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Abstract
This study explored the interannual relationship between autumn Arctic sea ice

concentration (SIC) and the subsequent summer precipitation over East Asia

(EASP). Since the late-1990s, the declining SIC in the Kara–Laptev Seas has been

significantly correlated with EASP as well as extremely positive anomalies in

northern China and intensely negative anomalies in central-eastern East Asia. How-

ever, there was a weak correlation between autumn SIC and EASP before the late-

1990s. Furthermore, the anomalous precipitation pattern in summer and its connec-

tion with autumn SIC variability can be explained by the seasonal persistence of

continental processes (snow depth and soil moisture) into the spring. In particular,

a decreasing SIC was connected with simultaneously positive and negative precipi-

tation anomalies over northeastern China and the Siberian region, respectively,

since the late-1990s and tends to produce corresponding soil moisture anomalies

over the Eurasian continent. Declining SIC also favours increased snow depth

anomalies in winter over northeastern East Asia. These anomalous signals of sur-

face processes can persist from winter into the subsequent spring, making the con-

nection between the autumn SIC and EASP possible. The Community Earth

System Model Large Ensemble simulations further verified these physical pro-

cesses. More detailed mechanism for this relationship needs to be stressed in fur-

ther work by numerical simulations. The results have important implications for

extending the seasonal prediction validity of EASP. Moreover, before the late-

1990s, SIC-related circulation anomalies shifted westward and northward as nega-

tive precipitation anomalies developed over west Siberia in autumn. As a result,

anomalous dry soil conditions in Siberia persisted into the subsequent spring and

then led to wetter-than-normal conditions through locally negative soil moisture–
precipitation feedback before the late-1990s.
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1 | INTRODUCTION

East Asian summer (June–August) precipitation (EASP)
contributes most of the annual precipitation over East Asia
and its interannual variability usually shows a tripole anom-
aly pattern (Hsu and Liu, 2003; Hsu and Lin, 2007; Wang
and He, 2015), with one centre over central-eastern China
and Japan and two opposite centres over northern and south-
ern China (Hsu and Lin, 2007; Wang and He, 2015). Previ-
ous studies have suggested that the EASP anomaly is related
to the evolution of El Nino-Southern Oscillation (ENSO;
Weng et al., 1999; Ding and Wang, 2005; Yim et al., 2014;
Fu and Lu, 2017). Xie et al. (2009) focused on interannual
variability and showed that the increased SSTs over the trop-
ical Indian Ocean (TIO) induced the Pacific-Japan
(PJ) pattern via simulating the equatorial Kelvin wave,
which led to a suppression of deep convection in the north-
western Pacific. In addition, the PJ pattern, related to active
convection over the tropical western Pacific, is a dynamical
mode and can draw energy from the summer mean flow and
EASP (Nitta, 1987; Kosaka and Nakamura, 2006). Another
wave train, the Silk Road pattern, is related to interannual
variability of the tripole precipitation pattern by emitting
anomalous signals across the Eurasian continent (Hsu and
Lin, 2007). Furthermore, recent studies have implicated the
impact of other forces on the occurrence of precipitation
anomalies. For example, diabatic heating over the Tibetan
Plateau affects summer precipitation interannual variability
by triggering a Rossby wave (Hsu and Liu, 2003). This pre-
cipitation anomaly is tied to the meridional migration of the
westerly winds relative to the Plateau region (Hsu and Lin,
2007; Chiang et al., 2017). These past studies mostly con-
centrated on the linkage between precipitation anomaly pat-
terns and mid- and lower-latitudes circulations.

However, climate systems in high latitudes can also exert
widespread, significant impacts on worldwide climate. The
rapid decline in Arctic sea ice since 1979 has received much
attention in the past decades. This decline has had pro-
nounced impacts on global atmospheric circulation via the
resulting increase in absorption of solar energy by the
change in surface albedo, called the ice-albedo feedback
mechanism (Curry et al., 1995). The influence of autumn
Arctic sea ice loss on Northern Hemisphere winter climate
has drawn considerable attention in recent studies (McBean
et al., 2005; Budikova, 2009; Bader et al., 2011; Vihma,
2014; Gao et al., 2015). In addition, winter sea ice anomalies
west of Greenland have a significant correlation with the
anomalous atmospheric circulation wave train, and affect
northern European precipitation variability in the following
summer (Wu et al., 2013). Screen (2013) used modelling
experiments forced by seasonal sea ice to suggest that

reducing Arctic sea ice (over the entire region) may contrib-
ute to incremental summer precipitation in Europe.

There have also been studies that investigated the impact
of spring Arctic sea ice on summer precipitation over Eur-
asia. A number of studies have also addressed the impact of
high-latitude forcing on EASP (Zhao et al., 2004; Wu et al.,
2013). Zhao et al. (2004) pointed out that stationary wave
activity and land surface processes may explain the influence
of the anomalous decrease in spring sea ice on the enhance-
ment of summer precipitation over East Asia. However, Guo
et al. (2014) noted that this close relationship could be
explained by the persistence of anomalous SST in the North
Pacific.

Previous studies mainly investigate the role of recent
autumn Arctic sea ice loss on the boreal winter climate (Li
and Wang, 2012; Liu et al., 2012; Gao et al., 2015). Arctic
sea ice declines more rapidly in the autumn than in the other
seasons, and the links between autumn Arctic sea ice and the
following summer climate have received far less scientific
attention. A better understanding of this topic will help us to
identify potential precursor of summertime precipitation var-
iability over East Asia. In fact, due to sea-ice loss, more heat
stored in the Arctic Ocean is released into the air, and then
affects the circulation locally and remotely (Screen and
Simmonds, 2010; Kim et al., 2014). Accordingly, anoma-
lous circulations have impacts on the land physical proper-
ties (e.g., snow and soil). Snow and soil, as the slowly
varying components of the system, are likely to be media to
link following circulations due to the long time scale over
their variations (Entin et al., 2000; Koster et al., 2014,
2016). Focusing on boreal summer, Koster et al. (2016)
demonstrated the impact of anomalous soil moisture on the
local and remote atmosphere with a series of stationary wave
model simulations. For local impact, wet soil can decrease
the surface temperature via increasing evapotranspiration,
which in turn leads to cooling the surface air; it can also alter
the boundary-layer stability, which perhaps leads to precipi-
tation formations (Hohenegger et al., 2009; Seneviratne
et al., 2010). As for non-local impact, soil moisture anoma-
lies may lead to remotely atmospheric circulation variations
through Rossby waves (Douville, 2002; Koster et al., 2014)
or atmospheric patterns (Lau and Kim, 2012). Moreover,
several studies have also investigated the role of snow cover
on atmospheric general circulation (Peings et al., 2013;
Cohen et al., 2014). The aim of the present study is to
extend previous studies on the potential relationship between
the autumn Arctic sea ice concentration (SIC) and the subse-
quent anomalous summer precipitation pattern over East
Asia during the past three decades at an interannual time-
scale, and finally provide valuable information for the sea-
sonal prediction of East Asian summer rainfall.
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2 | DATA AND METHODS

2.1 | Observational datasets

A new version of SICs on a 1� latitude-longitude grid from
1850 to present is retrieved from the Met Office Hadley Cen-
tre, HadISST.2.2.0.0 (Titchner and Rayner, 2014). It is worth
noting that HadISST.2.2.0.0 contains more ice and higher
concentrations than the previous version (Titchner and
Rayner, 2014). The monthly precipitation dataset, based on a
combination of satellite and observational data, is derived
from the Global Precipitation Climatology Project (GPCP) for
the period from 1979 to present, at a horizontal resolution of
2.5� × 2.5� (Adler et al., 2003). Monthly atmospheric
reanalysis products at a resolution of 2.5� were obtained from
the National Centers for Environmental Prediction–
Department of Energy (NCEP-DOE; Kanamitsu et al., 2002).
Monthly soil moisture data, covering the period from 1979 to
2016, are obtained from the European Centre for Medium
Range Weather Forecast's Interim reanalysis (ERA-Interim)
dataset (Dee et al., 2011). The ERA-Interim data are from
depths of 0–7, 7–28, 28–72 and 72–189 cm below the sur-
face, at a resolution of 0.5� × 0.5�. Here we used the soil
moisture in the top two layers (0–7 and 7–28 cm), given that
the soil moisture in the subsurface layer is more active than in
the deep layer (Yang et al., 2016). Additionally, another
monthly dataset of soil moisture, obtained from the Climate
Prediction Center (CPC) of National Oceanic and Atmo-
spheric Administration (Fan and van den Dool, 2004; https://
www.esrl.noaa.gov/psd/data/gridded/data.cpcsoil.html), was
introduced to reduce the uncertainty of the ERA-Interim soil
moisture dataset. The CPC soil moisture, calculated by a one-
layer hydrological model, has no vertical profile (Van den
Dool et al., 2003). The 1� × 1� resolution daily snow depth
dataset was obtained from an unofficial release of ERA-
Interim for the period from January 1981 to December 2014
(Wegmann et al., 2017). We also made use of soil moisture
and snow depth data provided by Modern-Era Retrospective
analysis for Research and Application, Version 2 (MERRA-
2). MERRA-2 is a global atmospheric reanalysis that assimi-
lates both conventional and satellite observations and begins
in 1980, at an approximate resolution of 0.5� × 0.625�

(Bosilovich et al., 2015).
Monthly mean Nino-3.4 index, an ENSO indicator, is

defined as the average SST anomalies in the domain
(5�S−5�N, 170�W−120�W; Rayner et al., 2003; the data
used herein were obtained online at https://www.esrl.noaa.
gov/psd/gcos_wgsp/Timeseries/Nino34/for1870-present).

2.2 | Modelling datasets

The Community Earth System Model Large Ensemble
(CESM-LE) simulations (Kay et al., 2015), performed by

the Community Earth System Model version 1 with the
Community Atmosphere Model version 5 (CESM1-CAM5),
are used to provide additional evidence in this study.
CESM1-CAM5, coupled with atmosphere, ocean, land and
sea ice at approximately 1� latitude-longitude, is a fully
coupled climate model (Hurrell et al., 2013). Forty ensem-
bles are included in CESM-LE covering the period
1920–2100 (historical forcing up to 2005 and Representative
Concentration Pathway 8.5 [RCP8.5] forcing from 2006 to
2100). A detailed description of the CESM-LE is provided
in Kay et al. (2015). Here, we mainly use monthly datasets
from CESM-LE.

2.3 | Methods

The months of September–November (SON), December–
February (DJF), March–May (MAM) and June–August
(JJA) are used to represent autumn, winter, spring and sum-
mer seasons, respectively. Anomalies were calculated by
subtracting the climatology. To reveal the dominant modes
of covariability between the Arctic autumn SIC and summer
precipitation, we used the singular value decomposition
(SVD) method. SVD is a fundamental matrix operation and
a generalization of a diagonalization procedure that is per-
formed in the principal component analysis to matrices that
are not square or symmetric (Bretherton et al., 1992). This
analysis is performed on the covariance matrix using
weights proportional to the area of the grid between the two
space data fields.

Regression and correlation analyses are carried out to cal-
culate the precipitation and atmospheric circulation anoma-
lies that are present during summer and are associated with
the sea ice indices from the previous autumn and the signifi-
cance of the results is assessed with the two-tailed Student's
t test. To eliminate the possible linear influence of ENSO
while exploring the possible mechanism for how autumn
Arctic sea ice affects the ensuing summer precipitation pat-
tern over East Asia, we applied a linear regression to the var-
iable, with regard to the simultaneous Nino-3.4 index, and
then calculated the residual, which was the difference
between the raw variable and the regressed variable. The lin-
ear trend is removed for the whole analysis period from all
aforementioned data before analysis.

3 | COVARIABILITY BETWEEN
AUTUMN ARCTIC SEA ICE AND THE
ENSUING SUMMER PRECIPITATION
PATTERN OVER EAST ASIA

The SVD technique is used to examine the covariability
between the autumn Arctic SIC and EASP for the last three
decades. Figure 1 illustrates the spatial pattern of the first
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SVD mode of Arctic SIC in the Kara–Laptev Seas and pre-
cipitation anomalies over East Asia, which accounts for
approximately 51% of the total covariance. The temporal
expansion coefficients are highly correlated, with a value of
0.68 (Figure 1c), which is significant at the 99% confidence
level. When the autumn Arctic SIC in the Kara–Laptev Seas
is below normal (Figure 1a), the northern part of East Asia
experiences considerably higher-than-normal precipitation
along with lower-than-normal over central-eastern China,
South Korea and south of Japan (Figure 1b). This precipita-
tion anomaly distribution closely resembles the tripole pre-
cipitation pattern reported by Hsu and Lin (2007), which is
characterized by one centre over central-eastern China and
Japan, and two opposite centres over northern and southern
China. Since the anomalous centre over southern East Asia
is not clear in our study, we only discuss the northern and
central centres of the tripole structure. Additionally, the
EASP variation in the leading SVD (Figure 1b) highly
resembles the leading empirical orthogonal function (EOF)
of precipitation anomalies over East Asia (figure not shown),
indicating a dominant pattern of EASP variability.

The SIC index is denoted by the time series of leading
SVD for autumn SIC (multiplied by −1, corresponding to a
negative unit departure of SVD1-SIC). Since this index is
closely correlated with the area-weighted mean SIC anoma-
lies over the Kara–Laptev Seas (70�−85�N, 60�−130�E;
with a coefficient of −0.98, at a 99% significance level), it
could represent sea ice variations in the Kara–Laptev Seas.
Negative values indicate below normal SIC in the Kara–
Laptev Seas, as shown in Figure 2a. Correspondingly, the
time series of the leading SVD for EASP is regarded to be
the precipitation index (PI). Figure 2b displays the

regression of precipitation anomalies with regard to the PI. It
suggests that the PI could represent the precipitation anom-
aly pattern over East Asia, as well as the positive and nega-
tive anomalies over the northern part of East Asia and
southern Japan, respectively, which highly resembles the
spatial pattern of the leading SVD for EASP (Figure 1b).
Moreover, corresponding temporal expansion coefficients
display more same-sign values after the late-1990s,
suggesting a potential interdecadal shift in their relationship
(Figure 1c). Figure 2c verifies this unstable relationship by
presenting 19-year sliding correlation coefficients for these
two time series, and the correlation between SIC and EASP
is significant at the 95% confidence level after the late-
1990s. In contrast, the correlation is not significant before
the late-1990s. Thus, a weak and a robust correlation period
was selected before and after the late-1990s, respectively, to
study the unstable correlation between SIC and EASP. The
central years of the 19-year window are approximately
the years 1987/1988 and 2004/2005, when the correlation is
the lowest and highest, respectively. This means that the
SIC-EASP relationship seems insignificantly correlated dur-
ing 1979/1980–1995/1996 (simplified as 1980–1996, with a
coefficient of 0.23), but significantly correlated during 1996/
1997–2015/2016 (simplified as 1997–2016, with a coeffi-
cient of 0.85).

Therefore, we show the distribution of precipitation and
circulation conditions during 1980–1996 and 1997–2016,
respectively, to understand the relationship between autumn
Arctic sea ice and EASP during the past three decades.
Figure 3 shows the summer precipitation anomalies, relevant
atmospheric circulation and upper troposphere divergence
anomalies regressed onto the SIC index during the two sub-

(a) (b)

(c)

FIGURE 1 First SVD mode of
autumn SIC and subsequent summer
precipitation for the period
1979/1980–2016/2017. (a) The spatial
pattern of SVD1-SIC; (b) the spatial
pattern of SVD1-precipitation; (c) the
corresponding time series
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periods. Notable differences appear in the autumn SIC-
related precipitation anomalies between the two periods
(Figure 3a,d). During the period 1980–1996, associated with
the sea ice loss, precipitation anomalies are not significant
over East Asia. However, positive and significant precipita-
tion anomalies are observed east of the Ural, and negative
anomalies are seen east of the Baikal (Figure 3a). In contrast,
during the period 1997–2016, the spatial distribution of
anomalous precipitation in summer exhibits a dipole
structure over East Asia, characterized by a positive and a
negative precipitation anomaly centre over northern and
central-eastern East Asia, respectively (Figure 3d). This
anomalous pattern resembles the first leading SVD of EASP
(Figure 1b), suggesting a close connection between SIC and
EASP mainly occurs after the late-1990s. Correspondingly,
the conditions in atmospheric circulation during 1980–1996
and 1997–2016 are also displayed in Figure 3. During the
period 1997–2016, an anomalous surface cyclonic circula-
tion is obvious in central Eurasia (35�−55�N, 100�−130�E),
along with negative sea level pressure (SLP) anomalies,
suggesting stronger-than-normal southwesterlies over north-
eastern East Asia (Figure 3e). In addition, there is an anoma-
lous surface anticyclonic circulation south of Japan, along
with positive SLP anomalies, indicating anomalous north-
easterlies over the East China Sea (Figure 3e). Divergence in
the 200 hPa winds appears over northern East Asia along-
side low-level convergence, which tends to cause moisture
to converge and then leads to anomalous ascending motion
(Figure 3f). However, the conditions south of Japan are
unfavourable for moisture condensation and then leads to
the descending anomalies linked to upper-level convergence
and lower-level divergence (Figure 3f). As a result, the air

humidity over northern East Asia (south of Japan) increases
(decreases) significantly, leading to a dipole pattern of
anomalous wet conditions over northern East Asia and dry
conditions south of Japan (Figure 3d). Therefore, these
results validate the significant relationship between autumn
Arctic sea ice anomalies and summer precipitation patterns
in East Asia from 1997–2016. During 1980–1996, on the
contrary, significant circulation anomalies are not seen over
East Asia, implying that the autumn sea ice does not exert a
marked impact on the following EASP during this period.
Meanwhile, a pronounced low-level cyclonic circulation
anomaly appears over west Siberia, along with a negative
sea level pressure (SLP) anomaly (Figure 3b). High-level
divergence winds in this region are favoured to gather
moisture due to upward motion (Figure 3c), leading to wet
conditions over west Siberia (Figure 3a). The notable dif-
ferences in the autumn sea ice-related precipitation and the
atmospheric circulation anomalies over East Asia between
the two sub-periods suggest an enhanced connection of
SIC-EASP in the subsequent summer, beginning after the
late-1990s.

4 | POSSIBLE LINKAGE
MECHANISMS AND MODELLING
EVIDENCE

How does the changing autumn Arctic sea ice exert disparate
impacts on the ensuing summer precipitation anomalies over
Eurasian continents? When sea ice melts, the albedo is
reduced and a large amount of solar heat enters and warms
the upper ocean. During freezing, open-water exerts an influ-
ence on subsequent seasons' atmospheric circulation via
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surface heat and moisture flux (Liu et al., 2012). As men-
tioned previously, an increasing number of studies have rev-
ealed that reduced autumn Arctic sea ice has an impact on
the Eurasian climate in subsequent seasons (Deser et al.,
2010; Francis and Vavrus, 2012; Liu et al., 2012; Zuo et al.,
2016). That is, following anomalous sea ice loss in autumn,
the fluctuations in boreal winter circulation resemble the
negative phase of the Arctic Oscillation (Liu et al., 2012;
Mori et al., 2014), and include increased snowfall in the
Northern Hemisphere (Liu et al., 2012). To understand what

causes the interdecadal change in the autumn sea ice-
summer precipitation relationship, we first detect the simul-
taneous autumn atmospheric circulation and precipitation
anomalies regressed upon the SIC index during the periods
1980–1996 and 1997–2016. Figure 4 displays the anoma-
lous high- and low-level atmospheric circulation, as well as
precipitation anomalies, related to the SIC index during the
two sub-periods. During the period of 1980–1996, when sea
ice anomalies were below normal, high-level geopotential
height anomalies illustrate a meridional seesaw pattern
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between the Arctic and mid-latitude air masses, although
negative anomalies over East Asia are not significant
(Figure 4a). Correspondingly, pronounced positive SLP
anomalies are seen over Siberia and negative anomalies are
seen over mid-latitudes (Figure 4b), resulting in dry condi-
tions north of Siberia and Lena (approximately 60�−70�N),
and wet conditions west of Baikal (Figure 4c). During the
period of 1997–2016, in contrast, positive geopotential
height anomalies extend further southeastward to East Asia
than they did from 1980–1996, along with negative

anomalies over China and west Pacific (Figure 4d). Mean-
while, positive and negative SLP anomalies are observed
over central Siberia and northeastern China from 1997 to
2016, respectively (Figure 4e), along with dry and wet con-
ditions over high and mid-latitudes, respectively (Figure 4f).
Hence, decreasing sea ice-related atmospheric circulation
anomalies are different between the 1997–2016 period and
the 1980–1996 period.

Boreal atmospheric circulation and precipitation anoma-
lies during these two sub-periods could generate different
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surface condition patterns in their following seasons. In par-
ticular, the moisture source of the anomalous positive snow
depth over West Siberia could be the result of Arctic sea ice
loss (Wegmann, 2015). Figures 5 and 6 display the regressed
snow depth and soil moisture anomalies in subsequent sea-
sons onto the SIC index. During the period 1997–2014 (lack
of 2015 and 2016 snow depth data), when the SIC decreases
in autumn, a dipole pattern of snow depth anomalies occurs
over Siberia, featured by significant positive over the south
part of the Siberian region and northeastern China and nega-
tive anomalies over Siberia during wintertime (Figure 5d).
This pattern of snow depth anomalies could persist until the
successive spring due to the temperature lower than 0�C in
cold seasons (Figure 5e,f). However, during the period
1982–1996, the anomalous pattern of snow depth moves
northward and the most significant negative anomalies
appear in the region of east of Ural (Figure 5a). The same

pattern is also seen until following spring during cold sea-
sons (Figure 5b,c).

In light of its features of high albedo and low conduc-
tivity, snow greatly influences the boundary-layer climate
(Bednorz, 2004), related to the varying such as air temper-
ature, precipitation and soil conditions. Soil moisture con-
ditions may also persist through the frozen season of
winter and spring. Corresponding to the autumn precipita-
tion anomalies associated with lower SIC (Figure 4), nega-
tive soil moisture anomalies from autumn to spring are
statistically significant over Siberia in both periods
(Figure 6), although there are some differences between
1980–1996 and 1997–2016. Soil moisture anomalies dur-
ing 1980–1996 mainly appear over west and central
Siberia (Figure 6a–c); however, anomalies move eastward
and appear over central Siberia during 1997–2016
(Figure 6d–f ). In addition, the above-normal soil moisture
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over northeastern China during 1997–2016 becomes sig-
nificant during spring due to the thawing processes of
snow (Figure 6f). In addition, the soil moisture anomalies
from the CPC and MERRA-2 data support the results from
the ERA-Interim data (figure not shown).

These results indicate that variations in snow depth and
soil moisture are coherent and that the signal of decreasing
Arctic sea ice can be retained in both snow depth and soil
moisture conditions in subsequent seasons because of the
large thermal inertia of snow and soil (Charney and Shukla,
1981). Snow depth, on one hand, can influence climate
through albedo effect; on the other, it can impact soil mois-
ture by initiating a delayed hydrological effect on seasonal
timescales and further affecting atmospheric circulation
(Cohen and Rind, 1991; Ogi et al., 2003; Edwards et al.,
2007; Yang et al., 2016; Halder and Dirmeyer, 2017). We
picked two soil moisture indices (SM) for each period
based on the soil moisture anomalies over the Eurasian
continent. Abnormally dry spring soil region associated
with positive surface air temperature anomaly and deficient
surface specific humidity tend to trigger large-scale plane-
tary wave and remotely atmospheric circulation via soil
moisture–atmosphere feedback (Douville, 2002; Van den

Dool et al., 2003; Lau and Kim, 2012; Koster et al., 2014).
For the period 1997–2016, SM1 is calculated as the
regional mean area-weighted soil moisture anomalies over
the region of 60�−70�N, 90�−120�E (represented by the
red frame in Figure 6f) and is used to examine the link
between spring soil processes and summer atmospheric cir-
culation (Figures 7a and 8a,b). Drier than normal Siberian
soil tends to enhance positive height anomalies at 500 hPa
along with an obvious wave train structure that originates
in Siberia and expands southward to Baikal and central
East Asia (Figure 7a). This positive feedback, drier soil
inducing anticyclonic circulation, is in good agreement
with previous studies (Fischer et al., 2007; Seneviratne
et al., 2010). Such a wave train may transport the soil mois-
ture anomaly signal from high latitudes to mid-latitudes,
and then produce anomalous circulations over East Asia.
Meanwhile, negative and positive SLP anomalies appear
over central Eurasian and south of Japan, respectively
(Figure 8a). As a result, a large amount of water vapour is
transmitted into Northeastern China, and less moisture is
transmitted into the south of Japan due to the anomalous
southerly winds, which contribute to a dipole pattern of
precipitation anomalies over East Asia (Figure 8b). These
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results bear a close resemblance to those associated with
autumn Arctic sea ice loss (Figure 3d).

Additionally, for the period 1980–1996, another SM
(SM2) index is constructed by area-weighted averaging soil
moisture anomalies over the region of 60�−70�N,
75�−110�E (represented by the red frame in Figure 6c) and
is used to examine the spring soil moisture's local effect on
summer circulation (Figure 9). Abnormally dry spring soil
over west and central Siberia favours reduced the sea level
pressure (Figure 9a) and tends to induce wet conditions
locally (Figure 9b). These results are similar to those associ-
ated with autumn Arctic sea ice loss (Figure 3a). Such nega-
tive soil moisture-precipitation feedback is supported by
Findell and Eltahir (1999): negative soil moisture anomalies
yield higher Bowen ratios and deeper planetary boundary
layers, and further trigger convection. It is worth noting that
interaction between soil moisture and precipitation depends
on the land features and climate (Koster et al., 2004;
Hohenegger et al., 2009).

Snowpack will greatly influence large-scale atmospheric
circulation via both albedo and hydrological effect (Cohen

and Rind, 1991; Morinaga et al., 2003; Halder and
Dirmeyer, 2017). Additional examinations are conducted
using the positive snow depth anomalies over northern East
Asia during the period 1997–2016 to examine the effect of
snowpack on summer circulation. Figures 7b and 8c,d illus-
trate that the circulation and precipitation anomalies
regressed on the snow depth index (SD), which is con-
structed by area-weighted averaging spring snow depth
anomalies over 40�−50�N, 115�−130�E (represented by the
red frame in Figure 5d). High-level geopotential height
anomalies, associated with positive snow depth anomalies
over northeastern China, tend to show a dipole structure over
East Asia, which is characterized by negative and positive
anomalous centres over the north and south, respectively
(Figure 7b). This dipole pattern is also obvious in the anom-
alous SLP field, with positive anomalies south of Japan and
negative anomalies over northeastern East Asia (Figure 8c).
Consequently, positive and negative precipitation anomalies
occur over Northeastern East Asia and south of Japan,
respectively, resulting in a dipole pattern of East Asian pre-
cipitation anomalies (Figure 8d). These results resemble
those associated with autumn Arctic sea ice loss (Figure 3d).
These results show that the signal of snow depth is associ-
ated with anomalous dry and wet conditions south of Japan
and in northern East Asia, paralleling the distributions
shown in Figures 3d and 8b. This result indicates that the
signals of Arctic sea ice decline tend to persist through the
thermal inertia of both snow and soil moisture from winter
to spring.

Therefore, these results clarify the distinct relationship of
SIC-EASP before and after the late-1990s. During the period
1997–2016, the enhanced linkage between autumn SIC over
Kara-Laptev Seas and EASP may be interpreted as follows.
Associated with the decline of SIC, on the one hand, the
excessive spring snow/soil moisture anomalies over north-
eastern China can induce anomalous summer atmospheric
circulation over East Asia. On the other hand, the soil mois-
ture anomalies over central Siberia can affect the anomalous
pattern of EASP remotely. The autumn Arctic sea ice
declines and precipitation anomalies over East Asia are thus
linked together through both the local and remote impact.
Besides, during the period 1980–1996, associated atmo-
spheric circulation and land condition anomalies are appar-
ent over the Siberian region, instead of East Asia, suggesting
a weak relationship between sea ice and EASP.

The above results highlight the role of land surface pro-
cesses in the linkage of autumn sea ice and subsequent sum-
mer precipitation anomalies over East Asia. As reported by
the National Snow and Ice Data Center (NSIDC), the Arctic
sea ice extent reached an extremely low value for the satel-
lite era during September 2012. The autumn SIC in the
Kara–Laptev Seas also shows extreme values during the past
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three decades (Figure 1). We use the year 2012/2013 to con-
firm the significant relationship that exists after the late-
1990s between SIC and EASP. Figure 10 shows the spatial
patterns of anomalous autumn SIC in 2012, as well as sum-
mer precipitation and relevant circulation patterns with
respect to the climatology of 1981–2010. Obviously, in the
autumn of 2012, there were strong negative SIC anomalies
over both the Kara–Laptev Seas and the Beaufort Sea,
suggesting a low amount of sea ice (Figure 10a). Corre-
spondingly, the 2012 autumn snow depth anomaly shows
negative values over central Siberia, and positive values over
southern Siberia and northeastern China (Figure 11a). This
anomalous pattern could persist into the subsequent seasons
(Figure 11b,c). Positive (negative) snow depth anomalies
generally result in more (less) soil moisture in the southern
Siberia and northeastern China (Siberia; Figure 11d–f). Due
to the combined effects of snow depth and soil moisture, a
dipole structure of anomalous precipitation is observed over
East Asia in the summer of 2013 (Figure 10b), along with an

anomalous low-level cyclonic (anticyclonic) circulation and
an upward (downward) motion over northeastern East Asia
(south of Japan; Figure 10c,d). The scenario in 2012/2013
further confirms the linkage between SIC and EASP and
highlights the important role of land surface processes
(Figures 5e,f and 6e,f).

5 | SUMMARY AND DISCUSSION

In this study, we have shown interannual covariation
between East Asian anomalous summer precipitation pat-
terns and autumn Arctic sea ice loss in the Kara–Laptev
Seas. During the period 1997–2016, associated with autumn
Arctic sea ice loss, anomalous wet and dry conditions tend
to occur over East Asia and south of Japan, respectively. In
contrast, the declining sea ice exerts little influence on the
EASP during 1980–1996. The possible physical mechanism
for the relationship between autumn Arctic sea ice and
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summer precipitation is proposed as follows. For the period
1997–2016, Arctic sea ice loss is associated with simulta-
neous variations in mid-latitude climate. Anomalous positive
SLP could extend southward to East Asia, accompanied by
negative anomalies over northeastern China. Anomalous
atmospheric circulation and moisture conditions appear to be
relevant to contemporaneous land surface variations on the
Eurasian continent. In addition, the anomalous pattern of
snow depth and soil moisture may exhibit little change until
the subsequent spring because of freezing processes. When
autumn sea ice is below normal, anomalous dry soil condi-
tions continuously appear over the central Siberian region in
subsequent seasons. Abnormal soil moisture affects surface
parameters (e.g., surface air temperature, specific humidity)
and leads to interaction with atmosphere. In addition,

negative soil moisture anomalies over central Siberia are
associated with the presence of a north–south wave train
structure in summer, and they generate circulation anomalies
over East Asia. In addition, snowmelt itself could have
impacts on atmospheric circulation by changing summer
heat and moisture fluxes. The excessive snow depth anoma-
lies over northeastern China are associated with significant
anticyclonic and cyclonic circulation anomalies over East
Asia and lead to anomalous positive precipitation anomalies
over northeastern East Asia and negative anomalies south of
Japan. Moreover, the scenario in 2012/2013 confirms this
relationship and stresses the importance of land surface
processes.

In addition to the observational analysis, CESM-LE sim-
ulations are employed to further examine the proposed
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physical processes. We select the four lowest (highest) SIC
and there is a robust relationship between SIC and EASP.
We analyse each member first and then assess the differ-
ences between all members. Figure 12a illustrates the com-
posite maps of autumn Arctic sea ice between four low and
four high SIC years after the late-1990s based on 40 ensem-
ble members of CESM-LE. A significant decline in the SIC
in the Kara–Laptev Seas is observed between years of low
and high SIC. Subsequently, a decline in autumn SIC

favours decreased (increased) soil moisture and snow depth
over central Siberia (northeastern China) from autumn until
the following spring (only the spring scenario is shown in
Figure 12b,c), which is consistent with the observational
results (Figures 5 and 6). Following the decline in autumn
SIC, the anomalous summer precipitation pattern can be
partly observed over East Asia (Figure 12d). Accordingly, a
decrease in soil moisture is seen from low to high SM1
(Figure 12e). Therefore, the linkage between the autumn
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SIC loss in the Kara–Laptev Seas and summer atmospheric
circulation also exists in the model simulations. In addition,
the association with physical processes, such as soil moisture
and snow depth, is also supported by model results. The
state-of-the-art models have a limited capability (such as
internal variability and model uncertainties) to simulate the
East Asian summer rainfall, so it is understandable that the
summer precipitation anomalies are not well captured by
CESM-LE. The present analysis demonstrates that the
autumn–spring snow depth and autumn–spring soil moisture
might be climatic factors that retain the signal of autumn sea
ice anomalies and then influence the summer atmospheric
circulation over Eurasia.

Our present study highlights that the linkage of autumn
sea ice and subsequent summer precipitation anomalies over
East Asia is unstable, and this linkage becomes significant
after the late 1990s. These results have important implica-
tions for extending the seasonal prediction validity of EASP.
The long-term memory of land surface processes including
the soil moisture and snow depth over Eurasia are suggested
to be key factors connecting the SIC and EASP. However,
several problems remain unresolved. For example, the
detailed land–air progresses remain much less acknowledged
compared to the air–sea interaction, and more in-depth anal-
ysis in terms of land–air interaction need to be performed.
Above analysis cannot separate the relative contributions of
soil moisture and snow depth to summertime atmospheric
circulation anomalies, and this issue demands further explo-
ration via simulations. Land surface processes can bridge the
autumn SIC and EASP via slow variations in the cold sea-
son, but other processes, such as stratosphere–troposphere
coupling and air–sea interaction, may also play a role in the
linkage between SIC and EASP. What are their relative con-
tributions to the linkage between SIC and EASP? In addi-
tion, an extension of this study would be to examine the
linkage between Arctic sea ice loss and summer climate vari-
ation in other regions of the Northern Hemisphere.
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