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ABSTRACT

We use a global climate model to study the effect of flattening the orogra-

phy of the Antarctic Ice Sheet on climate. A general result is that the Antarc-

tic continent and the atmosphere aloft warm, while there is modest cooling

globally. The large local warming over Antarctica leads to increased outgo-

ing longwave radiation, which drives anomalous southward energy transport

towards the continent and cooling elsewhere. Atmosphere and ocean both

anomalously transport energy southward in the Southern Hemisphere. Near

Antarctica, poleward energy and momentum transport by baroclinic eddies

strengthens. Anomalous southward cross-equatorial energy transport is asso-

ciated with a northward shift of the inter-tropical convergence zone. In the

ocean, anomalous southward energy transport arises from a slowdown of the

upper cell of the oceanic meridional overturning circulation and a weakening

of the horizontal ocean gyres, causing sea ice in the Northern Hemisphere to

expand and the Arctic to cool. Comparison with a slab ocean simulation con-

firms the importance of ocean dynamics in determining the climate system

response to Antarctic orography. We conclude by briefly discussing the rele-

vance of these results to climates of the past and to future climate scenarios.
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1. Introduction25

Antarctica is among the largest plateaus on Earth, and its ice cover (and, consequently, surface26

orography) has fluctuated dramatically even while it has occupied its polar position. In this study,27

we investigate how the orography of the Antarctic Ice Sheet (AIS) influences the Earth’s climate28

system. We use a coupled atmosphere, ocean, land, and sea ice model (i.e., fully-coupled) to29

study how local and remote responses to orography removal are facilitated through energy balance30

requirements and global teleconnections.31

While the Antarctic continent assumed its polar position nearly 100 million years before present32

(mya), the initial glaciation of Antarctica occurred over the Eocene-Oligocene boundary (34 mya,33

see Lear et al. 2000; Zachos et al. 2001). This glaciation was concurrent with the isolation of the34

continent as the Drake passage opened and circumpolar ocean flow commenced (Kennett 1977),35

suggesting a strong association between ocean circulation and the AIS from the start. On the other36

hand, others have contested the role of Drake passage opening in initiating Antarctic glaciation37

(Zhang et al. 2011; Goldner et al. 2014). A decrease in atmospheric CO2 levels and changes38

in orbital parameters that favored cooler Southern Hemisphere (SH) summers are other factors39

that may have contributed to this initial glaciation (DeConto and Pollard 2003). Over the past 540

million years, paleoclimatological proxy evidence (Scherer 1991; Lisiecki and Raymo 2005) and41

modeling studies (Pollard and DeConto 2009) suggest that the West Antarctic Ice Sheet has been42

particularly sensitive to changes in orbital parameters and fluctuations in atmospheric greenhouse43

gas concentrations (see also the review by de Q. Robin 1988, and references therein).44

In general, surface orography can affect the local angular momentum balance of the atmosphere,45

altering the winds at the surface and aloft, the jet and mid-latitude storm track, and climate vari-46

ability. Steering by orography affects the position of major atmospheric features, including arid47
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zones and monsoonal circulations (Manabe and Terpstra 1974; Hahn and Manabe 1975; Manabe48

and Broccoli 1990). Following the pioneering study of Manabe and Terpstra (1974), many en-49

suing studies have further investigated climate responses to midlatitude orography, including that50

due to the Andes (Ehlers and Poulsen 2009; Sepulchre et al. 2009; Poulsen et al. 2010; Feng and51

Poulsen 2014), Himalayas (Ruddiman and Kutzbach 1989; Boos and Kuang 2010; Kitoh et al.52

2010; Xu et al. 2010), and Rockies (Ruddiman and Kutzbach 1989; Seager et al. 2002; Takahashi53

and Battisti 2007). The climate impact of the orography from the Laurentide and Fennoscandian54

Ice Sheets at the Last Glacial Maximum has also been studied extensively, starting with Manabe55

and Broccoli (1985).56

Many modeling studies have simulated past (and future) climates in which the orography of the57

AIS has been (or is projected to be) substantially lower than at present. Goldner et al. (2014)58

used a coupled GCM with an Oligocene-Eocene configuration of continents, sea level, and solar59

insolation to study the initial glaciation of Antarctica 34 mya. They found that a modest decline60

of CO2 that, in turn, initiated the expansion of land ice over Antarctica (thereby raising both61

orography and albedo), was sufficient to invigorate the ocean circulation and cause the dramatic62

changes in ocean hydrography, surface winds, and deep water formation as seen in paleo-proxy63

data. Opening of the Drake Passage or Tasman Gateway, on the other hand, did not produce such a64

similar rapid reorganization of the ocean circulation and hydrography. Knorr and Lohmann (2014)65

used GCM time-slice experiments to study the Middle Miocene transition 13 mya, which was66

characterized by global cooling and expansion of the AIS to nearly its present-day volume. They67

found that on 100,000-year timescales, the response of their model’s winds, surface temperature,68

sea ice, and ocean circulation due to AIS expansion alone was consistent with paleo-proxy data.69

Only on million-year timescales and longer was atmospheric CO2 drawdown necessary in their70

model to cause the global cooling seen in paleo-proxy data.71
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These and other paleoclimate modeling studies provide interesting insights on the impact of72

AIS orography on the Earth climate system, and suggest that AIS orography may affect the ocean73

circulation. Nevertheless, while these studies do isolate the effect of lowered orography on the74

climate system, they do so in climate states that are vastly different from that of the present-day,75

particularly in terms of continental geography, ocean basin configurations, orbital parameters, and76

greenhouse gas concentrations.77

On the other hand, a few studies have considered the impact of AIS orography on global climate78

in atmosphere-only GCMs (AGCMs) without such confounding factors. Several of these found79

enhanced poleward energy transport with lowered AIS orography (Mechoso 1981; Parish et al.80

1994; Walsh et al. 2000; Ogura and Abe-Ouchi 2001), enhanced poleward momentum transport81

(Mechoso 1980, 1981; Parish et al. 1994; Simmonds and Law 1995; Walsh et al. 2000), decreased82

cyclogenesis over the Southern Ocean (Mechoso 1980, 1981; Simmonds and Law 1995; Walsh83

et al. 2000), and a weakening and poleward shift of the region of maximum baroclinicity (Mechoso84

1980, 1981; Parish et al. 1994; Simmonds and Law 1995; Quintanar and Mechoso 1995; Walsh85

et al. 2000). While most of these studies used prescribed SSTs, Ogura and Abe-Ouchi (2001)86

showed that the local atmospheric circulation response to removing Antarctic orography tends87

to be similar but weaker when an AGCM is coupled to a mixed-layer ocean compared with the88

same AGCM run with prescribed SSTs. Further, the significant surface wind response found in89

all of these experiments, given the sensitivity of Southern Ocean circulation and Antarctic sea ice90

to surface wind forcing, motivates further study of this problem using models that can capture91

dynamical coupling with the ocean.92

As far as we know, Justino et al. (2014) is the only study that has isolated the climate impact93

of AIS orography in a fully-coupled GCM in a climate state similar to that of the present-day.94

However, the results of Justino et al. (2014) are surprising. Unlike many previous studies that have95
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linked increased poleward energy transport with flattening of the AIS (e.g. Mechoso 1981; Parish96

et al. 1994; Walsh et al. 2000; Ogura and Abe-Ouchi 2001), Justino et al. (2014) found that the97

poleward energy transport in the SH decreased when the AIS was lowered by 25%. It is unclear98

whether this major discrepancy can be attributed to the use of a fully-coupled GCM by Justino99

et al. (2014), or if this difference is due to the greater topography retained in Justino et al. (2014)100

compared to previous studies.101

In this study, we isolate the climate impact of lowering AIS orography in both a fully-coupled102

GCM and a companion model with a mixed-layer only (slab) ocean. Our strategy allows us to103

investigate the important role of ocean dynamics on the climate response to lowering the AIS.104

As expected, we find that lowering the AIS (while leaving the surface albedo unchanged) results105

in local surface warming of Antarctica. In addition, we find a range of remote effects on winds at106

the surface and aloft, equatorial precipitation, the ocean’s meridional overturning and surface gyre107

circulations, and sea ice in both hemispheres. We find that the scope of these global changes can be108

understood in terms of energy balances maintained by oceanic and atmospheric energy transports.109

2. Experimental Setup110

To explore the climate impact of lowering AIS orography, we performed a fully-coupled simula-111

tion using the Community Climate System Model 4.0, CCSM4 (Gent et al. 2011). The atmosphere112

component has a finite-volume dynamical core, a horizontal resolution of 1.9°× 2.5°, and 26 ver-113

tical levels. The horizontal grid of the land component is the same as that of the atmosphere. The114

ocean and sea ice lie on a nominally 1° resolution displaced-pole grid, with the north pole sin-115

gularity centered within Greenland. The ocean eddy parameterization is a Gent and McWilliams116

(GM) form (Gent and Mcwilliams 1990), with the GM coefficient varying in space and time (Dan-117
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abasoglu et al. 2012). The sea ice is fully thermodynamic and dynamic (Hunke and Lipscomb118

2008).119

As a baseline for comparison, we use a pre-industrial control simulation with the CCSM4 run at120

the same resolution (hereafter referred to as C) in which ozone, carbon dioxide and other green-121

house gases, volcanic constituents, and solar insolation are all held fixed at pre-industrial levels122

(see Table 1). The experimental Flat Antarctic run (hereafter referred to as FA) was branched from123

C at year 700 and had all parameters set as in C, but with the orography of Antarctica replaced124

by one in which the elevation is 10% of the original (present-day) value (see Figure 1 for the el-125

evation anomaly). Surface albedo and orography standard deviation are unchanged. We ran FA126

for 230 years to near equilibrium such that upper and deep ocean temperature trends in FA were127

statistically indistinguishable from those in C (referred to hereafter as quasi-equilibrium). Results128

are presented as annual climatologies of the final 30 years of the simulations (years 900–929 for129

C and 200–229 for FA). The net annual top-of-atmosphere flux imbalance in the climatologies130

is 0.13 W/m2 for FA and 0.05 W/m2 for C. All quantities are annual means, unless otherwise131

noted. All zonal averages only include points that lie above the model surface; no extrapolation at132

pressure levels below the surface is performed. Transient co-varying quantities are computed as133

a′b′ = ab−a b , (1)

where () is the monthly mean. Statistical significance of the difference in climatologically aver-134

aged quantities in FA and C is computed using the student’s T-test with 29 degrees of freedom.135

The variance is estimated from a 300-year time series of C.136

We isolate the role of ocean dynamics in the climate response to lowering the AIS by comparing137

results from fully-coupled C and FA simulations to results from a pair of runs where we replace the138

ocean GCM with a slab ocean model (known hereafter as SOM). All other model components are139
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otherwise identical. The control and flat Antarctic experiments with the SOM (known hereafter140

as CSOM and FASOM, respectively) differ from one another only in their AIS surface orography,141

with the same surface orography anomaly in FASOM as in FA. In both SOM runs, the ocean energy142

transport flux convergence field (often called q-flux) was prescribed to be annually periodic but143

spatially heterogeneous from a monthly climatology derived from C (Bitz et al. 2012). Results are144

presented as climatologies of the final 30 years of 60-year runs, which can be considered to be at145

equilibrium.146

We present the response to lowering AIS as the anomaly FA minus C in §3a through §3e. The147

role of ocean dynamics is investigated by comparing FA minus C with FASOM minus CSOM in148

§3f.149

3. Results150

a. Temperature Response and Energy Balance151

The local response to lowering AIS orography is a strong surface warming over most of East152

Antarctica and a mixed pattern of warming and cooling over West Antarctica. Remote surface153

cooling away from the AIS dominates the global mean surface temperature, however, which de-154

creases by 0.3 °C (see Figures 2a and 2b). In the zonal mean, the atmosphere above the AIS warms155

from the troposphere to the stratosphere, while cooling over the Southern Ocean and in the North-156

ern Hemisphere (NH) high latitudes remains confined to the surface and mid-troposphere (Figure157

2c).158

At top-of-atmosphere (TOA), the outgoing longwave radiation (OLR) increases substantially159

over the AIS (Figure 3a), driven by a temperature increase at the effective radiating level; this result160

is similar to that described by Ogura and Abe-Ouchi (2001). Although the AIS surface albedo is161
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prescribed as that for a glaciated surface irrespective of elevation, the TOA absorbed shortwave162

(ASW) increases over the AIS because the warmer and deeper (by way of greatly increased surface163

pressure) atmosphere has much more precipitable water (not shown). Overall, the OLR increase164

wins out, and a larger amount of energy is lost to space over the AIS in FA. Partitioning the165

energetic fluxes between clear-sky and all-sky conditions shows that the TOA radiation anomalies166

over the AIS are predominantly clear-sky. While an increase in low clouds plays a minor role in167

enhancing the OLR anomaly and diminishing the ASW anomaly, the TOA net radiative response168

due to clouds is modest (< 10 % of the total anomaly in the zonal mean). The enhanced energy169

loss to space over the continent implies that there must be anomalous southward energy transport170

(as shown in Figure 4a).171

The increased greenhouse effect of the warmer and deeper atmosphere increases the down-172

welling longwave (LW) radiation over the AIS (south of 60° S). The warming at the surface is173

unable to offset this effect and the net upward LW radiation decreases sharply (Figure 3b). The174

surface ASW decreases, though by a smaller amount, due to increased atmospheric absorption.175

An increase in the (upward) sensible heat flux balances these surface radiative changes.176

Enhanced cooling to space over the AIS in FA drives anomalous southward energy transport in177

both atmosphere and ocean in the SH (Figure 4a). This increase in southward energy transport178

near 60° S is a source of dynamical warming that augments the simple adiabatic warming due to179

lowering the AIS. The positive slope of the total energy transport anomaly from 60° S to 40° N180

(Figure 4a) implies dynamical cooling throughout these latitudes.181

The partitioning of the total energy transport anomaly between the ocean and atmosphere varies182

with latitude. In the SH high and middle latitudes, the atmosphere dominates, while the ocean183

transports most of the energy northward of 20° S. The direction of the atmospheric energy transport184

anomaly reverses around 20° N. Note that atmospheric and total energy transports are calculated185

9



implicitly, with total energy transport computed from integrating (in latitude) the net TOA energy186

fluxes, and atmospheric energy transport computed by integrating the difference between the TOA187

and surface energy fluxes. The oceanic energy transport is computed directly as a global integral188

of vθ , where v is the meridional ocean velocity and θ is the potential temperature.189

Southward atmospheric energy transport increases primarily due to increasing southward dry190

static energy (DSE) transport at all latitudes south of 20° N, with latent heat (LH) transport op-191

posing the atmospheric energy transport anomaly at most latitudes (Figure 4b). LH transport192

anomalies are northward from 65° S to 45° S, and from 20° S to 10° N; the former suggests both193

a northward shift in the midlatitude storm track and a decrease in poleward eddy moisture trans-194

port (due to decreased specific humidity with cooler temperatures north of 60° S, and a decreased195

meridional specific humidity gradient with strong warming over the AIS), while the latter suggests196

a northward shift in the rising branch of the Hadley circulation. Indeed, the response of the SH197

storm track and Hadley circulation is also evident in the global precipitation response (Figure 10),198

which we address further in §3e.199

b. Atmospheric Circulation Response200

Lowering the AIS alters the SH atmospheric circulation, which is evident in the zonal wind field201

(Figure 5a). In FA, both the polar vortex and eddy-driven jet (at 65° S in the lower stratosphere and202

55° S in the upper troposphere, respectively, in C) weaken on their poleward sides, the low-level203

easterly winds south of 65° S de-accelerate, and the surface and mid-tropospheric westerlies from204

60° to 65° S accelerate slightly. These upper level zonal wind responses are particularly strong in205

austral winter. At the surface, westerly winds decrease to the north and increase to the south of206

60° S (Figure 5b), decreasing the wind stress curl over the Southern Ocean.207
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Eddy-driving of zonal wind changes are assessed using the transformed Eulerian mean frame-208

work, where the effect of eddies on the mean flow is analyzed using the spherical form of the209

quasi-geostrophic Eliassen-Palm (E-P) flux ~F (see Edmon et al. 1980; Holton 1992) given by210

~F = acosφ

(
−u′v′,

f0R
N2H

v′T ′
)

, (2)

where u′v′ is the meridional flux of zonal momentum by transient eddies, v′T ′ is the meridional211

flux of sensible heat by transient eddies, f0 is the Coriolis parameter, R is the gas constant for dry212

air, N2 is the Brunt-Vaisala frequency, and H is the atmospheric scale height, a is the radius of the213

Earth, and φ is the latitude. Figure 5c shows the effect of lowering the AIS on the E-P flux vectors,214

and Figure 5d shows the effect on the horizontal component of the E-P flux (i.e., the meridional215

flux of zonal momentum by eddies). A strong increase in the E-P flux convergence is evident at216

the poleward edge of the eddy-driven jet (near 60° S), consistent with its weakening (Figure 5c).217

Figure 5d suggests that much of this increase in the E-P flux convergence is due to a decrease in the218

meridional eddy momentum flux convergence. Similarly, the increase in the E-P flux divergence219

south of 65° S is mostly due to a decrease in the meridional eddy momentum flux divergence. The220

E-P flux divergence is negative here in C (not shown), which tends to decelerate the mean flow221

in this region; in FA, this convergence is reduced, resulting in a modest increase in the westerly222

winds here (Figure 5a).223

The absence of katabatic flow in FA helps weaken the SH eddy-driven jet. When the AIS224

is high, katabatic winds over Antarctica are down-slope (gravity-driven) flows that arise from225

strong pressure gradients created by surface radiative cooling; the easterly component arises from226

the need to balance surface drag with the Coriolis force (Parish and Waight 1987). When the227

AIS is lowered, katabatic flow ceases (Figure 5a), and the accompanying westerly momentum228

transfer from the solid earth to atmosphere above the AIS halts. As a result, northward momentum229
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transport by atmospheric eddies near Antarctica is no longer required to balance the atmosphere’s230

angular momentum budget (Figure 5d), and the SH eddy-driven jet weakens on its poleward side.231

The absence of katabatic flow in FA also explains the mixed pattern of warming and cooling232

over West Antarctica in FA (Figure 6a). We define a temperature tendency due to katabatic winds233

as234

dT
dt
≡

~V ·∇p
ρ0R

, (3)

where ~V is the surface velocity, ∇p is the climatological surface pressure gradient, ρ0 is reference235

air density, and R is the gas constant for dry air. This katabatic tendency results from adiabatic236

compression of air parcels transported by the surface wind in the direction of the surface pressure237

gradient. Equation (3) describes a cooling tendency in FA (compared to C) that is strongest near238

the AIS edge where the gradient of the orography is largest (Figure 6b). The competing effect239

is warming with elevation loss at the dry adiabatic lapse rate (Figure 6c). Adiabatic warming240

dominates everywhere except over low-lying regions in West Antarctica where the difference in241

elevation between FA and C is small but where katabatic flows in C are substantial.242

c. Decomposing the Atmospheric Dynamical Response243

To understand why southward atmospheric energy transport increases in the SH with lowering244

of the AIS, we evaluate changes in atmospheric transient eddy activity. In FA, eddy kinetic energy245

(EKE) increases in the troposphere south of 30° S (Figure 7a). The largest increase in eddy activity246

is over the Antarctic continent (south of 65° S), a finding which agrees with the results of Mechoso247

(1981), Parish et al. (1994), Simmonds and Law (1995), and Walsh et al. (2000): while lowering248

the AIS decreases the rate of cyclogenesis over the Southern Ocean, it permits storms to form249

and intensify over the Antarctic continent itself and increases the average lifetime of storms at250
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all latitudes (Mechoso 1981; Walsh et al. 2000). The latter effects dominate over the former, and251

poleward energy transport by atmospheric eddies increases, as seen in FA.252

Enhanced cyclogenesis over the continent is made possible by enhanced baroclinic instabil-253

ity. Walsh et al. (2000) re-formulated the baroclinic instability criterion of the two-layer quasi-254

geostrophic model (see Holton 1992) from pressure levels to sigma levels in order to compare255

baroclinicity in experiments with varying AIS orography. On sigma levels, the criterion for baro-256

clinicity can be written as257

B≡ 2λ 2UT

β
> 1 , (4)

where UT is the vertical wind shear, β is the rate of change of the Coriolis parameter with latitude258

(with a correction for sigma coordinate conversion), and λ is the characteristic eddy wavelength259

as determined by the static stability,260

λ
2 ∼ θ

∂θ/∂σ
. (5)

The wind shear and the characteristic eddy wavelength are both evaluated at the σ = 0.5 vertical261

level. For further details on the quasi-geostrophic two-layer model and derivation of the instability262

criterion on σ -levels, see Holton (1992) and Walsh et al. (2000).263

Figure 7b shows that B increases over the AIS, particularly over East Antarctica, and decreases264

over the Southern Ocean, particularly over the marginal ice zone around the continent. Neverthe-265

less, regions in which B decreases in FA are also regions in which B is already large, and such266

decreases in B are not substantial enough to suppress instability. Overall, a larger area satisfies the267

baroclinic instability criterion B > 1 in FA.268

As expected from increased baroclinicity over much of the AIS, Figure 7c shows that the south-269

ward sensible heat flux by atmospheric eddies (v′T ′) increases in FA. The increase is most pro-270

nounced on the southern flank of the climatological storm track, where v′T ′ doubles in FA, com-271
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pared to C. Overall, the southward sensible heat flux by eddies increases at all latitudes south272

of 30° S. In Figure 7c, we show the change in eddy heat transport on sigma coordinate levels273

(σ = p/ps) in order to highlight how surface-focused this anomaly is. The greater surface pres-274

sure in FA than in C permits eddies to transport more energy poleward (recall Figure 4a) as there275

is more atmospheric mass through which baroclinic instability can act.276

While EKE increases in the SH troposphere, EKE decreases in the stratosphere at the poleward277

edge of the polar vortex (Figure 7a), suggesting that both decreased stratospheric wave driving278

and increased diabatic heating play a role in weakening the polar vortex (Haynes et al. 1991).279

Deceleration of the polar vortex in FA is consistent with a decreased pole-to-equator temperature280

gradient (recall Figure 2c) since vertical wind shear must decrease by thermal wind balance.281

d. Ocean Circulation and Sea Ice Response282

Significant changes in surface winds in FA (Figure 5b) suggest that AIS orography may be283

influential in shaping the ocean circulation and its energy transport. In fact, changes in surface284

wind stress account for changes in the wind-driven gyre circulation in FA that weaken northward285

energy transport by the ocean (Figure 4a). Over the Atlantic, slowing surface westerlies (not286

evident in the zonal mean winds shown in 5a and 5b) cause the upper branch of the subtropical287

gyre to move southward, the Gulf Stream to weaken, and the subpolar gyre to weaken (Figure288

8a), resulting in an equator-ward shift of the North Atlantic Drift and a decrease in ocean energy289

transport into the North Atlantic (Figure 8c). Slowing and equatorward contraction of the surface290

westerlies is consistent with the significant NH cooling in FA (Chen et al. 2008).291

The global oceanic meridional overturning circulation (MOC), whose streamfunction is shown292

in Figure 8b, also transports less energy northward in FA (Figure 8c). The upper cell of the293

MOC weakens over most latitudes and depths while the deep cell strengthens below 1500 m (see294
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Marshall and Speer 2012, for a review of the upper and lower cells), consistent with less cross-295

equatorial energy transport by the ocean (and in agreement with Figure 4). As a consequence, the296

NH mid- and high- latitudes cool, and Arctic sea ice, which depends sensitively on ocean energy297

transport (see Bitz et al. 2005), expands.298

Sea ice, in fact, expands in both hemispheres (shown for the SH and NH in Figure 9a and 9c,299

respectively), although the effect is larger and more ubiquitous in the NH than the SH. In the SH,300

the sea ice thins and expands non-uniformly about Antarctica, with the sole region of contraction301

in the Weddell sector. In the NH, the sea ice expands into the Greenland Sea, Bering Sea, Barents302

Sea, and south of Greenland. The decrease in ocean energy transport into the northern North303

Atlantic is dominated by weakening of the Atlantic meridional overturning circulation.304

The surface westerly winds strengthen south of 60° S over the sea ice in the Southern Ocean305

(Figure 5b). The resulting enhanced westerly momentum transfer to the ocean causes northward306

Ekman transport around the Antarctic margin; in such an ice-covered region, this momentum307

transfer also results in northward and eastward Ekman drift of sea ice (the turning angle of sea308

ice is approximately 45° relative to the direction of the wind, as described by Lepparanta 2011).309

As a consequence, Antarctic sea ice expands in most sectors (Figure 9a) (Hall and Visbeck 2002).310

Although sea ice expands and surface buoyancy loss increases, the deep cell weakens (above 1500311

m) because the wind stress curl over the Southern Ocean decreases (Figure 5a), inhibiting Ekman312

suction of deep waters at the σ = 27.6 kg cm−3 isopycnal (Marshall and Speer 2012).313

e. Precipitation Response314

Figures 10a and 10b show that precipitation increases over the AIS while it decreases over the315

Southern Ocean, the latter a result of the mid-latitude storm track shifting northward. The Inter-316

Tropical Convergence Zone (ITCZ) also shifts northward (Figure 10a), which may be surprising317
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given the decrease in temperature difference between the NH and SH (called the “interhemispheric318

temperature anomaly” in Friedman et al. 2013). However, the ITCZ shift is consistent with the319

need to balance TOA radiative energy loss over the AIS. Similar explanations that emphasize320

energetics driving ITCZ shifts have been offered by Chiang and Bitz (2005), Cheng et al. (2007),321

Kang et al. (2008), and Frierson and Hwang (2012). The northward ITCZ shift in our study is322

associated with an anomalous southward cross-equatorial flow in the upper troposphere, which323

facilitates anomalous southward cross-equatorial energy transport by the atmosphere.324

The ITCZ shift also introduces a small, but significant, anomalous freshwater flux into the equa-325

torial Atlantic of 0.01 Sv (shown in Figure 10b), slowing the upper cell of the MOC (shown in326

Figure 8b) and facilitating anomalous southward energy transport by the ocean (a mechanism327

described by Rahmstorf 1996). The shifting SH midlatitude storm track and its associated precip-328

itation anomaly, on the other hand, are too far south and too weak to contribute significantly to329

slowing the MOC.330

f. Isolating the Role of Ocean Dynamics331

In order to understand the role of ocean dynamics in the climate response to lowering the AIS,332

we compare the response in FASOM to that in FA. In FASOM, no adjustment of ocean energy333

transport is permitted, so only the atmospheric energy transport may respond to TOA energy per-334

turbations. Nonetheless, the local climate response to lowering AIS orography is similar in FA335

and FASOM, with strong warming over the AIS and mild cooling over the Southern Ocean. The336

remote response, on the other hand, particularly that at the equator and the NH high latitudes, is337

significantly different in FA and FASOM, which we describe below.338

Because the SOM cases were run to equilibrium, there can be no difference between the annual339

mean net surface heat flux in FASOM and CSOM. As a result, the anomalous atmospheric energy340
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transport anomaly in FASOM is also the total energy transport anomaly. This transport anomaly341

resembles the total energy transport anomaly in FA, but is smaller in magnitude from 60° N to 60°342

S (Figure 4a). As for FA, the total energy transport response in FASOM offsets the TOA radiative343

cooling over the AIS, resulting in a warmer troposphere above Antarctica but a cooler one globally.344

The southward energy transport anomaly in FASOM is significantly greater than the atmospheric345

component of the energy transport anomaly in FA from 30° N to 30° S, which corresponds to346

greater precipitation anomalies in the subtropics and tropics over all three ocean basins (see Fig-347

ure 10a through 10c, and Figure 4b). The total cross-equatorial atmospheric energy transport348

anomaly, which is associated with the ITCZ shift and altered Hadley circulation, is about twice349

as large in FASOM as in FA. The magnitude of the tropical and subtropical atmospheric response350

must be larger in FASOM to satisfy global energy balance in the absence of ocean energy trans-351

port anomalies. The larger ITCZ shift in FASOM relative to FA is also consistent with a larger352

northward shift in the equatorial SST maximum in FASOM (see Figure 2b).353

Long-range teleconnections between the lowered AIS and the NH high latitudes are also me-354

diated by ocean dynamics. In the Arctic, surface temperature cooling in FA is greater than 2°C355

in the zonal average, while it is less than 1°C in FASOM (see Figure 2b). The larger surface356

temperature response in FA is due to expanding sea ice (Figure 9c); in FASOM, where the sea357

ice does not expand (Figure 9d), the surface temperature response is muted significantly. Sea ice358

expansion in FA is driven by decreased ocean energy transport into the northern high latitudes due359

to decreased transport by horizontal gyre and (especially) overturning circulations (Figure 8). In360

FASOM, where oceanic energy transport is held fixed, NH sea ice expansion and cooling do not361

occur as they do in FA.362
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4. Discussion363

In undertaking this work, our objectives have been two-fold: (1) to understand how the global364

climate responds to lowering the AIS, and (2) to understand how incorporating ocean dynamics365

impacts this global climate response. By studying these climate impacts using a fully-coupled366

GCM, we have been able to capture the global extent of how the climate system responds to367

lowering the AIS; by comparing the response in a fully-coupled GCM to one in a GCM with a368

slab ocean, we have been able to pinpoint how coupling between the ocean and atmosphere shapes369

the way the global climate system responds.370

We have shown that lowering the orography of the AIS has both local and global climatic con-371

sequences. While the surface and atmospheric column above the AIS warm, there is modest372

cooling over the Southern Ocean and globally. These temperature changes accompany a cessation373

of katabatic winds over the AIS, a weaker polar vortex, a slower jet, an equator-ward shift of the374

mid-latitude storm track, an expansion of the sea ice in both hemispheres, and a northward shift375

of the ITCZ. In the NH, northward energy transport by the oceanic MOC and wind-driven gyres376

decreases, and the Arctic cools. Globally, an increase in southward energy transport offsets higher377

TOA energy loss over the warmed AIS.378

Figure 11 summarizes some of the energetic mechanisms at play in FA and FASOM, and il-379

lustrates the importance of atmosphere-ocean coupling in determining the cross-equatorial energy380

transport response to lowering the AIS. In both FA and FASOM, an increase in the OLR over381

the AIS prompts a net southward energy transport anomaly, which is of similar magnitude in the382

SH mid- and high- latitudes. The slowing of the global MOC in FA causes anomalous southward383

cross-equatorial energy transport by the ocean, which permits less anomalous southward cross-384
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equatorial energy transport by the atmosphere, leading to a significantly weaker ITCZ shift in the385

case with a dynamical ocean response.386

In the FA case the ocean response provides some of the southward energy transport needed to387

offset the higher TOA energy loss over the AIS. Thus, the atmospheric energy transport in FA388

responds not only to the TOA radiative cooling over the AIS, but it also “compensates” for the389

ocean energy transport anomaly. Compensation is seen in a variety of GCMs (e.g., Frierson et al.390

2007; Enderton and Marshall 2009), and is an expected result since the meridional distribution of391

TOA fluxes depends only weakly on the climate state (Stone 1978). However, the compensation392

is imperfect in our study since the total energy transport is different between the FA and FASOM393

cases; specifically, the total energy transport anomaly is more southward at all latitudes in FA394

compared to FASOM.395

The deviations from perfect compensation can be understood by considering the atmospheric396

energy transport anomaly spreading the TOA and surface energy flux anomalies to other regions, a397

framework that has been used to explain energy transport changes with global warming in midlat-398

itudes (Hwang and Frierson 2010) and high latitudes (Hwang et al. 2011). The weakened oceanic399

MOC in the FA simulation causes an anomalous surface heat flux into the atmosphere between 60°400

S and 20° S, while there is an anomalous surface heat flux into the ocean between 50° N and 70°401

N (shown in Figure 3b). The atmosphere responds by transporting much of the energy away, but402

radiates some to space locally. The latter leads to the lack of perfect compensation. Furthermore,403

some of the surface heat flux anomaly is due to vertical mixing and diffusion (in either the atmo-404

sphere or ocean) that is unrelated to horizontal energy transport, which also results in imperfect405

compensation.406

Overall, our results agree with other AGCM and paleoclimate studies that have explored how the407

climate system responds to lowering the AIS. Ogura and Abe-Ouchi (2001) showed that flattening408
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AIS orography causes remote dynamical cooling; similarly, Knorr and Lohmann (2014) found409

remote dynamical warming when AIS elevation was increased. Other AGCM studies have found410

enhanced poleward energy and momentum transports when the AIS is flattened (e.g., Mechoso411

1981; Simmonds and Law 1995; Quintanar and Mechoso 1995; Walsh et al. 2000).412

Enhanced southward energy transport when the AIS is lowered is a common result in AGCM413

studies with prescribed SSTs or slab oceans, including those of Mechoso (1981), Quintanar and414

Mechoso (1995), Simmonds and Law (1995), Walsh et al. (2000), and Ogura and Abe-Ouchi415

(2001). As shown by Ogura and Abe-Ouchi (2001), this anomalous energy transport arises to416

accommodate the greater TOA energy loss over the AIS. Indeed, the magnitude of the increase417

in southward energy transport associated with removing AIS topography reported by Ogura and418

Abe-Ouchi (2001) is approximately 0.25 PW, which is nearly identical to that in our FASOM419

experiment. All of these studies concur that the enhanced southward energy transport is accom-420

plished by baroclinic eddies.421

We have also shown that the most remote response to lowering the AIS, the cooling of the Arctic422

and expansion of sea ice therein, is mediated by decreased ocean energy transport into the northern423

high latitudes. Neither the ocean cross-equatorial energetic response nor the cooling of the Arctic424

are possible in the results of Mechoso (1981), Parish et al. (1994), Simmonds and Law (1995),425

Quintanar and Mechoso (1995), and Ogura and Abe-Ouchi (2001) because these modeling studies426

do not incorporate ocean and sea ice dynamics. While the results of these earlier studies are not427

incorrect, they are incomplete because they do not take into account the ocean’s ability to transport428

energy differently in response to changes in surface energy balance brought about by the dynamic429

atmosphere response.430

Why do SH eddies transport more energy poleward when the AIS is lowered, despite the re-431

duction in the SH meridional temperature gradient and vertical wind shear? In our study, we find432
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that the static stability (dθ/dz) decreases over the AIS, and that this decrease has a greater impact433

on baroclinicity than the decrease in wind shear. As a result, a greater area over the AIS satisfies434

the baroclinic instability criterion, permitting atmospheric eddies to grow and persist closer to the435

pole. These findings are similar to those of Walsh et al. (2000), who also found that baroclinically436

unstable regions expanded over the AIS when orography was removed. Furthermore, we note437

that SH atmospheric eddies are much more effective at transporting DSE poleward when the AIS438

is lowered since the surface pressure is much higher. Overall, eddies have a deeper atmospheric439

column through which to transport energy when the AIS is lowered; as a result, more energy is440

fluxed southward towards the AIS, offsetting the increase in OLR there and satisfying the required441

energy balance.442

While our findings qualitatively agree with those of earlier AGCM and paleoclimate studies, they443

are at odds with those of Justino et al. (2014), the only other study to have considered the impact444

of AIS orography reduction in a fully-coupled model without confounding factors. Justino et al.445

(2014) found that southward atmospheric energy transport decreased when the AIS was lowered446

by 25%. In their case, an increase in high clouds over the lower AIS decreased TOA OLR and447

decreased overall cooling over the AIS. None of the earlier AGCM studies found such an increase448

in high clouds to counteract enhanced radiative cooling over the warmer AIS. Furthermore, we449

find the cloud response in our experiments has only a minor impact on the TOA radiative flux450

anomaly. While we cannot rule out the increase in high clouds found by Justino et al. (2014),451

there is also no compelling reason to expect it should dominate the outcome.452

Our findings suggest that lowering the AIS, in the absence of changes in greenhouse gases or453

other parameters, could result in modest global cooling, a counter-intuitive result. The lowering454

of the AIS could act as a negative (stabilizing) feedback on anthropogenic climate change. Simi-455

larly, Knorr and Lohmann (2014) found that growth of the AIS acts as a negative feedback on its456
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own expansion through wind and ocean circulation changes that tended to result in modest global457

warming. We find that the magnitude of the negative feedback associated with AIS collapse, how-458

ever, is modest, and would likely be difficult to detect against the background of changes required459

to cause such a catastrophic loss of the AIS (as well as the concurrent meltwater flux associated460

with such a loss).461

The purpose of this study is to isolate the effect of flattening AIS orography on climate from462

the effect of other major changes (such as decreased albedo over the AIS, increased freshwater463

fluxes into the Southern Ocean, and global sea level rise) that would doubtlessly accompany it.464

We do not aim to replicate climates of the past or future, and, as such, this is not a paleoclimate465

study; instead, we aim to isolate and study a single element of these climates, the impact of a466

negative orographic anomaly over the Antarctic continent, and, by doing so, to gain insight into467

the workings of the climate system.468

Finally, it is important to note the limitations of this study. First, while our fully-coupled exper-469

imental run may be considered to be near equilibrium, we point out that the deep ocean requires470

thousands of years to adjust fully to a perturbation, and it is possible that the equilibrium response471

to AIS lowering may differ significantly from that analyzed here. For example, Danabasoglu and472

Gent (2009) show that for CO2-doubling in a fully-coupled model, the surface flux imbalance is473

still at 0.75 W m−2 at year two hundred, approximately one-fifth of the total flux imbalance intro-474

duced by the CO2 forcing. While the TOA flux imbalance in FA is only 0.13 W m−2 at year two475

hundred, we cannot rule out further changes in the ocean circulation and energy partitioning that476

alter the atmospheric response. On the other hand, while we have considered the quasi-equilibrium477

response to lowering the AIS, the transient response is also of interest and is left for future work.478

Furthermore, we have neither accounted for the different continental margins that would result if479

the AIS were to melt, nor accounted for the effects of meltwater on sea surface height and oceanic480
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static stability, nor the decreased surface albedo over the AIS with melting. We speculate that de-481

creased surface albedo over the AIS and an anomalously positive freshwater flux over the Southern482

Ocean would likely increase the importance of the dynamical mechanisms we have described in483

this study. A lower albedo over Antarctica would enhance warming at the surface and aloft lo-484

cally, while increased freshwater input into the Southern Ocean would augment remote cooling485

by enhancing SH sea ice growth (via increased stability of the ocean mixed layer, which would486

decrease the entrainment and upwelling of warmer waters from below). Despite these caveats, the487

results presented herein are significant to the study of climate dynamics and the response of the488

climate system to high latitude orography. Our study also elucidates the dynamics of past climates489

in which the AIS was lower or absent, and may be relevant to future climates with a lower AIS.490

5. Conclusions491

In this study, we have explored how AIS orography impacts the climate system. The high AIS492

orography of the present climate keeps Antarctica very cold and dry, and decreases TOA cooling;493

removing AIS orography, conversely, warms Antarctica at the surface and aloft, increases OLR494

over the continent, and enhances TOA cooling. As a result, southward energy transport towards495

Antarctica increases, with dynamical warming in the vicinity of the AIS but dynamical cooling496

over the rest of the globe.497

Both atmospheric and oceanic processes contribute to increased southward energy transport. In498

the vicinity of the lowered AIS, the atmosphere is deep and permits baroclinic instability over a499

larger area, so eddies transport more DSE and zonal momentum southward. At the equator, more500

energy is transported southward cross-equatorially by a northward shift in the rising branch of501

the Hadley Cell and a weakened oceanic MOC. In the NH high latitudes, decreased northward502

energy transport by the ocean cools the Arctic and allows sea ice to expand into the North Atlantic503
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and Pacific. Comparing the results from a fully-coupled experiment to those from a slab ocean504

experiment showed that atmosphere-ocean coupling is particularly important in determining the505

magnitude of the equatorial precipitation shift and the cooling of the Arctic.506

In summary, we have detailed how the global climate system responds when AIS orography507

is reduced in the absence of confounding factors, and have identified the dynamic mechanisms508

involved in this response. We have studied this problem in a fully-coupled GCM, and have isolated509

the role of ocean energy transport. Overall, the results of this study are relevant to understanding510

how the climate system adjusts to a perturbation, and, in particular, how the atmosphere and ocean511

dynamically interact to produce a new quasi-equilibrium climate state.512
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TABLE 1. Summary of preindustrial settings (solar insolation, greenhouse gas concentrations, and aerosol

forcing) used in all simulations.

659

660

Constituent Concentration or Value Notes

Total Solar Irradiance 1360.9 W/m2 mean of 1844 to 1856 irradiance

CO2 284.7 ppm

N2O 275.7 ppb

CH4 791.6 ppb

Aerosol Forcing -0.033 W/m2 equivalent aerosol forcing
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Fig. 1. Elevation anomaly, in meters, imposed over Antarctica in the FA and FASOM experiments,662

expressed as the difference FA - C. Contours are drawn from 500 m to 3000 m at intervals663
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FIG. 1. Elevation anomaly, in meters, imposed over Antarctica in the FA and FASOM experiments, expressed

as the difference FA - C. Contours are drawn from 500 m to 3000 m at intervals of 500 m.
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FIG. 2. Temperature response to lowering the AIS: (a) surface temperature in FA - C; (b) zonally-averaged

surface temperature in FA - C and FASOM - CSOM; (c) zonally-averaged atmospheric temperature in FA - C.

Stippled areas in the top and bottom panels indicate regions where the temperature anomaly is not statistically

significant at p < 0.05. Note that positive and negative anomalies have been scaled asymmetrically to make

negative anomalies more discernible.
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FIG. 3. Energetic response to lowering the AIS, expressed as the anomaly FA - C: (a) clear-sky (cs) and

all-sky outgoing longwave radiation (OLR), absorbed shortwave radiation (ASW), and net incoming radiation at

top-of-atmosphere; and (b) net upward longwave radiation (net up LW), net absorbed shortwave radiation (net

abs SW), upward sensible heat flux (up SH), upward latent heat flux (up LH), and net downward energy flux at

the surface. Note that all fluxes are reckoned positive upward except the SW and net anomalies.
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FIG. 4. Energy transport response to lowering the AIS (in PW), expressed as the anomaly FA - C or FASOM

- CSOM: (a) total, atmospheric, and oceanic northward energy transport response; and (b) breakdown of atmo-

spheric northward energy transport response into dry static energy transport (DSE T) and latent heat transport

(LHT).
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FIG. 5. Annually- and zonally-averaged momentum and zonal wind response to lowering the AIS: (a) zonal

wind (in m/s); (b) surface winds in FA - C and FASOM - CSOM; (c) E-P fluxes (in m2 s−2, arrows) in FA -

C, with zonal winds (contours) in C; and (d) eddy momentum flux u′v′ (in m2s−2); . In panels (a) and (d), the

contours depict the mean state C (with the zero contour thickened and negative contours dashed) and colors

depict the anomaly FA - C. In panel (a), stippled areas indicate regions where the anomaly is not statistically

significant at p < 0.05.
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FIG. 6. Surface temperature response in the vicinity of the AIS in FA - C: (a) surface temperature (in K); (b)

temperature tendency due to katabatic winds (in K day−1); and (c) temperature change (in K) expected from the

elevation change alone, assuming a dry adiabatic lapse rate.
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FIG. 7. Atmospheric eddy response to lowering the AIS: (a) annually-averaged eddy kinetic energy (EKE) (in

m2 s−2); (b) baroclinic instability criterion B as described in equation (4); and (c) eddy sensible heat transport,

v′T ′ (in K m s−1), computed on sigma levels. In all panels, contours depict the mean state in C, and the anomaly

FA - C is shown in colors.
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FIG. 8. Ocean dynamic response to lowering the AIS, with labelled contours depicting the mean state in C and

colors depicting the anomaly FA - C: (a) annually averaged barotropic streamfunction in Sv; and (b) annually-

averaged global ocean meridional overturning streamfunction in Sv, shown as a function of depth; isopycnal

flow has been removed by computing the streamfunction in potential density coordinates (σ ) and converting

to depth coordinates. The stippled areas in panel (a) indicate regions where the anomaly is not statistically

significant at p < 0.05. In panel (b), the anomaly is statistically significant at p < 0.05 over more than 90% of

the depth-latitude transect shown. Panel (c) displays the total change in Atlantic basin energy transport, and the

partitioning of this transport into gyre and mean meridional circulation (MMC) contributions.
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FIG. 9. Annually averaged sea ice response to lowering the AIS: (a) southern hemispheric sea ice fraction in

FA, expressed as FA - C; (b) southern hemispheric sea ice fraction in FASOM, expressed as FASOM - CSOM;

(c) northern hemispheric sea ice fraction in FA, expressed as FA - C; and (d) northern hemispheric sea ice

fraction in FASOM, expressed as FASOM - CSOM.
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FIG. 10. Annually averaged precipitation response (in mm/day) to lowering the AIS: (a) zonal mean, where

circles (hatches) indicate latitudes where the precipitation anomaly in FA (FASOM) is statistically significant

(p < 0.05); (b) FA - C, with stippled areas indicating regions where the anomaly is not statistically significant at

p < 0.05; and (c) as in (b) but for FASOM - CSOM.
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a 

b 

FIG. 11. Schematics summarizing the global energetic response to lowering the orography of Antarctica.

(a) In the case of the fully-coupled atmosphere and ocean (FA simulation), both the atmosphere and ocean

energy transport processes respond to the enhanced outgoing longwave radiation over Antarctica by increasing

southward energy transport. Cross-equatorial energy transport is accomplished by a northward shift in the ITCZ

and decreased transport by the upper cell of the oceanic MOC. (b) In the case of the (uncoupled) atmosphere

and slab ocean (FASOM simulation), the atmosphere must accomplish all the southward cross-equatorial energy

transport by shifting the ITCZ and the rising branch of the Hadley circulation northward more than it does in the

coupled case.
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