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Abstract: The impact on the Gulf Stream and Kuroshio from Arctic sea ice loss is investigated using 12 

the Community Climate System Model version 4 (CCSM4) model for their important roles during 13 

climate change. Results show that the Gulf Stream (Kuroshio) weakens (strengthens) in response to 14 

Arctic sea ice loss via ocean (atmosphere) adjustments. More precisely, the Kuroshio acceleration is 15 

mainly due to the anomalous wind stress over the North Pacific, while the ocean gyre adjustments 16 

in the Atlantic are responsible for the weakened Gulf Stream. As positive buoyancy fluxes induced 17 

by Arctic sea ice loss triggers a slowdown of the Atlantic Meridional Overturning Circulation 18 

(AMOC), the Gulf Stream decelerates evidently, which current speed decreases about 5-8 cm/s in 19 

the upper ocean. Resulted from less advection and horizontal diffusion in the temperature budget, 20 

less poleward warm water leads to a narrow sea surface cooling sandwiched between strong warm- 21 

ing in the subpolar and subtropical Atlantic. Furthermore, colder surface decreases the upward heat 22 

flux (mainly latent heat flux) along the Gulf Stream Extension (GE) path, which leads to a warming 23 

hole in the atmosphere. 24 

Keywords: Arctic sea ice loss; subtropical western boundary currents; AMOC; air-sea interaction; 25 

warming hole 26 

 27 

1. Introduction 28 

The Gulf Stream in the North Atlantic and the Kuroshio in the North Pacific are im- 29 

portant subtropical western boundary currents (WBCs) in the Northern Hemisphere (NH), 30 

influencing the weather and climate through both hydrodynamics and thermodynamics 31 

[1–3]. These two currents are characterized by fast ocean velocities, high sea surface tem- 32 

perature (SST), and intensive ocean heat loss [4]. The poleward ocean heat transport by 33 

the Gulf Stream and the Kuroshio contributes to the global heat balance [5,6]. Still, the 34 

large amount of water mass, salinity, and nutrient exchanges can significantly impact the 35 

fisheries and environments [7]. So it is necessary to understand the evolution of the Gulf 36 

Stream and the Kuroshio. 37 

With global warming occurring as a result of increased greenhouse gas (GHG) con- 38 

centrations in the atmosphere, there has been a growing interest in the evolution of WBCs. 39 

Wu et al. [8] found a regionally accelerated warming (2-3 times larger than the global 40 

surface ocean warming rate) since 1900 over the path of WBCs in all the ocean basins. The 41 

accelerated warming is associated with a poleward shift and/or intensification of WBCs. 42 

While Dong et al. [9] used satellite altimetry data to demonstrate that the Gulf Stream 43 

experienced a southward shift east of 65°W, accompanied by a slowdown trend during 44 

1993–2016. In agreement with Dong et al. [9], climate models project a weaker Gulf Stream 45 
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in the twenty-first century in response to global warming [7]. To explain the variations in 46 

the path and strength of the Gulf Stream, many studies have considered the effect of the 47 

Atlantic meridional overturning circulation (AMOC) changes [10–12]. A slower AMOC is 48 

found when the Gulf Stream is weaker and displaced southward [10]. On the other hand, 49 

Zhang et al. [13] suggested that the weakening trend of the Gulf Stream from 1993 to 2016 50 

was resulted from the decline of the North Atlantic Oscillation (NAO). With regard to the 51 

Kuroshio, Wang et al. [14] showed a weakened Kuroshio during the period 1993-2013 de- 52 

spite enhanced warming along its path. The Kuroshio decelerates during the negative 53 

phase of Pacific Decadal Oscillation (PDO) [15]. However, the projected global warming 54 

intensifies and shifts the Kuroshio northerly in models [12,16]. Sakamoto et al. [17] 55 

thought that the acceleration of the Kuroshio was due to the changes in the large-scale 56 

wind stress over the North Pacific, but some researchers demonstrated that the sea surface 57 

warming, not the wind changes, dominated the intensification of the upper-layer Kuro- 58 

shio in a warming climate [12]. 59 

Another significant consequence of anthropogenic warming is the sea ice reduction 60 

in Arctic [18–20]. Substantial evidence from observations and numerical simulations indi- 61 

cates that Arctic sea ice has declined rapidly in recent decades [21,22], with broad impacts 62 

on surface albedo, air-sea heat/moisture fluxes as well as atmospheric and oceanic circu- 63 

lations [23]. For example, the AMOC is projected to slow down in response to Arctic sea 64 

ice loss across climate models [24–26]. Previous studies also suggested that Arctic sea ice 65 

reduction induced a negative phase of NAO during winter [27–29]. Moreover, Arctic sea 66 

ice loss can bring about much stronger warming in Arctic compared with the global 67 

warming, which is called Arctic amplification (AA) [30], and causes the anomalies in wind 68 

field around the world [31,32]. The AA contributes to weather and climate changes in mid- 69 

latitudes, including WBCs in the Northern Hemisphere [33,34]. The Arctic Ocean may in- 70 

fluence the North Pacific Ocean via water exchange through the Bering Strait, and it even 71 

may affect the water properties (e.g., temperature and salinity) in the Kuroshio [35,36]. 72 

Meanwhile, the Arctic Ocean affects the North Atlantic Ocean across the Fram Strait and 73 

the Barents Sea. The Gulf Stream’s influence would be amplified over the Barents Sea re- 74 

gion by interacting with sea-ice anomaly, promoting cold Eurasian [37,38]. Compared to 75 

the narrow Bering Strait, the water exchange between the Arctic Ocean and the North 76 

Atlantic Ocean is more efficient. On the other hand, the Gulf Stream and the Kuroshio can 77 

both be influenced indirectly by Arctic via atmosphere [5,37,39]. As a result, the responses 78 

of the Gulf Stream and the Kuroshio to Arctic sea ice loss may be different, but the details 79 

and physical processes of how Arctic sea ice loss affects these two important currents re- 80 

main uncertain. 81 

Although previous studies have focused on the responses of the Gulf Stream and the 82 

Kuroshio to global warming [7,12,17], and the Arctic sea ice impacts on climate change 83 

[29,40], the variations in the Gulf Stream and the Kuroshio induced by Arctic sea ice loss 84 

alone are not clear. The first question rises that whether the responses of the Gulf Stream 85 

and the Kuroshio to Arctic sea ice loss are the same. If the answer is no, how do the Gulf 86 

Stream and the Kuroshio in response to the Arctic sea ice loss, and what mechanisms drive 87 

them to occur? To answer these questions, using the numerical simulations, we investi- 88 

gated the different responses of the Gulf Stream and the Kuroshio to Arctic sea ice loss in 89 

this paper—that is to investigate only the sea ice loss response without CO2-induced 90 

warming. This paper is organized as the followings: the model and design of the various 91 

experiments are described in the section 2. The section 3 shows the different responses of 92 

the Gulf Stream and the Kuroshio to Arctic sea ice loss, and the possible mechanisms driv- 93 

ing the Gulf Stream and the Kuroshio anomalies, respectively. Finally, a summary and 94 

some discussion are given in section 4. 95 

2. Model and Experiments 96 

A fully coupled global climate model, the Community Climate System Model version 97 

4 (CCSM4) is used in this study. The atmospheric component has 26 vertical levels, with 98 
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the finite volume nominal 0.9°×1.25° in the horizontal direction. The oceanic resolution is 99 

about 1° in the horizontal and 60 levels in the vertical direction. The ice model has the 100 

same horizontal grid as the ocean model. 101 

A suite of experiments (Table 1) are designed to explore the differences in the mech- 102 

anism of the Gulf Stream and the Kuroshio responses to Arctic sea ice loss. The model is 103 

configured in two ocean configurations: full ocean model (FOM) and slab-ocean model 104 

(SOM). SOM has FOM’s spatially varying mixed layer depth climatology. FOM and SOM 105 

both have two kinds of simulations with different Arctic sea ice states. One ice state 106 

(ICE_20) is the average Arctic sea ice conditions representative of the late 20th-century 107 

(1980–1999) under historical radiative forcing (the black line in Figure 1), and the other 108 

one (ICE_21) is representative of the late 21st-century (2080–2099) under representative 109 

concentration pathway 8.5 (RCP8.5) radiative forcing (the blue line in Figure 1). As Figure 110 

1 shown, each Arctic sea ice state has a seasonal cycle of Arctic sea ice extent (defined as 111 

the area with at least 15% fractional ice cover). The greatest sea ice extent is in March, and 112 

the least ice extent appears in September. A year-round reduction in Arctic sea ice extent 113 

happens in response to RCP8.5 radiative forcing. The Arctic becomes nearly ice-free from 114 

August to October during 2080–2099. To achieve the sea ice conditions for the late twen- 115 

tieth and twenty-first centuries, a seasonally varying longwave radiative flux is artificially 116 

added to the sea ice model at each grid box and time step in the Arctic only. The spatial 117 

distribution of the additional longwave radiative flux is related with the sea ice reduction 118 

(Figure 1b, S1). For example, Figure 1b shows the added longwave radiative flux to the 119 

ice model in September in ICE_21 compared to ICE_20. The additional longwave radiative 120 

flux is the largest in the central Arctic close to the Greenland where the sea ice loss is the 121 

strongest in September. The value is southward decreasing and becomes zero where there 122 

is no ice. It should be noted that apart from the different sea ice state, radiative forcing 123 

conditions are kept fixed at the year 2000 in FOM and SOM to isolate the response to sea 124 

ice loss. 125 

Table 1. Design of the model experiments. The results use the ensemble mean of the runs. Each run 126 

is integrated for 100 years. ∆FOM = ICE_21_FOM - ICE_20_FOM, ∆SOM = ICE_21_SOM -  127 

ICE_20_SOM. 128 

Name Radiative forcing 
Arctic sea ice 

state 

Ocean     

configurations 
Ensemble   

ICE_20_FOM Year 2000 1989-1999 Full ocean 20 runs 

ICE_21_FOM Year 2000 2080-2099 Full ocean 20 runs 

ICE_20_SOM Year 2000 1980-1999 Slab ocean 10 runs 

ICE_21_SOM Year 2000 2080-2099 Slab ocean 10 runs 
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 129 

Figure 1. (a) Monthly Arctic sea ice extent (106 km2) in the late 20th-century (1980–1999) under his- 130 

torical radiative forcing (the black line) and the late 21st-century (2080–2099) under RCP8.5 radiative 131 

forcing (the blue line). (b) The longwave radiative flux (W/m2) artificially added to the sea ice model 132 

in September in ICE_21 compared to ICE_20. The direction of longwave radiative flux is downward. 133 

In order to reduce the noise from the inherent variability of the ocean currents, 20 (10) 134 

pairs of runs with FOM (SOM) are performed to ensure the robustness of results. Each 135 

run is integrated for 100 years. The difference between the ensemble mean of 20 (10) sim- 136 

ulations with different Arctic sea ice states, referred to as ∆FOM (∆SOM), represents the 137 

climate response to late 21st-century Arctic sea ice loss relative to present day. Comparing 138 

∆FOM with ∆SOM, the role of ocean adjustments is isolated in the response to sea ice loss. 139 

In this study, we focus on the quasi-equilibrium responses over the last 20 years of each 140 

experiment [26]. Statistical significance of the responses is assessed at the 95% confidence 141 

level by a two-tailed Student’s t test. Details of the method and model components cou- 142 

pling can be found in [26,41]. 143 

3. Results 144 

3.1. SST changes 145 
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The SST’s response to the Arctic sea ice loss exhibits significantly different patterns 146 

in SOM (Figure 2a) and FOM experiments (Figure 2b). In SOM experiments (Figure 2a), 147 

there is pronounced warming in the NH for lack of ocean dynamics. The warming ampli- 148 

tude is poleward amplified significantly in the North Atlantic and North Pacific, suggest- 149 

ing that the meridional gradient of the SST response is much stronger than the zonal gra- 150 

dient response. The SST warming maximum appears in the subpolar to polar regions 151 

where the sea-ice reduction is the largest. However, the SST anomaly distributes in a more 152 

complex pattern in FOM (Figure 2b). The different patterns between SOM and FOM indi- 153 

cate the important role of ocean dynamics in the SST response. 154 

 155 

Figure 2. The quasi-equilibrium response of sea surface temperature (SST, ℃) to Arctic sea ice loss 156 

in (a) SOM and (b) FOM. Values not significant at the 95% confidence level are hatched. 157 

In contrast to whole warming NH in SOM, there is enhanced warming at high lati- 158 

tudes and along the equator in the Eastern Pacific in FOM. In addition, the FOM response 159 

shows that a cooling occurs along the path of the Gulf Stream Extension (GE) among the 160 

warming in the North Atlantic (black box A in Figure 2b). The SST decreasing in the Lab- 161 

rador Sea is hatched indicating that it is not significant at the 95% confidence level, as well 162 

as the cooling along the Oyashio Extension in the North Pacific. The warming is relatively 163 

weak in the Kuroshio and its extension’s region compared to other regions in the North 164 

Pacific (black box B in Figure 2b). The warming in the eastern equatorial Pacific has been 165 

discussed in [26]. However, the mechanism of surface cooling along the GE path has not 166 

been explained, which is another key difference between FOM and SOM. Moreover, the 167 

sign of SST response is opposite over the WBCs in the North Atlantic and North Pacific 168 

(black box A and black box B in Figure 2b), associated with an interesting phenomenon 169 

that the two important currents show contrary responses to Arctic sea ice loss—that is, the 170 

Gulf Stream weakens (Figure 3b) while the Kuroshio intensifies (Figure 4b). 171 
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 172 

Figure 3. (a) Climatological ocean currents averaged in the upper 100-m depth of the North Atlantic 173 

in FOM. (b) The quasi-equilibrium responses of ocean currents averaged in the upper 100-m depth 174 

(vectors, cm/s) and SST (color shading, ℃) to Arctic sea ice loss in FOM. 175 
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 176 

Figure 4. As in Figure 3 but for the North Pacific. 177 

3.2. Mechanisms for the Gulf Stream response 178 

The Climatological Gulf Stream and GE with fast ocean velocities are well captured 179 

by CCSM4 in ICE_20_FOM with full ocean configuration (Figure 3a). When the prescribed 180 

longwave radiative flux is added into the sea ice model component in FOM case, the Arctic 181 

and subpolar Atlantic get warmer (Figure 2b, S2a), where the upper ocean stratification 182 

becomes stable, hindering deep-water formation and triggering the weakening of the 183 

AMOC (Figure 5). Thereafter, the sea-ice melting starts to take effect, freshening the upper 184 

ocean, which causes the AMOC diminishes further (Figure S3). The AMOC index is de- 185 

fined as the maximum value of the streamfunction between 20°-70°N and 300-2000 m in 186 

the Atlantic. In climatology, the AMOC strength is about 22 Sv (Figure not shown) and 187 

the maximum value is at about 1000 m between 30°N and 40°N. The AMOC reduces by 188 

nearly 6 Sv within the first 30 years of ice loss and 4.5 Sv by year 100 (Figure 5a). The 189 

weakened strength is approximately 20.5% of the AMOC before the Arctic sea ice loss and 190 

33.3% of the total AMOC decline under RCP8.5 in CCSM4 [26]. The maximum change for 191 

AMOC happens in the depth 1000-2000 m between 30°N and 50°N (Figure 5b). As part of 192 

the upper branch of the AMOC, the Gulf Stream and GE slow down evidently. The me- 193 

ridional streamfunction reduces significantly above 300 m in the subtropical North Atlan- 194 

tic (the black box in Figure 5b) and the upper ocean current velocity decreases about 5-8 195 

cm/s (vectors in Figure 3b) with a narrow cooling along the Gulf Stream and GE path. The 196 

vertically integrated volume transport in the upper 1000 m of the Gulf Stream and GE 197 

averaged over 32°-42°N where the deceleration of the current is large decreases by about 198 



Atmosphere 2022, 13, x FOR PEER REVIEW 8 of 17 
 

 

24.2%. The weakening of the Gulf Stream caused by the slowdown of the AMOC in our 199 

experiments is in agreement with some previous studies [7,12]. 200 

 201 

Figure 5. (a) The temporal evolution of the AMOC index (unit: Sv, 1 Sv = 106 m3/s) in FOM. The 202 

AMOC index is defined as the maximum value of the streamfunction in the region of 20–70°N, 300– 203 

2000 m in the Atlantic. (b) The quasi-equilibrium AMOC responses to Arctic sea ice loss in FOM. 204 

3.3. SST cooling induced by the Gulf Stream variations 205 

Strong warming happens in North Atlantic except profound negative SST anomalies 206 

over the Gulf Stream and GE region (Figure 2b). Since the net surface heat flux (Qnet) 207 

response has a warming effect on the ocean along the Gulf Stream and GE path (Figure 208 

9a), the sea surface cooling is mainly due to the slowdown of the Gulf Stream and GE. As 209 

the largest warm current in the world, the Gulf Stream and GE transports lots of heat to 210 

high-latitude regions. In order to understand the processes attribute to the SST cooling, 211 

the heat budget terms are calculated online in FOM. The heat budget equation can be 212 

simply written as, 213 

1
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∫
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where T is temperature. The term on the left-hand side of Equation (1) is the temperature 214 

tendency (TEND). The right-hand side terms are temperature advection (ADV), horizon- 215 

tal diffusion (HDIFF), vertical diffusion (VDIFF), and the heat flux term (Q), respectively. 216 

u, v, and w are zonal, meridional, and vertical velocities. AH and 𝜅 are the horizontal and 217 

vertical diffusivity coefficient respectively, which are used to calculate the diffusive tem- 218 

perature flux resulting from diapycnal diffusion and parameterized isopycnal diffusion. 219 

𝜌0 is the reference density of seawater. cp is the specific heat of seawater. The net surface 220 

heat flux (Qnet) is a sum of solar radiation flux (SW), long wave radiation flux (LW), latent 221 

heat flux (LH), and sensible heat flux (SH). A positive value of Qnet indicates that the 222 

ocean gets energy. We perform a heat budget analysis along the Gulf Stream and GE path, 223 

focusing on the upper 100 m (H = 100 m) [12]. The location is 42°-47°N, 20°-55°W. Figure 224 

6a shows the responses of the terms to Arctic sea ice loss (ICE_21_FOM-ICE_20_FOM). 225 

Apart from the temperature tendency (TEND), the positive value means a warming effect, 226 

while the negative value represents a cooling effect. 227 

As Figure 6a shown, the temperature tendency (the grey curve) keeps negative in the 228 

first 45 years, indicating that the temperature decreasing with time. Thereafter, the tem- 229 

perature tendency fluctuates around zero. The temperature response stays nearly stable. 230 

To analyze the heat budget terms on the right-hand side of Equation (1), the temperature 231 

advection (the green curve) and horizontal diffusion (the purple curve) contribute to the 232 

cooling, while the heat flux term (the red curve) and the vertical diffusion (the orange 233 

curve) act as warming terms. The Gulf Stream and its extension region has the highest 234 

level of eddy variability in the North Atlantic. Eddies play an important role in the 235 

transport of heat and nutrients [42]. As the ocean model resolution is about 1°, the hori- 236 

zontal mixing is parameterized as part of horizontal diffusion for the mesoscale turbu- 237 

lence and submesoscale processes in the ocean model, which makes the value of horizon- 238 

tal diffusion large. As a result, the role of horizontal diffusion is important for the temper- 239 

atures changes. When the Gulf Stream current velocities decrease, the temperature advec- 240 

tion and horizontal diffusion weaken, whose negative pattern is well matched with the 241 

sandwiched cooling region in the North Atlantic (Figure 6b). The net surface heat flux is 242 

positive along the Gulf Stream and GE path (Figure 9a). The space pattern also reveals 243 

that the sea surface cooling is resulted from the ocean adjustments, not the heat exchange 244 

between ocean and atmosphere.  245 
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 246 

Figure 6. (a) Temporal evolutions of the heat budget terms in Equation (1). The grey curve is for the 247 

temperature tendency (TEND); green is for three-dimensional advection (ADV); purple is for the 248 

horizontal diffusion (HDIFF); orange is for the vertical diffusion (VDIFF); and red is for heat flux 249 

term (Q). The right y-axis is for TEND, and the left, for the other variables. The direction of Q is 250 

downward. All variables are averaged over the box of 42°–47°N, 20°–55°W and 0–100 m. Unit: 10-8 251 

℃/s. (b) The temperature advection and horizontal diffusion anomalies (ADV+HDIFF) in the upper 252 

ocean in FOM. Unit: 10-8 ℃/s. 253 

Induced by the cooling along the GE path and a band of weak warming in the west- 254 

ern subtropical gyre (Figure 2b), the crosswind SST gradient decreases near the Gulf 255 

Stream or SST fronts, but that increases at 30°-40°N of the ocean interior. As a result, there 256 

is a negative (positive) wind stress curl anomaly over the Newfoundland Basin in the 257 

northwest Atlantic (central subtropical Atlantic) [43] (ICE_21_FOM-ICE_20_FOM, con- 258 

tour in Figure 7a). The Sverdrup transport is the net meridional transport diagnosed in 259 

both the subtropical and subpolar gyres, resulting from planetary vorticity changes that 260 

balance Ekman pumping or Ekman suction [44]. The cyclonic wind stress anomaly in the 261 

ocean interior (30°-40°N) causes the anomalous Ekman upwelling, and then the south- 262 

ward Sverdrup transport deceases (color shading in Figure 7a) via Sverdrup balance. The 263 

Gulf Stream and GE weakens as the compensating current. Therefore, the wind stress 264 

changes due to the SST anomaly can in turn partly influence the strength of the Gulf 265 

Stream and GE. There exists a positive feedback between the wind changes over the ocean 266 

interior and the Gulf Stream variations. 267 
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Figure 7. Anomalies of Sverdrup transport streamfunction (color shading, Sv) and the wind stress 269 

curl (contour, 10-8 N/m3) in the North Atlantic (a) and North Pacific (b). The anomalies are the dif- 270 

ferences between the ICE_21_FOM and ICE_20_FOM (ICE_21_FOM-ICE_20_FOM). For the 271 

Sverdrup transport streamfunction, the positive value indicates the strengthening northward 272 

transport, while the negative value indicates the increasing southward transport. 273 

3.4. Mechanisms for the Kuroshio response 274 

In contrast to the weakening of Gulf Stream, the Kuroshio and its extension shows a 275 

slightly strengthening in response to the Arctic sea ice loss (Figure 4b). The increase of the 276 

current velocity is up to 1.4 cm/s at southeast of Japan in comparison with the climatolog- 277 

ical Kuroshio and KE in Figure 4a. The vertically integrated volume transport of the Ku- 278 

roshio and KE averaged over 26°-36°N where the acceleration of the current is large in- 279 

creases by about 7.1%. Not like the Gulf Stream influenced largely by the AMOC, the ac- 280 

celeration of the Kuroshio and KE is mainly due to the responses of wind field to Arctic 281 

sea ice loss. Though there is a bit of cooling in the northeast of Japan, the SST response 282 

displays a warming pattern in the whole North Pacific. The warming is fairly strong in 283 

the high latitudes compared to the lower latitudes (recall Figure 2b). A great zonal tem- 284 

perature gradient response appears in the low-mid latitudes, which means it is much 285 

warmer in the East Pacific than the West Pacific. Along the meandering Kuroshio path, 286 

the warming is quite weak. As a result, a positive change of wind stress curl occurs in the 287 

northern North Pacific, but that of the opposite sign in the southwestern and southern 288 

regions of the North Pacific (contour in Figure 7b). The cyclonic anomaly in wind stress 289 

curl indicates the developing of Aleutian Low and the strengthening of subpolar gyre. 290 

The anticyclonic wind stress curl anomaly in lower latitudes intensifies the subtropical 291 
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gyre. Furtherly, the norward (southward) Sverdrup transport anomaly (shading in Figure 292 

7b) increases up to 3.5 Sv (1.8 Sv) in the subpolar (subtropical) North Pacific calculated 293 

from wind stress via Sverdrup relation. As the frictional western boundary current, the 294 

Kuroshio and KE intensifies, which balances the negative vorticity by the Ekman pump- 295 

ing in the subtropical ocean interior. The position of Kuroshio is almost unchanged. 296 

Chen et al. [12] found that the acceleration of the upper-layer Kuroshio is dominantly 297 

forced by the surface warming through increasing the isopycnal slope in representative 298 

concentration pathway 4.5 (RCP4.5) simulations. Though the surface warming also exists 299 

in our experiments, the amplitudes of subsurface warming do not show marked differ- 300 

ence between the east and west of the Kuroshio to influence the isopycnal slope for lack 301 

of the local warming effect from CO2. The SST warming response in the North Pacific 302 

originates from Arctic sea ice loss alone, and that is why the mechanism is different from 303 

that in the CO2 forcing simulations. So we conclude that the Kuroshio response to Arctic 304 

sea ice loss is mainly due to the wind changes. 305 

3.5. Impact of the WBCs variations on atmosphere 306 

In consistent with the SST changes (recall Figure 2a), the air temperature in the lower 307 

troposphere (850hpa level) increases significantly in almost the whole NH in SOM (Figure 308 

8a). While the largely atmospheric warming is approximately confined to the north of 309 

40°N in the NH in FOM for the global energy balance constraints, suggesting that ocean 310 

dynamics can in turn impact the mid-latitude atmospheric response to sea ice loss, espe- 311 

cially in the subtropical western boundary currents regions. As is known, the atmosphere 312 

and the ocean transport heat from the equator to the poles, maintaining the heat balance 313 

of the Earth [45] in climatology. Owing to the reduced meridional temperature gradient 314 

from the Arctic warming, the oceanic northward energy transport is reduced, cooling the 315 

NH. The strongest cooling effect is in the mid-latitudes and near the WBCs and their ex- 316 

tensions [46], which compensates for the excess heat from the Arctic into the northern 317 

mid-latitudes. Therefore, the SST response in the Kuroshio region is quite weak. Although 318 

the Kuroshio and KE has a slightly strengthening due to the wind stress anomaly, the 319 

atmospheric warming on the 850hpa and 925hpa level is relatively weak or even not sig- 320 

nificant at the 95% confidence level (the stippling regions in Figure 8b, c) compared to 321 

other regions over the North Pacific.  322 
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Figure 8. The quasi-equilibrium response of air temperature (℃) to Arctic sea ice loss at (a) 850 hpa 324 

level in SOM, (b) 850 hpa level in FOM, and (c) 925 hpa level in FOM. The values are statistically 325 

significant at the 95% confidence level except in the stippling regions. 326 

Meanwhile, the whole North Atlantic warms except the GE region on the 925hpa 327 

level in the atmosphere. The GE region is cooling, like a “hole” embedded in the warming 328 

pattern (Figure 8c), a phenomenon known as the warming hole. The North Atlantic warm- 329 

ing hole is characterized in the observed record as a region south of Greenland with neg- 330 

ative trends in surface air temperature (SAT) despite global warming [47]. Some studies 331 

associated the North Atlantic warming hole with a decline of the AMOC [48,49], but we 332 

indicate that it involves an adjustment of the gyre circulation and the air–sea interaction 333 

is important here. In our sea ice loss experiments, the sea surface cooling causes the up- 334 

ward heat flux decreasing, including the long wave radiation flux (LW), the sensible heat 335 

flux (SH) and the latent heat flux (LH) (Figure 9b). The LH anomaly is the largest, which 336 

means the atmosphere gets less energy from the ocean. As a result, a warming hole ap- 337 

pears over the North Atlantic. The impact of the loss of upward heat flux decreases with 338 

height, which results in the warm hole being more clear on the 925hpa level than on the 339 

850hpa level (Figure 8b, c). It should be noted that the solar radiation also decreases, which 340 

makes the surface cooling amplified, especially in the GE region, where is a minima SST 341 

center (Figure 2b, 3b). Though the solar radiation anomaly has a cooling effect on SST, the 342 
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and GE, and then it causes the warming hole over the Atlantic. 344 

 345 

Figure 9. (a) Net surface heat flux (Qnet) response to Arctic sea ice loss over the North Atlantic in 346 

FOM. A positive value indicates that the ocean gets energy. (b) The average short wave radiation 347 

flux (SW), long wave radiation flux (LW), latent heat flux (LH), and sensible heat flux (SH) over the 348 

area 42°-50°N, 15°-35°W. The direction is downward for SW while it is upward for LW, LH and SH. 349 

Qnet = SW-LW-LH-SH. 350 

4. Conclusions and Discussion 351 

To exclude the anthropogenic warming effects and isolate the direct effect of sea ice 352 

loss, we used a fully coupled climate model to explore the responses of the Gulf Stream 353 

and the Kuroshio. The artificially added longwave radiation flux provides the energy for 354 

the sea ice melting. As the sea ice cover reduces, the Arctic Ocean warms through surface 355 

albedo changes. The SST changes in the northern mid-latitudes seen in our sea ice loss 356 

experiments contain two parts. One part is the influence of reduced northward ocean heat 357 

transport associated with a weakening of the AMOC, and the other part is the influence 358 

of heat released to the atmosphere from the newly open waters of the Arctic Ocean, re- 359 

ducing the need for poleward heat transport within the atmosphere. This excess heat is 360 

vented from the Arctic into the northern mid-latitudes to warm the ocean [41,46]. The sign 361 

of the SST response is determined by which influence is larger. For the Gulf Stream and 362 

GE regions, the ocean circulations adjustments due to the weakened AMOC play a crucial 363 

role in causing cooing.  364 
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gering the slowdown of AMOC. As the northward flowing upper limb of the AMOC, the 366 

Gulf Stream and GE velocity decreases in the upper ocean. As the current velocity de- 367 

creases, the diminished temperature advection (ADV) and horizontal diffusion (HDIFF) 368 

dominates the sandwiched cooling region in the North Atlantic. The wind stress change 369 

due to the SST gradient anomaly partly influences the strength of the Gulf Stream and GE. 370 

The role of thermodynamic air-sea interaction is more important in the Kuroshio region 371 

in contrast to the Gulf Stream region. Along the meandering Kuroshio and KE path, there 372 

is a weak warming response to Arctic sea ice loss on the ocean surface. The anticyclonic 373 

anomaly in wind stress curl strengthens the subtropical gyre. The increasing southward 374 

Sverdrup transport in the ocean interior indicates the acceleration of the Kuroshio and KE. 375 

The variations of Gulf Stream, Kuroshio and their extensions in turn modify the mid- 376 

latitude atmospheric response to sea ice loss. The warming hole, a phenomenon that is 377 

observed cooling trend over the North Atlantic, has been simply linked to a slowdown of 378 

the AMOC in previous studies [49,50]. Here we suggest that the warming hole is a chain 379 

reaction caused by the responses of Gulf Stream and GE to Arctic Sea ice loss in our ex- 380 

periments. The sea surface cooling along the Gulf Stream and GE path causes the upward 381 

LW, SH and LH (largest) decreasing, which leads to the warming hole in the atmosphere. 382 

Apart from the heat exchange from ocean, the reduced downward solar radiation has a 383 

cooling effect on SST, which also contributes to the warming hole formation. In the North 384 

Pacific, the Kuroshio and KE has a slightly strengthening due to the wind stress anomaly, 385 

releasing more heat into the atmosphere, but the reduced northward ocean heat transport 386 

has a cooling effect on the Kuroshio and KE region. A tongue of warming stretching from 387 

the United States into the western subtropics in the lower atmosphere, showing a zonal 388 

temperature gradient in the North Pacific. All the processes discussed above are summa- 389 

rized in Figure 10. The conclusions drawn in this study may be subject to model limita- 390 

tions. To what extent our results depend on the particular model and the experimental 391 

design calls for further investigation. Studies using observations and different models 392 

would be helpful to determine the robustness of this work. 393 

 394 

Figure 10. Schematic diagram showing the mechanisms for the Gulf Stream and Kuroshio responses 395 

to Arctic sea ice loss, a series of ocean adjustments and the atmospheric teleconnections. 396 
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