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Abstract
Extreme precipitation events (EPEs) over the Yangtze River basin (YRB) exert widespread impacts on regional ecological 
environment and people’s life. Using observed precipitation, atmospheric reanalysis, and land assimilation datasets, the pre-
sent study explores the relationship between the summer EPEs over the YRB and the Meiyu front and their possible linkages 
with the preceding spring soil moisture anomalies over the Indo-China Peninsula (ICP). The analyses show that both the 
frequency and intensity of summer EPEs over the YRB are closely associated with the mean intensity of the Meiyu front, 
which exhibits a significant negative correlation with the soil moisture anomalies in the preceding spring over the ICP. An 
abnormally drier soil over the ICP in spring would evidently raise air temperature by suppressing local evapotranspiration, 
and vice versa. Owing to a strong memory of the ICP soil moisture, the persistent anomalous heating would elevate local 
geopotential height in summer, inducing an excessive westward extension of the Western Pacific subtropical high. Accord-
ingly, a strengthened southwesterly wind at the lower troposphere brings abundant warm–wet air to the YRB, intensifying the 
mean Meiyu front. This is also verified by the diagnosis of vertical motion (omega) equation. As a result, the risk of summer 
EPEs (both the frequency and intensity) over the YRB would increase (decrease) with an abnormally drier (wetter) ICP soil 
during the preceding spring. For the summer EPEs over the YRB, our results suggest that the spring ICP soil moisture can 
be used as an important seasonal predictor.

Keywords  Yangtze River basin · Extreme precipitation events · Soil moisture · Meiyu front · East Asian summer monsoon · 
Indo-China Peninsula

1  Introduction

The Yangtze River basin (YRB) is one of the most densely 
populated areas with a high degree of socioeconomic devel-
opment in China (e.g., Lu 2004; Wen et al. 2007) and is 
thus vulnerable to extreme precipitation events (EPEs; Zhai 
et al. 2005; Jiang et al. 2010; Guan et al. 2011; Wang and 
Yan 2011). For instance, a devastating flood induced by 
local EPEs occurred over the YRB during the summer of 
1998, causing more than 30 billion dollars in direct eco-
nomic losses and more than 3000 deaths (Huang et al. 1998). 
Therefore, it is crucial to investigate the nature and causes 
of summer EPEs over the YRB.

The YRB summer precipitation is closely associated with 
the East Asian monsoon advancement and intensity (Ding 
1992; Huang et al. 2003; Ding and Chan 2005). The Meiyu 
(known as plum rain in China), as a part of the East Asian 
summer monsoon, contributes most of the summer rainfall 
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over the YRB (Ding 1992; Wang and Linho 2002; He et al. 
2007). During the Meiyu period, a zonal rainband is nearly 
immobile over the YRB (Sampe and Xie 2010; Cen et al. 
2015) and precipitation extremes occur frequently, inducing 
local flood disasters (Ninomiya and Shibagaki 2007). For 
example, the 1998 summer flood is known for its occurrence 
with the second Meiyu period (Zhou et al. 2005).

The Meiyu rainband is accompanied by a typical frontal 
structure in the lower troposphere called Meiyu front, which 
can be featured by a sharp gradient in equivalent potential 
temperature (Luo and Chen 2015; Li and Lu 2017). In sum-
mer, warm–wet air transported by the southwesterly mon-
soon passes over the southern China against the cold–dry 
air mass held over the north, forming the quasi-stationary 
Meiyu front and feeding the Meiyu rainband over the YRB. 
The abundant moisture and upward motion ahead of the 
Meiyu front provide the favorable conditions for intense 
precipitation (Sampe and Xie 2010; Luo and Chen 2015). 
The Meiyu system presents multi-scale features, from daily 
to weekly and meso-scale to large-scale (Ding et al. 2007). 
Previous studies (Li and Lu 2017; Gao et al. 2019) suggested 
that the interannual variability of the Meiyu front can exert a 
significant effect on that of summer mean precipitation over 
the YRB. In particular, the present study further finds that 
both the frequency and intensity of summer EPEs over the 
YRB are also closely associated with the mean intensity of 
the Meiyu front.

As a complex coupling system, the East Asian summer 
monsoon is evidently affected by the land surface thermal 
conditions (Hsu and Liu 2003; Huang et al. 2003; Wu et al. 
2007; Zuo et al. 2012). Soil moisture, one of the most impor-
tant climate factors on land, is tightly related to the local 
thermal state (Seneviratne et al. 2010; Bellucci et al. 2015). 
Its variation, especially in semi-arid regions, would cause 
evident climatic effects under climate change (Huang et al. 
2015, 2016, 2017). Over the monsoonal region, the local 
thermal feedbacks of soil moisture would significantly adjust 
the large-scale atmospheric circulation, and in turn affects 
remote monsoonal precipitation (Douville et al. 2001; Dou-
ville 2002). Some previous studies suggested that the East 
Asian summer monsoon can be affected by the soil moisture 
anomalies in the pre-monsoon season (Liang and Chen 2010; 
Zhan and Lin 2011; Meng et al. 2014). For instance, based 
on the numerical experiments, Zuo and Zhang (2016) found 
that an abnormally lower soil moisture in spring over the 
Yangtze River to North China could increase land surface 
temperature and result in a increased land–sea temperature 
gradient, enhancing the summer monsoon. Liu et al. (2017) 
also revealed that spring soil moisture over the eastern China 
exerts evident effects on the monsoonal circulation and the 
YRB precipitation during the summer time.

Indo-China Peninsula (ICP) is located in the upper 
reaches of the southwesterly monsoonal wind flow. 

Numerical experiments have demonstrated that the ICP are 
indispensable for the East Asian summer monsoon (Chen 
and Chen 1991; Jin et al. 2006a). Jin et al. (2006b) sug-
gested that the thermal contrast between the ICP and west-
ern Pacific is crucial in the monsoon formation. Zhang and 
Qian (2002) pointed out that an enhanced southwesterly 
monsoonal wind is associated with the stronger gradients 
of the horizontal temperature and geopotential height, which 
are induced by a continuous sensible heating over the ICP. 
Thus, the ICP land thermal condition might exert obvious 
impacts on the East Asian summer monsoon. Recently, Ma 
et al. (2018) found that the soil moisture over the ICP plays a 
key role in the monsoon system owing to its strong influence 
on local thermal states. Besides, Yang et al. (2019) and Gao 
et al. (2019) have shown that spring soil moisture over the 
ICP can be used as a seasonal predictor of the YRB summer 
climate. However, linkages between the ICP soil moisture 
anomalies in spring and the YRB precipitation extremes in 
the following summer remain unclear.

The present study explores the summer (June, July, and 
August) EPEs over the YRB and their relationship with the 
preceding spring (March, April, and May) soil moisture 
anomalies over the ICP. Our analyses show that both the 
frequency and intensity of summer EPEs over the YRB are 
closely associated with the mean intensity of summer Meiyu 
front. Furthermore, the Meiyu front intensity exhibits a sig-
nificant negative correlation with soil moisture anomalies in 
the preceding spring over the ICP. To be specific, an abnor-
mal surface heating induced by a too dry soil over the ICP in 
spring can sustain to summer, contributing to an excessive 
westward extension of the Western Pacific subtropical high 
(WPSH). The associated stronger southwesterly wind brings 
abundant warm–wet air to the YRB, feeding the Meiyu front 
and EPEs over the YRB. Our results provide an important 
source of seasonal predictability for the YRB summer 
extreme climate that can benefit local economic develop-
ment and people’s livelihood.

The rest of this paper is arranged as follows. Section 2 
introduces the datasets and methods. In Sect. 3, we examine 
the characteristics of summer EPEs over the YRB and their 
relationship with the Meiyu front. Section 4 explores the 
processes of the ICP soil moisture in spring affecting the 
Meiyu front and the YRB EPEs in summer. Section 5 con-
tains a summary with discussion.

2 � Data and methods

The gridded (0.5° × 0.5°) dataset of daily observational 
precipitation is provided by the China Meteorological 
Administration and available online at http://data.cma.cn/
data/cdcde​tail/dataC​ode/SURF_CLI_CHN_PRE_DAY_
GRID_0.5.html, which is interpolated by the data collected 

http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_PRE_DAY_GRID_0.5.html
http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_PRE_DAY_GRID_0.5.html
http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_PRE_DAY_GRID_0.5.html
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from more than 2000 stations over the entire mainland of 
China and covers the period of 1961–2014 (Xu et al. 2009; 
Wu and Gao 2013). We also examine the Japanese 55-year 
reanalysis dataset (JRA-55) from the Japan Meteorologi-
cal Agency, including monthly geopotential height, wind, 
humidity, and temperature fields (Kobayashi et al. 2015). 
The horizontal resolution and the time span of this dataset 
are 1.25° × 1.25° and 1958 to present, respectively. The 
monthly sea surface temperature (SST) data with a resolu-
tion of 1° × 1° during 1870 to present are from the Hadley 
Center Sea Ice and Sea Surface Temperature dataset (Rayner 
et al. 2003).

In addition, a long-term soil moisture dataset (1° × 1°) 
provided by the Global Land Data Assimilation System 
(GLDAS) V2.0 is adopted in our study, which spans from 
1948 to 2010 (Rodell et al. 2004). The products of GLDAS 
2.0 are produced by the National Centers for Environmental 
Prediction/Oregon State University/Air Force/Hydrologic 
Research Laboratory (NOAH) land surface model (Ek et al. 
2003) with the meteorological forcing datasets developed 
by Princeton University (Sheffield et al. 2006). The GLDAS 
dataset has been widely used in the researches related to 
land processes over East Asia (Wu and Zhang 2013; Cheng 
et al. 2015; Cheng and Huang 2016). There are four soil lay-
ers in the dataset, i.e., 0–10 cm, 10–40 cm, 40–100 cm and 
100–200 cm. The top layer soil directly provides feedbacks 
on atmosphere (Zuo and Zhang 2007; Dirmeyer 2011), and 
thus only the soil moisture in the first layer (0–10 cm) is 
here utilized.

The present study period is 1961–2010. For double 
checking our data reliabilities, we further adopt ERA-
interim reanalysis dataset (including 7 cm soil moisture, 
surface temperature, and geopotential height fields with 
a resolution of 1° × 1° for the period of 1979–2010) pro-
vided by the European Centre for Medium-Range Weather 
Forecasts (ECMWF), which is believed to be well capturing 
the interannual variabilities of observed soil moisture and 
atmospheric states over Asia (Zuo and Zhang 2007; Gao 
et al. 2018). Moreover, a monthly global observed precipita-
tion dataset (0.5° × 0.5°) from the Climatic Research Unit 
(CRU) at the University of East Anglia is used to verify the 
relationship between spring soil moisture over the ICP and 
summer EPEs over the YRB for the period including the 
recent 8 years (1961–2018).

In this study, the threshold of EPEs is set at 50 mm day−1, 
which is used to denote intense precipitation enough to trig-
ger floods and affect human activities by China operational 
meteorological services. Besides, according to Chen and Zhai 
(2013), in the warm season, the precipitation of 50 mm day−1 
exceeds the 95th percentile of daily precipitation at most (90%) 

stations of China. Over the YRB, 50 mm day−1 in summer is 
generally over the 96th percentile based on our calculation 
(figure not shown). Therefore, the number of EPEs is defined 
as the number of days with precipitation amount meeting or 
exceeding 50 mm, and the intensity of EPEs is defined as aver-
aged daily precipitation amount of all events for each summer.

Specifically, the equation for calculating water vapor flux 
is as follows:

 where g is gravitational acceleration; q is specific humidity; 
V⃗  is horizontal wind velocity; and Ps and Pt are the surface 
and top air pressures. Water vapor is negligible in the levels 
above 300 hPa, and thus we only integrated from 300 to 
1000 hPa. Q > 0 denotes the divergence of the flux.

Generally, precipitation extremes are associated with abnor-
mal upward movements in the troposphere. Thus, we employ 
the omega equation to diagnose the vertical motion. The equa-
tion is as follows:

 where each symbol has its conventional meaning in mete-
orology. For the detailed information, please see Holton 
(2004). The left term (referred as term A) of Eq. (2) is pro-
portional to − ω (or w). The other three terms on the right 
are physical processes contributing to the vertical motion: 
the vertical gradient of absolute vorticity advection (referred 
as term B), temperature advection (referred as term C), and 
diabatic heating (referred as term D). Generally speaking, 
the term D is a relatively small term (Feng et al. 2014), 
thus only the term B and term C (adiabatic processes) are 
considered in this study. According to Eq. (2), a positive 
vertical gradient of absolute vorticity advection or a warm 
temperature advection is conductive to forming and main-
taining the ascent.

The calculation of removing the SST anomaly signals is as 
the following equation:

where V* is a given variable, V is the variable after remov-
ing the SST signal, S is the regional mean of SST in a key 
region, cov (V*, S) is the covariance between the variable 
and the SST anomalies, and var (S) is the variance of the 
SST anomaly.
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3 � Summer precipitation over the YRB 
and the Meiyu front

3.1 � Summer mean precipitation and its relationship 
with the Meiyu front

Figure 1 illustrates the climatic state of summer precipita-
tion over the Eastern China. In general, the precipitation 
decreases from south to north (Fig. 1a). Over the Southern 
coastal region, the summer precipitation reaches more than 8 
mm day−1. The YRB is the secondary center with abundant 
precipitation by more than 6 mm day−1. For the inter-annual 
standard deviation, the Southern China and the YRB exhibit 
relatively large values of more than 1.5 mm day−1 and 2.1 
mm day−1, respectively (Fig. 1b). Particularly, the proportion 
of the inter-annual standard deviation of summer precipi-
tation in the summer mean precipitation over the YRB is 
even higher than that over the South China, up to 30–40% 
(Fig. 1c). This means that summer precipitation over the 
YRB exhibits a large inter-annual variability.

We calculated the annual cycle of regional precipi-
tation averaged over the YRB (106° E–119° E and 28° 
N–33° N, Gao et al. 2019). Precipitation rapidly increases 
in warm season, and it reaches the peak in summer (figure 
not shown). Specifically, the local summer precipitation 
accounts for about 48% of the total annual precipitation. 
Such strong summer precipitation over the YRB is largely 
due to the quasi-stationary Meiyu front. The climatic states 
of summer equivalent potential temperature (θe) and water 
vapor flux are demonstrated in Fig. 2. As the southwesterly 
wind prevails over southern China, the warm and wet air is 
transported to the YRB against the cold and dry air held in 
the north. Therefore, a relatively higher θe dominates the 
southern China, leading to a large meridional θe gradient 
(− dθe/dy) across the YRB (Fig. 2a), which is a widely used 
feature of the Meiyu front (Li and Lu 2017, 2018). Mean-
while, the moisture converges over the YRB, accompanied 
by an ascending motion in the middle troposphere (Fig. 2b), 
which are favorable for the precipitation. The cross-section 
of the correlation of the vertical velocity averaged over 106° 
E–119° E with the mean intensity of the Meiyu front (θe 
gradient over the YRB) exhibits a frontal structure more 
intuitively (Fig. 3a). When the Meiyu front is abnormally 
stronger, the YRB is dominated by an abnormally enhanced 
upward motion, which slopes northward with the height. 
Figure 3b shows the relationship between the summer mean 
precipitation over the YRB and the Meiyu front. Indeed, the 
summer mean precipitation is closely associated with the 

Fig. 1   a Climatology and b standard deviation of summer precipita-
tion (units: mm day−1) during 1961–2010. c Proportion of the sum-
mer precipitation standard deviation in the summer mean precipita-
tion (units: %). Red box areas denote the Yangtze River basin (YRB)



Effect of spring soil moisture over the Indo-China Peninsula on the following summer extreme…

1 3

intensity of the Meiyu front with a significant (p < 0.001) 
correlation coefficient of 0.64. This implies that the sum-
mer mean precipitation over the YRB highly depends on the 
intensity of the Meiyu front.

3.2 � Summer EPEs over the YRB and their 
relationship with the Meiyu front

Besides the summer mean precipitation, the YRB EPEs 
mainly occur during the Meiyu period (Chen and Zhai 2015, 

2016). Basically, EPEs are intense frontal precipitation 
processes, which are closely related to the strong upward 
movement of warm–wet air along a quasi-stationary front 
(Ninomiya and Shibagaki 2007). Figure 4a shows the fre-
quency of summer EPEs. The distribution basically matches 
the standard deviation of summer precipitation (Fig. 1b). 
The high occurrences of those extreme events exist in the 
southern coastal region and the YRB. Specifically, over the 

Fig. 2   a Summer means of the 700 hPa wind (arrows, units: m s−1), 
equivalent potential temperature (contours, θe, units: K) and north-
ward θe gradient (colors, − dθe/dy, units: 1e−6 K m−1) during 1961–
2010. The right-hand panel shows the corresponding meridional θe 
(red line) and − dθe/dy (black line) averaged over 106° E–119° E. b 
Summer means of the water vapor flux (arrows, units: kg m−1 s−1) 
and its divergence (colors, units: 1e5 kg m−2 s−1) integrated from 300 
to 1000 hPa, and vertical velocity (contours, units: 1e−2 Pa s−1) at 500 
hPa during 1961–2010. The right-hand panel shows the correspond-
ing meridional vertical velocity (red line) and water vapor divergence 
(black line), in which the negative values denote the upward motion 
and water vapor convergence, respectively

Fig. 3   a Correlation coefficients (contours) of the vertical velocity 
anomaly in the meridional–vertical cross section averaged over 106° 
E–119° E with the θe gradient (− dθe/dy) anomaly over the YRB in 
summer. The contour interval is 0.2, and the zero contours are not 
shown. The shaded areas are significant with p < 0.1, and the arrows 
denote the vertical motion directions. b Relationship between the − 
dθe/dy and precipitation over the YRB in summer during 1961–2010. 
All data are linearly detrended and standardized before the statistical 
calculations for the correlation analysis, and hereafter the same



	 C. Gao et al.

1 3

YRB, the number of the EPEs accounts about 3–6% of the 
rainy days (days with precipitation over 1 mm; Fig. 4b), 
while the rainfall amount of those extreme events contributes 
to over 20% to about 30% of the total summer precipitation 
(Fig. 4c). This indicates that the EPEs are a large compo-
nent of total summer precipitation over the YRB. Compared 
with the annual cycle of the YRB precipitation, the YRB 
EPEs tend to occur more frequently in summer (figure not 
shown): over half of the events (52%) happen in June to 
August. Similar to summer mean precipitation, the YRB is 
one of the large variability centers for the EPEs (Fig. 4d). As 

explained above, one can expect that this may be related to 
the Meiyu front intensity. We further illustrate the relation-
ships between the EPEs and the θe gradient over the YRB. 
Indeed, both the number and intensity of the extreme events 
bear significantly positive correlations with the mean inten-
sity of the Meiyu front, which are 0.56 (p < 0.001) and 0.33 
(p < 0.05) for the past 5 decades, respectively (Fig. 4e, f).

In order to confirm the atmospheric backgrounds 
favorable for the YRB EPEs, Fig. 5 shows the correla-
tions of the wind, θe, and − dθe/dy anomalies with the 
anomalies of EPEs averaged over the YRB in summer. In 

Fig. 4   a Climatology of the 
number of the summer extreme 
precipitation events (EPEs) 
during 1961–2010 (units: day). 
b The proportion of the summer 
EPEs in total rainy days in sum-
mer (units: %). c The propor-
tion of the summer extreme 
precipitation amount in summer 
total precipitation (units: %). d 
Standard deviation of the sum-
mer EPEs during 1961–2010 
(units: day). Relationships of 
meridional θe gradient (− dθe/
dy) with the (e) number and f 
intensity of the EPEs averaged 
over the YRB
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the summer with more and stronger extreme events, an 
abnormally stronger southwesterly wind at the lower trop-
osphere controls the southern China (Fig. 5a, b), leading 
to an excessive water vapor transported over the southern 
China to the YRB (figure not shown). On the one hand, 
more moisture converges over the YRB, which benefits 
the EPEs. On the other hand, the Meiyu front is enhanced 
associated with a higher θe over the south of the YRB 
(right panels of Fig. 5), resulting in a stronger ascending 
motion over the YRB (figure not shown), which is also 
favorable for the occurrence of the EPEs.

4 � Effects of the ICP soil moisture

4.1 � Relationship between the Meiyu front 
and the ICP soil moisture anomalies

Our recent study (Gao et al. 2019) revealed that the ICP spring 
soil moisture may influence the Asian summer monsoonal 
circulation via affecting local surface heating. This may 
potentially influence both the Meiyu front and the summer 
EPEs over the YRB. Here we firstly examine the relationship 
between the Meiyu front intensity and the spring soil mois-
ture anomaly. Figure 6 shows the correlation of the spring 
soil moisture anomalies over the East Asian monsoon region 
with the summer θe gradient averaged over the YRB. A large 
area covered with negative correlations dominates the ICP 
(Fig. 6a). Furthermore, the anomaly phases of spring mean 
soil moisture averaged over the ICP (96° E–108° E and 10° 
N–25° N) and the summer Meiyu front intensity are generally 
opposite with a correlation coefficient of − 0.36 (p < 0.01; 
Fig. 6b). We also note that there exit weak upward trends in 
both variables during the study period, and thus the results 
with detrended data are further shown in Fig. 6c. Their rela-
tionship is even stronger with a correlation coefficient of 
− 0.38. In other words, when the ICP land surface is abnor-
mally drier in spring, the Meiyu front in the following summer 
is usually intensified, and vice versa. This means that soil 
moisture over the ICP in the preceding spring exists evident 
effects on the Meiyu front and thus influences the summer 
EPEs over the YRB. To verify the uncertainty of the GLDAS 
soil moisture, we compare the spring ICP soil moisture anom-
aly in GLDAS dataset with that in ERA-interim dataset for a 
shorter period of 1979–2010. The result show that the ICP soil 
moisture anomalies in two datasets are highly in agreement 
with each other by a correlation coefficient of 0.83 (p < 0.001, 
figure not shown), which confirms that the GLDAS soil mois-
ture is reliable in reflecting the actual dry–wet land surface 
states over the ICP. In the following analyses, the results are 
multiplied by − 1 in order to make the corresponding soil 
moisture anomaly favorable for the Meiyu front enhancement.

4.2 � Effects of the ICP soil moisture anomaly 
on the local thermal condition and monsoonal 
circulation

In this section, our analyses suggest that the abnormal sur-
face heating induced by the soil moisture anomalies over the 
ICP would contribute to the west–east shifts of the WPSH. 
The resultant abnormal monsoonal wind affects the Meiyu 
front and thus the EPEs in summer. First of all, the scien-
tific basis for the seasonal predictions of weather and cli-
mate anomalies by soil moisture is the strong persistence 

Fig. 5   a Correlation coefficients of 700 hPa θe (contours, the shaded 
areas are significant with p < 0.1) and wind (arrows, only arrows sig-
nificant with p < 0.1 are shown) anomalies with the number of the 
EPEs averaged over the YRB in summer during 1961–2010. The 
right-hand panel shows the corresponding meridional correlation 
coefficients of θe (red line) and − dθe/dy (black line) averaged over 
106°–119° E with the number of the summer YRB EPEs, and the 
dotted straight lines denote the values significant with p < 0.1. b Same 
as in a, but for the correlation coefficients with the intensity of the 
EPEs
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Fig. 6   a Correlation coefficients 
of spring soil moisture anomaly 
with the summer − dθe/dy 
averaged over the YRB for the 
period of 1961–2010. The dot-
ted areas are significant with p 
< 0.1. b The standardized spring 
soil moisture anomaly averaged 
over the ICP and summer − 
dθe/dy anomaly averaged over 
the YRB. The dashed straight 
lines are their trend lines. c 
Same as in b, but for the lin-
early detrended anomalies
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(memory) of its abnormal states (Koster and Suarez 2001; 
Seneviratne et al. 2006; Dirmeyer et al. 2009). Thus, Fig. 7a 
illustrates the inter-annual anomalies of soil moisture in 
spring and the following summer averaged over the ICP. 

It is apparent that the soil moisture anomaly in spring can 
sustain in summer reflected by a significantly (p < 0.001) 
positive autocorrelation coefficient of 0.50. According to the 
results of Gao et al. (2019), the ICP soil moisture in spring 

Fig. 7   a The standardized soil 
moisture anomaly in spring 
(SM-MAM) and summer 
(SM-JJA) averaged over the 
ICP. b Correlation coefficients 
of summer surface temperature 
(colors) and 500 hPa geopoten-
tial height anomalies (contours) 
with the negative spring ICP 
soil moisture anomaly for the 
period of 1961–2010. The abso-
lute value of 0.25 are significant 
with p < 0.1. c Same as in b, but 
for the period of 1979–2010, 
and the surface temperature and 
geopotential height data from 
the JRA-55 are replaced by the 
ERA-interim dataset for com-
parison. The absolute value of 
0.3 are significant with p < 0.1
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controls the local evapotranspiration, affecting the surface 
thermal condition until summer. For example, a drier soil 
condition over the ICP leads to a weaker evapotranspiration, 
increasing the surface temperature. The resultant abnormal 
thermal condition can further adjust the local geopotential 
height (Fischer et al. 2007). As shown in Fig. 7b, summer 
surface temperature is evidently affected by spring soil 
moisture anomaly over the ICP, which can be reflected by a 
strong correlation between their anomalies over there. The 
correlation coefficient of summer geopotential height at 500 
hPa level with negative spring soil moisture anomaly over 
the ICP also demonstrates a relatively lager positive value 
over there. This confirms that the abnormal heating induced 

by a lower soil moisture uplifts the local geopotential height. 
Besides, the results are very similar when the temperature 
and geopotential height data from JRA-55 are replaced by 
the ERA-interim data for the period of 1979–2010.

The local geopotential height anomaly associated with 
an abnormal heating over the ICP may bring additional 
effects on the westward extension of the WPSH. To clarify 
our assumption of such changes in the summer WPSH, we 
selected five driest years (1963, 1983, 1992, 2005, and 2010) 
and five wettest years (1961, 1964, 1990, 2000, and 2009) 
according to spring soil moisture anomaly over the ICP, 
respectively, for the composite analysis. In the dry cases, the 
mean air temperature in summer over the ICP is abnormally 

Fig. 8   Composite anomalies 
of 500 hPa geopotential height 
(contours, units: dagpm) and 
air temperature (colors, aver-
aged from 300 to 1000 hPa) in 
summer for the a dry ICP cases 
and b wet ICP cases. Dashed 
lines are the climatology of 586 
dagpm contour in summer for 
the period of 1961–2010
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higher by over 0.15 K, and the WPSH extends westward 
dramatically (Fig. 8a). On the other hand, in the wet cases, 
the summer air temperature over the ICP decreases, and the 
WPSH retreats eastward (Fig. 8b). Such anomaly phases 
verify that the local geopotential height anomaly induced 
by the abnormal ICP soil moisture would attract/hamper the 
westward extension of the WPSH, which is a key component 
of the East Asian summer monsoon system.

To further investigate the responses of the East Asian 
summer monsoonal circulations, the anomalies of 700 hPa 
wind, geopotential height, and tropospheric moisture flux 
fields in summer related to the spring soil moisture anoma-
lies over the ICP are shown in Fig. 9. The abnormal center 
of the 700 hPa geopotential height with 4 gpm is located 
in the western Pacific Ocean near the southern coastal line 
of China and extents towards the ICP land (Fig. 9a). Cor-
respondingly, an anomalous anticyclone wind field exists 
along the west rim of the abnormal geopotential height 

center, resulting in an enhanced southwesterly wind over the 
Southern China. Such a wind anomaly at lower troposphere 
plays a key role in variations of the air moisture transport. 
Thus, the abnormally stronger southwesterly wind brings 
more water vapor to the YRB (Fig. 9b), leading to an evi-
dently excessive moisture converging over there.

The enhancement of the warm and wet air transporting 
to the YRB provides sufficient water sources for the local 
summer precipitation. Meanwhile, the Meiyu front is also 
affected by this anomalous water vapor flux. As reflected 
in Fig. 10, associated with the abnormal wind field, the θe 
in the south is abnormally higher, and the meridional θe 
gradient across the YRB is relatively larger than normal. 
This suggests that the Meiyu front is intensified with more 
warm and wet air flow over the Southern China, which is 
induced by the abnormally drier soil over the ICP. Further-
more, accompanied by an enhanced Meiyu front, the ascend-
ing motion above the YRB is intensified as well (Fig. 11), 

Fig. 9   a Regression of sum-
mer 700 hPa wind (arrows, 
units: m s−1) and geopotential 
height (contours, units: gpm) 
anomalies with respect to the 
negative standardized spring 
soil moisture over the ICP for 
the period of 1961–2010. The 
shaded colors denote the cor-
relation coefficients between 
the summer geopotential height 
and the negative spring ICP 
soil moisture anomaly. The 
shown arrows and shaded areas 
are significant with p < 0.1. b 
Regression of summer water 
vapor flux (arrows, units: kg 
m−1 s−1) and its divergence 
(colors, units: 1e−5 kg m−2 s−1) 
anomalies integrated from 300 
to 1000 hPa with respect to the 
negative standardized spring 
soil moisture over the ICP for 
the period of 1961–2010. The 
shown arrows and the areas 
within white lines are signifi-
cant with p < 0.1. All data are 
linearly detrended before the 
statistical calculations for the 
regression analysis, and hereaf-
ter the same
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which implies a favorable condition for intense precipitation 
in summer. Therefore, the intensity and frequency of sum-
mer EPEs over the YRB may increase.

In addition, we adopt the omega equation to diagnosis 
the maintenance mechanisms of the abnormal ascending 
motion. According to this equation, in the case of neglect-
ing the diabatic heating, the vertical gradient of absolute 
vorticity advection (term B) and the temperature advection 
(term C) are two major contributions to the vertical motion 
(term A). Firstly, the ascending motion (positive term A) 
responding to the lower ICP soil moisture mainly dominates 
the YRB (Fig. 12a), which also implies that the summer with 
more and stronger convective activities over the YRB usu-
ally exists after a drier spring over the ICP land. Figure 12b, 
c further illustrate the responses of term B and term C in 
Eq. (2). It is evident that the ascent over the YRB is mainly 
maintained by term C, while the response of the term B is 
much weaker. Therefore, the abnormal warm temperature 
advection induced by the abnormally lower ICP soil mois-
ture plays a major role in maintaining the upward motion 
anomaly over the YRB. This further confirms that the spring 
ICP soil moisture anomaly could affect the Meiyu front and 
the YRB EPEs by influencing the East Asian summer mon-
soonal circulation.

4.3 � Response of summer EPEs to the spring ICP soil 
moisture anomaly

The aforementioned findings highlight the linkage between 
the Meiyu front and the EPEs in summer over the YRB and 

Fig. 10   Regressions of the 700 
hPa summer θe (contours, units: 
K), wind (arrows, units: m s−1) 
and − dθe/dy (colors, units: 
1e−6 K m−1) anomalies with 
respect to the negative stand-
ardized spring soil moisture 
over the ICP for the period of 
1961–2010. The colored areas 
with dots are significant with 
p < 0.1. The wind anomalies 
significant with p < 0.1 are 
shown for comparison. The 
right-hand panel shows the cor-
responding meridional θe (red 
line) and − dθe/dy (black line) 
anomalies averaged over 106° 
E–119° E

Fig. 11   Regression of the vertical velocity anomaly (contours, units: 
1e−2 Pa s−1) in the meridional–vertical cross section averaged over 
106° E–119° E with respect to the negative standardized spring soil 
moisture over the ICP for the period of 1961–2010. The shaded areas 
are significant with p < 0.1. The arrows denote the vertical motion 
directions
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also indicate that the Meiyu front is evidently affected by the 
spring ICP soil moisture anomaly. Therefore, it is expected 
to be a close relationship between the anomalies of the YRB 
EPEs in summer and the ICP soil moisture in spring. Indeed, 
the number and intensity of the summer EPEs averaged over 
the YRB bear negative correlations with the spring ICP soil 
moisture anomaly by the correlation coefficients of − 0.41 
and − 0.40 for the 5 decades (Fig. 13), which are both sig-
nificant with p < 0.01. In other words, when the ICP soil is 
abnormally drier in spring, both the frequency and intensity 
of EPEs over the YRB generally rise during the following 
summer, and vice versa. Based on the regression approach, 
about 16% of the changes in summer EPEs over the YRB 
can be attributed to spring soil moisture anomaly over the 
ICP.

To clarify our findings, the Fig. 14 further demonstrates 
the spatial distribution of responses of the EPEs to the ICP 
soil moisture anomalies. Generally speaking, the responses 
of summer EPEs to the negative ICP soil moisture anomalies 
are mostly evident over the YRB with large amount of sig-
nificantly (p < 0.1) positive values (Fig. 14a, b). Considering 
that the abnormal atmospheric circulation in summer might 
be related to the El Niño/Southern Oscillation (ENSO) 
events. ENSO is the most prominent climate variability in 
the tropical Pacific, and its SST anomaly reaches the peak 
in boreal winter (December, January, and February). Thus, 
ENSO SST anomaly usually undergoes its developing and 
decaying stages in the preceding and following summers, 
respectively. They can cause evident climatic effects on 
Asia (Xie et al. 2009; Wen et al. 2018). Here, the previ-
ous and subsequent winter SST anomalies over the Niño 3.4 
region (5° N–5° S and 120° W–170° W) are calculated as the 
ENSO decaying and developing signals. Figure 14c–f dem-
onstrate the results after removing these signals, which are 
highly consistent with the results in Fig. 14a, b. Moreover, 
the Indian Ocean basin (20° N–20° S and 40° W–100° W) 
SST anomaly (Indian Ocean basin mode, IOBM) associated 
with the ENSO events is usually strong in summer, sustain-
ing the effects of ENSO forcing on the monsoonal circula-
tion (Tao et al. 2016; Xie et al. 2016). We additionally show 
the results after removing the IOBM signal in Fig. 14g, h. 
Likewise, there are still strong responses of summer EPEs 
over the YRB to the abnormal spring ICP soil moisture in 
both frequency and intensity. This suggests that the effect of 
the spring ICP soil moisture on the summer YRB EPEs is 
largely independent of tropical SST forcing.Fig. 12   Regression of the a term A, b term B, and c term C anom-

alies (units: 1e−16 m s−1 kg−1) in the omega equation averaged over 
106°–119° E with respect to the negative standardized spring soil 
moisture over the ICP for the period of 1961–2010. The dotted areas 
are significant with p < 0.1
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5 � Summary and discussion

Extreme precipitation exerts a great impact on the human 
life and has attracted extensive attention in the field of cli-
mate research. In this study, we firstly demonstrate the rela-
tionship between the summer EREs over the YRB and the 
Meiyu front. Results show that the summer EPEs exhibit 
large variabilities over the YRB, and they are highly related 
to the mean states of the Meiyu front. Both the frequency 
and intensity of the YRB EPEs increase with a relatively 
stronger Meiyu front in summer. Further analyses suggest 
that the Meiyu front variations are significantly correlated 
with the preceding spring soil moisture anomalies over the 
ICP. When the ICP soil is anomalously drier in spring, the 
Meiyu front is enhanced in summer characterized by an 
abnormally stronger meridional θe gradient over the YRB, 
and vice versa.

The soil moisture anomaly over the ICP could evidently 
affect local surface thermal condition through the evapo-
transpiration process. Thus, the local temperature is abnor-
mally higher associated with a drier ICP soil. Due to the 
slow-varying ability, the ICP soil moisture anomaly and its 
local thermal effect in spring could sustain to summer. Then, 
this abnormally stronger surface heating leads to an uplifted 
local summer geopotential height. This contributes to the 
WPSH extending westward, which is a key process in the 
East Asian summer monsoon variations. Consequently, the 
southwesterly monsoonal wind over the southern China is 
abnormally intensified, bringing more water vapor to the 
YRB. Meanwhile, the redundant warm–wet air conveyed to 
the YRB increases the local meridional θe gradient, which 
indicates an enhancement of the Meiyu front and a favorable 
condition for the ascending motion. The diagnosis of the 
omega equation suggests that the ascent over the YRB is 
mainly attributed to the warm temperature advection. This 

further verifies that the abnormal warm and moist flow with 
the monsoonal circulation anomaly induced by the lower 
ICP soil moisture provides a favorable condition for the 
upward movement in summer over the YRB. An abundant 
moisture transporting and a favorable condition for convec-
tive activities are both beneficial to intense precipitation. 
Therefore, more and stronger EPEs occur in summer over 
the YRB with a drier surface condition in spring over the 
ICP. On the other hand, the risk of summer EPEs reduces 
when the spring ICP soil moisture is abnormally higher.

Generally, the primary driving factor of soil moisture 
anomaly is precipitation, and EPSs are also closely linked 
to local precipitation. Using the CRU dataset, we calculate 
the spring precipitation and summer precipitation averaged 
over the ICP and the YRB, respectively. A strong negative 
relationship between their anomalies exists for the period of 
1961–2018 by a significant (p < 0.05) correlation coefficient 
of − 0.26 (figure not shown). This situation hints that our 
findings are still robust for the period including the recent 
8 years.

Understanding the nature and causes of summer EPEs 
over East Asia has always been a great challenge. Our study 
emphasizes the non-local effects of the spring ICP soil mois-
ture on the East Asia climate extremes, and provides a sea-
sonal predictor of the YRB EPEs in summer. The potential 
benefits of improved seasonal prediction are enormous for 
hundreds of millions of people living over the YRB.

Fig. 13   Relationships of the 
spring soil moisture anomaly 
averaged over the ICP with the 
a number and b intensity of the 
summer EPEs averaged over 
the YRB

Fig. 14   Regression of the a number (units: day) and b intensity 
(units: mm day−1) of the summer EPEs with respect to the nega-
tive standardized spring soil moisture over the ICP for the period of 
1961–2010. Same as in a and b, but for the results after removing 
the parts in soil moisture anomaly linearly related to the (c, d) ENSO 
decaying, e, f developing, and g, h IOBM signals. The dotted areas 
are significant with p < 0.1

◂
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