depends on the divergence of the surface wind stress and hence on the structure of
the storm in the atm ospheric model simulation. Sensitivity studies show the
importance of having a small time interval (on the order of m inutes) at which the
atmospheric forcing is supplied to the o cean model and show the importance of
the location of the storm track.
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Mosher, D.C., 2009, Subm arine landslides and consequent tsunam is in Canada,
Geoscience Canada, 36(4): 179-190
Canada has the long est coastline and largest continental margin of any nation in
the World. As a result, it is m ore likely than other nations to experience m arine
geohazards such as su bmarine landslides and consequent tsunam is. Coastal
landslides represent a specific threat b ecause of their p ossible proximity to
societal infrastructure and high tsunami potential; they occur without warning and
with little tim e lag between f ailure and tsunami impact. Continental m argin
landslides are common in the geologic record but tare on human timescales. Some
ancient submarine landslides are m assive but more recent events in dicate that
even relatively small slides on continental margins can genera te devastating
tsunamis. Tsunami impact can occur hundreds of km away from the source event,
and with less than 2 hours warning. Iden tification of high- potential submarine
landslide regions, combined with an understanding of landslide and tsunam i
processes and sophisticated tsunam i propagation models, are required to identify
areas at high risk of impact.
Mosher, D.C. , Z. Xu, and J. Shimeld, 2010, The Pliocene Shelburne mass-movement and
consequent tsunami, western Scotian Slope. S ubmarine Mass Movem ents and Their
Consequences. Advances in Natural and Technological Hazards Research, 28(IV): 765775, doi:10.1007/978-90-481-3071-9_62
Submarine mass-movement is a significan t process along continental m argins,
even along passive m argin slopes. Interp retation of seis mic reflection profiles
along the Scotian m argin, for exam ple, indicates the Cenozoic section is
dominated by mass transport deposits (MTD) at a spectrum of scales. Occasional
exceptionally large MT Ds are observed which seem particularly foreign in a
passive continental m argin setting. Th e Shelburne MTD was recognized from
exploration industry seismic reflection data along the western Scotian Slope. It is
a buried Plio/ Pleistocene feature that extends in excess of 100 km from the upper
slope to the abyssal plain and m aps to an area in excess of 5,990 km 2 and a
volume >862 km 3. Its featur es demonstrate that it is a f rontally-emergent MTD
with a slump portion and a debris flow/run-out portion. Tsunami simulations were
generated for this event, one assum ing the slump portion generated the tsunam i,
the other, both the slump and debris flow contributed. F or a m ass movement
comparable in scale to the Shelburne MTD, these simulations demonstrate that the
city of Halifax, Nova Scotia, would be impacted within 70 to 80 minutes by a 13–
25 m high wave, depending on the MTD so urce volume (slump or slum p and
debris field).
Rabinovich, A. B. and R. E. Thomson, 2007, The 26 Dec ember 2004 Sumatra tsunami:
analysis of tide gauge data from the World Ocean. Part 1. Indian Ocean and South Africa,
Pure Appl. Geophys., 164(2-3): 261-308, doi:10.1007/s00024-006-0164-5
The Mw = 9.3 m egathrust earthquake of D ecember 26, 2004 off the northwest
coast of Sumatra in the Indian Ocean generated a catastro phic tsunami that was
recorded by a large number of tide gauges throughout th e World Ocean. Part 1 of
our study of this event examines tide gauge measurements from the Indian Ocean
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region, at sites located f rom a few hundred to several thousand kilom eters from
the source area. Statistical characteristic s of the tsunam i waves, including wave
height, duration, and arrival tim e, are determined, along with spectral properties
of the tsunami records.
Rabinovich, A. B., R. E. Thomson, and F. E. Stephenson, 2007, The 26 December 2004
Sumatra Tsunami: Analysis of Tide Gauge Dat a from the World Ocean Part 1. Indian
Ocean and South Africa , Surveys in Geophysics, 27(6): 647-677, doi:10.1007/s10712006-9000-9
The M w=9.3 megathrust earthquake of December 26, 2004 off the coast of
Sumatra in the Indian Ocean generated a catastrophic tsunami that caused
widespread damage in coastal areas and left more than 226,000 people dead or
missing. The Sumatra tsunami was accurately recorded by a large number of tide
gauges throughout the world's oceans. This paper examines the amplitudes,
frequencies and wave train structure of tsunami waves recorded by tide gauges
located more than 20,000 km from the source area along the Pacific and Atlantic
coasts of North America.
Rabinovich, A. B., R. E. Thom son, V. V. Titov, F. E. Stephenson, and G. C. Rogers,
2008, Locally Generated Tsunamis Recorded on the Coast of British Columbia, Atmos.Ocean, 46(3): 343–360, doi:10.3137/ao.460304
This study presents analyses and num
erical simulations of local tsunam is
generated by two recent earthquakes off the coast of British Columbia. The Queen
Charlotte Islands earthquake (Mw = 6.1) on 12 October 2001 generated waves
that were recorded by tide gauges at Ba mfield, Tofino, Winter Harbour and Port
Hardy on the coast of Vancouver Island, w ith maximum measured wave heights
of 11.3, 18.2, 22.7 and 14.5 cm , respectively. The Explorer Plate earthquake off
Vancouver Island (Mw = 6.6) on 2 Nove mber 2004 generated waves recorded
only at Bamfield and Tofino, with
lower heights of 7.5 cm
and 10.8 cm ,
respectively. The generation of tsuna mis by these m oderate, Mw = 6.1–6.6, local
earthquakes suggests the possi bility of destructive ts unamis from local sources
other than the Cascadia Subduction Zone. This, in turn, has im plications for
tsunami hazards for this seismically active region of coastal North America.
Rabinovich, A. B., L. I. Lobkovsky, I. V. Fine, R. E. Thomson, T. N. Ivelskaya, and E.
A. Kulikov, 2008, Near source observations and modeling of the Ku ril Islands Tsunamis
of 15 Novem ber 2006 and 13 January 2007,
Adv. Geosci., 14: 105-116,
doi:10.5194/adgeo-14-105-2008
Two major earthquakes near the Central Kuril Islands ( Mw=8.3 on 15 Novem ber
2006 and Mw=8.1 on 13 January 2007) generated trans-oceanic tsunamis recorded
over the entire Pacific Ocean. T he strongest oscillations, exceeding several
meters, occurred near the source region of the Kuril Islands. Tide gauge records
for both tsunam is have been thoroughly exam ined and numerical m odels of the
events have been constructed. The m odels of the 2006 and 2007 events include
two important advancements in the simulation of seismically generated tsunamis:
(a) the use of the finite failure sour ce models by Ji (2006, 2007) which provide
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more detailed information than conv entional models on sp atial displacements in
the source areas and which avoid uncertainti es in source extent; and (b) the use of
the three-dimensional Laplace eq uation to reconstruct th e initial tsunami sea
surface elevation (avoiding the u sual shallow-water approximation). The close
agreement of our sim ulated results with the ob served tsunami waveforms at the
open-ocean DART stations support the validi ty of this app roach. Observational
and model findings reveal that energy fluxes of the tsunam i waves from the
source areas were m ainly directed southeastward toward th e Hawaiian Islands,
with relatively lit tle energy propagati on into the Sea of Okhotsk. A m
arked
feature of both tsunam is was their high-fr equency content, with typical wave
periods ranging from 2–3 to 15–20 m in. Despite certain sim ilarities, the two
tsunamis were essentially different and ha d opposite polarity: the leading wave of
the November 2006 trans-oceanic tsunami was positive, while that for the January
2007 trans-oceanic tsunami was ne gative. Numerical modeling of both tsunam is
indicates that, due to differences in their seismic source properties, the 2006
tsunami was more wide-spread but less focused than the 2007 tsunami.
Rabinovich, A. B., Vilibi ć, I. and S. Tinti, 2009,
Meteorological tsunamis:
Atmospherically induced destructive ocean waves in the tsunami frequency band, Physics
and
Chemistry
of
the
Earth,
Parts
A/B/C.
34(17-18):
891-893,
doi:10.1016/j.pce.2009.10.006
no abstract; first paragraph
Vela Luka is a s mall town hidden in a bay on Kor čula Island in the Adriatic Sea.
In the early morning of 21 June 1978, the s ea suddenly began to rise in the town,
overtopping the piers and surging into th e streets. The ru mble of the incom ing
water awakened inhabitants who witnessed a series of destructive ocean waves,
flooding much of the city and causing
devastation and widespread dam age.
Tsunami-like waves with trough-to-crest heights of up to 6 m and pe riods of
about 18 m in appeared without any warni ng, resulting in the greatest natural
disaster in the m odern history of Vela L uka. Subsequent scientific investigations
indicated that the wav es were no t related to a seism ic event or s ubmarine
landslide but to atm ospheric processes, identifying this as a m eteorological
tsunami event (Hodžić, 1979/1980; Orlić, 1980).
Ross, V. and D. Dion, 2007, Sea surface slope st atistics derived from Sun glint radiance
measurements and their apparent dependence on sensor elevation, J. Geophys. Res., 112,
C09015, doi:10.1029/2007JC004137
Sea surface slope variances are obtained by inverting narrowband (444, 501, 677,
and 864 nm) Sun glint radiance measurements using a detailed analytical specular
sea surface bidirectional reflectance dist ribution function (BRDF) that includes
mutual wave shadowing and hiding. The re sulting data set spans a wide range of
environmental conditions including wind speeds from 0.5 to 13.5 m s−1 and many
different viewing and source geom etries. Analysis against wind speed and
atmospheric stability produces trends similar to those found in previous studies, as
well as f iner tendencies that wer e formerly difficult to de tect. Furthermore, the
detailed nature of the BRDF model used in the analys is permits an investigation
345

of the cor relation of the statistics with viewing geom etry, revealing a strong
relationship between sensor elevation and measured slope variance, especially at
grazing angles.
Stephenson, F. E. and A. B. Rabinovich, 2009, Tsunamis on the Pacific Coast of Canada
Recorded in 1994–2007,
Pure and Applied Geophysics, 166(1-2): 177-210,
doi:10.1007/s00024-008-0440-7
In the last 15 years there have been 16 tsunami events recorded at tide s tations on
the Pacific Coast of Canada. Eleven of these events were from distant sources
covering almost all regions of the P acific, as well as the Decem ber 26, 2004
Sumatra tsunami in the Indian Oce an. Three tsunamis were generated by local or
regional earthquakes and two were m eteorological tsunamis. The earliest four
events, which occurred in the pe riod 1994–1996, were recorded on analogue
recorders; these tsunam i records were recently re-exam ined, digitized and
thoroughly analysed. T he other 12 tsunam i events were recorded using digital
high-quality instruments, with 1-min sampling interval, installed on the coast of
British Columbia (B.C.) in 1998. Al l 16 tsunami events were recorded at Tofino
on the outer B.C. coast, and som e of the tsunamis were recorded at eight or m ore
stations. The tide station at Tofino has been in operation for 100 years and these
recent observations add to the d ataset of tsunami events compiled previously by
S.O. WIGEN (1983) for the period 1 906–1980. For each of the tsunami record s
statistical analysis was carried out to de termine essential ts unami characteristics
for all even ts (arrival times, maximum amplitudes, frequencies and wa ve-train
structure). The analysis of the records in dicated that significant background noise
at Langara, a key northern B.C. Tsunam
i Warning station located near the
northern end of the Queen Charlotte Islands, creates serious problems in detecting
tsunami waves. That station has now been moved to a new location with better
tsunami response. The num ber of tsunam i events observed in the past 15 years
also justified re-establishing a tide gauge at Port Alberni, where large tsunam i
wave amplitudes were measured in March 1964. The two m eteorological events
are the first ever recorded on the B.C. coast. Also, there have been landslid e
generated tsunami events which, alt hough not recorded on any coastal tide
gauges, demonstrate, along with the r ecent investigation of a historical
catastrophic event, the significan t risk th at landslide generated tsunami pose to
coastal and inland regions of B.C.
Thomson, R. E., A. B. Rabinovich, and M.
V. Krassovski, 2007, Double jeopardy:
Concurrent arrival of the 2004 Sum atra tsunami and storm -generated waves on the
Atlantic coast of the United States and Canada, Geophys. Res. Lett., 34, L15607,
doi:10.1029/2007GL030685
A detailed analysis of over one hundred tide gauge records from the Atlantic coast
of North Am erica reveals that the ar rival of the 26 Decem ber 2004 Sum atra
tsunami on this co ast coincided with the p resence of tsunami-like waves bein g
generated by a m ajor storm tracking northward along the eastern seaboard of the
United States. According to the tid e gauge re cords, waves from the two events
coalesced along the shores of Maine and Nova Scotia on 27 December where they
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produced damaging waves with heights in excess of 1 m. Tsunami waves were
identified in alm ost all outer tide gauge s from Florida to Nova Sc otia with
maximum tsunami heights for the northern regions estimated to be 32–39 cm . In
the south, maximum tsunami wave heights were in the range of 15 to 33 cm.
Thomson, R. E., A. B. Rabinovich, I. V. Fine , D. C. Sinnott, A. McC arthy, N. A. S.
Sutherland, and L. K. Neil, 2009,
Meteorological tsunamis on the coas ts of British
Columbia and W ashington, Physics and Chemistry of the Earth, 34(17-18): 938–955,
doi:10.1016/j.pce.2009.10.003
Tsunami-like sea level oscillations recen tly recorded by tide gauges located at
offshore, as well as sheltered, sites along th e coasts of British Columbia (Canada)
and Washington State (USA) are identifi ed as m eteorological tsunamis. The
events resemble seismically generated tsunamis but have an atm ospheric, rather
than seismic, origin. The event of 9 December 2005 was sufficiently strong to
trigger an a utomatic tsunami alarm, while othe r events gen erated oscillations in
several ports that were potentially strong enough to cause damage to marine craft.
Analysis of coincident 1- min sea leve l data and high-frequency atmospheric
pressure data confirms that the events originated with atmospheric pressure jumps
and trains of atm ospheric gravity waves with am plitudes of 1.5–3 hPa. The
pronounced events of 13 Ju ly 2007 and 26 February 2008 are examined in detail.
Findings reveal that the first atm ospheric pressure event had a propagation speed
of 24.7 m/s and an azimuth of 352°; the second event had a speed of 30.6 m/s and
an azimuth of 60°. These speeds and directions are in close agreem ent with highaltitude geostrophic winds (the jet stream ) indicating that the atmospheric
disturbances generating th e tsunami-like sea level oscillations are like ly windtransported perturbations rather than freely propagating at mospheric gravity
waves.
Vilibic, I., S. Monserrat, A. Rabinovich, and H. Mihanovic, 2008, Numerical Modelling
of the Destructive Meteo tsunam i of 15 June , 2006 on the Coast of the Balearic Islands,
Pure and Applied Geophysics, 165(11-12): 2169–2195, doi:10.1007/s00024-008-0426-5
A destructive tsunami-like event (locally known as “rissaga” waves) occurring on
15 June, 2006 in Ciutadella Harbour (Menorca, Balearic Islands) is reproduced by
a numerical model forced by a trav
elling atmospheric disturbance. The
disturbance is reconstruc ted from microbarograph m easurements, being the only
available instrumental data at the time of the event. The m odel is verified based
on two weaker 1997 events, which were recorded by a number of bottom pressure
recorders operating at that tim e on the Menorca shelf, in Ciutadella Inlet and
adjacent Platja Gran In let. Both 1997 events are num erically simulated and good
agreement is ach ieved with obs ervations in tim e, frequency (including
eigenfrequencies of the affect ed inlets) and wave heights. Subsequently the sam e
model is applied to simulate the 2006 event. The vigorous currents with speeds up
to 400 cm/s are found to occur specifically at those areas of the harbour where the
most severe damage and sinking of boats had been reported. Maximum simulated
sea-level heights of 2.5 m were about one half of those reported by eyewitnesses.
This difference is apparently caused
by quality and spatial resolution of
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bathymetry data. However, in general, the m odel is capable of reproducing the
event fairly well and can probably be used for future assessment and mitigation
activities on the coasts of the Balearic Islands.

15 Seawater
Feistel, R., D. G. W right, K. Miyagawa, A. H. Harvey, J. Hruby, D. R. Jackett, T. J.
McDougall, and W . Wagner, 2008, Mutually consistent thermodynamic potentials for
fluid water, ice and seawater: A new standard for oceanography, Ocean Sci., 4: 275-291,
doi:10.5194/os-4-275-2008
A new seawater standard for oceanographic and engineering applications has been
developed that consists of three inde pendent thermodynamic potential functions,
derived from extensive distin ct sets of very accurate exp erimental data. The
results have been form ulated as Releases of the International Association for the
Properties of Water and Steam, IAPWS (1996, 2006, 2008) and are expected to be
adopted internationally by ot her organizations in subse quent years. In order to
successfully perform computations such as phase equilibria from combinations of
these potential functions, mutual compatibility and co nsistency of these
independent mathematical functions m ust be ensured. In this article, a brief
review of their separate developm ent and ranges of validity is given. W e analyse
background details on th e conditions specified at their reference states, the trip le
point and the standard ocean state, to ensure the m utual consistency of the
different formulations, and the necessity and possibility of numerically evaluating
metastable states of liquid water. Com puted from this for mulation in quadruple
precision (128-bit floating point numbers), tables of num erical reference values
are provided as anchor points f or the consis tent incorporation of additional
potential functions in the future, and as unambiguous benchm arks to be used in
the determination of num erical uncertainty estimates of double-precision
implementations on dif ferent platforms that may be custom ized for special
purposes.
Millero, F. J., R. Feistel, D. G. W right, and T .J. McDougall, 2008, The com position of
standard seawater and the def inition of the ref erence-composition salinity scale, DeepSea Res II., 55(1): 50-72, doi:10.1016/j.dsr.2007.10.001
Fundamental determinations of the phys ical properties of seawater have
previously been m ade for Atlantic su rface waters, referred to as "Standard
Seawater". In this pap er a Reference Com position consisting of the m ajor
components of Atlantic surface seawater
is determ ined using these earlier
analytical measurements. The stoich iometry of sea salt introduced here is thus
based on the m ost accurate prior d etermination of the composition, ad justed to
achieve charge balance and m aking use of the 2005 atom ic weights. Reference
Seawater is defined as any seawater that has the Reference Com position and a
new Reference-Composition Salinity S R is defined to provide the best available
estimate of the Absolute Salin ity of both Reference Seaw ater and the Standard
Seawater that was us ed in the m easurements of th e physical properties. From a
practical point of view, the value of SR can be related to the Practical Salinity S by
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SR = (35.16504/35) g kg -1 x S. Reference Seaw ater that has been "normalized" to
a Practical Salinity of 35 has a Refere nce-Composition Salinity of exactly S R =
35.16504g kg-1. The new independent salinity variable SR is intended to be used
as the concentration variable for future thermodynamic functions of seawater, as
an SI-based extension of Practical Salin ity, as a reference for natu ral seawater
composition anomalies, as the curr ently best e stimate for Absolute Salinity of
IAPSO Standard Seawater, and as a theore tical model for the electrolyte m ixture
"seawater".

16 Tidal Analysis and Processes
Foreman, M. G. G., J. Y. Cherniawsky, a nd V. A. Ballantyne, 2009, Versatile harmonic
tidal analysis: improvements and applications, J. Atmospheric and Ocean Tech.
26(4):806–817, doi:10.1175/2008JTECHO615.1
New computer software that permits more versatility in the harmonic analysis of
tidal time series is des cribed and tested. Spec ific improvements to traditiona l
methods include th e analysis of ran domly sampled and/or multiyear d ata; more
accurate nodal correction, inference, a nd astronomical argument adjustments
through direct inco rporation in the least squares matrix; multiconstituent
inferences from a single referen ce constituent; correlation matrices and erro r
estimates that facilitate decisions on the selection of constituents for the analysis;
and a single program that analyzes one- or two-dimensional time series. This new
methodology is evaluated through com parisons with results from old techniques
and then applied to two probl ems that could not have been accurately solved with
older software. They are (i) the analysis of ocean station temperature tim e series
spanning 25 yr, and (ii) the analysis of satellite altim etry from a ground trac k
whose proximity to land has led to signi ficant data dropout. This new software is
free as part of the Institute of Ocean Sciences (IOS) Tidal Package an d can be
downloaded, along with sample input data and an explanatory readme file.

17 Atmosphere-Ocean in General
Greatbatch, R. J., X. Zhai, C. Eden, and D. Olbers, 2007, The possible role in th e ocean
heat budget of eddy-induced m ixing due to air-sea interaction, Geophys. Res. Lett., 34,
L07604, doi:10.1029/2007GL029533
The traditional point of view is that in the ocean, the meridional transport of heat
is achieved by the wind-driven and m eridional overturning circulations. Here we
point out the fundam ental role played by ocean m ixing processes. We argue that
mixing (i.e., water m ass conversion) asso ciated with eddies, especially in the
surface mixed layer, can play an important role in closing the ocean heat budget.
Our results argue that the lateral mixing applied at the surface of ocean/clim ate
models should be playing an im portant role in the heat balance of these m odels,
indicating the need for physically-based
parameterizations to represent this
mixing.
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Jessup, A. T., W . E. Asher, M. Atm ane, K. Phadnis, C. J. Zappa, and M. R. Loewen,
2009, Evidence for complete and partial surface renewal at an air-water interface,
Geophys. Res. Lett., 36, L16601, doi:10.1029/2009GL038986
A wind-wave flume is used to determine the extent to which the thermal boundary
layer (TBL) at a wind-forced air-water interface is completely ren ewed from
below. We measure skin temperature, T skin , radiometrically, temperature
immediately below the TBL, T subskin , using a tem perature profiler, and net heat
flux using the gradient flux technique. The T skin probability density function, p(T
skin ), and surface renewal tim e scale, τ, were measured usin g passive and active
infrared imaging techniques, respectively. We find that the m ean percentile rank
of T subskin in p(T skin ) is 99.90, i mplying that com plete surface renew al occurs.
This result suggests an alternative to radiometric measurement of T skin through the
simple combination of an infrared cam era and an in situ temperature sensor.
Comparison of the temperature difference across the TBL to the expected cooling
implies that a significant portion of even ts only partially renew the TBL. This
result should impact efforts to improve air-sea transfer models.

18 Biophysical Processes in General
Bard, S. M., B. R. Ruddick, and C. T. Ta ggart, 2008, The flux of st uff: Developing an
inexpensive and accu rate method to track dispersion of env ironmental contaminants in
aquatic
ecosystems,
Mar.
Environ.
Res.,
66,
187-189,
doi:10.1016/j.marenvres.2008.02.052
For decades, aquatic toxico logists and environm ental scientists have been
frustrated in accurately m easuring, across a range of scales, the disp ersion of
contaminants, effluent plum es, pollution gradients, suspended particulates,
sediments, biological propagules, natural and manmade tracers. Of particula r
concern for aquatic toxicologist is the necessity to establish contaminant exposure
levels at a given field site from water-borne effluent of interest, whether it be pulp
mill and other indus trial effluents, m unicipal sewage, m ine acid drainag e,
produced waters from offshore oil a
nd gas exploration, etc. Conventional
technologies include instrum ented drifters, current m eters, various dyes and
chemical tracers, and a plethora of nu merical models. These technologies suffer
prohibitive expense, compromised time and space reso lution, and the paucity of
numerical-model validation. We present concepts, rationale and field-trial results
of an inexpensive magnetically-attractive particle and magnetic particle–collector
system (patent pending) for m easuring dispersion. The system is based on
specially designed m agnetically-attractive non-toxic particles that incorporat e
user-designed specific gravity, size and shape (to m imic study propagules) and
markings (for multiple release purposes) used to m easure dispersion via the
autonomous magnetic particle–collector array. The system has the rare ability to
time-integrate particle dispersion at scal es of hours to months and m eters to
thousands of kilom eters2 without u sing power or electro nics. In addition to
applications in aquatic toxicology m apping effluent plumes, sewer systems, etc.,
this technology can be used to exam ine erosion and sedimentation in watersheds,
larval dispersion, alien species inva sion, population/ species connectivity,
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aquaculture settings, and each with the
development and validation.

added advantage of dispersio n model

Benoît, H.P., T. Hurlbut, and J. Chassé, 2010, Assessing the factors influencing discard
mortality of dem ersal fishes using a sem i-quantitative indicator of survival potential,
Fish. Res., 106: 436-447, doi:10.1016/j.fishres.2010.09.018
Understanding the factors affecting the like lihood that discarded fish will die can
contribute to better m anagement of resources by enhancing the potential for
successful live release and by improving the estimation of otherwise unaccounted
fishing mortality. Semi-quantitative measures of individual fish vitality or
physical condition, obtained by at-sea obs ervers aboard commercial fishing
vessels, are often used as an ind icator of survival potential for discarded fish. The
present study and previous ones have show n that th ese measures relate well to
eventual survival. However, observer subj ectivity in fish vitality scoring can
affect the precis ion and accuracy o f inferences drawn from an analysis of the
observations. Here we propose the use of a m
ixed-effects multinomial
proportional-odds model, which is appropriate for modelling ordinal vitality data
and is a useful approach for addressing observer scoring subjectivity. This m odel
was used to analyse data collected for el even fish taxa captured by four gear
types. The effect of eight factors previously shown to affect discard survival was
evaluated. The gear type used and amount of time that fish spent on deck prior to
discarding most strongly and consistently affected the distribution of fish am ong
vitality levels. Sea surf ace and air tem peratures, and fish body size, were als o
important factors for a num ber of t axa, while other factors such as the depth
fished, catch size and fishing activity dur ation were im portant only for certain
taxa. A random effect in the model, used to account for observer subjectivity, was
significant for m ost taxa and fisheries. Failure to account for this effect could
affect both the precis ion and accuracy of inferences on the survival potential of
discarded fish.
Hannah, C. G., 2007, Future directions in m odelling physical-biological interactions,
Mar. Ecol. Prog. Ser., 347: 301–306, doi:10.3354/meps06987
Reflection on 5 yr of deliberations of the International Council for the Exploration
of the Sea (ICES) W orking Group on Modelling Physical–Biological Interactions
and the discussions at the workshop on ‘Fut ure Directions in Modelling Physical–
Biological Interactions’ has led to 3 broad themes concerning future work in the
field. Firstly, model validation, the rigorous assessment of the level of confidence
in the model predictions, is crucial for any model that will be used for practi cal
applications. Secondly, determ ining the le vel of m odel complexity required to
capture the essential features of the problem being addressed is an open problem .
Finally, all the proble ms are m ultidisciplinary and there is a need f or more
integration of physics, chem istry and biology, on the one hand, and
observationalists, experimentalists and m odellers, on the other. The process of
model validation provides a framework for connecting these themes.
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and A. Metaxas,
2010, The effect of flow on larval
Sameoto, J., T. Ross
vertical distribution of the sea urchin, Strongylocentrotus droebachiensis, J. Exp. Mar.
Biology, 383:156-163, doi:10.1016/j.jembe.2009.11.014
Most meroplanktonic larvae have been cons idered to behave as pass ive particles
in the water colum n, and their dispersal determ ined by a dvection. However,
larvae may influence their horizontal transport by sinking or swimm ing between
overlying water m asses. The flow conditions under which larvae influence their
vertical distribution through depth regul ation are presently unclear. Using an
annular flume, we exam ined the effect of increasing flow, repeated exposure to
flow, and acceleration and deceleration on th e vertical distribution of 4-arm stage
echinoplutei of Strongylocentrotus droebachiensis. Specifically, we g enerated
different levels of vertical velocity and shear strengths by manipulating horizontal
velocity (u). We increased and decreased flow speed increm entally from no flow
(u = 0 cm s− 1) to intermediate flow (u = 0.48 cm s− 1) to high flow
(u = 1.02 cm s− 1) for each of 3 cycles within each of 2 independent trials. We
used a high resolution digital cam era to record, and im age-analysis to quantify,
larval distribution. In the absence of fl ow, larvae swam upwards and aggregated
near the surface of th e flume. With increasing flow, increasing numbers of larvae
were observed in the mid to low water column indicating a negative influence on
larval ability to aggregate near the surface. No differences were observed between
distributions in acceleration and d eceleration phases of the cycles ; however,
results suggest that increased expo sure can decreas e the ab ility of larvae to
regulate their vertical position over time. Vertical she ar can result in the r eorientation of swimming larvae and likely compromised larval ability for directed
swimming in our study. The threshold shear level beyond which larvae cannot
regulate their vertical position is > 2 s− 1, suggesting that echinoid larvae m ay be
more vulnerable to shear than other weak swimmers, most likely because of their
shape. However, echino id larvae can likel y influence their vertical distribution
within many areas in the ocean, since shears > 2 s− 1 are present only in highly
turbulent regions such as fronts.
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