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Abstract. Based on the daily precipitation data of 25 national meteorological stations in the Min River
Basin (the MRB), the temporal and spatial variation trends of extreme precipitation events from 1961 to
2016 were analyzed using multiple extreme precipitation indices and the Mann-Kendall trend analysis. The
extreme precipitation in different recurrence periods was calculated by using the regional frequency
analysis combined with the spatial distribution characteristics of extreme precipitation events. The spatial
distribution of the extreme precipitation index in the MRB varies considerably. The average characteristics
of extreme precipitation are changing from short-term extreme precipitation to sustained extreme
precipitation. The main reasons for this change are the significant increases in wet days and consecutive wet
days, particularly the number of heavy precipitation days (R10mm). On this basis, the Min River is divided
into four hydro-climatically consistent regions and the maxima of RX1DAY’s and RX5DAY’s 20-year and
100-year recurrence periods are found. The traditional at-site hydrological frequency analysis averaged the
spatial differences within the basin and underestimated the extreme precipitation in the middle reaches.
This indicates that the regional frequency analysis has some reference significance for solving the problem
of neglecting the uneven spatial distribution of extreme precipitation in precipitation estimation.
Keywords: climate change, extreme precipitation indices, regional frequency analysis, precipitation
estimation, Mann-Kendall trend analysis

Introduction

The IPCC Fifth Assessment Report pointed out that the global average surface
temperature increased by 0.85°C between 1880 and 2012 (IPCC, 2013), and global
warming has become an indisputable fact. In the context of global warming, extreme
events such as floods, droughts, typhoons, high temperatures, low temperatures and
freezing rain and snow often occur (Changnon et al., 2000; Zengxin, 2011; Fu et al.,
2013; Tian et al., 2016). As an important part of the water cycle, precipitation directly
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affects the hydrological process of runoff and increases the frequency of flooding
disasters (Wang et al., 2004; Kampata et al., 2008; Millett et al., 2009; Chen et al., 2009;
Xu et al., 2010; Zhang et al., 2012).

The IPCC report also points out that the land surface temperature in China has risen by
1.38°C in the past 60 years, 0.23°C every 10 years, which is higher than the global
average. The climate change is likely to develop further. Many scholars have analyzed the
extreme precipitation in different regions of China: the studies have shown that there are
obvious regional differences in the extreme precipitation and precipitation frequency in
different regions of Qinling-Huaihe River North of Henan (Liet al., 2015), Pearl River
Basin (Huang et al., 2014), and Yellow River Basin (He et al., 2014), indicating that
there are obvious spatial differences in the distribution of extreme precipitation events.

Though the analysis of the characteristics of extreme precipitation over time in
different regions, it is also found that there are spatial differences in the temporal
variation of extreme precipitation events (Chu et al., 2012; Li et al., 2012; Bai et al.,
2015; Tian et al., 2016). Zhai et al. (2005) found that there was no obvious change trend
in annual precipitation and the intensity of precipitation was on the rise. However, the
trend of extreme precipitation events showed obvious spatial differences. Influenced by
East Asian monsoon activities, China was extremely vulnerable to large-scale flood
disasters, especially in the Yangtze River Basin (YRB). Yu et al. (2004) pointed out that
while the precipitation in northern China was decreasing, the precipitation in mainland
China took the form of “flooding in the South and drought in the North”. The probability
of flood disasters in the YRB was much greater than that in other regions of China. Zhai
(1999) showed that the annual precipitation in the YRB showed a significant upward
trend. The extreme precipitation in the middle and lower reaches of the YRB showed a
significant upward trend, and the change trend in the upper reaches of the YRB was not
obvious. Pan et al. (2017) used the methods of trend and catastrophe analysis, R/S
analysis and hydrological frequency analysis to study the temporal and spatial evolution
characteristics and future trends of extreme precipitation in the YRB. The results show
that the regional extreme precipitation index in the YRB shows an upward trend, and the
annual changes of the extreme precipitation index in the middle and lower reaches are
greater than in the upper reaches. Wu (2016) used the Mann-Kendall (MK) test to study
the changes of extreme precipitation in 11 regions of China, and concluded that the flood
disaster in the upper reaches of the YRB had an obvious increasing trend. Bai (2015) used
Logistic regression model to study the characteristics of extreme precipitation in the YRB.
The results show that the frequency of extreme precipitation in the upper and middle
reaches has a significant non-linear increasing trend, but the variation trend of extreme
precipitation frequency in the Sichuan Basin located in the upper reaches of the YRB is
not obvious. Qian (2005) found that the intensity of extreme precipitation and the
frequency of persistent rainy days in the upper reaches of the YRB showed a downward
trend. Zhang (2006) simulated extreme precipitation in the YRB through PRECIS
climate model simulation and concluded that extreme precipitation events in the middle
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and lower reaches had an overall upward trend, but the upstream trend was not obvious.
Chen et al. (2017) predicted that extreme precipitation in China would increase
significantly in the lower reaches of the YRB in the 21st century by using the IPCC AR4
model and coupling it with the atmospheric circulation model.

From the above conclusions, we can see that the study of the YRB shows that there is
an increasing trend in extreme precipitation in the YRB (Zhai et al., 1999; Yu, 2004; Pan
et al., 2017), but there are also obvious regional differences there. The consistent
conclusion for the middle and lower reaches of the YRB is that the extreme precipitation
in the middle and lower reaches shows an upward trend (Zhai et al., 1999; Zhang et al.,
2006; Pan et al., 2017; Chen et al., 2017), which is also the main contribution of the
overall extreme precipitation in the YRB. At the same time, the conclusions of the upper
reaches of the YRB are not entirely unified. Some studies of the upper reaches show an
upward trend, but the upward trend is lower than that of the middle and lower reaches of
the YRB (Xu et al.,, 2016; Pan et al.,, 2017). Other studies show that the extreme
precipitation in the upper reaches of the YRB has not changed significantly with time and
may even have shown a downward trend (Zhai et al., 1999; Qian et al., 2005; Zhang et
al., 2006; Luyao et al., 2015). The conclusion of extreme precipitation variation in the
upper reaches of the YRB is not entirely uniform, which may be related to the incomplete
data periods, different methods and incomplete definitions of extreme precipitation
indices used. When the data period used is not exactly the same, because of the
quasi-periodic oscillation of precipitation in the YRB (Chen et al., 2017), the trend of
extreme precipitation in the analysis results is related to the length of the time series used
in the analysis. When different research methods are used, the results may be different
(Qian et al., 2005; Luyao et al., 2015). The methods of extreme precipitation research are
mainly divided into two categories. One is statistical analysis of precipitation data, such
as using MK trend test, MK mutation analysis, wavelet analysis and other statistical
methods (Karl et al., 1998; Bonsal et al., 2001; Pal et al., 2011; Tramblay et al., 2012;
Yang et al., 2012; Croitoru et al., 2013). Because statistical methods depend heavily on
the length of observation data and the selected site data, the results of different research
periods or sites in the same region may vary greatly. The other is to simulate the
characteristics of extreme precipitation using models. Because the current climate models
cannot accurately simulate the temporal and spatial changes of future extreme climate
events, the prediction of future extreme precipitation by multi-model sets also has a series
of problems of accuracy and deviation, such as the error of a single model may affect the
whole prediction conclusion, and multimodal ensemble forecasting results may smooth
some extreme weather events (Li et al., 2012). At the same time, different indicators of
extreme precipitation will also affect the results. The indicators of extreme precipitation
were proposed by the World Meteorological Organization (WMO) Meteorological
Committee (CCL) and Climate Variability and Predictability Research Program
(CLLVAR) in 2006. The recommended extreme precipitation indicators can point out the
characteristics of extreme precipitation, including intensity, frequency, and duration.
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Before that, the extreme precipitation indices used were not perfect (Zhai et al., 1999;
Qian et al., 2005; Su et al., 2006).

In addition to the above three reasons, which have an impact on the research results of
extreme precipitation in the YRB, there is also a reason for the spatial differences of
regional changes in the YRB. When the study area is large (for example, dividing the
YRB into upper, middle and lower reaches), it will be difficult to reflect the spatial and
temporal variations of extreme precipitation in different regions of the basin, because the
overall study of the region will smooth out the regional characteristics of extreme
precipitation. At the same time, if its trend keeps rising in the future, it will be difficult to
reflect the temporal and spatial variation trend by using the entire dataset. The predictions
of precipitation estimated by using the whole data will be more uncertain. Moreover, the
significance of the trend and changes in the extreme precipitation index in the predictions
of precipitation also has not been given sufficient attention. Therefore, the Min River
Basin (the MRB), which belongs to the upper reaches of the YRB and is the largest
tributary of the upper reaches of the Yangtze River, is selected as the study area for the
current study. The MRB is in the transition area from the high-altitude area to the basin on
the eastern side of the Qinghai-Tibet Plateau. There are great differences in altitude,
topography and climate conditions in this area. The study of extreme precipitation
variation in the MRB is of great significance to the analysis of extreme precipitation
variation trends in the Yangtze River and the upper reaches of the Yangtze River.
Previous research on the precipitation characteristics of the MRB has concentrated on the
lower reaches of the MRB, and has mainly focused on the general characteristics of
precipitation in the MRB. In the context of global warming, the MRB shows different
regional response characteristics, which will have a huge impact on regional
environmental ecology. Therefore, on the basis of previous research work, this paper
focuses on the MRB, using the daily precipitation data of 26 meteorological stations in
the MRB from 1961 to 2016, using MK trend analysis, to analyze the temporal and spatial
variation of extreme precipitation in the MRB. Considering the significant changes of
extreme precipitation in different regions, the MRB was divided into climatic consistent
regions and the estimated precipitation of the basin was calculated by using the regional
frequency analysis.

Materials and Methods

The Min River (Fig. 1) is the largest tributary of runoff in the Yangtze River. The total
drop of the Min River is 3560 meters, and the basin area is 135 881 square kilometers. It
Is an important area for hydropower development in Southwest China. According to the
geographical characteristics of the main river, the upper reaches extend from the source to
Dujiangyan City, the middle reaches from Dujiangyan City to Leshan City, and the lower
reaches from Leshan City to Yibin City.
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Precipitation Data

The daily precipitation data of 25 stations (Table 1) from 1961 to 2016 is provided by
the China Meteorological Administration. Relevant station data is available at
http://data.cma.cn/. The precipitation data have been qualitatively controlled.
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Figure 1. Min River drainage map

Table 1. The basic information of the meteorological stations in the MRB

Station number  Longitude (°E) Latitude (°N) Altitude (m) Station name Station class
the upper reaches

56182 103.57 32.65 2850 Songpan base station

56185 102.98 32.08 2400 Heishui general stations
56180 103.85 31.68 1591 Maoxian general stations
56183 103.58 31.47 1326 Wenchuan general stations
56184 103.17 31.43 1885 Lixian general stations

the middle reaches

56188 103.67 30.98 699 Dujiangyan base station

56189 103.93 30.98 582 Pengzhou general stations
56187 103.83 30.7 539 Wenjiang base station

56288 103.92 30.58 495 Shuangliu general stations
56181 103.67 30.63 534 Chongzhou general stations
56272 103.83 30.82 559 Pixian general stations
56276 103.8 30.43 468 Xinjin general stations
56285 103.52 30.6 524 Dayi general stations
56284 103.48 30.42 501 Qionglai general stations
56281 103.52 30.2 511 Pujiang general stations
56391 103.82 30.05 415 Meishan general stations
56289 103.87 30.2 437 Pengshan general stations
56381 103.52 30.02 496 Dangling general stations
56383 103.83 29.83 455 Qingshen general stations
56386 103.75 29.57 424 Leshan base station

the lower reaches

56390 104.07 29.67 404 Jingyan general stations
56389 103.95 29.2 388 Qianwei general stations
56480 103.55 28.83 541 Mabian general stations
56490 103.9 28.95 397 Muchuan general stations
56492 104.6 28.8 341 Yibin base station
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Extreme Precipitation Index

Twelve extreme precipitation indices are used in this study. They are recommended by
the World Meteorological Organization (WMO) Meteorological Committee (CCL) and
Climate Variability and Predictability Research Program (CLLVAR) (Alexander et al.,
2006). These indicators have been applied to analyze the characteristics of extreme
precipitation (Wu et al., 2016). In this article, three supplementary indices (SPIs) are
added to describe the variation trend of precipitation in the MRB. Detailed descriptions of
ETIs and SPIs are presented in Table 2.

Table 2. Definitions of extreme precipitation indices employed in the study

ETIs
. Maximum number of con iv with
CWD Consecutive wet days aximum number of consecutive days wit days
RR>1mm
R10mm Number of heavy precipitation days Annual count of days when RR>10mm days
R25mm Number of very heavy precipitation days Annual count of days when RR>25mm days
RX1DAY Maximum 1-day precipitation Annual maximum 1-day precipitation mm
RX5DAY Maximum 5-day precipitation Annual maximum 5-day precipitation mm
L Annual total precipitation when RR>95th
R95T ery wet day precipitatio . . L mm
Very wet cay precipitation percentile of 1961-2016 daily precipitation
. Annual total precipitation when RR>99th
R99T Extremely wet day precipitation . . L mm
y Y precip percentile of 1961-2016 daily precipitation
PRCPTOT Annual total wet day precipitation \Annual total precipitation in wet days (RR>1mm)| mm
. I - Annual total precipitation divided by the number
DIl imple daily intensity index . mm
S Simple daily intensity inde of wet days in the year fday
SPIs
RI5PT Precipitation fraction due to very wet days Ratio between R95T and PRCPTOT %
RogpT | Precipitation frac“‘:jr;ss“e to extremely wet Ratio between R99T and PRCPTOT %
WD Wet days Annual count of days when RR>1mm days

Note: RR denotes daily precipitation

Methods
MK Trend Test

A MK test is a non-parametric test recommended and widely used by the WMO. A
MK test does not require samples to follow a certain distribution, nor is it disturbed by a
few abnormal values. A MK trend test was used to analyze the trend change of time
series of precipitation, runoff, temperature, and water quality (Mann, 1945; Kendall,
1945; Vijay et al., 2010; Wu et al., 2016). It is suitable for non-normal distribution data
such as hydrology and meteorology and is easy to calculate (Xu et al., 2007; Burn et al.,
2008; Wu et al., 2008; Zhang et al., 2008; Wang, 2009). The calculation formula of the
MK test can be found in Reference (Mann, 1945).
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Regional Frequency Analysis

The regional frequency analysis combines linear moment with regional analysis
method, avoids the limitation of traditional at-site frequency analysis method, improves
the unbiasedness and robustness of parameter estimation, improves the accuracy of
frequency design value (Lin et al., 2006), and effectively improves the accuracy and
reliability of hydrological frequency analysis. At present, it has been widely used in
hydrological frequency analysis (Li et al., 2015; Shao et al., 2016; Yang et al., 2009).

Firstly, this study chooses the indicators which can reflect the obvious spatial
differences in extreme precipitation. Combining with the longitude, latitude, elevation
and linear moment parameters of each station, all stations are preliminarily divided by
clustering analysis method, and the discordance detection and heterogeneity detection
(Xiong et al., 2004) are used to test whether each zone is a reasonable
hydrometeorological consistency region.

On this basis, in view of the divided hydrometeorological consistent region, this
study assumes that the stations in the hydrometeorological consistent region conform to
Kappa distribution. Monte Carlo simulation is used to simulate the study area Nsim times,
each time generating the same length of historical rainfall data series corresponding to
each site. Furthermore, Monte Carlo simulation test is used to determine the optimal
frequency distribution for each hydrometeorological consistency region in the five
three-parameter frequency distribution patterns (Chen, 2014): generalized Pareto
distribution (GPA), generalized extreme value distribution (GEV), generalized logistic
distribution (GLO), generalized normal distribution (GNO) and Pearson |11 distribution
(PE3). Finally, using the index flood method (Cunnane, 1989) and the optimal
frequency distribution line, the design values of rainstorm frequencies for different
recurrence periods of each station are calculated.

The calculation formula of the discordance detection is as follows:

D, :%N(ui ) A, — ) (Eq.1)

u; :[tiit;’tzil]T

In the formula: (i =1, 2, 3... N) is a three-dimensional vector

consisting of three linear moment coefficients: linear deviation coefficient L-Cv, linear
deviation coefficient L-Cs and linear kurtosis coefficient L-Ck.

u=N"3u, (Eq.2)

A:Z(ui—ﬁ)(ui—ﬁf (Eq‘?’)
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N -1
3 , there is no singularity in the region. If

D,<
If the discordance coefficient

D >M
"3, itis considered that the site is a discordance point. It is necessary to further

check the rationality and reliability of the site data and make a correct trade-off.
The formula of the heterogeneity detection is as follows:

Hl _ Vl;luv)

(Eq.4)

\

Among them,

1

V, = {i n,(t' —t7)? /i n, }2 (Ea.5)

NN
t=>nt'/>n (Eq.6)
i=1 i=1

where nj is the length of rainfall data series of the i-th station in the consistent area, t' is the
linear potential coefficient L-Cv at the i-th station in the consistent area, N is the total
number of stations in the consistent area. v and oy are the mean and mean square

deviation of Vi calculated by Monte Carlo simulation.
If Hi<1 the area is acceptably consistent, if 1< Hi <2 the area is possibly

heterogeneous, and if lez the area is heterogeneous. The stations in the area need to be

adjusted when Hi>1 is acceptable until they meet the criteria.

Results Analysis
Spatial Distribution

As can be seen from Figure 2, the maximum number of consecutive wet days (CWD)
in the MRB was relatively uniform. The frequency of extreme precipitation events
(R10mm and R25mm) in the lower and middle reaches of the MRB was significantly
higher than that in the upper reaches. The spatial distribution of RX1DAY and RX5DAY
were similar, showing a gradual increase in the upper and middle reaches of the basin,
and a decrease in the lower reaches. The results show that the intensity of extreme
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precipitation events in the MRB was largest in the middle reaches, especially in the
continuous extreme precipitation, followed by the lower reaches, and lowest in the upper
reaches. The percentile index of extreme precipitation events (R95T, R99T, R95PT and
R99PT) were larger in the middle and lower reaches than in the upper reaches of the
MRB.
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Figure 2. Spatial Distribution of Extreme Precipitation Index in the MRB

The PRCPTOT, the WD and the SDII in the MRB were higher in the lower reaches
than in the middle reaches, and higher in the middle reaches than in the upper reaches. In
a word, the main manifestation is that the high value of extreme precipitation index
mainly appears in the middle and lower reaches of the basin, in which there is a high value
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center of extreme precipitation intensity in the middle reaches of the basin, while the low
value appears in the upper reaches of the basin.

Trends of Spatial Change

As can be seen from Figure 3, the CWD shows an upward trend in the whole basin.

102°E 103°E 104°E  105°E 102°E 103°E 104°E  105°E 102°E 103°E 104°E  105°E 102°E 103°E 104°E  105°E
& N |z & N |z N |z & N |7
b A LI t LI [ LI [ &
g z £z z £z z £z z
) a9 a9 a9 Q
& g & g & g & z
- -2~ -2~ -2~ -
£ £ g £ g £ g ¢
= z2 = z2 = z2 = 2
Legend Legend Legend Legend
_ | e _ | R10mm _ | R25nm _ | RX1DAY
Z | days/decade 7z %] days/decade 7z % | days/decade 7z % | mn/decade z
a 0.3- 0.2 & 1 2 & 0.5 - -0.2 & 8 - -5 &
0.2- 0 0.2- 0 0.2 -0 5-0
) 0- 0.4 —L__—Mile ® o L Mileq @ o004 Mile: 0-6 L Mile:
()Significance 0 20 40 80 (_)Significance 0 20 40 80 _Significance 0 20 40 80 _Significance 0 20 40 80
1026 103°E 104°E  105°E 102°E 103°E 104°E  105°E 102°E 103°E 104°E  105°E 102°E 103°E 104°E  105°E
102°E 103°E 104°E  105°E 102°E 103°E 104°E  105°E 102°E 103°E 104°E  105°E 102°E  103°E 104°E  105°E
z z z F 4 P
2 NEEE: N R NI N LE
- A 2" t AR t Q- t -
z z Z z Z 7z Z z
£ H g ?
ﬁ a8 LIRS a8 &
g £ g £ £ £ ¢
- m - o - -3} -}
£ g £ £E £z £
2 z = z = 2= 2
Legend Legend Legend Legend
| Rx5DAY . | R95T ., | R99T . | PRCPTOT
Z | mm/decade 7z % | nm/decade z g mm/decade 7z Z | mm/decade z
2 4--2 &2 1-0 & 2 25 - -12 & 2 15-0 &
2-0 0-2 12-0 \I 0-6
0-8 L Miles @ 1 L 1Miles ® o6 ™ L_—IMiles| 617 L 1Miles|
_Significance 0 20 40 80 _Significance 0 20 40 80 ()Significance 0 20 40 80 _significance 0 20 40 80
102°E 103°E  104°E  105°E 102°E 103°E 104°E  105°E 102°E 103°E  104°E  105°E 102°E 103°E 104°E  105°E
102°E  103°E  104°E  105°E 102°E  103°E 104°E  105°E
z z 7z -
° z
z 77 z
) ] =
> 5
& £z £
- = -
z £z z
= £ =2
Legend
SDII 2
g days/decade z 7 z
a 0.5 - -0 a3 N
0-0.1 B | =~
@01 0.2 ML 1Miles ®: ¢ ML 1Miles
(" )Significance 01530 60 (Usignificance 01530 60
102°E 103°E 104 105°E 10°E 10 108°E 105°E

Figure 3. Spatial distribution of extreme precipitation index in the MRB

The frequency of R10 mm in the upper reaches of the basin decreases while that in the
middle and in the lower reaches increases, while the frequency of R25mm mainly
decreases in the whole basin. There are some regional differences in the spatial
distribution of the RX1DAY change trend (Fig. 3).
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The upper reaches of the basin show a weak growth trend. The weak decrease trend is
dominant in the middle and lower reaches. RX5DAY shows a downward trend in the
upper reaches of the river basin. The results show that the spatial distribution difference
of short-term extreme precipitation decreases and the spatial distribution difference of
continuous extreme precipitation increases. The spatial pattern of extreme precipitation
ratio (R95T and R99T) shows a decreasing trend. From the PRCPOT of each station in
the basin, the middle reaches of the basin show an upward trend, while the upstream and
downstream of the basin show a downward trend. The trend of SD Il was mainly
downward in the basin, and the trend of WD is mainly upward in the basin. In a word, the
average characteristics of extreme precipitation in the middle and lower reaches of the
MRB are changing from short-term extreme precipitation to sustained extreme
precipitation, while the upper reaches of the MRB show the trend of increasing short-term
rainfall intensity.

Time Trend

In this paper, the Tyson polygon method was used to assign different weight
coefficients to each station in the basin. The temporal variation trend of extreme
precipitation index in the basin was calculated using the MK trend test (Table 3) and the
linear trend method (Table 3 and Fig. 4).

Table 3. Temporal trends of the ETls in the MRB

Index CWD | R10mm | R25mm |RX1DAY|RX5DAY| R95T R99T |PRCPTOT| SDII WD
MK 2.14 0.77 0.20 -0.72 1.53 -0.72 -1.37 0.614 -0.67 1.66
T 0.15 0.29 0.015 -0.63 24 -3.4 -3.8 5.6 -0.021 1.6

Notes: MK denotes MK statistics. T denotes trends (decade™). Values for the trends at the 0.05
significance level are shown in bold

The CWD of the MRB shows a significant upward trend. The R10mm shows a
non-significant upward trend, while the R25mm shows a slightly upward trend. The
RX1DAY shows a non-significant downward trend, while RX5DAY shows a
non-significant upward trend. It shows that the characteristics of precipitation have
changed from short-term heavy precipitation to persistent heavy precipitation. The R95T,
R99T, R95PT and R99PT show non-significant downward trends. The results show that
the proportion of one-day extreme precipitation to total precipitation has been weakening
in recent years. The PRCPTOT showed no significant upward trend, SDII showed
non-significant downward trend, WD showed a significant upward trend. In a word, the
average characteristics of extreme precipitation in the MRB have changed from
short-term extreme precipitation to persistent extreme precipitation. The main reasons for
this change are the significant increase of the WD, the CWD and the R10mm, especially
the increase of the R10mm.
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Figure 4. Interannual variation of extreme precipitation index in the MRB
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Estimated Precipitation in the MRB Calculated by Regional Frequency Analysis

According to the analysis above, it is concluded that there are large spatial variations
in extreme precipitation in the Min River. Extreme precipitation has the spatial difference
of persistent extreme precipitation (RX5DAY), while short-term extreme precipitation
(RX1DAY) decreases. On this basis, the regional frequency analysis, which combines
the linear moments with the regional analysis method, is used to calculate the estimated
precipitation for RX5DAY reflecting persistent extreme precipitation and RX1DAY
reflecting short-term extreme precipitation.

Hydrometeorological Consistency Zone

The Cluster analysis is used to classify the precipitation by considering latitude,
elevation, and the first order linear distance of the average value of RX1DAY or
RX5DAY. The results of the classification are tested for discordance and heterogeneity.
Table 4 shows that the zoning results for RX1DAY and RX5DAY are acceptable
according to the discordance test and heterogeneity test.

The Selection of Optimal Frequency Distribution Line

According to the hydrometeorological consistency region of the MRB, the optimal
frequency distribution pattern of each hydrometeorological consistency region is
determined by the Monte Carlo simulation test. The results (Table 5) show that the
optimal linear distribution of RX1DAY in the four climate-consistent regions of the MRB
was generalized logical distribution (GLO). The optimal linear distribution of RX5DAY
in region 1 and region 2 of the MRB was generalized logical distribution (GLO). The
optimal linear distribution of RX5DAY in region 3 was generalized extreme value
distribution (GEV) and in region 4 was generalized normal distribution (GNO).

Calculation of Estimated Precipitation

According to the distribution function parameters of RX1DAY and RX5DAY
precipitation series estimated by L-moments, combined with quantile formula, the
precipitation of each station at the level of 1-100a recurrence period was estimated.
According to the results of Monte Carlo test, the optimal distribution of RX1DAY and
RXS5DAY series at different stations in the MRB was selected, and the precipitation
extremes at different recurrence periods were calculated by using the optimal
distribution.

From the results of regional frequency analysis (al-d1 in Figure 5), it can be seen that
the maximum value of the 20-year and the 100-year recurring precipitation was
concentrated in the middle reaches of the Min River. The 20-year recurrence period of
RX1DAY was 230 mm in Leshan area and the 100-year recurrence period of RX1DAY
was 340 mm. The 20-year recurrence period of RX5DAY was 330 mm in Mingshan and
the 100-year recurrence period of RX5DAY was 420 mm in Mingshan.
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Table 4. The results of discordance detection and heterogeneity test in three
hydrometeorological consistent regions of the MRB
_ r?ﬁll;):r Di Critical |} :J:E:r Di Critical |y
Region | pxipay)| (RXIDAY) Va'g? of | RX1DAY)|(RX5DAY)| (RX5DAY) Va';? of | Rx5DAY)
Songpa S?ln %gz;\n
regionl 2 (1.00) Heishui | 1.333 -0.6 2 L 1.33 0.8
(1.00) Heishui
(1.00)
Maoxian (1.00) Maoxian (1.00)
region2 g |Wenchuan (1OO) ) 4an | 59 g |Wenchuan (LOO) ) o 0.30
Lixian Lixian
(1.00) (1.00)
Shuangliu (0.52)
Shuangliu (0.58) Xinjin
Xinjin (0.06)
(0.12) Dujiangyan
Dujiangyan (1.83) Pengzhou
(2.14) Pengzhou (0.89)
(0.95) Wenjiang (0.86)
Wenjiang (0.99) Chongzhou
Chongzhou (0.15)
(0.22) Dayi
. Dayi (0.62)
region3 15 (0.51) Qionglai 3 -0.09 13 Qionglai 3 -0.03
(0.97) Pujiang 0.97)
(1.78) Minshan Pujiang
(1.53) Meishan (1.20)
(0.14) Pengshan Minshan
(1.60) Dangling (1.87)
(1.54) Qingshen Meishan
(0.72) (1.41)
Leshan Dangling (2.01)
(1.22) Leshan
(1.07)
Pengshan (1.31)
Qingshen (0.35)
Jingyan Jingyan
(0.99) Qianwei (1.16)
(1.28) Mabian Qianwei
region4 5 (1.31) Muchuan | 1.333 -0.13 7 (1.62) 1.333 0.82
(1.08) Mabian
Yibin (0.94)
(0.33) Muchuan (1.15)
Yibin
(0.46)
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Table 5. Monte Carlo simulation results of distribution lines in four hydrometeorological
consistent regions of the MRB

Regionl Region2 Region3 Region4
index linearity
RX1DAY RX5DAY RX1DAY|RX5DAYRX1DAYRX5DAY|RX1DAY|RX5DAY

GLO -0.81 0.34 -0.02 0.02 1.30 1.76 .20 1.38

GEV -1.86 -1.43 -0.82 -0.82 -1.62 -0.96 -1.19 -1.25

z GNO -1.88 -0.99 -0.98 -0.98 -1.80 -1.25 -1.48 -1.03

PE3 -2.10 -1.00 -1.35 -1.88 -1.35 -2.11 -2.10 -1.31

GPD -4.08 -4.64 -2.70 -5.45 -7.87 -6.78 -4.34 -6.52

Optimal Distribution Linearity GLO GLO GLO GLO GLO GEV GLO GNO

The traditional at-site hydrological frequency analysis (a2-d2 in Figure 5) refers to the
calculation of all stations using the same frequency function instead of zoning the stations.
It can be seen that the 20-year and 100-year maximum distribution of RX1DAY and
RX5DAY was mainly distributed in the middle of the Min River, followed by the lower
reaches of the basin, and the upper reaches of the basin were relatively small. The spatial
distribution was consistent with the results of regional frequency analysis.

102°E 103°E 104°E 105°E 102°E 103°E 104°E 105°E 102°E 103°E 104°E 105°E 102°E 103°E 104°E 105°E
Z z £ z £ z £ z
2| al N [ &bl N (& 2] cl }N\g:dl }N\q
g g £ g £ g £ Z
o & & & & & & &
5 z ¢ z ¢ z ¢ z
= p= p= = - =
£ g £ g £ g £ Z
2 2 2 2 2 2 =2 2
Legend ; Legend Legen Legen
RXIDAY/mm RXIDAY/mm RX5DAY RX5DAY
Za - Z| ;s -k 3
g1 120 £ &q{r-100 £ {120 £ £4{T1=100 £
40 - 60 & 50 - 90 & 970 - 110 & 995 - 140 &
60 — 190 - 90 - 280 - 110 - 250 140 - 320
@150 - 230 01530 60 @030 01530 60 @250 ~ 350 1P @320 — 420 IR
102°E 103°E 104°E 105°E 102°E 103°E 104°E 105°E 102°E 103°E 104°E 105°E 102°E 103°E 104°E 105°E
102°E 103°E 104°E  105°E 102°E 103°E 104°E  105°E 102°E 103°E 104°E  105°E 102°E 103°E 104°E  105°E
z| a2 z g z g z % z
) & . . & . N & . N & :
Z z Z z Z z Z z
z z z z z
= % o % o % o &
& z Z z Z z Z z
2 s 3 s 3 s 3 )
2 2 2 2
Legend Legend Legend Legend
| RXIDAY/mm o | RXIDAY/m o 7| RXGDAY/mm o 7| RXGDAY/mm 5
[ 2=20 & Z| Tl & &fT20 S & 1100 £
40 - 60 « 60 - 90 70- 110 « 95- 140 «
60 - 190 ) 90 - 280 ) 110~ 250 ) 140- 320 )
@150 - 230 m’“"“ @280 - 340 m’“"“ @250 - 330 m’“"“ @320 - 420 m’“"“
102°E 103°E 104°E 105°E 102°E 103°E 104°E 105°E 102°E 103°E 104°E 105°E 102°E 103°E 104°E 105°E

Figure 5. Spatial distribution of estimated precipitation with RX1DAY and RX5DAY recurrence
periods of 20 and 100 years
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By comparing the estimated precipitation calculated by the two methods, the extreme
precipitation in the middle reaches of the basin by traditional at-site hydrological
frequency analysis was lower than that by regional frequency analysis, and slightly
higher than that by regional frequency analysis in the lower reaches of the basin. To a
certain extent, the difference between the upper, middle, and lower reaches of the basin
was reduced, the spatial difference was averaged, and the extreme precipitation in the
middle reaches of the basin was underestimated. It is unsafe to estimate the estimated
precipitation based on the spatial distribution of extreme precipitation. The regional
frequency analysis can effectively avoid the problem that the estimated precipitation
estimated by the overall data neglects the spatial distribution of the overall internal
changes in the context of climate change.

Discussion

The MRB is located in the transition zone between the Qinghai-Tibet Plateau terrain
and the eastern plain of China. The upper reaches of the basin are characterized by low
humidity and less external water vapor transport. The middle and lower reaches of the
basin are affected by tropical monsoon, subtropical monsoon, and plateau monsoon. The
complex climate and special geographical location provide conditions for the uneven
spatial distribution of extreme precipitation events. The frequency of extreme
precipitation events in the lower and middle reaches of the MRB is significantly higher
than that in the upper reaches. This may be related to the fact that the upper reaches of the
MRB have low humidity and low water vapor transport due to the high altitude.
Meanwhile, the intensity of extreme precipitation events in the MRB is the largest in the
middle reaches, especially in the continuous extreme precipitation. The intensity of
extreme precipitation events in the lower reaches is larger than that in the upper reaches.
This is mainly because the middle reaches of the MRB is located in the rainstorm area in
the northwest of the basin, which is affected by the eastern side of the Qinghai-Tibet
Plateau and is a rainstorm area far from the ocean in China, resulting in the intensity of
extreme precipitation events in the middle reaches of the MRB (Peng et al., 1985; Li et
al., 2011).

The spatial distribution of extreme precipitation index in the MRB is quite different.
The spatial variation trend of extreme precipitation in the MRB was that the spatial
difference of RX5DAY increases, while the spatial difference of RX1DAY decreases.
The main factors affecting the spatial variation of extreme precipitation were the spatial
variation of R10mm and WD.

According to the trend analysis, the average characteristics of extreme precipitation in
the MRB have changed from short-term extreme precipitation to persistent extreme
precipitation. The main reasons for this change are the increase of the WD, the CWD and
the R10mm, especially the increase of the R10mm.
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At the same time, with the development of urbanization, Dujiangyan, Meishan and
Leshan in the middle reaches of the MRB and Yibin Station in the lower reaches of the
MRB are affected by the urban heat island effect, which further makes the distribution of
precipitation uneven, thus affecting the distribution of extreme precipitation (Shou et al.,
2012; Zhao et al., 2019).

In addition, the analysis methods used in this paper are uncertain, and it is necessary to
further study the characteristics of extreme precipitation from different perspectives by
various methods. Based on the results of this study, the relationship between extreme
precipitation and atmospheric circulation needs to be further verified. At the same time,
correlation analysis can be used to find out which factors are related to extreme
precipitation.
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