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Abstract 20 

 21 

The purpose of this study is to elucidate the individual and combined roles of thermodynamic 22 

and dynamical ocean-atmosphere coupling in the equilibrium global climate response to 23 

projected Arctic sea ice loss using a suite of experiments conducted with Community Climate 24 

System Model version 4 at 1° spatial resolution. The results highlight the contrasting spatial 25 

structures and partially compensating effects of thermodynamic and dynamic coupling. In 26 

combination, thermodynamic and dynamical coupling produce a response pattern that is largely 27 

symmetric about the equator, whereas thermodynamic coupling alone yields an anti-symmetric 28 

response. The latter is characterized by an inter-hemispheric sea surface temperature (SST) 29 

gradient, with maximum warming at high northern latitudes decreasing toward the equator, 30 

which displaces the Inter-tropical Convergence Zone (ITCZ) and Hadley Circulation northward. 31 

In contrast, the fully-coupled response shows enhanced warming at high latitudes of both 32 

hemispheres and along the equator; the equatorial warming is driven by anomalous ocean heat 33 

transport convergence and is accompanied by a narrow equatorward intensification of the 34 

northern and southern branches of the ITCZ. In both cases, the tropical precipitation response to 35 

Arctic sea ice loss feeds back onto the atmospheric circulation in middle latitudes via Rossby 36 

wave dynamics, highlighting the global interconnectivity of the coupled climate system. This 37 

study demonstrates the importance of ocean dynamics in mediating the equilibrium global 38 

climate response to Arctic sea ice loss.  39 
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1. Introduction 40 

 One of the most visible consequences of human-induced climate change is the melting of 41 

sea ice in the Arctic. Climate models project an almost complete loss of perennial Arctic sea ice 42 

cover by the end of this century or sooner, if current rates of greenhouse gas emissions continue. 43 

The disappearance of sea ice will profoundly alter the surface energy balance of the Arctic 44 

Ocean, as the highly reflective ice cover is replaced by darker open water (e.g., Serreze and 45 

Barry, 2011). Without the insulating effect of sea ice, the newly exposed warm surface waters 46 

will flux heat and water vapor into the overlying atmosphere, warming and moistening the lower 47 

troposphere (e.g., Screen and Simmonds, 2010). Winds will mix the excess heat and moisture 48 

southward over the adjacent continents, increasing temperature and precipitation at high latitudes 49 

(Deser et al., 2010). Northern land areas are also expected to experience a decrease in surface 50 

temperature variance (Screen et al., 2015a; Sun et al., 2015) and an increase in warm extremes 51 

(Screen et al., 2015b) as a result of Arctic sea ice loss.  52 

In addition to local thermodynamic effects, diminished Arctic sea ice cover will weaken 53 

the tropospheric westerly winds along the poleward flank of the jet stream in association with a 54 

reduced north-south temperature gradient due to enhanced lower tropospheric warming in the 55 

Arctic (Deser et al., 2010; Peings and Magnusdottir, 2014; Deser et al., 2015 (hereafter D15); 56 

Harvey et al., 2013; Harvey et al., 2015; Sun et al., 2015). Influences on the north-south 57 

meandering of the jet stream and associated synoptic activity including blocking events are less 58 

certain (Barnes, 2013; Screen and Simmonds, 2013; Cohen et al., 2014; Barnes and Screen, 59 

2014). In some regions, for example central Eurasia, Arctic sea ice loss may paradoxically lead 60 

to surface cooling as a result of an enhanced Siberian anticyclone (Mori et al., 2015; Sun et al., 61 

2015) which advects colder air from the northeast, outweighing the thermodynamically-induced 62 

warming from Arctic sea ice loss. 63 
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 While most of the climate impacts from Arctic sea ice loss are expected to occur at 64 

middle and high latitudes, recent work has shown that ocean-atmosphere coupling may extend 65 

the reach of these impacts into the tropics and southern hemisphere D15. The dynamical ocean 66 

response, in particular, plays a key role in communicating the effects of Arctic sea ice loss to the 67 

entire globe via a weakening of the northward oceanic heat transport. The resulting dynamically-68 

induced warming of the tropical oceans intensifies the Inter-tropical Convergence Zones (ITCZs) 69 

on their equatorward flanks, that in turn alters the mid-latitude atmospheric circulation via 70 

Rossby wave dynamics. In contrast, the thermodynamic air-sea coupled response to Arctic sea 71 

ice loss produces a very different tropical response, shifting the Hadley Circulation towards the 72 

northern hemisphere (NH). A similar thermodynamic coupled response to an extra-tropical 73 

thermal perturbation has been found in many idealized modeling studies (Chiang and Bitz, 2005; 74 

Kang et al., 2008; Frierson and Hwang, 2012; Friedman and Chiang, 2012; Cvijanovic and 75 

Chiang, 2013; Seo et al., 2014; Schneider et al., 2015). Although the fundamental role of ocean 76 

dynamics in the global coupled response to Arctic sea ice loss was implicated in D15, they did 77 

not investigate the global patterns and mechanisms of this response in detail. 78 

 The purpose of this study is to explicitly elucidate the role of ocean dynamics in the 79 

equilibrium climate response to Arctic sea ice loss beyond that in D15 using a new series of 80 

experiments conducted with a slab-ocean coupled model in which changes in sea ice and ocean 81 

dynamics are prescribed separately and in combination. The results of these experiments reveal 82 

that thermodynamic and dynamic ocean feedbacks have contrasting and largely compensating 83 

effects on the remote equilibrium climate response to Arctic sea ice loss. Although our study 84 

focuses on the specific problem of Arctic sea ice loss, the results may generalize to other types of 85 

climate perturbations.  86 
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The rest of this paper is organized as follows. The models, experimental strategy and 87 

design are provided in Section 2. Results are presented in Section 3. Key findings are discussed 88 

in Section 4. Conclusions are given in Section 5.  89 

 90 

2. Models and Experimental Design 91 

a. Overview of modeling strategy 92 

Our objective is to separate the roles of dynamical vs. thermodynamic ocean feedbacks in 93 

the equilibrium coupled climate response to projected late 21st century Arctic sea ice loss within 94 

a consistent modeling framework. To accomplish this goal, we use a two-step approach. First, we 95 

make use of the coupled model simulations presented in D15, each of which is forced with the 96 

same 21st century Arctic sea-ice loss but employs a different ocean model configuration 97 

(thermodynamic slab or full-depth dynamical ocean). The slab-ocean coupled model experiment 98 

isolates the thermodynamic component of the ocean’s response to Arctic sea ice loss, while the 99 

full-depth ocean coupled model experiment yields the sum of the thermodynamic and dynamical 100 

responses.  In our second step, we diagnose the ocean heat transport response to Arctic sea-ice 101 

loss from the full-depth ocean coupled model experiment. We then specify this change in ocean 102 

heat transport, in conjunction with 21st century Arctic sea-ice loss, to the slab-ocean coupled 103 

model. The similarity of the climate responses in this new slab-ocean experiment and the original 104 

full-depth ocean model experiment from D15 allows us to isolate the role of ocean dynamics 105 

using a consistent framework of the slab-ocean coupled model. Specifically, we obtain the role 106 

of ocean dynamics by subtracting the slab-ocean experiment forced with sea-ice loss alone from 107 

the one forced with ice loss plus ocean heat transport change. Details of the model configurations, 108 

experimental design, and late 21st century Arctic sea ice loss are given below. Additional 109 

information may be found in D15. 110 
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 111 

b. Model configurations 112 

The results in this study are based on simulations with the Community Climate System 113 

Model Version 4 (CCSM4) (Gent et al., 2001), a coupled ocean-atmosphere-land-cryosphere 114 

global climate model, configured to run with different representations of the ocean.  These are, in 115 

decreasing order of physical completeness: (1) a full-depth dynamical ocean model, the Parallel 116 

Ocean Program Version 2 (POP2); (2) a slab (mixed layer) ocean model; and (3) no interactive 117 

ocean: SSTs and sea ice are prescribed as a lower boundary condition for the atmosphere. All 118 

three use the same atmospheric model (Community Atmosphere Model version 4 - CAM4 - with 119 

a finite volume dynamical core) at a horizontal resolution of 0.90° latitude and 1.25° longitude 120 

and 26 vertical levels coupled to the same land model (Community Land Model version 4: 121 

CLM4) that shares the atmospheric model’s horizontal grid.  POP2 has a spatial resolution of 122 

1.14° longitude and variable in latitude (0.28° at the equator increasing to 0.66° at approximately 123 

60°N) and 60 vertical levels (20 in the upper 200m).  The experiments with the full-depth 124 

dynamical ocean model (FOM for short) include the CCSM4 dynamic–thermodynamic sea ice 125 

module that incorporates a subgrid-scale ice thickness distribution, energy-conserving 126 

thermodynamics and elastic–viscous–plastic dynamics (Holland et al., 2012).  127 

The experiments using the slab-ocean model (SOM) configuration of CCSM4, here 128 

termed CCSM4_SOM, employ a fixed-depth mixed-layer ocean model without dynamics in 129 

place of the FOM. The CCSM4_SOM uses spatially varying but constant-in-time (annual-mean) 130 

mixed layer depths (MLD) derived from the CCSM4 climatology; all other model components 131 

(including sea ice) are identical to those in the fully coupled configuration (Bitz et al., 2012).  A 132 

climatological monthly “Qflux” is specified to the CCSM4_SOM to represent the mean effects 133 
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of ocean heat transport on SST. Details of the Qflux and MLD specification are provided in 134 

Section 2d.    135 

The final configuration of CCSM4 used in this study is one in which only the atmosphere, 136 

land and thermodynamic sea-ice model components are active: SST and sea ice (concentration 137 

and thickness) are prescribed as monthly climatologies derived from the CCSM4_SOM 138 

simulations.  Details of the SST and sea-ice forcing for these simulations are provided in Section 139 

2e. 140 

 141 

c. Coupled full-depth ocean model experiments with constrained sea ice 142 

We make use of the FOM coupled experiments from D15 in which the seasonal cycles of 143 

Arctic sea ice concentration and thickness are controlled artificially through a longwave radiative 144 

flux (LRF) term applied to the sea-ice model only. The LRF formulation is designed to achieve 145 

Arctic sea ice conditions representative of the late 20th century (1980-1999) and late 21st century 146 

(2080-2099) as simulated by CCSM4 under historical and RCP8.5 radiative forcing, respectively. 147 

In both LRF experiments, radiative forcing conditions are held fixed at the year 2000 so that the 148 

response to sea ice loss, obtained by differencing the two simulations, can be isolated. These 149 

constrained-sea ice coupled model experiments are denoted ICE20_FOM and ICE21_FOM for 150 

the late 20th and late 21st century sea ice states, respectively (Table 1), and correspond to 151 

ICE_coupled_20 and ICE_coupled_21 in D15’s nomenclature. Each experiment is run for 360 152 

years: results presented here are based on averages over the last 260 years when the simulations 153 

have reached a quasi-equilibrium state (see D15).  A brief summary of the methodology used to 154 

control the sea ice in each experiment is given below; a full description may be found in D15.  155 

In both ICE20_FOM and ICE21_FOM, Arctic sea-ice concentration and thickness are 156 

controlled by specifying an additional LRF to the sea-ice model in the Arctic only.  We 157 
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emphasize that:  (1) the entirety of the prescribed LRF goes directly into the sea-ice model 158 

component (e.g., the LRF is a “ghost flux” to both the atmosphere and ocean model 159 

components); (2) there is no conduction of heat between the sea-ice and ocean model 160 

components; and (3) the amount of LRF specified to the ice model at a particular grid box at any 161 

given time is proportional to the ice fraction in the grid box at that time. Thus, the prescribed 162 

LRF does not directly affect the climate system: it impacts the ocean and atmosphere only via the 163 

LRF-induced changes in Arctic sea ice. The LRF values used in both experiments are 164 

documented in the Appendix of D15. A similar strategy was employed in Sewall and Sloan 165 

(2004) except that their method of “flux adjustment” was applied to surface temperature, 166 

affecting both the sea-ice and ocean model components over the entire Arctic: thus, their 167 

experimental design does not isolate the response to sea-ice loss alone. Lehner et al. (2013) 168 

adopted a similar methodology to the one used here to study the role of sea-ice feedbacks in the 169 

inception of the Little Ice Age.   170 

The difference between ICE21_FOM and ICE20_FOM, referred to as ICE_FOM, 171 

isolates the coupled response of CCSM4 to GHG-induced Arctic sea ice loss (Table 2). The 172 

statistical significance of all responses is assessed using a 2-sided Student’s-t test.  173 

 174 

d. Coupled slab-ocean model experiments with constrained sea ice 175 

We also make use of a parallel set of constrained sea ice experiments with CCSM4_SOM 176 

conducted by D15 that are identical in design to those described above for CCSM4_FOM except 177 

for the ocean model configuration. In particular, the same LRF values that were applied in the 178 

CCSM4_FOM simulations are specified in the CCSM4_SOM simulations, with resulting Arctic 179 

sea ice distributions that are very similar between the two model configurations (Fig. 1b). We 180 

shall refer to the constrained sea-ice SOM simulations as ICE20_SOM_Q20 and 181 
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ICE21_SOM_Q20, corresponding to Arctic sea ice conditions in the late 20th and late 21st 182 

centuries, respectively (Table 1; note that D15 termed these ICE_som_20 and ICE_som_21). 183 

Here, Q20 denotes that the same late 20th century “Qflux” term is prescribed in both experiments. 184 

This spatially varying climatological “Q-flux” term represents the mean effects of ocean heat 185 

transport on SST, and is obtained as the residual of the net heat flux into the ocean upper surface 186 

and a fictitious change in heat content in the upper ocean (Bitz et al., 2012) derived from the 187 

monthly mean climatologies of SST and net surface heat flux and annual-mean climatology of 188 

mixed layer depth in ICE20_FOM. Mixed layer depths (MLDs) in ICE20_SOM_Q20 and 189 

ICE21_SOM_Q20 are specified as spatially-varying annual-mean climatologies derived from 190 

ICE20_FOM. The SOM experiments are run for 300 years with radiative forcings fixed at year 191 

2000 values, and initialized in an identical manner as the FOM runs (see D15). Results presented 192 

here are based on averages over the last 260 years when the simulations have reached a quasi-193 

equilibrium state. The difference between ICE20_SOM_Q20 and ICE21_SOM_Q20, referred to 194 

as ICE_SOM_Q20, represents the thermodynamically-coupled response to GHG-induced 195 

Arctic sea-ice loss (Table 2).   196 

For this study, we conducted a new SOM experiment, named ICE21_SOM_Q21, that is 197 

similar in design to ICE21_SOM_Q20 except that the late 21st century Qflux (Q21), derived from 198 

ICE21_FOM, is used. The difference between ICE21_SOM_Q21 and ICE20_SOM_Q20 (termed 199 

ICE_SOM_Q; Table 2) isolates the coupled response to the combined effects of Arctic sea ice 200 

loss and the change in ocean heat transport induced by the ice loss. Note that differences in SSTs 201 

between ICE21_SOM_Q21 and ICE20_SOM_Q20 are due to both dynamic and thermodynamic 202 

processes. As we shall show, the responses in ICE_SOM_Q closely resemble those in 203 

ICE_FOM as expected from the experimental design. This demonstrated similarity validates 204 

the use of the difference between ICE21_SOM_Q21 and ICE21_SOM_Q20 (denoted 205 
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ICE21_SOM_Q; Table 2) to isolate the role of ocean heat transport response to Arctic sea ice 206 

loss in the overall climate response to Arctic sea ice loss using the common SOM model 207 

framework. 208 

 209 

e. Atmosphere-only model experiments with prescribed boundary conditions 210 

We also conducted a set of experiments using CCSM4 configured with only the 211 

atmosphere and land components active (e.g., CAM4/CLM4): SSTs and sea-ice concentration 212 

and thickness are specified as a lower boundary condition following the “AMIP” (Atmospheric 213 

Model Intercomparison Project) convention. In these experiments, termed ICE21_AMIPG_Q21 214 

and ICE21_AMIPG_Q20, global distributions of climatological monthly SSTs and sea ice 215 

concentration and thickness from ICE21_SOM_Q21 and ICE21_SOM_Q20 are prescribed to 216 

CAM4/CLM, respectively. Here, “AMIPG” indicates that the global domain was used for the 217 

SST/sea-ice specification (Table 1). The difference between these two AMIP experiments, 218 

referred to as ICE21_AMIPG_Q, isolates the effect of the ocean heat transport response to 219 

Arctic sea-ice loss on the atmosphere through its influence on SST (Table 2).  Both AMIP 220 

experiments were run for 260 years, and all years were used for analysis. 221 

Close agreement between the atmospheric responses in ICE21_AMIPG_Q and 222 

ICE21_SOM_Q (see below) indicates that the AMIP modeling framework can be used as a test 223 

bed to further examine the role of regional SST changes.  To that end, we conducted an 224 

additional 260-year AMIP experiment, ICE21_AMIPT_Q21, in which only the tropical (15oS to 225 

15oN; hence the term “AMIPT”) portion of the SST field from ICE21_SOM_Q21 is used, with 226 

the remainder specified from ICE21_SOM_Q20 (Table 1). The difference between 227 

ICE21_AMIPT_Q21 and ICE21_AMIPG_Q20, denoted ICE21_AMIPT_Q, isolates the role of 228 
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the tropical SST response in ICE21_AMIPG_Q (and correspondingly ICE21_SOM_Q) in 229 

driving the atmospheric response to Arctic sea ice loss (Table 2).   230 

 231 

f. Projected Arctic sea-ice loss and net surface energy flux response 232 

The distributions of Arctic sea-ice concentration (SIC) in ICE20_FOM, ICE21_FOM, 233 

and ICE_FOM are shown in Fig. 1a for March and September, the months of maximum and 234 

minimum sea ice extent respectively. March shows projected losses mainly in the marginal seas 235 

(Sea of Okhotsk and Bering Sea in the Pacific, and Labrador, Greenland and Barents Seas in the 236 

Atlantic), whereas September exhibits a nearly complete loss of ice within the central Arctic. 237 

Similar patterns of future sea ice loss are found in the ICE_SOM simulations (not shown). In 238 

terms of sea ice area, ICE_SOM_Q20 slightly underestimates the amount of ice loss compared 239 

ICE_FOM, whereas ICE_SOM_Q slightly overestimates it (Fig. 1b). However, the 240 

magnitudes of the differences are generally less than 15%.  241 

Decreases in Arctic sea ice are associated with large fluxes of heat from the ocean to the 242 

atmosphere as the insulating layer of ice is removed from the sea surface. The response of the net 243 

surface heat flux (Qnet) to Arctic sea ice loss in the SOM and FOM experiments is shown in Fig. 244 

1b, where Qnet is defined as the sum of the latent, sensible and longwave fluxes averaged over 245 

all Arctic Ocean grid boxes containing at least 50% SIC in March during the late 20th century. 246 

The Qnet response (positive values denote upward flux anomalies) shows a marked seasonal 247 

cycle in all 3 experiments (ICE_FOM, ICE_SOM_Q20, and ICE_SOM_Q), with the 248 

largest values (60-80 Wm-2) from November through February, lagging the peak season of ice 249 

loss by approximately 1-2 months similar to previous studies (Deser et al. 2010, 2015; Sun et al., 250 

2015). This delay is due to the effect of the seasonal cycle of the climatological air-sea 251 



 11 

temperature difference which maximizes during the cold season, on the turbulent energy flux 252 

response as discussed in Deser et al. (2010). The Qnet response is nearly identical between 253 

ICE_FOM and ICE_SOM_Q, and is slightly larger (smaller) in ICE_SOM_Q20 in summer 254 

(winter). The small differences in sea ice loss and Qnet response in the FOM and SOM 255 

experiments are unlikely to be important for the results shown below.  256 

 257 

3. Results 258 

a. Global surface climate response to Arctic sea ice loss  259 

The annual-mean global SST, precipitation and SLP responses in ICE_FOM and 260 

ICE_SOM_Q20 are compared in Fig. 2. It is immediately evident that the responses differ 261 

considerably between the two model configurations. Two key overarching distinctions are 262 

apparent:  (1) the global SST response exhibits a high degree of equatorial symmetry in 263 

ICE_FOM, with enhanced warming at high latitudes in both hemispheres and along the equator, 264 

in contrast to the hemispherically-asymmetric response in ICE_SOM_Q20 which shows 265 

pronounced warming in the NH and little SST change in the SH; and (2) the tropical response is 266 

characterized by an SST warming maximum in the equatorial Pacific and an associated 267 

equatorward intensification of precipitation within the ITCZs in ICE_FOM, in contrast to a 268 

strong cross-equatorial gradient in the SST response and accompanying shift of the ITCZ 269 

precipitation into the NH in ICE_SOM_Q20 as noted also in D15.  Other notable differences 270 

include SST cooling (warming) on the northern (southern) flank of the Gulf Stream in 271 

ICE_FOM, a feature that is entirely absent in ICE_SOM_Q20. Although both models show 272 

the largest warming at high latitudes of the NH, this signal is mainly confined to the extra-tropics 273 

in ICE_FOM whereas it reaches nearly to the equator in ICE_SOM_Q20. 274 
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The influence of the different SST responses on precipitation is apparent (Figs. 2 c and d). 275 

The SST anomaly dipole in the vicinity of the Gulf Stream is reflected in a similar precipitation 276 

anomaly dipole, with diminished (enhanced) precipitation over the cooler (warmer) SSTs in 277 

ICE_FOM.   In the tropics, the precipitation response in the Pacific sector in ICE_FOM (Fig. 278 

2c) consists of two zonally-oriented positive anomaly centers that straddle the equator across 279 

much of the basin: both are located slightly equatorward of the climatological precipitation 280 

maxima (not shown here but discussed later). The tropical precipitation response is larger in 281 

ICE_SOM_Q20 than in ICE_FOM, and is dominated by a strong and overall zonally uniform 282 

pattern with increases (decreases) north (south) of the equator (Fig. 2d). This northward 283 

displacement of precipitation in the tropics is consistent with the notion that it is driven by the 284 

northward-directed cross-equatorial SST anomaly gradient.  Smaller-scale features are evident 285 

within this large-scale structure, particularly over the eastern Pacific and Atlantic sectors, 286 

indicative of northward shifts in climatological mean precipitation maxima in these locations. In 287 

summary, the large-scale tropical precipitation responses to Arctic sea ice loss are nearly 288 

orthogonal in the two model configurations and even have opposite sign within the Pacific basin. 289 

Another notable distinction is the larger magnitude and broader meridional scale of the tropical 290 

precipitation responses in ICE_SOM_Q20 compared to ICE_FOM.   291 

The SLP responses show similarities and differences between the two models. In 292 

ICE_SOM_Q20, the most striking feature is the shift of mass out of the NH and into the SH, 293 

consistent with the asymmetry in the SST and precipitation responses (Fig. 2f).  This asymmetry 294 

is less apparent in ICE_FOM (Fig. 2e). Both simulations show negative anomalies in the 295 

central Arctic and over most of North America, as well as the eastern North Atlantic extending 296 

into southern Europe and northern Africa, with larger magnitudes in ICE_SOM_Q20 compared 297 

to ICE_FOM.   Zonally oriented high pressure extends over northern Europe across Siberia in 298 
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both simulations.  A notable difference between ICE_FOM and ICE_SOM_Q20 is the low-299 

pressure center response over the North Pacific in the former but not the latter. We diagnose the 300 

reason for this difference when we discuss the AMIP simulations below. 301 

In summary, the remote equilibrium surface climate responses to LRF-induced Arctic sea 302 

ice loss differ considerably depending upon the physical representation of the ocean.  The SST 303 

response in the full-depth dynamical ocean shows a large degree of symmetry about the equator, 304 

accompanied by an equatorward intensification of the ITCZs in both hemispheres, whereas the 305 

response in the thermodynamic slab ocean model is mainly anti-symmetric about the equator, 306 

and is associated with a pronounced shift of the ITCZ toward the warmer NH.  Next we explore 307 

the mechanisms by which the different ocean model configurations alter the surface climate 308 

response to Arctic sea ice loss. 309 

 310 

b. Northward energy transport response to Arctic sea ice loss 311 

In order to better understand differences between the remote climate responses in 312 

ICE_FOM and ICE_SOM_Q20, we examine the changes in northward energy transport by the 313 

ocean and atmosphere. In ICE_FOM, the atmospheric northward energy transport is reduced in 314 

the NH extra-tropics: the atmosphere diverges energy out of the high latitudes poleward of 70oN 315 

and deposits it at middle latitudes, primarily between 40oN and 70oN with a smaller amount 316 

going into the tropics (Fig. 3; see also Fig. 10 in D15).  This can be understood as a consequence 317 

of the fact that Arctic sea ice loss represents an anomalous energy source into the atmosphere, 318 

reducing the need for poleward energy transport within the atmosphere under steady-state 319 

conditions. The oceanic northward energy transport also diminishes in response to Arctic sea ice 320 

loss, with peak amplitude comparable to that in the atmosphere (-0.19PW vs. -0.17 PW; Fig. 3). 321 
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However, the oceanic northward energy transport response extends over a broader range of 322 

latitudes than the atmospheric response: the ocean transports heat out of the high latitudes (north 323 

of 55oN) and deposits that heat relatively uniformly between 40oN and 50oS. The reduction in 324 

OHT in response to Arctic sea ice loss is associated with a weakening of the AMOC (not shown). 325 

By design, ocean heat transport in ICE_SOM_Q20 cannot change; thus, the atmosphere must 326 

accomplish the required reduction in northward heat transport in response to Arctic sea ice loss.  327 

Indeed, the atmosphere in ICE_SOM_Q20 converges the excess heat vented from the Arctic 328 

into the northern middle latitudes and throughout the tropics (Fig. 3).  329 

These results show that differences in the equilibrium global climate response to LRF-330 

induced Arctic sea ice loss in the dynamical and slab ocean coupled model configurations are 331 

attributable to differences in how they respond to the anomalous energy input associated with 332 

Arctic sea-ice loss, subject to global energy balance constraints. In ICE_FOM the ocean and 333 

atmosphere more or less split the task of redistributing the excess heat farther south (including 334 

into the tropics), whereas in ICE_SOM_Q20, the atmosphere necessarily does all the work (see 335 

also D15).  336 

 337 

c. Impact of ocean heat transport response to Arctic sea ice loss 338 

We hypothesize that oceanic heat transport response to Arctic sea ice loss is responsible 339 

for the different surface climate responses in ICE_FOM and ICE_SOM_Q20. To test this 340 

hypothesis, we performed an additional SOM simulation in which ocean heat transport from 341 

ICE21_FOM is specified via a “Qflux”.  This additional SOM simulation, ICE21_SOM_Q21, 342 

when subtracted from ICE20_SOM_Q20, explicitly assesses the contributions of thermodynamic 343 

air-sea interaction and changes in oceanic heat transport in the climate response to Arctic sea ice 344 
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loss in a consistent coupled slab ocean model framework (recall Section 2d).  Figure 4 shows 345 

global maps of the annual-mean SST, precipitation and SLP responses in ICE_SOM_Q 346 

(obtained by subtracting ICE20_SOM_Q20 from ICE21_SOM_Q21); the corresponding maps 347 

based on ICE_SOM_Q20 are also shown for reference.  The responses are largely similar 348 

between ICE_SOM_Q and ICE_FOM (recall Fig. 2), although the magnitudes are somewhat 349 

larger in the former compared to the latter, especially for SST and tropical precipitation. We 350 

speculate that the warm bias in ICE_SOM_Q is due to that some of the heat in ICE_FOM is 351 

still being sequestered in the deep ocean and is not available to warm the surface. The warm bias 352 

not withstanding, the close agreement between the global structures of the climate responses in 353 

ICE_SOM_Q and ICE_FOM clearly and explicitly implicates ocean heat transport as the 354 

reason for the different climate responses to Arctic sea ice loss in the full ocean and slab ocean 355 

coupled model configurations (Fig. 3).  In other words, Arctic sea ice loss in these experiments 356 

results in an ocean heat transport response that is critically important to the full climate response.  357 

The origin of the equatorial Pacific (and Atlantic) SST response maxima in ICE_FOM 358 

and ICE_SOM_Q is of particular interest due to their potential influence on tropical 359 

precipitation that in turn drives global atmospheric teleconnections (see Section 3e).  The fact 360 

that this aspect of the SST response is present in ICE_SOM_Q but not in ICE_SOM_Q20 361 

implicates ocean dynamics as being important.  Figure 5 shows the tropical SST and ocean heat 362 

flux convergence responses in ICE_SOM_Q (note that the latter is identical to that in 363 

ICE_FOM). The SST response maxima in the eastern tropical Pacific and Atlantic are generally 364 

associated with anomalous ocean heat transport convergence: that is, ocean dynamics contribute 365 

to the SST response maxima in these locations. Other regions, for example the far western 366 

Pacific and the northeastern subtropical Pacific, show anomalous ocean heat transport divergence 367 
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in regions of negative SST response, implying that the SST anomalies in these regions are 368 

damped rather than driven by ocean dynamics.  369 

A complete investigation of the processes responsible for the anomalous ocean heat 370 

transport convergence in the tropical Pacific in ICE_FOM is beyond the scope of this study. 371 

However, preliminary analysis suggests that a weakening of the wind-driven oceanic subtropical 372 

cells may play a role. Figure 6a shows the tropical surface wind and SST responses to Arctic sea 373 

ice loss in ICE_FOM. Over the Pacific sector the responses are reminiscent of El Nino, with 374 

enhanced warming in the eastern equatorial Pacific accompanied by anomalous westerly winds 375 

in the central equatorial Pacific and anomalous wind convergence into the region of maximum 376 

SST warming. The westerly wind anomalies reduce the zonal tilt of the equatorial Pacific 377 

thermocline, evidenced by the negative (positive) temperature anomalies within the main 378 

thermocline in the west (east; Fig. 6b). The anomalous westerlies also weaken the upwelling 379 

along the equator and generally reduce the strength of the subtropical meridional overturning 380 

circulation cells (Fig. 6c). Unlike El Nino, however, the largest warming occurs beneath the main 381 

thermocline (below 300m) in the western equatorial Pacific (Fig. 6b) and south of the equator 382 

(Fig. 6d). The mechanisms responsible for the enhanced warming at depth remain to be 383 

understood. In summary, it appears that the dynamically-induced SST warming maximum in the 384 

eastern equatorial Pacific in response to Arctic sea ice loss results from a combination of 385 

processes, including diminished equatorial upwelling, weakened stratification, and a general 386 

reduction in the strength of the subtropical cells.  387 

We now turn our attention to isolating the component of the climate response that is 388 

driven solely by the ocean heat transport response to Arctic sea ice loss. This is accomplished by 389 

subtracting ICE21_SOM_Q20 from ICE21_SOM_Q21 to obtain ICE21_SOM_Q (note that this 390 
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subtraction removes the direct influence of the ice loss since the sea ice conditions in the two 391 

experiments are the same). The SST, precipitation and SLP responses in ICE21_SOM_Q are 392 

shown in Fig. 7. Note that these response patterns are shaped by thermodynamic air-sea 393 

interaction, although they originate from dynamical ocean changes. The SST response shows, 394 

not surprisingly, that ocean heat transport changes in response to Arctic sea ice loss act to cool 395 

the NH and warm the SH (Fig. 7a). The NH cooling is strongest in the mid-latitudes and in the 396 

vicinity of the western boundary currents and their extensions, while the SH warming is most 397 

pronounced in the vicinity of the Antarctic Circumpolar Current and the eastern tropical ocean 398 

basins. The low-latitude warming maxima south of the equator are consistent with positive 399 

thermodynamic feedbacks among higher SSTs, weakened surface winds and reduced low-level 400 

cloudiness (not shown), similar to that described in Xie et al. (2010) for the response to global 401 

warming. The precipitation response shows large-scale drying in the NH and moistening in the 402 

SH, with the largest changes occurring in the deep tropics (Fig. 7b). Finally, the SLP response 403 

shows large-scale pattern of generally positive (negative) anomalies north (south) of the equator, 404 

indicative of an overall shift in mass from the SH to the NH (Fig. 7c).  This large-scale response 405 

is interrupted at high latitudes by a deepening of the Aleutian Low in the North Pacific and by a 406 

wave-train response over the Southern Ocean. As we show next, these features owe their origin 407 

to the precipitation anomalies within the tropics. In general, the climate responses resulting 408 

directly from the ocean heat transport response to Arctic sea ice loss are qualitatively similar to 409 

those resulting from a weakened Atlantic Meridional Overturning Circulation (AMOC) as 410 

obtained by Zhang and Delworth (2005; their Fig. 1d) in sustained freshwater hosing 411 

experiments with the GFDL Coupled Model version 2 (CM2.0). The fact that the AMOC 412 

weakens by approximately 2 Sv in ICE_FOM (not shown) supports our interpretation. We note 413 
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also that the deepened Aleutian Low response to a weakened AMOC is a robust feature across 414 

climate models (Okumura et al., 2009).  415 

 416 

d. Additional atmospheric impacts of the oceanic heat transport response to Arctic sea ice loss 417 

 In this section, we use the SOM experiments as a test-bed for elucidating additional 418 

atmospheric impacts of the oceanic heat transport response to Arctic sea ice loss, placing these 419 

within the context of the full atmospheric response to Arctic sea ice loss. In particular, we 420 

consider aspects of the zonal-mean hydrological cycle, circulation, and temperature responses as 421 

a function of height and latitude. Figure 8 shows the atmospheric condensational heating and 422 

precipitation responses. In the full response to Arctic sea ice loss (ICE_SOM_Q), atmospheric 423 

condensational heating shows a global-scale pattern of increase in the upper troposphere and 424 

decrease in the lower troposphere, indicative of an upward and poleward shift of the 425 

climatological heating maxima in both hemispheres (Fig. 8a). This pattern is similar to that in 426 

ICE_FOM (not shown, but see Fig. 7a in D15), except for a stronger negative heating response 427 

in the upper troposphere of the northern subtropics in the slab-ocean configuration; the reasons 428 

for this difference are unclear. Within the tropics, heating in the upper troposphere is enhanced 429 

near 5oS and 5oN, slightly equatorward of the climatological mean ITCZ heating maxima. In the 430 

Arctic, there is enhanced condensational heating in the boundary layer, consistent with the 431 

increase in precipitation. Compared to the high degree of equatorial symmetry in 432 

ICE_SOM_Q, the condensational heating response in ICE_SOM_Q20 is largely anti-433 

symmetric about the equator, consistent with the differences in their SST responses (Fig. 8b). In 434 

particular, the thermodynamic-only slab-ocean response shows a broad increase in tropospheric 435 

heating across most of the NH, and a decrease south of the equator mainly in the tropics. Thus, 436 
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the meridional structures of the tropical heating responses in the two model configurations are 437 

nearly orthogonal: the full response shows a narrow equatorward intensification of the ITCZs, 438 

while the thermodynamic response shows a broad north-south dipole with increased (decreased) 439 

heating on the poleward flank of the northern (southern) branch of the ITCZ indicative of a 440 

northward shift of the entire tropical heating maximum. Similar asymmetries are evident in the 441 

precipitation responses (Fig. 8d). In addition, the magnitudes of the tropical heating and 442 

precipitation responses are considerably larger in ICE_SOM_Q20 than in ICE_SOM_Q. The 443 

role of the ocean heat transport response, identified from ICE21_SOM_Q, is to produce a 444 

southward shift of the entire tropical heating maximum that nearly cancels the northward shift 445 

due to thermodynamic processes (Fig. 8c). A similar compensation is evident in the tropical 446 

precipitation responses (Fig. 8d). 447 

The opposing roles of ocean thermodynamics and dynamics in the equilibrium tropical 448 

response to LRF-induced Arctic sea ice loss are also evident in the atmospheric meridional 449 

streamfunction fields shown in Fig. 9. The thermally-direct tropical overturning circulation 450 

responses extend from approximately 15oS to 20oN, with negative values in the case of 451 

ICE_SOM_Q20 and positive values in the case of ICE21_SOM_Q (Figs. 9b and c, 452 

respectively). By comparison, the anomalous tropical overturning circulation cell in the full 453 

response to Arctic sea ice loss is weakly positive and occupies a narrower latitudinal span (from 454 

approximately 2oS to 10oN; Fig. 9a). 455 

Differences in the tropical condensational heating, precipitation and associated thermally-456 

direct overturning circulation cell responses reflect the different mechanisms that transport 457 

energy southward in response to Arctic sea-ice loss, with and without ocean heat transport 458 

changes.  If the ocean circulation is allowed to change as in ICE_SOM_Q, transporting about 459 
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half of the total energy southward, the remote climate response exhibits a large degree of 460 

symmetry between the NH and SH: the ITCZs increase slightly in strength, owing to a warmer 461 

and moisture tropical atmosphere, and shift slightly equatorward in response to the local 462 

equatorial SST warming maximum.  On the other hand, in the absence of an ocean heat transport 463 

response as in ICE_SOM_Q20, there is a shift of the entire Hadley Circulation into the NH in 464 

response to stronger warming in the NH compared to the SH. This shift of the Hadley 465 

Circulation is the mechanism whereby anomalous energy is transported by the atmosphere across 466 

the equator (e.g., Kang et al., 2008; Hwang and Frierson, 2010).   467 

The corresponding zonal-mean atmospheric temperature and zonal wind responses are 468 

shown in Fig. 10. Both ICE_SOM_Q and ICE_SOM_Q20 show similar patterns of response 469 

in the northern extra-tropics, although the magnitudes are ~15-20% smaller in the former due to 470 

that the ocean has transported some of the energy out of the Arctic. The thermal response shows 471 

surface-intensified warming in the Arctic that extends through the depth of the troposphere, with 472 

cooling in the lower stratosphere (Figs. 10a and c).  Thermal wind balance dictates that easterly 473 

wind anomalies occur on the equatorward side of the anomalous meridional temperature gradient 474 

(in the latitude band 50° - 70°N), peaking in strength in the mid-to-upper troposphere (maximum 475 

values ~ 1 ms-1) (Figs. 10 b and d).  These easterly anomalies represent an equatorward 476 

contraction of the mean westerly jet in response to Arctic sea ice loss. In addition to an 477 

equatorward contraction, the westerly jet in ICE_SOM_Q shifts southward due to the 478 

presence of westerly wind anomalies in the latitude band 20° - 40°N. The remote responses are 479 

quite distinct in the two experiments, with ICE_SOM_Q characterized by strong symmetry 480 

about the equator and ICE_SOM_Q20 showing a large asymmetric component, particularly in 481 

the temperature field and consistent with earlier discussion.  482 
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The temperature and zonal wind responses to the ocean heat transport change in isolation 483 

is shown in the lower panels of Fig. 10.  The thermal response shows cooling of the NH extra 484 

tropical troposphere and warming of the entire SH troposphere and northern tropics (Fig. 10e).  485 

Within the tropics, the warming is largest in the upper troposphere.  The cooling in the NH is 486 

greater than the warming to the south, presumably reflecting changes in the TOA energy balance 487 

and horizontal transport by the atmosphere. Upper troposphere and lower stratosphere westerlies 488 

in the NH and upper troposphere easterlies in the SH dominate the zonal wind response (Fig. 489 

10f).  Both of these features are located on the equatorward side of climatological mean jets.  490 

The westerly anomalies in the NH are stronger than the easterly anomalies in the SH, consistent 491 

with differences in the strength of the extra-tropical temperature responses.   492 

 493 

e. Tropical impact on extra-tropical circulation response to Arctic sea ice loss 494 

A conspicuous difference between the SLP responses in ICE_SOM_Q and 495 

ICE_SOM_Q20 is the presence of a low-pressure center over the North Pacific in the former 496 

but not the latter (recall Figs. 4e and f). Previous studies have implicated tropical SST anomalies 497 

and associated changes in precipitation and latent heat release as a driver of mid-latitude 498 

circulation anomalies via Rossby wave dynamics, particularly during the winter season (e.g., 499 

Horel and Wallace, 1981; Trenberth et al., 1998; Ding et al., 2014). We now ask, do tropical SST 500 

changes (driven by the ocean heat transport response to Arctic sea ice loss) result in atmospheric 501 

teleconnections that propagate back into the mid-latitudes? To address this question, we use the 502 

AMIP simulations described in Section 2e.  503 

Figure 11 compares the boreal winter (December-February; DJF) precipitation and SLP 504 

responses in ICE21_SOM_Q (left column) with those in the global (ICE21_AMIPG_Q; 505 
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middle column) and tropical (ICE21_AMIPT_Q; right column) AMIP simulations.  The high 506 

degree of resemblance between the responses in ICE21_SOM_Q (Figs. 11a and d) and 507 

ICE21_AMIPG_Q (Figs. 11b and e) validates the utility of the AMIP approach. Further, 508 

comparison between ICE21_AMIPG_Q and ICE21_AMIPT_Q (Figs. 11c and f) demonstrates 509 

that tropical SST changes are responsible for much of the mid-latitude circulation response in 510 

ICE21_AMIPG_Q and by extension ICE21_SOM_Q, including the deepened Aleutian Low 511 

over the North Pacific and the east-west SLP dipole across the Southern Ocean, as well as part of 512 

the high-pressure response over the North Atlantic; however, the SLP response over eastern 513 

Eurasia is not attributable to tropical SST changes. This result confirms the key role of tropical 514 

SST anomalies induced by anomalous ocean heat transport convergence for both the tropical and 515 

mid-latitude atmospheric circulation responses to Arctic sea ice loss. Similar results are found for 516 

the annual mean responses, which resemble those in DJF but with weaker amplitude (not shown). 517 

 518 

4. Discussion  519 

a. Extra-tropical forcing of tropical teleconnections  520 

The most fundamental outcome of this study relates to the vastly differing global-scale 521 

equilibrium climate responses to LRF-induced Arctic sea-ice loss obtained with a slab vs. 522 

dynamical ocean coupled model. In particular, the response is largely symmetric about the 523 

equator in the dynamical ocean configuration and mainly anti-symmetric in the thermodynamic 524 

slab-ocean setting. This difference in global structure stems from a reduction in northward 525 

oceanic heat transport (OHT) and associated increase in OHT convergence in the tropics in the 526 

dynamical ocean model, a process absent in the slab-ocean simulation. The resulting 527 

dynamically-induced warming of the tropical SSTs, with a local maximum along the equator 528 
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particularly in the Pacific, leads to an equatorward intensification of the ITCZs. In contrast, the 529 

slab-ocean setting produces a pronounced inter-hemispheric SST gradient that in turn displaces 530 

the ITCZ northward toward the warmed NH. The tropical atmospheric circulation responses are 531 

also distinctive in the two ocean model configurations, with a strong and broad northward shift 532 

of the Hadley Circulation in the slab-ocean configuration compared to a weak and equatorially-533 

confined atmospheric response in the dynamical-ocean setting.  534 

The latitudinal shift of the ITCZ in response to Arctic sea-ice loss in our slab-ocean 535 

coupled model experiment (ICE_SOM_Q20) is analogous to that found in response to North 536 

Atlantic cooling (Cvijanovic and Chiang, 2013) and sea-ice expansion during the Last Glacial 537 

Maximum (Chiang and Bitz, 2005 and Broccoli et al., 2006) based on slab-ocean coupled 538 

models. In a broader context, this thermodynamic response is a manifestation of a global inter-539 

hemispheric teleconnection hypothesized by Chiang and Friedman (2012).  They argue that the 540 

ITCZ response is driven by thermal contrasts between the hemispheres and the need to transport 541 

energy out of (into) the heated (cooled) hemisphere.  Similar energetic constraints are invoked by 542 

Kang et al. (2008) and Frierson and Hwang (2012) for understanding the climate response to 543 

idealized extra-tropical thermal forcings in a slab-ocean setting, although Cvijanovic and Chiang 544 

(2013) emphasize the importance of tropical SST changes for the ITCZ response. Here, we find 545 

that if ocean dynamics are allowed to respond to the imposed thermal perturbation (in our case 546 

Arctic sea-ice loss), the resulting change in northward ocean OHT mitigates the need for a strong 547 

equilibrium tropical atmospheric response (e.g., ITCZ shift).  Similar results were obtained by 548 

Kay et al. (2015) using a very different type of thermal perturbation, namely a decrease in cloud 549 

liquid water content over the Southern Ocean. It remains to be seen whether thermal forcings at 550 

other latitudes elicit similar responses to those found here and in Kay et al. (2015), and how 551 

sensitive these responses are to the particular dynamical ocean model employed.   552 
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We emphasize that our results confirm the importance of northward OHT in controlling 553 

the latitudinal position of the ITCZ and Hadley Circulation, in keeping with the mechanisms 554 

reviewed in Schneider et al. (2015). The distinction made here is to show that when both the 555 

oceanic and atmospheric northward heat transports are free to respond to Arctic sea ice loss, their 556 

combined influence on the climate system differs from that of either one in isolation. Specifically, 557 

the thermodynamic and dynamic components of the coupled response to Arctic sea ice loss both 558 

exhibit strong hemispheric asymmetries, but these largely cancel, leaving a net response that is 559 

approximately symmetric about the equator. A full understanding of this result within an 560 

energetics framework remains for future work.  561 

 562 

b. Origin of the tropical SST response 563 

 The increase in tropical SSTs in response to Arctic sea-ice loss, although small in 564 

magnitude, is critically important because of its influence on the atmospheric circulation both in 565 

in the tropics and middle latitudes. This tropical SST warming results from an increase in OHT 566 

convergence (e.g., air-sea fluxes would act to cool the SSTs). Further work is needed to 567 

understand the mechanisms responsible for the increased tropical OHT convergence, although 568 

preliminary results suggest that a combination of processes contribute, including ENSO-like 569 

dynamics, wind-driven changes in the subtropical overturning cells and warming beneath the 570 

main thermocline.  It is interesting to note that the pattern of tropical SST anomalies induced by 571 

the dynamical ocean response to Arctic sea ice loss shows enhanced warming in the southeastern 572 

portion of each basin, with largest amplitudes in the Pacific. This pattern resembles that of the 573 

southern “Meridional Modes”, intrinsic structures of SST variability resulting from 574 

thermodynamic air-sea interaction (Zhang et al., 2014). This resemblance is particularly striking 575 

after the zonal-mean SST response to Arctic sea ice loss is removed (not shown). As discussed in 576 
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Chang et al. (2007) and Zhang et al. (2014), the South Pacific Meridional Mode can act as a 577 

trigger for ENSO, a coupled ocean-atmosphere phenomenon in which equatorial ocean dynamics 578 

and dynamical air-sea feedbacks play a key role (e.g., Neelin, 2011). We conjecture that a similar 579 

mechanism may be at work in the fully-coupled model response to Arctic sea-ice loss, 580 

potentially explaining the eastern equatorial Pacific SST warming maximum.  Further 581 

experiments are needed to evaluate this idea.  582 

 583 

c. Mid-latitude circulation changes forced by Arctic sea ice loss via the tropics 584 

A notable finding from this study is that Arctic sea-ice loss alters tropical SSTs and 585 

precipitation, which in turn force atmospheric teleconnections back into middle latitudes. This 586 

highlights both the global nature and complexity of possible pathways for the equilibrium 587 

climate response to Arctic sea-ice loss when both thermodynamic and dynamic air-sea 588 

interactions are included.  It also demonstrates the added utility of using a fully coupled model in 589 

place of an atmosphere-only or atmosphere/slab-ocean model to investigate the response to 590 

Arctic sea-ice loss. The role of the tropics as a conduit for high-latitude perturbations has also 591 

been demonstrated in the North Atlantic “freshwater hosing” and “cooling” experiments of 592 

Okumura et al. (2009) and Cvijanovic and Chiang (2013), respectively. 593 

 594 

5. Summary  595 

We investigated the role of ocean dynamics, in particular ocean heat transport, in the 596 

equilibrium coupled climate response to projected Arctic sea-ice loss in the CCSM4 at 1° spatial 597 

resolution.  To isolate the role of the ocean dynamical response, we conducted coupled model 598 

experiments using a slab ocean configuration, with and without the changes in ocean heat 599 

transport that occur in response to ice loss in CCSM4.  Additional atmosphere-only simulations 600 
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using SSTs from the slab ocean experiments provided further insight into the role of tropical and 601 

extra tropical SST responses for the global atmospheric circulation response. 602 

Without including the effects of ocean heat transport response, the remote atmospheric 603 

response is hemispherically asymmetric, with strong warming extending from the Arctic and 604 

decreasing monotonically towards the equator and little warming in the SH. This pattern is 605 

associated with a broad northward shift of the tropical precipitation distribution and Hadley 606 

Circulation, and a global-scale displacement atmospheric mass from the hemisphere with the ice 607 

loss and into the other hemisphere.  The ITCZ/Hadley Cell shift is consistent with that noted in 608 

previous works investigating the atmospheric response to altered sea-ice conditions and other 609 

more idealized extra-tropical thermal forcings (Chiang and Bitz, 2005; Kang et al., 2008; Chiang 610 

and Friedman, 2012; Seo et al., 2014; Schneider et al. 2015). With the ocean heat transport 611 

response, the remote atmospheric response becomes more symmetric about the equator, with 612 

comparable warming in both hemispheres and a weak equatorward intensification of the Pacific 613 

ITCZs. The symmetric equatorward intensification of the ITCZs is associated with enhanced 614 

SST warming along the equator in the eastern Pacific driven by anomalous ocean heat transport 615 

convergence. This dynamically-induced tropical Pacific SST/precipitation response drives 616 

atmospheric circulation teleconnections that propagate as Rossby waves to the northern and 617 

southern mid-latitudes.   618 

Our results highlight the global interconnectivity inherent in the coupled climate system, 619 

whereby Arctic sea ice loss induces a remote response in the tropics via ocean heat transport 620 

changes, and the tropical SST/precipitation response in turn drives atmospheric circulation 621 

changes in the extra-tropics via Rossby wave dynamics. It remains to be seen how sensitive these 622 

findings are to the particular climate model employed, and whether other types of extra-tropical 623 

forcings elicit similar dynamical and thermodynamic ocean feedbacks. However, our results 624 
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suggest that studies based on slab ocean-models may potentially misconstrue the true nature of 625 

the equilibrium global climate response to a given forcing, including those relevant for paleo-626 

climate applications. Additional experiments will be required to determine if this is the case. 627 

Future work will examine transient adjustment of the global coupled climate system to Arctic sea 628 

ice loss, with a particular focus on the time scales and mechanisms of the dynamical ocean 629 

response. 630 
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Table 1. Details of the model experiments.  Acronyms are defined as follows. ICE: Arctic sea 764 

ice; 20 and 21: 20th (1980-1999) and 21st (2080-2099) century; FOM: full ocean model; SOM: 765 

slab ocean model; AMIP: atmosphere-only experiments with prescribed SST and sea-ice; Q: 766 

Qflux; GSST: global SST; TSST: tropical SST; OHT: ocean heat transport. See text for details. 767 

Name CCSM4 
Configuration 

OHT or ICE & SST Arctic Sea Ice 
Period 

Years of 
simulation 

ICE20_FOM Coupled: FOM Prognostic OHT 1980-1999  360 

ICE21_FOM Coupled: FOM Prognostic OHT 2080-2099  360 

ICE20_SOM_Q20 Coupled: SOM Prescribed OHT 
ICE20_FOM  

1980-1999  300 

ICE21_SOM_Q20 Coupled: SOM Prescribed OHT 
ICE20_FOM 

2080-2099  300 

ICE21_SOM_Q21 Coupled: SOM Prescribed OHT 
ICE21_FOM 

2080-2099 300 

ICE21_AMIPG_Q20 Uncoupled AMIP Prescribed ICE & 
SST ICE21_SOM_Q20 

2080-2099 260 

ICE21_AMIPG_Q21 Uncoupled AMIP Prescribed ICE & 
SST ICE21_SOM_Q21 

2080-2099 260 

ICE21_AMIPT_Q21 Uncoupled AMIP Prescribed ICE & 
SST ICE21_SOM_Q21 

15S to 15N; 

ICE21_SOM_Q20 

elsewhere 

2080-2099 260 
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Table 2. Details and objectives for deriving the responses from the model experiments.  The 769 

quantity following the  symbol denotes that it changes between the two simulations being 770 

differenced. See text for details. Acronyms as in Table 1. 771 

Name Simulations differenced Objective  Ocean model / 
SST’s 

ICE_FOM ICE21_FOM- 

ICE20_FOM 
Coupled 

response to 
projected Arctic 

sea ice loss: 
sensitivity to 
ocean model 

representation 

Full ocean  

ICE_SOM_Q20 ICE21_SOM_Q20 - 

ICE20_SOM_Q20 
Slab ocean, Qflux 
from ICE20_FOM 

ICE_SOM_Q ICE21_SOM_Q21 - 

ICE20_SOM_Q20 
Slab ocean, Qflux 
from ICE21_FOM 

and ICE20_FOM 

ICE21_SOM_Q ICE21_SOM_Q21- 

ICE21_SOM_Q20 
Isolating the 
response to 

OHT from 
ICE_FOM: 

what are the 

effects of tropical 

SST changes? 

Slab ocean 

ICE21_AMIPG_Q ICE21_AMIPG_Q21- 

ICE21_AMIPG_Q20 
Prescribed GSST 

ICE21_AMIPT_Q ICE21_AMIPT_Q21- 

ICE21_AMIPT_Q20 
Prescribed TSST 
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List of Figures 774 

Figure 1. a) March and September Arctic sea ice concentration (%) in the late (left) 20th and 775 

(middle) 21st centuries as simulated in ICE20_FOM and ICE21_FOM, respectively. Right 776 

panels show their difference. b) Seasonal cycle of (bars) area of Arctic sea ice loss (106 km2) and 777 

(curves) Arctic net surface heat flux response (Wm-2) in ICE_FOM (red), ICE_SOM_Q20 778 

(blue) and ICE_SOM_Q (orange). Note the inverted scale for ice area. 779 

 780 

Figure 2.  Annual (top) SST (°C), (middle) precipitation (mm day-1), and (bottom) SLP (hPa) 781 

responses to Arctic sea ice loss in (left) ICE_FOM  and (right) ICE_SOM_Q20.  Stippling 782 

indicates that the response is statistically significant at the 95% confidence level.  783 

 784 

Figure 3. Annual northward energy transport (PW) response to Arctic sea ice loss in 785 

ICE_FOM (orange curves: solid for atmosphere, dashed for ocean) and ICE_SOM_Q20 (solid 786 

blue curve for atmosphere). Note that the ocean heat transport response in ICE_SOM_Q20 is 787 

identically zero by design.  788 

 789 

Figure 4.  As in Fig. 2 but for (left) ICE_SOM_Q and (right) ICE_SOM_Q20.  790 
 791 

Figure 5.  Annual tropical (a) SST (°C) and (b) ocean heat transport convergence (Wm-2) 792 

responses in ICE_SOM_Q.  793 

 794 

Figure 6.  Annual responses in ICE_FOM.  (a) Tropical SST (°C) and surface wind vectors, and 795 

(b-d) Pacific ocean cross-sections: (b) temperature (°C) as a function of longitude (°E) and depth 796 

along the equator; (c) temperature (°C) as a function of latitude and depth zonally-averaged 797 
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across the Pacific; (d) meridional overturning circulation (MOC; Sv) as a function of latitude and 798 

depth zonally-averaged across the Pacific. In b-d, contours show the control (late 20th century) 799 

climatology from ICE20_FOM and shading denotes the response from ICE_FOM.  Contour 800 

intervals for climatologies are 2°C with the 20°C contour thickened in panels (b) and (c), and 5 801 

Sv with the zero contour thickened in panel (d). 802 

 803 

Figure 7. As in Fig. 2 but for ICE21_SOM_Q.  804 
 805 

Figure 8.  Annual zonal-mean atmospheric condensational heating rate (K day-1) as a function of 806 

latitude and pressure in (a) ICE_SOM_Q, (b) ICE_SOM_Q20 and (c) ICE21_SOM_Q.  807 

Contours show the control (late 20th century) climatology and shading denotes the response. The 808 

contour interval is 0.4 K day-1.  d) Annual zonal-mean precipitation response (mm day-1) in 809 

ICE_SOM_Q (red), ICE_SOM_Q20 (blue) and ICE21_SOM_Q (green). 810 

 811 

Figure 9.  Annual zonal-mean atmospheric meridional stream function (kg s-1 x 10-9) as a 812 

function of latitude and pressure (hPa) in (a) ICE_SOM_Q, (b) ICE_SOM_Q20 and (c) 813 

ICE21_SOM_Q.  Contours show the control (late 20th century) climatology and shading 814 

denotes the response. Note the different color bar scale in a) compared to b) and c).  Contour 815 

interval for climatology is 2 kg s-1 x 10-8. 816 

 817 

Figure 10.  Annual zonal-mean (left) air temperature (°C) and (right) zonal wind (ms-1) responses 818 

to Arctic sea ice loss as a function of latitude and pressure in (top) ICE_SOM_Q, (middle) 819 

ICE_SOM_Q20, and (right) ICE21_SOM_Q. Contours show the control (late 20th century) 820 
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climatology and shading denotes the response.  Contour interval for climatology is 10 °C for air 821 

temperature and 5 ms-1 for zonal wind. The zero contour for zonal wind is thickened. 822 

 823 

Figure 11. December-February (top) precipitation (mm day-1) and (bottom) SLP (hPa) responses in (left) 824 

ICE21_SOM_Q, (middle) ICE21_AMIPG_Q and (right)ICE21_AMIPT_Q. 825 

  826 
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 827 

 828 

Figure 1. a) March and September Arctic sea ice concentration (%) in the late (left) 20th and 829 
(middle) 21st centuries as simulated in ICE20_FOM and ICE21_FOM, respectively. Right 830 
panels show their difference. b) Seasonal cycle of (bars) area of Arctic sea ice loss (106 km2) and 831 
(curves) Arctic net surface heat flux response (Wm-2) in ICE_FOM (red), ICE_SOM_Q20 832 
(blue) and ICE_SOM_Q (orange). Note the inverted scale for ice area. 833 
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 834 
 835 

Figure 2.  Annual (top) SST (°C), (middle) precipitation (mm day-1), and (bottom) SLP (hPa) 836 
responses to Arctic sea ice loss in (left) ICE_FOM  and (right) ICE_SOM_Q20.  Stippling 837 
indicates that the response is statistically significant at the 95% confidence level.  838 

839 
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  840 
 841 
 842 
Figure 3. Annual northward energy transport (PW) response to Arctic sea ice loss in 843 
ICE_FOM (orange curves: solid for atmosphere, dashed for ocean) and ICE_SOM_Q20 (solid 844 
blue curve for atmosphere). Note that the ocean heat transport response in ICE_SOM_Q20 is 845 
identically zero by design.   846 
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 847 
 848 
 849 
Figure 4.  As in Fig. 2 but for (left) ICE_SOM_Q and (right) ICE_SOM_Q20.  850 
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 851 
 852 
 853 
Figure 5.  Annual tropical (a) SST (°C) and (b) ocean heat transport convergence (Wm-2) 854 
responses in ICE_SOM_Q.   855 
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 856 
 857 
 858 
Figure 6.  Annual responses in ICE_FOM.  (a) Tropical SST (°C) and surface wind vectors, and 859 
(b-d) Pacific ocean cross-sections: (b) temperature (°C) as a function of longitude (°E) and depth 860 
along the equator; (c) temperature (°C) as a function of latitude and depth zonally-averaged 861 
across the Pacific; (d) meridional overturning circulation (MOC; Sv) as a function of latitude and 862 
depth zonally-averaged across the Pacific. In b-d, contours show the control (late 20th century) 863 
climatology from ICE20_FOM and shading denotes the response from ICE_FOM.  Contour 864 
intervals for climatologies are 2°C with the 20°C contour thickened in panels (b) and (c), and 5 865 
Sv with negative contours dashed and the zero contour thickened in panel (d). 866 
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 867 
 868 
 869 
Figure 7. As in Fig. 2 but for ICE21_SOM_Q.  870 
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  871 
 872 
 873 
Figure 8.  Annual zonal-mean atmospheric condensational heating rate (K day-1) as a function of 874 
latitude and pressure in (a) ICE_SOM_Q, (b) ICE_SOM_Q20 and (c) ICE21_SOM_Q.  875 
Contours show the control (late 20th century) climatology and shading denotes the response. The 876 
contour interval for the climatology is 0.4 K day-1.  d) Annual zonal-mean precipitation response 877 
(mm day-1) in ICE_SOM_Q (red), ICE_SOM_Q20 (blue) and ICE21_SOM_Q (green).  878 
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 879 
 880 
 881 
Figure 9.  Annual zonal-mean atmospheric meridional stream function (kg s-1 x 10-9) as a function of 882 
latitude and pressure (hPa) in (a) ICE_SOM_Q, (b) ICE_SOM_Q20 and (c) ICE21_SOM_Q.  883 
Contours show the control (late 20th century) climatology and shading denotes the response. Note the 884 
different color bar scale in a) compared to b) and c).  Contour interval for climatology is 2 kg s-1 x 10-8. 885 
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 886 
 887 
 888 
Figure 10.  Annual zonal-mean (left) air temperature (°C) and (right) zonal wind (ms-1) responses 889 
to Arctic sea ice loss as a function of latitude and pressure in (top) ICE_SOM_Q, (middle) 890 
ICE_SOM_Q20, and (right) ICE21_SOM_Q. Contours show the control (late 20th century) 891 
climatology and shading denotes the response.  Contour interval for climatology is 10 °C for air 892 
temperature and 5 ms-1 for zonal wind. The zero contour for zonal wind is thickened.  893 
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 894 
 895 
 896 
Figure 11. December-February (top) precipitation (mm day-1) and (bottom) SLP (hPa) responses in (left) 897 
ICE21_SOM_Q, (middle) ICE21_AMIPG_Q and (right)ICE21_AMIPT_Q. 898 


