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Abstract

Substantial changes have occurred in the Arctic Ocean in the last decades. Not only sea ice has retreated significantly, but

also the ocean at mid-depth showed a warming tendency. By using simulations we identified a mechanism that intensifies

the upward trend in ocean heat supply to the Arctic Ocean through Fram Strait. The reduction in sea ice export through

Fram Strait induced by Arctic sea ice decline increases the salinity in the Greenland Sea, which lowers the sea surface height

and strengthens the cyclonic gyre circulation in the Nordic Seas. The Atlantic Water (AW) volume transport to the Nordics

Seas and Arctic Ocean is consequently strengthened. This enhances the warming trend of the Arctic AW layer, potentially

contributing to the “Atlantification” of the Eurasian Basin. Therefore, the Nordic Seas can play the role of a switchyard for

the Arctic sea ice decline to influence the Arctic heat budget at mid-depth.
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Abstract25

Substantial changes have occurred in the Arctic Ocean in the last decades. Not only sea26

ice has retreated significantly, but also the ocean at mid-depth showed a warming ten-27

dency. By using simulations we identified a mechanism that intensifies the upward trend28

in ocean heat supply to the Arctic Ocean through Fram Strait. The reduction in sea ice29

export through Fram Strait induced by Arctic sea ice decline increases the salinity in the30

Greenland Sea, which lowers the sea surface height and strengthens the cyclonic gyre cir-31

culation in the Nordic Seas. The Atlantic Water (AW) volume transport to the Nordics32

Seas and Arctic Ocean is consequently strengthened. This enhances the warming trend33

of the Arctic AW layer, potentially contributing to the “Atlantification” of the Eurasian34

Basin. Therefore, the Nordic Seas can play the role of a switchyard for the Arctic sea35

ice decline to influence the Arctic heat budget at mid-depth.36

Plain Language Summary37

The Arctic sea ice decline is among the key indications of the climate change, which38

has strong impacts on the environment, human beings and biodiversity. In this paper39

we found that the Arctic sea ice decline at surface can even cause Arctic Ocean warm-40

ing at mid-depth by intensifying the upward trend of ocean heat supply to the Arctic41

Ocean through Fram Strait. The Nordic Seas play the role of a switchyard for the in-42

volved processes: The sea ice decline reduces the sea ice export through Fram Strait, which43

further increases the salinity in the Greenland Sea; Consequently, in the Nordic Seas the44

sea surface height decreases and the gyre circulation strengthens; These changes then45

increase the Atlantic Water inflow to the Nordics Seas and the Arctic Ocean, causing46

significant warming in the Atlantic Water layer of the Arctic Ocean. The changes in the47

ocean heat budget have strong implications on potential feedbacks to sea ice decline through48

basal melting in a future warming climate. The intensification of the Atlantic Water vol-49

ume transport through Fram Strait can impact not only the Arctic heat budget, but also50

the nutrient budget and potentially the primary production.51

1 Introduction52

The Arctic Ocean is located at the northern end of the North Atlantic Overturn-53

ing Circulation (AMOC), which carries ocean heat in the Atlantic Water (AW) from the54

North Atlantic through the Nordic Seas into the Arctic Ocean (Fig. 1a). The AW en-55
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ters the Arctic Ocean through two gateways. The Barents Sea branch loses most of its56

heat to the atmosphere already over the shallow continental shelf in the Barents and Kara57

Seas (Smedsrud et al., 2013), whereas the Fram Strait branch supplies oceanic heat to58

the warm AW layer (about 200 - 700 m depth) of the Arctic Ocean (Aagaard & Carmack,59

1989; Rudels, Jones, Anderson, & Kattner, 1994). Although the Arctic sea ice is isolated60

from the AW layer by the halocline, the ocean heat can penetrate to the surface and in-61

duce sea ice basal melting in certain regions (Carmack et al., 2015; Dmitrenko et al., 2014;62

Ivanov, Alexeev, Repina, Koldunov, & Smirnov, 2012; Onarheim, Smedsrud, Ingvald-63

sen, & Nilsen, 2014; Polyakov et al., 2010). Climate simulations for future scenarios in-64

dicate that deep convection might become common in the Arctic Ocean (Lique, John-65

son, & Plancherel, 2018), which can bring ocean heat at mid-depth up towards sea ice.66

Located at the northern end of the Northern Hemisphere freshwater cycle, the Arc-67

tic Ocean also receives a large amount of freshwater from precipitation, river runoff and68

the Pacific Water inflow (Serreze et al., 2006). The excess liquid freshwater is released69

to the North Atlantic on both sides of Greenland (Fig. 1a), while sea ice is mainly ex-70

ported through Fram Strait (Serreze et al., 2006).71

The Arctic Ocean has undergone pronounced changes during the past decades. At72

the surface, the sea ice has declined in both extent and thickness (Kwok et al., 2009; Stroeve73

et al., 2012). The sea ice decline results in a significant reduction in sea ice volume ex-74

port through Fram Strait (Wang et al., 2019). Below the halocline, the AW layer has75

a warming tendency (Polyakov et al., 2013). The eastern Eurasian Basin was observed76

to have a weaker stratification in the halocline above a warmer AW layer in recent years77

in comparison to the climatological condition, a phenomenon termed as “Atlantification”78

(Polyakov et al., 2017). The warming trend in the AW layer was observed upstream in79

the AW inflow at the Fram Strait (Beszczynska-Moeller et al., 2012).80

Previous studies suggest that temperature anomalies travel from the North Atlantic81

through the Nordic Seas into the Arctic Ocean (Gerdes, Karcher, Kauker, & Schauer,82

2003; Hatun, Sando, Drange, Hansen, & Valdimarsson, 2005; Holliday et al., 2008; Årthun83

& Eldevik, 2016). It was recently shown that local processes such as the Greenland Sea84

Gyre circulation also influence the northward AW transport and the temperature at the85

Fram Strait (Chatterjee et al., 2018). However, dynamical processes responsible for the86
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(b) Temperature in the WSC

(c) AW volume transport

(d) Arctic sea ice volume anomaly

Figure 1. (a) Schematic of Arctic Ocean – North Atlantic exchange currents. The red ar-

rows indicate the currents carrying the Atlantic Water, and the blue arrows indicate freshwater

export from the Arctic Ocean. The Fram Strait and Iceland-Faroe-Scotland Ridge (IFSR) are

indicated with black lines. (b) Temperature in the West Spitsbergen Current (WSC) core (aver-

aged over the three easternmost moorings) at different depths in Fram Strait in the historical run

and mooring observations. The Fram Strait mooring observations are described by Beszczynska-

Moeller et al. (2012) and von Appen et al. (2016) . (c) Atlantic Water (AW, > 2oC) volume

transport in the WSC at the Fram Strait in the historical run and observations. The observed

volume transport and the argument for the temperature threshold of the AW are provided by

Beszczynska-Moeller et al. (2012). (d) Anomaly of Arctic sea ice volume in the PIOMAS re-

analysis (Schweiger et al., 2011) and in the two model runs. The anomalies of PIOMAS and the

historical run are referenced to their respective mean values averaged over the shown period, and

the anomaly of the climatological run is referenced to the mean value of the historical run.
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recent upward trends in AW temperature and ocean heat transport at Fram Strait are87

not fully understood.88

In this study we discovered a mechanism that significantly intensifies the upward89

trends of AW temperature and volume transport at Fram Strait. We found that the Arc-90

tic sea ice decline and the resultant reduction in sea ice volume export change the ocean91

salinity, sea surface height (SSH) and the cyclonic gyre circulation in the Greenland Sea92

and Nordic Seas, which thus strengthens the AW volume and heat supply to the Arc-93

tic Ocean.94

2 Model setups95

The Finite Element Sea ice Ocean Model (FESOM, Wang et al., 2014) is employed96

in this study. It works on triangular unstructured meshes for both its ocean and sea ice97

components. The global model grid is the same as the high-resolution setup evaluated98

by Wang, Wekerle, Danilov, Wang, and Jung (2018). It has 4.5 km horizontal resolution99

(grid size) in the Arctic Ocean and 24 km in the North Atlantic. In most other parts of100

the global ocean the resolution is about 1 degree. This model configuration can reason-101

ably represent the Arctic sea ice and ocean hydrography compared to observations and102

coarser model setups (Wang, Danilov, Jung, Kaleschke, & Wernecke, 2016; Wang, Wek-103

erle, Danilov, Koldunov, et al., 2018; Wang, Wekerle, Danilov, Wang, & Jung, 2018).104

The atmospheric reanalysis data of JRA55-do v.1.3 (Tsujino et al., 2018) are used105

to drive the model in a historical (hindcast) run. To elucidate the role of Arctic sea ice106

decline, we conducted a sensitivity experiment (called climatological run hereafter). In107

this run we replaced the historical thermal forcing fields (near-surface air temperature,108

shortwave and longwave radiation fluxes) with their climatological values inside the Arc-109

tic Ocean, which is defined by its four gateways (Fram Strait (79oN), Davis Strait (66oN),110

Bering Strait (66oN) and the Barents Sea Opening (20oE)). The climatological forcing111

is obtained by averaging the JRA55 data from 1970 to 1999 for each 3h segment, so the112

temporal frequency is 3-hourly in both the JRA55 historical and climatological forcing113

data. Winds remain the same (the historical forcing) in the two runs.114

By using the climatological thermal forcing over the Arctic Ocean, we can elim-115

inate the Arctic sea ice declining trend in the climatological run (see section 3). The im-116

pact of the sea ice decline on the ocean can be revealed by comparing the two runs.117
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Two AW dye tracers are used to better illustrate the difference between the two118

runs. One is injected into the AW layer at the Iceland-Faroe-Scotland Ridge (IFSR), the119

other at Fram Strait. Their values are restored to one in these two gateways during the120

simulations. Their concentration indicates the proportion of AW in the water mass. We121

also introduce a passive tracer representing the meltwater from sea ice melting in the Nordics122

Seas. It enters the ocean through surface flux (m/s), which equals the water flux from123

sea ice melting, and is then subject to ocean advection and mixing. By spatially inte-124

grating this passive tracer over a chosen region, we can get the volume of sea ice melt-125

water in this region. Considering a box with volume V and salinity s2, which is the mean126

salinity after part of the box volume (denoted as α) is replaced by sea ice meltwater, we127

have the following equation of salt balance:128

siceα+ s1(V − α) = s2V, (1)

where s1 is the mean salinity in the box if sea ice meltwater would not have entered. The129

sea ice salinity in the model is sice = 4. Then we can get130

∆s = s2 − s1 = −(s2 − sice)α/(V − α), (2)

which is an approximation for the effect of sea ice meltwater on salinity changes in the131

box. We will use this passive tracer to assess the influence of sea ice meltwater on the132

salinity in the Greenland Sea.133

The historical run is integrated from 1958 to 2017. The climatological run branches134

off from the historical run in 2001 and is conducted until 2017, covering the recent pe-135

riod of strong sea ice decline. The passive tracers mentioned above are added starting136

from 2001 in both runs.137

3 Results138

The AW temperature in the West Spitsbergen Current (WSC) at the Fram Strait,139

measured by the mooring array described by Beszczynska-Moeller et al. (2012) and von140

Appen et al. (2016), has a strong seasonal variability and an upward trend in recent years141

(Fig. 1b). The historical run reasonably reproduces the observed temperature variation.142

The observed warming trend in the WSC core (averaged over the three easternmost moor-143

ings between 8oE and 8.7oE) is about 0.5 oC/decade at both the 75 m and 250 m depths144

(von Appen, 2019; von Appen, Beszczynska-Möller, Schauer, & Fahrbach, 2019). The145
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simulated trends are 0.54 oC/decade and 0.69 oC/decade at these two depths, respectively.146

The AW volume transport in the WSC (east of 5oE) at Fram Strait estimated by Beszczynska-147

Moeller et al. (2012) based on mooring observations is also well reproduced in the model148

(Fig. 1c). Furthermore, the model well represents the declining trend of both the Arc-149

tic sea ice volume (Fig. 1d) and extent (not shown) in the studied period. We also eval-150

uated the model against available observations and reanalysis for the sea ice volume ex-151

port through Fram Strait (Kwok, Cunningham, & Pang, 2004; Ricker, Girard-Ardhuin,152

Krumpen, & Lique, 2018; Selyuzhenok, Bashmachnikov, Ricker, Vesman, & Bobylev, 2019;153

Spreen, Kern, Stammer, & Hansen, 2009), the sea surface height (SSH) in the Green-154

land Sea (Müller, Dettmering, et al., 2019; Müller, Wekerle, et al., 2019), and salinity155

in the Greenland Sea (Brakstad, V̊age, H̊avik, & Moore, 2019) (see figures in the online156

Supporting Information). The comparisons show that the historical run can well repre-157

sent the variability of the quantities relevant to this study. In the following, we will ex-158

plore whether and how the Arctic sea ice decline can influence the AW temperature and159

volume transport at the Fram Strait by comparing the two simulations.160

3.1 Historical thermal forcing strengthens AW inflow161

When applying climatological atmospheric thermal forcing over the Arctic Ocean,162

the declining trend of sea ice volume (Fig. 1d) and extent (not shown) is eliminated. The163

climatological run retains some small interannual variability in sea ice related to, for ex-164

ample, the variability in winds.165

The AW volume transport at Fram Strait in the historical run is stronger than in166

the climatological run (by 10% averaged over the last 10 years, Fig. 2a). With time the167

AW temperature at Fram Strait also becomes higher in the historical run (by 6% aver-168

aged over the last 10 years, Fig. 2c). With regard to the Nordic Seas, it is the region along169

its northeastern boundary that has much higher temperature in the historical run (Fig.170

2e). As a consequence of both higher volume transport and higher temperature, the oceanic171

heat supply to the Arctic Ocean through the Fram Strait is certainly higher in the his-172

torical run.173

Although the difference of AW temperature at Fram Strait between the two runs174

is not very large compared to the mean AW temperature, its upward trends differ sig-175

nificantly. The mean warming trend of the AW at Fram Strait in the period 2001 – 2017176

–7–
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Figure 2. Atlantic Water volume transport through (a) Fram Strait (> 2oC) and (b) into

the Nordic Seas at the Iceland-Faroe-Scotland Ridge (IFSR, > 4oC). The temperature threshold

values were suggested based on observations by Beszczynska-Moeller et al. (2012) and Hansen et

al. (2015) for the Fram Strait and Nordic Seas inflow, respectively. Atlantic Water temperature

at (c) Fram Strait and (d) IFSR. (e) Difference of temperature between the two runs (historical

minus climatological runs) averaged over the upper 300 m and the last 10 years. (f) The same as

(e), but for salinity.

–8–



manuscript submitted to Geophysical Research Letters

is 0.62 oC/decade and 0.41 oC/decade in the historical and climatological runs, respec-177

tively. That is, the AW warming trend at the Fram Strait is about 50% higher in the178

historical run. Besides, the upward trends of ocean volume transport in the historical179

run is 18% higher. The strengthened upward trends in the AW volume transport and180

AW temperature at Fram Strait in the historical run is attributed to the historical ther-181

mal forcing over the Arctic Ocean, which is the only model setting that is different be-182

tween the two runs.183

Moreover, the AW volume transport into the Nordic Seas through the IFSR is stronger184

in the historical run (Fig. 2b), although the difference in the ocean temperature at IFSR185

between the two runs is not pronounced (Fig. 2d and Fig. 2e). Averaged over the last186

10 years, the AW volume transport through the IFSR in the historical run is 0.3 Sv higher187

than in the climatological run. This implies more oceanic heat supply from the North188

Atlantic to the Nordic Seas, which is consistent with the higher temperature in the north-189

ern Nordic Seas.190

3.2 Sea ice decline as the driver191

The above results indicate that the historical thermal forcing over the Arctic Ocean192

can enhance the AW volume transport into the Nordic Seas and the Arctic Ocean. In193

the following, we will show how the sea ice decline in the historical run leads to the dif-194

ference in the AW temperature and transport at the Fram Strait between the two runs.195

With historical thermal forcing, Arctic sea ice thins and the sea ice volume declines.196

As a consequence, the sea ice volume export through Fram Strait is lower (by about 20%197

averaged over the last 10 years, Fig. 3a). Sea ice melts on its way to the south, and the198

meltwater can penetrate into the Greenland Sea and influence the salinity therein. The199

salinity in the Greenland Sea is higher in the historical run (Fig. 2f,3b). Is this due to200

the reduction in the amount of sea ice and thus its meltwater in the historical run? Us-201

ing Equation 2, the equivalent salinity change in the Greenland Sea associated with sea202

ice melting south of the Fram Strait can be estimated (Fig. 3c). Indeed, sea ice melt-203

ing in the historical run has less negative contribution to the salinity than in the clima-204

tological run. We found that the difference in this equivalent salinity change associated205

with sea ice melting between the two runs can directly explain about 70% of the ocean206

salinity difference in the Greenland Sea between the two runs. Salinity in the Greenland207
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Sea can also be influenced by incoming AW from the Nordic Seas gyre circulation. How-208

ever, the salinity of the AW in the gyre circulation upstream the Greenland Sea is sim-209

ilar in the two runs (Fig. 2f), and the amount of AW entering the Greenland Sea is nearly210

the same as illustrated by the concentration of the AW dye tracer released at IFSR (Fig.211

3c). Therefore, the changes in sea ice export and thus in the amount of meltwater are212

the main reason for the salinity difference in the Greenland Sea between the two runs.213

The salinity in the Greenland Sea is higher in the historical run, which leads to lower214

halosteric height, the major contribution to the total steric height difference between the215

two runs (Fig. 3d). As a result, the SSH in the Greenland Sea is lower in the historical216

run (Fig. 3e). Although the difference between the two runs is the most pronounced in217

the Greenland Sea, the SSH in the historical run is lower in most parts of the Nordic Seas218

(Fig. 3e,g). Accordingly, the cyclonic gyre circulation in the Greenland Sea and Nordics219

Seas is stronger in the historical run (Fig. 3f,h).220

On the one hand, the lower SSH in the Nordic Seas in the historical run can lead221

to higher AW inflow through the IFSR, as suggested in previous studies (Sandø, Nilsen,222

Eldevik, & Bentsen, 2012). On the other hand, the stronger AW boundary current can223

increase ocean volume transport toward the Arctic Ocean through the Fram Strait, as224

suggested by Chatterjee et al. (2018) and Muilwijk et al. (2019). Both the higher AW225

inflow from the North Atlantic to the Nordic Seas and the stronger AW volume trans-226

port toward the Fram Strait increase the temperature in the WSC. As a consequence,227

the stronger AW volume transport through Fram Strait and the higher ocean temper-228

ature together can increase the oceanic heat supply to the Arctic Ocean.229

The wind stress curl over the Nordic Seas can influence the interannual variabil-230

ity of the AW inflow toward Fram Strait, thus the temperature variation in the Fram231

Strait (Chatterjee et al., 2018). Muilwijk et al. (2019) studied the response of the Nordic232

Seas to wind forcing variability using multi-model simulations. They modified the gyre233

circulation strength and SSH in the Nordic Seas by imposing wind anomalies over the234

Greenland Sea and found that the AW inflow from the North Atlantic into the Nordic235

Seas and the Arctic Ocean can be accordingly changed. Different to the processes inves-236

tigated in those studies, the driver of the changes in the Nordic Seas between our two237

simulations is the reduction in Arctic sea ice export resulting from the on-going climate238

–10–



manuscript submitted to Geophysical Research Letters

Figure 3. (a) Fram Strait sea ice freshwater export flux. (b) Salinity in the upper 300 m in

the Greenland Sea (indicated with the red box in (g)). (c) Contribution to salinity changes in

the upper 300 m of the Greenland Sea by sea ice melting in the Nordic Seas latitude range (solid

lines) and the mean Atlantic Water dye tracer in the upper 300 m of the Greenland Sea (dashed

lines). The equivalent salinity change is calculated using Equation 2. The dye tracer is released

in the Atlantic Water layer at the Iceland-Faroe-Scotland Ridge (IFSR). (d) The difference of

steric, halosteric and thermosteric height between the two runs (historical minus climatologi-

cal, integrated from surface to bottom) averaged over the Greenland Sea. (e) Sea surface height

(SSH) over the Greenland Sea (solid curves) and Nordic Seas (65oN – 77oN, dashed curves).

(f) Barotropic streamfunction over the Greenland Sea (solid curves) and Nordic Seas (dashed

curves). (g) SSH difference between the two runs (historical minus climatological) averaged over

the last 10 years. The red box indicates the Greenland Sea region. (h) The same as (g), but for

the barotropic streamfunction.
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warming. The same wind forcing was used in our two simulations and the ocean surface239

stress over the Greenland Sea was not changed between the runs.240

4 Discussions241

4.1 Upward trends in AW temperature and transport at Fram Strait242

Our simulations show that the AW temperature and volume transport at Fram Strait243

have upward trends even in the climatological simulation (Fig. 2a,c). However, there is244

no significant upward trend in the AW volume transport from the North Atlantic into245

the Nordic Seas in the climatological run, and the temperature in the AW inflow to the246

Nordic Seas even has a negative trend in both simulations (Fig. 2b,d). The latter is as-247

sociated with the recent cooling of the subpolar North Atlantic (Josey et al., 2018). There-248

fore, for the studied period, the upward trends in the AW temperature and transport249

at Fram Strait in the climatological run are caused by the atmospheric forcing over the250

Nordic Seas rather than over the North Atlantic. On the one hand, the air-sea heat flux251

along the AW pathway in the Nordic Seas can modify the ocean temperature (Asbjornsen,252

Årthun, Skagseth, & Eldevik, 2019). On the other hand, stronger cyclonic atmospheric253

circulation over the Greenland Sea can strengthen the AW transport towards the Fram254

Strait and increase the temperature there (Chatterjee et al., 2018). In our study, the Arc-255

tic sea ice decline is discovered to be another important driver for the recent upward trends256

in the AW temperature and transport at the Fram Strait.257

4.2 Resultant warming in the Arctic Ocean258

As a result of stronger oceanic heat supply through Fram Strait in the historical259

run, the AW layer of the Arctic Ocean is warmer than in the climatological run (Fig. 4).260

The largest temperature difference between the two runs is located in the Eurasian Basin,261

while it is warmer also on the Canadian Basin side of the Lomonosov Ridge (Fig. 4b,e).262

The increased AW supply to the Arctic Ocean is clearly shown by the concentration of263

the dye tracer released at the Fram Strait (Fig. 4c,f).264

Without Arctic sea ice decline, the Eurasian Basin also has a warming tendency265

during recent years (Fig. 4d), because AW temperature and the volume transport at Fram266

Strait still have upward trends (Fig. 2a,c). The sea ice decline strengthens the Fram Strait267

inflow and increases the temperature, thus increasing the warming trend in the Arctic268
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Figure 4. (a) Hovmöller diagram of temperature averaged over the eastern Eurasian Basin

(indicated by the blue box in (b)) in the historical run. (b) Temperature at 300 m depth aver-

aged over the last three years in the historical run. (c) Dye tracer at 300 m depth averaged over

the last three years in the historical run; The tracer is released in the Atlantic Water layer east of

0oE at Fram Strait. (d)(e)(f) The same as (a)(b)(c), respectively, but for the climatological run.
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Ocean (Fig. 4a). As some of the increased ocean heat from the Fram Strait induced by269

the sea ice decline is accumulated in the Arctic AW layer with time, the ocean warm-270

ing trend inside the Arctic Ocean in the historical run is much stronger than in the cli-271

matological run (cf. Fig. 4a and 4d).272

Sea ice decline not only increases the AW layer temperature as found in this study,273

but also significantly increases the salinity in the halocline of the Eurasian Basin by chang-274

ing water mass spatial distribution (Wang et al., 2019). The two effects together can con-275

tribute to the Atlantification of the eastern Eurasian Basin observed by Polyakov et al.276

(2017).277

The AW inflow through Fram Strait is also highly relevant for nutrient supply to278

the Arctic Ocean (Torres-Valdés et al., 2013). The processes we discussed imply that the279

Arctic sea ice decline can also influence oceanic primary productivity in the Arctic Ocean280

indirectly through changing the AW inflow, besides its direct impacts, for example, through281

changing light availability.282

5 Conclusions283

Observations show that the AW layer at Fram Strait and downstream inside the284

Arctic Ocean has become warmer (e.g., Beszczynska-Moeller et al., 2012; Polyakov et285

al., 2013). Using model simulations we found that the Arctic sea ice decline is one of the286

important drivers. The discovered driving mechanism is illustrated in Fig. 5. When sea287

ice declines, the Arctic sea ice volume export through Fram Strait decreases, which in-288

creases the salinity in the Greenland Sea. The halosteric height, thus the SSH, decreases289

in the Greenland Sea and Nordic Seas. The cyclonic gyre circulation in the Nordic Seas290

strengthens accordingly. The reduction of SSH and strengthening of the AW boundary291

current increases the AW transport into the Nordic Seas and the Arctic Ocean. The warm-292

ing trends of the AW at Fram Strait and in the Arctic Ocean are thus intensified. In these293

processes, the Nordic Seas play the role of a “switchyard”, while the reduction of sea ice294

export flux caused by increased air-sea heat flux over the Arctic Ocean is the “switchgear”.295

Increasing ocean heat can reduce sea ice thickness, and currently this occurs mainly296

in certain regions including the western Eurasian Basin near the Fram Strait and the north-297

ern Kara Sea (Carmack et al., 2015; Dmitrenko et al., 2014; Ivanov et al., 2012; Onarheim298

et al., 2014; Polyakov et al., 2010). Although ocean heat is important for the sea ice bud-299
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Figure 5. Schematic diagram illustrating the discovered mechanism that intensifies the warm-

ing of the Atlantic Water layer at the Fram Strait and in the Arctic Ocean at mid-depth.

get in the current climate, the air-sea heat flux still plays a dominant role (Olonscheck,300

Mauritsen, & Notz, 2019). However, if the ocean heat transport through Fram Strait con-301

tinues to increase in the future, the induced basal melting on larger scales may reduce302

the sea ice volume export through Fram Strait more significantly. In this case, the feed-303

back as depicted in Fig. 5 may play an increasingly important role in strengthening the304

AW heat inflow and Arctic sea ice decline.305

The atmospheric circulation over the Arctic Ocean was predominantly in an an-306

ticyclonic regime in the past two decades, so a large amount of liquid freshwater was ac-307

cumulated inside the Arctic Ocean (Haine et al., 2015; Proshutinsky et al., 2009; Rabe308

et al., 2014). In this situation, although the sea ice export through Fram Strait decreased309

significantly, liquid freshwater export from the Arctic Ocean was not changed that much310

by the sea ice decline (Wang et al., 2019). However, if the atmospheric circulation over311

the Arctic Ocean changes to a cyclonic regime, or if precipitation in high latitudes in-312

creases significantly in the future warming climate (Carmack et al., 2016), enhanced liq-313

uid freshwater export might interfere with the processes we discussed. In a warming cli-314

mate, the strength of the AMOC may decrease (e.g., Cheng, Chiang, & Zhang, 2013),315

which can also influence the AW transport to the Nordic Seas. It requires further stud-316

ies to understand how different processes will impact the Arctic Ocean heat budget jointly317
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in the future climate. To this end, we propose that the Nordic Seas may remain an im-318

portant switchyard for changes of the Arctic Ocean owing to their location connecting319

the Arctic Ocean and the North Atlantic.320
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A., . . . Walczowski, W. (2008). Reversal of the 1960s to 1990s freshening381

–17–



manuscript submitted to Geophysical Research Letters

trend in the northeast North Atlantic and Nordic Seas. Geophysical Research382

Letters, 35 , L03614. doi: 10.1029/2007GL032675383

Ivanov, V. V., Alexeev, V. A., Repina, I., Koldunov, N. V., & Smirnov, A. (2012).384

Tracing Atlantic Water signature in the Arctic sea ice cover East of Svalbard.385

Advances in Meteorology , 2012 , 201818.386

Josey, S. A., Hirschi, J. J. M., Sinha, B., Duchez, A., Grist, J. P., & Marsh, R.387

(2018). The recent Atlantic cold anomaly: Causes, consequences, and related388

phenomena. Annual Review of Marine Science, 10 , 475–501.389

Kwok, R., Cunningham, G. F., & Pang, S. S. (2004). Fram Strait sea ice outflow.390

Journal of Geophysical Research-oceans, 109 , C01009.391

Kwok, R., Cunningham, G. F., Wensnahan, M., Rigor, I., Zwally, H. J., & Yi, D.392

(2009). Thinning and volume loss of the Arctic Ocean sea ice cover: 2003-2008.393

Journal of Geophysical Research-oceans, 114 , C07005.394

Lique, C., Johnson, H., & Plancherel, Y. (2018). Emergence of deep convection in395

the Arctic Ocean under a warming climate. Clim. Dyn., 50 , 3833–3847.396

Muilwijk, M., Ilicak, M., Cornish, S. B., Danilov, S., Gelderloos, R., Gerdes, R., . . .397

Wang, Q. (2019). Arctic Ocean response to Greenland Sea wind anomalies in398

a suite of model simulations. Journal of Geophysical Research: Oceans. doi:399

10.1029/2019JC015101400

Müller, F. L., Dettmering, D., Wekerle, C., Schwatke, C., Passaro, M., Bosch, W.,401

& Seitz, F. (2019). Geostrophic currents in the northern Nordic Seas from a402

combination of multi-mission satellite altimetry and ocean modeling. Earth403

System Science Data, 11 , 1765–1781.404

Müller, F. L., Wekerle, C., Dettmering, D., Passaro, M., Bosch, W., & Seitz, F.405

(2019). Dynamic ocean topography of the northern Nordic seas: a compari-406

son between satellite altimetry and ocean modeling. The Cryosphere, 13 (2),407

611–626.408

Olonscheck, D., Mauritsen, T., & Notz, D. (2019). Arctic sea-ice variability is pri-409

marily driven by atmospheric temperature fluctuations. Nature Geoscience,410

12 , 430–434.411

Onarheim, I. H., Smedsrud, L. H., Ingvaldsen, R. B., & Nilsen, F. (2014). Loss412

of sea ice during winter north of svalbard. Tellus A: Dynamic Meteorology and413

Oceanography , 66 , 23933. doi: 10.3402/tellusa.v66.23933414

–18–



manuscript submitted to Geophysical Research Letters

Polyakov, I., Bhatt, U., Walsh, J., Abrahamsen, E. P., Pnyushkov, A., & Wassmann,415

P. (2013). Recent oceanic changes in the Arctic in the context of long-term416

observations. Ecological Applications, 23 , 1745-1764.417

Polyakov, I., Pnyushkov, A. V., Alkire, M. B., Ashik, I. M., Baumann, T. M., Car-418

mack, E. C., . . . Yulin, A. (2017). Greater role for Atlantic inflows on sea-ice419

loss in the Eurasian Basin of the Arctic Ocean. Science, 356 (6335), 285. doi:420

10.1126/science.aai8204421

Polyakov, I., Timokhov, L., Alexeev, V., Bacon, S., Dmitrenko, I., Fortier, L., . . .422

Toole, J. (2010). Arctic ocean warming contributes to reduced polar ice cap.423

Journal of Physical Oceanography , 40 (12), 2743–2756.424

Proshutinsky, A., Krishfield, R., Timmermans, M.-L., Toole, J., Carmack, E.,425

McLaughlin, F., . . . Shimada, K. (2009). Beaufort Gyre freshwater reservoir:426

State and variability from observations. Journal of Geophysical Research-427

oceans, 114 , C00A10.428

Rabe, B., Karcher, M., Kauker, F., Schauer, U., Toole, J. M., Krishfield, R. A., . . .429

Su, J. (2014). Arctic ocean basin liquid freshwater storage trend 1992-2012.430

Geophysical Research Letters, 41 , 961–968.431
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