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Abstract
The early summer (May–June) precipitation in Northeast Asia (NEA) accounts for about 25% of the annual total, which is 
important for the local agriculture production. The potential influencing factors and the related mechanisms of early sum-
mer NEA precipitation variability, however, are not fully understood. Our study suggests that a dipolar NEA precipitation 
anomaly pattern in May–June highly resembles the second leading mode of NEA early summer precipitation variability, can 
be induced by the winter North Atlantic Oscillation (NAO) through the “capacitor” effect of the Barents sea ice (BSI). Further 
analysis indicated that during negative NAO winter, anomalous northerlies controlling the Barents Sea tend to increase the 
local sea ice and reach its peak in spring. The BSI anomalies persist from spring to the following early summer generates 
the “positive–negative–positive” geopotential height anomalies occupying the Arctic, Kamchatka, and extra-tropical west-
ern Pacific. The southerlies on the west flank of the anomalous extra-tropical western Pacific anticyclone advect sufficient 
water vapor from the Pacific to southern NEA, concurrent with lower-troposphere convergence, leading to rich rainfall 
over Korea and southern Japan. In contrast, the lower-level divergence may reduce the precipitation over northern NEA. At 
last, a physical-based empirical model is established using the winter NAO index. It shows that the winter NAO provides a 
promising predictability source for this anomalous NEA dipolar precipitation pattern.

Keywords Barents sea ice · Northeast Asian early summer rainfall · NAO

1 Introduction

The Northeast Asian (NEA) region, which consists of North-
east China, Korea Peninsula, and Japan, is one of the most 
crowded areas and a key breadbasket in the world. Therefore, 
as the major crop-growing season, the amount of rainfall in 
the summer is an important factor in determining the final 

yield of NEA (Shen et al. 2011; Zhou et al. 2015). Studying 
the physical process and predicting the year-to-year vari-
ability of NEA summer precipitation is of great significance 
in ensuring food security. Previous studies found the NEA 
summer rainfall is influenced by ENSO, the tropical Indian 
Ocean, and tropical Atlantic sea surface temperature (SST) 
anomalies (Wu et al. 2003; Lee et al. 2005; Gao et al. 2014; 
Guo and Xiao 2019; Zhao et al. 2020a, b). Except for the 
tropical factors, the Northeast cold vortex, Arctic dipole, and 
other circulation anomalies in high latitudes also play impor-
tant roles (He et al. 2007; Wu et al. 2008; Han et al. 2015).

As the predominant mode of Northern Hemisphere 
atmospheric variability, the North Atlantic Oscillation 
(NAO) reflects a seesaw alternation of air mass between 
Greenland and Azores Island (Wallace and Gutzler 1981; 
Barnston and Livezey 1987; Hurrell 1995, 1996; Thomp-
son and Wallace 1998, 2000), has been regarded as a 
multi–timescale atmospheric mode affecting the weather 
and climate from Eurasia to North America (Brönnimann 
2007; Li et al. 2013; Wu and Wu 2019; Feng et al. 2019; 
Zhang et al. 2019). For boreal spring NAO, a simultaneous 
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tripolar sea surface temperature (SST) anomalies pattern 
in the North Atlantic is found to sustain till the following 
summertime, providing good performance for the seasonal 
prediction of the southeastern Asia summer rainfall (Wu 
et al. 2009a, b, 2012a; Zheng et al. 2016). Nevertheless, 
for Northeast Asia, such preceding NAO-related effects 
and physical mechanisms are still not clear.

There have also been studies that inspected the effect 
of winter NAO on the simultaneous Arctic sea ice (Close 
et al. 2017; Deser et al. 2000; Park et al. 2015; Rothrock 
and Zhang 2005; Strong et al. 2009; Wu and Wang 2020). 
Owing to the reduced oceanic and atmospheric heat trans-
port from the Atlantic, the more extensive sea ice, colder 
seawater, and atmospheric temperature of the Barents Sea 
are found during the negative phase of NAO/AO (Liu et al. 
2004; Wang et al. 2004; Yamamoto et al. 2006; Luo et al. 
2017).

As a “cold pole” of the earth, with widespread sea ice, 
the Arctic presents a notable year-to-year variability and pro-
foundly impacts the local as well as the remote weather and 
climate (Li and Wu 2012; Guo et al. 2014; Zhang et al. 2018; 
Yin et al. 2020; Zhang et al. 2020). Accompanied by the 
rapid diminishing of sea ice in the Arctic during recent dec-
ades, more efforts have been made to trace the connection 
between Arctic sea ice and remote atmospheric anomalies. 
For example, Screen (2013) attributed the increase of north-
ern European rainfall to the loss of the Arctic sea ice via 
the southward shift of the summer jet stream over Europe. 
For East Asia, spring Bering and Okhotsk sea ice might 
exert great influence on the East Asia precipitation during 
the subsequent summer through land surface processes and 
stationary wave activities (Zhao et al. 2004). Applying the 
singular value decomposition method, Wu et al. (2009a, 
b) found the anomalous spring Arctic sea ice can trigger 
a northern Europe-rooted Eurasian wave train that signifi-
cantly impacts Chinese summer rainfall. He et al. (2018) 
pointed out that the Silk Road pattern act as an atmospheric 
bridge connecting Barents sea ice in June and East Asian 
rainfall anomalies in August. In addition to spring Arctic sea 
ice, Wu et al. (2013) revealed that via the seasonal persis-
tence of Atlantic SST anomalies, the extensive winter sea ice 
concentrations west of Greenland can exert its impact on the 
northern Eurasian climate anomalies in the consequent sum-
mer. The below-average autumn sea ice in the Kara-Laptev 
Sea after the late-1990s may cause the seasonal persistence 
of soil moisture and snow depth anomalies into the spring, 
thus feedbacks on the summer precipitation in East Eurasia 
(Liu et al. 2020).

Having known the connection of NAO and EA summer 
rainfall, the importance of Arctic sea-ice influence on the 
EA summer climate as well as their potential linkage with 
winter NAO, it is justifiable to assume whether the year-
to-year variability of the early summer NEA precipitation 

can be affected by preceding NAO through the “capacitor” 
effect of the Arctic sea ice. Two questions will be focused 
on in this study: (1) Can the NEA precipitation be impacted 
by the preceding NAO signal? (2) What roles would the 
Arctic sea ice play? To reply to the above questions, the 
paper is framed as follows. Section 2 introduces the data-
set, methodology, and model. The linkage between winter 
NAO and NEA early summer precipitation is presented in 
Sect. 3. Section 4 focuses on the “capacitor” role of Arctic 
sea ice. A statistic model and some discussions are raised 
in Sects. 5 and 6.

2  Data, methodology, and model

In this study, the monthly datasets are used including (1) the 
ERA-interim reanalysis data gridded at 1.5° × 1.5° resolu-
tion (Dee et al. 2011); (2) the sea ice concentration (SIC) 
dataset from Met Office Hadley Centre at 1.0° × 1.0° hori-
zontal resolution (Rayner et al. 2003); (3) the National Oce-
anic and Atmospheric Administration (NOAA) Extended 
Reconstructed sea surface temperature Version 5 (ERSST 
V5) data (Huang et al. 2017); (4) the NOAA’s Land Pre-
cipitation Reconstruction (PREC/L) data (Chen et al. 2002). 
(5) monthly station-based NAO index (Hurrell 1995). The 
data and indices are de-trended before applied to avoid the 
potential impact of linear trends. The significant tests in this 
study are based on the student’s t-test.

To detect the leading coupling mode between Febru-
ary–March–April (FMA) Arctic sea ice anomalies and 
May–June (MJ) Northeast Asian precipitation, the singular 
value decomposition (SVD) analysis (Bretherton et al. 1992) 
is performed from the covariance between FMA sea ice 
anomalies in the Arctic region (60° N–90° N, 0°–360°) and 
rainfall anomalies over Northeast Asia (NEA, 35° N–55° N, 
115° E–145° E) in the 39 winters from 1979 through 2017. 
Regression and composite analysis are also applied. The 
abnormal years are marked with the absolute values of the 
normalized index exceed or equal to 0.5. The 8 levels from 
1000 to 300 hPa (including 1000, 925, 850, 700, 600, 500, 
400, and 300 hPa) are vertically integrated to calculate the 
water vapor flux.

The 5th generation (version 5.4) the European Center-
Hamburg (ECHAM) (Roeckner et al. 2003) atmospheric 
general circulation model, provided by Max-Plank Institute, 
is used to illustrate the possible mechanism. In the present 
study, we use triangular 63 with 19 vertical levels (T63L19) 
resolutions. Firstly, applying the ECHAM5.4 model, a 
control experiment forced by AMIP II observed climatol-
ogy SST with a 30-years integration with the last 20 years’ 
results as the reference. Next, the sensitivity experiments are 
performed, in which the observational SST and sea ice con-
centration (SIC) anomalies are added to the early summer 
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(May–June) climatology SIC and SST with the initial con-
ditions taken from the control experiment and 20 years of 
integration carried out.

3  NEA early summer rainfall and the winter 
NAO

Figure 1 presents the climatology precipitation over the 
NEA. In the early summer (MJ), the average precipitation 
in Northeast Asia ranges from 100 to 500 mm per-month 
(Fig. 1a). The range of average annual rainfall is between 
300 and 1200 mm per-month (Fig. 1b), indicating the early 
summer NEA precipitation occupies 20–30% of the annual 
total (Fig. 1c).

Figure 2a displays the regression map between the DJ 
NAO index (multiplied by − 1) and the early summer rain-
fall anomalies over Northeast Asia. The result shows that 
the negative phase of NAO in the preceding winter tends to 
result in a dipolar rainfall pattern in the NEA during early 
summer with positive (negative) anomalies over the Korean 
Peninsula and Japan (the Northeast Asian continent). Based 
on an empirical orthogonal function (EOF) analysis of the 
precipitation anomalies in the NEA region (30°–50° N, 
115°–145° N), the precipitation leading modes are exam-
ined. The first leading EOF mode of early summer precipita-
tion over ENA features a mono-sign pattern with the maxi-
mum loading center located over the Korean Peninsula and 
the southern Japan (not shown). And PC1 accounts for about 
32% of the total variance. Figure 2b, c show the spatial–tem-
poral field of the second leading mode. The spatial pattern 
of EOF2 highly resembles that of Fig. 2a. PC2 accounts 
for about 15% of the total variance and represents a nota-
ble interannual variability. If defining the averaged positive 

anomalies (purple box; 35°–39° N, 126°–138° E) minus 
the averaged negative anomalies (purple box; 41°–48° N, 
120°–136° E) as a Northeast Asian dipolar precipitation 
index (NEADPI), the temporal correlation coefficient (TCC) 
between MJ NEADPI and PC2 is 0.8, while that between 
MJ NEADPI and DJ NAO index is − 0.54, exceeding the 
99% confidence level (Fig. 2c), indicating the opposite-sign 
precipitation anomalies may appear over the northern and 
southern NEA continent in the post-NAO early summer. The 
TCC between PC1 and MJ NEADPI is 0.36, which is much 
less than that of PC2. Therefore, the anomalous dipolar pre-
cipitation pattern reflects the second leading mode of MJ 
precipitation in the NEA. 

Figure 3 compares the composite fields of atmospheric 
circulation between high and low MJ NEADP indices and 
between low and high DJ NAO indices. For NEADPI, an 
obvious anomalous positive–negative–positive geopoten-
tial height pattern controls the Arctic, Eurasia, and extra-
tropical western Pacific (XWP). Specifically, a large range 
of salient positive 850-hPa geopotential (Z850) anomalies 
is occupying the Arctic. Meanwhile, the salient negative and 
positive Z850 anomalies control eastern Siberia and XWP, 
respectively (Fig. 3a). Corresponding to such an abnormal 
pattern, an anomalous cyclonic (anticyclonic) 500-hPa hori-
zontal wind (UV500) is centered over Kamchatka (southern 
Japan) and less (more) water vapor is advected to northern 
NEA (Korea and Japan) from the western Pacific through 
the southern flank of the cyclone (anticyclone) (Fig. 3c). For 
NAOI, the corresponding Z850, UV500 (Fig. 3b) and verti-
cally integrated water vapor flux (Fig. 3d) anomalies share 
similar characteristics with those of NEADPI.

As an internal variability of the atmosphere (Bransta-
tor 2002), the NAO seems to be unlikely to persist from 
winter to the following season. Shukla (1998) has pointed 

Fig. 1  May–June (MJ) (a) and annual b mean precipitation (color shadings in units of mm/month, interval: 100 mm/month) in the Northeast 
Asia (NEA) region, c the ratio of a and b (color shadings in units of %, interval: 2%)
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out that the low boundary forcing can store and sustain the 
anomalous atmospheric signal and then impact the regional 
climates in the subsequent months. The low boundary con-
ditions associated with winter NAO, therefore, should be 
taken into accounts to examine their potential roles. Previous 
studies have found that the tripolar SSTA associated with 
strong NAO can generate wave trains that further impact 
the EA summer monsoon (Wu et al. 2009a, b; Zuo et al. 
2013). Thus, we examine the composite difference of MJ 
SST over the North Atlantic (NA) between low and high 
DJ NAO years. It shows that after a winter NAO reaches 
the extreme negative phase, a distinct tripolar SSTA pattern 
would appear over NA in the following summer (Fig. 4a). 
A NA tripolar SSTA index (NATI, Fig. 4b) is calculated 

using the sum of averaged positive SSTAs in the tropical 
(6°–22° N, 20°–60° W) and extra-tropical (56°–68° N, 
10°–60° W) Atlantic minus the averaged negative SSTA in 
the mid-latitude (38°–46° N, 30°–50° W) Atlantic. The TCC 
between this NATI and MJ NEADPI is 0.26, not reaching 
the significant level (p < 0.1) based on the Student’s t-test. 
Considering the NAT SSTA may not be the key factor con-
necting the DJ NAO and MJ NEADP, other low boundary 
factors are needed to be further inspected.

Fig. 2  a Linear regression of MJ precipitation (color shadings in units 
of mm/month, interval: 2 mm/month) anomalies against the DJ North 
Atlantic Oscillation (NAO, multiplied by − 1) index, b the second 
EOF mode of the MJ NEA precipitation. The dark (light) shadings 
indicate significant values at the 95% (90%) confidence level. Purple 

boxes indicate the northern (41°–48° N, 120°–136° E) and southern 
(35°–39° N, 126°–138° E) NEA regions. c Time series of the normal-
ized MJ NEA dipolar precipitation (black curve, NEADP), DJ NAO 
(red curve) indices, and PC2 (blue curve) for the period of 1979–2017
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4  Capacitor effect of Arctic sea ice

a. The Barents sea ice connect winter NAO and NEA sum-
mer rainfall.

Many studies have paid high attention to the connection 
between NAO and Arctic sea ice in the wintertime (Close 
et al. 2017; Deser et al. 2000; Park et al. 2015; Rothrock 
and Zhang 2005; Strong et al. 2009; Wu and Wang 2020). 
For instance, observational and numerical evidence proved 
that the positive NAO normally transports the moist and 
warm air from the Atlantic Ocean to the Barents Sea, lead-
ing to the melt of the local sea ice (Liu et al. 2004; Wang 
et al. 2004; Koenigk et al. 2009). In this light, Fig. 5 shows 
the lead-lad composite of SIC and surface air temperature 
(SAT) between low and high DJ NAO index. During Novem-
ber, less sea ice and warmer than normal conditions control 
the Barents sea (Fig. 5a, d). However, such conditions are 
reversed in the early winter (Fig. 5b, e) and beef up in the 

late winter (Fig. 5c, f). Figure 6 compares the 1000-hPa geo-
potential height, horizontal wind, SAT advection, and heat 
flux (latent plus sensitive heat flux) anomalies between low 
and high DJ NAO index for the early and late winter. The 
Z1000 pattern displays a seesaw mode with the significant 
positive and negative centers locating over Iceland and the 
Azores Islands (Fig. 6a), reflecting a typical negative phase 
of NAO featured by increased anomalous northerly over the 
Barents Sea. In this way, the advection of cold air from the 
north to the Barents Sea would be enhanced (Fig. 6b). The 
cold SAT together with the increased abnormal northernly 
over the Barents Sea accelerates the formation of Barents sea 
ice during winter (Fig. 5b). And accompanied by change of 
the seawater phase to the sea ice, a large amount of heat flux 
was released from the ocean to the air (Fig. 6c). However, 
owing to the much weaker negative phase of the NAO signal 
during November, the abnormal northerly, cold advection 
and heat flux releasing cannot be detected over the Barents 
Sea (Fig. 6d, e, f). Therefore, DJ is the key season for sea ice 

Fig. 3  a 850-hPa geopotential height (contours in units of gpm, inter-
val: 6 gpm) and 500-hPa horizontal wind (vectors in units of m/s), 
c vertically integrated water vapor flux (vectors in units of kg/m/s) 
composite differences between high and low NEADP indices. b, d 
The same as a, c except for low minus high DJ NAO years. The vec-

tors in a, b indicate significant values exceeding the 95% confidence 
level. The dark (light) shadings indicate significant values exceeding 
the 95% (90%) confidence level. The boxes in the c, d indicate the 
regions where NEADPI defined
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Fig. 4  a MJ sea surface temperature (SST, contours in units of K, 
interval: 0.2 K) composite difference between low and high DJ NAO 
indices. The dark (light) shadings indicate significant values exceed-

ing the 95% (90%) confidence level. b Time series of the normal-
ized MJ North Atlantic tripolar SST index (black curve, NATI) and 
NEADPI (red curve) for the period of 1979–2017

Fig. 5  a November, b DJ, c JF sea ice concentration (contours in 
units of %, interval: 5%) composite differences between low and high 
DJ NAO index. d–f Same as a–c except for sueface air temperature 

(contours in units of   °C, interval: 1  °C). The dark (light) shadings 
indicate significant values exceeding the 95% (90%) confidence level
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formation, which is initiated by the enhanced negative NAO 
signal. And this feature is reminiscent of the effect of anom-
alous Barents sea ice on the remote atmospheric circulation 
as revealed by Wu et al. (2016), who found the anomalous 
Barents sea ice sustains from winter through early spring 
that triggers a Eurasian Rossby wave train, modifying the 
precipitation over southern China. In addition to the con-
tribution to the EA spring rainfall, we would like to discuss 
the potential effect of Arctic sea ice on the linkage between 
DJ NAO and MJ NEADP.

Figure 7 presents the spring and summer climatology and 
standard deviation (STD) characteristics of Arctic sea ice 
in 1979–2017. During the early spring and early summer, 
large amounts of sea ice cover much of the surface of the 
Arctic Sea (Fig. 6a, b). For the interannual variability of sea 
ice, high STD values persist from FMA to MJ in the Barents 
Sea (Fig. 7c, d). To check the potential coupling connec-
tion between the spring Barents sea ice and early summer 
NEA precipitation, Fig. 8 displays the leading SVD modes 
of FMA Arctic sea ice anomalies (60°–90° N, 0°–360°) 
and MJ precipitation anomalies over NEA (35°–55° N, 
115°–145° E). The first mode explains 57% of the total 
squared covariance. The Arctic sea ice pattern for homo-
geneous correlation is featured by a mono-sign positive 
anomaly in the Barents Sea and to the east of Greenland 

(left panels in Fig. 7a). Its heterogeneous counterpart is also 
highly correlated with the Barents sea ice. But the positive 
correlations to the east of Greenland cannot be found. The 
corresponding precipitation anomaly shows a south-north 
“seesaw” pattern (right panels in Fig. 8a, b) with positive 
correlations in Japan and Korean Peninsula and negative 
correlations in the northeastern Asian continent, which is 
similar to the DJ NAO-related NEA early summer rainfall 
pattern (Fig. 2a).

If calculating the composite difference SIC from early 
spring to early summer between low and high DJ NAO indi-
ces, an obvious characteristic is that following the negative 
DJ NAO, a notable positive SIC anomaly emerges in the 
Barents Sea in FMA and MJ (Fig. 9a, b). The intensity 
of anomalous Barents sea ice associated with DJ NAO is 
stronger in FMA than in JF and MJ (Figs. 5c, 6a, b). We 
define the sea ice concentration averaged within the region 
of (62.5°–79.5°  N, 10.5°–65.5°  E, the boxed region in 
Fig. 9), where the notable year-to-year variations are excited, 
as the Barents sea ice index (BSII) to quantitatively scale 
the variation of the Barents sea ice. The TCC between FMA 
BSII and the preceding DJ NAO index is − 0.49, while that 
between FMA BSII and MJ NEADPI is 0.56, both exceeding 
the 99% confidence level.

Fig. 6  The differences of DJ a 1000-hPa geopotential (contours in 
units of gpm, interval: 10 gpm) and horizontal wind (vectors in units 
of m/s), b SAT advection (shadings in units of  10−5 °C s−1, interval: 
2  10−5 °C s−1), c heat flux (sensitive plus latent heat flux) anomalies 

between low and high DJ NAO index. The vectors indicate significant 
values exceeding the 95% confidence level. The dark (light) shadings 
indicate significant values exceeding the 95% (90%) confidence level
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How can DJ NAO affect the Barents sea ice in the sub-
sequent seasons? It is known that the switch of the NAO 
phase corresponds to the equatorward or poleward move 
of the Atlantic storm track (Trenberth et al. 2005). Taking 
the negative NAO phase as an example, an enhanced jet 
stream along 40° N tends to induce cold SST anomalies via 
accelerating the underlying sea surface latent heat release. 
In contrast, the low-speed wind prevailing in the areas north 
of 45° N and south of 30° N decreases the surface latent heat 
exchange. In consequence, a tripole SSTA pattern appears in 
response to such NAO-related surface wind anomalies and 
feeds back to the atmosphere, maintaining the negative phase 
of NAO during winter (Watanabe et al. 1999; Pan 2005). Wu 
et al. (2009a, b, their Fig. 6) further noted that this positive 
ocean–air feedback starts in winter and persists to the con-
sequent spring, but vanishes during the summertime.

Although this positive feedback process maintains the 
NAO signal from winter to spring, it is unclear whether 

spring NAO can also exert its forcing effect onto Barents 
sea ice or not. To clarify the relevant mechanism, the FMA 
BSII is taken as a reference to calculate the lead-lag regres-
sion with 1000-hPa geopotential and horizontal wind (Z/
UV1000) (Fig. 10). The regressed 1000-hPa geopotential 
and horizontal wind fields from a − 2-month to a 0-month 
lead (Fig. 10a–c) displays a spatial distribution that highly 
resembles the negative NAO, implying that a negative NAO-
like pattern is forcing and inducing the increase of Barents 
sea ice. This reflects a situation similar to that in winter 
(Koenigk et al. 2009). Nevertheless, the NAO-like pattern 
disappears in a 1-month and a 2-month lead (Fig. 10d, e), 
indicating that the effect of anomalous Barents sea ice may 
not feedback on the persistence of the summer NAO-like 
anomalies. It also implies that other mechanisms may be 
responsible for the extensive Barents sea ice during early 
summer.

Fig. 7  Climatology of sea ice concentration (shadings in units of %, interval: 10%) in the Arctic region for a FMA and b MJ. c, d The same as a, 
b except for standard deviation (interval: 4%). The purple fan-shaped box indicates the Barents Sea region (62.5°–79.5° N, 10.5°–60.5° E)
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To examine the potential process, we use FMA BSII 
regressed onto the FMA, MAM, and MJ net radiation fields, 
respectively. The net radiation is calculated as:

where  Radnet means net radiation, DSWRF (USWRF), and 
DLWRF (ULWRF) represent downward (upward) solar 
radiation and longwave radiation fluxes, respectively. The 
obvious negative net radiation anomalies can be seen in the 
Barents Sea (red box) from FMA to MJ (Fig. 11), suggesting 
that excessive early spring sea ice reduces open water and 
enhances the sea ice albedo. Strong sea ice albedo reflects 
more solar radiation and decreases the ice melt, favoring the 
persistence of SIC anomalies in the Barents Sea from FMA 
to MJ. This thermodynamic process at the ice-ocean surface 
has been discussed by Zhang et al. (2000). Here, another 

(1)Rad
net

= DSWRF + DLWRF−USWRF−ULWRF,

question is proposed that whether Barents sea ice can further 
impact NEA early summer rainfall.

Figure 12a shows the time series of the normalized FMA 
and MJ BSII for the past 39 winters (1979–2017). The cor-
relation coefficient between these two indices is 0.87, imply-
ing a strong persistence of BSI. If springs (ensuing early 
summers) with a BSII value [black (red) curves in Fig. 12a 
for > 0.5 or < 0.5] are considered to be anomalous, there are 
five high-BSII years (1987, 1998, 2003, 2011, and 2017) and 
seven low-BSII years (1983, 1984, 1989, 1992, 2002, 2012 
and 2013). Note that we choose 0.5 standard deviation as a 
threshold for spring (early summer) BSII just to obtain the 
years of remarkably persistent BSI anomaly for the follow-
ing composite analysis.

b. How Barents sea ice impact NEA summer rainfall?

Fig. 8  The first SVD mode for the FMA sea ice anomalies (left pan-
els) in the Arctic (60°–90° N, 0°–360°) and the precipitation anom-
alies (right panels) during MJ over the NEA area (115°–145°  N, 
30°–55° E). The shading interval is 0.1. a, b The homogeneous and 

heterogeneous correlation patterns respectively. The dots areas indi-
cate correlation coefficients exceeding the 95% confidence level. The 
correlation coefficient of the corresponding time series is 0.6
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Figures 13 and 14 show the composite large-scale circula-
tion differences corresponding to the persistent BSI years. 
The SAT anomalies between high and low BSII show the 
significant negative anomalies controlling the Barents Sea 
and eastern Siberia (Fig. 13a). The U500 anomalies associ-
ated with extensive BSI exhibit a negative–positive–negative 
structure over Eurasia (Fig. 13b). In the polar region, salient 
negative anomalies indicate a decreased circumpolar west-
erly. Significant positive anomalies elongate from western 
Europe to East Asia, indicating an enhanced mid-latitude 
jet. Meanwhile, the subtropical North Pacific is covered by 
an anomalous negative U500. The composite geopotential 
anomalies show the spatial pattern resembling Fig. 3, signifi-
cant negative and positive Z850 anomalies associated with 
anomalous cyclonic and anticyclonic UV500 locate over the 
Kamchatka and southern Japan (Fig. 14a). Southeasterly 
anomalies on the south side of anomalous XWP anticyclone 
enhance the inflow intensity of moist flux which provides 
the abundance of vapor to Japan and Korea. Nevertheless, 

the westerly anomalies to the south edge of abnormal Kam-
chatka cyclone tend to limit water vapor conveyance from 
the Pacific (Fig. 14b). Figure 14c shows that there is a con-
vergence centered over Korea and southern Japan, a diver-
gence located over the NEA continent. The above circulation 
anomalies jointly contribute to the precipitation pattern over 
the NEA (Fig. 12b).

However, simultaneous composites do not warrant the 
potential causality. To further illustrate the impacts of the 
abnormal BSII-type forcing, we carried out numerical exper-
iments with the ECHAM5.4 model introduced in Sect. 2. 
The MJ SST and sea ice anomalies associated with persistent 
BSI anomalies in the Barents Sea (62°–79° N, 10°–65° E) 
are imposed in the early summer (MJ) climatology fields. 
Inspecting the differentials of sensitivity and control 
experiments, the simulated abnormal SAT, U500, UV500, 
and Z850 are presented in Fig. 15. For the SAT difference 
between sensitivity and control experiments (Fig. 15a), the 
salient negative anomalies appear over the Barents Sea, but 

Fig. 9  a FMA, b MJ sea ice (shadings in units of %, interval: 5%) dif-
ference between low and high DJ NAO indices. c, d The same as a, b 
except for high minus low MJ NEADP years. The dark (light) shad-

ings indicate significant values exceeding the 95% (90%) confidence 
level. The boxed region indicates the Barents Sea
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Fig. 10  The lead-lag correlation patterns between the 1000-hPa geo-
potential (contours in units of gpm, interval: 5 gpm) and horizon-
tal wind (vectors in units of m/s) (UV/Z1000) and the early spring 
BSII. The BSII leads the UV/Z1000 by a − 2, b − 1, c 0, d + 1, and 

e + 2  months. The dark (light) shadings and vectors indicate sig-
nificant values exceeding the 95% (90%) confidence level. Note that 
− 2  months correspond to December–January–February, − 1  month 
correspond to January–February–March, and so on

Fig. 11  Linear regressions of a FMA, b MAM, and c MJ net radiation (shadings in units of W/m2, interval: 0.2 W/m2) anomalies against FMA 
BSII. The dark (light) shadings indicate significant values exceeding the (95%) 90% confidence level
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cannot be detected over eastern Siberia comparing with that 
of the observation (Fig. 13a). A “−, +, −” structure can also 
be found in the simulated anomalous U500 field except for 
the northward shift of the mid-latitude jet stream over west-
ern Europe (Fig. 15b). For UV/Z500 difference (Fig. 15c), 
an anomalous high with the anticyclone UV500 anoma-
lies controls the Arctic region. In the mid- to low-latitude 
regions, the anomalous low and high with the cyclone and 
anticyclone UV500 anomalies are centered over the Kam-
chatka and North Pacific. In general, this spatial pattern 
highly resembles that of the observational result except for 
the anomalies over the western Eurasia continent (Fig. 14a). 
For the numerical result, a salient anomalous high accom-
panied by an abnormal low appears in the western Eurasia 
continent. For the observational result, the western Eurasian 
continent is mainly controlled by an obvious low. The reason 
calls for further study. Figure 15d shows the differences of 
divergence at 700 hPa and vertically integral of moisture 

flux. The abnormal southward moisture flux prevails over 
Korea and southern Japan, accompanied by the abnormal 
negative divergence at the lower troposphere. However, 
the eastward moisture flux along 45° N in Fig. 14c cannot 
be detected in Fig. 15d. Meanwhile, the abnormal positive 
divergence sits over the NEA continent. Such anomalous 
patterns are consistent with the observation results to some 
extent (Fig. 14c).

Combined with the results of observational analysis and 
numerical test, the “capacitor” effect of Barents sea ice can 
be concluded as follows: via the positive feedback between 
NAO and NAT SSTA from winter to the following early 
spring (FMA), a negative phase of NAO can be sustained, 
which increases the simultaneous Barents sea ice. After early 
spring, an ocean-ice thermodynamic process, maintains the 
extensive Barents sea ice to early summer. Namely, the 
extensive sea ice in FMA, which reflects more solar radia-
tion to the air, tends to decrease the absorption of downward 

Fig. 12  a Time series of the normalized FMA (black) and MJ (red) BSI index for the period of 1979–2017. b The MJ precipitation difference 
between high and low BSI index. The dark (light) shadings indicate significant values exceeding the 95% (90%) confidence level

Fig. 13  a MJ SAT (°C, interval: 1 °C), b MJ U500 (m/s, interval: 1 m/s) difference between high and low persistent BSI years. The dark (light) 
shadings indicate significant values exceeding the 95% (90%) confidence level
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radiation, declining the melting of the summer sea ice. Dur-
ing the early summer, the extensive Barents sea ice tends to 
reflect more downward solar radiation to the air, inducing a 
cold local SAT. The accumulation of cold air mass produces 
favorable effects on the enhancement of anomalous cyclones 
over the White Sea. The anomalous easterlies (westerlies) 
along the north (south) flank of this anomalous cyclone may 
suppress (enhance) the downstream circumpolar westerlies 
(Eurasian mid-latitude jet stream). Along the enhanced 
mid-latitude jet stream waveguide, some of the perturba-
tion which is induced by the extensive Barents sea ice may 
propagate zonally eastward to the downstream regions and 
contribute to the “positive–negative–positive” geopotential 
height anomalies occupying the Arctic, eastern Siberia, and 
XWP. The southeasterly anomalies on the west side of the 

abnormal XWP anticyclone bring sufficient moisture to 
Korea and Southern Japan. However, the abnormal north-
westerly along the east flank of the abnormal Kamchatka 
cyclone restricts the Pacific moisture transportation. Accom-
panying with the negative and positive divergence over the 
Japan sea and NEA continent, a distinct dipolar precipitation 
pattern appears over the NEA region during early summer.

5  Empirical prediction of NEADP

In recent decades, despite the rapid development of 
dynamical climate models, seasonal forecast models 
still have poor prediction skills for the summer rainfall 
over East Asia (Wang et al. 2009; Zhao et al. 2020a, b). 

Fig. 14  The same as Fig. 13, except for a Z850 and UV500, b verti-
cally integrated water vapor flux, c divergence (contours in the units 
of 1/s, interval: 0.3 1/s) and divergent winds (vectors in the units of 

m/s) at 700-hPa. The dark (light) shadings indicate significant values 
exceeding the 95% (90%) confidence level
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Considering the intimate connection between DJ NAO 
and MJ dipolar precipitation mode in the NEA, a statisti-
cal prediction model is established by a linear regression 
approach using DJ NAOI for 1979–2017 to examine the 
contribution of the preceding NAO signal to the predicting 
skill of the MJ dipolar NEAP. The leave-ten-out cross-
validation method is applied to inspect the predictive 
performance of the empirical model (EPM). The cross-
validation method appropriate chooses 30 (29) years from 
1979 to 2017 to train the prediction model, and exams it 
with the residual 10 years. The leaving out ten is accord-
ing to the conclusion of Blockeel and Struyf (2002), who 
believed randomly selecting 70–80% of the data to be the 
training set for conducting regression and the rest as in a 
test data would avoid overfitting and wasting data. In this 

study, 75% of the entire period (39 years) roughly equals 
30. That’s why we choose the leave-ten-out strategy. The 
correlation coefficient of the observation and prediction 
indices is calculated as the skill score to access the model 
performance.

Figure 16a presents the cross-validated estimates of the 
NEADP. The TCC between the 39-year cross-validated esti-
mates of the EPM based on NAOI and the observed NEADP 
index is 0.47. Owing to DJ NAOI highly coupled with the 
simultaneous NAT SSTA, the DJ NATI is also applied to 
establish the EPM. However, its predict skill (0.27) is much 
lower than that of DJ NAOI. Figure 16b further shows the 
spatial pattern between estimates of the empirical model 
(based on NAOI) and MJ precipitation anomalies in the 
NEA region. An obvious dipolar pattern controls the NEA, 

Fig. 15  The ECHAM5 results simulated by BSII-associated MJ Bar-
ents Sea SST and SIC anomalies forcing. a SAT (contours in units of 
°C, interval: 1  °C), b 500-hPa zonal wind (vectors in units of m/s), 
c 500-hPa horizontal wind and geopotential height (contours in units 
of gpm, interval: 10 gpm) anomalies. The shaded areas in a, b imply 

abnormal values above 1 °C (m/s) or below −1 °C (m/s), in c imply 
abnormal values above 20 gpm or below − 20 gpm. d 700-hPa diver-
gence (contours and shadings in units of 1/s, interval: 0.3 1/s), and 
divergent winds (vectors in units of m/s). The vectors indicate anoma-
lous values above 0.5 m/s or below − 0.5 m/s
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indicating the DJ NAO signal can validly predict NEADP 
about a season in advance.

6  Conclusion and discussion

Northeast Asian early summer rainfall is a critical factor 
that impacts the local agricultural production. Previous stud-
ies have found several factors, including ENSO, the Tibetan 
Plateau snow cover, Indian Ocean Dipole, Southern Annular 
Mode, West Pacific subtropical high, and many others (Xiao 
et al. 2002; Wu et al. 2012a, b; Cao et al. 2014, 2017, 2018; 
Yang et al. 2017) that influence the summer rainfall in the 
EA region. However, a relatively small amount of studies 
focused on the Arctic sea ice, besides, the related physical 
mechanisms remain debatable and call for more research.

In this article, we contrasted the potential roles of the 
Barents sea ice and the NAT SSTA in connecting DJ NAO 
signal and NEA early summer precipitation anomalies. 
It is found that via the positive feedback between NAO 
and NAT SSTA from winter to the following early spring 
(FMA), a negative phase of NAO can be sustained, which 
increases the simultaneous Barents sea ice. During the 
early spring, the extensive sea ice reflects more solar radia-
tion to the air and decreases the absorption of downward 
radiation and the melting of the summer sea ice. Obser-
vational and numerical evidence imply that the abnormal 
positive Barents sea ice, which persist from spring to the 
early summer, contribute to the “positive–negative–posi-
tive” geopotential anomalies pattern occupying the Artic, 
eastern Siberia, and West Pacific. The southerlies on the 
west flank of the anomalous XWP high advect plentiful 
moisture from the Pacific to Korea and southern Japan. A 
large amount of water vapor concurrent with lower-trop-
osphere convergence increases the local convection and 

the early summer rainfall over southern NEA. In contrast, 
the lower-level divergence induces less precipitation over 
northern NEA. Through this process, the Barents sea ice 
acts as a “capacitor” that remembers and extends the win-
ter NAO signal to the ensuing early summer, inducing a 
dipolar rainfall pattern over the NEA region. And such an 
anomalous precipitation pattern reflects the second leading 
mode of MJ precipitation in the NEA.

According to such evidence, we further examine the 
prospective predictability of the NEADP through build-
ing a statistic prediction model in which the anomalous 
DJ NAO is applied as a predictor. Using the leave-ten-
out cross-validation method, the outcome implies that the 
EPM can skillfully predict the variability of NEA early 
summer dipolar precipitation by more than a season in 
advance. The winter NAO, therefore, may offer a predict-
ability source for the NEA early summer rainfall.

Except for SSTA and sea ice anomalies, previous stud-
ies also considered the snow cover in the Tibetan Pla-
teau and the mid- to high-latitude Eurasia as the impor-
tant factors for EA summer monsoon (Wu and Kirtman 
2007; Yim et al. 2010; Wu et al. 2012a, b; Xiao and Duan 
2016). Therefore, whether DJ NAO can impact NEA early 
summer rainfall through Eurasian snow cover calls for 
more studies. Furthermore, with global warming caus-
ing frequent extreme rainfall around the world (Donat 
et al. 2013a, b), what is the realistic scenario for that of 
NEA? Whether the Arctic sea ice can impact the extreme 
rainfall over the NEA? These questions are worth further 
exploring.
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