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Abstract: Global climate change is significant, and the spatiotemporal variations of precipitation
associated with it are pronounced. Based on the daily precipitation data from 10 weather stations
located from southeast to northwest across China from 1961–2017, the Mann–Kendall trend test was
generally applied to analyze the spatiotemporal variations of precipitation. The factors influencing the
precipitation changes were investigated. The results revealed that (1) the annual, summer, and winter
rainfall amount (RA) exhibited increasing rates of 16.36, 12.31, and 2.49 mm/10 year, respectively.
The change rates of annual rainfall days (RD) were 2.68 day/10 year in the northwest region and
−1.88 day/10 year in the southeast. The annual and seasonal daily precipitation on rainy days (RP)
exhibited an increasing trend. (2) All of the RA, RD, and RP values initially increased, then decreased,
and then slightly increased from Southeast to Northwest China. These results proved that the RA
increased with the increase of light rain in Northwest China and heavy rain in Southeast China.
In addition, changes in the monsoon have altered the rate at which RA, RD, and RP vary with distance
from the sea. These findings may help to provide suggestions for the rational spatial utilization of
water resources in China.

Keywords: rainfall amount; rainfall days; daily precipitation; Mann Kendall trend test; Sen’s slope;
climate change

1. Introduction

Global warming may accelerate the hydrological cycle [1–4]. The accelerated hydrological cycle
will affect the spatiotemporal patterns of precipitation, including the frequency of extreme precipitation
events [5,6]. The frequent occurrence of extreme precipitation makes disasters, such as floods and
droughts, more serious, which affects agricultural production and causes catastrophic destruction [7–10].
Therefore, there is an urgent need to study the spatiotemporal change of precipitation in order to
mitigate the resulting natural disasters.

In recent years, many researchers have found that the intensity of precipitation events and
the occurrence of extreme events have increased globally, although the spatiotemporal changes of
precipitation in different regions of the world have not been the same [11–13]. (1) North America:
Precipitation in Canada has exhibited an overall increasing trend with time [14–16]. Precipitation has
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increased in the south, snow has increased in the north, and snow has decreased in the west [14,15].
Karl and Knight [17] (1998) reported that precipitation in the United States has increased since 1910,
with the exceptions of Florida and California, with particularly heavy and extreme precipitation
events [18,19]. (2) South America: Wang and Fu [20] (2002) explored the relationship between
low-altitude cross-equatorial airflow and precipitation in South America, finding that the meridional
wind was well-correlated with the zonal movement of precipitation in South America on the monthly
time scale. Precipitation variation in the central region of the South American continent was mainly
reflected in the south of Brazil. Precipitation in this region increased significantly from January to
March, mainly due to the increase of rainy days [21]. (3) Europe: Zolina et al. [22] (2010) showed that
the rainy season in most parts of Europe lengthened by approximately 15–20% from 1950 to 2008,
and this prolonged wet period brought more heavy precipitation. According to Madsen et al. [23]
(2014), some research has revealed that extreme precipitation in Europe is generally increasing, while
there is no obvious trend of extreme flow at the large-scale regional or national level. Moreover,
climate prediction indicates that extreme precipitation in Europe will generally increase in the future.
(4) Africa: Kruger [24] (2006) reported that there has been no significant change in precipitation in
most areas of South Africa, although there have been some significant changes in the precipitation
characteristics of certain areas. For example, in the western region of South Africa, the degree of
extreme drought has increased, corresponding to a significant decrease in the average rainfall in the
southern summer [25]. (5) Asia: Precipitation in South Asia, Southeast Asia, and Central Asia has
been mainly characterized by increased extreme precipitation [26–29], although the precipitation trend
in most parts of Western Asia has been downward [30–32]. Sun and Ding [33] (2010) predicted that
summer precipitation in East Asia will increase from 2010 to 2099. Zhai et al. [34] (2005) reported
that the total precipitation in China from 1951 to 2000 exhibited almost no change trend, although
there were obvious regional and seasonal trends: the precipitation in Northwest China increased
significantly [35,36], southwest monsoon rainfall decreased overall [37], and the precipitation in South
China was enhanced [38]. Zhang et al. [39] (2017) proved that the occurrence of extreme precipitation
also increased in South China due to extension of the western North Pacific subtropical high westward,
pushing tropical cyclones southward. Most of these studies concluded that global precipitation has
changed, which can be inferred to have been the result of climate change. It remains unclear, however,
to what extent climate change has impacted the variation of precipitation with distance to the sea from
southeast to northwest China.

The purpose of this study was to investigate the temporal and spatial variations of precipitation
from southeast to northwest China under global climate change and its possible influencing factors.
This research included (1) the annual and seasonal changes of precipitation, (2) the changes of
precipitation with distance from the sea, and (3) possible factors affecting spatiotemporal variation
of precipitation. The results of this study provide a valuable support for the rational utilization and
development of China’s water resources.

2. Materials and Methods

2.1. Weather Stations and Data Collection

The daily precipitation and average daily temperatures data of ten meteorological stations from
January 1961 to February 2018 were downloaded from the National Meteorological Center of the China
Meteorological Administration (https://cmdp.ncc-cma.net/cn). There were some missing values in the
daily precipitation dataset, although the total missing data was <0.1%. The discontinuous missing data
were replaced by the average rainfall of adjacent days, and the continuous missing data were replaced
by the long-term average of the same date, which would not affect the long-term trend change [4].
The meteorological stations selected in this study were observed and maintained in accordance with
the ground meteorological observation standards of the China National Meteorological Administration.
In addition, these data have undergone a strict quality control and inspection process, including
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a consistency check, extreme value test, and so on. Following the quality control of the data, the actual
data rate was generally more than 99%, and its accuracy rate was close to 100%. Based on the annual
precipitation contours in China and their intersections of a straight line drawn from southeast to
northwest [40], ten meteorological stations, namely, Fuzhou (FZ), Nanchang (NC), Wuhan (WH),
Ankang (AK), Qindu (QD), Yuzhong (YZ), Xining (XN), Hongliuhe (HLH), Dabancheng (DBC),
and Bole (BL) were selected (Figure 1). This ensured the relative integrity of daily precipitation data
and the relative uniformity of spatial distribution of each station. Moreover, the annual precipitation of
these ten meteorological stations represents the precipitation characteristics at various distances from
the water vapor source: (1) FZ, NC, WH, and AK receive >800 mm, (2) QD receives 400–800 mm, (3) YZ
and XN receive 200–400 mm, and (4) HLH, DBC, and BL receives <200 mm. Therefore, the differences
in their precipitation should reflect the precipitation change from the southeast coast to the northwest
inland areas of China. The basic information concerning these meteorological stations is listed in Table 1.
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Figure 1. Digital elevation model (DEM) and distribution of the ten meteorological stations and
precipitation contours.

Table 1. Basic information concerning the ten meteorological stations.

Station Longitude (◦E) Latitude (◦N) Altitude (m)

Fuzhou (FZ) 119.17 26.05 84.00
Nanchang (NC) 115.55 28.36 46.90

Wuhan (WH) 114.03 30.36 23.60
Ankang(AK) 109.02 32.43 290.8
Qindu (QD) 108.43 34.24 472.80

Yuzhong (YZ) 104.09 35.52 1874.40
Xining (XN) 101.45 36.44 2295.20

Hongliuhe(HLH) 94.4 41.32 1573.8
Dabancheng (DBC) 88.19 43.21 1103.50

Bole(BL) 82.04 44.54 531.9
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2.2. Data Preprocessing

2.2.1. Selection of Precipitation Indices

Three main indices and twelve sub-indices were determined based on the related studies (Table 2).
These studies involved the statistics and descriptions of rainfall amount, rainfall days, and rainfall
intensity, as well as the rainfall intensity of different grades during different time periods [28,41,42].
Although the abbreviations of these precipitation indices are different, their meanings are the same.
In addition, these precipitation indicators only reflected annual or monthly statistics, due to a lack
of seasonal statistics. In this study, a rainy day was defined as a daily rainfall amount ≥ 0.1 mm [41].
The total precipitation amount on rainy days divided by the corresponding number of rainfall
days was defined as the daily precipitation on rainy days (RP), which was also a simple indicator
for describing the rainfall intensity [28,42]. According to the classification system of the China
Meteorological Administration, the daily precipitation was divided into four categories: light rain (LR,
daily precipitation < 10 mm), moderate rain (MR, 10 mm ≤ daily precipitation < 25 mm), heavy rain
(HR, 25 mm ≤ daily precipitation < 50 mm), and storm (SR, daily precipitation ≥ 50 mm). The rainfall
amount (RA), rainfall days (RD), and daily precipitation on rainy days (RP) of the different rainfall
grades were calculated in order to obtain the corresponding sub-indicators, as listed in Table 2. All of
the indices were calculated for the corresponding seasonal and annual values.

Table 2. Precipitation indices considered in this study.

Index Sub-Index Unit

Rainfall amount (RA)

Light rainfall amount (LRA) mm
Moderate rainfall amount (MRA) mm

Heavy rainfall amount (HRA) mm
Storm amount (SRA) mm

Rainfall days (RD)

Light rainfall days (LRD) day
Moderate rainfall days (MRD) day

Heavy rainfall days (HRD) day
Storm days (SRD) day

Daily precipitation on rainy days (RP)

Daily precipitation on light rainfall days (LRP) mm/day
Daily precipitation on moderate rainfall days (MRP) mm/day

Daily precipitation on heavy rainfall days (HRP) mm/day
Daily precipitation on stormy days (SRP) mm/day

2.2.2. Computation of Precipitation Indices

The annual and seasonal values of the 15 indices were calculated as follows: The first step
was to determine the rainfall amounts (RA), including the annual and seasonal values, which were
calculated from the daily values. We used standard climatological seasons to compute the seasonal
values, that is, March–May for spring, June–August for summer, September–November for autumn,
and December–February for winter. Different annual and seasonal RA grades were calculated, including
light rainfall amount (LRA), moderate rainfall amount (MRA), heavy rainfall amount (HRA), and strong
rainfall amount (SRA). The division of different precipitation grades adopted the precipitation division
standard of the National Meteorological Center of the China Meteorological Administration; details
are presented in the Note’s section of Table 2. The multi-year RA averages for the periods 1961–2017,
1961–1990, and 1991–2017 were also calculated. The second step was to calculate the rainfall days (RD).
The calculation method was the same as the approach used to calculate RA. The RD included the total
RD, as well as RD for each of the four seasons every year; different annual and seasonal RD grades;
and the multi-year RD averages for the periods 1961–2017, 1961–1990, and 1991–2017. The different RD
levels included light rainfall days (LRD), moderate rainfall days (MRD), heavy rainfall days (HRD),
and strong rainfall days (SRD). The third step was to calculate the daily precipitation on rainy days
(RP), including the annual and seasonal values. We divided the RA by the RD of the corresponding
period to obtain the RP for the same period. Different RP levels were also calculated, which included
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daily precipitation on light rainfall days (LRP), daily precipitation on moderate rainfall days (MRP),
daily precipitation on heavy rainfall days (HRP), and daily precipitation on stormy days (SRP).

2.3. Data Analysis

Five statistical analysis methods were selected to analyze the spatiotemporal variations of
precipitation. These five data analysis methods comprise the following:

(1) Simple linear regression

The slopes of hydrometeorological variables over time and the associated long-term change trends
can be measured by linear regression [42,43]. Simple linear regression was carried out for RA, RD,
and RP with the change of distance from the sea, and the rates of decrease for the precipitation indices
with distance from the sea were calculated.

(2) Mann–Kendall trend test

In this study, the Mann–Kendall (MK) trend test was used to detect the temporal trend changes of
RA, RD, and RP. The MK trend test is a nonparametric method [44,45] and is recommended by the
World Meteorological Organization for trend detection [46]. Since the autocorrelation in a time series
will affect the results of the MK trend test, pre-whitening is used as a preprocessing method in order
to eliminate this influence [47–49]. If there is a trend in the time series itself, the pre-whitening will
weaken the test effect. When the sample size is large enough, however (generally > 50), there is no
need for pre-whitening [50]. Since the sample size of each site in this study was >50, there was no need
to pre-whiten.

For a given time series X = x1, x2, . . . , xn, MK test statistic S is calculated as:

S =
∑n−1

i=1

∑n

j=i+1
sgn

(
xj − xi

)
(1)

The function sgn(x) is calculated as:

sgn(x) =


1, x > 0

0, x = 0

−1, x < 0

The statistic S is approximately normally distributed, and the mean E(S) = 0, variance as:

Var(S) =
n(n− 1)(2n + 5) −

∑n
i=1 ti(i)(i− 1)(2i + 5)

18
(2)

where ti is the number of connections with sample i. The standardized test statistic Z is given by the
following formula:

Z =


S−1√
Var(s)

, S > 0

0, S = 0
S+1√
Var(s)

, S < 0

(3)

For the statistical value Z, when it is greater than 0, it is an increasing trend, and when it is less
than 0, it is a decreasing trend.

(3) Sen’s slope estimator

Sen’s slope is an unbiased estimation of the monotonic trend of the original data, which can
determine the true slope of the MK trend analysis [51,52]. In this study, it was used to measure the
magnitude of the time variation trends of RA, RD, and RP. The calculation is as follows:
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β = Median
(xi − xj

i− j

)
(4)

1 < j < i < n

When β > 0, it means an upward trend, and if β < 0, it means a downward trend. Otherwise, there
is no change trend.

(4) Correlation analysis

Pearson correlation coefficient was used to detect the relationship between precipitation indices
and temperature. Pearson correlation coefficient between precipitation index and temperature was
calculated in OriginPro 9.0 software, and significance testing was performed by a double-tail test [53].

(5) Contrastive analysis and relative distance

The standard climate period is not unified worldwide. When studying climate change, researchers
select different climate periods, with correspondingly different results [54]. Since the Intergovernmental
Panel on Climate Change (IPCC) has reported many times that the standard climate period is 1961–1990,
the standard climate period in this study was chosen to be 1961–1990. The comparative analysis of
precipitation between the standard climate period and 1991–2017 was used to reflect the precipitation
change under climate change.

When calculating the distance from the sea, this study used the relative distance. Using the
“Measure” button in ArcGIS 10.2 software, we took the FZ station as the origin and measured the
distance from the other 9 stations to FZ. These measurements represented the corresponding distances
of the stations from the sea. Also taking Fuzhou as the starting point, a straight line was drawn from
FZ to the northwest, in order to select other stations distributed near the straight line. The precipitation
contours of 200, 400, and 800 mm each intersected this line. Similarly, ArcGIS 10.2 software was used to
measure the distance between each intersection point and the FZ station, thereby yielding the distances
of different precipitation contours from the sea.

3. Results

3.1. Temporal Change of Precipitation from Southeast to the Northwest China

3.1.1. Interannual Trend Changes of Annual Precipitation Indices

The interannual trends of RA, RD, and RP for the ten weather stations are presented in Figure 2.
First, the annual RA of FZ, NC, WH, AK, XN, HLH, DBC, and BL all exhibited obvious increasing
trends, while QD and YZ displayed decreasing trends. The average annual RA rising speed in the whole
southeast to northwest line region was about 16.36 mm/10 year, while the slopes of FZ, NC and WH
were all greater than 30 mm/10 year. Second, starting from YZ station, the annual RD in the southeast
direction showed a downward trend and the average changing rate was about −2.68 days/10 year,
while the annual RD in the northwest direction showed an upward trend and the average changing
rate was about 1.88 days/10 year. The changing rates at WH, AK and QD reached −6.2, −2.73,
and −3.33 day/10 year, respectively, and all exceeded the significance level of 95% confidence. Third,
only the annual RP at YZ exhibited a slight downward trend, while the other nine stations all presented
obvious upward trends. The growth rates at FZ, NC, WH, AK, QD, XN, HLH, DBC, and BL were
represented by Sen’s slope as 0.42, 0.39, 0.66, 0.28, 0.2, 0.07, 0.06, 0.11, and 0.09 mm/day/10 year,
respectively. And the average annual RD rising speed in the whole southeast to northwest line region
was about 0.23 mm/day/10 year. These results confirmed that the annual precipitation from southeast
to northwest China changed from 1961 to 2017, although different precipitation indices had different
change trends.
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Figure 2. The Mann-Kendall trend test and Sen’s slope were used to reflect the variation trends for
the annual rainfall amount (RA), rainfall days (RD), and daily precipitation on rainy days (RP). Note:
white spots mean precipitation change trend reached the significance level of 95% confidence according
to the MK trend test.

3.1.2. Interannual Trend Changes of Seasonal Precipitation Indices

Figure 3 shows the interannual trend changes of selected spring precipitation indices. First, spring
RA of YZ and in the northwest direction of YZ both showed an upward trend and the average Sen’s
slope of these stations reached 1.42 mm/10 year, while in the southeast direction of YZ both showed
a downward trend and the average Sen’s slope of these stations reached 4.77 mm/10 year. Second,
spring RD of YZ and in the northwest direction of YZ both no obvious trend of change and all of these
stations have a slope of 0 except for XN station, which presented an upward trend with a growth rate
of 0.66 day/10 year. However, RD in the southeast direction of YZ showed a significant downward
trend, and the average changing rates of these stations was −1.27 day/10 year. Third, the spring RP
of all stations on the line from southeast to northwest showed an upward trend, except for AK and
QD sites. And the average changing rate of spring RP of all stations reached 0.13 mm/day/10 year.
Moreover, the RP of WH had a significant upward trend with a slope of 0.64 mm/day/10 year, which
was caused by the significant decline in the number of precipitation days. Since there was no obvious
change in the RA of WH, it can be inferred that the heavy rainfall of WH increased.
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Figure 3. The Mann-Kendall trend test and Sen’s slope were used to reflect the variation trends for the
spring precipitation indices, including rainfall amount (RA), rainfall days (RD), and daily precipitation
on rainy days (RP). Note: white spots mean precipitation change trend reached the significance level of
95% confidence for the MK trend test.

Figure 4 shows the interannual trend changes of selected summer precipitation indices. First,
summer RA of all stations on the line from southeast to northwest showed an upward trend, except for
YZ sites. And the average changing rate of summer RA of all stations reached 12.31 mm/10 year.
Second, there was no change of summer RD at WH, AK, QD, and HLH, and changing rate of these
stations was 0. The summer RD at YZ decreased significantly, with a changing rate of −0.83 day/10 year.
However, FZ, NC, XN, DBC, and BL exhibited growth trends in RD, with ascent rates of 0.28, 1.18, 0.5,
0.51, and 0.51 day/10 year, respectively. Third, the summer RP did not change significantly at YZ, while
the other stations all exhibited increasing trends. The growth rates of summer RP at XN, HLH, DBC,
and BL were <0.15 mm/day/10 year. The growth rates of summer RP at FZ, NC, WH, AK, and QD
were all >0.4 mm/day/10 year, with WH reached 0.96 mm/day/10 year. Further, the average changing
rate of summer RP of all stations reached 0.35 mm/day/10 year.
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Figure 5 shows the interannual trend changes of selected autumn precipitation indices. First,
the autumn RA changes of FZ, NC, XN HLH, and BL showed an increasing trend, and other stations
showed a decreasing trend. Second, autumn RD in the northwest direction of YZ both showed a slight
upward trend, and the average Sen’s slope of these stations reached 0.24 day/10 year. However, autumn
RD in the southeast direction of YZ showed a significant decreasing trend, and the average changing
rate of these stations was up to −1.42 day/10 year. Third, the autumn RP of YZ showed a slight
downward trend, while other stations all showed an upward trend. The average annual RP rising
speed in the whole southeast to northwest line region was about 0.16 mm/day/10 year. According to
the change trend of autumn RA and RD of YZ, the decline of RP was caused by the decreased of RA,
so it can be inferred that the heavy precipitation in autumn decreased.
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Figure 5. The Mann-Kendall trend test and Sen’s slope were used to reflect the variation trends for the
autumn precipitation indices, including rainfall amount (RA), rainfall days (RD), and daily precipitation
on rainy days (RP). Note: white spots mean precipitation change trend reached the significance level of
95% confidence for the MK trend test.

Figure 6 shows the interannual trend changes of selected winter precipitation indices. First,
the growth trends of winter RA at all of the ten stations were obvious, and the average growth rate of
these stations was 2.49 mm/10 year. Second, the winter RD before the 800 mm precipitation contour all
decreased, and the average changing rate of these four stations was −0.74 day/10 year. Winter RD of QD
and in the northwest direction of QD both showed a significant upward trend, and the average ascent
rate of these stations was up to 1.08 day/10 year. Third, the winter RP at all of the ten stations displayed
obvious growth trends, and the average ascent rate of all these stations was 0.18 mm/day/10 year.
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winter precipitation indices, including rainfall amount (RA), rainfall days (RD), and daily precipitation
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95% confidence for the MK trend test.

It can be concluded that (1) RA showed an upward trend in annual, summer and winter during
the study period. Spring and autumn RA showed a slight upward trend in arid and semi-arid regions
and a downward trend in humid and semi-humid regions; (2) annual, summer, autumn and winter RD
were significantly increased in arid and semi-arid regions, and decreased in humid and semi-humid
regions. RD dropped significantly in spring; and (3) annual and seasonal RP exhibited an upward
trend. Therefore, the precipitation trend in annual was similar to that in summer and winter. It can be
inferred from these results that the precipitation changes mainly occurred during the summer and
winter because the monsoon changed in the summer and winter. In addition, RP responds to rainfall
intensity, so it can be inferred that different levels of rainfall have changed during the study period.

3.2. Spatial Variation of Precipitation Indices from Southeast to the Northwest China

3.2.1. Spatial Variation of Precipitation Indices from 1961 to 2017

Figure 7 shows the changes of RA, RD, and RP with distance from the sea. Figure 7 can be
analyzed from several perspectives. First, both RA and RP exhibited nearly the same change trends.
In general, annual, spring, summer, autumn, winter RA and RP all decreased with the increase of the
distance from the sea, but the decrease extent was different. Specifically speaking, in spring, summer
and winter RA and RP first increased from FZ station to NC station, then gradually decreased to
HLH station and then slightly increased to BL station. RA values of the first four weather stations
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were basically the same in autumn, which gradually decreased from AK to HLH station and then
increased slightly to BL station. In autumn, RP decreases slowly from FZ station to HLH station and
then increases slightly to BL station. Secondly, on the whole, annual and seasonal RD first decreased
greatly and then increased slightly with the increase of distance from the sea. But annual and summer
RD appeared to rise in YZ and XN stations. And the first four stations of autumn RD rose slowly with
the increase of the distance from the sea. On the whole, the precipitation indices decreased with the
increase of distance from the sea. However, there were also local phenomena that rainfall increased
with the increase of distance from the sea. It can be inferred from these results that the distribution of
precipitation distance from the sea may be influenced not only directly by the monsoon, but also by
factors such as topography.
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3.2.2. Comparison of Precipitation Indices between 1961–1990 and 1991–2017

Figure 8 displays the annual and seasonal changes of RA, RD, and RP with distance from the
sea between 1961–1990 and 1991–2017. The precipitation indices from 1991 to 2017 were compared
with those of the standard climate period 1961–1990. Some conclusions can be drawn from Figure 8:
(1) The annual RA changed very little, with the exception of NC, while the annual RD decreased
significantly. Pronounced RD reductions appeared at FZ, NC, WH, AK, and QD. These decreases
caused the annual RP at these 5 meteorological stations to increase. The annual RP at the DBC station
also exhibited an obvious change (Figure 8a). (2) The spring RA and RP changed very little, while
the spring RD before the 400 mm precipitation contour decreased significantly (Figure 8b). (3) The
summer and winter precipitation indices were very similar to the annual indices (Figure 8c,e), although
the magnitude of the increase or decrease was different. And the summer RA before the 800 mm
precipitation contour increased significantly, while the winter RD after the 400 mm precipitation
contour increased significantly. In addition, summer RD changed very little, although the summer
RP increased a great deal (Figure 8c). (4) The autumn precipitation indices differed from the annual
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indices, as well as those of the other seasons. The autumn RA before the 400 mm precipitation contour
except FZ and NC stations decreased significantly, and the autumn RD before the 400 mm precipitation
contour decreased even more (Figure 8d). Conversely, the autumn RP increased.
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Figure 8. Changes of rainfall amount (RA), rainfall days (RD), and daily precipitation on rainy days
(RP) with distance from the sea from 1961–1990 and 1991–2017, including the annual (a) and seasonal
(including spring (b), summer (c), autumn (d) and winter (e)) changes. “800 mm” represents the
800-mm precipitation contour; “400 mm” represents the 400-mm precipitation contour; “200 mm”
represents the 200-mm precipitation contour.

3.2.3. Spatial Variation of Precipitation Index Change Trends from 1961 to 2017

Figure 9 shows the change rates of the annual and seasonal RA, RD, and RP with increasing
distance from the sea. First, the time trend slope of RA in year and summer was similar with the change
of distance from the sea, and both decreased with the increase of distance from the sea. However,
there was a slight upward trend from FZ to NC, and the decline in QD station was large, reaching the
minimum value in YZ. Moreover, HLH, DBC and BL showed a slight upward trend. However, the RA
slope in spring, autumn and winter fluctuated slightly with the increase of sea distance (Figure 9a).
Second, the RD slope in summer and winter did not change significantly with the distance from the
sea. The slope of RD in spring and autumn decreased first and then increased with the increase of
sea distance. The annual RD slope increased as a whole with the increase of distance from the sea,
but the minimum value appeared at WH (Figure 9b). Third, the slope of annual RP was similar to that
of four seasons RP with the change of distance from the sea, which increased first, then decreased,
and finally tended to be stable. But the minimum RP slope of annual and summer appeared in YZ,
while spring appeared in QD and winter in AK. And the maximum RP slope of spring appeared in
NC, while annual and other three seasons all appeared in WH (Figure 9c). It should be noted that
the obvious negative RA slope occurred in humid and semi-humid regions for spring and autumn,
while the RD slopes at FZ, NC, WH, AK, QD, and YZ were also negative except summer and winter
RD. The negative RP slopes were at the AK and QD station in spring and the YZ station in annual,
summer, and autumn. This may reflect the degree to which climate change has affected rainfall as
a function of distance from the sea.
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Figure 9. Spatial variation of Sen’s slope of the MK trend test for selected precipitation indices, including
(a) rainfall amount (RA), (b) rainfall days (RD), and (c) daily precipitation on rainy days (RP) with
distance from the sea. “800 mm” represents the 800-mm precipitation contour; “400 mm” represents
the 400-mm precipitation contour; “200 mm” represents the 200-mm precipitation contour.

In a word, the half of annual and seasonal RA and RP declined, and the trend changes were
similar, which showed RP can better reflect the trend of RA. The most dramatic decrease and descent
rate of RD, respectively, occurred at the WH and QD stations. In fact, the RP at the first three stations
in summer, winter and annual exhibited obviously increasing trends. These results imply that the
annual monsoon intensity strengthened, but the monsoon frequency in spring and autumn weakened.
Their impacts were felt as far as 3500 km from the coast (DBC station) and 2000 km from the coast
(XN station).

4. Discussion

4.1. Comparison of These Research Results with Those of Other Studies

In general, the summer, winter, and annual RA changes displayed increasing trends, although the
annual RA decreased at the QD and YZ stations and summer RA also decreased at YZ. The spring RA
did not change significantly, while the autumn RA decreased significantly. Zhai et al. [34] (2005) also
found that the annual RA increased significantly in the western part of China, the Yangtze River Valley,
and the southeast coastal region. The summer RA trend was very similar to the annual trend; the RA
in eastern China generally decreased in autumn; and the winter RA in the northern part of eastern
China decreased significantly, while increasing in the south. Many researchers have confirmed that the
annual RA in Northwest China has exhibited an obviously increasing trend [35,36,55–57]. The fact that
the RA has increased in winter and summer but decreased in spring and autumn has been recognized
by most researchers [55,58,59]. There has been a significant increase in the RA of long-duration
events in southern China [60]. The RA from southeast to northwest China has generally decreased
with increasing distance from the sea. This change has been confirmed by many scientists [59,61,62].
The annual and seasonal RA decrease at different rates with distance from the sea. In recent years, these
descent rates have also changed, with the annual, summer, and winter RA descent rates increasing
significantly, while the descent rate has reversed in the spring and autumn (Table 3). In addition,
we found that the RA increased from the FZ to NC stations, but decreased sharply at QD (Figure 7).
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Meanwhile, the time trend slope of the winter RA increased with distance from the sea, while the
annual, spring, summer, and autumn RA initially decreased, then increased with increasing distance
from the sea.

Annual, summer, autumn and winter RD were significantly increased in arid and semi-arid
regions, and decreased in humid and semi-humid regions; the RD in spring decreased significantly.
Zhai et al. [34] (2005) also found that the RD has decreased in most parts of China, with Northwest
China being an exception. The annual wet days (daily precipitation >1 mm) increased in Northwest
China, with the northern part of Northwest China increasing significantly, while the eastern part
decreased as far west as 100◦ E [63]. Feng and Zhao [59] (2015) reported that the RD in China exhibits
a decreasing trend to the southeast. The RD in southeastern to northwestern China generally decreased
with increasing distance from the sea. The annual and seasonal RD decreased at different rates with
sea distance. In recent years, this descent rate has also changed, with the descent rates of the annual,
spring, autumn, and winter RD decreasing, although there was faint change in summer (Table 3).
In addition, the time trend RD slope did not change significantly in summer, although the annual,
spring, autumn, and winter slopes initially decreased at the WH station (750 km from the coast),
then increased, illustrating the variation of RD with distance from the sea. At the FZ and QD stations,
however, the annual and seasonal RD changes were not consistent.

The seasonal and annual RP changes generally exhibited increasing trends, and the increasing
trend of RP in winter was significant. Zhai et al. [34] (2005) also found that the RP has increased
noticeably in China. The increase of RP was mainly concentrated in the lower reaches of the Yangtze
River and the Pearl River Basin, while the northern part of northwestern China has also exhibited
characteristics of increasing RP [63]. The RP of southeast to northwest China also decreased generally
with increasing distance from the sea. The annual and seasonal RD decreased at same rate with sea
distance. In recent years, the descent rates of annual and seasonal RP have both increased (Table 3).
In addition, we found that the RP increased from the NC to WH stations, but decreased sharply at
QD (Figure 7). The time trend RP slope was similar to that of RA, which had a peak value at the WH
station and a minimum at the YZ station.

Table 3. Simple linear regression slope of rainfall amount (RA), rainfall days (RD), and daily precipitation
on rainy days (RP) versus sea distance from 1961–1990 and 1991–2017.

Slope Years Annual Spring Summer Autumn Winter

RA (mm/km)
1961–1990 −0.3664 −0.1392 −0.1198 −0.0638 −0.0431
1991–2017 −0.3884 −0.1313 −0.1469 −0.0605 −0.0502

Comparison −0.0220 0.0079 −0.0270 0.0033 −0.0071

RD (day/km)
1961–1990 −0.0297 −0.0119 −0.0049 −0.0068 −0.0062
1991–2017 −0.0246 −0.0105 −0.0048 −0.0052 −0.0041

Comparison 0.0051 0.0014 0.0001 0.0016 0.0021

RP (mm/day/km)
1961–1990 −0.0022 −0.0024 −0.0030 −0.0016 −0.0013
1991–2017 −0.0025 −0.0025 −0.0036 −0.0020 −0.0015

Comparison −0.0003 −0.0001 −0.0006 −0.0004 −0.0002

4.2. Effect of Climate Change on Spatiotemporal Variations of Precipitation

The changes in the rain pattern are the direct result of the changes in RA, RD, and RP. Figures 10–12
illustrate the changes of different precipitation indices of different precipitation grades with distance
from the sea. First, the significant increase of SRA led to an increase in annual RA (Figure 10a).
LRD decreased significantly, which led to a decrease in RD, while the LRD and MRD increases led
to increased RD at the XN, HLH, DBC, and BL stations (Figure 11a). LRP of annual rose slightly at
all stations except QD. MRP of annual increased significantly at HLH, DBC, and BL stations, while
SRP increased significantly at FZ, NC, and WH stations. There were also appeared HR and TR in arid
areas in recent years (Figure 12a). Second, the decrease in LRA was roughly the same as the increase
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in SRA, resulting in weak RA change in the spring (Figure 10b). The decreases of LRD and MRD
caused the RD to decrease in the spring (Figure 11b). Spring RP of different levels of rainfall increased
slightly in all regions (Figure 12b). Third, the increase of RA in summer was mainly reflected in the
increase of SRA (Figure 10c), while the decrease of RD was mainly reflected in the decrease of LRD
(Figure 11c). And the increase of LRP and SRP caused the summer RP increased (Figure 12c). Fourth,
the significant decrease of the RA in autumn was mainly due to the significant decreases of LRA and
MRA (Figure 10d), while the decrease of RD was also represented by the significant decreases of LRD
and MRD (Figure 11d). The increase of autumn RP was caused by the increase of LRP (Figure 12d).
Finally, the significant increase of RA in winter was mainly reflected in the increases of LRA, MRA,
and HRA in the humid and semi-humid regions, while in the arid and semi-arid areas was caused by
the significant increase of LRA (Figure 10e). The decrease of winter RD was caused by the decrease of
MRD and HRD at FZ, NC, WH, and AK stations, while the significant increase of winter RD in the
area after the 800 mm precipitation contour was caused by the significant increase of LRD (Figure 11e).
The significant increase of winter RP was mainly caused by the significant increase of LRP (Figure 12e).
Therefore, the SRA increased in summer and the LRA increased in winter, which explained the increases
of RP in summer and winter. In addition, the decrease of LRD was the reason for the decrease of RD.
It is obvious that the SRA increased significantly at FZ, NC, WH, and AK, while the LRD decreased
significantly at these stations before 400 mm precipitation contour and increased significantly at these
stations after 400 mm precipitation contour (Figures 10 and 11). Meanwhile, the RA and RD of different
precipitation grades did not increase or decrease uniformly (Figure 12). Therefore, the increase of RP
did not directly depend on the RP increases of different precipitation grades. Rather, it was caused by
the significant decrease of LRD and the significant increase of SRA. Thus, the reason for the increase
of precipitation in Northwest China was the increase of precipitation frequency, while the effect of
increased precipitation intensity was more obvious in Southeast China [34].Water 2020, 12, x FOR PEER REVIEW 17 of 25 
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Figure 10. Changes of different grades of precipitation amount with distance from the sea, including
light rainfall amount (LRA), moderate rainfall amount (MRA), heavy rainfall amount (HRA), and storm
amount (SRA). Different grades of precipitation amount also include annual (a) and seasonal (including
spring (b), summer (c), autumn (d) and winter (e)) variations. “800 mm” represents the 800-mm
precipitation contour, “400 mm” represents the 400-mm precipitation contour, and “200 mm” represents
the 200-mm precipitation contour.
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Figure 11. Changes of different grades of precipitation days with distance from the sea, including light
rainfall days (LRD), moderate rainfall days (MRD), heavy rainfall days (HRD), and storm days (SRD).
Different grades of precipitation amount also include annual (a) and seasonal (including spring (b),
summer (c), autumn (d) and winter (e)) variations. “800 mm” represents the 800-mm precipitation
contour, “400 mm” represents the 400-mm precipitation contour, and “200 mm” represents the 200-mm
precipitation contour.
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Figure 12. Changes of daily precipitation of different rainy day grades with distance from the sea,
including daily precipitation on light rainfall days (LRP), daily precipitation on moderate rainfall days
(MRP), daily precipitation on heavy rainfall days (HRP), and daily precipitation on stormy days (SRP).
Different grades of precipitation amount also include annual (a) and seasonal (including spring (b),
summer (c), autumn (d) and winter (e)) variations. “800 mm” represents the 800-mm precipitation
contour, “400 mm” represents the 400-mm precipitation contour, and “200 mm” represents the 200-mm
precipitation contour.
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In addition, climate change is the driving force behind the changes in RA, RD, and RP. Global warming
is one of the typical manifestations of climate change and has a direct impact on precipitation [4,64].
The annual average surface temperature in China increased significantly during the study period,
and its warming range was slightly greater than the world average in the same time span [40]. It can
be seen from Figure 13 that from 1961 to 2017, the average daily temperature in both year and seasons
in the line from southeast to northwest of China increased, but there was no significant change
in summer at AK and QD stations. The average daily temperature rise rates of the whole southeast to
northwest line in annual, spring, summer, autumn, and winter were 0.24 ◦C/10 year, 0.26 ◦C/10 year,
0.16 ◦C/10 year, 0.23 ◦C/10 year, and 0.26 ◦C/10 year, respectively. Especially, the northwest arid
region and the southeast humid region had a relatively large temperature increase. In terms of global
average, the annual precipitation increases as the world warms [65]. Moreover, global warming also
increases the frequency of extreme precipitation events [5,6]. Therefore, the rising temperatures may
lead to higher RA and RP. Table 4 shows the correlation between annual and seasonal average daily
temperature and precipitation indices of each station. It can be seen from the table that the correlation
between temperature and precipitation at each station was not consistent, which was related to the
nature of precipitation at each place. However, the annual RP of FZ, NC, and WH in the southeast had
a strong positive correlation with the average daily temperature, and the annual and summer RD of FZ,
NC, WH, AK, QD, YZ, and XN had a strong negative correlation with the average daily temperature.
Therefore, the temperature may have more influence on the number of precipitation days. The rising
temperature reduces the number of precipitation days, while the heavy precipitation increases.
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Table 4. Pearson’s correlation coefficients between precipitation indices and average daily temperature
at each meteorological station during 1961–2017.

Stations Indices Spring Summer Autumn Winter Annual

FZ
RA −0.48 * −0.24 −0.02 0.12 0.19
RD −0.63 * −0.44 * −0.15 0.02 −0.22
RP −0.22 −0.10 −0.01 0.16 0.37 *

NC
RA −0.42 * −0.50 * −0.15 −0.05 0.00
RD −0.59 * −0.62 * −0.35 * −0.20 −0.39 *
RP −0.18 −0.18 0.14 0.06 0.27 *

WH
RA −0.18 −0.32 * −0.30 * 0.31 * −0.01
RD −0.59 * −0.58 * −0.51 * −0.11 −0.53 *
RP 0.22 −0.03 0.01 0.36 * 0.31 *

AK
RA −0.24 −0.57 * −0.35 * 0.12 −0.40 *
RD −0.40 * −0.67 * −0.34 * 0.01 −0.56 *
RP 0.04 −0.24 −0.29 * 0.17 −0.04

QD
RA −0.34 * −0.47 * −0.25 −0.03 −0.26 *
RD −0.54 * −0.66 * −0.33 * −0.15 −0.48 *
RP 0.03 −0.12 −0.14 0.16 0.07

YZ
RA −0.08 −0.47 * −0.24 0.05 −0.32 *
RD −0.31 * −0.53 * −0.16 −0.02 −0.42 *
RP 0.18 −0.29 * −0.15 0.27 * −0.09

XN
RA 0.15 −0.23 −0.09 0.00 −0.14
RD −0.02 −0.44 * −0.25 −0.12 −0.25
RP 0.23 −0.02 0.12 0.08 0.01

HLH
RA −0.08 −0.25 0.15 −0.19 0.02
RD −0.17 −0.47 * 0.10 −0.32 * −0.03
RP −0.05 −0.03 0.13 0.17 0.04

DBC
RA −0.13 −0.05 0.07 0.02 0.05
RD −0.25 −0.14 −0.22 0.00 0.00
RP 0.09 −0.03 0.11 0.15 0.07

BL
RA −0.12 0.02 0.18 0.19 0.24
RD −0.28 * −0.03 −0.07 0.08 0.22
RP 0.06 0.04 0.25 0.19 0.15

Note: * significant at 0.05 level.

Last, one of the characteristics of China’s climate is the significant monsoon pattern [66].
Further analysis shows that the precipitation in China is primarily affected by the monsoon, with the
exception of the northwestern region. The summer precipitation in southeastern China is mainly
impacted by both the Indian monsoon and the East Asian summer monsoon. In addition, the positive
(or negative) temperature anomalies over Europe and the Atlantic Ocean regions are favorable to more
(or less) water vapor content over southeastern China [67]. The strength of the East Asian summer
monsoon and its associated rainfall are related to the western North Pacific subtropical high on the
East Asian continent [39,67,68]. The zonal migration of the western North Pacific subtropical high will
lead to abnormal climate conditions in China [69]. Therefore, the increase of extreme precipitation in
the summer may be due to changes in the Indian monsoon, East Asian summer monsoon, and western
North Pacific subtropical high. The degree of change in summer precipitation reflects the degree to
which these climate factors have changed. Therefore, the intensity of the summer monsoon may have
increased. The precipitation in winter is mainly influenced by the East Asian winter monsoon. Due to
the interaction between the Siberian high and the Aleutian low, northwest winds prevail. The East
Asian winter monsoon causes most parts of China to be cold and dry in winter, although rain and
snow can form when cold, dry air at high latitudes meets warm, moist air from low latitudes [70].
The decrease or increase in surface temperatures over East Asia is significantly correlated with the
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strength or weakness of the East Asian winter monsoon [71]. In recent years, however, the surface
temperatures in China have increased significantly and the precipitation in winter has also increased
significantly. It can thus be inferred that the East Asian winter monsoon is weakening. This is also
consistent with the general theory that China’s overall winter precipitation is lower in harsh winters
and higher in mild winters [72]. In Northwest China, the main reason for the significantly increasing
trend of precipitation may be the strengthening of the western North Pacific subtropical high and the
North American subtropical high [35].

4.3. Effects of Terrain on Precipitation Change

The complex and varied terrain also has a significant impact on precipitation in China.
Dirmeyer [73] (1998) found that the geography of land and sea influences the monsoon circulation.
When compared with the topographic map of China, it is clear the spatial variation of precipitation
in China is also affected by the topography, especially the variations in elevation [74]. As the distance
from the sea increases, the intensity of the monsoon effect decreases. The “three staircases” of China
are situated such that the terrain is high in the west and low in the east. Therefore, the high mountain
ranges act as a barrier, making it difficult for water vapor from the sea to flow to the northwest. In this
study, in general, RA, RD and RP were also found to decrease with increasing distance from the sea.
Not all of the precipitation indices decreased directly with increasing sea distance, however. The annual
RA and RP increased from the FZ to NC stations and decreased sharply at QD (Figure 7). The monsoon
influence at FZ was less at NC due to the impact of the Taiwan Mountains. Since the heights of the
Taiwan Mountains vary from 3 to 3.5 km and FZ is approximately 250 km from this mountain range,
the blocking effect of the mountains is strong. Due to the blocking effect of the mountains in Taiwan,
the monsoon exerted little effect on the precipitation at FZ, resulting in less precipitation at FZ than at
NC. In addition, the transition from WH to QD is essentially from the humid region to the sub-humid
region, which leads to a change in the climate conditions, including a change in the precipitation.
QD is located to the north of the Qinling Mountains. The mountains block moisture from the ocean,
causing a sharp drop in rainfall. In addition to these abnormal points, precipitation from HLH to
BL showed an upward trend with the increase of distance from the sea. Combined with Table 1 and
Figure 1, it is found that the altitude of HLH, DBC, and BL decreases in turn. As the northwest is far
away from the sea, the influence of the monsoon is weakened, and the landform is the main factor
affecting the rainfall. And the monsoon’s degree of influence on precipitation varies with distance from
the sea. The influence degree of the monsoon reached its maximum at the WH station in the middle
and lower reaches of the Yangtze River, and reached its minimum at the YZ station in the semi-arid
region (Figure 9). The monsoon also exerted a large impact on RD. A significant decrease in RD led
to an increase of heavy or strong precipitation in southeast and central China. In Northwest China
beyond YZ, RP increased due to the increase in the RD of light precipitation.

5. Conclusions

The purposes of this study were to investigate the spatiotemporal precipitation changes from
southeast to northwest China and to explore the factors that influence these changes. The following
conclusions were drawn:

(1) From 1961 to 2013, the temporal changes of precipitation exhibited increasing trends,
and precipitation changes mainly occurred in summer and winter. The annual precipitation
change was similar to the changes in summer and winter: the RA and RP generally increased.
The RD in arid and semi-arid areas increased noticeably, and decreased obviously in humid and
semi-humid regions. The RD decreased significantly in spring, and the autumn RA and RD
decreased in most areas.

(2) On the whole, RA, RD, and RP decreased with the increase of distance from the sea; the RA
and RP increased from the FZ to NC stations and decreased sharply at QD. The precipitation
indices showed an upward trend from HLH to BL. Compared with the standard climate period of
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1961–1990, the precipitation changed significantly from 1991 to 2017: the obvious RD reductions
caused annual, spring, and winter RP increases; the RA increase led to the RP increase in summer;
the RD reduction that was greater than the RA decrease led to the increased RP in autumn.
The spatial variation of the change trends of the precipitation indices also displayed some
regularity. The heavy or strong precipitation increased in southeastern and central China, while
the weak precipitation increased in northwestern China.

(3) Climate change affected the precipitation change. First, the higher temperatures led to increased
precipitation. Second, the strengthening of the summer monsoon caused summer extreme
precipitation to increase, while the weakening of the winter monsoon led to an increase
in wintertime light precipitation. Third, the change of climate or monsoon altered the rates
of precipitation decrease with distance from the sea: RA and RP decreased faster, compared
with 1961–1990, the annual decline rate of RA and RP increased to 6% and 13.6%, respectively;
RD decrease slower, the rates of the annual, summer, and winter RA decreases were faster, while
the spring and autumn rates were slower, and compared with 1961–1990, the annual decline rate
of RD decreased to 17.2%. Finally, terrain also exhibits a pronounced impact on precipitation
in China.

This study did not examine the responses of precipitation changes and other climate factors
changes. In the future, we plan to analyze the responses of precipitation, characterize the major factors
of climate change and predictive climate model. The results of the current investigation revealed that
precipitation is affected by climate change and that precipitation change can reflect climate change.
The total precipitation and precipitation intensity from southeast to northwest China have increased
significantly, which poses a challenge to the rational utilization of water resources in China. From the
southeast to the northwest, different regions should adopt different measures and management modes
in order to optimize the use of water resources.
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