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Concerning ocean
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The importance of resolution for
simulating ocean fluid dynamics

Dalivision versus Clearvision
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Metric for resolution
1st baroclinic Rossby radius (mesoscale eddies and coastal waves)

Hallberg (2013)
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FIG. 4. Global- and basin-averaged drift of the annual mean potential temperature (8C) as a function of depth (meters on the
vertical axis) and time (years on horizontal axis). This drift is defined as udrift (z, t) 5 !xy dx dy dz(umodel 2 uann
initial )/ð!xy dx dy dzÞ,
where uann
initial is the annual mean from the first year of the simulation and !xy is a horizontal sum. Note that the grid cell thickness dz
is a function of space and time, given the use of general level coordinates (see appendix A). The upper 1500 m is expanded relative
to the deeper ocean to highlight the larger drifts in the upper ocean. From top to bottom, we show results for the World Ocean,
Arctic (poleward of 668N), Atlantic (Cape of Good Hope at ’ 338S, north to 668N, excluding Hudson Bay and Mediterranean
Sea), Indian (north of ’ 338S and east to Papua New Guinea), Pacific (south to ’ 338S), and Southern Oceans (south of ’ 338S),
with (left) CM2-1deg, (middle) CM2.5 in the middle, and (right) CM2.6.

Mesoscale eddies transport heat up
to partially compensate for downward
pumping from winds.

Impacts on Ocean Heat from Transient Mesoscale Eddies in a Hierarchy of
Climate Models

Fig(s). 4 live 4/C

STEPHEN M. GRIFFIES,* MICHAEL WINTON,* WHIT G. ANDERSON,* RUSTY BENSON,*
THOMAS L. DELWORTH,* CAROLINA O. DUFOUR,1 JOHN P. DUNNE,* PAUL GODDARD,#
ADELE K. MORRISON,1 ANTHONY ROSATI,* ANDREW T. WITTENBERG,* JIANJUN YIN,# AND
RONG ZHANG*
* NOAA/Geophysical Fluid Dynamics Laboratory, Princeton, New Jersey
1
Princeton University, Princeton, New Jersey
#
Department of Geosciences, University of Arizona, Tucson, Arizona

6

Major implications for climate model
drift and ocean heat uptake.

Case Study I: Northwest Atlantic
An example where coastal resolution
can greatly affect sea level (and
temperature) signals where they most
matter to society.

7

Saba et al (2015): Northwest Atlantic warming
PUBLICATIONS
Journal of Geophysical Research: Oceans
RESEARCH ARTICLE
10.1002/2015JC011346
Key Points:
" Northwest Atlantic circulation bias is
reduced in a high-resolution global
climate model
" Atmospheric CO2 doubling over
70–80 years results in an enhanced
warming of the Northwest Atlantic
" The enhanced warming is associated
with a weakening AMOC and
regional circulation change
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Abstract The Intergovernmental Panel on Climate Change (IPCC) fifth assessment of projected global and
regional ocean temperature change is based on global climate models that have coarse (!100 km) ocean and atmosphere resolutions. In the Northwest Atlantic, the ensemble of global climate models has a warm bias in sea surface
temperature due to a misrepresentation of the Gulf Stream position; thus, existing climate change projections are
based on unrealistic regional ocean circulation. Here we compare simulations and an atmospheric CO2 doubling
response from four global climate models of varying ocean and atmosphere resolution. We find that the highest resolution climate model (!10 km ocean, !50 km atmosphere) resolves Northwest Atlantic circulation and water mass
distribution most accurately. The CO2 doubling response from this model shows that upper-ocean (0–300 m) temperature in the Northwest Atlantic Shelf warms at a rate nearly twice as fast as the coarser models and nearly three times
faster than the global average. This enhanced warming is accompanied by an increase in salinity due to a change in
water mass distribution that is related to a retreat of the Labrador Current and a northerly shift of the Gulf Stream.
Both observations and the climate model demonstrate a robust relationship between a weakening Atlantic Meridional
Overturning Circulation (AMOC) and an increase in the proportion of Warm-Temperate Slope Water entering the
Northwest Atlantic Shelf. Therefore, prior climate change projections for the Northwest Atlantic may be far too conservative. These results point to the need to improve simulations of basin and regional-scale ocean circulation.

1. Introduction
The IPCC’s fifth assessment of projected global and regional ocean temperature change [Collins et al., 2013]
is based on global climate models that have relatively coarse (!100 km) ocean and atmosphere resolutions
[Flato et al., 2013]. These models are sometimes too coarse to resolve regional dynamics that might affect
the uncertainty of climate change projections at regional to local scales [Stock et al., 2011].
In the Northwest Atlantic, particularly within the U.S. Northeast Continental Shelf, the global climate models
assessed by the IPCC have a warm bias in sea surface temperature [Wang et al., 2014] due to the Gulf Stream separating from the U.S. coast too far to the north of Cape Hatteras, North Carolina. Known as the ‘‘Gulf Stream separation problem’’ [Dengg et al., 1996], this bias continues to exist in many global climate models that have an ocean
component that is too coarse (!100 km) in horizontal resolution [Bryan et al., 2007, and references therein]. Moreover, the coarse climate models cannot resolve the fine-scale bathymetry of the Shelf such as deep canyons, channels, and banks (i.e., Georges Bank). These topographic features impact the regional circulation of the Northwest
Atlantic Shelf [Townsend et al., 2006] (Figure 1). The Northwest Atlantic Ocean and Shelf is a region where colder,
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Projected bottom warming
Finest resolution shows far more warming.
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Gulf of Maine
is a notable
ocean “heat
wave” region
in early 21st
century.

SSST fingerprint of AMOC reduction
Caesar et al ARTICLE
(2018)
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Fig. 2 | Comparison of normalized SST trends. Left, linear SST trends
during a CO2-doubling experiment using the GFDL CM2.6 climate
model. Right, observed trends during 1870–2016 (HadISST data). Both
sets of data are normalized with the respective global mean SST trends,
and in both cases we used data from the November–May season. Regions

transport across the equator17,18. The observations show particularly
strong warming along the Benguela Current and its northward extension towards the Gulf of Guinea. This is a common response in climate
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Summary points from Atlantic studies
• Refined

coastal resolution allows for enhanced simulation of coastal water

mass properties in regions around the Gulf of Maine (key region for North
Atlantic fisheries) and other coastal regions along North America.
• Idealized

2xCO2 simulations show remarkable warming in the Gulf of

Maine associated with changes in AMOC and coastal circulation.
Gulf of Maine is an observed “hot spot” for ocean warming or “ocean
heat waves”.
• SST

fingerprint in CM2.6 simulations show intriguing similarities to

observed SST trends.
Model SST fingerprint is related to simulated AMOC reduction. Is
AMOC trend also the case for observed SST trends?
• Simulations

with coarser models do not allow for resolution of coastal

currents and show far less coastal warming features in climate change

Case Study II: Eastern Pacific
An example where coastal
resolution can greatly affect
sea level signals where they
most matter to society.
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Eastern Pacific

Courtesy Paul Goddard, Un of Conn
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Sea level and El Nino in east Pacific
AVISO
1 degree

West coast of North America
has relatively narrow continental
shelves.

0.25 degree

Coastal wave guide
and currents thus require fine
grid resolution.
Here we show sea level patterns
for El Nino peak monthly maximum in
models. Note that 1-degree shows
very strong El Nino but still a weak sea
level signal on coast.
Even 0.1 degree has reduced
amplitude relative to AVISO.
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Case Study III:
Southern Ocean & Antarctic shelves
An example where regional/coastal processes can
potentially impact global sea level.
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Ice shelf melting around
Antarctica
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Our technique for ice-shelf thickness change
detection is based on crossover analysis of satellite
radar altimeter data, in which time-separated
height estimates are differenced at orbit intersections (13, 16, 17). To cross-calibrate measurements
from the different satellite altimeters, we used the
roughly 1-year overlap between consecutive missions. The signal-to-noise ratio of altimeterderived height differences for floating ice in
hydrostatic equilibrium is roughly an order of
magnitude smaller than over grounded ice, re-

Paolo et al 2015

The floating ice shelves surrounding the Antarctic Ice Sheet restrain the grounded

Motivation
•

Observed positive rates of ice shelf melt around western
Antarctica and peninsula (e.g., Paolo, Rignot, others);

•

Adjacent land ice melt represents a significant, and growing,
contributor to sea level rise.

•

Relatively warm sub-ice shelf seawater is the dominant
contributor to ice shelf melt.
Question A: What are the physical mechanisms for sub-ice
shelf ocean warming? How does warm water get there?
Question B: Are any of these mechanisms subject to
large-scale climate trends, either natural or
anthropogenic?

The key question for sea level is:
How/when/where warm offshore Circumpolar Deep
Water (CDW) will move towards the Antarctic
continental shelf and under the ice shelves?
•What are the mechanisms?
•Among the mechanisms, are any subject to climate trends?
c
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Contribution of topographically generated
submesoscale turbulence to Southern Ocean
overturning
Xiaozhou Ruan1*, Andrew F. Thompson1, Mar M. Flexas1 and Janet Sprintall2

ve also identified coastal-trapped waves (Spence et al., 2017) as capable of
changes around the
coastline,
producing
abrupt,
intense
warming
of
the
Antarctic
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processes
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Figure 3. Schematic showing ocean
circulation and heat supply processes at
Courtesy Adele Morrison (ANU) and Matthew England (UNSW)

Sample temp/speed from Australian global 0.1 deg model

Courtesy Adele Morrison, ANU
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Proposed mechanisms for getting CDW across shelf
•

Tidal induced mixing (M2 critical latitude): Robertson (2013) studies of
Amundsen Sea. Stewart, Klocker, Menemenlis (2017) simulations (1/48 degree
global)

•

Eddy-induced transport: mesoscale eddies pump CDW into ice shelves: Stewart
and Thompson (2013) focus on Antarctic Peninsula, Arthun et al (2013) study
eddies under Weddell Sea ice shelf.

•

Arrested (or slippery) Ekman layer (barotropic and baroclinic pressure
gradients balance): MacCready and Rhines (1993) (theory), Wahlin et al (2012)
observational analysis of ACC filaments onto Amundsen Sea shelf.

•

Changes to Ekman pumping from weakened coastal easterlies under climate
change: Spence et al (2014).

•

Baroclinic/arrested Ekman adjustment to boundary Kelvin wave signal induced
by wind trends: Spence et al (2017): remote winds can induce rapid changes
along Antarctic peninsula.

•

Increases to baroclinicity of the Antarctic Slope Front from freshening can
place a negative feedback to the heat transport: Goddard et al (2017).

Eddy-induced mechanism
Mesoscale eddies pump CDW into
continental shelves: Stewart and
Thompson (2013) focus on Antarctic
Peninsula, Arthun et al (2013) study
Weddell Sea shelf. Both use
idealized model domains.
Note the importance of isopycnal
linkage between shelves and CDW.
Also note shelves can act as an
eddy “killer” by dissipating eddy
energy.
Geophysical Research Letters
RESEARCH LETTER
10.1002/2014GL062281
Key Points:
• The Antarctic Slope Front supports a
significant shoreward eddy transport

Return to mechanism summary slide

Eddy-mediated transport of warm Circumpolar Deep Water
across the Antarctic Shelf Break
Andrew L. Stewart1 and Andrew F. Thompson2
1 Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, California, USA, 2 Environmental

Ekman/wind mechanism

Changes to Ekman pumping from weakened easterlies under
climate change: Circum-Antarctic responsePUBLICATIONS
in realistic model
Geophysical Research Letters
domain. Spence et al (2014).
RESEARCH LETTER
10.1002/2014GL060613

Return to mechanism summary slide

Key Points:
• Twenty-ﬁrst century winds drive
Antarctic coastal warming and
circulation changes
• The winds cause coastal isotherms to
shoal and weaken coastal currents
• Fine model grid resolution is required to

Rapid subsurface warming and circulation
changes of Antarctic coastal waters
by poleward shifting winds
Paul Spence1,2, Stephen M. Grifﬁes3, Matthew H. England1,2, Andrew McC. Hogg4,
Oleg A. Saenko5, and Nicolas C. Jourdain2,6
1

ARC Centre of Excellence for Climate System Science, University of New South Wales, Sydney, New South Wales, Aus

Example Ekman-induced temperature changes

4

Model response to a four degree latitude southward
wind shift around continent. CDW shoals, with warming
upwards of 2C. (Spence et al 2014)

Arrested Ekman layer mechanism
Some Implications of Ekman Layer Dynamics for Cross-Shelf Exchange
in the Amundsen Sea
A. K. WÅHLIN
Department of Earth Sciences, University of Gothenburg, Gothenburg, Sweden

R. D. MUENCH
Earth and Space Research, Seattle

L. ARNEBORG AND G. BJÖRK
Department of Earth Sciences, University of Gothenburg, Gothenburg, Sweden

H. K. HA AND S. H. LEE
Korea Polar Research Institute, Incheon, South Korea

H. ALSÉN

Arrested (or slippery) Ekman layer (barotropic and baroclinic pressure
gradients balance): MacCready and Rhines (1993) (theory), Wahlin et al
(2012) observational analysis of ACC filaments onto Amundsen Sea shelf.
Arrest time scale: hours to days (fast!)

⌧ = f /(N ↵)

cf: baroclinically adjusted 1.5 layer
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See also Webb, Holmes, Spence, England (2018) in prep
Return to mechanism summary slide

Kelvin waves and arrested Ekman layer adjustment
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Figure 5 | Schematic of the warming response of West Antarctic Peninsula waters to
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Localized
warming (a)
of West
Antarctic
East Antarctic
windrapid
perturbation.
View of
the West Antarctic Peninsula
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with bathymetry
in grey shading, and temperature in color. Note the warm Circumpolar
Paul Spence *, Ryan M. Holmes , Andrew McC. Hogg , Stephen M. Gri�es , Kial D. Stewart
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subsurface waters by remote winds
1

1,2

1

and Matthew H. England

3

4

3

• Winds depress sea level off East
Antarctica.
• Kelvin wave sends sea level
depression around coast (nondispersive waves).
• Shoreward anomalous barotropic
pressure gradient.
• Arrested Ekman and interior
baroclinic adjustment causes
upslope flow, shoaling warm CDW
along shelf.
• Western Peninsula is particularly
prone to warming due to steep
bottom (strong f/h flow and strong
baroclinicity and Ekman
adjustment) and proximity to
warmer CDW in ACC.
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Abstract Ocean warming near the Antarctic ice shelves has critical implications for future ice sheet mass

S

loss and global sea level rise. A global climate model with an eddying ocean is used to quantify the mechanisms contributing to ocean warming on the Antarctic continental shelf in an idealized 2xCO2 experiment.
The results indicate that relatively large warm anomalies occur both in the upper 100 m and at depths
above the shelf floor, which are controlled by different mechanisms. The near-surface ocean warming is primarily a response to enhanced onshore advective heat transport across the shelf break. The deep shelf
warming is initiated by onshore intrusions of relatively warm Circumpolar Deep Water (CDW), in density
classes that access the shelf, as well as the reduction of the vertical mixing of heat. CO2-induced shelf freshening influences both warming mechanisms. The shelf freshening slows vertical mixing by limiting gravitational instabilities and the upward diffusion of heat associated with CDW, resulting in the buildup of heat at
depth. Meanwhile, freshening near the shelf break enhances the lateral density gradient of the Antarctic
Slope Front (ASF) and disconnect isopycnals between the shelf and CDW, making cross-ASF heat exchange
more difficult. However, at several locations along the ASF, the cross-ASF heat transport is less inhibited and
heat can move onshore. Once onshore, lateral and vertical heat advection work to disperse the heat anomalies across the shelf region. Understanding the inhomogeneous Antarctic shelf warming will lead to better
projections of future ice sheet mass loss.

Non-homogenous
warming pattern
around continent.
Shelf freshening and
halosteric dominate
sea level changes.

1. Introduction
The Antarctic ice sheet is the largest ice reservoir on Earth and the largest potential contributor to global
sea level rise (Bamber et al., 2009; Lythe et al., 2001; Shepherd et al., 2004). Recent studies using observations and numerical models indicate that the ice sheet is losing mass at an increasing rate, contributing to
present and future projections of global sea level rise (e.g., DeConto & Pollard, 2016; Pritchard et al., 2012;
Rignot et al., 2008; Timmermann & Hellmer, 2013). Most of the land-based ice mass loss is a result of the
melting or calving of ice shelves buttressing the ice sheet (Depoorter et al., 2013). Ice shelf basal melt mainly
results from intrusion of relatively warm and saline Circumpolar Deep Water (CDW) onto the continental
shelf (e.g., Cook et al., 2016; Jenkins et al., 2016; Obase et al., 2017; Rignot & Jacobs, 2002). Typically, CDW is
characterized by temperatures about 38C–48C above the seawater freezing point (Whitworth et al., 1998).
Where CDW is able to approach the ice shelves from below, it efficiently melts ice shelves, reducing their
buttressing effect for the inland ice streams and prompts accelerated land-to-sea ice motion (Dupont &
Alley, 2005). Some of the most vulnerable ice shelves are located along the coast of the Antarctic Peninsula
and in the Bellingshausen and Amundsen Seas (e.g., Christie et al., 2016; Jacobs et al., 1996; Martinson et al.,
2008; Payne et al., 2004) and near the Totten Glacier on the Sabrina Coast in East Antarctica (Greenbaum
et al., 2015).

Upper 1000m changes

|r⇢|

Usually, CDW is kept off the Antarctic shelf break and from the cold shelf waters by the Antarctic Slope Front
(ASF). However, the ASF is largely absent near the shelf break of the western Antarctic Peninsula and in the
Bellingshausen and Amundsen Seas (Gill, 1973; Jacobs, 1991). The ASF is associated with steep isopycnals
which tilt down toward the continental slope and limit cross-shelf-break heat transport, thereby serving as a
natural barrier between CDW and the Antarctic ice shelves (Whitworth et al., 1998). The steep tilt of isopycnals, mainly resulting from Ekman downwelling from the coastal Easterlies, can create lateral density

SHELF WARMING AROUND ANTARTICA
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Broad warming
along shelf edge.

x10-3 kg m-3 km-1

Increased lateral ⇢
gradient around shelf
edge. Regions with
less increase show
more warming
(e.g., Ross Sea).
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Salinity
induced
changes
to shelf

gure 10. Cross-shelf transects of the lateral potential density (referenced to the surface) gradient (31023 kg m23 km21, shaded) with contours of constant salin
y (psu, black lines) for locations in each of the subdomains for years 62–80. The control figures have 0.1 psu contour levels with the 34.4 psu contour level in thic
ack. The CO2-forced minus control figures have 0.05 psu contour levels. Dotted lines entail a reduction of salinity and the solid thick line is the 0 psu contour,
here no salinity change occurs. The small yellow ticks on the x axes mark the top and bottom of the ASF ‘‘wall.’’ The transect locations are the same as in Figure
30
1 and 12. Note, the Prydz Bay cross-shelf profile is located in the western East Antarctica region and the cross-shelf profile near the Totten Glacier is located in

Mesoscale eddying models are not sufficient for full story
•

Full story may require a fine resolution models, with ~500m grids
to get high latitude mesoscale eddies; ice-shelf cavities to get
geometry; tides to get exchanges; coupled model to get realistic
forcing, etc.

•

Even finer grids
(~50m)
LETTERare needed to get submesoscale processes
RESEARCH
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Closing remarks
•

Ocean fluid mechanics becomes ever more important as we ask
questions about coastal sea level changes and processes that impact on
those changes.

coastal waves for teleconnections and time scales of transient responses;
mesoscale & submesoscale instabilities and eddies near coasts transferring
properties offshore or onshore;
ocean / ice-shelf interactions and associated heat transport (waves, instabilities,
eddies).

•

Fine resolution (e.g., finer than 1st baroclinic Rossby radius) is necessary
to faithfully represent key scales of motion and topograpihic waves.

•

But fine resolution is not sufficient.

Need better understanding of numerical closures (friction) and boundary conditions.
Need better understanding of flow-topography interactions (waves, eddies, mixing,
boundary layers); details matters!

•

Physical oceanographers have discovered/re-discovered examples of how
flow-topography interactions are key to how the ocean works & how it
plays a role in climate change and 32
sea level.

Global, regional, process studies
•

Some questions require global models
AMOC fluctuations and downward trend
ENOS impacts on coast
ENSO teleconnections to Antarctic region

•

Some can be addressed by regional models
Circus-Antarctic regional models; capture Spence et al wave mechanism
in presence of vigorous eddy activity.

•

Some can be addressed by process models
Submesoscale instabilities and interactions with sea ice and ice shelves

We should aim for close interaction between the various
efforts to help build understanding while enhancing
capabilities. COSIMA has a role to play in this endeavor.
33

Many thanks for your time

Atmospheric lee waves over Coronation Island
North Weddell Sea, May 2017
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