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ABSTRACT

During recent decades Arctic sea ice variability and retreat during winter have largely been a result of

variable ocean heat transport (OHT). Here we use the Community Earth System Model (CESM) large en-

semble simulation to disentangle internally and externally forced winter Arctic sea ice variability, and to

assess to what extent future winter sea ice variability and trends are driven byAtlantic heat transport.We find

that OHT into the Barents Sea has been, and is at present, a major source of internal Arctic winter sea ice

variability and predictability. In a warming world (RCP8.5), OHT remains a good predictor of winter sea ice

variability, although the relationweakens as the sea ice retreats beyond the Barents Sea.WarmAtlantic water

gradually spreads downstream from the Barents Sea and farther into the Arctic Ocean, leading to a reduced

sea ice cover and substantial changes in sea ice thickness. The future long-term increase in Atlantic heat

transport is carried by warmer water as the current itself is found to weaken. The externally forced weakening

of the Atlantic inflow to the Barents Sea is in contrast to a strengthening of the Nordic Seas circulation, and is

thus not directly related to a slowdown of the Atlantic meridional overturning circulation (AMOC). The

weakened Barents Sea inflow rather results from regional atmospheric circulation trends acting to change the

relative strength of Atlantic water pathways into the Arctic. Internal OHT variability is associated with both

upstream ocean circulation changes, including AMOC, and large-scale atmospheric circulation anomalies

reminiscent of the Arctic Oscillation.

1. Introduction

The Arctic Ocean (Fig. 1) is currently losing sea ice

in all regions during all seasons (Serreze et al. 2007;

Cavalieri and Parkinson 2012; Stroeve et al. 2012;

Onarheim et al. 2018). These changes in the Arctic sea

ice cover could potentially have both local and remote

impacts on the climate system, influencing the surface

energy budget (Bhatt et al. 2014; Lee et al. 2017),

oceanic (Krishfield et al. 2014; Sévellec et al. 2017) and
atmospheric (Vihma 2014; Screen 2017; Ogawa et al.

2018) circulation patterns, andmarine ecosystems (Arrigo

and van Dijken 2011; Årthun et al. 2018) and mammals

(Kovacs et al. 2011). A better understanding of the fu-

ture evolution of Arctic sea ice and its drivers is there-

fore essential. Here, we focus on sea ice retreat in winter,

which so far has received less attention than the more

dramatic summer sea ice decline, but which is expected

to become more dominant as the Arctic transitions to-

ward an ice-free summer (Onarheim et al. 2018).

In winter, recent Arctic sea ice loss has been most

pronounced in the Barents Sea (Li et al. 2017; Onarheim

and Årthun 2017). The retreating sea ice has largely

been a result of ocean heat transport changes associ-

ated with the Norwegian Atlantic Current, the north-

ernmost extension of the Gulf Stream (Fig. 1) (Francis

and Hunter 2007; Årthun et al. 2012; Smedsrud et al.

2013; Li et al. 2017). Future projections show a con-

tinued reduction of the winter sea ice cover in the Arctic

Ocean as a response to greenhouse gas emissions, al-

though with a large spread (uncertainty) in projected

trends as a result of model differences and internal

climate variability (Overland and Wang 2007; Hodson

et al. 2013; Sandø et al. 2014; Barnhart et al. 2016; Long

and Perrie 2017; Onarheim and Årthun 2017). On in-

terannual to decadal time scales, internal variability in,

for example, poleward ocean heat transport can lead to
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intermittent recoveries of the sea ice cover, super-

imposed on the long-term decline (Yeager et al. 2015;

Zhang 2015; Årthun et al. 2017; Onarheim andÅrthun

2017). Conversely, pulses of ocean heat can also lead

to abrupt Arctic sea ice loss (Holland et al. 2006). To

understand and possibly constrain how the Arctic

winter sea ice cover will evolve in the future it is

therefore important to ascertain to what extent future

Arctic sea ice variability and retreat are influenced by

internal variability of the Atlantic inflow. We further-

more investigate to what extent the loss of winter sea ice

will progress beyond the Barents Sea, deeper into the

Arctic, as a response to a poleward expansion of

Atlantic waters.

The relationship between ocean heat transport and

sea ice anomalies has furthermore allowed for skillful

predictions of the winter Arctic sea ice cover on in-

terannual (Nakanowatari et al. 2014; Onarheim et al.

2015) and multiannual time scales (Yeager et al. 2015;

Årthun et al. 2017). However, the importance of at-

mospheric conditions has been suggested to increase as

the sea ice retreats (Smedsrud et al. 2013). Interannual

predictability of Arctic summer sea ice has been found

to decrease as it retreats in the future (Holland et al.

2011; Tietsche et al. 2013), and predictor relationships

change between present-day and future climate simu-

lations (Holland and Stroeve 2011). An important, and

yet unresolved, question is therefore to what extent the

predictable relationship between ocean heat transport

and sea ice changes in a warming climate.

To investigate the importance of ocean heat transport

for future Arctic sea ice loss, and to disentangle the

relative roles of internally and externally forced climate

variability, we use the Community Earth System Model

large ensemble simulation (CESM-LE; Kay et al. 2015).

The CESM-LE has previously been used to assess the

influence of internal variability onArctic summer sea ice

trends (Swart et al. 2015; Barnhart et al. 2016; Jahn et al.

2016). The analysis is structured as follows. First, we

assess the ability of the CESM-LE to represent present-

day ice–ocean interaction in the Barents Sea (section 3).

Then, we examine the importance of internal variability

in Arctic sea ice variability and trends (section 4), and

the role of ocean heat transport as a driver of the internal

sea ice variability (section 5). Finally, in light of the recent

‘‘Atlantification’’ of theArcticOcean (Årthun et al. 2012;

Polyakov et al. 2017), we address the drivers of future

changes in poleward ocean heat transport (section 6) and

the implications for the hydrography in the downstream

Eurasian basin (section 7).

2. Data and methods

a. CESM-LE

To assess future Arctic climate variability we use data

from the large ensemble simulation by the Community

Earth System Model (CESM-LE; Kay et al. 2015). The

fully coupled CESM1 model consists of the Community

Atmosphere Model version 5; the Parallel Ocean Pro-

gram, version 2 (POP2); the Community Land Model,

version 4; and the Community Ice Code, version 4

(CICE4) (Hurrell et al. 2013). The spatial resolution of

the CESM ocean and sea ice models is nominally 18
longitude by latitude, whereas the atmospheric model

is 0.98 3 1.258.
The CESM-LE includes 40 ensemble members for the

time period 1920 to 2100. Here we mainly use data until

2080, because by then the Barents Sea, which is an area

of particular interest, is practically ice-free (Fig. 2a;

Onarheim andÅrthun 2017). The CESM-LE simulations

start from an 1850 constant forcing control simulation

(Kay et al. 2015). The first ensemblemember is initialized

from a randomly selected year (1 January, year 402) of

the control simulation, and integrated forward from 1850

to 2100 using historical forcing for the period 1920–2005

and representative concentration pathway (RCP) 8.5

forcing from 2006 to 2100 (Taylor et al. 2012). The

FIG. 1. The Arctic Ocean and its marginal seas. Colors show

annual mean sea ice concentration and sea surface temperature in

CESM-LE for 2010–19 (ensemble mean). The black arrows show

the main pathways of Atlantic water toward the Arctic Ocean

(NwAC: Norwegian Atlantic Current) and the green arrows de-

note the inflowof Pacificwater through theBering Strait. The black

dashed lines indicate sections through which heat transports are

calculated; between Norway and Svalbard (Barents Sea Opening;

BSO), across the Fram Strait, Bering Strait, Nares Strait, and

Lancaster Sound. TheBarents Sea is defined by the thin black lines.
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remaining ensemble members are then started in 1920

using initial conditions from the first ensemble mem-

ber, but with random round-off level differences in

the initial air temperature fields. As the ensemble

members all use the same Earth system model and the

same external forcing, the ensemble spread is thus

only generated by simulated internal climate vari-

ability originating from the very small differences in

the initial conditions of each member.

b. Ocean heat and volume transport

Ocean heat transport (OHT) across a section is de-

fined as

OHT5 rc
p

ð
S

U(T2T
ref
)dS , (1)

where r and cp are constant density and specific heat,

respectively, U is the velocity perpendicular to the sec-

tion,T is the temperature, and S is the surface area of the

section. HereOHT is calculated as the spatial integral of

the advective heat flux (model variables UET andVNT)

normal to the gridcell faces. Similarly, volume transport

is calculated using the vertically integrated velocities

(variables SU and SV). As the volume transport across

individual sections is not balanced, the heat transport

calculation depends on the arbitrary reference temper-

ature Tref (Schauer and Beszczynska-Möller 2009). In

CESM-LE Tref5 08C is used, which enables comparison

with previous heat transport estimates from the Barents

Sea Opening (BSO; e.g., Årthun et al. 2012; Smedsrud

et al. 2013; Koenigk and Brodeau 2014; Li et al. 2017).

We here focus on Atlantic heat transport through the

BSO (Fig. 1) as this is the largest contributor of oce-

anic heat to the Arctic (Beszczynska-Möller et al. 2011;
Rudels et al. 2015). Atlantic water also enters the Arctic

Ocean via the Fram Strait. In CESM-LE the average net

heat transport in this branch (calculated across 798N
for 2006–80) is approximately 25% of that in the BSO

branch (30% if considering only the northward flowing

water), although we note that coarse-resolution climate

models most likely underestimate transport through the

Fram Strait (Ilıcak et al. 2016). The non-Atlantic heat

exchanges to the Arctic—between the Pacific Ocean

and Arctic Ocean through the Bering Strait, and across

the Canadian polar shelf through the Nares Strait and

Lancaster Sound (Fig. 1)—are also small compared with

the BSO.

In agreement with observations (Årthun et al. 2012),

the simulated BSO heat transport has a well-defined

seasonal cycle with a minimum in spring (May), fol-

lowed by a gradual increase toward an early winter

maximum (November; not shown). Heat transport is

therefore presented as winter-centered annual aver-

ages, defined as July of the previous year through June

of the named year.

To assess whether variable ocean heat transport into

the Arctic is related to large-scale ocean circulation

changes in the North Atlantic, we also calculate the

strength of the Atlantic meridional overturning circu-

lation (AMOC). AMOC strength is defined as the

maximum of the zonally integrated meridional over-

turning streamfunction (model variable MOC) in the

Atlantic basin. We here consider the traditional

AMOC index at 268N, but similar results are obtained

for a more northern AMOC (508N).

c. Sea ice extent

The Arctic winter (November–April) sea ice extent

(wSIE) is calculated as the total area of all the grid

cells where the sea ice concentration exceeds 15%. The

Barents Sea includes the area 708–818N, 158–608E
(Fig. 1).

d. Statistical methods

Amain aim of this paper is to disentangle the role of

external and internal variability in Arctic winter sea ice

retreat. The externally forced response is obtained by

averaging all ensemble members, and the internally

generated variability is then the total variability minus

the externally forced component. The relative impor-

tance of internal variability and external forcing in

driving wSIE trends is quantified by calculating the

FIG. 2. Time series of (a) winter sea ice extent (wSIE) in the Ba-

rents Sea, (b) heat transport through the BSO (HTBSO), (c) average

temperature (TBSO), and (d) volume transport of the BSO inflow

(VTBSO). Blue line: ensemble mean; red shading: interquartile

range; gray shading: ensemble spread. The black line in (a) shows the

observation-based winter sea ice extent from Walsh et al. (2017).
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signal-to-noise ratio (SNR). The SNR is defined as

the absolute value of the externally forced trend di-

vided by the standard deviation of trends across the

individual ensemble members (Deser et al. 2014). An

SNR value greater than 1 implies that the impact of

the external forcing is stronger than the internal

variability.

To assess the relationship between internally driven

trends in OHT and sea ice we regress the BSO heat

transport trend from the individual ensemble members

onto the wSIE. This is referred to as ensemble trend re-

gression (Wettstein and Deser 2014). When discussing

temporal changes in the sea ice cover we mainly consider

30-yr trends (cf. Serreze and Stroeve 2015). To highlight

any future differences in ice–ocean interaction, we spe-

cifically compare the historical period 1976–2005 with the

two future periods, 2031–60 and 2051–80, representing

mid- and late-century conditions, respectively.

3. Simulated ice–ocean interaction and trends in
present climate

We first evaluate the ability of CESM-LE to simulate

present-day ice–ocean interaction, focusing on the

Barents Sea where long-term observations of OHT are

available (Årthun et al. 2012). The ensemblemean heat

transport through the BSO during the last decade

(2000–15) is 55 TW (Fig. 2b; 1 TW[ 1012 J s21), with an

ensemble standard deviation of 8 TW (Fig. 2b). The

observational estimate is 70 6 5 TW (Smedsrud et al.

2013). The underestimated BSO heat transport in

CESM-LE can be explained by lower temperatures

than observed; a comparison with observed sea surface

temperatures (HadISST; Rayner et al. 2003) reveals a

cold temperature bias in the Barents Sea (not shown).

The lower temperatures are furthermore reflected in an

overestimated sea ice cover, especially during recent

decades (Fig. 2a; Park et al. 2014). The simulated vol-

ume transport through the BSO is, on the other hand,

higher than observed (3.0 Sv in CESM vs 2.3 Sv in ob-

servations; Smedsrud et al. 2013). We note that al-

though the observations do not cover the full BSO as

defined here (Fig. 1), only the southern part between

71.58 and 73.58N (Ingvaldsen et al. 2004), this is not a

major source of discrepancy as the simulated flow in the

northern part of the section is weak.

In agreement with observations, the relationship be-

tween OHT and wSIE for the recent past (1976–2005)

is strong for both interannual variability (comparing

standard deviations) and the long-term trend (Fig. 3a,d).

The results are similar if we consider the full historical

time period (1920–2005). The sensitivity of simulated

sea ice extent to interannual heat transport variations is

also consistent with observations. The regression slope

translates into a wSIE change of 903 103 km2 per 10 TW

of anomalousOHT (Fig. 3a), which is slightly larger than

the observation based sensitivity of 703 103km2 per 10 TW

(Årthun et al. 2012).

Although a detailed evaluation of Arctic–Atlantic

ice and ocean properties in CESM is not performed

here, the model appears to realistically simulate the

present-day inflow of Atlantic heat to the Barents Sea

and the associated response in sea ice cover, pro-

viding confidence in the model’s ability to assess fu-

ture changes. CESM-LE has also previously been

used to study Arctic sea ice change (e.g., Swart et al.

2015; Barnhart et al. 2016; Jahn et al. 2016; Labe

et al. 2018).

4. The importance of internal variability for Arctic
winter sea ice loss

The spatial patterns of Arctic winter sea ice con-

centration trends are shown in Fig. 4. For the historical

period, the largest ensemble mean trends generally

occur in the central Barents Sea and Greenland Sea

(Fig. 4a). The internal variability, expressed as the

standard deviation of trends across the ensemble

members, shows a similar pattern (Fig. 4d). Except for

large parts of the central Arctic the magnitude of in-

ternal variability is larger than external variability,

and, as a consequence, the signal-to-noise ratio shows

values, 1 (Fig. 4g). The magnitude and importance of

internal variability in the Barents Sea are also evident

from the range in wSIE trends across the ensemble

members, with some members even showing increased

SIE between 1976 and 2005 (Fig. 3d).

In contrast the externally forced signal becomes the

dominant factor for sea ice loss in the future (Figs. 4h,i).

Externally forced sea ice loss is especially pronounced in

the central Arctic Ocean. For the Barents Sea, positive

30-yr trends no longer occur (Figs. 3e,f), which implies

that internal variability is not strong enough to coun-

teract the externally forced sea ice loss for any ensemble

member. This is, however, for the total Barents Sea ice

extent. Locally, there is still a 20%–30% chance for the

sea ice concentration to increase in the southeastern

Barents Sea between 2031 and 2060 (Fig. 5a; quantified

as the number of ensemble members with positive

trends divided by the total number of ensemble mem-

bers; Deser et al. 2014). We note that internal variability

in the North Atlantic Ocean is underestimated in CESM-

LE (Kim et al. 2018), implying that the occurrence and

strength of internally generated trends in Arctic winter

sea ice, as calculated here, might also be underestimated.

The CESM-LE simulations furthermore use the strong
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forcing scenario RCP8.5 and therefore, by construction,

have a strong externally forced signal. These consider-

ations suggest that the SNR computed fromCESM-LE is

an upper bound.

The relative importance of internal and external

variability is also highly dependent on the trend length

considered (Fig. 6; Kay et al. 2011; Swart et al. 2015).

The SNR increases with increasing trend length, and

for the time period 2007–80 external variability domi-

nates multidecadal ($20 yr) winter sea ice trends in

the Barents Sea. The time scale at which external var-

iability becomes dominant is increased (decreased) if

we consider the early (later) part of the time series

(corresponding to the error bars in Fig. 6). However,

on decadal time scales the signal-to-noise ratio in the

Barents Sea is , 1 also in the future. Hence, future in-

terannual to decadal-scale wSIE variability and trends in

the Barents Sea are still expected to be dominated by

internal variability. This is further evidenced by positive

10-yr trends still occurring frequently between 2031 and

2040 (Fig. 5b); the chances of sea ice expansion during

this decade is 40%–50% in the southeastern Barents Sea.

The chance of positive decadal trends is also high in the

other Arctic shelf seas and in the Greenland Sea. Similar

values are obtained if we consider other future 10-yr

periods. Next we assess to what extent these internal

FIG. 3. The relationship between winter sea ice extent in the Barents Sea and BSO heat transport for a historical time period (1976–

2005) and in the future (2031–60 and 2051–80), considering interannual variability (comparing standard deviations; STD) and the long-

term linear trend. Colors show correlation between winter sea ice extent (wSIE) and ocean heat transport for (a)–(c) detrended and

(d)–(f) full time series. White circles indicate correlations not significant at the 95% confidence level (Ebisuzaki 1997). The black stars

show the ensemble mean. Multimember average correlation (rmm; average correlation across ensemble members) and intermember

correlation (rim; relationship between ensemble members) coefficients are provided. Linear regression lines are shown by solid lines, and

their slope a is provided.
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variations in Arctic sea ice loss are driven by Atlantic

heat transport.

5. Atlantic heat transport as a driver of internal
Arctic winter sea ice variability and trends

Ensemble trend regression reveals the extent to which

internal variability inOHT trends drives trends inArctic

sea ice loss (Fig. 7). For the historical period, the re-

gression coefficients are highest in the central Barents

Sea and in the Greenland Sea, whereas for the future

time periods the maximum values move northeastward

into the Kara Sea and Laptev Sea. The northeastward

spread of future OHT-driven internal sea ice variability

broadly corresponds to the poleward pathway of At-

lantic water (Fig. 1; Rudels et al. 2015). The spatial

patterns furthermore qualitatively match those found

for the ensemble standard deviation of sea ice trends

(Figs. 4d–f). The similarity between the spatial patterns

of the ensemble spread and ensemble trend regression

provides evidence that OHT is a major source of in-

ternal variability in wSIE trends. This is consistent with

Li et al. (2017) who, using a suite of CMIP5 models, also

found that winter sea ice loss in the Barents Sea during

FIG. 4. (a)–(c) Ensemble mean winter sea ice concentration trend for the time periods 1976–2005, 2031–60, and 2051–80 (% decade21).

(d)–(f) Ensemble standard deviation of trends. (g)–(i) Signal-to-noise ratio (SNR), defined as the absolute value of the ensemble mean

(external) trend divided by the standard deviation of trends across the individual ensemble members (internal). An SNR value greater

than one (gray contour) implies that the impact of the external forcing is stronger than the internal variability.
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recent decades predominately has been a result of in-

ternal heat transport variability.

Since it is a major source of present-day Arctic winter

sea ice predictability, and in the Barents Sea in particular

(Onarheim et al. 2015), we next assess whether the

strength of the relationship between ocean heat trans-

port and winter sea ice extent is expected to change in

the future. Considering the period 2031–60, the strong

relationship between wSIE and OHT persists, although

both the multimember and intermember correlations

weaken compared with 1976–2005 (Figs. 3b,e). As the

Barents Sea starts becoming perennially ice free (Fig. 2a)

the link to OHT continues to weaken, both in terms of

interannual variability and trends (2051–80; Figs. 3c,f).

For this latter part of the century, changes in sea ice area,

both interannual (comparing standard deviations) and

the long-term trend, have been reduced to about 45 3
103 km2 retreat with 10 TW of additional heat.

To further assess whether the OHT–wSIE relation-

ship is stationary throughout the full time series (1920–

2080), the correlation between detrended wSIE and

OHT is calculated for overlapping 30-yr periods for

each ensemble member (Fig. 8). Consistent with that

seen in Fig. 3 (rmm) and Fig. 7 the relationship persists

throughout most of the period, although the mean

correlation across the ensemble members weakens to-

ward the end of the time series as the sea ice retreats

(Fig. 2a). Note, however, that the correlation between

OHT andwSIE for individual ensemblemembers is not

simply a function of the mean sea ice extent. That is, the

ensemble members with a relatively small sea ice ex-

tent toward the end of the time series period are not

necessarily those with the lowest correlations with

OHT. The generally weakened correlation is consistent

with Smedsrud et al. (2013), who argued, based on a

simple conceptual heat budget model of the Barents Sea,

that the sea ice sensitivity to oceanic forcing decreases as

the sea ice retreats, and that the role of atmospheric

forcing increases accordingly. The importance of atmo-

spheric forcing on future Arctic sea ice variability and

trends (e.g., Wettstein and Deser 2014; Ding et al. 2017),

and whether this changes with time, is, however, not

assessed here.

FIG. 5. Chance (in %) of a positive trend (expansion) in sea ice cover over the periods (a) 2031–60 and

(b) 2031–40, quantified as the number of ensemble members with positive trends divided by the total number of

ensemble members.

FIG. 6. Signal-to-noise ratio for Barents Sea ice extent trends as a

function of trend length for the two time periods 1920–2005 and

2007–80. The SNR was calculated for all overlapping time in-

tervals, and the figure shows the median values (markers) and

interquartile spread (vertical bars). An SNR greater than one

(values above the black dashed line) implies that the impact of the

external forcing is stronger than the internal variability.
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The results presented above (Figs. 3 and 8) are based

on zero-lag correlations between OHT and wSIE.

However, the correlation is also significant when OHT

leads wSIE by one year (r 5 20.48 averaged across

the ensemble members). The former is consistent

with spatially coherent wind-driven changes in Atlantic

water heat transport that affect the sea ice cover

immediately (Lien et al. 2017). The lagged response

is, on the other hand, consistent with ocean heat

anomalies advected through the Barents Sea with the

mean flow, reaching the sea ice edge approximately

one year after passing through the BSO (Årthun

et al. 2012; Nakanowatari et al. 2014; Onarheim

et al. 2015).

6. Drivers of future ocean heat transport variations

The future ensemble mean decline in Barents Sea

wSIE corresponds to increased ocean heat transport

through the BSO (Fig. 2), suggesting that OHT is also a

key contributor to the externally forced decline in

Barents Sea wSIE. This is further supported by the

strong intermember correlation between future OHT

and wSIE trends (rim), especially for 2031–60 (Fig. 3).

The ensemble mean increase in OHT toward year 2080

amounts to approximately 30 TW, corresponding to a

70% increase with respect to the historical mean (1920–

2005). The future OHT increase in CESM-LE is a re-

sult of higher ocean temperature, counteracted by a

decrease in the strength (volume) of the Atlantic inflow

(Figs. 2c,d and 9). Conversely, heat transport covaries

with volume transport on interannual time scales; the

multimember mean 30-yr (detrended) correlation being

0.91 (Fig. 9a). The correlation is also high for temperature

(Fig. 9b). The relationship between OHT and ocean cir-

culation strength thus differs for internal (interannual)

and external (ensemble mean long-term trend) variabil-

ity. We note that the strong interannual relationship be-

tweenOHT and volume transport in CESM-LE is similar

for previous decades (1976–2005), and agrees with ob-

servations (Årthun et al. 2012).

Several previous model studies have suggested that

variations in AMOC are mirrored in OHT into the

Arctic (e.g., Day et al. 2012; Zhang 2015; Delworth et al.

2016). We therefore assess to what extent the long-

term weakening of the Barents Sea inflow (Fig. 2d) is

related to ocean circulation changes in the North At-

lantic. In CESM-LE, the AMOC substantially weakens

toward 2080 (Fig. 10a) as a result of decreased buoyancy

fluxes in the North Atlantic (Maroon et al. 2018). In

contrast, however, the inflow to theNordic Seas increases

FIG. 7. The relationship between internally driven trends in BSO ocean heat transport and winter sea ice quantified by ensemble

trend regressions, (a) for 1976–2005, (b) 2031–60, and (c) 2051–80. Regression coefficients have units of% per standard deviation of the

ensemble spread in heat transport trends. Dots indicate where the ensemble trend correlation is significant at the 95% confidence level

(Ebisuzaki 1997).

FIG. 8. Running 30-yr correlations between detrended winter

Barents Sea ice extent (wSIE) andBSOheat transport (HTBSO). The

numbers are displayed at the center of each 30-yr period. Blue line:

ensemble mean; red shading: interquartile range; gray shading:

ensemble spread.
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(Fig. 10d). The strengthened flowwithin the Nordic Seas

is consistent with a trend toward lower sea level pressure

(SLP) in the region (Fig. 11a), inducing a cyclonic cir-

culation anomaly. The SLP decrease is, however, not

spatially uniform, being larger in the northern BSO

than in the south, which causes the SLP gradient across

the Atlantic inflow to weaken (calculated as the dif-

ference between 74.58 and 718N at 208E). A weaker

SLP and, hence, sea surface height gradient (not

shown) across the BSO is associated with a weakened

inflow (Ingvaldsen et al. 2004), consistent with Fig. 2d.

The long-term (ensemble mean) decline in BSO is thus

not directly related to a weaker AMOC, but rather to

regional atmospheric circulation anomalies.

Internal AMOC variability is, on the other hand,

related to changes in the inflow to the Barents Sea; a

slowdown of the AMOC corresponds to weaker BSO

transports (Figs. 10b,c). Note, however, that all 30-yr

AMOC trends are negative, whereas the inflow to the

Barents Sea has periods of both weakening and

strengthening. Ocean circulation trends more imme-

diately upstream in the Nordic Seas more strongly

reflect inflow changes to the Barents Sea (Figs. 10e,f).

In agreement with Oldenburg et al. (2018), these re-

sults suggest that the response in poleward ocean heat

transport to changes in the AMOC differs under in-

ternal variability and climate change, with the re-

lationship between AMOC trends and Nordic Seas

circulation changing sign depending on whether they

are externally forced or a result of internal variability.

Figure 10c furthermore shows that the influence of

AMOC on the Barents Sea inflow weakens toward

2080. This is also true if we consider AMOC at 508N.

Ocean circulation (overturning) changes in the North

Atlantic are thus to a lesser extent communicated to-

ward the Arctic at the end of the century. The mech-

anisms of these future ocean circulation changes in the

North Atlantic and Arctic, and their connectivity, are

not assessed here and merit further study.

Internal variability in the atmosphere also influences

the inflow to the Barents Sea. The ensemble trend re-

gression between SLP and BSO volume transport

yields a pattern that is dominated by low pressure over

the central Arctic (Fig. 11b). The pattern is similar to

the leading mode of Northern Hemisphere (.208N)

atmospheric circulation variability in CESM-LE, as

inferred from an empirical orthogonal function analy-

sis on wintertime SLP (not shown), and is reminiscent

of the Arctic Oscillation (AO; Thompson and Wallace

1998). Trends in the associated principal component

(‘‘AO index’’) explain a significant fraction of the

spread in BSO volume transport trends; the inter-

member correlation being 0.62 and 0.57 for 2031–50

and 2051–80, respectively. The importance of large-

scale atmospheric circulation anomalies on Atlantic

water transport into the Barents Sea is in agreement

FIG. 9. The relationship betweenBSOheat transport (HTBSO) and (a) volume transport (VTBSO) and (b) temperature

(TBSO) for running 30-yr periods between 2007 and 2080 for all ensemble members (small circles). Colors show

correlations for detrended time series. Multimember average correlation (rmm) and intermember correlation

(rim) coefficients are provided. Linear regression lines are shown by solid lines. The larger circles show the

correlation for each 30-yr period averaged over the ensemble members.
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with previous studies (e.g., Sandø et al. 2010; Smedsrud

et al. 2013; Koenigk and Brodeau 2014).

7. Implications of futureAtlantification of theArctic

Water masses exported from the Barents Sea into the

Arctic Ocean are important to the hydrographic struc-

ture of the central Arctic Ocean (Rudels et al. 2015). At

present, most of the heat of the inflowing Atlantic water

masses through the BSO is lost to the atmosphere within

the Barents Sea and the outflowing water thus provides

little heat to the Eurasian basin (Gammelsrød et al.

2009; Årthun et al. 2011). However, as the temperature

of the BSO inflow increases (Fig. 2c) the ensemble mean

annual temperature of the water leaving the Barents Sea

between Franz Josef Land andNovaya Zemlya (Barents

SeaExit; BSX) increases from20.28 to 2.28Cbetween 2007

and 2080. The corresponding temperature difference

FIG. 10. North Atlantic–Arctic connectivity. (a) AMOC at 268N. Blue line: ensemble mean; red shading:

interquartile range; gray shading: ensemble spread. (b) The intermember relationship between 30-yr trends in

AMOC and BSO volume transport for the time periods 2031–60 and 2051–80. (c) Running 30-yr intermember

correlations between AMOC and BSO volume transport. The numbers are displayed at the center of each 30-yr

period, and the two colored circles correspond to the two time periods shown in (b). (d)–(f) As in (a)–(c), but for the

Nordic Seas inflow (section shown in inset map). In (d), the light blue line is the ensemble mean outflow.
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between BSO and BSX nevertheless increases by ap-

proximately 0.68C, pointing to a larger heat loss from

the AW throughflow that mediates the Atlantic tem-

perature increase. The increased heat loss amounts to

20Wm22 for the Barents Sea as a whole. The addi-

tional heat loss is, however, the sum of different trends

in the south and north. In the ice-free southern Barents

Sea (708–758N, 158–408E) the ensemble mean total

(sum of radiative and turbulent) surface heat loss is

reduced from 200 to 170Wm22 between 2007 and 2080.

Conversely, in the northern Barents Sea (758–818N,

408–608E) the surface heat loss increases from 50 to

130Wm22.

The ability of a variable sea ice cover and associated

surface heat fluxes to buffer the outflowing waters from

changes in the inflowing Atlantic water is consistent

with observations (Årthun et al. 2012; Smedsrud et al.

2013). The area over which Atlantic water cools,

however, is set not only by the sea ice cover, but also by

the location of the Polar Front (the boundary between

Atlantic and Arctic waters in the eastern Barents Sea).

Observations show that as the sea ice edge retreats

northward, the northern limit of the surface area

available for Atlantic water cooling becomes fixed to

the location of the Polar Front (Barton et al. 2018). The

buffering effect from a variable sea ice cover thus de-

creases, leading to a warming of the BSX outflow.

The future temperature increase in BSX is in agree-

ment with Smedsrud et al. (2013) and Koenigk and

Brodeau (2014), but in contrast to the findings of Long

and Perrie (2017). Using a one-member simulation

forced with the SRES A1B climate change scenario

Long and Perrie (2017) found temperatures in the

northern Barents Sea to decrease toward 2050 as a

result of increased surface heat loss. The different

temperature response in previous studies could partly

be a result of the different forcing scenarios (RCP8.5:

strong; A1B: midrange, corresponding to RCP6.0), but

it also highlights the possible influence of internally

generated variability and the advantage of using a large

ensemble simulation. However, with respect to the

latter, no ensemble member in CESM-LE has a nega-

tive temperature trend in BSX for the time periods

2011–40, 2031–60, or 2051–80.

The ensemble mean temperature of the northward

flowing Atlantic water in the eastern Fram Strait (798N,

08–128E) shows a similar future increase to that in BSO;

from 1.48C in 2007 to 4.08C in 2080. Although the At-

lantic inflow through the Fram Strait is not discussed in

detail here, the increased temperatures in this branch is

consistent with reduced sea ice cover in the area north of

Svalbard (Figs. 4 and 12b; Onarheim et al. 2014).

The warm Atlantic water gradually penetrates far-

ther into the Arctic Ocean, and by the 2070s extends

throughout the Eurasian basin (Fig. 12a). The pole-

ward expansion of warmer water is associated with in-

creased sea ice loss within the centralArctic (Fig. 4) and a

northward migration of the sea ice edge (Fig. 12b).

However, the sea ice edge does not retreat far beyond the

northern Barents Sea by the 2070s. A reason for this is

that the Atlantic heat enters the Eurasian basin as a

subsurface flow and remains separated from the sea ice

FIG. 11. (a) Linear trend in ensemble mean winter (November–April) sea level pressure (hPa decade21) for the

time period 2007–80. The Barents Sea is highlighted by the black box. (b) The relationship between internally

driven trends in BSO volume transport andwinter sea level pressure between 2031 and 2060 quantified by ensemble

trend regressions. Regression coefficients have units of hPa per standard deviation of the ensemble spread in

volume transport trends. Dots indicate where the ensemble trend correlation is significant at the 95% confidence

level (Ebisuzaki 1997).
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by a cold layer (Figs. 13a,b). The increase inAtlantic heat

nevertheless has a noticeable influence on the winter sea

ice thickness, evident by a 1.2-m average thickness re-

duction in the eastern Arctic Ocean between the 2010s

and 2070s (Fig. 13c). The changes in sea ice thickness are

associated with an increase in ocean-to-ice heat fluxes in

this area from approximately 0.5Wm22 in the 2010s to

5Wm22 in the 2070s. The respective changes inwinter ice

thickness and ice–ocean heat fluxes are consistent with the

inferred sensitivity of equilibrium ice thickness to changes

in the different heat budget components by Thorndike

(1992). The upward mixing of Atlantic heat within the

Arctic Ocean, and its interaction with the sea ice cover, is,

in nature, irregular both in time and space (e.g., Peterson

et al. 2017), but this process is not detailed here. The de-

crease in sea ice thickness in CESM-LE is also evident in

summer, and, consistent with a contribution fromAtlantic

heat transport, the thinning is seen to progress eastward

from the Barents Sea (Labe et al. 2018).

8. Conclusions

In this study, the role of Atlantic heat transport in

future Arctic winter sea ice loss is, for the first time,

assessed using a 40-member large ensemble simulation

(CESM-LE). We find the following:

1) Recent Arctic winter sea ice variability and trends

(1976–2005) have largely been driven by internal

variability. Externally forced variability becomes

more important for multidecadal (.15 yr) sea ice

trends in the future, whereas interannual to decadal

variability remains predominately driven by internal

variability. As a consequence, periods of increased

sea ice cover, as observed during recent decades

(Swart et al. 2015;Årthun et al. 2017), will likely still

occur in the future when decadal internal variability

counteracts anthropogenic forcing.

2) Ocean heat transport into the Barents Sea is, and

will remain, a major source of internal Arctic sea

ice variability during winter. The relationship be-

tween Atlantic heat transport and sea ice extent

remains strong in the future, although weakening as

the ice retreats. This implies that statistical predic-

tion models based on observed relationships (e.g.,

FIG. 12. Ensemble mean (a) Atlantic water extent represented by the 18C isotherm at 200-m depth and (b) the

winter sea ice edge (defined as 50% sea ice cover) for different decades between 2010 and 2079. The thin black lines

show the 500-m isobath, which roughly marks the continental slopes, whereas the thick black line shows the section

plotted in Fig. 13.

FIG. 13. (a),(b) Ensemble mean winter temperature (8C) dur-
ing the recent decade (2010–19) and in the future (2070–79) in a

section crossing the eastern Arctic Ocean (see location in

Fig. 12). (c) Winter sea ice thickness (SIT) along the section for

the two periods (2010–19: red; 2070–79: blue).
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Onarheim et al. 2015) can also be expected to be

skillful in the near future, but also highlights that

the physical relationships that form the basis of

statistical prediction models should continuously

be reassessed.

3) The future ensemble-mean (externally forced) in-

crease in ocean heat transport is a result of higher

ocean temperatures, counteracted by a decrease in

the strength of the flow. The reduced inflow to the

Barents Sea results from regional atmospheric circu-

lation trends, which change the relative strength of

Atlantic water pathways into the Arctic. The circu-

lation within the Nordic Seas is strengthened in the

future, in contrast to a slowdown of the large-scale

circulation in the North Atlantic, as represented by

the AMOC. Internally driven increases (decreases)

in heat transport into the Barents Sea are, on the

other hand, associated with a strengthening (weak-

ening) of the flow, related to upstream ocean circu-

lation changes in the NorthAtlantic andNordic Seas,

and large-scale atmospheric circulation anomalies

reminiscent of the Arctic Oscillation.

4) The future increase in Atlantic heat transport is

reflected in a northward penetration of warm water

into the Arctic Ocean, which contributes to a sub-

stantial reduction in sea ice thickness.

Although the CESM-LE represents well present-day

ice–ocean interaction in the Barents Sea (section 3), it

is important to keep in mind that future simulations are

inherently uncertain. In particular, upper-ocean strat-

ification and vertical mixing (Carmack et al. 2015; Lind

et al. 2018), which affects the transfer of oceanic heat to

the overlying sea ice cover, are difficult to correctly

represent in coarse-resolution climate models (Ilıcak
et al. 2016; Lique et al. 2016). This could influence how

the simulated future increase in Atlantic heat impacts

the Arctic sea ice. Compared with present-day obser-

vations, CESM has a cold temperature bias and an

overestimated sea ice cover (Fig. 2a; Park et al. 2014).

The response in sea ice extent to changes in ocean heat

transport is nevertheless realistic (section 3). This

suggests that the simulated ‘‘Atlantification’’ of the

Arctic Ocean and associated impacts can be considered

realistic, but—as the Atlantic domain evolves from

farther south than in reality—the simulated development

could be delayed. The observed trend in winter Barents

Sea ice extent during recent decades is larger than in any

of the CESM ensemble members (Onarheim andÅrthun

2017), and the current winter sea ice extent is at least 20

years ahead of any ensemble member (Fig. 2a).

Our results demonstrate that Atlantic heat transport

plays an important role in recent and future Arctic

winter sea ice variability and trends. As a warmer and

ice-free Arctic Ocean could have profound conse-

quences for the Arctic climate system (Vihma 2014;

Carmack et al. 2015), it is important to identify the main

drivers of sea ice variability and retreat. A better un-

derstanding of the relative roles of internal and external

variability in Arctic winter sea ice variability and trends

on different time scales, as provided here, is also es-

sential in order to skillfully predict future sea ice

changes under anthropogenic warming.
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