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Abstract
The summer precipitation in South China (SC) has experienced a pronounced interdecadal variation during 1983–2013 
with trend transition in the late 1990s. This study quantitatively investigates the precipitation variation and its connection to 
water vapor transport by combining the Lagrangian trajectory-based Dynamic Recycling Model and the clustering method 
of self-organizing map. The external moisture outside of SC explains most (84%) of the mean and the interdecadal variation 
of the summer rainfall, mainly through the southwest transport pathways. A long-distance southwest pathway related to 
cross-equatorial flow and eastward flow over the Northern Indian Ocean explains 31.5% of mean precipitation and 50.4% of 
the upward precipitation trend before 1997. The other branch of the southwest pathways has relatively shorter length over 
North Indian Ocean, South China Sea, and Southeast Asia, explaining 35.7% of the mean and 51.2% of the downward trend 
after 1997. Also, for the downward trend, the westerly-driven moisture transport over Eurasia acts as the second contribu-
tor (32.2%) to the precipitation decrease. However, the western-Pacific pathway explains the smallest portion (≤ 3%) of 
the trends, suggesting weak influence from the subtropical high. The large-scale circulation anomaly in the form of zonal 
and meridional wave trains control the interdecadal variability of the SC precipitation. It is found that the circumglobal tel-
econnection and Pacific–Japan teleconnection significantly correlate to the two wave trains, whose match relation strongly 
modulates the trend transition in the 1990s for the SC summer precipitation.

Keywords South China · Interdecadal precipitation variation · Moisture transport · Wave train · Dynamic Recycling 
Model · Self-organizing map

1 Introduction

The long-term changes of precipitation are of vital impor-
tance for the regional societal and economic develop-
ment (Yao et al. 2008; Wu et al. 2010). The variabilities 

of precipitation over East Asia have been studied in depth 
(Gong and Ho 2002; Hsu and Lin 2007; Ding et al. 2008; 
Li and Leung 2013; Wei et al. 2012). Many studies have 
investigated the temporal and spatial variation of the pre-
cipitation over Asia as well as that over China. Among these 
researches, the abrupt precipitation shifts in the late 1970s 
(Hu 1997; Ding et al. 2009; Sun and Wang 2012) and the 
middle of the 1990s (Kwon et al. 2007; Ding et al. 2008; 
Yao et al. 2008; Si et al. 2009) are the frequently studied top-
ics. Multiple factors have been presented to explain the dec-
adal or interdecadal precipitation regime shifts in East Asia 
(Hu 1997; Gong and Ho 2002; Yao et al. 2008; Ding et al. 
2009; Si et al. 2009; Wu et al. 2010; Jin et al. 2016). In East 
Asia, it is unquestionable that the summer monsoon dra-
matically shapes the precipitation pattern and its long-term 
variation in East Asia for the late-1970s transition, through 
the El Niño and South Oscillation (ENSO) related modes 
(Wang 2002; Gao et al. 2006). However, earlier analysis 
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(Simmonds et al. 1996) emphasized the role of the Western-
Pacific ‘warm pool’ in the multidecadal variability of the 
summer rainfall in China but without finding a strong syn-
chronous connection between the Southern Oscillation Index 
and summer precipitation in China. Moreover, focusing on 
the precipitation transition in 1990s, recent studies suggest 
decadal variability related to several other climatic modes 
should also be emphasized, such as the decadal shifts of 
the East Asia–Pacific/Pacific Japan (EAP/PJ) teleconnection 
(Yu et al. 2012; Chen and Zhou 2014), the western North 
Pacific (WNP) summer monsoon-related mode (Kwon et al. 
2005), the summer North Atlantic Oscillation (NAO) (Sun 
and Wang 2012) and the warming over the Tibetan Plateau 
(Si et al. 2009; Si and Ding 2013).

The shift of Asian summer monsoon (Wang 2001) leads 
to rainfall pattern of “southern flood and northern drought” 
in East China. Since the end of the 1970s, northward mois-
ture transport has been dramatically decreased associated 
with the weakening of the East Asian summer monsoon 
(EASM) (Ding et al. 2008), whose impact factors include 
the changes of major atmospheric and oceanic patterns in 
the Tropics (such as ENSO, interdecadal Pacific oscillation), 
middle/tropical to high latitudes (such as NAO, Arctic Oscil-
lation, PJ, the Silk Road pattern and East Asian subtropi-
cal westerly jet), the sensible heat source over the Tibetan 
Plateau and the aerosol forcing, even sea ice concentration 
over the Arctic (Hsu and Lin 2007; Ding et al. 2009; Zhou 
et al. 2009; Si and Ding 2013; Wu et al. 2009; Li and Leung 
2013). Thus, the precipitation variability in East China 
seems to be attributable to the cooperative formation mecha-
nism between middle-to-high-latitude and tropical systems.

On the other hand, from the perspective of the water vapor 
transport, the change of transport pathways may directly 
result in the precipitation variation although the water vapor 
transport cannot tell the whole story of regional precipita-
tion. The convergence of water vapor flux was reported to 
be more intimately related to the precipitation, just as some 
previous work has shown (Simmonds et al. 1999). However, 
here, we are more concerned with the impact of the varia-
tion of the moisture source as well as its transport pathway 
because the convergent water vapor leading to regional pre-
cipitation is contributed by moisture sources. Fundamentally, 
the variation of moisture source modulates the precipitation 
change through related physical processes, such as the water 
vapor convergence by atmospheric circulation. Therefore, it 
is especially helpful for the understanding of the dominant 
physical processes of the precipitation variability through 
quantitatively investigating the variation of the moisture-
source contribution and the associated change of transport 
pathways. As was shown by Simmonds et al. (1999), the 
interannual variations of rainfall in the south and north 
parts of East China are greatly influenced by the monsoon 
circulations and the mid-latitude westerlies, respectively. 

Furthermore, at decadal timescale, the precipitation vari-
ations over East China has been found to be related to the 
changes in water vapor transport from the external sources 
but not the precipitation recycling processes, i.e., precipi-
tation contributed by the local evaporation (Huang et al. 
1998; Zhou et al. 2008; Wei et al. 2012; Hua et al. 2017a). 
Although the increased water vapor transport from the adja-
cent oceans and the mid-latitude westerly transport favor 
precipitation over East China (Zou et al. 2010; Ma et al. 
2017), the origins of water vapor related to anomalous rain-
fall patterns in East China are different from those related to 
the monsoon rainfall (Zhou and Yu 2005). This discrepancy 
still needs further investigation on the variations of the mois-
ture sources. However, the comprehensive understanding of 
the quantitative contribution of the moisture sources respon-
sible for the rainfall variation is still absent in East China. 
Ding et al. (2008) suggested that there existed two signifi-
cant transitions of summer precipitation in East China, one 
occurring at the end of the 1970s across the whole region 
of East China while the other appearing in 1990s mainly in 
South China (SC, the south region to Yangtze River Val-
ley), which is the southeast part of East China. Recent effort 
(Jiang et al. 2017) has provided a quantitative estimation of 
moisture source contribution to the precipitation transition 
in the late 1970s in the north part of East China. However, 
for the inhomogeneous precipitation variation in the 1990s 
in East China, particularly for the precipitation transition in 
1990s in SC, the anomalous moisture source and transport 
causing the precipitation change are still unclear.

The precipitation in SC is simultaneously influenced by 
westerlies and East Asian Monsoon. The moisture sources 
and transport pathways of SC experience considerable sea-
sonal variation that is regulated by multiple circulation sys-
tems. Therefore, this nature of the climate systems is very 
complicated and uncertain (Gimeno et al. 2012), making it 
a difficult work to identify the moisture origins from remote 
source regions by moisture flux estimates (Wei et al. 2012). 
Therefore, the Lagrangian method based on the water vapor 
back trajectories became a better choice to tracing water 
vapor trajectories and identifying sources across global and 
regional scales (Dirmeyer and Brubaker 1999; Stohl and 
James 2004; Sodemann et al. 2008; Gimeno et al. 2012; 
Knoche and Kunstmann 2013; Hu and Dominguez 2015; 
Hua et al. 2017b; Jiang et al. 2017).

With the above consideration, this study aims to quantita-
tively track the main evaporative moisture sources of precip-
itation over SC and study the possible reasons for its inter-
decadal transition of precipitation at the end of the 1990s. 
The previous study (Wang and Paegle 1996) has shown that 
the variations in moisture flux are much more sensitive to 
the variations in the wind than the variations in water vapor, 
which implies the critical role of the atmospheric circulation 
in moisture transport. So, this work also makes a particular 
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effort on the linkage between the atmospheric circulation 
and the variation of atmospheric moisture transport. To 
do this, a quantitative hydrological tool, i.e., the spatially 
unbounded Dynamic Recycling Model (DRM), which was 
developed by Dominguez et al. (2006) and extended by Hua 
et al. (2017b), is used to identify the moisture contribution 
and transport for the precipitation in SC.

In the sections below, we will answer the following 
questions quantitatively: What source regions are the most 
important for the mean state of the summer (June through 
August, JJA) precipitation over SC? What are the primary 
moisture pathways for the SC precipitation? Moreover, what 
are the roles of the primary pathways play in the precipita-
tion interdecadal variation over SC? To do this, we organize 
the article as follows: Sect. 2 describes the data and meth-
ods applied in this work. The analysis results, including 
the quantitative estimations of the moisture transport and 
contribution to the SC summer precipitation, as well as the 
associated circulation, are presented in Sect. 3. At the end of 
the paper, we present a discussion and conclusion in Sect. 4.

2  Data and method

2.1  Data

In this study, three precipitation datasets covering the period 
of 1979–2015 are applied. Among them, the station data 
including 142 gauge records in SC were derived from the 
observation archives by the China Meteorological Admin-
istration. The distribution of the gauges is shown in Fig. 1a. 
In addition, another gridded observed monthly precipitation 
data with a spatial resolution of 1° × 1° are obtained from the 
Global Precipitation Climatology Centre (GPCC) (Schneider 
et al. 2015).

The source-receptor analysis has been suffering from 
the lack of observational data for a long time. This study 
attempts to establish the source-receptor relationship for the 
SC precipitation by the use of the extended DRM, which is 
one of the analytical hydrological models in the Lagrangian 
frame. Because the physical basis of this model is the water 
vapor budget equation, the model needs a complete set of 
long-term and globally gridded data of the components in 
the water vapor equation, including precipitation, evapo-
ration, water vapor content and water vapor flux. Unfor-
tunately, the available observations associated hydrologi-
cal cycle cannot adequately characterize budgets of water 
vapor because too many of the fundamental processes are 
missing (Gimeno et al. 2012). On the one hand, some vari-
ables necessary to the hydrological model lack of long-term 
observations so far. On the other hand, high uncertainty 
exists in the observation estimates of the main hydrologi-
cal variables, particularly in precipitation and evaporation 

(Wang and Dickinson 2012; Gimeno et al. 2012). So, the 
proxy data, such as that from numerical model simulation 
or high-quality reanalysis that provides complete informa-
tion of hydrological cycle, becomes a common choice for 
many quantitative studies of source-receptor relationship 
(Dominguez et al. 2006; Van der Ent et al. 2010; Wei et al. 
2012; Drumond et al. 2011; Keys et al. 2012; de Vries et al. 
2016; Dominguez et al. 2016). These previous researches 
have acquired valuable knowledge on global and regional 
water cycles based on the proxy data. The high spatial and 
temporal resolution of reanalysis data can effectively com-
pensate for the lack of direct observations.

Thus, due to the incompleteness of the observations 
for the quantitative estimation of the hydrologic cycle, the 
hydrological data obtained from the ERA-Interim (ERAI) 
reanalysis, which is produced by a 4DVAR assimilation sys-
tem spanning from 1979 to date (Dee et al. 2011), is used 
as a primary data in this work. The variables utilized here 
include daily accumulated precipitation and evaporation that 
are calculated based on the ERAI 3-h forecast fields, and 
vertically integrated water vapor (VIWV), vertically inte-
grated eastward and northward water vapor flux from the 
analysis fields at 6-h interval. The ERAI data obtained from 
the ECMWF online data server at a 1° × ° latitude–longitude 
resolution. In this work, the ERAI data is imported into a 
spatially unbounded Dynamic Recycling Model (Dominguez 
et al. 2006; Hua et al. 2017b) to backward track water vapor 
trajectories in time and identify precipitation sources, as 
well as their quantitative moisture contributions to the study 
region. The normalized departure of precipitation percent-
age was calculated, which can reflect the moisture surplus/
deficit induced by precipitation anomaly (Zhang and Zhou 
2015). Also, the vertically integrated horizontal water vapor 
flux and 500-hPa geopotential height (Z500) are used to pro-
duce the relevant features of the large-scale atmospheric cir-
culation associated with the change of the SC precipitation.

To be frankly, we should use the reanalysis data in the 
hydrological analysis with great caution because of the 
uncertainties of surface moisture fluxes introduced by 
numerical errors, assimilation scheme, and observation 
system and the possible violation of the freshwater cycle 
caused by data assimilation (Kalnay et al. 1996; Trenberth 
et al. 2011). Previous work has reported that ERA-Interim 
reanalysis has the bias of overestimating the rainfall in 
most of the Northern Hemisphere with compared to GPCC 
(Dee et al. 2011). From the more regional evaluation, Liu 
et al. (2018) found the spatiotemporal performances of 
ERA-Interim precipitation are statistically acceptable in 
East China (including SC) although ERA-Interim also has 
higher precipitation amounts relative to station observa-
tion. Over the most area of SC, their results further showed 
that the ERA-Interim precipitation has no statistically 
significant differences in annual and seasonal means with 
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compared to the ground station observation. The dense 
observations available in SC lead to much weaker bias 
and higher skill score in East China than west of China. In 
addition, ERA-Interim precipitation also presents compa-
rable trends with station precipitation for annual and sea-
sonal means (Liu et al. 2018). Overall, the ERA-Interim 
precipitation has good agreement with the ground station 
in east China with an elevation lower than 1000 m (Liu 
et al. 2018). The area of SC studied by our work is just 
located in that acceptable area where ERA-interim precipi-
tation shows high performance.

For the evaporation over China, Su et al. (2015) assessed 
most popular reanalysis datasets, including NCEP I, NCEP 
II, MERRA, JRA-55, and ERA-Interim. The reference data 
they used to evaluate reanalysis is the actual evapotranspira-
tion (AE) estimated by the Budyko equation through comb-
ing station precipitation and pan evaporation (PE). Without 
considering the uncertainty of AE, all the reanalysis evapo-
rations (REs) reasonably reproduce the spatial pattern of 
AE over China although REs also overestimate the evapora-
tion of SC (Su et al. 2015). In addition, all five REs show 
consistent variations with PE in east China. Especially, the 
evaporation from ERA-Interim reanalysis shows the highest 

Fig. 1  The map of South 
China (SC) and its summer 
precipitation variation during 
1979–2015: a the study region 
(black-line box) and the spatial 
distribution of 142 gauge sta-
tions in it (solid dots), where 
the color shading indicates the 
terrestrial and oceanic topog-
raphy; b normalized monthly 
time series of the regional 
means of anomalous summer 
precipitation percentage from 
gauge station observations 
(black solid line), GPCC data 
(red solid line) and ERAI data 
(green solid line) over SC from 
1979 to 2015. The straight 
solid thick lines in b show the 
linear trends during the two 
sub-periods (1983–1997, T1 
and 1998–2013, T2). The linear 
trend slopes  (decade−1) of the 
two sub-periods are shown in 
the bottom of the figure, where 
the symbol ** represents the 
Mann–Kendall test at the sig-
nificance level of p < 0.05
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correlation with PE in SC. Thereby, for the quantitative anal-
ysis of the hydrological cycle in SC, the reanalysis almost 
provides the highest level of reliability with compared to 
other available data.

2.2  Quantitative estimation of the moisture 
transport

Analytical water cycle model, such as DRM, is an effective 
tool to establish the quantitative source-receptor relation-
ship for a specific region (Gimeno et al. 2012). Here, the 
spatially unbounded DRM is applied to the SC precipitation 
to identify moisture sources and transport pathways at daily 
timescale. The detailed description of the method used here 
can be found in the work of Hua et al. (2017b). The original 
DRM is a simple two-dimensional semi-analytical Lagran-
gian model based on the general atmospheric water bal-
ance equation (Dominguez et al. 2006). This model can be 
applied to examine the precipitation recycling ratio through 
track back-in-time trajectory within the target region at the 
daily timescale. The spatially unbounded DRM is a natu-
ral extension of the regional one. The spatially unbounded 
DRM can be used to estimate the moisture contributions 
from any sources without the spatial restrictions (Hua et al. 
2017b). The idea of the unbounded DRM used here is simi-
lar to that presented by Martinez and Dominguez (2014) but 
employs a fixed time length by setting time “boundary” to 
terminate the Lagrangian backward tracking of the moisture 
trajectory. On average, the time that water vapor resides in 
the atmosphere is about 10 days (Numaguti 1999). So, in 
many cases, the time of moisture staying in the air certainly 
exceeds this mean value. That suggests the backward trajec-
tories shorter than 10 days are possibly unable to attribute 
an adequate ratio of the total precipitation to a source region 
for a water cycle study. For the Antarctic area, Sodemann 
and Stohl (2009) used a 20-day trajectory to identify the 
moisture sources by a Lagrangian method. They concluded 
that 10 days (~ 80% attributed) is an acceptable time scale 
for backward moisture tracing and a threshold scale exists 
at about 15 days, above which the attributed precipitation 
reaches a relatively steady percentage (~ 90%) (Sodemann 
and Stohl 2009). The portion of the attributed precipitation 
varies in different regions and depends on the moisture con-
tent and wind strength of the main transport pathway. Keys 
et al. (2012) defined the boundary of precipitation shed as 
70% contribution, which is an acceptable threshold percent-
age for most parts of the world. Therefore, to reduce the 
possibility of the biased result caused by the timescale of 
trajectory, we implement 15-day backward moisture tracking 
for each grid point of SC in this study. The moisture tracing 
at this long timescale is conducive to capture characteris-
tics of long-range transport and can thereby guarantee the 
representation of the moisture transport. Although a longer 

timescale of particle tracing may introduce more uncertain-
ties in moisture trajectories, this kind of uncertainties can be 
effectively reduced by averaging a large number of trajectory 
samples (Sodemann and Stohl 2009). In this analysis, there 
are more than 400,000 trajectories (135 particles × 92 days 
per summer × 37 summers) identified from 1979 to 2015 for 
SC (Fig. 2a). Furthermore, the 15-day moisture trajectories 
averagely attribute ~ 76% of the summer precipitation in SC. 
With this reliable representation of the moisture state and 
variation of the target region, the primary moisture pathways 
and quantitative moisture contribution can thereby be quan-
titatively estimated.

2.3  Trajectory clustering 
through the self‑organizing map

In order to obtain the primary pathways of moisture trans-
port, the clustering technique of the self-organizing map 
(SOM) is used to produce the water vapor trajectories clus-
ters. The SOM is known as an effective method for feature 
extraction and classification based on an unsupervised neural 
network (Kohonen 1982, 1998). Unlike the traditional lin-
ear reduction method, such as principal component analysis 
(PCA), SOM can map nonlinear high-dimensional input data 
onto a two-dimensional space while the topological relation-
ships between the input data are preserved (Liu et al. 2006b), 
which endows SOM the ability to isolate the nonlinear struc-
ture that can be invisible to linear technique (Cavazos et al. 
2002). As a clustering and pattern recognition method, the 
SOM was introduced to the research of meteorology and 
climate since around 2000 (Cavazos 2000). The previous 
applications of SOM have shown that it is a useful tool to 
extract the feature of the meteorological and climatological 
pattern, such as sea surface temperature (SST) and wind 
pattern (Risien et al. 2004; Liu et al. 2006a).

The SOM projects the input data onto a 2D regular low-
dimensional grid consisting of a set of neural network units. 
Each unit has a weight vector � = [m1,… ,mK] , where K is 
the dimension of the input data. The SOM training process 
is implemented through iterative algorithms. The sequen-
tial training scheme is one of the popular algorithms. In the 
sequential training process, the algorithm is to find the ‘win-
ner’ unit whose weight vector is closest to the input vector 
x through (Vesanto et al. 2000)

where the operator ‖⋅‖ is the distance measure, commonly 
Euclidian distance, mc is called the Best-Matching Unit 
(BMU), i.e., the winner unit, i the index of the map units. 
Then, the map unit is updated according to the learning rule:

(1)� −�c = min
i

{
� −�i

}
,

(2)�i(t + 1) = �i(t) + �(t)hci(t)
[
�(t) −�i(t)

]
,
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Fig. 2  The moisture trajec-
tories of South China (SC) 
during June of 2002: a the 
overall trajectories; b–e the sets 
(SOM1–4) of trajectories pro-
jected by SOM. The moisture 
trajectories are traced by the 
spatially unbounded DRM. The 
color of trajectory represents the 
percentage of the accumulated 
moisture contribution. The 
black circle marks the ending 
point of the backward trajectory
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where t denotes the current iteration or time, �(t) the learn-
ing rate, hci(t) is the neighborhood kernel which is com-
monly a function inversely proportional to the distance and 
time from the winner unit c at time t. The above iterative 
procedure tends to project similar patterns of input data onto 
the neighboring units, thus leads to a topological map of data 
(Liu et al. 2006b).

For the input data in large size, such as the long-term tra-
jectory data, another training process named batch algorithm 
is more frequently used. Instead of processing a single data 
vector at a time, the batch version of training simultaneously 
updates all the weight vectors through partitioning input data 
into a set of Voronoi sets by minimum Euclidian distance. 
The mean of data vectors in each set is

where �i(t) is the Voronoi set of unit i, nV i the number 
of samples of the Voronoi set. The batch algorithm then 
updates the weight vectors by the rule (Liu et al. 2006b):

where m is the number of map units.
In this study, SOM Toolbox downloaded from http://

www.cis.hut.fi/proje cts/somto olbox / is employed to extract 
the primary moisture transport pathways based on the tra-
jectories data from spatially unbounded DRM mentioned 
in Sect. 2.2. Here, three properties of trajectories are used 
to identify different trajectory classes, i.e., the trajectory 
location ( � = [Sx, Sy] ), trajectory slope ( � = [Ux, Uy] ) and 
concavity ( � = [Ax, Ay] ), each including two (longitude 
and latitude) components. Thus, the matrix of input data for 
SOM has the form of

where Cin is the input matrix for the SOM toolbox, M the 
number of the trajectories, N the number of the time levels 
of each trajectory. Through the SOM training procedure, we 
will extract the topological map represented by the BMUs 
with taking the above three properties of trajectory into 
account. In this study, there are totally 135 grid cells in SC. 
For the 37 summers during 1979–2015, the total number of 
trajectories is M = 459,540, i.e., 135 grid cells × 92 days/
summer × 37 summers. The 15-day trajectory in 6-h sam-
pling has 61 temporal levels (N = 61). Thus, the column 
number of Cin is 3 properties × 2 components × 61-time 

(3)�i(t) =
1

nV i

nV i∑
j=1

�j,

(4)�i(t + 1) =

∑m

j=1
nV jhij(t)�j(t)∑m

j=1
nV jhij(t)

,

(5)�in =

⎛
⎜⎜⎝

�1,1 ⋯ �1,N

⋮ ⋱ ⋮

�M,1 ⋯ �M,N

�1,1 ⋯ �1,N

⋮ ⋱ ⋮

�M,1 ⋯ �M,N

�1,1 ⋯ �1,N

⋮ ⋱ ⋮

�M,1 ⋯ �M,N

⎞
⎟⎟⎠
,

levels, i.e., 366. For the input matrix in such a large size of 
459,540 × 366, the batch training algorithm is chosen due 
to its higher efficiency compared to the sequential one (Liu 
et al. 2006b).

Figure 2 demonstrates an example of the SOM cluster-
ing for the spatially unbounded DRM-produced moisture 
trajectories in a typical summer month. We can roughly 
discern the principal moisture pathways to SC from the 
overall moisture trajectories shown in Fig. 2a, including the 
pathways from upstream Eurasia, the Indian Ocean, South 
China Sea, and the Western Pacific. Figure 2b–e are the 
four clusters through projecting the overall trajectories in 
Fig. 2a onto a 2 × 2 map by the SOM training procedure. 
The original input moisture trajectories are therefore classi-
fied into four units, each representing a climate mode of the 
moisture pathway. From Fig. 2b–d, the four units reflect the 
moisture transports by cross-equatorial flow from the Somali 
area (SOM1), southwest/south flows from the Arabian Sea, 
the Bay of Bengal and the South China Sea (SOM2), two 
branches of westerlies around Tibet Plateau (SOM3), and 
the southeast flow from Western Pacific (SOM4). This result 
reflects the influence of the main circulation systems domi-
nating the summer rainfall in SC. Although Fig. 2 shows the 
clusters based on only one-month data, the extracted char-
acteristics are highly consistent with those from 37-summer 
clustering shown in Fig. 5, suggesting that the topological 
structure of the moisture transport of SC is robust in the 
study period.

For the overall 37-summer data, we implement the SOM 
control run by using a 2 × 2 rectangular-lattice map. Several 
other runs in larger maps, such as 2 × 3 and 2  × 4 maps are 
also implemented to test the clustering sensitivity. Although 
more nodes/classes can isolate more classes of moisture 
pathways and thus show more detailed characteristics of 
moisture transport, all the sensitive runs reach the qualita-
tively similar features of transport classes like the 2 × 2 map. 

That is to say, four nodes (2 × 2) is enough to describe the 
primary pathways of moisture transport to the SC precipita-
tion in summer.

2.4  Projection time series of trend and estimation 
of trend contribution

In order to investigate the atmospheric circulations associ-
ated with the precipitation trend, we project the precipitation 
onto its linear trend at the monthly timescale by the approach 
of projection time series, which can be used to measure how 

http://www.cis.hut.fi/projects/somtoolbox/
http://www.cis.hut.fi/projects/somtoolbox/
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closely the variable resembles its trend pattern (Feldstein 
2002; Park et al. 2015). The projection time series (Pt) is 
given by

where N is the number of grid points in the study region, 
xi and ẋi , respectively, are the normalized precipitation 
percentage anomaly itself and its linear trend at the grid 
cell i with area weighting for the variance by the square 
root of the cosine function of latitude ( �i ). Moreover, the 
monthly projection time series of the moisture contribu-
tion for each SOM class is constructed. Before regressing 
the atmospheric variables against Pt, interannual variabil-
ity has been removed by subtracting the summer mean for 
each year because the sub-annual, particularly, the intra-
seasonal atmospheric variability mainly manifests itself as 
the large-scale teleconnections with stronger modulation 
on the variability of midlatitude weather than inter-annual 
and longer variabilities (Hoskins et al. 1983; Luo 2005; Luo 
et al. 2011). Previous researches (Park et al. 2015; Goss et al. 
2016) extracted the large-scale circulation patterns associ-
ated with the long-term trends of sea ice and the Arctic 
warming by compositing the sub-annual circulation fields 
against the trend Pt by removing the seasonal means or filter-
ing out the variabilities longer than inter-annual timescale. 
In our study, the linear resonance between the circulation 
and the precipitation trends also concentrates at intrasea-
sonal timescale (figures not shown). Hence, removing the 
summer means from the correlation analysis is conducive to 
extract typical circulation pattern associated with the long-
term precipitation trends, which are mainly contributed by 
the events at intraseasonal timescale. It is noteworthy that 
the correlation analysis carried out in the following con-
tent has considered the effective degree of freedom by the 
method presented by Quenouille (1952) to take into account 
the reduction of the degree of freedom by the auto-regressive 
characteristics.

For the precipitation in the target region, this study 
also quantitatively estimates the trend contributions from 
different moisture transport pathways with referencing to 
the method by Park et al. (2015), which is a simple linear 
method commonly used to estimate the relative impor-
tance between several contributors to a trend. In the lin-
ear frame, for the precipitation (P) in the target region, the 
ratio of precipitation trend ( ΔP ) explained by the moisture 
contribution (Pm) from a specific pathway is calculated by 
(bP,Pm

ΔPm)∕ΔP , where bP,Pm
 is the regression coefficient 

between the detrended P and detrended Pm, and ΔPm is the 
linear trend of Pm. This method assumes the ratio between 
the trend contribution from Pm and its trend ( ΔPm ) is deter-
mined by the linear relationship between the detrended time 

(6)Pt =

N∑
i=1

xiẋi cos
1∕2

𝜃i,

series of P and Pm. That is a simplified linear method with-
out considering the nonlinear relationship between the target 
trend and the contributors. However, it is still meaningful 
to show the relative contribution between difference trend 
sources in the linear regime. As mentioned in Sect. 2.2, the 
extended DRM can impossibly trace 100% of the moisture 
contribution evaporating from the entire globe. The moisture 
contribution of the undetected moisture sources is excluded 
from the analysis. Thus, instead of discussing the absolute 
contribution from the incomplete sources, we focus on the 
relative one to find the moisture transport pathways linearly 
contributing to the precipitation trend in the target region.

3  Results

3.1  The interdecadal trend transition 
of precipitation

Summer precipitation of East China has undergone abrupt 
changes in the end-1970s (Ding et al. 2008) and mid-1990s 
(Si and Ding 2013). As a part of East China, SC mainly 
explains the precipitation regime shift in the 1990s. Fig-
ure 1b displays the variation of anomalous precipitation per-
centage (referred to as precipitation hereafter) in summer 
months in SC during 1979–2015. At first glance of Fig. 1b, 
the regional precipitation of SC displays an interdecadal 
undulation peaked in about the year 1997. This interdecadal 
precipitation variation spans the period of 1983–2013, which 
is composed of a significant upward trend during 1983–1997 
(T1) and a significant downward trend during 1998–2013 
(T2). To some extent, the trend transition between T1 and T2 
can be approximately explained a quasi-30-year oscillation. 
The mean SC precipitation from ERAI reanalysis highly 
correlates with that from GPCC ( r = 0.9 at p < 0.05 ) and 
station observation ( r = 0.77 at p < 0.05 ). When it comes 
to the projection time series of the SC precipitation trends 
(Fig. 4a), the three data also show consistent trend changes 
although the ERAI reanalysis overestimates the trend mag-
nitude. The Mann–Kendall trend tests show that both the 
increasing and decreasing trends of precipitation exceed 95% 
confidence level for all the three datasets used here. Fur-
thermore, the spatial distributions of the precipitation trends 
identified from ERAI and the other two datasets coincide 
well (figure not shown). That further confirms the robustness 
of the existence of the trend transition. The transition point 
between the two precipitation trends is generally as that in 
previous work (Ding et al. 2008; Si and Ding 2013).

The spatially unbounded DRM is used to quantitatively 
estimate the moisture contribution of the water vapor sources 
for the SC precipitation. Figure 3a shows the long-term 
mean moisture sources and their contributions to the SC 
summer rainfall based on the 15-day Lagrangian backward 
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moisture tracing. The spatial extent of the sources covers 
the Eurasia continent, the Arctic, the Western Pacific, and 
the north and the tropical Indian Ocean. The main moisture 
sources that dominate the SC rainfall are located in SC itself, 
the Arabian Sea, the Bay of Bengal, Southeast Asia, and the 
South China Sea. Those source regions are generally consist-
ent with previous studies (Chen et al. 2013; Drumond et al. 
2011; Wei et al. 2012). As the high-valued area shown in 
Fig. 3a, short-distance moisture contribution including that 
from SC itself and Southeast Asia provides a substantial 
amount of water vapor. Although the external sources show 
dispersed distribution, the climatology of moisture contribu-
tion still shows the principal pathway of long-distance mois-
ture transport from the east coast of Africa via the tropical 
western Indian Ocean, the Arabian Sea, the Bay of Bengal 

and finally through Southeast Asia to SC. This long-distance 
transport belt is highly modulated by the cross-equatorial 
flow around the Somali area, which has been found to have a 
strong influence on the precipitation of Yangtze River Basin, 
a north part of SC (Fan 2006; Chen et al. 2013).

To understand the physical processes causing the inter-
decadal transition of precipitation trends shown in Fig. 1b, 
it is a better way to separate the local recycling process from 
the external one. The spatially unbounded DRM provides 
us with such a powerful tool to identify the local contribu-
tion and the external contribution for the target precipitation 
(Hua et al. 2017b). The time series in Fig. 3b separately 
illustrate the temporal variations of the moisture contribu-
tions due to the local and external moisture sources. As 
shown in Fig. 3b, the external moisture contribution is about 

Fig. 3  The temporal means 
and variations of the moisture 
contributions to the summer 
precipitation of SC: a spatial 
distribution of the climatologi-
cal mean moisture contribution 
(mm day−1) to the summer 
precipitation in SC (black box) 
during 1979–2015. b The time 
series of local (solid green 
line) and external (solid red 
line) moisture contributions 
(mm day−1). The thick straight 
lines are the linear trends 
during the two sub-periods 
(1983–1997, T1 and 1998–
2013, T2). The linear trend 
slopes (mm day−1  decadal−1) 
of the two sub-periods are 
shown in the bottom part of 
the plot, where the symbol * 
and **, respectively, represent 
the Mann–Kendall test at the 
significance level of p < 0.10 
and p < 0.05
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five times the magnitude of the local contribution. On aver-
age, the regional moisture recycling ratio, i.e., the moisture 
contribution of the locally evaporated water to the precipi-
tating water in the same region (Burde and Zangvil 2001), 
is about 16% during the summer months studied here. In 
other words, 84% of the SC summer precipitation is sup-
ported by the external moisture sources. Chen et al. (2013) 
used a Lagrangian method to quantify the relative contribu-
tion to the precipitation in the Yangtze River Basin (YRB) 
that partly overlaps SC. They concluded that about 78% of 
YRB rainfall is contributed by the sources over the North 
Indian Ocean and the Western Pacific. For SC, Li et al. 
(2012) found the 91% of total net moisture inflow is from 
western and southern boundary of SC, suggesting the role 
of westerlies and southwest flow. However, all the previous 
did not directly estimate the ratio between local and external 
sources. It should be noted that the regional recycling ratios 
partly depend on the region’s size and its shape (van der Ent 

et al. 2010). The regional recycling ratio of an extremely 
small region is about 0, but going to 1 for a region encom-
passing the global area. Previous researchers have found that 
there exists a nonlinear relationship between recycling ratio 
and the region’s area (Dirmeyer and Brubaker 1999; Hua 
et al. 2017a), in which the increasing rate of regional recy-
cling ratio slows down with region’s area, particularly when 
the area exceeds a threshold value. In China, the threshold 
area is about 1 × 106 km

2 (Hua et al. 2017a), which is much 
smaller than the area of SC, ∼ 1.7 × 106 km

2 . That confirms 
the dominant role of the external sources in the moisture 
contributions to the SC rainfall even if we change the spatial 
scale of SC within a substantial range.

Figure 3b presents the linear trends of the local and exter-
nal moisture contribution. During the subperiods 1983–1997 
and 1997–2013 (T1 and T2 in Fig. 1b), the interdecadal 
trends displayed in the local contribution are not as remark-
able as the external part. The local moisture contribution 

Fig. 4  The monthly projection time series (Pt) of the precipitation 
trend and the linear regression of the moisture trajectory counts on 
Pt: a the Pt time series projected on the precipitation trends extracted 
from different precipitation datasets in T1 and T2, where the Pt series 
is constructed separately for T1 and T2 but then concatenated as one; 

b, c the linearly regressed trajectory count against Pt for the period 
for T1 (b) and T2 (c). The thick vertical line in a marked the precipi-
tation trend transition year (1997). The stippled area in b and c indi-
cates the regressions at the significance level of p < 0.05
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has no significant trend in T1 and a weak trend in T2. How-
ever, for the external contribution, both of the two sub-
periods show significant trends over 95% confidence level, 
being highly consistent with the interdecadal trend of the 
SC precipitation shown in Fig. 1. Through using a simple 
linear method (Park et al. 2015), we further estimate the 
trend contributions by local and external sources, respec-
tively. Relatively speaking, the local and external sources, 
respectively, account for about 16.1% and 83.9% of the SC 
precipitation trend in T1, and 28.9% and 71.1% in T2. The 
precipitation trend explained by the local moisture is of a 
relatively smaller fraction, especially in T1. In T2, the ratio 
of the trend explained by the local moisture has increased 
nearly threefold, implying the enhancement of the recycling 
process in the second period. Overall, the moisture sources 
outside of SC are mainly responsible for the interdecadal 
variation of the precipitated moisture and thus the precipita-
tion in SC.

In order to examine the relationship between the precipi-
tation interdecadal variation and its moisture transport pro-
cesses, the monthly projection time series (Pt) (Park et al. 
2015) of the precipitation is constructed for the precipita-
tion trends in T1 and T2, respectively. The resulted Pt series 
(Fig. 4a) reflects the strength that the monthly precipitation 
contributes to the trends in the two sub-periods. It is note-
worthy that the Pt series is constructed separately for T1 and 
T2 firstly and then combined into one time series in Fig. 4a. 
The Pt series based on all the three datasets well coincide in 
T1 and T2 with the ERAI-GPCC and ERAI-Station correla-
tions of 0.8–0.9 at p < 0.01 . Because the Pt series reflects 
the contribution of the precipitation variation at monthly 
scale to the long-term trend, the high consistency between 
the Pt series from different datasets thereby confirms the 
robustness of the trends and trend transition, and also the 
reliability of ERAI for this issue.

Through using the Pt time series, we can further project 
the associated moisture transport by simple linear regres-
sion or correlation. As mentioned by Sect. 2.3, the spa-
tially unbounded DRM used here quantitatively calculate 
the moisture contribution along the Lagrangian backward 
moisture trajectory. With the information of the Lagran-
gian trajectories, we can easily obtain the distribution of the 
moisture transport pathways through summing up the tra-
jectory number over each grid cell. The moisture trajectory 
counts provide a reasonable representation of the moisture 
transport trajectory movement (Alexander et al. 2015). Fig-
ure 4b, c show the maps of the linear regression of moisture 
trajectory counts on the monthly Pt for T1 and T2, respec-
tively. Before applying the regression analysis, we have 
removed the monthly calendar means from the time series 
of trajectory count over each grid cell. The regressed count 
maps generally indicate that a west–east seesaw pattern, in 
which the positive/negative anomalies indicate increasing/

decreasing pathways of moisture transport to SC. The simi-
lar seesaw pattern was also found in the moisture flux to 
other region of East China, such as YRB (Wei et al. 2012). 
Here, we further establish the linkage between the inter-
decadal trend transition and the pattern of moisture trans-
port. For the upward precipitation trend in T1 (Fig. 4b), the 
positive anomalies concentrate along an enhanced southwest 
transport pathway originated from the west Indian Ocean 
and steered eastward through the Arabian Sea and the Bay 
of Bengal and finally entered SC via Indo-China Peninsula. 
Thus, more moisture transport through this southwest path-
way results in the increasing summer precipitation in SC in 
T1. When compared to the enhanced southwest transport, 
the weakened east and southeast transport from the West-
ern Pacific and Southeast Asia is found at the same time. 
However, for T2 (Fig. 4c), the opposite pattern featured by 
the weakened southwest transport but enhanced east and 
southeast transport corresponds to the downward precipita-
tion trend in SC. To a great extent, the competition between 
southwest transport and east/southeast transport determines 
the interdecadal variation of the SC summer precipitation 
during the study period.

3.2  Contribution of the moisture transport 
pathways to trend transition

With the general image of the water transport (Fig. 4b, c), 
the SOM clustering is applied to disentangle the water vapor 
transport pathways and their variations further. As men-
tioned in Sect. 2.3, the 2 × 2 map (i.e., four nodes) is used 
to classify the moisture pathway clusters for the Lagrangian 
moisture trajectories of SC. Figure 5 shows the composite 
means of the moisture trajectory count for the four SOM 
classes. One of the prominent features of Fig. 5 is that all 
except for SOM3 (Fig. 5c) have remarkable external mois-
ture originated from oceanic regions. The mode SOM1 
(Fig. 5a) indicates the cross-equatorial transport in the west-
ern part of the tropical Indian Ocean (referred to this mode 
as TIO). Along the TIO transport pathway, high trajectory 
counts are located in the Somali Basin, the Arabian Sea and 
the Bay of Bengal. This water vapor transport branch reflects 
the effect of the Somali cross-equatorial flow (Joseph and 
Sijikumar 2004). The cross-equatorial flow can transport 
water vapor through the equator from the southern hemi-
sphere to the northern hemisphere and then influence the 
East Asian summer rainfall (Wang and Xue 2003). Figure 5b 
(SOM2) displays relatively shorter pathway mainly from the 
Arabian Sea and the Bay of Bengal, which covers the north-
ern Indian Ocean, the South China Sea and the Maritime 
Continent (referred to as ISM hereafter). This robust south-
erly water vapor transport from the South China Sea and the 
Maritime Continent primarily dominates this pattern. The 
trajectory distribution of mode SOM3 (Fig. 5c) suggests the 
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contribution due to the terrestrial moisture sources located in 
almost the whole Eurasia continent (referred to EAC here-
after). The evaporative water vapor in EAC is transported 
along relatively more dispersed routes and intrudes SC 
mainly through west and north boundaries of Tibet Plateau. 
The westerly water vapor transport originated from Eura-
sia continent and even the Atlantic Ocean and the Arctic 
Ocean mainly dominate mode EAC. For SOM4 (Fig. 5d), 
the trajectory concentrates over the Western Pacific and the 
marginal seas south and east to China (referred to as MWP 
hereafter).

To a great extent, the four SOMs mainly reflect the influ-
ences of South Asia Monsoon, South China Sea monsoon, 
westerly and East Asia monsoon. As shown by the percent-
ages in each plot of Fig. 5, the first two SOMs (TIO and 
ISM) carry more than 67% (31.5% + 35.7%) moisture to SC. 
This high ratio suggests the primary sources for the SC pre-
cipitation are in the Indian Ocean, the South China Sea and 
the maritime continent in Southeast Asia. And the moisture 

contribution from Eurasia (SOM3) (17.8%) and the Western 
Pacific (SOM4) (15%) only explains a small fraction of the 
SC precipitation, less than half of the moisture amount con-
veyed by SOM1 and SOM2, which quantitatively confirms 
that the tropical Western Pacific only plays a minor role in 
the water vapor contributors to the SC precipitation (Chen 
et al. 2013).

As mentioned in Sect. 3.1, the external sources mainly 
explain the precipitation trend in SC in both T1 and T2. 
Here, the SOM clusters provide us a way to disentangle the 
contributions from different sources to the precipitation 
trend. Table 1 presents the relative trend contribution from 
each SOM to the trend of the SC precipitation in the two 
sub-periods. At first glance of Table 1, the MWP pathway 
(SOM4) has almost no contribution (3.0% and 1.4%) to the 
precipitation trends in T1 and T2. For the upward trend in 
T1, mode TIO (SOM1) explains about one-half (50.4%) of 
the precipitation trend, exceeding the sum of the contribution 
from the rest three SOM modes. In T2, mode ISM (SOM2) 

Fig. 5  Composite means of the moisture trajectory count for SOM 
clusters: a SOM1 (TIO), b SOM2 (ISM), c SOM3(EAC) and d 
SOM4 (MWP). The black box in each plot marks the region of SC. 
The percentages shown in the bottom right corner of each panel are 

the fractions of the trajectory count contribution  (Ct) and precipita-
tion contribution  (Pm) explained by the corresponding SOM mode 
during 1983–2013
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is the largest contributor, also explaining more than one-half 
(51.2%) trend. The mode EAC (SOM3) as the third (20.3%) 
and second (32.2%) contributor in T1 and T2, respectively, 
emphasize the important role of the variation of the westerly 
transport. It can be concluded that the enhancing water vapor 
transport from the west (SOM3) and the north Indian Ocean 
(SOM1,2) mainly results in the upward trend of the SC pre-
cipitation in T1, but the weakening westerly transport from 
Eurasia (SOM3) and short-distance southwesterly transport 
from the east Indian Ocean (SOM2) dominates the decreas-
ing precipitation trend in T2. Above features can also be 
discerned in the pathway trend shown in Fig. 4 except that 
Table 1 presents quantitative estimations for different types 
of transport pathways.

3.3  Large‑scale circulation associated 
with precipitation trend shift

3.3.1  Circulation patterns contributing to precipitation 
trends

Based on the projection time series (Pt) in Fig. 4a, the cor-
relation maps between Pt and circulation field at 500 hPa 
are calculated to show the circulation patterns dominate 
the precipitation trend in T1 and T2, respectively. Figure 6 
shows the correlation results from ERAI, GPCC and Sta-
tion observation. For the Pt series from different datasets, 
the responses of the circulation field show highly consistent 
patterns both in T1 and T2, which again confirms the con-
sistency of the precipitation trend between the three data-
sets. In T1 (Fig. 6a, c, e), the circulation pattern associated 
with the upward precipitation trend is characterized by a 
wide belt of strong positive anomalies in the tropic, a zonal 
wave-train structure in midlatitudes, and quasi-meridional 
wave-train structure along the west boundary of Western 
Pacific. The zonal wave train has the positive and nega-
tive anomalies spanning Eurasia with its origin located in 
North Atlantic, where there exists a tilted North Atlantic 
Oscillation-like structure (Barnston and Livezey 1987; Luo 
and Gong 2006; Luo et al. 2014, 2018). The index of this 
zonal wave train (see below) shows significant correlation 
(r = − 0.23 at p < 0.05) with the circumglobal teleconnection 

(CGT) related to the variability of the westerly jet stream 
(Ding and Wang 2005). To the east of the zonal wave train, 
the anomaly centers arranging along the western boundary 
of Pacific shows a tilting meridional structure (index see 
below) like the PJ pattern (Yu et al. 2012; Chen and Zhou 
2014), with the correlation of r = − 0.32 at p < 0.01. The cou-
pling between the south edge of the zonal wave train and 
the anti-cyclonic anomaly located in tropic tends to drive 
the moisture over North Indian Ocean moving eastward and 
finally steer northward into SC.

With compared to T1, T2 (Fig. 6b, d, f) has the much 
weaker zonal wave train but the enhanced opposite PJ-like 
meridional wave train. The positive tropical anomalies also 
disappear. This kind of pattern tends to reinforce the short-
range moisture transport from the South China Sea and 
Western Pacific, but inhibit the long-range transport from 
the Indian Ocean and the upstream area in Eurasia. Almost 
individually controlled by the quasi-meridional wave train, 
the moisture contribution from the main source regions 
dramatically reduces, and thus the downward rainfall trend 
occurs in T2.

3.3.2  Coupling between wave‑train structures

It seems that the coupling of the above-mentioned two 
wave trains is a crucial factor in determining the location 
of the moisture source. To further explore the role of wave 
trains, we define the monthly zonal wave train index (WTz) 
as the normalized height difference between the Z500 in 
box 3 and box 4 in Fig. 6a, i.e., WTz = �(Z5003 − Z5004) , 
where Z is normalization operator, Z500n (n = 3, 4) is the 
spatial mean of Z500 in No. n box in Fig. 6a. In the same 
manner, the quasi-meridional wave train index is defined as 
WTm = Z(Z5001 − Z5002) . With the two wave-train indices, 
we further study the distribution of the precipitation events 
in WTz–WTm plane in Fig. 7, in which the red/blue circle 
represents the positive/negative precipitation event. Here, 
the precipitation event is defined based on the monthly Pt, 
in which a positive/negative Pt month corresponds to a posi-
tive/negative precipitation event contributing to the precipi-
tation trend. The linear-fit slope of the precipitation events 
in WTz–WTm plane reflects the coupling strength between 
the zonal and meridional wave trains, i.e., more significant 
slope suggesting a higher probability of the concurrence of 
the two wave trains.

Figure 7a displays the distribution of the precipitation 
events in T1. The positive events are mostly in the first 
quadrant of Fig. 7a, but negative events in the third quad-
rant, showing a significant slope of b = 0.45 over the 99% 
significance level. Correlation analysis also shows signifi-
cant positive WTz–Pt and WTm–Pt correlations for the three 
precipitation datasets. That suggests the coupling between 
positive-phase zonal wave train  (WTz +) and positive-phase 

Table 1  The ratios of the precipitation trend explained by the primary 
moisture transport pathways

The percentages (%) in the table represent the explained ratio of the 
SC precipitation trends by the four SOMs in T1 and T2

TIO (SOM1) 
(%)

ISM (SOM2) 
(%)

EAC (SOM3) 
(%)

MWP 
(SOM4) 
(%)

T1 50.4 26.3 20.3 3.0
T2 15.2 51.2 32.2 1.4
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meridional wave train  (WTm+) is a circulation condition 
significantly enhancing southwest transport flux from the 
Indian ocean and thus the upward precipitation trend in T1. 
However, for the downward trend in T2, there is no signifi-
cant coupling ( b = 0.23 ) found between the two wave trains. 
All the three precipitation datasets show significant negative 
WTm–Pt correlations but weak WTz–Pt correlations for the 
downward precipitation in T2. It means that the negative-
phase meridional wave train individually determines the 
downward precipitation trend in T2.

Based on the SOM clusters, the circulation associated 
with moisture contribution of SOM mode can further reveal 
the circulation components contributing to the total circu-
lation pattern causing the precipitation trend. Figure 8b–i 
display the correlation maps between the Pt of moisture 
contribution trend (Fig. 8a) and the circulation field. For 
the upward trend of moisture contribution in T1 (Fig. 8b, 
d, f, h), the coupling between zonal and meridional wave 

trains can be observed when combing the circulations of 
the SOM modes although different SOM mode emphasizes 
different parts of the wave trains. The circulation pattern of 
TIO mode (SOM1) (Fig. 8b) emphasize the zonal wave train 
and the tropical anomaly of the meridional wave train, which 
tends to enhance the long-range moisture transport along the 
north Indian Ocean. The ISM mode (Fig. 8d) shows strong 
positive-phase meridional wave train but weak zonal wave 
train. Thus, this pattern tends to enhance moisture transport 
from the Bay of Bengal and the South China Sea. Moreover, 
the circulation of EAC mode (SOM3) (Fig. 8f) is featured 
by the south shift zonal wave train because this mode is 
mainly responsible for the westerly moisture transport. As 
is expected, the MWP mode (SOM4) (Fig. 8h) thus only has 
prominent anomalous circulation over the Western Pacific. 
Similarly, for the downward trend in T2 (Fig. 8c, e, g, i), the 
contributions to the negative-phase of meridional wave train 
can also be found in SOM1–3 with the well-organized zonal 

Fig. 6  Correlation map between projection time series (Pt) of pre-
cipitation trend and the anomalous geopotential height at 500  hPa 
(Z500): a, c and e for the upward precipitation trend in T1 based on 
ERAI, GPCC and station observation, respectively; b, d and f the 

same but for downward precipitation trend in T2. The red box in each 
plot marks the region of SC. The black boxes define the spatial ranges 
used in the construction of the zonal and meridional wave train index, 
refer to the text for more details
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wave train almost absent from the circulation pattern. In par-
ticular, the TIO mode has the most distinguished meridi-
onal wave train. At the same time, SOM2–3 show relatively 
weaker and eastward shifting meridional wave trains.

4  Discussion and conclusions

This study investigates the interdecadal variability of 
the summer precipitation in South China (SC) during 
1983–2013. It indicates that the summer precipitation over 
SC has experienced an interdecadal shift in the late 1990s. 
Multiple observational data and the reanalysis data confirm 
that a significant increasing trend of the summer rainfall 
before the year of 1997 (T1) and a significant reverse trend 
since then (T2). In order to investigate the interdecadal tran-
sition of the precipitation trends, the spatially unbounded 
DRM method is used to identify moisture sources affecting 
the precipitation and its variation in SC. During the sum-
mer season, the primary moisture sources for SC rainfall 
cover Eurasia continent, the Northern Indian Ocean, and the 
Western Pacific. The pathways of the moisture transport to 
SC mainly distribute in the western tropical Indian Ocean, 
the Arabian Sea, the Bay of Bengal, Southeast Asia, and the 

South China Sea. This pattern shows an apparent competi-
tion of moisture transport originating between the Indian 
Ocean and the Pacific Ocean.

On average, about 84% of water vapor for the SC pre-
cipitation is from the external moisture sources. So, rather 
than the water vapor from the local recycling process, the 
advective moisture is more important for the mean summer 
rainfall in SC. Moreover, for the interdecadal precipitation 
variation, the externally sourced precipitation also mainly 
explains the precipitation trend transition between T1 and 
T2. In order to explore the precipitation trend-related vari-
ation of moisture transport pathway, the distribution of the 
moisture trajectories of SC is further projected onto the SC 
precipitation trend in T1 and T2, respectively. Generally, the 
trend-related distribution pathway shows a seesaw between 
southwest transport pathway over the Indian Ocean and 
south/southeast pathway over the South China Sea, Mari-
time Continent and the Western Pacific.

The method of self-organizing map (SOM) is used to fur-
ther reveals the primary moisture transport pathways of the 
SC rainfall. Four pathways are isolated: (1) TIO, the cross-
equatorial moisture transport originating from the Somali 
Basin and through the Arabian Sea and the Bay of Bengal 
into SC; (2) ISM, the pathway over the Arabian Sea, the 

Fig. 7  The distribution of the precipitation events in the WTz–WTm 
plane, where the WTz and WTm are the zonal and meridional wave 
train index, respectively. The detailed definitions of the circulation 
index WTz and WTm can be found in Sect. 3.3. The plots, a and b, are 
the distributions of precipitation events in T1 and T2, respectively. 
The red/blue filled circle in each plot represents the positive/negative 
precipitation event. The positive/negative precipitation event is the 
month positively/negatively contributing to upward/downward pre-

cipitation trend in T1/T2. Moreover, the size of the circle corresponds 
to the magnitude of the normalized projection time series (Pt) of the 
GPCC precipitation trend scaled by the standard deviation ( � ) in T1 
and T2, just as shown by the legend at the bottom of the figure. The 
thick black line is the linear fit line of precipitation events with the 
regression coefficient shown in the upper right corner of the plot. The 
three asterisks in superscript of the coefficient suggest the regression 
passing p = 0.01 significance test
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Bay of Bengal, the South China Sea, and Southeast Asia; 
(3) EAC, the westerly transport pathway over Eurasia terres-
trial area with branches at the north and south boundary of 
Tibet Plateau; (4) MWP, the transport mainly from marginal 
seas and the Western Pacific. The moisture carried by the 
two southwest pathway modes (i.e., TIO and ISM), entirely 
explain the 67% (31.5% + 35.7%) of the SC precipitation, 
which suggests the water vapor transported by the South 
Asia monsoon mainly support the water vapor supply of SC. 
However, the moisture contributed by the westerly (EAC) 
and East Asia monsoon (MWP) only explains 17.8% and 
15% of the SC rainfall, respectively. The dominant roles of 
the southwest pathways (TIO and ISM) are also prominent 
in the contribution to the interdecadal variation of the SC 
precipitation. Quantitative analysis displays that TIO is the 
most significant contributor to the increasing trend in T1 
(50.4%) but ISM is the greatest one to the decreasing trend 
in T2 (51.2%).

In our analysis, the contribution of Western Pacific 
(MWP) to the interdecadal variation can be ignored. The 
moisture transport through pathway MWP is related to the 
shift of western Pacific subtropical anticyclone (Hsu and 
Lin 2007). Just as the previous study indicated, the change 
of the East Asia precipitation in the mid-1990s is uncorre-
lated to the extension of the western boundary of the western 
Pacific subtropical high (Kwon et al. 2007). Therefore, it 
suggests that the interdecadal transition of the SC rainfall 
in the 1990s is more likely related to the variation of other 
circulation systems.

We also explored the circulation associated with the trend 
transition of the SC precipitation. It is found that a well-
organized quasi-meridional wave train and a concurrent mid-
dle-latitude zonal wave train jointly dominate the increasing 
precipitation in T1. The zonal wave train spanning Eurasia 
shows a significant correlation to the circumglobal telecon-
nection (CGT). The meridional wave train located on the 
western boundary of Pacific shows the relationship with 
the Pacific Japan teleconnection (PJ). The zonal wave train 
seems to transport the energy from the Atlantic to East China 
coupled with the PJ-like wave train to the east of SC. The 
match relation between zonal wave train and the meridional 
pattern enhances the transport along the southwest moisture 

pathways over the Indian Ocean, which mainly determines 
the upward trend of the SC precipitation in T1. However, 
for the downward trend of precipitation in T2, only a weak 
coupling between the two wave trains is found. It seems 
that the enhanced PJ-like meridional wave train individually 
leads to the downward rainfall trend in T2.

It is noteworthy that the well-organized zonal and meridi-
onal wave trains that directly influence the interdecadal vari-
ability of the SC rainfall seem to have oceanic origins over 
the North Atlantic, Indian Ocean, and the Western Pacific. 
The SSTs of those oceans are likely to modulate the vari-
abilities of the wave trains. In order to reveal the extensive 
mechanisms of the precipitation variability in SC, the link-
age between SST variabilities and the wave trains should 
be established in future work. Furthermore, more effort is 
needed on the relative contributions of the SST forcing from 
different oceans to the variabilities of the SC precipitation. 
Studying those issues can help us to disentangle the compet-
itive or cooperative relationships between different oceans, 
and thereby the processes governing the atmospheric cir-
culation patterns associated with the rainfall change in SC.
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