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Abstract: Under the background of global warming, the trends and variabilities of different grades of
precipitation have significant effects on the management of regional ecosystems and water resources.
Based on a daily precipitation dataset collected from 148 meteorological stations in the Yangtze River
Basin from 1960 to 2017, precipitation events were divided into four grades (small, moderate, large,
and heavy precipitation events) according to the precipitation intensity to analyze the temporal and
spatial change trends of different grades of precipitation amounts and frequencies, and the influence
of different grades of precipitation on total precipitation was also discussed in this study. The results
revealed that small precipitation amounts over the Yangtze River Basin decreased significantly, with
a rate of —1.22%/10a, while heavy precipitation amounts showed a significant increasing trend
(4.27%/10a) during the study period. The precipitation frequency of small and total events decreased
significantly, with rates of —3.86%/10a and —2.97%/10a, respectively. Regionally, from the upper
reaches to the lower reaches of the Yangtze River Basin, the contribution rate of small precipitation
amounts and frequencies to the total precipitation gradually decreased, while heavy precipitation
amounts and frequencies increased. The different grades of precipitation in region II showed a
decreasing trend due to its unique geographical features. Furthermore, a Pearson correlation analysis
was used to analyze the response of precipitation to long-term air temperature, demonstrating
that small and moderate precipitation amounts and frequencies were mainly negatively correlated
with long-term air temperature and that heavy precipitation amounts showed a stronger positive
correlation with long-term air temperature (13.35%/K). Based on this, the rate of change in heavy
precipitation in the Yangtze River Basin may be higher under the background of climate warming,
which will lead to greater risks of extreme floods in the future. Evaluating and predicting the trends
of different grades can provide a theoretical reference for agricultural production, flood control, and
drought mitigation.
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1. Introduction

In the context of global warming and frequent human activities, a series of changes
have taken place in global and local precipitation patterns, resulting in changes in regional
and global water cycles [1-3]. The precipitation characteristics (amount, frequency, and
intensity) of different grades are expected to change [4]. Based on the data of 8326 high-
quality terrestrial observatories around the world, Westra et al. [5] revealed that the trend
of annual maximum daily precipitation time series from 1900 to 2009 showed a signif-
icant growth trend on a global scale, and nearly two-thirds of the stations showed an
increase. However, precipitation changes are complex. Willems [6] also observed that the
precipitation extremes in Europe have an oscillating behavior on a time scale of several
decades. However, a short-term increase in heavy precipitation will cause flooding, while a
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continuous and steady decrease in light precipitation could lead to drought [7,8]. Therefore,
identifying changes in different grades of precipitation is imperative for exploring water
management strategies, agricultural applications, and ecosystem characteristics.

Different changes in precipitation regimes have been detected across different regions
worldwide. In the middle and low latitudes, extreme precipitation is on the rise and
small precipitation events are on the decline [9]. Fujibe [10] also demonstrated that from
1989-2003, Japan experienced increased heavy precipitation during all seasons, while the
occurrence of small precipitation events decreased. A study conducted by Kysely [11]
revealed a generally positive trend in winter extreme precipitation in the mid-latitude
land areas of the Northern Hemisphere. Bengtsson and Rana [12] found that the annual
maximum multi-day rainfall has increased in southern Sweden over the last 50 years. In
contrast, significant downward trends in heavy precipitation events have been observed
over Western Australia and Europe [13,14], and an increasing trend in small precipitation
events has been detected in North America and southern Europe [15]. In China, the fre-
quency of small and moderate precipitation events showed a clear downward trend [4,16].
However, the changes in heavy precipitation events are relatively complex, with obvious
regional and local characteristics [7,17]. Increases in extreme precipitation were found in
western and southern China, especially in the middle and lower Yangtze River Basin (YRB),
whereas decreases in extreme precipitation were detected in northern China [18,19].

Analyzing the contribution of different grades of precipitation to the total precipi-
tation is essential to understand the long-term impact of global warming on the global
hydrological cycle [20]. Previous research has been conducted in this area. For instance,
Karl and Knight [21] set up 20th -century American differently graded precipitation trends,
according to the percentile threshold, and stated that the increase in total precipitation was
caused by the increase in extreme precipitation events. In addition, Raziei et al. [22] found
that the contribution of less than 75% of precipitation events to total annual precipitation
decreased, while the contribution of extreme events increased in Iran. In China, many stud-
ies have revealed that accumulated small precipitation events accounted for an important
proportion of the annual precipitation amount and contributed greatly to precipitation
frequency, while large and heavy precipitation amounts and frequencies have gradually
increased [23,24].

According to the fifth assessment report of the Intergovernmental Panel on Climate
Change (IPCC), with global warming, the intensity and frequency of heavy precipitation
have increased, and this trend will continue in the future [25]. In theory, this change
in precipitation is believed to be related to global warming [26-28]; as air temperature
increases, according to the Clausius—Clapeyron equation, the change in precipitation will
increase by approximately 7% K~! [29-31], and the water vapor content increases, which
affects precipitation. Karl and Trenberth [32] selected sites with the same amount of
precipitation around the world and found that sites with higher average temperatures
have more heavy precipitation and fewer small precipitation events. Similarly, studies
by Liu et al. [33] and Shiu et al. [34] also suggested that heavy precipitation increased
by approximately 100% K1, and small and moderate precipitation events decreased by
approximately 20% K~! based mainly on interannual differences in precipitation and long-
term air temperature from 1979 to 2007. As a consequence, changes in extreme precipitation
events may have greater variation in precipitation than changes in their mean values.

The Yangtze River Basin is an important agriculturally productive and densely popu-
lated area in China. Precipitation has an important impact on the economic development
of this area. Since the 21st century, the impact of climate change has caused regional
floods in the YRB many times, which have brought heavy losses to the local society and
economy [35,36]. Correspondingly, the weakening of the East Asian summer monsoon
has decreased the water vapor flux spreading northward, resulting in a different wet (dry)
tendency in South (North) China [37]. In this context, heavy precipitation in the middle
and lower YRB was observed to increase. Ali et al. [38] detected that maximum annual
flows showed an increasing trend in regions of the Yangtze River, with the maximum
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annual flows becoming larger, increasing the risk of flooding in the YRB. Thus, exploring
precipitation changes in the YRB is particularly crucial. There have been some studies on
precipitation changes in the YRB [39-42]. For example, Sun et al. [43] pointed out that the
extreme precipitation measured by most observation stations in the YRB increased; only
some stations in high-altitude areas upstream decreased, while extreme precipitation in the
eastern part of the YRB increased significantly. Qian et al. [16] also demonstrated that the
effective precipitation in the middle and lower YRB was mainly due to the contribution of
large and heavy precipitation events.

In summary, the current research on the YRB is concentrated on the characteristics of ex-
treme precipitation and the prediction of future extreme precipitation based on global climate
models [44,45] or changes in annual, seasonal, or monthly mean precipitation [36,40,42,46],
with relatively few studies on the different grades of the precipitation structure. Addition-
ally, more research has focused on some regions of the YRB [47,48]. There are few studies
on the overall regional characteristics of precipitation in the YRB. Moreover, the connection
between precipitation and the warming trend remains unclear [4], and the responses of
precipitation to the variation in long-term air temperature have seldom been investigated.
The understanding of the contribution rate of different grades of precipitation to the total
precipitation is not sufficient. Unlike previous studies, this study is not limited to the study
of light rain or extreme precipitation in a certain region of the YRB but is focused on the
regional change characteristics of different grades of precipitation over the YRB and its
subregions and further analysis of the response of precipitation to temperature in order to
provide a theoretical reference for agricultural production, flood control, drought relief,
and disaster reduction in this basin.

The main objectives of this study were as follows: (1) to study the changing trends
of different grades of precipitation amounts and frequencies in six subregions of the YRB
using the Mann—Kendall (MK) test and the linear trend analysis method; (2) to explore
the trends of the contribution rate of different grades of precipitation to regional total
precipitation; and (3) to analyze the sensitivities of graded precipitation to the long-term
air temperature trend using Pearson’s correlation analysis and linear regression.; The
paper is organized as follows: the data and methods are described in Section 2; Section 3.1
presents the trends of different precipitation grades; the contributions of different grades of
precipitation to the total are discussed in Section 3.2; Section 3.3 analyzes the responses
of graded precipitation to long-term air temperature in the YRB. Finally, Sections 4 and 5
present the discussion and conclusion, respectively of this paper.

2. Materials and Methods
2.1. Study Area

The Yangtze River lies between 90°33'-122°25" E and 24°30'-35°45" N. It originates
in the Himalayas on the Qinghai-Tibet Plateau and flows eastward into the East China
Sea. The YRB has a vast territory, diverse landform types, and high west and low east
elevations, which form tertiary terraces, and most of the region has a typical subtropical
monsoon climate. Besides, the middle and lower YRB is located in a climate transition
zone between the subtropical zone and warm temperate zone, so the climatic conditions
are complex and changeable. The spatial and temporal distributions of precipitation vary
greatly in the basin; the area west of the YRB receives 270-500 mm, while the southeast
receives 1600-1900 mm [40,44]. Additionally, the YRB spans the three major economic
regions of eastern, central, and western China. Nearly 440 million people live in the basin,
which accounts for approximately 33% of the total population of China [49].

For a better understanding, the regional characteristics of precipitation change, six
subregions (I-VI) were divided into the entire YRB according to the Rotated Empirical Or-
thogonal Function analyzed by Su et al. [39]. The six subregions include the eastern Tibetan
Plateau (I), Sichuan Basin (II), and the south-central (III), mid-eastern (IV), southeastern (V)
the northeastern (VI) regions in the YRB (Figure 1). In winter, the YRB is dominated by the
Northwestern Siberian monsoon, in summer, V and VI regions in the middle and lower
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reaches are mainly controlled by the East Asian monsoon, while I, II, III, and IV regions in
the upper reaches are mainly controlled by the Southwest monsoon [50,51].
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Figure 1. Spatial distribution of the 148 meteorological stations used in this study and their regional classification. Six subre-

gions were classified: the eastern Tibetan Plateau (I), the Sichuan Basin (II), the south-central region (III), the mid-eastern

region (IV), the southeastern region (V), and the northeastern region (VI) in the YRB.

2.2. Data

The daily precipitation and 2 m air temperature datasets used were obtained from
the China Meteorological Administration (CMA). These precipitation and temperature
datasets were processed following strict quality control procedures that could fully ensure
completeness and accuracy [19]. Stations with five or more data missing consecutively
for precipitation and temperature within a year were eliminated. The missing data were
replaced with a long-term daily average of the same day, which was calculated using
information derived from different years [40,41]. There were 19 stations for precipitation
data interpolation and 25 stations for temperature data, and the proportion of interpolated
daily data to the total data was less than 0.63% and 0.66%, respectively. Therefore, the
missing data had a low impact on our results. The distribution of the selected 148 stations
is presented in Figure 1. The stations were fairly evenly distributed across the YRB, with a
slightly lower concentration on the eastern Tibetan Plateau.

According to the CMA standards [30], precipitation events were categorized into four
grades of intensity: small (0.1 < P <10 mm/d); moderate (10 < P < 25 mm/d); large
(25 <P <50 mm/d); and heavy (P > 50 mm/d). These classification criteria have been
used for many global precipitation analyses [52,53]. Specifically, total daily precipitation of
0.1 mm is regarded as a precipitation event [54]. The precipitation amount (frequency) of
each category was the cumulative precipitation amount (frequency) of the precipitation
events in that category. The spatial distributions for the YRB and different hydrological
regions were drawn from the mean annual data for each station. The different grades of
precipitation amount and frequency parameters considered in this paper are presented in
the Abbreviations. Daily precipitation (temperature) values for the YRB and six subregions
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were calculated from the arithmetic average of daily precipitation (temperature) data for
all of the stations in each region, and then did the analyses of change trends for different
grades of precipitation.

2.3. Methods
2.3.1. Mann-Kendall Trend Detection Test

The Mann-Kendall (MK) test has been widely used to assess the significance of
monotonic trends in hydrometeorological series [44,55] due to its insensitivity to outliers
and normally distributed time-series data [56]. In this study, the MK test was used to detect
whether the change trends in graded precipitation were statistically significant. The MK
test statistic (Q) is shown as follows:

n—1 n
=Y ) sign (x;j — x;), 1)

i=1 j=it1
1(s>0)
sign(s) = 0(s=0) , )
-1(s<0)
s—1
n(n—1)(2n+5)/18 (Q > O)
z= 0(Q=0), 3)
s—1 (Q < 0)

n(n—1)(2n+5)/18

where Q is the definition statistic; x; and x; are a set of sequences; n is the number of
samples. Z is a standardized statistic that is acquired from the test. The significance level
for trends was set at 5% in this study (1 Z1>1.96). However, the MK test has limitations; its
significance is affected by the presence of autocorrelation [57,58].

2.3.2. The Linear Trend Analysis Method

Linear least-squares trend analysis was used to analyze the long-term trend magni-
tudes of different graded precipitation indices. The linear function of time is presented
as follows:

Y=ax+Db, 4)

where 7 is the regression coefficient that denotes the linear trend and b is a constant. Consid-
ering the large regional variation in precipitation, there is no comparability of precipitation
trend values (mm/a; d/a) across different regions. Therefore, the trend was expressed as
the percentage change in precipitation per 10 years (%/10a). The regression coefficient
was also used to quantify the sensitivity of precipitation to long-term air temperature. The
robustness of the linear least square method is relatively poor, that is, when individual data
points change greatly, the regression coefficient (7) may change with time.

2.3.3. Contribution Rates

To quantitatively analyze the differences in the contribution of different grades of
precipitation to the total precipitation, we calculated the ratio of the different grades
of precipitation amounts (frequencies) to total precipitation amounts (frequencies). The
contribution rate of each grade of precipitation amount (C;;, %) and frequency (C;y, %) can
be determined using Equations (5) and (6), respectively, as follows:

Cin=1a/TA x 100%, (5)

Ciy = id/TD x 100%, (6)

where i (i = S; M; L; H) indicates different grades of precipitation; TA indicates total
precipitation amounts; TD indicates total precipitation frequencies over the YRB.
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2.3.4. Pearson Correlation Analysis

Pearson correlation analysis was used to detect the relationship between precipitation
and the long-term trend of temperature in this study. The formula is given by:

- —\12
R2 — (it (i = %) (vi — )] @)
Yy (%) T (i - 7)°
where 7 is the time in years, and x; and y; represent the actual values of the two related

variables. The significance of the correlation was tested, and a 95% probability level of
significance was used.

3. Results
3.1. Trends in Different Grades of Precipitation

To better understand the various characteristics of precipitation in the YRB, we ana-
lyzed the long-term characteristics of different grades of precipitation. The time series of
precipitation amounts and frequencies in the YRB and six subregions from 1960-2017 are
presented in Figure 2 and Table 1. Over the YRB as a whole, there was a slight increasing
trend in the total amount of precipitation (TA), with an increased rate of 0.71%/10a. The
heavy precipitation amount (HA) increased significantly and linearly at a rate of 4.27%/10a,
while the small precipitation amount (SA) showed a significant decreasing trend at a rate
of —1.22%/10a. The number of days with small precipitation events (SD) and the total
number of days with precipitation (TD) in the YRB showed significant decreasing trends,
with rates of —3.86%/10a and —2.97%/10a, respectively. Among the six subregions, the
grades of all precipitation amounts exhibited an upward trend in region I (Figure 2; Table 1).
However, region Il showed diametrically opposite results, with all grades of precipitation
amounts and frequencies in this region showing a downward trend. It is worth noting
that the only decreasing trend of HA was observed in region II at a rate of —1.16%/10a,
while HA showed a sharp increase in all other regions. In region III and region 1V, TA also
showed a downward trend, similar to region II, but the large precipitation event amount
(LA) and HA in these regions showed opposite increasing characteristics. Furthermore, LA
and HA increased more obviously in region V and region VI, which were located in the
lower reach of the YRB. SD and TD showed a clear downward trend in the entire region
and in the subregions. In contrast, there were differences in HD changes in each region. HD
increased significantly in region I and region VI, with rates of 7.36%/10a and 5.84%/10a,
respectively. HD showed a decreasing trend only in region II (—2.10%/10a).
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Figure 2. The annual time series of the different grades of precipitation amounts and frequencies (a—j) in the whole Yangtze
River Basin (YRB) and six subregions (regions I, II, III, IV, V, and VI) from 1960-2017. The bold solid lines represent linear

temporal trends.

Table 1. The trends of the different grades of precipitation amounts and frequencies over the Yangtze
River Basin (YRB) and its six subregions from 1960-2017 (%/10a).

Regions SA MA LA HA TA SD MD LD HD TD

I 0.50 0.98 1.91 6.98 * 1.20 —1.24* 0.98 1.74 7.36*% -0.87
I -1.75* -130 -066 -116 —-127 -=-389* —-128 076 —2.10 —3.41
I —225*  =2.02* 0.01 5.33* -050 —-5.06* —226* —0.05 4.33 —4.38*
v —228* —1.90 0.76 2.58 —046 —438* —1.95 0.77 221 —-3.61*
\Y% —-1.41 —-0.74 1.75 4.73 0.86 -3.52* —-0.85 1.64 4.07 —2.49*%
VI —0.98 —0.07 2.82 6.36 * 2.16 —484* —0.11 2.72 5.84* —-3.12*

YRB —-1.22*  —-0.62 1.51 4.27* 0.71 -3.86* —0.72 1.43 3.69 % —297*%

* Significant at the 0.05 level.

Figure 3 shows the spatial variations in the graded precipitation amounts and frequen-
cies in the YRB from 1960 to 2017. For TA, 97 stations over the YRB showed an upward
trend, with an obvious changing pattern. TA was represented by an increasing-decreasing—
increasing trend from upstream to downstream of the Yangtze River (Figure 3i; Table 1).
However, TD had a noticeable descending tendency. Approximately 93% (115 stations) of
all stations showed a descending tendency, and 83% of those stations passed the signifi-
cance test (Figure 3j). This indicated that precipitation frequency drops were prominent in
the YRB from 1960 to 2017, while precipitation amounts showed more complex characteris-
tics. In terms of different grades of precipitation, a descending tendency dominated SA
and SD over the YRB, with most stations meeting the 95% confidence interval. Moderate
precipitation amounts (MA) and the number of days with moderate precipitation events
(MD) decreased significantly in the middle and lower YRB (Figure 3c,d); large and heavy
precipitation events mainly increased, and significant increasing trends were concentrated
in the middle and lower YRB (Figure 3e-h). As expected, there were obvious regional
differences in the precipitation trends among different grades.
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Figure 3. Spatial variations in different grades of precipitation amounts and frequencies (a—j) over the YRB from 1960-2017.
The trend is expressed as a percentage of the average precipitation amount (frequency) per decade. A red (blue) spot
represents a station showing an increasing (decreasing) tendency. Dark red (blue) represents a significant increase (decrease)

at the 0.05 confidence level.
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3.2. Trends in Graded Precipitation Contribution Rate

The percentage contributions of different categories of precipitation amounts (frequen-
cies) to the total precipitation amounts (frequencies) over all six subregions are shown in
Table 2. For the YRB as a whole, SA and MA dominated the total annual precipitation, ac-
counting for 25.74% and 30.48%, respectively, of the total precipitation amount. In contrast,
HA contributed minimally in the YRB (by 19.54%). Geographically, regions I and II were
dominated by SA, which accounted for more than 25% of the overall precipitation amount,
while regions III and IV were dominated by MA, with contribution rates of 31.47% and
30.52%, respectively. Regions V and VI, located in the lower YRB, were both dominated
by MA and LA; compared with upstream and midstream, the proportion of HA was
higher, while the contribution of SA was relatively low. With respect to the precipitation
frequency, SD (78.05%) had the most significant contribution, followed by MD (14.60%),
and the number of days with heavy precipitation events (HD) (1.97%) had the smallest
contribution across the whole YRB. The precipitation frequencies in other regions showed
the same characteristics. Taken together, the contribution rates of SA and SD to the total
precipitation gradually decreased from upstream to downstream of the YRB, while HA
and HD gradually increased.

Table 2. Contributions of different categories of precipitation to the total precipitation over the YRB
from 1960-2017 (%).

Regions SA MA LA HA SD MD LD HD
I 42.79 37.50 15.01 4.70 84.80 12.52 2.32 0.37

I 28.81 27.00 21.13 23.06 81.94 11.85 4.22 1.99

III 29.72 31.47 23.90 14.90 82.26 12.15 4.30 1.29
v 25.24 30.52 25.46 18.78 77.78 14.57 5.67 1.98

A% 21.69 31.60 27.99 18.72 72.70 17.56 7.39 2.36

VI 19.97 29.11 26.42 24.50 71.95 17.49 7.43 3.13
YRB 25.74 30.48 24.23 19.55 78.05 14.60 5.38 1.97

Figure 4 and Table 3 show the contribution rate trends for different grades of precipi-
tation amounts (frequencies) to the total precipitation amount (frequency) in the YRB from
1960-2017. For the whole YRB, the contribution rates of SA and MA showed a significant
decreasing trend, with rates of —0.48%/10a and —0.41%/10a, respectively, while HA in-
creased significantly, with a rate of 0.71%/10a, and the contribution rate of SD decreased
significantly at a rate of —0.68%/10a. In terms of the six subregions of the YRB, the con-
tribution rates of SA and MA mainly showed a significant decreasing trend, especially in
regions V and VI. Consistent with the characteristics of the decrease in the contribution rate
of SA, the contribution rate of SD also showed a significant decreasing trend in each region,
with larger declines in regions V and VI, of —0.74%/10a and —1.20%/10a, respectively. The
contribution rates of HA and HD showed a significant increasing trend, except in region II.
Specifically, the contribution rates of HA and HD increased significantly in the middle and
lower YRB and reached a maximum in region VI, with increasing trends of 1.10%/10a and
0.27%/10a, respectively. The contribution rate of LD showed a significant increasing trend,
except in region II, and the contribution rate of LA did not change significantly across
the six subregions. The change trends in the contribution rates of small and moderate
precipitation amounts and frequencies were smaller, while those of the heavy precipitation
amounts and frequencies were relatively large.
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Figure 4. The contribution rate trends of different grades of precipitation events to the total precipita-
tion amount and frequency (a-h) for the whole YRB and subregions from 1960 to 2017. Bold solid
lines represent linear temporal trends.

Table 3. Regional contribution rate trends for different grades of precipitation events to the total
precipitation amounts and frequencies in the YRB(%/10a).

Regions SA MA LA HA SD MD LD HD
I —0.31 —0.07 0.10 0.28* —-0.32% 0.23* 0.06 * 0.03*

I -0.13 —0.02 0.13 0.01 -0.39 % 0.25* 0.11 0.03

I —048* —0.50* 0.12 0.85* —0.55* 0.25* 0.18 * 0.11*
v —045* —048* 0.30 0.63* —0.60 * 0.24* 0.25* 0.12*

v -051* —-048* 0.21 0.77 * —-0.74*% 0.29* 0.30 * 0.16 *
VI —-0.62* —0.63* 0.15 1.10* —-1.20* 0.51* 0.42* 0.27 %
YRB —048* —041* 0.18 0.71* —0.68 * 0.32* 0.23* 0.13*

* Significant at the 0.05 level.
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3.3. Sensitivities of Graded Precipitation to the Long-Term Trend of Air Temperature

To further analyze the responses of precipitation to air temperature in the YRB, the re-
gression coefficients of different grades of precipitation and air temperature were calculated.
Table 4 shows the sensitivity of different graded precipitation amounts and frequencies to
the long-term warming trend of the air temperature. Over the YRB as a whole, a warming
trend boosted precipitation amounts, especially for HA and LA (13.35%/K and 5.09%/K,
respectively). In contrast, SA showed a significant negative sensitivity (—6.14%/K) to the
long-term air temperature trend. With respect to the number of precipitation days, SD
and TD showed significant negative sensitivities to the warming trend (—11.63%/K and
—9.03%/XK, respectively), while HD showed significant positive responses to air tempera-
ture (11.01%/K). Overall, small and heavy precipitation events were more sensitive to the
long-term trend of air temperature.

Table 4. Sensitivity of precipitation to the long-term trend of air temperature over the YRB and its six
subregions from 1960-2017 (%/K).

Regions SA MA LA HA TA SD MD LD HD TD
1 —0.63 1.14 3.71 17.67 * 1.56 —6.02* 1.05 3.56 19.70*  —4.82*
I -1035* -3.14 411 -7.63 —472 —-13.00* —-3.72 4.31 -914 -11.10*%
11 -1033* 506 0.24 10.73 —-298 -1653* —-593 —0.38 7.99 —14.24*
v —-10.65* 798 —4.35 1.71 -587* —-1291* —-840* —4.51 0.34 —11.52*
\ —-11.24* —644 356 1291 —-096 —12.01* —6.89 2.84 10.36 —9.48*
VI —4.57* =270 1.56 6.80 0.43 —-1042* =291 1.42 5.55 —7.74*
YRB —6.14* =235 5.09 13.35* 1.57 —11.63* —2.85 4.72 11.01*  —9.03*

* Significant at the 0.05 level.

From a regional perspective, SA and MA in all six subregions over the YRB were
mainly negatively correlated with air temperature, while HA was only negatively correlated
with air temperature in region II (—7.63%/K). The HA in regions I and V was more sensitive
to air temperature (17.67%/K and 12.91%/K, respectively), which means that HA in the
upper and lower reaches was greatly affected by temperature changes. Clearly, SD and
TD over all subregions were significantly negatively correlated with T,, particularly in
the middle and lower YRB reaches (regions II, 1II, IV, and V). Furthermore, the only
negative correlation between HD and the air temperature was observed in the Sichuan
Basin, including region II, with a decrease of —9.14%/K (Table 4).

4. Discussion
4.1. Changing Trends of Different Grades of Precipitation

In this study, we found that both SD and TD over the YRB showed a significant
downward trend from 1960 to 2017. Some studies have found similar results, showing that
the decrease in precipitation frequencies in the East China monsoon region was mainly
due to the decrease in SD [16,20]. Thus, it can be deduced that the decrease in the TD
trend is mainly attributable to the decreasing SD trend. Moreover, the most significant
downward trend of SD was detected in the middle and lower YRB. Previous studies have
indicated that the decrease in the number of small precipitation frequencies in eastern
China was strongly connected with the increase in anthropogenic aerosol emissions [59,60].
Currently, the emissions of aerosols and other pollutants caused by anthropogenic activities
have increased significantly in the middle and lower YRB. Aerosols inhibit the upward
movement of the atmosphere and cause small precipitation reductions [19,59]. Precipitation
amounts were closely related to the precipitation frequencies. With decreases in SD, SA
also decreased. If TD and SD continue to decrease, and no rain days increase, there may be
an increased risk of short-term drought disasters in regions II, III, and IV.

The heavy precipitation amounts and frequencies in the YRB showed a significant
increasing tendency, which was basically consistent with the previous findings of other
researchers in the YRB [42,61]. These changes in precipitation in the YRB may be associated
with the variation of the East Asian summer monsoon system [41,62-64]. The weakening of
the East Asian monsoon leads to an increase in heavy precipitation in the middle and lower
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YRB [37]. However, we further observed an interesting feature: HA showed a downward
trend only in region II. This feature was likely related to the topography of region II. The
basin is completely surrounded by mountains and plateaus, and the weakening East Asian
monsoon has reduced water vapor transmission to the basin [63], thus causing the heavy
rain in region II to decrease. As a result, the local risk of natural disasters such as landslides
and mudslides caused by heavy precipitation may be reduced in region II.

4.2. Trends in the Contribution Rate of Different Grades of Precipitation to the Total Precipitation

Analyzing the contribution rate trends of different grades of precipitation events can
help us understand the impact of global warming on the global water cycle. With respect
to the contribution rate of graded precipitation to total precipitation over the YRB, SA
and MA constituted the largest contributions to TA. From upstream to downstream, the
contribution rates of SA and MA gradually decreased, while the contribution rates of
LA and HA gradually increased, which is in accordance with previous studies [16,43].
With respect to the precipitation frequency, SD made a major contribution to TD over the
whole YRB despite its low intensity. The multi-year changes in the number of precipitation
days were mainly caused by the decrease in the number of days of small precipitation
events. Similar conclusions were obtained in other studies [20,65]. A study conducted by
Liu et al. [20] showed that light rain exhibited a downward trend in China from 1960 to
2000, and the decrease in the frequency of light rain accounted for 66% of the decrease
in the total precipitation frequency. Qian et al. [65] also reported that the decrease in
the frequency of light rain is the main reason for the decrease in the total rain frequency
in China.

The contribution rates of HA and HD increased most in the middle and lower YRB
from 1960-2017, and the contribution rate of HA varied more than that of the other grades
in the YRB. Relevant studies also detected that changes in extreme precipitation tended
to be larger than changes in average precipitation under a warmer climate [61,66,67].
Qian et al. [16] stated that the effective precipitation in the middle and lower YRB was
mostly contributed by heavy precipitation, and the contribution rate of heavy precipitation
increased. Studies in Canada, Norway, the United States, Mexico, Iran, and other countries
have also demonstrated that the contribution of heavy precipitation to the total precipitation
is increasing [22,68]. In summary, if this precipitation trend continues, regions V and VI
may face serious heavy precipitation events, which have greater social, economic, and
environmental impacts than other precipitation events. Appropriate actions should be
taken in these regions to deal with the threat of more frequent extreme precipitation.

4.3. Relationship between Graded Precipitation and Air Temperature

Rising temperatures will lead to an increased moisture content in the atmosphere,
thereby affecting precipitation [29]. Our research indicates that small, moderate, and
total precipitation amounts and frequencies were mainly negatively correlated with the
long-term trend of air temperature, which is consistent with previous studies [30,32]. The
YRB has experienced climate warming in the past 50 years [69], and air temperature has
increased significantly [70]. In this context, air temperature increases will increase the water-
holding capacity of the atmosphere, making it harder than usual for warmer air to reach
dew-point temperatures, resulting in fewer days of small rainfall events [71]. Compared
with heavy rainfall, small rainfall events should be more sensitive to subtle changes in
saturated water vapor pressure, making warming a potential factor in the reduction of
small rainfall events [71]. Ma et al. [4] analyzed the dependence of precipitation changes
for each grade in China on the global average temperature, and the results showed that
the frequency of small rainfall events exhibited large changes per unit of global warming,
with a significant sensitivity of —22.38%/K. Therefore, temperature changes have a great
impact on small precipitation events, and the relationship requires further examination
and quantitative assessment.



Atmosphere 2021, 12, 413

14 0f 18

We further found that large and heavy precipitation events were positively correlated
with air temperature. Heavy precipitation mainly depends on the amount of water in the
air. As the temperature increases, the saturated water vapor pressure in the air will rise
significantly [29,72], and the intensity of precipitation will also increase [7]. Zhou et al. [30]
reported that with long-term temperature increases, heavy precipitation amounts over
China increased rapidly, with a significant sensitivity of 9.8% /K. However, one issue that
deserves is why HA in region Il was negatively correlated with temperature. Region Il is
densely populated, has a high output of anthropogenic emissions [73]. The wind speed
was relatively low in region II due to the topography of the basin. These factors are not
conducive to the elimination of pollutants. The long-term accumulation of pollutants
results in a high aerosol content in the atmosphere [47]. In this case, the deep aerosol that is
not easy to spread reduces the solar radiation reaching the ground and reduces the sunshine
duration, as well as visibility, thus resulting in lower temperatures [52]. An increase in
the concentration of aerosol particles used as cloud condensation nuclei will increase the
concentration and decrease the droplet size. Droplets with smaller concentrations will not
precipitate before reaching the supercooled level, which will accumulate more atmospheric
water, release more latent heat, and promote stronger convective processes, thus forming
more frequent heavy precipitation [74]. Therefore, the heavy rain and temperature region
II shows a negative correlation that was inconsistent with the correlation observed in
other regions.

Previous studies have indicated that the temperature in the Yangtze River Basin will
continue to increase in the future [75,76]. In this context, SD and TD over the whole YRB
will continue to decrease, and the risk of short-term droughts will increase. HA and HD
in the YRB will continue to increase, especially in region I, which may lead to more flood
disasters and soil erosion.

4.4. Limitations

This study revealed the spatial distribution and changing trends of different grades
of precipitation over the YRB, which will be helpful to further deepen the understanding
of changes in the regional precipitation structure. However, fixed thresholds are usually
used for relatively homogenous regions. Due to the vast area of the YRB and the large
precipitation differences between subregions, the method of defining precipitation grades
in this study may be insufficient. It is possible that there are differences between the
upper reaches with less precipitation and the lower reaches with more precipitation for
the same precipitation level, which may lead to some errors in the regional precipitation
characteristics. Thus, the use of percentiles as thresholds to define precipitation events
to compare the research results is needed. At the same time, the main factors that affect
the changes in the different grades of precipitation, such as the response mechanism of
different grades of precipitation to changes in temperature and atmospheric circulation,
are not sufficiently thorough in this study. These should be further strengthened in later
studies, which can provide a reference for flood control and water resource utilization.

5. Conclusions

This study used the data of 148 meteorological stations in the YRB from 1960 to 2017
to study the characteristics of the changing trends of precipitation and their contributions
to the total precipitation amounts and frequencies in the six subregions of the YRB. Further-
more, the sensitivities of precipitation to long-term air temperature were analyzed. The
main results are as follows:

(1) From 1960 to 2017, SA and SD decreased significantly over the YRB, while HA
and HD showed a significant increasing tendency, with rates of 4.27%/10a and 3.69%/10a,
respectively. The TD in YRB has dropped significantly, which was caused by the sharp
decrease in SD.

(2) The contribution rate trends of HA and HD to TA and TD, respectively, increased
significantly from 1960-2017, especially in regions V and VI. The increasing proportion of
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heavy precipitation may have a serious impact on local flood control and water resource
management.

(3) There were obvious regional differences in the precipitation of different grades
in the YRB. The contribution rate of HA to the TA was higher in region VI than in other
regions. On the contrary, all grades of precipitation in region II showed a decreasing trend
due to its special topographical features, especially the reduction of HA, and local disasters
such as landslides may be reduced.

(4) The sensitivities of precipitation to long-term air temperature exhibited obvious
features. SA, SD, and TD were mainly negatively correlated with air temperature in all
subregions over the YRB, while HA and HD were mainly positively correlated, except in
region II. In the case of an increase in temperature in the future, as TD and SD decrease,
the number of rainless days will increase, and the short-term drought risk will increase.
Meanwhile, HA and HD will increase, especially in region I, which may face serious
problems of flood risk, deteriorating water quality, and ecological environmental damage.
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Abbreviations

IPCC  Intergovernmental Panel on Climate Change -
YRB  Yangtze River Basin -
CMA  Chinese Meteorology Administration -
MK Mann—-Kendall -

SA The amount of precipitation from small precipitation events in a year. mm/year
MA The amount of precipitation from moderate precipitation events in a year. mm/year
LA The amount of precipitation from large precipitation events in a year. mm/year
HA The amount of precipitation from heavy precipitation events in a year. mm/year
TA The amount of total precipitation in a year. mm/year
SD The number of days with small precipitation events in a year. days/year
MD The number of days with moderate precipitation in a year. days/year
LD The number of days with large precipitation events in a year. days/year
HD The number of days with heavy precipitation in a year. days/year
TD The total number of days with precipitation in a year. days/year
10a 10 years year

* Significant at the 0.05 level. -
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