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The importance of resolution for 
simulating ocean fluid dynamics
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Dalivision versus Clearvision 



Metric for resolution 
1st baroclinic Rossby radius (mesoscale eddies and coastal waves) 
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Hallberg (2013)



GFDL climate model resolution hierarchy
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FIG. 1. (a)–(d) Temporal standard deviation (cm) of the dynamic sea level from the CM2-O model suite (computed from daily mean
values over years 101–140) and the satellite-based analysis of AVISO (Le Traon et al. 1998; Ducet et al. 2000). For AVISO [panel (a)], we
use the version with satellite measurements mapped to a 1/38 grid with measured values interpolated to daily values from April 1993 to
April 2010. Fluctuations are computedwith respect to a climatological annual cycle, following themethods of appendix B. Values less than
6 cm are not displayed. (e) The zonal-mean standard deviation.
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ABSTRACT

The authors characterize impacts on heat in the ocean climate system from transient ocean mesoscale
eddies. Their tool is a suite of centennial-scale 1990 radiatively forced numerical climate simulations from
three GFDL coupledmodels comprising the ClimateModel, version 2.0–Ocean (CM2-O), model suite. CM2-O
models differ in their ocean resolution: CM2.6 uses a 0.18 ocean grid, CM2.5 uses an intermediate grid with
0.258 spacing, and CM2-1deg uses a nominal 1.08 grid.
Analysis of the ocean heat budget reveals that mesoscale eddies act to transport heat upward in a manner

that partially compensates (or offsets) for the downward heat transport from the time-mean currents.
Stronger vertical eddy heat transport in CM2.6 relative to CM2.5 accounts for the significantly smaller
temperature drift in CM2.6. The mesoscale eddy parameterization used in CM2-1deg also imparts an upward
heat transport, yet it differs systematically from that found in CM2.6. This analysis points to the fundamental
role that ocean mesoscale features play in transient ocean heat uptake. In general, the more accurate sim-
ulation found in CM2.6 provides an argument for either including a rich representation of the ocean meso-
scale in model simulations of the mean and transient climate or for employing parameterizations that
faithfully reflect the role of eddies in both lateral and vertical heat transport.

1. Introduction

The ocean plays a fundamental role in establishing the
planetary heat budget, particularly on decadal and lon-
ger time scales in which net heating or cooling of the
planet is largely reflected in a net heating or cooling of
the depth-integrated ocean. In particular, the ocean has
absorbed an estimated 90% of the additional radiative
heating because of industrialization (Otto et al. 2013;
Church et al. 2013). Transient climate change, gener-
ally defined in terms of changes in the global mean
surface air temperature, is thus linked fundamentally to
how the ocean transports heat, both vertically and
laterally. This role for the ocean in the earth’s heat
budget is the key reason that global climate models

have incorporated an ocean component since the early
days of climate modeling (Bryan and Cox 1967; Bryan
1969).

a. Lateral and vertical heat transport in the ocean

Sea surface temperature (SST) establishes the lower
boundary condition for most of the atmosphere, with
SST in turn impacting the terrestrial climate state. SST
evolution is determined by heat exchange across the
ocean surface, as well as lateral and vertical heat trans-
port within the ocean. The importance of lateral, more
specifically poleward, heat transport has long been
highlighted in ocean climate studies (e.g., Bryan 1996;
Jayne and Marotzke 2002). The scale and structure of
the poleward ocean heat transport is largely tied to that
implied by the atmospheric poleward heat transport.
Additionally, there is a growing appreciation for the role
that both transient eddies and time-mean currents play
on the vertical transport of ocean heat (Gregory 2000;
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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 onhorizontal axis). This drift is definedasudrift(z, t)5!xy dx dy dz(umodel 2 uanninitial)/ð!xy dx dy dzÞ,
whereuanninitial is theannualmean fromthefirst yearof the simulationand!xy is ahorizontal sum.Note that thegrid cell thicknessdz
is a function of space and time, given the useof general level coordinates (seeappendixA).The upper 1500m is expanded relative
to the deeper ocean to highlight the larger drifts in the upper ocean. From top to bottom, we show results for theWorld 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 PapuaNewGuinea), Pacific (south to ’ 338S), and SouthernOceans (south of ’ 338S),
with (left) CM2-1deg, (middle) CM2.5 in the middle, and (right) CM2.6.
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Mesoscale eddies transport heat up 
to partially compensate for downward  

pumping from winds. 

Major implications for climate model 
drift and ocean heat uptake.  

1deg 0.25 deg 0.1deg



Case Study I: Northwest Atlantic
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An example where coastal resolution 
can greatly affect sea level (and 

temperature) signals where they most 
matter to society. 



Saba et al (2015): Northwest Atlantic warming
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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 atmos-
phere 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 reso-
lution 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) temper-
ature 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 con-
servative. 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 sepa-
rating from the U.S. coast too far to the north of Cape Hatteras, North Carolina. Known as the ‘‘Gulf Stream separa-
tion 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]. More-
over, the coarse climate models cannot resolve the fine-scale bathymetry of the Shelf such as deep canyons, chan-
nels, 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,
fresher Shelf and Slope Waters from the North (Labrador Current) converges with warmer, saltier Slope and Gulf
Stream Waters from the South (Figure 1). The major throughway by which the mix of Slope Waters enters the Shelf
at depth (150–200 m) is the Northeast Channel [Mountain, 2012] located in the Gulf of Maine (Figure 1).

To understand the impacts of climate change on the Northwest Atlantic Ocean and Shelf ecosystems, regional circu-
lation and bathymetry in global climate models need to be improved. However, increasing the resolution of global

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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North Atlantic coast using three resolutions

1 degree0.25 degree0.1 degree

Courtesy Paul Goddard, Univ of Conn



T/S in Gulf of Maine “Northeast Channel”  
Finest resolution has the most realistic water masses. 
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Projected bottom warming 
Finest resolution shows far more warming.
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SSST fingerprint of AMOC reduction 
Caesar et al (2018) Nature
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transport across the equator17,18. The observations show particularly 
strong warming along the Benguela Current and its northward exten-
sion towards the Gulf of Guinea. This is a common response in climate 
models to an AMOC weakening2,19,20, and is related to a reduced cold 

northward flow, but is not seen in the CM2.6 simulations. This omis-
sion might be related to the model’s representation of the AMOC or 
of wind-driven circulation in the South Atlantic, and needs further 
investigation.
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Local SST trend normalized to global SST trend

–2 5432101–3– 23 1 0 1 2 3 4

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 

that show cooling or below-average warming are shown in blue; regions 
that show above-average warming are in red. Owing to the much greater 
climate change in the CO2-doubling experiment, the signal-to-noise ratio 
for the modelled SST trends is better than that for the observations.
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Fig. 3 | Comparison of time series of SST anomalies and the strength 
of the overturning circulation in the CM2.6 model. The graph shows 
time series of SST anomalies (relative to global mean SSTs) in the subpolar 
gyre (sg; dark blue) and Gulf Stream (gs; red) regions in the CO2-doubling 
run relative to the control run, as predicted by the CM2.6 model. These 
two regions are defined as shown in the inset (see Methods). The anomaly 
of the actual AMOC overturning rate relative to the control run is also 
shown (light blue). Thin lines show individual years (November to May 
for SSTs), and thick lines show 20-year locally weighted scatterplot 
smoothing (LOWESS) filtered data. Using the CMIP5 ensemble, we 
independently determined a conversion factor of 3.8 Sv K−1 between the 
SST anomaly and the AMOC anomaly.
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Fig. 4 | Seasonal variation in SSTs in the subpolar gyre region. We show 
here the seasonal cycle in the normalized SST trend in the subpolar gyre 
(sg) region for the CM2.6 model (light blue) and HadISST data (dark 
blue). A value of 1 represents annual-mean, global-mean warming. In 
addition, we show the seasonal cycle of the normalized global-mean SST 
trend for the model (light green) and observations (dark green). The 
SST trends in the subpolar gyre region are well below the global-mean 
warming year-round (differences are given in numbers along the x axis 
for the CM2.6 model (light grey) and the HadISST data (dark grey) and 
highlighted by arrows), yet are smallest during the cold part of the year for 
both observations and model.
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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
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An example where coastal 
resolution can greatly affect 
sea level signals where they 

most matter to society. 



Eastern Pacific
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Courtesy Paul Goddard, Un of Conn



Sea level and El Nino in east Pacific
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West coast of North America  
has relatively narrow continental 
shelves. 
  
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.  

AVISO
1 degree

0.25 degree

0.1 degree

Courtesy Jianjun Yin, Uni of Arizona



Case Study III:
Southern Ocean & Antarctic shelves
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An example where regional/coastal processes can 
potentially impact global sea level.



Ice shelf melting around 
Antarctica 
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ICE SHEETS

Volume loss from Antarctic ice
shelves is accelerating
Fernando S. Paolo,1* Helen A. Fricker,1 Laurie Padman2

The floating ice shelves surrounding the Antarctic Ice Sheet restrain the grounded
ice-sheet flow. Thinning of an ice shelf reduces this effect, leading to an increase in ice
discharge to the ocean. Using 18 years of continuous satellite radar altimeter observations,
we have computed decadal-scale changes in ice-shelf thickness around the Antarctic
continent. Overall, average ice-shelf volume change accelerated from negligible loss at
25 +– 64 cubic kilometers per year for 1994–2003 to rapid loss of 310 +– 74 cubic kilometers
per year for 2003–2012. West Antarctic losses increased by ~70% in the past decade,
and earlier volume gain by East Antarctic ice shelves ceased. In the Amundsen and
Bellingshausen regions, some ice shelves have lost up to 18% of their thickness in less
than two decades.

T
he Antarctic Ice Sheet gains mass through
snowfall and losesmass at itsmargin through
submarine melting and iceberg calving.
These losses occur primarily from ice shelves,
the floating extensions of the ice sheet.

Antarctica’s grounded-ice loss has increased over
the past two decades (1, 2), with the most rapid
losses being along the Amundsen Sea coast (3)
concurrent with substantial thinning of adjoin-
ing ice shelves (4, 5) and along the Antarctic
Peninsula after ice-shelf disintegration events
(6). Ice shelves restrain (“buttress”) the flow of
the grounded ice through drag forces at the ice-
rock boundary, including lateral stresses at side-
walls and basal stresses where the ice shelf rests
on topographic highs (7, 8). Reductions in ice-
shelf thickness reduce these stresses, leading to
a speed-up of ice discharge. If the boundary
between the floating ice shelf and the grounded
ice (the grounding line) is situated on a retro-

grade bed (sloping downwards inland), this process
leads to faster rates of ice flow, with potential for
a self-sustaining retreat (7, 9, 10).
Changes in ice-shelf thickness and extent have

primarily been attributed to varying atmospheric
and oceanic conditions (11, 12). Observing ice-
shelf thickness variability can help identify the
principal processes influencing how changing
large-scale climate affects global sea level through
the effects of buttressing on the Antarctic Ice
Sheet. The only practical way tomap andmonitor
ice-shelf thickness for this vast and remote ice sheet
at the known space and time scales of ice-shelf
variability is with satellite altimetry. Previous
studies have reported trends based on simple line
fits to time series of ice-shelf thickness (or height)
averaged over entire ice shelves or broad regions
(4, 13) or for short (~5-year) time intervals (5, 14, 15).
Here, we present a record of ice-shelf thickness
that is highly resolved in time (~3 months) and
space (~30 km), using the longest available re-
cord from three consecutive overlapping satellite
radar altimetermissions (ERS-1, 1992–1996; ERS-2,
1995–2003; and Envisat, 2002–2012) spanning
18 years from 1994 to 2012.

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 intersec-
tions (13, 16, 17). To cross-calibrate measurements
from the different satellite altimeters, we used the
roughly 1-year overlap between consecutive mis-
sions. The signal-to-noise ratio of altimeter-
derived height differences for floating ice in
hydrostatic equilibrium is roughly an order of
magnitude smaller than over grounded ice, re-
quiring additional data averaging to obtain com-
parable statistical significance. We aggregated
observations in time (3-month bins) and space
(~30-km cells). Because the spatial distribution
of crossovers changes with time (due, for exam-
ple, to nonexact repeat tracks and nadir mis-
pointing), we constructed several records at each
cell location and stacked them in order to pro-
duce a mean time series with reduced statistical
error (18). We converted our height-change time
series and rates to thickness changes by as-
suming that observed losses occurred predomi-
nantly at the density of solid ice (basal melting)
(4, 5, 17). This is further justified by the relative
insensitivity of radar measurements to fluctua-
tions in surface mass balance (18). For volume
changes, we tracked the minimum (fixed) area of
each ice shelf (18). We assessed uncertainties for
all estimates using the bootstrap approach (re-
sampling with replacement of the residuals of
the fit) (19), which allows estimation of formal
confidence intervals. All our uncertainties are
stated at the 95% confidence level [discussion of
uncertainties are provided in (18) and the several
corrections applied are stated in (20)].
We estimated 18-year trends in ice-shelf thick-

ness by fitting low-order polynomials (degree
n ≤ 3) to the data using a combination of lasso
regularized-regression (21) and cross-validation for
model-parameter selection (the shape of the fit
is determined by the data). This combined ap-
proach allowed us tominimize the effect of short-
term variability on the 18-year trends. Relative to
previous studies (4, 5, 13, 22), we have improved
estimations by (i) using 18-year continuous re-
cords, (ii) implementing a time series averaging
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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?
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Contribution of topographically generated
submesoscale turbulence to Southern Ocean
overturning
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al., 2014, Flexas et al 2015) and topographically guided flows up canyons (Martinson et al. 2008, Rintoul et al., 
2016). Furthermore, onshore flow of CDW must balance offshore buoyancy driven flow (Snow et al. 2016), 
providing a potential feedback between the heat balance and the overturning circulation, which is the focus of Stream 
3. Recent results from the CIs/PI have also identified coastal-trapped waves (Spence et al., 2017) as capable of 
rapidly communicating wind-driven changes around the coastline, producing abrupt, intense warming of the 
subsurface Antarctic coastal ocean. This research stream will investigate a series of high-resolution ocean-sea ice 
experiments, cross-validated with observations, to quantify the relative importance of each of these mechanisms in 
driving the observed subsurface ocean warming that poses a risk to the stability of the Antarctic ice sheets. 

The COSIMA-based ACCESS-OM2-01 eddy-
resolving global simulations (Table 2) will 
provide baseline data for this stream. The 
control state of the model will be used to con-
struct heat and salt budgets for the Antarctic 
shelf; we will then investigate the role of 
changing katabatic and easterly winds, coast-
ally trapped waves, and meltwater input on the 
break-down of the heat and salt budgets. This 
component of the project will be linked with 
Streams 1 and 3, as both wind and meltwater 
forcing will be examined in those streams in 
terms of large-scale drivers and feedbacks.  

Baroclinic eddies transport heat across the 
Antarctic Slope Front with length scales be-
low the 4.5-km resolution of the global 0.1° 
ACCESS-OM2-01 simulations described 
above. To examine the effect of baroclinic 
eddies, we will configure regional ultra-high 
resolution nested models at 1/40° (<1 km) 
resolution (MOM6-R; see regions shown in 
Figure 4), with forcing provided on the open 
boundaries from the 0.1° global model, fol-
lowing the methodology of Rosso et al. 
(2015). Even higher resolution runs will also be tested in limited domains. The regional nested simulations will use 
the next-generation of ocean model code, MOM6, which is available to us through our strong connections with 
GFDL via PI Griffies. The nested domains will focus on two areas uniquely susceptible to warm water intrusions: i) 
the Amundsen Sea sector of West Antarctica (Thoma et al. 2008), and ii) the Totten Glacier sector of East Antarctica 
(Li et al., 2015). We will use a combination of steady-state simulations (which will be used to identify the location 
and processes that control heat fluxes at this resolution) along with perturbation experiments mimicking the 0.1° sim-
ulations (Table 3). The comparison with the 0.1° global model will reveal, for the first time in a realistic-topography 
configuration, the relative role of eddy heat fluxes as proposed by Stewart and Thompson (2013) vs. local wind 
driven heat fluxes as proposed by Spence et al. (2014a). The role of tides in driving circulation and mixing with im-
pacts on warm water intrusions and ice melt will also be examined by evaluating simulations with and without astro-
nomical tidal forcing. The simulations will also be used to identify the importance of coastal-trapped waves in com-
municating remote signals around Antarctica (Spence et al. 2017), as well as examining meltwater feedbacks [both 
ice shelf and ice sheet] and boundary layer dynamics in a mesoscale resolving environment (Stream 3).  

MODEL EXPERIMENTS DESCRIPTION STREAM 
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Ultra high-resolution (0.025°) ocean-sea ice model simulations of the 
Amundsen and Totten sectors of the Antarctic coastline. With finer than 
1km resolution, these regional nested models will clarify the role of 
mesoscale eddies, tides, winds, and coastally trapped waves in the steady-
state heat budget of these key sectors of the coastline.  

   

Perturbation 
experiments 

 
 

A systematic series of wind, meltwater and other perturbations applied to 
the MOM6-R simulations to determine the relative role of eddies, tides, and 
coastally trapped waves in modifying warm water intrusions in the 
Amundsen and Totten sectors.  

   

Table 3. Ultra-high resolution nested model experimental design.  Information from Stream 1 will be used to 
design the perturbation experiments (i.e. via wind, freshwater, warming and remote forcings). 

 

Figure 3. Schematic showing ocean circulation and heat supply processes at 
the Antarctic continental margin. Eddies and Kelvin waves (red arrows) along 
with tides are three possible ways for warm Circumpolar Deep Water (CDW) 
to be transported across the Antarctic Slope Front (ASF) and onto the 
Antarctic continental shelf. The balance between the onshore flow of CDW 
and the offshore flow of Antarctic Bottom Water leads to feedbacks between 
the ocean heat flux to the continental shelf (Stream 2) and changes in the 
global overturning circulation (Stream 3).  Remote and local forcing (Stream 
1) also affects the poleward and upward transport of CDW onto the shelf. 
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Generally see cold fresh coastal waters 
adjacent to warm salty offshore 
Circumpolar Deep Water  (CDW).



Sample temp/speed from Australian global 0.1 deg model
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Stream 3:  Feedbacks from change around the Antarctic margin on global circulation 

  Aim:   Investigate feedbacks between Antarctic glacial, shelf and sea-ice melt and both regional and global ocean circulation. 

This stream will explore the feedbacks of Antarctic glacial, shelf and sea-ice melt onto both the regional and global 
ocean circulation, including impacts on local shelf circulation, AABW production and the Antarctic Slope Front, as 
well as teleconnections to the global meridional overturning circulation (MOC) including to the North Atlantic.  The 
MOC involves the creation of dense water near the surface of the ocean by either cooling or salinification. In the 
Southern Hemisphere, this process includes the formation of Dense Shelf Water (DSW) on the Antarctic continental 
shelf in small polynyas - ice free regions of the ocean, around 10-100 km across (Fig. 3; see also Morales Maqueda et 
al. 2004). Winds and ocean currents drive sea ice away from the coastal boundary, thereby exposing the relatively 
warmer ocean to the atmosphere and allowing for intense heat loss during winter. Rapid cooling within polynyas 
leads to sea ice formation and associated brine rejection, further increasing the density of shelf water. The dense 
water collects on the continental shelf, where it mixes with cold, fresh water from ice shelf melt, as well as with the 
warm and salty on-shelf intrusions of CDW. Intermittently, the dense shelf water spills off the continental shelf, 
entraining more CDW as it overflows into the abyss and subsequently flows northward as AABW (Orsi et al. 1999). 
Changes in ice shelf melt and changes in the temperature or transport of the on-shelf intrusions might therefore sig-
nificantly alter the characteristics, and possibly even the formation rate, of AABW. This is one focus topic of Stream 
3.  Another focus is on how near Antarctic freshening might alter local shelf circulation, including impacts on the 
flow of the Antarctic slope current.  The experiments relevant to Stream 3 are set out in Tables 1-3. 
In examining how future changes in meltwater input alters the formation of DSW, and hence the properties of 
AABW, we will explore the regional dependence of AABW formation in different parts of Antarctica, and its sensi-
tivity to atmospheric forcing, especially katabatic and easterly winds. The requirements for this program include a 
modelling tool that adequately represents the fine-scale processes that lead to the formation of DSW and its ultimate 
transformation to abyssal AABW, while also representing the global MOC. The primary tools for this study include 
the ACCESS-OM2-01 high-resolution global simulation spin-up (Stewart et al. 2017, Spence et al. 2017), with the 
inclusion of katabatic winds. This model has the most vigorous formation of AABW on the continental shelf of any 
global model that we are aware of, due to the eddy-rich lateral resolution, as well as the enhanced vertical resolution. 
We will conduct a full evaluation of AABW formation, by region, comparing with available observations. Polynya 
location, size and sea ice production can be compared with satellite estimates of Tamura et al. (2008) and Kern 
(2009). Modelled dense shelf water properties can be evaluated through case-by-case comparisons of individual 
polynyas with regional mooring observations where available, such as in the Filchner Depression (Foldvik et al. 
2004) and the western Ross Sea (Gordon et al. 2015).  

Another potential feedback from the melting of ice around Antarctica relates to the increase in stratification with a 
fresher surface layer, which can act as a temporary barrier to CDW getting onto the shelves. We will also conduct 
perturbation experiments with the full global model following Snow et al.’s (2016) sector model protocol, and use 

Figure 4. The proposed configuration sub-
domains for the ultra-high resolution 
nested MOM-6R simulations. Top left:  
snapshot of temperature at 200m depth in 
the 0.1° global ACCESS-OM2-01 simula-
tion.  Included in this panel are the loca-
tions of the 3 proposed nested sub-domains 
(outlined in black). The remaining panels 
show zooms into these 3 nested MOM-6R 
sub-domains, showing log (U200), where 
U200 is the speed of ocean currents at 200 m 
depth in the ACCESS-OM2-01 model. 
Black lines indicate the 1000 m and 3000 
m bathymetry contours. These particular 
regions have been selected as they are 
some of the best-observed sections of the 
Antarctic margin, and they also cover a 
diversity of recent temperature trends, 
bathymetric features, and dense water for-
mation rates.  Many of the data streams 
available for model validation are made 
available via SOOS http://www.soos.aq/). 
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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.  


Return to mechanism summary slide  

Geophysical Research Letters 10.1002/2014GL062281

Figure 1. (a) Schematic cross section of the Antarctic Slope Front (ASF), which separates the continental shelf waters
from the warm Circumpolar Deep Water (CDW) at middepth offshore. In regions of Antarctic Bottom Water (AABW)
outflow, such as the western Weddell and Ross Seas, isopycnal surfaces connecting the shelf waters to CDW may
facilitate onshore heat transport and AABW export via the action of mesoscale eddies. (b) Schematic profiles of ocean
depth and along-shore surface wind stress used in our process model, highlighting several of the parameters varied
in our sensitivity study. (c, d) Snapshots of the potential temperature and salinity in our reference ASF process model,
described in the text. Eddy boluses of warm CDW are visible crossing the shelf break in Figure 1c.

northwest Weddell Sea [Thompson et al., 2014]. In this article we test the hypothesis that these stretches
of the ASF support a dynamically important shoreward eddy transport of CDW, and thus heat. We further
investigate how the ASF’s structure and cross-slope exchange are shaped by local conditions along various
stretches of the Antarctic continental slope. We approach this problem by constructing a high-resolution,
eddy-resolving process model of the ASF, described in section 2. In section 3, we explore the sensitivity of
the ASF’s cross-slope transport and structure to various aspects of the surface forcing, continental slope
geometry, and numerical discretization. In section 4, we discuss the implications of our results and the
outlook for further research.

2. An Eddy-Resolving Model of the ASF

The configuration of our model study is strongly constrained by the requirement that mesoscale eddy
motions be adequately resolved. In section 3 we show that a horizontal grid spacing of 1 km or finer is
needed to capture the shoreward transport of CDW. It is also important that each simulation reaches a
statistically steady state, as otherwise the results could be strongly dependent on arbitrary choices made in
setting the initial conditions [cf. St-Laurent et al., 2013]. To adequately explore the physical controls on the
cross-slope transport, it is also necessary to explore a wide range of simulation parameters, which multiplies
the computational burden. These constraints motivate the use of an idealized model configuration in a
small domain. Yet a realistic representation of the water masses is desirable for the purpose of comparison
with the real ocean, and because it allows characterization of water mass transformation between neutral
density classes [Jackett and McDougall, 1997]. The latter is important because across the ASF there is often
no potential density that is stably stratified, due to nonlinearities in the equation of state.

Our compromise between these constraints is illustrated in Figures 1c and 1d, which shows an isometric
view of the instantaneous potential temperature and salinity in our reference simulation. The potential
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Key Points:
• The Antarctic Slope Front supports a

significant shoreward eddy transport
of CDW

• Sensitivity to surface forcing and
bathymetry points to localized eddy
CDW flux

• Easterly wind stress particularly
shapes ASF and constrains shoreward
CDW flux

Supporting Information:
• Text S1

Correspondence to:
A. L. Stewart,
astewart@atmos.ucla.edu

Citation:
Stewart, A. L., and A. F. Thompson
(2015), Eddy-mediated transport
of warm Circumpolar Deep Water
across the Antarctic Shelf Break,
Geophys. Res. Lett., 42, 432–440,
doi:10.1002/2014GL062281.

Received 21 OCT 2014
Accepted 17 DEC 2014
Accepted article online 19 DEC 2014
Published online 22 JAN 2015

Eddy-mediated transport of warm Circumpolar Deep Water
across the Antarctic Shelf Break
Andrew L. Stewart1 and Andrew F. Thompson2

1Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, California, USA, 2Environmental
Sciences and Engineering, California Institute of Technology, Pasadena, California, USA

Abstract The Antarctic Slope Front (ASF) modulates ventilation of the abyssal ocean via the export
of dense Antarctic Bottom Water (AABW) and constrains shoreward transport of warm Circumpolar
Deep Water (CDW) toward marine-terminating glaciers. Along certain stretches of the continental shelf,
particularly where AABW is exported, density surfaces connect the shelf waters to the middepth
Circumpolar Deep Water offshore, offering a pathway for mesoscale eddies to transport CDW directly onto
the continental shelf. Using an eddy-resolving process model of the ASF, the authors show that mesoscale
eddies can supply a dynamically significant transport of heat and mass across the continental shelf break.
The shoreward transport of surface waters is purely wind driven, while the shoreward CDW transport is
entirely due to mesoscale eddy transfer. The CDW flux is sensitive to all aspects of the model’s surface
forcing and geometry, suggesting that shoreward eddy heat transport may be localized to favorable
sections of the continental slope.

1. Introduction

The Antarctic continental shelf is almost completely encircled by the Antarctic Slope Front (ASF) [Jacobs,
1991]. The exchange of water masses across the ASF is critical to the global ocean circulation and the
stability of the Antarctic ice sheet. Antarctic Bottom Water (AABW) exported from the continental shelves
of the Weddell and Ross Seas supplies the deepest branch of the global overturning circulation [Orsi et al.,
1999; Lumpkin and Speer, 2007]. AABW fills around 50% of the subsurface ocean [Gebbie and Huybers, 2011],
“ventilating” the abyssal ocean with relatively oxygen rich waters [Orsi et al., 2001]. This abyssal circulation
stores around 30 times as much carbon as the atmosphere, so small changes in AABW export could sub-
stantially alter the atmospheric/oceanic partitioning of CO2 [Skinner et al., 2010]. Meanwhile, the transport
of relatively warm Circumpolar Deep Water (CDW) onto the continental shelf supplies the heat needed to
maintain coastal polynyas and melt the bases of the Antarctic ice shelves [Nicholls et al., 2009; Hattermann
et al., 2014]. In the Bellingshausen and Amundsen Seas, there is no distinguishable ASF, and CDW floods the
local ice shelf cavities. The observed retreat of the region’s marine-terminating glaciers has been attributed
to changes in the thickness or depth of this CDW layer [Jacobs et al., 2011; Schmidtko et al., 2014].

Several recent studies have highlighted that mesoscale eddies could make an important contribution to
exchanges across the Antarctic shelf break. For example, Nøst et al. [2011] and Hattermann et al. [2014]
showed that eddies carry CDW across the shelf break and beneath Fimbul ice shelf. St-Laurent et al. [2013]
showed that the presence of a coastal trough in the Bellingshausen Sea continental shelf can enhance
the heat transport to the adjacent ice shelves by accumulating warm anticyclonic eddies from offshore.
Nakayama et al. [2014] showed that eddies carry newly formed AABW across the continental slope from a
coastal polynya off Cape Darnley, in East Antarctica. In a more general configuration, Stewart and Thompson
[2012, 2013] showed that the Antarctic continental slope suppresses mesoscale eddies, resulting in a strong
sensitivity of the AABW export to the Antarctic easterly winds. However, the warm, middepth CDW layer is
absent in these buoyancy-only simulations.

The present study is motivated by stretches of the Antarctic continental shelf over which AABW is formed
and exported, particularly the western Weddell Sea [Thompson and Heywood, 2008]. In such regions, the
export of dense water onto the continental slope modifies the stratification in such a way that density
surfaces, or isopycnals, directly connect the shelf waters with the CDW offshore [Nicholls et al., 2009].
This isopycnal connection offers a route for CDW to cross onto the continental shelf via the action of
mesoscale eddies, as illustrated in Figure 1a. Recent glider observations capture this process in the
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 Ekman/wind mechanism

Changes to Ekman pumping from weakened easterlies under 
climate change: Circum-Antarctic response in realistic model 
domain.  Spence et al (2014).

Return to mechanism summary slide

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

1ARC Centre of Excellence for Climate System Science, University of New South Wales, Sydney, New South Wales, Australia,
2Climate Change Research Centre, University of New SouthWales, Sydney, New SouthWales, Australia, 3NOAAGeophysical Fluid
Dynamics Laboratory, Princeton, New Jersey, USA, 4ARCCentre of Excellence for Climate System Science and Research School of
Earth Sciences, Australian National University, Canberra, Australian Capital Territory, Australia, 5Canadian Centre for Climate
Modelling and Analysis, Environment Canada, Victoria, British Columbia, Canada, 6Laboratoire de Glaciologie et Géophysique de
l’Environnement, Université de Grenoble/Centre National de la Recherche Scientifique, Grenoble, France

Abstract The southern hemisphere westerly winds have been strengthening and shifting poleward since
the 1950s. This wind trend is projected to persist under continued anthropogenic forcing, but the impact
of the changing winds on Antarctic coastal heat distribution remains poorly understood. Here we show that a
poleward wind shift at the latitudes of the Antarctic Peninsula can produce an intense warming of subsurface
coastal waters that exceeds 2°C at 200–700m depth. The model simulated warming results from a rapid
advective heat flux induced by weakened near-shore Ekman pumping and is associated with weakened
coastal currents. This analysis shows that anthropogenically induced wind changes can dramatically increase
the temperature of ocean water at ice sheet grounding lines and at the base of floating ice shelves around
Antarctica, with potentially significant ramifications for global sea level rise.

1. Introduction
Antarctic coastal waters are characterized by a subsurface density gradient between cold, relatively freshwaters on
the continental shelf and warmer, saltier waters found further offshore [Jacobs, 1991]. The deepening of isopycnals
toward the Antarctic coast, known as the Antarctic Slope Front, acts as a dynamical barrier to the exchange of
heat, salt, and nutrients across the continental shelf [Jacobs, 1991; Smedsrud et al., 2006]. Prevailing easterly
coastal winds (which induce coastal downwelling) help to maintain the Antarctic Slope Front; the associated
subsurface meridional density gradient forms the westward flowing Antarctic Coastal and Slope Currents. The
coastal currents and the Antarctic Slope Front are near circumpolar, extending from roughly the Amundsen Sea
(120°W) westward to the tip of the Antarctic Peninsula (55°W) [Whitworth et al., 1998]. The dynamical interplay
between coastal winds, coastal currents, and heat transport across the Antarctic Slope Frontmay thus play a crucial
role in global sea level rise by influencing mass loss from Antarctic glacial ice sheets [Mayewski et al., 2009].

The intrusion of warm ocean water onto the Antarctic continental shelf causes increased melt rates at the base
of floating ice shelves, a retreat of ice sheet grounding lines, and increased ice sheet discharge [Rignot et al., 2004;
Pritchard and Vaughan, 2007; Pritchard et al., 2012]. Satellite observations of West Antarctica between 1992
and 2006 reveal a 59% increase in the rate of ice mass loss along the Bellingshausen and Amundsen seas and a
140% increase on the western side of the Antarctica Peninsula [Rignot et al., 2008]. The melt rates have a strong
positive correlation with ocean thermal forcing: a 1°C increase in ocean temperatures is suggested to increase
basal melt rates by ~10m/yr [Rignot and Jacobs, 2002]. There is growing concern that glacial ice sheets can
rapidly become unstable, particularly where warmer ocean water interacts with ice sheet grounding
lines [Rignot et al., 2004; Pritchard and Vaughan, 2007; Schoof, 2007].

The scarcity of Antarctic coastal ocean observations, particularly of subsurface properties during the austral
winter season, limits direct observational analysis of variability and change [Mayewski et al., 2009]. Here we
use a mesoscale eddy-permitting ocean model to investigate the magnitude and causes of subsurface
Antarctic coastal ocean variability on decadal time scales. A first experiment investigates the effect of recent
atmospheric trends on the Antarctic coastal ocean, and a second experiment focuses on the effect of projected
21st century Southern Ocean wind changes.
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Model response to a four degree latitude southward 
wind shift around continent. CDW shoals, with warming 
upwards of 2C. (Spence et al 2014)

change is 6.71 × 1020 J. If this heat were exclusively used to melt grounded land ice (assuming that the
grounded ice remains static, and the resulting water mass enters the ocean), then the associated
global sea level rise would be 5.5mm.

The relative importance of the different atmospheric trends and the mechanisms by which they drive a
warming of subsurface Antarctic ocean temperatures are difficult to disentangle, requiring multiple single-
forcing experiments and an assumption of linearity in a highly nonlinear system. Despite this challenge, features

Figure 3. GFDL-MOM025 responseW4°S (62°S–70°S) wind shift. Ocean temperature (°C) averaged between 200 and 700m depth in (a) CNTRL, (b) W4°S (62°S–70°S), and
(c) W4°S (62°S–70°S) minus CNTRL. Ocean zonal velocity (m/s) at 10m depth in (d) CNTRL, (e) W4°S (62°S–70°S), and (f ) W4°S (62°S–70°S) minus CNTRL. Note that the
predominantly meridional velocities along the Antarctic Peninsula are not shown here but are similarly affected by the wind perturbation. Note also that the zonal
velocity structures are weaker but remain consistent when depth averaged over the upper 700m. Surface vertical velocities (m/day, positive upward) due to Ekman
pumping determined from ocean surface stress in (g) CNTRL, (h) W4°S (62°S–70°S), and (i) W4°S (62°S–70°S) minus CNTRL. All values are averaged 11–20 years after
the wind perturbation is initiated. Yellow arrows in Figure 3c indicate analysis regions for Figure 4.
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 Arrested Ekman layer mechanism

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!) 


Arrested Ekman thickness        frictional Ekman

See also Webb, Holmes, Spence, England (2018) in prep

Return to mechanism summary slide
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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
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cf: baroclinically adjusted 1.5 layer
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Kelvin waves and arrested Ekman layer adjustment 
•Winds depress sea level off East 
Antarctica.


• Kelvin wave sends sea level 
depression around coast (non-
dispersive 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.   

•Return to mechanism summary 
slide

Page	31	

	606	

Figure 5  | Schematic of the warming response of West Antarctic Peninsula waters to 607	

East Antarctic wind perturbation. (a) View of the West Antarctic Peninsula 608	

with bathymetry in grey shading, and temperature in color. Note the warm Circumpolar 609	

Deep Water brought close to the continent by the Antarctic Circumpolar Current (ACC) 610	

on the western side. The purple arrows indicate the pathway of barotropic Kelvin waves 611	

propagating from East Antarctica. The blue box illustrates the location of across shelf 612	
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Localized rapid warming of West Antarctic
subsurface waters by remote winds
Paul Spence1*, Ryan M. Holmes1,2, AndrewMcC. Hogg3, Stephen M. Gri�es4, Kial D. Stewart3

and Matthew H. England1

The highest rates of Antarctic glacial ice mass loss are occurring to the west of the Antarctica Peninsula in regions where
warming of subsurface continental shelf waters is also largest. However, the physical mechanisms responsible for this warming
remain unknown. Here we show how localized changes in coastal winds o� East Antarctica can produce significant subsurface
temperature anomalies (>2 �C) around much of the continent. We demonstrate how coastal-trapped barotropic Kelvin waves
communicate the wind disturbance around the Antarctic coastline. The warming is focused on the western flank of the
Antarctic Peninsula because the circulation induced by the coastal-trapped waves is intensified by the steep continental slope
there, and because of the presence of pre-existing warm subsurface water o�shore. The adjustment to the coastal-trapped
waves shoals the subsurface isotherms and brings warm deep water upwards onto the continental shelf and closer to the
coast. This result demonstrates the vulnerability of the West Antarctic region to a changing climate.

The rate of global sea level rise between 1993 and 2010
is estimated to have increased by ⇠150% relative to the
1901–1990 average rate1. The flow of grounded Antarctic

glacial ice into the ocean contributed ⇠28% to global sea level rise
between 1960 and 2004, and its contribution is likely to increase2.
From 2003 to 2014 the rate of West Antarctic ice mass loss has
doubled3, while from 1996 to 2013 the Totten Glacier in East
Antarctica thinned by ⇠12m at the grounding line4 (that is, the
point where the ice sheet starts to float). Antarctic glacial ice loss
is primarily influenced by ocean–ice interactions at the base of the
floating ice shelves where basal melt rates are estimated to increase
by ⇠10myr�1 for a 1 �C increase in ocean temperatures5,6. The
focus of this study is on the mechanisms that give rise to subsurface
ocean warming around the Antarctic continental margin7. Future
contributions from Antarctic ice sheets are the largest source of
uncertainty in sea level projections because many Antarctic ice
sheets are hypothesized to become rapidly unstable when warmer
ocean water causes the ice sheet grounding line to retreat8–10. Recent
estimates suggest that Antarctica could contribute >1m of sea level
rise by 2100 and >15m by 250011.

Constraining Antarctica’s contribution to global sea level rise
requires understanding the water mass interactions across the near-
circumpolar Antarctic Slope Front. This front separates the cold,
fresh waters on the continental shelf from the warmer, saltier
Circumpolar Deep Water generally found o�shore12. Antarctic
coastal ocean observations suggest warming of 0.1–0.3 �C per
decade since 1990 on the continental shelves of the Bellingshausen
Sea and Amundsen Sea and along the western side of the Antarctica
Peninsula7. This warming is linked with a shallowing of the
mid-depth temperature maximum over the continental slope and
shelf that allows the warmer o�shore water to flow onshore. The
warming trends positively correlate with observed estimates of
rapidly increasing rates of glacial ice mass loss since the 1990s13,14.

The mechanisms responsible for the observed warming of West
Antarctic continental shelf waters remain highly uncertain. Some
studies suggest that a positive trend in the Southern Annular
Mode (SAM), associated with strengthened and poleward shifted
Southern Hemisphere mid-latitude winds15, can aid the intrusion
of warm o�shore waters onto the Antarctic continental shelf.
For example, in situ Bellingshausen Sea observations spanning
the summer seasons from 1993 to 2004 highlight a large coastal
intrusion of o�shore subsurface waters that is correlated with a
positive SAM index16. A mesoscale eddy-permitting ocean model
also demonstrated how SAM-induced wind changes can generate
subsurface Antarctic coastal warming by anomalous shallowing of
isotherms17. Finer resolution regional and idealized ocean model
studies propose that the transport of heat across the Antarctic Slope
Front can also be driven by mesoscale eddies18,19 and tides20.

The positive SAM trend observed since the 1950s is projected to
persist through the twenty-first century21, raising concerns that it
may lead to increased basal melt rates from anomalous intrusion
of warm Circumpolar Deep Water onto the shelf. Prior studies
have largely focused on the direct local impacts of changing winds
on the Antarctic coastal ocean temperature structure17–19. However,
observed subsurface coastal warming has been most rapid on the
western side of the Antarctic Peninsula7, despite evidence that
the influence of the SAM on the coastal winds is largest in East
Antarctica (Fig. 1a and Supplementary Fig. 1). Here we seek to
understand why the strongest warming of Antarctic subsurface
coastal waters appears west of the Antarctic Peninsula. We propose
that thewarming to thewest of theAntarctic Peninsula can be forced
by changes in remote Antarctic coastal winds.

Coastal ocean response to East Antarctic winds
Our experimental design is based on a previous study wherein
a positive SAM wind perturbation applied along the entire

1ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, University of New South Wales, Sydney, New South Wales
2052, Australia. 2School of Mathematics and Statistics, University of New South Wales, Sydney, New South Wales 2052, Australia. 3ARC Centre of
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and CO2-forced simulations of CM2.6 (Dufour et al., 2017). Taking the difference between the two simula-
tions allows us to remove most effects of the formation of the polynya on cross-ASF heat transport near the
Weddell Sea shelf break (see supporting information Text and supporting information Figures S1 and S2
illustrating the minimal effect of the polynyas).

2.3. Heat and Volume Transport Across the ASF
Meridional and zonal advective fluxes of temperature and volume are integrated along the discretized front
of the ASF ‘‘wall’’ (see Dufour et al., 2015, Appendix B). The transport is calculated at each model level (0–
1,000 m depth) and each latitude-longitude coordinate along the 1,000 m isobath contour (denoted by ‘‘S’’):

U5 q0

ð

S
C u ! n̂ dl dz; (1)

where U is the tracer transport, q0 is the reference density (1,035 kg m23), C is the tracer concentration, u is
the horizontal velocity vector, n̂ is the normal vector along the ‘‘wall’’ pointing shoreward, dl are the line

x10-3 kg m-3 km-1

Figure 1. CO2-forced Antarctic shelf region warming, freshening, dynamic sea level change, and lateral density gradient
change for 0–1,000 m, averaged during years 62–80 (8C, psu, cm, x1023 kg m23 km21). (a) The 0–1,000 m mean tempera-
ture anomalies with listed volume-averaged temperature anomalies for the Antarctic shelf region and each subdomain
(clockwise from the top: western East-Antarctic, eastern East Antarctic, Ross Sea, Amundsen and Bellingshausen Seas,
western Antarctic Peninsula, and Weddell Sea), (b) salinity anomalies, (c) dynamic sea level change (global mean change
is removed), and (d), lateral density gradient change. The lateral density gradient is the magnitude of the x and y centered
derivative for each grid cell. Thin black contour is the 1,000 m isobath and location of the ASF ‘‘wall.’’ Thick black lines
denote boundary between subdomains.
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CO2-Induced Ocean Warming of the Antarctic Continental Shelf
in an Eddying Global Climate Model
Paul B. Goddard1 , Carolina O. Dufour2,3 , Jianjun Yin1 , Stephen M. Griffies4 ,
and Michael Winton4

1Department of Geosciences, University of Arizona, Tucson, AZ, USA, 2Atmospheric and Oceanic Sciences Program,
Princeton University, Princeton, NJ, USA, 3Department of Atmospheric and Oceanic Science, McGill University, Montreal,
QC, Canada, 4Geophysical Fluid Dynamics Laboratory, NOAA, Princeton, NJ, USA

Abstract Ocean warming near the Antarctic ice shelves has critical implications for future ice sheet mass
loss and global sea level rise. A global climate model with an eddying ocean is used to quantify the mecha-
nisms 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 pri-
marily 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 fresh-
ening influences both warming mechanisms. The shelf freshening slows vertical mixing by limiting gravita-
tional 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 anoma-
lies across the shelf region. Understanding the inhomogeneous Antarctic shelf warming will lead to better
projections of future ice sheet mass loss.

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 observa-
tions 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).

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 isopyc-
nals, mainly resulting from Ekman downwelling from the coastal Easterlies, can create lateral density
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Salinity induced changes to shelf barolinicity
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effect on the cross-ASF density gradient and steepening of the isopycnals near the shelf break is less abrupt
than what occurs in the Weddell Sea subdomain (Figures 1d, 10, and 11). We select five locations, one for
each of the other subdomains, to compare with the Weddell Sea location. At these locations, weaker fresh-
ening anomalies at 0–100 m lead to weaker anomalies the shelf break and ASF ‘‘wall’’ (Figure 10 and sup-
porting information Figure S5).

We note that the years 62–80 mean freshening anomalies at !200–1,000 m (Figure 10 and supporting infor-
mation Figure S5), result from both descending freshening anomalies from the surface and, the positive
salinity anomalies associated with relatively salty CDW reaching the shelf during these years. Therefore, the
spatial coherence between freshening anomalies and warm anomalies in Figures 1a and 1b (particularly at
200–1,000 m depth, supporting information Figure S5), is largely driven by CDW intrusions, which reduce
the local freshening. However, time series, rather than the time mean anomalies, show 0–100 m salinity
anomalies lead 100–1,000 m temperature anomalies, suggesting freshwater may reach the shelf break and
strengthen the lateral density gradient of the ASF before CDW intrusions occur (Figure 8). Conversely, where
0–100 m salinity anomalies are weak near the shelf break (e.g., Ross Sea, supporting information Figure S5),
the ASF does not strengthen as much and results in the region being more susceptible to CDW intrusions
and positive temperature anomalies at depth. Our ongoing work, regarding the Antarctic shelf region fresh-
water budget and the timing of freshwater anomalies at the shelf break, will lead to increased understand-
ing of freshening effects on cross-ASF heat transport.

The Ross Sea offers a good example of cross-ASF heat transport penetrating the shelf and driving large tem-
perature anomalies at depth. From 100 to 1,000 m, the Ross Sea warms by 1.078C (Figures 1a and 2). This
anomaly is primarily driven by increased 700–1,000 m onshore cross-ASF mean heat transport and a reduc-
tion of upward vertical mixing of heat at depth (Figure 7d). Similar to the Weddell Sea subdomain, CO2-
forced onshore cross-ASF mean transport from 700 to 1,000 m also spikes in the Ross Sea subdomain

Figure 10. Cross-shelf transects of the lateral potential density (referenced to the surface) gradient (31023 kg m23 km21, shaded) with contours of constant salin-
ity (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 thick
black. 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,
where 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 Figures
11 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
the eastern East Antarctica region. The map insert shows the exact location and length of each transect plotted over shelf bathymetry.
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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) are needed to get submesoscale processes 
(centrifugal instability) found in field measurements to be important 
for the export of melt water (Naveira Garabato et al 2017). 

LETTERRESEARCH
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This mechanism is reproduced by an idealized ocean circulation 
model configured with parameters and forcings appropriate to the 
PIIS outflow (see Methods). The model suggests that our observations 
provide a representative characterization of the mechanism’s dynamics, 
despite the measurements’ omission, for reasons of navigational safety, 
of the initial gravitational instability adjacent to the base of the calving 
front. The model further indicates that the mechanism is likely to be 
relevant to buoyant meltwater outflows from beneath other Antarctic 
ice shelves, many of which are characterized by more modest melting 
rates2,14. Our findings thus show that the widely observed focusing of 
meltwater at depth is a dynamically robust feature of Antarctic ice sheet 
melting, and suggest that climate-scale ocean models with melting ice 
sheets should therefore include a representation of the effects of centrif-
ugal instability. As explicit resolution of the mechanism (with respective 
horizontal and vertical scales of around 100 m and around 10 m; see 
Methods) is at present beyond the capability of even regional models of 
ice shelf–ocean interaction24,28, the development of a parameterization 
of centrifugal instability of meltwater outflows from beneath floating 
ice shelves is called for.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 4 | Schematic of the meltwater outflow from beneath the PIIS. 
The direction of cross-calving-front flow is indicated by the thick arrows, 
and the direction of the along-calving-front flow is shown by the circle. 
The sense of rotation of the flow as it experiences centrifugal instability 
is indicated in the upper axis (ζ, relative vorticity; f, planetary vorticity). 
Surfaces of constant density are denoted by solid white contours, and the 
upper-ocean mixed-layer base is marked by the dashed white line. The 
three distinct water masses are labelled.
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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 sea level.   32



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

 34

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