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Important role of stratosphere-troposphere coupling in the
Arctic mid-to-upper tropospheric warming in response to
sea-ice loss
Mian Xu 1, Wenshou Tian1✉, Jiankai Zhang1✉, James A. Screen 2, Chongyang Zhang1 and Zhe Wang1

Recent studies have suggested that deep Arctic warming, extending from the surface to the upper troposphere, could trigger mid-
latitude atmospheric circulation changes, while shallow Arctic warming, confined in the lowermost troposphere, induces
comparatively weak remote responses. The causes of Arctic mid-to-upper tropospheric warming are less clear compared with near-
surface warming. Here, we demonstrate a new dynamical mechanism responsible for the polar mid-to-upper tropospheric warming
associated with Arctic sea-ice loss, using both reanalysis and model simulations. The Barents-Kara sea-ice loss enhances the upward
propagating waves, leading to the wave convergence anomalies in the sub-polar lower stratosphere and upper troposphere. The
consequent eddy feedback leads to clockwise residual overturning anomalies in the sub-polar upper and middle troposphere,
accompanied by anomalous descent and consequent adiabatic warming in the Arctic mid-to-upper troposphere. The essential role
of stratosphere-troposphere coupling for deep Arctic warming induced by sea-ice loss is confirmed by model simulations with
stratospheric variability suppressed, in which only the Arctic lower troposphere is warmed in response to sea-ice loss. Our results
suggest that a considerable part of the observed Arctic mid-to-upper warming is caused by a dynamical response to sea-ice loss, in
which stratosphere-troposphere coupling plays a major role.
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INTRODUCTION
In the past 40 years, Arctic surface air temperature has risen at 3–4
times the rate of the global average1–4. The so-called “Arctic
amplification” phenomenon has drawn much attention from
scientific community, not only because of the dramatic environ-
mental changes induced in the Arctic, but also due to the
potential remote effects on the Northern Hemispheric mid-
latitude weather and climate1,5–9. The possible remote impacts
of Arctic amplification and the mechanisms responsible are poorly
known1,10,11. Among these uncertainties is the importance of the
vertical extent of Arctic warming for the potential remote
responses. Some studies found that instead of surface air
temperature, the atmospheric thickness between middle and
lower troposphere over the Arctic region is more related to the
mid-latitude atmospheric circulation6,12. More specifically, recent
studies have suggested that deep Arctic warming, extending from
the surface to the upper troposphere, may induce the changes in
the Northern Hemispheric mid-latitude weather and climate, but
shallow Arctic warming, confined in the lowermost troposphere,
induces comparatively weak remote responses. Using a simplified
model, Sellevold et al.13 found that the Arctic warming penetrat-
ing to the upper troposphere, namely deep warming, could
induce a mid-latitude circulation response, whereas Arctic near-
surface warming, namely shallow warming, cannot. Previous
studies14–16 found that winter cooling anomaly over the mid-
latitude Eurasia is correlated with Arctic deep warming rather than
shallow warming, suggesting deep warming may be a necessary
condition to induce the “warm Arctic, cold Eurasia” pattern17–19.
This interpretation is supported by the model experiments in Labe
et al.20, which suggested a greater magnitude of circulation and

Eurasian cooling response to deep Arctic warming compared with
shallow Arctic warming.
The possible causes of the Arctic near-surface warming can be

broadly characterized into local and remote factors10. Local
feedbacks, such as albedo feedback3,21–24, long-wave cloud
feedback25 and lapse rate feedback26,27, are known to enhance
Arctic warming, with the greatest warming near the surface.
Remote factors, such as the poleward transport of heat and
moisture through atmospheric circulation and oceanic cur-
rents28–31, are also important and may be associated with
warming aloft as well in the lowermost troposphere. Compared
with the warming in the lower troposphere, the factors
responsible for the Arctic mid-to-upper tropospheric warming
are not yet clear, especially what component of Arctic warming
aloft may be related to sea-ice loss. Cohen et al.10 proposed that
the Arctic warming aloft is mainly due to the vertical diffusion of
near-surface heating caused by sea-ice loss; they speculated that
this vertical mixing is underestimated by atmospheric models,
leading to the warming being confined in the lowermost
troposphere. Deser et al.32 suggested the Arctic warming aloft in
response to sea-ice loss is amplified by ocean-atmosphere
coupling. Screen and Francis31 found that the phase of the Pacific
Decadal Oscillation could modulate the vertical extent of tropo-
spheric warming induced by sea-ice loss through influencing the
poleward advection of warm and moist air. However, He et al.14

and Labe et al.20 argued that internal variability, rather than Arctic
sea-ice loss, is the major cause of the Arctic mid-to-upper
tropospheric warming. Therefore, there remains much debate on
the contribution of sea-ice loss to the Arctic mid-to-upper
tropospheric warming and the mechanisms involved, which
deserve further investigation.
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It has been proposed that Arctic sea-ice loss, particularly in the
Barents-Kara Sea (hereafter BKS), enhances the upward propaga-
tion of wave activity and thereby weakens the stratospheric polar
vortex33–35. Then, the consequent stratospheric anomalies may
descend back to the troposphere and further influence the
tropospheric circulation36–44. However, what the specific role such
stratosphere-troposphere dynamical coupling processes in
response to sea-ice loss play in driving Arctic mid-to-upper
tropospheric warming has been rarely discussed. Here, we
demonstrate a key role of stratosphere-troposphere dynamical
coupling in the Arctic warming aloft induced by the BKS sea-ice
loss through observational analysis and numerical experiments,
which could help improve our understanding of the role of sea-ice
loss in the Arctic-mid-latitude connection.

RESULTS
Causal linkage between sea-ice loss and Arctic deep warming
Figure 1a shows the regression map of wintertime zonal-mean
temperature against BKS sea-ice derived from ERA-5 reanalysis
data. Over the Arctic, reduced sea ice is coincident with warming
anomalies throughout the troposphere, which is of the greatest
magnitude near the surface and in the upper troposphere. This
warming pattern agrees well with the observed trends over recent
decades10. Also, it is worth noting that the cooling anomaly over
the mid-latitudes accompanied by deep Arctic warming (Fig. 1a) is
consistent with many previous studies13,14,20. To clarify the
causality between the Arctic sea-ice loss and deep Arctic warming,
we investigate the results from PAMIP multi-model large
ensemble mean and WACCM-SC simulations. In these simulations,
sea ice conditions are changed whilst all other boundary and
external forcings are fixed, to isolate the atmospheric response to
sea-ice loss, whereas observation results could imply both the
signals from the sea-ice loss and many other forcings (e.g.,
greenhouse gas, tropical sea surface temperature and etc.).
Supplementary Figure 1 shows the wintertime zonal-mean
temperature response to the future BKS sea-ice loss from all eight
different models in the PAMIP project. It can be found that the
results from six of these PAMIP models show deep Arctic warming,
albeit not always statistically significant throughout the tropo-
sphere. However, given the low signal-to-noise ratio45–48, we
should avoid over-interpreting the individual model results,
particularly from the smaller ensembles. The PAMIP multi-model
ensemble mean, which could provide a more robust estimation of
the forced response, shows statistically significant deep Arctic
warming in response to the future BKS sea-ice loss (Fig. 1b), with a
highly similar warming pattern to that found in the reanalysis, yet
with a weaker magnitude (Fig. 1a). Therefore, the results from
reanalysis and PAMIP multi-model mean consistently suggest that
the BKS sea-ice loss is closely linked to the deep Arctic warming,
which is not restricted to the lowermost troposphere. The
temperature response from the free-running WACCM-SC simula-
tions (Fig. 1c) also resembles those derived from reanalysis and
PAMIP multi-model ensemble mean, with deep Arctic warming
throughout the troposphere, but again of lesser magnitude in the
model than reanalysis. It is important to emphasize that the
simulated Arctic mid-to-upper tropospheric warming (north of
65°N, between 600 and 225 hPa) induced by sea-ice loss is only
~20% of that of the composite results from reanalysis (noting the
PAMIP results have been multiplied by the ratio of the observed
BKS SIC against the PAMIP forcing for a better comparison). This
implies that Arctic sea-ice loss is only responsible for around one
fifth of the deep Arctic warming, while the rest could be due to
other factors (like ENSO) and atmospheric internal variability14,20.
To investigate the potential role of stratosphere-troposphere
coupling in the deep Arctic warming induced by sea-ice loss, the
polar stratospheric variability in the WACCM-SC model is

suppressed using a nudging technique (see “Methods”). The
temperature response when the stratosphere-troposphere cou-
pling is suppressed is shown in Fig. 1d. Whilst there is still
significant warming anomaly in the Arctic lower troposphere,
likely in response to surface heating from enhanced upward heat
fluxes3,23,24,29,49,50, the Arctic warming aloft is missing. Instead, the
polar mid-to-upper troposphere cools in the absence of an
interactive stratosphere. Moreover, the above-mentioned nudging
results could also be implicitly validated using free-running
experiments. Using wintertime 50 hPa temperature averaged
north of 66°N to depict the Arctic stratospheric polar vortex
strength, a year when the polar vortex strength falls within ±0.5
time standard deviation of CTRL run is defined as an inactive-
polar-vortex year, while the year with the polar vortex strength
larger (smaller) than +0.5 (−0.5) time standard deviation is
defined as an active-polar-vortex year. Supplementary Figure 2a, b
show the differences of wintertime zonal-mean temperature
between LICE and HICE runs in inactive-polar-vortex and active-
polar-vortex years, respectively. Note that the Arctic warming
induced by sea-ice loss in inactive-polar-vortex years is confined in
the polar lower troposphere, which is consistent with Fig. 1d,
while the result of active-polar-vortex years shows a statistically
significant pattern of Arctic deep warming (similar to Fig. 1c).
Therefore, this validates our nudging results and also highlights
the importance of stratosphere-troposphere coupling in the
vertical extension of Arctic warming induced by sea-ice loss.
The temperature tendency equation in the Transformed

Eulerian Mean (TEM) framework51 is applied to quantify the
relative contribution of the adiabatic temperature change due to
vertical motion and diabatic processes to the Arctic mid-to-upper
tropospheric warming induced by sea-ice loss (see “Methods”).
Compared with the conventional Eulerian Mean framework, the
TEM framework focuses on the influence of eddy feedback, which
is more suitable for analyzing the extra-tropical atmospheric
circulation48. The diabatic heating rate (e.g., sensible/latent
heating, radiation and etc.) is directly output by WACCM model,
while this variable is currently inaccessible from ERA-5 reanalysis
and therefore, not shown in this study. Figure 2 shows the
wintertime temperature tendency differences, between BKS low-
and high-SIC scenarios and averaged in the Arctic mid-to-upper
troposphere contributed by adiabatic and diabatic processes. It
can be found both in reanalysis and model simulations that
adiabatic heating due to anomalous descent in response to BKS
sea-ice loss is favorable for the Arctic mid-to-upper tropospheric
warming anomalies. Moreover, it is worth noting that the warming
tendency anomaly contributed by adiabatic processes in reana-
lysis is around 5 times that derived from WACCM simulations, very
close to the difference in warming magnitude between reanalysis
and simulations from Fig. 1. Further, simulation results show that
the temperature tendency anomaly contributed by diabatic
processes is relatively weaker compared with that contributed
by adiabatic processes. This could be due to that most of diabatic
processes associated with sea-ice loss, like sensible and latent heat
processes, are mainly confined in the lower troposphere49,50,52.
However, when suppressing the stratosphere-troposphere cou-
pling, the Arctic mid-to-upper troposphere shows anomalous
cooling in response to sea-ice loss, which is mainly contributed by
the adiabatic cooling due to anomalous ascent. This is consistent
with the cold anomalies in the Arctic mid-to-upper troposphere
found in the nudged results (Fig. 1d). In summary, adiabatic
heating due to anomalous descent plays a critical role in the Arctic
mid-to-upper tropospheric warming anomalies induced by sea-ice
loss and the stratosphere-troposphere coupling is essential in the
entire process. The underlying dynamical mechanism is further
investigated in the following section.
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Mechanisms and role of stratosphere-troposphere coupling
Many previous studies have revealed that the weakening of
stratospheric polar vortex by enhanced upward propagating waves
due to sea-ice loss could subsequently influence the tropospheric
circulation through downward coupling9,33–44. Supplementary
Figures 3a, b show the differences of E-P flux and divergence
between BKS low- and high-SIC scenarios, derived from ERA-5
reanalysis and WACCM simulations. Consistent with many previous
studies36–44, the poleward and upward propagating waves are
enhanced in response to sea-ice loss, leading to the wave
convergence anomalies in the polar stratosphere and a weakening
of stratospheric polar vortex (Supplementary Figs. 4 and 5). The
deceleration of the sub-polar westerly jet further descends from the
lower stratosphere to the surface, both found in reanalysis and
model simulations (Supplementary Fig. 4a–c). When the strato-
spheric pathway is blocked in WACCM-SC model, there is only a
weak easterly anomaly in the troposphere (Supplementary Fig. 4d).

According to the linear theory51, the deceleration of tropospheric
westerly is favorable for the breaking of the poleward propagating
eddies at a lower latitude when reaching the critical line53,54. Hence,
there are also E-P flux convergence anomalies in the sub-polar mid-
to-upper troposphere. In the nudged results, the upper tropo-
spheric convergence anomalies are shifted poleward due to a
weaker tropospheric easterly anomaly, favorable for the northward
shift of wave breaking zone54, compared with the results of free-
running simulations.
To explain the adiabatic heating due to anomalous descent in

the Arctic mid-to-upper troposphere, we next consider the
response of the residual stream function associated with sea-ice
loss. From the TEM perspective, the climatology of Northern
Hemispheric mid-latitude region is dominated by a clockwise
meridional overturning cell during winter in reanalysis data and
model simulations (purple contours in Fig. 3a, b), consistent with
Schubert et al.55. In response to BKS sea-ice loss, there are positive
anomalies in residual stream function in the sub-polar lower

Fig. 1 Zonal-mean winter temperature anomalies induced by BKS sea-ice loss. a Zonal-mean winter temperature (K) regressed against BKS
sea ice, multiplied by the composited SIC differences between BKS low- and high-SIC years, derived from the ERA5 reanalysis. Simulated zonal-
mean winter temperature differences in the (b) PAMIP multi-model large ensemble results between pdSST-futBKSeasSIC and pdSST-pdSIC
runs (multiplied by the ratio of the observed BKS SIC index differences between low- and high-SIC years against the PAMIP forcing), c free-
running WACCM-SC simulations, and d nudged WACCM-SC simulations between LICE and HICE runs. The information of data range is placed
above label bar. Hatched regions are statistically significant at the 90% confidence level according to bootstrap resampling statistical test.
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stratosphere and middle troposphere, corresponding to enhanced
clockwise meridional overturning cell (Fig. 3a, b). By contrast, there
are counterclockwise overturning anomalies in the sub-polar near-
surface. It is worth noting that this pattern of stream function
anomalies is consistent with the E-P flux convergence anomalies
in the sub-polar lower stratosphere and upper troposphere
associated with sea-ice loss (Supplementary Fig. 3a, b). This is
because the residual stream function is inversely proportional to
the vertical gradient of E-P flux divergence (see Eq. 8 in
the “Methods” section). However, when the stratosphere-
troposphere coupling is suppressed in the model, the E-P flux
convergence anomalies in the lower stratosphere are missing in
the nudged simulations. Correspondingly, the vertical gradient
anomaly of eddy divergence near the sub-polar tropopause turns
from negative to positive, leading to the local counterclockwise
residual overturning in the lower stratosphere (Fig. 3c). In addition,
the stratosphere-troposphere dynamical response to sea-ice loss
can also strengthen the clockwise residual overturning anomalies
in the sub-polar troposphere (Fig. 3d).
Figure 4a, b show the differences of residual vertical velocity

during winter between the BKS low- and high-SIC scenarios derived
from reanalysis and model simulations, respectively. It can be found
that there are negative residual vertical velocity anomalies on the
poleward flank of the above-mention clockwise residual over-
turning anomalies in the Arctic upper troposphere and lower
stratosphere. The anomalous descent is responsible for the
adiabatic heating in the Arctic mid-to-upper troposphere (Fig. 2).
By contrast, in the nudged experiments there is anomalous ascent
in the Arctic upper troposphere, leading to the adiabatic cooling
and hence, the anomalous cooling found in Fig. 1d.

DISCUSSION
The potential impacts of the Arctic sea-ice loss on the Northern
Hemispheric mid-latitude weather and climate have drawn much
attention from the scientific community in the past few decades.
However, there are many unresolved questions. One open
question is whether Arctic warming needs to penetrate into the
mid-troposphere to be able to influence the mid-latitude atmo-
spheric circulation.

Recent studies have proposed that the vertical extension of
Arctic warming, so-called deep Arctic warming, is key for
triggering remote responses14,20. Based on their studies, our study
further presents a new perspective on the connection between
Arctic sea-ice loss and this deep Arctic warming. We found that
the BKS sea-ice loss could contribute to a considerable part of the
observed Arctic warming aloft mainly through modulating the
stratosphere-troposphere dynamical coupling. In other words,
we argue that distinct mechanisms govern the Arctic near-surface
and mid-to-upper tropospheric warming induced by sea-ice loss.
Considering the key role of the deep Arctic warming in the Arctic-
mid-latitude connection, our work could offer a deeper insight
into the potential influence of Arctic sea-ice loss on this
connection. However, we have only considered the atmospheric
response to Arctic sea-ice loss, which appears to explain around
20% of the observed Arctic mid-to-upper tropospheric warming.
Therefore, the relative importance among Arctic sea-ice loss and
many other potential factors are worth further investigation in the
future. Moreover, another open question is whether Arctic mid-to-
upper tropospheric warming driven by processes besides sea-ice
loss is important in governing the mid-latitude climate response
to Arctic amplification.

METHODS
Definitions
The BKS region is defined as the area 65°–85°N, 20°E–90°E and the
BKS sea-ice concentration (SIC) index used in this study is defined
as the early-winter (November and December) area-averaged SIC
over the BKS region. BKS high- and low-SIC years are selected
based on HadISST dataset, using the following method. First, the
early winter BKS SIC time series from 1979 to 2020 was linearly de-
trended and then, a 1 standard deviation (std) threshold was used
to identify years of high and low BKS SIC (Supplementary Fig. 6b).
According to these selection criteria, 8 years were selected with
high BKS SIC (1988, 1997, 1998, 2002, 2003, 2010, 2014, and 2019)
and 4 years with low BKS SIC (1984, 2012, 2016, and 2020). Linear
regression is applied in this study by regressing the atmospheric
fields upon the above-mentioned BKS SIC time series to roughly
separate the atmospheric anomalies associated with BKS sea-ice
variability. Then, the obtained regression map is further multiplied
by the composited BKS SIC differences between the above-
mentioned BKS low- and high-SIC years (low-SIC minus high-SIC),
in order to retrieve the atmospheric anomalies associated with
2-std sea-ice loss.
The Eliassen-Palm flux (E-P flux)56 and the TEM circulation51 are

applied in this study to diagnose the response of wave activity to
the BKS sea-ice loss and the effect of the consequent eddy
feedback on the extra-tropical atmospheric circulation. The
meridional and vertical components of the EP-flux, its divergence
and the residual meridional and vertical velocity are calculated
according to the following equations:

Fϕ ¼ ρa cos ϕ uz v0θ0=θz � v0u0
� �

(1)

Fz ¼ ρa cosϕ f � a cosϕð Þ�1 u cosϕð Þϕ v0θ0=θz � w0u0
h in o

(2)

DF ¼ ∇ � F
ρa cosϕ

¼
a cosϕð Þ�1 ∂

∂ϕ Fϕ cosϕ
� �þ ∂Fz

∂z

ρa cosϕ
(3)

v� ¼ v � ∂

∂p
v0θ0

∂θ=∂p

 !
(4)

w� ¼ w þ 1
a cosϕ

∂

∂ϕ

v0θ0 cosϕ
∂θ=∂p

 !
(5)

Fig. 2 Decomposition of temperature tendency anomalies in the
Arctic mid-to-upper troposphere induced by BKS sea-ice loss. Bar
plot of temperature tendency differences (K day−1) averaged in winter
(DJF) contributed by adiabatic heating/cooling due to residual vertical
motion (blue) and diabatic processes (yellow) between BKS low- and
high-SIC scenarios, averaged north of 65°N in mid-to-upper tropo-
sphere (600–225 hPa), derived from ERA-5 reanalysis, WACCM-SC
simulations without and with nudging technique applied.
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where u, v, and w denote the zonal and meridional components of
horizontal wind and the vertical velocity, respectively. θ, a, f, z, ϕ,
ρ, and p represent the potential temperature, Earth radius, Coriolis
parameter, geopotential height, latitude, air density, and air
pressure. The overbar, prime, and asterisk denote zonal mean,
departure from zonal mean and residual circulation, respectively.
The residual stream function χ� is calculated based on the
following two equations:

ρv� ¼ � ∂χ�

∂z
(6)

ρw� ¼ ∂χ�

∂y
(7)

All these quantities are calculated based on daily data for both
ERA-5 reanalysis and WACCM simulations. The relationship
between the residual stream function and the vertical gradient

of E-P flux divergence can be interpreted using the following
equation51:

∂2χ�

∂y2
þ ρ

f 2

N2

∂

∂z
1
ρ

∂χ�

∂z

� �
¼ ρ

N2

∂

∂y
kJ
H

� �
þ f

∂G
∂z

� 	
(8)

where

N2 � R
H

kT
H

þ dT
dz

� �
(9)

where k, J, N, G, R, H, and T denote ratio of gas constant to specific
heat, diabatic heating rate, Brunt-Vaisala frequency (Eq. 9), zonal
wave drag due to eddies, gas constant for dry air, scale height, and
air temperature. Considering the elliptic operator on the left hand
side of Eq. 8 is approximately proportional to �χ�, there is an
inverse proportional relation between the residual stream function
and the vertical gradient of wave divergence.

Fig. 3 Winter residual stream function anomalies induced by BKS sea-ice loss. a Zonal-mean winter residual meridional stream function
(kg m−1 s−1; scaled by air pressure) regressed against BKS sea ice, multiplied by the composited SIC differences between BKS low- and high-
SIC years, derived from the ERA5 reanalysis. Simulated differences of zonal-mean winter residual meridional stream function between LICE
and HICE runs in the b free-running WACCM-SC simulations, c nudged WACCM-SC simulations, and d their differences (free-running minus
nudged). Purple contours denote the climatological state of residual meridional stream function for ERA-5 reanalysis and WACCM-SC
simulations. The information of data range is placed above label bar. Hatched regions are statistically significant at the 90% confidence level
according to bootstrap resampling statistical test.
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The temperature tendency of the Arctic mid-to-upper tropo-
sphere is diagnosed using the TEM temperature tendency
equation51:

∂T
∂z

¼ �N2 H
R
w� þ J

Cp
(10)

where Cp denotes the specific heat capacity, respectively. The term
on the left hand side of Eq. 10 is zonal-mean temperature
tendency and the two terms on the right hand side denote zonal-
mean temperature tendency due to adiabatic heating/cooling
induced by vertical motion and diabatic processes, respectively.
The temperature tendency of the Arctic mid-to-upper troposphere
contributed by adiabatic process due to vertical motion is
calculated on each grid first and then averaged between 600
and 225 hPa (225 hPa is the first pressure level below the nudging
region), north of 65°N, based on daily data for both ERA-5
reanalysis and WACCM simulations.

Bootstrap resampling57 is applied in this study to test whether
the composite analysis is statistically significant. Assume there are
two samples, X1 and X2, with sample sizes N1 and N2, respectively.
We resample randomly the subsets, with sample sizes n1 and n2
(n1 ≤ N1, n2 ≤ N2) respectively, from the two samples for 1000 times
and calculate the differences. Then, 95th and 5th percentiles of
this 1000-time resampling are calculated as the upper and lower
thresholds of the 90% confidence level. The two samples could be
regarded as statistically significantly different from each other at
90% confidence level, if zero is excluded from the above-
mentioned confidence interval. And vice versa if zero is included
in that confidence interval.

WACCM-SC simulations
We conducted bespoke simulations with the specified chemistry
version of the Whole Atmosphere Community Climate Model with

Fig. 4 Winter residual vertical velocity anomalies induced by BKS sea-ice loss. a Winter-mean residual vertical velocity (m s−1; scaled by air
pressure) regressed against BKS sea ice, multiplied by the composited SIC differences between BKS low- and high-SIC years, derived from the
ERA5 reanalysis. Simulated differences of zonal-mean winter residual vertical velocity between LICE and HICE runs in the b free-running
WACCM-SC simulations, c nudged WACCM-SC simulations, and d their differences (free-running minus nudged). The information of data
range is placed above label bar. Hatched regions are statistically significant at the 90% confidence level according to bootstrap resampling
statistical test.
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4.0 (WACCM-SC). More details on the model Smith et al.58. Four
experiments were performed in this study, a pair of free-running
simulations and a pair of simulations with the stratosphere
nudged to climatological state, derived from an extra control
experiment prescribed with climatological SIC condition during
1982–2001 (CTRL). Both pairs of experiments consist of a run
prescribed with anomalously high BKS SIC condition (HICE and
HICE_ndg) and a run with anomalously low BKS SIC condition
(LICE and LICE_ndg).
The boundary conditions for BKS high- and low-SIC runs are

derived from composites of BKS low- and high-SIC years selected
from HadISST1 dataset during 1979–2016, using the same method
described in the previous section. According to these selection
criteria, 7 years were selected with high BKS SIC (1988, 1997, 1998,
2002, 2003, 2010, and 2014) and 3 years with low BKS SIC (1984,
2012, and 2016) (Supplementary Fig. 6a). The composited BKS
high- and low-SIC conditions are prescribed throughout the whole
seasonal cycle in the simulations. The composited differences of
early winter SST/SIC conditions between the selected BKS low-
and high-SIC years are shown in Supplementary Figs. 7a, b. Also,
the corresponding SST condition is applied where SIC condition is
changed, whereas SST condition in the remaining area is the
climatology of 1982–2001. The differences of early winter SST/SIC
boundary conditions applied for the BKS low- and high-SIC runs
are shown in Supplementary Fig. 7c, d. The SST/SIC condition of
CTRL run is fixed as the climatological seasonal cycle during
1982–2001. Apart from the SIC and SST conditions, all the
experiments are forced by the same initial conditions and
repeating seasonal cycle of boundary conditions. All these
experiments are integrated for 210 years, with the first 3 years
discarded as the model spin-up.

Stratospheric nudging
The nudging technique is similar to that used in Zhang et al.39,40,
Labe et al.20, and Xu et al.41,42, and is performed according to the
following steps. First, we ran a control experiment (hereafter CTRL)
driven by the climatological forcing to get a climatological
seasonal cycle of the atmospheric state. This climatological state
is then used as the reference profile for the HICE_ndg and
LICE_ndg runs. Second, we selected the polar stratosphere (above
100 hPa, north of 66°N) as the nudging region and applied a mask
coefficient, which determined the nudging strength, with 1
denoting full-strength nudge and 0 where no nudging is applied.
This coefficient was set to 1 above 100 hPa and north of 66 °N, and
gradually decreased to 0 from 100 to 200 hPa vertically, and from
66 to 60 °N meridionally, in order to avoid abrupt changes.
Elsewhere, the coefficient is set to 0. Finally, the horizontal wind
and air temperature fields in the HICE_ndg and LICE_ndg runs
were nudged toward the climatological state mentioned every 3
model hours. It should be noted that we assume that the effect of
nudging is independent of sea-ice state and hence the influence
of nudging is removed when calculating the differences between
the two nudged experiments.

PAMIP multi-model ensemble
Two experiments are analyzed in this study: pdSST-pdSIC and
pdSST-futBKSeasSIC. The experiment pdSST-pdSIC was prescribed
with the 1979–2008 climatology of SST/SIC conditions from
HadISST. The pdSST- futBKSeasSIC experiment was forced by the
same SST/SIC conditions except for the BKS region, where the SIC
condition is substituted values representative of the future at the
time of 2 K warming above preindustrial levels. The differences of
SST/SIC conditions between pdSST-futBKSeasSIC and pdSST-pdSIC
are shown in Supplementary Fig. 7e, f. 1200 ensemble members
from eight models in total are used (Supplementary Table 1).
Considering the differences of sea-ice forcing between PAMIP
project and WACCM simulations (also reanalysis), all the PAMIP

results have been multiplied by the ratio of the observed BKS SIC
index differences between low-SIC and high-SIC years against the
PAMIP forcing (1.16 after calculation), for a better comparison with
reanalysis and WACCM results. Moreover, it should be noted that
not all variables or daily outputs used for the analysis are available
in PAMIP. Therefore, only the results of air temperature and zonal
wind are shown in this study.

DATA AVAILABILITY
The atmospheric variables (1979–2021) are from ERA-5 reanalysis dataset provided
by the European Center for Medium-Range Weather Forecasts (ECMWF)59. The
horizontal resolution is 1° × 1° and there are 37 vertical levels ranging from 1000 to
1 hPa. Monthly mean sea surface temperature (SST) and sea ice concentration (SIC)
with a horizontal resolution of 1° × 1° are from Hadley Center Sea Ice and Sea Surface
Temperature dataset (HadISST1)60. Multi-model large-ensemble experiment data
from the Polar Amplification Model Intercomparison Project (PAMIP)61 contribution
to the sixth Coupled Model Intercomparison Project (CMIP6)62 are available on
https://esgf-index1.ceda.ac.uk/search/cmip6-ceda/.
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