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Abstract
Seasonal cycle of China summer precipitation has significant impacts on its subseasonal predictability; yet current under-
standing of seasonal evolution of the intraseasonal variability (ISV) remains limited. Here, we show that the ISV of China 
summer precipitation features a distinct three-stage evolution during early summer, Meiyu season, and late summer. There are 
two common leading ISV modes: a uniform mode (UM) over southeastern China and a dipole mode (DM) between coastal 
southeastern China and mid-lower reaches of the Yangtze River Basin, which occur during all three stages with a dominant 
period of 8–15 days in the early and late summers and 8–25 days during Meiyu season. These two modes show southward 
propagation in early summer, but they are independent from each other in the other two stages. In early summer, both UM 
and DM are only related to mid-latitude wave train, and no preceding signal is found in the tropics due to the weak western 
North Pacific (WNP) monsoon trough. In contrast, during the Meiyu season and late summer, preceding tropical signals are 
observed when the WNP monsoon trough becomes strong. In the late summer, the effect of mid-latitude wave train is weak 
as the westerly jet-induced wave guide is far away from southeastern China. An improved subseasonal prediction system is 
expected to be benefited from consideration of the seasonal evolution of China summer precipitation ISV.

Keywords  Intraseasonal variability · China summer precipitation · Meiyu season · Seasonal evolution

1  Introduction

Intraseasonal variability (ISV) is the dominant source of 
subseasonal climate predictability (Vitart et al. 2017). The 
recent improvement of subseasonal prediction of western 
United States precipitation and temperature may be partly 
attributed to the inclusion of seasonal cycle (Hwang et al. 
2019), which indicates that the information about seasonal 
change of the ISV should be considered for a skillful subsea-
sonal prediction. Thus, we investigate whether the regional 
ISV has significant seasonal evolution or not here.

China, with the largest population in the world, is influ-
enced by one of the strongest summer monsoon systems; 
and the monsoon variability has large impacts on its climate 
and weather, such as floods, droughts, and other climate 
extremes, and its living environments (Chen et al. 2006; Tao 
and Chen 1987; Wang 2006). Investigating China summer 
precipitation ISV is important for subseasonal prediction 
and associated water resource safety and disaster reduction.

Located between the tropics and mid latitude, the ISV 
in China is affected by both tropical and extratropical 
circulation anomalies (Stan et al. 2017), such as tropical 
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boreal-summer intraseasonal oscillation (Chen and Zhu 
2001; Liang and Ding 2012; Mao and Chan 2005; Zhu and 
Xu 2000), quasi-biweekly oscillation (Hsu et al. 2016; Wei 
et al. 2017; Yang et al. 2010), and mid-latitude wave trains 
(Gao et al. 2017; Yang et al. 2017).

The precipitation over the lower reaches of the Yang-
tze River is shown to experience significant biweekly and 
21–30-day oscillation (Huang et al. 2008; Yang et al. 2010). 
The former is initiated by the upper-level southeastward-
propagating mid-latitude wave train, while the latter is asso-
ciated with the low-to-mid level eastward-westward oscil-
lation of the western North Pacific (WNP) subtropical high 
(Yang et al. 2010). A large amount of the extreme events 
over the Yangtze River Basin (YRB) are attributed to ISV 
over the basin. The probability of extreme rainfall over the 
Yangtze River and South China regions is increased by about 
40% during the wet phase of the second boreal-summer 
intraseasonal oscillation mode (Ren et al. 2018). And nearly 
55% heat wave events in July and August over the YRB is 
found to be related to the low-level anticyclonic anomaly 
caused by both mid-latitude and tropical wave trains (Gao 
et al. 2017).

Precipitation over southeastern China has significant 
oscillation of 12–30 days, which has the largest amplitude 
during June (Wei et al. 2017). The wet phase of ISV over 
southeastern China is induced by subtropical low-level WNP 
anticyclone anomaly and by upper-tropospheric anticyclone 
anomaly over northeastern China (Cao et al. 2012). The 
probability of extreme rainfall over southeastern China is 
found to be increased by about 35–45% at the wet phase of 
the first boreal summer intraseasonal oscillation mode (Ren 
et al. 2018).

The summer precipitation over the Tibetan Plateau also 
exhibits a dominant quasi-biweekly variability, which is 
found to be related to the southeastward propagating non-
stationary wave train originated from the summertime Arc-
tic Oscillation (Wang et al. 2018) and the northwestward/
northward migration of low-level tropical wave train (Yang 
et al. 2017). These studies on ISV of China summer precipi-
tation, however, focused on different regions with different 
dominant modes. It is still unclear what the dominant mode 
of ISV is for the whole China summer precipitation.

The East Asian summer monsoon (EASM) usually 
displays distinct stepwise northward and northeastward 
advances (Lau and Waliser 2005; Wu and Wang 2001), with 
two abrupt northward jumps and three stationary periods, 
such as the pre-summer rainy season in South China from 
early- to mid-May, Meiyu/Baiu rainy season in the YRB and 
Japan from late-May to mid-July; and it finally penetrates to 
North China, Korea, and the topical western Pacific from 
late-July to early-August (Chen 2004; Ding 2004; Ding 
and Chan 2005; Son et al. 2019). The EASM advances 
were usually found to be related to the phase transition of 

climatological intraseasonal oscillation (Ding and Wang 
2008; Wang and LinHo 2002; Wang et al. 2004; Wang and 
Xu 1997).

Due to the advance of the EASM, the seasonal evolution 
of ISV of China summer precipitation needs to be investi-
gated. The changes in spatial distribution and propagating 
path of 12–20-day variability over East Asia between early 
and late summers were attributed to the abrupt change of the 
mean state, including the northward migration of westerly 
jet, South Asian high, and WNP subtropical high (Yang et al. 
2014). The quasi-biweekly oscillation over the South China 
Sea was found to be originated from eastern Japan during 
early summer, and from the east of the Philippines during 
late summer (Wang et al. 2015). For the dominant mode of 
ISV of whole China summer precipitation, it is not clear 
whether significant seasonal evolution exists or not, and if 
it does, what the underlying mechanism is.

In this paper, we study the seasonal evolution of ISV 
of China summer precipitation and explore its underlying 
mechanism. We will also focus on potential predictability 
source in different stages of the seasonal evolution. The 
paper is organized as follows. In Sect. 2, we describe data 
and methods. Seasonal evolution of ISV activity is presented 
in Sect. 3. Leading modes of ISV in different stages are dis-
cussed in Sect. 4. We investigate potential predictability for 
the ISV in different stages in Sect. 5. Conclusions and dis-
cussion are given in Sect. 6.

2 � Data and methods

We use gridded daily precipitation over China from the 
newly released CN05.1 dataset by China’s National Climate 
Center (Wu and Gao 2013; Xu et al. 2009). It is interpo-
lated to a high resolution of 0.25° using data from 2400 sta-
tions. The climatological mean is obtained using thin-plate 
smoothing spline interpolation (Hutchinson 1995), and its 
anomaly, using angular distance weighting method (New 
et al. 2000; Shepard 1984). Daily precipitation from the Cli-
mate Prediction Center (CPC) Global Precipitation data with 
a resolution of 0.5° × 0.5°, provided by the National Oceanic 
and Atmospheric Administration (NOAA) (Xie et al. 2007), 
is also used.

Daily outgoing longwave radiation (OLR) dataset at 
2.5° × 2.5° resolution from the NOAA (Liebmann and Smith 
1996) is used, which is a good proxy for organized deep 
convection in the tropics on the intraseasonal time scale 
(Kikuchi et al. 2011; Lee et al. 2013; Wheeler and Hendon 
2004). Daily wind field is obtained from the National Cent-
ers for Environmental Prediction (NCEP) Reanalysis data 
(Kalnay et al. 1996). The study period covers 38 years from 
1979 to 2016, and the boreal summer season is defined from 
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1st May to 31st August. The data set of the boundary of the 
Tibetan Plateau is from Zhang et al. (2002).

Since precipitation in China is affected by tropical 8–25-
day oscillation, 30–60-day intraseasonal oscillation, and 
mid-latitude quasi-biweekly variability, we perform 8–80-
day butterworth bandpass filtering (Duchon 1979) to iso-
late the intraseasonal signals, which include both 8–25 and 
30–50 day oscillations. Similar results were also obtained 
based on the intraseasonal signal after using 5-day running 
mean and removing the first three harmonics of the annual 
cycle (not shown).

For each day, the ISV activity is calculated as 31-day-
averaged variance of intraseasonal signal with 15 days before 
and after the selected day. Since the leading ISV modes of 
China summer precipitation have a significant period of 
8–25 days rather than 30–60 days, which will be shown 
later, we use 31-day average to calculate the ISV activity. 
Sixty-one-day average is also used, and similar results are 
obtained (not shown). We calculate the ISV variance for 
each year, and then average them over the 38 years as the cli-
matological ISV activity for each calendar day. To identify 
the major modes of seasonal evolution of the ISV activity, 
we perform EOF analysis on the climatological ISV activity. 
We also perform EOF analysis on the intraseasonal China 
summer precipitation to obtain the leading modes of the 
ISV. Each Principle Component (PC) is normalized by its 
standard deviation, and the EOF is scaled by multiplying this 
standard deviation. Wavelet analysis on the PC is performed 
to calculate the spectrum of the ISV. Potential predictability 
source for these ISVs is detected by using regression maps. 
Since a bandpass filter is used, the effective degree of free-
dom (Livezey and Chen 1983) is calculated for significant 
test based on two-tailed Student t test.

To investigate possible sources and propagation routes 
of the mid-latitude wave train, a phase-independent wave 
activity flux (WAF) formulated by Takaya and Nakamura 
(2001) is calculated, which has been used for studying the 
mid-latitude wave train on the intraseasonal timescale (Gao 
et al. 2017; Wang et al. 2018; Yang and Li 2016). A two-
dimensional horizontal WAF can be expressed as follows:

where u and v are the zonal and meridional components 
of the flow, respectively;|U| is wind velocity; and � is the 
stream function. The bar and prime represent the low-fre-
quency background state (greater than 31 days) and the ISV, 
respectively.

3 � Seasonal evolution of ISV activity

During the boreal summer, China is controlled by the 
EASM with strong precipitation over its southeastern 
region, and the maximum summer precipitation is larger 
than 10 mm day−1 (Fig. 1a). Four strong precipitation cent-
ers are observed along the Yangtze River. From southeast-
ern to northwestern China, the seasonal-mean precipitation 
decays quickly, and the average precipitation is even below 
1 mm day−1 over some parts of northwestern China. Distri-
bution of climatological summer ISV activity, represented 
by the variance of 8–80-day filtered precipitation anomaly 
for the whole summer, generally follows that of seasonal-
mean precipitation, which has the strong ISV activity over 
coastal southeastern China, southwestern China, and the 
mid-lower reaches of the Yangtze River (Fig. 1b). The ISV 
in south part of Yunnan Province and eastern Tibetan Pla-
teau is very weak, against strong seasonal-mean precipita-
tion there. The weak ISV activity in south part of Yunnan 
Province and eastern Tibetan Plateau was also present in the 
CPC dataset (not shown).

The leading modes of seasonal evolution of ISV activ-
ity can be calculated by performing EOF analysis on the 
climatological 31-day-sliding variance of China intrasea-
sonal precipitation anomaly from 1st May to 31st August. 
We find two significant modes that are statistically distin-
guishable from each other and from other higher modes 
according to the rule of North et al. (1982). The percent-
age variances accounted for by these two leading modes are 
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1
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Fig. 1   Climatological summer 
precipitation in China and ISV 
activity. a The boreal-summer 
(May–August) averaged pre-
cipitation (mm day−1) during 
1979–2016. b The same as a 
except for variance (mm2 day−2) 
of 8–80-day filtered precipita-
tion anomaly
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50.6% and 39.6%, respectively. The first leading mode is 
demonstrated by strongest positive anomaly in southwestern 
China and south of the mid-lower reaches of the Yangtze 
River (Fig. 2a). The second mode has positive anomaly over 
whole central and eastern China including coastal south-
eastern China, east of the Tibetan Plateau, and northeastern 
China, except for negative anomaly over inland southeastern 
China (Fig. 2b).

Figure 2c shows the PCs of these two leading modes 
for the seasonal evolution of ISV activity. The first lead-
ing mode is mainly characterized by a strong positive phase 
around mid-June to early-July, associated with the Meiyu 
season. In May and August, this mode is in its negative 
phase. The second mode changes its phase in late-June, from 
negative phase around May to positive phase around August; 
and the strongest positive phase occurs near late-July, which 
means that strong ISV over the east of the Tibetan Plateau 
and coastal region of southeastern China only peaks around 
late-July.

These two leading modes for the seasonal evolution of 
ISV activity can also be obtained when we extend to whole 
Asia based on the CPC data, while the sequence of these 
two leading modes is exchanged compared to that of China 
(Figs. 2, 3). The first leading mode (Fig. 3a), related to the 
second mode of China’s seasonal evolution of ISV activ-
ity (Fig. 2b), shows uniform positive anomalies over whole 
Asia except for the negative anomaly over inland southeast-
ern China. The positive anomalies in southwestern China 

and south of the mid-lower reaches of the Yangtze River in 
late-June of the second mode, are accompanied by negative 
anomalies over India, Philippines and North Korea (Fig. 3b).

In summary, the positive phase of the first mode domi-
nates the period from mid-June to mid-July, while the posi-
tive and negative phases of the second mode peak before 
mid-June and after mid-July, respectively (Fig. 2), which 
are related to the EASM rain belt jump around mid-June and 
mid-July, respectively (Ding 2004; Ding and Chan 2005). 
Thus, we classify the seasonal evolution of China precipita-
tion ISV into three stages: early summer from 1st May to 
14th June, Meiyu season from 15th June to 15th July and 
late summer from 16th July to 31st August.

The ISV activity of China summer precipitation exhibits 
different distributions in these three stages. In early summer 
(Fig. 4a), the ISV mainly prevails in southeastern China, 
with maximum activity in the coastal region of South China, 
north part of Guangxi Province, and north part of Fujian 
Province. The ISV activity becomes stronger during the 
Meiyu season, and the ISV also prevails in the mid-lower 
reaches of the Yangtze River and Jianghuai region (Fig. 4b). 
In late summer, the maximum ISV activity retreats to the 
coastal region of southeastern China and eastern Tibetan 
Plateau (Fig. 4c). This seasonal evolution of ISV activity 
follows that of mean precipitation closely, except that the 
weak ISV activity around south part of Yunnan Province and 
eastern Tibetan Plateau is against strong mean precipitation 
there in the Meiyu season and late summer (Fig. 4d–f).

Fig. 2   Seasonal evolution of 
ISV activity of China summer 
precipitation. a, b The first and 
second EOF modes, respec-
tively, of climatological 31-day-
sliding variance (mm2 day−2) of 
8–80-day-filtered precipitation 
anomaly over China from 1st 
May to 31st August based on 
the CN05.1 dataset. c The PCs 
for the first (red) and second 
(blue) leading modes, respec-
tively. Each time series has been 
normalized
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Fig. 3   Same as Fig. 2, except 
for the whole Asia based on the 
CPC data

Fig. 4   ISV activity during different stages. Variance (mm2 day−2) of 
8–80-day-filtered precipitation anomaly over China for a early sum-
mer (1st May to 14th June), b Meiyu season (15th June to 15th July), 

and c late summer (16th July to 31st August) from 1979 to 2016. d–f 
The same as a–c except for mean precipitation (mm  day−1) in each 
stage
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4 � ISV in different stages

The leading modes of ISV of China summer precipita-
tion can be obtained by performing EOF analysis on the 
8–80-day-filtered summer precipitation from 1979 to 
2016. For the whole boreal summer, the ISV of China 
summer precipitation is dominated by two leading modes, 
which are significantly distinguishable from other higher 
modes. The percentage variances accounted for by these 
two leading modes are 14.5% and 11.2%, respectively. The 
first leading mode is dominated by strong uniform positive 
precipitation anomaly over the whole southeastern China 
to the south of the Yangtze River, while weak negative 
anomaly over the Jianghuai region (Fig. 5a). The sec-
ond mode, however, is dominated by dipole precipitation 
anomalies with negative anomaly over the coastal region 
of southeastern China and positive anomaly over the mid-
lower reaches of the Yangtze River (Fig. 5b).

EOF analysis is also performed on intraseasonal precip-
itation anomalies in early summer, Meiyu season, and late 
summer. The leading uniform mode (UM) and the second 
dipole mode (DM) are observed in each stage (Fig. 5c–h). 
For these two leading modes, each stage has significant 
pattern correlation and PC correlation with the whole sum-
mer, and their correlation coefficients are all above 0.85 
(p < 0.01).

Since the PCs are normalized, the ISV strengths during 
different stages can be represented by the amplitude of 
EOF anomaly. In early summer, the precipitation anomaly 
of UM over southeastern China is stronger than those of 
DM over the coastal region of southeastern China and over 
the mid-lower reaches of the Yangtze River (Fig. 5c, d), 
consistent with the ISV activity distribution in Fig. 4a. 
The precipitation anomaly over the mid-lower reaches of 
the Yangtze River for DM only becomes strong during the 
Meiyu season (Fig. 5f). The precipitation anomaly of UM 
during late summer is maximum over the coastal region of 
southeastern China (Fig. 5g). Consistent with strong ISV 
activity in the Meiyu season (Fig. 4b), the precipitation 
anomalies of UM and DM in the Meiyu season are also 
stronger than those in the other two stages.

The strong precipitation anomalies of UM over south-
eastern China during early summer (Fig. 5c) and over 
the coastal region of southeastern China in late summer 
(Fig. 5g) are consistent with the positive and negative 
phase of the second mode of seasonal evolution of ISV 
activity (Fig. 2), respectively. The strong precipitation 
anomaly of DM over the mid-lower reaches of the Yangtze 
River (Fig. 5f), however, is related to the positive phase of 
the leading mode (Fig. 2).

Since the PCs from EOF analysis for the whole sum-
mer are highly correlated with those calculated from each 

stage, these PCs can be used as the indexes for UM and 
DM in each stage. The short period of less than 45 days in 
each stage usually removes some low-frequency intrasea-
sonal signal; thus, we perform the wavelet analysis on the 
PCs from EOF analysis for the whole summer to calculate 
ISV spectra during different summer stages.

During early and late summers, UM and DM are dom-
inated by 8–15-day period, while their periods extend to 
8–25 days during the Meiyu season (Fig. 6). Compared to 
the ISV in early and late summers, the ISV during the Meiyu 
season is also stronger. For the whole summer, both UM 
and DM have a significant period from 8 to 25 days; and 
they peak at 11 days and 12 days, respectively, consistent 
with previous work on regional precipitation anomaly of 
the lower reaches of the Yangtze River (Huang et al. 2008; 
Yang et al. 2010), southeastern China (Wei et al. 2017), and 
eastern Tibetan Plateau (Yang et al. 2017).

To explore the relationship between these two leading 
modes, the 31-day-sliding lead-lag correlation between PC1 
and PC2 for the whole summer is shown (Fig. 7a). Signifi-
cant correlation is only observed in early summer, and PC2 
tends to lead PC1 by about 2–3 days, which means that the 
positive precipitation anomaly over the mid-lower reaches 
of the Yangtze River will move to southeastern China in 
2–3 days in early summer. The maximum correlation coef-
ficient, however, is only 0.3, which is much smaller than 
that (0.56) between Real-time Multivariate Madden-Julian 
Oscillation series 1 and 2 (Wheeler and Hendon 2004) and 
than that (about 0.45) between PC3 and PC4 of boreal-sum-
mer intraseasonal oscillation index (Lee et al. 2013). In the 
Meiyu season and late summer, the relationship between 
UM and DM is insignificant, which means these two leading 
modes are independent from each other. Similar results are 
also obtained for the PC in each stage (Fig. 7b).

5 � Potential ISV predictability in different 
stages

Since ISV over China is affected by both tropical and mid-
latitude systems (Stan et al. 2017), we detect tropical con-
vection system by using regressed OLR anomaly and detect 
mid-latitude wave train by using regressed upper-tropo-
spheric wind anomaly and WAF. The significant preceding 
signal in the tropics and mid latitude can be used as potential 
predictability source for these two leading modes of ISV of 
China summer precipitation.

5.1 � Early summer

During early summer, positive OLR anomaly or dry con-
vection anomaly propagate southward from southeastern 
China at day − 6 to the South China Sea and Philippine 
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Fig. 5   Dominant ISV modes during different stages. a, b The first and 
second EOF modes, respectively, of 8–80-day-filtered precipitation 
anomaly (mm day−1) over China from 1st May to 31st August during 

1979–2016. c–d, e–f, and g–h are the same as a–b except for early 
summer, Meiyu season, and late summer, respectively



	 F. Liu et al.

1 3

Sea at day 0, and dipole convection anomalies with wet 
anomaly over southeastern China and dry anomaly over 
the South China Sea appear on day − 2 before the peak 
phase of UM (Fig. 8a). This dry convection anomaly over 
the South China Sea is weaker than the wet anomaly over 
southeastern China, and there is no significant preceding 

ISV observed over the tropics, which means that this dry 
convection anomaly over the South China Sea and Philip-
pine Sea is more like a response to the divergence of wet 
convection anomaly over southeastern China rather than 
an intraseasonal oscillation originated from the western 
tropical Pacific.

Fig. 6   Seasonal evolution of 
ISV period of China summer 
precipitation. a The square root 
of wavelet spectrum (left panel), 
multiplied by frequency, of the 
PC of leading EOF of Fig. 5a, 
calculated using the whole 
summer time series. Stippling 
denotes spectrum significant at 
the 95% confidence level. Also 
shown is the average of the 
summer (right panel); and red 
and dashed lines denote the red 
noise and 95% confidence level, 
respectively. b The same as a 
except for the second EOF

Fig. 7   Relationship between 
two leading modes of ISV. 
a Shown is 31-day-sliding 
lead-lag correlation coefficient 
map between PC1 and PC2 for 
the whole summer. Stippling 
denotes correlation significant 
at the 95% confidence level. 
b Same as a, except for the 
average of each stage. Black, 
green and blue lines represent 
the early summer, Meiyu season 
and late summer, respectively. 
Red color denotes correlation 
significant at the 95% confi-
dence level
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Before the peak phase of UM (Fig. 8a), however, a strong 
preceding mid-latitude wave train appears starting from 
the Mediterranean, via Central Asia, and Tibetan Plateau, 
toward East Asia, which has a “silk road”-like telecon-
nection pattern (Enomoto et al. 2003; Lu et al. 2002). At 
the peak phase of UM on day 0, upper-level anticyclonic 
anomaly over southeastern China causes upward motion and 
enhances the precipitation there.

Related to DM in early summer, there is also no signifi-
cant preceding signal from the tropics, and the negative 
convection anomaly along the coastal region of south-
eastern China at day 0 also propagates from northeastern 

China at day − 6 (Fig. 8b). Strong preceding mid-latitude 
wave train is observed from western Siberian, via south-
western Lake Baikal and Northeast Asia, toward the WNP 
(Fig. 8b). At the peak phase of DM, the upper-level anti-
cyclonic anomaly is located north of the Yangtze River, 
causing upward motion there, and strong negative convec-
tion anomaly is also excited over the northern South China 
Sea and Philippine Sea (Fig. 8b).

In early summer, the tropical signal over the South 
China Sea and Philippine Sea is actually originated from 
the southward propagation of ISV over China. These 
results mean that both UM and DM are mainly related 

Fig. 8   Potential predictability 
for early summer. a Lagged 
regression maps of 8–30-day-
filtered OLR (shading; W m−2), 
200-hPa wind (black vectors; 
m s−1) and 200-hPa wave-activ-
ity flux (red vectors; m2 s−2) 
anomalies onto PC1 during 
early summer of 1979–2016. 
Only OLR, wind and wave-
activity flux anomalies sig-
nificant at the 95% confidence 
level are shown. b The same as 
a except for PC2. The letters 
A and C at day 0 indicate the 
anticyclone and cyclone marked 
by the squares, respectively
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to mid-latitude wave train rather than to the tropical ISV 
during early summer.

5.2 � Meiyu season

During the Meiyu season, UM is related to significant nega-
tive convection anomaly propagating from the western equa-
torial Pacific at day − 6 to the South China Sea at day 0 
(Fig. 9a). In the upper troposphere, there is a “Polar Eurasia” 
pattern-like teleconnection that has dipole height anomalies 
over the polar and northern China/Mongolia regions. The 
significant southward propagating wave train is observed 

from western Lake Baikal toward Northeast Asia, East Asia, 
and Indo-China Peninsula (Fig. 9a). At day 0, the strong 
upper-tropospheric cyclonic and anticyclonic anomalies 
sandwich southeastern China, and cause strong upper-trop-
ospheric divergence and upward motion there. The lower-
tropospheric cyclonic anomaly over southeastern China is 
also supported by the anticyclonic anomaly over the South 
China Sea and Philippine Sea.

Prior to the peak phase of DM during the Meiyu season 
(Fig. 9b), significant anticyclonic anomaly is also observed 
over the western tropical Pacific, which propagates from the 
Philippine Sea at day − 6 to the northern South China Sea at 

Fig. 9   Potential predictability 
for Meiyu season. Same as in 
Fig. 8, except for the Meiyu 
season
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day 0. Significant wave train is observed from Europe, via 
the Caspian Sea, Mongolian Plateau and Northeast Asia, 
toward southeastern China. At day 0, the strong lower-trop-
osphere anticyclonic anomaly over the northern South China 
Sea and upper-level westerly jet both enhance the precipita-
tion over the mid-lower reaches of the Yangtze River. Dur-
ing the Meiyu season, UM and DM are related to tropical 
intraseasonal signal and mid-latitude wave train.

For these early summer and Meiyu season, the mid-lati-
tude wave trains of both UM and DM exhibit a typical baro-
tropical structure, and they turn into a baroclinic structure 
over East Asia where strong precipitation anomaly occurs 
(Fig. 10). This is consistent with the results of Fujinami and 
Yasunari (2009) and Yang et al. (2014).

5.3 � Late summer

During late summer, UM is related to tropical westward-
propagating positive convection anomaly from the Phil-
ippine Sea at day − 6 to southeastern China at day 0, and 
this tropical cyclone-like intraseasonal signal can appear 
over southeastern China at day 0 and results in UM there 
(Fig. 11a). In the upper troposphere, a weak “silk road”-like 
wave train from the Mediterranean, Central Asia, Mongolian 
Plateau, to East Asia is also observed (Fig. 11a), while it is 
much weaker than that observed in early summer (Fig. 8a).

DM is also related to westward-propagating tropical 
cyclonic-like negative convection anomaly from the Phil-
ippine Sea at day − 6 (Fig. 11b). This negative convection 
anomaly, however, can only land over the coastal region 
of southeastern China at day 0. The southwesterly to its 
northwest flank should bring moisture to the mid-lower 
reaches of the Yangtze River, resulting in DM. In the upper 

troposphere, a mid-latitude wave train from western Sibe-
rian, Mongolian, Northeast Asian to the WNP is observed, 
while strong signal mainly occurs downstream from North-
east Asia and WNP to the east of Japan (Fig. 11b).

In summary, both UM and DM are only related to preced-
ing mid-latitude wave trains in early summer. In the Meiyu 
season, the tropical intraseasonal signal also contributes 
to the ISV of China summer precipitation in addition to 
the mid-latitude wave trains. In late summer, the tropical 
cyclone-like convection anomaly can land over whole China 
or coastal region of southeastern China, and the mid-latitude 
wave trains are relatively weaker than those in early summer 
and Meiyu season.

5.4 � Change of mean state

To understand these different potential predictability sources 
for the ISV in the three stages, the mid-latitude westerly 
jet and monsoon trough are investigated next. They are 
important for mid-latitude wave train (Lee et al. 2009; Liu 
and Wang 2013; Straub and Kiladis 2002; Webster 1982; 
Webster and Chang 1988) and tropical intraseasonal signal 
(Wang et al. 2004, 2009).

From early summer to late summer, the upper-tropo-
spheric westerly jet becomes weakened and shifts northward 
away from China’s monsoon region (Fig. 12a–c), associated 
with the onset of Meiyu in mid-June (Li et al. 2004) and 
rainfall over North China in mid-July (Du et al. 2009). Since 
the westerly jet acts as a waveguide for the mid-latitude 
wave train (Lee et al. 2009; Liu and Wang 2013; Straub and 
Kiladis 2002; Webster 1982; Webster and Chang 1988), the 
mid-latitude wave train also moves northward along with the 
westerly jet. In late summer, the mid-latitude wave train far 

Fig. 10   Vertical structures 
along the wave train in dif-
ferent stages. Vertical profile 
of area-averaged regressed 
vorticity (10−5 s−1) at day 0 for 
the selected areas in Fig. 8 for 
early summer (a) and in Fig. 9 
for Meiyu season (b). The red 
dots denote regressions being 
significant at the 95% confi-
dence level
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away from the monsoon region should have weak effects on 
the ISV of China’s summer precipitation (Fig. 12c).

The effects from the tropics are also mean-state-depend-
ent. The monsoon trough, represented by the 1000–850 hPa 
averaged vorticity (Li and Pan 2007), is a region favoring the 
low-level atmospheric convergence, large moisture flux and 
small vertical wind shear (Lander 1994; Ritchie and Holland 
1999) and favoring the generation of tropical ISV (Huang 
et al. 2016; Ko and Hsu 2006; Liu et al. 2016; Liu and Wang 
2013). In early summer, the monsoon trough over the WNP 
is very weak, so the ISV cannot prevail there (Fig. 12d). In 
the Meiyu season and late summer, the ISV becomes strong 

due to the formation of monsoon trough (Fig. 12e, f), which 
can propagate westward to affect the ISV over China.

6 � Summary and discussion

We studied seasonal evolution of dominant ISV modes of 
China summer precipitation. Following the seasonal evolu-
tion of monsoon precipitation, the seasonal evolution of the 
ISV activity can be separated to three stages: early summer 
stage from 1st May to 14th June, Meiyu season stage from 
15th June to 15th July, and late summer stage from 16th 

Fig. 11   Potential predictability 
for late summer. Same as in 
Fig. 8, except for late summer
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July to 31st August. The ISV of China summer precipitation 
mainly prevails over southeastern China to the south of the 
Yangtze River in early summer, and it prevails around the 
mid-lower reaches of the YRB and Jianghuai region dur-
ing the Meiyu season. In late summer, the maximum ISV 
activity retreats to the coastal region of southeastern China 
and eastern Tibetan Plateau. The ISV activity in the Meiyu 
season is stronger than those in early and late summers.

The ISV of China summer precipitation has two lead-
ing modes, represented by the UM over southeastern China 
to the south of the Yangtze River and by the DM between 
coastal region of southeastern China and mid-lower reaches 
of the Yangtze River. Both UM and DM are also observed 
in each summer stage, except that their amplitude follows 
the change of ISV activity in different stages. The strong 
precipitation anomaly over the mid-lower reaches of the 
Yangtze River only occurs during the Meiyu season in DM. 
Both UM and DM in the Meiyu season are stronger than 
those in early and late summers. And both UM and DM are 
dominated by 8–15-day oscillations in early and late sum-
mers, while they are dominated by 8–25-day oscillations 
during the Meiyu season. These UM and DM only compose 
southward propagation in early summer, while their lagged 
correlation is low.

As summarized in Fig. 13, both UM and DM are only 
related to strong preceding mid-latitude wave trains in 
early summer, which provides a potential predictability 

source, and no preceding tropical signal can be observed. 
During the Meiyu season, the preceding tropical intrasea-
sonal signal from the western tropical Pacific provides 
another predictability source for these two leading modes 
of ISV, in addition to the mid-latitude wave train. In late 
summer, the effect of preceding mid-latitude wave train is 
weak. The strong tropical cyclone-like intraseasonal signal 
can land over southeastern China to form the UM and over 
the coastal region of southeastern China to form the DM. 
Changes of these potential predictability sources in dif-
ferent stages are attributed to the changes of mean states. 
The weak ISV over the WNP in early summer before the 
formation of monsoon trough will limit the effect of tropi-
cal signal on the ISV of China summer monsoon, while 
the northward shift of upper-tropospheric westerly jet in 
late summer prohibits the effect of mid-latitude wave train. 
Only in the Meiyu season, these tropical and extratropical 
signals work together to affect the ISV of China summer 
precipitation.

Due to advance of the EASM, significant seasonal evo-
lution in ISV of China summer precipitation and its asso-
ciated preceding tropical and mid-latitude signals chal-
lenge our prediction system. The new empirical prediction 
system should have different weights in different summer 
stages to capture this seasonal evolution, as considered in 
the subseasonal prediction system with machine learning 
over Western United States (Hwang et al. 2019).

Fig. 12   Mean states during different stages. Mean 200-hPa zonal 
wind (contour; m s−1) and variance (shading; m2) of 8–80-day-filtered 
200-hPa geopotential height anomaly for a early summer, b Meiyu 
season, and c late summer during 1979–2016. Counter interval is 

4 m s−1. d–f The same as a–c, except for background 1000–850 hPa 
averaged vorticity (contour; contour interval 0.4 × 10−5 s−1) and vari-
ance (shading; W2  m−4) of 8–80-day-filtered OLR anomaly in each 
stage
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