
Journal of Hydrology 557 (2018) 67–82
Contents lists available at ScienceDirect

Journal of Hydrology

journal homepage: www.elsevier .com/ locate / jhydrol
Research papers
Variability of onset and retreat of the rainy season in mainland China
and associations with atmospheric circulation and sea surface
temperature
https://doi.org/10.1016/j.jhydrol.2017.12.026
0022-1694/� 2017 Elsevier B.V. All rights reserved.

⇑ Corresponding author at: State Key Laboratory of Hydrology Water Resources
and Hydraulic Engineering, Hohai University, Nanjing 210098, China.

E-mail address: zhenchunhao@163.com (Z. Hao).
Qing Cao a, Zhenchun Hao a,b,⇑, Quanxi Shao c, Jie Hao d, Tsring Nyima e

a State Key Laboratory of Hydrology Water Resources and Hydraulic Engineering, Hohai University, Nanjing 210098, China
bNational Cooperative Innovation Center for Water Safety & Hydro-Science, Hohai University, Nanjing 210098, China
cCSIRO DATA61, Private Bag 5, Wembley, WA 6913, Australia
dNanjing Hydraulic Research Institute, Nanjing 210098, China
e Investigation Bureau of Hydrology and Water Resources in Ali of Tibet Autonomous Region, Tibet 859000, China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 4 August 2017
Received in revised form 18 November 2017
Accepted 7 December 2017
Available online 9 December 2017
This manuscript was handled by G. Syme,
Editor-in-Chief, with the assistance of Saeid
Eslamian, Associate Editor

Keywords:
Rainy season
Onset
Retreat
Moving t-test
Atmospheric circulation
SST
Precipitation plays an important role in both environment and human society and is a significant factor in
many scientific researches such as water resources, agriculture and climate impact studies. The onset and
retreat of rainy season are useful features to understand the variability of precipitation under the influ-
ence of climate change. In this study, the characteristics of onset and retreat in mainland China are inves-
tigated. The multi-scale moving t-test was applied to determine rainy season and K-means cluster
analysis was used to divide China into sub-regions to better investigate rainy season features. The pos-
sible linkage of changing characteristics of onset and retreat to climate factors were also explored.
Results show that: (1) the onset started from middle March in the southeast of China to early June in
the northwest and rainy season ended earliest in the northwest and southeast while the central China
had the latest retreat; (2) Delayed onset and advanced retreat over time were observed in many parts
of China, together with overall stable or increased rainy-season precipitation, would likely lead to higher
probability of flooding; (3) The onset (retreat) was associated with the increased (decreased) number of
cyclones in eastern China and anticyclone near the South China Sea. Delayed onset, and advanced retreat
were likely related to cold and warm sea surface temperature (SST) in the conventional El Niño-Southern
Oscillation (ENSO) regions, respectively. These results suggest that predictability of rainy season can be
improved through the atmospheric circulation and SST, and help water resources management and agri-
cultural planning.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Precipitation is one of the most important variable responding
to climate change, which has attracted urgent attention world-
wide. Various aspects of precipitation have been investigated, such
as seasonality and extremes (Ashok et al., 2009; Feng et al., 2011;
Ratnam et al., 2011; Su et al., 2005; Taschetto and England, 2009;
Tedeschi et al., 2013; Wang et al., 2013; Zhang et al., 2016). Unfor-
tunately, characteristics of rainy season are less considered but are
of vital significance to influence socio-economy. Reliable predic-
tion of the onset of rainy season will reduce the risk of improper
planting/sowing time, and assist on-time preparation of farmlands
(Liebmann and Marengo, 2001; Marteau et al., 2011; Omotosho
et al., 2000). A good knowledge of the retreat of rainy season is use-
ful for the selection of crop varieties and has significant impact to
ecosystem (Liebmann et al., 2007). Rainy-season precipitation will
also provide certain predictability for flood occurrence and be
helpful to flood monitoring. The variability of onset and retreat
of rainy season and the total precipitation amount during rainy
season are also direct indications for climate change and provide
good scientific support to socio-economic development and cli-
mate change research.

For a large region, like China as a whole, rainy season varies
substantially in both space and time. Previous researches have
been limited to the analysis of the total precipitation during rainy
season and ignored the onset and retreat. Many works were
focused on regional scales (e.g., northwestern China, the Yangtze
river basin and the coastal areas) (Chen et al., 2007; Gemmer
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et al., 2011; Su et al., 2005; Wang et al., 2013; Zhang et al., 2009),
without the consideration of spatial heterogeneity, which is an
important factor for the continental scale. Hence, the investigation
of rainy season features variability, such as the onset and retreat, is
necessary in China at the continental scale, in order to gain insight
of rainfall characteristics.

There has not been a consensus agreement regarding to the
determination of rainy season, due to irregularities in rainfall dis-
tribution in both space and time. In literature, the determination
of rainy season can be based on rainfall data, temperature, deep
convection, monsoon or combination of several indices (Cook and
Heerdegen, 2001; Gan et al., 2004, 2005; Goswami and Xavier,
2005; Janowiak and Xie, 2003; Liebmann et al., 2007; Qian and
Lee, 2000; Reason et al., 2005). The majority of research used
threshold values of a given index (or indices) to determine the
onset and retreat, which is somewhat subjective. Therefore, a data
originated objective method, called the multi-scale moving t-test,
was used in this study to detect rainy season. The onset and retreat
defined by this method does not require an ad-hoc threshold as in
most traditional definitions. There are also some other statistically
based methods used to detect the rainy season, such as the optimal
segmentation method of ordered sample, which can further divide
the rainy season into several sub-periods. Nonetheless, this paper
is just focused on the onset and retreat rather than the detailed
types of rainy season. Therefore, the multi-scale moving t-test is
better for this research over others based on literature.

In order to understand the driving factors or the causes of the
change in rainy season, the correlations with monsoon and sea sur-
face temperature (SST) are evaluated as they are the main factors
influencing rainy season characteristics of China (Deng and
Wang, 2002; Ding and Chan, 2005; Liu and Ding, 2008; Lu, 2005;
Wang and LinHo, 2002; Wang et al., 2004, 2002; Yang and Lau,
2004; Zhao et al., 2010). From a meteorological perspective, the
onset and retreat reflect the changes in an atmospheric heat
source, whose addition or subtraction can alter large-scale and
regional circulation (Figueroa et al., 1995; Lenters and Cook,
1997). SST is important for developing and maintaining atmo-
spheric circulations (Fan et al., 2013). Previous research have found
that rainy-season precipitation in China shows good relation to SST
(e.g., Deng andWang (2002)). As a consequence, it is meaningful to
investigate signals of rainy season characteristics through mon-
soon and lag period SST.

In this paper, we will explore features of rainy season in main-
land China at the continental scale. The homogeneous regions will
be determined based on rainy season characteristics including the
onset, retreat and rainy-season precipitation. The interannual vari-
ability of rainy season within individual homogeneous regions will
be further investigated. We will also explore the possible correla-
tion of the onset and retreat with monsoon and SST to understand
the signals of variability of the onset and retreat. This study is of
importance for helping us to provide a certain predictability to
flooding occurrence and of great significance to understand hydro-
logical cycle and water resource management under climate
change in China.

The paper is organized as below. The study area and data are
described in Section 2, followed by the methodology in Section 3.
Results and discussion regarding interannual features of rainy sea-
son and their underlying correlation to monsoon and SST are pre-
sented in Section 4. The paper is concluded by a summary of the
findings in Section 5.
2. Study area and data

China (Fig. 1), located in middle latitude in the Northern Hemi-
sphere, has variable climate (i.g., the monsoon climate, the conti-
nental climate, the mountain plateau climate). China is prone to
flood and drought occurrence in different regions and climate
change is taken as one of the leading drivers for precipitation
changes in the country.

Daily precipitation data from 1960 to 2015 at 536 meteorolog-
ical stations in mainland China were used in this study. The data
were obtained from the China Meteorological Data Sharing Service
System (http://data.cma.cn/data/detail/dataCode/SURF_CLI_CHN_
MUL_DAY_V3.0.html) and data quality were controlled based on
national standards. Meteorological stations, which have at least
50 years complete data, were selected to describe rainy season
characteristics. Locations of precipitation stations used in this
study are presented in Fig. 1, with more observation stations in
southeastern China as compared to northwestern regions. There-
fore, we applied kriging interpolation method to induce a resolu-
tion of 0.2� � 0.2�.

NCEP-NCAR reanalysis data (https://www.esrl.noaa.gov/
psd/data/gridded/data.ncep.reanalysis.html) were used to explore
relationship of rainy season and monsoon, where 850hpa vector
winds data were selected (Kalnay et al., 1996). NOAA extended
reconstructed SST data (https://www.ncdc.noaa.gov/data-
access/marineocean-data/extended-reconstructed-sea-surface-
temperature-ersst-v4) were used to consider correlation between
rainy season and SST (Smith and Reynolds, 2004).

3. Methodology

The methods used in this paper includes the multi-scale moving
t-test (Section 3.1) to determine the onsets and retreats of rainy
season, K-means cluster analysis method (Section 3.2) to divide
the mainland China into several obtain homogeneous sub-regions
according to rainy season features (i.e., the onset, retreat and pre-
cipitation), trend analysis and Pettitt test for abrupt point analysis
(Section 3.3) of rainy season characteristics in individual sub-
regions, and Pearson coefficient correlations (Section 3.4) to
explain the underlying relationship between rainy season charac-
teristics and SST.

3.1. Determination of onset and retreat

The multi-scale moving t-test method was applied to determine
the onset and retreat by detecting the most significant change
between two subsamples before and after the abruption point with
equal sample sizes n, where n is the length of the subsample,
(n = 30, 31,. . ., 182 or 183). Here 182 or 183 corresponds to half
the value of length of one year 365 or 366). Theoretically, the
length of subsamples ranged from 1 to 182/183. Nonetheless, for
the onset or retreat of rainy season, it is not reasonable if the length
of the subsample is just one day or several days when the mutation
point is prominent. Hence, the length of the subsample is limited
from 30 to 182/183. The multi-scale abruption points can be
detected as (Fraedrich et al., 1997):

tðn; iÞ ¼ �xi2 � �xi1ð Þn1=2 s2i2 þ s2i1
� ��1=2

; ð1Þ
where �xi1 and �xi2 defined as:

�xi1 ¼
Xi�1

j¼i�n

xj=n; s2i1 ¼
Xi�1

j¼i�n

ðxj � �xi1Þ2=ðn� 1Þ; ð2Þ

�xi2 ¼
Xiþn�1

j¼i

xj=n; s2i2 ¼
Xiþn�1

j¼i

ðxj � �xi2Þ2=ðn� 1Þ; ð3Þ

and xi is daily precipitation for Julian day i for one station within
one year. �xi1 and �xi2 are averaged values of subsamples before and
after the Julian day i, respectively.
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Fig. 1. The distribution of meteorological stations used in this study.
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The t-value was normalized by the 0.01 test value showing in
Eq. (4), which is equivalent to the results of the Mann-Kendall test
at 0.05 significance level.

trðn; iÞ ¼ tðn; iÞ=t0:01ðnÞ; ð4Þ

where trðn; iÞ can be considered as the threshold to detect abruption
points. trðn; iÞ > 1:0 is an increasing trend while trðn; iÞ < 1:0 is a
decreasing trend. The onset of rainy season was defined as the
abruption point corresponding to a maximum trðn; iÞ value, where
precipitation changes from a smaller to a larger value. Likewise,
the retreat is defined as the changing point corresponding to a min-
imum trðn; iÞ value.

Taking daily precipitation data in one year at one station, which
is selected from region 1 classified in Fig. 4, as an example to pre-
sent the determination of the onset and retreat (Fig. 2a). The yel-
low greenish lines denote positive trðn; iÞ values, and the blue
lines denote negative values. Fig. 2a reveals that the maximum
value of trðn; iÞ is 1.35, when the corresponding Julian day is 106
and the corresponding timescale is 96. It means that the onset date
of rainy season is Julian day 106, which shows the most conspicu-
ous abruption in the timescale of 96 days. Similarly, the retreat
date of rainy season is Julian day 260.
3.2. K-means cluster analysis for regionalization

It is necessary to divide China into sub-regions to explore rainy
season features, due to the heterogeneity of Chinese rainy season
characteristics. Previous studies have used administration or cli-
matic zones as the criteria to determine homogeneous sub-
regions. However, they are not statistically sound, because they
do not directly reflect rainy season characteristics from observa-
tions. In this study, the K-means clustering with factors of the
onset, retreat of rainy season and total precipitation during rainy
season is used to determine the homogeneous sub-regions due to
high efficiency in dealing with large amount of data.

K-means cluster algorithm aims to find a partition so that the
squared error between empirical mean of a cluster and points in
the cluster is minimized. The squared error is defined as (Jain,
2010):

JðCkÞ ¼
X
xi2Ck

xi � l2
k

�� ��; ð5Þ

where xi are parameters (i.e., mean onset, retreat and rainy-season
precipitation for the period of 1960–2015) in ith station,
X ¼ fxig; i ¼ 1; . . . ;n, is clustered into a set of K clusters. lk is the
mean value of cluster Ck, JðCkÞ the squared error of cluster Ck;where
C ¼ fCkg; k ¼ 1; . . . ;K .

The objective of K-means cluster analysis is to minimize the
sum of squared error in all K clusters.

JðCÞ ¼
XK
k¼1

X
xi2Ck

xi � l2
k

�� ��; ð6Þ

In this study, K is equal to 5 considering the number of admin-
istration and climate zones in China.

3.3. Pettitt test for change point analysis

Within the homogeneous sub-regions, the features of rainy sea-
son (i.e., the onset, retreat and total precipitation) evaluated over
time. Pettit test was applied to detect a single change-point in
interannual onset/retreat/precipitation series in order to evaluate
the influence of climate change on rainy season. More than one
change points can be detected if other methods such as the
Mann-Kendall test are used. The reason why choosing the Pettitt
test is that we want to detect the most prominent change point.

Pettitt test was used to detect a single abruption point in inter-
annual onset/retreat/precipitation series Xi, i = 1, 2, . . ., 56, where Xi



(a) Region1 (b) Region 2

(c) Region3 (d) Region4

(e) Region5

Fig. 2. The determination of rainy season in meteorological stations by multi-scale moving t-test. Fig. 2a represents that the meteorological station is selected from region1
classified in Fig. 4. Similarly, Fig. 2b-e represents that the meteorological station is selected from region2-5, respectively.
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represents the mean onset/retreat/precipitation of stations in one
sub-region and for ith year. The non-parametric statistic is defined
as follows (Pettitt, 1979):

KT ¼ maxjUt;T j; ð7Þ
where

Ut;T ¼
Xt

i¼1

XT
j¼tþ1

sgn Xi � Xj
� �

; ð8Þ
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KT can be considered as the abruption point of series and the
result is meaningful when KT <0.5. The parameter P is applied to
judge the significant level of the abruption point, which is defined
as:
P ¼ 2exp
�6K2

T

n3 þ n2

" #
; ð9Þ
and n = 56 in this study. When P is <0.05, it means that the change
point is significant at the significance level of 0.05.
3.4. Correlation evaluation between onset, retreat and SST

The Pearson liner correlation coefficients between rainy season
characteristics and SST were evaluated. The Pearson liner correla-
tion coefficient r can be calculated as (Pearson, 1895):
r ¼
P56

i¼1

P11
j¼2

Pj�z�9
k¼j�zðxij � �xÞðyik � �yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP56

i¼1

P11
j¼2ðxij � �xÞ2P56

i¼1

Pj�z�9
k¼j�zðyik � �yÞ2

q ; ð10Þ
xij represents mean onset/retreat at jth � 1; jth; jth þ 1 month in ith
year and for one sub-region and xi2 ¼ xi3 ¼ . . . ¼ xi11; �x the mean
onset/retreat in one sub-region for the period of 1960–2015; yik
represents mean SST at kth � 1; kth; kth þ 1 month in ith year; z rep-
resents the value of months that SST lagged onset/ retreat, and z
ranges between 1 and 12,because we want to evaluate lag-
correlation between rainy season characteristics and preceding
1–12 months SST; �y the mean SST for the period of 1960–2015 or
1959–2014.
Fig. 3. Spatial patterns of mean values of onset, retreat and pre
4. Results and discussion

4.1. Regionalization of mainland China

The average onset dates of rainy season during 1960–2015 in
China varied from Julian day 75–155 (Fig. 3a). The onset pro-
gressed northwestwards from mid-March in coastal regions in
the southeast to the beginning of June in the northwest. The central
and northeastern regions of China had median onset, ranging from
mid-April to mid-May. Different methods to define summer mon-
soon onset dates related to the rainy season have been presented in
previous studies. For example, Wang and LinHo (2002) designed a
compound rainfall variable, which can synthesize three character-
istics (i.e., the total amount of summer rainfall, the annual range of
rainfall and the seasonal distribution of rainfall), to determine the
onset of rainy season. Their results show that the Asian monsoon
rainy season begins over the South China Sea and then advances
northwestwards, which is in accordance with our research.

Rainy season ended earliest in the southeast as well (Fig. 3b),
with the retreat occurring in late July. Overall, the retreat pro-
gressed from the coastal areas to central China (100�E-110�E,
20�N-35�N) and shrank from the central regions to the northwest,
with rainy season ending in September and October in Central
China and late July and August in the northwest. The distribution
of precipitation is similar to the onset (Fig. 3c), with rainy-season
precipitation shrinking from southeast (1500–1800 mm) to north-
west (2–300 mm).

In summary, rainy season started and ended earliest in coastal
regions and had largest amount of rainy-season precipitation. Cen-
tral China had median values of onset and precipitation, with latest
retreat. Northwestern China had smallest precipitation and latest
onset dates. The spatial pattern of rainy season characteristics
are generally consistent with the research of Deng and Wang
cipitation for the period of 1960–2015 in mainland China.
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(2002), who argued that rainfall in China mainly occurs in May to
July (May–September in the southeastern and southern regions).

It can be seen that the features of rainy season in China vary in
space. The regionalization of mainland China, therefore, is neces-
sary in order to describe interannual rainy season characteristics
in different regions. K-means clustering method was applied to
divide China into sub-regions that have coherent onset, retreat
and precipitation features. This classification is based on mean val-
ues of multi-year onset, retreat of the rainy season and precipita-
tion during the rainy season. Each station has three parameters
(i.e., mean onset, retreat and rainy-season precipitation for the per-
iod of 1960–2015), which are used to cluster similar stations. Geo-
graphic homogeneity of these stations were also considered in
division. Mainland China is divided into five regions (Fig. 4). Region
1 contains mainly the northwestern China and Region 2 includes
northeastern China, the Yellow River Basin and northern parts of
Huaihe River Basin. Region 3 contains southern regions of the
Huaihe River Basin and the northern part of the Yangtze River
Basin. Region 4 includes southern regions of the Yangtze River
Basin, and Region 5 includes Southeastern China.

The regionalization in Fig. 4 is in accordance with the changing
pattern of East Asian Summer Monsoon (EASM) given in Ding and
Chan (2005). Zhao et al. (2016) also showed that EASM makes a
great contribution to the atmospheric moisture and precipitation
in China. Notably, the EASM exhibits some patterns of the onset
and retreat. Moreover, rainy season in the mainland China also clo-
sely relates to EASM, which will be further presented in Section 4.3.

4.2. Interannual variability

The interannual variability of rainy season is provided in Fig. 5,
which displays the time series of average onset, retreat and rainy-
season precipitation within the five homogeneous regions from
1960 to 2015. The mean values are determined for each observa-
tion station and then averaged for all stations within each region.
Pettitt test was applied to detect the abruption point of rainy sea-
son characteristics in each region.

In terms of the onset (Fig. 5), there is no evidence of a long-term
tendency and no abruption point in Regions 1 for the period of
1960–2015, with the average values of onset Julian day 132. In
recent two decades, however, Region 1 displayed obvious delayed
Fig. 4. Regionalization of mainland China based on spatial patt
trend. Region 2 had a significant mutation point in year 1997 at the
level of 0.1. Region 3 had an earlier abruption (year 1979) in com-
parison with Region 2, before which the onset had a stable level in
April. The onset had an advanced trend for the period of 1979–
2002, followed by a delayed tendency for 2002–2015.Region 4 dis-
played similarity to Region 2 with respect to the occurrence time of
mutation (Year 1996 in Region 4) and the variation of onset (stabi-
lizing before mutation). The onset in Region 4 had an overall
delayed trend for the period of 1960–2015. There is no obvious
tendency and no abruption point in Regions 5, with the average
values of onset Julian day 107.

The retreat had an abruption point (year 1983) in Region 1,
which is statistically significant at the significance level of 5%.
The retreat dates advanced approximately a month for 1984–
2015 as compared to 1960–1983. Shi et al. (2006) found that the
climate change in northwest China is most notably in the year
1987, which is consistent with mutation points detected in this
study (year 1983 for retreat and year 1991 for precipitation). It
can be seen that the trends of rainy season features in China may
be attributed to climate change. Region 2 had the largest variation
around the mutation point (year 1976). The fluctuation is gradually
shrinking and has a tendency to stabilize at the level of late-
September after 1976. Similarly, the retreat fluctuated largely in
Region 3 before 2001, followed by decreasing scale of variation.
Regions 4 and 5 had no abruption point and no obvious trend of
advance or delay.

Precipitation in Region 1 displayed the most distinctive abrup-
tion at the year of 1991 and is significant at the level of 1%. After
1991, there is an obvious precipitation increase, with mean values
changing from 80 mm to 98 mm per day. Wang et al. (2013)
pointed out that daily average precipitation in northwestern China
from 1960 to 2009 showed increasing trend, which is consistent
with our research. Regions 2–4 had no mutation over 1960–2015
and displayed no apparent tendency. Rainy-season precipitation
in Region 5 increased apparently after 1992, with average value
of 1390 mm per day, but the trend of precipitation is decreased.
Ding et al. (2008) and Wu et al. (2010) revealed that the southern
part of China have undergone much more significant rainfall
events and 1992 is detected as the climate changing point in the
southern China, which is in accordance with our research. Nitta
and Hu (1996) and Qian and Qin (2008) also investigated the
erns of onset, retreat and precipitation by cluster analysis.



Fig. 5. Interannual variability of rainy season in mainland China. Column (a) represents the interannual variability of onset dates (Julian day) within five regions; Column (b)
represents retreat dates (Julian day) and Column (c) rainy-season precipitation (mm). Dashed vertical lines represent the abruption year determined by Pettitt test. *

represents the abruption is significant at 0.1 significance level; ** represents the abruption is significant at 0.05 significance level; *** represents the abruption is significant at
0.01 significance level. Dashed horizonal lines are for the avarage onset (a)/retreat (b)/precipitation (c) before and after abruption; if there is no abruption for the period of
1960–2015, dashed horizonal lines are for the avarage onset (a)/retreat (b)/precipitation (c) during 1960–2015.
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precipitation division and climate shift in China as well. Their
results are different from our research because of the different
periods we choose (such as the period of 1960–2000 was chosen
in the research of Qian and Qin (2008)) and the different division
methods.

In summary, many parts of China displayed delayed onset and
advanced retreat at the interannual scale, especially in recent
twenty years. Only coastal regions and northwestern China pre-
sented increased rainy-season precipitation, with most parts of
China had stable precipitation amount. Flooding is more easily
trigged under such circumstances, which should be paid enough
attention.

4.3. Relationship between rainy season characteristics and
atmospheric circulation and SST

4.3.1. Links between the onset and retreat of rainy season and
atmospheric circulation

850 hpa vector winds are associated with the moisture trans-
portation from western tropical Pacific to the subtropical region,
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which determines the precipitation in China. Marengo et al. (2001)
illustrated circulation changes related to the onset and retreat of
rainy season in Amazonia by showing composite maps of the dif-
ference between the average of 4 pentads after onset/retreat minus
the 4 pentads before onset/retreat. 850 hpa vector winds reflecting
atmospheric circulation and monsoon variability is used to explore
the underlying causes of precipitation variability in this study.

Composite maps of average 850-mb vector winds of 20 days
after onset minus 20 days before onset in Region 1 and 4 are shown
in Figs. 6 and 7, respectively (the day of onset is not included). Note
that composite maps of 850-mb vector winds for the onset in
Region 1–3 are similar, with Region 4 similar to Region 5 (not
shown). Region 1 and Region 4 are selected to explain the correla-
tion between circulation and the onset in different parts of China. It
can be seen from Fig. 6 that, patterns for vector winds are similar
before and after onset. The onset of rainy season in Regions 1–3
is associated with an increased cyclone in eastern China and anti-
cyclone near the South China Sea, with an increase composite
westerlies from the India Ocean (Fig. 6c). The location of anoma-
lous cyclonic flow for Regions 4–5 is similar to Regions 1–3. The
difference between them lies in that the onset of rainy season in
Regions 4–5 is mainly controlled by increased cyclone in eastern
China rather than the combined influence of anticyclone and
cyclone (Fig. 7c). The effect of composite westerlies on Regions
4–5 is also weaker as compared to Regions 1–3.

Regions 1–5 displayed similar patterns regarding the relation-
ship between retreat and monsoon (not shown). Taking Region 1
as the study area, the retreat is influenced by cyclonic flow in the
eastern regions of China and anticyclone near the South China
Sea as well. However, the retreat is associated with decreased
(anti)cyclone and composite easterlies from the South China Sea
(Fig. 8).
Fig. 6. Composites of 850-mb vector winds for Region 1 (a) average of twenty days before
(a). Arrows show the direction of wind (m/s); grey shaded areas denote the values of w
Figs. 6–8 indicate that the Indian Ocean and the South China Sea
are the two principle elements for rainy-season precipitation vari-
ability and the onset and retreat of rainy season are associated
with (anti)cyclonic flow and monsoon. Wang et al. (2002) found
that the spring monsoon precipitation in the southern regions of
China is highly related to cyclonic anomalous circulation in the
North Pacific, which is consistent with our research. Atmospheric
circulation and monsoon are leading drivers determining rainy
season features, which is equivalent to the results by Dai and
Wigley (2000), Feng et al. (2011), Wu et al. (2003), and Xiao
et al. (2015). Previous research found that the beginning of rainy
season is also resulted by tropospheric upward motion, upper
and low level jet stream and convergence of low-level water vapor
over China (e.g., Zhao et al. (2006) and Liu and Ding (2008)). There-
fore, it is suggested that more elements should be considered in
future research about the physical processes of the onset and
retreat of rainy season.

4.3.2. Links between trends of onset, retreat and SST
Table 1 presented various types of ENSO regimes, such as con-

ventional El Niño (CEN) and La Niña (CLN). ENSO Modoki, which
is different from conventional ENSO, was introduced by Ashok
et al. (2007). ENSO Modoki contains El Niño Modoki (MEN) and
La Niña Modoki (MLN). All these regimes play significant roles in
the variability of Chinese precipitation (Feng et al., 2010; Wan
et al., 2013; Zhou and Chan, 2007). ENSO developing year repre-
sents when ENSO occurs, and ENSO decaying year is the following
year after ENSO happens. It can be seen from Table 1 that most
mutation points of interannual rainy season features (shown in
Fig. 5) are associated with ENSO regimes. Yang and Lau (2004)
revealed that trends of Chinese precipitation are associated with
ENSO-like modes of SSTs, which is in agreement with our research.
onset; (b) average of twenty days after onset; (c) difference of after (b) minus before
ind speed above 1 m/s.



Fig. 7. Composites of 850-mb vector winds for Region 4 (a) average of twenty days before onset; (b) average of twenty days after onset; (c) difference of after (b) minus before
(a). Arrows show the direction of wind (m/s); grey shaded areas denote the values of wind speed above 1 m/s.

Fig. 8. Composites of 850-mb vector winds for Region 1 (a) average of twenty days before retreat; (b) average of twenty days after retreat; (c) difference of after (b) minus
before (a). Arrows show the direction of wind (m/s); grey shaded areas denote the values of wind speed above 1 m/s.
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Table 1
Types of abruption year within five regions.

Abruption year Corresponding to ENSO/normal years

1976 MLN developing year
1979 normal year
1983 CEN developing year
1991 CEN developing year
1992 MEN developing year
1996 normal year
1997 CEN developing year
2001 CLN decaying year
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The analysis of SST and onset/retreat within five regions is
shown in Figs. 9–13. Correlations between onset/retreat and 3
month average moving values of SST in the preceding periods, with
Fig. 9. Correlation between (a) AMJ onset and JJA (–) SST and (b) ASO retreat and JFM
parenthesis denotes SST in the previous year showing the largest correlation between S
lag ranging from 1 to 12 months, are all investigated in this study.
Correlations between preceding SST (lagging 1–12 months) and
onset/ retreat are similar (not shown), which suggested that SST
and rainy season features displayed stable relationship. Maps are
shown below when lag-correlation is strongest among 12 lagged
periods.

The onset and retreat in Region 1 all had negative correlation to
Pacific SST, indicating that delayed onset and retreat is associated
with cold SST (Fig. 9). JJA (June, July, August) SST in eastern and
central equatorial Pacific (10�N-20�S, 170�W-100�W) had largest
influence on the onset in Region 1 (Fig. 9a). The retreat is best cor-
related with southern Pacific SST 7 months prior to it (Fig. 9b). Lar-
gest correlation between SST and the onset in Region 2 is ASO SST
(8 month earlier) in eastern Pacific (20�N-20�S, 140�W-80�W),
with SST from October to December prior to retreat having
SST in Region 1.Shading starts as 0.2, with an interval of 0.1. The ‘‘–” within the
ST and onset/retreat. They are significant at the 0.05 significance level.



Fig. 10. Correlation between (a) AMJ onset and ASO (–) SST and (b) ASO retreat and OND (–) SST in Region 2. Shading starts as 0.2, with an interval of 0.1. The ‘‘–” within the
parenthesis denotes SST in the previous year showing the largest correlation between SST and onset/retreat. They are significant at the 0.05 significance level.
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strongest relation to retreat (Fig. 10). The extent of SST, showing
strong correlation to the onset, is much smaller in Region 3 (6�N-
12�S, 115�W-80�W), in comparison to Regions 1 and 2 (Fig. 11a).
The retreat showed strong relationship to SST 2 months earlier
over large areas of ocean centered on the equatorial Pacific,
150�W (Fig. 11b). Region 4 had the weakest correlation to Pacific
SST within five regions (Fig. 12). There is a positive correlation
between the South Pacific and the onset in Region 4 and Region
5 (Figs. 12 and 13a), indicating that delayed onset in Region 4–5
is associated with warm SST .



Fig. 11. Correlation between (a) MAM onset and JJA (–) SST and (b) JAS retreat and MJJ SST in Region 3. Shading starts as 0.2, with an interval of 0.1. The ‘‘–” within the
parenthesis denotes SST in the previous year showing the largest correlation between SST and onset/retreat. They are significant at the 0.05 significance level.
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In summary, delayed onset is associated with cold SST in the
Pacific Ocean, except in Region 4–5, where delayed onset is
caused by warm SST. Advanced retreat in most parts of China
may be attributed to warm Pacific SST. SST presenting strong cor-
relation to rainy season characteristics in China is mainly concen-
trated on Niño regions. This study found rainy season variability
is sensitive to ENSO-related SSTs at the interannual scale, which
is consistent with the research of Huang and Wu (1989) and Dai
and Wigley (2000). Still, the obtained SST correlation may not be
physically a cause without analyzing the atmospheric circulation
changes that may provide a link. As a consequence, the further
exploration of the influence of SST on rainy season in China
and their underlying causes, which can be explained by the
atmospheric circulation, is presented in the research of Cao
et al. (2017). The research reveals that stronger monsoon and
anti-cyclone are associated with enhanced rainy-season precipi-
tation under the influence of ENSO. The results also suggest a
certain predictability of rainy-season precipitation related to
ENSO regimes through the analysis of the atmospheric
circulation.



Fig. 12. Correlation between (a) MAM onset and MJJ (–) SST and (b) JAS retreat and MJJ SST in Region 4. Shading starts as 0.2, with an interval of 0.1. The ‘‘–” within the
parenthesis denotes SST in the previous year showing the largest correlation between SST and onset/retreat. They are significant at the 0.05 significance level.
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Different performance of precipitation is associated with the
atmospheric circulation and SST, as shown in Sections 4.3.1 and
4.3.2. Previous studies have shown the underlying linkage between
monsoon and SST (Black et al., 2003; Chang et al., 2001; Feng et al.,
2010; Onyutha and Willems, 2015; Zhang et al., 2014). Wu et al.
(2003) explained that the impacts of SST anomalies on precipita-
tion is shown through the physical mechanism of links between
SST and the atmospheric circulation. Feng et al. (2011) pointed
out that rainfall anomalies in china were mainly because of anoma-
lous anti-cyclone in the western North Pacific related to SST
variability. Gerlitz et al. (2016) reported that the change of
ENSO-induced precipitation in tropical regions is directly associ-
ated with the atmospheric circulation. However, on interdecadal
time scales, precipitation patterns are influenced by not only the
tropical Pacific SST, but also the subtropical northwestern Pacific
high. Besides SSTs, stratosphere–troposphere interactions also play
a significant role in rainfall changes in China (Yu et al., 2004). As a
result, variability of rainy season features may not only be
determined by SST, but also by the combination of various drivers,
which ought to be studied further.
5. Conclusions

The onset of rainy season in mainland China started from south-
east in middle March to northwest in early June. The occurrence of
rainy season is associated with increased anticyclone in South
China Sea and cyclone in eastern China. Composite westerlies orig-
inate from the India Ocean also plays a significant role on the onset
of rainy season. The retreat propagating from southeast (late July)
to the central part of China (mid-October) and shrank from the
central region to the northwest. The retreat of rainy season is con-
siderably determined by composite easterlies and decreased
cyclone and anticylcone. Delayed onset (advanced retreat) are
observed in many parts of China at the interannual scale, which
is associated with cold (warm) SST in conventional ENSO regions.
Enhanced rainy-season precipitation is found in northwestern



Fig. 13. Correlation between (a) MAM onset and ASO (–) SST and (b) JAS retreat and JJA SST in Region 5. Shading starts as 0.2, with an interval of 0.1. The ‘‘–” within the
parenthesis denotes SST in the previous year showing the largest correlation between SST and onset/retreat. They are significant at the 0.05 significance level.
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and southwestern China, with other regions displaying stable pre-
cipitation. Hence, it is easier to trigger flooding under such circum-
stances, which should be paid enough attention. This study
improves our understanding regarding spatial and interannual
variability of Chinese rainy season and suggests that there may
be certain predictability in Chinese rainy season features related
to atmospheric circulation and ENSO-like modes of SSTs.
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