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Abstract Daily precipitation data from 595 stations are
analyzed based on regionalization to investigate changing
properties of precipitation regimes across the entire China.
The results indicate that the northwestern China is charac-
terized by increasing monthly precipitation. The abrupt in-
crease of precipitation is after early 1980s and early 1990s in
the western arid zone and Qinghai-Tibet plateau, respective-
ly. Other climate zones are dominated by decreasing precip-
itation regimes in autumn and increasing precipitation
regimes in winter, and it is particularly true in the south-
western, southern and central China, showing seasonal
shifts of precipitation changes. Besides, weak precipitation
regimes are decreasing and strong precipitation regimes are
increasing, and it is particularly the case in the southwestern,
southern and central China, implying intensifying hydrolog-
ical cycle reflected by precipitation changes in these regions.
This study steps further into different hydrological
responses within different regions of China to climate
changes and will be relevant in regional management of
agriculture development and water resources.

1 Introduction

Nowadays, increasing evidence tends to indicate intensified
hydrological cycle due to changing climate (Bates et al.
2008) and human activities (Min et al. 2011), leading to
more frequent and more intensive extreme hydrological
phenomena, such as heavy precipitation and related floods
and droughts (e.g., Groisman et al. 2005). Changes of floods
and droughts are closely related to changing properties of
precipitation extremes in both space and time. Moreover,
increasing frequency and intensity of floods and droughts
are the major natural hazards negatively influencing human
society and causing great socioeconomic loss. Therefore,
there are a bunch of researches pertaining to precipitation
changes (Christensen and Christensen 2004; Dore 2005).

China is located in the East Asia (Fig. 1); one of the most
destructive climate events in China is the extreme precipi-
tation during the summer monsoon season. The summer
monsoon rainfall brings a necessary water supply for grow-
ing crops to nourish more than one billion people. As such,
variability and change in precipitation amounts and extreme
precipitation are major concerns for both the Chinese gov-
ernment and the public. Numerous studies have documented
the precipitation changes in China. Becker et al. (2004)
related rainfall variability in the Yangtze basin to v-wind
variability at the 700-hPa level over southern China. It is
evident that the precipitation in the region not only depends
on the monsoon intensity but also on the amount of water
vapor that is transported by the system. Zhai et al. (2005)
indicated moderate changes of total precipitation in China
during 1951–2000 with distinct regional and seasonal pat-
terns of trends. Wang and Zhou (2005) have studied the
large-scale circulation trend associated with the trends in
extreme events, and found that the summer circulation over
East Asia showed a strengthening trend of the continental
high over Eurasia and a weakening trend of the western
Pacific subtropical high, resulting to the annual and summer
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mean precipitation, and the extreme precipitation events in
summer consistently decreased in north China and increased
in the middle-lower reaches of Yangtze River. And based on
the daily precipitation time series of 590 rain stations in
China covering 1960–2005 and the water vapor flux, Zhang
et al. (2011a) found that there are tremendous influences of
water vapor flux on the precipitation changes across China,
regions east to 100 °E were dominated by increasing water
vapor flux in winter.

In this study, based on updated daily precipitation dataset
and the climatic regionalization of China (Zhang and Lin
1985), China was subdivided into eight climatic regions:
western arid (semiarid) zone, Qinghai-Tibet plateau, eastern
arid zone, southwestern, northeastern, northern, central, and
southern China (Fig. 2). For each region, the temporal
evolutions of the monthly precipitations within a year have
been analyzed. Meanwhile, ten precipitation quantile indi-
ces have been defined in the study, and then, the temporal
evolutions of the precipitation quantile indices anomalies in
each region have been analyzed to show the spatiotemporal
variations of precipitation regimes. This study can merit
regional water resources management and also study of
regional hydrological responses to climate changes. This is
the major motivation of this current study.

Milly et al. (2008) argued that climate change undermines
stationarity, a basic assumption that historically has assisted
practice and research in the fields of hydrology and water
resources management. And Silva et al. (2012) have made
an exploratory analysis on the variability of flood occurrence
rates in ten Portuguese watersheds. To analyze the variability
of precipitation occurrence rates, the time-dependent occur-
rence rates of extreme precipitation for each region in China
also have been conducted in the study. Besides, precipitation
analysis based on regionalization will definitely be relevant in
terms of regional water resources management and planning
of development of agricultural activities. The paper is orga-
nized as follows. We describe the datasets in Section 2 and
analysis methods in Section 3. Section 4 presents and dis-
cusses the results of the study, and, finally, in Section 5, the
most relevant conclusions of the article are drawn.

2 Data

Daily precipitation, updated to December 31, 2009, from
595 meteorological stations across China was analyzed, and
the locations of these gauging stations are shown in Fig. 1.
The datasets were obtained from the National Climate
Center of China Meteorological Administration. The lengths
of time series of these gauging stations range from 36 to
59 years as shown in Fig. 1, and there are 148 gauging
stations containing missing days (shown in Fig. 1).
However, only one station had 1.54 % missing values, and

most of them had less than 0.1 % of total missing values.
These series with missing values were replaced by the long-
term average of the same days of other years. Based on the
objectives of this study, the gap-filling method did not
significantly affect the final results. The similar gap-fill
method has also been used by Zhang et al. (2011b).

To analyze precipitation characteristics, several indices
were considered in this study. The monthly total precipitation
amounts of the wet days for each station have been studied,
and the wet day was defined as the day with precipitation
exceeding 1 mm. For each region, the regional monthly pre-
cipitations were the arithmetic average of the monthly precip-
itation of all the stations in the sub-regions. As the time series
of daily precipitation in each station are not the same, in this
study we only extracted the same time series of daily precip-
itation for each station in a sub-region to analyze the monthly
precipitation, and then the monthly precipitation within a year.
For comparison, the monthly precipitation anomalies within a
year have been normalized using the standard normal distribu-
tion. Furthermore, we defined ten precipitation quantile indices
by taking a year as the time scale based on the 90th, 80th, 70th,
60th, 50th, 40th, 30th, 20th, and 10th percentile thresholds, and
the percentile thresholds ware calculated based on the precip-
itation series of all wet days in the first 30-year periods at each
station (Alexander et al. 2006; Table 1).

3 Methodologies

Occurrence rates are analyzed using the nonparametric oc-
currence rate estimation methods. The point process is spec-
ified as a stationarity Poisson process if it has constant
occurrence rate l. The unit of the occurrence rate l is one
over time units given the probability per time interval that an
extreme occurs. For studying nonstationarity Poisson pro-
cess, we now introduce time dependence and denote the
function l(t) as occurrence rate (Mudelsee 2010).

The Kernel technique is a nonparametric method devel-
oped by Diggle (1985) for smoothing point process data.
For estimating the intensity of a point process such as the
time-dependent occurrence rate, l(t), this technique can be
formulated as:

b1 ðtÞ ¼ h�1
Xm
i¼1

K
t � t i
h

� �
ð1Þ

where K is the kernel function and h is the bandwidth. A
Gaussian kernel was used as it can be efficiently calculated
in Fourier space and yields a smooth estimated occurrence

rate, b1 ðtÞ (Mudelsee et al. 2003; Mudelsee 2010):

KðyÞ ¼ 1ffiffiffiffiffi
2p

p exp � y2

2

� �
ð2Þ
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The units of b1 ðtÞ are d-1, i.e., the number of occurrences
above threshold per day at a given point in time, t. However,

to facilitate the interpretation of the results, b1 ðtÞ was mul-

tiplied by 365.25, such that, for a given instant, t, the b1 ðtÞ
indicates the estimated number of occurrences above thresh-
old per year.

The application of Eq. (1) may lead to a boundary bias near
to and tn consisting of an underestimation of l(t) due to the
nonexistence of data outside the interval [to, tn]. This boundary
effect can be reduced by generating pseudodata, i.e., pseudo
extreme events, pT, outside of the observation interval, before
estimating l(t). The straightforward method of reflection was
used to generate pseudodata (on the left side, for t <to: pT(i)=
to−[Ti−to], covering an amplitude of three times h before to;
analogously on the right side, for t>tn). Pseudodata generation
is equivalent to the extrapolation of the empirical distribution
of events near the boundaries; hence, the estimation of l(t)
near the boundaries of the observation period should be

analyzed with caution (Mudelsee 2010). Considering T*as
the original point data, T, augmented by the pseudodata, pT,
and m* as the total number of points in T*, Eq. (1) can be
rewritten as:

b1 ðtÞ ¼ h�1
Xm*

i¼1

K
t � t*i
h

� �
ð3Þ

The selection of the bandwidth, h, determines the bias

and variance properties of the occurrence rate estimator b1 ðtÞ:
a too small h results in fewer data points that effectively
contribute to the kernel estimation, which leads to a
reduced bias and a high variance; on the other hand, a
too large h leads to an oversmoothing of the estimator,
resulting in a small variance and increased bias. The
selection of the bandwidth can be seen as a compromise
between those two cases. In this study, the selection of
the bandwidth used the cross-validation bandwidth se-
lector developed by Brooks and Marron (1991). This is
the minimizer of (Mudelsee 2010):

cðhÞ ¼
Z Tm

T1

b1 ðTÞh i2
dT � 2

Xm

j¼1
b1 j Tj
� � ð4Þ

where

b1 jðTÞ ¼
Xm

k¼1;k 6¼j

h�1K
T � Tk

h

� �
ð5Þ

is the delete-one estimate. Furthermore, as the objective

is to describe inter-annual variability of b1 ðtÞ, the band-
width should be considerably higher than the year to
avoid the effect of the seasonal variability.

Fig. 1 Location of the gauging
stations in China and the
characteristic of the daily
precipitation in each station
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Fig. 2 Climatic regionalization of China with eight climate zones
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4 Results

4.1 Temporal evolutions of monthly precipitation

The temporal distribution of the regional average month-
ly precipitation (Fig. 3a) and precipitation quantile indi-
ces (Fig. 3b) in a year are illustrated in Fig. 3. It can be
observed from Fig. 3a that precipitation mainly occurs
during June, July, and August with peak precipitation
value in July except southern China where the temporal
distribution of monthly precipitation is characterized by
two peak precipitation values in June and August.
Besides, Fig. 3 also shows that the seasonal variability
of precipitation regimes is larger from the northwest to
the east and to the southeast China.

It can be seen from Fig. 4a, b that increase of precipitation
has been observed during most of the months at western arid
(semiarid) zone and which is consistent with the results by
Zhai et al. (2005) and Zhang et al. (2011a, b; 2012a, b). Larger
increasing magnitude of precipitation is detected in January,
November, and December. Relatively smaller increasingmag-
nitude of precipitation is found in September, July, andMarch.
Temporal changes of monthly precipitation (left panel of
Fig. 4a) indicate that mid-1980s can be taken as the transi-
tional time when the northwestern China shifts from dry to
wet climate status. Changing properties of precipitation in the
Qinghai-Tibet plateau are different from those in the western
arid zone. Evident increase of monthly precipitation is ob-
served mainly from January to May. Decreasing precipitation
is identified in June and December, respectively. Besides, the

Table 1 The definition of the ten quantile precipitation indices

Quantile precipitation
indices

Definitions

Ex1 The total precipitation amounts of daily precipitation exceeding the 90th percentile threshold in a year

Ex2 The total precipitation amounts of daily precipitation exceeding the 80th percentile threshold while less
than the 90th percentile threshold in a year

Ex3 The total precipitation amounts of daily precipitation exceeding the 70th percentile threshold while less
than the 80th percentile threshold in a year

Ex4 The total precipitation amounts of daily precipitation exceeding the 60th percentile threshold while less
than the 70th percentile threshold in a year

Ex5 The total precipitation amounts of daily precipitation exceeding the 50th percentile threshold while less
than the 60th percentile threshold in a year

Ex6 The total precipitation amounts of daily precipitation exceeding the 40th percentile threshold while less
than the 50th percentile threshold in a year

Ex7 The total precipitation amounts of daily precipitation exceeding the 30th percentile threshold while less
than the 40th percentile threshold in a year

Ex8 The total precipitation amounts of daily precipitation exceeding the 20th percentile threshold while less
than the 30th percentile threshold in a year

Ex9 The total precipitation amounts of daily precipitation exceeding the 10th percentile threshold while less
than the 20th percentile threshold in a year

Ex10 The total precipitation amounts of daily precipitation exceeding 1mm while less than the 10th percentile
threshold in a year
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Fig. 3 The regional annual monthly precipitation (a) and the regional annual precipitation quantile indices for all of the climate regions (b) over China
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increasing magnitude in general in the Qinghai-Tibet plateau
is also smaller than that in the western arid zone. The left panel
of Fig. 4b shows no clear changing patterns of monthly
precipitation. However, increasing precipitation seems to con-
centrate in spring and parts of the months of winter in recent
years and specifically after early 1990s.

Precipitation changes in the eastern arid zone (Fig. 4c),
southwestern China (Fig. 4d), and northeastern China
(Fig. 4e) are similar. Decreasing precipitation is observed
mainly from August to December and increasing precipita-
tion from January to June. Left panel of Fig. 4c shows that
increasing precipitation is observed mainly during the time
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Fig. 4 Temporal evolution of the normalized monthly precipitation
anomalies in a year and the linear trends (percentage per decade) of the
monthly precipitation (green bars) along with their 95 % significance
(dark shaded bars) for Western arid (semiarid) zone (a), for Qinghai-

Tibet plateau (b), for East arid zone (c), for Southwest China (d), for
Northeast China (e), for North China (f), for Central China (g), and for
South China (h). Specific regions can be referred to Fig. 2
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interval from July to December, and shifts to the time
interval from January to May after early 1990s. Similar
characteristics are also found in the temporal changes of
precipitation as shown in the left panel of Fig. 4d, e.
Changes of monthly precipitation in other three regions,
i.e., northern China (Fig. 4f), central China (Fig. 4g), and

southern China (Fig. 4h), are relatively complicated, and no
fixed patterns can be identified. Summer precipitation (June,
July, and August) is subject to smaller changing magnitude
and even decrease. These results are in good agreement with
those by Wang and Zhou (2005) that as the result of the
summer circulation over East Asia showing a strengthening
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Fig. 5 Temporal evolution of the normalized precipitation quantile
indices anomalies in a year and the linear trends (percentage per
decade) of the precipitation quantile indices (green bars) along with
their 95 % significance (dark shaded bars) for Western arid (semiarid)

zone (a), for Qinghai-Tibet plateau (b), for East arid zone (c), for
Southwest China (d), for Northeast China (e), for North China (f),
for Central China (g), and for South China (h). The specific locations
of these zones can be referred to Fig. 2
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trend of the continental high over Eurasia and a weakening
trend of the western Pacific subtropical high, the annual and
summer mean precipitation and the extreme precipitation
events in summer consistently decreased in northern China
and increased in the middle and lower reaches of the
Yangtze River basin.

4.2 Temporal evolutions of precipitation quantile indices

Figure 5 illustrates temporal changes of precipitation regimes
defined by percentiles. Ex1 denotes strong precipitation pro-
cess, and other indices such as Ex2 to Ex10 denote weak
precipitation processes. Distinct changing features of precip-
itation extremes can be identified in Fig. 5. Precipitation

regimes are subject to similar changing properties in western
arid zone and Qinghai-Tibet plateau (Figs. 5a, b). Strong
precipitation regimes, i.e., Ex1, are increasing and increasing
weak precipitation regimes are also dominant. However, the
Ex10, Ex9, Ex7, and Ex4 are decreasing with different chang-
ing magnitude (Fig. 5b). Increasing precipitation regimes
occur mainly after mid-1980s and which is in good line with
that of monthly precipitation (Fig. 5a). Evident increase of
Ex1–Ex5 starts after roughly 1999 (Fig. 5b).

Precipitation regimes in the eastern arid zone (Fig. 5c), the
northeastern China (Fig. 5e), and the northern China (Fig. 5f)
are in similar changes. Both strong and weak precipitation
regimes are decreasing, and the decrease occurred after early-
1990s. However, different changing properties of precipitation
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Fig. 6 Temporal evolution of the normalized occurrence frequency
anomalies of 90 % extreme precipitation events in a year and the linear
trends (percentage per decade) of the occurrence frequency of 90 %
extreme precipitation events (green bars) along with their 95 %

significance (dark shaded bars), a for Western arid (semiarid) zone,
b for Qinghai-Tibet plateau, c for East arid zone, d for Southwest
China, e for Northeast China, f for North China, g for Central China,
and h for South China, referring to Fig. 2
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regimes can be detected in southwestern China (Fig. 5d),
central China (G), and southern China (H). Precipitation
regimes in these three regions are dominated by decreasing
weak precipitation regimes but increasing strong precipitation
regimes. The time when abrupt changes of weak and strong
precipitation regimes occurred is roughly in early 1990s.

4.3 Temporal changes of occurrence of 90 % precipitation
extremes

The 90 % extreme precipitation events are defined as daily
precipitation exceeding the 90th percentile threshold, and
the occurrence frequency of 90 % extreme precipitation

events in each month for each sub-region has been illustrat-
ed in Fig. 6. It can be observed from Fig. 6 that different
changing properties of frequency of 90 % precipitation
extremes can be identified in different regions. Generally,
Fig. 6a, b demonstrates similar changing features, i.e., 90 %
precipitation extremes occur mainly during June and July.
Similar changing properties of 90 % precipitation extremes
can be observed in southwestern China (Fig. 6d), central
China (Fig. 6g), and southern China (Fig. 6h). Meanwhile,
evident increase of occurrence of 90 % precipitation
extremes can be identified after early 1980s in the western
arid (semiarid) zone and less obvious increase in July and
August in the central and southern China (Fig. 6g, h).
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Fig. 7 Estimated occurrence rates for 90 % extreme precipitation events: a for Western arid (semiarid) zone, b for Qinghai-Tibet plateau, c for East
arid zone, d for Southwest China, e for Northeast China, f for North China, g for Central China, and h for South China, referring to Fig. 2
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Occurrence of 90 % precipitation extremes in the east arid
zone (Fig. 6c), the northeastern China (Fig. 6e), and the
northern China (Fig. 6f) is significantly concentrated during
July and August, and particularly in July. Furthermore, it
can be seen from Fig. 6c, e that for east arid zone and
northeast China, the 90 % extreme precipitation events tend
to occur earlier.

Based on the previous results illustrated in Section 4.1,
the trend of the 90 % extreme precipitation events in each
month for each sub-region is consistent with those of Fig. 4,
meaning that the alterations of month precipitation are main-
ly caused by the alterations of extreme precipitation in that
month, especially for the western arid (semiarid) zone, east-
ern arid zone, northeastern, central and southern China.

4.4 Occurrence rate of 90 % extreme precipitation

Figure 7 shows the regional average occurrence rate of 90 %
extreme precipitation events. Evident increase of 90 % ex-
treme precipitation can be found in the western arid
(semiarid) zone (Fig. 7a) after early 1980s, and it is similar
with those by monthly precipitation and precipitation quan-
tile indices. Increase of 90 % extreme precipitation can also
be observed in mid-1990s in the Qinghai-Tibet plateau
(Fig. 7b). A slight decrease of 90 % extreme precipitation
is identified in the eastern arid zone (Fig. 7c), northeastern
China (Fig. 7e), and in northern China (Fig. 7f). The de-
crease in the Qinghai-Tibet plateau (Fig. 7c) and in the
northeastern China (Fig. 7e) is after mid-1980s. However,
the general decrease of 90 % extreme precipitation is iden-
tified in northern China (Fig. 7f) throughout the entire study
time interval. The 90 % extreme precipitation in southwest-
ern China (Fig. 7d), central China (Fig. 7g), and in southern
China (Fig. 7h) is in moderate changes without evident
increase or decrease, showing different patterns of precipi-
tation extremes.

5 Brief discussions and conclusions

Spatial and temporal distribution of precipitation regimes is
relevant in terms of understanding of regional responses of
hydrological cycle, such as the precipitation changes in this
study, to climate changes and also in regional planning of
agriculture development and regional water resources man-
agement. Based on regionalization, changes of the regional
precipitation regimes are analyzed.

Different changing properties are identified for different
regions based on regionalization over China. In general,
similar changing features of precipitation regimes can be
found in three groups of regions or climate zones, i.e., the
western arid (semiarid) zone and Qinghai-Tibet plateau
zone; the eastern arid zone, northeastern China and northern

China; and southeastern China, the central China, and south-
ern China. And these three groups of regions are actually
three climate zones covering larger geographical area. Based
on analysis results of reference evapotranspiration over
China (Zhang et al. 2011c), these three climate zones are
roughly corresponding to the regions covered by different
reference evapotranspiration changes, showing different hy-
drological responses within China to climate changes
reflected by precipitation and reference evapotranspiration.

Increasing precipitation is observed mainly in the western
arid (semiarid) and Qinghai-Tibet plateau zones. In other
regions, particularly in the central and southern China, de-
creasing precipitation occurs in autumn and increasing pre-
cipitation in winter. This result mirrors seasonal shifts of
precipitation variations and which was well corroborated by
observed precipitation changes (Zhang et al. 2011a, b).
Besides, weak precipitation regimes are decreasing and
strong precipitation regimes are increasing, except for two
regions, i.e., the western arid (semiarid) and Qinghai-Tibet
plateau zones. These results tend to evidence intensification
of hydrological cycle in China, particularly in the center and
south China. Moreover, the results of this study also indicate
higher intensification of hydrological cycle in the south-
western China when compared to other regions of China.
This spatial pattern of precipitation changes will mean much
for regional management of water resources and agricultural
development and will be helpful for scientific understanding
of different hydrological responses to climate changes.
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