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Abstract 1 

The Atmosphere-Ocean Coupling Causing Ice Shelf Melt in Antarctica (ACCIMA) project has 2 

adapted a regional coupled atmosphere, ocean, sea-ice and land model to the polar Southern 3 

Hemisphere with sufficient spatial resolution to capture key physical processes in each 4 

component model. The motivation is to understand the mass balance of the Antarctic Ice Sheet-a 5 

critical element of projections of global sea-level change. Mesoscale processes in the ocean, 6 

atmosphere, and on land contribute. The project seeks to better understand ice shelf retreat in the 7 

Amundsen Sea embayment of West Antarctica, that is contributing significantly to sea-level rise, 8 

by analyzing processes in the atmosphere and ocean that influence the delivery of heat to the 9 

floating ice shelves which causes them to melt. The coupled model for ACCIMA, similar to that 10 

used in the Regional Arctic System Model project, is a limited-area model based upon the 11 

Community Earth System Model (CESM) framework with the CESM flux coupler linking model 12 

components. These models include the polar optimized version of the Weather Research and 13 

Forecasting Model, the Los Alamos sea-ice model, the Parallel Ocean Program, and the 14 

Community Land Model. Coupled simulations have been run for 1999-2010 driven by the ERA-15 

Interim global atmospheric reanalysis and climatological conditions around the ocean boundary. 16 

Realistic wind patterns develop over the continent and near the Antarctic coast in response to 17 

land topography. SST compares well to observations but is a bit warm in the south and cold in 18 

the north. Sea-ice extent is realistic but is low in summer. Coastal ocean heat content declines 19 

over the simulation.  20 
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1. Introduction 21 

Understanding the mass balance of the Antarctic ice sheet is critical for projecting global sea-22 

level change (Rignot et al. 2011). During the past few decades, mass loss from the ice sheet has 23 

accelerated (Chen et al. 2009; Velicogna 2009; Rignot et al. 2011) with the most significant 24 

changes being in the thickness of the grounded portions of the ice sheet observed at the coastal 25 

margins (Pritchard et al. 2009). The climate issues revolving around the ice mass balance 26 

represent the primary motivation for the Atmosphere-Ocean Coupling Causing Ice Shelf Melt 27 

in Antarctica (ACCIMA) project. On decadal and shorter timescales, the Antarctic Ice Sheet is 28 

linked to climate phenomena with global signatures including the El Niño-Southern Oscillation, 29 

the Southern Annular Mode, Atlantic Multidecadal Oscillation, and the Interdecadal Pacific 30 

Oscillation (e.g., Turner 2004, 2007; Fogt et al. 2011; Okumura et al. 2012; Steig et al. 2013; Li 31 

et al. 2014). The processes that impact the Antarctic Ice Sheet span both a range of physical 32 

domains (the atmosphere, ocean and ice), and a range of spatial scales. In particular, mesoscale 33 

processes in the atmosphere and ocean deliver heat to the bottom of the floating ice shelves, 34 

especially in the Amundsen Sea embayment (Jacobs et al. 2012). Accordingly, our coupled 35 

modeling project endeavors to encompass all the system processes that melt Antarctic ice shelves 36 

at the sufficient resolution to capture the mesoscale of the atmosphere and ocean. 37 

The West Antarctic Ice Sheet (WAIS, Fig. 1), although much smaller than the East Antarctic Ice 38 

Sheet, is particularly important for sea level change as it is much more sensitive to climate 39 

change (Steig et al. 2009; Okumura et al. 2012; Bromwich et al. 2013a; WAIS Divide Project 40 

Members 2013). The WAIS loses volume due to outlet glaciers draining into the Amundsen Sea 41 

(Thomas et al. 2004; Pritchard et al. 2009). The floating portions of the ice sheet, known as ice 42 

shelves, are thought to buttress the outlet glaciers (DeAngelis and Skvarca 2003; Dupont and 43 
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Alley 2005; Schoof 2007). Ice shelf mass changes result in changes in the flow of continental ice 44 

off the land thus altering sea level. Until recently, iceberg calving was thought the most 45 

significant mass loss from the floating ice shelves, but new studies suggest slightly more mass is 46 

lost from basal melting (Depoorter et al. 2013; Rignot et al. 2013). One proposed reason for the 47 

supposed increased basal melt of ice shelves in the region is a change in either the temperature or 48 

circulation of warm Circumpolar Deep Water (CDW) that enters the subglacial volume 49 

providing heat to increase the basal melt rate (Payne et al. 2004). 50 

Along some parts of the Amundsen and Bellingshausen Sea sectors (roughly, 80-130°W, Fig. 1), 51 

the edge of the WAIS is within 100 km of the continental shelf break, although along others, it 52 

can be more than 300 km away. Orsi et al. (1995) define the southern terminus of upper CDW as 53 

the poleward boundary of the Antarctic Circumpolar Current (ACC, see Fig. 1), and in the 54 

Bellingshausen Sea this abuts the continental shelf break and contains water with temperatures 55 

up to 1.8°C. In the Amundsen-Bellingshausen sectors of the South Pacific Ocean, CDW is 56 

observed to intrude onto the continental shelf, and advection of this warm water across the 57 

continental shelf to the base of ice shelves is thought to supply the majority of the heat involved 58 

in the basal melt of several of the shelves along the coast in the Amundsen (specifically Pine 59 

Island Glacier: Jacobs et al. 1996; Jenkins et al. 1997; Hellmer et al. 1998; Walker et al. 2007) 60 

and Bellingshausen Seas (Potter and Paren 1985; Talbot 1988; Jenkins and Jacobs 2008). This 61 

fact gives rise to the hypothesis that changes in the intrusions of this warm oceanic water under 62 

the ice shelves are an important cause for the recently observed increase in ice thinning. It should 63 

be noted, however, that other recent studies suggest the melting in the Bellingshausen ice shelves 64 

is more driven by variability of the upper-ocean conditions than by flux of CDW across the 65 
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continental shelf (Holland et al. 2010; Padman et al. 2012). Representing all these processes in a 66 

coupled model system presents a major challenge. 67 

Ice shelf basal melting occurs by three modes (Jacobs et al. 1992) with one or more modes active 68 

at any time. Mode-1 involves High Salinity Shelf Water (HSSW), a cold, salty water mass 69 

formed near the ice shelf during winter that subducts into the sub ice-shelf cavity causing modest 70 

melting by depressing the melting point with over-burden pressure. Rapid mode-2 melting is 71 

induced by the flooding of warm, salty CDW into the cavity.  Mode-3 melting occurs near the 72 

ice shelf front, driven by summertime warming of Polar Surface Waters that subduct beneath the 73 

ice front, partly driven by tidal and regional circulation forcing. Given the importance of basal 74 

melt, in all its modes, to ice sheet evolution, and thus to sea-level change, an overarching goal of 75 

this project is to understand recent apparent mode-shifts in basal melt of ice shelves in 76 

Antarctica, and to project possible future changes. 77 

Both regional and small horizontal scale atmospheric forcing can be relevant to ocean transport 78 

of heat to the ice shelves. Model studies in the Amundsen (Thoma et al. 2008) and 79 

Bellingshausen (Dinniman et al. 2011) suggest that the winds along the shelf-break force 80 

intrusions of CDW across the continental shelf. Recent comparisons of measured currents to 81 

winds in the Amundsen Sea (Carvajal et al. 2013; Wåhlin et al. 2013) appear to confirm this.  82 

Finer scale winds increase the fidelity of simulations of coastal polynyas in the Weddell 83 

(Hollands et al. 2013) and Ross Seas (Petrelli et al. 2008; Mathiot et al. 2012) compared to 84 

coarse resolution wind simulations. Fine winds also improve the simulated properties of the Ross 85 

Sea HSSW (Mathiot et al. 2012). Better simulation of coastal sea ice would more accurately 86 

represent the creation of HSSW (mode-1 melting), improve the vertical mixing of heat from 87 

CDW (mode-2 melting, e.g. Holland et al. 2010), and improve surface heating in ice-free areas 88 
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(mode-3 melting). An ocean/sea ice/ice shelf simulation (Dinniman et al. 2014) shows a 15% 89 

increase in the total Antarctic ice shelf melt when finer scale winds are used. 90 

Not only are regional-scale atmospheric changes important drivers of changes in the ocean, but 91 

small horizontal scale atmospheric forcings can be crucial for oceanic processes that are relevant 92 

to ocean transport of heat to the ice shelves. For example, the observed frequency of intrusions of 93 

CDW from the abyssal ocean onto the continental shelf (Moffat et al. 2009) suggests that the 94 

winds along the shelf-break are critical in forcing the intrusions, and recent model studies in the 95 

Amundsen (Thoma et al. 2008) and Bellingshausen (Dinniman et al. 2011) highlight the 96 

importance of the winds. In the Ross Sea, the Terra Nova Bay polynya, which is forced by 97 

persistent westerly katabatic winds flowing off the Victoria Land Coast (Bromwich et al. 1993) , 98 

is crucial to the creation of HSSW on the continental shelf and has an effect on the transport of 99 

water masses (and heat) underneath the Ross Ice Shelf. 100 

In this paper, we introduce the primary tool for ACCIMA, a high-resolution coupled regional 101 

ice-ocean-atmosphere-land model. As detailed in Section 2, the model is capable of receiving 102 

boundary data from global sources and downscaling that forcing to the fine spatial scales 103 

appropriate for a regional model. In Section 3, a simulation over the 12-year period from 1999 to 104 

2010 is assessed to validate the fidelity of the model, with particular focus on the mesoscale 105 

processes in the ocean, atmosphere and sea-ice that contribute to the basal melting of ice shelves, 106 

including the southward transport of heat and the northward transport of freshwater. Relatively 107 

coarse resolution coupled ocean-atmosphere simulations forecast, or at least suggest, increased 108 

ice shelf melting (e.g., Overpeck et al. 2006), and current observations indicate a reduction in ice 109 

volume and increased transport of ice sheets towards the ocean (Pritchard et al. 2009). We frame 110 
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the ACCIMA project in this larger context, and sketch out future research objectives, in Section 111 

5. 112 

2. The ACCIMA Modeling System 113 

The modeling system for ACCIMA includes four widely-used component models linked through 114 

the National Center for Atmospheric Research (NCAR) Community Earth System Model 115 

(CESM, Hurrell et al. 2013) flux coupler CPL7 (Craig et al. 2012). The regional system for high 116 

southern latitudes originates from a version of the Regional Arctic System Model (RASM, 117 

Cassano et al. 2011; Maslowski et al. 2012; http://www.oc.nps.edu/NAME/RASM.htm) that we 118 

obtained from Tony Craig of NCAR. RASM and ACCIMA have the basic modular framework 119 

of the CESM. The ocean model (POP2) and the sea ice model (CICE) are part of the ACCIMA 120 

system. While RASM uses the Variable Infiltration Capacity (VIC, Liang et al. 1994) for the 121 

land model, ACCIMA uses the Community Land Model (CLM), which is the original CESM 122 

land model and can represent ice-covered high latitude land. Finally, ACCIMA, similar to 123 

RASM, uses the Weather Research and Forecasting model (WRF, Skamarock et al. 2008) for the 124 

atmosphere in place of the Community Atmosphere Model (CAM) used in CESM. These 125 

component models are discussed in more detail below. 126 

a. Polar WRF 127 

For the atmosphere we use WRF version 3.2 with inclusion of polar-optimizations, such as 128 

fractional sea ice (Hines and Bromwich 2008; Bromwich et al. 2009). The land surface models 129 

inside WRF are not active because of the coupling to CLM. The polar-optimized version of WRF 130 

(Polar WRF) has been tested in the Arctic for the Greenland Ice Sheet (Hines and Bromwich 131 

2008), the Antarctic region (Powers et al. 2012; Bromwich et al. 2013b), the Arctic Ocean 132 
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(Bromwich et al. 2009) and Arctic Land (Hines et al. 2011; Wilson et al. 2011, 2012). For 133 

Antarctica, Polar WRF is now the only model for operational forecasting in support of National 134 

Science Foundation’s operations including transportation and field programs (Powers et al. 135 

2012).  136 

Extensive experimentation was done with the standalone Polar WRF on the ACCIMA grid with 137 

30 km grid spacing to find the optimal setup for these simulations. WRF physical 138 

parameterizations selected for use in the coupled-model simulations include the MYNN2 2.5-139 

level boundary layer scheme (Nakanishi and Niino 2006) with the Monin-Obukhov surface 140 

boundary layer. For radiation, both the CAM longwave and shortwave schemes are used. Cloud 141 

microphysics are treated by the Goddard scheme (Tao et al. 1989), while cumulus convection is 142 

parameterized through the Kain-Fritsch scheme (Kain 2004). WRF simulations use 39 vertical 143 

layers with lowest layer centered near 12 m above ground level, and the model top is at 50 hPa. 144 

Over the ocean, 10 layers are within 1000 m of sea level. 145 

b. POP2 146 

The Parallel Ocean Program (POP2, Smith et al. 2010; Danabasoglu et al. 2012) represents the 147 

ocean. POP2 is a public model with depth as vertical coordinate designed for generalized 148 

orthogonal grids and derived from earlier ocean models (e.g., Bryan 1989). Ocean geometry and 149 

bathymetry are represented by stacked boxes with heights of 10 m near the surface and 150 

increasing to 250 m at the bottom. The deepest parts of the ocean are represented by 50 boxes. 151 

Slower baroclinic modes are integrated explicitly, while the fast barotropic modes are integrated 152 

implicitly with a free surface methodology. Horizontal viscosity and diffusivity is based on the 153 

biharmonic operator with coefficients of -27 × 10
9
 m

4
s

-1
 for momentum and -3 × 10

9
 m

4
s

-1
 for 154 
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tracers. Vertical mixing uses the K-profile parameterization with background diffusivity ranging 155 

from 10
-5

 m
2
s

-1
 near the surface to 10

-4
 m

2
s

-1
 at depth. Large diffusivity and viscosity (0.1 m

2
s

-1
) 156 

are used to simulate convection. Dense water is created in the coastal areas around Antarctica. 157 

Special formulations are included to transport dense water to depth without excess mixing 158 

(Briegleb et al. 2010). 159 

Surface fluxes of momentum, heat and freshwater are provided by the coupler. The outer 160 

boundary of the model domain are solid walls (open boundary conditions are not specified in this 161 

version of POP2). The ocean is nudged to monthly averaged temperature and salinity obtained 162 

from ECCO2 (Estimating the Circulation and Climate of the Ocean, Phase II; Wunsch and 163 

Heimbach 2007) in a boundary zone equatorward of 50°S.  The restoring time scale is three 164 

months at the model boundary tapering to infinity at 50°S.  165 

c. CICE 166 

The comprehensive Los Alamos Community Ice CodE (CICE version 4.1, Hunke and Lipscomb 167 

2008) represents sea ice. It includes thermodynamics, dynamics and horizontal transport of sea 168 

ice over a grid of points. The ice model uses four layers of ice and one layer of snow in each of 169 

five ice thickness categories (and one category for open water) to represent different types and 170 

ages of sea ice. The thermodynamic model (Bitz and Lipscomb 1999) calculates the local growth 171 

rate of snow cover and sea ice. The elastic-viscous-plastic rheology model (Hunke and 172 

Dukowicz 1997) is used to calculate internal ice stress.  Ice advection is represented by the 173 

incremental remapping scheme (Lipscomb and Hunke 2004). 174 
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Stress boundary conditions are imposed at the upper boundary (wind stress) and lower boundary 175 

(ocean drag) with atmosphere and ocean conditions coming from the coupler. The new melt 176 

pond and surface albedo formulations (Holland et al. 2012) are included. 177 

d. CLM4 178 

The Community Land Model version 4 (CLM4, Oleson et al. 2010; Lawrence et al. 2011) which 179 

includes the SNow and ICe Aerosol Radiation (SNICAR) model for the snowpack (Flanner et al. 180 

2007) represents land processes. CLM4 has updated snow cover parameterizations and accounts 181 

for snow aging based upon snow grain size. Solar snow albedo is computed over five spectral 182 

bands. CLM4 has slightly brighter albedos over Antarctica and snow aging is slower than in 183 

earlier versions. Up to five snow layers are treated by CLM4. Beneath the snow layers, 15 184 

subsurface levels extend from a depth of 0.071 m at the top to 35.18 m at the bottom. 185 

e. Grid configuration 186 

The ACCIMA grid for the coupled simulations was selected after testing with individual 187 

component models. The grid shown in Fig. 1 is designed to demonstrate the performance of 188 

coupled simulations for modern climate. Higher-resolution simulations will be performed to 189 

detail the multi-disciplinary physics of Antarctic ice shelf melting. The current ACCIMA grid 190 

covers a square 10,560 km by 10,560 km polar stereographic domain centered over the South 191 

Pole. The domain captures most of the Southern Ocean (taken to be the ocean south of the 192 

southern Subtropical Front) including the key circumpolar oceanic fronts (Fig. 1). A fine (10 km 193 

spacing) basic grid was developed; coarser grids, including that currently used, are obtained by 194 

subsampling this basic grid. The simulations described here employ a grid with 60 km spacing 195 

for the atmosphere, which is the most cpu-intensive component of the coupled system. The land 196 
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model has the same resolution, while finer resolution (20 km spacing) is used for the ocean and 197 

sea ice models to capture increased eddy activity in the Southern Ocean 198 

f. Forcing 199 

The Polar WRF atmosphere in this regional coupled simulation is driven at the lateral boundaries 200 

by the ERA-Interim Reanalysis (ERA-I, Dee et al. 2011) from the European Centre from 201 

Medium-Range Weather Forecasts (ECMWF).  Evaluations of global reanalyses show that ERA-202 

I well represents conditions in the polar Southern Hemisphere compared to other reanalyses 203 

(Bromwich et al. 2011). 204 

The southern polar domain presents a particular challenge for regional atmospheric modeling 205 

because the outer boundary is roughly parallel to the mean flow; specified conditions around the 206 

boundary provide insufficient information about weather systems in the domain. In addition, 207 

much of the interior of our domain is too far from the boundaries (more than the deformation 208 

radius) to be sufficiently constrained. We therefore combine specified lateral boundary 209 

conditions (all atmospheric variables are updated from the global reanalysis every 3 hours) with 210 

atmospheric spectral nudging throughout the interior of the domain (e.g., Glisan et al. 2013). 211 

Nudging is applied to spatial scales larger than wavenumber 7 (> 1500 km) for horizontal wind, 212 

temperature, and geopotential height above 300 hPa to ensure that the large-scale structure of the 213 

circulation is consistent with ERA-I; however, the atmospheric mesoscale circulation is allowed 214 

to evolve freely. 215 

g. Initialization 216 

The ocean, sea ice, and land models have relatively long adjustment scales so these models were 217 

integrated separately to allow them to adjust to initial conditions. The ocean/sea ice and land 218 
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models are first integrated (uncoupled) from climatological initial conditions (e.g., ECCO2 for 219 

the ocean and Qian et al. 2006 for land) to an equilibrium state forced by the prescribed 220 

atmosphere using version 2 Common Ocean-ice Reference Experiments dataset (Large and 221 

Yeager 2008).  All models were then integrated with coupling for three additional years with the 222 

Polar WRF atmosphere forced by repeating ERA-I conditions for 1999 to allow the models to 223 

adjust. 224 

3. Results 225 

The coupled model with the 60 km atmosphere and land and the 20 km ocean and sea ice grids 226 

was integrated from 1999 to 2010. The NCAR Yellowstone computing system required 227 

approximately 3 days of wall-clock time (using 528 processors) to complete one year of 228 

simulation. The solutions of the various component models are compared to measured quantities 229 

to evaluate the realism of these calculations.  230 

a. Atmosphere 231 

The diagnostics for the atmosphere model are the pressure reduced to sea level, the wind velocity 232 

at 10 m height above ground, air temperature at 2 m height, precipitation, surface energy fluxes 233 

and the surface radiation balance. These are the most relevant quantities for coupling to the 234 

ocean, ice and land. We compare these fields to those of ERA-I. The global reanalysis will be 235 

very close to observations for fields referred to as “Class A” by Kalnay et al. (1996) that are 236 

strongly constrained, such as surface pressure. For “Class C” fields such as precipitation and 237 

sensible heat flux, reanalysis values are not directly constrained and will depend upon the model 238 

used for the assimilation. This limits quantitative evaluations. Nevertheless, ERA-I provides 239 

realistic Class C fields for comparison.    240 
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The simulated multi-year (1999-2010) average sea level pressure (Fig. 2a) displays 241 

characteristics of ERA-I (Fig. 2b) in the Southern Hemisphere, including the strong zonally-242 

symmetric pattern north of 60°S, the circumpolar trough between 60-70°S, and higher pressure 243 

in the subtropics. The pressure in the trough has a wave number three pattern with the lowest 244 

pressure 979 hPa over the Ross Sea. This deep low migrates westward to the Amundsen Sea 245 

during summer (not shown). The low over the Indian Ocean near 90°E is about 1 hPa too deep 246 

and perhaps 10° east of its position in the reanalysis. Because the Antarctic Plateau is at high 247 

altitude, sea level pressure (a derived quantity) may not reflect the true horizontal surface 248 

pressure gradient over the continent, and thus is not shown. 249 

The average 10-m wind velocity (Fig. 3a) has the expected strong westerlies over 40-60°S which 250 

provide the driving force for the ACC. Over Antarctica, the katabatic surface winds are 251 

downslope and turned to the left by the Coriolis force. The winter (June-July-August) mean 252 

(1999-2010) katabatic winds (Fig. 3b) not only clearly show the downslope drainage pattern but 253 

also show how these winds extend offshore over the ocean. Over the Ross Ice Shelf, stronger 254 

winds occur toward the southern and western edges. The winter average 2-m temperature over 255 

the high East Antarctic Plateau (Fig. 3b) show very cold air as the source of these flows. Wind 256 

speeds of 10-15 m s
-1

 are seen along the escarpment of East Antarctica and near the 257 

Transantarctic Mountains. Over the Antarctic continent the annual-average near-surface 258 

atmospheric temperature agrees well with climatological fields (e.g., Briegleb and Bromwich 259 

1998a). A strong gradient occurs over the coastal escarpment, especially over East Antarctica. 260 

There the temperature difference between the upper and lower sections of the escarpment can 261 

exceed that associated with the adiabatic lapse rate. 262 
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Annual-average precipitation for 1999-2010 (Fig. 4) is a stricter diagnostic for the atmospheric 263 

model, and it compares well to that from ERA-I. Spectral nudging maintains the larger scale 264 

structure of the atmosphere, but does not directly constrain the atmospheric water content that 265 

contributes to precipitation. The area shown in Fig. 4 is reduced from the model domain as 266 

precipitation near the boundaries is impacted by the specified boundary condition of zero 267 

precipitation at the edge of the WRF domain. Less than 10 cm of water-equivalent precipitation 268 

falls over interior East Antarctica, while interior West Antarctica receives more precipitation 269 

with typical values of 10-20 cm. A narrow maximum is also found on the western side of the 270 

Antarctic Peninsula (Fig. 4b). Over 400 cm falls near the windward side of southern South 271 

America. ACCIMA produces more precipitation than ERA-I over the Pacific Ocean for 50-60°S 272 

and over the Antarctic coastal waters of the Indian Ocean.  273 

Realistic precipitation is critical for maintaining ocean stratification and providing freshwater to 274 

coastal ocean in areas such as the west side of the Antarctic Peninsula. Precipitation minus 275 

evaporation (P-E) is a key input to the ocean, and ERA-I produces estimates of precipitation for 276 

the Southern Ocean near the average of modern reanalyses and less than the Global Precipitation 277 

Climatology Project (Bromwich et al. 2011). The zonal mean difference between ACCIMA and 278 

ERA-I for precipitation, evaporation, and P-E over interior Antarctic latitudes are small (Fig. 5).  279 

ACCIMA simulates 4-6 cm yr
-1

 more precipitation and P-E, while the evaporation/sublimation 280 

difference is very small. Over the Southern Ocean latitudes, ACCIMA simulates more 281 

precipitation than ERA-I by up to 15 cm yr
-1

 which is balanced, however, by increased 282 

evaporation in ACCIMA so that P-E is just 4-7 cm yr
-1

 larger for 65-75°S. North of 60°S, the 283 

evaporation difference exceeds that of precipitation, and P-E is less in ACCIMA than that of 284 

ERA-I. Generally, the differences are small so precipitation results are encouraging for the 285 
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coupled model. In summary, ACCIMA captures the basic pattern of an arid Antarctica with 286 

precipitation generally increasing to the north over the ocean. The model is able to reproduce the 287 

large-scale precipitation structure based only on the moisture content at the lateral boundaries. 288 

The surface shortwave radiation is important for surface heating over land and the ocean and is 289 

strongly influenced by the atmospheric model’s cloud processes. Furthermore, over 90% of the 290 

incident shortwave radiation will be absorbed in the mid-latitude ocean, whereas over 80% is 291 

reflected at the Antarctic Ice Sheet, maintaining the strong meridional structure to Southern 292 

Hemisphere climate. Over the Southern Ocean, observed cloudiness is extensive limiting the 293 

shortwave radiation that reaches the surface. However, the Coupled Model Intercomparison 294 

Project version 3 (CMIP3) models were found to simulate excessive absorbed shortwave 295 

radiation at the top of the atmosphere in these latitudes, implying excessive incident shortwave 296 

radiation at the ocean surface (Trenberth and Fasullo 2010). The modeled representation of 297 

clouds were implicated as a leading factor. For ACCIMA, summer-average shortwave radiation 298 

(Fig. 6a) is large at the model boundaries and over interior Antarctica and lower between (45-299 

60°S) due to persistent cloudiness over the extratropical ocean, especially over the Pacific and 300 

Indian Oceans. At polar latitudes, more shortwave radiation occurs over the Atlantic sector 301 

compared to the Pacific. 302 

In contrast, the annual-average incident longwave radiation (Fig. 6b) is zonally symmetric with 303 

the minimum (less than 100 W m
-2

) shifted to the high plateau of East Antarctica. Downward 304 

flux at the coast is typically 200 W m
-2

 and increases to about 300 W m
-2

 at 60°S. Even though 305 

cloudiness should be greatest over the ocean storm tracks, the incident longwave radiation 306 

generally increases north of the storm track. Absorbed shortwave radiation and outgoing 307 

longwave radiation at the top of model atmosphere (not shown) are similar to earlier satellite-308 
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based estimates (e.g., Briegleb and Bromwich 1998b). Incident radiation fields can also be 309 

compared to ERA-I; however, the accuracy of these fields over the Southern Ocean is unknown. 310 

Recent comparison of ERA-I to Arctic stations, however, typically show small negative biases 311 

for longwave radiation and summer shortwave radiation (Aaron Wilson, personal 312 

communication 2014).  313 

The ACCIMA – ERA-I difference for various surface fluxes (Fig. 7) illustrates the important 314 

differences between these models. South of 55°S, ACCIMA summer incident shortwave 315 

radiation is 10-20 W m
-2

 larger than that of ERA-I, while annual-average longwave radiation has 316 

much smaller positive differences. Thus, the simulated incident shortwave may be too large in 317 

approximately the same latitudes where Trenberth and Fasullo (2010) noted a positive absorbed 318 

shortwave bias for global models. The increased incident shortwave radiation in ACCIMA will 319 

be mostly reflected over the Antarctic Ice Sheet and sea ice, but is likely to be important for the 320 

summer open-ocean. Annual average sensible heat flux (Fig 8a) is generally negative (heat flux 321 

from the atmosphere to the ice surface) over Antarctica, moderately positive (20 W m
-2

) over the 322 

open-ocean, and largest over the mid-latitude continents (60 W m
­2

). The annual-average latent 323 

heat flux (Fig. 8b) is negative or near zero over Antarctica, moderately positive in the regions of 324 

seasonal sea ice, and larger than the sensible heat flux (40-60 Wm
-2

) in regions of year-round 325 

open ocean. In comparison to ERA-I, the latent and sensible fluxes are just slightly larger (0-5 W 326 

m
-2

) over Antarctic latitudes in ACCIMA (Fig. 7). They tend to be 5-10 W m
-2

 larger over the 327 

Southern Ocean, perhaps in balance with larger incident shortwave and longwave radiation in 328 

ACCIMA. The ocean is thus a source of heat to the atmosphere almost everywhere and the land 329 

is a small heat sink for the atmosphere. In summary, the atmospheric fields for the ACCIMA 330 

coupled-model simulation during years 1999-2010 display realistic atmospheric behavior.  331 
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b. Ocean 332 

There are a number of observational constrained diagnostics that indicate that the ocean model 333 

for this domain is behaving realistically. These include sea surface temperature (SST), volume 334 

transport at Drake Passage, location of ACC fronts, surface kinetic energy, temperature structure 335 

and volumes of water in different temperature and salinity classes. The SST averaged over 1999-336 

2010 has the expected zonal pattern (Fig. 9) with latitudinal excursions due to the underlying 337 

flow and cold temperatures in the polar gyres in the Ross and Weddell Seas.  338 

The volume transport of the ACC at Drake Passage is a diagnostic of the wind forcing and 339 

stratification. The observed transport (Cunningham et al. 2003) is estimated to be 134 ± 11 Sv (1 340 

Sv = 10
6
 m

3
 s

-1
). For this model simulation, the transport is higher than observed (a mean of 341 

about 170 Sv, Fig. 10), but excess ACC transport is a persistent problem in coarse resolution 342 

ocean models (Meijers et al. 2012). There is an increasing trend in the transport in the first 5 343 

years which could be due to adjustment to initial conditions. 344 

Another stiff diagnostic of the Southern Ocean is the location of the frontal jets that are an 345 

integral part of the ACC. The mean sea surface height (SSH) is a good proxy for the steady 346 

streamfunction for the Southern Ocean. The historical location of ACC fronts (Orsi et al. 1995) 347 

are used to calculate an average SSH value for each front (Sallée et al. 2008). Those heights are 348 

compared to historical front locations (Fig. 11). The ACC is well simulated in the Amundsen and 349 

Bellingshausen Seas where its southern boundary, which is associated with the surfacing of the 350 

warm UCDW, is next to the shelf break allowing warm water access to the shelf and the base of 351 

the ice shelves. The agreement between model and observations is good except in the Indian 352 
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Ocean sector (near Kerguelen Plateau) where the southern boundary extends too far to the south 353 

and there are some differences between the location of the Polar front. 354 

The model surface kinetic energy (KE) can be compared to estimates obtained from surface 355 

speed estimates from satellite observations of surface elevation (AVISO, Volkov and Pujol 2012 356 

or www.aviso.oceanob.com/duacs) and the use of geostrophy. Mean surface KE (figure not 357 

shown) matches well in location and is close in magnitude, as is expected from the mean SSH 358 

(Fig. 11). The surface eddy kinetic energy (EKE) is calculated in the model from the difference 359 

of the surface flow at each grid point from the monthly mean surface flow, and then averaged 360 

over the 12 year simulation. The EKE peak values (figure not shown) are about one fifth of the 361 

estimated values, and the area of higher EKE is smaller in the model. This result is not too 362 

surprising given the 20 km grid spacing in the ocean model (Hallberg and Gnanadesikan 2006) 363 

as well as the fact that the model simulation only saves monthly mean results. Both of these 364 

factors will cause model surface EKE to be smaller than observations. 365 

A volumetric TS analysis reveals the volume of water in different ranges of temperature (T) and 366 

salinity (S). T classes are between -3°C and 10°C with intervals of 0.1°C, while S classes range 367 

from 33 to 35 in steps of 0.01 PSU. This resolution for the TS analysis is comparable to the 368 

global analysis by Worthington (1981). 369 

The TS census is calculated from the monthly averaged model solution at the beginning of the 370 

simulation (January 1999) and at the end of the simulation (January 2010) for the Antarctic water 371 

masses (T and S ranges, Fig. 12a,b). The CSIRO Atlas of Regional Seas (CARS) climatology 372 

(Ridgeway et al. 2002, www.cmar.csiro.au/cars/) is used to compare to these ocean results. The 373 

volumetric census for the CARS climatology (Fig. 12c) has the general character as those from 374 
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the model with two differences that stand out. There is considerably more near-freezing water in 375 

the model compared to the climatology, and this water is saltier than observed. In addition, there 376 

is abundant water around -0.5°C with salinity above 34.7 which is not observed. The difference 377 

between the model and CARS census at the beginning of the simulation (January 1999) shows 378 

that the model is too salty by 0.1 PSU at temperatures above 3°C (figure not shown). At 379 

temperatures below 2°C, the surface water is a bit fresh and the deeper water is a bit salty (by 380 

0.05 PSU). The implication is that deep and bottom waters in the model are a bit salty. This 381 

difference remains unchanged throughout the 12 year simulation (figure not shown). 382 

Two vertical temperature sections are chosen for comparison between the model and CARS. The 383 

30°E section (Fig. 13) extends through the Weddell Sea where dense water is formed (a cold-384 

water shelf) while the 135°W section (Fig. 14) is through the Bellingshausen Sea where warm 385 

water intrudes onto the shelf (a warm-water shelf). The differences at 30°E section are clearest 386 

near the bottom at 60°S where the bottom water is colder than observed. It is also saltier and 387 

hence denser. This difference is traced to the shelf where excess freezing on the shelf is 388 

liberating too much salt. A contributing factor could be that the water that cascades from the 389 

shelf does not mix sufficiently as it moves down the continental slope. Similar difficulties with 390 

excessive cooling on Antarctic shelves and too-salty Antarctic Bottom Water occur in coupled 391 

climate models (Danabasoglu et al. 2012) due to the delicate balance of ocean, atmosphere and 392 

sea-ice exchanges. 393 

The model sections at 135°W compare better to the CARS climatology (Fig. 14). The initial 394 

temperature structure (Fig. 14a) matches well with the climatology (Fig. 14c) although the warm 395 

water (UCDW) at 500 m depth is eroded in the model. By the end of the simulation (Fig. 14b), 396 
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the intruding UCDW (500 m depth south of 60°S) is reduced but the remainder of the 397 

temperature structure is comparable to the climatology. 398 

The total heat content over the continental shelf is a diagnostic for the potential to melt ice 399 

shelves (since ice shelves are not explicitly included in the model). Antarctic shelf areas are 400 

defined (for this calculation) as places that are less than 630 m deep and south of 60°S. For each 401 

of these locations and for each month, the total heat content is obtained by vertically integrating 402 

the heat content above surface freezing (T = -1.88°C) between 105 m depth and the bottom. 403 

These values of integrated heat content are average over 10° longitude bins around the Antarctic 404 

continent (Fig. 15). 405 

Over most of the Antarctic coast between 0° and 160°E longitudes, there is a clear seasonal 406 

change in heat content (Fig. 15), driven by surface heating and cooling along with deeper mixed 407 

layers or vertical convection. Between 180° and 300°E longitude, the presence of warm water on 408 

the shelf is evident in the increased heat content, with the warmest conditions in the 409 

Bellingshausen Sea (250 to 280°E). Over the 12 years of this simulation, the heat content on the 410 

shelf declines, but there is no trend in the ocean surface heat flux. A possible explanation for this 411 

loss of heat is that the ocean loses more heat to the atmosphere in the winter than is replaced by 412 

sufficient exchange of warm water (CDW). A second possibility is that the water that is being 413 

exchanged onto the Antarctic shelves is colder than it should be, and so it flushes the warm water 414 

from the shelf. The temperature section at 135°W (Fig. 14) has water near the shelf break that is 415 

as much a 1°C colder than should be according to the climatology (particularly towards the end 416 

of the simulation).  417 
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The SST is an important driver of atmospheric dynamics so it is important to compare the model 418 

SST to observations. The CARS climatology provides one estimate of SST, although for a single 419 

time which misses the seasonal cycle expected for high southern latitudes. The difference in 420 

model SST from CARS is calculated at every model saved time (monthly). The pattern of 421 

difference for each month (figures not shown) have similar patterns with positive differences 422 

from 70
o
S to 60

o
S and negative differences north of 55

o
S and along the Antarctic coastal areas. 423 

There is no change in the SST difference over the span of the simulation. A mean across all 424 

months (figure not shown) is a compact way to see this pattern and compensates for the missing 425 

seasonal variability in CARS.  The model SST is about 0.5
o
C too cold north of the ACC and 426 

about the same amount too warm over the ACC. Surface temperature in coastal areas is about 427 

correct in the mean.  428 

Some coupled global simulations (CCSM4, for example) have oceans with lower than observed 429 

temperatures (Danabasoglu et al. 2012) which are attributed to excess heat loss through the upper 430 

atmosphere. In this Southern Ocean model, the differences in surface temperature are attributable 431 

to biases in the atmospheric radiation through inaccuracies of simulated cloud properties. Excess 432 

or insufficient incident radiation leads to warmer or colder SST. Bottom water in the model is 433 

too cold (Fig. 13) which is due to excess heat loss on the Antarctic shelves.  434 

c. Sea Ice 435 

The sea ice climatology and variability provide a stiff test of the coupled system, depending 436 

critically on accurate simulation of the oceanic stratification and atmospheric temperature and 437 

precipitation, which are not well constrained by the lateral boundary conditions or nudging of the 438 

upper atmosphere. The simulated March minimum and September maximum in sea-ice 439 
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concentration (Fig. 16) compare well to National Snow and Ice Data Center (NSIDC, Fetterer et 440 

al. 2002) composites based on satellite microwave measurements. Sea ice extent, the area of sea 441 

ice with concentration greater than 15%, also compares well to model results (Fig. 17) with the 442 

growth and decay of sea ice being well represented. The seasonal and interannual progression of 443 

total sea-ice extent is accurately represented, but there is a low bias during the summer months. 444 

The maximum sea ice extent matches observations to within 2 million square km or less (about 445 

10%), most of the error being a matter of timing (Fig. 17b), as the model develops ice slightly 446 

later than indicated by observations. The minimum sea ice extent in the model has too little ice 447 

by about 2 million square km which is about half of the sea ice extent at minimum (Fig. 17b), 448 

and this could be due to the excess summer surface shortwave radiation. 449 

In summary, the coupled model system accurately reproduces the climatology and variability of 450 

the observed Antarctic climate system.  The large domain allows for a fully coupled simulation 451 

of the entire Southern Ocean, as in global climate models, but with the fine scale structure of 452 

limited area models needed to ultimately simulate basal melt rates. 453 

3. Discussion 454 

The ultimate focus of the ACCIMA project is on heat delivered to Antarctic ice shelves which 455 

lead to changes in basal melt. Because this model does not have active ice shelves, we calculate 456 

the heat content of ocean water on these continental shelves and analyze how this heat content 457 

changes. The heat content varies considerably in different regions (Fig. 15), and primarily 458 

reflects the temperature of the ocean water offshore of the shelf break which is able to intrude 459 

onto the shelf. The warm shelf areas in the model have decreased heat content (Fig. 15). 460 
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There are two mechanisms that remove heat from the shelf: Exchange with the atmosphere and 461 

exchange with the offshore ocean. Without doing a detailed heat budget, the following analysis 462 

indicates that the major exchange mechanism depends on the atmosphere. The total heat content 463 

in the ocean over the continental shelves is calculated. The shelf areas are identified as before as 464 

areas south of 60
o
S no deeper than 630 m. The total heat content (J m

-2
) of the shelf is calculated 465 

(integrated from the surface to the bottom) for each month and averaged over all shelf grids. The 466 

change in heat content between each month is the heat flux (W m
-2

) required to accomplish the 467 

change. The monthly average surface heat flux between the ocean and atmosphere is available in 468 

the model output. 469 

The heat exchange with the atmosphere is very close to the change in heat content (Fig. 18) 470 

indicating that the atmosphere (and surface radiation fluxes) are the major process accounting for 471 

the ocean temperature change over the shelf. During the summer months, the surface flux 472 

accounts for ¾ or more of the observed heat content change. In the winter, there is more surface 473 

flux (loss) than observed heat change, although the differences are not large. The difference (red 474 

line in Fig. 18) in the surface heat flux and the monthly heat content change is an estimate of the 475 

average heat flux across the shelf break. The mean heat flux is about 25 W m
-2

; there is no trend 476 

in this flux across the 12 years of simulation.  477 

4. Summary and Conclusions 478 

The ACCIMA project has developed a regional coupled atmosphere/ocean/land/sea ice model 479 

that is applied to the Southern Ocean and continental Antarctica. The motivation for the study is 480 

the need to understand the mass balance of the ice sheet and floating ice shelves of Antarctica, a 481 

critical input to projections of global sea-level change. Mesoscale processes acting in the ocean, 482 
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atmosphere, and on land, which are not directly represented in most climate models, are known 483 

to be important in heat exchange at polar latitudes. The grid spacing of the ACCIMA model (60 484 

km for the atmosphere and land, and 20 km for the ocean and sea ice) is smaller than is used in 485 

typical coupled climate simulations to better represent regional physical processes. 486 

Coupled simulations have been run for 1999-2010 driven by the ERA-I global atmospheric 487 

reanalysis and climatological conditions around the northern boundary of the ocean. The 488 

atmosphere model develops very realistic wind patterns over the continent and near the Antarctic 489 

coast in response to land topography. SST develops a realistic pattern compared to observations 490 

but tends to be a bit warm in the south and cold in the north, perhaps due to biases in the surface 491 

radiation fluxes. Sea ice is well represented in both timing and coverage in the model but has a 492 

somewhat low ice extent during the summer, possibly linked to excessive incident shortwave 493 

radiation. Ocean circulation and water characteristics compare well with observations. Heat 494 

content over the Antarctic shelves, which is one major source of glacial melt, has a realistic 495 

pattern but declines over the 12 years of the simulation. Further investigation is required to 496 

isolate the cause. The main focus of the ACCIMA project is to better understand heat transport 497 

onto the continental shelves. We are now pursuing coupled simulations with a higher resolution 498 

ocean (10 km grid spacing) and atmosphere (20 km) to improve the realism of the simulation and 499 

better capture mesoscale processes in both the atmosphere and ocean.  Preliminary results 500 

suggest a significant improvement in ocean EKE in particular, as expected. Additional physics 501 

enhancements, especially for cloud processes, are desirable and are being pursued. A more 502 

detailed analysis of the role of the atmosphere and ocean in transporting heat onto the continental 503 

shelf is also planned, with additional focus on the vertical structure of heat transport.  In 504 

particular, basal melt at the grounding line depends on the heat transport at depth.   505 
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Figure Captions 749 

Figure 1. Model domain. The heavy black line is the outer boundary of the ACCIMA model 750 

domain. The colored lines are the historical locations of the ACC fronts (Orsi et al. 1995): 751 

Subtropical (outer red), Subantarctic (green), Polar (blue), Southern ACC (cyan), and Southern 752 

ACC boundary (inner red) . Green areas are land. The light gray lines are depth contours (1000, 753 

3000 and 5000 m). Geographic locations are indicated by letters; RS=Ross Sea, WS=Weddell 754 

Sea, BS=Bellingshausen Sea, AS=Amundsen Sea, PIG=Pine Island Glacier, VL=Victoria Land 755 

and WAIS is the West Antarctic Ice Sheet. 756 

Figure 2.  Annual mean seal level pressure (hPa) during 1999-2010 for (a) ACCIMA and (b) 757 

ERA-Interim (ERA-I). Contour interval is 3 hPa. 758 

Figure 3.  ACCIMA average 10-m wind vectors during 1999-2010 for (a) annual average 759 

showing the entire domain and (b) winter (June, July and August) average near Antarctica. Color 760 

shading is the 2-m air temperature (K). Every 2nd vector is displayed. 761 

Figure 4.  Annual-average precipitation (cm) during 1999-2010 for (a) ACCIMA, and (b) ERA-762 

I. 763 

Figure 5.  Zonal-mean ACCIMA – ERA-I differences (cm yr
-1

) for the hydrologic terms 764 

precipitation, evaporation/sublimation, and the net difference precipitation minus evaporation 765 

during 1999-2010. 766 

Figure 6.  Incident radiative fluxes (W m
-2

) at the surface for (a) summer (DJF) shortwave and 767 

(b) annual-average longwave during 1999-2010 for ACCIMA. 768 
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Figure 7.  Zonal-mean ACCIMA – ERA-I difference fluxes (W m
-2

) at the surface during 1999-769 

2010 for annual-average sensible and latent heat fluxes and incident annual-average longwave 770 

and DJF shortwave radiation. 771 

Figure 8.  Annual-mean (a) sensible and (b) latent heat fluxes (W m
-2

) during 1999-2010 for 772 

ACCIMA. 773 

Figure 9.  Annual mean sea surface temperature (K) during 2004-2008. Land areas are colored 774 

gray. 775 

Figure 10. Volume transport (Sv) at Drake Passage at monthly intervals. Observed value is 776 

134±11Sv (Cunningham et al.  2003). 777 

Figure 11.  Mean sea surface height (SSH) over the interval 1999 to 2010.  Climatological front 778 

locations (blue, Orsi et al. 1995) for the Subantarctic, Polar and southern boundary of the ACC 779 

are compared to the best fit SSH contour (red) for each front.  780 

Figure 12.  The total volume of water (units of 1000 km
3
) for T and S classes with intervals of 781 

0.1°C and 0.01 PSU, respectively, for the ocean. (a) At the beginning of the simulation (January 782 

1999) and (b) at the end of the simulation (January 2010). (c) The CARS climatology for 783 

comparison. 784 

Figure 13.  Vertical section for temperature at 30°E extending from the continent to 50°S. (a)  785 

January 1999, (b) January 2010, and (c) CARS climatology. The contour interval is 0.5°C from 786 

­1 to 1°C. Additional contours are at 2, 5 and 9°C. 787 
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Figure 14. Vertical section for temperature at 135°W extending from the continent to 50°S. (a) 788 

January 1999, (b) January 2010, and (c) CARS climatology. The contour interval is 0.5°C from 789 

­1 to 1°C. Additional contours are at 2, 5 and 9°C. 790 

Figure 15.  Total heat content for each month for locations south of 60°S with depths less than 791 

635 m over a depth range of 105 m to the bottom. Heat content is integrated over 10° longitude 792 

bins. 793 

Figure 16.  Sea ice concentration (fraction) for (a) March (lowest coverage) and (b) September 794 

(highest coverage) averaged for 1999-2010. 795 

Figure 17.  Sea ice extent (total area of ice concentration more than 15%) for each month over 796 

the 12 year simulation. (a) Model results are blue; observed (Fetterer et al. 2002) is red. (b) 797 

Difference between the model sea ice extent and observations. 798 

Figure 18. Area-averaged surface heat flux (solid line) and heat content change (dashed line) for 799 

shelf areas (defined as model cells south of 60
o
S with depths less than 630 m). The difference 800 

(red line) is an estimate of heat exchange across the shelf break. 801 
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Figure 1. Model domain. The heavy black line is the outer boundary 

of the ACCIMA model domain. The colored lines are the historical 

locations of the ACC fronts (Orsi et al. 1995): Subtropical (outer 

red), Subantarctic (green), Polar (blue), Southern ACC (cyan), and 

Southern ACC boundary (inner red) . Green areas are land. The light 

gray lines are depth contours (1000, 3000 and 5000 m). Geographic 

locations are indicated by letters; RS=Ross Sea, WS=Weddell Sea, 

BS=Bellingshausen Sea, AS=Amundsen Sea, PIG=Pine Island 

Glacier, VL=Victoria Land and WAIS is the West Antarctic Ice 

Sheet. 



Figure 2.  Annual-mean seal level pressure (hPa) during 1999-2010 for (a) ACCIMA and (b) ERA-Interim (ERA-I). 

Contour interval is 3 hPa. 

a b 



Maximum Vector Maximum Vector 

Figure 3.  ACCIMA average 10-m wind vectors during 1999-2010 for (a) annual average showing the entire domain and (b) winter 

(June, July and August) average near Antarctica. Color shading is the 2-m air temperature (K). Every 2nd vector is displayed. 

a b 



Figure 4.  Annual-average precipitation (cm) during 1999-2010 for (a) ACCIMA, and (b) ERA-I. 

a b 



Figure 5.  Zonal-mean ACCIMA – ERA-I differences (cm yr-1) for the hydrologic terms precipitation, 

evaporation/sublimation, and the net difference precipitation minus evaporation during 1999-2010. 



Figure 6.  Incident radiative fluxes (W m-2) at the surface for (a) summer (DJF) shortwave 

and (b) annual-average longwave during 1999-2010 for ACCIMA. 

a b 



Figure 7.  Zonal-mean ACCIMA – ERA-I difference fluxes (W m-2) at the surface during 1999-2010 for annual-average 

sensible and latent heat fluxes and incident annual-average longwave and DJF shortwave radiation. 



Figure 8.  Annual-mean (a) sensible and (b) latent heat fluxes (W m-2) during 1999-2010 for ACCIMA. 

a b 



Figure 9.  Annual-mean sea surface temperature (K) during 

2004-2008. Land areas are colored gray. 



Figure 10.  Volume transport (Sv) at Drake Passage at monthly intervals. Observed value is 134±11Sv 

(Cunningham et al.  2003). 



Figure 11. Mean sea surface height (SSH) over the interval 1999 

to 2010.  Climatological front locations (blue, Orsi et al. 1995) 

for the Subantarctic, Polar and southern boundary of the ACC 

are compared to the best fit SSH contour (red) for each front.  



Figure 12.  The total volume of water (units of 1000 km3) for T and S classes with intervals of 0.1°C and 0.01 PSU, 

respectively, for the ocean. (a) At the beginning of the simulation (January 1999) and (b) at the end of the simulation 

(January 2010). (c) The CARS climatology for comparison. 

b c a 



Figure 13.  Vertical section for temperature at 30°E extending from the continent to 50°S. (a)  January 1999, (b) January 

2010, and (c) CARS climatology. The contour interval is 0.5°C from 1 to 1°C.  Additional contours are at 2, 5 and 9°C. 

b c a 



Figure 14.  Vertical section for temperature at 135°W extending from the continent to 50°S. (a) January 1999, (b) January 

2010, and (c) CARS climatology. The contour interval is 0.5°C from 1 to 1°C. Additional contours are at 2, 5 and 9°C. 

b c a 



Figure 15.  Total heat content for each month for locations south of 60°S with depths less than 635 

m over a depth range of 105 m to the bottom. Heat content is integrated over 10° longitude bins. 



Figure 16.  Sea ice concentration (fraction) for (a) March (lowest coverage) and (b) September (highest coverage) 

averaged for 1999-2010. 
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Figure 17.  Sea ice extent (total area of ice concentration more than 15%) for each month over the 12 year simulation. (a) Model 

results are blue; observed (Fetterer et al. 2002) is red. (b) Difference between the model sea ice extent and observations. 

b a 



Figure 18.  Area-averaged surface heat flux (solid line) and heat content change (dashed line) for shelf areas (defined as model 
cells south of 60oS with depths less than 630 m). The difference (red line) is an estimate of heat exchange across the shelf break. 
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