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1.  INTRODUCTION

Precipitation is a highly important hydro-meteoro-
logical element which directly affects hydrological
cycles (Beyene et al. 2010, Willems & Vrac 2011, Wu

et al. 2013). Even a minor alteration in the precipita-
tion regimes of certain basins can result in a cascade
of effects on their water systems (Minville et al.
2008). Precipitation patterns are highly sensitive to
climate change and thus have attracted significant
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ABSTRACT: Anomalous precipitation during the rainy season (April−June) exerts a considerable
impact on hydro-climatic processes in the Poyang Lake Basin (PLB), China. In this study, the spa-
tial and temporal patterns of rainy season precipitation from 1960 to 2014 were investigated using
principal component analysis. Possible associations of rainy season precipitation with Niño-3.4 sea
surface temperature (SST), maximum consecutive 5 d precipitation amount (RX5day), and diurnal
temperature range (DTR) were explored through linear regression analysis. The possible water
vapor flux mechanisms for the rainy seasons in dry/wet years were also investigated. The primary
spatial pattern indicated a common variation trend in rainy season precipitation, and the variabil-
ity in maximum value of this, occurring around 28°N, decreased to the north and to the south. The
corresponding time series of the primary spatial pattern implied that northern parts were more
vulnerable to drought and flood than other parts of the basin. The secondary spatial pattern indi-
cated a north−south dipole, and the corresponding time series showed strong interannual variabil-
ity. The results also showed that Niño-3.4 SST in winter may positively impact the subsequent
year’s rainy season precipitation. Strongly positive correlation existed between RX5day and rainy
season precipitation, but the correlation between DTR and rainy season precipitation was nega-
tive. Further, the water vapor transport from western boundaries into the PLB was substantial,
whereas across the eastern boundary there was mainly an output of water vapor. Large input/out-
put values were concentrated at about 850 hPa. Composite analysis indicated that a sizeable
quantity of water vapor converged over the basin in wet years, forming effective precipitation
with negative values of divergence over the PLB. For dry years, positive anomalies in water vapor
flux divergence implied that little water vapor had  converged over the basin.
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research attention, especially at the basin scale,
where water is primarily sustained by natural precip-
itation (Ward et al. 2011). Rainy re gions are likely to
get wetter during the wet season; similarly, dry
regions maybe tend to get drier during the dry sea-
son. To this effect, seasonal precipitation variations
may impart significant consequences as far as the
frequency of droughts and floods, even if annual pre-
cipitation is fairly stable (Chou et al. 2013).

Variations in precipitation, especially during the
rainy season, have an apparent influence on the
hydro- climatic process (Frumau et al. 2011). For ex -
ample, the western sub-basins of the Yangtze River
have shown diverse periods of precipitation variance;
central and eastern sub-basins showed particularly
high precipitation variance in the 1980s and 1990s
(Hartmann et al. 2012). Flood and drought distribu-
tions are usually determined by the onset and dura-
tion of the rainy season and precipitation patterns
(Zhang et al. 2015); therefore, it is crucial to under-
stand spatio-temporal precipitation variations during
the rainy season to predict the effects of climate
change on hydrological cycles at the basin scale.

Many previous researchers have analyzed precipi-
tation changes on annual or seasonal scales through-
out different parts of the world. For example, Tošić et
al. (2016) explored the annual and seasonal vari -
ability of precipitation and temperature in Slovenia
from 1961 to 2011 and found that significant relation-
ships exist between annual and winter precipitation
and the North Atlantic Oscillation (NAO). Deng et al.
(2014) demonstrated via empirical orthogonal func-
tions (EOFs) that changes in annual precipitation in
East Asian regions are mainly dependent on the East
Asian summer monsoon, the El Niño−Southern Oscil-
lation (ENSO), and aerosols. Qian et al. (2015) found
that the Sichuan Basin (China) is characterized by
large-scale atmospheric features. The area over the
Sichuan Basin has weak convergence in low- and
mid-tropospheric levels at the leeward slope of the
Tibet Plateau and is affected by the upper tropo -
spheric jet stream to the north during the rainy sea-
son. Until now, rainy season precipitation over the
Poyang Lake Basin (PLB) has seen relatively little
research, even though it is characterized as the
largest freshwater lake in China. In this study, we fo -
cused on precipitation patterns during the rainy sea-
son, and further explored the possible mechanisms
behind rainy season precipitation in the PLB.

Some researchers have also explored possible tele-
connections between precipitation and ENSO. For
example, Xiao et al. (2015) studied the teleconnec-
tions between seasonal precipitation characteristics

and ENSO over the Yangtze River Basin according to
rotated EOFs and found that ENSO is the key cause
of changes in seasonal precipitation. Pervez & Hene-
bry (2015) evaluated the precipitation mechanisms
over the Ganges and Brahmaputra basins from 1901
to 2010 and concluded that the ENSO and Indian
Ocean Dipole (IOD) modes modulated precipitation
during monsoon months. Shaman (2014) analyzed
the characteristics of seasonal atmospheric telecon-
nection between ENSO and precipitation in western
Europe and found that ENSO-associated precipita-
tion changes are significant during boreal spring and
fall seasons but negligible and absent during boreal
summer and winter, respectively. The diurnal tem-
perature range (DTR) also has a sizeable (and likely
negative) impact on precipitation (Shen et al. 2014).
Zhang et al. (2014a) explored the influence of climate
indices on extreme precipitation based on an ana -
lysis of annual and seasonal ENSO, IOD, NAO, and
Pacific Decadal Oscillation impacts on the maximum
1 d precipitation (RX1day) and maximum consecu-
tive 5 d precipitation (RX5day) in the PLB; they found
that these precipitation indices are mainly influenced
by the prior year’s ENSO. One of the most important
indicators of extreme precipitation is RX5day, and
regimes shifting along the eastern to western parts of
the PLB may contribute to varying seasonal move-
ments of the precipitation belt (Zhang et al. 2014b).

The studies discussed in the previous paragraphs
have provided valuable information regarding pre-
cipitation patterns in several different study regions.
However, several important questions still remain
unanswered. For example, the fundamental spatial
and temporal characteristics of rainy season precipi-
tation remain elusive. Further, what are the possible
connections between rainy season precipitation and
ENSO, RX5day, and DTR in the PLB? What are the
atmospheric circulation mechanisms behind changes
in wet/dry years of the rainy season? For these
purpo ses, we applied principal component analysis
(PCA), linear regression, and the water vapor flux
method to investigate the spatio-temporal variability
and potential rainy season precipitation mechanisms
in the PLB.

The primary objective of this study was 3-fold: (1)
to explore the spatio-temporal patterns of rainy sea-
son precipitation using PCA; (2) to evaluate the pos-
sible relationships between rainy season precipi -
tation and ENSO, RX5day, and DTR using linear
regression; and (3) to investigate the water vapor flux
characteristics behind rainy season precipitation in
wet/dry years in the PLB according to ERA-20C
reanalysis data.
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2.  STUDY AREA AND DATA SOURCES

The Poyang Lake Basin (24°−30° N, 113°−119° E) is
located in the middle and lower regions of the Yang -
tze River Basin, and has a drainage area of 16.22 ×
104 km2. The basin has 5 main sub-basins: the Gan,
Fu, Xin, Xiu, and Rao Rivers, from south to north, res -

pectively (Fig. 1). The basin is predomi-
nantly located in a humid subtropical
climate, characterized by an nual mean
precipitation of 1649 mm from 1960 to
2013, where about 50% of the precipi-
tation oc cur red from April to June. Rain
belt patterns are related to the seasonal
motion of subtropical high pressure and
East Asian monsoon activities. The an-
nual mean temperature is 17.9°C. The
region is topographically complex, with
mountainous regions, hills, and  low-
lying alluvial plains in elevations
 ranging from –17 to 2103 m (above sea
level). Elevation affects the spatial dis-
tribution of precipitation during rainy
seasons (Wen & Chen 2006).

From the available China Meteoro-
logical Administration records that have
been verified by quality control and
 homogeneity assessment (Alex anders -
son 1986, Feng et al. 2004), 83 surface
meteorological stations (Fig. 1) were
 ultimately selected covering the period
1960−2014. According to the se lection
standard of the highest  rainfall from 3
consecutive months (Fig. 2a), and the
requirement of >0.75 times the standard
deviation (SD) of precipitation anom-
alies (Fig. 2b) in the PLB, we defined
the rainy season as April−June. This is
consistent with the definition of rainy

season provided by Wen & Chen (2006).
In the Niño-3.4 region (5° N−5° S, 120°−170°W),

SST is typically used to represent the ENSO ampli-
tude accounting for the dominant coupled oceanic−
atmospheric mode of the tropical Pacific (Cane 1992).
The mature phase of ENSO tends to occur during
the winter (December−February) (Larkin & Harrison
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Fig. 1. Meteorological stations (dots), rivers, and sub-basins in the Poyang 
Lake Basin. DEM: digital elevation model

Fig. 2. (a) Monthly mean precipitation and (b) precipitation anomalies from 1960 to 2014
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2002). In this study, we used the previous winter’s
Niño-3.4 SST to explain the current year’s rainy sea-
son precipitation. Niño-3.4 SST data were provided
by the Climate Prediction Center of the National
Oceanic and Atmospheric Administration (Douglass
2011). DTR represents the difference between maxi-
mum and minimum temperatures, which are likely
related to precipitation changes (Guan et al. 2015); it
is commonly accepted that a small DTR corresponds
to abundant precipitation (Sayemuzzaman et al. 2015),
especially over subtropical regions during summer
months (He et al. 2015). RX5day is often considered
to reflect extreme precipitation (You et al. 2011,
Wang & Li 2016).

In this study, we applied the Thiessen polygon
method to the 83 meteorological stations to obtain a
regional average data series. We calculated RX5day
and DTR values during the rainy season using
RClimDex software (Zhang & Yang 2004, Zhang et
al. 2005), which was developed and is currently
maintained by Xuebin Zhang and Feng Yang at the
Climate Research Branch of the Meteorological
 Service of Canada. Software and documentation are
available at their Web site (http://etccdi.pacific
climate. org/software.shtml). To better understand the
precipitation regime caused by large-scale atmo -
sphe ric circulation patterns during rainy seasons
over the PLB, monthly mean horizontal wind field
(the u and v components of the wind), surface pres-
sure, and specific humidity field data were calculated
according to ERA-20C reanalysis data (Poli et al.
2013) for the period 1960−2010. The dataset is sup-
ported by the European Centre for Medium-Range
Weather Forecasts. It has a 0.5° × 0.5° longitude−
latitude horizontal resolution and 20 vertical layers
(wind field and specific humidity field have 20 verti-
cal layers: 1000, 975, 950, 925, 900, 875, 850, 825, 800,
775, 750, 700, 650, 600, 550, 500, 450, 400, 350, and
300 hPa) due to their importance, especially for verti-
cal levels (Trenberth & Guillemot 1998).

3.  METHODOLOGY

3.1.  PCA

PCA is a very useful method for regionalizing the
spatio-temporal features of hydro-climatic data (Abdi
& Williams 2010, Santos et al. 2010). It is a multivariate
analysis technique that employs an orthogonal trans-
formation to convert a series of potentially correlated
variables into a series of linearly uncorrelated vari-
ables called principal components (PCs) in de creasing

order of importance (Demšar et al. 2013, Gocic & Traj -
kovic 2014). We standardized the rainy season precip-
itation data for each station prior to applying PCA.
The standardized precipitation data matrix contains
rows for the observations (55 yr) and columns for the
stations (83 in total). The PCA was run in the factor
analysis module of Statistical Product and Service
 Solutions (SPSS) software. First, the correlation co -
efficients matrix of standardized precipitation was
computed; then, the eigenvalues and corresponding
eigenvectors of the correlation coefficient matrix were
calculated. The loadings (eigenvectors) denote the
weight by which standardized precipitation of each
station must be multiplied to obtain the component
score. PC extraction was conducted based on the
 correlation matrix, and each eigenvector was used to
project the standardized precipitation to compute the
PC coefficients (Santos et al. 2010). The proportion of
the variance that each eigenvector represents can be
calculated by dividing the eigenvalue corresponding
to that eigenvector by the sum of all eigenvalues.

We applied North’s rule of thumb (North et al.
1982) and a scree plot (Cattell 1966) to determine
how many PCs to retain. North’s rule of thumb for the
typical error is estimated by the following formula:

(1)

where e, c, and n represent an eigenvector, a con-
stant, and the number of independent samples,
respectively, where i represents the sequence of pat-
terns, and j represents the sequence of those other
EOFs ej that correspond to the eigenvalues λj closest
to λi. There are 3 important things to note about this
equation. (1) The first-order error Δei is of the order
of ; thus, convergence to zero is slow. (2) The first-
order error Δei is orthogonal to the true EOF ei. (3)
The ith EOF ei is most strongly conta minated by the
patterns of those other EOFs ej that correspond to the
eigenvalues λj closest to λi. The smaller the differ-
ence between λj and λi, the more severe the contam-
ination. The spatial patterns (loa ding patterns) of
rainy season precipitation were drawn using the
inverse distance weighting inter polation approach,
because it is simple, quick, and readily computed
and interpreted (Lu & Wong 2008).

3.2.  Water vapor flux

We used the following equations to explore large-
scale circulation mechanisms behind the variations
in rainy season precipitation over the PLB.
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According to Trenberth (1991), the vertically inte-
grated water vapor flux over and around the PLB can
be calculated as follows:

(2)

(3)

where Qu and Qv represent integrated water vapor
flux for zonal and meridional wind components g, q,
u, v, and p are the gravitational acceleration, specific
humidity, zonal wind, meridional wind, and pressure,
respectively; Ps is surface pressure; and Pt is top
 pressure, which is equal to 300 hPa in the  calculation
process, as there is negligible water vapor above
300 hPa (Zhou 2003).

We used the following equations to quantitatively
calculate rainy season water vapor transport across
the boundaries of the PLB (Lin et al. 2016):

(4)

(5)
and

(6)

where a, φ, and λ represent the earth’s radius, lati-
tude, and longitude, respectively; and Fu, Fv, and Ds

denote zonal, meridional, and regional net water
vapor balance, respectively.

4.  RESULTS AND DISCUSSION

4.1.  Spatial and temporal patterns of rainy 
season precipitation

Rainy season (April−June) precipitation in the PLB
may be controlled by the northwestern edge of the
subtropical high pressure front. The spatial distribu-
tion of rainy season precipitation generally shows a
northeast−southwest gradient (Fig. 3a), decreasing
from >880 mm in the northeast (Xin River Basin) to
<630 mm in the southwest (Gan River Basin), which
is indicative of monsoon and terrain topographical
conditions (Guo et al. 2008). The Xin River Basin is
relatively wide with gradual slopes generally below
200 m in elevation. These slopes form an east−west
corridor which readily transports water vapor across
the basin in rainy seasons. High precipitation in the
rainy season may be responsible for the fact that the
Xin River Basin has the second-largest runoff volume
in the 5 sub-basins of the PLB. Low precipitation was
observed in the southwest, likely (1) because the
water vapor channel is located in the southeastern
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Fig. 3. (a) Spatial and (b) temporal patterns of precipitation
during rainy seasons for the period 1960−2014. Temporal
 series are standardized by Z-score (Z-score values >1 (<–1)
indicate abundant (little) precipitation during the rainy sea-
son for the specific years); black line: 9 yr moving average
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part of the PLB in spring, and there is less precipita-
tion in the southwest; (2) because the subtropical
high north ward jump in the summer pushes the rain

belt to the northern part of the PLB, leaving relatively
 little precipitation in the southwest; and (3) because
of the downwind slopes of the mountains (leeward
slopes of mountains receive less precipitation due to
the föhn wind effect). However, the temporal fea-
tures of rainy season precipitation are more complex
than these spatial features and did not explicitly
exhibit apparent linear trends (Fig. 3b). Seasonal
precipitation exhibited considerable inter annual os -
cillation after standardization, with larger amplitudes
in 1960−1965, 1970−1980, 1990− 2000, and 2009−
2014 compared to other years in the study period
(Fig. 3b). The 9 yr moving average for precipitation
clearly indicates the cycle characteristics. Different
years of rainy season precipitation were classified
into wet, dry, and normal categories based on the
threshold of 1 SD (Fig. 3b). The wet years were 1962,
1973, 1975, 1977, 1983, 1994, 1995, 1998, and 2010,
and the dry years included 1963, 1985, 1986, 1991,
2007, and 2009.

We applied the PCA method to further examine the
spatial and temporal characteristics of rainy season

precipitation over the PLB. The first 7
eigenvalues (>1) for rainy season pre-
cipitation with the corresponding error
bar at 5% significance level are shown
in Fig. 4. The first 2 PCs were selected
for analysis according to North’s rule
of thumb and the scree plot of the
eigenvalues. The variance contribu-
tions of these first 2 PCs were 54.33
and 17.67%, and the cumulative vari-
ance reached 72%. We examined the
spatial variability using the regression
of standardized PCs with the original
precipitation fields to identify the
rainy season precipitation patterns.
PC-1 versus the original pre cipitation
re gression slope (Fig. 5a) represents
the most distinctive features of spatial
variations in rainy season precipita-
tion. As shown in Fig. 5a, all values
were positive; this indicates a common
variation in rainy season precipitation
throughout the entire basin. The vari-
ability of this regression field reached
its maximum value around 28°N and
de creased to the north, to the west
and to the south. The corresponding
time series PC-1 (Fig. 5c) indicated
that a larger PC-1 value represents a
higher level of precipitation. Northern
parts of the PLB were more vulnerable
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Fig. 4. Scree plot of first 7 eigenvalues and corresponding
error bars at 5% significance level resulting from principal
component analysis applied to rainy season precipitation

Fig. 5. (a,b) Principal components 1 and 2 (PC-1 and PC-2) versus original
precipitation field regression slope. Values above or below the ‘red line’ indi-
cate anomalous precipitation during the rainy season. Black dots: areas pass-
ing F-test at 5% significance level; white dots: regions not passing. (c,d) Time
series of corresponding PC scores (unit: normalized). Black line: 9 yr moving 

average. PCP: principal component pursuit
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to droughts and floods than other parts of the PLB.
The 9 yr moving average (Fig. 5c) indicated negative
phases for 1982− 1991, suggesting relatively little rain-
fall (i.e. likelihood of drought). The positive phases for
the periods 1970− 1980 and 1992−2000 represent rela-
tively more precipitation (i.e. likelihood of flooding).
The PLB was prone to abrupt alternations between
droughts and floods, such as the years from 1962 to
1963 (floods to droughts) and 2009 to 2010 (droughts
to floods), in which larger negative/positive values
(negative  values <−1 and positive values >1) of PC-1
were ob served.

PC-2 versus the original precipitation regression
slope including both positive and negative values is
shown in Fig. 5b. The zero isoline, aligned with about
28.1°N, allowed us to divide the basin into 2 sub-
regions with a north−south anti-phase distribution in
response to rainy season precipitation changes. This
may be due to their respective topography: areas
north of 28.1°N are mostly plains, and areas south of
28.1°N are mostly mountainous (Fig. 1). The north−
south anti-phase patterns in Fig. 5b indicated that
wet/dry events in the south coincide with the dry/ wet
events in the north of the PLB. PC-2 (Fig. 5d) also
showed strong interannual variability. The associa-
tion of PC-2 with the corresponding spatial pattern
implied that PLB was prone to heavy wetness in the
south and heavy dryness in the north in 1961, 1962,
1968, 1981, 1982, 1984, 2001, 2005, and 2010, where
PC-2 values are >1 SD. Conversely, the PLB was
prone to heavy dryness in the south and heavy wet-
ness in the north in 1963, 1967, 1969, 1971, 1991,

1995, 1998, 1999, 2003, and 2011 according to the
PC-2 values that are <–1 SD. The 9 yr moving aver-
age (Fig. 5d) clearly showed interdecadal variations.

4.2.  Relationships between precipitation and
3 climate indices

We utilized the linear regression method to explore
the possible linkages between rainy season precipi-
tation and 3 climate indices (Niño-3.4 SST, RX5day,
and DTR). Fig. 6 shows the regression coefficient pat-
terns of the precipitation anomalies regressed onto
the abovementioned indices (standardized). We used
the previous winter’s Niño-3.4 SST to explain the cur-
rent year’s rainy season precipitation. As shown in
Fig. 6a, most regions showed positive regression
coefficients, demonstrating that ENSO in a given
year contributes to rainy season precipitation in the
subsequent year. Previous researchers have obtained
some similar results (Zhang et al. 2014a, 2016, Tian et
al. 2016). Most stations in our study area passed the
5% significance level on the F-test centered within
27.2°− 28.5°N, 115.5°−118°E, an area that received
an abundance of precipitation (Figs. 3a & 5a). To
some extent, this indicates that areas with large
amounts of precipitation in the basin are more sensi-
tive to ENSO. Our results also support the idea that
precipitation in eastern China is strongly influenced
by ENSO teleconnections (Jin et al. 2016). The
regression patterns for RX5day shown in Fig. 6b sug-
gest a positive contribution of extreme precipitation
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Fig. 6. Precipitation anomalies regressed onto the (a) Niño-3.4 SST, (b) RX5day, and (c) diurnal temperature range (DTR) (unit:
mm). Niño-3.4 SST, RX5day, and DTR are standardized. Black dots: areas passing F-test at 5% significance level; white dots: 

regions not passing
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to total precipitation during the rainy season—all
stations passed the 5% significance level on the F-
test, and regression coefficients of northern basin
areas showed high positive values, implying that the
large total amount of precipitation corresponds to
high extreme precipitation during the rainy season.
Trenberth & Shea (2005) found that the strong nega-
tive correlations exist between temperature and pre-
cipitation on land surfaces because dry conditions
likely indicate more sunshine and less evaporative
cooling, while wet summers often tend to have cool
temperatures. DTR may be associated with regional
precipitation. According to Fig. 6c, the entire basin
showed negative regression coefficients, and almost
all stations passed the 5% significance level on the F-
test. Similar studies (He et al. 2015) have shown that
China features a significantly negative relationship
between precipitation deficit and the percentage of
high DTR days and maximum high DTR duration,
especially in summer months. Sayemuzzaman et al.
(2015) also found DTR to be negatively correlated
with precipitation in other regions (specifically North
Carolina, USA). We found that the negative coeffi-
cients were more obvious in the north of the basin
than in the south, indicating that DTR can more ef -
fectively reflect precipitation in the areas that receive
abundant precipitation.

4.3.  Water vapor transport flux

The atmospheric circulation of water vapor affects
the spatio-temporal patterns of rainy season precipi-
tation (Shankman et al. 2006, Yan et al. 2013). The
climatological water vapor flux during rainy seasons
over and around the PLB derived from ERA-20C
reanalysis data is shown in Fig. 7. A box covering
24°−30° N, 113°−119° E (Fig. 7) was applied to calcu-
late the water vapor transport budget across the 4
boundaries (south, north, west, and east) of the PLB.
There are 2 main water vapor channels for the rainy
season precipitation over the PLB: the first important
channel is dominated by the southwest monsoon,
which carries abundant water vapor from the Ara-
bian Sea and Bay of Bengal into the PLB, mainly
through the western boundary; the second channel is
occupied by the southerly wind originating from the
southwestern edge of the western Pacific subtropical
high.

We quantified the vertically integrated water vapor
transport during the rainy season across the 4 bound-
aries of the PLB for the climatological mean in 1960−
2010, as illustrated in Fig. 8. The water vapor trans -

port from western boundaries into the PLB was the
largest, with an annual mean value of 113.83 × 106 kg
s−1, accounting for 58% of the total incoming water
transport over the whole PLB. The water vapor trans-
port flowing into the PLB from southern boundaries
was 82.58 × 106 kg s−1. The main outgoing water
vapor was from the eastern boundary, comprising
79% (124.47 × 106 kg s−1) of the total output of water
transport over the PLB. The output of water vapor

Fig. 8. Vertically integrated water vapor transport (unit:
106 kg s−1) during rainy seasons (April−June) averaged for
1960−2010 from 1000 to 300 hPa across 4 Poyang Lake Basin
boundaries based on ERA-20C reanalysis data. Blue (red)
arrows represent vertically integrated water vapor input 

(output) across 4 boundaries

Fig. 7. Vertically integrated water vapor transport during
rainy seasons (April−June) for the period 1960−2010. Mod-
ena box (24°−30° N, 113°−119° E) applied to quantify water
vapor transport across 4 Poyang Lake Basin boundaries
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from the northern boundary (33.08 × 106 kg s−1) was
much smaller than that from the east side. The an -
nual mean net value of water vapor transport was
33.83 × 106 kg s−1.

Upon further estimation, we calculated the rainy
season water vapor transport on the vertical section

of the 4 boundaries of the PLB as presented in Fig. 9.
On the southern boundary (Fig. 9a), water vapor was
transported inwards on all vertical levels. The largest
value of water vapor input occurred on the lower
 levels (950−800 hPa), exceeding 3.5 × 10−3 kg m−1 s−1

Pa−1. There was little moisture transport (below 0.5 ×
10−3 kg m−1 s−1 Pa−1) above the
500 hPa level. Fig. 9b shows the water
vapor flowing out the PLB from the
northern boundary on all vertical
pressure levels, where the center of
the water vapor output is located at
about 117.5° E near 900 hPa. At the
western boundary of the PLB, the
water vapor entering the basin ex -
tended across all pressure levels
(Fig. 9c). The amount of water vapor
on this boundary was very strong,
producing an import of above 4 ×
10−3 kg m−1 s−1 Pa−1 between 24−28° E
on 850−700 hPa. As shown in Fig. 9d,
the axis of water vapor conveyance
was identified in the southern part of
the PLB; the water vapor departing
the PLB from the southern part was
greater than that from the northern
part through the eastern boundary.
The quantity of incoming water vapor
from the western boundary was
greater than that from the southern
boundary, especially above the
height of 700 hPa, which implies that
the strength of the southwesterly
wind is greater than that of the
southerly wind (especially above
700 hPa). There was much more
water vapor output on the eastern
boundary than on the northern
boundary below 700 hPa.

To further investigate the variation
in large-scale atmospheric circulation
of water vapor behind rainy season
precipitation in wet/dry years, we
applied composite analysis to the
ERA-20C reanalysis data according
to the precipitation Z-scores (Fig. 3b).
There were 9 wet years and 6 dry
years in the dataset. The water trans-
port ano malies and divergence ano -
malies at the vertically integrated
layer atmo spheric column for wet/dry
years are shown in Fig. 10. In wet
years, the water vapor anomaly fields
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Fig. 9. Annual average (1960−2010) water vapor transport during rainy sea-
sons (April−June) on vertical sections of the (a) southern, (b) northern, (c) 

western, and (d) eastern boundaries of the Poyang Lake Basin

Fig. 10. Rainy season (April−June) water vapor transport anomalies (vector)
and divergence anomalies (shaded) at vertically integrated layer (surface to
300 hPa) atmospheric column for (a) wet years and (b) dry years. Stippling:
 areas passing t-test at 5% significance level. Anomalies were calculated
based on the difference between water vapor flux in wet/dry years and 

climate mean water vapor flux during rainy seasons
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(Fig. 10a) formed an anticyclone ano maly centered at
the western Pacific region (about 18° N, 130° E) and
water vapor anomalies which signifi cantly increased
(at <5% significance level by t-test over entire PLB)
due to transport of large amounts of water vapor by
the strong southwesterly wind. Interestingly, there
was a reversed anomaly pattern in dry years with a
cyclone anomaly centered around 16° N, 135° E,
where water vapor was transported in substantial
quantities (at <5% significance level by t-test, north-
ern and southern parts of PLB) by easterly and north-
easterly winds (Fig. 10b).

Water vapor flux convergence is an important pre-
condition for precipitation (Feng & Zhou 2012) and a
critical factor in precipitation formation, especially in
the rainy season. Water vapor flux was profuse
throughout the basin (Fig. 10a) during rainy seasons
of wet years, at which time large water vapor anom-
alies from the South China Sea were carried into the
basin by strongly southwesterly monsoons. Water
vapor converged over the basin in strong rainy sea-
sons because water vapor flux divergence was
 negative (i.e. precipitation readily formed). The
southwesterly water vapor flux and the weakening
mon soon then strengthened the precipitation and
limited the northward extension of the East Asian
summer monsoon into northern China. These atmo -
spheric circulation patterns al lowed Meiyu fronts to
remain longer over the middle and lower reaches of
the Yangtze River Basin (Wang & Zhou 2005), caus-
ing increased precipitation in the PLB.

Rainy seasons in wet years were typically caused
by stronger Jianghuai quasi-stationary fronts, which
slowed northward rainfall belt movement, brought
more precipitation into the PLB, and determined the
northward movement according to the onset and
northward development of East Asian summer mon-
soons (Zhang et al. 2008). To this effect, flood events
in wet year rainy seasons occurred due to abundant
water vapor flux affecting rainfall. In dry years, the
high positive anomaly values in water vapor flux
divergence (Fig. 10b) imply that the small water
vapor convergence over the basin was mainly con-
trolled by easterly and northeasterly moisture anom-
alies. Stronger northward water va por benefitted
the movement of the rainfall belt, thereby increasing
precipitation in the area be tween the Yangtze and
Yellow rivers and decreasing it in the south of the
middle and lower Yangtze River Basin areas (Wang
& Zhou 2005, Zhang et al. 2008), especially in the
PLB. This was not conducive to the formation of pre-
cipitation within the stronger northward water
vapor.

5.  CONCLUSIONS

In this study, we explored the spatio-temporal pat-
terns of rainy season precipitation in the PLB from
1960 to 2014 through their possible associations with
ENSO, RX5day, DTR, and water vapor flux mecha-
nisms. Our most notable conclusions can be summa-
rized as follows:

(1) The spatial distribution of average rainy season
precipitation over the PLB generally has a north-
east−southwest gradient. The first 2 PCs accounted
for 54.33 and 17.67% of the variance contribution.
The regression coefficients of PC-1 versus original
precipitation were all positive, indicating a common
variation in rainy season precipitation across the
entire basin. According to PC-1, northern parts of the
PLB were more vulnerable to heavy dryness/wetness
than other parts of the basin during the study period.
PC-2 versus the original precipitation regression
slope represented a north−south dipole, with a zero
isoline aligned to 28.1° N across the basin; this indi-
cated that the PLB tends to suffer wet/dry events in
the south and dry/wet events in the north. The PC-2
showed strong interannual variability.

(2) Slightly positive correlation was found between
a given winter’s Niño-3.4 SST and the subsequent
year’s rainy season precipitation, while strongly pos-
itive correlation existed between RX5day and rainy
season precipitation. The entire basin showed nega-
tive correlation between DTR and rainy season pre-
cipitation, which indicated that DTR can negatively
impact precipitation during the rainy season. The
impacts of these indices are more obvious in regions
that receive abundant precipitation on the whole.

(3) The water vapor transport from western
boundaries into the PLB was the largest, with an
import value above 4 × 10−3 kg m−1 s−1 Pa−1 located
between 24° and 28° E at 850−700 hPa. Most outgo-
ing water vapor moved across the eastern boundary.
The axis of water vapor conveyance was located at
the southern part of the PLB at 900−850 hPa. Across
the whole basin, the net value of mean annual
water vapor transport was 33.83 × 106 kg s−1, imply-
ing  significant water transport into the PLB con-
tributing to rainy season precipitation. Composite
analysis showed that water vapor flux was profuse
over the basin during wet year rainy seasons, when
substantial amounts of water vapor from the South
China Sea were carried into the basin by strong
southwesterly monsoons. Dry years produced higher
anomaly values in water vapor flux divergence,
implying that little water vapor converged over the
basin.
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