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Abstract
The onset date of the Meiyu has attracted extensive attention because it marks the beginning of the rainfall season in the 
Yangtze-Huai River basin (YHRB). In this study, the relationship between the onset dates of the Meiyu and its precursors 
is investigated; and the South Asian anticyclone (SAA) in April, which is generated by atmospheric apparent sources over 
South Asia, is introduced. The results show that years with stronger SAA in April are concurrent with earlier onsets of the 
Meiyu and increased precipitation in June over the YHRB and vice versa. The mechanisms involved in this relationship are 
further investigated. The SAA emerges in early April, and moves eastward to the western North Pacific (WNP) in the late 
pentad of April due to the abrupt zonal energy transport, leading to anomalous divergence in the upper troposphere over the 
WNP. The divergence anomaly enhances ascending motion in situ due to Ekman pumping, leading to an anomalous cyclone 
at lower levels over this region. Due to the southward-moving ascending motion and the presence of the lower tropospheric 
cyclone in the fourth pentad of May, the precipitation moves southward to the Philippine Sea (PHS). The associated stronger 
convection over the PHS further triggers a meridional overturning pattern, which develops into the Pacific-Japan like pattern 
(PJ-like pattern). The PJ-like pattern persists from the end of May to the beginning of June, which promotes the earlier onset 
of the Meiyu. In addition, due to the increased heating associated with the abundant precipitation over the PHS around the 
fourth pentad of May, the Western Pacific subtropical high (WPSH) shifts northward earlier. Ultimately, the earlier establish-
ment of the PJ-like pattern and the earlier northward shift of the WPSH cause stronger-than-normal southwesterly flows and 
additional water vapor transport to the YHRB, leading to the advanced onset of the Meiyu and additional precipitation in June.
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1  Introduction

Over East Asia, the rainy season is strongly influenced by 
the summer monsoon. The rain season is called the Meiyu 
in China, the Baiu in Japan, and Changma in Korea (Tao and 
Chen 1987). It has profound impacts on agriculture, water 
resources, human activities and socioeconomic activities 
in the Meiyu region, which is the most densely populated 
region in East Asia. Regarding China, the Meiyu precipita-
tion usually accounts for more than 20% of the annual pre-
cipitation, and this fraction sometimes exceeds 50% in the 
Meiyu region (28°–34°N, 110°−122°E, Wang et al. 2005). 
Therefore, to a certain extent, anomalous precipitation dur-
ing Meiyu periods, especially anomalies in the intensity 
and location of the Meiyu belt, can lead to natural disasters 
in this area (Chen and Chang 1980; Lau et al. 1988; Ding 
1992; Chang 2004; Zhou et al. 2009). In general, the main 
Meiyu in China appears in the middle of June and withdraws 
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in early July, and the average length of the Meiyu period 
is approximately 21 days (Ding 1992; Ding et al. 2007). 
These are vital parameters for the Meiyu and have an evi-
dent interannual variability (Ding et al. 2007). The onset and 
withdrawal dates determine the length of the Meiyu, which 
is closely related to the amount of precipitation during the 
Meiyu period. Thus, the study of the onset and withdrawal 
date of the Meiyu is important for understanding the anom-
alous precipitation and for disaster prevention and water 
resource management in the Meiyu region.

A large number of papers have investigated the Meiyu 
based on its climatological characteristics and homochro-
nous atmospheric circulation (e.g., Tao and Chen 1987; Ding 
1992; Ding et al. 2007; Huang et al. 2011). The configu-
ration of atmospheric circulation from the lower to upper 
troposphere is characterized by distinct features during the 
Meiyu, for instance, the South Asian High (SAH) and the 
westerly jet stream in the upper troposphere and blocking in 
the middle troposphere and Western Pacific subtropical high 
(WPSH) at lower levels. These synoptic systems have impor-
tant impacts on Meiyu precipitation (Akiyama 1973; Chen 
and Yu 1988; Kodama 1992). On the other hand, numerous 
studies have addressed the dynamic structure of the Meiyu 
front and regard the Meiyu as a mesoscale weather phe-
nomenon (Chen 1983; Krishnan and Sugi 2001; Ninomiya 
and Shibagaki 2007; Wakazuki et al. 2006; Yu et al. 2012). 
Those studies suggest that the Meiyu front is quasi-sta-
tionary and can generate long clouds and rainbands with 
mesoscale disturbances embedded within them. In addition, 
several previous studies have emphasized the interannual 
or interdecadal changes in precipitation. For example, Zhu 
et al. (2013) found that the two types of El Niño-Southern 
Oscillation (ENSO) have different impacts on Meiyu pre-
cipitation and addressed the physical linking of the decadal 
changes that occurred in approximately 1991. Zhu et al. 
(2011, 2015) revealed a decadal change in the summer pre-
cipitation in the Huang-Huai River and the Yangtze River 
region in the 2000s and its relationship with the shifts in the 
Pacific Decadal Oscillation to a negative phase. Recently, 
Sampe and Xie (2010) noted that the westerly jet plays a key 
role in stimulating and maintaining the Meiyu rainbands. Li 
and Zhang (2014) further described that the different con-
figurations of the subtropical and polar front jets have dif-
ferent influences on the precipitation amount and location 
of the Meiyu rain belts.

Previous investigations have also suggested that the 
abrupt change in atmospheric circulation from winter to 
summer patterns in Asia is closely connected to the onset 
of the Meiyu in China (Yeh et al. 1959; Tao and Chen 
1987), which means that the atmospheric circulations 
associated with the onset of the Meiyu might have a close 
connection to its previous stage and evolutionary process. 
Some particular atmospheric circulations or systems in 

the early period may play an important role in the onset 
of the Meiyu and may be useful for predicting the onset 
of the Meiyu.

Numerous studies in the literature have described the 
onset of the Meiyu and the associated factors (Lu et al. 
2001). However, only a few studies have paid attention to 
the precursor circulations that are related to the onset of 
the Meiyu (e.g., Zhang et al. 2005; Zhu et al. 2008), lead-
ing to a poor understanding of the precursory synoptic 
systems or large-scale characteristics connected with the 
onset of the Meiyu. Recent studies of the onset of Meiyu 
have usually focused on the following aspects. (1) Dif-
ferent large-scale atmospheric circulations occur in years 
with the early and late onset of the Meiyu period. For 
example, Lu et al. (2001) found that the East Asia westerly 
jets and subtropical highs display evident differences and 
different onset dates, but similar studies have not found 
enough precursor signals to make short-term forecasts. 
(2) Several studies have looked for precursor signals. Zhu 
et al. (2008) described that Meiyu onsets may be associ-
ated with the ENSO. Choi et al. (2012) defined a new 
Changma onset index and indicated its connection with the 
Antarctic Oscillation. Recently, Park et al. (2015) built a 
statistical prediction model for the Changma onset based 
on dynamical methods, and the prediction model consisted 
of several precursory factors identified using traditional 
statistical methods. However, considering that the onset 
of the Meiyu has large interannual variability and is com-
plicated, its prediction at seasonal and interseasonal scales 
remains difficult. Regarding short-term climate forecasts, 
the challenges are mainly reflected in finding and address-
ing the mechanisms. Therefore, it is particularly important 
to seek the precursory factors as many as possible, espe-
cially those factors that are independent of each other. The 
primary purposes of this research, therefore, are to inves-
tigate the association of a precursory climate system with 
the onset of the Meiyu and to address its internal physical 
mechanisms. Finally, it is expected that this study will 
provide a foundation for further understanding the Meiyu 
changes and increase the skill of short-term climate fore-
casts of the Meiyu.

The paper is organized as follows. In Sect. 2, we provide 
a brief review of the datasets and the definition of the Meiyu 
onset date used in this analysis. In Sect. 3, we review the 
South Asian anticyclone (SAA) in April and its dynamic 
origin and further describe its statistical relationship with 
the onset of the Meiyu. In Sect. 4, we discuss the impacts of 
circulations related to the SAA in April on the Meiyu onset. 
The possible mechanisms on the relationship between the 
SAA and onset of the Meiyu are given in Sect. 5. Finally, 
Sect. 6 provides a summary of the key results and a brief 
discussion of aspects of the issues that are worthy of study 
but beyond the scope of this study.
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2 � Data and methods

2.1 � Dataset

Several datasets were used in this study, which spans the 
period from 1979 to 2014, including (1) daily and monthly 
atmospheric variables from National Centers for Envi-
ronmental Prediction/National Center for Atmospheric 
Research (NCEP/NCAR) reanalysis (Kalnay et al. 1996), 
(2) the pentad and monthly Climate Prediction Center (CPC) 
Merged Analysis of Precipitation (CMAP) data (Xie and 
Arkin 1996), (3) a daily precipitation dataset from 756 sta-
tions in China, which was supplied by the National Mete-
orological Information Center of the China Meteorological 
Administration, and (4) daily mean interpolated outgoing 
longwave radiation (OLR) data measured by a National Oce-
anic and Atmospheric Administration (NOAA) satellite for 
the period 1979–2013 (Liebmann and Smith 1996).

2.2 � Methods

The onset dates of the Meiyu were determined using precipi-
tation data from the five selected stations [Wuhan (30°37ʹN, 
114°08ʹE), Nanjing (32°00ʹN, 118°48ʹE), Wuhu (31°20ʹN, 
118°23ʹE), Jiujiang (29°44ʹN, 116°00ʹE) and Shanghai 
(31°24ʹN, 121°27ʹE)]. Missing precipitation data from 
any station were assigned by interpolation using data from 
nearby stations, which are sparsely distributed within the 
Meiyu region, as well as the position of the WPSH ridge. 
Days when the daily precipitation at more than two stations 
among the five selected stations exceeded 0.1 mm and the 
total precipitation at the five stations exceeded 10 mm were 
referred to as rainy days in the Meiyu region. If rainy days 
during a period from the first rainy day to the subsequent 10 
days exceeded 5 days, and the position of the WPSH ridge 
was located within the latitude band that extends from 20°N 
to 25°N, the first rainy day was assigned as the onset date of 
the Meiyu. The Meiyu region was confined to 28°N–34°N 
and 110°E–122°E, according to the definition in Ding et al. 
(2007).

3 � Variability of the Meiyu onset 
and the South Asian anticyclone

We first calculated the onset dates of the Meiyu during 1979 
to 2014 using the method defined by Ding et al. (2007), 
and the dates indicate the beginning of the rainfall reason in 
the YHRB. The time series is shown in Fig. 1b. The values 
plotted on the vertical ordinate are the onset dates and posi-
tive (negative) values greater (less) than or equal to + (−) 

0.5 standard deviation correspond to earlier (later) onsets of 
the Meiyu. The average onset date during 1979 to 2014 was 
approximately 18 June (Table 1). A notable characteristic 
is that the time series of the onset dates mainly show large 
interannual variability. As mentioned in Sect. 1, the early 
stage circulations may play a key role in the onset of the 
Meiyu. To detect the potential connection of the Meiyu with 
the preceding climatic systems, we calculated the regres-
sion circulations in previous stages onto the Meiyu onset 
date. It was found that the anticyclone at 200 hPa over South 
Asian in April showed the most significant positive rela-
tionship with the Meiyu onset date. As shown in Fig. 1a, it 
is apparent that there was an anomalous anticyclone over 
South Asia in April that was associated with the earlier start 
of the Meiyu. The anomalous anticyclone extended from 
300 to 100 hPa and had a quasi-barotropic structure in the 
upper troposphere (not shown). However, a crucial question 
appears: is the anticyclone significant mode or merely a part 
of random variability? To answer the question, the multivari-
ate empirical orthogonal function (MV-EOF) analysis was 
employed to verify its robustness. The MV-EOF analysis 
method was described in detail by Wang (1992) and it has 
been widespread used in atmospheric analysis (e.g., Wang 
et al. 2008; Xu et al. 2016). In this paper, an area-weighted 
correlation coefficient matrix was constructed for the com-
bined zonal and meridional winds to carry out the MV-EOF. 
The first MV-EOF mode (MV-EOF1) is shown in Fig. 1c, 
it accounts for 15.4% of the total variance and the pattern 
is similar to the anticyclone revealed by regression (Fig. 1a, 
c). Additionally, the MV-EOF1 is statistically distinguished 
from the rest of the modes according to the rule given by 
North et al. (1982). It should be noted that the MV-EOF1 is 
insensitive with the region size chosen for the EOF analysis. 
Furtherly, to quantitatively demonstrate the anticyclone, we 
defined an index in terms of the area-averaged negative vor-
ticity at 200 hPa over the region (10°N–30°N, 80°E–120°E), 
which is referred as SAAI. As shown in Fig. 1d, the stand-
ardized SAAI and time series of MV-EOF1 coincide with 
each other, with a correlation coefficient of 0.85 (above the 
99% confidence level estimated by Student’s t test). Thus, the 
anticyclone in the upper troposphere is a significant mode 
in April.

Due to the system is located in South Asia at upper 
troposphere, it is necessary to examine the relation between 
the SAA and the SAH. Therefore, a SAH index (SAHI) in 
April was further defined as the area-averaged vorticity 
over the region (0°N–20°N, 100°E–160°E), where the cli-
matologic SAH is located (Reiter and Gao 1982). The cor-
relation coefficient between SAAI and SAHI is 0.02, sug-
gesting that the two system are independent. To fourthly 
understand the dynamic fundamental of the SAA and also to 
examine its difference from the SAH. The regression homo-
chromous zonal wind, meridional temperature gradient and 
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atmospheric apparent heating [Q1, calculated based on Yanai 
et al. (1973)] on the SAAI (Fig. 2, left panels) and SAHI 
(Fig. 2, right panels) were analyzed. The SAA-related signif-
icant positive and negative zonal wind anomalies are located 
in north of Tibet Plateau and Bay of Bengal respectively 
(Fig. 2a). The position is confined where the SAA is located 
(Fig. 1a, c). In addition, significant SAA-related positive 
and negative anomalous meridional temperature gradient 
is located in north and south of 20°N (Fig. 2b). It implies 
that the anomalous zonal wind can be explained by the 
anomalous meridional temperature gradient considering the 

thermal wind relationship. Meanwhile, anomalous atmos-
pheric apparent heating sources related to the SAA over 
South Asia are significant (Fig. 2c), which change the local 
temperature and further the meridional temperature gradi-
ent above-mentioned that ultimately generates the SAA. By 
contrast, the SAH-related zonal wind, meridional tempera-
ture gradient, and Q1 are less significant and located more 
eastward (Fig. 2d–f). It suggests different dynamic origin of 
the two climate systems.

The correlation coefficient between the SAAI and 
the Meiyu onset days is 0.48 (above the 99% confidence 

(a) (c)

(b) (d)

Fig. 1   a Regression wind fields at 200 hPa in April onto the Meiyu 
onset day, three-layer shaded areas ranging from light to dark denote 
the regions where the anomalies are statistically significant above 
the 90, 95 and 99% confidence levels using Student’s t test. b The 
South Asian anticyclone index (SAAI) and the Meiyu onset day: solid 

(dashed) blue line delineates the detrended (raw) SAAI, and the red 
line delineates the detrended onset date index of the Meiyu. All the 
indexes are standardized. c Denotes the first leading mode of MV-
EOF for 200-hPa meridional and zonal wind. d The time series of 
MV-EOF1 and SAAI

Table 1   The onset date of 
Meiyu in each year

Year Data Year Data Year Data Year Data Year Data

1979 19 Jun 1987 28 Jun 1995 12 Jun 2003 20 Jun 2011 06 Jun
1980 06 Jun 1988 10 Jun 1996 02 Jun 2004 14 Jun 2012 22 Jun
1981 22 Jun 1989 08 Jun 1997 24 Jun 2005 26 Jun 2013 20 Jun
1982 12 Jun 1990 14 Jun 1998 18 Jun 2006 22 Jun 2014 25 Jun
1983 10 Jun 1991 02 Jun 1999 07 Jun 2007 19 Jun
1984 07 Jun 1992 13 Jun 2000 20 Jun 2008 07 Jun
1985 22 Jun 1993 14 Jun 2001 03 Jun 2009 26 Jun
1986 20 Jun 1994 07 Jun 2002 19 Jun 2010 20 Jun
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level estimated by Student’s t test), and the results derived 
from the detrended and raw data show rare differences. 
The significant connection between the SAAI and the 
Meiyu onset days suggests that the variability of the April 
SAA may be a potential predictor for the Meiyu onset. 
To better illustrate the potential relationship between 

the Meiyu-onset-related atmospheric circulation and 
the April SAA, stronger SAA years (SAAI ≥ 0.5; 1984, 
1989, 1991, 1994, 1996, 2000, 2001, 2006, and 2013) 
and weaker SAA years (SAAI ≤ − 0.5; 1981, 1982, 1986, 
1987, 1992, 1997, 1998, 2002, 2003, and 2007) were 
defined.

(a) (d)

(b)

(c)

(e)

(f)

Fig. 2   a–c Respectively denote the regression map of zonal wind at 
200 hPa, the average temperature meridional gradient on upper tropo-
sphere (300–200 hPa) and atmospheric apparent heating (Q1) in April 

on SAAI. The dotted regions are statistically significant at the 95% 
confidence level, according to Student’s t test. d–f As for a–c respec-
tively, but for regression on SAHI
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4 � SAA‑related circulations and its effect 
on the Meiyu onset

4.1 � The differences in circulation during strong 
and weak SAA years

We, therefore, examined the evolution of atmospheric cir-
culation and precipitation anomalies related to the SAA on 
a sub-seasonal time scale. Figure 3a shows the difference 
of wind fields at 850 hPa between the strong and weak 
years from 1 June to 15 June, which is a crucial time for 
the Meiyu because the different circulation patterns in this 
period determine whether the onset of the Meiyu is earlier 
or later. Corresponding to a stronger-than-normal SAA in 
April, an anomalous anticyclone was evident from 1 June 
to 15 June over the regions from southern China to the 
western North Pacific (5°−30°N), indicating a stronger 
southwesterly flow in the downstream YHRB. It has been 
revealed that the Meiyu is generated by a northern shift of 
the East Asian summer monsoon (EASM) (e.g., Tao and 
Chen 1987; Chang 2004), and the southwesterly flow is, 
therefore, an important meteorological condition for the 
onset of the Meiyu. As a result, following a stronger-than-
normal SAA in April, more moisture is transported to the 
downstream YHRB, and southwest of Japan in early June, 
providing favorable conditions for the earlier onset of the 
Meiyu. In addition, an anomalous anticyclone emerged 
over the WNP at 500 hPa. It implies the advancing west-
ward and northward shift of the WPSH, which also pro-
moted the southern transport of moisture into the YHRB 
(not shown). In addition, at 200 hPa, a dominant anoma-
lous anticyclone was located over the Meiyu regions, 
including the regions of Baiu in Japan and Changma in 
Korea. It suggests the presence of divergence anomaly 
in the upper troposphere over the Meiyu regions in early 
June following a stronger-than-normal SAA in April. Such 
a divergence anomaly in the upper troposphere acts as a 
“pump” and enhances the local ascending motion and 
convergence in the lower layer of the troposphere, which 
leads to stronger southwesterly flow. It is noteworthy that 
an anomalous easterly flow was evident in the subtropics 
between 10°N and 30°N (not shown), suggesting a weak-
ened subtropical jet stream in association with a stronger 
SAA. This weakened jet increases the mixing of the cooler 
and warmer air and also favors the earlier onset of the 
Meiyu (Lu et al. 2001; Zhu et al. 2011).

To provide more details on the differences in atmos-
pheric circulation related to the Meiyu onset process in 
strong and weak years of the SAAI, the characteristics of 
the anomalous circulations at 850 hPa and the WPSH were 
analyzed pentad by pentad. The first three pentads of June 
are illustrated in Fig. 3b–d, respectively. During 1 June to 

5 June as well as 6 June to 10 June, the southwesterly flow 
over the south of China was apparently stronger associ-
ated with the stronger-than-normal April SAA (Fig. 3b, 
c). The evolution of the WPSH, indicated by the 5880 
isoline, is shown in Fig. 3e pentad by pentad under differ-
ent SAAI conditions. Compared with the situation associ-
ated with weaker-than-normal SAA in April (Fig. 3e; blue 
isoline), the WPSH following a stronger-than-normal SAA 
extended to the west of 120°E in early June, and the ridge-
line moved over 20°−25°N (Fig. 3e; red isoline). Such 
an anomalous atmospheric circulation is favorable for the 
earlier onset of the Meiyu (Ding 1992; Ding et al. 2007).

4.2 � The differences in precipitation 
between stronger and weaker SAA years

In the previous subsection, it was indicated that the atmos-
pheric circulation anomalies in early June that are related to 
the stronger-than-normal April SAA are favorable for the 
earlier onset of the Meiyu. In this section, further details of 
the evolution of the precipitation are provided.

The emergence of the constant rain belt in the Meiyu 
region is regarded as the beginning of the rainy season in 
the YHRB. To illustrate the development of the rain belt, 
the evolutions of the rain belt (averaged in 110°E–122°E) in 
strong and weak SAA years are shown in Fig. 4a, b, respec-
tively. In years of stronger SAA, the rain belt passed through 
the south boundary (28°N) of the Meiyu regions in the end 
of May and the maximum rain center moved into the Meiyu 
regions before 10 June (Fig. 4a). In contrast, maximum rain 
center moved into the Meiyu regions on around 20 June 
(Fig. 4b), when the April SAA was weaker than normal. To 
specifically detect the different transitions of the rain belt 
and their relationship with the horizontal wind, the time-lati-
tude distributions of the differences in the OLR and 850 hPa 
winds (averaged over 110◦–122◦ E) between strong and weak 
SAA years are shown in Fig. 4c. Apparently, the anomalous 
southwesterly wind began to prevail from 21 May; how-
ever, it was mainly confined to the region south of 20°N. 
The anomalous southerly wind moved northward at the end 
of May and moved into the Meiyu regions (north of 28°N) 
after 31 May. From 1 June to 10 June, a dominant southerly 
anomaly prevailed over the Meiyu regions (Fig. 4c: vec-
tors). Those southwesterly winds were associated with the 
enhanced convection over the Meiyu regions in early June, 
especially with the most prominent convection from June 
5 to June 10 (Fig. 4c: negative in shading). Notably, con-
current with the northward shift of the southerly anomaly, 
a northward propagation of negative OLR anomalies from 
south of China to the YHRB during 26 May to 10 June was 
also evident. Apparently, the time evolutions of the precipi-
tation, low-level winds, and OLR over the Meiyu regions 
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indicate that the onset of the Meiyu would be earlier than 
normal when the April SAA is stronger than normal.

To further examine the evolutions of the precipitation 
anomalies concurrent with the evolution of atmospheric 

anomalies that are associated with the April SAA (Fig. 4), 
the spatial distributions of the precipitation difference 
between stronger and weaker SAA years were analyzed 
pentad by pentad (Fig. 5). Compared with the precipitation 

(a)

(b) (c)

(d) (e)

Fig. 3   a Difference wind fields at 850 hPa between strong years and 
weak years of the SAAI during 1 June to 15 June. b–d Same as for a, 
but for the first, second and third pentads in June, respectively. The 
light and dark shaded areas indicate the regions where the differences 

are statistically significant above the 90 and 95% confidence levels by 
Student’s t test, respectively. e 5880 gpm isoline in stronger/weaker 
SAA years (red/blue); the solid (dashed) lines are for 6 June–10 June 
(1 June–5 June)
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associated with the weaker-than-normal April SAA, the pre-
cipitation was more abundant over the Meiyu region from 
31 May to 5 June (Fig. 5a). From 5 June to 10 June, the 
precipitation over the Meiyu regions intensified dramati-
cally (Fig. 5b), indicating the earlier onset of the Meiyu. 
Interestingly, a tripole rainfall anomaly pattern with north-
west–southeast direction was observed when the Meiyu 
was established (Fig. 5b), with three precipitation anomaly 

centers located in the Meiyu regions, the WNP between 
15°N and 25°N and the Philippine Sea (PHS) from north 
to south. The north–south oriented tripole rain pattern was 
well consistent with the distribution of the OLR from 31 
May to 10 June (Fig. 4c: shading; the negative, positive, 
and negative anomalies located approximately 10°N, 20°N, 
and 30°N), suggesting significant anomalous ascending, 
descending, and ascending motions from south to north. 
Those vertical motions, which were associated with the tri-
pole rainfall pattern, may have constituted meridional over-
turning circulation (Nitta and Hu 1996, Hsu and Lin 2007), 
which in turn might have played a crucial role in the excita-
tion and maintenance of the tripole rainfall pattern. It should 
be noted that the convection over the PHS (approximately 
10°N, Fig. 4c: shaded) is critical in exciting a northward 
wave train (Nitta and Hu 1996), implying a potential tel-
econnection between the PHS precipitation and the Meiyu, 
which will be further explored in the next section. Due to 
the establishment of the Meiyu after 11 June in both the 
stronger and weaker SAA years, the precipitation showed 
rarely differences (Fig. 5c).

5 � Possible mechanisms linking the SAA 
in April with the onset date of the Meiyu

In the above section, we described the connection between 
the SAAI and the onset date of the Meiyu. In this section, the 
possible physical mechanisms will be addressed.

We first examine the evolution of the SAA-related cir-
culation from April to June pentad by pentad, as illustrated 
in Fig. 6. It is evident that an anomalous anticyclone over 
South Asia persisted from April to early May (Fig. 6a–g), 
which gradually began to move eastward from 26 April and 
dissipated on approximately 16 May. As the SAA shifted 
eastward, a significant anomalous anticyclone emerged over 
the WNP from 26 April to 15 May (Fig. 6f–i). The anoma-
lous anticyclone in the upper troposphere corresponded 
to the anomalous divergence and favored an anomalous 
ascending motion, indicating that the eastward shift in the 
SAA might change the atmospheric circulation in the lower 
troposphere. Another notable feature was the meridionally 
oriented distribution of the anomalous cyclone and anticy-
clone over the PHS and WNP from 26 April to 15 May 
(Fig. 6f–i), implying the potential existence of a meridional 
wave train or teleconnection pattern along 140°E. Therefore, 
the evolution of the SAA suggests that the anomalous SAA 
persisted from 1 April to 15 May in the upper troposphere (at 
approximately 200 hPa) and shifted eastward gradually. Sub-
sequently, it changed the lower level atmospheric circulation 
through the pumping effect or by establishing a meridional 
overturning wave pattern.

(a)

(b)

(c)

Fig. 4   Time–latitude plot of precipitation averaged along 
110°E–122°E in a the strong years and b the weak years of the SAAI. 
The red reference line denotes the southern boundary of the Meiyu 
regions (28◦N). c The time-latitude diagram of OLR and 850  hPa 
wind field differences between the strong years and weak years of the 
SAAI averaged along 110°E–122°E. The arrows indicate wind field 
differences that are significant at a 90% level using Student’s t test, 
and the shading shows the OLR differences
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Prior to analyzing the effect of eastward shifting of the 
SAA, the possible reason for the eastward shifting should 
be addressed. As illustrated by Fig. 2a, the SAA is gener-
ated directly by the increasing and decreasing of the west-
erly in north and south of 25°N over the South Asia. Thus, 
the evolution of zonal wind difference in north and south 
around 25°N between strong and weak SAAI years was ana-
lyzed (Fig. 7a). The distribution of significant anomalous 
zonal wind in north and south is similar but with the oppo-
site signs, the significant anomalies are persistent during 
April around 90°E. Interestingly, the significant anomalies 
moved to east in late April, consistent with the above analy-
sis (Fig. 6). Meanwhile, apparent enhanced and weakened 
meridional temperature gradient were located in the north 
and south, which also shifts eastward in late April (Fig. 7b). 
The evolutions of both zonal wind and meridional temper-
ature gradient anomalies accorded with the thermal wind 
relationship. Thus, the eastward-moving SAA was driven 
by the eastward-moving meridional temperature gradient, 
which may be induced by seasonality. The temperature dif-
ference between strong and weak of SAA averaged along 
20°−30°N, which is located in the middle of increased and 
decreased zonal wind regions, is shown in Fig. 7c to address 
the mechanism. The spatial distributions of significant tem-
perature anomalies are similar with zonal wind and meridi-
onal temperature gradient anomalies, which also move to 
east in late April. To explain the meridional temperature gra-
dient anomalies, the zonal energy transport [u*E; Graversen 
and Burtu (2016)] is analyzed; here, u is zonal wind, and E 
(= cpT + gz + Lq) is the energy (Ou et al. 1989); where cp 
is the specific heat capacity at constant pressure and T is 
air temperature, g is the gravitational acceleration, z is the 

height, L is the latent heat of condensation, and q is spe-
cific humidity. Given that the ucpT is dominant in the zonal 
energy transport, thus we only show the results of ucpT. It is 
apparent that zonal energy transport anomaly is prominent in 
late April to early May (Fig. 7d). Thus, the maximum value 
of significant zonal energy transport over 135°E may heat 
the atmosphere and further increase the temperature over 
this region, resulting in increased and decreased meridional 
temperature gradient in the north and south of this region, 
and finally favoring the eastward-moving SAA.

To provide more details regarding the effects of the SAA’s 
evolution, the change in vertical motion from the end of 
April to the end of May associated with the evolution of the 
SAA was further analyzed. Figure 8 shows the vertical–hori-
zontal cross section of the vertical wind difference averaged 
along 115°E–145°E between the strong and weak SAA years 
from 26 April to 31 May. In the beginning stage of the east-
ward moving of the SAA, an apparent meridional overturn-
ing appeared over lower latitudes (0°–30°N), with a signifi-
cant anomalous ascending motion located at 15°N–30°N as 
well as a significant anomalous descending motion located 
at approximately 10°N (Fig. 8a). Meanwhile, a dominant 
anomalous ascending motion emerged in the south tropics 
(20°S–0°), which may reinforce the tropical precipitation 
which began in early April (Fig. 9b). During that period, a 
rudiment of the meridional overturning pattern was estab-
lished. As the tropical rain belt moved southward to the 
Philippine Sea from 1 May to 15 May (Fig. 9b), an appar-
ent meridional overturning circulation, which resembled the 
PJ pattern (Hsu and Lin 2007) and might have been stimu-
lated by the anomalous convection (Huang 1992), exhibited 
a quasi-barotropic and well-organized structure (Fig. 8d). 

(a) (b) (c)

Fig. 5   Differences in precipitation between the strong and weak years 
of the SAAI during a 31 May to 5 June, b 6 June to June 10, and c 11 
June to June 15. The red frame bounds the Meiyu regions of China, 

and the gridded areas indicate where the differences are significant at 
the 95% confidence level using Student’s t test
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This is more evident from an inspection of the precipitation 
anomalies from 1 May to 15 May, which displayed nega-
tive, positive, and negative anomalies at approximately 5°N, 
15°N, and 30°N, respectively (Fig. 9b). Such PJ-like pattern 
provides the fundamentals for the earlier onset of the Meiyu.

The above analysis indicates that the moving-southward 
ascending motion before 21 May plays a crucial role in 
establishing the PJ-like pattern. Furthermore, we also exam-
ined the factors causing this southward moving. It is revealed 
that the WPSH influences greatly the East Asia climate (e.g., 
Lu 2001; Mao et al. 2010; Huang et al. 2014; Huang and 
Li 2015; Huangfu et al. 2015). In addition, the ascending 
motion during the beginning stage of the eastward motion 

of the SAA occurs at the location of climatological WPSH. 
Lu (2001) suggested that the level of 925 hPa is better than 
850 hPa for a vorticity analysis of the WPSH. Therefore, in 
this paper, we employed the vorticity at 925 hPa to exam-
ine the interaction between the WPSH and the anomalous 
ascending motion (Fig. 9a). The time-latitude diagram of 
vertical motion (the first plot in Fig. 9a) suggests the nota-
ble moving-southward ascending motion from late April 
to late May. Meanwhile, the vorticity at 925 hPa between 
strong and weak SAA years shows the positive difference 
(the second plot in Fig. 9a), implying that the anomalous 
ascending motion reduces the pressure at low level and fur-
ther decreases the intensity of WPSH. These results imply 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)

Fig. 6   The differences in the wind fields at 200  hPa between the 
strong and weak years of the SAAI from 1 April to 20 May pentad 
by pentad. The light and dark shaded areas indicate the regions where 

the differences are statistically significant above the 90 and 95% con-
fidence levels using Student’s t test, respectively
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that the interaction between WPSH and ascending motion 
may affect the moving-southward ascending motion.

On the other hand, the large-scale latent heat associated 
with abnormal precipitation might promote the earlier north-
ward shift of the WPSH (e.g., Liu et al. 2001; Wen and Shi 
2006; Lu 2001). As illustrated in Fig. 3e, in years of strong 
SAA, the northward shift of the WPSH occurs earlier than 
normal, with a ridgeline position approximately 20°–25°N, 
and the western points of the WPSH are found in the west 
of 120°E. The relationship of the heating source with the 

intensity and position of the WPSH has been studied exten-
sively (e.g., Liu et al. 2001; Lu and Dong 2001; Lu 2001; 
Feng et al. 2017). Wen and Shi (2006) showed that the posi-
tion of condensation heating plays an important role in the 
shape and position of the WPSH. When condensation heat 
energy is released on the south side of the WPSH, the effect 
of the heating promotes the northward shift of the WPSH. 
To examine the effect of the heating source associated with 
the evolution of the SAA, we calculated the different inte-
grated atmospheric apparent heat sources (Q1) between the 

(a) (b)

(c) (d)

Fig. 7   a The time-longitude diagram of zonal wind difference (the 
left demonstrate the average along 25°−35°N and the right is aver-
age along 10°−20°N) between strong and weak years of SAAI. b As 
in a but for the meridional temperature gradient in the upper tropo-

sphere (300–200 hPa). c The temperature difference averaged along 
20°−30°N in the upper troposphere (300–200 hPa). d as in c but for 
zonal energy transport. The dotted regions are statistically significant 
at the 95% confidence level, according to Student’s t test
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strong and weak SAAI years over the region (5°S–15°N, 
120°E–140°E). It is apparent that the Q1 difference was 
almost completely positive from April to June (Fig. 9c). 
Interestingly, a dominant increasing in integrated atmos-
pheric Q1 appeared on 21 May, which corresponds well 
to the abrupt and positive rainfall anomalies over the PHS 
(Fig. 9b). Such prominent positive integrated atmospheric 
Q1 on the south side of the WPSH can promote the north-
ward shift of the WPSH. The differences of the integrated 

atmospheric Q1 between the strong and weak SAA years 
displayed negative anomalies over the regions (15°N–30°N, 
120°E–140°E) (not shown). Such a strong meridional con-
trast in heating could also favor the northward shift of the 
WPSH (Cao et al. 2002).

To further examine the evolution of the WPSH, the differ-
ent circulations at a lower level (850 hPa) between the strong 
and weak SAA years are displayed pentad by pentad from 1 
April to 30 June (Fig. 10). Corresponding to the anomalous 

(a) (b) (c)

(d) (e) (f)

(g)

Fig. 8   Vertical–horizontal cross section (averaged along 115°–145°E) 
for the vertical wind (vectors) and omega (shading) difference fields 
between the strong and weak years of the SAAI from 26 April to 31 

May pentad by pentad. The differences in the dotted regions are sta-
tistically significant at the 90% confidence level, according to Stu-
dent’s t test
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anticyclone at the upper level from 21 April to 5 May due to 
the eastward shift of the SAA (Fig. 6e–g), the most dominant 
feature at the lower level was the anomalous cyclone in the 
WNP, which began to appear on 21 April and persisted to 5 
May (Fig. 10e–g). Such a configuration, with an anomalous 
anticyclone at the upper level and anomalous cyclone at the 
lower level, is attributable to the dominant anomalous ver-
tical motions (Fig. 8a–d). The gradual anomalous cyclone 
shifted to the south after 5 May (Fig. 10h) and moved into 
the PHS from 11 May and 15 May (Fig. 10i). The south-
ward shift of the anomalous cyclone coincided well with 
the abrupt increase in rainfall over the PHS (Fig. 9b). Abun-
dant precipitation over the PHS can induce large amounts 

of latent heat, which might promote the earlier northward 
shift of the WPSH (Cao et al. 2002). As shown in Fig. 10k, 
an anomalous anticyclone emerged in the WNP during 
21–25 May, indicating the intensification of the WPSH. It 
was further supported by the dominant negative precipita-
tion anomalies between 12.5°N–22.5°N subsequent to 21 
May (Fig. 9b). As a consequence, the rainy season over the 
YHRB built up in the end of May, which, however, could 
not be referred to as the Meiyu because the position of the 
WPSH ridge was still located south of 20°N. Subsequently, 
the anomalous anticyclone strengthened and moved west-
ward and northward from 26 May to 10 June (Fig. 10l–n). 
The northward extension of negative precipitation between 

(a)

(b) (c)

Fig. 9   a the first plot denotes the different omega averaged from mid-
dle to upper troposphere (500–200 hPa, unit is 0.01 Pa s− 1) between 
strong and weak years of SAAI. The second plot denotes the vorti-
city difference averaged along 15–25°N at 925 hPa (units is 106 s−1). 
The dotted regions indicate the difference statistically significant at 
the 90% confidence level, according to Student’s t test. The third and 
fourth plots denote the climatological mean of the vorticity averaged 
along 15°−25°N and 115°−145°E at 950  hPa, respectively. b The 

diagram of the temporal evolution of precipitation difference between 
the strong and weak years of the SAAI during April to June. MR 
denotes the Meiyu region (28°−34°N, 110°−122°E), PHS denotes 
the Philippine Sea (5°S–15°N, 120°−140°E), and WNP denotes the 
western North Pacific. c Denotes the regionally averaged (5°S–15°N, 
120°E–140°E) differences of the integrated atmospheric apparent 
heat sources for the strong and weak years of the SAAI
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

(p) (q) (r)
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15°N and 27.5°N from 21 May to 10 June (Fig. 10b) con-
firmed the northward shift of the WPSH. As a result, the 
anomalous southwesterly wind began to prevail over South 
China and moved northwestward (Fig. 10k–n), promoting 
the earlier onset of the Meiyu (Fig. 9b: positive rainfall 
anomaly at approximately 30°N).

In addition, the establishment of a PJ-like pattern after 
21 May (Figs. 8d, 9b) may also have played an essential 
role in the meridional position of the WPSH. Several previ-
ous studies have found that the PJ pattern is closely con-
nected to the WPSH (Dai et al. 2002; Wang and He 2015). 
Moreover, Kurihara and Tsuyuki (1987) suggested that the 
atmospheric convection activities over the PHS could excite 
a northward-propagating Rossby wave, which is similar 
to the PJ pattern. Thus, the impact of the PJ-like pattern 
on the WPSH is also addressed. We employed the zonal 
wind at 850 hPa average along 110°−150°E to demonstrate 
the meridional position of the WPSH. The position of the 
WPSH ridge is denoted by the location of zonal wind equal 
to zero (Liu et al. 2012). The zonal wind difference between 
strong and weak SAA years and the corresponding 0 m s−1 
isoline are given in Fig. 11. On the north and south sides of 
the ridgeline (0 m s−1 isoline in zonal wind) of WPSH pre-
vail opposite sign zonal wind anomalies, respectively. After 
the PJ-like pattern established (around 21 May), significant 
anomalous easterly flow became prevailing at the low lati-
tudes, suggesting the intensified and northward shift of the 
WPSH in strong SAI years. This feature is confirmed by the 
more northward location of 0 m s−1 isoline (the ridgeline of 
WPSH) in strong SAA years (solid line) than that in weak 
SAA years (dashed line).

6 � Discussion and conclusions

In this study, we investigated the relationship between the 
SAA in April and the onset date of the Meiyu, as well as the 
related physical mechanisms. A schematic diagram regard-
ing the observational findings and possible physical mecha-
nisms is shown in Fig. 12.

We first used the definition of Ding et al. (2007) to calcu-
late the Meiyu onset dates from 1979 to 2014, and the time 
series of the Meiyu onset dates showed large interannual 
variability. Based on the regressed atmospheric circulation 
maps at the lead times of the Meiyu onset, we found that 
the anticyclone in the upper troposphere over South Asia in 
April had the most significant relationship with the Meiyu 

onset dates. Meanwhile, the first leading mode revealed 
by MV-EOF analysis on the upper tropospheric zonal and 
meridional wind in April is similar with SAA related to the 
Meiyu onset dates, suggesting that the SAA is a robust cli-
mate system. Furtherly, we also examine the dynamic origin 
of SAA, and the results showed that the atmospheric appar-
ent heating sources over the South Asia was responsible for 
the formation of the SAA. Subsequently, the SAA was intro-
duced as a precursory climate system associated with the 
onset of the Meiyu. The results indicated that the significant 
relationship between the SAA in April and the onset date 
of the Meiyu is not only a statistical connection but also a 
physical teleconnection. Generally, stronger SAA in April is 
followed by earlier onset dates of the Meiyu, and vice versa.

The SAA emerges in early April and then moves eastward 
to the western North Pacific (WNP) in the late pentad of 
April. It is revealed that the abrupt significant zonal energy 
transport in the late April is responsible for the moving-
eastward SAA. The eastwards SAA causes anomalous diver-
gence in the upper troposphere and anomalous convergence 
in the lower layer over the WNP, which results in a meridi-
onal overturning circulation. Meanwhile, the divergence 
anomaly induces anomalous ascending motion in situ due 
to Ekman pumping, leading to an anomalous cyclone in the 
lower levels over this region. Due to the southward-moving 
ascending motion and lower tropospheric cyclone in the 
fourth pentad of May, the precipitation moves southward 
to the PHS. The interaction between ascending motion and 
WPSH may directly be responsible for the southward-mov-
ing ascending motion and lower tropospheric cyclone. The 
associated stronger convection over the PHS further rein-
forces the meridional overturning pattern, which develops 
into the PJ-like pattern and directly causes the tripole rain-
fall pattern (on approximately 21 May). The PJ-like pattern 
persists from the end of May to the beginning of June and 
facilitates the earlier onset of the Meiyu.

On the other hand, due to the increased heating resulting 
from the precipitation anomaly in the PHS from 21 May, 
the meridional temperature gradient is enhanced, promoting 
the earlier northward shift of the WPSH. In addition, the 
PJ-like pattern also plays an important role in the meridi-
onal displacement of the WPSH. The location of the WPSH 
provided the requisite large-scale circulation adjustment for 
the beginning of the Meiyu. Ultimately, the establishment 
and maintenance of the PJ-like pattern as well as the earlier 
northward shift of the WPSH cause stronger-than-normal 
southwesterly flows and additional water vapor transport to 
the YHRB, leading to an earlier start of the Meiyu. These 
results have enhanced our understanding of the relation-
ship between the April SAA and onset date of the Meiyu. 
Thus, it is concluded that in stronger (weaker) SAA years, 
southwesterly airflow is stronger (weaker) than normal. As 
a result, the northward shift of the monsoon rain belt occurs 

Fig. 10   The difference wind fields at 850 hPa between the strong and 
weak years of the SAAI from 1 April to 30 June pentad by pentad. 
The light and dark shaded areas indicate the regions where the differ-
ences are statistically significant at the 90 and 95% confidence levels 
using Student’s t test, respectively

◂
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earlier (later), which favors an advanced (delayed) onset of 
the Meiyu and more (less) precipitation in June over the 
Meiyu region.

Previous studies have documented that the beginning of 
the Meiyu is strongly influenced by the tropical synoptic 
system and is also modulated by the atmospheric circulation 

patterns that occur simultaneously at the mid- and high-lati-
tudes (Tao and Chen 1987; Huang et al. 2011; Li and Zhang 
2014). This study addresses the preceding atmospheric cir-
culation patterns and revealed a new and statistically signifi-
cant relationship between the onset dates of the Meiyu and 
the April SAA, thus shedding light on the prediction of the 
Meiyu onset. It should be noted that the SAA can explain 
about 25% variance of the Meiyu onset dates. It means that 
there are other factors influencing the onset of Meiyu, which 
needs further investigation.
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