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Jakob Dörr1, Marius ˚Arthun2, Tor Eldevik3, and Anne Britt Sandø4

1University of Bergen
2Geophysical Institute, University of Bergen
3University of Bergen, Geophysical Institute
4Institute of Marine Research

November 22, 2022

Abstract

The general retreat of Arctic sea ice is overlaid by large year-to-year variability. In winter, sea ice loss and variability are

currently most pronounced in the Barents Sea, primarily due to variable ocean heat transport from the Atlantic. As the loss

of winter Arctic sea ice is expected to continue and the sea ice edge retreats deeper into the Arctic Ocean, other regions will

experience increased sea-ice variability until essentially ice-free. However, it remains to be established to what extent future

winter sea ice loss beyond the Barents Sea is facilitated by ocean heat transport. To answer this question, we analyze and

contrast the present and future regional impact of Pacific and Atlantic ocean heat transport on the winter Arctic sea ice cover

using simulations from seven single-model large ensembles. We find strong model agreement for an expanding influence of ocean

heat transport through the Bering Strait and the Barents Sea under continued sea ice retreat. Model differences can be related

to mean volume transport and inflow temperature, mean sea ice state, and upper ocean stratification. Our work highlights the

increasing importance of the Pacific and Atlantic water inflows to the Arctic Ocean and indicates that their future influence

regions will be separated by the Lomonosov Ridge.
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Key Points:7

• The influence of Barents Sea Opening and Bering Strait ocean heat transport on8

winter sea ice variability will expand in the future9

• The Lomonosov Ridge separates the future influence regions of Pacific and Atlantic10

waters11

• Differences in the projected future influence are related to inflow properties, sea12

ice loss, and upper ocean stratification13
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Abstract14

The general retreat of Arctic sea ice is overlaid by large year-to-year variability. In win-15

ter, sea ice loss and variability are currently most pronounced in the Barents Sea, pri-16

marily due to variable ocean heat transport from the Atlantic. As the loss of winter Arc-17

tic sea ice is expected to continue and the sea ice edge retreats deeper into the Arctic18

Ocean, other regions will experience increased sea-ice variability until essentially ice-free.19

However, it remains to be established to what extent future winter sea ice loss beyond20

the Barents Sea is facilitated by ocean heat transport. To answer this question, we an-21

alyze and contrast the present and future regional impact of Pacific and Atlantic ocean22

heat transport on the winter Arctic sea ice cover using simulations from seven single-model23

large ensembles. We find strong model agreement for an expanding influence of ocean24

heat transport through the Bering Strait and the Barents Sea under continued sea ice25

retreat. Model differences can be related to mean volume transport and inflow temper-26

ature, mean sea ice state, and upper ocean stratification. Our work highlights the increas-27

ing importance of the Pacific and Atlantic water inflows to the Arctic Ocean and indi-28

cates that their future influence regions will be separated by the Lomonosov Ridge.29

Plain Language Summary30

The winter sea ice cover in the Arctic is slowly decreasing, but it shows a lot of vari-31

ability from year to year. Some of this variability is determined by how much heat is trans-32

ported into the Arctic Ocean via the Fram Strait, Barents Sea, and Bering Strait. We33

try to understand how the influence of this oceanic heat transport will change in the fu-34

ture when the sea ice retreats further into the Arctic Ocean. We compare several climate35

models and find that most of them show a northward expanding influence of heat trans-36

port through the Barents Sea and the Bering Strait. How much these transports still in-37

fluence the future sea ice depends on how much sea ice is lost, changes in the inflowing38

waters, and the vertical stability of the upper layer in the Arctic Ocean.39

1 Introduction40

The recent retreat of the Arctic sea ice cover is overlaid by strong internal variabil-41

ity, particularly during the winter months (England et al., 2019; Årthun et al., 2019).42

This variability impacts our estimates of the forced response of sea ice to global warm-43

ing and is a large source of uncertainty for projections of the sea ice cover. In winter,44
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a large part of the variability is driven by variable transport of oceanic heat into the Arc-45

tic Ocean (Carmack et al., 2015; Polyakov et al., 2020; Docquier & Königk, 2021). There46

are three main gateways. Water from the Nordic Seas - and Atlantic ocean upstream -47

flows into the Arctic Ocean either through the Fram Strait or the Barents Sea Opening48

(BSO, Fig. 1). On the other side of the Arctic, Pacific water enters the shallow Chukchi49

shelf through the 50 m deep Bering Strait (Fig. 1). While the water flowing into the Fram50

Strait typically subducts under the halocline north of Svalbard (Rudels et al., 2015) and51

has limited influence on winter sea ice (Lundesgaard et al., 2021; Dörr et al., 2021), wa-52

ter flowing through the BSO enters the shallow Barents Sea shelf where it may occupy53

the entire water column and affect the winter sea ice in the Barents Sea and beyond (Schlichtholz,54

2011; Årthun et al., 2019). Oceanic heat transported through the Bering Strait has the55

potential to melt large quantities of sea ice (Woodgate, 2018; Serreze et al., 2019; Y. Wang56

et al., 2021) and impacts the early winter sea ice advance in the Chukchi Sea (Serreze57

et al., 2016).58

Over the next decades, the Arctic will likely become ice-free in summer (Community,59

2020) and the sea ice in winter will retreat further into the interior Arctic Ocean, although60

there is substantial uncertainty about the timing and extent of the winter sea ice loss61

(Årthun et al., 2021). As a consequence, the interior Arctic Ocean will be more directly62

affected by changes in the Pacific and Atlantic Water inflows, an effect named boreal-63

ization (Polyakov et al., 2020), or – split up into the two regional influences – atlantifi-64

cation and pacification (Årthun et al., 2012; Polyakov et al., 2017; Dörr et al., 2021). It65

is therefore important to understand the changing influence of ocean heat transport on66

sea ice, not only because it will potentially affect our ability to predict sea ice changes,67

but also because it is a key driver and indicator of ongoing borealization.68

Using the Community Earth System Model Large Ensemble (CESM-LE), Dörr et69

al. (2021) documented the possible future atlantification and pacification through a pro-70

jected expanding influence of ocean heat transport on winter sea ice under a high emis-71

sions scenario. The changes in CESM-LE are carried by an expanding influence of ocean72

heat transport through the Barents Sea on the Atlantic side and through the Bering Strait73

on the Pacific side, while the influence of Fram Strait heat transport stays weak. How-74

ever, the inference was only based on a single model ensemble, a broader comparison of75

these future changes for several models has not been performed, and possible sources of76

model differences have not been assessed. Here, we, therefore, compare changes in 7 sin-77
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gle model ensembles from both the fifth (CMIP5) and the sixth (CMIP6) phase of the78

Coupled Model Intercomparison Project.79

It also remains unresolved to what extent future borealization is a manifestation80

of a stronger and warmer Atlantic inflow (Årthun et al., 2019; Dörr et al., 2021) or en-81

hanced upward fluxes of ocean heat as a result of weakened stratification (Polyakov et82

al., 2017; Lind et al., 2018). A sustained and possibly increased incursion of Atlantic wa-83

ters into the Eurasian Basin throughout the century is expected (Shu et al., 2021), which84

could act to weaken upper-ocean stratification and increase vertical heat fluxes, and, hence,85

lead to a thinner and less extensive sea-ice cover. However, the sea ice is generally shielded86

from warm Atlantic water below by a cold layer that is strongly stratified in salinity, i.e.,87

the cold halocline (Rudels et al., 2015). Variability in the properties of this insulating88

layer can therefore vary the effect of warm Atlantic and Pacific waters on regional sea89

ice evolution. Furthermore, the surface ocean in parts of the Arctic Ocean is expected90

to become fresher in the future due to increased freshwater fluxes, precipitation, and river91

runoff (Rawlins et al., 2010), which will act to stabilize the upper ocean, and, hence, limit92

the influence of Atlantic and Pacific waters. Here, we accordingly assess how inter-model93

differences in the strength and properties of the Atlantic and Pacific water inflows, and94

in the representation of upper ocean stratification are reflected in how ocean heat trans-95

port impacts future sea ice variability. This allows us to constrain the projected changes96

in oceanic influence and to better understand the drivers of future borealization of the97

Arctic Ocean.98

The analysis is structured as follows: Following an overview of the methods and99

model data, we compare future changes in winter sea ice cover and inflow properties at100

the gateways in sections 3 and 4, respectively. We then compare changes in the regional101

influence of heat transport and set model differences in relation to mean quantities in102

sections 5 and 6. The discussion and summary in section 7 conclude the study.103

2 Materials and Methods104

We analyze and compare monthly mean model output from seven single-model large105

ensembles: the CESM-LE (40 members) and GFDL-CM3-LENS (20 members) based on106

the CMIP5 models CESM1 and GFDL-CM3, and five ensembles based on the models107

MPI-ESM1-2-LR (10 members), MIROC6 (20 members), ACCESS-ESM1-5 (10 mem-108

–4–
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Figure 1. Map of the Arctic Ocean. White shading and the blue line represent the mean ob-

served winter (solid) sea ice edge (based on a 50% sea ice concentration) between 1990 and 2019.

Red lines indicate the three major gateways into the Arctic Ocean, and the solid black lines mark

the division between the Atlantic Side and Pacific Side, which approximates the location of the

Lomonosov Ridge.
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Table 1. Overview of single-model ensembles used in this study.

Model Ensemble High Low Reference horizontal ocean

members scenario scenario res. north of 66◦N

CESM-LE 40 high RCP8.5 2◦C Kay et al. (2015) 45 km

10 low Sanderson et al. (2017) 45 km

GFDL-CM3-LENS 20 RCP8.5 – Sun et al. (2018) 55 km

MPI-ESM1-2-LR 10 SSP5-8.5 SSP1-2.6 Mauritsen et al. (2019) 55 km

MIROC6 20 SSP5-8.5 SSP1-2.6 Tatebe et al. (2019) 40 km

ACCESS-ESM1-5 10 SSP5-8.5 SSP1-2.6 Ziehn et al. (2020) 35 km

CanESM5 10 SSP5-8.5 SSP1-2.6 Swart et al. (2019) 50 km

EC-Earth3 15 SSP5-8.5 SSP1-2.6 Döscher et al. (2021) 50 km

bers), CanESM5 (10 members) and EC-Earth3 (15 members) from CMIP6 (Eyring et109

al., 2016). Output from GFDL-CM3-LENS and CESM-LE is available through the Multi-110

Model Large Ensemble Archive (Deser et al., 2020). Additional information about the111

ensemble size and future scenarios is given in table 1. The CMIP6 models were chosen112

based on a minimum member size of 10 of available output for all the relevant variables.113

A sufficient ensemble size is required to robustly separate internal variability from the114

forced signal (Milinski et al., 2020) and a threshold of 10 members represents a trade-115

off between robustness and the number of available models. We analyze the historical116

simulations and two future scenarios: a high-emissions, high warming scenario (RCP8.5117

or SSP5-8.5) for all models and additionally a low warming scenario (SSP1-2.6, also ref-118

erenced to as the 2◦C scenario for CESM-LE) for all models except the GFDL-CM3, where119

no data is available.120

The ocean heat transport (OHT) through a section is defined as121

OHT = ρcp

∫
S

U(T − Tref )dS, (1)

–6–
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where ρ = 1025 kg m−3 and cp = 4000 J K−1 kg−1 are the constant density and heat122

capacity of seawater, U is the velocity normal to the section, T is the temperature and123

S the surface area of the section. We calculate the heat transport on the models’ native124

grid using the model variables uo, vo, and thetao, except for CESM-LENS, where we use125

the advective heat flux (UET and V NT ). We use a reference temperature Tref of 0 ◦C.126

We calculate annual mean OHT through the Barents Sea Opening (BSO), Bering Strait,127

and the Fram Strait (Fig. 1).128

We use observations of sea ice concentration from HadISST2 (Titchner & Rayner,129

2014) from 1990–2019. Due to the shortness of the observational records of OHT, we use130

estimates of OHT, temperature, and salinity from the ocean reanalysis ORAS5 (Zuo et131

al., 2019) from 1990–2019. ORAS5 upper Arctic ocean temperatures generally agree with132

observations and have previously been used to study Arctic Ocean temperatures (Shu133

et al., 2021; Li et al., 2022). We compared OHT in ORAS5 with observed estimates based134

on mooring data in the Bering Strait (1999–2015, Woodgate (2018)) the BSO (1998–2016,135

Skagseth et al. (2020) and the Fram Strait (1998–2011, Beszczynska-Möller et al. (2012)).136

ORAS5 simulates a mean OHT similar to observations in all three gateways (not shown).137

We analyze monthly sea ice concentration (model variables sic/siconc) and calcu-138

late the sea ice area on the Pacific (Chukchi, East Siberian and the Beaufort Sea, Cen-139

tral Arctic between 130◦E and 50◦W) and Atlantic side (Barents, Kara, and Laptev Sea,140

Central Arctic between 50◦W and 130◦E, Fig. 1) on the native model grids by summing141

up the product of the grid cell area and the sea ice concentration of all grid cells in the142

two regions. We compare the simulated sea ice concentration with estimates based on143

satellite observations for the period 1990–2019 from HadISST2 (Titchner & Rayner, 2014).144

We isolate internal variability from the forced signal in the model ensembles by av-145

eraging over the ensemble dimension and removing the resulting ensemble mean from146

the raw data of each member. To compare the connection between OHT and winter sea147

ice, we follow Dörr et al. (2021) and correlate the annual mean OHT with sea ice con-148

centration averaged over the following winter (November–March) for all model ensem-149

bles. We compare two time periods: A recent past (1990–2019) and a future period (2050-150

2079) for both high and low warming scenarios. For each time period, we concatenate151

the 30-year time series from each member (ensemble mean removed) and perform the152

correlations on the concatenated time series. Note that all correlations are reversed so153

–7–
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that positive correlations mean sea ice loss for an increased OHT. For the analysis of tran-154

sient changes in the OHT’s influence, we perform the correlations for running periods155

from 1990–2019 to 2050–2079 in one-year increments.156

3 Present and future winter sea ice157

Figure 2 shows the ensemble mean winter sea ice cover for the analyzed models.158

In the recent past, the models generally simulate a mean sea ice cover similar to satel-159

lite observations. On the Atlantic side, EC-Earth3 and CESM-LE simulate more ice than160

observed, while on the Pacific side, the GFDL-CM3 and the MIROC6 simulate less ice161

than observed. The MPI-ESM1-2-LR, ACCESS-ESM1-5, and the CanESM5 are broadly162

consistent with observations on either side, although CanESM5 has too much sea ice in163

the Labrador Sea.164

Forced changes in the different models are represented by comparing the ensem-165

ble means from 2050–2079 with those from 1990–2019. For a high emissions scenario (SSP5-166

8.5 or RCP8.5), most models project a retreat of the winter mean ice edge towards the167

western Laptev Sea on the Atlantic side and towards the northern Chukchi Sea on the168

Pacific side (southern Chukchi for the MPI-ESM1-2-LR), consistent with a delayed freeze-169

up of the Arctic Ocean in early winter (Årthun et al., 2021). However, the CanESM5170

and the GFDL-CM3 project a strong decrease in sea-ice concentration over the entire171

Arctic Ocean, leading to ice-free conditions during most of the winter.172

Under a low emissions scenario (SSP1-2.6 and 2◦C), the forced changes are smaller173

than for the high emissions scenarios (Fig. S1 in the online supplemental material). Most174

models project a retreat of the mean ice edge towards the northern Barents Sea on the175

Atlantic and the southern Chukchi or the northern Bering Sea on the Pacific side. CanESM5176

projects a much stronger sea ice retreat than the other models on the Atlantic side.177

4 Present and future ocean heat transport178

The simulated evolution of ocean heat and volume transport through, and ocean179

temperature at, the three main Arctic gateways is shown for all models in Fig. 3. For180

the Barents Sea Opening, most models simulate a mean heat transport of 40–90 TW from181

1990–2019, consistent with the estimate from ORAS5 of 70 TW. The forced trend is pos-182

–8–
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Figure 2. Present and future winter sea ice cover. Ensemble mean winter (November –

March) sea ice edge (50% threshold) for 1990–2019 (blue line) and 2050–2079 (red line) for

the high emissions scenario for all models. The Black dashed line shows the observed sea ice edge

from 1990-2019.
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itive for all models, but the EC-Earth3 and CanESM5 have by far the strongest trends.183

For future periods, the heat transport increases further in all models.184

The OHT through the Fram Strait displays large differences among the models,185

values ranging from 1 TW to around 80 TW over the recent past, compared to the ORAS5186

estimate of around 25 TW (Fig. 3b). All models except the MPI-ESM1-2-LR show an187

increase in OHT during recent decades. Most models show a forced increase in the fu-188

ture under the high emissions scenario, except for GFDL-CM3 which shows a decrease.189

The Bering Strait OHT ranges from 1 TW to 12 TW in the models, spanning the190

ORAS5 estimate of 6 TW (Fig. 3c). All models simulate a positive forced trend in OHT191

over the recent past as well as for the future periods under the high emissions scenario.192

For all three gates, the projected future OHT changes are similar but slightly smaller193

in the low emissions scenario compared to the high emissions scenario (Fig. S2 in the194

online supplemental material).195

Changes in OHT can be driven by changes in volume transport or changes in the196

inflow temperature, both of which are shown in Figure 3g-i. Models are broadly in agree-197

ment with observed volume transport and temperature in the BSO and to a lesser de-198

gree in the Bering Strait. In Fram Strait, the models simulate a weaker volume trans-199

port and a higher water temperature. In general, the forced increase in OHT is primar-200

ily driven by an increase in the water temperature in all models (Fig. 3g-i), especially201

for the Bering Strait, where the volume transport decreases over time in all models (Fig.202

3f). For the BSO and the Fram Strait, some models also project strong increases in vol-203

ume transport, which drive increased OHT. All cases of a forced decrease in OHT, which204

are most common for the Fram Strait, are driven by decreases in volume transport.205

5 Connection between ocean heat transport and winter sea ice206

To assess the future expansion of atlantification and pacification, we compare the207

connection between OHT and the winter sea ice cover in the model ensembles. Figure208

4 shows anomaly correlations of the annual mean OHT with the following winter mean209

sea ice concentration for the high emissions scenario. To focus on the regions substan-210

tially influenced by ocean heat transport, we only show contours of one correlation level211

(r=0.4). For the recent past (1990–2019) all models show significant connections between212

the Bering Strait OHT and winter sea ice in the southern Chukchi Sea, and between the213

–10–
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Figure 3. Present and future changes at the inflow gateways. Time series of annual mean

a-c) heat transport, d-f) volume transport and g-i) water temperature at the three gateways for

ORAS5 (black line) and the 7 model ensembles under a high emissions scenario. Solid lines and

shading represent ensemble mean and interdecile spread.
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BSO OHT and winter sea ice in the Barents Sea (Fig. 4). The influence of the Fram Strait214

on sea ice is limited to the northern Greenland Sea in most models.215

Under a high emissions scenario, the influence of BSO and Bering Strait OHT ex-216

pands towards the central Arctic Ocean in the future (2050–2079), consistent with the217

northward retreat of the sea ice edge. The future influence of the Fram Strait OHT is218

limited in all models. The expanding influence is generally larger for the Bering Strait219

OHT on the Pacific side, where it covers parts of the Chukchi Sea, the East Siberian Sea,220

and the central Arctic Ocean. On the Atlantic side, the expanding influence of the BSO221

OHT occurs towards the Kara and Laptev Seas. The influence of Bering Strait and BSO222

OHT thus converge towards the central Arctic Ocean, with models roughly agreeing that223

the footprints of Atlantic and Pacific OHT (i.e., atlantification and pacification) are sep-224

arated by the Lomonosov Ridge (see Fig. 1). This border represents the topographically225

constrained location of the front between the Atlantic and Pacific haloclines (Rudels et226

al., 1994). Interannual variability in winter sea ice in the Beaufort Sea and areas north227

of Greenland is largely unaffected by OHT in all models. The projected changes in in-228

fluence regions for the low emissions scenario are less pronounced than in the high emis-229

sions scenario (Fig. S3 in the online supplemental material).230

Model differences in the future influence of OHT are larger for the Atlantic side231

than for the Pacific side. CanESM5 shows the smallest connection between BSO OHT232

and sea ice on the Atlantic side. EC-Earth3 projects the most pronounced future expan-233

sion of atlantification, correlations between sea ice concentration and BSO OHT extend-234

ing to the central Laptev Sea (Fig. 4e). The strongest future expansion of pacification235

is projected by the EC-Earth3 and the CESM-LE, where correlations with the Bering236

Strait OHT extend towards the central Arctic Ocean and the northern Laptev Sea (Fig.237

4e,f). The smallest influence region of Bering Strait OHT on the sea ice on the Pacific238

side is projected by the CanESM5, the GFDL-CM3 and the ACCESS-ESM (Fig. 4c,d,g).239

It is worth noting that the CanESM5 and the GFDL-CM3 project near ice-free winters240

across much of the Arctic Ocean. This limits the ability of OHT to influence the ice, sim-241

ply because there is no ice.242
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6 Sources of differences in oceanic influence243

We now assess possible sources of both, model differences and future changes, in244

the influence of BSO OHT on the Atlantic side, and Bering Strait OHT on the Pacific245

side winter sea ice. We represent and quantify the ocean heat transport’s systematic im-246

pact on winter sea ice area – more ocean heat input, less sea ice - by linear correlation247

for each of the 60 30-year time periods between 1990–2019 and 2050–2079 for each of the248

7 models. This allows us to track changes over time for each model as well as system-249

atic differences between the models. We then relate the degree of impact with the state250

of its separate parts, sea ice area (Figs. 5a,6a) and heat transport (Figs. 5b,6b), and five251

other key gateway hydrographic properties as detailed below. Very broadly, the follow-252

ing stand out related to both gateways, across models, and throughout the 21st century.253

The larger the regional sea ice area, the colder the inflow temperature, the larger the vol-254

ume transport variability, or the larger the inflow salinity, the tighter the relation be-255

tween OHT and sea ice area.256

We first analyze how the correlation between OHT and winter sea ice is impacted257

by changes in the mean sea ice area. For the Atlantic side, there is a relationship between258

the mean sea ice area and the influence of the BSO OHT (Fig. 5a). The smaller the sea259

ice area, the weaker the influence of OHT. This is consistent with the sea ice edge mov-260

ing further north (and away from the BSO), thus making the potential influence on win-261

ter sea ice smaller. The relationship holds both for the time evolution for each model (quan-262

tified by the 30-year running correlations) and for intermodel differences (large mark-263

ers). For the Pacific side and the Bering Strait OHT (Fig. 6a), there is a similar, albeit264

weaker, relationship. As the sea ice edge retreats on the Pacific side, large areas see in-265

creased winter sea ice variability (Fig. 4), which could increase the influence of the Bering266

Strait OHT and thus counteract the increased distance of the sea ice edge to the Bering267

Strait.268

We next explore how the connection between OHT and winter sea ice is impacted269

by the properties of heat transport through the gateways. For the Atlantic side, the con-270

nection between OHT and sea ice is not strongly sensitive to differences in mean BSO271

volume transport (Fig. 5c). We do, however, find that models that overestimate the vol-272

ume transport variability also overestimate the influence of OHT on sea ice (relative to273

ORAS5; Fig. 5e). All models except the MPI-ESM1-2-LR and the CESM-LE strongly274
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overestimate the variability, which could be a reason why they simulate a stronger in-275

fluence of the BSO OHT on the winter sea ice on the Atlantic side. We find that the in-276

fluence also depends on the mean inflow temperature (Fig. 5d), which is reflected in the277

mean OHT (Fig. 5b). Higher temperatures (and heat transport) are associated with a278

weaker influence of BSO OHT on winter sea ice, both for the simulated changes over time279

for each model, as well as intermodel differences. Part of this correlation stems from the280

fact that higher average temperatures are associated with lower sea ice area (Fig. 5a).281

Warmer water at the BSO for the same ice cover could point to more efficient atmospheric282

cooling in the Barents Sea and thus less influence of OHT. This would for example ex-283

plain why the MPI-ESM1-2-LR, which has a relatively warm BSO inflow, shows less con-284

nection between BSO OHT and sea ice area than models with a similar mean sea ice area.285

For the Pacific side, there is a relationship between the volume transport through286

the Bering Strait and the influence of OHT on winter sea ice (Fig. 6c), which also ex-287

tends to the volume transport variability (Fig. 6e). In models and periods with larger288

volume transport, the impact of Bering Strait OHT is generally larger. The correlation289

is even higher if we exclude the Chukchi Sea from the Pacific side region (not shown),290

indicating that the influence of OHT on regions further into the Arctic tends to be stronger291

when the volume transport is larger. There is no strong relationship between the mean292

heat transport and the inflow temperature (and its variability) at the Bering Strait and293

the connection between OHT and winter sea ice (Fig. 6b,d,f). This indicates that in or-294

der to simulate the connection between OHT and sea ice accurately, it is most impor-295

tant that the mean volume transport should be consistent with observational estimates.296

In ORAS5, the annual mean volume transport through the Bering Strait is 1.3 Sv and297

the observational estimate is approximately 1.0 Sv (Woodgate, 2018). The EC-Earth3298

overestimates and CanESM5 and MPI-ESM1-2-LR underestimate the volume transport299

through the Bering Strait, and might therefore also over- and underestimate its present300

and future impact on the winter sea ice area on the Pacific side.301

Lastly, we explore the role of the inflow salinity on the impact of OHT on sea ice.302

Salinity is important in the polar ocean as the main driver of stratification, which can303

limit how the oceanic heat impacts the sea ice (Polyakov et al., 2018). For the Atlantic304

side, the influence of the BSO OHT does not depend on the inflow salinity (Fig. 5g). On305

the Pacific side, however, we find a strong connection with the bottom salinity at the Bering306

Strait (Fig. 6g), with higher salinity corresponding to a stronger influence of Bering Strait307
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OHT on winter sea ice. A higher salinity (and thus higher density) inflow of Pacific wa-308

ters implies less mixing of these waters with the fresher and lighter Polar waters created309

during ice melt over summer. Fig. 7a-c shows that the Chukchi shelf is stratified in ORAS5310

over summer, but only in some models (two are shown here as examples, all are shown311

in Fig. S4 in the online supplemental material).312

Looking at the correlation between winter sea ice and Bering Strait OHT during313

each month (Fig. 7d), we observe a maximum influence of OHT in early summer along314

with a second maximum in late autumn. The first maximum represents heat that en-315

ters through Bering Strait in summer and re-emerges in autumn and early winter (Serreze316

et al., 2016), whereas the second maximum is consistent with a more direct impact of317

inflowing heat on the advancing sea ice in early winter. In the future, the impact of sum-318

mer heat inflow becomes the primary mode of influence (Fig. 7e), as the winter ice edge319

moves further away from the Bering Strait. The amount of vertical mixing of the inflow-320

ing Pacific water determines how much of its heat mixes with the Polar waters and reaches321

the surface over summer, where it can be transformed and lose its heat signal until the322

sea ice advance. Thus, a higher maximum salinity at the Bering Strait is likely a proxy323

of less vertical mixing and more surface stratification in the Arctic Ocean during sum-324

mer, facilitating the reemergence of Pacific heat in winter. Indeed, we find that models325

with higher stratification over the Chukchi shelf simulate a stronger influence of Bering326

Strait heat transport on winter sea ice (not shown). These are also the models with a327

higher vertical resolution in the upper 100 m, as indicated in Fig. 7 and Fig. S4 in the328

online supplemental material.329

7 Discussion and Conclusions330

The internal variability of the winter Arctic sea ice cover is currently influenced by331

ocean heat transport into the Arctic Ocean, but it remains uncertain how this influence332

will change in the future. In this study, we analyzed projected changes in the influence333

of ocean heat transport on the winter sea ice cover using seven single model large en-334

sembles from CMIP5 and CMIP6. Based on these model projections, we find that the335

impact of Atlantic and Pacific heat transport will expand in the future. Their respec-336

tive footprints will divide the Arctic Ocean into two regimes (Richards et al., 2022). Our337

results suggest that the dividing line for these regimes will be found in the eastern Laptev338

Sea and along the Lomonosov Ridge, roughly at the front between the Atlantic and Pa-339
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Figure 5. Factors behind differences in the impact of ocean heat transport and winter sea

ice on the Atlantic side. Correlation of winter sea ice area on the Atlantic Side (blue shading

on map) and annual mean Barents Sea Opening (red line on map) ocean heat transport plotted

against the mean a) winter sea ice area, b) ocean heat transport c) volume transport, d) inflow

weighted temperature and standard deviation of e) the volume transport and f) inflow weighted

temperature, and g) maximum salinity at the gateway for 7 different model ensembles for 60 30-

year periods between 1990–2019 and 2050–2079. Light dots indicate values for different periods,

large markers indicate a model’s average over all periods. Black stars mark estimates based on

ORAS5 and HadISST from 1990–2019. Numbers correlation over the models’ averages (Rmodel)

and over each model’s periods (Rtime), with a range of all models given in brackets. Black dashed

lines are linear regressions for all points. –17–
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Figure 6. Factors behind differences in the impact of ocean heat transport and winter sea ice

on the Pacific side. Same as Fig. 5, but for the Bering Strait ocean heat transport and winter sea

ice area on the Pacific side.
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cific haloclines (Rudels et al., 1994). In agreement with results from CESM-LE (Dörr340

et al., 2021), the expanding footprint of Atlantic and Pacific ocean heat transport is dom-341

inated by the Barents Sea Opening and Bering Strait heat transports, respectively. The342

direct influence of the Fram Strait heat transport on winter sea ice variability is limited343

in all models.344

Some of the intermodel differences in the changes in strength, location, and tim-345

ing of the oceanic influence can be traced back to differences in the mean ice state. Es-346

pecially on the Atlantic side, the influence expands and weakens as the ice edge moves347

northwards in all models. This means that the future influence of heat transport through348

the Barents Sea Opening will depend on future sea ice loss. On the Pacific side, the gen-349

erally weakening influence is offset by its strong regional expansion, and weakening only350

occurs for a total loss of winter sea ice, something which two models indicate under a351

strong emissions scenario.352

The strength of the future influence is also sensitive to properties at the inflow gate-353

ways. On the Atlantic side, most models overestimate the present influence of Barents354

Sea Opening heat transport because they overestimate its volume transport variability.355

All models furthermore agree that a future weakening of the Atlantic influence will be356

driven by the retreat of the sea ice edge and warming of the inflow waters. On the Pa-357

cific side, most models underestimate the present influence of Bering Strait heat trans-358

port due to a combination of underestimated volume transport and an underestimated359

summer surface stratification. The future influence depends on how much the oceanic360

heat entering the central Arctic in early summer can reemerge in autumn and influence361

the sea ice. Thus, model biases in upper ocean stratification and vertical mixing need362

to be reduced in order to accurately capture this increasingly important driver of Arc-363

tic sea ice variability. These biases could be reduced by increasing the vertical resolu-364

tion of the upper ocean to properly resolve the shallow summer mixed layer (Rosenblum365

et al., 2021).366

We focused in this study on projected changes under a strong emissions scenario367

(SSP5-8.5/RCP8.5), but our main conclusions also hold for the low emissions scenario368

(SSP1-26). The future changes in sea ice are smaller in the low emissions scenario (Fig.369

S1 in the online supplemental material) and the models show a smaller expansion of the370

footprints of Atlantic and Pacific heat transport (Fig. S3 in the online supplemental ma-371
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terial). We find, however, the same sources of model differences as those identified for372

the high emissions scenario (Figs. 5,6), suggesting that our results are independent of373

the exact strength of future warming.374

The connection between ocean heat transport and sea ice is likely also affected by375

other factors than those investigated here. The heat transport through the Barents Sea376

Opening is for example influenced by atmospheric variability over the Nordic Seas (Q. Wang377

et al., 2019; Madonna & Sandø, 2022). However, we find no relationship between the strength378

in atmospheric forcing (quantified as the strength of the associated sea level pressure anomaly379

over Svalbard) and the influence of ocean heat transport on sea ice in the models (not380

shown). For the Pacific side, differences in the strength of the connection of sea ice to381

the Bering Strait heat transport could also be related to differences in the simulated path-382

ways of Pacific Water from the Bering Strait towards the central Arctic Ocean. For ex-383

ample, CESM-LE struggles to accurately simulate those pathways (Lavoie et al., 2022),384

and the same is possibly true for other models.385

We focused our analysis on the interannual variability of winter sea ice and OHT.386

However, OHT also affects internal sea ice variability on longer timescales (Årthun et387

al., 2019). Internally driven 30-year trends in winter sea ice area on the Atlantic and Pa-388

cific sides are significantly correlated to trends in OHT through the BSO and Bering Strait,389

respectively, for all models (Fig. 8), both now and in the future, although much weaker390

in the future in some models. The correlations are stronger for the BSO and the Atlantic391

side, and for the recent past. For externally driven trends (comparing ensemble mean392

trends), there is a strong connection for the Atlantic side, weakening in the future, but393

a much weaker connection for the Pacific side. This suggests that the long-term (exter-394

nally forced) increase in oceanic heat input is a major driver for the sea ice loss on the395

Atlantic side, but not the main driver on the Pacific side.396

To identify sources of model uncertainty in future sea ice projections, several stud-397

ies have sought after emergent constraints, which are simple relationships between sea398

ice loss and mean quantities that are valid in a large range of models and observations399

(Mahlstein & Knutti, 2012; Massonnet et al., 2012, 2018; Horvat, 2021). Instead of con-400

straining sea ice projections, where ocean heat transport is often used as a constraining401

variable, here we tried to constrain the future role of ocean heat transport itself. We find402

that the identified relationships are independent of horizontal model resolution (Table403
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1), consistent with the findings of Docquier et al. (2020) on the impact of ocean heat trans-404

port on the Atlantic side. The vertical resolution may however play a role as discussed405

above. Besides identifying the constraining factors, a result of our study is that the fac-406

tors on the Pacific side are different from the ones on the Atlantic side. The expanding407

influence of Atlantic and Pacific heat on winter sea ice can be seen as tracers of the at-408

lantification and pacification of the upper Arctic Ocean, which has important consequences409

for the Arctic ecosystem (Polyakov et al., 2020; Ingvaldsen et al., 2021). Our study high-410

lights the processes that have to be improved in current climate models in order to cap-411

ture the expanding influence of ocean heat transport on the future Arctic winter sea ice412

cover.413
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Beszczynska-Möller, A., Fahrbach, E., Schauer, U., & Hansen, E. (2012, July).447

Variability in Atlantic water temperature and transport at the entrance to the448

Arctic Ocean, 1997–2010. ICES Journal of Marine Science, 69 (5), 852–863.449

doi: 10.1093/icesjms/fss056450

Carmack, E., Polyakov, I., Padman, L., Fer, I., Hunke, E., Hutchings, J., . . . Winsor,451

P. (2015, December). Toward Quantifying the Increasing Role of Oceanic Heat452

in Sea Ice Loss in the New Arctic. Bulletin of the American Meteorological453

Society , 96 (12), 2079–2105. doi: 10.1175/BAMS-D-13-00177.1454

Community, S. (2020). Arctic Sea Ice in CMIP6. Geophysical Research Letters,455

47 (10), e2019GL086749. doi: 10.1029/2019GL086749456

Deser, C., Lehner, F., Rodgers, K. B., Ault, T., Delworth, T. L., DiNezio, P. N., . . .457

Ting, M. (2020, April). Insights from Earth system model initial-condition458

large ensembles and future prospects. Nature Climate Change, 10 (4), 277–286.459

doi: 10.1038/s41558-020-0731-2460

Docquier, D., Fuentes-Franco, R., Koenigk, T., & Fichefet, T. (2020). Sea461

Ice—Ocean Interactions in the Barents Sea Modeled at Different Resolutions.462

Frontiers in Earth Science, 8 . doi: 10.3389/feart.2020.00172463

Docquier, D., & Königk, T. (2021). A review of interactions between ocean heat464

transport and Arctic sea ice. Environmental Research Letters. doi: 10.1088/465

1748-9326/ac30be466
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