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Abstract. Decreasing sea ice cover and warming sea surface temperatures (SSTs) impact the climate at both
poles in uncertain ways. We aim to reduce the uncertainty by comparing output of 41-year-long simulations from
four atmospheric general circulation models (AGCMs). In our “Baseline” simulations, the models use identical
prescribed SSTs and sea ice cover conditions representative of 1950–1969. In three sensitivity experiments,
the SSTs and sea ice cover are individually and simultaneously changed to conditions representative of 2080–
2099 in a strong warming scenario. Overall, the models agree that warmer SSTs have a widespread impact
on 2 m temperature and precipitation, while decreasing sea ice cover mainly causes a local response (i.e. the
greatest warming occurs where sea ice is perturbed). Thus, decreasing sea ice cover causes greater changes in
precipitation and temperature than in warmer SSTs in areas where sea ice cover is reduced, while warmer SSTs
dominate the response elsewhere. In general, the response in temperature and precipitation to simultaneous
changes in SSTs and sea ice cover is approximately equal to the sum due to individual changes, except in areas
of sea ice decrease where the joint effect is smaller than the sum of the individual effects. The models agree
less well on the magnitude and spatial distribution of the response in mean sea level pressure; i.e. uncertainties
associated with atmospheric circulation responses are greater than uncertainties associated with thermodynamic
responses. Furthermore, the circulation response to decreasing sea ice cover is sometimes significantly enhanced
but sometimes counteracted by the response to warmer SSTs.

1 Introduction

Dramatic sea ice loss has been recorded at both poles dur-
ing the last decade (Parkinson, 2019, 2022). The reduction
in sea ice is most pronounced in the Arctic, where the sur-
face has warmed nearly 4 times faster than the global average
over the past 45 years (Rantanen et al., 2022). The rate and
magnitude of sea ice loss are projected to continue at both

poles – they may even increase if there are no drastic cuts
in greenhouse emissions (IPCC, 2022). This transition in po-
lar climates can potentially affect weather patterns across the
whole globe (Cohen et al., 2014; Vihma, 2014; England et
al., 2020; Tewari et al., 2023) and will without a doubt have
significant consequences for people living within or near the
polar regions.
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Earth system models (ESMs) and atmospheric general cir-
culation models (AGCMs) agree on many general features of
a warmer future Arctic and Antarctic, but they strongly dis-
agree on critical details, such as the exact magnitude of the
warming and sea ice reduction rates (Stuecker et al., 2018;
Han et al., 2023). These discrepancies may influence our un-
derstanding of how changes in sea ice affect circulation pat-
terns and weather systems within and outside the polar re-
gions (Smith et al., 2022). Polar warming rates depend on
local feedback processes (e.g. changes in clouds, precipita-
tion, sea ice extent) as well as changes in remote drivers
(e.g. oceanic and atmospheric heat transport), which are both
highly uncertain (Lenaerts et al., 2017; Wendisch et al., 2019;
Kim and Kim, 2018; Cronin et al., 2017). Several studies
have pointed out the importance of better understanding lo-
cal feedbacks in polar regions, in particular related to clouds,
for better constraining the magnitude of polar amplification
and ice melt (Screen et al., 2018; Kittel et al., 2022; Ryan et
al., 2022).

To address the issues outlined above, we have designed
and executed a set of coordinated simulations with four dif-
ferent AGCMs. The idealized simulations have been per-
formed with individual and simultaneous changes in pre-
scribed sea surface temperatures (SSTs) and sea ice cover
following a future anthropogenic emission scenario. The
experimental setup allows us to isolate feedbacks that are
driven by either SST or sea ice cover changes and to ex-
amine the linearity of these feedbacks. Using four different
AGCMs, we can also investigate the robustness of the at-
mospheric responses. The overall aim has been to better un-
derstand the processes that drive interactions between polar
regions and lower latitudes, their structural uncertainty, and
their response to local and remote forcing under changing cli-
mate conditions. An additional aim is to contribute to model
development as the results are dependent on the ability of the
models to describe atmospheric processes. In this paper, we
describe the simulation setup and discuss some high-level re-
sults with a focus on basic meteorological variables (2 m air
temperature, surface precipitation, and mean sea level pres-
sure).

Specifically, we target the following questions.

– When models are constrained by prescribed SSTs and
sea ice cover changes, do they agree on how basic me-
teorological parameters in the polar regions change in a
warmer climate?

– How significant are inter-model differences in the sim-
ulated responses in, on the one hand, thermodynamic
quantities like air temperature and, on the other hand,
dynamic quantities like mean sea level pressure?

– What is the most important oceanic driver of the atmo-
spheric responses within the polar regions and in mid-
latitudes – changes in SST or sea ice cover?

Our analysis is focused on the winter season in the Arctic
and Antarctic, when changes in atmospheric circulation pat-
terns should be most prominent and the decrease in sea ice
cover has the most notable impact on meteorological vari-
ables (e.g. Screen and Simmonds, 2010).

2 Methods

2.1 Experimental setup

A Baseline simulation and three different perturbation exper-
iments from four different AGCMs (see Sect. 2.2) were per-
formed and analysed (Table 1). The experiments follow an
Atmospheric Model Intercomparison Project (AMIP) con-
figuration (Gates, 1992; Gates et al., 1999). In all experi-
ments, we used prescribed SSTs (variable “tos”) and sea ice
area fraction (variable “siconc”, hereafter referred to as “sea
ice cover”) from simulations using the Australian Earth sys-
tem model ACCESS-ESM1.5 (Ziehn et al., 2020, 2019a, b),
available from the Coupled Model Intercomparison phase
6 (CMIP6) archive. We chose the ACCESS-ESM1.5 output
for our simulations as the model produces an Arctic sea ice
cover evolution for the historical period that is in reason-
able agreement with observations (Notz and SIMIP Commu-
nity, 2020). The model was also selected by the CMIP6 Sea-
Ice Model Intercomparison Project community to estimate
a best guess of the future evolution of Arctic sea ice cover
(Notz et al., 2020). Monthly mean SST and sea ice cover av-
eraged over 20 years of simulation were taken from either
the historical simulation (years 1950–1969, Baseline sim-
ulation) or the SSP5-8.5 scenario simulation (years 2080–
2099). In each simulation, the same annual cycle was re-
peated for all the 41-year simulation. A similar set of model
runs was performed for the low-emissions SSP1-2.6 sce-
nario, but in the interest of brevity, only the SSP5-8.5 re-
sults are discussed in this paper. In addition, the significant
changes in sea ice cover and SST in the SSP5-8.5 scenario
amplify the effects of warming, and thus the SSP5-8.5 sim-
ulation makes the signal-to-noise ratio significantly stronger
than in the SSP1-2.6 scenario. SSTs and sea ice cover were
linearly interpolated between each month and changed both
individually and simultaneously compared to the Baseline
simulation (Table 1). Note that our experimental setup is dif-
ferent from, for example, the Polar Amplification Model In-
tercomparison Project (PAMIP; Smith et al., 2019). In the
PAMIP experiments, mostly short (1-year) simulations were
performed with large ensembles of initial states, whereas
our experiments consist of long (40-year) simulations. The
PAMIP simulations address pre-industrial, present-day, and
future climates, whereas our simulations focus only on differ-
ences between present-day and future climates. The changes
in sea ice cover and SSTs were also substantially greater in
our experiments than in the PAMIP atmosphere-only simu-
lations. In ACCESS-ESM1.5 (i.e. the model we use for the
SST and sea ice forcing fields), the global average increase in
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Figure 1. Winter (DJF) and summer (JJA) mean sea ice cover and sea surface temperature (SST) in the Baseline experiment (upper row) and
in the SSP585 experiment (lower row).

Table 1. Name of model experiments and their respective SST and
sea ice cover configuration.

Historical sea ice SSP5-8.5 sea ice

Historical SST Baseline SIC_SSP585
SSP5-8.5 SST SST_SSP585 SSP585

2 m temperature between the Baseline and future period (us-
ing the SSP5-8.5 scenario) is 4.4 K, whereas the warming in
the PAMIP simulations is approximately 2 K comparing fu-
ture and pre-industrial conditions. In our future simulations,
the Arctic Ocean is almost ice-free during the whole year
(Fig. 1), which helps to boost the signal-to-noise ratio of the
simulated climate responses. Another difference compared
to the PAMIP experiments is that our forcing fields are based
on output from only one model (ACCESS-ESM1.5), whereas
PAMIP uses a combination of observations and multi-model
averages.

Each experiment was run for 41 years, with perpetual
monthly average values of SSTs and sea ice cover. All other
conditions (e.g. greenhouse gas concentrations, aerosol emis-
sions) were prescribed according to the year 2000 in all mod-
els and experiments. Each model used their default param-
eterizations of snow and ice albedos as well as for natural

aerosols (see Sect. 2.2). The first year of simulation was con-
sidered as a spin-up and discarded from the analysis, leaving
40 years of output for analysis. In the simulations where only
the sea ice cover was changed (i.e. SIC_SSP585), the SSTs
were kept at their Baseline values. This means that the sur-
face temperature is reduced slightly over areas where sea ice
is removed since the temperature of the sea ice–ocean water
interface is slightly lower than the melting point of fresh-
water. Based on our simulations, the total climate response
(1Xfull) for any given variable caused by the use of future
boundary conditions (SSP5-8.5) compared to the Baseline
can be decomposed into three parts:

1Xfull =1XSST+1XSIC+1XNL, (1)

where X is any climate variable (e.g. temperature or pre-
cipitation), 1XSST is the contribution from the SST change,
1XSIC is the contribution from the sea ice cover change, and
1XNL is the non-linear (or residual) contribution:

1Xfull =XSSP585−XBaseline (2)
1XSST =XSST SSP585−XBaseline (3)
1XSIC =XSIC SSP585−XBaseline (4)
1XNL =1Xfull−1XSST−1XSIC. (5)
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2.2 Models

Three ESMs (CESM2, NorESM2, and EC-Earth3) and one
AGCM (OpenIFS) were used in the study. The selection of
models allows us to compare differences between models be-
longing to the same as well as to different model families.
CESM2 and NorESM2 are based on the same dynamical core
but differ for some parametrizations of physical processes.
Similarly, EC-Earth3 and OpenIFS belong to the same model
family. Our model selection is also affected by the fact that
the study is part of the CRiceS project (Climate Relevant in-
teractions and feedbacks: The key role of sea ice and Snow in
the polar and global climate system), which aims to improve
the description of polar atmospheric processes in ESMs, in
particular NorESM2 and EC-Earth3. Below we provide a
brief description of the models. We only describe the atmo-
spheric part of each model since we use prescribed SSTs
and sea ice cover in all simulations. Note that the different
model components were connected to each other through ra-
diative heat fluxes, sensible and latent heat fluxes, and mo-
mentum fluxes during the simulations, but the ocean and sea
ice components were not utilized for predicting the evolution
of sea ice or SSTs (since these were prescribed in the experi-
ments). In other words, the sea ice model was only utilized to
compute, for example, the surface temperature of sea ice and
the surface fluxes between the atmosphere and sea ice. The
surface albedo, including the effects of snow, was computed
within the sea ice and land components.

2.2.1 CESM2

The atmospheric component of the community Earth sys-
tem model version 2 (CESM2) is the Community Atmo-
sphere Model version 6 (CAM6; Danabasoglu et al., 2020).
CAM6 is based on a hydrostatic finite-volume dynamical
core with a regular latitude–longitude grid. The horizontal
resolution of CAM6 is 1.25°×0.9° (long×lat) and the model
has 32 vertical levels up to 2.3 hPa. The aerosol module is the
Modal Aerosol Model version 4 (MAM4; Liu et al., 2016),
and aerosols are interactive with clouds. Radiative transfer is
modelled using the Rapid Radiative Transfer Model for Gen-
eral circulation models (RRTMG; Danabasoglu et al., 2020).
Cloud microphysics follows a two-moment scheme with four
hydrometeor species (cloud water, cloud ice, rain, and snow)
(Gettelman and Morrison, 2015), and mixed-phase clouds
can occur in the temperature range 0 to −37 °C (Gettelman
et al., 2010). The other model components in CESM2 are the
Community Land Model 5.0 (CLM5) for land processes and
interactions between the land and atmosphere, the Model for
Scale Adaptive River Transport (MOSART) for river runoff,
the Community Ice CodE (CICE) for sea ice, SWAV for
oceanic waves, and the Community Ice Sheet Model (CISM)
for land ice.

2.2.2 NorESM2

The Norwegian Earth System Model version 2 (NorESM2;
Seland et al., 2020) originates from CESM2. NorESM2 thus
has many model components that are the same as in CESM2.
The main difference is that CAM6 has been replaced by
CAM6-Nor. In addition, the land ice and ocean wave com-
ponents have not been used in the NorESM2 experiments.
CAM6-Nor uses the same cloud and radiation schemes as
CAM6. The greatest differences between CAM6 and CAM6-
Nor are associated with the aerosol physics and aerosol–
cloud–radiation interactions (Seland et al., 2020; Kirkevåg
et al., 2013, 2018). For the current study, we use the low-
resolution model version of NorESM2, which has a horizon-
tal resolution of 2.5°×1.9° (long× lat) and the same vertical
levels as CESM2.

The evolution of different aerosol particle types is de-
scribed with the NorESM2 aerosol scheme. Aerosol particles
interact with clouds, affecting, for example, cloud droplet ac-
tivation and the freezing of cloud droplets (Storelvmo et al.,
2006). The formation of ice crystals may occur due to hetero-
geneous nucleation and heterogeneous freezing where min-
eral dust and black carbon can act as ice-nucleating particles
(Kirkevåg et al., 2018).

2.2.3 OpenIFS

OpenIFS is a research model built from the Integrated Fore-
cast System (IFS), the operational numerical weather predic-
tion (NWP) model from the European Centre for Medium-
Range Weather Forecasts (ECMWF). We have used the ver-
sion 43r3 of OpenIFS (hereafter referred to as OpenIFS),
which is derived from IFS CY43R3 (used for operational
forecasting at ECMWF from July 2017 to June 2018). The
dynamical core uses spectral semi-Lagrangian and semi-
implicit methods. The experiment configuration uses spec-
tral linear truncation TL255 (approx. 80 km at the Equator)
as a horizontal resolution and 91 hybrid model levels up to
0.01 hPa.

The version of OpenIFS used does not include interac-
tive aerosols. The radiation scheme uses global aerosol fields
from monthly climatological means produced by the Coper-
nicus Atmospheric Monitoring Service. Cloud condensation
nuclei concentrations are prescribed as one constant value
over land and ocean, respectively. The exact implementation
is described in Bozzo et al. (2017).

The OpenIFS one-moment cloud scheme contains six
moisture-related prognostic variables (water vapour, cloud
water, cloud ice, cloud fraction, rain, and snow). The prog-
nostic cloud fraction and sources and sinks for cloud vari-
ables are calculated from the major generation and destruc-
tion processes. The separate treatment for cloud water and
cloud ice allows for the representation of supercooled liq-
uid and mixed-phase clouds (ECMWF, 2014). The radiation
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processes of OpenIFS 43r3 are handled by the ecRad scheme
(Hogan and Bozzo, 2018).

The land surface scheme in OpenIFS is handled by the
Hydrology Tiled ECMWF Scheme for Surface Exchanges
over Land (HTESSEL; Balsamo et al., 2009), which also
handles surface fluxes due to sea surface temperature and
sea ice, which are controlled by the experiments described
above. Furthermore, OpenIFS includes an ocean surface
wave model, which couples the wind–wave interaction and
calculates the kinematic part of the energy balance equation
over the ocean.

OpenIFS is primarily intended as a model for NWP. Nev-
ertheless, configurations for nudged or free-run simulation
are implemented. The free-run configuration has been used
in the present study, in tandem with in-built fixers for global
mass and moisture to produce atmosphere-only climate sim-
ulation.

2.2.4 EC-Earth3

The EC-Earth3 experiments were carried out with EC-
Earth3-AerChem version 3.3.4.1 (van Noije et al., 2021;
Döscher at al., 2022), which is the model configuration
with interactive aerosols and atmospheric chemistry used in
the Aerosol and Chemistry Model Intercomparison Project
(AerChemMIP). The atmospheric component of EC-Earth3
is based on the ECMWF IFS CY36R4, which was opera-
tional from November 2010 to May 2011. Land surface pro-
cesses are simulated with HTESSEL. The cloud scheme in
EC-Earth3 is the same as in OpenIFS, but there are differ-
ences in the treatment of other physical processes, including
convection, and radiation is parameterized with the McRad
scheme (Morcrette et al., 2008). Aerosols and chemical pro-
cesses in the atmosphere are described by the chemical trans-
port tracer model version 5 (TM5) (van Noije et al., 2014).
Tropospheric aerosols influence the cloud droplet number
concentration but not the ice number concentrations. The
spatial discretization of the atmospheric model was the same
as for OpenIFS – that is, TL255 in the horizontal and 91 lev-
els in the vertical, while TM5 was run at a lower resolution
of 3°× 2° (long× lat), with 34 vertical levels and a top at
0.1 hPa.

3 Results

The experiments targeting our science questions were not
covered by the CMIP6 protocol; therefore, we use the spe-
cific model protocol defined in Sect. 2.1. Given this, our
results cannot be directly compared with the historical and
future scenario (SSP5-8.5) simulations. Most importantly,
we use prescribed SSTs and sea ice cover from one spe-
cific model (ACCESS-ESM1.5), and we also apply constant
greenhouse gas concentrations (for the year 2000) in all sim-
ulations. Nevertheless, in Sect. 3.1 we compare our Baseline
and SSP_585 experiments with the historical (years 1950–

1969) and scenario SSP5-8.5 (years 2080–2099) experiments
from CMIP6 to put our simulation results into the context of
these simulations. In Sect. 3.2 and 3.3, we thereafter exam-
ine the future climate response in the Antarctic and Arctic,
respectively, by comparing our future simulations (SSP585,
SST_SSP585, SIC_SSP585) with the Baseline (see Table 1).
In the analysis, we focus on the winter seasons in both
hemispheres and start our analysis with the Antarctic region,
which has received less attention than the Arctic in previous
research.

3.1 Comparison with CMIP6 models

Figures 2 and S1 in the Supplement show that our Baseline
and SSP585 simulations agree well with the corresponding
CMIP6 simulations for several key climate variables, even
though the boundary conditions are slightly different. The
simulated zonal mean 2 m temperature, mean sea level pres-
sure (MSLP), and precipitation are within the range of the
minimum and maximum of the 23 CMIP6 models, and they
are also generally close to the CMIP6 multi-model mean
(Figs. 2 and S1). This result indicates that our simulations
reproduce the general features of the historical and future
(SSP5-8.5) climate conditions, as modelled by CMIP6.

In the Baseline simulation, the greatest deviations from
the CMIP6 multi-model mean 2 m temperature occur at the
winter poles, where our models are generally warmer than
the CMIP6 multi-model mean (Fig. 2a and d). This differ-
ence may be associated with the different greenhouse gas and
aerosol concentrations applied in the present study (which
are from the year 2000). However, the simulated 2 m tem-
peratures in our SSP585 simulations and the differences
between our Baseline and SSP585 simulations are in gen-
eral close to the CMIP6 SSP5-8.5 multi-model mean and
the differences between corresponding CMIP6 historical and
CMIP6 SSP5-8.5 simulations (Figs. S1 and S2), despite the
differences in greenhouse gas and aerosol concentrations.
The greatest MSLP deviations from the CMIP6 multi-model
mean also occur in the polar regions (Fig. 2b and e). In
particular, CESM2 and NorESM2 have a deeper circumpo-
lar trough and a stronger subtropical high over the South-
ern Hemisphere, suggesting stronger westerly winds over the
Southern Ocean. In terms of precipitation, our model simula-
tions agree well with the CMIP6 multi-model mean (Fig. 2c
and f).

3.2 Antarctic

3.2.1 Temperature

As an average over the Antarctic (60–90°), the models agree
on the changes in 2 m temperature, both when SST and sea
ice cover are changed jointly and when they are changed
individually (Fig. 3a). The increase in SSTs and the de-
crease in sea ice cover cause on average an almost equal
change in wintertime (JJA) 2 m temperature in the southern
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Figure 2. Seasonal means of zonal mean 2 m temperature (left, a, d), mean sea level pressure (middle, b, e), and precipitation (right, c, f),
in the Baseline simulations and in the CMIP6 historical simulations (years 1950–1969). The blue (CESM2), magenta (NorESM2), green
(EC-Earth3), and yellow (OpenIFS) lines show the models applied in the present study; the solid black line shows the CMIP6 multi-model
mean; and the dashed black line shows the ACCESS-ESM1.5 CMIP6 simulation where sea ice cover and SST were taken. The grey area
shows the range between the minimum and maximum of the 23 CMIP6 models. The upper row (a–c) shows the mean values for the Northern
Hemisphere winter (DJF), and the lower row (d–f) shows the mean values for the Southern Hemisphere winter (JJA).

polar region. The greatest increase in 2 m temperature be-
tween SSP585 and Baseline (1Tfull) occurs over the South-
ern Ocean, around the Antarctic continent where the sea ice
has been removed (up to 11 K, Fig. 4a). The 2 m temperature
increases significantly also over the Antarctic continent, but
the increase is smaller, mostly 4–5 K. The models generally
agree on the warming pattern (Fig. S3), but there are quanti-
tative differences (Fig. 4e). These are in general spatially cor-
related with the strength of warming, except over the Weddell
Sea, where the strongest warming over the Antarctic region
occurs and the differences between the models are small.

The warming over regions that originally had sea ice is
predominantly driven by decreases in sea ice cover (1TSIC,
Fig. 4b), whereas the warming over the continent and ice
shelves is mainly caused by warmer SSTs (1TSST, Fig. 4c).
Over the continent, 1TSIC is weak or even negative. The
difference in 2 m temperature between SSP585 and Base-
line (1Tfull) is on average close to the sum of the individual
changes due to increased SSTs (1TSST) and decreased sea
ice cover (1TSIC), except in the areas where the decrease

in sea ice cover causes the most significant warming, i.e.
the Weddell Sea, the D’Urville Sea, and the Ross Sea (non-
stippled ocean regions in Fig. 4h). In these areas, the models
agree that the sum of 1TSST and 1TSIC is greater than 1Tfull.
Overall, the models also agree on the warming patterns due
to warmer SSTs and decreased sea ice cover.

3.2.2 Mean sea level pressure

The models do not agree on the average change in MSLP
(1MSLPfull) over the Antarctic region: NorESM2 shows a
positive 1MSLPfull on average, and EC-Earth3 and OpenIFS
show that the average 1MSLPfull is negative, whereas the
average 1MSLPfull is small in CESM2 (Fig. 3b). The multi-
model mean 1MSLPfull is positive over the Pacific sector
between 50 and 70° S and over the Atlantic sector northward
of 60° S. In contrast, there is a decrease in MSLP on the Aus-
tralian side of the Southern Ocean, near the Antarctic coast
and over the Weddell Sea (Fig. 5a). However, all models do
not agree on the regional pattern of MSLP changes. OpenIFS
does not show an increase in MSLP over the Pacific sector,
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Figure 3. Area mean differences between the SSP585 simulation
and Baseline (1Xfull, grey shading), between SIC_SSP585 and
Baseline (1XSIC), between SST_SSP585 and Baseline (1XSST),
and the non-linear (residual) contribution (1XNL) for the north-
ern high latitudes (left) (60–90° N) in the Northern Hemisphere
winter (DJF) and the southern high latitudes (right) (60–90° S) in
the Southern Hemisphere winter (JJA) for (a) 2 m temperature,
(b) mean sea level pressure, and (c) precipitation.

and the maximum decrease in MSLP on the Australian side
of the Southern Ocean is also located slightly to the west of
the maxima of the other models (Fig. S4). The multi-model
mean changes in MSLP indicate a weakening of the Amund-
sen low, while cyclones over the Australian side of the South-
ern Ocean most likely become deeper or more frequent (or
blockings become more infrequent). In addition, a poleward
shift of the circumpolar trough, especially in the Atlantic sec-
tor, indicates a more positive southern annular mode (SAM),
which suggests stronger westerly winds at mid-latitudes and
more cyclones near the Antarctic coast.

The changes in MSLP are mostly driven by warmer SSTs
(1MSLPSST, Fig. 5c), while the decrease in sea ice cover
(1MSLPSIC, Fig. 5b) causes a much weaker response. The
models mostly disagree on the direction of the change (stip-
pling in Fig. 5b) except over the Weddell Sea (where all mod-
els indicate a decrease in MSLP) and over the central con-
tinent (where all models indicate an increase in MSLP). In
some regions, the changes in MSLP due to the decrease in
sea ice cover are opposite in sign compared to those driven by
the SSTs. Even though the models mostly disagree on the di-
rection of the non-linear change in MSLP (1MSLPNL), they
agree that there is a decrease in MSLP in the Amundsen Sea
and an increase in MSLP in the Pacific sector of the South-
ern Ocean (Fig. 5d). The multi-model mean of 1MSLPNL is
mainly opposite to the multi-model mean of 1MSLPfull, sug-
gesting that the sum of the individual responses to changes in
SST and sea ice cover overestimates the full response.

3.2.3 Precipitation

All models show a general increase in precipitation (1Prful)
over the southern polar region (Fig. 3c), with a similar re-
gional pattern in all models (Fig. S5). The greatest absolute
increase in precipitation occurs over the Southern Ocean, es-
pecially in its Australian sector, where the decrease in MSLP
is strongest (Fig. 6a). However, the relative increases are
greater over the continent and coastal areas, where there is up
to twice as much precipitation in SSP585 compared to Base-
line (Fig. S6). Three (CESM2, NorESM2, and EC-Earth3)
out of four models indicate that the greatest relative increase
in precipitation occurs over the continent west of the Ross
Sea. These models also show negative or very small positive
changes in precipitation in the coastal areas between the lon-
gitudes of the Indian Ocean side of the Antarctic (90–120° E;
right-hand side of the figure panels). The dipole structure in
the MSLP changes over the Pacific sector (Fig. 5a) and is
strongest in these models, indicating that these changes in
precipitation are, at least partly, driven by changes in circu-
lation.

All models agree that the increase in precipitation is
mostly driven by increased SSTs (1PrSST, Figs. 3c and 6c),
while the decrease in sea ice cover (1PrSIC, Fig. 6b) mainly
causes small increases in precipitation over the areas where
sea ice cover is reduced. The increase in precipitation due to a
sea ice decrease (1PrSIC) is collocated with the areas where
evaporation increases (Fig. S14), suggesting that increased
evaporation increases precipitation locally, potentially due to
enhanced shallow convection associated with cold air out-
breaks. In addition, 1PrSIC is relatively significant over the
coastal areas, suggesting that enhanced evaporation increases
the amount of water vapour in air masses advected to the con-
tinent.
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Figure 4. Difference in 2 m temperature (T ) in austral winter (JJA) between the SSP585 simulation and Baseline (1Tfull, a, e), between
SIC_SSP585 and Baseline (1TSIC, b, f), between SST_SSP585 and Baseline (1TSST, c, g), and the non-linear (1TNL residual) contribu-
tion (d, h). The upper row (a–d) shows the multi-model mean, and the lower row (e–h) shows the maximum difference between models.
Stippling indicates that all models do not agree on the direction of the change, and contours show the 2 m temperature in the Baseline
simulation.

3.3 Arctic

3.3.1 Temperature

In the Arctic, the increase in 2 m temperature due to simul-
taneous changes in SST and sea ice (on average ∼ 13 K) is
substantially greater than in the Antarctic (on average∼ 5 K,
Fig. 3a). In the Northern Hemisphere winter, the greatest in-
creases in 2 m temperature between SSP585 and Baseline
(1Tfull) are found over the Arctic Ocean, Siberia, and the
Canadian Arctic Archipelago (Fig. 7a). All models agree on
the general pattern of warming, but there are significant ab-
solute differences around northern Greenland and over the
Canadian Arctic Archipelago and in Siberia (Fig. 7e). Over
Siberia, CESM2 and NorESM2 simulate stronger warming
than EC-Earth3 and OpenIFS (Fig. S7). Overall, OpenIFS
shows the weakest warming over the continents, whereas
NorESM2 shows the strongest warming.

The decrease in sea ice (1TSIC, Figs. 3a and 7b) pro-
duces on average greater warming than the increase in SSTs

(1TSST, Fig. 7c) in the northern polar region, especially over
the Arctic Ocean and in the Canadian Arctic Archipelago.
There, the multi-model mean 1TSIC reaches 22 K locally,
which is substantially greater than the maximum 1TSIC in
the Antarctic region (∼ 10 K, Fig. 4b). In general, the de-
crease in sea ice cover mainly has a local effect on the 2 m
temperature; i.e. the most significant changes occur in the ar-
eas or vicinity of the regions where the sea ice cover has de-
creased, including the coldest areas around the Arctic Ocean,
such as northern Canada and Siberia. The notable increase in
2 m temperature over the continents in SIC_SSP585 is most
likely due to the different characteristics of the advected air
masses from the Arctic Ocean; in Baseline, the Arctic Ocean
is ice-covered, whereas it is ice-free in SIC_SSP585. The rel-
atively warm air masses do not reach far inland as the strong
warming occurs mostly along the coast. Over the other areas
of the Arctic, particularly the continents, 1TSST is greater
than 1TSIC, indicating again that the remote effects of SST
changes are important for polar continental warming. In ar-
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Figure 5. Difference in mean sea level pressure (MSLP) in austral winter (JJA) between the SSP585 simulation and Baseline (1MSLPfull,
a, e), between SIC_SSP585 and Baseline (1MSLPSIC, b, f), between SST_SSP585 and Baseline (1MSLPSST, c, g), and the non-linear
(1MSLPNL residual) contribution (d, h). The upper row (a–d) shows the multi-model mean, and the lower row (e–h) shows the maximum
difference between models. Stippling indicates that all models do not agree on the direction of the change, and contours show MSLP in the
Baseline simulation.

eas where both the sea ice decrease and the SST increase
cause notable warming, i.e. over the Arctic Ocean and in
northern Canada, all models indicate a strong non-linearity
in the 2 m temperature changes, so that the sum of 1TSST
and 1TSIC is substantially greater than 1Tfull (see Discus-
sion in Sect. 4).

3.3.2 Mean sea level pressure

The MSLP response to a simultaneous increase in SSTs
and a decrease in sea ice cover (1MSLPfull, Fig. 8a) is
more variable between the individual models than the 2 m
temperature response. All models agree on an MSLP de-
crease near the Bering Strait, suggesting a northward shift
and the strengthening of the Aleutian low. They also agree
that the MSLP decreases in the central Arctic and continen-
tal Canada. In contrast, the models disagree on the changes
in MSLP over the Atlantic sector. Three out of four mod-
els (CESM2, NorESM2, and EC-Earth3) indicate a decrease

in MSLP over the Norwegian and Barents seas, suggesting
an eastward extension of the Atlantic storm track, whereas
OpenIFS shows an increase in MSLP in the same areas, sug-
gesting a weakening of the Atlantic storm track (Fig. S8).

The models agree somewhat better on the MSLP response
pattern to individual increases in SST (1MSLPSST, Fig. 8g)
and to decreases in sea ice cover (1MSLPSST, Fig. 8f) than
the full response in MSLP (Fig. 8e). In all models, a de-
crease in sea ice cover causes an MSLP decrease on the
Canadian side of the Arctic Ocean and over the Bering Strait
(Fig. 8b). However, the models disagree on the MSLP re-
sponses to decreased sea ice cover over northern Europe,
where OpenIFS indicates an increase in MSLP, whereas
the other models show only small changes in this region
(Fig. S8). Increasing SSTs cause a decrease in MSLP over
Siberia, the Siberian side of the Arctic Ocean, and the Bering
Strait region in all models. However, over the northern At-
lantic region, the models disagree on the direction of the
MSLP changes (Fig. 8g). The non-linearities (1MSLPNL,
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Figure 6. Difference in precipitation (Pr) in austral winter (JJA) between the SSP585 simulation and Baseline (1Prfull, a, e), between
SIC_SSP585 and Baseline (1PrSIC, b, f), between SST_SSP585 and Baseline (1PrSST, c, g), and the non-linear (1PrNL residual) contri-
bution (d, h). The upper row (a–d) shows the multi-model mean, and the lower row (e–h) shows the maximum difference between models.
Stippling indicates that all models do not agree on the direction of the change, and contours show precipitation in the Baseline simulation.

Fig. 8d) are typically smaller than the changes due to the
individual forcings.

3.3.3 Precipitation

All models agree that the precipitation in the Arctic in-
creases with warmer SSTs and a decrease in sea ice cover
(1Prfull, Figs. 3a and 9a). The models also agree on the re-
gional pattern of precipitation change. Most of the precipi-
tation increase is caused by warmer SSTs (1PrSST, Fig. 9c),
and 1PrSST is greater over the ocean than over land, espe-
cially in the areas where the precipitation is strongest cli-
matologically, i.e on the eastern side of the Atlantic and Pa-
cific oceans. This suggests that the precipitation changes are
mainly driven by the increase in atmospheric water vapour
content (due to the warmer temperatures that increase the
water-vapour-holding capacity of the air) rather than changes
in circulation. In the northern Atlantic, south-east of Green-
land, a local decrease in SSTs causes a decrease in precipi-
tation, which also indicates a strong local effect of SST on

precipitation. However, the greatest relative changes occur
in the Arctic Ocean, where the increase in precipitation is
at some locations more than twice the original precipitation.
Furthermore, over the continents, the relative precipitation
increase is greater than over the ocean. Decreasing sea ice
cover mainly increases precipitation over the Arctic Ocean.
This local response is associated with increased evaporation
(Fig. S15), warmer surface air, and less stable stratification,
which leads to convective precipitation over the Arctic Ocean
during cold air outbreaks from continents (not shown). The
joint effect of a decrease in sea ice cover and an increase in
SST on precipitation is mostly a linear combination of the
individual responses, and the residuals (1PrNL, Fig. 9d) are
thus mostly small. The models agree on the main changes
in precipitation, i.e. an increase in precipitation in the Arctic
Ocean due to a decrease in sea cover and an overall increase
in precipitation due to an increase in SST. However, there
are quantitative differences between the models regarding in-
creases in precipitation (Figs. 9e–h and S9). Spatially, the

Atmos. Chem. Phys., 25, 8127–8145, 2025 https://doi.org/10.5194/acp-25-8127-2025



T. Naakka et al.: Polar winter climate change: strong local effects from sea ice loss 8137

Figure 7. Difference in 2 m temperature (T ) in winter (DJF) between the SSP585 simulation and Baseline (1Tfull, a, e), between
SIC_SSP585 and Baseline (1TSIC, b, f), between SST_SSP585 and Baseline (1TSST, c, g), and the non-linear (1TNL residual) contri-
bution (d, h). The upper row (a–d) shows the multi-model mean, and the lower row (e–h) shows the maximum difference between models.
Stippling indicates that all models do not agree on the direction of the change, and contours show the 2 m temperature in the Baseline
simulation.

differences between models are correlated with the strength
of the precipitation increase.

3.4 Effect of surface fluxes

Changes in SST and sea ice cover affect the atmosphere
mainly through surface fluxes of sensible and latent heat
(Figs. S13 and S16). The increase in surface fluxes due to
warmer SSTs occurs globally. In fact, the greatest increase
takes place in the tropics and is driven by surface evapora-
tion. This also leads to an increase in atmospheric heat and
moisture content in polar regions through meridional trans-
port, which makes the free troposphere in the polar regions
warmer and more moist (Figs. S17 and S18). Furthermore,
it increases the longwave emission towards the surface. In
contrast, a decrease in sea ice cover mainly causes a local,
near-surface climate response in the polar regions. The pre-
dominantly strongly stable stratification of the polar tropo-
sphere prevents the increased heat and moisture at the sur-

face from reaching higher altitudes, and thus warming occurs
only in the low troposphere of the polar regions (Fig. S17,
1TSIC). Furthermore, moisture and heat fluxes over the sea
equatorward from the original sea ice boundary tend to de-
crease (Figs. S11, S12, S14, and S15, 1TSIC) because the
air masses – which are advected equatorward from the ar-
eas that were originally covered by sea ice – have become
warmer and more moist (not shown), which should decrease
the temperature and humidity difference between the surface
and the advected air mass. On a larger scale, the opposite
changes in surface heat and moisture fluxes across the orig-
inal sea boundary partly balance each other, which reduces
the large-scale effect of decreasing sea ice cover.

Over areas where sea ice cover is reduced, our results
also show that the sum of the individual effects of decreas-
ing sea cover and increasing SSTs on 2 m temperatures is
greater than the joint response (Figs. 4 and 7). In Baseline,
surface heat fluxes are generally negative (downwards) or
small over ice-covered areas, while they are positive (up-
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Figure 8. Difference in mean sea level pressure (MSLP) in winter (DJF) between the SSP585 simulation and Baseline (1MSLPfull, a, e), be-
tween SIC_SSP585 and Baseline (1MSLPSIC, b, f), between SST_SSP585 and Baseline (1MSLPSST, c, g), and the non-linear (1MSLPNL
residual) contribution (d, h). The upper row (a–d) shows the multi-model mean, and the lower row (e–h) shows the maximum difference
between models. Stippling indicates that all models do not agree on the direction of the change, and contours show the MSLP in the Baseline
simulation.

wards) over oceans (not shown). When sea ice is removed,
surface energy fluxes become positive over areas that used
to be ice-covered. The fluxes are slightly higher (more pos-
itive) in the simulation where only sea ice cover is reduced
(SIC_SSP585, Figs. S11, S12, S14, and S15) compared to the
joint simulation (SSP585, Figs. S11, S12, S14, and S15). The
reason is most likely that, during warm air intrusions (from
lower latitudes) and cold air outbreaks (from snow- or ice-
covered areas or sea ice), the air is slightly colder and drier
in SIC_SSP585 than in SSP585, which enhances the fluxes
over the ice-free ocean (where temperatures are set to the
freezing point of seawater in both simulations). In the simula-
tion where only SSTs are changed (SST_SSP585, Figs. S11,
S12, S14, and S15), the surface fluxes become slightly more
negative compared to the Baseline over areas covered by sea
ice. This is probably due to the fact that the air is warmer and
more moist during warm air intrusions from lower latitudes,
which enhances the energy fluxes towards the surface.

3.5 Comparison between hemispheres

Spatial differences of the responses in meteorological vari-
ables between the poles are strongly linked to differences
in the geographical environment. In addition, the overall
stronger tropospheric warming in the Northern Hemisphere
than in the Southern Hemisphere, due to an increased SST
(Fig. S17), contributes to a stronger average increase in 2 m
temperature in the Arctic compared to the Antarctic (Fig. 3a).
One factor that contributes to the different responses of mete-
orological variables between the poles is the overall stronger
warming in the Northern Hemisphere than in the Southern
Hemisphere, due to increased SSTs (Fig. S17). However, the
differences in the geographical environment also play an im-
portant role. In particular, the greater 2 m warming in the
Arctic as compared to the Antarctic (Fig. 3a) is dominated
by the strong near-surface warming due to sea ice loss in the
Arctic. The warming is stronger in the Arctic because the
original sea ice area is colder in the Arctic than in the Antarc-
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Figure 9. Difference in precipitation (Pr) in winter (DJF) between the SSP585 simulation and Baseline (1Prfull, a, e), between SIC_SSP585
and Baseline (1PrSIC, b, f), between SST_SSP585 and Baseline (1PrSST, c, g), and the non-linear (1PrNL residual) contribution (d, h). The
upper row (a–d) shows the multi-model mean, and the lower row (e–h) shows the maximum difference between models. Stippling indicates
that all models do not agree on the direction of the change, and contours show the precipitation in the Baseline simulation.

tic (Figs. 4 and 7). In addition, in the Arctic, the warming
effect caused by a decrease in sea ice cover reaches further
in over the continents than in the Antarctic, which may be a
consequence of the high surface elevation of the Antarctic ice
sheet preventing the direct advection of warm near-surface
air over the continent. A similar but weaker feature is ob-
served over Greenland where the change in 2 m temperature
due to a sea ice decrease is weaker than in northern Canada
or Siberia.

In both hemispheres, a decrease in sea ice cover causes in-
creases in precipitation over the same area or the vicinity. In-
creases in surface latent heat fluxes (Figs. S14 and S15) and a
subsequent weakening of the stable temperature stratification
are probably behind this precipitation increase. However, the
sea ice decrease has a notably stronger effect on precipita-
tion in the northern polar region than in the southern. SST
increases cause a widespread increase in precipitation in both
polar regions, but the increase is slightly greater in the Arc-
tic region than in the Antarctic region, most likely due to the

overall stronger tropospheric warming and moistening in the
Northern Hemisphere (Figs. S17 and S18).

In both hemispheres, the uncertainty associated with
changes in MSLP is generally greater than the uncertain-
ties associated with changes in 2 m temperature and precip-
itation. In the northern polar region, the decrease in sea ice
cover has the greatest impact on MSLP, while warmer SSTs
dominate the changes in MSLP at the south pole.

4 Discussion

We have used four AGCMs to study the effect of increas-
ing SSTs and decreasing sea ice cover on polar climates. The
experimental setup allows us to distinguish the relative con-
tributions of sea ice decreases and SST increases to different
climate variables in the polar regions as well as lower lati-
tudes.

As sea ice is removed, the insulating layer between the
sea water and atmosphere vanishes, which causes a signifi-
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cant increase in surface heat fluxes, leading to a strong local
increase in 2 m temperature (Figs. 4 and 7). This effect dom-
inates the change in 2 m temperatures during winter in the
area and vicinity of the decreasing sea ice, in agreement with
earlier studies (Screen et al., 2012; Screen and Blackport,
2019; Ye et al., 2024; Yu et al., 2024). In contrast, warmer
SSTs have a greater effect on 2 m temperatures than a re-
duction in sea ice over the polar continents, which supports
the results by Yu et al. (2024). In particular, in the inner
Antarctic, the near-surface warming is strongly associated
with the remote increase in SSTs. In contrast, the decrease
in sea ice cover causes only small or even negative changes
in 2 m temperature over the inner continent, most likely due
to a weak advection of near-surface air from the ocean to
the inner continent. Furthermore, at both poles, the SST in-
crease causes mostly stronger 2 m temperature increases over
the continents than over the ocean due to the overall tropo-
spheric warming and increasing downwelling longwave radi-
ation, which in turn is strongly driven by increased moisture
in the troposphere and a higher tropospheric temperature, due
to an increase in latent heat release. Overall, the effects of
SST increase and sea ice decrease on 2 m temperature are
linearly additive. However, the sum of the individual effects
of decreasing sea cover and increasing SSTs on 2 m temper-
atures is sometimes greater than the joint response over areas
where sea ice cover is reduced.

In agreement with earlier studies (e.g. Screen and Black-
port, 2019; Streffing et al., 2021), we find that the uncertainty
in the dynamical response (MSLP) is greater than in the ther-
modynamic response. However, the models in our study do
agree on many features of the MSLP pattern changes, e.g.
decreases in MSLP in the central Arctic and in the D’Urville
Sea in the Antarctic. Previous studies (Yu et al., 2024; Ye et
al., 2024; Smith et al., 2022; Chripko et al., 2021; Screen et
al., 2018; Deser et al., 2010) have shown that reduced Arc-
tic sea ice cover tends to increase the MSLP over the north-
ern Atlantic, while it decreases over Siberia and the Aleutian
region. These results generally agree with our SIC_SSP585
experiment, although some of the details in the pattern of the
MSLP response differ. In particular, our multi-model mean
response only shows an increase in MSLP over the Scandina-
vian side of the northern Atlantic, while the MSLP decreases
over the Icelandic region and the western northern Atlantic. It
is worth noting, however, that the models in our study do not
agree on the direction of the MSLP response over the north-
ern Atlantic, meaning that there is great uncertainty. Further-
more, in particular over the northern Atlantic, warmer SSTs
generally produce a greater MSLP response than a decrease
in sea ice cover in our simulations. Our multi-model mean
results are produced from an ensemble of four models run
for 40 years. Despite the many years of simulation, this may
not be enough to capture the entire internal variability asso-
ciated with dynamical variables such as MSLP, in particular
in terms of their response to sea ice cover changes (Peings
et al., 2021; Sun et al., 2022). Our ensemble is produced by

four models, which should capture a larger part of the inter-
nal climate variability compared to an ensemble generated by
only one model. However, our ensemble only represents two
model families, meaning that the results are more dependent
on each other than four completely independent models.

The precipitation response includes a thermodynamic re-
sponse (increase in water vapour content), a local dynamic
response (changes in e.g. convection), and a large-scale dy-
namic response (changes in e.g. storm tracks). Our simula-
tions show that warmer SSTs generally increase precipita-
tion in the polar regions, mainly due to the overall increase
in atmospheric water vapour content (Fig. S18). Decreasing
sea ice cover, on the other hand, mainly increases precipita-
tion in areas where sea cover is reduced, indicating that en-
hanced local evaporation and convection during cold air out-
breaks is the main cause of precipitation changes. In general,
this result is in agreement with previous studies (Yu et al.,
2023, 2024) and can be linked to the high warming scenario
(SSP5-8.5) where thermodynamic and local effects are ex-
pected to dominate over large-scale dynamic effects in terms
of changes in precipitation (Yu et al., 2023, 2024).

5 Conclusions and perspectives

We have used four AGCMs to examine the climate response
in the polar regions and lower latitudes to prescribed future
global changes in SST and sea ice cover, with a focus on win-
tertime 2 m temperatures, MSLP, and surface precipitation at
high latitudes. Generally, the models agree on the response
in 2 m temperature and surface precipitation, in particular
in terms of the spatial distribution and the relative impact
of warming SSTs and decreasing sea ice cover. The mod-
els agree less well on the magnitude and spatial distribution
of the MSLP response; i.e. the uncertainties associated with
the atmospheric circulation response are greater than the un-
certainties associated with the thermodynamic response. The
models agree on an increase in MSLP in the central Arc-
tic and Bering Strait as well as in the D’Urville Sea in the
Antarctic but disagree on the changes over northern Europe
and the northern Atlantic.

Changing sea ice cover and SSTs cause about the same
average warming poleward of 60° N/S in winter, whereas
warmer SSTs increase precipitation more strongly than de-
creasing sea ice cover. This result applies to both poles
and implies that a substantial part of the polar near-surface
warming and precipitation increase is a response to remote
SST forcing. Furthermore, increasing SSTs cause an overall
greater tropospheric warming and moistening of the North-
ern Hemisphere, which contributes to stronger increases in
precipitation and 2 m temperature in the Arctic than in the
Antarctic. The MSLP response to changing SSTs tends to
be of approximately similar magnitude (Arctic) or greater
(Antarctic) than the response to changing sea ice cover –
and the responses sometimes counteract each other. Warmer
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SSTs also have a widespread impact on 2 m temperatures and
precipitation, while a decrease in sea ice cover mainly causes
a localized response; i.e. the warming and increased precip-
itation tend to occur in the areas (or in the vicinity of the
areas) where the sea ice disappears. The reason for this lo-
calized response is most likely the strong temperature strat-
ification in the polar regions in winter, which prevents the
increased surface heat fluxes from affecting higher levels of
the atmosphere. Thus, a decrease in sea ice cover produces a
weak effect on the thermodynamic variables outside the ar-
eas of sea ice retreat. SST changes dominate the polar 2 m
temperature and precipitation responses outside the areas of
sea ice retreat, including the Antarctic continent.

The models predict that the change in 2 m temperature and
precipitation at both poles is generally linear; i.e. the mod-
elled response to simultaneous changes in SSTs and sea ice
is approximately equal to the sum of the individual changes.
The main exceptions are the areas within and in the vicinity
of the zone of sea ice retreat. Over these areas, the sum of the
individual responses in 2 m temperature and precipitation to
decreasing sea ice cover and increasing SSTs is greater than
the joint effect. This result suggests that some of the polar
warming that is caused by warmer SSTs outside the polar
regions (and subsequent increased large-scale heat and mois-
ture transport) weakens the contribution of turbulent surface
fluxes to polar warming; i.e. the remote response weakens
the local response.

At both poles, our results show that the greatest uncer-
tainty in the climate response to decreases in sea ice cover
and warmer SSTs is associated with atmospheric circulation,
as the most significant differences between the models was
found for MSLP. Note that these discrepancies occurred even
though the models were constrained by the same oceanic
boundary conditions. The circulation response to decreasing
sea ice cover was sometimes enhanced but sometimes also
counteracted by the response to warmer SSTs. This finding
is particularly important to consider when drawing conclu-
sions about changes in mid-latitude circulation to changing
sea ice cover using either observations or model simulations
where the two effects (from decreasing sea ice and changing
SSTs) cannot easily be separated. Furthermore, to decrease
the uncertainty and improve our confidence in climate pre-
dictions, it is important to disentangle the causes behind the
differences in the circulation responses between the models.
The model setup and output presented here are unique in this
respect and can be used to explore the underlying physical
processes.

Code availability. Code is available as follows.

– CESM2: documentation is available at https://escomp.github.
io/CESM/versions/cesm2.2/html/ (CESM, 2025b). The code
is available at https://github.com/ESCOMP/CESM (CESM,
2025a).

– NorESM2: documentation is available at https://noresm-docs.
readthedocs.io/en/noresm2/ (NorESM2, 2025). The code is
available at https://github.com/NorESMhub/NorESM (Norwe-
gian Earth System Model 2, 2025).

– EC-Earth3: brief general documentation of EC-Earth3 is
provided at https://ec-earth.org/ec-earth/ec-earth3/ (EC-Earth,
2025a). See also the papers by Döscher et al. (2022) and
van Noije et al. (2021). The code is available to registered users
at https://ec-earth.org/ec-earth/ec-earth-development-portal/
(EC-Earth, 2025b). Only employees of institutes that are part
of the EC-Earth consortium can obtain an account.

– OpenIFS: documentation is available at https://confluence.
ecmwf.int/display/OIFS (ECMWF, 2025). The licence for us-
ing the OpenIFS model can be requested from ECMWF user
support (openifssupport@ecmwf.int).

Data availability. Data are available as follows.

– CESM2: https://doi.org/10.11582/2024.00018 (Nordling,
2025); monthly mean values are available at
https://cricestask33-output-cesm2-monthly-means.lake.
fmi.fi/index.html (Räisänen, 2025b).

– NorESM2: https://doi.org/10.17043/naakka-2025-noresm2-1
(Naakka et al., 2025); monthly mean values are avail-
able at https://crices-task33-outputnoresm-monthly-means.
lake.fmi.fi/index.html (Räisänen, 2025c).

– EC-Earth3: https://crices-task33-output-ecearth.
lake.fmi.fi/index.html (Räisänen, 2025a);
monthly mean values are available at https:
//crices-task33-output-ecearth-ifs-monthly-means.lake.
fmi.fi/index.html (Räisänen, 2025d).

– OpenIFS: https://a3s.fi/CRiceS_Index/CRiceS_index.html
(Köhler, 2025); monthly mean values are available at
https://crices-task33-output-openifsmonthly-means.lake.fmi.
fi/index.html (Räisänen, 2025e).
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