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ABSTRACT: Arctic Ocean warming and sea ice loss are closely linked to increased ocean heat transport (OHT) into the
Arctic and changes in surface heat fluxes. To quantitatively assess their respective roles, we use the 100-member Commu-
nity Earth System Model, version 2 (CESM2), Large Ensemble over the 1920-2100 period. We first examine the Arctic
Ocean warming in a heat budget framework by calculating the contributions from heat exchanges with atmosphere and sea
ice and OHT across the Arctic Ocean gateways. Then we quantify how much anomalous heat from the ocean directly
translates to sea ice loss and how much is lost to the atmosphere. We find that Arctic Ocean warming is driven primarily by
increased OHT through the Barents Sea Opening, with additional contributions from the Fram Strait and Bering Strait
OHTs. These OHT changes are driven mainly by warmer inflowing water rather than changes in volume transports across
the gateways. The Arctic Ocean warming driven by OHT is partially damped by increased heat loss through the sea sur-
face. Although absorbed shortwave radiation increases due to reduced surface albedo, this increase is compensated by in-
creasing upwelling longwave radiation and latent heat loss. We also explicitly calculate the contributions of ocean—ice and
atmosphere—ice heat fluxes to sea ice heat budget changes. Throughout the entire twentieth century as well as the early
twenty-first century, the atmosphere is the main contributor to ice heat gain in summer, though the ocean’s role is not neg-
ligible. Over time, the ocean progressively becomes the main heat source for the ice as the ocean warms.

SIGNIFICANCE STATEMENT: Arctic Ocean warming and sea ice loss are closely linked to increased ocean heat
transport (OHT) into the Arctic and changes in surface heat fluxes. Here we use 100 simulations from the same climate
model to analyze future warming and sea ice loss. We find that Arctic Ocean warming is primarily driven by increased
OHT through the Barents Sea Opening, though the Fram and Bering Straits are also important. This increased OHT is
primarily due to warmer inflowing water rather than changing ocean currents. This ocean heat gain is partially compen-
sated by heat loss through the sea surface. During the twentieth century and early twenty-first century, sea ice loss is
mainly linked to heat transferred from the atmosphere; however, over time, the ocean progressively becomes the most
important contributor.

KEYWORDS: Arctic; Sea ice; Climate; Climate change; Climate models; Oceanic variability

1. Introduction 2020; Grémillet and Descamps 2023). Arctic warming and sea
ice decline may also be impacting Eurasian and North Ameri-
can midlatitude weather patterns (Honda et al. 2009; Kim
et al. 2014; Francis et al. 2017), though this is still heavily de-
bated (e.g., Overland et al. 2016; Blackport et al. 2019; Screen
and Blackport 2019).

It has become increasingly clear that Arctic Ocean warming
and associated sea ice loss are closely linked to increased
ocean heat transport (OHT) through the Fram Strait and Ba-
rents Sea Opening (BSO) (Onarheim et al. 2015; Polyakov
et al. 2017; Auclair and Tremblay 2018; Stroeve and Notz
2018; Wang et al. 2020; Chemke et al. 2021; Shu et al. 2022).
This process, known as Atlantification, is robust across recent
observations and global climate model simulations (Stroeve
and Notz 2018; van der Linden et al. 2019; Asbjgrnsen et al.

Denotes content that is immediately available upon publica- 2020; Timmermans and Marshall 2020; Shu et al. 2022). Be-
tion as open access. tween 1980 and 2012, Atlantic Water temperatures at Fram
Strait and the BSO have warmed by approximately 1°-1.5°C
(Muilwijk et al. 2018). Meanwhile, in the Eurasian basin, esti-
mated vertical heat fluxes from the Atlantic Water layer were

The Arctic has been warming much more rapidly than the
global average over the past few decades (e.g., Serreze et al.
2009; Marshall et al. 2014; Pithan and Mauritsen 2014; Huang
et al. 2017; Chylek et al. 2022; Rantanen et al. 2022), a phe-
nomenon known as Arctic Amplification. As a result, sea ice
extent and thickness have decreased dramatically in recent
decades (Onarheim et al. 2018; Stroeve and Notz 2018;
Previdi et al. 2021). This warming and associated sea ice loss
have had severe impacts on Arctic ecosystems. These impacts
are widely expected to intensify in the near future (e.g.,
Johannessen and Miles 2011; Vincent et al. 2011; Fu et al.
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approximately 2-4 times greater in 2014/15 than in 2007/08
(Polyakov et al. 2017). Enhanced heat transport through the
BSO has been found to explain most of the recent observed
Barents Sea warming and sea ice changes (Arthun et al. 2012;
Smedsrud et al. 2013). This warming and sea ice loss are ex-
pected to intensify based on model predictions (e.g., Onarheim
and Arthun 2017; Arthun et al. 2019; Polyakov et al. 2020; Shu
et al. 2021, 2022). This OHT is also expected to strengthen
over time due to local circulation changes and warmer in-
flowing water (e.g., Oldenburg et al. 2018; van der Linden
et al. 2019).

Similarly, on the Pacific side of the Arctic, OHT through
the Bering Strait has increased from 10 to 16 TW between
2001 and 2014 due to enhanced volume transport and warmer
inflowing water, a process known as Pacification (Woodgate
et al. 2015; Woodgate 2018; Polyakov et al. 2020; Timmermans
and Marshall 2020). This stronger OHT contributes to the rapid
warming and sea ice decline in the Chukchi Sea (Woodgate et al.
2010), as well as the warming of the upper ocean in the Canada
basin (Woodgate 2018; Polyakov et al. 2020). Some of this extra
heat in the Chukchi Sea is stored in the Beaufort Gyre halocline,
and could melt nearly 1 m of sea ice if released to the surface
(Timmermans and Marshall 2020).

While Arctic sea ice evolution is influenced by changes in
OHT from the Atlantic and Pacific, it is not yet clear how
much of the heat accumulated due to OHT is used to melt the
sea ice and how much is released to the atmosphere. Further-
more, surface heat fluxes from the atmosphere also contribute
to sea ice changes. In particular, enhanced absorbed short-
wave radiation as a result of reduced surface albedo further
accelerates sea ice decline via the ice-albedo feedback (e.g.,
Manabe and Stouffer 1980; Holland and Bitz 2003; Winton
2006; Pithan and Mauritsen 2014; Hu et al. 2017; Hwang et al.
2018). Because this additional radiative flux occurs in sum-
mer, it can also delay the onset of ice growth in autumn, while
the heat gained by the ocean is released to the atmosphere as
longwave radiation as well as sensible and latent heat (Screen
and Simmonds 2010; Previdi et al. 2021). This process can also
lead to further melting of sea ice by warming the atmosphere
and increasing cloud cover, and enhancing downwelling long-
wave radiation as a result (Previdi et al. 2021).

In this paper, we first seek to understand how the heat bud-
get of the Arctic Ocean will change in the future as well as
how it has changed over the historical period due to the exter-
nal forcing using a large ensemble of simulations of a state-of-
the-art fully coupled Earth system model. To do this, we
quantify the heat inputs and outputs into and out of the Arctic
Ocean basin, i.e., the lateral OHT and sea surface heat fluxes.
Then we determine how much each Arctic gateway contrib-
utes to the total OHT into the Arctic, and decompose the sea
surface heat flux into its components. We next ascertain how
much volume transport and temperature changes contribute
to OHT changes across the Arctic gateways. We also deter-
mine how much heat from the ocean contributes to sea ice
melt and how much is released to the atmosphere.

Second, we focus on the heat budget from the sea ice perspec-
tive. The goal here is to understand whether the atmosphere—ice
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or the ocean—ice fluxes are more important in driving Arctic sea
ice decline.

2. Community Earth System Model, version 2
a. Model description

In our analyses, we use the 100-member ensemble of histori-
cal and future simulations of the standard resolution Commu-
nity Earth System Model, version 2 (CESM2; Danabasoglu
et al. 2020), known as the CESM2 Large Ensemble (CESM2-
LENS; Rodgers et al. 2021). All CESM2 components have a
nominal spatial resolution of 1°. Each ensemble member was
run with historical forcing for 1850-2014, then subsequently
driven by SSP3-7.0 forcing over years 2015-2100 as defined for
CMIP6 (Eyring et al. 2016). Ensemble spread was achieved by
a combination of micro- and macro-initialization approaches
using initial conditions between years 1001 and 1301 of the
CESM?2 preindustrial control simulation, during which the top
of atmosphere global energy imbalance and model drift were
both small (Danabasoglu et al. 2020). Specifically, states for
years 1231, 1251, 1281, and 1301 were used as initial conditions
for four sets of 20-member ensembles where round-off level
perturbations were used in the initial atmospheric potential
temperature field to generate spread. The remaining 20 mem-
bers were initialized using states that are 10 years apart during
years 1001-1191 of the preindustrial control simulation. No
other perturbations were used for these members. Two differ-
ent biomass burning forcing fields were applied, each to half of
the simulations. For the first 50 members, biomass burning is
represented as given in the CMIP6 protocols. For the remaining
50 members, biomass burning emissions were smoothed with an
11-yr moving average filter, substantially reducing variability in
aerosol fluxes between 1990 and 2020 without changing the
time mean (Rodgers et al. 2021) and significantly impacting the
simulation of Northern Hemisphere extratropical climate in
the early twenty-first century (Fasullo et al. 2022).

A major benefit of using such a large number of ensemble
members is that it allows us to more robustly separate exter-
nally forced variability from internal variability in the model
(Deser et al. 2012; Arthun et al. 2019; Deser et al. 2020). In
such large ensembles, the forced response of a variable can be
approximated by averaging its evolution across various ensem-
ble members, while the ensemble spread gives information on
the internal variability intrinsic to the model (e.g., Deser et al.
2012,2020). Given that there are minimal changes in the ocean
and sea ice heat budgets up until the mid-twentieth century
(Figs. 1c,d), in this analysis we focus on the period between
1920 and 2100.

b. Variables used

For this paper, we exclusively use monthly mean model
output from the ocean, atmospheric and sea ice components.
For the ocean heat budget, we use velocity and potential tem-
perature to calculate the heat transports and ocean heat con-
tent. For the sea surface heat fluxes, we use net shortwave
radiation fluxes, downwelling and upwelling longwave radia-
tion fluxes, sensible and latent heat fluxes, heat fluxes from



15 FEBRUARY 2024

B:

AMOW Canada
wa't Basin
e &0

Eurasian

0.50
¢) Mo, d)
Y¥"* Marc
0.8 0.45
= 0.6 0.40
2
s O
e iy  Septemb °
= 0.4 & 0.35
iy
0.2 0.30 : :
0.0 0.25

1950 2000 2050

Time (years)

2100

OLDENBURG ET AL.

1433

160°W___

Sea-ice concentration anomaly 2081-2100 — 1920-1940

6
Mean Arctic Ocean temperature

1950 2000

Time (years)

2050 2100

FIG. 1. (top) Ensemble mean Arctic sea ice concentration anomalies for 2081-2100 relative to 192040 (colors) and

mean Arctic sea ice concentration for 192040 (contours) from CESM2-LENS for (a) March and (b) September. The
thick contours are for 5%, 20%, 50%, and 80%. (c) Ensemble mean (black) and observational (blue) Arctic sea ice
concentration time series for March (dashed line) and September (dot—dash line). Shading represents one standard
deviation across ensemble members. The observational sea ice concentration is derived from the NOAA/NSIDC
Climate Data Record of Passive Microwave Sea Ice Concentration, version 4 (Meier et al. 2021). (d) Annual-mean

volume-mean Arctic Ocean temperature time series.

snow and frozen runoff and heat fluxes associated with forma-
tion and melting of sea ice, including frazil ice formation in
the ocean model when the surface temperatures dip below
the salinity-dependent freezing point. Because these sea sur-
face heat fluxes are all taken from the ocean model output,
they include interactions between the ocean and both the at-
mosphere and ice.

For the Arctic sea ice heat budget, we use monthly mean
output from the sea ice model. The model provides the net
ocean—ice heat flux, the net shortwave radiation and that
transmitted to the ocean, the downwelling and upwelling
longwave radiation fluxes, and the atmosphere-ice latent and
sensible heat fluxes.

For our analysis of longwave radiation fluxes, we use atmo-
spheric monthly mean output of cloud fraction and specific
humidity taken at 920 hPa alongside sea ice output of surface
snow/ice temperature. We choose 920 hPa when analyzing hu-
midity because we are interested in the humidity in the lower
atmosphere. Choosing a higher or lower pressure does not
significantly affect the result.

It is standard practice to remove preindustrial control simula-
tions trends from all variables prior to analysis (Gupta et al. 2012).
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These trends can be determined from the preindustrial control
simulations from which the CESM2-LENS runs are branched.
The associated trends in the variables used here are assumed
to be very small and are hence neglected in this analysis.

¢. Model evaluation

First, we discuss the general performance of the CESM2
model, then we analyze biases in the CESM2-LENS simula-
tions. The stratification in the Arctic Ocean is poorly repre-
sented in CESM2, though it does not perform particularly
poorly compared to other low-resolution CMIP6 models
(Heuzé et al. 2023). It also exhibits large temperature biases
in the Fram Strait, with a cold bias in the upper layer and a
warm bias in the deeper layers (Heuzé et al. 2023).

In CESM2-LENS, the Arctic sea ice extent is underesti-
mated in September, and overestimated in March compared
to observational estimates (Fig. 1c). The net volume trans-
ports through the three Arctic gateways are well-represented
relative to observations (Table 1). The mean strength of the
net flow through the Fram Strait over years 1997-2006
is equal to —1.6 = 0.8 Sv (1 Sv = 10° m® s~ '), which is in
line with observations over that period (—2.0 = 2.7 Sy,
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TABLE 1. Net ocean volume transports and their standard
deviations (Sv) across three Arctic gateways from CESM2-
LENS and observations. Transports for the Fram Strait and
BSO are calculated over years 1997-2007 while transports for
the Bering Strait are calculated over years 1990-95 in order to
allow for proper comparison to observations. Observation values
for Fram Strait transports are taken from Schauer et al. (2008)
and Timmermans and Marshall (2020). Values for the Barents
Sea Opening and Bering Strait are from Roach et al. (1995),
Woodgate and Aagaard (2005), Skagseth et al. (2008), Smedsrud
et al. (2010), Beszczynska-Moller et al. (2011), Mauritzen et al.
(2011), and Smedsrud et al. (2013). Values for the Barrow Strait
are from Schauer et al. (2008) and are calculated from 1998 to 2004.
Positive and negative values indicate northward and southward
transports, respectively.

Name CESM2-LENS Observations
Fram Strait —-1.6 = 0.8 =20 =*=27
Barents Sea Opening 21 =09 ~2.3
Bering Strait 1.1 x£02 0.8 =02
Barrow Strait —-0.2 = 0.03 -1

Schauer et al. 2008; Timmermans and Marshall 2020). The mean
volume transports through the Bering Strait (1.1 = 0.2 Sv) and
BSO (2.1 = 0.9 Sv) also align well with observations (0.8 = 0.2 Sv
and ~2.3 Sv, respectively; Roach et al. 1995; Woodgate and
Aagaard 2005; Skagseth et al. 2008; Smedsrud et al. 2010;
Beszczynska-Moller et al. 2011; Mauritzen et al. 2011; Smedsrud
et al. 2013). These values can also be compared to multimodel
mean volume transports from ocean—sea ice models forced by the
interannually varying atmospheric datasets as part of the Coordi-
nated Ocean-ice Reference Experiments, phase II (CORE-II;
Wang et al. 2016). These values align well with those from
CESM2-LENS. This comparison can be seen in Table 2.

The heat transports across the BSO and the Bering
Strait also align well with observations, but the Fram Strait
OHT is underestimated (Tables 3 and 4). Specifically, the
CESM2-LENS BSO OHT value is equal to 0.04 = 0.02 PW,
while the corresponding observational estimate over the
same period is equal to ~0.05 PW (Schauer et al. 2008). For
the Bering Strait, the observational estimates from Woodgate
et al. (2015) and Woodgate (2018) are calculated with a refer-
ence temperature of —1.9°C. Using this reference temperature
in our Bering Strait OHT calculation yields a somewhat higher
heat transport, i.e., 0.013 = 0.002 PW, which is in line with the
observational values (Woodgate et al. 2015; Woodgate 2018).
The heat transport across the Fram Strait in CESM2-LENS
over years 1997-2008 is equal to 0.01 = 0.01 PW, much lower
than what is found in observations (0.04 = 0.01 PW; Schauer
et al. 2008; Rudels et al. 2015; Timmermans and Marshall
2020). These heat transports can also be compared with CMIP6
multimodel mean values from Shu et al. (2022). The multimo-
del mean Fram Strait OHT is closer to observations than
CESM2-LENS, while the BSO OHT in CESM2-LENS is more
in line with observations than the CMIP6 multimodel mean val-
ues. The Bering Strait OHT in CESM2-LENS is the same as
the multimodel mean (Table 3).
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TABLE 2. Net ocean volume transports and their standard
deviations (Sv) across three Arctic gateways from CESM2-
LENS and CORE-II over 1978-2007. CORE-II values are from
Wang et al. (2016).

Name CESM2-LENS CORE-II
Fram Strait —-15*08 —-22
Barents Sea Opening 20 £09 2.7
Bering Strait 1.1 =02 1.0

3. Arctic Ocean heat budget

For our heat budget analysis, we define the Arctic Ocean as
the region bounded by the Arctic gateways, which include the
Nares Strait, Fram Strait, BSO, Bering Strait, and Barrow
Strait (Fig. 1a).

The Arctic Ocean heat budget is defined as

4

T
HC = pc -~
T OHC = pc

s gp = OHT,, + SHF + QFLUX + F,

residual”

M

where p = 1027.5 kg m™> represents the seawater density,
c, = 4186 J kg~! K™ refers to the heat capacity of seawater,
OHC is the ocean heat content, OHT,,, is the total OHT into
the Arctic, SHF is the sea surface heat flux including heat ex-
changes with both the atmosphere and sea ice, and QFLUX is
the heat flux due to frazil ice formation.

The total OHT (OHT,,,) is the sum of the Eulerian-mean
OHT (OHTg,) and submonthly transient OHT (OHTgypy),
which are defined as follows:

59 0
OHT, (1) = pcpf : J vldzdx, @)
X4 Z,

bot

x, (0 _
OHTEul(t)=pch L 50dzdsx, 3)

bot

Z

X, 0 x, 0 _
OHT,, (1) = pcp‘[ J vOdzdx — pcpj I v0dzdx, (4)
x, Jz x, Jz

bot bot

where v represents the velocity; 6 represents the potential temper-
ature, x, z, and ¢ represent the horizontal spatial coordinate, depth,
and time, respectively; x; and x, represent the spatial boundaries
of the sections; p represents the seawater density; ¢, refers to the
heat capacity of seawater; and zyo represents the bottom depth.

There is also a residual term between the OHC change and
the other terms, which represents the parameterized bolus eddy
and diffusion ocean heat transport as well as any error due to
our usage of monthly mean data. This is defined as follows:

F d

residual EOHC - OHth — QFLUX — SHF. (5)

a. Ocean heat and volume transports across
Arctic gateways

When calculating the OHT into the Arctic, previous studies
have typically used zonally integrated OHT across a particular
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TABLE 3. Net model resolved ocean heat transports and their standard deviations (PW) across three Arctic gateways from CESM2-
LENS, CMIP6, and observations. Fram Strait OHT is calculated over years 1997-2008, BSO OHT is calculated over 1997-2007, and
Bering Strait OHT is calculated for 1998-2014. The CESM2-LENS values are referenced to 0°C. CMIP6 multimodel mean values are

taken from Fig. 4 in Shu et al. (2022), which are referenced to 0°C. Observational values are from Schauer et al. (2008), Rudels et al.

(2015), Woodgate et al. (2015), Woodgate (2018), and Timmermans and Marshall (2020).

Name CESM2-LENS CMIP6 multimodel mean Observations
Fram Strait 0.01 £ 0.01 0.02 0.04 = 0.01
Barents Sea Opening 0.04 = 0.02 0.07 ~0.05
Bering Strait 0.01 £ 0.01 0.01 0.01-0.02
Barrow Strait 0.001 = 0.0002 - 0.003

latitude, e.g., 65°N or 70°N (Mahlstein and Knutti 2011; Screen
et al. 2012; Koenigk and Brodeau 2014; Sun et al. 2015). How-
ever, the choice of a latitude is somewhat arbitrary because
the selection is not based on physical pathways into the Arctic,
and OHT varies substantially depending on which latitude is
chosen. Here we instead explicitly calculate the OHT across
each Arctic gateway (Fig. 1a). Because these sections define a
closed Arctic domain, they allow us to do heat budget calcula-
tions. Obtaining these OHTSs separately also means that we
can determine their relative importance across individual
Arctic gateways.

To calculate the Eulerian-mean OHT [v0, where the over-
bar denotes the monthly mean; Eq. (1)] across these sections,
we use the Physical Analysis of the Gridded Ocean (PAGO)
code from Deshayes et al. (2014). PAGO uses monthly mean
velocity and temperature to calculate heat and volume trans-
ports across defined sections. The OHT and volume transports
are then annually averaged. While the volume transports are
not strictly necessary to calculate the heat budget, they aid in
understanding what drives the OHT variability. Note that the
OHT calculated by PAGO does not include the submonthly
transient OHT by the explicitly resolved flows or the OHT by
parameterized eddy contributions, because we only use monthly
mean velocity and potential temperature.

We then separately calculate the submonthly transient co-
variance term of OHT [v'6'; Eq. (2), where the prime denotes
the submonthly anomalies defined as the deviation from the
monthly mean] as a residual from the model output total
ocean heat flux [v0; Eq. (3)] by the resolved flow, which is cal-
culated during model integration at each model time step, and
the Eulerian-mean OHT (v6). Note that this does not include
OHT due to any parameterized flows, i.e., the bolus and diffu-
sive OHT, which can be approximated as the residual between
the Arctic ocean heat content (OHC) change and the sum of
the Eulerian-mean and submonthly transient components and
all the surface fluxes [Eq. (4)].

TABLE 4. Model resolved inflow and outflow ocean heat
transports and their standard deviations (PW) across Fram Strait
from CESM2-LENS and observations calculated over years
1997-2008. The CESM2-LENS values are referenced to 0°C.
Observational values are from Fahrbach (2006).

Name CESM2-LENS Observations
Inflow 0.02 = 0.002 0.06 = 0.02
Outflow —0.01 = 0.002 -0.02 = 0.01
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When calculating OHT across segments with a nonzero
mass flux, it is typically best practice to use the mean tempera-
ture of the domain as a reference rather than 0°C (Lee et al.
2004). However, because our calculation of the submonthly
transient OHT relies on model output ocean heat flux (v6),
which is effectively referenced to 0°C, we must also use 0°C
here for consistency.

All of the heat flux components remain approximately
constant in the ensemble mean until around 1980 (Fig. 2a).
The ensemble mean total OHT into the Arctic then starts to
increase, strengthening from 0.06 PW averaged over years
1961-80 to 0.10 PW for 2081-2100. This more than over-
whelms the increase in surface heat loss, which changes from
—0.06 to —0.08 PW (Fig. 2a). As a result, the Arctic OHC in-
creases monotonically from 1995 onward. By 2081-2100, the
OHC tendency reaches 0.02 PW. The total OHC change over
the course of the simulations increases the mean Arctic Ocean
temperature from 0.30° to 0.46°C (Fig. 1d). In summary, the
increase in the OHT into the Arctic in response to the exter-
nal forcing results in an Arctic temperature increase which is
partly damped by the enhanced heat loss through the sea sur-
face, as found in other climate models (Shu et al. 2022).

Interestingly, the standard deviations in OHC tendency,
OHT and surface heat flux across ensemble members also in-
crease over time. The OHC tendency standard deviation
changes from 0.007 PW in 1961-80 to 0.017 PW in 2081-2100,
while the total OHT and surface heat flux standard deviations
increase from 0.008 to 0.015 PW and 0.008 to 0.016 PW over
the same period, respectively. Also, when the changes in the
standard deviations are normalized by the changes in their re-
spective ensemble mean values, the standard deviation of
OHT changes very little over time. This indicates that the
standard deviation and mean values vary together. However,
for the SHF, the standard deviation continues to increase de-
spite the ensemble mean value remaining essentially constant
after 2060.

When the subcomponents of OHT are considered, the en-
semble mean total OHT change is dominated by the changes
in the Eulerian-mean OHT, which increases from 0.05 PW in
1961-80 to 0.08 PW over 2081-2100 (Fig. 2b). The submonthly
covariance component also contributes slightly.

Next we examine the respective contributions from each Arc-
tic Ocean gateway. The increase in ensemble mean Eulerian-
mean OHT into the Arctic is primarily due to a strengthening of
the OHT through the BSO, which provides 41% of the total
Eulerian-mean OHT increase between 1961-80 and 2081-2100
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FIG. 2. (a) Ocean heat budget for the Arctic Ocean, bounded by the five Atlantic—Pacific Arctic gateways (see
Fig. 1). Positive values indicate ocean heat gain, and negative values indicate ocean heat loss. The blue line represents
the total OHT into the Arctic, the red line represents the net sea surface heat flux into the Arctic Ocean (including
the heat flux due to frazil ice formation), and the black line represents the net ocean heat content change. The OHT
plotted here includes the parameterized bolus and diffusive components approximated as explained in Eq. (4).
(b) Decomposition of heat budget components. The cyan line represents the Eulerian mean OHT, aqua represents
the submonthly OHT, teal represents the ocean heat gain resulting from frazil ice formation, orange represents the
net sea surface heat flux (including both the atmosphere—ocean and ice—ocean heat fluxes), and purple represents the
residual between the ocean heat content change computed explicitly [black line in (a)] and the sum of the other com-
ponents plotted here, which is interpreted as the missing parameterized bolus and diffusive OHT. Lines represent en-

semble means and shading represents one standard deviation across ensemble members.

(Fig. 3b). However, both the Fram and Bering Straits also expe-
rience large increases in OHT. After remaining approximately
constant, OHT through the Fram Strait decreases in 1980-2000
before steadily increasing through 2100, starting from 0.01 PW
over 200020 and reaching 0.02 PW by 2081-2100. In the Bering
Strait, the OHT is very small during most of the twentieth cen-
tury, but strengthens steadily after 1970, increasing to over 0.01
PW by 2081-2100 (Fig. 3b). Note that the volume transport
across the Bering Strait actually declines slightly during the
twenty-first century (Fig. 3a). The Nares Strait OHT changes
very little until about 2040, when it starts to decrease (Fig. 3b).
This is partially due to a decrease in southward volume transport
over the same period (Fig. 3a). The Barrow Strait does not con-
tribute significantly to the net OHT into the Arctic, and weakens
slightly over time as the volume transport decreases in magni-
tude (Figs. 3a,b).

Though the submonthly OHT is much smaller than the
Eulerian mean, it still contributes between 14% and 18% of
the total OHT (Fig. 3c), with that percentage decreasing over
the course of the SSP3-7.0 period (2015-2100). The net sub-
monthly OHT starts increasing at around 1965. After that, it in-
creases from 0.009 PW over years 1961-80 to 0.014 PW by 2081-
2100. These changes are dominated by changes in the submonthly
OHT through the BSO and Bering Strait. The BSO contributes
about 0.003 PW to this increase, while the Bering Strait sub-
monthly OHT accounts for 0.002 PW (Fig. 3c). The increase in
the Bering Strait can partially be explained by an increase in the
submonthly transient kinetic energy there (not shown).

The volume transport changes do not seem to explain the
BSO and Bering Strait OHT changes (Fig. 3a), two of the
main contributors to the total OHT increase. However,
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the increased OHT across the Fram Strait from 2020 to 2075
can be partially explained by changes in the volume transport
there. Interestingly, there appears to be an anticorrelation be-
tween the Fram Strait and Nares Strait volume transports,
with the large changes in the two toward the end of the simu-
lations nearly compensating each other (Fig. 3a). This feature
will be revisited in the discussion section.

To provide a more quantitative understanding regarding how
much of the OHT changes is due to the changes in the volume
transport versus temperature, we decompose the Eulerian mean
OHT anomalies into contributions from “dynamic” changes
in circulation, “thermodynamic” temperature changes, and a
“nonlinear” term, which represents anomalies due to concurrent
changes in temperature and velocity. Though this separation is
somewhat arbitrary as velocity and temperature changes are in-
trinsically linked via geostrophy, it is still useful. This method is
outlined in Oldenburg et al. (2018) among others:

OHT'(¢) = pc J I — 0, )dzdx
Z

bot

thermodynamic

+ pc J J 6, dzdx
Z,

bot

dynamic

+ pc J J 0,.p)dzdx,
Z

bot

©)

nonlinear

where angle brackets represent a time mean of a given vari-
able (i.e., (v) and (6)), and dots represent temporal anomalies
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FIG. 3. (a) Annual-mean volume transport (for the liquid water
only) through the Arctic gateways. (b) Annual-mean Eulerian-mean
OHT across the Arctic gateways. (c) Annual-mean submonthly OHT
across the Arctic gateways. Lines represent ensemble means and
shading represents one standard deviation across ensemble members.

of a variable relative to its time mean (i.e., ¥ and ). For the
time-mean temperatures and velocities in Eq. (6), we use the
period 1920-80, during which there is very little change in
the ensemble mean ocean heat budget (Fig. 2).
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Here, instead of simply using 0°C as our OHT reference
temperature, we reference OHT to the spatially averaged
time-varying Arctic Ocean temperature. Though this does not
substantially influence the partitioning of the net OHT
through the Arctic gateways, Eq. (6) is more sensitive to the
reference temperature. This is because the thermodynamic
and nonlinear terms are calculated using temperature anoma-
lies rather than full temperatures.

The net OHT increase into the Arctic is largely driven by ther-
modynamic (temperature) changes, but the nonlinear compo-
nents also play a major role, while the dynamic components
partially compensate during the last 50 years (Fig. 4a). Thermo-
dynamic changes contribute 0.03 PW to the net OHT increase
from 1920-80 to 2081-2100, while nonlinear changes contribute
0.01 PW. Dynamic circulation changes, on the other hand, act to
decrease the net OHT after 2040, with an anomaly slightly
smaller than —0.01 PW over the same period due to negative dy-
namic components from the Nares and Barrow Straits (not
shown). BSO and Bering Strait OHT changes are primarily
driven by thermodynamic changes (Figs. 4c,d). In the Bering
Strait, the nonlinear term acts to weaken the OHT (Fig. 4d). In
the Fram Strait, the thermodynamic and dynamic components
contribute very little to the OHT anomaly, which is driven almost
entirely by nonlinear changes (Fig. 4b).

To further investigate the nonlinear component of the Fram
Strait OHT, we also decompose this OHT into baroclinic and
barotropic terms using the depth-mean velocity and temperature:

OHT® = pe, [ [ w0 - o, puzax
¥, Jz

bot

barotropic

x, 0
+ pcpj J v.(0, —
X, Jz

bot

0..;)dzdx, @)

baroclinic

where the underline represents depth-mean values, and the
subscript * represents anomalies relative to the depth means.
This nonlinear component of the Fram Strait OHT is driven by
baroclinic changes rather than barotropic changes (Fig. Sa), ie.,
changes in the vertical structure of the velocity and temperature.
More specifically, the middle and deep layers of the Fram Strait
cool while the upper layer warms relative to the vertically aver-
aged values, which indicates an increase in stratification between
the layers. There is a dramatic increase in the southward flow in
the middle depths of the Fram Strait, while the upper and deep
areas of the strait exhibit anomalous northward flow (Fig. 5b).

b. Variability and background seasonality of sea surface
heat flux components

Here, we adhere to the ocean heat budget perspective, i.e.,
ocean model output is used for all the surface flux compo-
nents from the atmosphere and sea ice.

Before investigating how much the sea surface flux compo-
nents change over time, we first look at their background sea-
sonality in the 1920-40 period. This will help us understand
the times of year when different sea surface heat flux compo-
nents are important. In late spring and summer, the ocean



1438 JOURNAL OF CLIMATE VOLUME 37

Dynamic, thermodynamic and nonlinear components of OHT into the Arctic
0.03 0.03
a) Net Arctic

c) Barents Sea Openiﬁg

0.02 Aoy 0.02

0.01 B _oad M

ﬁon]iﬁear . y /M,».AN"#
N Y 'Vv«\.r-\rvkl\
0.00 24N Suisw
dynamic
-o.01 1950 2000 2050 2100 —o.01 1950 2000 2050 2100
0.03 5 0.03 "
b) Fram Strait d) Bering Strait
0.02 0.02

Z 0.01
~

0.00

1950 2000 2050 2100 ~0:01 1950 2000 2050 2100

Time (years) Time (years)

-0.01
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1920-80 for (a) net OHT, (b) Fram Strait OHT, (c) Barents Sea Opening OHT, and (d) Bering Strait OHT. Lines
represent ensemble means and shading represents one standard deviation across ensemble members.

experiences a net gain of heat (Fig. 6a, gray line) from the at-  the ocean loses heat to both the atmosphere and ice, but primar-
mosphere due to strong shortwave radiation (Fig. 6b, orange ily to the atmosphere as heat gained via shortwave radiation in
line). Meanwhile, heat is lost to sea ice due to ice melt summer is then lost via longwave radiation, latent and sensible
(Figs. 6a,b, blue lines). In autumn and winter (October-March),  heat fluxes (Figs. 6a,b). After October, rapid sea ice expansion
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FI1G. 5. (a) Barotropic (blue) and baroclinic (red) contributions to the nonlinear component (black) of the Fram
Strait OHT. Lines represent ensemble means and shading represents one standard deviation across ensemble mem-
bers. (b) Fram Strait volume flux (Sv) and temperature (°C) anomalies relative to depth means for 2080-2100 relative
to 1920-80.
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Arctic sea-surface heat flux components 1920-1940
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FIG. 6. (a) Seasonality of Arctic ocean heat exchanges with the atmosphere (green) and sea ice (blue) averaged
over years 1920-40. (b) Seasonality of Arctic sea surface heat flux components. Lines represent ensemble means and
shading represents one standard deviation across ensemble members. The positive values indicate heat gain by the
ocean. Note that the heat exchanges are expressed in PW after an area integration over the Arctic domain.

reduces the ocean’s exposure to the atmosphere and hence re-
duces its heat loss to the atmosphere. The ocean gains a minimal
amount of heat via frazil ice formation from October through
March (Fig. 6a).

Next, we examine the long-term changes of the sea surface
heat fluxes. Throughout the period, the ocean loses heat
through the sea surface, with enhanced surface heat loss after
1980 (black line in Fig. 7a, and also Fig. 2a), in response to the
increased OHT into the Arctic as discussed in section 3a. The
ocean primarily loses heat to the sea ice (blue line in Fig. 7a),
but is slightly offset by the ocean heat gain from the atmo-
sphere until around 2050 (green line in Fig. 7a). Afterward
the ocean begins to experience net heat loss to the atmo-
sphere. The ocean starts to lose less heat to the ice beginning
~2030 due to reduced sea ice cover and an associated reduc-
tion in heat fluxes needed for melting (Figs. 1c and 7b).

Annual-mean Arctic sea-surface heat fluxes

However, the heat loss to the atmosphere after 2050 overcom-
pensates the reduced heat loss to the ice, so that the total heat
loss continues to increase. Essentially, the heat transported
into the Arctic Ocean via OHT is primarily used to melt the
sea ice until the sea ice coverage declines substantially in the
mid-21st century and the exposed ocean surface increases, af-
ter which heat begins to flux out to the atmosphere. In terms
of heat flux components, absorbed shortwave radiation
strengthens due to decreasing surface albedo with more open
ocean as well as reduced cloud cover (Figs. 8a,b). However,
starting in 2040, this increased heat flux is compensated by
strengthened upwelling longwave radiation as well as stronger
sensible and latent heat loss reflecting ocean warming and
more extended open waters (Fig. 7b). Though the down-
welling longwave radiation also increases over the course of
the simulations, this increase is compensated by the increasing

Annual-mean Arctic sea-surface heat flux components
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FIG. 7. Time series of ensemble mean annual-mean Arctic (a) total air-sea and ocean—ice heat fluxes and (b) sea

surface heat flux components. Shading represents one standard deviation across ensemble members. The positive val-
ues indicate heat gain by the ocean. Note that the heat exchanges are expressed in PW after an area integration over
the Arctic domain.
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upwelling longwave radiation (Fig. 9b), which is consistent
with the balance in the mean seasonal cycle (Fig. 9a) and ex-
plains the increased ocean cooling due to longwave radiation
out to 2100 (Fig. 7b).

4. Arctic sea ice heat budget
The Arctic sea ice heat budget is defined as

d
EHC = Focn + Fatm + Fresidual’

®)
where HC refers to the heat content of the snow and ice,
Focn is the ocean—ice heat flux, F,q, is the atmosphere—ice
flux, and Fiegiguar is the residual term between (d/dt)HC and
the two other terms, which represents the contribution from
ice export through the Fram Strait as well as any error intro-
duced by the usage of monthly mean data for our heat bud-
get calculation.

The atmosphere—ice flux F,,, can be split into components:

+ F

latent

+ Fyw»

Fo = Few + F. &)

a sensible
where Fsyw is the net absorbed shortwave radiation, i.e., the
incident shortwave radiative flux minus the reflected and
transmitted shortwave radiation, Fy.,sple 1S the sensible heat
flux, Flaen: is the latent heat flux, and Fy y is the net longwave
radiative flux.

Over years 1920-40, the Arctic is almost entirely ice-
covered in March, aside from the southern section of the

Barents Sea (contours in Fig. 1a). In September, much of
the Arctic remains at least partially ice-covered, aside from
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the southernmost regions (contours in Fig. 1b). Ensemble
mean September sea ice concentration starts to decrease
rapidly around 1980 with a brief slowdown during 2010-20
(Fig. 1c). The Arctic becomes virtually ice-free (defined as be-
low 1 million km? coverage) in September by 2035. In March,
sea ice extent starts decreasing also around 1980, with the rate
of decline increasing over time, especially for the last 20 years
(Fig. 1c). Unlike in September, where sea ice decline happens
across the entire Arctic, March sea ice decline occurs almost
entirely in the southernmost areas, namely, the Barents, Kara,
Iceland, and Greenland Seas as well as the Chukchi and
Beaufort Seas on the Pacific side (Fig. 1a). This is unsurprising
considering the large increases in OHT across the shallow Be-
ring Strait and BSO (Fig. 3b).

To understand how much heat from the ocean and atmo-
sphere goes toward melting Arctic sea ice, we analyze atmo-
sphere—ice and ocean—ice heat fluxes using the model output
variables from the sea ice model component. We use Arctic
heat fluxes in watts per square meter (W m™~2) rather than to-
tal Arctic integrated fluxes in petawatts (PW). We do this be-
cause the magnitudes of the Arctic integrated fluxes in
petawatts are closely tied to the amount of ice present, and
hence it is difficult to determine whether changes in these
fluxes are due to sea ice loss or other factors. Arctic heat
fluxes per unit area, on the other hand, will only vary due to
changes in ocean—ice—atmosphere interactions, and not due to
reductions in sea ice area.

We first look at the background seasonality (from 1920 to
1940) of these heat fluxes to ascertain what drives the seasonal
cycle of sea ice (Fig. 10). In autumn and winter (October—
April), the sea ice gains a small amount of heat from the
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Arctic ice-surface longwave fluxes 1920-1940
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FI1G. 9. (a) Seasonality of upwelling (blue) and downwelling (red) longwave radiation flux magnitudes over ice-free

areas of the Arctic for the background climate in 1920-40.

The signs of the upwelling radiation fluxes are reversed to

simplify comparisons. Ice-free areas are determined by using ocean model output. (b) Time series of annual-mean
longwave radiation fluxes over ice-free areas of the Arctic. (c) Seasonality of longwave radiation fluxes over ice-
covered areas of the Arctic in 1920-40. (d) Time series of January-mean (dashed lines) and July-mean (solid lines)
longwave radiation fluxes over ice-covered areas of the Arctic. Ice-covered areas include only ice-covered portions of
each grid cell, as determined from ice model output. Lines represent ensemble means and shading represents one
standard deviation across ensemble members. Note that (a) and (b) are expressed in PW (i.e., area integrated) to be
consistent with Figs. 5 and 6, while (c) and (d) are plotted in W m 2.

ocean while losing large amounts of heat to the atmosphere
(Fig. 10a) due to upwelling longwave radiation and the mini-
mal incoming shortwave radiation during those months
(Fig. 10b). This heat loss drives seasonal ice growth and
cooling during that period. In late spring and summer, the
sea ice gains substantial heat from both the ocean and atmo-
sphere. In June and July, the atmosphere is the dominant
heat source due to strong shortwave radiation (Fig. 10b),
but in August and September, the ocean becomes the pri-
mary source of heat for the ice (Fig. 10a).

When analyzing the winter and summer Arctic sea ice
heat budgets, we focus on heat fluxes during January and
July rather than March and September. We do this be-
cause sea ice growth and melting are more concentrated
during the peaks of winter and summer than in March and
September, when ocean—ice—atmosphere heat fluxes are
small.
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During the historical and SSP3-70 period, in January there
is relatively little change in the ocean—ice heat flux but for a
slight increase over time (Fig. 11a). Meanwhile, ice heat loss
to the atmosphere increases as a result of increased latent and
sensible heat loss (Figs. 11a,c). The latent and sensible heat
fluxes increase as a result of a greatly enhanced snow/ice surface
temperature (Figs. 8c,d), which increases the temperature gradi-
ent between the winter atmosphere and snow/ice surface. In
July, the atmosphere is initially the primary source of heat due
to the strong shortwave radiation, accounting for 55% of the to-
tal heat flux into the sea ice over years 1920-40. However, the
ocean-ice heat flux slowly increases and becomes the more
dominant source of heat for the ice by 2020 (Fig. 11b). The
ocean-ice heat flux then increases exponentially in the final dec-
ades of the simulations as Arctic sea ice concentration ap-
proaches zero. On the other hand, the atmosphere—ice heat flux
only slightly increases over time as the downwelling longwave
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tively, in 1920-40. The residual (purple line) represents the difference between the ice heat content change and the
sum of the other terms. (b) Mean seasonality of Arctic atmosphere—ice heat flux components. The shortwave radia-
tion here includes only that which is absorbed by the ice. Positive values indicate ice heat gain. Lines represent ensem-
ble means and shading represents one standard deviation across ensemble members.

radiation and sensible heat flux increase, though this is partially
counteracted by a reduction in the absorbed shortwave radia-
tion resulting from increased transmission to the ocean layer be-

the primary heat source for the sea ice from atmosphere to
ocean is also present when looking at Arctic integrated heat
fluxes in PW (not shown), and hence is not simply a result of

low (Fig. 11d), which occurs due to thinning sea ice. The shift of
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FIG. 11. Time series of (a) January-mean and (b) July-mean heat fluxes into sea ice. Time series of (c) January-
mean and (d) July-mean Arctic atmosphere-ice heat flux components. Positive values indicate ice heat gain. Lines
represent ensemble means and shading represents one standard deviation across ensemble members.
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Analysis of upwelling and downwelling longwave
radiation fluxes

Finally, we analyze the downwelling and upwelling longwave
radiation fluxes separately to understand why the net longwave
fluxes change the way they do, because the longwave is an im-
portant driver for the increase in the atmosphere—ice heat flux
in summer (Figs. 9b,d). Both the upwelling and downwelling
longwave fluxes are stronger in summer than in winter (Fig. 9c),
as expected given that both the ice and atmosphere are warmer
in summer. However, the downwelling radiation increases more
than the upwelling component seasonally, leading to a smaller
net longwave radiation flux in summer (Fig. 9c). In January,
both the downwelling and upwelling longwave radiation fluxes
increase substantially as the Arctic warms. However, these
changes more or less cancel each other out (Fig. 9d), leading to
little change in the net longwave flux (Fig. 10c). In July, on the
other hand, upwelling longwave radiation changes very little,
while the downwelling longwave radiation increases enough to
overwhelm the upwelling flux by the end of the simulations
(Figs. 9¢ and 10d).

Different factors within the Arctic may impact longwave
fluxes, i.e., the cloud fraction, ice surface temperature, and
specific humidity. Given that the cloud fraction and specific
humidity are calculated by the atmospheric model, which has
a different grid than the ocean and ice models, we simply aver-
age these quantities north of 68°N. Over the course of the simu-
lations, cloud cover during autumn, winter and spring months
increases substantially, which contributes to the enhanced
downwelling longwave radiation in January (Figs. 8a,b and 9d),
in line with observations (Previdi et al. 2021), given the impact
of clouds on emissivity of the Arctic lower troposphere (Previdi
et al. 2021). This results from enhanced ocean exposure to the
atmosphere driving more evaporation, allowing for more
cloud formation. The specific humidity increases throughout
the year, which drives increased downwelling longwave radia-
tion (Fig. 8f), given the impact of increased moisture content
on atmospheric emissivity. In summer, this counteracts the re-
duced cloud cover, which does not increase alongside humidity
due to a stable atmospheric boundary layer (Morrison et al.
2019).

The sea ice surface temperature in winter changes dramati-
cally over the course of the simulations (Figs. 8c,d), with an
increase from —26.8° to —9.8°C in January between years
192040 and years 2081-2100. This can explain the increase in
upwelling longwave radiation, given that warmer surfaces
emit more radiation. There is very little change in ice temper-
ature in summer, when ice temperatures are already very
close to the melting point in 192040 (Figs. 8c,d).

5. Discussion and conclusions

In this analysis, we have used a 100-member single-model
large ensemble, which has given us the ability to separate
forced variations from internal variability, and hence has al-
lowed us to robustly project how the Arctic Ocean heat con-
tent tendency, OHT through the Arctic gateways, and sea
surface heat fluxes change as a result of anthropogenic
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forcing. Looking at the heat budgets for both the Arctic
Ocean and sea ice separately has allowed us to quantify what
drives sea ice heat gain and ocean surface heat loss.

Our results based on CESM2-LENS indicate an essential
role for ocean heat transport in driving Arctic Ocean warm-
ing, in line with previous studies (Koenigk and Brodeau 2014;
Nummelin et al. 2017; Auclair and Tremblay 2018; Shu et al.
2022). In particular, we find that enhanced OHT through the
BSO, Fram and Bering Straits all contribute substantially to
the increased OHT into the Arctic. The strengthened OHT
across these sectors is primarily due to temperature changes
rather than circulation changes, aside from the Fram Strait,
where volume transport varies substantially and nonlinear
changes play a more prominent role. The increased OHT into
the Arctic overwhelms the increased heat loss at the sea sur-
face, and hence approximately 56% of this excess heat still re-
mains stored within the ocean itself, with the other 44% being
released to the ice and atmosphere (Fig. 2a).

During the historical period, all of the sea surface heat loss
from the Arctic Ocean is transferred to sea ice rather than to
the atmosphere, which actually acts as a minor heat source
for the ocean in the annual mean sense (Fig. 7a). However,
over the course of the simulations, the atmosphere becomes a
heat sink for the Arctic Ocean as Arctic sea ice concentration
reduces and more ocean surface is exposed to the atmo-
sphere, more than making up for the decreased heat loss to
the ice. While the shortwave radiation absorbed by the ocean
in summer increases substantially due to reduced albedo, this
excess heat is subsequently lost during autumn and winter
due to enhanced upwelling longwave radiation as well as sen-
sible and latent heat fluxes. This aligns with previous work de-
scribing the driving mechanism of the ice—albedo feedback
(e.g., Screen and Simmonds 2010; Stroeve and Notz 2018;
Previdi et al. 2021). Specifically, the increased upwelling long-
wave radiation is primarily driven by increased ocean temper-
ature and more ocean exposure to the atmosphere.

This can also be viewed from the atmosphere’s perspective
(Fig. 12). Throughout the simulations, the ice acts as a heat
source for the atmosphere in the annual-mean sense. As the
sea ice declines over time, the atmospheric heat gain also de-
creases (Fig. 12a). Meanwhile, the ocean initially acts as a
heat sink for the atmosphere. However, over time, as the
ocean’s exposure to the atmosphere increases, the ocean be-
comes a net source of heat for the atmosphere, and in turn
compensates for the reduction in ice—atmosphere heat fluxes.
As a result, unlike the net heat fluxes into the ocean and ice,
the annual-mean net heat flux into the atmosphere does not
exhibit any significant trend (Fig. 12a). Interestingly, despite
the fact that the annual-mean heat flux into the atmosphere
remains unchanged throughout the simulations, the seasonal-
ity of this heat flux actually increases due to an enhanced sea-
sonality of the ocean—atmosphere heat flux (Figs. 12b.c),
likely due to more ocean exposure to the atmosphere. This
more than compensates for the reduced seasonality of the
ice—atmosphere heat flux (Fig. 12d).

In summer, sea ice loss occurs throughout the Arctic, which
becomes almost entirely ice-free in September by 2035. In
winter, sea ice decline happens much more gradually and
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FIG. 12. (a) Time series of annual-mean Arctic ocean—atmosphere (purple) and sea ice—atmosphere (turquoise)
heat fluxes. Lines represent ensemble means and shading represents one standard deviation across ensemble members.
Positive values indicate atmospheric heat gain. Time evolution of the seasonality of (b) total, (c) ocean-atmosphere

and (d) ice—atmosphere heat fluxes.

occurs predominantly in the Barents Sea, though there is
some ice loss in the Chukchi and Beaufort Seas as well. This
is in agreement with recent observational studies of winter
Arctic sea ice loss (Onarheim et al. 2018), though there are in-
dications that the recent winter ice loss may have been mainly
due to natural variability (Yeager et al. 2015; Li et al. 2017).
The atmosphere and ocean are comparable sources of heat
for the ice in summer. The atmosphere dominates in early
and midsummer due to shortwave radiation while the ocean is
the primary heat source in August and September as the
ocean reaches its peak seasonal temperature and shortwave
radiation weakens. In winter, the ocean provides a minimal
amount of heat to the ice, while the ice loses substantial heat
to the atmosphere as ice growth and cooling occur. Heat loss
to the atmosphere increases over time due to strengthened
sensible and latent heat loss. In summer, as sea ice loss accel-
erates over the course of the simulations, the ocean starts to
become the dominant heat source for the ice, and then the
ocean—ice heat flux grows exponentially as the ice disappears.
This likely occurs due to a large increase in absorbed short-
wave radiation in formerly predominantly ice-covered areas
(cf. Timmermans 2015), which drives upper ocean warming
and increased stratification, greatly enhancing the ocean—ice
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heat flux. Given this effect, it is difficult to determine exactly
how much of this ocean—ice flux is actually due to the enhanced
OHT and how much is simply a result of a local feedback.
Downwelling longwave radiation to the ice increases in
both summer and winter, in line with other modeling, obser-
vational and reanalysis-based studies which emphasize its role
in Arctic Amplification and associated sea ice loss (Burt et al.
2016; Kim et al. 2016; Alexeev et al. 2017; Kim and Kim 2017,
Kim et al. 2019). In summer, this is primarily driven by a sub-
stantial increase in specific humidity and a warmer atmo-
sphere, which makes sense given the role of temperature
and humidity in downwelling longwave radiation (e.g., Wild
et al. 2001). Upwelling longwave radiation increases substan-
tially in winter, primarily due to a dramatic increase in winter
ice temperatures. Downwelling longwave radiation increases
then largely because of a warmer atmosphere, increased hu-
midity and enhanced cloud cover, which has been found to be
a direct result of sea ice loss and increased ocean—atmosphere
exposure (e.g., Kay and Gettelman 2009; Morrison et al. 2019;
Previdi et al. 2021). Cloud cover in summer actually declines
over time, and hence does not appear to be impacted by sea
ice loss, in line with previous analyses (Kay and Gettelman
2009; Morrison et al. 2019; Previdi et al. 2021). This is because
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FIG. 13. Anomalies in (a) annual-mean surface stress felt by ocean (from ocean model output variables) and
(b) annual-mean wind stress (from the atmospheric model output variables with reversed sign) and sea ice concentra-
tion (colors) over years 2070-90 relative to 1920-40. Years 2070-90 are chosen because the anomalies in the Fram
and Nares Straits volume transports reach their maxima during that period.

the atmospheric boundary layer in summer is very stable due
to a small air-sea temperature gradient, which is expected to
remain in place in the future. Because of this stability, the sur-
face has little impact on summer cloud cover (Morrison et al.
2019). As the Arctic atmosphere warms more rapidly than the
ocean, this stability may even strengthen over time (Morrison
et al. 2019), which would explain the reduced summer cloud
cover. This decline in cloud cover cannot be explained by sea
ice loss, because sea ice decline would act to increase cloud
cover due to enhanced ocean exposure to the atmosphere.

There are a few caveats to this analysis. First, we only used
one model, meaning that our results are very susceptible to
systemic biases in the model. Second, the model used here has
an ocean, ice and atmospheric horizontal resolution of 1°.
Models with a 1° ocean resolution tend to underestimate
Atlantic and Pacific OHT and misrepresent Arctic sea ice
area and volume (Docquier et al. 2019). Representation of
surface ocean properties is also greatly improved at higher
resolutions (Docquier et al. 2019). Third, Arctic sea ice in
CESM2 is biased compared to recent observations (Fig. 1c).
Late summer sea ice concentration is lower than in present-
day observations, which has been linked to the sea ice being
too thin in winter (Danabasoglu et al. 2020; DeRepentigny
et al. 2020; DuVivier et al. 2020). This likely leads to other
biases in the time evolution of sea ice extent (DeRepentigny
et al. 2020; Kay et al. 2022). More specifically, the thin bias
likely leads to ice-free summers occurring sooner than other-
wise, further accelerating shortwave-radiation driven surface
ocean warming and hence further enhancing the ocean—ice
and ocean—atmosphere heat fluxes as a result. Also, the net
heat transport through the Fram Strait is significantly under-
estimated compared to observations (Table 3), though the
presence of potentially large natural variability in observa-
tions makes it difficult to reliably compare model and obser-
vational transports over short periods.
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Toward the end of the simulations, the Nares and Fram
Straits appear to experience nearly compensating changes in
volume transports, indicating a relationship between the two
straits. The nearly compensating anomalies in their volume
transports over years 2070-90 can be linked to an anomalous
alongshore surface stress on the ocean off the coast of Green-
land during that period (Fig. 13a). This surface stress pattern
drives an anomalous alongshore geostrophic velocity in the
same direction. On the western coast of Greenland, these along-
shore surface ocean stress anomalies are caused by anomalies in
northward wind stress (Fig. 13b). On the eastern coast, how-
ever, especially on the northern half, there is very little change
in alongshore wind stress. Instead, a loss of sea ice (color shad-
ing in Fig. 13b) leads to increased transmission of the wind
stress to the ocean surface, which enhances the surface stress
felt by the ocean there (Figs. 13a,b). The enhanced alongshore
ocean surface stress on both sides of Greenland drives an anom-
alous alongshore geostrophic velocity, leading to these changes
in the Nares and Fram Strait volume transports.

Though we focused primarily on ensemble mean changes, it is
interesting to note that standard deviations across ensemble
members for the OHC tendency, total OHT and sea surface heat
flux increase substantially over time (Fig. 2a). The OHC ten-
dency standard deviation more than doubles, and the standard
deviations of the other variables nearly double as well. This indi-
cates an increase in Arctic intrinsic climate variability. The reason
for these increased standard deviations, however, is unclear.
There is a corresponding change in the standard deviation in the
sea ice concentration, but not in the ice volume, whose standard
deviation actually decreases over time (not shown), which is puz-
zling. In terms of the OHT, its standard deviation increase is
linked to an increase in the standard deviations of its thermody-
namic and nonlinear components (Fig. 4a), which can partially
be explained by a higher standard deviation of the volume-mean
temperatures in the Fram and Bering Straits (not shown).
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While we have elucidated what drives Arctic Ocean warm-
ing and also the role of atmosphere and ocean surface heat
fluxes in driving sea ice loss, it is not clear exactly where the
additional ocean heat is stored. To understand which ocean
layers take up this heat and how much is ventilated toward
the surface, it would be useful to calculate the heat budget of
separate Arctic Ocean layers. Additionally, it could be inter-
esting to look at how this differs between the Atlantic and
Pacific sectors to see the relative importance of the ocean
heat transport in driving sea ice loss in the two sectors. This is
impacted by model biases in Arctic Ocean stratification,
which are significant.

This research highlights the importance of ocean heat trans-
port in driving Arctic warming and sea ice decline. The excess
heat transported by the ocean through the Arctic gateways
acts as a major heat source for both the Arctic sea ice and the
atmosphere, though a majority of it still remains stored within
the ocean over time.
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