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Abstract. In the high-latitude Arctic, wintertime sea ice and
snow insulate the relatively warmer ocean from the colder at-
mosphere. While the climate warms, wintertime Arctic sur-
face heat fluxes remain dominated by the insulating effects
of snow and sea ice covering the ocean until the sea ice thins
enough or sea ice concentrations decrease enough to allow
for direct ocean–atmosphere heat fluxes. The Community
Earth System Model version 1 Large Ensemble (CESM1-LE)
simulates increases in wintertime conductive heat fluxes in
the ice-covered Arctic Ocean by ∼ 7–11 W m−2 by the mid-
21st century, thereby driving an increased warming of the
atmosphere. These increased fluxes are due to both thinning
sea ice and decreasing snow on sea ice. The simulations an-
alyzed here use a sub-grid-scale ice thickness distribution.
Surface heat flux estimates calculated using grid-cell mean
values of sea ice thicknesses underestimate mean heat fluxes
by ∼ 16 %–35 % and overestimate changes in conductive
heat fluxes by up to ∼ 36 % in the wintertime Arctic basin
even when sea ice concentrations remain above 95 %. These
results highlight how wintertime conductive heat fluxes will
increase in a warming world even during times when sea ice
concentrations remain high and that snow and the distribu-
tion of snow significantly impact large-scale calculations of
wintertime surface heat budgets in the Arctic.

1 Introduction

The Arctic is warming rapidly and much more rapidly than
lower latitudes. This Arctic amplification (AA) is due to a
combination of a number of related mechanisms, including
sea ice loss, lapse rate and Planck feedbacks, and changing
water vapor and clouds, among others (e.g., Graverson and

Wang, 2009; Kumar et al., 2010; Screen et al., 2013; Pithan
and Mauritsen, 2014; Vavrus, 2004; Feldl et al., 2020, Hall,
2004; Dai et al., 2019; Serreze and Barry, 2011). Sea ice
loss contributes to increased surface warming through two
primary methods: an albedo feedback and an insulating ef-
fect. The albedo feedback results from sea ice concentration
losses that expose dark ocean water and sea ice surface state
changes, including reduced snow cover and increased pond-
ing, that darken the ice surface. These decrease the surface
albedo and increase the surface absorption of incoming radi-
ation. The insulating effect results from the thinning of the
sea ice and overlying snow: in the winter, sea ice and snow
insulate the relatively warmer ocean from the colder atmo-
sphere. As sea ice and snow thin, more heat can be conducted
through the sea ice to the atmosphere, influencing the ice–
atmosphere exchange. Thinning ice and snow and increasing
conductive heat fluxes can also lead to increased basal sea
ice growth – a feedback in a warming world that is seen tem-
porarily in climate projections before warming temperatures
overwhelm this feedback and ice growth declines (e.g., Petty
et al., 2018; Keen et al., 2021).

A large body of previous research has investigated the in-
teractions between sea ice loss and AA. Most of the pub-
lished research and the majority of the ongoing Polar Am-
plification Model Intercomparison Project (PAMIP) exper-
iments focus on the influence of changes in sea ice con-
centration (SIC) on Arctic warming (e.g., Peings and Mag-
nusdottir, 2014; Sun et al., 2015; Smith et al., 2019). Less
attention has been paid to the influence of winter sea ice
thinning on Arctic surface warming, in part because obser-
vations of sea ice thickness (SIT) have only recently be-
come more readily available and in part because the ef-
fects of SIC losses tend to be large compared to those from
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SIT changes. Although wintertime SICs in the central Arc-
tic remain high and have changed very little over the satel-
lite era, the sea ice has thinned dramatically (e.g., Kwok
and Rothrock, 2009; Kwok, 2018). Sea ice volume has de-
creased by roughly 66 % since submarines have been mea-
suring (1958–1976) and by 50 % since 1999 (Kwok, 2018;
Lindsay and Schweiger, 2015).

Recent work with atmosphere-only models over both the
historical time period and future scenarios suggest that the at-
mospheric response to SIT changes are strongest in the cold
season and at the surface, with atmospheric responses to SIT
changes of similar or smaller magnitudes than the responses
to SIC changes (e.g., Gerdes, 2006; Krinner, 2010; Lang et
al., 2017; Labe et al., 2018b; Sun et al., 2018). There is qual-
itative agreement that the inclusion of SIT changes along
with SIC changes leads to an enhancement of surface AA,
although the range across different studies is large: two stud-
ies focused on the late 20th–early 21st centuries found an-
nual AA enhanced by∼ 37 %–50 % with the inclusion of SIT
changes (Lang et al., 2017; Sun et al., 2018), whereas AA in-
creased by ∼ 10 % in the future simulations (2051–2080) of
Labe et al. (2018b).

Our understanding of the influence of SIT on winter sur-
face AA is further complicated by the presence of snow
on sea ice, as well as the heterogeneous distribution of
both snow and sea ice thicknesses. Snow is a more effec-
tive insulator than sea ice – and relatively small changes in
snow thicknesses can result in large changes in conductive
heat fluxes through the ice with consequent impacts on ice–
atmosphere exchange. To our knowledge, there have been
relatively few basin-scale studies on the effects of snow on
sea ice on the winter surface heat budgets in the Arctic in a
changing climate. Previous work investigating SIT changes
on winter Arctic warming have not typically considered the
effects of changing snow cover and often exclude this in
the experimental design. For example, Lang et al. (2017)
used atmosphere-only models that do not allow for snow
to accumulate on sea ice. Furthermore, previous work with
atmosphere-only models specifies grid-cell average values
for SIT, thus calculating conductive fluxes (which are in-
versely related to sea ice and snow thicknesses) from an av-
erage SIT rather than as a sum over a sub-grid-scale thick-
ness distribution. This introduces errors relative to fully cou-
pled model simulations which typically include a treatment
of sub-grid-scale ice thickness variations. These sources of
errors and uncertainties also apply to global reanalysis prod-
ucts, most of which use constant sea ice thicknesses and no
snow on sea ice for their product estimates (e.g., Wang et
al., 2019) and show particularly large errors over the Arctic
Ocean (e.g., Bromwich et al., 2018; Jakobson et al., 2012,
and references therein). In particular, the lack of snow on sea
ice in reanalysis products and the influence on the conduc-
tive heat flux results in a warm bias relative to observations
(Batrak and Müller, 2019).

In this study we investigate the influence of SIT, snow
thickness, and heterogeneity in these fields on the Arctic win-
ter energy budget in the climate modeling environment. We
explore how projected thickness changes in both sea ice and
snow influence conductive heat fluxes and ice–atmosphere
heat exchange. We further investigate the importance of het-
erogeneity in sea ice and snow thicknesses at a model sub-
grid-cell level and how this impacts conductive heat flux cal-
culations and quantify the errors that are introduced by using
grid-cell average SITs rather than heterogeneous fields. We
explore how the wintertime Arctic heat fluxes change during
a time period (1950–2070) when winter Arctic basin SICs re-
main high, while ice and snow show dramatic thinning. This
allows us to elucidate the dynamic nature of the influence
of sea ice and snow thicknesses on surface heat budget even
when SIC changes are small. For context, we also compare
results from the wintertime high-latitude Arctic to other sea-
sons (fall) and regions that are undergoing rapidly changing
SICs and associated changes in surface heat fluxes due to
open-water formation.

2 Models and analysis

2.1 CESM1-LE

We use the Community Earth System Model version 1 Large
Ensemble (CESM1-LE; Kay et al., 2015) to explore rela-
tionships between Arctic wintertime conductive heat fluxes
and sea ice and snow thickness fields. The CESM1-LE
consists of 40 simulations forced with historical forcing
from 1920–2005 and then the Representative Concentration
Pathway 8.5 (RCP8.5) forcing from 2005–2100 (the no-
mitigation scenario with a top-of-the-atmosphere radiative
forcing of 8.5 W m−2 by 2100; Meinshausen et al., 2011).
The sea ice model component (the Los Alamos Sea Ice
Model, CICE; Hunke et al., 2017) in the CESM1 uses a
sub-grid-scale ice thickness distribution (ITD) in which ther-
modynamics are calculated over five discrete sub-grid-cell
thickness categories with minimum thickness bounds of 0,
0.64, 1.39, 2.47, and 4.57 m. The presence of the ITD in-
fluences both the mean climate state and climate feedbacks
(Holland et al., 2006). The simulated ITD and sea ice con-
centrations within each category evolve through ice growth
and melt, ridging due to mechanical forcing, and ice trans-
port (e.g., Thorndike et al., 1975). The resulting concen-
trations of sea ice can range from 0 % to 100 % (although
values of 100 % are rare due to lead formation) in the dis-
crete thickness layers. Snowfall can accumulate on sea ice
and be affected by snowmelt, ice ridging, and transport. Ef-
fectively this means that a different snow depth is present
across the different ice thickness categories. Ice–atmosphere
fluxes are calculated separately in each sea ice thickness cat-
egory, weighted by the concentration in each category, and
passed as grid-cell means to the flux coupler for use in the
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atmospheric model. CICE uses a multi-layer thermodynamic
scheme (Bitz and Lipscomb, 1999; BL99) that includes the
effects of a prescribed vertical salinity profile. Comparisons
with the Pan-Arctic Ice-Ocean Modeling and Assimilation
system (PIOMAS; Zhang and Rothrock, 2003) sea ice thick-
ness reanalysis product show that the CESM1-LE and PI-
OMAS agree well for both summer and winter rates of sea
ice volume change (Labe et al., 2018a). The CESM1-LE and
PIOMAS also tend to agree on regional mean thicknesses
and variabilities throughout much of the Arctic with the ex-
ception of the Canadian Archipelago and coastal Greenland,
where the CESM1-LE overestimates sea ice volumes com-
pared to PIOMAS (and PIOMAS underestimates volumes
compared to buoy and submarine data).

2.2 Zero-layer thermodynamic conductive heat-flux
model

Not all thermodynamic variables for individual ice thickness
categories were saved as part of the CESM1-LE output. In
order to disentangle the relative influences of sea ice and
snow thicknesses and their distributions, we use the avail-
able CESM1 output along with the zero-layer thermody-
namic model of Semtner (1976) to estimate the conductive
heat flux. This simple zero-layer model – developed orig-
inally to minimize computational costs associated with ice
thickness calculations in climate models – assumes a linear
temperature gradient through the sea ice and snow, and that
the conductive heat flux through the ice+ snow layer is

Fcond =
Ks (Tb− Ts)

hs+Ks

(
SIT
Ki

) , (1)

where Ks and Ki are the snow and ice conductivities of
heat (0.3 Wm−1 K−1 and 2.0 Wm−1 K−1), hs and SIT are the
snow and ice thicknesses, and Tb and Ts are temperatures at
the bottom (ocean–ice) and surface (ice–atmosphere) of the
ice.

The conductive heat flux reduces to

1Fcond =
Ki1T

heff
, (2)

where 1T = Tb−Ts and heff = (SIT+ (Kratio ·hs)), which is
a measure of the effective thickness from an insulating per-
spective, with Kratio =Ki/Ks.

In the Arctic winter, surface temperatures are cold – well
below the melting point of ice and snow – and the net surface
energy budget (the sum of the net short- and longwave radi-
ation and sensible and latent heat fluxes) in ice-covered re-
gions is balanced by the conductive heat flux from the ocean
through the sea ice and snow. Where open water is present,
such as leads in the sea ice, direct atmosphere–ocean ex-
change also occurs. Climate simulations that prescribe con-
stant sea ice thickness such as those used in Atmospheric
Model Intercomparison Project (AMIP) and most of the Po-
lar Amplification Model Intercomparison Project (PAMIP;

Smith et al., 2019) experiments only allow for changes in
conductive heat fluxes to occur through changes in temper-
atures and possibly through snow depth changes resulting
from changing snowfall. This results in inaccurate estimates
for changes in surface heat fluxes (and thus also tempera-
tures) which can be quite sizable and of the wrong sign. For
example, in response to 20 ◦C surface warming, changes in
conductive heat fluxes from a “typical” 20th-century mid-
Arctic ocean (with 2.0 m thick ice covered by 0.1 m thick
snow with a surface to base 1T of 40 ◦C) will be roughly
halved if SIT and snow thicknesses are held constant but
doubled if the ice thins to 0.5 with 0.02 m of snow (e.g., Ta-
ble 1). In CESM2 PAMIP (100-member ensembles compar-
ing present-day and future changes from 1850s; Smith et
al., 2019; Sun et al., 2022) and AMIP (10-member ensem-
bles investigating historical changes; Hurrell et al., 2008;
Simpson et al., 2020) simulations in which ice thickness is
prescribed and unchanging, net surface heat fluxes increase
outside of sea-ice-covered areas but decrease over sea-ice-
covered areas as the surface temperatures warm (Fig. 1).
For reference, Arctic sea ice volume decreased by ∼ 66 %
from the mid-20th century to the present (Kwok, 2018;
Lindsay and Schweiger, 2015). Thus, keeping SIT constant
during this period, in direct contrast to observations, artifi-
cially introduces errors in surface heat flux calculations –
and thus also temperature changes over sea-ice-covered re-
gions. These differences in wintertime conductive heat fluxes
are not insignificant contributions to the surface energy bud-
get (e.g., Huwald et al., 2005). Notably, many simulations
that have been used to diagnose Arctic amplification rely
on AMIP-type simulations which specify the fractions of
open water and sea ice yet neglect ice thickness changes
(e.g., Smith et al., 2019). Even when ice thickness anoma-
lies are applied (e.g., Lang et al., 2017; Labe et al., 2018b;
Sun et al., 2018; Smith et al., 2019), they are specified for a
mean grid-cell value, missing the potential role of ice thick-
ness heterogeneity which could be important given that the
conductive flux has a nonlinear dependence on ice and snow
thickness. AMIP and PAMIP protocols do not specify snow
depths as part of the sea ice boundary conditions, and differ-
ent modeling systems use different approaches to modify (or
not) the snow over sea ice in perturbed climate simulations.

2.3 Analysis

We are interested in wintertime Arctic heat fluxes during a
period when wintertime central Arctic SICs remain relatively
high and changing sea ice and snow thickness will play a
dominant role in changing surface fluxes. Thus, we focus ini-
tially on 1950–2070 and on the month of February to explore
in detail relationships between conductive heat fluxes, snow
and sea ice thicknesses, and thickness distributions. Time se-
ries presented are area averages over the Arctic Ocean (68–
90◦ N from 100–243◦ E and 80–90◦N elsewhere – see in-
set in Fig. 2b), thereby reducing the influence of changes
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Figure 1. Changes in ensemble mean February net surface heat flux (netSHF; a–d) and surface temperatures (TS; e–h) for CESM2 PAMIP
(a–c, e–g) and AMIP (d, h). PAMIP differences are from an 1850 pre-industrial control run where both SSTs (sea surface temperatures)
and SICs are specified at 1850 levels. Differences from the pre-industrial (PI) control run are shown for PAMIP experiments with present-
day SSTs and SICs (pdSST-pdSIC; a, e), present-day SSTs and future SICs (pdSST-futArcSIC; b, f), and future SSTs and SICs (futSST-
futArcSIC; c, g). AMIP simulations are from a 10-member ensemble, and differences shown are the ensemble mean of the final decade
(2005–2014) minus the first decade (1950–1959) of the simulations. The 98 % SIC contour is shown in black.

Table 1. Conductive heat fluxes (Fcond) calculated with Eq. (2) for
example sea ice thicknesses (SIT), snow thicknesses (hs), and tem-
perature gradients (1T ).

SIT (m) hs (m) 1T (◦K) Fcond (W m−2)

2.0 0.1 40.0 30.0
2.0 0.02 40.0 37.5
2.0 0.1 20.0 15.0
2.0 0.02 20.0 18.75
0.5 0.1 40.0 68.57
0.5 0.02 40.0 126.32
0.5 0.1 20.0 34.29
0.5 0.02 20.0 63.16

in winter sea ice concentrations (SIC) that are seen in the
simulations during this time period in the neighboring re-
gions. Changes in conductive heat fluxes due to thinning
sea ice dominate the surface heat budget until the sea ice
thins enough to subsequently start retreating, exposing open
ocean. To highlight this contrast between ice-covered regions

and time periods and those with increasing open-water areas,
we also show time series from the Kara and Barents seas
(see inset in Fig. 5) and some results from October, when
SICs are already changing rapidly at the beginning of the
21st century. Our regional definitions are those used by the
National Snow & Ice Data Center (https://nsidc.org/, last ac-
cess: 7 April 2022) and discussed in Cavalieri and Parkin-
son (2008; 2012) and Parkinson et al. (1999).

We then explore the relative and changing importance of
sea ice conductive heat fluxes to the total surface heat fluxes
in a warming world in the cold season (October through
March) in the 21st century. In the high-latitude Arctic winter,
when there is no solar radiation and the surface air temper-
ature is well below the freezing point, the net surface heat
flux over the sea ice (total surface short- and longwave ra-
diation and sensible and latent heat fluxes) is balanced by
the conductive heat flux through the ice and snow. In re-
gions not 100 % covered by sea ice, there will also be heat
flux from the ocean to the atmosphere. The relative contribu-
tions of heat fluxes from ocean and sea ice areas will change
both as ice and snow thin and as sea ice concentrations de-
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Figure 2. CESM1-LE February area-averaged Arctic Ocean (a) sur-
face temperatures, turbulent ocean–sea ice heat fluxes, and conduc-
tive heat fluxes (Tsfc); (b) SIC, SIT, and snow thicknesses (hs); and
(c) effective snow thickness (Kratio ·hs) and effective total thick-
nesses (heff). Ensemble means are shown as solid lines; ensemble
ranges are opaque polygons. Arctic Ocean region is shown in the
map insert in the middle panel.

crease. We ask how these relative contributions change in
winter months as the projected climate warms and compare
ice-covered regions with two regions (Barents Sea and Kara
Sea) that are experiencing significant wintertime sea ice con-
centration losses from 2010–2070.

We also assess the role of sub-grid-cell sea ice thickness
distributions in simulated conductive heat fluxes. Model out-
put of conductive heat flux is available on a grid-cell level
and is computed as the area-weighted average of the sub-
grid-cell conductive heat fluxes. This explicitly accounts for
changing ice and snow thicknesses, surface temperatures,
and areal concentrations for the different ice thickness cat-
egories. Although sub-grid-cell conductive heat flux infor-

mation that would enable us to directly relate changes in the
sub-grid-cell ITD to the net flux was not saved and is not
available, sub-grid-cell ice and snow thicknesses are avail-
able. Comparisons between the model net grid-cell conduc-
tive heat fluxes and those calculated using the sub-grid-cell
ice and snow thicknesses, the grid-cell surface temperatures,
and the zero-layer model demonstrate that the zero-layer
model gives a good approximation for this analysis (Supple-
ment). We then compare the model conductive heat fluxes
which account for the sub-grid-scale ice thickness distribu-
tion (CESM1-LE) with those calculated from the grid-cell
mean SIT and snow thicknesses using the zero-layer model
(MNthick) to investigate the influence of snow and sea ice
heterogeneity on conductive heat flux calculations.

3 Results

3.1 Sea ice and snow thicknesses

Over the Arctic Ocean, simulated February surface temper-
atures and conductive heat fluxes, which are equivalent to
the ice–atmosphere heat exchange, increase by ∼ 8 ◦C and
9 W m−2 between the late 20th century and 2070 in the
CESM1-LE (Fig. 2a). The turbulent heat flux exchange be-
tween the ocean and the sea ice increases during this time as
well – however by less than 1 W m−2 and therefore is not a
dominant contribution to the increased net surface heat ex-
change. Increases in conductive heat flux are driven by de-
creases in sea ice and snow thickness, since the increase in
surface temperatures alone would result in a decrease in con-
ductive heat fluxes (Eq. 2). During this time, sea ice con-
centrations in the Arctic Ocean remain high, yet sea ice and
snow thin dramatically (Fig. 2b), with a mean total effec-
tive thickness (heff) decreasing from a peak near 6 m in the
1970s to 1.5 m by 2070 (Fig. 2c). Snow thicknesses averaged
over the Arctic Ocean region are typically less than 0.5 m
thick – much thinner than sea ice – however snow, as well
as changes in snow, makes a significant contribution to both
the total effective thickness and the changes in total effective
thickness, due to the much larger insulating capacity of snow
(Fig. 2c). The decreasing wintertime snow depths over the
21st century in the CESM1-LE are due primarily to sea ice
forming later in the fall, which in turns leads to a later start
of the accumulation of snow on the sea ice (e.g., Webster et
al., 2014; 2018; 2020). This mechanism has also been found
in projections of snow on sea ice (Hezel et al., 2012) and in
observations (Webster et al., 2014; 2018). In addition, as the
temperatures warm, the rain/snow seasons increase/decrease
(e.g., Webster et al., 2020).

Conductive heat fluxes increase first over the East Siberian
and Chukchi seas (Fig. 3). By the 2050s, increases in con-
ductive heat fluxes of 9–12 W m−2 are seen not only in the
Chukchi and East Siberian seas but also extending into the
Beaufort Sea and the central Arctic Ocean. Surface temper-
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Figure 3. February decadal mean changes (from 1950–1959) in surface temperatures (a, d), conductive heat fluxes (b, e), and effective sea
ice+ snow thickness (heff; e, f) for the 2010s (a, b, c) and 2050s (d, e, f). The 98 % SIC for each decade is shown by the thick black contour.
Stippled areas in the effective thickness (heff) change figures (c, f) indicate regions where changes in effective snow thickness (Kratio ·hs)
account for 40 % or more of the changes in the total effective thickness (heff = SIT + Kratio ·hs).

ature increases likewise show the earliest and greatest in-
creases on the Pacific side of the Arctic Ocean. However, by
the 2050s the areas of greatest warming (>10 ◦C) are present
over comparatively larger sections of the Arctic Ocean and
Beaufort Sea and extend as far as northern Greenland. Sea
ice concentrations remain above 95 % in the Arctic Ocean
even by the 2050s. As such, changes in heat fluxes from
the relatively warmer surface to the colder atmosphere pri-
marily result from thinning sea ice and snow rather than in-
creases in open water (see Sect. 3.2). Changes in sea ice
thicknesses in the CESM1-LE tend to be largest from the
Canadian Archipelago, across the central Arctic Ocean, and
onto the East Siberian Sea (Supplement), whereas changes in

snow thickness are greatest near the Canadian Archipelago
and northern and eastern Greenland. Changes in both sea
ice and snow thicknesses are important contributors to the
changes in effective thickness (Fig. 3). Although snow depth
changes are small compared to changes in SIT, they con-
tribute 40 % or more to the changes in effective thicknesses
from the central Arctic Ocean to the Canadian Archipelago,
to Greenland, and into the Atlantic sector of the Arctic Ocean
(Fig. 3 and Supplement). It is important to note that changes
in conductive heat fluxes during this time are mitigated by
changes in surface temperatures: the roughly 13 ◦C surface
warming over this period would lead to a ∼ 5 W m−2 de-
crease in conductive heat flux if the sea ice and snow did
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not thin (and as they do in the AMIP and PAMIP atmosphere
only runs when SITs are held constant – e.g., Fig. 1).

3.2 Relative contributions of conductive heat flux
changes to total surface heat flux changes in a
warming climate

Changes in conductive heat fluxes due to thinning sea ice
dominate the surface heat budget until the sea ice thins
enough to subsequently start retreating, whereupon the sur-
face heat flux quickly becomes dominated by fluxes from ex-
posed open water (Figs. 4 and 5). Ensemble mean February
net surface heat fluxes over the Arctic ocean increase mod-
estly from the 1950s to the 2010s (∼ 3–6 W m−2), then by
∼ 10–18 W m−2 by the 2050s. Arctic Ocean SICs remain
above 98 % – increases in surface heat flux are primarily due
to changes in snow and ice thicknesses, with open-water ar-
eas contributing less than 10 %–25 % to the net surface heat
flux budget. In contrast, outside of the ice-covered areas, in-
creases in surface heat fluxes are larger than 25 W m−2 and
predominantly due to fluxes from open water. In February,
these areas expand from the Sea of Okhotsk and the Bering,
Kara, and Barents seas in the 2010s to include most of the
Arctic Ocean by the end of the 21st century. Rates of surface
temperature warming reflect this as well – with the highest
February Arctic amplifications occurring initially over the
Chukchi and East Siberian seas, where sea ice is thinning;
over the Barents and Kara seas by the 2050s; and finally
over large sections of the Arctic Ocean as SICs fall by the
2090s (Fig. 4). These patterns of relative contributions of sea
ice and ocean to the net surface heat fluxes, as well as cor-
responding rates of AA, are also seen in the fall (October;
Supplement), when observed AAs are highest (e.g., Chung et
al., 2021) and underscore the transient and seasonal nature of
AA which may increase in regions experiencing sea ice loss
before decreasing again after becoming ice free (e.g., Hol-
land and Landrum, 2021). Regionally averaged time series
show how contributions from open ocean water to the net sur-
face heat fluxes tend to be greater than those from ice once
SICs fall below ∼ 90 % – highlighting how changes in sur-
face heat fluxes will be dominated by those over sea ice (due
to thinning sea ice and snow) until sea ice itself starts retreat-
ing (Fig. 5). Variability in heat fluxes from the ocean tends to
be very high compared to those from sea ice, particularly in
the Barents and Kara seas.

3.3 Sea ice and snow thickness distributions

Given the nonlinear response of the conductive heat flux to
ice and snow thickness, the changing distribution of ice at
the sub-grid-cell level may play an important role. We in-
vestigate the influence of thickness distributions on conduc-
tive heat fluxes by calculating conductive heat fluxes us-
ing the Semtner zero-layer model, daily mean sea ice, and
snow thicknesses over the ice-covered areas in each grid cell

along with daily grid-cell average surface temperatures (MN-
thick) and then averaging over the month of February. Rela-
tive to an estimate of the fluxes computed by the full model
(CESM1-LE), the MNthick conductive heat fluxes underes-
timate heat fluxes throughout the Arctic Ocean (Fig. 6a and
Supplement). Ensemble mean Arctic Ocean average conduc-
tive heat flux is underestimated by ∼ 6–9 W m−2 using MN-
thick (Fig. 6). This highlights the importance of resolving
thin ice and snow within the sub-grid-scale ice thickness dis-
tribution.

Differences between these wintertime conductive heat
fluxes throughout the Arctic basin are larger in the beginning
of the 21st century (by ∼ 35 %) when considerable thick ice
is present. Discrepancies between MNthick conductive heat
flux estimates and the CESM1-LE are reduced by the 2070s
(to ∼ 16 %) when almost all the February sea ice in the Arc-
tic Ocean has thinned considerably to less than 1 m over the
Arctic Ocean and the ITD lies within the two thinnest sea ice
categories (Fig. 6b). Although grid-cell average thicknesses
lead to an underestimation of mean conductive heat fluxes,
they result in an overestimation in the changes in conductive
heat fluxes (by ∼ 36 % by 2070; Fig. 6a) and thus influence
feedbacks in the warming climate.

4 Discussion and conclusions

This analysis has important implications for atmosphere-
only simulations and reanalysis products that require spec-
ified sea ice concentrations, sea ice thicknesses, and snow
depths for boundary conditions. These simulations typi-
cally prescribe changes in sea ice concentration but neglect
changes in ice and snow thickness. The sea ice concentra-
tion changes lead to large changes in surface albedos and di-
rect ocean–atmosphere heat fluxes as more ocean water is ex-
posed to the atmosphere. However, by neglecting changes in
ice and snow thickness, the changing insulating effect of sea
ice is missing. As the climate warms, changing winter Arc-
tic surface heat fluxes will be dominated by this insulating
effect and resulting changes in conductive heat fluxes until
the SICs decrease enough such that direct ocean–atmosphere
heat fluxes become more important. In the CESM1-LE,
with changing sub-grid-scale ice and snow thicknesses, con-
ductive heat fluxes contribute over half of the December–
March surface heat fluxes until 2050–2070 (not shown).
Atmosphere-only simulations that consider only changes in
sea ice concentrations and ignore changes in sea ice and
snow thicknesses simulate decreasing conductive heat fluxes
– the winter atmosphere in high-SIC regions gains less heat
from the surface under climate warming. When changing ice
thicknesses and snow depths are accounted for, conductive
heat fluxes increase, and the atmosphere gains more heat
from the surface. In the CESM1-LE, Arctic basin conduc-
tive heat flux increases by∼ 8–10 W m−2 from 2000 to 2070
as winter SICs remain above 95 %.
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Figure 4. February decadal mean changes (1950–1959) in Arctic amplification (1 TAS/1TASglobal, where TAS is the near-surface air
temperature; a, e, i), net surface heat fluxes (b, f, j), sea ice contribution to surface heat fluxes (c, g, k), and ocean contributions to surface
heat fluxes (SHFs) (d, h, l) for the 2010s (a, b, c, d), the 2050s (e, f, g, h), and the 2090s (i, j, k, l). The 98 % SIC for each decade is shown
by the thick black contour.

Sea ice and snow exhibit high spatial heterogeneity, and
climate models often account for this through the inclusion
of a sub-grid-scale ice thickness distribution within their sea
ice treatment. This heterogeneity of both sea ice and snow
fields impacts conductive heat fluxes and thus the projected
changes in the net surface heat flux. Whereas most climate
models participating in the most recent Coupled Model In-
tercomparison Project (CMIP6) employ sea ice models with
sub-grid-scale sea ice thickness distributions (e.g., Keen et
al., 2021), atmosphere-only simulations (for example, AMIP
and PAMIP style simulations) calculate sea ice thermody-
namics over only grid-cell mean sea ice and snow thick-

nesses. This will underestimate mean wintertime conduc-
tive heat fluxes and, in the PAMIP simulations that allow
for thickness to change, will overestimate changes in con-
ductive heat fluxes as the ice thins. These differences can be
significant – in the CESM1-LE mean conductive heat fluxes
calculated using grid-cell mean thicknesses lead to an un-
derestimation of ∼ 16 %–35 % in mean values and an over-
estimation of up to ∼ 36 % in the changes in conductive
heat fluxes in the wintertime Arctic basin where SICs remain
above 95 %.

Snow is a much more effective insulator than sea ice and
plays important roles in sea ice mass budgets and climate
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Figure 5. CESM1-LE area-averaged anomalies (from the 1950–1959 ensemble mean) for sea ice and ocean contributions to net surface heat
fluxes (left axis) and sea ice concentrations (right axis) for February (a, c, e) and October (b, d, f) for the Arctic Ocean (a, b), Kara Sea (c,
d), and Barents Sea (e, f). Ensemble means are shown as solid lines; ensemble ranges are opaque polygons. Geographic areas are shown in
the inset at the bottom.

feedbacks. Snow distributions on sea ice remain, however, an
area of large uncertainty and potential errors in both climate
model simulations and reanalysis products. PAMIP protocols
and reanalysis products use either very simplified snow (ac-
cumulations only through precipitation) or nonexistent snow
routines, with resultant flux estimates that show large win-
tertime heat flux biases when compared to the recent Nor-
wegian Young Sea Ice campaign (N-ICE2015) observations
(e.g., Bromwich et al., 2018; Graham et al., 2017). Yet snow
– highly reflective and highly insulating – plays an out-
sized role in Arctic heat budgets. Reanalysis products show
consistent warm bias in winter sea ice surface temperatures
(e.g., Batrak and Müller, 2019; Graham et al., 2017; 2019;
Jakobson et al., 2012; Lindsay et al., 2014), with recent work
attributing this to misrepresentation of snow on sea ice (Ba-
trak and Müller, 2019).

Snow and sea ice thicknesses and distributions in the
CESM1-LE are roughly equally important contributors to
wintertime conductive heat fluxes. Snow depth distributions

in the CESM1-LE show similar patterns compared to ob-
servations across the Arctic Basin, although simulated snow
depths tend to be more evenly distributed and thicker than
observed (Webster et al., 2020). Snow thicknesses in the
most recent version of CESM – the CESM2 – tend to be un-
derestimated and have low variability compared to observa-
tions. These differences between simulations are due largely
to differences in precipitation and the mean sea ice state in
these two models (Webster et al., 2020). Discrepancies be-
tween simulations and observations, however, are not well
understood and suggest that future collaborative work to test
and improve snow distributions in the modeling environment
would be important for increasing our understanding of Arc-
tic climate and predicting snow impacts in a warming cli-
mate.

The results presented here are from a large ensemble of
simulations from one climate model. Recent contributions
from multiple modeling centers to the CMIP6 suggest that
the sea ice components in climate models are responding
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Figure 6. CESM1-LE February area-averaged Arctic Ocean (a)
mean conductive heat fluxes from the model output (CESM1-LE;
dark blue) and calculated from mean ice and snow thicknesses (MN-
thick; light blue) and the ratio of MNthick to CESM1-LE (red) and
(b) sea ice areas by thickness category as well as total sea ice area
(dark blue). Ensemble means are shown as solid lines; ensemble
ranges are opaque polygons. The solid black line in the top panel
indicates a MNthick : CESM1-LE conductive heat flux ratio of 0.75
for reference.

consistently to external forcing (e.g., Keen et al., 2021),
and our results are not expected to change fundamentally
with different climate models, although the timing may differ
based on the mean ice state. In the CESM1-LE SICs remain
above 98 % in the high-latitude Arctic Ocean until the end
of the 21st century, and this timing will differ depending on
the initial mean ice state and transient response in a given
model. For example, the most recent version of the model,
the CESM2, includes many changes to all model compo-
nents, and Arctic sea ice in the CESM2 tends to be thin-
ner, less extensive, and less persistent than in the CESM1-LE
(DeRepentigny et al., 2020).

These results highlight the transient nature of the influ-
ences of SIT, snow thicknesses, and their distributions on
Arctic wintertime surface heat budgets. The thermodynam-
ics of sea ice are dependent on the mean ice state (e.g., Mas-
sonnet et al., 2018) – and this has important implications for
not only sea ice evolution in a changing world but also sur-
face heat fluxes in ice-covered areas. Models with a relatively
thin sea ice mean state will have higher errors in changes in
surface heat fluxes depending on whether they use grid-cell
mean SITs or heterogeneous fields. Sea ice and snow on sea

ice are important components of polar climate thermodynam-
ics, and their dynamic and heterogeneous nature – although
complicated – plays important roles in surface heat budgets.

Code and data availability. All analysis and figures were com-
pleted using the NCAR (National Center for Atmospheric
Research) Command Language (NCAR Command Language
v.6.6.2; NCAR, 2019, https://doi.org/10.5065/D6WD3XH5).
The scripts used to perform the analysis and gener-
ate the figures in this paper are available on GitHub
(https://github/llandrum/Cryosphere_SeaIce_Snow_Thicknesses_
ArcticHeatFlux, last access: 7 April 2022) and archived in Zenodo
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