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Recent decades have seen rapid Arctic warming and sea-ice loss 
during winter1–5. At the same time, the mid-latitude continents 
have experienced an increase in severe cold winters3 in what 

is often referred to as the warm Arctic–cold continents pattern6. 
Similar links have been found on interannual timescales7,8. Some 
studies have concluded that reduced sea ice or Arctic warming is a 
cause of cold mid-latitude winters7,8 and that, with continued Arctic 
sea-ice loss, this could lead to an increased frequency of severe cold 
winters over the mid-latitudes, despite rising global temperatures.

To understand the mechanisms involved in connections between 
the Arctic and mid-latitudes, a common approach is to use correla-
tion, regression or composite analysis to identify the atmospheric 
conditions coincident with reduced sea ice or warm Arctic tempera-
tures, using observations or reanalyses7–12. In particular, one study 
suggested that wintertime warming in the East Siberian–Chukchi 
Sea generates a Rossby wave that causes cold Arctic air to flow into 
the mid-latitudes, causing severe winters over North America7. 
Similarly, wintertime warming in the Barents–Kara Sea (BKS) was 
linked to cold winters over East Asia7. A subsequent study claimed 
that connections between warming in the East Siberian–Chukchi 
Sea and cooling over North America persisted into the spring 
and led to reduced terrestrial primary productivity and decreased  
crop yields11.

While this approach can identify connections between variables, 
it cannot, by itself, establish causality. To isolate the impacts of sea-
ice loss, numerous modelling experiments have been performed 
in which atmospheric models are run with reduced sea-ice cover. 
Many studies report no mid-latitude cooling in response to the 
observed reduced sea ice and conclude that the severe winters can 
probably be attributed to internal atmospheric variability13–17. Other 
studies do detect an anticyclonic circulation and cooling response 
over Asia to sea-ice reduction in the BKS, but this response is sub-
stantially weaker than that inferred from the analysis of observa-
tions8,18,19. One possible explanation for this apparent discrepancy 
between observational studies and modelling experiments is that 

models are unable to properly capture the response due to model 
deficiencies19. Alternatively, it is possible that the observed connec-
tions are not indicative of a causal response to reduced sea ice.

Here, we present evidence from observations and coupled cli-
mate model simulations that reduced sea ice and cold mid-lati-
tude winters are simultaneously driven by the same large-scale 
atmospheric circulation patterns. The key advance in this study is 
determining whether reduced winter Arctic sea ice is a cause of 
cold mid-latitude winters, through analysis of two independent 
and complementary methods of inferring causality from interan-
nual variability in observations and climate models. First we use a 
physically motivated approach based on the direction of the surface 
turbulent (sensible + latent) heat flux (THF) over the Arctic regions; 
then we use lead–lag correlations. We also use model experiments 
with projected near-future sea-ice loss imposed to examine whether 
our conclusions based on interannual variability also apply to mul-
tidecadal reductions in sea ice.

Using the THF to infer causality
Reductions in sea ice can cause an increase in upward THF at the 
surface, which warms and moistens the atmosphere20,21. This can 
alter the large-scale atmospheric circulation through several mecha-
nisms3, leading to remote impacts far from the Arctic. Conversely, 
the large-scale circulation can drive changes in sea ice through ther-
modynamic and dynamical processes22. For example, warm and 
moist air can enter the Arctic and melt, or slow the growth of, sea 
ice through an increase in downwelling long-wave radiation22–25. 
Critically, these warm intrusions are also associated with anoma-
lous downward surface THF23,24, the opposite of what is seen when 
the sea ice is driving the atmosphere. We argue, therefore, that the 
sign of the surface THF anomaly provides physical insight into the 
predominant direction of ice–atmosphere interaction, with anoma-
lous downward THF indicative of the atmosphere driving the ice 
and anomalous upward THF indicative of the ice driving the atmo-
sphere. A recent analysis used the THF to conclude that reduced 
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Observations show that reduced regional sea-ice cover is coincident with cold mid-latitude winters on interannual timescales. 
However, it remains unclear whether these observed links are causal, and model experiments suggest that they might not be. 
Here we apply two independent approaches to infer causality from observations and climate models and to reconcile these 
sources of data. Models capture the observed correlations between reduced sea ice and cold mid-latitude winters, but only 
when reduced sea ice coincides with anomalous heat transfer from the atmosphere to the ocean, implying that the atmosphere 
is driving the loss. Causal inference from the physics-based approach is corroborated by a lead–lag analysis, showing that 
circulation-driven temperature anomalies precede, but do not follow, reduced sea ice. Furthermore, no mid-latitude cooling is 
found in modelling experiments with imposed future sea-ice loss. Our results show robust support for anomalous atmospheric 
circulation simultaneously driving cold mid-latitude winters and mild Arctic conditions, and reduced sea ice having a minimal 
influence on severe mid-latitude winters.
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BKS ice and cold winters in Asia were both driven by anomalous 
large-scale atmospheric circulation26; however, this study was hin-
dered by the short observational record. Here we extend this analy-
sis by investigating cold winters over both Asia and North America 
and by using large ensembles (to ensure statistical robustness) of the 
current climate simulated by two climate models.

To separate the large-scale circulation patterns that are driving 
interannual variability in sea ice from those that are driven by sea-
ice variability, we used a simple method based on the sign of the 
THF anomaly over the Arctic region of interest to classify winters 
into two regimes. Winters when the atmosphere is primarily driven 
by sea ice are defined as those with a lower than average sea-ice 
area (SIA) and a positive THF anomaly (where positive is defined as 
from the ocean to the atmosphere; Fig. 1c) or a higher than average 
SIA and a negative THF anomaly (Fig. 1a). Conversely, winters dur-
ing which the atmosphere is driving the sea ice are defined as those 
with a lower than average SIA and a negative THF anomaly (Fig. 1d) 
or a higher than average SIA and a positive THF anomaly (Fig. 1b). 
After the classification of each winter, we performed a linear regres-
sion of atmospheric fields onto the SIA separately for these two 
regimes to determine the large-scale circulation and temperature 
patterns associated with a reduction in sea ice, both when the ice is 
driving the atmosphere and when the atmosphere is driving the ice.

Interactions and feedbacks between sea ice and the atmosphere 
occur on a range of timescales, including shorter than a season. 
For example, it is hypothetically possible that within a season, 
reduced sea ice (upward THF) could force an atmospheric circu-
lation response that would then induce further sea-ice loss via a 
downward THF. Using the seasonal average THF for classification 
could yield misleading results if this were a common occurrence. 
To check whether our approach is sensitive to the time averaging 
period, we also applied the THF classification to monthly averages. 
We found our conclusions to be robust to the use of seasonal or 
monthly means. For brevity, we present the seasonal analysis in the 
main paper and provide the corroborating monthly analysis in the 

Supplementary Information. Further confirmation of the robust-
ness of our conclusions is provided by complementary analyses 
using sub-seasonal lead–lag regressions. The lead–lag analysis pro-
vides an independent method of inferring causality and does not 
rely on the THF, which may be unreliable in models or reanalysis27.

Arctic links to cold North American winters
We first performed linear regressions of sea-level pressure (SLP) 
and surface air temperature (SAT) onto the Chukchi–Bering Sea 
(CBS; 55–70° N, 165° E–155° W) SIA index for all winters, in the 
ERA-Interim28 reanalysis and in large ensembles of simulations of 
the present-day climate from two state-of-the-art coupled ocean–
atmosphere climate models (HadGEM229 and EC-Earth30). In ERA-
Interim and the two models, reduced sea ice is associated with 
strong warming over the CBS region, cooling over North America, 
a cyclonic SLP anomaly west of the CBS region and an anticyclonic 
anomaly east of the CBS region (Fig. 2a–c). As identified in an ear-
lier study7, this SLP pattern causes anomalous cold air advection 
into North America from the Arctic, resulting in colder than normal 
winters. However, this pattern is also associated with the advection 
of warm, moist air from the south into the CBS region, which masks 
whether the reduced sea ice is driving the circulation anomaly or 
whether the circulation is driving both the reduced sea-ice condi-
tions and cold temperatures over North America. The robustness of 
the large-scale circulation and temperature patterns associated with 
sea-ice variability between the two models used here is in agreement 
with ref. 7, in which it was found that all models participating in the 
Coupled Model Intercomparison Project Phase 5 (CMIP5) exhibit a 
negative regression coefficient between the East Siberian–Chukchi 
Sea and North American SATs during winter.

It is clear from Fig. 2a–c that the Arctic is strongly linked with 
cold North American winters, but this does not mean that the rela-
tionship is causal. Figure 2d–f shows the SLP and SAT regressed 
onto the CBS SIA index during winters when the sea ice is driving 
the atmosphere. In ERA-Interim and in both models, there is an 
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Fig. 1 | Schematic representation of sea ice driving and being driven by the atmosphere. a–d, An illustration of sea ice and THF during winters when the 
sea ice is driving the atmosphere (a,c) and when the atmosphere is driving the sea ice (b,d). White rectangles represent sea ice, with the dotted  
outline indicating the anomalous high or low ice cover. Curved arrows represent the surface THF anomaly, and horizontal arrows represent warm (red) and 
cold (blue) air advection. Composite values for the THF and SIA anomalies averaged over the CBS region for ERA-Interim during winter  
(December–February) are shown.
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absence of cooling over North America when the sea ice is driving 
the atmosphere, despite warming over the CBS region. The SLP pat-
tern is also consistent between ERA-Interim and the models, with 
an anomalous cyclonic anomaly near and to the south of the CBS 
region (that is, a deepening of the Aleutian Low). This is a common 
response to reduced sea ice seen in modelling experiments31–37. In 
contrast, during winters when the atmosphere is driving the sea ice 

(Fig. 2g–i), reduced sea ice is associated with strong cooling over 
North America and an SLP anomaly pattern that strongly resem-
bles that shown in Fig. 2a–c (with SLP pattern correlations of 0.93, 
0.82 and 0.94 in ERA-Interim, HadGEM2 and EC-Earth). As men-
tioned earlier, similar results are found in each month during winter 
(Supplementary Figs. 1 and 2; Supplementary Note 1), confirming 
that the results are not sensitive to the time averaging period and 
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Fig. 2 | Temperature and circulation links with CBS ice. a–c, Winter SLP (contours; 0.25 hPa intervals) and SAT (colour scale) regressed on the 
standardized CBS SIA index for ERA-Interim (a), HadGEM2 (b) and EC-Earth (c). The sign is reversed so that the maps represent the field associated with 
a 1 s.d. reduction in SIA. Solid contours represent positive values and dashed contours represent negative values (zero contour line not shown). Colour 
shading is shown only where the SAT regression is statistically significant at the 95% confidence level. d–f, As in a–c but only for winters when the sea ice 
is driving the atmosphere. All contour and shading intervals are double the magnitude of those in a–c (0.5 hPa intervals for SLP). Numbers on the top left 
of the panels indicate the pattern correlations of the SLP fields from 30° to 90° N with the corresponding fields in panels a–c. The percentages of winters 
when sea ice is driving the atmosphere are indicated on the top right. g–i, As in d–f but for winters when the atmosphere is driving the sea ice.
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are consistent throughout the winter months. These results suggest 
that reduced sea ice has a weak influence on cold winters over North 
America but that the anomalous large-scale circulation simulta-
neously causes reduced CBS ice, Arctic warming and cold North 
American winters. We reach the same conclusions during spring, 
when Arctic warming has been linked to reduced primary produc-
tivity over North America through the same circulation patterns11 
(Supplementary Fig. 3; Supplementary Note 2).

While the above analysis suggests that reductions in sea ice are 
not the main cause of mid-latitude cooling, it does not rule out 
the possibility that, within the time frame analysed (one season), 
reduced sea ice could cause the anticyclonic circulation anomaly, 
leading to warm air advection and a downward THF anomaly 

over the CBS region. We can confidently rule out this possibil-
ity, however, on the basis of lead–lag regressions on sub-seasonal 
timescales. One month ahead of reduced sea ice, there is a down-
ward THF anomaly in the CBS region (Supplementary Fig. 4) and 
strong cooling over North America (Fig. 3a–c), and the SLP and 
SAT patterns strongly resemble those found during winters when 
the atmosphere is driving the sea ice. In contrast, one month after 
the reduced sea ice, despite the persistence of the reduced sea ice 
and a strong upward THF anomaly (Supplementary Fig. 4), there is 
very little cooling found over North America and no downstream 
anticyclonic anomaly in either of the models or ERA-Interim  
(Fig. 3g–i). In the models, there is a low-pressure anomaly over the 
CBS region that strongly resembles the patterns found during winters 
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Fig. 3 | Temperature and circulation lead–lag regressions with CBS ice. a–i, SLP (contours; 0.25 hPa intervals) and SAT (colour scale) regressed on the 
CBS SIA index at −1 month (a–c), 0 month (d–f) and +1 month (g–i) lags in ERA-Interim (a,d,g), HadGEM2 (b,e,h) and EC-Earth (c,f,i). A negative lag 
indicates that the SLP and SAT lead the sea ice. Solid contours represent positive values and dashed contours represent negative values (zero contour line 
not shown). Shading is shown only where the SAT regression is statistically significant at the 95% confidence level.
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when the ice is driving the atmosphere. Again, similar results were 
found for each winter month in the models (Supplementary Figs. 5  
and 6). Furthermore, we found similar lead–lag relationships 
based on sub-monthly data (Supplementary Fig. 7; Supplementary  
Note 1). The fact that two methodologies—one based on the sign of 
the heat flux and the other based on time leads and lags—produced 
the same results provides strong evidence that reduced sea ice is not 

the main cause of severe mid-latitude winters. Finally, we consid-
ered the possibility of a lagged winter cooling response to autumn 
sea-ice loss, as proposed by past work8,18, albeit in the context of 
Eurasian cooling rather than North American cooling. We found no 
evidence to support such a connection between autumn sea ice and 
winter atmospheric circulation or North American temperatures 
(Supplementary Fig. 8; Supplementary Note 3). Thus, we conclude 
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Fig. 4 | Temperature and circulation links with BKS ice. a–c, Winter SLP (contours; 0.25 hPa intervals) and SAT (colour scale) regressed on the standardized 
BKS SIA index for ERA-Interim (a), HadGEM2 (b) and EC-Earth (c). The sign is reversed so that the maps represent the field associated with a 1 s.d. 
reduction in SIA. Solid contours represent positive values and dashed contours represent negative values (zero contour line not shown). Shading is 
shown only where the SAT regression is statistically significant at the 95% confidence level. d–f, As in a–c but for winters when the sea ice is driving the 
atmosphere. All contour and shading intervals are double the magnitude of those in a–c (0.5 hPa intervals for SLP). Numbers on the top left of the panels 
indicate the pattern correlations of the SLP fields from 30° to 90° N with the corresponding fields in panels a–c. The percentages of winters when sea ice is 
driving the atmosphere are indicated on the top right. g-i, As in d–f but for winters when the atmosphere is driving the sea ice.
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that neither reduced autumn nor winter sea ice is a major cause of 
cold North American winters.

Arctic links to cold Asian winters
We now turn to abnormally cold Asian winters, which are associ-
ated with reduced sea ice in the BKS (70–80° N, 30–70° E). This con-
nection has received more attention than that between CBS ice and 
North American winters, but there is no consensus on the causal role 
of sea ice in driving cold Asian winters8,13–15,18,38. Regressions of SAT 
and SLP onto the BKS SIA index confirm that reduced sea ice is coin-
cident with cold winters over Asia (Fig. 4a–c). The SLP pattern asso-
ciated with reduced BKS ice consists of an anomalous anticyclonic 
anomaly over northern Russia and an anomalous cyclonic anomaly 
over the North Pole. Similar to the circulation anomalies associated 
with reduced CBS ice, this SLP pattern causes cold air advection into 
Asia, but it is also associated with the advection of warm and moist 
air into the BKS region from the North Atlantic25,39,40. We note that 
the magnitudes of the SLP and SAT regressions seem to be weaker 
in the models than in the reanalysis. However, they are within the 
distribution of possible values obtained from 38 yr samples of model 
output (Supplementary Fig. 9; Supplementary Note 4), suggesting 
the larger-magnitude regressions in the reanalysis could be a result 
of sampling uncertainty (that is, internal climate variability).

The mid-latitude cooling and anomalous atmospheric circula-
tion associated with reduced sea ice in the BKS region is evident 
only during winters when the atmosphere is driving the sea ice  
(Fig. 4g–i). In winters when the sea ice is driving the atmosphere 
(Fig. 4d–f), the models show only a weak low-pressure response 
over the regions of reduced sea ice and no cooling over Asia. In 
ERA-Interim, there is a small region of statistically significant cool-
ing in East Asia associated with a weak and not statistically signifi-
cant high-pressure anomaly over Siberia. Although not seen in the 
models analysed here, this finding is consistent with some model-
ling experiments that suggest a weak East Asian cooling in response 
to sea-ice loss8,18,31,35,41. Nevertheless, even in ERA-Interim, regres-
sion coefficients between BKS ice and Asian SAT are more than four 
times larger in winters when the atmosphere is driving the ice than 
in winters when the ice is driving the atmosphere. Thus, reduced 
BKS ice does not seem to be the dominant cause of the coincident 
Asian cooling, and the reanalysis record is too short to be conclusive. 
Sub-seasonal lead–lag regressions with BKS ice further suggest that 
sea ice is not driving the cooling, since cooling is present one month 
before, but not one month after, reduced sea ice (Supplementary 
Fig. 10; Supplementary Note 5). Here we have focused on the  

relationship with winter sea ice; however, it has also been suggested 
that autumn sea ice in the BKS may influence winter mid-latitude 
temperatures over Asia8,18. Indeed, consistent with past papers, we 
find a statistically significant correlation in ERA-Interim (but not 
in the models) between September or October BKS ice and winter 
Asian temperature (Supplementary Fig. 8; Supplementary Note 3). 
This apparent connection does not occur via the winter circulation 
anomalies identified in Fig. 4a and might occur via a stratospheric 
pathway42–45, but again, the reanalysis record is too short to be con-
clusive. There is also evidence that this association may be driven 
largely by atmospheric circulation variability and not by sea ice46.

Response to near-future sea-ice loss
Our results so far strongly suggest that reduced sea ice is not the 
predominant cause of cold mid-latitude winters on interannual 
timescales. This implies that ongoing sea-ice loss would not be 
expected to lead to winter cooling in the future, assuming that simi-
lar processes control the atmospheric response to interannual and 
multidecadal reductions in sea ice. To explicitly test this hypoth-
esis, we turned to coupled ocean–atmosphere experiments (from 
the HadGEM2 model) in which sea-ice loss was imposed in isola-
tion, without any change in external forcing such as GHGs. More 
specifically, the sea-ice extent was constrained to be approximately 
equal to that projected at 2 °C global warming above pre-industrial 
levels. We found that the same correlation between winter sea ice, 
atmospheric circulation and mid-latitude temperatures seen in the 
present-day climate is also present in our simulation with dimin-
ished sea ice (Supplementary Figs. 11 and 12). Despite this finding, 
and even though there is less sea ice in the CBS and BKS regions in 
the simulated future compared to now (Fig. 5a), we found no appre-
ciable differences in mid-latitude temperatures (Fig. 5b). The lack 
of cooling in response to future sea-ice loss is entirely consistent 
with our interpretation of the interannual variability: that variations 
in sea ice are not a major driver of mid-latitude temperature. The 
SLP response to future sea-ice loss is dominated by a shift towards 
the negative phase of the North Atlantic Oscillation, which may be 
expected to lead to cooling over Europe; however, this cooling is 
absent, probably because the thermodynamical warming response 
offsets the dynamical cooling response47.

Reconciling models and observations
Our results help reconcile modelling studies, which generally find 
no or weak mid-latitude cooling in response to sea-ice loss, and 
observational studies, which have inferred a larger cooling response 
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to sea-ice loss. We have shown that cold mid-latitude winters are 
coincident with reduced sea ice in observations and in two climate 
models, suggesting that models are capable of capturing the relevant 
processes. Thus, model biases do not seem to be the root cause of 
the apparent divergence between modelling and observational stud-
ies. Instead, we argue this discrepancy arises due to the (mis)inter-
pretation of causality. We cannot fully rule out that model biases 
may also contribute, but they do not seem necessary to explain the 
discrepancy between model- and observation-based studies.

We have presented evidence from three lines of enquiry—the 
direction of the THF, lead–lag regressions and model experi-
ments with future sea-ice loss imposed—that strongly suggests that 
reduced sea ice has a minimal, if any, influence on cold mid-latitude 
winters. We found some evidence that reduced sea ice may contrib-
ute to cold winters in East Asia, but the influence of sea ice seems 
very weak compared with internal variability and is insufficient to 
explain the observed correlation between reduced sea ice and cold 
winters. We conclude that covariability between Arctic and mid-
latitude temperatures manifests because of large-scale atmospheric 
circulation anomalies that are predominantly a cause of, and not a 
response to, variations in sea ice. We therefore surmise that cold 
winters and associated impacts over the mid-latitudes will prob-
ably not increase in frequency as a result of continued winter Arctic  
sea-ice loss.
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Methods
Models. We use two coupled ocean–atmosphere climate models: HadGEM2-
ES and EC-Earth V2.3. Both are the versions used in CMIP5. The atmospheric 
model for HadGEM2-ES is the Met Office Unified Model version 6.6.3 run at N96 
horizontal resolution (1.875° longitude × 1.25° latitude) and 38 vertical levels. The 
ocean model used is NEMO run at approximately 1° resolution (increasing to 1/3° 
at the Equator) and 40 vertical levels. The atmospheric model in EC-Earth V2.3 
is the Integrated Forecasting System cycle 31r1 run at 1.125° resolution with 62 
vertical layers, and the ocean model is NEMO with 1° resolution (increasing to  
1/3° at the Equator) and 42 vertical layers.

Model simulations. For each model, a present-day ensemble consisting of 400 
5-yr-long realizations were performed for a total of 2,000 yr (with only 1,600 full 
winters as the runs started on 1 January). The simulations were forced with the 
RCP8.5 emissions scenario for the years 2008–2012 for HadGEM2 and 2035–2039 
for EC-Earth. These time periods correspond to when the absolute global mean 
surface temperature (GMST) from the ensemble mean of the available CMIP5 
RCP8.5 simulations matched the observed absolute GMST for the period 2011–2015 
from HadCRUT4 observations. Initial conditions for the 400 realizations were 
generated by making 25 atmospheric perturbations branched off from 16 different 
climate states from the available RCP8.5 simulations. For HadGEM2 there were 
only 4 available RCP8.5 realizations, so 3 additional simulations were branched off 
each existing run at the year 1990 in the historical CMIP5 simulations and then 
forced with historical and RCP8.5 emissions scenarios until 2008, to generate the 
16 initial climate states.

The reduced sea-ice simulations using HadGEM2 were identical to the present-
day ensemble described above except two sea-ice albedo parameters were modified 
to reduce the sea ice to approximately match the sea-ice extent at a global warming 
of 2 °C above pre-industrial levels. We decreased the albedo of the cold deep snow 
on top of the sea ice from 0.80 to 0.05 and increased the albedo of snow-free sea ice 
from 0.61 to 0.66. The large decrease in albedo of cold deep snow on top of the sea 
ice results in more sunlight being absorbed by the sea ice, leading to year-round sea 
ice melt, but with larger sea-ice reductions in summer and autumn than in winter. 
The small increase in snow-free albedo acts to increase summer and autumn sea 
ice while having little impact on winter sea ice, resulting in a more realistic seasonal 
cycle of sea-ice loss. The response shown in Fig. 5 was calculated by subtracting 
the mean over all 1,600 full winters from the reduced sea ice simulations from the 
mean of the 1,600 full winters from the present-day simulations.

Regression analysis. We linearly regressed the winter (December–February) 
average SAT and SLP fields onto standardized SIA indices for ERA-Interim and 
for each model. All 1,600 full winters were used for each model, and 38 years 
(1979/1980–2016/2017) were used for ERA-Interim. Sea-ice indices were created 
by calculating the SIA (area of grid cells weighted by sea-ice concentration) over 
the CBS region and BKS region and averaging over the winter season. The SIA time 
series were then divided by the standard deviation and the sign was reversed, so 
that regression maps represent the field associated with a 1 s.d. reduction in SIA. 
The standard deviations of the SIA are 150,000, 140,000 and 130,000 km2 for ERA-
Interim, HadGEM2 and EC-Earth, respectively, for the CBS region, and 150,000, 

150,000 and 140,000 km2 for the BKS region. All ERA-Interim data were linearly 
detrended after seasonal averaging was performed. For the regressions performed 
on the two regimes in Fig. 2d–i and Fig. 4d–i, the SIA index was not restandardized 
after classifying, to ensure that the fields represent the associations with the same 
sea-ice anomaly regardless of whether the ice is driving the atmosphere or the 
atmosphere is driving the ice.

The CBS region that we used is shifted further south than the region used 
in ref. 7 to capture the region with the largest sea-ice variability. Our analysis 
and conclusions are not sensitive to small changes in the regional definitions or 
to passive microwave data from the National Snow and Ice Data Center48 being 
used to calculate sea-ice indices instead of ERA-Interim (the correlation between 
ERA-Interim and National Snow and Ice Data Center sea-ice indices is 0.98 for 
both regions). We also come to the same conclusions if Arctic SAT is used instead 
of SIA as there is a strong correlation between the two variables in winter means 
(r = −0.89 for both regions in ERA-Interim). Our results are also not sensitive to 
small changes (±0.5 s.d.) in the THF threshold used to classify each year as ice 
driving atmosphere or atmosphere driving ice.

Lead–lag regressions were performed using monthly averaged sea-ice indices 
for December, January and February and monthly mean SLP and SAT data from 
November through March. A lag of −1 month corresponds to the regressions 
between November SLP/SAT and December sea ice, between December SLP/SAT  
and January sea ice and between January SLP/SAT and February sea ice.  
A lag of +1 month corresponds to the regressions between January SLP/SAT and 
December sea ice, between February SLP/SAT and January sea ice and between 
March SLP/SAT and February sea ice. The regressions were performed after 
removing the climatological mean for each month and combining (not averaging) 
the monthly averaged data. Similar results are found when performing the lead–lag 
regressions on individual months in winter (Supplementary Figs. 5 and 6). To 
consider potential relationships with longer lead–lag times, we also performed 
lead–lag regressions between sea ice from September through May and winter 
atmospheric circulation and mid-latitude temperatures (Supplementary Fig. 8 and 
Supplementary Note 3).

Data availability
The model output is available on reasonable request from the corresponding 
author. ERA-Interim reanalysis data were obtained from the ECMWF data server 
(https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim).

Code availability
The code used to create the figures is available on request from the  
corresponding author.
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