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Influence and prediction value of Arctic sea ice for
spring Eurasian extreme heat events
Jianqi Sun 1,2✉, Sichang Liu1,2, Judah Cohen 3,4 & Shui Yu 1

In spring, Eurasia has experienced significant warming, accompanied by frequent extreme

heat events. Whether the Arctic sea ice has contributed to the variation of spring Eurasian

extreme heat events is still unclear. Here, through conducting statistical analyses of observed

and reanalysis data, we demonstrate that the winter sea ice anomalies over the Barents-Kara

Seas dominate the leading mode of interannual variation of spring extreme heat events over

mid-to-high latitude Eurasia in the recent two decades. With faster decline rate and larger

variability, the winter sea ice anomalies over the Barents-Kara Seas significantly enhance the

troposphere-stratosphere interactions and further exert influence on the spring atmospheric

circulations that favor the formation of Eurasian extreme heat events. Cross-validated

hindcasts of the dipole mode index of spring extreme heat events using winter sea ice

anomalies over the Barents-Kara Seas yield a correlation skill of 0.71 over 2001–2018, sug-

gesting that nearly 50% of its variance could be predicted one season in advance.
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W ith the global warming as well as Arctic amplification,
one of the most pronounced changes that occurred in
the Arctic is the rapid decline in sea ice extent1,2,

thickness3,4, and ice season duration5,6. Satellite data since
1979 show that the negative trends of Arctic sea ice extent occur
in all months, with the largest decreased trend in September.
Since the 21st century, the reduction of winter sea ice is sig-
nificant, with the strongest reduction in the Barents-Kara Seas
(BK)7,8. The unprecedented decline in Arctic sea ice is speculated
to be responsible for more frequent extreme weather events in
mid-latitudes in recent decades. For example, a number of pre-
vious studies indicated that winter atmospheric responses to the
autumn/winter Arctic sea ice reduction favor extreme cold win-
ters in mid-latitude Eurasia and North America9–21. Along with
the dramatic reduction in sea ice, the ice-free surface provides
sufficient moisture for snowy weather over Eurasia22–24. In
addition, atmospheric responses to Arctic sea ice loss could also
increase air pollution over eastern China and the Tibetan
Plateau25,26. In the linkage between Arctic amplification and sea
ice loss with mid-latitude weather, three potential dynamical
pathways are revealed: changes in storm tracks mainly in the
North Atlantic sector, changes in the characteristics of the jet
stream, and regional changes in the tropospheric circulation that
trigger anomalous planetary wave configurations27.

Different from severe cold and snowy mid-latitude winters in
recent years, Eurasia has experienced a widespread and rapid
warming in spring28–30. More frequent spring extreme heat
events (EHE) could have devastating influence on the ecosystems
and human health31–33. For example, northern Siberia experi-
enced exceptionally high temperatures in spring 2020, with the
hottest May on record. The temperature for March–May mean is
4.8 °C higher than the 1981‒2010 climatological average, exerting
impact on the local natural environment34. However, despite the
studied influence of atmospheric blocking on European spring
temperature extremes35, currently understanding of the
mechanisms for the spring EHE variation over Eurasia remains
limited. Motivated by the aforementioned researches on the
influence of the Arctic sea ice, this study investigates the rela-
tionship between the Arctic sea ice and spring EHE variations
over Eurasia. Our analysis presents empirical evidence that, along
with an accelerated decline of winter BK sea ice since the late
1990s36, there is an enhanced impact of winter BK sea ice on the
dominant mode of spring EHE interannual variation over mid-
to-high latitude Eurasia in the most recent two decades. We
further suggest that winter BK sea ice could be a potential pre-
dictor for the interannual variation of spring EHE over Eurasia.

Results
Enhanced linkage between winter BK sea ice and following
spring Eurasian EHE in the recent two decades. The singular
value decomposition (SVD) method is used to reveal the domi-
nant interannual coupled mode between spring Eurasian EHE
and preceding winter BK sea ice concentration (SIC) during the
period of 2001–2018 (Fig. 1a–c). The first SVD mode (SVD1)
explains ~59.8% of the total covariance. The spring EHE pattern
in SVD1 is characterized by a north-south dipole structure, with
significant negative anomalies over northern Europe and western
Siberia and positive anomalies over mid-latitudes and eastern
Siberia (Fig. 1a). Correspondingly, the preceding winter sea ice
pattern shows significant and negative anomalies in the BK region
(Fig. 1b). The correlation coefficient between the two SVD1 time
series reaches 0.83, statistically significant at the 99.9% confidence
level based on the Student’s t test (Fig. 1c).

To further understand the relationship in variations between
winter BK sea ice and spring Eurasian EHE, the spatial-temporal

characteristics of winter BK SIC and spring Eurasian EHE are
investigated. According to the EHE dipole mode in Fig. 1a, the
two EHE time series are defined as the EHE anomalies averaged
over the two red boxes and one blue box. The two normalized
EHE time series show an increasing trend during 1980–2021
(Supplementary Fig. 1a), indicating that there is a greater
frequency of spring EHE over mid-to-high latitude Eurasia in
the recent two decades. The normalized difference between the
two EHE time series is referred to as the spring EHE dipole mode
index. The moving t-tests with different windows consistently
show a significant decadal change of the EHE dipole mode index
around 2000 (Supplementary Fig. 1b). The moving t-test result
indicates that there could be a decadal change in the leading
mode of spring EHE interannual variability over mid-to-high
latitude Eurasia around 2000. To confirm, we further calculate the
dominant empirical orthogonal function (EOF) modes of spring
EHE interannual variability over two subperiods of pre-2000 and
post-2000. Interestingly, the leading EHE mode changed from a
mono‐sign pre-2000 to a north-south dipole post-2000 (Supple-
mentary Fig. 1c–d). Such a result indicates that the dipole mode
becomes the dominant mode of spring EHE interannual variation
over mid-to-high latitude Eurasia after 2000.

In winter, the BK sea ice experienced the strongest reduction
over the Arctic during the 21st century. Compared to pre-2000,
the mean state of BK SIC had a significant decrease in post-2000;
in addition, the interannual variability of SIC had also a
significant increase (Supplementary Fig. 2a–b). The EOF analysis
further indicates that the variability of the BK SIC is the
dominant mode of winter Arctic SIC after 2000 (Supplementary
Fig. 2c). Such a sea ice leading mode in EOF (EOF1) exhibits a
high similarity to that in SVD1 (Fig. 1b). According to the
significant SIC anomalies in EOF1 and SVD1 modes, the winter
BK sea ice index is defined as the normalized regional-mean SIC
anomalies over the BK region (Supplementary Fig. 2d). The index
analysis shows that winter BK SIC has strong interdecadal and
interannual variations. The decline trend of winter BK SIC
accelerated from −0.16 per 10-year in pre-2000 to −0.71 per 10-
year post-2000, indicating a fourfold increase in the decreasing
trend of winter BK SIC in the most recent two decades compared
to previously. In addition, the interannual variability of winter BK
SIC also increased from 0.47 pre-2000 to 0.99 post-2000.

Figure 1d shows the cross wavelet transform of the indices of
winter BK sea ice and spring EHE dipole mode over the period of
1980–2021. The figure suggests that the two indices have
significant common power in the period band of 4–8 year after
2000 and the winter BK sea ice leads the spring EHE changes,
suggesting that the winter BK sea ice could be a precursor to
spring Eurasian EHE interannual variations since 2000. On the
interannual timescale, the correlation coefficient between spring
EHE dipole mode index and preceding winter BK sea ice index
during post-2000 (2001–2018) is −0.77, significant at the 99.9%
confidence level.

Physical process for the linkage between winter BK sea ice and
following spring Eurasian EHE. The analysis in the last section
indicates that the winter BK SIC anomalies have significant sea-
sonal lagged linkage with the dominant mode of the following
spring EHE over mid-to-high latitude Eurasia in the recent two
decades. The next question is: what physical processes are
responsible for such a seasonal lagged linkage since 2000? In the
remainder of the paper, we provide supporting analysis for this
mechanism.

Sea ice decline increases the open water and thus greatly
enhances turbulent heat fluxes from the ocean to the atmosphere,
especially in winter when the sea-air temperature difference is
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large. Supplementary Fig. 3 shows the regressed surface turbulent
heat fluxes (sensible plus latent heat fluxes) anomalies on the
negative winter BK sea ice index in two subperiods. Along with
the accelerated reduction and increased interannual variability of
winter BK SIC in the recent two decades, the ocean releases more
turbulent heat fluxes to the atmosphere over the BK region
(Supplementary Fig. 3b). The area-mean upward turbulent heat
flux anomalies associated with reduced winter BK sea ice are
increased by 38% post-2000 compared with pre-2000.

More upward turbulent heat flux due to the larger decrease in
sea ice indicates an enhanced sea ice influence on the
atmosphere37. Corresponding to the rapid reduction of winter
BK sea ice after 2000, the winter geopotential height exhibits
positive anomalies over the Arctic and negative anomalies over
northern Asia (Fig. 2a), which is relevant to the warm Arctic–cold
Eurasian pattern38. To further examine the reduced winter BK sea
ice-related circulation structure and wave activity flux (WAF) in
three-dimensions, a vertical cross-section along the line connect-
ing the positive and negative geopotential height centers (marked
A and B in Fig. 2a) is presented. As shown in Fig. 3a, the
geopotential height anomalies reflect an equivalent barotropic
structure, and strong WAF propagates upward in the winter BK
sea ice-related positive geopotential height region.

In the seasonal lagged impact of Arctic sea ice, previous studies
suggested that stratosphere–troposphere interaction could be an
important physical mechanism linking autumn BK sea ice
anomalies and following winter atmospheric circulation
anomalies39–42. Thus, we examine the contributions of zonal
wavenumber 1 (WN1) and wavenumber 2 (WN2) components of
atmospheric circulations, which are primary upward propagating

waves that contribute to the weakening of polar vortex43. In the
BK sea ice-related planetary-scale waves, the amplitude of WN2
anomalies is much smaller than WN1; therefore, the WN2
could play a limited role in the winter BK sea ice-related
stratosphere–troposphere interaction, and consequently we focus
on WN1 anomalies. As shown in Fig. 3b, WN1 anomalies after
2000 are in phase with its climatological mean. The linear
constructive interference of WN1 greatly enhances the upward
propagation of wave energy, so that notable upward WAF can be
seen over most of the high-latitude region in winter after 2000
(Fig. 2a). The above analysis suggests that the reduction of BK sea
ice after 2000 can enhance the upward transport of wave energy
in winter by causing the in-phase WN1 disturbance.

The Eliassen–Palm (EP) flux in Fig. 4 further illustrates the
impact of BK sea ice loss on wave propagation. The reduced BK
sea ice is related to enhanced upward propagation of EP flux at
60°N in winter (Fig. 4a). The convergences of anomalous EP flux
in the stratosphere decelerate the westerly winds44. In FM(0),
weak upward propagation of anomalous EP flux still exists in the
uppermost stratosphere, while downward propagation of anom-
alous EP flux starts in the lower troposphere (Fig. 4b). The
enhanced upward propagating EP flux associated with the BK sea
ice loss during winter to early spring results in a weakened
stratospheric polar vortex (Fig. 2b). The lower stratospheric
atmospheric anomalies can last for about two months, and
propagate downward to the lower troposphere45,46. Therefore,
during spring, there are anomalous downward propagating EP
flux centered at 60 °N (Fig. 4c, d). In this process, the polar vortex
gradually recovers and the positive geopotential height center
extends towards Greenland, the Caspian Sea region, and eastern
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Fig. 1 The linkage between interannual variations of winter BK sea ice and spring EHE over mid-to-high latitude Eurasia. a Spring (MAM(0)) EHE
pattern (units: %) in SVD1, and b preceding winter (DJF(−1)) SIC pattern in SVD1, which are obtained by regressing the SIC and EHE anomalies onto the
normalized two SVD1 time series during 2001–2018, respectively. The two red boxes (P1: 35°−57°N, 20°−120°E, and P2: 50°−70°N, 125°−165°E) and
blue box (N: 60°−76°N, 20°−120°E) in (a) are the domains used to define the spring EHE dipole mode index. The dashed blue box (76°−83°N, 11°−75°E
and 68°−76°N, 50°−75°E) in (b) is the BK region used to define the winter BK sea ice index. Dotted areas in (a) and (b) denote anomalies significant at
the 90% confidence level. c Normalized two SVD1 time series. The explained covariance by the SVD1 and the correlation (R) between the two SVD1 time
series are shown in the top of (c). d Cross wavelet transform of the indices of winter BK sea ice and spring EHE dipole mode. In (d), the thick black contour
denotes the 90% significance level and light shading indicates the cone of influence where edge effects might distort the picture.

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00503-9 ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT |           (2022) 3:172 | https://doi.org/10.1038/s43247-022-00503-9 | www.nature.com/commsenv 3

www.nature.com/commsenv
www.nature.com/commsenv


Siberia in MA(0) (Fig. 2c). In AM(0), the Arctic is covered by
negative geopotential height anomalies, indicating the recovery of
the polar vortex (Fig. 2d).

Supplementary Fig. 4 presents the time-pressure cross-sections
of geopotential height anomalies averaged over Greenland and
eastern Siberia. Corresponding well to downward EP flux
propagation at 60°N during FM(0) to MA(0) (Fig. 4b–d), the
stratospheric positive geopotential height anomalies over Green-
land and eastern Siberia gradually propagate downward and
reach the troposphere in spring (Supplementary Fig. 4). There-
fore, in spring, the reduced BK sea ice-related atmospheric
circulations exhibit significant positive centers and Rossby wave
source (RWS) over Greenland and eastern Siberia (Fig. 5). In
addition, the anomalous geopotential height and RWS over
Greenland in spring excite a horizontal Rossby wave train
propagating across mid-to-high latitude Eurasia to the North
Pacific (Fig. 5). This zonal wave train can result in negative

geopotential height anomalies over western to northern Europe
and western Siberia and positive geopotential height anomalies
over the Caspian Sea region and eastern Siberia.

The BK sea ice-related spring atmospheric pattern shows a
quasi-barotropic structure in the troposphere (Supplementary
Fig. 5a–c), and it is highly similar to that associated with spring
EHE dipole mode (Supplementary Fig. 5d–f). Such a similarity
further supports the close connection between preceding winter
BK sea ice and spring Eurasian EHE variability. The BK sea ice-
related atmospheric pattern can affect the total cloud cover and
surface heat fluxes over Eurasia (Supplementary Fig. 6a, c, e).
Specifically, positive geopotential height anomalies over mid-
latitudes and eastern Siberia could reduce total cloud cover there,
allowing more shortwave radiation to reach and heat the surface
of the region (Supplementary Fig. 6c). In turn, the warm land
surface heats the surface air mainly by releasing long-wave
radiation (Supplementary Fig. 6e), facilitating more EHE over the

Fig. 2 Evolution of BK sea ice-related atmospheric circulations from winter to spring. Vertical component of 200-hPa WAF (10−3 m2 s−2, shading) and
100-hPa geopotential height (m, contour) anomalies in a DJF(−1), b February–March (FM(0)), c March-April (MA(0)), and d April–May (AM(0))
regressed onto the negative winter BK sea ice index. The green line in (a) is from grid A (75°N, 50°E) to grid B (58°N, 163°E). The green boxes in (c) are
the regions of Greenland (GL, 50°−70°N, 35°−90°W) and eastern Siberia (ES, 48°−68°N, 107°−177°E). Contour interval is 8 m. Blue and red contours
indicate the negative and positive geopotential height anomalies. Hatched areas denote geopotential height anomalies significant at the 90%
confidence level.
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mid-latitudes and eastern Siberia (Fig. 1a). In addition, 850-hPa
southerly winds over mid-latitudes and eastern Siberia induce a
warm temperature advection, also contributing to more EHE over
the region (Supplementary Fig. 6g). In contrast, the BK sea ice-
related spring atmospheric pattern leads to more total cloud cover
and cold temperature advection over northern Europe and
western Siberia, consequently, providing supportive conditions
for less EHE over the region. The aforementioned spring heat flux
and temperature advection anomalies associated with the BK sea
ice are consistent with that associated with the EHE dipole mode
(Supplementary Fig. 6b, d, f, h), therefore providing a favorable
climate background condition for the variation of the EHE dipole
pattern over mid-to-high latitude Eurasia.

Over large parts of the high-latitude continents, warm
temperature extremes often occur simultaneously with atmo-
spheric blocking at the same location47. Therefore, the winter BK
sea ice-related frequency of spring blocking is further calculated.
As shown in Supplementary Fig. 7, along with the BK sea ice-
related atmospheric pattern, there are significant increases in the
frequency of blocking over eastern Siberia but a decrease over
northern Europe and western Siberian. Such changes in the
frequency of blocking also contribute to the dipole distribution of
the EHE over high-latitude Eurasia.

In this study, the spring mean atmospheric circulations
associated with the BK sea ice are diagnosed, which could provide
a favorable background for the occurrence of Eurasian EHE. The
occurrence of the EHE is directly associated with synoptic and
intraseasonal atmospheric processes, therefore future study on the
BK sea ice-related atmospheric circulations from the synoptic and
intraseasonal timescales is necessary to further understand its
connection with the spring Eurasian EHE occurrence.

Cross-validated hindcasts of the interannual variation of
spring EHE dipole mode using winter BK SIC anomalies. The
analysis in the last section shows there are interdecadal changes in
the interannual variation of spring Eurasian EHE, as evidenced by
a shift in its dominant mode around 2000. After that, the fre-
quency and variability of EHE are significantly increased

(Supplementary Fig. 1). More spring EHE could have devastating
influences on the ecosystems and human activities31–33. There-
fore, advanced prediction of spring Eurasian EHE variation is
crucial for natural disaster prevention.

Previous studies have indicated that the dynamical prediction
of climate over mid-to-high latitude is a big challenge48–51. The
aforementioned BK sea ice anomalies lead the variability of spring
EHE over Eurasia by one season. Could the BK sea ice signal be
useful for the prediction of the spring EHE dipole mode? To
answer this question, the method of leave-one-out cross-validated
is used to hindcast the interannual variation of spring EHE dipole
mode index based on the winter BK sea ice index and linear
regression. The hindcasted index of spring EHE dipole mode
shows good similarity with the observed one (Fig. 6). The
correlation between hindcasted and observed indices is 0.71,
significant at the 99.9% confidence level. This result suggests that
the winter BK sea ice could explain about 50% of the interannual
variation of spring EHE dipole mode. Our study here presents
new insights into the prediction of spring Eurasian climate
extremes derived from cryospheric variability.

Data and methods
Datasets. Daily maximum temperature data are derived from the
Climate Prediction Center (CPC) Global Unified Temperature
provided by the NOAA on a 0.5° × 0.5° grid. The monthly SIC
data are derived from the Hadley Centre Sea Ice and Sea Surface
Temperature data set (HadISST)52 on a 1° × 1° grid. The monthly
geopotential height, temperature, zonal and meridional winds
at standard pressure levels, total cloud cover, and surface heat
fluxes data are from the National Centers for Environmental
Prediction–Department of Energy (NCEP–DOE) reanalysis 2
dataset53 on a 2.5° × 2.5° grid.

EHE definition. We use TX90p as the extreme temperature index
to represent the changes in EHE, which is calculated as the per-
centage of days above the 90th percentile based on daily max-
imum temperatures for the reference period of 1981-2010.
The TX90p is recommended by the World Meteorological

Fig. 3 The BK sea ice-related winter atmospheric circulations. a Cross-section of geopotential heights (m, contour) and the zonal and vertical
components of the WAF anomalies (m2 s−2, vector) regressed onto the negative winter BK sea ice index along the green line in Fig. 2a and extending
northwestward and southeastward to grids (0°, 84°N and 180°, 55°N). The vertical component of the WAF in (a) is multiplied by 100. Gray shading in (a)
denote geopotential height anomalies significant at the 90% confidence level. b Winter WN1 component of geopotential heights at 500-hPa (m, shading)
regressed onto the negative winter BK sea ice index and the climatological WN1 (m, contour). Contour intervals are 10 m in (a) and 20m in (b).
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Organization (WMO) Expert Team of Climate Change, Detec-
tion, Monitoring and Index (ETCCDMI). More details can be
found at http://etccdi.pacificclimate.org/list_27_indices.shtml.

Blocking frequency definition. According to the definition of
instantaneous blocking54, we detect blocking days in each grid
point that satisfy the reversal of 500-hPa height gradient specified
by this method. Then, the spring blocking frequency in each grid
point is calculated as the percentage of total blocking days in
spring to total spring days (92 days).

Winter BK sea ice index and spring EHE dipole mode index.
The winter BK sea ice index is defined as the normalized regional-
mean SIC over the BK region (76°−83°N, 11°−75°E, and

68°−76°N, 50°−75°E) in Fig. 1b. The spring EHE dipole mode
index is defined as the normalized difference in regional-mean
EHE between the red boxes (35°−57°N, 20°−120°E and
50°−70°N, 125°−165°E) and blue box (60°−76°N, 20°−120°E) in
Fig. 1a.

Statistical analysis and significance. The main statistical tools
utilized in this study include SVD analysis, EOF analysis, leave-
one-out cross-validation analysis, moving t-test analysis, corre-
lation analysis, linear regression analysis, and composite analysis.
The analysis period in this study is the common period of the
aforementioned datasets: December 1979 to May 2021. To study
the interdecadal changes in winter sea ice and spring EHE, we
divided the time period into two subperiods, called pre-2000 and
post-2000. The two subperiods in the raw data analysis are

Fig. 4 Winter BK sea ice-related stratosphere–troposphere interactions. Zonal mean EP flux (108 m2 s−2, vector), EP flux divergence (m s−1 day−1,
shading), and zonally mean zonal wind (m s−1, contour) anomalies in a DJF(−1), b FM(0), c MA(0), and d AM(0) regressed onto the negative winter BK
sea ice index. Vectors are scaled by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1000=P
p

, and vertical EP flux is multiplied by 125 for display. Contour interval is 1 m s−1. Blue and red contours indicate
the negative and positive zonal wind anomalies. Dotted areas denote EP flux divergence anomalies significant at the 90% confidence level.
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1980–2000 and 2001–2021. To extract the interannual variations
of variables, all data are high-pass filtered by 7-year running mean
before analyses. The first and last 3 years of the filtered time series
are discarded; therefore, the two subperiods of pre-2000 and post-
2000 for analysis on interannual variations are 1983–2000 and
2001–2018. The two-tailed F-test is used for composite analysis
on sample variance. The two-tailed Student’s t test is used for
moving t-test analysis, correlation analysis, linear regression
analysis, and composite analysis on sample means.

The cross wavelet transform55 is adopted to explore the co-
variability and relative phase between winter BK sea ice and
spring Eurasian EHE in time-frequency space. The WAF56 is used
to diagnose the three–dimensional propagation of stationary
Rossby wave propagation associated with winter BK sea ice. The
RWS57 is applied to detect the origin of the wave train. The EP
flux is used to diagnose the vertical propagation of wave and the
flux divergence is used to examine the wave forcing on the zonal
wind44,58.

Data availability
CPC Global Unified Temperature dataset are publicly available at https://psl.noaa.gov/
data/gridded/data.cpc.globaltemp.html. NCEP-DOE Reanalysis 2 dataset are available at

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html. HadISST dataset are
available at https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html.

Code availability
The computer codes that support the analysis within this paper are available from the
corresponding author on request.
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