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Abstract

This study discusses the interannual variability and influencing mechanisms of the summer precipitation dipole pattern in North-
east China from 1961 to 2020 based on observation data and reanalysis data. Results indicate that the second mode of empirical
orthogonal function (EOF2) mode of summer (June—August) precipitation in Northeast China presents a dipole pattern with
opposite trends in the north and south, and its time series (PC2) demonstrates significant interannual variations. The South-North
dipole pattern in summer precipitation over Northeast China are significantly correlated with the tropical sea surface temperature,
Arctic sea ice, and Eurasian snow cover in the preceding spring (March—May) on an interannual scale. In the preceding spring,
the rise in sea temperature in the eastern equatorial Pacific and the decline in the western equatorial Pacific can stimulate EAP
and EU teleconnections, positioning a cyclonic center over Northeast China, thereby influencing the dipole pattern of precipita-
tion in Northeast China. Furthermore, the anomalies in European snow cover and Arctic sea ice can lead to an increase in albedo
and a decrease in upward heat flux, causing the lower atmospheric temperature to drop and persist into the summer. This triggers
the eastward propagation of atmospheric Rossby waves at mid-high latitudes, which promotes precipitation in Northeast China
through the occurrence of negative potential height anomalies. These conditions influence the anomalies in the atmospheric
circulation over the Eurasian continent, regulate moisture transport and vertical motion, and collectively contribute to the dipole
pattern of summer precipitation in Northeast China over the past 60 years, with opposite trends in the north and south.

Keywords Northeast summer precipitation - Dipole mode - Decadal trend - Circulation characteristics - Physical
mechanism

1 Introduction

Northeast China (NEC, 38-55°N, 110-135°E) is located in
eastern Asia and serves as one of the crucial grain production
bases in China. This monsoonal region experiences consid-
erable variability in precipitation distribution, making it sus-
ceptible to severe drought and torrential rainfall, particularly
during the summer. Understanding the historical character-
Xinya Shu istics, variability of precipitation, and the governing rules of
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this precipitation variability is therefore of utmost importance.

Numerous studies have examined the annual and summer
precipitation in NEC, revealing that the region’s precipitation
is influenced by both local internal atmospheric variability
and extrinsic forcing through teleconnections. These include
the Northeast cold vortex (NECV) (Sun and An 2001; Wang
et al. 2007), the East Asian summer monsoon (Sun et al.
2017), sea surface temperature (SST) anomaly (Han et al.
2015), snow conditions over the Tibetan Plateau and Eura-
sian (Wu et al. 2009a, b), and Arctic sea ice (Li et al. 2018),
etc. Among these, the NECV is a crucial factor affecting
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NEC’s summer precipitation, with precipitation generally
increasing with NECV strengthening (Liu et al. 2002; Gao
and Gao 2018). Based on previous studies, we have found
that the summer precipitation in the eastern and northeastern
regions of China is characterized by significant circulation
features of low-pressure systems (Cao et al. 2018; Zhao et al.
2018; Chen and Zhang 2020). Therefore, this study will pri-
marily focus on the impact of low-pressure systems on pre-
cipitation. Further, preceding SST anomalies in key areas,
including the equatorial Pacific relate to El Nifio-Southern
Oscillation (ENSO) (Han et al. 2017; Feng and Li 2011), the
southwest Indian Ocean (Feng et al. 2017; Xie et al. 2020)
and the North Atlantic and equatorial Atlantic Ocean (Sun
et al. 2015; Li et al. 2020a, b), can influence the NECV-related
precipitation by exciting the atmospheric circulation anomaly
(Fang et al. 2018). For instance, ENSO, as a strong signal of
ocean—atmosphere interaction, is considered as a major fac-
tor for NEC precipitation variability. Sun and Wang (2006)
suggested that SST anomalies in the eastern tropical Pacific
and the convective activity anomaly in the western warm pool
could affect the energy transfer between the tropics and the
middle-high latitudes through the East-Asia—Pacific (EAP)
teleconnection pattern (Gong et al. 2018). The energy trans-
port mentioned above induces anomalies in atmospheric cir-
culation at mid-to-high latitudes, which affects NECV and
then the precipitation pattern in China (Nitta 1987; Nitta and
Hu 1996; Zong et al. 2008; Sun et al. 2019; Wu et al. 2022;
Zhang et al 2023). Aside from the influence of the tropical
oceans, precipitation in the NEC region is also influenced by
factors originating from the mid-to-high latitudes. It has been
noted by M. Zhang et al. (2022a, b) that the SST variability
in the North Atlantic contributes the out-of-phase change of
precipitation in NEC from April to May.

Previous research identified two major circulation pat-
terns affecting summer precipitation in Northeast Asia: the
Eurasian (EU) teleconnection propagated along the polar
frontal jet (Wallace and Gutzler 1981), and the EAP telecon-
nection from low to high latitudes (Huang and Li 1988).
These teleconnections serve as bridges between external
forcing factors (e.g., SST/snow cover/sea ice) and East Asian
climate (Li et al. 2022), with their spatial location and inten-
sity changes significantly impacting the region. Arctic spring
temperature increase and the corresponding change in spring
sea ice are closely related to China’s summer precipitation
(Li and Leung 2013). Arctic sea ice anomalies in the spring
can cause atmospheric circulation anomalies that persist
into the summer, affecting summer wind circulation, water
vapor transportation and thus precipitation in East Asia
(Zhao et al. 2004; Guo et al. 2014). Furthermore, Zhang
et al. (2019) have pointed out that the variability of Arctic
sea ice interacts with Eurasian snow cover, where a decrease
in Arctic sea ice can trigger teleconnection patterns in mid-
to-high latitudes. However, such circulation anomalies lead
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to increased snow cover in these latitudes, resulting in tem-
perature decreases. Moreover, the prolonged climatic effects
of snow cover, through soil moisture anomalies, reduce
incoming solar radiation, altering the heat/cold source forc-
ing of East Asian summer climate, consequently inducing
cold air masses and low-pressure systems over Northeast
Asia (Zhao et al. 2004, 2024; Wu et al. 2009a, b; Honda
et al. 2009). Therefore, the Eurasian spring snow cover also
influences the summer precipitation in China (Lu et al. 2020;
Zhang et al. 2016), by reducing solar radiation entering the
surface due to high albedo, and then affecting large-scale
circulation anomalies (Thackeray et al. 2019; Zhao et al.
2023). Additionally, soil moisture changes caused by snow
melt affect energy balance, feeding back to the anomaly of
large-scale circulation and then causing the summer rainfall
patterns anomaly in East Asia. (Liu and Michio 2002; Xu
and Dirmeyer 2011; Dirmeyer and Halder 2017; Zhang et al.
2017; Liu et al. 2017; Wang et al. 2024).

Ding et al. (2008) have pointed out the existence of a
meridional dipole pattern in the distribution of summer
precipitation in the East China region. However, most of
these studies consider NEC as a whole, focusing primarily
on the seasonal evolution characteristics or interannual and
interdecadal variations of regional mean annual and summer
precipitation in the whole NEC region. While the average
annual and summer precipitation in the NEC area exhibits
an insignificant increasing trend due to its interdecadal vari-
ability (Han et al. 2015; Li et al. 2018), it’s worth noting
that Han et al. (2019) identified two modes of interannual
variability in midsummer precipitation in the NEC, with the
maximum center of precipitation change located in either
the southern or northern part of NEC. This discovery high-
lights the significant spatial heterogeneity in the precipita-
tion distribution in the NEC, revealing the presence of a
north—south opposite pattern of precipitation alongside the
overall regional consistency (Han et al. 2021). Therefore,
studying the spatial heterogeneity of summer precipitation
in the NEC region will enhance our further understanding
and prediction of interannual variations in summer precipi-
tation in NEC. By no longer treating NEC as a whole but
considering it in a more targeted manner, we can better pre-
vent natural disasters caused by precipitation, ensuring the
safety of people's lives and properties.

The summer precipitation in the NEC has shown opposite
North—South patterns in the past 60 years (Fig. 1¢), suggest-
ing that the variation of precipitation in NEC has other spatial
distribution characteristics beyond the overall consistency.
Few studies have investigated the clear north—south opposite
pattern of summer precipitation variations over NEC in recent
decades and the mechanisms influencing them. The objec-
tive of this study is to examine the properties of north—south
dipole precipitation patterns in the NEC region by address-
ing the following issues: 1) Is there an out-of-phase pattern
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of precipitation exist over the NEC region? 2) What causes
the summer precipitation in NEC to show anomalous out-of-
phase changes? Exploration these issues could deepen our
scientific understanding of the variations of summer rainfall
over the NEC and could also improve the summer dry—wet
prediction and drought/flood mitigation.

2 Data and methods

The main datasets used in this study are monthly averages of
air temperature, geopotential height (HGT), horizontal wind
field (u and v), and omega from the NCEP/NCAR reanalysis
data for the period 1961-2020. Daily precipitation observa-
tions from 2472 stations spanning from 1961 to 2020 were
interpolated into 0.5°x0.5° grid cells and converted into
monthly scale data (Shen et al. 2010). We also used Mann
Kendall non-parametric trend tests to analyze the data trends,
and the data was sourced from the China Meteorological
Administration (CMA). In addition, the monthly SST data,
sea ice, snow depth (Varga and Breuer 2023; Akyurek et al.
2023; Mortimer et al. 2020; Yang et al. 2016), volumetric soil
water layer 2 (7-28 cm)( Beck et al. 2021; Li et al. 2020a, b),
surface albedo, surface heat flux (sensible heat flux and latent
heat flux), and vertically integrated moisture divergence, verti-
cal integral of northward and eastward water vapor fluxes and
so on, from ECMWF Reanalysis v5 (ERAS5) are also used in
this study (Hersbach et al. 2020; Mufioz-Sabater et al. 2021).

The precipitation index in NEC (PI) is calculated
from the regional average precipitation anomaly in NEC
(38°N-55°N, 110 to 135°E). Here, the anomaly is based
on the 1981-2010 mean. The average precipitation in the
northern part of NEC (north of the blue line in Fig. 1c, the

range is: 46~55°N,117 ~135°E) minus that in the south-
ern part (south of the blue line in Fig. lc, the range is:
38~46°N,110~128°E) is the NEC north—south opposite
type precipitation index (PINS). Using a similar approach
to Wallace and Gutzler (1981) and Wakabayashi and Kawa-
mura (2004), combined with the actual research in this
paper, we define the EU teleconotation index as follows:
EUI = —{HGT (55°N,20°E) + 3 SHGT (55°N, 75°E) — {HGT (40°N, 145°E) »
where 'HGT represent the normahzed 500-hPa geo-
potential height at a given latitude and longitude. Simi-
larly, the EAP teleconnection index is defined as:
EAPI = — 1 HGT (60°N, 145° E)+ LHGT/(50°N, 120°E) — 1HGT,(25°N, 100°E) ,
where HGT HGT sm45 /sing, ¢ is 60°N 50°N, 25°N,
respectively (Huang 2004; Choi et al. 2010). We also use the
wave activity flux (WAF; Takaya and Nakamura 2001) to
study and analyze the propagation characteristics of Rossby
waves in the upper troposphere.

Other indices including the northeast China Low index
(NECLI), is defined as the area-averaged HGT at 500-hPa level
within 40°-50°N, 120°-130°E multiplied by — 1 (Liu et al. 2012).
Here, the larger the NECLI, the stronger the northeast China Low
(NECL). An ENSO-like SST index (ENSSTT) is defined as the area
averaged SST within 80°W to 150°W, 5°N to 5°S minus the area
average within 120°E to 150°E, 20°N to 10°S. This definition is
similar to Cao et al. (2013) and actually better presents the ENSO-
related seesaw pattern in SST anomaly over the tropical Pacific.
The snow depth index (EBSDI) is defined as the area-averaged
snow depth within 40°E to 60°E, 60°N to 70°N minus the area
average within 100°E to 115°E, 50°N to 58°N. And the sea ice
index (SICBKI), is defined as the area average within 35°E to 85°E,
74°N to 78°N. In this study, the data used for regression or correla-
tion were de-trended. The correlation coefficients of all indices are
shown in Table 1.
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Table 1 Correlation coefficient

. NECLI EUI EAPI ENSSTI EBSDI SICBKI
of each index (* means pass MAM JJA MAM JJA
90% significance test, ** means
pass 95% significance test) PC2 0.45%:* 016 0.04 008 S0.39%%  (Q.26%* 0.29%: 0.34%%
NECLI \ -0.18  0.07 023* -0.01 0.33%* 0.42%%* 0.04
EUI MAM \ \ \ -0.06 -0.29%*  -0.09
JJA 0.28%** 0.11 0.24*
EAPI MAM \ \ 0.37%+* 0.14 0.16
A -0.25%%* 0.04 -0.12

3 Results

3.1 South-North dipole in summer precipitation
over NEC and its corresponding atmospheric
circulation

It is well-established that the majority of precipitation in
NEC mainly occurs in summer (JJA), accounting for about
65% of the annual total (Liang et al. 2011). Therefore,
our study will primarily focus on this season. However, in
addition to the overall variations observed in precipitation
in NEC, a north—south contrasting precipitation pattern
is also evident (Fig. 1c), highlighting the significance of
considering regional variability.

To identify the primary patterns of summer precipita-
tion over NEC from 1961 to 2020, an EOF analysis was
conducted. The first EOF mode, as shown in Fig. 1a, dis-
tinctly captures the one-sign changes in summer precipita-
tion across NEC with an explained variance of 32.4%. The
time series corresponding to the first mode (PC1, black
line) correlates strongly with the area-averaged summer
precipitation (PI, red line) in NEC (Fig. 1b), exhibiting a
correlation coefficient of 0.98, significant at the 5% level.
In the EOF2 mode, the summer precipitation variation
in the NEC region shows a general northeast-southwest
orientation, with high values located in both the north-
ern and southern parts of NEC (Fig. 1c). Therefore, in
this study, we refer to the precipitation pattern in NEC
as the North—South Dipole Mode precipitation. The cor-
responding time series of EOF2 (PC2, black line) is sig-
nificantly associated with the PINS index (red line), with

Fig.2 Correlation coefficients
between PC2 and summer
precipitation in NEC (a), and
(b) the normalized time series
of NECLI (red line) and PC2
(black line) for 1961-2020. The
NECLI values are multiplied
by — 1. Regions above the 95%
significance level are dotted

55°N
50°N
45°N
40°N|
35°N |
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a correlation coefficient of 0.92(Fig. 1d), reflecting the
contrasting north—south precipitation pattern for the NEC
region in summer.

From 1961 to 2020, opposite north—south type of pre-
cipitation occurs 24 times during the summers, account-
ing for about 40% of the total. However, this summer pre-
cipitation dipole has been largely overlooked in previous
studies, which have either focused on regional changes
considering NEC as a whole, or devoted to the meridi-
onal tripole and dipole precipitation structures in eastern
China (Wang et al. 2020). Therefore, it is both essential
and urgent to characterize and understand the causes of
the north—south antiphase precipitation during summer
in NEC. Subsequent research will rely on the PC2 index,
which well represents the regional north—south precipi-
tation dipole over NEC. A positive PC2 index signifies
a south dry — north wet pattern in NEC, and vice versa
(Fig. 2a). In addition, the correlation coefficient between
PC2 and NECLI reaches 0.45 (passing the 99% signifi-
cance test, Fig. 2b).

To investigate the out-of-phase change of summer pre-
cipitation in NEC, we analyze the accompanying anoma-
lies in atmospheric circulation. As depicted in Fig. 3a,
the correlation field in the 500-hPa HGT with PC2 shows
that NEC is under the influence of an anomalously nega-
tive pressure center. The corresponding cyclonic wind
field at 850-hPa reveals moist southeasterly winds in the
north and dry westerly winds in the south of the NEC.
The anomalous southeasterly winds thereby transport
more water vapor from the North Pacific Ocean to the
northern NEC (Fig. 3b, ¢). The anomalous westerlies in
the southern NEC enhance the East Asian subtropical

(b)
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Fig.3 Correlation coefficients of 500-hPa HGT (a, shading) and
850-hPa horizontal wind vector (a, vectors), 200-hPa U-wind (b,
shading), water vapor flux (¢, vectors) and divergence (c, shading) in
summer with PC2 during 1961-2020. Latitude-height cross section
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westerly jet around the 40°N. This, in turn, promotes
downward motion below the jet primarily through the
poleward advection of warm air. The advection of warm
air warms the upper troposphere and suppresses con-
vection (Lu et al. 2007). Additionally, the enhanced jet
stream leads to an increased horizontal temperature gra-
dient, resulting in stronger vertical wind shear, which
further contributes to enhanced subsidence beneath the
jet (Du et al. 2022a, b). In addition, an abnormal updraft
and an anomalous convergence of water vapor flux in
the northern part of NEC, coupled with the anomalous
descending motions and water vapor flux divergence in
the southern part of NEC (in Fig. 3d), align with the
observed patterns of increased precipitation in the north
and decreased precipitation in the south (Fig. 1c).
Previous studies have explored the impacts of the North-
east China Vortex (NECV) on climate conditions, and the
occurrence of NECV has been found conductive to the for-
mation of precipitation in NEC (Liu et al. 2002; Hu et al.
2011; He et al. 2007). Given our findings of a significant
low-pressure center over NEC and its associated circulations
being favorable to the precipitation dipole over the NEC, we

(shading, unit: 1072 Pa s™!) along 110°-135°E in summer against PC2
(d) during 1961-2020. The Omega values are multiplied by — 100.
The red line in b is the climatic westerly jet. Regions at the signifi-
cance level of 5% are dotted

define the NECLI to describe precipitation over the NEC
(Du et al. 2016). The results show a good correlation with
PC2 time series, with the correlation coefficient of 0.45 at
the significance level of 5% (in Fig. 2b). This indicated that
the stronger the northeastern low pressure, the more pro-
nounced the summer precipitation dipole over NEC, with
increased precipitation in the north and decreased precipita-
tion in the south (Fig. 2a).

3.2 Possible Mechanism of the summer
precipitation dipole over Northeast China

3.2.1 Possible physical mechanisms in the perspective
of SST

Since SST variability can cause atmospheric circulation
anomalies near the equator and the subtropical zone, it can
affect the climate in the mid-high latitudes through the tel-
econnection between the instantaneous season and the sub-
sequent season (Han et al. 2017; Wang et al. 2013; Choi
and Ahn 2019; Wang et al. 2000), we therefore analyzed
the relationship between summer precipitation in NEC and
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«Fig.4 The correlation between summer NECLI and pre-spring SST
(a), (b) the time series of NECLI (black line) and SST index (red
line), and (c) correlation distribution of ENSSTI with precipitation in
NEC. The green box is the key SST area. Regions at the significance
level of 5% are dotted

preceding spring SST. Our results demonstrate a significant
positive correlation between summer NECLI and spring SST
in the tropical eastern Pacific, while it is negatively corre-
lated with the western Pacific warm pool (Fig. 3a). Consid-
ering this ENSO-like SST pattern as a whole, we defined
an ENSSTI index as the area-averaged differences of SST
between the east and west equatorial Pacific, which shows
a high correlation with the NECLI in the following sum-
mer, with a correlation coefficient of 0.33 at a 0.05 level of
significance (Fig. 3b). The ENSSTI effectively captures the
north—south wet-dry precipitation pattern (Fig. 3c) in NEC.

The associated circulation field suggests that an ENSO-
like SST pattern in the tropical Pacific stimulate meridional
"-+-"and zonal "+—+" atmospheric circulation anomalies.

(a)Cor[ENSSTI vs. 500HGT&850UV]

Positive geopotential height anomalies are observed over the
West Siberian Plain, the Kazakh Uplands, and south of the
Sea of Japan toward the Philippines, resulting in a low pres-
sure anomaly over the East European Plain and extending
from NEC to the adjacent North Pacific (Fig. 4a). In the
northern subregion of the Northeast Pacific, the advection
of warm and humid air from the North Pacific, coupled with
ascending motion, facilitates an increase in precipitation.
Conversely, the southern subregion exhibits contrasting
characteristics, with a decrease in precipitation (Fig. 4b-d).
Thus, we conclude that the spring equatorial Pacific SST
has a significant influence on anomalous NECL and thus
the summer precipitation dipole in NEC by triggering the
EU and EAP teleconnections. The dipole precipitation pat-
tern in NEC exhibits a positive correlation with springtime
SSTs in the eastern tropical Pacific and a negative correla-
tion with SSTs in the western region. This indicates that
the generation of ascending motion occurs in the eastern
region, which weakens the Walker circulation near the equa-
tor and induces descending motion in the western region,
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Fig.5 Correlation coefficients of 500-hPa HGT (a, shading) and 850-
hPa horizontal wind vector (a, vectors), 200-hPa U-wind (b, the red
contour is the climatic westerlies), water vapor flux (c, vectors) and
divergence (¢, shading) with the ENSSTI. Regressions of the lati-

tude—height cross section of meridional wind (d, vectors; m s~!) and
vertical velocity (d, shading: 1072 Pa s~') along 110°-135°E in sum-
mer with the ENSSTI during 1961-2020, the Omega values are mul-
tiplied by — 100. Regions at the significance level of 5% are dotted
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Fig.6 The correlation between summer NECLI and pre-spring snow depth (a), and (b) the time series of NECLI (black line) and SD index (red
line). The green box is the key SD area. Regions at the significance level of 5% are dotted
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consequently suppressing convective activity in the Philip-
pines region (Wu et al. 2017; Pierrehumbert 2000; Dang
et al. 2020; McPhaden et al. 2006; Wang et al. 2000). As
a result, a meridional teleconnection pattern is similar to
the EAP pattern is triggered, leading to the occurrence of
negative anomalies in geopotential height over the NEC to
Pacific region (Lu et al. 2006; Huang and Li 1988). Indeed,
the zonal wind pattern in summer involved with spring ENS-
STI displays a similar EAP-pattern with those in Fig. 5b
with NEC precipitation dipole. The correlation between the
ENSSTI and EAPI is -0.25 which is significant at 5% level
(see Table 1).

Furthermore, previous research has demonstrated that
SST anomalies resembling the ENSO can initiate the dis-
tant EU teleconnection pattern, which propagates along the
subtropical jet stream in the mid-high latitude region (Sun
et al. 2021a, b; Wu and Wang 2002). This propagation can
occur through the transmission of Rossby wave rays into
the Atlantic region or via the teleconnection pattern associ-
ated with the Arctic Oscillation (Feng et al. 2017; Hu et al.

Fig. 8 Horizontal wave activity

in the succeeding summer, with a correlation coefficient of
0.28 at a 5% significant level (Table 1). Therefore, the lati-
tudinal EU teleconnection maintained in the mid-high lati-
tudes related to the ENSO-like pattern of SST in the tropical
Pacific Ocean is conducive to maintaining an anomalous low
pressure over NEC (Hu et al. 2020) and thus altering the
precipitation dipole in this region in summer.

3.2.2 Possible physical mechanisms in the perspective
of Eurasian snow cover

Variations in winter and spring snow cover across Eurasia
also significantly impact the East Asian climate by modu-
lating the proportion of solar radiation absorbed and cre-
ating persistent soil moisture anomalies (Lu et al. 2020;
Zhang et al. 2016). As illustrated in Fig. 6a, our analysis
identified the spring snowpack in Europe and the vicinity
of Lake Baikal as pivotal in influencing the NECL, which
in turn affects the summer precipitation dipole in the NEC
region. Notably, the NECLI correlates positively with pre-
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near Lake Baikal. The combined effects of snow cover in
these two regions influence the dipole pattern of summer
precipitation in NEC (Zhang et al. 2021a, b; Liu and Yanai
2002; Jia et al. 2018). The correlation has statistical sig-
nificance, with the correlation coefficient of 0.42 at a sig-
nificance level of 0.01 (Table 1; Fig. 6b).
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The dynamics of this relationship are elucidated in Fig. 7.
As explained by Cohen and Rind (1991), the increase in
snow cover during the previous spring led to an increase
in surface albedo, which in turn reduced the absorption
of shortwave radiation and the upward surface heat flux.
This, in turn, initiates circulation anomalies downstream
from regions with anomalous heat sources (Fig. 7a, b).

r1 = 0.34(p<0.01)

6 -3
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1970 1980 1990 2000 2010 2020

Fig. 10 The correlation between summer PC2 and pre-spring sea-ice cover (a), and (b) the time series of PC2(black line) and SIC index (red
line). The red box is the key SIC area. Regions above the 95% significance level are dotted
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Furthermore, the increased snow in Europe is often accom-
panied by more sea ice over the Barents Sea and its sur-
rounding waters, which has a high albedo and acts as a
cooling mechanism. In Fig. 7c, the lower tropospheric
(700-1000 hPa) atmospheric thickness anomalies corre-
sponding to EBSDI are depicted. A notable thinning of the
atmosphere over Europe and a thickening over the area east
of Lake Baikal are observed. During the spring season, the
anomalous upper tropospheric WAF triggers the propagation
of Rossby waves across Eurasia. This process generates a
distinct pattern of geopotential height anomalies that spans
from the Arctic to East Asia. The pattern exhibits a quasi-
barotropic structure resembling a configuration of " +—+"
anomalies (Fig. 8a). This results in a positive pressure anom-
aly over Northeast Asia.

The influence of increased or decreased EBSDI in spring
can persist into the summer months (Li et al. 2018; Zhang S
et al. 2022a). Research has shown that spring snow cover can

(a)Cor[SICBKI vs. 500HGT&850UV]

have a significant impact on subsequent summer precipita-
tion and temperature through hydrological effects (Xu et al.
2021). As the excessive snow in Europe melts during the fol-
lowing summer, it increases soil moisture, thereby reducing
the surface heat flux and causing cooling in the lower atmos-
phere (Fig. 7d, e, f). Anomalous soil moisture can affect
the abnormal heating/cooling of the atmosphere, leading to
anomalous thickness in the lower atmosphere (not shown
in the figure), resulting in significant negative geopotential
height anomalies over Eastern Europe and Northeast Asia
(Fig. 9a) (Sun et al. 2021a, b; Liu et al. 2016).

During the summer, the perturbations in the upper tropo-
sphere, marked by a WAF anomaly, initiate a Rossby wave
train that emanates from Europe, traverses the Arctic, and
extends downstream to Northeast Asia. This dynamic pro-
cess culminates in a reduced geopotential height over the
NEC region, as shown in Fig. 8b. Moreover, the combina-
tion of enhanced snow cover in Europe and higher moisture
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levels during summer can influence atmospheric circula-
tions, which may lead to increased precipitation over the
Yangtze River valley and northern China. This is in line
with the findings of Zuo et al. (2012). The resulting anoma-
lous cyclone, together with contrasting water vapor fluxes
and vertical movements over the NEC (Fig. 9), results in
the formation of a dipole pattern of summer precipitation
in the NEC.

3.2.3 Possible physical mechanisms in the perspective
of Arctic sea ice

In addition to the Eurasian snow cover, many researches
have elucidated the significant role of Arctic sea ice in shap-
ing the climate of China and East Asia (Wu et al. 2009a, b;
Han et al. 2021). Our findings reveal a significant positive
correlation between spring sea ice and NEC summer precipi-
tation dipole patterns in the regions north of the Barents Sea
and Kara Sea, with a correlation coefficient (SICBKI and
PC2) reaches 0.34 at the significant level of 5% (Fig. 10).
This correlation underscores the influence of Barents-Kara
sea ice in spring on the subsequent summer precipitation
dipole pattern in NEC. Previous studies have identified the
effects of Barents-Kara sea ice anomalies on atmospheric
circulation and climate in East Asia through diagnostic

0

N (c)Cor[SICB'KI VS.

simulations of global atmospheric teleconnection patterns
(Xie and Huang 1990; Petoukhov and Semenov. 2010).
Our study further delved into the changes in summer
atmospheric circulation and find that the pre-spring Barents-
Kara region sea ice has a certain influence on it, as shown in
Fig. 11. An above-normal sea ice extent in the Barents-Kara
Sea during spring initiates a "-+-" zonal wave train across
the middle-high latitudes of Eurasia in summer, with a nota-
ble negative geopotential height anomaly positioned over the
Sea of Okhotsk extending to NEC (Fig. 11a). This anomaly
induces cyclonic circulation patterns in the northeastern
region, resulting in the northern part being influenced by
moist easterly winds from the sea, while the southern part
is affected by dry westerly winds. The presence of a positive
anomaly in the westerlies in the southern region (Fig. 11b),
accompanied by significant subsidence, can lead to a reduc-
tion in precipitation, aligning with findings from previous
research (Wu et al. 2009a, b; Wu et al. 2011). Consequently,
the anomalous moisture convergence and upward motion are
prevalent in the northern NEC, while the opposite condition
are observed in the southern NEC (Fig. 11c, d), promoting
precipitation in the north and suppression in the south.
Spring sea ice near the Barents-Kara Sea similarly
reduces lower atmospheric temperatures by affecting albedo
and surface heat flux (Fig. 12a-c). This triggers a Rossby
wave teleconnection pattern across the middle and high

Fig.12 The correlation between spring albedo (a), surface heat
flux (b) and lower atmosphere temperature (¢, 700-1000hpa aver-
age atmospheric temperature) with the spring SICBKI, as well as the

@ Springer

regression distribution of summer 200hpa HGT (shading, gpm) and
wave flux (vector,m’s~2) (d) in association with the spring SICBKI.
Regions at the significance level of 5% are dotted
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latitudes of Eurasia. During the summer, the zonal wave
train linked to the Barents-Kara Sea ice in spring intensifies
over the Eurasian sector (Fig. 12d). This wave train extends
from the Atlantic to Northeast Asia, leading to negative
height anomalies (indicating cyclonic circulation anoma-
lies) over the NEC region. These anomalies contribute to
the observed dipole pattern enhancement of summer pre-
cipitation in the NEC region.

The chain of mechanisms linking spring Barents-Kara
sea ice to summer precipitation dipole in NEC bears
resemblance to the influence of Eurasia spring snow
cover. Prior studies have suggested a close interconnec-
tion between Barents-Kara sea ice and the depth and cover
of snow (Li and Wang 2013; Li et al. 2018). An increase
in Barents-Kara sea ice is associated with increased snow
in Europe and decreased snow around Lake Baikal (figure
not shown), as corroborated by Li et al. (2018). Wu and
Kirtman (2007) point out that this pattern plays a crucial
role in shaping a zonal dipole distribution, which has sub-
stantial implications for climate variability and change in
China (Wu et al. 2014; Zhang et al. 2016).

4 Conclusions and discussions

In this investigation, we elucidate the interannual variabil-
ity characteristics of the dipole precipitation pattern dur-
ing the summer months in NEC spanning the years 1961
to 2020. Furthermore, we delve into the potential influenc-
ing factors and associated mechanisms. The EOF2 spatial
pattern across the entirety of the NEC displays a distinct
dipole distribution between the north and south. The PC2
associated with this pattern exhibits significant interannual
variability. Our results suggest that the preceding spring's
tropical SST, Eurasian snow cover, and Barents-Kara sea
ice all contribute to enhancing the low-pressure system
over the NEC. This enhancement occurs through vari-
ous teleconnection patterns and atmospheric circulation
dynamics, which subsequently influence the dipole precip-
itation pattern in the NEC. The previous spring equatorial
Pacific SST triggered EU and EAP teleconnection patterns
by influencing vertical motion and convective activity. The
synergistic effect of these teleconnections increases pre-
cipitation in the northern NEC, while inducing an inverse
effect in the southern region, aligning with the findings of
Hu et al. (2020).

Our study reveals that the mechanisms by which snow
cover and sea ice influence precipitation in NEC bear simi-
larities. Prior researches have demonstrated a significant
correlation between the sea ice in the Barents-Kara Sea and
the extent of snow cover in northern Eurasia (Li and Wang
2013; Li et al. 2018). The increase in sea ice in the Bar-
ents-Kara Sea and snow cover in Europe can both enhance
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surface albedo, reduce the upward heat flux from the sur-
face, and excite eastward-propagating Rossby waves in the
mid-high latitudes of Eurasia. This leads to the formation
of anomalous low pressure and cyclonic centers over the
northeast, resulting in abnormally humid easterly winds and
generally dry westerly winds in the northern regions. This
dynamic ultimately fosters a spatial distribution of summer
rainfall in the NEC that is characterized by a higher volume
in the north and a decrease in the south. The specific physi-
cal mechanism is illustrated in Fig. 13.

The dipole distribution of precipitation in NEC is
undoubtedly a result of several interconnected factors. This
analysis, however, is focused on determining the factors
influencing the interannual variability of summer precipi-
tation dipole in the NEC from 1961 to 2020. In addition
to the three factors examined in this study, the higher soil
moisture in the Yangtze River basin and North China dur-
ing spring leads to increased precipitation in NEC (Zuo and
Zhang 2007, 2016). The Anomalies in the Indian Ocean
basin during spring affect the vertical motion over tropi-
cal and subtropical regions, thereby impacting the interan-
nual variability of late summer precipitation in NEC (Zhao
et al. 2019). Moreover, the Atlantic Multidecadal Oscilla-
tion and Pacific Decadal Oscillation also influence summer
precipitation in NEC (Si et al. 2021; Liu et al. 2023). It is
noteworthy that the Arctic sea ice has been decreasing on
decadal scales, leading to reduced precipitation and exacer-
bated drought in the NEC (Du et al. 2022a, b). Additionally,
Li et al. (2018) found an enhanced correlation between the
Barents Sea ice and precipitation in the Northeast region
after 1996/97. Therefore, future studies investigating the
impact of Arctic sea ice on NEC precipitation should also
consider the decadal relationship between the two factors.
Furthermore, since the late 1990s, relationships similar to
ENSO between SST and subsequent summer East Asian-
Pacific (EAP) teleconnections have gradually weakened
(Wang et al. 2023), while significant decadal variations
have been observed between early spring tropical Pacific
temperatures and summer precipitation in the NEC region
(Han et al.2017). Moreover, there have been two decadal
variations in Eurasian spring snowmelt patterns since the
late 1970s and mid-2000s, with a closely linked Eurasian
snowmelt dipole pattern and precipitation in the Northeast
region (Cheng et al. 2022). These insights suggest that when
studying the mechanisms influencing NEC precipitation,
the role of these influencing factors on decadal timescales
should also be considered. As global temperatures gradually
rise in the future, Tabari (2020) predict that precipitation in
the Northeast region will exhibit an increasing trend by the
end of the 21st century. The spatiotemporal uneven distri-
bution of precipitation may exacerbate the risk of droughts
and floods. The dipole precipitation pattern in the Northeast
region might contribute to the increasing trend in summer
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precipitation in the NEC. Anomalous East Asian summer
precipitation could lead to flood and drought disasters, pos-
ing significant risks and losses to human life, property, and
the socio-economic fabric (Torti 2012; Zhang and Zhou
2015). Therefore, exploring the changing characteristics and
causal factors of the dipole pattern of summer precipitation
in the NEC plays a crucial role in enhancing predictions of
NEC precipitation and disaster prevention and mitigation
efforts. Moreover, while this study's conclusions are primar-
ily grounded in observational and statistical analysis, it is
essential to conduct numerical experiments to validate the
proposed physical mechanisms in future work.
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