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In this study, the interdecadal variability of Eurasian spring snowmelt and its relationship
with Eastern China summer precipitation (ECSP) are investigated based on observations
and reanalysis data. Results show that the second mode of the empirical orthogonal
function (EOF) analysis of the spring snowmelt, featured as a west-east dipole pattern,
displays two interdecadal changes near the late-1970s and in the mid-2000s. The
increased spring snowmelt over the Western Siberia (WSI) and the opposite situation
over the Eastern Europe (EEU) are significantly linked to a meridional quadrupole
summertime rainfall pattern on interdecadal time scales, with excessive rainfall over the
regions of southern China (SC) and the Huang-Huai River (HHR) and deficient rainfall over
the middle and lower reaches of Yangtze River Valley (YRV) and Inner Mongolia-
northeastern China (IMNC). Besides, the possible mechanisms are discussed from the
perspective of the hydrological effect related to snowmelt-induced soil moisture. Increased
spring snowmelt can produce more water inflowing into the soil, leading to anomalous soil
moisture, which can persist into summer. Excessive (deficient) snowmelt-related soil
moisture anomalies over the WSI (EEU) in summer will change local land thermal
conditions and thus generate cyclonic (anticyclonic) circulations with a quasi-barotropic
structure. Therefore, the eastward-propagating wave-activity flux (WAF) could be
strengthened over the WSI and EEU in the mid- and upper-troposphere and further
propagate downstream. Combining the local response of atmospheric circulations to
summer surface heating induced by local snowmelt-related SM anomalies over Mongolia,
an anomalous anticyclonic (cyclonic) circulation near the Lake Baikal (SC) and the related
strong descending (ascending) motion over the IMNC (SC) are founded. Besides, strong
positive (negative) upper-level divergence appears over the YRV (HHR), which is the right
(left) side of the exit region of upper-level jet. The upper-level divergence could be attributed
to the convergence (divergence) of meridional winds on the right side of the anticyclonic
circulation, thus the uniform descending (ascending) motion also appears over the YRV
(HHR) through the collocation of upper-level convergence (divergence) and the
compensatory lower-level circulations. Consequently, a quadrupole pattern of
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secondary circulation over Eastern China is founded, thereby causing the anomalously
distributed ECSP under favorable water vapor conditions.

Keywords: spring snowmelt, eastern china summer precipitation, interdecadal variation, soil moisture,
atmosphere-land interaction

1 INTRODUCTION

Snow cover has high reflectivity, high emissivity and low thermal
conductivity. It has a significant impact on local climate by
changing surface radiation, water budget and hydrological
cycle, and further influences the downstream and even global
climate through teleconnection (Barnett et al., 1989; Yasunari
et al., 1991; Essery, 1997; Xu et al., 2012).

Eurasian snow cover in winter and spring, which accounts for
60 percent of the whole snow cover extent over the Northern
Hemisphere (Robinson et al., 1993), has been long considered as a
significant driving factor of the Asian summer monsoon and
precipitation in China (Li and Wang, 2011; Zhang et al., 2016; Lu
M. M. et al., 2020; Lu M. et al., 2020). Many previous studies have
explored the linkage between Eurasian snow cover and Eastern
China summer precipitation (ECSP), and revealed that the
Eurasian spring snow cover contributes substantially to the
subsequent East Asian summer rainfall on interannual time
scales (Yang and Xu, 1994; Kripalani et al., 2002; Dash et al.,
2005; Wu and Kirtman, 2007). Chen and Song (2000) found that
excessive Eurasian snow cover in spring corresponds to less
(more) precipitation observed in the southern (northern) part
of eastern China. Liu and Yanai (2002) proposed that large
Eurasian snow cover in spring leads to the cooling and
cyclonic circulation anomalies in the lower layer over Eurasia,
triggering a Rossby wave train and then leading to below normal
EASM rainfall. Shen et al. (2020) revealed that the Siberia snow
cover in late spring is closely related to the summer precipitation
in south-central China. However, snow anomalies over Western
Eurasia are often opposite to those over eastern Eurasia (Dash
et al., 2005). Yim et al. (2010) further indicated that the East Asian
summer rainfall is more closely linked to the west-east dipole
mode than the uniform mode of spring snow cover anomaly over
the whole Eurasian continent. These studies have revealed that
the conclusions of the relationship between Eurasian spring snow
cover and ECSP are often inconsistent due to the differences in
study areas or methods.

As limited by the data length of snow cover used before,
relatively few researches have been conducted on the interdecadal
variability of Eurasian spring snow cover and its relationship with
the ECSP. Zhang et al. (2008) proposed that the increase in
southern China precipitation after the late 1980s may be
associated with the interdecadal decrease of spring snow cover.
Wu et al. (2009) revealed that the excessive Eurasian spring snow
cover before the late 1980s was related to abundant rainfall in
southern China and deficient rainfall in northern and
northeastern China. Nevertheless, the north-south dipole
pattern of ECSP only appears after the 1990s (Sun and Wang,
2015; He et al., 2017). Zhang et al. (2021) further proposed that
the Eurasian spring snow cover is insignificantly (significantly)

related to the ESCP before (after) the 1990s. Hence, there is no
robust relationship between the Eurasian spring snow cover and
the ECSP on interdecadal time scales, and the corresponding
physical mechanism is not clear as well. Therefore, further
research on interdecadal time scales needs to be done.
Meanwhile, influenced by numerous factors, the interdecadal
variability of East Asian summer monsoon precipitation is
very complicated, with multiple time scales and spatial
patterns (Ding et al., 2008; He et al., 2017; Zhang et al., 2018).
As snow is an essential land surface forcing factor, it is also
necessary to better understand the interdecadal variability of the
ECSP from the perspective of preceding snow cover conditions at
middle latitudes.

But how can the preceding snow cover exert its lagged impact
on ECSP? The main effects of snow cover manifest as the albedo
effect and the hydrological effect, with the latter being considered
more important (Cohen and Rind, 1991; Gong et al., 2004).
Barnett et al. (1989) pointed out that the snow-albedo effect
cannot persist into summer, but the snow-hydrological effect
resulting from snowmelt processes can influence the climate in
next several months through soil moisture memory. The relative
importance of the albedo effect over the hydrological effect varies
in different latitudes and seasons, with the hydrological effect
being dominant in mid-latitude areas in summer while the albedo
effect leading in lower-latitude areas in spring and early summer
(Yasunari et al., 1991; Souma andWang, 2010). Xu and Dirmeyer
(2013) further confirmed that the albedo effect only works before
and during snowmelt processes with its dominant areas of land-
atmosphere coupling shifting northward following the snow
cover retreat; while the hydrological effect occurs as soon as
the snowmelt starts, and it can continue to work in several
months afterward. It is worth noting that previous studies
were mainly based on the snow cover variability itself.
However, the amount of spring snowmelt is a more direct
reflection of the hydrological cycle than the snow cover itself
(Sun et al., 2021). At present, a number of studies have focused on
the spring snow decrement (SSD) when exploring the linkage
between spring snow cover and the subsequent climate (Han
et al., 2014; Sun et al., 2021; Zhou et al., 2021). For example,
Zhang et al. (2017) disclosed a close relationship between the
interannual variability of spring snowmelt and the East Asian
summer rainfall. However, on the interdecadal time scales, less
attention has been paid to the process of how the snowmelt
influences the ECSP, which deserves further investigation.

This study aims to investigate the interdecadal variability of
the Eurasian spring snowmelt and its impact on the ECSP, as well
as the associated physical mechanisms. The remainder of this
paper is organized as follows. Section 2 describes the data and
methods adopted in the present study. Section 3 presents the
interdecadal variability of the Eurasian spring snowmelt and its
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relationship with the ECSP. Section 4 explores the possible
physical mechanisms. The conclusions and discussion are
given in Section 5.

2 DATA AND METHODS

2.1 Data
The data used in this study are as follows. The monthly mean
precipitation data in China with a horizontal resolution of 0.5° ×
0.5° is provided by National Meteorological Information Center
(NMIC) of the China Meteorological Administration (CMA),
The monthly global precipitation data with a horizontal
resolution of 1° × 1° is obtained from the Global Precipitation
Climatology Centre (GPCC). The remaining data are derived
from the fifth generation European Reanalysis (ERA5), provided
by European Centre for Medium-Range Weather Forecasts
(ECMWF), including the monthly gridded snow water
equivalent (SWE) data and monthly mean atmospheric data
with a horizontal resolution of 1° × 1°, the monthly mean soil
moisture in four layers with depths of 0–7 cm, 7–28 cm,
28–100 cm and 100–289 cm, and surface heat flux data.
Note that the ERA5 data before 1979 are derived from
datasets of the preliminary version, which had confirmed
its consistency with most other observations covering the
same periods in many aspects, especially the global surface
temperature and precipitation (Bell et al., 2021). The time
period in this study is from 1961 to 2020, which is the
common range of all datasets.

2.2 Methods
According to Sun et al. (2021) and Zhou et al. (2021), the SSD is
defined as the SWE difference between March and May, with
positive SSD representing snowmelt. The empirical orthogonal
function (EOF) analysis is employed to capture the dominant
modes of SSD variation. Additionally, the linear regression
analysis is conducted to examine the relationships of the SSD
with the ECP in summer as well as other relevant physical
quantities. Before analysis, the long-term linear trends are
removed to eliminate the climate warming effect. Here, as we
mainly focus on the interdecadal time scales, a 9-years low-pass
Lanczos filter (Duchon, 1979) is used to extract the interdecadal
components of the raw data. Besides, the Student’s t-test is
utilized to evaluate the statistical significance of the results.
Since the 9-years low-pass filtered series substantially reduce
the degree of freedom of the raw data, the effective degrees of
freedom Neff are calculated by the following equation (Pyper and
Peterman, 1998):

1
Neff

≈
1
N

+ 2
N

∑N
j�1

N − j

N
ρXX(j)ρYY(j)

where N is the length in time dimension; ρXX(j) and ρYY(j) are
the j th-order autocorrelations for the time series of ρXX and ρYY,
respectively.

The horizontal wave activity flux (WAF) is calculated
according to Takaya and Nakamura (2001) as follows:
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where p = (pressure/1,000 hPa); the basic flow U = (U, V)T, where
U and V are zonal and meridional wind components; α is the
radius of Earth; φ and λ are the latitude and longitude,
respectively; ψ′ is the perturbation stream function.

3 INTERDECADAL VARIABILITY OF
EURASIAN SPRING SNOW DECREMENT
AND ITS RELATIONSHIP WITH THE ECSP
An EOF analysis is applied to the detrended SSD to explore the
interdecadal variability of SSD over Eurasia. The first two EOF
modes of SSD are well separated from each other according to
North et al. (1982), which explain about 16 and 8% of the total
variance, respectively. Figure 1 shows the results of the second
EOF mode (EOF2) of Eurasian SSD. The spatial pattern of EOF2
is characterized as a west-east dipole pattern roughly bounded by
the Ural Mountains, with a positive center in Western Siberia
(WSI) and a negative center in Eastern Europe (EEU)
(Figure 1A). The two regions of WSI and EEU can also be
collectively referred to as the snowmelt key area (SMKA) in this
study. The corresponding principal component of EOF2 (PC2)
exhibits significant interannual variability, superimposed on two
interdecadal changes (Figure 1B), with the dipole pattern
changing from positive phase to negative phase near the late-
1970s and an opposite situation around the mid-2000s. To
quantify the interdecadal variability of Eurasian SSD and its
connection with the ECSP, the difference of area-averaged
snowmelt between the domains with positive values (50°–65°N,
70°–100°E) and negative values (45°–70°N, 40°–60°E) is firstly
calculated, and the corresponding series processed by a 9-years
low-pass Lanczos filter is further defined as the spring snowmelt
index (SSDI). The SSDI is highly consistent with PC2, with the
correlation coefficient being 0.8, indicating that the SSDI can
largely represent the interdecadal features of Eurasia SSD in the
latest 60 years (1961–2020). Thus, the SSDI is used in subsequent
analysis (Figure 1C).

Corresponding to the dipole pattern of Eurasian SSD, the
related ECSP anomaly regressed by the SSDI (Figure 2A) displays
a meridional quadrupole pattern, with excessive precipitation
over the regions of southern China (SC) and Huang-Huai River
(HHR) and deficient precipitation over the middle and lower
reaches of the Yangtze River Valley (YRV) and Inner Mongolia-
northeastern China (IMNC). This spatial pattern is extremely
consistent to the second mode of interdecadal variability of ECSP
(Wang and Li, 2019), which reflects the significance of spring
snow cover in Eurasia to ECSP. The correlation coefficients of the
SSDI with four precipitation indexes (PI_1, PI_2, PI_3, and PI_4)
that are calculated by the standardized interdecadal components
of the area-averaged rainfall over four quadrangles in Figure 2A
are −0.43, 0.51, −0.49 and 0.72, respectively. To quantify the
temporal variability of the quadrupole pattern above, a new
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precipitation index (PI) is defined by the standardized differences
between positive values (PI_2, PI_4) and negative values (P1_1,
PI_3) (Figure 2B). Obviously, the spatial pattern of ECSP
relevant to SSDI displays similar interdecadal variation to the
SSD, and their correlation coefficient is as high as 0.76. Noted
that, the first EOF mode, which mainly reflect the variability of
SSD over Northern Eurasia (Supplementary Figure S1), show
highly weak relationship with ECSP (Supplementary Figure S2).
Therefore, this study mainly focuses on the second EOF mode
of SSD.

The above analysis reveals an evidently close relationship
between the Eurasian spring snowmelt over SMKA and the
ESCP on interdecadal time scales. However, how is this cross-
seasonal teleconnection structure between Eurasian SSD and the
ECSP founded? The possible mechanisms will be discussed in the
next section.

4 POSSIBLE PHYSICAL MECHANISMS

As is known that soil moisture (SM) plays an important role in
the climate system. It can influence the land surface hydrological
cycle and energy balance through surface energy partitioning
between latent and sensible heat fluxes (Barnett et al., 1989;
Cohen and Rind, 1991; Yasunari et al., 1991; Seneviratne
et al., 2010; Halder and Drimeyer, 2017). Figure 3A shows the
SM anomalies regressed onto the SSDI in the shallow layer
(0–7 cm) during late spring (May). Corresponding to the west-
east dipole pattern of Eurasian SSD (Figure 1A), the SM
anomalies present homologous features with drier soil in the
western region and wetter soil in the eastern region. This
correspondence between SSD and SM may be a manifestation
of hydrological effect of snow: Increased spring snowmelt (SSD)
can produce more water penetrating into the soil, leading to
anomalously moist soil and vice versa (Souma and Wang, 2010;

Ye and Lau 2019). However, since the nonsynchronous changes
of SSD and SM, the regressed significant SM anomalies may exist
outside SMKA (Figure 3A) and such similar phenomena have
also been reported in other researches (Zhang et al., 2017; Sun
et al., 2021). Overall, this kind of characteristics corresponds well
with the distribution of SSD despite some exceptions, such as
areas around Mongolia (Supplementary Figure S3).
Furthermore, we also found that there is a significant negative
center of regressed SM anomalies over Mongolia, but the local
spring snow decrement is relatively low (Supplementary Figure
S3A). Nevertheless, a significant relationship between variability
of SSD over SMKA and SM over Mongolia (SMI) is evident on
interdecadal scales and the correlation coefficient reaches −0.75.
The spring snowmelt anomalies regressed onto SSDI
(Supplementary Figure S3A) correspond well with that onto
SMI (Supplementary Figure S3B), suggesting the possible
impact of the preceding spring snowmelt over SMKA on late
spring (May) SM over Mongolia. For further explanation of the
influence way, a detailed investigation on land surface process
during snowmelt is needed, which is not included in this paper. In
summer (Figure 3B), as the snow over Eurasia is nearly melting
except in a few areas north of 65°N (figure omitted), sporadic
positive values appear at high latitudes, and the positive center of
anomalous SM also shifts northward. In particular, there are
positive SM anomalies north of 65°N over the EEU, which could
be explained by more melting snow in summer related to the
below-normal spring snowmelt. Nevertheless, the spatial pattern
of SM (0–7 cm) anomaly in summer is highly consistent with that
in late spring and the deeper soil layers display coherent features
but with relatively larger values (Supplementary Figure S4,
100–289 cm). This indicates the SM anomaly caused by
snowmelt over the SMKA can persist into the subsequent
summer, which has been confirmed in various researches (Xu
and Dirmeyer, 2013; Chen S et al., 2016; Chen W et al., 2016;
Zhang et al., 2017; Sun et al., 2021). Some studies also argued the

FIGURE 1 | (A) Spatial pattern of the second mode of empirical orthogonal function (EOF2) and (B) the corresponding standardized time series of the second
principal component (PC2) of Eurasian SSD during 1961–2020. (C) Same as (B), but for the difference of SSD between the rectangles with positive values (50°–65°N,
70°–100°E) and negative values (45°–70°N, 40°–60°E). The black lines denote the corresponding 9-years low-pass filtered series.
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inability of the persistence of snowmelt-induced SM into summer
(Robock et al., 2003; Ye and Lau, 2019), which may be related to
varying land surface datasets.

The SM in summer can affect land surface thermal balance,
and further changes the diabatic heating that affects the
atmosphere above (Seneviratne et al., 2010). Regressions of the
anomalous surface latent heat flux (Figure 4A) and sensible heat
flux (Figure 4B) onto the SSDI are calculated to analyze the effect
of SM on surface thermal conditions in summer. From Figure 3B
and Figure 4, we can find positive (negative) correlations between
SM and latent heat flux (sensible heat flux) over the SMKA,
especially over the WSI. It could be illustrated as follows: wetter
soil with more evaporation can lead to positive latent heat flux
transporting from surface to atmosphere, and thus decrease the
surface temperature following less upward sensible heat flux, and
vice versa. Note that discrepancy between surface latent flux
(Figure 4A) and SM (Figure 3B) in summer is observed over the

northern part of EEU and other areas at high latitudes and the
possible reason is as follows: Surface latent flux is directly
proportional to evapotranspiration, but the dependency of
evapotranspiration on SM is influenced by many factors such
as precipitation and runoff (Seneviratne et al., 2010), which reflect
the complicated process of land surface water cycle.

To elucidate the lagged effect of Eurasian spring snowmelt on
local atmospheric circulation in subsequent summer, the spatial
distributions of geopotential height and horizontal wind in the
upper, middle and lower troposphere regressed onto the SSDI are
displayed in Figure 5. At the lower troposphere, there are
multiple geopotential height anomaly centers lining up from
west to east with positive (negative) values appearing near the
EEU (WSI), corresponding to the areas with excessive (deficient)
spring snowmelt, which is commonly known as the mid-latitude
zonal wave train (Figure 5C). Similar features can be identified in
the upper (Figure 5A) and middle (Figure 5B) troposphere as
well. Above all, the snowmelt-related atmospheric circulation
anomalies appear as middle-to-high latitude zonally oriented
wave trains with a quasi-barotropic structure. It can be found
that the distribution of atmospheric circulation anomalies over
SMKA correspond well to that of local surface sensible heat flux
anomaly, but have a little difference with surface latent flux
anomaly over the EEU. Obviously, significant positive
(negative) geopotential height anomalies over the EEU (WSI)
in the lower layers (e.g., 850 hPa) can probably be explained by
the anomalous warming (cooling) effect of the land surface on
the atmosphere above (Sun et al., 2021), which is composed of
two heating forms: latent heat flux and sensible heat flux. The
anomalous Evaporation Fraction (EF), defined as ratio of
latent heat flux to effective energy (Seneviratne et al., 2010)
regressed onto SSDI is calculated to specific the proportion of
these two heating forms (Figure 4C). The results indicate that
warming (cooling) effect of the land surface on atmosphere
above is mainly realized through the sensible (latent) heating
over EEU (WSI), which may explain the similar or different
distribution features between Figure 5 and Figures 4A,B
respectively.

To further investigate how the atmosphere circulation
anomalies develop to the upper troposphere and ultimately
appear as a quasi-barotropic structure, the anomalous
precipitation and vertical velocity in summer regressed onto
the SSDI are calculated (Figure 6). Evidently, increased
(decreased) precipitation along with whole-layer ascending
(descending) flow in the troposphere are found over the
negative (positive) center near the WSI (EEU). Dirmeyer et al.
(2014) indicated that changes of SM could affect the near-surface
atmospheric conditions and may increase or decrease the
possibilities of triggering moist convection through affecting
the water or energy cycles. Low-level moisture originating
from wet soil over the WSI can be lifted to the high level
along with the ascending flow against the background of in-
situ lower-level cyclonic circulation, finally leading to the
formation of precipitation. Meanwhile, the latent heat released
from this process could also promote the development of cyclonic
circulation (Zhang et al., 2003), and thus the lower-level thermal
forcing and the middle-to-upper-level circulation anomalies are

FIGURE 2 | (A) Eastern China precipitation anomaly in summer (JJA)
regressed onto the SSDI. (B) shows the SSDI (blue line) and Precipitation
index (PI, black line), where PI is defined as the differences of rainfall between
the standardized interdecadal component over the quadrangles with
positive values (PI_2, PI_4) and negative values (PI_1, PI_3) shown in (A). The
stippling in (B) denotes the regression coefficients statistically significant at
the 95% confidence level. R in (B) represents the correlation coefficients
between SSDI and PI, where ** indicates the values passing the significance
test at 99% confidence level.
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linked. The same principle also applies to the development of the
anticyclonic circulation over the left of the EEU.

Rossby wave developed upstream could influence or generate
the anomalous circulation systems downstream, which is
generally called the upstream effect (Li et al., 2020). Figure 7
depicts the stream function and wave activity flux (WAF)
regressed onto the SSDI at 300 hPa in summer. Obviously,
there are relatively weak Rossby wave trains in the upper
troposphere propagating eastward from the Western Europe,
which is reinforced twice over the EEU and WSI and
propagate downstream to the Lake Baikal and its vicinity. The
WAFs at 500 hPa also display similar characteristics
(Supplementary Figure S5). The growth of WAFs over two
framed areas may be due to the anomalous geopotential
height generated from surface thermal forcing, which is
associated with the in-situ spring snowmelt anomaly. The
eastward propagation of wave train could bring the energy
generated from spring snowmelt anomalies to downstream
areas, and thus cause the positive geopotential height anomaly
around the Lake Baikal. It should be noted that the eastward-
propagating WAFs over the Lake Baikal are also observed, which
split into two branches in the upper troposphere, where one
continues to spread eastward and the other weaker branch shifts
southward, leading to the negative phase over southern China.
Therefore, the linkage between spring SMKA and Eastern-Asia
summer circulation can be found.

Additionally, it should be pointed out that the quasi-
barotropic anticyclonic circulation existing near the Lake
Baikal, the right side of the spring SMKA of this study, could
be explained by in-situ surface heating (Figure 4) as well, which
could be explained by local persistent snowmelt-related SM
anomalies (Figure 3B). Hong et al. (2017) also indicated that

northeastern Eurasia is the region of Eurasian surface warming.
To confirm this inference, we further do partial correlation of
SSDI with 200-, 500-, 850-hPa winds and geopotential heights in
summer, in which the parts linearly related to the SM averaged
over Mongolia in May are removed (Figure 8). The results show
that the anticyclonic over Baikal is also observed but weakened.
Therefore, we hold that the spring snowmelt over SMKA can
influence the downstream atmospheric circulation through the
delayed hydrological effect in two combined different ways: the
upstream effect and the direct response of atmospheric
circulation to local SM anomalies. Above all, the SM
anomalies generated from Eurasian spring snowmelt over the
EEU and theWSI facilitate the foundation of the quasi-barotropic
structure of atmospheric circulation above through the land
surface thermal forcing, with a positive center near the EEU
and a negative center near the WSI. These geopotential height
anomalies upstream further cause the upper-level significant
(insignificant) positive (negative) geopotential height anomalies
over the regions of Lake Baikal and northern China (southern
China). Meanwhile, the surface heating induced by local SM
anomalies around Mongolia play a role as well. But how the
quadrupole rainfall pattern shown in Figure 2A is established
under the near dipole pattern of atmospheric circulation over
Eastern China related to spring snowmelt needs further
investigation.

A detailed check of the anomalous atmospheric circulation and
the associated dynamic processes over Eastern China is carried out
to investigate the favorable conditions for the occurrences of
precipitation patterns related to the SSDI on interdecadal time
scales over Eastern China (as shown in Figure 2A). Corresponding
to the positive SSDI, significant anticyclonic circulation anomalies
occupy the northern part of China at 200 hPa, with its center

FIGURE 3 | (A)May and (B) summer (JJA) 0–7-cm soil moisture anomalies (m3 m−3) regressed onto the SSDI. The black rectangles are the same as in Figure 1A,
and the stippling indicates the regression coefficients statistically significant at the 95% confidence level.
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located over south of the Lake Baikal, accompanied by weak
cyclonic circulation anomalies occurring over the southern part
of China (Figure 9A). Similarly, the homologous characteristic is
also observed in the middle troposphere, except the positive center
slightly titling northward with height (Figure 9B), which could be
explained by a more zonally oriented propagation of WAFs in the
middle troposphere (Supplementary Figure S5). Previous studies
have proposed and confirmed that the subtropical jet indicates the
position of the Eastern Asian summer rain band (Liang andWang,
1998; Liao et al., 2004; Du et al., 2009). Meanwhile, the subtropical
westerly jet can also act as a waveguide in the upper troposphere,
thus linking the midlatitude Rossby waves with the East Asian
atmospheric circulation systems (Hong and Lu, 2016; Zhang et al.,
2017; Han et al., 2021). Therefore, the 200-hPa V wind anomaly
and the climatological westerly jet are also presented (Figure 9A).
Obviously, anomalous northerly winds are observed on the right
side of this strong anticyclonic circulation system, which is the

climatological position of the upper-level jet entrance, with its
center over northeastern China. On the right side of the exit region
of the upper-level jet, northerly wind components are decreased,
the easterly or southeasterly wind predominates, and thus an
anomalous convergence of meridional winds appears over the
Yangtze River-Korean Peninsula (Brill et al., 1985). As a result,
an anomalous upper-level convergence belt and the related
convergent winds are observed over the YRV (Figure 10A).
Based on the principle of mass conservation, the abnormal
convergent airflow accumulates in the upper troposphere over
the Yangtze River Basin and then sinks, resulting in descending
motions at 500 hPa (Figure 10B) and the corresponding local
divergence in the lower troposphere (Figure 10C). Similarly, a
strong upper-level divergence of meridional winds with divergent
southerly winds is observed over northern China, that is, the left
side of the jet exit region, which could give rise to the compensatory
lower-level convergence and the cyclonic circulation center over

FIGURE 4 | Summer (JJA) (A) surface latent flux, (B) surface sensible flux anomalies (W m−2) and (C) evaporation fraction (%) regressed onto the SSDI. The black
rectangles are the same as in Figure 1A, and the stippling indicates the regression coefficients statistically significant at the 95% confidence level.
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the HHR (Figure 10D). Therefore, with the coordination of upper-
level convergence and lower-level divergence, which could be
attributed to the strong anticyclonic circulation anomalies near
the Lake Baikal, a uniform descending motion is founded over the
YRV and an ascending motion over the HHR. Meanwhile, under
the direct control of a middle-to-upper-level high (low) pressure
system, anomalous descending (ascending) motion is founded over
the IMNC (SC) as well.

For further confirmation, the latitude-pressure cross-
section of vertical velocity and meridional wind
components regressed onto the SSDI is displayed in

Figure 11A. Four ascending/descending airflows and the
formed meridional circulation are found over Eastern
China and commendably correspond to the quadrupole
distribution of ECSP, which is consistent with the above
results. Above all, under the background of mid- and
upper-level atmospheric circulation anomalies, which are
characterized as dipole patterns, a quadrupole pattern of
secondary circulation shown in Figure 11A can be found
through the lower-level/upper-level convergent/divergent
activities and the related ascending/descending motions.
Additionally, to investigate the water vapor conditions, the

FIGURE 5 | (A) 300-hPa, (B) 500-hPa and (C) 850-hPa geopotential height anomalies (shading; gpm) and horizontal wind (vectors; m s−1) in summer (JJA)
regressed onto SSDI. The black rectangles are the same as Figure 1A. The vectors represent the wind statistically significant at the 95% confidence level. The stippling
denotes the regression coefficients statistically significant at the 95% confidence level.
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regression results of the water vapor transport vertically
integrated from surface to 300 hPa and its divergence are
also presented in Figure 11B. Corresponding to positive SSDI,
there are two water vapor transport channels. One is the
easterly airflow near the Bohai Sea that transports the
water vapor from the Bohai Sea to the HHR and its
vicinity, thus inducing distinctive moisture convergence

anomalies. While the other is the southeasterly currents that carry
water vapor from the northwest Pacific, leading to the anomalous
moisture convergence over the SC. Apparently, these moisture
conditions and the vertical motions shown in Figure 11A favor
the rainfall over the regions of HHR and SC and the surroundings,
but suppress the occurrence of rainfall over other two areas of Eastern
China.

FIGURE 6 | Summer (JJA) (A) precipitation (mm) and (B) longitude-pressure cross-section of vertical velocity (Pa s−1) averaged along 55°–65°N regressed onto the
SSDI. The black rectangles in (A) are the same as Figure 1A, and the stippling denotes the regression coefficients statistically significant at the 95% confidence level.

FIGURE 7 | Anomalies of 300-hPa stream function (shading; m2 s−1) and the associated wave activity flux (vectors; m2 s−2) regressed onto the SSDI during
summer (JJA). The black rectangles are the same as Figure 1A, and the stippling denotes the regression coefficients statistically significant at the 95% confidence level.
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5 SUMMARY AND DISCUSSION

Based on the ERA5 SWE data and the CMA precipitation data, we
explore the interdecadal variability of the Eurasian Spring
snowmelt and its impact on the ECSP. The involved
mechanisms are also discussed by using the ERA5 land data
and other atmospheric data. The results show that the second
EOF mode of Eurasian SSD exhibits a west-east dipole pattern,
with a negative center located over the EEU and a positive center
over the area around WSI. The corresponding principal
component of EOF2 (PC2) exhibits significant interannual
variability superimposed on two interdecadal changes in the
late-1970s and mid-2000s. The anomalous west-east dipole
pattern of spring snowmelt is significantly related to the
north-south quadrupole pattern of ECSP. With above (below)-
normal snowmelt over the WSI (EEU), excessive rainfall over the
regions of SC and HHR and deficient precipitation over the

regions of YRV and IMNC are observed. The correlation
coefficient between SSDI and PI is 0.76, passing the
significance test at the 99% confidence level. The anomalous
Eurasian Spring snowmelt can induce an anomalous wave train
over middle latitudes and enhance the anticyclonic (cyclonic)
circulation near the Lake Baikal (southern China), which
influences the meridional circulation over Eastern China
through the lower-level/upper-level convergent/divergent
activities, thus affecting the ECSP.

The detailed processes are as follows. The increased snowmelt
over the WSI produces above-normal local SM and persists to the
subsequent summer, thereby changing the land surface thermal
conditions with more latent flux and less sensible flux
transporting to the atmosphere above, ultimately causing
anomalously negative anomalies of geopotential height in the
low troposphere. Low level moisture generated from wet soil over
the WSI can be lifted to the high level along with the ascending

FIGURE 8 | (A) 300-hPa, (B) 500-hPa and (C) 850-hPa geopotential height anomalies (gpm) in summer (JJA) regressed onto SSDI after removing effect of May soil
moisture anomaly over Mongolia (black rectangles: 45°–55°N, 90°–120°E). The stippling denotes the regression coefficients statistically significant at the 95%
confidence level.
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FIGURE 9 | Regression maps of the 9-years low-pass filtered circulations in summer (JJA) concerning the SSDI. (A) 200-hPa wind (vector; m s−1) and V wind
(shading; m s−1), (B) 500-hPa geopotential height (gpm). The stippling denotes the regression coefficients statistically significant at the 95% confidence level. The yellow
solid lines in (A) indicate the climatological U wind of 25 m s−1.

FIGURE 10 | Regression maps of the 9-years low-pass filtered circulations in summer (JJA) with regard to the SSDI. (A) 200-hPa divergence (shading; 10–6 s−1)
and divergent wind (vector; m s−1), (B) 500-hPa vertical velocity (10–2 Pa s−1), (C) same as (A), but for 700 hPa, and (D) 850-hPa wind (m s−1). The stippled areas in
(A–C) and the shaded areas in (D) denote the regression coefficients that are statistically significant at the 95% confidence level.
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flow related to the in-situ lower-level cyclonic circulation, finally
resulting in the formation of precipitation. The latent heat of
condensation released in the process conversely promotes the
development of the cyclonic circulation, thus linking the lower-
level thermal forcing and the lower-to-upper-level circulation
anomalies. Similarly, the decreased snowmelt over the EEU can
also induce positive geopotential height anomalies in the whole
troposphere. In terms of the wave propagation, there are eastward
WAFs between the middle and upper troposphere, which are
strengthened over the EEU and WSI and continue to propagate
downstream, thus generating significant anticyclonic circulation
anomalies over Baikal and insignificant anticyclonic circulation
anomalies over the SC. This may explain the descending
(ascending) motion over the IMNC (SC). Noted that, the
surface heating around Mongolia, which could be attributed to
local snowmelt-over-SMKA-related SM anomalies, can also
explain the anomalous anticyclonic over Baikal as well.

Subsequently, the reasons for the formation of the
quadrupole pattern of the ECSP are discussed. With the
amplified anticyclonic circulation near the Lake Baikal and
the related anomalous convergence (divergence) of
meridional winds, strong upper-level convergence
(divergence) belt appears over the YRV (HHR), which is
the right (left) side of the exit region of the climatological
westerly jet. This leads to the response of middle-to-lower-
level atmospheric circulation and the uniform descending
(ascending) motions over the YRV (HHR). Therefore, a
secondary circulation with a quadrupole pattern is found
through the collocation of upper-lower level convergence/
divergence and the associated ascending/descending motions.
Finally, under favorable conditions of water vapor transport,
excessive summer rainfall over the region of HHR and SC and
the opposite situation over the regions of IMNC and YRV are
observed (Figure 2A). The processes of Eurasian spring

FIGURE 11 | Regression maps of the 9-years low-pass filtered circulations in summer (JJA) with regard to the SSDI. (A) The pressure-latitude cross-section of
meridional velocity (vector; m s−1) and vertical velocity (shading; 10–2 Pa s−1) averaged along 110°–120°E. (B) water vapor transport (vector; 100 kg m−1 s−1) vertically
integrated from surface to 300 hPa and its divergence (shading; 10e−7 kg m−2 s−1 hPa−1). The stippling denotes the regression coefficients statistically significant at the
95% confidence level.

FIGURE 12 | Schematic of the process in which Eurasian spring snowmelt affects Eastern China summer precipitation.
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snowmelt affecting Eastern China summer precipitation are
shown in Figure 12.

This study gives a better understanding of the cross-seasonal
relationship between the ECSP and the Eurasian snow cover.
However, Shen et al. (2020) also implied the role of SST on
interannual time scale when investigating the linkage between
spring snow cover and ESCP, but how about that on interdecadal
time scales. Meanwhile, the possible physical mechanisms from
the perspective of hydrological effect of snow cover are also
discussed, which could give some reference to the explanation
of snow-hydrological effect. Results show that with increased
(decreased) spring snowmelt, SM anomalies are formed and can
keep the snow cover effects to summer, thus affecting summer
atmospheric circulation, which confirms the ability of persistence
of snowmelt-induced SM to summer. The connection between
snowmelt and SM is a manifestation of the snow-hydrological
effect to some extent (Sun et al., 2021). The regressed SM
anomalies onto SSDI is displayed in Figure 3, indicating the
impact of spring snowmelt on SM in late spring (May) and
summer. Besides, the TCC (temporal correlation coefficient)
between SSDI and SMI on interdecadal time scales, defined
the same as SSDI but for SM in late spring, was calculated as
well. The TCC is 0.5, exceeding the 99% confidence level,
suggesting that spring snowmelt could roughly explain 25% of
the total variance of SM anomalies. Nevertheless, there are still
some problems to be solved. Although the impact of spring
snowmelt to the following SM is discussed by using regression
analysis, the quantitative contributions of snowmelt or snowmelt-
related infiltration to SM is not clear. In light of Souma andWang
(2010), further exploration with the aid of sensitive simulations is
required to deal with such issue.

Besides, the following points are worthy of further explanation
as well. First, the conclusions above are maintained based on
JRA55 datasets as well (Supplementary Figures S6, S7, S8),
indicating the robust conclusions that are not sensitive to the use
of datasets. Second, although previous studies demonstrate the
significant albedo effect of snow cover (Yasunari et al., 1991;
Souma and Wang, 2010), this study mainly discusses the
hydrological effects related to spring snowmelt considering
that the albedo effect of snow cover mainly works before or
during the snowmelting process (Xu and Dirmeyer, 2013; Halder
and Dirmeyer, 2017) and the snow over of the key area we studied
has melted in summer. As such, the snowmelt-related soil
moisture anomaly is focused in this study. In addition, there is

a strong interaction between snowmelt and the atmosphere in
spring (Xu and Dirmeyer, 2013), which is not discussed in this
study, and how much the snow cover contributes to the
anomalous circulation related to the ECSP requires further
diagnostic analysis. Above all, the related dynamical
mechanisms explaining the relationship between Eurasian
spring snowmelt and ECSP still need further investigation.
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