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Abstract: The magnitude and spatiotemporal distribution of precipitation are the main drivers of
hydrologic and agricultural processes in soil moisture, runoff generation, soil erosion, vegetation
growth and agriculture activities on the Loess Plateau (LP). This study detects the spatiotemporal
variations of individual rainfall events during a rainy season (RS) from May to September based on
the hourly precipitation data measured at 87 stations on the LP from 1983 to 2012. The incidence
and contribution rates were calculated for all classes of rainfall duration and intensity to identify
the dominant contribution to the rainfall amount and frequency variations. The trend rates of
regional mean annual total rainfall amount (ATR) and annual mean rainfall intensity (ARI) were
0.43 mm/year and 0.002 mm/h/year in the RS for 1983–2012, respectively. However, the regional
mean annual total rainfall frequency (ARF) and rainfall events (ATE) were −0.27 h/year and −0.11
times/year, respectively. In terms of spatial patterns, an increase in ATR appeared in most areas
except for the southwest, while the ARI increased throughout the study region, with particularly
higher values in the northwest and southeast. Areas of decreasing ARF occurred mainly in the
northwest and central south of the LP, while ATE was found in most areas except for the northeast.
Short-duration (≤6 h) and light rainfall events occurred mostly on the LP, accounting for 69.89% and
72.48% of total rainfall events, respectively. Long-duration (≥7 h) and moderate rainfall events
contributed to the total rainfall amount by 70.64% and 66.73% of the total rainfall amount,
respectively. Rainfall frequency contributed the most to the variations of rainfall amount for light
and moderate rainfall events, while rainfall intensity played an important role in heavy rainfall and
rainstorms. The variation in rainfall frequency for moderate rainfall, heavy rainfall, and rainstorms
is mainly affected by rainfall duration, while rainfall event was identified as a critical factor for light
rainfall. The characteristics in rainfall variations on the Loess Plateau revealed in this study can
provide useful information for sustainable water resources management and plans.
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1. Introduction
Rainfall has undergone significant changes globally mainly due to global warming that causes
large-scale changes in water vapor cycle and an increase in extreme weather events (e.g., flooding,
droughts, and storms) [1,2]. Moreover, the alterations in rainfall characteristics have affected the
utilization, development, and management of water sources and the sustainable development of
ecological systems on a regional (or local) scale across the world [3–5]. Therefore, it is necessary to
analyze the regional rainfall changes to better understand and address the impacts of regional climate
changes [6].
There is a linkage between climate changes and the hydrology cycle in a way that natural runoff
and soil moisture usually correspond to the amount of precipitation [7–10]. Meanwhile, the changes
in terrestrial evaporation are strongly affected by climate variability affected by anthropogenic
activities [11,12]. For instance, water vapor from the land surface has been affected by human
influences on the hydrological cycle as well as alterations in the rainfall amount, intensity, frequency
and type under climate change [13,14].
Many studies have examined the spatiotemporal variation of rainfall and increasing extreme
rainfall events during recent decades, showing significant changes in different regions of the world
[2,15–17]. Previous studies show that heavy precipitation events have displayed an increasing trend
in recent decades globally [18]. However, changes of precipitation trends have not been consistent
around the globe, with substantial differences on the regional scale. In particular, increasing
precipitation trends have been observed in North America [19], north-western Australia [20] and in
the south-eastern regions of South America [21]. Conversely, decreasing trends have been found in
south-eastern Australia [20], the Mediterranean area [22] and in the Amazon basin countries [23].
Related studies have found annual total precipitation increased in northwestern Europe but
decreased in southern Europe [24]. In addition, Cai et al. (2015) found that an Asian summer monsoon
mostly induced light and moderate precipitation, whereas relatively frequent extreme rainfall events
occurred in South Asia and East-Southeast Asia [25].
In China, mean annual precipitation showed no significant variation from 1951 to 2000, but
regional and seasonal variations were very obvious [2,25,26]. Regionally, annual precipitation has
decreased in the south and increased in the north [27,28]. Seasonally, precipitation has increased in
winter and summer, while it has decreased in the spring and autumn [29,30]. Additionally, extreme
precipitation events have increased significantly over the whole country [31,32], particularly in the
Yangtze River Basin, southeastern and northwestern China [33].
The Loess Plateau (LP) is one of the most vulnerable ecological environment regions in China to
climate change due to the unique geology and fragile environment [34]. Climate change can directly
affect hydrologic processes in the LP, resulting in more frequent and severe natural hazards such as
droughts and floods over the last decades [35,36]. In particular, the LP has previously suffered from
severe soil erosion driven by erodible soil types, hilly landscape and human activities. Thus, various
soil and water conservation measures have been implemented to reduce the soil erosion since the
1950s [37]. The Grain-to-Green program, the largest ecological restoration program in the world, has
led to not only a conversion of 16,000 km2 from cultivated lands to planted vegetation land but also
an increase of 25% in vegetation coverage in the last decade [38,39]. However, the program also
induced an urgent issue of water use in the LP, especially as to how the water demands for the
restored vegetation need to be supplied with limited water resources mainly sourced by rainfall in
the LP [38,40]. Therefore, it is essential to understand individual rainfall characteristics in the process
of vegetation restoration for this region for efficient distribution of the limited water resources.
Many studies have investigated the changes in rainfall on the LP and the effects of different
climate factors on rainfall. Previous studies reported that annual precipitation in the LP exhibited an
insignificant decrease trend over the past few decades [41–44]. Specifically, the average annual
precipitation in the LP decreased from 1961 to 2010, while the seasonal variations of precipitation
were different [45]. In addition, the average daily rainfall intensity also showed a significantly
decreased trend during the period from 1960 to 2013 [46]. It is noteworthy that the extreme
precipitation increased in the LP and the number of rainy days increased only in the part of northern
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LP [47]. However, the rainstorms (>50 mm) in the LP did not change significantly [48]. All of the
above studies revealed the changes in annual (and seasonal) precipitation, extreme precipitation and
rainstorms. However, we need to take into account rainfall duration at hourly intervals as rainfalls
often last for only a few hours and sometimes less than one hour [5]. Furthermore, the hourly data
provide more accurate information in trend evaluation than daily data [49]. Thus, analyzing the
spatiotemporal characteristics of individual rainfall characteristics based on hourly data may lead to
a better understanding of the changes in the hydrological cycle.
In this study, we examine the spatiotemporal variations in individual rainfall characteristics
with regard to amount, frequency, intensity and the numbers of rainfall events using the hourly
precipitation data monitored at 87 meteorological stations on the LP from 1983 to 2012. This study
also identifies the main rainfall types for various duration and intensity and their contribution to the
rainfall amount. The extent to which rainfall changes are attributable to changes in rainfall frequency
and intensity in LP is still not clear. Specifically, the objectives of the study are (1) to investigate the
spatiotemporal changes of individual rainfalls during a rainy season (May−September) (RS) from
1983 to 2012, (2) to evaluate the incidence and contribution rates in rainfall duration and rainfall
intensity, and (3) to determine the dominant contribution of annual rainfall amount and rainfall
frequency variations.
2. Materials and Methods
2.1. Study Area
The LP (33°43′–41°16′ N, 100°54′–114°33′ E), spanning from the upper to the middle of the Yellow
River basin in China (Figure 1), has a total area of 6.2 × 105 km2 and an elevation range from 200 to
3000 m. It is surrounded by the Taihang mountain range to the east, the Riyue-Helan Mountain to
the west, the Qingling range to the south, and the Yinshan Mountain to the north. The average annual
temperature varied with the location within the LP, 4.3 °C in the northwest and 14.3 °C in the
southeast [46]. Annual precipitation ranges from 200 mm in the northwest to 750 mm in the southeast,
under the continental monsoon climate that rainfalls mainly occur during the RS in the form of
rainstorms [50]. As the loess-paleosol deposits range from 30 to 80 m in thickness [51], the main
limiting factor for local vegetation growth and agricultural production is rainfall that is also the only
water source for people and livestock activities in 90% of the LP.
2.2. Data
In this study, hourly rain gauge records from 1983 to 2012 at 87 meteorological stations on the
LP were used to analyze the characteristics of individual rainfalls during the RS (Figure 1). The data
set was collected and quality controlled from the National Meteorological Information Center of the
China Meteorological Administration (http://data.cma.cn). The stations where the proportion of
missing data during the rainy season in a year was larger than 1% were removed to mitigate the
influences of missing data on the analysis. The missing data less than 1% at the selected stations were
filled to perform a linear regression every five years by a gap fill method, in which a missing point is
replaced by the nearest observation [5].
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Figure 1. Location of the Loess Plateau (LP) and the distribution of 87 meteorological stations on the
LP.

2.3. Methods
At the hourly time unit during the rainfall process, the time of rainfall amount more than 0.1
mm was defined as the rainfall time. An intermittence longer than 1 h between rainfall events was
used to define individual rainfall events in this study. For a rainfall event, the time from the beginning
to the end of a rainfall event was defined as the rainfall duration, and the cumulative rainfall during
this period was defined as the rainfall amount.
Four rainfall indices were selected to investigate the characteristics of individual rainfall events:
(1) annual total rainfall amount (ATR) that is the sum of rainfall amounts in a year, (2) annual total
rainfall events (ATE) defined as the number of rainfall events occurred during a year [52], (3) annual
mean rainfall intensity (ARI) defined by the rainfall amount per hour, and (4) annual total rainfall
frequency (ARF) defined as the total numbers of hours of individual rainfall events in a year [53,54].
In addition, four rainfall duration categories were used; (1) prompt-duration (1–3 h), (2) shortduration (4–6 h), (3) moderate-duration (7–12 h), and (4) long-duration (≥12 h). With regard to the
amount of rainfalls, this study defined four rainfall classes as previous studies; (1) Light rainfall (0.1–
1.0 mm/h), (2) moderate rainfall (1.1–10.0 mm/h), (3) heavy rainfall (10.1–20.0 mm/h) and (4)
rainstorm (>20 mm/h) [55]. Furthermore, the incidence and contribution rates were introduced to
ascertain the contribution of the rainfall duration and intensity. The incidence rate of one rainfall
event was the ratio of the number of a precipitation class (duration and magnitude) to the total
number of rainfall events, the contribution rate was defined as the percentage of the rainfall amount
of a precipitation magnitude class to the total rainfall amount given a duration [56].
According to the study of Karl and Knight [57], we can estimate the proportion of any trend in
the total rainfall amount that is attributable to changes in rainfall frequency versus changes in rainfall
intensity. The change in rainfall amount driven by a change in rainfall frequency of rainfall events
was defined as:
𝑏𝑏𝑒𝑒 = 𝑃𝑃�𝑒𝑒 (𝑏𝑏𝑓𝑓 )

(1)

𝑏𝑏𝑖𝑖 = 𝑏𝑏 − 𝑏𝑏𝑒𝑒

(2)

where 𝑃𝑃�𝑒𝑒 is the average rainfall amount per events (mm/h) and 𝑏𝑏𝑓𝑓 is the changes trend in the
frequency of events (h/year), so 𝑏𝑏𝑒𝑒 is expressed in mm year−1 or the proportion of mean rainfall
amount. For the rainfall intensity component, the trend was calculated as a residual:
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where 𝑏𝑏 is the trend in the total rainfall amount in a class (mm/year). The trends were expressed as
a percentage of the mean precipitation over a region to conveniently compare results at different
stations.
The ratio of the absolute difference between 𝑏𝑏𝑖𝑖 and 𝑏𝑏𝑒𝑒 to 𝑃𝑃�𝑒𝑒 represents the contribution of the
total amount variation caused by the trend of rainfall frequency and intensity increment:
𝑟𝑟 =

|𝑏𝑏𝑖𝑖 | − |𝑏𝑏𝑒𝑒 |
𝑃𝑃�𝑒𝑒

(3)

where r is the difference percentage. A positive value means a higher contribution of the trend of
rainfall intensity increment to the total amount variation than that of the trend of rainfall frequency,
vice versa for a negative value.
In addition, rainfall frequency is determined by the rainfall duration and rainfall events.
Following Equations (1) and (2), the contributions of rainfall frequency were divided into the number
and duration of rainfall events. The contribution of the rainfall events was calculated by
𝐸𝐸𝑒𝑒 = ���
𝐷𝐷𝑒𝑒 (𝐸𝐸𝑓𝑓 )

(4)

𝐸𝐸𝑖𝑖 = 𝐸𝐸 − 𝐸𝐸𝑒𝑒

(5)

���𝑒𝑒 and 𝐸𝐸𝑓𝑓 is the average duration of individual rainfall events and trends of the number of
where 𝐷𝐷
rainfall events (times/year), respectively. The trend related to the duration component (𝐸𝐸𝑖𝑖 ) was
calculated by:
where E is the trend of rainfall frequency in a class (h/year).
The ratio of the absolute difference between 𝐸𝐸𝑖𝑖 and 𝐸𝐸𝑒𝑒 to ���
𝐷𝐷𝑒𝑒 reflects the contribution of total
rainfall frequency caused by the trend of number and duration of rainfall events increment:
𝑟𝑟1 =

|𝐸𝐸𝑖𝑖 | − |𝐸𝐸𝑒𝑒 |
���
𝐷𝐷𝑒𝑒

(6)

where 𝑟𝑟1 is the difference percentage. A positive value represents a higher contribution of the trend
of rainfall duration increment to the change in rainfall frequency than that of the trend of the number
of rainfalls, vice versa for a negative value.
The Mann–Kendall (MK) trend test, a non-parametric method, was frequently used to quantify
the significance of trends in a hydro-meteorological time series, which is based on the null hypothesis
that the time series has no trend [58–60]. The MK test determines the direction of the trend, which
can either be a positive, negative, or absence of a trend, based on the sign of the test statistic [61]. The
advantage of the MK trend test is more appropriate for hydro-climatological data distributions as it
can be applied regardless of a specific distribution, such as non-normal distributions and nonlinear
in nature [62]. To account for the autocorrelations or persistence, a series of modified versions of MK
trend test were proposed (i.e., MK2, MK3 and MK4). Some studies have shown that the modified MK
models were more effective for the variables with a considerable autocorrelation [63]. However, there
was a neglectable autocorrelation in the data used in this study; consequently, the autocorrelation or
persistence has few influences on the datasets. Hence, the original version of the MK trend model
was used in this study. For n time series (n > 10), the standard normal test statistics Z is calculated as
follows:
𝑆𝑆 − 1
, 𝑖𝑖𝑖𝑖 𝑆𝑆 > 0⎫
⎧
⎪�𝑉𝑉𝑉𝑉𝑉𝑉(𝑠𝑠)
⎪
𝑖𝑖𝑖𝑖 𝑆𝑆 = 0
𝑍𝑍 = 0,
⎨ 𝑆𝑆 − 1
⎬
⎪
, 𝑖𝑖𝑖𝑖 𝑆𝑆 < 0⎪
⎩�𝑉𝑉𝑉𝑉𝑉𝑉(𝑠𝑠)
⎭

(7)

where 𝑆𝑆 is the Mann–Kendall test statistic, 𝑉𝑉𝑉𝑉𝑉𝑉(𝑠𝑠) is the variance. The 𝑆𝑆 and 𝑉𝑉𝑉𝑉𝑉𝑉(𝑠𝑠) are
calculated refer to Gocic et al. (2013) [64].
If |𝑍𝑍|>𝑍𝑍1−𝛼𝛼�2 at the specific 𝛼𝛼 significance level, the null hypothesis is rejected, implying that a
significant trend exists in the time series. A positive value of Z indicates an upward trend, whereas a
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negative value of Z indicates a downward trend. In this study, we used the significance levels 𝛼𝛼 =
0.05 to test trends in the rainfall dataset. The null hypothesis of no trend was rejected if |𝑍𝑍| > 1.96
at the 5% significance level.
Sen’s method was adopted to quantify the magnitude of the trends [61], as it is a non-parametric
approach, and is appropriate in conjunction with the MK test. Moreover, Sen’s method is not affected
by outliers as it determines the median slope of all possible pairs, which makes the test robust against
possible outliers [63]. The Kriging interpolation method was used to analyze the spatial distribution
of each rainfall indicator. Ordinary kriging and semivariogram models were used in this study. The
parameters of sill, range and nugget for the variogram were taking the optimum values in each figure,
and these are obtained by using geostatistical analyst in Arcgis 10.3.
3. Results
3.1. Spatiotemporal Variations of Individual Rainfall Events
The trend rates of regional mean ATR and ARI during the RS from 1983 to 2012 in the LP were
0.43 mm/year and 0.002 mm/h/year, respectively. In contrast, ARF and ATE regional mean trend rates
were −0.27 h/year and −0.11 times/year, respectively. Specifically, the linear trends in the regional
mean ATR, ARF, and ATE were transitional over time, i.e., initially decreasing and then increasing
from 1997 (Figure 2a,b,d). The regional mean ATR, ARF, and ATE from 1983 to 1997 significantly
decreased at rates of −8.45 mm/year, −8.99 h/year, and −1.02 times/year, respectively. In contrast, the
decreasing trends in ATR, ARF, and ATE shifted to an increasing trend from 1997 to 2012 at rates of
5.67 mm/year, 3.68 h/year, and 0.38 times/year, respectively. The ARI transition point from upward
to downward was 1995 at a trend rate of 0.014 mm/h/year from 1983 to 1995 and −0.001 mm/h/year
from 1995 to 2012 (Figure 2c).
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Figure 2. Interannual changes in regional mean (a) ATR (annual total rainfall amount), (b) ARF
(annual total rainfall frequency), (c) ARI (annual mean rainfall intensity) and (d) ATE (annual total
rainfall events) during the RS (rainy season) from 1983 to 2012.

The spatiotemporal patterns in the four rainfall indicators are shown in Figure 3. There were no
statistically significant ATR, ARF, ARI and ATE trends at most stations during this study period
according to the MK test. The MK test results show that a positive ATR trend appeared in 56 stations
(64.4%) among the 87 stations, while only one station showed a significant increasing trend at the 5%
significant level. Except for the southwest, most areas showed an increasing trend in ATR over the
LP (Figure 3a). The ratio of stations with an upward ARF trend was approximately equal to that with
a downward trend, which was 49.4% and 46.0% of all stations, respectively. Figure 3b indicates that
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the increasing ARF trend mainly appeared in the northeast and central north, while the decreasing
trend occurred in the northwest and central south. It is apparent from Figure 3c that there are few
changes in ARI during the study period at all stations. Of 87 stations, 62 stations (71.3%) showed a
positive trend that is not statistically significant at the 5% significant level. Except for the part of the
southwest and northeast, the increasing ARI trend appeared over the LP. In contrast, 70.1% of the
total stations exhibited a negative ATE trend while a positive trend occurred at only 28.7% of the total
stations, mainly located in the northeastern LP (Figure 3d).

Figure 3. Spatial patterns of (a) ATR, (b) ARF, (c) ARI and (d) ATE trend magnitude for the RS from
1983 to 2012 in the plateau. Note: the significance levels 𝛼𝛼 = 0.05 to test trend statistical significance.

3.2. Incidence and Contribution Rates of Rainfall for Various Duration Bands

The regional mean incidence rates for the rainfall duration bands classified in this study were
shown in Figure 4. The incidence rates of prompt-duration, short-duration, moderate-duration and
long-duration rainfall events were 51.54%, 18.35%, 17.44% and 12.67%, respectively. Rainfall events
less than 6 h in duration (i.e., prompt-and short-duration classes) were dominant in the LP,
accounting for 69.89% of total rainfall events. Regarding the contribution rates, the long-duration
(44.15%) events contributed the most, following the moderate-duration (26.49%), the promptduration (14.86%) and the short-duration (14.50%) rainfall events. These results indicate that the
short-time rainfall events occur the most frequently, while the magnitude and intensity of
precipitation are mainly dependent on the long-duration rainfall events.
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Figure 4. Distribution of the incidence and contribution rates of different rainfall durations during the
RS in the LP.

Figure 5 shows the spatial patterns of the incidence and contribution rates for each duration
class. The incidence rate of prompt-duration rainfall events was more than 40% in the LP, whereas a
distinct lower value was found in the central southern region (Figure 5a). The incidence rate of shortduration rainfall events ranged from 15% to 30% over the LP (Figure 5c), while it was less than 20%
for the moderate-duration and long-duration rainfall events. A higher incidence rate of the moderateduration rainfall events appeared in the southwest while a lower incidence rate in the northeast
(Figure 5e). It is also found that the long-duration rainfall events increased from north to south
(Figure 5g). The contribution rate of prompt-duration and short-duration rainfall events was less than
30% in the LP, where a relatively lower rate occurred in the south-central LP compared to those of
other regions (Figure 5b,d). The contribution rate of moderate-duration rainfall events ranged from
15% to 40%, showing a west-ward increasing spatial pattern (Figure 5f). The contribution rate of longduration rainfall events showed a larger variability, ranging from 20% to 70% over the LP;
specifically, a higher rate was observed in the southern regions (Figure 5h).
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Figure 5. Spatial distribution of the (left column) incidence and (right column) contribution rates in
(a,b) prompt-duration; (c,d) short-duration; (e,f) moderate-duration and (g,h) long-duration events,
respectively.

3.3. The Incidence and Contribution Rates for the Rainfall Intensity Classes
The incidence and contribution rates for the four rainfall intensity classes on the LP were mainly
dominated by the light and moderate rainfalls, accounting for 99.28% and 96.51%, respectively
(Figure 6). More specifically, the incidence rates of light rainfall and moderate rainfall were 72.48%
and 29.78%, while the contribution rates were 26.80% and 66.73%, respectively. The result indicates
that the light rainfalls occur more frequently in the LP while the moderate rainfalls dominantly
contribute the most to the total rainfall amount.
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Figure 6. Distribution of the incidence and contribution rates of different rainfall intensity grade
during the RS in the LP.

The spatial patterns of incidence and contribution rates for the rainfall intensity classes were
shown in Figure 7. The incidence rate of light rainfall was more than 60% in the LP, a higher value
appeared in the southwest while a lower value in the northeast (Figure 7a). The incidence rate of
moderate rainfall ranged from 18.71% to 35.56%, a higher value in the northeast and a lower value in
the southwest (Figure 7c). In contrast, the incidence rate of heavy rainfall and rainstorms was less
than 10% in the LP, relatively higher in the southeast and central compared to other parts in the LP
(Figure 7e), while there was no significant spatial variability in rainstorms. The contribution rates of
light and moderate rainfall, above 20% and 40%, were relatively higher than those of heavy rainfall
and rainstorms (less than 10%). The spatial patterns of contribution rates were consistent with the
incidence rates at the same rainfall intensity class in the LP (Figure 7b,d,f,h).
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Figure 7. Spatial distribution of the (left column) incidences and (right column) contribution rates in
(a,b) light rainfall; (c,b) moderate rainfall; (e,f) heavy rainfall and (g,h) rainstorm, respectively.

3.4. The Contributions of Rainfall Frequency and Intensity to Total Rainfall Amount Changes
The changes in the amount of rainfall are mainly caused by alterations in rainfall frequency and
intensity [2]. The incremental contributions to the total rainfall amount variation in each rainfall
intensity classes were evaluated using Equations (1)–(3) (Figure 8). As shown in Figure 8a, the total
rainfall amount variation caused by the trend of rainfall frequency was higher than that caused by
the trend of rainfall intensity, except for the southwestern part, central and south-central of LP. For
the moderate rainfall, the changes of rainfall frequency contributed larger to the total rainfall changes
than that of rainfall intensity over the LP, i.e., negative ratios of absolute difference rates ranging from
−0.6 % to 0 % (Figure 8b). For the heavy rainfall and rainstorms, the contribution of rainfall intensity
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was larger in most regions of the LP (Figure 8c,d). The contribution of rainfall intensity showed an
increasing spatial pattern from northeast to southwest in heavy rainfall while no evident difference
in rainstorms was found.

Figure 8. Incremental contribution distribution of different rainfall grades in rainfall intensity and
frequency to rainfall amount ((a) light rainfall, (b) moderate rainfall, (c) heavy rainfall and (d)
rainstorm).

3.5. The Contribution of Rainfall Events and Its Duration to Rainfall Frequency Variations
Figure 9 shows the contribution of rainfall events and duration of frequency changes. For light
rainfall, changes in rainfall duration contributed more to rainfall frequency in the northeast, while a
larger contribution of rainfall events was observed in most of the remaining regions (Figure 9a). The
change in rainfall frequency was mainly induced by the changes in rainfall duration in the LP for
moderate rainfall, except for the southwest region (Figure 9b). However, the rainfall frequency
changes for the heavy rainfall were caused mainly by the changes in rainfall duration in most regions
with a westward increasing spatial pattern (Figure 9c). For the rainstorms, the contribution of the
trend of rainfall duration to the rainfall frequency changes was relatively larger in the whole region
of LP, especially in the central region (Figure 9d).
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Figure 9. Incremental contribution distribution of different rainfall grades in the number and duration
of rainfall events to rainfall frequency ((a). light rainfall, (b). moderate rainfall, (c). heavy rainfall and
(d). rainstorm).

4. Discussions
4.1. Comparisons with Previous Studies
In literature, many studies have examined the spatial changes of rainfall in the LP based on daily
precipitation data [5,65–67]. In contrast, this study explored the spatial changes of rainfall during the
RS based on hourly precipitation data. The spatial distribution of ATR was consistent with previous
studies [45] that illustrated a decrease in rainfall gradient from the southeast to the northwest in the
LP. Other literatures have also shown that the spatial distribution of rainy days increased from
northwest to southeast in the LP [68], while this study found that ARF increased from north to south.
The main reason for the difference may be a fact that hourly rainfall data can detect rainfall duration
accurately more than daily rainfall data.
Regarding the spatiotemporal changes of rainfall, literature has also shown that extreme
precipitation events have an increasing trend in most regions over the world [15,69]. However, the
trend in annual precipitation varied with regions [70]. For instance, an insignificant increasing trend
in annual precipitation was found in China from 1980 to 2012, while a decreasing trend from 1961 to
2014 occurred across the Mongolian plateau [70,71]. Liu et al. (2017) also showed that average rainfall,
total duration and rainfall frequency for isolated rainstorm events showed an increasing trend from
1951 to 2012 in the Huai River Basin, China [72]. Moreover, the number of rainy days decreased
significantly in the Pearl River Basin, China [73]. In the LP, related studies have shown that annual
precipitation shows a slightly increasing trend [74] while the opposite result was detected by Xin et
al. and Sun et al. [75,76]. Daily rainfall intensity exhibited a significant decrease over 1960–2013 [36].
In this study, during the RS from 1983 to 2012, there were no ATR, ARF, ARI and ATE trends at
different stations of the LP. Therefore, we think the hourly rainfall characteristics were relatively
stable during the RS from 1983 to 2012.
The main reasons behind the discrepancy in the trend of rainfall indicators are (1) different time
windows investigated, e.g., 1983–2012 for this study, while 1961–2011 and 1956–2008 for Sun et al.
(2015) and Xin et al. (2011), respectively [73,74], (2) a different number of available stations between
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studies, resulting in different spatial distributions, and (3) different data types, i.e., hourly vs. daily
precipitation data. The spatial pattern of the changes in ARF and ARI was not entirely coincident
with that of ATR, implying discrepancies in the patterns and rates for rainfall frequency and intensity.
4.2. The Driving Factors in Interannual Rainfall Amount and Frequency Variability
Many factors may affect interannual rainfall amount variability, including rainfall frequency,
intensity, and the number of rainfall events [5]. For example, variability in the length of the wet season
is the most important factor globally, causing 52% of total interannual variability, while variation in
the intensity of individual rainfall events contributes 31% and variability in interstorm wait times
contributes only 17% [77]. In China, the rainfall interannual variability is dominated by variations in
the length of the rainy season in southeastern China, and rainfall frequency and intensity contribute
a large proportion in the northwestern area [77]. In the LP scale, variability in rainfall intensity
contributed about 70% of the total rainfall over the east of plateau and the variability in rainfall
frequency contributed about 30% over the whole area [5].
However, the changes in the total rainfall amount on the RS are mainly dependent on the
changes in both rainfall frequency and intensity. In this study, the main factors dominantly
contributing to the interannual rainfall amount variability in the LP were identified with hourly
station data. From this study, the trends of rainfall amount for light rainfall and moderate rainfall
were mainly dominated by rainfall frequency, while the rainfall intensity was the main driver of the
changes in rainfall amount for heavy rainfall and rainstorms. This result indicates that the trends of
the lightest rainfall amounts were mainly dependent on the changes of rainfall days while that of the
heavy rainfall amounts were mainly dominated by the rainfall intensity, which is consistent with
previous studies [78,79]. The changes in rainfall frequency provided a higher contribution to the
rainfall amount than that of rainfall intensity in the LP because the light and moderate rainfalls
occurred the most frequently. Besides, rainfall frequency can be divided into the number and
duration of every individual rainfall event. To some degree, the number of rainfall events reflected
rainfall hours, and duration denoted rainfall intensity. Except for light rainfall, changes in rainfall
duration led to changes in rainfall frequency in most regions of the LP, implying that rainfall
frequency has a potential trend that is less about the number, but longer duration of rainfall events.
This result is consistent with the research of Li et al. (2016) [2].
5. Conclusions
Employing the hourly precipitation data from 1983 to 2012 at 87 meteorological stations in the
LP, this study analyzed the spatiotemporal changes of rainfall events during the RS. The incidence
and contribution rates were evaluated for rainfall duration and intensity classes. In addition, the
contributions of rainfall duration and intensity were evaluated to identify dominant factors affecting
the changes in annual rainfall amount and frequency. The results would be helpful to understand the
hydrological processes and management of water resources in LP. The main conclusions are as
follows:
(1) The trend rates of regional mean ATR and ARI in the LP were 0.43 mm/year and 0.002
mm/h/year, respectively, while the regional mean ARF and ATE were −0.27 h/year and −0.11
times/year, respectively. However, there were no significant trends in ATR, ARF, ARI and ATE from
1983 to 2012 according to the MK trend test.
(2) Most areas have an increasing ATR trend over the LP except for the southwest. An increasing
ARF trend mainly appeared in the northeast and the central north, while a decreasing trend occurred
in the northwest and the central south. Besides, an increasing ARI trend was found in the LP except
for part of the southwest and northeast. ATE exhibited a decreasing trend in the whole LP region.
(3) Among the four rainfall duration classes, short-time rainfall events (≤6 h) were dominant in
the LP, accounting for 69.89% of total rainfall events, while long-duration rainfall events (>12 h)
contributed the most, 44.15%, to the rainfall amount. In addition, incidence in the LP was dominated
by the light rainfall (accounting for 72.48% of total rainfall events), while moderate rainfall showed
the largest contribution (66.73%) to total rainfall.
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(4) The changes in rainfall frequency, especially in the light and moderate rainfalls, were the
main reasons for the variations of rainfall amount in LP. However, the changes in rainfall intensity
also play an important role in the changes in the rainfall amount for the heavy rainfall and rainstorms
classes. In contrast, the changes in rainfall frequency were mainly caused by the changes in rainfall
duration for the moderate rainfall, the heavy rainfall and the rainstorms, while the number of rainfall
events was the main factor for the light rainfall.
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