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Abstract 19 

We explore the global impacts of Arctic sea ice decline in climate model perturbation 20 

experiments focusing on the temporal evolution of induced changes. We find that climate 21 

responses to a realistic reduction in sea-ice cover are strikingly different on shorter decadal 22 

versus longer multi-decadal to centennial timescales. During the first two decades, when 23 

atmospheric processes dominate, sea ice decline induces a “bipolar seesaw” pattern in surface 24 

temperature with warming in the Northern and cooling in the Southern Hemisphere, an 25 

expansion of Antarctic sea ice and a northward displacement of the Intertropical Convergence 26 

Zone (ITCZ). In contrast, on multi-decadal and longer timescales, the weakening of the Atlantic 27 

meridional overturning circulation, caused by spreading ocean buoyancy anomalies, mediates 28 

direct sea-ice impacts and nearly reverses the original response pattern outside the Arctic. The 29 

Southern Hemisphere warms, a Warming Hole emerges in the North Atlantic, Antarctic sea ice 30 

contracts, and the ITCZ shifts southward.  31 

 32 
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Plain Language Summary 40 

To understand how the recent Arctic sea ice decline may affect global climate, we conduct 41 

numerical experiments by changing the properties of Arctic sea ice in a climate model, in order 42 

to simulate an Arctic sea ice loss similar to the observations of the past three decades. We find 43 

that climate response shows dramatically different patterns during different periods after the sea 44 

ice contraction. During the first one or two decades, Arctic sea ice loss allows more solar energy 45 

into the Northern Hemisphere (NH), shifting the Earth’s energy balance. As the NH warms while 46 

the Southern Hemisphere (SH) cools, Antarctic sea ice grows and the tropical rain belt moves 47 

northward. However, after several more decades to a century, the impacts from changes in the 48 

deep ocean become more and more important and eventually overwhelm the direct sea-ice 49 

effects on the atmosphere. The weakened deep ocean circulation in the Atlantic causes a cooling 50 

in the North Atlantic and a warming in the SH. Antarctic sea ice reduces and the tropical rain 51 

belt shifts back to it original position and further south.  52 

 53 

Key points 54 

• Global climate response to Arctic sea ice loss is markedly different on different timescales. 55 

• On short decadal timescales Arctic sea ice loss causes a “bipolar seesaw” surface 56 

temperature change and a northward ITCZ shift. 57 

• On multi-decadal and longer timescales Arctic sea ice loss leads to a weakening of the 58 

AMOC, which much mediates direct sea-ice impacts. 59 

 60 

 61 
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1 Introduction 62 

During the satellite era, Arctic sea ice has been declining over the past three decades 63 

[Stroeve et al. (2007); Parkinson et al. (2008); Ding et al. (2017), also c.f., Figs. S1 and S2a]. 64 

This Arctic sea ice loss is affecting Earth's climate globally. In addition to changes in 65 

atmospheric circulation and wintertime weather in the northern mid- and high latitudes [e.g., 66 

Francis et al. (2009); Overland and Wang (2010); Screen et al. (2013); Cohen et al. (2014); 67 

Screen et al. (2018)], the effects of Arctic sea ice loss extend to the tropics and the Southern 68 

Hemisphere [e.g., Deser et al. (2015)]. One particular example is that variations in Arctic sea ice 69 

can effectively modulate the latitudinal position of the Intertropical Convergence Zone (ITCZ) 70 

[e.g., Chiang and Bitz (2005)].  Specifically, previous studies showed that, in response to the 71 

reduction of Arctic sea ice cover, the ITCZ displaces northward in the absence of ocean 72 

dynamics [Cvijanovic and Chiang (2013); Deser et al. (2015); Tomas et al. (2016); Cvijanovic et 73 

al. (2017)] but may intensify equatorward when ocean dynamics are involved [Deser et al. 74 

(2015); Tomas et al. (2016); Sun et al. (2018)]. The equatorward ITCZ intensification mainly 75 

occurs in the Pacific sector and is established within ~25 years by anomalous vertical advection 76 

tied to a monotonic subsurface temperature increase in the eastern equatorial Pacific Ocean [K. 77 

Wang et al. (2018)].  78 

Moreover, Arctic sea ice decline causes planetary-scale changes in ocean circulation 79 

beyond the tropical Pacific. Particularly, sea ice retreat generates positive buoyancy anomalies in 80 

the Arctic, which spreads over the North Atlantic and leads to a weakening of the Atlantic 81 

meridional overturning circulation (AMOC) [e.g., Scinocca et al. (2009); Oudar et al. (2017); 82 

Sévellec et al. (2017); Sun et al. (2018)]. In a different context, weakened or nearly collapsed 83 

AMOC has been observed in numerous freshwater hosing experiments, leading to the southward 84 
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shift of the ITCZ [e.g., Zhang and Delworth (2005); Broccoli et al. (2006); Stouffer et al. (2006); 85 

Fedorov et al. (2007); Barreiro et al. (2008); Liu and Hu (2015)]. Therefore, it is reasonable to 86 

anticipate that the sea-ice induced AMOC change can play a critical role in mediating the more 87 

direct impact of Arctic sea ice loss on the ITCZ shift. However, the potential interplay between 88 

atmospheric and oceanic processes due to Arctic sea ice decline has not been explored in 89 

previous studies.   90 

The goal of the present study is to explore global climate response to the reduction of 91 

Arctic sea ice cover, and how it evolves in time, with a particular focus on the migration of the 92 

ITCZ and the role of the AMOC. To isolate the effects of Arctic sea ice loss from all other 93 

possible forcings, we apply an idealized perturbation approach in which we lower the albedo of 94 

Arctic sea ice in a fully coupled climate model [following the approach of Sevellec et al. (2017) 95 

and Liu et al. (2018b)]. The decrease in albedo causes a quick retreat of Arctic sea ice, which 96 

initially warms the Northern hemisphere and induces a northward ITCZ displacement. However, 97 

we show that as the AMOC begins to slow down after the first one or two decades, the ITCZ 98 

shifts southward from its original position. This interplay between direct and indirect effects of 99 

Arctic sea ice decline on different timescales, overlooked in previous studies, should be critical 100 

for climate prediction from short decadal timescales to multi-decadal and longer timescales.  101 

 102 

2 Observations, model experiments and the energetics framework 103 

We use passive microwave sea ice concentration measurements from National Snow and 104 

Ice Data Center, which are based on gridded brightness temperatures from the Defense 105 

Meteorological Satellite Program series of passive microwave radiometers: the Special Sensor 106 
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Microwave Imager and the Special Sensor Microwave Imager/Sounder. This sea ice 107 

concentration data has a resolution of 25×25 km. We use annual mean values of sea ice 108 

concentration (Fig. S2a,b) and sea ice extent (Fig. S1) that is defined as the area of ocean in 109 

which ice concentration exceeds 15%. 110 

We use the National Center for Atmospheric Research (NCAR) Community Earth 111 

System Model (CESM), version 1.0.4. The atmosphere (CAM4) and land components use a T31 112 

spectral truncation. The ocean and sea ice components uses an irregular horizontal grid, which is 113 

nominal 3o but becomes significantly finer (~1o) as close to Greenland and over the Arctic area. 114 

Based on the quasi-equilibrium of CESM pre-industrial control run, we conduct ensemble 115 

perturbation experiments by lowering the albedo of bare and ponded sea ice and snow covered 116 

on ice solely over the Arctic area in the model sea ice component. Particularly, we change the 117 

standard deviation parameters of bare and ponded sea ice (Rice and Rpnd) from 0 to -2 and reduce 118 

the single scattering albedo of snow by 10% for all spectral bands. This choice of parameters 119 

allows our perturbation experiments to closely replicate the observed Arctic sea ice loss during 120 

past several decades, both in spatial distribution (Fig. S2a,c,f) and the seasonal cycle change 121 

(Fig. S3a).  Though this version of CESM simulates a larger sea ice area than observations in 122 

line with lower-resolution configurations of the CESM family [Shield et al. (2012)], the 123 

wintertime deep convection (e.g., where the March mixed layer depth exceeds 400 m) occurs in 124 

the Norwegian Sea and extends to a region south of Iceland and east of the British Isles, i.e., 125 

outside the sea ice area (Fig. S4). Therefore, the sea ice retreat in the subpolar North Atlantic will 126 

not directly affect the deep convection and North Atlantic Deep Water formation via the loss of 127 

sea ice area. 128 
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To reduce the impact of internal variability, we conduct ten 200-year ensembles for the 129 

perturbation experiments by slightly varying the initial condition of the model atmosphere 130 

component. We primarily present the ensemble-mean results but include the ensemble spread in 131 

the figures for reference. Unlike previous studies [Deser et al. (2015); Tomas et al. (2016); K. 132 

Wang et al. (2018); Sun et al. (2018)], our altering-albedo approach avoids using additional heat 133 

flux input to modulate the Arctic sea ice and thus ensures energy conservation in the climate 134 

system [Bitz et al. (2006); Scinocca et al. (2009); Graversen et al. (2009); Blackport and Kushner 135 

(2016, 2017); Cvijanovic et al. (2017)].  136 

To evaluate Arctic sea ice changes in the perturbation experiment, we compute the total 137 

area of sea ice by integrating the ice fraction over the entire region of the ocean where ice forms. 138 

We use this metric because it is independent of model grid and resolution [Eisenman et al. 139 

(2011)] and can precisely describe the change between sea ice and open water. The AMOC 140 

strength is defined as the maximum of annual mean meridional stream-function below 500 m in 141 

the North Atlantic. The location of the ITCZ is measured as the latitudinal centroid of 142 

precipitation: 143 

    (1) 144 

where  and   are the latitudinal bounds for integration and  denotes 145 

precipitation [Frierson and Hwang (2012)] 146 

To access the roles of fast atmospheric processes due to sea ice contraction versus the 147 

induced AMOC weakening in shifting the ITCZ, we adopt an energetics framework that links the 148 

ITCZ displacement to energy fluxes into the atmosphere [e.g., Kang et al. (2008); Frierson and 149 

Hwang (2012); Donohoe et al. (2013); Marshall et al. (2014); see Schneider et al. (2014) for a 150 
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review]. Specifically, since the upper branch of the Hadley cell is primarily responsible for 151 

energy transport between two hemispheres while water vapor is concentrated near the surface 152 

and transported in the opposite direction by the lower branch of the Hadley cell, the ITCZ 153 

latitudinal position shifts in the opposite direction to changes in the cross-equatorial atmospheric 154 

energy transport. The atmospheric cross-equatorial energy transport (AHTEQ) can be calculated as 155 

    (2) 156 

where  and  are the net energy fluxes entering the atmosphere in the 157 

Southern and Northern Hemispheres, respectively, and are calculated as: 158 

    (3) 159 

and  160 

    (4) 161 

where , , and  denote the latitude, longitude, and radius of the Earth.  and  are the 162 

energy fluxes across the top of the atmosphere (TOA) and ocean/land surface. Based on Eqs. (2)-163 

(4), any perturbation in climate components (such as Arctic sea ice loss or an AMOC weakening) 164 

that changes  or  can affect the cross-equatorial energy transport in the atmosphere and 165 

hence the ITCZ position. 166 

 167 

3 Results 168 

Arctic sea ice and the AMOC show markedly different evolutions in the perturbation 169 

experiment. In particular, the change of Arctic sea ice is rapid (Fig. 1a) and takes 5-10 years. 170 
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Seen from annual mean Arctic sea ice area, the diminished snow/ice albedo causes an area loss 171 

of ~1.9×106 km2 (~12% of the control) throughout the 200-year simulation, while most of this 172 

loss occurs within the first few years of the run. In contrast, the change of the AMOC is much 173 

slower (Fig. 1b): the AMOC exhibits no robust weakening tread during the first 15 years when 174 

ocean changes are still confined to the Arctic Ocean and the Barents Sea, away from the North 175 

Atlantic deep convection regions [Liu et al. (2018b)]. However, after 15 years, the AMOC starts 176 

weakening, as sea ice-loss induced warm and fresh buoyancy anomalies spreads over the North 177 

Atlantic and suppress deep convection and the formation of North Atlantic deep water as 178 

described in detail in Sévellec et al. (2017). About a century after Arctic sea ice contraction, the 179 

AMOC weakening reaches ~6 Sv (~34% of the control, 1Sv=106m3/s) before leveling off. The 180 

sharp difference between the short and long adjustment timescales in Arctic sea ice and AMOC 181 

evolutions reflects the slow ocean adjustment to polar changes. 182 

In response to Arctic sea ice and the subsequent AMOC changes, the migration of the 183 

ITCZ exhibits two stages. The global ITCZ shifts northward by ~0.1o during the first 15 years 184 

(Fig. 1c) after the Arctic sea ice rapid retreat (Fig. 1a) whereas the AMOC remains unchanged 185 

(Fig. 1b). As part of this ITCZ shift, rainfall increases north of the equator, and decreases south 186 

of the equator, over the tropical Atlantic and tropical eastern Pacific (Fig. 2b). Anomalous 187 

surface air temperature shows a "bipolar seesaw": the Arctic and the rest of the Northern 188 

Hemisphere (NH) warms, while the Southern Hemisphere (SH), including the Southern Ocean 189 

and parts of Antarctica, cools (Fig. 2a, Fig. S5). Warming and cooling in polar regions is not 190 

only limited to surface but also extends to lower troposphere (Fig. S6a). As a result, the tropical 191 

rain belt shifts to the warmer hemisphere (i.e. the NH). The rapid northward ITCZ shift is 192 

consistent with the previous results [Deser et al. (2015); Tomas et al. (2016); Cvijanovic et al. 193 
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(2017); K. Wang et al. (2018)] from slab ocean models or a full-depth ocean model but with 194 

subsurface temperature and salinity constrained [Smith et al. (2017)], which points that 195 

atmospheric processes are responsible for the ITCZ shift due to Arctic sea ice retreat. Thus, the 196 

initial bipolar-seesaw temperature response is of atmospheric origin [Z. Wang et al. (2015)], and 197 

is different from the typical signature of millennial variability related to AMOC changes 198 

discussed in a paleoclimate context [e.g., Crowley (1992); Clark et al. (2002); Rahmstorf (2002); 199 

Barker et al. (2009)].   200 

The role of Arctic sea ice loss in the ITCZ shift can be further assessed via the energetics 201 

framework. The sea ice loss during the first 15 years induces a strong TOA radiation anomaly 202 

into the atmosphere over the Arctic (Fig. 3a, Fig. S7a). This radiation anomaly is generated by 203 

enhanced shortwave radiation (Fig. S7c) that is partially cancelled by the reflection due to 204 

increased low clouds (Fig. S7e, Fig. S8a) and dampened by outgoing longwave radiation (Fig. 205 

S7b). Outside the tropics (between 20oS and 20oN), the NH atmosphere on average gains 1.07 206 

W/m2 energy via the TOA, whilst a significant part of this energy gain (0.87 W/m2) goes into the 207 

Arctic and mid-latitude (30-60oN) Atlantic and Pacific Oceans in form of ocean heat uptake (Fig. 208 

3b, Fig. 4a). Consequently, the NH atmosphere has a net energy gain owing to Arctic sea ice 209 

loss. In contrast, the energy change in the extratropical SH atmosphere is much smaller (a loss of 210 

0.07 W/m2 via the TOA and a gain of 0.03 W/m2 across ocean/land surface). This inter-211 

hemispheric energy imbalance thereby drives an anomalous southward cross-equatorial 212 

atmospheric energy transport (AHTEQ = -0.03PW, 1PW=1015Watt) (Fig. S9), implying a northward 213 

shift of the Hadley cell (Fig. S10a) and the ITCZ (Fig. 1b). 214 

After the first 15 years, the global ITCZ gradually shifts southward, back to its original 215 

position after 40 years of the experiment and then further ~0.12o by the end of the experiment 216 
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(Fig. 1c). The meridional ITCZ migration during this stage is associated with the slow response 217 

of the deep ocean, or more specifically, the weakening of the AMOC (Fig. 1b). During the last 218 

50 years of the experiment, rainfall decreases to the north of, but increases to the south of the 219 

equator over the tropical Atlantic (Fig. 2d), which is in line with the previous results from the 220 

freshwater hosing experiments [e.g., Zhang and Delworth (2005); Broccoli et al. (2006); Stouffer 221 

et al. (2006); Fedorov et al. (2007); Barreiro et al. (2008); Liu and Hu (2015)]. 222 

Surface air temperature shows a general warming over the globe except over the so-223 

called "Warming Hole" in the North Atlantic (Fig. 2c) and over northern mid-latitudes in 224 

general, which results from the AMOC weakening. On the one hand, Arctic sea ice loss induces 225 

global warming-like changes in surface air temperature when climate response to sea ice loss 226 

approaches equilibrium [Deser et al. (2015); Tomas et al. (2016); Sun et al. (2018)]. On the other 227 

hand, the reduction in the AMOC strength and its heat transport causes a cooling of the North 228 

Atlantic and the atmosphere downstream of this region [e.g., Drijfhout et al. (2012); Rahmstorf 229 

et al. (2015); Liu et al. (2017); Sévellec et al. (2017)]. The “Warming Hole” helps to build a 230 

strong temperature contrast in the tropical Atlantic, shifting the Atlantic ITCZ towards the 231 

warmer hemisphere (i.e. the SH). Above surface, the slow response of air temperature shows a 232 

lower tropospheric warming in polar regions and upper tropospheric warming in the tropics (Fig. 233 

S5b), which is consistent with the “mini global warming” pattern invoked in Deser et al. (2015) 234 

and present in multiple models [Blcakport and Kushner (2016, 2017), Screen et al. (2018)]. 235 

The AMOC effect on the ITCZ shift can be further elaborated from the perspective of 236 

atmospheric energetics. Compared to the first 15 years, the TOA radiation anomaly associated 237 

with Arctic sea ice loss hardly changes (Fig. 3e, Fig. 4c) because the sea-ice induced radiation 238 

adjustment is via atmospheric processes thus is rapid. The most striking change occurs in the 239 
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North Atlantic over the Warming Hole region where more energy is taken from atmosphere into 240 

ocean (Fig. 3f, Fig. 4c). At the same time, less energy sinks into ocean over the South Atlantic 241 

and the Atlantic sector of the Southern Ocean. These changes in ocean heat uptake (for the ocean 242 

they are in the form of surface heat flux) seem to damp the cooling of SST in the North Atlantic 243 

and the warming in the South Atlantic and Southern Oceans (Fig. S11) [Armour et al. (2016)]. 244 

Averaged over extratropics, the NH atmosphere gains 0.97 W/m2 energy via the TOA 245 

during the last 50 years of the experiment (less by 0.10 W/m2 than during the first 15 years) but 246 

loses 1.21 W/m2 energy via the ocean surface (an increase of 0.34 W/m2 as compared to the first 247 

15 years). In contrast to the first 15 years, the NH atmosphere now experiences a net energy loss 248 

due to the weakening of the AMOC. Meanwhile, the SH atmosphere loses 0.13 W/m2 energy via 249 

the TOA and gains 0.35 W/m2 energy via ocean surface, so that it has a net energy gain. Thereby, 250 

the inter-hemispheric energy imbalance reverses from the first 15 years, driving an anomalous 251 

northward cross-equatorial atmospheric energy transport (AHTEQ = 0.12PW) (Fig. S9), consistent 252 

with the southward shift of the Hadley cell (Fig. S8b) and the ITCZ (Fig. 1b). 253 

 254 

4 Conclusion and implications 255 

In this study, we explore the mechanisms and timescales of global impacts of the 256 

contraction of Arctic sea ice cover. Specifically, we focus on the role of the interplay between 257 

faster atmospheric processes and a slower oceanic adjustment that involves the AMOC 258 

weakening. To investigate this problem, we conduct ensemble perturbation experiments with a 259 

fully coupled climate model wherein we reduce the albedo of snow/sea ice, which causes a rapid 260 

contraction of Arctic sea ice, comparable to the observed loss of Arctic sea ice cover of the past 261 
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three decades. We then monitor climatic changes during the first 200 years of the experiments. 262 

We find that climate response to Arctic sea ice decline is dramatically different on longer multi-263 

decadal to centennial timescales from that on shorter decadal timescales. Within one or two 264 

decades after the induced Arctic sea ice retreat the global surface air temperature response 265 

follows a bipolar seesaw pattern with warmer NH and colder SH. This fast response occurs 266 

mostly via atmospheric processes, as the ocean has little time to adjust to the forcing. As required 267 

by atmospheric energetics, the ITCZ shifts northward. In contrast, on multi-decadal and longer 268 

timescales, as the AMOC weakens by 30-40%, the Southern Hemisphere gradually warms and 269 

the ITCZ moves back and then shifts southward from its original position after 40 years of the 270 

experiments. At the same time, while the Arctic remains warm, the northern mid-latitudes 271 

become slightly colder, with the largest cooling over the North Atlantic Ocean Warming Hole 272 

caused by the AMOC weakening.  273 

This two-stage evolution of the ITCZ has important implications for the global 274 

hydrological cycle. The fast ITCZ response to Arctic sea ice loss during the first stage is 275 

consistent with the northward ITCZ shift since mid-1980s, which has been attributed to the 276 

concurrent atmospheric aerosol reduction [Allen et al. (2015); H. Wang et al. (2016)]. Our results 277 

indicate that Arctic sea ice loss may have been another factor contributing to the northward 278 

displacement of the tropical rain belt, though partial sea ice loss is related to aerosol reduction 279 

[Navarro et al. (2016); Gagné et al. (2017)]. On longer, multi-decadal to centennial timescales, 280 

the ocean-mediated impacts—especially those from the AMOC—become more important. Here, 281 

it merits attention that 1) Arctic sea ice loss in current study is imposed almost immediately by 282 

changing the albedo while in reality the sea ice extent declines gradually. In other words, if a 283 

transient Arctic sea ice loss is imposed in the model [e.g. Sun et al. (2018)], the ITCZ shifts 284 
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might be different. 2) The precipitation responses to Arctic sea ice loss show distinct 285 

characteristics between current study and K. Wang et al. (2018), which could be attributed to the 286 

differences in models and/or sea ice melting methods. 287 

Other implications of this study concern changes in Antarctic sea ice. At first, due to the 288 

dramatic ocean surface cooling associated with the fast response to Arctic sea ice loss (Fig. 2a), 289 

Antarctic sea ice grows (Fig. 1d), which is consistent with the observed Antarctic sea ice 290 

expansion during the satellite era (Fig. S1) in terms of the increase of total sea ice area [but 291 

shows differences from observation in magnitude, pattern and seasonal cycle (Figs. S2 and 292 

S3b)]. This nearly instant Antarctic sea ice response mainly occurs over the Amundsen and the 293 

Ross Seas (Fig. S2d) and is achieved by atmospheric teleconnections. Particularly, the Arctic sea 294 

ice loss brings about the reorganization of tropical convection (Fig. S12c) [Cvijanovic et al. 295 

(2017)], which in turn causes a deepening of the Amundsen Sea Low (Fig. S12a) through the 296 

propagation of a Rossby wave train (Fig. S12b). The deepened Amundsen Sea Low alters the 297 

regional ocean circulation near Antarctica [Schneider and Deser (2018)] and then leads to 298 

Antarctic sea ice expansion [Meehl et al. (2016)]. However, after about 100 years of the 299 

experiment, the warming of the Southern Hemisphere (Fig. S5) starts melting Antarctic sea ice 300 

(Fig. 1d), which primarily happens to the east of the Antarctic Peninsula and close to the East 301 

Antarctic (Fig. S2f). The 100-year timescale is generally consistent with the period of AMOC 302 

weakening, and can be further affected by the slow ocean heat uptake in the Southern Ocean [Liu 303 

et al. (2018a)]. Thus, our study yields new insights on the connection between climate change 304 

over the Arctic and the southern high latitudes. 305 

 306 

 307 
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 438 

Figure captions 439 

Fig. 1 Changes in (a) annual mean Arctic sea ice area, (b) AMOC strength, (c) annual mean 440 

global ITCZ latitudinal position and (d) annual mean Antarctic sea ice area in the perturbation 441 

experiment relative to a 50-year mean of the control run. For each variable, ensemble means (of 442 

10 members) are shown with thick lines; shading indicates ensemble spread computed as one 443 

standard derivation from the ensemble mean. 444 

Fig. 2 Changes in annual mean (a) surface air temperature (in unit of K) and (b) precipitation (in 445 

unit of mm/day) during the first 15 years of the experiment relative to a 50-year mean of the 446 

control run. Panels (c) and (d) are as the top panels but for the changes during the last 50 years of 447 

the experiment. Note the emergence of the Warming Hole and generally colder mid-latitudes in 448 

(c) and the ITCZ southward shift in (d). Ensemble-mean values are shown. 449 

Fig. 3 (Left panels) Changes of annual mean net energy flux at the top of atmosphere (in unit of 450 

W/m2, downward positive) during (a) the first 15 years and (c) the last 50 years of the experiment 451 

relative to a 50-year mean of the control run, and (e) the difference between these two periods. 452 

(Right panels) As in the left panels but for the changes of the net energy flux at at the ocean and 453 

land surface. Note the enhanced ocean heat uptake in the North Atlantic in (d). 454 
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Fig. 4 Changes of the zonal and annual mean energy fluxes (scaled by Earth’s area at each 455 

latitude) at the top of atmosphere (black: ensemble mean; gray shading: ensemble spread) and 456 

Earth’s surface (blue: ensemble mean; light-blue shading: ensemble spread), the zonal and 457 

annual mean net energy fluxes into the atmosphere (red: ensemble mean, orange shading: 458 

ensemble spread) and cross-equatorial atmospheric energy transport during (a) the first 15 years 459 

and (b) the last 50 years of the experiment relative to 50-year mean of the control run. Panel (c) 460 

shows the difference between these two periods. The energy flux is defined downward positive. 461 

The ensemble spread is calculated as one standard derivation from the ensemble mean. Note the 462 

enhanced energy flux through the Earth’s surface and net energy flux into the atmosphere in 30-463 

60oN in (b). 464 
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Fig. 1 Changes in (a) annual mean Arctic sea ice area, (b) AMOC strength, (c) annual mean 478 

global ITCZ latitudinal position and (d) annual mean Antarctic sea ice area in the perturbation 479 

experiment relative to a 50-year mean of the control run. For each variable, ensemble means (of 480 

10 members) are shown with thick lines; shading indicates ensemble spread computed as one 481 

standard derivation from the ensemble mean. 482 
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 492 

Fig. 2 Changes in annual mean (a) surface air temperature (in unit of K) and (b) precipitation (in 493 

unit of mm/day) during the first 15 years of the experiment relative to a 50-year mean of the 494 

control run. Panels (c) and (d) are as the top panels but for the changes during the last 50 years of 495 

the experiment. Note the emergence of the Warming Hole and generally colder mid-latitudes in 496 

(c) and the ITCZ southward shift in (d). Ensemble-mean values are shown. 497 
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 503 

Fig. 3 (Left panels) Changes of annual mean net energy flux at the top of atmosphere (in unit of 504 

W/m2, downward positive) during (a) the first 15 years and (c) the last 50 years of the experiment 505 

relative to a 50-year mean of the control run, and (e) the difference between these two periods. 506 

(Right panels) As in the left panels but for the changes of the net energy flux at at the ocean and 507 

land surface. Note the enhanced ocean heat uptake in the North Atlantic in (d). 508 

 509 
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 510 

Fig. 4 Changes of the zonal and annual mean energy fluxes (scaled by Earth’s area at each 511 

latitude) at the top of atmosphere (black: ensemble mean; gray shading: ensemble spread) and 512 
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Earth’s surface (blue: ensemble mean; light-blue shading: ensemble spread), the zonal and 513 

annual mean net energy fluxes into the atmosphere (red: ensemble mean, orange shading: 514 

ensemble spread) and net cross-equatorial atmospheric energy transport (arrows) during (a) the 515 

first 15 years and (b) the last 50 years of the experiment relative to 50-year mean of the control 516 

run. Panel (c) shows the difference between these two periods. The energy flux is defined 517 

downward positive. The ensemble spread is calculated as one standard derivation from the 518 

ensemble mean. Note the enhanced energy flux through the Earth’s surface and net energy flux 519 

into the atmosphere in 30-60oN in (b).   520 


