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Abstract: The source region of the Yangtze River (SRYR) on the central Tibetan Plateau has seen
one of the most significant increases in temperature in the world. Climate warming has altered
the temporal and spatial characteristics of precipitation in the SRYR. In this study, we analyzed the
temporal trends and spatial distributions of extreme precipitation in the SRYR during 1960–2016
using 11 extreme precipitation indices (EPIs) derived from daily precipitation data collected at
five meteorological stations in the region. The trends in the EPIs were estimated using the linear
least squares method, and their statistical significance was assessed using the Mann–Kendall test.
The results show the following. Temporally, the majority of SRYR EPIs (including the simple
daily intensity index, annual maximum 1-day precipitation (RX1day), annual maximum 5-day
precipitation (RX5day), very wet day precipitation, extremely wet day precipitation, number of heavy
precipitation days, number of very heavy precipitation days, and number of consecutive wet days)
exhibited statistically nonsignificant increasing trends during the study period, while annual total
wet-day precipitation (PRCPTOT) and the number of wet days exhibited statistically significant
increasing trends. In addition, the number of consecutive dry days (CDD) exhibited a statistically
significant decreasing trend. For the seasonal EPIs, the PRCPTOT, RX1day, and RX5day all exhibited
nonsignificant increasing trends during the wet season, and significant increasing trends during the
dry season. Spatially, changes in the annual and wet season EPIs in the study area both exhibited
significant differences in their spatial distribution. By contrast, changes in dry season PRCPTOT,
RX1day, and RX5day exhibited notable spatial consistency. These three indices exhibited increasing
trends at each station. Moreover, there was a statistically significant positive correlation between the
annual PRCPTOT and each of the other EPIs (except CDD). However, the contribution of extreme
precipitation to annual PRCPTOT exhibited a nonsignificant decreasing trend.

Keywords: extreme precipitation; climate change; Tibetan Plateau; source region of the Yangtze River

1. Introduction

Amid climate warming, global and regional water cycles have accelerated and the temporal and
spatial characteristics of extreme precipitation events have undergone dramatic changes [1,2]. Disasters
(e.g., floods, droughts and snowstorms) caused by extreme precipitation have adversely impacted social
and economic development, people’s normal lives, and natural ecological environments [3,4]. Thus,
extreme precipitation events have garnered attention from governments and researchers around the
world. Previous researchers have extensively studied changes in extreme precipitation on various scales
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(e.g., global [5,6], continental or regional [7–10], national [11–13], and district or river basin [14–16]).
The results have shown that the frequency and intensity of extreme precipitation event occurrences
over land regions have increased to some extent in recent decades, particularly in mid/high-latitude
regions in the Northern Hemisphere. However, extreme precipitation events in central and western
Africa [17], southwestern Australia [18], southern Chile [19], and south-eastern Tibet in China [20]
have shown a decreasing trend. These patterns indicate that there is no spatial consistency in changes
in extreme precipitation on a global scale. Therefore, it is necessary to study changes in extreme
precipitation on various scales.

As the region with the highest elevation in the world, the Tibetan Plateau is considered to be a
driver and amplifier of global climate change [21]; the region both “initiates” and is sensitive to climate
change [22]. The rate of increase in the annual average temperature in the Tibetan Plateau reached
0.30 ◦C/decade during 1960–2010 [23], which is greater than that for China (0.25 ◦C/decade during
1961–2013 [24]), and much greater than the global average (0.12 ◦C/decade during 1951–2012 [25]).
This study examines the source region of the Yangtze River (SRYR). With an annual average
temperature increasing at a rate of 0.34 ◦C/decade (1957–2013) [26], the SRYR is the region within the
Tibetan Plateau that has seen the most significant increase in temperature [27,28]. Climate warming has
accelerated glacial melting and caused continuous permafrost degradation in the SRYR, as well
as exacerbating a number of environmental problems, including wetland shrinkage, grassland
desertification, and increases in erosion. The increasing number of extreme climate events, such as
heavy rainfall and snowstorms, also pose a threat to the vulnerable ecosystems in the SRYR, and may
further affect sustainable development in it and the downstream region [29].

While previous researchers have studied changes in precipitation in the SRYR, they mostly focused
on changes in average precipitation. Overall, the annual average precipitation in the SRYR increased at
a rate of 11.4 mm/decade between 1957–2013 [26], which was greater than the rates at which the annual
average precipitation increased on the Tibetan Plateau (3.8 mm/decade in 1961–2015 [30]) and in China
(1.10 mm/decade in the period 1960–2013 [31]) increased. In addition, changes in precipitation in the
SRYR also exhibit different characteristics on different temporal and spatial scales [32,33]. Compared
to work on average precipitation, there is very limited research on extreme precipitation in the SRYR.
While previous research on extreme precipitation in the regions of the Tibetan Plateau [34], the Yangtze
River Basin [35], and the “Three-River Headwaters” [36] already covers the SRYR, there is still a lack
of in-depth analysis of changes in extreme precipitation in the SRYR, due to its temporal complexity
and spatial variation.

Hence, this study aims to (1) examine temporal and spatial changes in extreme precipitation in
the SRYR and (2) analyze the relationships between extreme precipitation indices (EPIs). The results
of this study will help to further the understanding of changes in extreme precipitation in the SRYR
under the background of climate warming. It is also our hope that this study can provide a scientific
basis for water resource management and ecological restoration in the SRYR.

2. Data and Methods

2.1. Study Area

The SRYR generally refers to the catchment area (32◦30′–35◦45′ N, 90◦33′–97◦35′ E) upstream of
the Chamda hydrological station, as shown in Figure 1. The main water systems in the SRYR include
the Tuotuo River at the source of the Yangtze River; the Dam Chu River, which drains the southern
headwaters of the Yangtze River; the Chumar River, which drains the northern headwaters of the
Yangtze River; and the Tongtian River (main stream of the Yangtze River). The SRYR encompasses
an area of 13.77 × 104 km2, accounting for approximately 7.6% of the total area of the Yangtze River
Basin, and it is also an important water conservation area and an area of unique ecological functions
within the Yangtze River Basin [29]. Sitting at an average elevation of 4759 m, the SRYR has a typical
continental plateau climate with only two seasons (dry (cold) and wet (warm)) throughout the year,



Water 2018, 10, 1691 3 of 18

an annual average precipitation of approximately 354 mm, and an annual average temperature of
approximately −4.2 ◦C [29]. Due to its adverse living conditions, the SRYR is sparsely populated,
with a population density of only 0.09 person/km2 [37]. Therefore, climate change in the SRYR is not
significantly affected by local human activity.
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2.2. Data and Quality Control

There are very few meteorological stations in the SRYR, of which only five are national
meteorological stations that have collected long-term observation data (Figure 1 and Table 1).
Daily precipitation data collected at the five stations from 1 November 1959 to 31 December 2016,
were obtained from the National Meteorological Information Centre of China [38]. Over the years,
the five meteorological stations have undergone systematic changes (e.g. changes in location,
observation instrument upgrades, and changes in methods for calculating climate variables). These
non-climate factors may have resulted in inhomogeneity in climate data series. Because of this,
the analysis results may not truly reflect actual climate changes [39]. Therefore, to ensure a more
reliable analysis of the extreme precipitation in the SRYR, it is necessary to perform quality control and
a homogeneity test on these daily precipitation data before use. In this study, the daily precipitation
data collected at the five stations were subjected to quality control and a homogeneity test using the
RclimDex and RHtests_dlyPrcp software, respectively, a recommended by the Expert Team on Climate
Change Detection and Indices (ETCCDI) [40]. RClimDex, developed and maintained by Xuebin Zhang
and Feng Yang at the Climate Research Branch of Meteorological Service of Canada [41], is a R-based
software package that provides a user-friendly program for the calculation of climate extreme indices.
The quality control process was as follows: (1) replacing all missing values with −99.9, (2) detecting
erroneous data, such as daily precipitation values less than 0 mm, and (3) identifying outliers in daily
precipitation. In this paper, outliers were defined as daily values exceeding five times the standard
deviation, and all unreasonable values were treated as NA (not available). The RHtests_dlyprcp
software is specifically designed for the homogenization of daily precipitation data time series. It is
based on the transPMFred algorithm [42], which integrates a data-adaptive Box-Cox transformation
procedure into the PMFred algorithm [43]. By calling the detecting function in RHtests_dlyprcp
software, all detected change points could be significant at the nominal level [44]. The default
parameters in the software package were used in the analysis of whole data series from each station.
These parameters are as follows: (1) p.lev = 95% (the nominal level of confidence at which to conduct
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the test), (2) pthr = 0 (the lower precipitation threshold), (3) Iadj = 10000 (the base segment, with
Iadj = 10000 corresponding to adjusting the series to the last segment), (4) Mq = 100 (the number
of points for which the empirical probability distribution function (PDF) is to be estimated), and (5)
Ny4a = 10 (the maximum number of years of data immediately before or after a change point to be
used to estimate the PDF) [44]. The homogeneity test results show that the quality-controlled data
for each station contained no notable points of change (at a 5% significance level); in other words,
the quality-controlled daily precipitation data for all stations were defined as being homogeneous.

Table 1. List of the selected stations, including WMO (World Meteorological Organization) code,
latitude, longitude, altitude, Thiessen weight, and data missing period during the study period.

Station
Name WMO Code Latitude

(N)
Longitude

(E)
Altitude

(m)
Thiessen
Weight (-)

Data Missing
Period

Wudaoliang 52,908 35◦13′ 93◦05′ 4612.2 0.199
Tuotuohe 56,004 34◦13′ 92◦26′ 4533.1 0.478
Qumalai 56,021 34◦07′ 95◦48′ 4175.0 0.254 Aug–Dec 1962

Yushu 56,029 33◦00′ 96◦58′ 3716.9 0.032
Qingshuihe 56,034 33◦48′ 97◦08′ 4415.4 0.037

2.3. Extreme Precipitation Indices (EPIs)

Ten EPIs recommended by the ETCCDI and one index defined in this study were used to
investigate changes in extreme precipitation in the SRYR. The 11 indices can be categorized into three
types [45], namely, intensity indices (total wet-day precipitation (PRCPTOT), simple daily intensity
index (SDII), maximum 1-day precipitation (RX1day), maximum 5-day precipitation (RX5day),
very wet-day precipitation (R95p) and extremely wet-day precipitation (R99p)), frequency indices
(number of wet days (R1mm), number of heavy precipitation days (R10mm), and number of very
heavy precipitation days (R20mm)), and duration indices (number of consecutive dry days (CDD) and
number of consecutive wet days (CWD)). Table 2 summarizes the definitions of these indices [46].

Table 2. Extreme precipitation indices used in this study.

Category Index Descriptive name Definition Units

Intensity
indices

PRCPTOT Total wet-day precipitation Annual total PRCP in wet days (RR ≥ 1 mm) mm

SDII Simple daily intensity index Annual total precipitation divided by the number of
wet days mm/day

RX1day Max 1-day precipitation Monthly or annual maximum 1-day precipitation mm
RX5day Max 5-day precipitation Monthly or annual maximum 5-day precipitation mm

R95p Very wet-day precipitation Annual total PRCP when RR > 95th percentile of
1961–1990 daily precipitation mm

R99p Extremely wet-day
precipitation

Annual total PRCP when RR > 99th percentile of
1961–1990 daily precipitation mm

Frequency
indices

R1mm* Number of wet days Number of days per year when PRCP ≥ 1 mm days

R10mm Number of heavy
precipitation days Number of days per year when PRCP ≥ 10 mm days

R20mm Number of very heavy
precipitation days Number of days per year when PRCP ≥ 20 mm days

Duration
indices

CDD Consecutive dry days Maximum number of consecutive days with RR < 1 mm days
CWD Consecutive wet days Maximum number of consecutive days with RR ≥ 1 mm days

Notes: RR, daily precipitation; R1mm marked with * is defined by ETCCDI for a user-specified threshold.

The EPIs at each station were calculated using RclimDex. Annual values were calculated for
all 11 EPIs, and monthly values were also calculated for the RX1day and RX5day. The dry season
lasts from November of the previous year to April of the current year, and the wet season lasts
from May to October [26]. In addition, the contributions of very wet-day precipitation (R95pT) and
extremely wet-day precipitation (R99pT) were also calculated (R95pT = (R95p/PRCPTOT) × 100;
R99pT = (R99p/PRCPTOT) × 100). The regionally averaged value of each EPI was calculated using
the Thiessen polygon method for the five stations (Table 1). This method has been applied in research
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in Yunnan Province, China [14], which is adjacent to the SRYR. We selected the period 1961–1990 as
the reference period, which is currently recommended by the WMO for evaluating long-term climate
change [47]. Due to the lack of data for the period from August to December 1962, some indices at the
Qumalai station could not be calculated. For these indices, the average values for the period 1961–1990
were used.

2.4. Statistical Analysis

The trends in the EPIs were assessed using the linear least squares method recommended by
RclimDex [41]. The statistical significance of the trends was examined using the Mann–Kendall
(MK) test [48,49]. The MK test is a nonparametric statistical method with the following advantages:
the samples are not required to follow a certain distribution, and the test is not significantly affected by
outliers. Consequently, the MK test is often used to evaluate the significance of trends in a time series
of hydrological and meteorological variables. A positive (negative) standardized MK test statistic (Z)
indicates an increasing (decreasing) trend. When |Z| > 1.96, the trend passes the significance test at
the 5% significance level. When |Z| ≤ 1.96, the trend is statistically nonsignificant. The linear least
squares method and the MK test have been extensively used to study EPIs [50,51]. Autocorrelation
in a meteorological observation time series will affect its trend [52] and its significance level [53].
Hence, autocorrelation errors in extreme precipitation series were analyzed using the Durbin–Watson
(DW) statistical test [54,55]. For a series with a length of 57 years, a DW statistic in the range of
1.61–2.39 indicates a no first-order autocorrelation (at the 5% significance level). The values of the
DW statistics identified for the 11 EPIs selected in this study ranged from 1.84 to 2.31, suggesting
no significant autocorrelation error. Thus, the effects of autocorrelation in the series were not taken
into consideration in the trend analysis. In addition, a curve depicting changes in each EPI over time
was also plotted using the locally weighted regression (LOESS) smoothing method, which is a robust
nonparametric curve fitting method [56]. With the LOESS model, each smoothed value is determined
by neighboring data points within the user-defined proportion of the data. The proportion of the data
used for local fitting is known as the span of the smoother. A larger span leads to a smoother curve.
Previous studies on extreme precipitation have usually chosen spans in the range of 0.25–0.45 [14,57,58].
In this study, spans of 0.25, 0.35, and 0.45 were tested on the 11 indices of the regionally averaged
series. Visual analysis suggested a span of 0.35 could best characterize the interannual changes.
Within the selected span (0.35), a second-order polynomial regression was fitted using a tricube
weight function. Potential correlation analysis methods for two climatic variables includes mutual
information [59,60], contingency tables [61], Spearman’s rank, and Pearson correlation [62]. We chose
the Spearman’s rank correlation coefficient and the two-tailed t-test, a method commonly used to
analyze correlations between EPIs [63]. To facilitate comparison with other studies, the trend rate of
each EPI was multiplied by 10, i.e., the unit of the trend rate of each EPI was changed from annual to
decadal [14,20,34,35,45,64–67].

3. Results

3.1. Changes in Annual Precipitation Extremes

3.1.1. Intensity Indices

For the entire SRYR, the six precipitation intensity indices each displayed an increasing trend
during 1960–2016; however, only the trend for PRCPTOT passed the significance test at the 5%
significance level (Table 3). PRCPTOT had a regionally averaged trend rate of 10.90 mm/decade during
the study period. PRCPTOT decreased in a fluctuating manner in the late 1960–1990s period, increased
significantly in the 2000s (at a rate of 114.34 mm/decade), and then decreased again (Figure 2a).
The interannual trends of SDII, RX1day, and R95p were similar to that of PRCPTOT (Figure 2b–e).
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The interannual changes in RX5day and R99p both fluctuated significantly, with maximums occurring
in the late 2000s (Figure 2d–f).

In terms of spatial distribution, PRCPTOT and R95p each exhibited an increasing trend at 80% of
the stations. However, each of these two indices only exhibited a significant trend at the Wudaoliang
station in the northern SRYR (with rates of 18.85 and 7.71 mm/decade, respectively) (Table 4). In
addition, PRCPTOT and R95p each exhibited a decreasing trend only at the Yushu station in the
southeastern SRYR (with rates of −0.97 and −2.8 mm/decade, respectively), but these trends were
statistically nonsignificant (Figure 3a–e). SDII also exhibited an increasing trend at 80% of the stations,
and exhibited a decreasing trend only at the Yushu station (with a rate of −0.10 mm/day/decade).
RX1day displayed an increasing trend at the Wudaoliang station in the northern SRYR and the Qumalai
station in the central SRYR (with rates of 0.44 and 0.86 mm/decade, respectively), and a decreasing
trend at the other three stations (with rates ranging from −0.2 to −0.27 mm/decade). RX5day and
R99p each exhibited increasing trends at 60% of the stations and decreasing trends at the Tuotuohe
and Yushu stations. The trends in SDII, RX1day, RX5day, and R99p at the five stations did not pass the
significance test at the 5% significance level (Figure 3b–f).
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Table 3. Regional trends per decade, the results of the Mann–Kendall (MK) test and percentages of stations with positive and negative trends for the extreme
precipitation indices over the SRYR during 1960–2016.

Index
Regional Trends MK Test Percentage of Stations

with Positive Trend
Percentage of Stations with
Significant Positive Trend

Percentage of Stations
with Negative Trend

Percentage of Stations with
Significant Negative TrendUnits L Z p-Value

Intensity
indices

PRCPTOT mm/decade 10.90 ± 4.35 2.11 0.035 80% 20% 20% 0%
SDII mm/day/decade 0.03 ± 0.03 1.07 0.285 80% 0% 20% 0%

RX1day mm/decade 0.16 ± 0.36 0.43 0.667 40% 0% 60% 0%
RX5day mm/decade 0.32 ± 0.64 0.67 0.503 60% 0% 40% 0%

R95p mm/decade 2.01 ± 1.86 0.92 0.358 80% 20% 20% 0%
R99p mm/decade 0.69 ± 1.09 0.28 0.779 60% 0% 40% 0%

Frequency
indices

R1mm days/decade 1.87 ± 0.71 2.39 0.017 100% 40% 0% 0%
R10mm days/decade 0.39 ± 0.15 1.91 0.056 80% 20% 20% 0%
R20mm days/decade 0.03 ± 0.04 0.25 0.803 40% 0% 60% 0%

Duration
indices

CDD days/decade −5.70 ± 2.27 −2.88 0.004 0% 0% 100% 20%
CWD days/decade 0.02 ± 0.13 0.74 0.459 40% 0% 60% 0%

Notes: L denotes linear trends (decade−1), Z is the standardized MK test statistic. Values for statistically significant trends at a 5% significant level are in bold.

Table 4. Linear trends and results of the Mann–Kendall (MK) test for extreme precipitation indices for each station in the SRYR during 1960–2016.

Index
Wudaoliang Tuotuohe Qumalai Yushu Qingshuihe

L Z p-Value L Z p-Value L Z p-Value L Z p-Value L Z p-Value

PRCPTOT 18.85 ± 4.20 3.76 0.0002 10.58 ± 5.66 1.56 0.119 7.92 ± 5.39 1.33 0.184 −0.97 ± 6.00 −0.20 0.841 6.51 ± 5.41 1.04 0.298
SDII 0.1 ± 0.05 1.78 0.075 0.02 ± 0.05 0.30 0.764 0.01 ± 0.04 0.74 0.459 −0.10 ± 0.05 −1.87 0.061 0.02 ± 0.05 0.60 0.549

RX1day 0.44 ± 0.55 0.92 0.358 −0.27 ± 0.63 −0.62 0.535 0.84 ± 0.49 1.35 0.177 −0.25 ± 0.42 −1.10 0.271 −0.20 ± 0.68 −0.07 0.944
RX5day 1.76 ± 1.17 1.78 0.075 −0.41 ± 1.03 −0.22 0.826 0.67 ± 0.89 0.73 0.337 −1.38 ± 0.93 −1.84 0.066 1.25 ± 1.13 0.94 0.347

R95p 7.71 ± 3.08 2.23 0.026 0.54 ± 2.85 0.08 0.936 0.98 ± 2.74 0.48 0.631 −2.80 ± 3.36 −0.86 0.39 1.70 ± 3.75 0.03 0.976
R99p 2.92 ± 2.07 1.23 0.219 −1.42 ± 1.67 −0.74 0.459 3.08 ± 1.90 1.36 0.174 −1.51 ± 1.79 −1.02 0.303 1.99 ± 2.13 0.84 0.401

R1mm 2.70 ± 0.76 3.12 0.002 1.94 ± 0.87 2.23 0.026 1.31 ± 0.82 1.41 0.159 1.41 ± 0.79 1.74 0.082 0.76 ± 0.87 0.66 0.509
R10mm 0.78 ± 0.19 3.54 0.0004 0.42 ± 0.23 1.06 0.289 0.16 ± 0.23 0.71 0.478 −0.28 ± 0.32 −1.13 0.258 0.01 ± 0.29 0.02 0.984
R20mm 0.10 ± 0.08 1.09 0.276 −0.03 ± 0.07 −0.72 0.472 0.10 ± 0.07 1.09 0.276 −0.01 ± 0.08 −0.10 0.92 −0.01 ± 0.09 −0.23 0.818

CDD −1.88 ± 3.75 −0.30 0.764 −10.58 ± 3.64 −3.12 0.002 −0.54 ± 2.63 −0.19 0.849 −2.64 ± 2.22 −1.12 0.308 −1.41 ± 1.76 −1.18 0.238
CWD 0.23 ± 0.16 1.46 0.144 0.02 ± 0.02 0.48 0.631 −0.11 ± 0.21 −0.24 0.81 −0.10 ± 0.23 −1.16 0.246 −0.14 ± 0.24 −0.15 0.881

Notes: L denotes linear trends (decade−1), Z is the standardized MK test statistic. Values for statistically significant trends at a 5% significant level are in bold.
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Figure 2. Regionally averaged series for the extreme precipitation indices over the SRYR during
1960–2016 for (a) PRCPTOT, (b) SDII, (c) RX1day, (d) RX5day, (e) R95p, (f) R99p, (g) R1mm, (h) R10mm,
(i) R20mm, (j) CDD, and (k) CWD. The dotted line represents the linear trend and R is its correlation
coefficient. The dashed line results from locally weighted regression (LOESS) smoothing.
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Figure 3. Spatial patterns of trends in the extreme precipitation indices over the SRYR during 1960–2016
for (a) PRCPTOT, (b) SDII, (c) RX1day, (d) RX5day, (e) R95p, (f) R99p, (g) R1mm, (h) R10mm, (i) R20mm,
(j) CDD, and (k) CWD. Increasing (decreasing) trends are marked by upright triangles (inverted
triangles), while statistically significant trends (at a 5% significant level) are marked by square symbols.



Water 2018, 10, 1691 10 of 18

3.1.2. Frequency and Duration Indices

In 1960–2016, the precipitation frequency indices (R1mm, R10mm, and R20mm) and CWD for
the SRYR exhibited increasing trends, whereas the CDD exhibited a decreasing trend. However,
only the trends for R1mm and CDD were statistically significant (Table 3). As shown in Figure 2g–h,
the interannual changes in R1mm and R10mm were similar to those in PRCPTOT. In addition, R20mm
represented a regionally averaged value of only 0.8 days/year; the interannual changes in R20mm were
similar to those for R99p. CDD and CWD had a regionally averaged value of 112 and 7.1 days/year,
respectively. Overall, these two indices each exhibited a decreasing trend in the 1970–1990s period and
a significant increasing trend later (Figure 2j–k).

In terms of spatial distribution, R1mm exhibited an increasing trend at each of the five stations in
the SRYR, but its trend passed the significance test at the 5% significance level at only two stations
(Wudaoliang and Tuotuohe stations) (Figure 3g). R10mm exhibited an increasing trend at four stations,
but only the trend at the Wudaoliang station (increasing at a rate of 0.78 days/decade) was significant.
R10mm exhibited a decreasing trend only at the Yushu station (at a rate of −0.28 days/decade);
however, this trend was nonsignificant (Figure 3h). R20mm exhibited an increasing trend at two
stations and a decreasing trend at three stations. There were no significant changes in R20mm at any
of the stations (Figure 3i). CDD displayed a decreasing trend at the five stations (at a rate ranging from
−0.54 to −10.58 days/decade), but only the changes at the Tuotuohe station were significant (at a rate
of −10.58 days/decade) (Figure 3j). The maximum and average CDD at the Tuotuohe station in the
period 1960–2016 were 212 days and 131 days/year, respectively. CWD exhibited a nonsignificant
increasing trend at the Wudaoliang station in the northern SRYR and the Tuotuohe station in the
western SRYR, and a nonsignificant decreasing trend at the other three stations.

3.2. Changes in Seasonal Precipitation Extremes

Precipitation in the SRYR exhibits notable seasonal characteristics. Wet-season (May–October)
PRCPTOT accounted for approximately 94% of the annual PRCPTOT. To further understand the
changes in extreme precipitation in the SRYR, three indices, namely, PRCPTOT, RX1day, and RX5day,
were selected to analyze the seasonal (wet- and dry-season) changes in extreme precipitation in the
region. The trends in the regionally averaged PRCPTOT, RX1day, and RX5day values for the SRYR
were nonsignificant in the wet season during 1960–2016 (Table 5). The interannual trends in these
three indices were similar to those of their respective annual values (figure not shown for the sake of
brevity). It is worth noting that the PRCPTOT, RX1day, and RX5day for the SRYR displayed significant
increasing trends in the dry season with rates of 1.56, 0.31, and 0.56 mm/decade, respectively (Table 5
and Figure 4). Particularly at the Yushu station, these three indices exhibited decreasing trends in the
wet season but notable increasing trends in the dry season (Table 6). In terms of spatial distribution,
PRCPTOT, RX1day and RX5day exhibited increasing trends in the dry season at all stations, and their
trends passed the significance test at the 5% significance level at 100%, 20%, and 80% of the stations,
respectively (Table 5 and Figure 5).
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Table 5. Regional trends per decade, results of the Mann–Kendall (MK) test and percentages of stations with positive and negative trends for the seasonal indices
(PRCPTOT, RX1day, and RX5day) over the SRYR during 1960–2016.

Index Season
Regional Trends MK Test Percentage of Stations

with Positive Trend
Percentage of Stations with
Significant Positive Trend

Percentage of Stations
with Negative Trend

Percentage of Stations with
Significant Negative TrendUnits L Z p-Value

PRCPTOT
Wet mm/decade 9.35 ± 4.26 1.95 0.051 80% 20% 20% 0%
Dry mm/decade 1.56 ± 0.43 3.42 0.0003 100% 100% 0% 0%

RX1day Wet mm/decade 0.16 ± 0.36 0.42 0.674 40% 0% 60% 0%
Dry mm/decade 0.31 ± 0.12 3.06 0.0022 100% 20% 0% 0%

RX5day Wet mm/decade 0.32 ± 0.64 0.52 0.603 60% 0% 40% 0%
Dry mm/decade 0.56 ± 0.17 3.10 0.002 100% 80% 0% 0%

Notes: L denotes linear trends (decade−1), Z is the standardized MK test statistic. Values for statistically significant trends at a 5% significant level are in bold.

Table 6. Linear trends and results of the Mann–Kendall (MK) test for the seasonal indices (PRCPTOT, RX1day, and RX5day) over the SRYR during 1960–2016.

Index Season
Wudaoliang Tuotuohe Qumalai Yushu Qingshuihe

L Z p-Value L Z p-Value L Z p-Value L Z p-Value L Z p-Value

PRCPTOT
Wet 17.51 ± 4.09 3.56 0.0004 9.28 ± 5.52 1.37 0.171 5.73 ± 5.28 1.14 0.254 −4.12 ± 6.02 −0.72 0.472 2.8 ± 5.31 0.43 0.667
Dry 1.29 ± 0.43 2.71 0.007 1.35 ± 0.45 3.11 0.002 1.64 ± 0.64 2.20 0.028 3.28 ± 1.16 2.44 0.015 3.70 ± 1.04 3.13 0.002

RX1day Wet 0.44 ± 0.55 0.92 0.358 −0.27 ± 0.63 −0.62 0.535 0.84 ± 0.49 1.35 0.177 −0.25 ± 0.42 −1.10 0.271 −0.20 ± 0.68 −0.07 0.944
Dry 0.32 ± 0.15 2.13 0.034 0.20 ± 0.16 1.90 0.057 0.44 ± 0.19 1.80 0.072 0.71 ± 0.32 1.53 0.126 0.35 ± 0.22 1.55 0.121

RX5day Wet 1.76 ± 1.17 1.78 0.075 −0.41 ± 1.03 −0.22 0.826 0.67 ± 0.89 0.73 0.337 −1.38 ± 0.93 −1.84 0.066 1.25 ± 1.13 0.94 0.347
Dry 0.61 ± 0.19 2.93 0.003 0.37 ± 0.23 1.72 0.085 0.71 ± 0.25 2.59 0.010 1.36 ± 0.39 −2.84 0.005 0.98 ± 0.33 2.95 0.030

Notes: L denotes linear trends (decade−1), Z is the standardized MK test statistic. Values for statistically significant trends at a 5% significant level are in bold.
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Figure 5. Spatial patterns of trends for the dry season for the indices of (a) PRCPTOT, (b) RX1day,
and (c) RX5day over the SRYR during 1960–2016. Increasing (decreasing) trends are marked by upright
triangles (inverted triangles), while statistically significant trends (at a 5% significant level) are marked
by square symbols.

3.3. Analysis of Correlations of Precipitation Indices

As shown in Table 7, there was a positive correlation between annual PRCPTOT and each of the
other EPIs (except CDD), which passed the significance test at a 1% significance level. This indicates
that EPIs can relatively satisfactorily reflect changes in PRCPTOT.

Table 7. Correlation coefficients of extreme precipitation indices.

Indices PRCPTOT SDII RX1day RX5day R95p R99p R1mm R10mm R20mm CWD CDD

PRCPTOT 1
SDII 0.68 ** 1

RX1day 0.41 ** 0.51 ** 1
RX5day 0.69 ** 0.73 ** 0.60 ** 1

R95p 0.76 ** 0.84 ** 0.64 ** 0.76 ** 1
R99p 0.36 ** 0.47 ** 0.83 ** 0.57 ** 0.59 ** 1

R1mm 0.89 ** 0.31 * 0.23 0.45 ** 0.48 ** 0.18 1
R10mm 0.79 ** 0.85 ** 0.35 ** 0.71 ** 0.81 ** 0.34 * 0.53 ** 1
R20mm 0.34 ** 0.51 ** 0.73 ** 0.52 ** 0.63 ** 0.85 ** 0.14 0.35 ** 1
CWD 0.60 ** 0.25 0.19 0.46 ** 0.41 ** 0.15 0.63 ** 0.43 ** 0.21 1
CDD −0.16 0.10 0.08 0.17 −0.01 0.06 −0.29 * 0.02 −0.01 −0.11 1

Notes: ** Significant at the 1% significance level, * significant at the 5% significance level.



Water 2018, 10, 1691 13 of 18

The percentage of extreme precipitation (including R95p and R99p) to annual PRCPTOT was used
to reflect the contribution of extreme precipitation to PRCPTOT. In 1960–2016, the R95pT and R99pT
for the SRYR exhibited decreasing trends (with rates of −0.14 and −0.06%/decade, respectively).
The R95pT for the region varied from 3.84% to 31.57% (Figure 6a). Among the five stations, R95pT
exhibited an increasing trend only at the Wudaoliang station (with a rate of 1.12%/decade). The R99pT
for the region varied from 0.00% to 14.51% (Figure 6b). R99pT exhibited a decreasing trend at 40% of
the stations (Tuotuohe and Yushu stations). The R95pT and R99pT trends did not pass the significance
test at the 5% significance level for any station.
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Figure 6. Regionally averaged series for (a) the ratio of the index of precipitation on very wet days to
annual total precipitation (R95pT) and (b) the ratio of the index of precipitation on extremely wet days
to annual total precipitation (R99pT) over the SRYR during 1960–2016. The dotted line represents the
linear trend and R is its correlation coefficient. The dashed line results from LOESS smoothing.

Moreover, as shown in Table 7, PRCPTOT was most strongly correlated with R1mm (r = 0.89).
Furthermore, the correlation coefficients between R95p and SDII, R99p and RX1day, R10mm and SDII,
R10mm and R95p, R20mm and R99p exceeded 0.8, and their correlations were significant at the 1%
significance level.

4. Discussion

In 1960–2016, the intensity and frequency of extreme precipitation, as well as CWD, in the SRYR
generally increased, while the CDD generally decreased. The trends for most of the EPIs in the SRYR
were generally consistent with those for the entire world [45], China [64], the Tibetan Plateau [34],
and some adjacent regions [65,67]. However, there were some differences. For example, the trends for
R95p, R99p, RX1day, RX5day, R1mm, R20mm, and CDD in the SRYR were opposite to those found for
southeastern Tibet [20]. In addition, the trends in some of the SRYR indices differed from those for the
Loess Plateau [66] and Yunnan Province [14] (Table 8). Nevertheless, the climate became increasingly
wet, which was consistent with trends across the Tibetan Plateau [34]. Spatially, no consistent trends
were identified between stations, except for the R1mm and CDD indices, both of which exhibited
consistent regional trends. For example, the values of all indices (except CDD) generally increased
at the Wudaoliang station in the northern SRYR. In particular, the trends of PRCPTOT, R95p, R1mm,
and R10mm all passed the significance test at the 5% significance level. In contrast, at the Yushu station
in southeastern SRYR, all of the indices (except R1mm) exhibited decreasing trends, indicating that the
local climate experienced a drying trend. These data show that the response of extreme precipitation
to climate change may vary between regions, and further demonstrates the importance of studying
extreme precipitation at various scales.
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Table 8. Extreme precipitation indices from this study and other works around the SRYR.

Index This
Study Global China Qinghai-Tibetan

Plateau
Western

Tibetan Plateau
South-Eastern

Tibet Loess Plateau Yangtze River
Basin

Yunnan Province,
China

Xinjiang, NW
China

PRCPTOT 10.90 0.23 1.13 6.98 0.47 4.95 1.87 −9.31
SDII 0.03 −0.07 0.07 0.08 −0.01 0.06 −0.12 0.11 0.08 0.04

RX1day 0.16 0.04 0.50 0.45 0.37 −0.49 −0.22 1.43 0.40 0.79
RX5day 0.32 −0.31 0.36 0.50 1.25 −0.28 −0.84 1.50 −0.12 0.85

R95p 2.01 1.98 3.39 3.24 0.48 −3.31 −0.59 7.78 3.78 6.28
R99p 0.69 1.42 1.77 1.96 0.41 −2.84 −0.25 6.59 2.30 3.26

R1mm 1.87 −0.31 −0.48 1.12
R10mm 0.39 −0.07 0.004 0.27 −0.06 0.46 −0.03 −0.27 −0.38 0.20
R20mm 0.03 −0.03 0.07 −0.11 0.004 −0.11 0.05

CDD −5.70 −1.66 −2.73 −0.87 −0.52 4.55 −18.65 0.22 1.07 −0.02
CWD 0.02 0.02 −0.14 −0.02 0.17 −0.35 −0.009 −0.16 −0.37 0.05

Notes: Data source and time period: Global [45], 1951–2011; China [64], 1961–2013; Qinghai-Tibetan Plateau [34]
1975–2014; Western Tibetan Plateau [65], 1973–2011; Southeastern Tibet [20], 1978–2013; Loess Plateau [66],
1960–2013; Yangtze River Basin [35], 1960–2012; Yunnan Province, China [14], 1960–2012; Xinjiang Province,
China [67], 1960–2009. Values for statistically significant trends (at a 5% significance level) are shown in bold.

In regard to changes in seasonal indices, dry-season PRCPTOT, RX1day, and RX5day displayed
relatively consistent temporal and spatial distribution patterns. The regional averages for these three
indices significantly increased, and all stations exhibited a consistent increase in values. The regional
trends in wet-season PRCPTOT, RX1day, and RX5day were consistent with those of their respective
annual values, exhibiting nonsignificant increasing trends and decreasing trends at 20%, 60%, and 40%
of the stations, respectively. These results suggest that the response of extreme precipitation to climate
change is more sensitive in the dry season than the wet season in the SRYR. Snow is the primary form
of precipitation in the dry season in the SRYR. The significant increase in dry-season PRCPTOT at
each station suggests a general increase in snowfall in the region. Increases in snowfall can facilitate
glacier ice accumulation, produce runoff changes in the SRYR [68], and also increase the chances of
snow disasters [69]. RX5day is often used as an indicator of potential flood risk. For example, Chen et
al. [70] used L-moments [71] to perform a regional frequency analysis of RX5day and other EPIs in the
Yangtze River Basin to assess the risk of floods. Furthermore, RX5day can also be used as a potential
risk index for snow disasters in the dry season. The RX5day index increased significantly during the
dry season in the SRYR, with the most notable increases at the Yushu and Qingshuihe stations (Table 6).
To some extent, this suggests an increase in the risk and frequency of snow disaster occurrences in the
region. This finding is similar to conclusions derived from previous studies suggesting that the central
Tibetan Plateau is a region with a high risk of snow disasters [72] and that Yushu Prefecture in Qinghai
Province is a region prone to frequent snow disasters [73].

Some studies [14,20,67] have demonstrated strong correlations between most EPIs and annual
PRCPTOT. These correlations were also observed in this study. However, both the decreasing trends
in R95pT and R99pT for the SRYR were nonsignificant at the 5% significance level. This suggests
a nonsignificant contribution of extreme precipitation to PRCPTOT. This conclusion differs from
previous observations; for example, increasing trends were observed for R95pT and R99pT in Yunnan
Province [14], the Tibetan Plateau [34], and China [64].

Precipitation on the Tibetan Plateau is primarily affected by monsoons and westerlies.
Under the combined action of different atmospheric circulation systems, and due to the region’s
unique topographic conditions, extreme precipitation on the Tibetan Plateau exhibits notable local
characteristics [34]. Tang et al. [74] concluded that South Asian monsoons are the primary atmospheric
circulation factor affecting precipitation in the SRYR. Li et al. [75] found that plateau monsoons, El Niño
events, and plateau snow cover are the primary factors governing interannual changes in extreme
climate events in the SRYR. In addition, topography also significantly affects spatial changes in extreme
precipitation. Due to the extremely complex mechanism by which extreme precipitation responds
to global warming, as well as the unique geographical environment and complex topographical
conditions in the SRYR, the feedback mechanism between extreme precipitation and climate change
remains unclear and requires further investigation.
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5. Conclusions

In this study, the temporal trends and spatial distribution patterns of 11 EPIs were analyzed across
the SRYR using the linear least squares method and the MK test. Daily precipitation data collected at
five meteorological stations during 1960–2016 were used in this study. In addition, the correlations
between the EPIs were also analyzed. The primary conclusions derived from this study are summarized
as follows:

(1) Temporally, regionally averaged EPI values (except CDD) generally increased during the
study period. However, of the 11 indices, only the trends identified for PRCPTOT, CDD and R1mm
were significant and exhibited rates of 10.90 mm/decade, 1.87 days/decade, and −5.70 days/decade,
respectively. The changes in wet-season PRCPTOT, RX1day, and RX5day across the SRYR were similar
to changes in their respective annual values; these three indices exhibited nonsignificant increasing
trends. However, regionally averaged PRCPTOT, RX1day, and RX5day for dry-season exhibited
significant increasing trends with rates of 1.56, 0.31, and 0.56 mm/decade, respectively.

(2) Spatially, the trends for all 11 EPIs varied notably among the stations, except for CDD and
R1mm, which exhibited consistent trends across all stations. The spatial changes in wet-season
PRCPTOT, RX1day, and RX5day were similar to changes in their respective annual values. However,
dry-season PRCPTOT, RX1day, and RX5day exhibited increasing trends across all stations in the study
area, and these trends were significant at 100%, 20% and 80% of the stations, respectively.

(3) Strong correlations were found between annual PRCPTOT and most of the other EPIs for
the SRYR. The contribution rates of R95p and R99p to annual PRCPTOT exhibited nonsignificant
decreasing trends.

This study provides a theoretical basis for further investigations into the mechanism by which
extreme precipitation responds to climate change, and the effects of extreme precipitation on water
resources and ecological environments in the SRYR.
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