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Abstract: Various precipitation-related studies have been conducted on the Yangtze River. However,
the topography and atmospheric circulation regime of the Source Region of the Yangtze River (SRYZ)
differ from other basin parts. Along with natural uniqueness, precipitation constitutes over 60% of the
direct discharge in the SRYZ, which depicts the decisive role of precipitation and a necessary study
on the verge of climate change. The study evaluates the event distribution of long-term variability in
precipitation classes in the SRYZ. The precipitation was classified into three precipitation classes: light
precipitation (0-5 mm, 5-10 mm), moderate precipitation (10-15 mm, 15-20 mm, 20-25 mm), and
heavy precipitation (>25 mm). The year 1998 was detected as a changing year using the Pettitt test in
the precipitation time series; therefore, the time series was divided into three scenarios: Scenario-R
(1961-2016), the pre-change point (Scenario-I; 1961-1998), and the post-change point (Scenario-II;
1999-2016). Observed annual precipitation amounts in the SRYZ during Scenario-R and Scenario-I
significantly increased by 13.63 mm/decade and 48.8 mm/decade, respectively. The same increasing
trend was evident in seasonal periods. On a daily scale, light precipitation (0-5 mm) covered most
of the days during the entire period, with rainy days accounting for 83.50%, 84.5%, and 81.30%.
These rainy days received up to 40%, 41%, and 38% of the annual precipitation during Scenario-R,
Scenario-I, and Scenario-II, respectively. Consequently, these key findings of the study will be helpful

in basin-scale water resources management.
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1. Introduction

Hydrologic extreme events (flash floods, severe drought, rain storms, etc.) are the
most major and devastating natural disasters with the significant character of great socio-
economic losses [1-3]. These events have accelerated the occurrence and magnitude of
devastation with climate change and human activities [4-9]. Precipitation extremes are of
great importance among extreme events as they control all hydrological extremes [10-13].
In the shadow of climate change, extreme precipitation events have increased the risk
of flash floods and landslides, threatening socio-economic infrastructures [14]. Extreme
precipitation events are more critical than average events (floods, droughts, excessive
soil erosion, etc.). They may severely impact human settlement, vegetation growth, and
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ecological disorder [15-23]. Thus, a clear understanding of the precipitation events and
changes in their extreme events at regional and global scales is required.

Various precipitation-related studies have been conducted on the Yangtze River. The
Yangtze River in China originates from the Qinghai-Tibetan Plateau (QTP), also known as
“the Water Towers of Asia”. Yangtze River Basin (YRB) has been important in maintaining
regional ecological balance (Zhang et al., 2014) [24]. However, the basin has aggravated
climate change and large-scale afforestation activities as it is considered one of China’s most
ecologically sensitive regions (Zhou et al., 2018) [9]. Several studies have been conducted in
the YRB and Yangtze River Delta for the past two decades focusing on the trends in climatic
variables, climate change, water balance, and climate extremes. For instance, Hu et al. [25]
investigated the trends in the extreme precipitation indices in the Yangtze River Delta
region using the non-parametric Mann-Kendall test and found that most of the indices
demonstrated a rising trend through heavy precipitations (>50 mm/day), which dramati-
cally increased from 1960 to 2015. Chen et al. [26] analyzed the trends and return periods in
the precipitation daily time series of 1960-2009 and reported that the probability of extreme
events is higher in lower regions of the YRB. More specifically, Su et al. [27] explored the in-
creased tendency of precipitation extremes in the middle and lower reaches in June during
1960-2003. Likewise, spatiotemporal trends in the climate extremes (e.g., temperature and
precipitation) and their impacts on vegetation were identified by Cui et al. [28], and they
concluded that there is a dramatic increase in heavy precipitation in the basin. The changes
in the precipitation regimes were analyzed by Zhang et al. [24], and future trends in the
precipitation extremes were explored [29]. However, the topography and atmospheric
circulation regime of the SRYZ are different from other parts of the basin. The attenuation
of the East Asian monsoon at high altitudes and large distances from the ocean causes
the diverse nature of the monsoon circulation. Also, continuous shifting occurs of the
influences between the western and the Indian monsoon [30], resulting in a complex spatial
and temporal variation precipitation pattern. Along with natural uniqueness, precipitation
constitutes over 60% of the direct discharge [24] in the SRYZ, which depicts the decisive role
of precipitation on the ecological ecosystem and its health and socio-economic growth [31].
As a stepping stone for understanding precipitation patterns, few studies have been carried
out [9,30,32-34], among which most studies focus on the linkages among variations in the
temperature, precipitation, streamflows’ behaviors, ecology, and glacier metling. However,
these studies are limited in conclusions based on climate extreme indices and also lack
the detailed exploration of precipitation classes (e.g., light, moderate, and heavy precipi-
tation) for the better understanding of the possible disaster occurrences of droughts and
sustainable water resources management in the downstream area of the SRYZ.

Considering the above limitations, the study aims to provide a detailed view of the
frequency and distribution of precipitation classes in the SRYZ. Particularly, the study
focuses on the spatio-temporal variation at seasonal and annual scales, trends of the
distribution, and percentage of rainy days, as well as total precipitation for each defined
precipitation class and their relation. In addition, the trends in short-term (long-term)
dry and wet spells for all prescribed scenarios are also explored. The findings from these
analyses can be helpful references to water resource and eco-environment management,
which is essential for effective water decision making across the SRYZ basin.

2. Materials and Methods
2.1. Study Area

The Yangtze River is the world’s third largest river and is the largest in China, with a
length of 6300 kilometres. The SRYZ is located between longitude (90°30" E to 9715 E) and
latitude (32°30’ N to 3550’ N) in the middle of the QTP (Figure 1). The SRYZ covers an area
of 135,700 km?2, which is 17% of the whole area of the QTP, there are 753 glaciers located
in the SRYZ [35], and its water share is 20% of the total volume of water of the Yangtze
River [36]. The land cover of the SRYZ is medium to high grassland, forests, barren land,
glaciers, permanently frozen soil, and lakes [37,38]. Ahmed et al. [39] reported that the
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precipitation and river flows have an increasing trend with a magnitude of 1.2 mm/year
and 1.32 m3/s/year. The high flow records are observed from July to August, and the
highest flow of 2533 m3/s was observed in 2005 [39].
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Figure 1. Source Region of Yangtze River (SRYZ) with meteorological stations.

2.2. Data and Methods

The long-term (1961-2016) daily precipitation data of eight meteorological stations
were collected from the China Meteorological Administration (Figure 1). The salient
features of these climatic stations are provided in Table 1. The Pettitt test [40] was used
to detect the change year in the precipitation time series. When the exact time of change
is uncertain, the Pettitt test is used, which is a rank-based test for detecting substantial
changes in the mean of time series data. The test is regarded as resilient to changes in
time series distributional form and is relatively powerful when compared to the Wilcoxon—
Mann-Whitney test, cumulative sum, and cumulative deviations. Furthermore, the Pettitt
test has been widely used to detect changes in time series meteorological and hydrological
data [39,41-43].

The alternative and null hypotheses is reformulated as follows [42]:

Ho: The T variables are distributed according to one or more distributions with the
same location parameter.

The two-tailed test: for the Ha, there is a time f when the location parameter in the
variables is changed.

Test with two tails: for the Ha, there is a moment t when D reduces the location
parameter in the variables.
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The right-tail test: for the Ha, there is a moment t when the variable’s location parame-
ter is increased by D.

The statistic used for the Pettitt’s test is computed as follows [44]:

Let Di]' = —1if (xi — x]) > 0, Dij =0if (xi — x]) =0, Dij =1if (xi — x]) < 0,
Uyt = Yig iita Diy

The Pettitt’s statistic for the various alternative hypotheses is given by:

Kr = 2125|Uy, 7|, for the two-tailed case

Ky = 12Uy 1, for the left-tailed case

Kf = (2" U, , 1, for the left-tailed case

Using the Pettit test, a change point occurred at a 95% confidence level in 1998; with
this knowledge, the whole time series was divided into the time scale for further analysis:
Scenario-R (1961-2016); pre-change point, i.e., Scenario-I (1961-1998); and post-change
point, i.e., Scenario-II (1999-2016). Linear trend analysis with a one-way ANOVA test (95%
significant level) was used to identify the statistical significance of the trend magnitudes.

Table 1. Observation stations with mean, minimum, and maximum annual precipitation and temper-
ature during 1961-2016.

Precipitation (mm)

SN Stations Elevations
Minimum Mean Maximum

1 Xiaozaohuo 2767 6.1 27.7 67.5
2 Golmud 2807.6 114 42.8 101.8
3 Yushu 3681.2 321.7 488.9 638.3
4 Zaduo 4066.4 411.7 537.6 700.8
5 Qumalai 4175 296.2 425.2 568.4
6 Qingshuihe 4415.4 348.2 524.2 675

7 Tuotuohe 4533.1 162.7 294.7 503

8 Wudaoliang 4612.2 136.3 291.9 429.4

This study considered a daily precipitation amount of >0.1 mm/day as a rainy
day [45], where dew, frost, sleet, and fog were not considered. Annual, seasonal, and
daily data were analyzed during prescribed scenarios and precipitation classes, as summa-
rized in Table 2. Following the works of [45], the classified daily precipitation amount is
presented in Table 2.

Table 2. Precipitation classes analyzed in the SRYZ.

SN Precipitation Classes Precipitation Type (mm)
1 Light precipitation 0-5 and 5-10
2 Moderate precipitation 10-15, 15-20, and 20-25
3 Heavy precipitation >25
3. Results

3.1. Spatio-Temporal Distribution of Precipitation and Rainy Days
3.1.1. Annual Temporal Variations

In the SRYZ, mean annual precipitation ranged from 230 to 490 mm (Scenario-R), 237
to 430 mm (Scenario-I), and 305 to 490 mm (Scenario-II). Precipitation had a statistically
significant increasing trend of 13.6 mm/decade (Scenario-R) and 48.8 mm/decade (Scenario-
II), while the Scenario-I precipitation decrease was statistically insignificant (Figure 2a).
Scenario-R and Scenario-II recorded 107-163 rainy days each year, with an average of 137
days. The Reference Scenario shows a significant decrease of 2.98 days/decade (Figure 2b).
Monthly precipitation for Scenario-R, Scenario-I, and Scenario-II was recorded between the
ranges 0.03-158.80 mm (Scenario-R), 0.03-138.14 mm (Scenario-I), and 0.18-158.80 (Scenario-
II) with an average of 28.88 mm, 27.30 mm, and 32.22 mm, respectively (Figure 2c). The
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highest and lowest precipitation values were observed during July and December for all
scenarios, where Scenario-II was the highest in magnitude among all scenarios.
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Figure 2. Precipitation characteristics in the SRYZ during each period. (a) Annual precipitation,
(b) rainy days, (c) mean monthly precipitation, and (d) frequency of different precipitation classes.

Precipitation amounts and rainy days are presented in Figure 2d, which describes
that for the 0-5 mm precipitation class, the rainy days are directly related to precipitation
amount. In contrast, for the other precipitation classes, the corresponding number of rainy
days decreases for all scenarios as the amount of precipitation increases. Precipitation
classes and their contribution to precipitation days and amounts are presented in Table 3.
It is evident that the light precipitation class (0-50 mm) falls on most days of the year and
accounts for the highest amount of precipitation during all scenarios.

Table 3. Percentage of different precipitations classes contributing to the annual number of rainy
days and amount during 1961-2016 in the SRYZ.

Contribution of Annual Rainy Days (%)

Contribution of Annual Rainfall Amount (%)

Precipitation Class (mm) Scenario- Scenario-
R I II R I II
0-5 83.49 84.47 81.30 39.78 40.87 37.87
5-10 11.42 10.96 12.51 31.21 31.43 30.87
10-15 3.42 3.03 422 16.02 15.04 17.67
15-20 1.08 1.00 1.28 7.18 6.96 7.56
20-25 0.34 0.31 0.43 291 2.72 3.29
>25 0.24 0.23 0.26 2.88 2.97 2.75
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3.1.2. Variabilities in Seasonal Precipitations

The daily precipitation time series was divided into four seasons: winter (December to
Feb), spring (March to May), summer (June to August), and autumn (September to Novem-
ber). Each season’s daily precipitation variations were analyzed for all scenarios (Figure 3).
All seasons have increasing trends during Scenario-R and Scenario-II, with significant
increasing (decreasing) trends only during the summer (autumn) seasons for Scenario-I.
Precipitation during the spring season ranged from 13.76-75.34 mm with an average of
42.51 mm, and statistically significant increasing trends exist at a rate of 3.24 mm/decade
(Scenario-R) (Figure 3b). A significantly increasing trend (Figure 3c) was also observed
during the summer season, 7.63 mm/decade (Scenario-R). The autumn season had an in-
creasing precipitation trend of 2.33 mm/decade. Among all seasons, the highest statistical
non-significant increasing trend (29.4 mm/decade) was observed in the summer season
(Scenario-II), as shown in Figure 3c.
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Figure 3. Seasonal variation in precipitations and trend lines in the SRYZ during Scenario-R, Scenario-
I, and Scenario-II. (a) Winter, (b) spring, (c) summer, and (d) autumn seasons.

3.1.3. The Spatial Distributions of Precipitation Trends and Rainy Days

The spatial distribution of the total precipitation amounts and rainy days with corre-
sponding trend magnitudes for each scenario in the SRYZ are presented in Figure 4. Precipi-
tation amounts for all stations have increasing trends, but statistically significant increasing
trends only exist for Wudaoliang (21.14 mm/decade), Tuotuohe (13.40 mm/decade), and
Qumalai (12.96 mm/decade) during Scenario-R. The precipitation amounts in Scenario-I
show a statistically significant decreasing trend for Qumalai (—7.63 mm/decade) and Qing-
shuihe (10.40 mm/decade). The number of rainy days has significantly increased for Yushu
station (3.92 days/decade). For Scenario-II, the highest increasing trend in precipitation
amount was recorded for Wudaoliang (49.32 mm/decade), while Qumalai observed a
statistically significant decreasing trend of 29.30 mm/decade.
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Rainy days show both increasing and decreasing trends on a spatial basis. Qumalai
and Qingshuihe stations during Scenario-R exhibit statistically significant decreasing trends
of 13.69 and 16.46 days/decade, respectively, while Golmud has a statistically significant
positive trend of 1.6 days/decade. There were statistically insignificant positive trends on
rainy days for Scenario-I (except Qumail and Qingshuihe). There was a dramatic rise in the
rainy days during Scenario-II for Qingshuihe (111.70 days/decade), followed by Qumalai
(73.5 days/decade), which is statistically significant.
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Figure 4. Percentage of rainy days in each precipitation class to the total rainy days.

3.2. Rainy Day Percentages for Each Precipitation Class

Rainy day percentages for total rainy days during 1961-2016 in each precipitation
class are shown in Table 3 and Figure 4. Light precipitation (0-5 mm) was observed on
rainy days as 83.50%, 84.50%, and 81.30%, and 5-10 mm was recorded on rainy days
as 11.40%, 10.90%, and 12.50% for Scenario-R, Scenario-I, and Scenario-II, respectively.
Precipitation amounts > 10 mm are inconsistent, and very few events and contributions
occurred from 1961 to 2016. Moreover, 10%, 20%, 30%, and 40% of the year had moderate to
heavy precipitation events during the defined scenarios in the SRYZ. Therefore, only light
precipitation of 0-5 mm occurred throughout the year and contributed to most rainy days,
while inconsistency exists in moderate and heavy precipitation events in all scenarios.

3.3. Variations of Precipitation Amount in Each Precipitation Class

Light precipitation (0-5 mm) comprised up to 40%, 41%, and 38% of annual precip-
itation, while the 5-10 mm precipitation comprised 31.20%, 34.40%, and 30.80% of the
annual rainfall during Scenario-R, Scenario-I, and Scenario-1I, respectively, as presented in
Table 3. The linear trends in total annual precipitation amounts in each class are presented
in Figure 5. All precipitation classes have increasing trends during Scenario R. The precipi-
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while the classes of 0-5, 5-10, 15-20, and 20-25 mm had statistically insignificant increas-
ing trends with magnitudes of 2.07, 2.23, 0.59, and 0.34 mm decad-1, respectively. There
was a statistically non-significant decreasing trend observed during Scenario-I, while in
Scenario-II, both increasing and decreasing trends were observed (Figure 5).
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Figure 5. Precipitation amount in each precipitation class during Scenario-R, Scenario-I, and Scenario-
IT'in the SRYZ.

3.4. Relationship between Precipitation Amount and Rainy Days

The daily precipitation amount >0.1 mm/day was considered a rainy day [45-48].
During Scenario-R, the precipitation amount continuously increased statistically signifi-
cantly by 13.62 mm/decade, while rainy days continuously decreased significantly with a
3.0 days/decade slope in the SRYZ (Figure 6a). Figure 6b illustrates the weak correlation
between precipitation amount and rainy days during Scenario-R. Precipitation amount and
rainy days continuously decreased in Scenario-I; however, the trend is statistically insignif-
icant with negative slopes of 5.8 mm/decade and 3.0 days/decade, respectively. There
was a statistically significant increasing trend found in precipitation during Scenario-II
(48.8 mm/decade), while for rainy days, it was a statistically non-significant decreasing
trend (5.0 days/decade). This shows the consistency with Kwarteng et al.’s [44] findings in
Oman and Du et al. [48] in Northwest China. A stronger correlation (0.7) was observed in
Scenario-I as compared to Scenario-R and Scenario-II.
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(c,d) for Scenario-I, (e,f) for Scenario-II.

3.5. Wet Spell Variations

The analysis showed that in the SRYZ, most precipitation occurred in showers dur-
ing all scenarios (Figure 7). However, some precipitation falls on consecutive days.
Short-duration precipitation events continuously increased during all scenarios, while
statistical significance exists only for Scenario-R (Figure 7a). The rate of the increasing
trend was observed more during Scenario-I (8.0 times/decade) as compared to Scenario-
R (0.82 times/decade per decade) and Scenario-II (0.90 times/decade). However, the
long-duration precipitation events also increased non-significantly during Scenario-R
(0.25 times/decade) and decreased for Scenario-I (0.24 times/decade). Long-duration
precipitation events had a statistically significant increasing trend (1.63 times/decade)
during Scenario-II in the SRYZ (Figure 7b).

3.6. Dry Spell Variations

In the SRYZ during Scenario-R, Scenario-I, and II, when no precipitation event oc-
curred for ten consecutive days, it was referred to as a short-duration drought; if no
precipitation event happened in >10 days, it was defined as a long-duration drought.
These drought classifications have been defined by [45] and deployed by [48]. Figure 8a
describes that the short-duration droughts had a statistically significant increasing trend
(1.0 times/decade), while the rate of long-duration dry spells also increased gradually
non-significantly (0.06 times/decade) during Scenario-R (Figure 8b). Short- and long-
duration drought events had a non-significantly increasing trend during Scenario-I, while
for Scenario-1II, short-duration drought events were increasing and long-duration droughts
were decreasing non-significantly.
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4. Discussion

The trends in the precipitation amount, rainy days, and frequency of wet (dry) spells
increasing in the SRYZ during 1961-2016 showed an agreement with the global findings [49],
China [50], and neighbor regions [51-53]. However, some of the present study’s trends also
varied from those in the Loess Plateau of China [54]. Total annual precipitation increased
in Scenario-R (1961-2016) and Scenario-II (1999-2016) in the SRYZ, which is consistent
with the study conducted by Zhang et al. [24] and Su et al. [33]. The trends reported by
Zhang et al. [24] and Su et al. [33] were 7.8 mm/decade (1960-2002), which is lower than
our findings of 13.63 mm/decade (Scenario-R) and 48.8 mm/decade (Scenario-II). This
difference is because they considered the whole Yangtze River basin as compared to the
SRYZ and may be due to approaches deployed and differences in the duration of data used
for investigation. Zhang et al. [24] reported that the annual mean number of rainy days
during 1960-2005 increased significantly in the upper reaches of the Yangtze River, while, in
our findings, they decreased significantly at a rate of 2.98 days/decade during Scenario-R
(1961-2016). An increase in the rainy days and precipitation amount led to an increase in
the intensity of the precipitation in the SRYZ, and this increase in intensity would be greater
after 1998. The seasonal analysis revealed that the summer (June to August) and winter
(December to February) seasons showed significantly increasing trends for Scenario-R and
Scenario-II, as reported by [9,33]. An increase in precipitation in the winter will ultimately
shift the snowfall, leading to streamflow alterations [30]. A significantly increasing high
trend magnitude was found in the summer season (7.63 mm/decade), followed by the
spring season (3.24 days/decade) during Scenario-R, and contributed to rising streamflow
in the SRYZ [39].

Light precipitation (0-5 mm) occurred on the maximum number of precipitation days
in a year as 161.3 days (Scenario-R), 161.2 days (Scenario-I), and 131.3 days (Scenario-1I)
among all other precipitation classes. Thus, these findings agree with [9], showing that this
light precipitation class is more critical for vegetation restoration, ecological regulations,
and hydrological cycles due to its occurrence most days a year. The ecological importance
of small precipitation events has been pointed out by Wang and Tang [55] and Du et al. [48].
Therefore, it was continuously decreased during Scenario-R, Scenario-I, and Scenario-II,
while the rate of decrease was found to be high after 1998 (p > 0.05; 5.10 days/decade)
followed by Scenario-R (p < 0.05; -3.58 days/decade). This decrease in the light precipitation
class (0-5 mm) will ultimately reduce the rate of vegetation restoration and grassland
cover, as concluded by Li et al. [20], Petrie et al. [34], and Li et al. [20]. Moderate and
heavy precipitation classes plays an important role in regulating surface runoff, improving
vegetation cover [56,57].

The massive precipitation events increased during Scenario-R (1961-2016) and Scenario-
I (1999-2016), showing consistency with the findings of [53], which can increase the leach-
ing of the nutrients and water into root zones [34]. Chen et al. [26] reported the trends in
the heavy precipitation in the Yangtze River Basin from 1960-2009 and found a significant
increase, which is in agreement with this study. In arid and semi-arid regions, ecosystems
are mainly affected by the magnitude of the precipitation and its frequency [32,58,59]. Light
precipitation (0-5 mm) occurred as 83%, 84%, and 81% of total precipitation in Scenario-R,
Scenario-I, and II, respectively, in the SRYZ. This precipitation occurred throughout the year
and on most of the days. The alpine grassland is degrading in the SRYZ, which covers about
35% of the area as compared to other grassland types [31]. These trends are probably the
main reason for vegetation that depends on deep soil water being greatly degraded [48]. As
the precipitation class increased, its contribution to rainy days decreased during Scenario-
R, Scenario-I, and Scenario-II. These light precipitation amounts are vital for ecosystem
restoration, as reported by Ouyang et al. [60] and Yao et al. [19], and maintain the soil water
in arid to semi-arid regions [17]. Short-duration precipitation events increased throughout
the study period, and the rate of the increasing trend of short-duration rainfall events was
greater during Scenario-II (0.90 times/decade) as compared to Scenario-R and Scenario-II
having the same trend magnitude (0.82 times/decade), which indicates that the trends
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after 1998 are more remarkable. The magnitude of long-term precipitation events is greater
in Scenario-II (1.63 times/decade) followed by Scenario-R (0.25 times/decade). Short dry
spells only increased significantly during Scenario-R (1.0 times/decade). However, the
magnitude of the increasing trends was high during Scenario-II (2.5 times/decade). Long
dry spells (prolonged droughts) also have the same trend during entire scenarios.

5. Conclusions

This study was conducted to understand the precipitation class variation under the
changing climate in the SRYZ during 1961-2016. The precipitation changed on a spatiotem-
poral scale in the SRYZ from 1961-2016, which can alter the natural hazards (floods and
droughts) and hydrological processes within the basin. The total annual precipitation
significantly increased during Scenario-R (1961-2016) and Scenario-II (199-2016), but the
rate was tremendously higher in Scenario-II, whereas rainy days were decreasing for all
scenarios. Precipitation gradually increased from January to July and decreased from July
to December. The seasonal analysis revealed that the summer (June to August) and winter
(December to February) seasons showed significantly increasing trends in Scenario R and
Scenario-II. An increase in precipitation in the winter will ultimately change the snowfall,
leading to streamflow alterations.

Light precipitation (0-5 mm) covered most of the days, and its probability was higher
during all scenarios. This high amount showed that the 0-5 mm precipitation class is
more critical for vegetation restoration, ecological regulations, and hydrological cycles
due to its occurrence most days a year. However, it had a continuously decreasing trend
during the entire study period. The massive precipitation events were also increasing,
which can increase the leaching of nutrients and water into root zones. A strong correlation
between precipitation amount and rainy days occurred from 1961 to 2016. Short- and long-
duration precipitation events are continuously increasing in the SRYZ. Short dry spells
increased after 1998 at a higher rate, meaning the drought conditions will be prolonged over
time. The study’s findings will be substantial in basin-scale sustainable water resources
management and understanding the regional hydrological responses to changing climate
at regional scales.
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