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Abstract Global warming is accelerating the decline of Arctic sea ice, with wide-ranging impacts on the
Earth's climate system. Using ERAS data from 1980 to 2023, we investigated the relationship between winter
extratropical storm tracks, atmospheric circulation patterns, and sea ice area (SIA) in three key Arctic regions.
We classified the winters into two categories: atmosphere-driven winters (ADWs), when atmospheric
circulation influences sea ice, and ice-driven winters (IDWs), when sea ice influences atmospheric circulation.
This classification was based on the sign of SIA and surface turbulent heat flux anomalies in the Barents-Kara
Sea (BKS), Baffin Bay, Davis Strait, and Labrador Sea (BDL), and Chukchi-Bering Seas (CBS). Our findings
show that in IDWs, reduced SIA has a minor effect on extratropical storm tracks. However, we observed
significant midtropospheric cooling over northeastern Asia, aligning with the effects of reduced ice in the BKS
during IDWs. This emphasizes the importance of considering the entire tropospheric temperature profile to
capture the impact of sea ice loss. In contrast, during ADWs, the BKS and CBS regions experience amplified
surface warming and SIA loss due to storm-induced intrusion of warm and moist air, with sea ice loss in the BKS
contributing to strengthening Ural blocking. Although cyclone-induced heat and moisture intrusion is prevalent,
we found no significant trend in track density or mean intensity of positive V extrema in the North Atlantic
sector of the Arctic, suggesting that changes in atmospheric circulation are unlikely to be the driver of recent sea
ice loss in the BKS.

Plain Language Summary Global warming is causing Arctic sea ice to shrink, which affects the
Earth's climate in many ways. Using ERAS data from 1980 to 2023, we studied how changes in storm patterns,
atmospheric conditions, and sea ice are connected in three Arctic regions. We classified winters into two
categories: atmosphere-driven winters (ADWs), in which atmospheric conditions affect sea ice, and ice-driven
winters (IDWs), in which sea ice influences atmospheric conditions. We found that during IDWs, sea ice loss
has only a small effect on storm patterns, but it leads to cooling in the midatmosphere over northeastern Asia.
This highlights the need to look at temperature changes throughout the entire atmosphere, not just at the surface.
In ADWs, storm-driven warm, moist air leads to more surface warming and sea ice loss, particularly in the
Barents-Kara Sea, where the sea ice loss also contributes to stronger Ural blocking. Although storms in these
regions bring heat and moisture, we did not find a clear trend in the number or intensity of storms, suggesting
that changes in atmospheric circulation are not the main cause of recent sea ice loss. This research helps to better
understand how Arctic sea ice loss and atmospheric changes are linked.

1. Introduction

The Arctic has been warming at a much faster rate than other regions (Alizadeh & Lin, 2021; Rantanen
et al., 2022), and this has been accompanied by substantial sea ice loss (Simmonds & Li, 2021; Stroeve &
Notz, 2018). The rapid Arctic warming has led to a reduced meridional temperature gradient between the Arctic
and midlatitudes, contributing to weaker and more meandering jet streams (Alizadeh et al., 2024; Francis &
Vavrus, 2015; Luo et al., 2024), less frequent storms (Hay et al., 2023), and slower propagation of Rossby waves
(Francis & Vavrus, 2012).

Among the various processes driving this amplified Arctic warming, the positive surface albedo feedback stands
out as a principal driver (Hall, 2004; Serreze et al., 2009). As sea ice melts, it exposes darker ocean surfaces that
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absorb more solar radiation, further amplifying the warming process. Other important factors include smaller
blackbody emissions per unit of warming in the Arctic than lower latitudes, due to its colder temperatures (Jenkins
& Dai, 2021). The Arctic also experiences a stronger positive lapse rate feedback due to a larger warming of the
surface and lower troposphere than in the middle and upper troposphere (Pithan & Mauritsen, 2014). Further-
more, positive longwave cloud radiative feedback is another key factor driving the rapid Arctic warming (Gong
et al., 2017; Lee et al., 2017). Enhanced heat (Asbjgrnsen et al., 2020; Cai, 2006; Graversen & Burtu, 2016) and
moisture (Woods & Caballero, 2016) transport, along with changes in oceanic heat content (Arthun et al., 2019;
Ivanov et al., 2016) have also played a role in rapid Arctic warming.

Moisture and atmospheric heat transport into the Arctic mainly occur through the intrusion of warm, moist air
linked to extratropical cyclones (Dufour et al., 2016; Fearon et al., 2021; Sorteberg & Walsh, 2008) and Rossby
wave breaking (Liu & Barnes, 2015). Extratropical cyclones primarily enter the Arctic through three major
pathways of the North Pacific, the Labrador Sea, and especially the North Atlantic (Dufour et al., 2016; Woods
et al., 2013). In winter, the absence of shortwave radiation in the Arctic, coupled with enhanced extratropical
cyclone activity, promotes the importance of these cyclones and their associated storm tracks in influencing the
Arctic sea ice extent.

Thinner sea ice is more susceptible to melting and to the effects of stronger winds and waves associated with
cyclones (Zhang et al., 2013). As such, the thinning of sea ice in response to rapid Arctic warming in recent
decades is expected to amplify the impact of cyclones on Arctic sea ice (Simmonds et al., 2008; Simmonds &
Keay, 2009). Several studies have indicated that cyclonic activity in the high latitudes of the Northern Hemisphere
(NH) has changed in recent decades, with a notable decrease in winter and an increase in summer (e.g., Day
et al., 2018; Rinke et al., 2017; Zahn et al., 2018) due to alterations in the meridional temperature gradient (Day
et al., 2018).

The retreat of the Arctic sea ice enhances the transfer of energy and moisture from the ocean to the atmosphere
through upward surface turbulent heat flux (STHF), which plays a crucial role in shaping regional climate patterns
and atmospheric circulation (Ahmadi & Alizadeh, 2023; Deser et al., 2010). For example, the anomalous STHF
over the Barents-Kara Sea (BKS) in late autumn triggers a stationary Rossby wave train that strengthens the
Siberian High in winter, thereby intensifying northerly cold air advection over Eastern Eurasia in early winter
(Honda et al., 2009). Additionally, the anomalous STHF over the BKS significantly influences near-surface
meridional temperature gradients and zonal winds (Outten & Esau, 2012; Petoukhov & Semenov, 2010),
which in turn affect cyclone pathways and the formation of cold anticyclonic flow anomalies north of the Eurasian
continent (Inoue et al., 2012). In some winters, however, the anomalous STHF from the ocean to the atmosphere,
linked to reduced sea ice in some Arctic regions, is accompanied by anomalous STHF from the atmosphere to the
ocean on the equatorward side of the ice edge. This bipolar surface turbulent flux pattern is caused by the
poleward advection of warm air into the sea ice-covered region. Such a warm air intrusion into the sea ice-covered
area reflects the internal variability of the winter atmospheric circulation (Deser et al., 2000).

Blackport et al. (2019) employed an approach based on the signs of sea ice area (SIA) and STHF anomalies over the
BKS and Chukchi-Bering Seas (CBS) to examine the impact of sea ice loss in these regions on NH surface tem-
perature and sea level pressure. They defined “ice-driven winters” (IDWs)) as those in which the anomalies of SIA
and STHF have opposite signs, and “atmosphere-driven winters” (ADWs) as those in which the anomalies have the
same sign. In IDWs, positive SIA anomalies induce negative STHF anomalies (with STHF from the atmosphere to
the ocean being positive), and vice versa (i.e., negative SIA anomalies lead to positive STHF anomalies). In
contrast, during ADWs, moist southerly airflow decreases SIA and creates a downward STHF anomaly, while an
increase in SIA is associated with an upward STHF anomaly. Blackport et al. (2019) focused on surface conditions,
using sea level pressure and surface air temperature, and observed that reduced Arctic sea ice had minimal influence
on coincident cold winters in midlatitudes. While their analysis based on surface-level fields provides valuable
insights, a broader perspective extending into the troposphere may reveal additional findings.

There is ongoing debate about the relationship between winter cooling over continents and Arctic sea ice
reduction. Some studies suggest that decreased sea ice can lead to colder winters in Eurasia (e.g., Mori et al., 2014,
2019; Tang et al., 2013; Xu et al., 2023), while others find no such connection (e.g., Blackport et al., 2019; Dai &
Song, 2020). Zhuo et al. (2023) highlight that the nature of these connections may vary depending on the specific
region of the Arctic considered. Some studies indicate that stratosphere-troposphere coupling in model simula-
tions is crucial for the stronger response of atmospheric circulation to sea ice reduction (e.g., Xu et al., 2023;
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Zhang et al., 2018). Furthermore, accurately capturing the physical processes associated with sea ice-induced
turbulent heat flux (THF) anomalies in models is essential (Yu et al., 2024). Thus, dismissing the influence of
sea ice reduction on cold continental winters based on model experiments may be questionable. Many studies
reporting minimal impacts of sea ice decline on Eurasian winters focus primarily on near-surface temperatures. In
contrast, more recent studies have extended their analysis beyond the surface (e.g., He et al., 2020; Xie
et al., 2020; Xu et al., 2023). For example, Xie et al. (2020) showed that Arctic warming influences Eurasian
cooling at both the surface and midtroposphere by examining potential vorticity dynamics. He et al. (2020) found
that Eurasian winter cooling is more pronounced during periods of deep warming than shallow warming in areas
with reduced sea ice. However, they also demonstrated that this deep warming is driven by moisture and energy
transport from the North Atlantic into the Arctic, rather than by sea ice decline. Xu et al. (2023) showed that when
stratosphere-troposphere coupling is considered in model simulations, sea ice reduction can lead to deeper
warming. Therefore, while studies like Blackport et al. (2019) focus on surface conditions, adopting a broader
perspective that includes the entire troposphere may reveal new insights.

This study investigates the causal interactions between extratropical storm tracks, atmospheric circulation pat-
terns, and regional Arctic SIA in winter using data from the European Centre for Medium-Range Weather
Forecasts (ECMWF) 5th generation reanalysis (ERAS). Our study addresses the following key questions: (a)
What is the relationship between reduced regional sea ice in the Arctic, extratropical cyclones, and atmospheric
circulation on an interannual timescale during winter? (b) What is the primary cause of cold midlatitude winters:
atmospheric circulation or Arctic sea ice reduction? (c) Has Arctic sea ice loss in recent decades been influenced
by an increase in storm-induced heat and moisture intrusion into the Arctic?

To answer these questions, we adopted the same approach as Blackport et al. (2019), analyzing geopotential
height at 850 hPa and 1,000 and 500 hPa geopotential thickness. Moreover, to explore the relationship between
storm tracks and sea ice, we extended our analysis to include track density and mean intensity, computed by
tracking positive V850 wind, which serves as a proxy for the northward transport of warm and moist air on the
eastern side of cyclones.

2. Data Description and Methodology

We used ERAS data (Hersbach et al., 2020) for winter (December-January-February, DJF) spanning the period
from 1979/1980 to 2022/2023, referred to hereafter as 1980-2023. The analysis utilized 3-hourly data with a
horizontal resolution of T128 (triangular truncation at 128 on a Gaussian grid) and monthly products with a
0.5° X 0.5° resolution for the cyclone tracking and regression analysis, respectively. To diagnose storm tracks in
the NH, we applied a Lagrangian feature tracking approach of Hodges (1994, 1995, 1999). This method has been
extensively applied to detect storm tracks using both reanalysis data (e.g., Hoskins & Hodges, 2002, 2005, 2019a,
2019b) and model simulations (e.g., Bengtsson et al., 2006, 2009; Catto et al., 2011; Zappa et al., 2013).

Of the fields used by Hoskins and Hodges (2002), we selected the positive meridional wind component (V) at
850 hPa to diagnose storm tracks. This variable is proportional to the zonal derivative of geopotential (or pressure).
While tracking V extrema may not accurately detect small synoptic systems compared to relative vorticity, it
outperforms in this regard compared to tracking mean sea level pressure (Hoskins & Hodges, 2019a). Furthermore,
this method can capture an essential aspect of baroclinic cyclone growth (Hoskins and Hodges, 2019a, 2019b).
Positive V extrema indicate poleward advection of warm air in the east of a cyclone center, while negative extrema
represent equatorward advection of cold air in the west. In line with this, Clancy et al. (2022) demonstrated that sea
ice decreases east of a cyclone and increases to the west. Thus, tracking positive V extrema, particularly in the sub-
Arctic and Arctic regions, reveals the storm-induced intrusion of warm air into these regions, making it a valuable
tool for investigating the impact of extratropical cyclones on Arctic sea ice melting.

To detect the storm tracks, we spectrally smoothed V on a T42 Gaussian grid by removing spectral components with
total wave numbers larger than 42 (to filter out small-scale noise) and smaller than 6 (to eliminate the large-scale
background field), ensuring that only synoptic-scale features are considered. Storm features were identified as
relative maxima in the filtered field on a polar stereographic projection, with the meridional wind component
exceeding 1 ms™! (i.e., positive V extrema). Once the extrema were detected, we traced their path directly on the
unit sphere, following methods similar to those in previous studies (e.g., Hoskins & Hodges, 2019a, 2019b). The
tracks were then filtered to retain only mobile features that lasted at least 2 days (16 time steps) and traveled more
than 1,000 km. These filters are consistent with the propagating nature of extratropical cyclones and help exclude
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unrealistic short-lived or stationary features (Zappa et al., 2013), allowing to focus on the mobile systems with the
greatest climate impact (Bengtsson et al., 2006). Finally, we computed storm track density and mean intensity from
the ensemble of filtered tracks for each monthly period using the spherical kernel method (Hodges, 1996). Track
density is determined as the number of features per unit area per month, with the unit area corresponding to a 5°
spherical cap (approximately 10° km?), and mean intensity is given in m s~ for the meridional wind component.

We adopted the same methodology as Blackport et al. (2019). Our focus was on the BKS, the Baffin Bay, Davis
Strait, and Labrador Sea (BDL), and CBS in the Arctic, as these areas exhibit significant sea ice variability during
winter. Initially, we calculated the SIA for the regions of interest for each winter season, and then detrended the
resulting time series for the period from 1980 to 2023. We standardized the time series of SIA, such that
regression maps represent the field associated with one standard deviation in the SIA. Prior to conducting the
regression analysis, we reversed the sign of the SIA, so that the regression would reflect a one standard deviation
reduction in SIA. Subsequently, we classified each winter into either IDWs, where SIA and STHF anomalies
exhibit opposite signs, or ADWs, where they show the same sign. The number of IDWs and ADWs varied across
regions (see Figure S1 in Supporting Information S1). In the BKS region, 30 winters were classified as IDWs
(with an SIA standard deviation of 1.07), while 14 were classified as ADWs (with an SIA standard deviation of
0.75). In the CBS region, 18 winters were IDWs (SIC standard deviation: 0.85), and 27 were ADWs (SIA standard
deviation: 1.10). In the BDL region, 21 winters were IDWs (SIA standard deviation: 1.03), and 23 were ADWs
(SIA standard deviation: 0.96).

We applied linear detrending to the seasonal averages of the track density, mean intensity of cyclones, geo-
potential height, both components of wind at 850 hPa, and geopotential thickness between 1,000 and 500 hPa.
These seasonal fields were then linearly regressed onto the standardized SIA indices, with the sign reversed as
described earlier. After classifying the seasonal fields into the two regimes, IDWs and ADWs, linear regression
was performed for each regime separately.

To assess the robustness of our findings, we also performed 1-month lead-lag linear regression analyses with the
standardized SIA indices, offering an independent approach to examine causality. The 1-month lead and lag in our
analysis correspond to SIA indices calculated from the 3-month averages of November-December-January (NDJ)
and January-February-March (JFEM), respectively. We tested the statistical significance of the regressions using a
two-tailed Student's ¢ test and a Monte Carlo test with 1,000 permutations, which yielded similar results. To
control for false positives in Figures 2 and 5, and S2 in Supporting Information S1, we applied the false discovery
rate (FDR) (Wilks, 2016).

3. Results
3.1. The Barents-Kara Sea

Regression analysis reveals that the geopotential height pattern associated with reduced sea ice in all winters in the
BKS (30-150°E, 70-85°N) exhibits an anticyclonic anomaly over the BKS and northern Russia (Figure 1a),
indicating the strengthening and persistence of Ural blocking. This anomalous blocking, characterized by strong
anticyclonic winds, facilitates the advection of cold air from the Arctic into northeastern Asia and the advection of
warm air from lower latitudes into the BKS. Furthermore, geopotential thickness in northeastern Asia is
significantly reduced (Figure la), suggesting a cooling of this region from the midtroposphere to the upper
troposphere.

The reduced sea ice in the BKS during IDWs (68% of all winters) is associated with an anticyclonic geopotential
height anomaly over the BKS, extending toward the Norwegian and Greenland Seas (Figure 1b). This anomaly,
along with its associated anticyclonic winds, leads to the advection of cold air into northeastern Asia. In contrast,
reduced sea ice in ADWs (32% of all winters) is linked to a strong anticyclonic geopotential height anomaly over
northern Russia, which drives the transport of cold air from the Arctic to northeastern Asia (Figure 1c). Addi-
tionally, a pronounced positive North Atlantic Oscillation (NAO) pattern develops (Figure 1c), facilitating the
advection of warm and moist air from the North Atlantic into the BKS through the Greenland and Norwegian Seas
(Luo et al., 2017; Sato et al., 2014; Simmonds & Govekar, 2014; Woods et al., 2013).

Based on model analysis, Sato et al. (2014) concluded that the warming of the Gulf Stream can generate a
planetary wave train structure across the North Atlantic and Eurasia. This wave train is characterized by stronger
anticyclonic anomaly in the North Atlantic, a cyclonic anomaly over the North Atlantic sector of the Arctic, and a
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(a) All winters (b) Ice driven winters (c) Atmosphere driven winters

Regression coefficient (m)

1 1
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Regression coefficient (m s~1)

1 1
-0.6 -0.4 -0.2 0.2 0.4 0.6 0.8 1.0

Figure 1. Geopotential height at 850 hPa (contours, 2-m intervals) and geopotential thickness between 1,000 and 500 hPa (shading, 2-m intervals) regressed on
standardized reduced sea ice area (SIA) in the Barents-Kara Sea (BKS) (30-150°E, 70-85°N, shown by the green polygon) for (a) all winters, (b) ice-driven winters
(IDWs), and (c) atmosphere-driven winters (ADWs). Cyclone track density (contours, 0.3 number density per unit area per month) and mean intensity (shading, 0.1-
ms~! intervals) regressed on standardized reduced SIA for (d) all winters, (e) IDWs, and (f) ADWs. SIA is reversed to represent a 1 standard deviation reduction. Solid/
dashed contours indicate positive/negative values (zero contour not shown). In panels (a—c), gold/black hatching denotes significance at the 95% confidence level for
geopotential height/thickness. Percentages of IDWs and ADWs are shown in the top left of panels (b) and (c). In panels (d—f), track density is shown where regression is
significant at the 95% confidence level, and mean intensity is shown at the 90% confidence level (95% confidence level is indicated by hatching). Regression coefficients
for IDWs/ADWs are multiplied by their respective ratios.

stronger anticyclonic anomaly in the BKS and northern Eurasia. Their findings suggest that the local response to
reduced sea ice in the BKS cannot directly trigger such a wave train structure, but could amplify the remote
response of the Gulf Stream. Therefore, Ural blocking is influenced not only by the direct impact of reduced sea
ice in the BKS but also by the warming of the midlatitude North Atlantic.

Our results indicate that due to the absence of a positive NAO-like pattern in IDWs, there is no advection of warm
and moist air from the North Atlantic into the Arctic. Furthermore, the wave train structure across the Eurasian
continent, originating from the North Atlantic, is not present. This suggests that the reduced ice in the BKS in
IDWs can only advect cold air into northeastern Asia by locally promoting Ural blocking. The absence of a
positive NAO pattern in IDWs in our study (Figure 1b) is consistent with the results of Sato et al. (2014), who
demonstrated that the warming of the BKS cannot directly induce a positive NAO pattern. However, the warm
Arctic and cold Asia pattern observed in IDWs (Figure 1b) can be attributed to the reduction of westerly winds in
the middle and high latitudes of Asia (Figure 1b), which favors the persistence of Ural blocking (Luo et al., 2016).

Based on the approach of Blackport et al. (2019), the regression coefficients between the BKS ice and surface air
temperature in Asia are significantly larger in ADWs than IDWs. They concluded that the reduction in BKS ice is
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Figure 2. Latitude-height cross-sections of geopotential height (contours, 1.5-m intervals) and temperature (shading, 0.05-K intervals) in Asia (70-130°E, 25-90°N)
regressed on standardized reduced sea ice area (SIA) in the Barents-Kara Sea (BKS) for (a) all winters, (b) ice-driven winters (IDWs), and (c) atmosphere-driven winters
(ADWs), and (d) linear trends of geopotential height (contours, 1.5 m per decade) and temperature (shading, 0.05 K per decade) in Asia. Green dotted lines and hatching
indicate temperature significance at the 95% level and areas with at least 20% of grid points significant after false discovery rate correction (xgpr = 0.1), respectively.
The sign of SIA is reversed to represent a 1 standard deviation reduction. Solid/dashed contours indicate positive/negative values (zero contour not shown). Regression
coefficients for IDWs/ADWs are multiplied by their respective ratios.

not the primary cause of the recent cooling trend in northeastern Asia. However, the analysis of geopotential
thickness between 1,000 and 500 hPa reveals that the cooling of northeastern Asia associated with the reduced
SIA in the BKS is more pronounced during IDWs and is primarily statistically significant from the midtropo-
sphere to the upper troposphere rather than at the surface (Figures 1b and 1c).

Considering the classification of winters into atmosphere-driven and ice-driven regimes, based on the sign of SIA
and STHF anomalies, we observe that on subseasonal timescales in an IDW, the reduction in sea ice in the BKS
can lead to an anticyclonic geopotential height anomaly over the BKS and cooling in the midtroposphere in
northeastern Asia. However, this anticyclonic anomaly can further accelerate sea ice loss through a downward
THEF. To assess the potential impact of such feedback loops on our findings, we conducted 1-month lead-lag
regressions. One month after the reduction in sea ice (Figure S2b in Supporting Information S1), the geo-
potential height and geopotential thickness patterns resemble those observed during IDWs (Figure 1b). In
contrast, 1 month ahead of reduced sea ice (Figure S2c in Supporting Information S1), the geopotential height and
geopotential thickness patterns resemble those seen during ADWs (Figure 1c). The consistency between our lead-
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lag analysis and the physical classification based on the sign of STHF and SIA anomalies strengthens the
robustness of our findings. Therefore, the physical classification of winters, particularly in the BKS, can reliably
identify whether sea ice is primarily driving the atmospheric circulation or whether the atmosphere is driving sea
ice during winter.

The most pronounced warming associated with reduced sea ice in the BKS in all winters occurs at high latitudes
(>70°N) near the surface (Figure 2a), while the maximum cooling of northeastern Asia is observed in the
midtroposphere (around 500 hPa) at approximately 40-60°N. In IDWs, reduced sea ice is associated with much
less surface warming than that observed above 70°N in all winters (Figures 2a and 2b). Another distinction is that
cooling in IDWs occurs between 45 and 65°N, with statistical significance from the midtroposphere to the upper
troposphere. In contrast, in ADWs (Figure 2c), significant warming is observed north of 60°N, extending from
near the surface to the upper troposphere, along with notable cooling of Asia from the near-surface to the
midtroposphere at around 35-50°N. Blackport et al. (2019) found stronger Asian cooling during ADWs than
IDWs based on the analysis of sea level pressure and surface air temperature. However, our results show that the
signal of the reduced BKS ice during IDWs is more prominent from the midtroposphere to the upper troposphere.
The analysis of temperature trends also indicates that cooling in midlatitude Asia is much stronger in the mid-
troposphere than at the surface (Figure 2d).

Both 1 month after (Figure S3b in Supporting Information S1) and 1 month prior to (Figure S3c in Supporting
Information S1) the observed reduction in the BKS ice, the patterns of geopotential height and temperature
resemble those observed during ice-driven (Figure 2b) and atmosphere-driven (Figure 2c) winters, respectively.
The key difference lies in the spatial distribution of points with statistically significant regressions of temperature
onto the standardized reduced SIA in the BKS. One month after the sea ice reduction (Figure S3b in Supporting
Information S1), statistically significant regression points for temperature are found both at the surface and in the
midtroposphere around 55°N. However, one month before the sea ice reduction (Figure S3c in Supporting In-
formation S1), statistically significant regression points are primarily confined to the midtroposphere around
45°N. Notably, one month after the sea ice reduction in the BKS, the maximum Asian cooling during IDWs
occurs at the same latitude (55°N) where the maximum Asian cooling trend is observed (Figure 2d). This suggests
a potential influence of the BKS ice loss in recent decades on Asian winter cooling.

We now turn to examine the cyclone behavior in the two types of winter and their implications for atmospheric
transport. In all winters with reduced sea ice in the BKS, there is an increase in track density over the Greenland
and Norwegian Seas, which serves as the primary pathway for poleward transport of energy and moisture
(Figure 1d). In contrast, track density decreases over Eurasia, spanning from Europe to the Ural-Siberia region
and extending into the Laptev Sea. This decrease is linked to wind anomalies that hinder the propagation of storms
toward these areas. Additionally, the mean intensity of positive V extrema is enhanced over the Barents,
Greenland, and Norwegian Seas, but reduced over the eastern Ural-Siberia region and south of the Laptev Sea.

In IDWs associated with reduced sea ice, there is no increase in track density poleward of the North Atlantic storm
track (Figure 1e). Instead, a more localized increase in track density is observed in the Barents Sea, consistent with
the warming induced by sea ice reduction, while track density decreases over the Scandinavian Peninsula, the
Ural Mountains, and the Laptev Sea. This decrease is due to the prevention of warm air intrusion into the south
and east of the ice-driven Ural blocking. In contrast, in ADWs associated with reduced sea ice, there is a sub-
stantial increase in track density poleward of the North Atlantic storm track, extending from the south of
Greenland into the BKS (Figure 1f). This is linked to a strong positive NAO pattern, which facilitates the intrusion
of warm and moist air into the BKS, further promoting sea ice loss. Conversely, track density decreases from the
southern Europe to the north of the Ural-Siberia region, driven by westerly wind anomalies associated with a
strong anticyclonic circulation over northern Russia and southerly winds over Europe due to a robust anticyclonic
circulation over the North Atlantic (Figure 1f). The decrease in track density from southern Europe to the northern
Ural-Siberia region restricts the intrusion of warm air, contributing to colder winters. Both 1 month after (Figure
S2e in Supporting Information S1) and 1 month before (Figure S2f in Supporting Information S1) the observed
reduction in the BKS ice, the patterns of track density and mean intensity of storms resemble those observed
during ice-driven (Figure le) and atmosphere-driven (Figure 1f) winters, respectively. This consistency supports
the physical classification approach, indicating that our findings remain robust despite potential consequences of
feedback loops.
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Figure 3. Same as Figure 1, but regressed on standardized reduced sea ice area (SIA) in the Baffin Bay, Davis Strait, and Labrador Sea (BDL) (45-70°W, 50-75°N,
shown by the green polygon).

In ADWs (Figure 1f), reduced sea ice is linked to a pronounced intrusion of warm and moist air from the North
Atlantic into the Arctic, facilitated by extratropical cyclones traveling through the Atlantic sector. This leads to
sea ice loss, which amplifies warming over the BKS. This underscores the critical role of extratropical cyclones in
sea ice loss in the BKS via the Atlantic sector. The storm-induced warming in the BKS strengthens Ural blocking
and promotes the wave train structure in ADWs (Figure 1¢). In contrast, in IDWSs (Figure 1e), the influence of the
BKS ice loss on storm tracks does not extend toward the North Atlantic and Eurasia. Instead, it favors the
transport of cold air from the Arctic into northeastern Asia due to intensified Ural blocking.

3.2. Baffin Bay, Davis Strait, and Labrador Sea

In all winters associated with reduced sea ice in the BDL region (45-70°W, 50-75°N), a strong dipole structure of
geopotential height anomalies is observed, resembling the negative phase of the NAO (Figure 3a). This pattern
features an anticyclonic anomaly centered over Greenland and a cyclonic anomaly centered over the eastern North
Atlantic (Figure 3a). The anticyclonic anomaly advects cold Arctic air into northern Europe, while bringing warm
and moist oceanic air into both the BDL region and the high latitudes of North America. Additionally, the an-
ticyclonic anomaly transports moist and warm air into North Africa and West Asia, while cold air is advected
toward the east coast of North America and the western North Atlantic. A weak cyclonic anomaly is also observed
over the central to eastern North Pacific.

In IDWs (Figure 3b; 48% of all winters), the atmospheric circulation associated with reduced sea ice in the BDL
exhibits a weakly negative NAO pattern, with localized warming and nonlocal cooling in the western North
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Atlantic. However, the cooling in IDWs is weaker (Figure 3b) than that observed in all winters (Figure 3a). In
contrast, in ADWs (52% of all winters), the atmospheric circulation linked to reduced sea ice in the BDL shows a
strong negative NAO pattern (Figure 3c), similar to that observed in all winters (Figure 3a), along with a pro-
nounced cyclonic anomaly over the eastern North Pacific. Notably, this wave train structure is absent in IDWs.
Additionally, we found smaller regression coefficients in IDWs than ADWs in the BDL, suggesting that BDL sea
ice loss has a weaker influence on atmospheric circulation in IDWs.

Associated with reduced sea ice in all winters, storm track activity decreases in regions with easterly wind
anomalies, particularly over the Scandinavian Peninsula and the Norwegian and Barents Seas (Figure 3d). South
of the cyclonic circulation over the North Atlantic, storm track activity increases due to westerly wind anomalies.
An increase in storm track activity is also observed over the western part of the anticyclone centered over
Greenland. The regions to the west and the east of an anticyclonic anomaly are generally characterized by positive
and negative storm track activity anomalies, respectively. A strong increase in storm activity over the western part
of the anticyclone centered over Greenland contributes to sea ice loss in these regions, leading to pronounced
warming. Conversely, a strong decrease in storm activity to the east of the anticyclone favors the growth of sea ice
and results in more cooling. The pattern of storm activity associated with reduced sea ice in ADWs (Figure 3e) is
similar to that of all winters (Figure 3d), suggesting that sea ice loss in the BDL does not significantly alter storm
tracks in the NH.

3.3. The Chukchi-Bering Seas

The geopotential height pattern associated with reduced sea ice in all winters in the CBS (165°E and 155°W, 55
and 70°N) (Figure 4a) displays a dipole structure, with anticyclonic over the eastern CBS and cyclonic anomalies
over the western CBS. This pattern facilitates the advection of warm and moist air from the North Pacific into the
CBS, contributing to sea ice reduction. Additionally, the region experiences strong warming over the CBS,
weaker yet statistically significant warming over the eastern North Pacific, and pronounced cooling over North
America.

In IDWs (Figure 4b; 39% of all winters), the atmospheric circulation associated with reduced sea ice does not lead
to warming over the CBS, northern North America, and Asia, except for a cyclonic circulation centered south of
the Bering Sea, which is linked to the deepening of the Aleutian low. This response to reduced sea ice is consistent
with previous modeling studies (e.g., McCusker et al., 2017). In contrast, in ADWs (Figure 4c; 61% of all
winters), the circulation patterns associated with reduced sea ice mirror those observed in all winters (Figure 4a).
These findings align with Blackport et al. (2019), who suggested based on surface temperature analysis that
reduced sea ice in the CBS has only a weak impact on cold winters over North America, while anomalous large-
scale atmospheric circulation in ADWs drives both the reduction of CBS ice and the occurrence of cold winters in
North America.

In all winters, reduced sea ice is associated with the penetration of cyclones from the North Pacific into the CBS,
resulting in an increase in track density and the mean intensity of storms from the northwestern North Pacific into
the CBS (Figure 4d), bringing more energy and moisture into the CBS. Additionally, track density decreases from
the southwestern North Pacific to the west coast of North America. This distribution of track density and mean
intensity over the North Pacific is observed only in ADWs (Figures 4e and 4f). The pattern in all winters
(Figure 4d) closely resembles that in ADWs (Figure 4f), suggesting that reduced sea ice is more strongly linked to
storm tracks in ADWs than in IDWs. The penetration of storms into the CBS during ADWs amplifies warming
and contributes to sea ice reduction in the region.

3.4. The Recent Trend in Atmospheric Circulation and Extratropical Storm Tracks

The track density and mean intensity of positive V extrema have not changed significantly in the Atlantic sector of
the Arctic in recent decades (Figure 5a), suggesting that the storm-induced intrusion of warm and moist air has
remained consistent. Additionally, there has been a decrease in track density from northeastern Europe to northern
Siberia and the Laptev Sea (Figure 5a), a pattern similar to that observed during IDWs with reduced sea ice in the
BKS (Figure le). The atmospheric circulation trend (Figure 5b) shows a strengthening of the anticyclonic cir-
culation in the BKS and northern Russia, along with the development of cyclonic circulation over the Norwegian
and North Seas. Furthermore, there is no robust evidence for a strengthening of the anticyclonic circulation over
the eastern North Atlantic or the wave train structure during ADWs in recent decades (Figure 1c).
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Figure 4. Same as Figure 1, but regressed on standardized reduced sea ice area (SIA) in the Chukchi-Bering Seas (CBS) (165°E and 155°W, 55-70°N, shown by the

green polygon).

The track density and mean intensity of positive V extrema have increased from the northern North Pacific to the
CBS (Figure 5a). While a similar pattern is observed only during ADWs with reduced sea ice in the CBS
(Figure 4e), the atmospheric circulation trend (Figure 5b) does not resemble that seen in ADWs associated with
reduced sea ice in the CBS (Figure 4c).

4. Discussion and Conclusions

We investigated the response of atmospheric circulation and storm tracks to Arctic sea ice loss in three key
subregions during winter, as well as the reciprocal influence of atmospheric circulation and storm tracks on Arctic
sea ice. Building on the causality approach of Blackport et al. (2019), we considered two distinct conditions: (a)
the Arctic sea ice driving the atmosphere (ice-driven winters—IDWs) and (b) the atmosphere driving the Arctic
sea ice (atmosphere-driven winters—ADWSs). In contrast to Blackport et al. (2019), who focused on sea level
pressure and surface air temperature (which provide only insights into surface conditions), we analyzed geo-
potential height at 850 hPa. This allowed for a better understanding of circulation above the boundary layer. We
also examined geopotential thickness between 1,000 and 500 hPa, which is a key component of the lower tro-
posphere's thermal profile.

Notably, while Blackport et al. (2019) studied both the CBS and the BKS regions, we found similar results only
for the CBS region. Our findings, therefore, do not support the notion of a minimal influence of Arctic sea ice loss
on Asian winter cooling. Furthermore, we extended the study of Blackport et al. (2019) by analyzing track density
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Figure 5. Linear trends of (a) track density (contours, 0.3 number density per unit area per month, where unit area is a 5°
spherical cap) and mean intensity (shading, 0.1 m s™" per decade) of storms, and (b) geopotential height at 850 hPa (contours,
1 m per decade) and geopotential thickness between 1,000 and 500 hPa (shading, 1 m per decade) during winter (DJF) from
1980 to 2023. Solid/dashed contours represent positive/negative trends (zero contour not shown). Green/black hatching
indicates significant trends at the 90% confidence level after false discovery rate correction (xgpr = 0.1) for geopotential
height/thickness, track density, in Asia (70-130°E, 25-90°N) and mean intensity.

and mean intensity of cyclones through a feature tracking method applied to the positive meridional wind
component at 850 hPa.

The feedback mechanisms between sea ice and the atmosphere can occur across various timescales shorter than a
season, as emphasized by Blackport et al. (2019). They found their conclusions to be robust to the use of seasonal
or monthly means. They provided further confirmation of the robustness of their conclusions by performing some
complementary analyses using the independent method of subseasonal lead-lag regressions. In a similar vein, to
ensure the reliability of our findings, we incorporated a 1-month lead-lag analysis. Our results remain consistent
whether we apply the 1-month lead-lag method or classify winters based on the signs of STHF and SIA anomalies.
This consistency suggests that our classification scheme, particularly in the BKS, is effective in distinguishing
whether sea ice is primarily driving atmospheric circulation or if atmospheric conditions are the primary driver of
sea ice changes in winter. In IDWs, changes in sea ice primarily influence atmospheric circulation, or at least
atmospheric circulation does not drive sea ice changes. In contrast, in ADWs, changes in atmospheric circulation
are the main drivers of sea ice changes, or at least sea ice is not the dominant factor in atmospheric circulation
variation.

Schematically summarizing our results in Figure 6, during IDWs, reduced sea ice in the BKS (Figure 6a) is linked
to the development of an anomalous anticyclonic circulation over the BKS and northern Russia. This circulation
pattern leads to a decrease in track density across northern Europe, the Ural Mountains, and the Laptev Sea, along
with a reduction in the mean intensity of cyclones extending from northern Siberia to the Laptev Sea. In contrast,
there is a local increase in both the mean intensity and the track density of cyclones within the BKS. Additionally,
during IDWs, reduced sea ice in the CBS (Figure 6c¢) is associated with the development of a cyclonic circulation
anomaly in the southern part of the region, along with a statistically nonsignificant increase in track density to the
south of this cyclonic anomaly.

Luo et al. (2016) argued that a wave train structure originating from the North Atlantic and propagating toward
Eurasia contributes to ice loss in the BKS. This wave train structure, characterized by the amplification of Ural
blocking during the positive phase of the NAO, plays a key role in the significant decline of the sea ice in the BKS
(Luo et al., 2016). Subsequent studies (e.g., Cai et al., 2022; Luo et al., 2017) have shown that this specific at-
mospheric circulation pattern serves as an effective moisture pathway from the midlatitude North Atlantic near the
Gulf Stream to the BKS. The increased water vapor content in the atmosphere is crucial for both warming and the
reduction of sea ice in the BKS. Our analysis suggests that this wave train structure is only present during ADWs
(Figure 6b). It significantly contributes to an increase in track density in the Atlantic sector of the Arctic, while track
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Figure 6. Schematic representation of geopotential height at 850 hPa (H for high and L for low), cyclone track density
(arrows), and mean cyclone intensity (shaded hatching) associated with reduced sea ice in the Barents-Kara Sea (BKS) for
(a) ice-driven winters (IDWs) and (b) atmosphere-driven winters (ADWs), and with reduced sea ice in the Chukchi-Bering
Seas (CBS) for (c) IDWs and (d) ADWs. The letters H (L) or red (blue) circles represent areas of increased (decreased)
geopotential height, while blue (brown) shaded hatching highlights regions of increased (decreased) mean cyclone intensity
due to reduced sea ice. Solid (dashed) black arrows indicate areas of increased (decreased) cyclone track density. Track
density and mean intensity are based on positive V extrema tracking. In IDWs, reduced sea ice in the BKS is associated with
higher geopotential height over both the BKS and northern Russia, while reduced sea ice in the CBS is linked to lower
geopotential height in the southern part of the region. In ADWs, reduced sea ice in the BKS is connected to a wave train
structure that originates in the North Atlantic and propagates toward Eurasia, while reduced sea ice in the CBS is associated
with higher geopotential height in the eastern CBS and northwestern Canada.

density decreases from southern Europe to northern Siberia (Figure 6b). Additionally, the mean intensity of cy-
clones is higher in the western part of the anticyclonic circulation in the BKS and lower in the eastern part
(Figure 6b).

We argue that through a positive NAO pattern over the North Atlantic, this wave train structure enhances the
cyclone-induced intrusion of heat and moisture into the BKS from the Atlantic sector. This increased intrusion of
heat and moisture from cyclones contributes to amplified warming and further sea ice loss in the BKS, thus
reinforcing the anticyclonic circulation over the BKS and North Eurasia. Therefore, the cyclone-driven intrusion
of heat and moisture from the Atlantic sector into the Arctic promotes a circulation pattern that strengthens the
connection between the positive NAO and the anticyclonic circulation in the BKS and northern Eurasia. In
ADWs, reduced sea ice in the CBS is associated with the development of a stronger anticyclonic anomaly in the
east of the CBS and the northwest of Canada (Figure 6d). This pattern contributes to the storm-induced intrusion
of heat and moisture from the North Pacific into the CBS, while the storm-induced intrusion decreases from the
western to the eastern North Pacific.
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In IDWs, reduced sea ice in the BKS, CBS, and BDL has minimal effect on storm tracks in the NH. However, in
ADWs, there is a substantial influx of storm tracks into the BKS and the CBS, which amplifies warming in these
regions and leads to pronounced sea ice loss. The increase in the mean intensity of storms has a more substantial
impact on melting the BDL sea ice than changes in track density.

Overall, in IDWs, reduced sea ice in the BKS can induce cooling in the midtroposphere over northeastern Asia,
around 55°N. The mechanism behind this connection may be better understood by examining potential vorticity
dynamics (e.g., Xie et al., 2020). Based on surface temperature analysis, Blackport et al. (2019) concluded that the
loss of sea ice in the BKS has minimal influence on cold winters in Asia. However, to fully capture the signal of
BKS ice loss, the entire tropospheric temperature must be considered. Our findings show that recent cooling in
northeastern Asia peaks in the midtroposphere, which aligns with the effects of reduced sea ice in IDWs.
Moreover, we observe that the latitude of maximum cooling in Asia during IDWs corresponds to the latitude of
the maximum cooling trend. Thus, we argue that the loss of sea ice in the BKS has likely contributed to the
development of colder winters in northeastern Asia, consistent with the results of Outten and Esau (2012) and in
contrast to the conclusions of Blackport et al. (2019).

The atmospheric circulation trend pattern from the eastern North Atlantic to the BKS and northern Eurasia
(Figure 5b) more closely resembles the pattern associated with reduced sea ice in the BKS during IDWs than in
ADWs (Figure 6a). Additionally, there is no evidence of an increasing trend in track density or the mean intensity
of positive V extrema in the North Atlantic sector of the Arctic (Figure 5a). We conclude that changes in at-
mospheric circulation are not the primary cause of recent sea ice loss in the BKS. Instead, the positive trend in
storm-induced intrusion of warm, moist air into the CBS, driven by the strengthening of the anticyclonic cir-
culation in the northeastern Pacific (Figure 5a), may have contributed to recent ice loss in the CBS (Figure 5b).

It is important to note that most studies have used the vertical component of relative vorticity or mean sea level
pressure to identify storm tracks. However, storm track characteristics derived from these fields often differ from
those identified using positive V extrema (e.g., Hoskins & Hodges, 2002). The use of V extrema specifically
highlights the poleward advection of warm air in the east of cyclones, capturing a unique aspect of storm dy-
namics that traditional methods may not fully represent. The lack of a poleward shift in the downstream North
Atlantic storm tracks during winter aligns with studies, such as Sun et al. (2022), which report no significant
increase in atmospheric energy transport into the Arctic during this season.

This study has been guided by three key questions, providing insights into the complex interactions between
Arctic sea ice, atmospheric circulation, and extratropical storm tracks. Our findings indicate that the recent sea ice
loss in the BKS has not been driven by a significant increase in storm-induced heat and moisture intrusion or
changes in atmospheric circulation. Instead, our results suggest that the recent loss of BKS sea ice may have
contributed to colder winters in the midtroposphere of Central to Northeast Asia.

An important extension of this study will involve conducting a process-based analysis of cyclone impacts using
model simulations and reanalysis. Additionally, modeling studies should evaluate whether the impact of sea ice
loss in the BKS on Asian winter cooling is more pronounced at the surface or in the midtroposphere.

Data Availability Statement

The ERAS data set is publicly accessible through the Copernicus Climate Change Service Climate Data Store at
https://doi.org/10.24381/cds.bd0915c6 (Hersbach et al., 2023a), https://doi.org/10.24381/cds.6860a573 (Hers-
bach et al., 2023b), and https://doi.org/10.24381/cds.f17050d7 (Hersbach et al., 2023c). The cyclone tracking
algorithm can be accessed at https://gitlab.act.reading.ac.uk/track/track (Hodges, 2020).
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