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Abstract
The influence of early spring sea ice at Barents Sea on midsummer rainfall in Northeast China (NEC) is identified based on 
observational analyses and atmospheric modeling experiments in this study. Increased sea ice area (SIA) in the Barents Sea 
is ensued by positive rainfall anomalies at north of NEC and by negative anomalies at south, and vice verse. Specifically, 
due to a good seasonal persistence from spring to summer, the preceding sea ice anomalies exert an impact on midsummer 
surface air temperature anomalies and vertical stability over Barents Sea via the modulation on turbulent heat flux. The 
anomalous circulation is further triggered over Europe and the Mediterranean Sea through meridional vertical cells, with a 
barotropic structure. Accordingly, an effective Rossby wave source is excited over the eastern Mediterranean by the advec-
tion of vorticity by divergence wind, and causes an eastward propagation of Silk Road Pattern to East Asia. In addition, 
another SIA-related wave-like train can diffuse directly southeastward from Arctic to NEC in a polar path. Observations and 
numerical simulations indicate that, in response to increased sea ice at Barents Sea, an anomalous cyclone emerges over NEC, 
along with easterly or southeasterly over north of NEC and with northwesterly over south, leading to moisture convergence 
anomalies at north and divergence anomalies at south. Jointly, ascending (descending) motion anomalies favors a wet (dry) 
summer over north (south) of NEC.
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1 Introduction

Northeast China (NEC), including Heilongjiang Province, 
Jilin Province, Liaoning Province and eastern four leagues of 
Inner Mongolia, is a major industrial base and breadbasket 
in China. Located at mid-to-high latitudes, NEC is one of 
the regions that are most vulnerable to global warming in 
China (Zhou et al. 2016). Climate change in this region, in 
terms of variability and spatial distribution of rainfall, has 
potential impacts on water resources, agricultural produc-
tion, economic development and energy demand. Therefore, 
there is an urgent need to understand the rules governing the 
rainfall variation at NEC.

Summer rainfall at NEC is generally affected by atmos-
pheric circulation regimes both at tropics and extratropics, 
such as East Asian monsoon systems (Han et al. 2015; Sun 
et al. 2017), sea surface temperature (SST) anomalies in the 
tropical Indian and Pacific oceans (Wang and He 2015; Han 
et al. 2017, 2018b), cold vortex activities (Hu et al. 2010; 
Shen et al. 2011), the Okhotsk High (Yao and Dong 2000) 
as well as the extension and intensity of Asian polar vortex 
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(Wang and Ding 2009). In addition, the North Atlantic 
Oscillation exerts a strengthened impact on summer rainfall 
over NEC after the late 1970s (Sun and Wang 2012). Analy-
sis of observation and numerical experiments has shown that 
the phase shift of the Pacific Decadal Oscillation (PDO) con-
tributes to the recent decadal variation in summer rainfall at 
eastern and northeast China (Han et al. 2015; Xu et al. 2015; 
Chen et al. 2019). Recently, Han et al. (2019b, a) established 
a seasonal prediction model for summer rainfall amount and 
extreme rainfall frequency using preceding soil moisture 
over central Asia and SST in the tropical Atlantic Ocean.

Previous studies have also documented the impacts of 
Arctic signals on climate variation in NEC (Wu et al. 2008; 
He 2015; Gao et al. 2015). Specifically, both the Arctic sea 
ice extent and thickness show significant downward trends 
(Serreze et al. 2007; Serreze and Meier 2019), which has 
already exerted substantial impacts on climate and weather 
throughout the Northern Hemisphere through modulat-
ing surface heating and atmospheric circulation anomalies 
(Johannessen et al. 2004; Budikova 2009; Li and Wang 
2014; Gimeno et al. 2019). The recent shrinkage of Arctic 
sea ice plays a critical role in recent cold and snow-rich 
winters in Europe and United States (Liu et al. 2012). Spe-
cifically, the sea-ice loss in Barents-Kara seas are followed 
by a colder Siberia and extreme cold events at northern 
continents (Petoukhov and Semenov 2010; Zhang et al. 
2018). Wu et al. (2013) found a significant leading rela-
tionship between winter sea ice at west of Greenland and 
summer atmospheric circulation and rainfall anomalies over 
Eurasia. Moreover, recent publications have addressed the 
potential casual links between the sea ice anomalies and 
surface temperature anomalies (Li et al. 2015), haze days 
(Wang et al. 2015) and rainfall anomalies (Wu et al. 2009; 
Liu et al. 2019) over China. Han et al. (2015) suggested 
that the changes in Arctic sea ice contribute to the decadal 
decrease of rainfall at NEC after the late 1990s.

Recently, the influence of sea ice conditions in the Bar-
ents/Kara Sea on climate anomalies over China has received 
much attention (Li et al. 2014; Lin and Li 2018; Liu et al. 
2019). Kug et al. (2015) stated that severe winters over 
East Asia are related to anomalous warmth in the Barents-
Kara Sea region. Fan et al. (2018) noted that winter sea ice 
variability in Barents Sea is highly linked with spring dust 
activity in North China via the snow cover over western 
Siberia. He et al. (2018) identified the connection between 
the June sea ice variability in Barents Sea with the August 
triple rainfall pattern over eastern China. The diminishment 
in sea ice anomaly in Barents Sea lead to a decreased of 
snow depth over West Eurasia, which could affect the atmos-
pheric circulation and soil moisture over the Yangtze River 
region and North China and further modulates summer hot 
drought events at NEC on the interannual timescale (Li et al. 
2018). Therefore, intensive scientific interest is prompted in 

possible linkage between the preceding sea ice area in Bar-
ents Sea and summer rainfall over NEC, which may provide 
useful information for the prediction and understanding of 
summer rainfall over NEC.

Midsummer rainfall at NEC exhibits regional homogene-
ity and south-north inverse pattern, which are affected by 
different circulation regimes (Han et al. 2019b, a). Previ-
ous studies focuses mostly on regional mean rainfall within 
NEC, whereas few refer to the south-north inverse pattern. 
Therefore, the primary goal of this study is to explore the 
potential relationship between sea ice area in Barents Sea 
and the south-north dipole pattern of midsummer rainfall 
over NEC, i.e. the second empirical orthogonal function 
(EOF2) mode of midsummer rainfall.

The rest of this paper is organized as follows. Section 2 
introduces the datasets and methods used in the present 
study. Details of the relationship between sea ice in the Bar-
ents Sea and the EOF2 mode of NEC rainfall and the possi-
ble underlying mechanisms are described in Sect. 3. Finally, 
brief conclusions are presented in Sect. 4.

2  Data and methods

The monthly global atmospheric reanalysis products are 
derived from the National Centers for Environmental Pre-
diction/National Center for Atmospheric Research for 
1948–2016, with a horizontal resolution of 2.5° × 2.5° (Kal-
nay et al. 1996). Variables used in this study include sea level 
pressure (SLP), horizontal wind (UV), geopotential height 
(Z), specific humidity, and vertical motion. The monthly sea 
ice concentration data and monthly SST data are provided 
by the Met Office Hadley Centre for 1870–2016, on a 1.0° 
× 1.0° grid (Rayner et al. 2003). The sea ice area is used 
in this study, which is calculated as the product of sea ice 
concentration and the corresponding grid area.

An advanced daily rainfall observation dataset on a 0.25° 
× 0.25° latitude-longitude grid (i.e. CN05.1), is used in the 
present study for the period 1961–2016 (Wu and Gao 2013). 
This dataset is constructed by interpolating data from over 
2400 meteorological stations in China. NEC is defined as 
the region north of 38°N and east of 115°E in China. Mid-
summer rainfall is calculated as the summation of daily pre-
cipitation amounts from 1 July to 31 August annually. The 
EOF2 are obtained by performing EOF analysis on NEC 
midsummer rainfall (Fig. S1), and the corresponding princi-
pal component (i.e. PC2) is used to describe the interannual 
variation of this mode.

To further interpret the observational results, we con-
ducted simulations with the National Center for Atmos-
pheric Research Community Atmosphere Model, ver-
sion 6, with a 0.9°×1.25° finite volume grid, and with 
32 hybrid sigma pressure levels. The SST and sea ice 
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concentration are specified as boundary conditions based 
on a merged product of Reynolds/HADISST dataset (Hur-
rell et al. 2008).

In this study, early spring is defined as the mean for 
the months of March and April (MA), and early summer 
is calculated as the average during May and June (MJ). 
Midsummer refers to the average for July and August 
(JA). The common time period spans from 1961 to 2016. 
Regression, correlation, and composite analyses are con-
ducted to investigate the atmospheric circulation anoma-
lies associated with the NEC rainfall and sea ice in the 
Barents Sea. The Student’s t-test is used to determine 
statistical significance. Additionally, linear trends are 
eliminated before analysis.

3  Results

3.1  Influence of early spring sea ice area in Barents 
Sea on the EOF2 mode of midsummer rainfall 
at NEC

The EOF2 mode of midsummer rainfall at NEC exhib-
its a south-north dipole structure, along with the greatest 
anomalies over the northern part (Fig. S1). The time series 
corresponding to this mode depicts the fluctuation of the 
dipole rainfall pattern, which are referred to as PC2. Fig-
ure 1a shows the correlation map between the PC2 and 
Arctic sea ice area during preceding early spring. Signifi-
cant positive correlation coefficients are observed over the 
Barents Sea. Additionally, such positive correlations can be 
maintained continuously to summer (figures not shown). To 

Fig. 1  a Correlation map of early spring sea ice area and the time 
series corresponding to the second principal component of midsum-
mer rainfall at Northeast China (PC2) during 1961–2016. The black 
rectangular area in (a) represents the selected region for the sea ice 
area index (75°–80°N, 35°–80°E; SIAI). b Time series of the PC2 

index (blue solid line) and SIAI over the Barents Sea (red dotted 
line). c Linear regression pattern of midsummer rainfall (unit: mm) 
against the SIAI index during 1961–2016. Stippling areas indicate the 
values that significantly exceed the 95% confidence level, estimated 
using Student’s t-test
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facilitate analysis, a sea ice area index (SIAI) is defined as 
the weighted area-averaged sea ice area during early spring 
over the Barents Sea (75°–80°N, 35°–80°E; as shown by 
the rectangle in Fig. 1a). As shown in Fig. 1b, the PC2 and 
SIAI indices are consistently in phase throughout the last 
five decades. The correlation coefficient between the two 
indices is 0.50 for 1961–2016, significant at the 99% confi-
dence level. Specifically, increased sea ice area anomalies 
in the Barents Sea are followed by profound positive rainfall 
anomalies in the north and negative anomalies in the south 
of NEC during midsummer, along with large values over the 
northern part (Fig. 1c).

To further illustrate the effect of early spring sea ice 
anomalies over the Barents Sea on midsummer rainfall pat-
tern at NEC, the atmospheric circulation anomalies related 
to the SIAI are examined. Generally, the SIAI-associated 
large-scale circulation displays a barotropic structure over 
the Eurasian continent, with similar pressure and height 
anomalies patterns near the surface and in the middle tropo-
sphere. Increased sea ice anomalies in the Barents Sea are 
characterized by dominant anomalous positive height and 

anticyclonic winds over eastern Arctic, along with respective 
cyclone and anticyclone centered over Europe and Mediter-
ranean Sea, displaying a meridional tripole pattern (Fig. 2a, 
b). Weak cyclonic and anticyclonic anomalies occupy 
Northwest and Southwest Siberia, respectively. Anomalous 
anticyclonic wind fields stretch zonally from Europe to East 
Asia over mid-latitudes, which can be seen at the middle and 
high levels (Fig. 2b, c). Moreover, an anomalous cyclone 
dominates Northeast China and adjacent regions. Han et al. 
(2019b, a) documented that the anticyclone or cyclone cen-
tered over NEC impacts substantially on the EOF2 mode of 
midsummer rainfall. It is apparent that southeasterly anom-
aly prevails at the northern and eastern NEC, and northwest-
erly anomaly emerges at the western and southern portion. 
Accordingly, predominant moisture convergence anomalies 
are centered over southern Japan Islands (Fig. 2d). The 
peripheral southeasterly or easterly current at the northern 
flank transport water vapor from the Northwest Pacific to 
the eastern and northern NEC across the eastern boundary, 
inducing conspicuous convergence anomalies of moisture. 
In addition, anomalous northerly flow leads to prominent 

Fig. 2  Linear regression pattern of midsummer a sea level pres-
sure (SLP, unit: mb; shaded) and 700  hPa horizontal wind (unit: m 
 s−1; vectors), b 500  hPa geopotential height (unit: m; shaded) and 
horizontal wind (unit: m  s−1; vectors), c 200 hPa geopotential height 
(unit: m; shaded) and horizontal wind (unit: m  s−1; vectors), and d 

vertically integrated water vapor transport (kg  m−1   s−1; vectors) and 
divergence  (10−6  kg   m−2   s−1; shaded) with regard to the SIAI dur-
ing 1961–2016. Stippling areas indicate the values that significantly 
exceed the 90% confidence level, estimated using Student’s t-test. 
Vectors greater than 0.2 m  s−1 are plotted
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divergence anomalies of moisture over the western and 
southern part. These atmospheric circulation and moisture 
conditions during midsummer following increased sea ice 
during early spring over the Barents Sea are favorable (unfa-
vorable) for rainfall over the north (south) of NEC.

Dynamic processes are also essential for rainfall distribu-
tion. Figure 3a, b present the linear regression of divergence 
and vertical movement anomalies in following midsummer 
related to the early spring SIAI. Corresponding to increased 
sea ice in the Barents Sea, significant convergence and diver-
gence anomalies appear in the lower-to-middle and upper 
troposphere over the northern NEC (i.e., north of 42°N), 
respectively, which further trigger ascending motion based 
on the continuity equation. At the south of NEC, the lower-
level divergence and upper-level convergence excites anoma-
lous descending movement. Enhanced water vapor content 
and upward motion anomalies induce increased total cloud 
cover in the northern part through condensation, whereas 
reduced moisture transport and downward motion lead to 

decreased total cloud cover (Fig. 3c). Consistently, precipi-
table water content is intensified in the northern part but 
lessened at the south (Fig. 3d).

These above results show that the increased early spring 
sea ice area in the Barents Sea can cause a meridional tri-
pole pattern of atmospheric circulation anomalies over the 
region from eastern Arctic to Mediterranean Sea. An anoma-
lous cyclone emerges over NEC and moisture convergence 
anomaly is centered over the southern Japan, along with 
the dominance of anomalous southeasterly at the northern 
and eastern NEC and of anomalous northerly at the western 
and southern part. Consequently, anomalous convergence 
(divergence) of water vapor occupies the north (south) of 
NEC. Moreover, the upper-level divergence (convergence) 
and lower-level convergence (divergence) anomalies lead 
to ascending (descending) movement and further increased 
(decreased) total cloud cover over the northern (southern) 
part. These conditions jointly facilitate to enhance (reduce) 
rainfall anomalies at the north (south) of NEC.

Fig. 3  a Vertical–horizontal cross section averaged within (115°–
135°E) for divergence anomalies (unit:  10−7 Pa) during midsummer 
regressed onto the SIAI during 1961–2016. Linear regression pattern 
of midsummer b vertical motion at 700  hPa (unit: 10 −2  Pa   s−1), c 

total cloud cover (unit: %) and d precipitation water content (unit: kg 
 m−2) against the SIAI during 1961–2016. Stippling areas indicate the 
values that significantly exceed the 90% confidence level, estimated 
using Student’s t-test
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3.2  Possible mechanisms

Previous studies have shown remarkable regional and inter-
annual variation in Arctic sea ice (Parkinson et al. 1999; 
Wei et al. 2019). Generally, the average seasonal cycle of 
sea ice area in the Barents Sea reaches maximum during 
early spring, with the largest value in April (Fig. S1). As 
presented in Fig. 4, the anomalies of sea ice area at Barents 
Sea have a good seasonal persistence from early spring to 
midsummer, despite of small western shrinkage during sum-
mer. Accordingly, two sea ice area indices, named SIA MJ 
and SIA JA, respectively, are defined by averaging sea ice 
area over the Barents Sea during early summer and midsum-
mer. The correlation coefficient (shorted as CC) between 
SIA MA and SIA MJ indices is 0.75 for 1961–2016, the CC 
between SIA MA and SIA JA indices is 0.42, and the CC 
between SIA MJ and SIA JA indices is 0.65 (all significant at 
the 99% confidence level). Therefore, the sea ice anomalies 
over the Barents Sea are maintained well from early spring 
to summer, which could exert a prolonged impact on the 
midsummer circulation anomalies over Eurasian continent 
and further rainfall distribution over NEC.

Tetzlaff et al. (2013) determined that up to 70–90 % of 
near-surface air temperature variance over the Arctic Ocean 
during winter and spring is explained by the distribution 
of surface temperature along the air mass trajectory, which 
is mostly controlled by sea ice. During early spring, the 
expected direct local influence of increased sea ice area 
anomalies is the reduced upward turbulent heat net flux of 
sensible and latent heat from the ocean to the atmosphere 
(Fig. 5a), which consequently has a cooling effect on near-
surface air temperature in situ (Fig. 5b). Cooling air tem-
perature anomalies is also dominant over Barents Sea during 
summer due to the persistence of sea ice area anomalies 
(Fig. 5c), which further increases the vertical static stabil-
ity. Accordingly, prominent descending motion anomalies 

emerge over the Barents Sea due to the changes in thermal 
forcing (Fig. 5d). It further triggers anomalous ascending, 
descending and ascending movement meridionally extend-
ing from North Europe to Mediterranean Sea, which may 
be attributed to meridional vertical cells (Figs. 2 and 6a). 
Moreover, alternation of upward and downward anoma-
lies orients zonally from Mediterranean Sea to East Asia 
(Figs. 5d and 6b), and exhibit a barotropic structure through-
out the troposphere at mid-latitudes (Fig. 6b), which resem-
bles the Silk Road Pattern (SRP). In addition, alternative 
anomalies of descent and ascent extend over Barents Sea, 
Siberia, Northeast Asia, and northern NEC, which exhibits 
a southeastward-oriented wavelike pattern.

The SRP, initially proposed by Lu et al. (2002), is a tel-
econnection pattern trapped along Asian westerly jet stream 
in the upper troposphere during summer. Previous studies 
have demonstrated that the SRP is originated from the east-
ern Mediterranean and Caspian Sea (Yasui and Watanabe 
2010; Chen and Huang 2012). To explore the potential effect 
of sea ice anomalies on the formation of the SRP, the anoma-
lous upper-level divergence and Rossby wave source (RWS) 
associated with SIA JA index are investigated. As shown in 
Fig. 6c, the remarkable feature is the predominant diver-
gence and RWS anomalies over eastern Mediterranean Sea 
at upper layer in response to increased sea ice area anoma-
lies in the Barents Sea. Sardeshmukh and Hoskins (1988) 
proposed that the advection of vorticity by divergence wind 
can act as a wave source. The Barents sea ice area anomaly 
could affect vertical motion anomaly over the Mediterranean 
Sea through the meridional vertical cells (Figs. 5d and 6a), 
and then induce divergence anomalies in the high tropo-
sphere. The RWS anomalies are well concurrent with where 
the anomalous divergence is located. Consistent results are 
also detectable in composite analysis (figure not shown). 
Furthermore, the first EOF mode of meridional wind at 200 
hPa (V200) is extensively used to describe the Silk Road 

Fig. 4  Linear regression pattern of sea ice area during a early sum-
mer, b midsummer (unit:  102  km2) against the SIAI during 1961–
2016. The black rectangular area in b represents the selected region 

for the sea ice area index during midsummer (SIA JA). Stippling 
areas indicate the values that significantly exceed the 95% confidence 
level, estimated using Student’s t-test
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Pattern (Kosaka et al. 2009; Yasui and Watanabe 2010; Chen 
and Huang 2012). Consequently, the EOF analysis is per-
formed on V200 within the domain (30°–60°N, 10°–130°E), 
and the Silk Road Pattern index (SRPI) is defined as the 
standardized time series corresponding to the first EOF 
mode. The first EOF mode of V200 accounts for 35.1% of 
the total variance. This SRP index is highly correlated with 
the indices defined in previous studies. For example, the 
correlation coefficients between SRPI with those defined by 
Kosaka et al. (2009) and Chen and Huang (2012) are both 
0.99 for 1961–2016. As shown in Fig. 6d, the SRP is asso-
ciated with prominent RWS and divergence anomalies over 
eastern Mediterranean Sea, and the SIA JA-associated RWS 
anomalies are similar to the counterparts related with SRP.

The Asian westerly jet stream can act as a waveguide 
in the upper troposphere (Hoskins and Ambrizz 1993). As 
mentioned before, increased sea ice anomalies in the Bar-
ents Sea are characterized by anomalous cyclones stretching 
zonally at the mid-latitudes of Eurasia at the upper layer 
(Fig. 2c). Consistently, notable easterly anomalies appear at 

the mid-to-high latitudes of East Asia and westerly anoma-
lies occur at the midlatitudes (Fig. 7a). The easterly anomaly 
over northern NEC and westerly anomaly over the North-
west Pacific are accordant with the anomalous cyclone over 
NEC (Fig. 2). These results are consistent with Hong and Lu 
(2016) who documented that the meridional displacement of 
the Asian westerly jet stream is significantly linked with the 
Silk Road Pattern. They identified that when the Asian jet is 
in southward shift, the Silk Road Pattern is accompanied by 
cyclonic anomalies over East Asia. To illustrate the relation-
ship between the Silk Road Pattern and sea ice anomalies 
in the Barents Sea, the linear regression of the upper-level 
meridional wind and wave activity flux (WAF) anomalies 
with regard to the SIA JA index are further investigated 
(Fig. 7b). The WAF is calculated according to Plumb’s for-
mulation (Plumb 1985) and it can depict the propagation of 
stationary Rossby waves. It is visible that a Rossby wave 
train propagates in a polar route at high latitudes; having 
originated in Barents Sea, it then diffuses southeastward 
to Northeast Asia and NEC. This wave pattern could also 

Fig. 5  Linear regression pattern of a total turbulent heat flux (sensi-
ble plus latent heat flux; unit: W  m−2), and b air temperature at sigma 
level 0.995 during early spring (unit: degC) against the SIAI. Linear 
regression pattern of midsummer c air temperature at sigma level 

0.995 (unit: degC), and d 500 hPa vertical movement  (10−2 Pa   s−1) 
against the SIA JA index during 1961–2016. Stippling areas indicate 
the values that significantly exceed the 90% confidence level, esti-
mated using Student’s t-test



1030 T. Han et al.

1 3

be recognized in the associated meridional wind anomaly 
fields. More important, there are alternations of southerly 
and northerly anomalies extending from the eastern to north-
ern China at mid-latitudes, which agree well with the SRP 
structure (Fig. 7c). The pattern correlation coefficient is 
0.83 between Fig. 7b, c for the meridional wind anomalies 
within the mid-latitudes of Eurasia (30°–60°N, 10°–130°E). 
In addition, in response to sea ice anomalies, a conspicuous 
Rossby wave train propagates eastward to East Asia along 
the Asian western jest stream (Fig. 7b), confirming that the 
zonally oriented Rossby wave pattern at midlatitudes is 
closely linked with sea ice anomalies over the Barents Sea.

These results imply that the sea ice area anomaly in the 
Barents Sea has a good seasonal persistence from spring to 
summer, and that it could affect air temperature and verti-
cal movement anomalies in situ via modulating turbulence 
heat net flux. The vertical motion and divergence anomalies 
are further triggered over Europe and Mediterranean Sea 
through the meridional vertical cells. The advection of vor-
ticity by divergence wind acts as an effective Rossby wave 
source over eastern Mediterranean Sea. Therefore, the Silk 

Road Pattern propagates eastward to East Asia along the 
Asian westerly jet stream, by which the sea ice anomalies in 
the Barents Sea affect midsummer rainfall pattern over NEC 
by the modulation on atmospheric circulation anomalies. In 
addition, another Rossby wave train, originated in Barents 
Sea, diffuses directly southeastward to Northeast Asia and 
NEC in a polar path.

3.3  Numerical simulations

The impact of sea ice anomalies in the Barents Sea on 
rainfall distribution over NEC is assessed by comparing 
two experiments with different seasonally varying sea ice 
concentration and SST, and all other external variables are 
fixed. The control experiment is run with seasonal varying 
climatology (1995–2005) of sea ice concentration and SST 
(Hurrell et al. 2008). The perturbed experiment is similar 
to the control experiment, but superposed with sea ice con-
centration and SST anomalies during March to August over 
the Barents Sea (75°–80°N, 35°–80°E; Figs. 8 and 9). The 
sea ice concentration and SST anomalies are calculated as 

Fig. 6  Vertical-horizontal cross section for midsummer vertical wind 
(unit: m  s−1; vectors) and omega (unit: −  10−3 Pa  s−1; shaded) anoma-
lies along a 30°E, and b 40°N regressed onto the SIA JA index dur-
ing midsummer for 1961–2016. Linear regression pattern of 200 hPa 
velocity potential (unit:  105  m2   s−1; contours), divergent horizontal 
wind (unit: m  s−1; vectors), and Rossby wave source (unit:  10−11  s−2; 

shaded) during midsummer against c the SIA JA index and d the Silk 
Road Pattern index during 1961–2016. The Silk Road Pattern index 
is defined as the time series corresponding to the first EOF mode of 
meridional wind at 200  hPa during midsummer within the domain 
(30°–60°N, 10°–130°E)



1031Impact of early spring sea ice in Barents Sea on midsummer rainfall distribution at Northeast…

1 3

the differences between positive and negative SIAI years. 
These years are selected characterized by the absolute of 
SIAI index greater than 1 (Table 1). Increases sea ice anoma-
lies are generally accompanied by cooling SST anomalies 
in Barents Sea, together with a good seasonal persistence 
of sea ice and SST anomalies from spring to summer. Each 
run is integrated for 9 years, and the results for the last 5 
years are analyzed. We focused on the differences between 
the perturbed and control experiments during midsummer to 
examine response of atmospheric circulation to the sea ice 
anomalies over the Barents Sea.

As shown in Fig. 10a, b, increased sea ice over the Bar-
ents Sea does induce positive SLP and height anomalies 
over high latitudes and negative anomalies over further 
south during midsummer, which is accompanied by anti-
cyclonic wind anomalies over eastern Arctic and cyclonic 
anomalies at mid-latitudes. Moreover, moisture convergence 

is found over NEC, along with anomalous convergence of 
moisture over northern and eastern NEC and with diver-
gence over western and southern part (Fig. 10c). The diver-
gence wind and Rossby wave source anomalies are also 
detected over eastern Mediterranean Sea in model simula-
tion (Fig. 10d). While the regional details differ somewhat 
between the response of the modeled circulation and the 
observation, the model simulation dose show above-normal 
midsummer precipitation, total could cover, precipitable 
water content and ascending motion in north of NEC, and 
below-normal midsummer precipitation, total cloud cover, 
precipitable water content and descending motion in south 
(Fig. 11). The encouraging consistency between model 
simulations and observations supports our hypothesis that 
sea ice anomalies over the Barents Sea during early spring 
tend to induce dipole rainfall pattern over NEC in the ensu-
ing midsummer.

Fig. 7  Linear regression pattern of 200  hPa a zonal wind (unit: m 
 s−1), and b meridional wind (unit: m  s−1; shaded) and wave activity 
flux (unit:  m2  s−2; vectors) during midsummer against the SIA JA 
index during 1961–2016. The purple line is the climatology of zonal 

wind with a value of 28 m  s−1. Stippling areas indicate the values that 
significantly exceed the 90% confidence level, estimated using Stu-
dent’s t-test. c The first EOF mode for midsummer meridional wind at 
200 hPa in the domain (30°–60°N, 10°–130°E)



1032 T. Han et al.

1 3

4  Conclusion

This study documents the influence of early spring sea 
ice anomalies over the Barents Sea on the dipole rainfall 
pattern over Northeast China during the ensuing midsum-
mer. Increased sea ice area in the Barents Sea is followed 

by increased rainfall anomalies at north of NEC as well 
as by decreased anomalies at south, and vice verse. The 
sea ice anomalies over the Barents Sea can be maintained 
well from spring to summer, and induce near-surface air 
temperature and vertical movement anomalies in  situ 
via modulating turbulent heat net flux. The circulation 

Fig. 8  Differences of sea ice concentration between the positive and negative SIAI years during March to August. The positive (negative) SIAI 
years are selected characterized by SIAI greater (less) than 1 (−1)
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anomalies could be triggered over Europe and Mediter-
ranean Sea through the meridional vertical circulation. 
Furthermore, a Rossby wave source is excited over east-
ern Mediterranean Sea by the advection of vorticity by 
divergence wind. Accordingly, the Silk Road Pattern, 
originating from Mediterranean Sea, propagates eastward 
to East Asia along the Asian westerly jet stream. In addi-
tion, a relative weak wave-like train can diffuse directly 
southeastward from Arctic to NEC by a polar path. As a 
consequence, in response to increased sea ice anomalies 
at the Barents Sea, prominent cyclone anomalies occupy 
NEC, concurrent with anomalous moisture convergence 

Fig. 9  Same as Fig. 8, but for SST

Table 1  Years characterized 
by the absolute of SIAI index 
greater than 1 during 1961–
2016

Category Years

SIAI > 1 1979, 1981, 1982, 
1987, 1998, 
1999, 2003, 
2004

SIAI <−1 1964, 1974, 1983, 
1992, 1995, 
2006, 2007, 
2008, 2016
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centered over southern Japan. The southeasterly anoma-
lies over the north of NEC co-occur with convergence of 
moisture, and northerly anomalies over the south lead to 
divergence of moisture. In addition, the upper-level diver-
gence and lower-level convergence occupy the northern 
NEC, inducing ascending anomalies; while the upper-
level convergence and lower-level divergence appear over 
the southern part, causing descending anomalies. These 

conditions jointly lead to increased total cloud cover and 
precipitable water content anomalies at north of NEC, and 
decreased total cloud cover and precipitable water content 
anomalies at the southern region. Numerical simulations 
support that sea ice anomalies over the Barents Sea dur-
ing early spring tend to induce dipole rainfall pattern over 
NEC in the ensuing midsummer.

Fig. 10  The difference in a SLP (unit: mb; shaded) and 700  hPa 
horizontal wind (unit: m  s−1; vectors), b geopotential height (unit: m; 
shaded) and horizontal wind (unit: m  s−1; vectors) at 200 hPa, c verti-
cally integrated water vapor transport (kg  m−1  s−1; vectors) and diver-
gence  (10−6 kg  m−2  s−1; shaded), and d velocity potential  (105  m2  s−1; 

contours), divergent horizontal wind (m  s−1; vectors) and Rossby 
wave source  (10−11   s−2; shaded) at 200  hPa between perturbed and 
control experiments. Stippling areas indicate the values that signifi-
cantly exceed the 90% confidence level, estimated using Student’s 
t-test
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