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1.  INTRODUCTION

Climate change, especially changes in precipita-
tion, has received increasing attention worldwide in
recent decades. Precipitation is among the most
important components of climate and hydrological
systems. Enhanced changes in precipitation, which
have been primarily attributed to global warming,
have a significant effect on water resources, such as
the frequency, intensity, and duration of droughts
and floods, and can cause tremendous financial costs
and loss of human life (Piao et al. 2010, Bouwer 2011).
Changes in precipitation affect ecosystem processes,
especially plant growth and ecosystem carbon bal-
ance (Wu et al. 2011). Furthermore, extreme precipi-

tation, including floods and droughts, can increase
the vulnerability of ecosystems (Yu et al. 2012). The
Intergovernmental Panel on Climate Change (IPCC)
reported an increase in global average precipitation,
and also indicated a decrease in the precipitation
amount at subtropical latitudes and a significant
increase at the northern high latitudes (IPCC 2013).
Model projections have also been employed to
understand historical changes in precipitation, as
well as future changes (Bukovsky & Karoly 2011,
Chen & Frauenfeld 2014).

Despite previous studies of global warming im -
pacts on precipitation, there is still a need to evaluate
precipitation changes at regional and watershed
 levels, due to the different local environmental con-
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ditions which can influence the local precipitation
variation to a certain extent. Historical large-scale
precipitation observations and forecasts are less
helpful in local-scale planning, because precipitation
changes, especially changes in extreme events, vary
among regions. Precipitation changes do not appear
simultaneously and uniformly, and they exhibit a
strong correlation with the local climate and other
regional factors such as geographical variation and
local sources of aerosols. Although an individual
extreme precipitation event is usually insignificant
on a large scale due to its specific scope of influence
and duration, it may be fatal on a sub-regional scale.
The IPCC confirmed the substantial variation in pre-
cipitation among regions in the 21st century (IPCC
2014). Various studies have investigated regional
precipitation changes. Chaplot (2007) employed a
Soil and Water Assessment Tool model to predict
the response of water and soil resources to global
 climate change, and emphasized the importance
of watershed-level investigations. Applying multi -
variate methods, Dinpashoh et al. (2004) di vided the-
precipitation climate of Iran into 7 regions, and the
results showed different types of growth curves. An
investigation into Krakow, Poland, was performed to
identify the long-term variability of  different types of
regional precipitation in winter and demonstrate the
influence of regional air temperature on the changes
in winter precipitation (Twardosz et al. 2012). A
regional difference was also identified across the US
by Portmann et al. (2009), which also confirmed the
existence of a ‘warming hole’ (Kunkel et al. 2003).
Studies of spatial variation in precipitation have also
been conducted in China (Yuan et al. 2010, Zhang et
al. 2011). For example, You et al. (2011) concluded
that the frequency and intensity of precipitation in
China varied among regions, and were mostly influ-
enced by the summer monsoon and Mongolia geo -
potential height, which redistributed the water vapor
flux in the atmosphere.

Recent studies have proven a widening range in
precipitation between wet and dry seasons, which
may cause frequent droughts and floods (Chou et
al. 2013). Summer precipitation in China is primarily
do minated by the East Asia summer monsoon and
several other factors. An abrupt change in summer
climate (temperature and rainfall) was recorded
around the mid-1970s in East Asia and was related
to the intensification and westward and southward
extension of the western Pacific subtropical high,
the variations of geopotential height over Eurasia,
and the change in sea surface temperature over the
tropical Indian Ocean and tropical western Pacific

(Hu 1997). Similar findings were also reported by
Wang (2001). Numerous studies have investigated
the patterns of change in summer precipitation in
China. For example, analyzing the summer precipi-
tation from 1957− 2008 revealed a ‘north drying and
south wetting’ pattern in China (Ye et al. 2013). Zhai
et al. (2005) re corded  inter-decadal variation in
 summer precipitation in eastern China, which sub-
stantially correlated with the Asian summer mon-
soon. Compared to the period from 1979−1990,
the Huang-Huai River region showed increased sum-
mer precipitation, whereas summer pre cipitation de -
creased in the Yangtze River region from 2000−2008
(Zhu et al. 2011).

The Qiantang River basin is located in eastern
China, which is characterized by rapid economic
development, an explosion in population, and high
levels of urbanization. The Qiantang River provides
fresh water to Zhejiang province. However, this
region has experienced droughts and floods in recent
decades, which resulted in significant economic costs
and losses of human life (Dai et al. 1998). Such costs
are extremely severe during the typhoon seasons,
when typhoons produce extreme heavy precipita-
tion. In 2011, a serious flood that occurred in this
region due to continuous heavy rainfall events was
considered to be the largest flood since the 1950s.
Several projections have been carried out for this
region to investigate changes in precipitation in the
21st century. By applying weather generator down-
scaling, simulations of extreme precipitation in the
21st century have been developed, and the study
region has shown an increasing trend of extreme
precipitation events in various general circulation
models and emission scenarios (Xu et al. 2012). Pre-
cipitation will increase over high elevation areas in
this region, while decreases in precipitation will
occur over the plains in the late 21st century (Xu et
al. 2014). However, there are few detailed studies
about historical precipitation, especially with respect
to changes in precipitation of different magnitudes
and at multiple scales. Understanding historical cli-
mate characteristics, which significantly affect the
hydrological cycle, is critical for improving water
management and disaster warning.

This study primarily focused on the changes in pre-
cipitation from 1960−2006 in this region. We selected
this period to be consistent with the temperature
analysis in our previous study (Xia et al. 2015). Here
we examined daily precipitation series to achieve
the following objectives: (1) detect possible trends in
annual and summer precipitation, as well as extreme
precipitation events, (2) identify spatio-temporal
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varia tion in annual and summer precipitation for the
long-term series, and (3) identify the main modes of
summer precipitation variation.

2.  MATERIALS AND METHODS

2.1.  Study region and meteorological data

The Qiantang River basin, which is among the
most economically developed regions in eastern
China, is mainly located in Zhejiang Province. This
region is divided into 3 sub-catchments: Lanjiang,
Xin’anjiang, and Fuchunjiang. The total drainage is
approximately 55 600 km2, with a main stream length
of 688 km. This region is primarily dominated by
the sub-tropical monsoon climate, with an annual
average temperature of ~17°C, and an an nual aver-
age precipitation of ~1600 mm. In addition to the
monsoon climate, this region has varied topography,
which produces heterogeneous precipitation over
the basin. The summer is characterized by high tem-
peratures and abundant precipitation, whereas the
winter is cold and dry. Monthly pre cipitation is dis-
tributed with a bimodal pattern in a year, in which
the first rainy season begins in May and the second
rainy season begins in August. During these 2 rainy
seasons, which are always referred to as plum season
and typhoon season, consecutive rainy days or heavy
precipitation always occur (Tian et al. 2012).

To detect precipitation variation over the past
decades, we selected daily precipitation data from 14
meteorological stations in this basin (Fig. 1); details
about these meteorological stations were provided in
our previous study (Xia et al. 2015). Various methods,
including the cumulative deviations test (Buishand
1982), Bayesian procedures (Chernoff & Zacks 1964,
Gardner 1969), the standard normal homogenization
test (Alexandersson & Moberg 1997), and the Pettitt
test (Pettitt 1979), were employed to detect non-
homogeneity of the precipitation data, which may be
caused by relocation, instrument changes, and other
unnatural factors. These methods were executed in
Anclim software (Štěpánek 2008). The results indi-
cated that all stations in this study were homoge-
neous at a significance level of 0.05. Data quality
control of the outliers and the missing data was con-
ducted using Rclimdex software. A year with >1 mo
of missing data or >1 wk of consecutive missing
data was eliminated, and the gap was filled with the
average of 3 neighboring stations for the same day,
month, and year. If the data were missing for 1 or 2 d,
the gap was filled with an average of the neighboring

4 d (2 d earlier and 2 d later). The monthly, seasonal,
and annual precipitation series were derived from
the daily series.

In this study, precipitation was defined as the total
amount of daily precipitation in excess of 1 mm
because precipitation <1 mm cannot be absorbed by
soil and will rapidly evaporate. We selected 4 precip-
itation variables to investigate the spatial and tempo-
ral variation in precipitation in the study region.
Daily precipitation ranges of 1–10, 10.1–25, 25.1–50,
and >50 mm were denoted as P1, P2, P3, and P4,
respectively. P3 and P4 represent heavy rain and rain-
storms, which reflect heavy precipitation events. The
total amount of P1, P2, P3, and P4 is denoted by TP1,
TP2, TP3, and TP4, and the corresponding frequency
(precipitation days) is denoted by PD1, PD2, PD3, and
PD4. To assess the dry/wet conditions during the
investigated period, 5 annual precipitation indices
(annual precipitation, number of precipitation days,
daily maximum precipitation, 5 d maximum pre -
cipitation, and precipitation intensity) were also
selected, and the arithmetic means were calculated
to represent the general wetness/dryness in this
region. A similar application was executed in the
Zhujiang River basin, and the detailed calculation of
the integrated indicator is available in that study
(Gemmer et al. 2011).
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Fig. 1. Location of study region and climatic stations in the 
Qiantang River basin, eastern China
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2.2.  Trend analysis

Because precipitation data are always non-nor-
mally distributed, parametric statistical tests for trend
analysis are not applicable. We therefore used an
extensively applied non-parametric method, the
Mann-Kendall (MK) method, which can be run with-
out assuming any particular distribution (Mann 1945,
Kendall 1975). The null hypothesis of this statistical
test is that no trend is observed for the tested vari-
able, and the significance level was set to 0.05. To
estimate the magnitude of the trend in these precipi-
tation indices, the method of Sen (1968) was used.
Detailed information is available in Hu et al. (2012).

2.3.  Empirical orthogonal functions

Empirical orthogonal functions (EOF) analysis is a
technique to decompose a data set in terms of orthog-
onal basis functions, which are determined from the
original data (North 1984). The objective of an EOF
analysis is to decompose the dataset to identify some
orthogonal spatial patterns (EOFs) and correspon-

ding time series (principal components, PCs), which
is similar to a principal components analysis. Since
the EOF analysis produces p pairs of EOF/PC, the
number of leading pairs must be determined. The
total fraction of variance, which is explained by
eigenvalues, should exceed 80%; the North criterion
(North et al. 1982) was employed in this study. Nor-
malized summer precipitation was used for the EOF
analysis in this study. Detailed information about
EOF analysis is available in Wu et al. (2012).

3.  RESULTS AND DISCUSSION

3.1.  Statistical behaviors of annual precipitation
with different magnitudes

3.1.1.  Annual precipitation with different
 magnitudes and their corresponding trends

The long-term annual average precipitation in this
region is ~1600 mm, with spatial variation, declining
from west to east (Fig. 2e). TP2 (31.9 ± 2.7% SD)
exhibits the largest contribution to the TP,  followed

by TP3 (27.7 ± 1.0%), TP1 (21.1 ±
2.4%), and TP4 (19.3 ± 4.9%). Fig. 2
displays the spatial distribution of
long-term averages of precipitation
with different magnitudes. No signifi-
cant spatial distribution characteristics
for both TP1 and TP2, which represent
light to moderate precipitation, were
observed. Heavy precipitation events,
including TP3 and TP4, declined from
west to east, which indicates a spa-
tial distribution similar to that of TP
(Fig. 2e). The similar distribution of
total (TP) and heavy precipitation (TP3

and TP4) indicates a linkage between
them. High-elevation areas are prima-
rily located in the western part of the
study region, especially the northwest,
and this geographical variation signif-
icantly affects the annual precipitation
distribution in this region.

Although annual precipitation re -
vealed no significant trends in terms
of the regional average, it did show
some spatial distribution characteris-
tics from the aspect of individual sta-
tions (Fig. 3e). All stations showed an
increasing trend in annual precipita-
tion, with the exception of Huangshan
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Fig. 2. Spatial distribution of annual
precipitation in the Qiantang River
basin. Daily precipitation ranges
of 1–10, 10.1–25, 25.1–50, and >50
mm were re corded as P1, P2, P3, and
P4, and the total amounts of P1, P2,
P3, and P4 are denoted by (a) TP1, (b)
TP2, (c) TP3, and (d) TP4; (e) total 

precipitation, TP
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station, which re corded a decrease (−44.93 mm
decade−1). The greatest increase was detected at
Tunxi station, with a magnitude of 50.05 mm
decade−1. The increase is greater in the north of the
region. The annual precipitation days (PDs) revealed
a decreasing trend throughout the region, and half of
the stations showed significant reductions (Table 1).
The opposite trend in TP and PDs reflects the occur-
rence of more intense precipitation events in recent
decades.

To identify detailed changes in precipitation, pre-
cipitation of different magnitudes was also examined
at these stations (Fig. 3a−d). The results revealed that
the trend in spatial distribution patterns varied with
magnitude. More stations in the study region showed
a decreasing trend in TP1 and TP2, whereas an in -
creasing trend was predominant in TP3 and TP4. The
largest decrease in TP1 was identified at the coastal
station Yinxian, whereas the largest increase occur -
red at Shengxian station. The north−south inverse
phase pattern was denoted by the trend of TP1, in

Fig. 3. Trends of precipitation with different magnitudes
(original data) at stations in the Qiantang River basin, eastern
China (see Fig. 1). Daily precipitation ranges of 1–10,
10.1–25, 25.1–50, and >50 mm were recorded as P1, P2, P3,
and P4, and the total amounts of P1, P2, P3, and P4 are denoted
by (a) TP1, (b) TP2, (c) TP3, and (d) TP4; (e) total precipitation,
TP. Red (blue) triangles represent increasing (decreasing) 

trends. Italics: significant at the 0.05 level

Table 1. Mann-Kendall test of frequencies of daily precipita-
tion ranges of 1–10, 10.1–25, 25.1–50, and >50 mm (PD1,
PD2, PD3, and PD4) in the Qiantang River basin, eastern
China. Bold: significant at the 0.05 level. PDs: precipitation 

days

Station            PD1          PD2         PD3         PD4         PDs

Hangzhou      −8.57         0.37        0             0           −2.14
Quzhou          −2.41         0             0             0           −2.4
Tunxi              −7.73       −0.8          0             0.67      −2.14
Shengxian       0            −0.32        0             0             1.14
Yinxian        −13.81         0.37        0.87        0           −2.86
Chunan          −3.1           0             0.31        0.33      −2.35
Huangshan    −3.33       −0.65      −0.81        0           −3.33
Fuyang        −11.43         0             0             0         −10.5
Jiande            −4.14         0             0             0.57      −3.2
Tonglu           −4.38         0             0.43        0           −3.53
Lanxi              −1.9           0             0             0           −1.79
Jinhua            −2.95         0             0             0             0
Kaihua         −16.33       −0.57        0.56        0         −15.64
Shaoxing       −4.29         1.07        0             0           −3
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which the southern part of the region primarily
showed an increasing trend. The largest de crease in
TP2 was identified at Huangshan station, and Shaox-
ing had the largest increase in the region. Disregard-
ing the trend direction in TP2, the trend magnitude of
the stations in the central region was much smaller.
The largest significant increase in TP3 of 27.07 mm
decade−1 was recorded at Yinxian station. The
largest decrease in TP3 (−31.97 mm decade−1) was
identified at Huangshan station. Neither the trend
nor the magnitude of TP3 showed any distinct spatial
characteristics. The largest increase in TP4 of
57.54 mm decade−1 was detected at Tunxi station.
The magnitude of the trend in TP4 displays a de -
creasing spatial pattern from west to east, in which
the greater increase occurred in the west. The trends
of corresponding frequencies are summarized in
Table 1. The frequencies of P1 are identified with sig-
nificant decreases in most stations. However, the
majority of the stations in the study region showed no
trend for the frequencies of P2, P3, and P4.

The variation in the integrated indicator for wet/
dry conditions is shown in Fig. 4. The year 1978 was
identified to be the severest dry year, whereas 1973,
1994, and 1997 were the wettest years in the investi-
gated period. The integrated precipitation indicator
displayed striking characteristics of inter-decadal
variation. This region experienced relative dryness
during the 1960s and 1980s, whereas it received suf-
ficient precipitation during the 1990s. The 1970s
were considered a decade with an equal frequency

of variation between dry and wet conditions. The wet
condition in the 1990s was consistent with the result
of the entire country of China, which was based on
area-averaged annual anomalies (Zhai et al. 2005).
The distinct increase after the late 1980s was very
likely caused by global warming, which is primarily
caused by excessive greenhouse gas emissions
(Wentz et al. 2007). In the late 1980s, an economic
boom occurred in Zhejiang Province, which was pri-
marily dependent on industrial development. This
boom prompted a sudden increase in greenhouse
emissions and resulted in increased precipitation in
this region. The integrated precipitation indicator
showed a sharp decrease after 2002, which was also
identified in the Yangtze River region (Zhu et al.
2011). Due to the incompleteness of the precipitation
data in the 2000s, the decrease cannot be considered
to be characteristic of the precipitation in the 2000s
and requires additional investigation for the entire
2000s. The change in dry/wet conditions in the past 2
decades, as indicated by the integrated precipitation
index, is similar to the change in dry/wet conditions
in the neighboring Hunan Province, as indicated in
an investigation of the annual standardized precipi-
tation index (Du et al. 2013).

Precipitation is controlled not only by the atmos-
pheric water vapor content, but also by vertical
velocity. The change in atmospheric moisture, as
identified in observations via model fingerprints, was
caused by external anthropogenic forcing (Santer et
al. 2007). Global warming, which is caused by exces-

sive emissions of greenhouse gases,
contributes to increased precipitation
in the Northern Hemisphere (Min et
al. 2011) by increasing atmospheric
water vapor with increasing tempera-
ture and the change of vertical
motion, as expected by the Clausius-
Clapeyron relation (Chen et al. 2011).
However, a previous study showed a
decreased atmospheric water content
in the Yangtze-Huaihe region after
the 1960s (Cao & Ge 2004). Although
a decreasing trend was also recorded
in annual average humidity in this
region, the correlation between daily
precipitation and daily humidity re -
vealed a significant positive correla-
tion. Regional factors are also impor-
tant to the precipitation in this region.
Aerosols, which are primarily deter-
mined by regional emission sources,
such as local industry and traffic, will
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Fig. 4. Arithmetic mean of 5 standardized precipitation indices (annual precip-
itation, number of precipitation days, maximum daily precipitation, maximum
5 d precipitation, precipitation intensity) for the period of 1960−2006 in the 

Qiantang River basin, eastern China
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significantly affect precipitation at a regional scale,
because they cannot mix as well as greenhouse
gases. Due to the industrial structure of dispersed
individual factories, which heavily depend on the
combustions of fossil fuels, these workshops generate
a large amount of aerosols in this region. Aerosols
can change the distribution, form, and frequency of
precipitation by acting as cloud condensation nuclei
(Fan et al. 2012). Total precipitation and extreme pre-
cipitation events may increase due to the effect of
aerosols on cloud seeding (Rosenfeld et al. 2008).
Modeling research has shown the direct and indirect
impact of aerosols on seasonal precipitation (Huang
et al. 2007). The increase in aerosols has already
caused frequent haze and incited public concern in
eastern China (Shi et al. 2010); aerosols also play a
role in precipitation change.

3.1.2.  Annual extreme precipitation

Due to the vital role of extreme precipitation in me-
teorological disasters, such as floods and droughts,
the extreme precipitation events in the study region
should be analyzed to inform decision making
related to water resource management and meteoro-
logical disaster warning. The daily extreme precipi-
tation indices showed similar behavior during the
study period. We selected the total amount and the
number of days of daily precipitation that ex ceeded
the 95th percentile (P95) during the study period
(TP95 and PD95) to represent the detailed variation
in extreme precipitation in the study region (Fig. 5).
The year 1983 had the most extreme precipitation
events, whereas 1978 had the fewest extreme precip-
itation events. The comparison (1-way ANOVA) de -
monstrated a significant difference in intensity and
frequency before and after the mid-1980s (i.e. much
greater after the mid-1980s). The evolution of ex-
treme precipitation events (TP95 and PD95) can be

divided into 2 stages in the study period, according to
the variation trend. The trend ana lysis showed a gen-
eral increasing trend before the late 1980s and an op-
posite trend after the late 1980s.

In addition to a sudden heavy shower, consecutive
extreme precipitation events can also cause droughts/
floods. In this study, we selected annual consecutive
dry/wet days (CDD/CWD) and maximum consecutive
5 d precipitation (RX5D) to show the duration of con-
secutive precipitation events (including dry/ wet con-
ditions). Because these indices are weakly correlated
with each other, they can provide comprehensive in-
formation about extreme dry/wet climates. As shown
in Fig. 6, the changes (before/after 1990) in these 3
 indices are consistent with each other and indicate
more extreme precipitation events after 1990. We
identified 10 out of 30 years with more than 30 CDDs
prior to 1990; the severest dry year occurred in 1974,
with 44 CDDs. However, only 3 out of 16 years had
>30 CDDs after 1990. CWDs did not significantly
change before/ after 1990; the maximum value of 15
was recorded in 1992. From the perspective of indi-
vidual stations, 9 of 14 stations showed an insignifi-
cant decrease in CDDs and 11 of 14 stations displayed
an insignificant increase in CWDs. The regional
RX5D displayed an insignificant increase over the en-
tire investigated period. The regional average of
RX5D was 164.3 mm prior to 1990; 198.7 mm was
subsequently attained. The comparison showed a sta-
tistically significant difference before/after 1990.
Four stations recorded a decreasing trend in RX5D,
whereas the remaining 10 stations identified an in-
creasing trend; of these, 4 showed a significant in-
crease. Although the trends in these indices were not
statistically significant for most stations, the signifi-
cant difference before/after 1990 in CDD and RX5D
implies less continuous dry weather and more heavy
precipitation events in the recent 2 decades.

IPCC projected an increase in heavy precipitation
events by multiple models (IPCC 2014), which was
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Fig. 5. Annual total precipitation
and number of days with pre -
cipitation that exceeded the 95th
 percentile (TP95 and PD95) in
the Qiantang River basin, eastern
China. Bars represent PD95, and
the dotted line represents TP95
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consistent with China’s National Assessment Report
on Climate Change (CMA 2014). An increase in ex -
treme precipitation was also identified in the study
region. An increase in extreme precipitation is
related to an increase in atmospheric water content,
which is a thermodynamic change in precipitation
(Emori & Brown 2005). However, more than half of
the stations recorded a significant decrease in annual
humidity in this region, which may be attributed to
the southward transportation of moisture (Zhu et al.
2011). A previous study indicated that precipitation
extremes had a stronger relationship with  near-
surface water vapor concentrations than with the
total atmospheric water content (O’Gorman & Schnei -
der 2009). Agriculture in our study region is widely
practiced with dispersed farming, with an irrigation
pattern of flood-irrigation supplemented by furrow-
irrigation, which leads to a longer period of irrigation
than that for intensive agriculture. An extensive du-
ration of irrigation has a direct influence on atmos-
pheric water vapor abundance near the surface
(Boucher et al. 2004), which is likely attributed to an
increase in the evapotranspiration and precipitable
water (DeAngelis et al. 2010). A significant water-
covered area, including coastal areas and shal lows in
this region, was reclaimed for arable and residential
land over recent decades to satisfy the demand of
 urban construction (Yao et al. 2007). The ability to
 adjust the floods in the study region can be affected
by the reduction in the water-covered area and the
increase in  urbanization (Miller et al. 2014). Both the
 irrigation pattern and the land cover change will af-
fect the  energy flux and surface water vapor, as well
as the extreme precipitation events in this region.

3.2.  Spatio-temporal evolution of summer
 precipitation

3.2.1.  Characteristics of precipitation in summer

Summer precipitation substantially contributes to
the annual total precipitation and is vital to the water
resources in this region. Thus, we made a detailed
analysis of the summer precipitation in this study.
The long-term average spatial distribution of sum-
mer precipitation is similar to the spatial distribution
of annual precipitation, which decreases from west to
east and for which the highest value was identified at
the mountainous Huangshan station.

The annual summer precipitation anomaly from
1960−  2006 for the regional average is shown in
Fig. 7. This region displayed a significant increase of
35.53 mm decade−1 during the study period. The
inter-decadal variation in summer precipitation is
similar to the inter-decadal variation in annual precip-
itation. This finding is primarily attributed to the large
contribution of summer precipitation to the an nual
total precipitation (35.3 ± 6.5%). Prior to the mid-
1970s, the study region was primarily dominated by
consecutive dry conditions, with the exception of
1969. The most striking characteristic of summer pre-
cipitation in the study region is the apparent transition
to consecutive wet periods in approximately 1992,
which was also reported by Qian & Qin (2008). This is
mainly  attributed to an increase in the lower-level
convergence, the mid-tropospheric ascent, and the
upper-level divergence in southern China (Wu et al.
2010). After 2002, however, the situation changed; the
study region experienced consecutive dry summers.
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Fig. 6. Time series of extreme
precipitation events in the
Qiantang River basin, east-
ern China. The bars repre-
sent maximum consecutive
5 d precipitation (RX5D), the
red (blue) curve represents
consecutive dry (wet) days
(CDD [CWD]), and the red
(blue) straight line repre-
sents the long-term average 

of CDD (CWD)
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The study region is located along the route of mon-
soon migration, which is sensitive to the Asian sum-
mer monsoon. A previous study verified the weaken-
ing of the Asian summer monsoon (Ding et al. 2008),
which substantially impacts the summer precipita-
tion in this region. Yuan et al. (2010) analyzed the
movement of the monsoon rain belt in summer and
discovered that mid-June and the period from mid-
July to mid-August comprised the 2 main rainy sea-
sons during summer in eastern China (including the
study region), which followed the East Asian summer
monsoon circulation and the formation of an active-
break-revival pattern. In addition, summer precipita-
tion in east China is highly dependent on El Niño
events and corresponding atmospheric motion, which
impacts the climate in south China and produces
more precipitation (Wu & Hu 2003). In this paper,
most stations recorded a positive summer precipita-
tion anomaly in the El Niño decaying summer, which
was confirmed by the positive correlation be tween
summer precipitation and prior El Niño events (data
not shown). The precipitation variation during El
Niño events is primarily attributed to the evolution of
the Western North Pacific anti-cyclone and the west-
ward shift of the ridge of a sub-tropical high during
the El Niño decaying phase (Feng et al. 2011).

3.2.2.  EOF analysis in summer

The EOF analysis was applied to summer precipi-
tation, and pairs of EOFs/PCs are shown in Fig. 8.
According to the variation captured and the signifi-
cance of the North test, the first 3 pairs were selected,
which primarily reflected the structure of the precip-
itation variation in the study region. The variance
proportion of EOF1 reached 66.76%, followed by

EOF2 and EOF3, which contributed 10.76 and 7.24%,
respectively. The cumulative variance proportion of
the first 3 EOFs is >80% of the total variance. The
variance proportion of EOF1 in summer is consider-
ably less than the variance proportion of EOF1 in
winter (91.31%). This is attributed to similar large-
scale characteristics of the winter precipitation and
complicated local redistribution of summer precipita-
tion, which requires additional modes to capture the
precipitation variation in summer. The eigenvectors
in EOF1 in summer revealed a positive phase consis-
tency, which indicated that the entire region experi-
enced the same variation in summer precipitation.
The result was supported by the consistent increase
in summer precipitation for all stations. The eigen-
vector values of EOF1 in summer displayed a distinct
spatial pattern, which showed a decreasing trend
from west to east. This spatial distribution is similar
to the spatial distribution of the long-term average
precipitation (Fig. 2e). Although the second and
third modes of summer precipitation captured sig -
nificantly less variance compared to EOF1, they dis-
played completely different spatial distribution pat-
terns. There are both positive and negative values
of eigenvectors in EOF2 and EOF3. EOF2 is donated
by a north−south inverse pattern, whereas EOF3 is
identified with a west−east inverse pattern. The north
is marked with positive values in EOF2, whereas the
west is represented by positive values in EOF3 in
summer.

The corresponding PCs are capable of represent-
ing the temporal variation in summer precipitation.
We provide detailed information about PC1 and a
brief introduction to PC2 and PC3 because the first
mode captured large features of the total variance.
The MK trend analysis showed that the PC1 of sum-
mer precipitation displayed a statistically significant
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increase, with a Z value of 2.04. The increasing trend
in PC1 of summer precipitation is consistent with the
increased summer precipitation in the study region.
The similarity is apparent in the change of PC1 and
the summer precipitation (Fig. 7). This result con-
firmed that the first EOF/PC pair captured the major-
ity of the variation in the summer precipitation dur-
ing the study period on a spatial and temporal scale.
The study region underwent 3 main periods for PC1
during the study period, namely a dry stage (1960−
1975), a fluctuating stage (1976−1991), and a wet
stage (1992−2002), which indicated a transition from
dry periods to wet periods. The wet conditions
changed after 2002, which was also identified in the
annual precipitation. PC2 differs from PC1, which
indicated more fluctuation in the entire period, and
PC3 displayed a wet−dry fluctuating pattern.

The EOF analysis showed spatial and temporal
variation in summer precipitation. The results re -
vealed spatial variations among the selected modes.

Located in eastern China, this area is highly sensitive
to the monsoon climate and is characterized by con-
vective activity. In addition, the large scale of mois-
ture transportation and local vertical winds con-
tribute to the distribution of summer precipitation.
PCs, especially the important PC1, primarily reflect
large-scale circulation, such as the Pacific decadal
oscillation, the Western Pacific Subtropical High
(which showed a positive correlation with summer
precipitation in this study), and the East Asian sum-
mer monsoon (Zhu et al. 2011). The change patterns
of EOFs/PCs require additional investigations to
understand their detailed physical mechanisms.

4.  CONCLUSIONS

Generally, precipitation in the study region showed
an increasing tendency from 1960−2006. TP3 and TP4

significantly contributed to the total precipitation and
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Fig. 8. (a−c) Empirical orthogonal functions (EOFs) and (d−f) corresponding time series (principal components, PCs) of summer
precipitation in the Qiantang River basin, eastern China. The black lines in the EOFs represent a 0 value, and the red (blue)
lines represent positive (negative) values. The solid curves represent a 3 yr moving average with binomial coefficients in PCs
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displayed a spatial distribution similar to annual pre-
cipitation. Light precipitation (TP1 and TP2) was domi-
nated by a decreasing trend at most stations, whereas
TP3 and TP4 showed an increasing tendency at most
stations. The integrated indicator of annual precipita-
tion displayed a striking inter-decadal variation, with
a transition from dry conditions to wet conditions. Ex-
treme precipitation events (P95) evolved toward more
intense and frequent events, which increased the po-
tential for future flooding. The evolution of extreme
precipitation can be divided into 2 stages: a general
increase prior to the late 1980s and a general decrease
after the late 1980s. The analysis of consecutive dry/
wet conditions re vealed that the study region experi-
enced a transition of CDDs to CWDs.

Summer precipitation makes a significant contri-
bution to the annual total precipitation, which de -
monstrates a spatial distribution and temporal varia-
tion similar to that of annual precipitation. The EOF
analysis showed that the first 3 modes captured the
majority of the variance in summer precipitation. The
eigenvector values of EOF1 in summer were all posi-
tive, which indicates the same variation throughout
the region during the study period. The second and
third modes showed distinct spatial differences, with
a north−south inverse pattern in EOF2 and a west−
east inverse pattern in EOF3. The representative
temporal variation in PC1 showed a general increase,
which represented the primary change in the sum-
mer precipitation.

Climate change is very likely caused by excessive
emissions of greenhouse gases in the 20th century,
which have caused increased temperatures and a
redistribution of precipitation on a global scale. The
study region is located in the East Asian monsoon
area, which is sensitive to climate change. Regional
factors, including aerosols, irrigation patterns, and
re clamation, affect regional precipitation, especially
extreme precipitation events. This study provides
detailed information about the change in precipita-
tion in previous decades and will aid in forecasting
future precipitation and meteorological disasters. To
comprehensively understand changes in precipita-
tion and their physical mechanisms, additional inves-
tigation is necessary to distinguish the primary and
secondary factors that affect precipitation in this
region.
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