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Abstract
Under the impact of climate change, the variation in the magnitude and frequency of extreme precipitation events has become a
major issue worldwide. Based on the daily precipitation data at 9 meteorological stations and 111 precipitation stations in the
Hekouzhen-Longmen region (HLR) in the middle reaches of the Yellow River Basin during 1966–2015, the spatial and temporal
variations in and statistical probability characteristics of extreme precipitation were investigated. The probability distribution of
extreme precipitation in the HLR was simulated with the annual maximum (AM) series and peak over threshold (POT) series by
three extreme distributions, namely, generalized extreme value (GEV) distribution, generalized Pareto (GP) distribution, and
gamma distribution. The parameters of the GEV, GP and gamma distributions were estimated by the L-moments method, and the
best fit model was selected by the Kolmogorov-Smirnov (K-S) test. The results showed that high value area of extreme
precipitation was located in the southeast part of the HLR, while the lower value area was mainly distributed in the northwestern
part of the HLR and the upper reaches of the Wuding River Basin. A positive trend of annual maximum precipitation was
detected at half of the stations, and the other half of the stations were found to show a negative trend from 1966 to 2015, while the
changing trends of extreme precipitation at almost all of the stations were nonsignificant. From the results of the K-S test, the
GEV distribution can better fit the AM series, and the GP distribution can better fit the POT series. The estimated extreme
precipitation of the AM series is larger than that of the POT series with the same return period at most stations.
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1 Introduction

The Intergovernmental Panel on Climate Change (IPCC) fifth
assessment report has pointed out that global warming is in-
tensifying, and the frequency and intensity of extreme climate

events such as high temperature and heavy rainfall will in-
crease significantly (IPCC 2013). The resulting disasters have
also increased and had a very serious impact on social stabil-
ity, economic development and people’s lives (Mirza 2003;
Santos and Fragoso 2013). As the changes in the frequency
and intensity of extreme precipitation events bring great
threats to natural and social systems, studies on extreme pre-
cipitation events, especially on the analysis of spatiotemporal
changes and statistical characteristics of extreme precipi-
tation events, have attracted the attention of an increasing
number of scholars in the past several decades (Plummer
et al. 1999; Alexander et al. 2006; Hu et al. 2015), and
these studies on extreme precipitation events are of great
theoretical and practical significance.

Studies have shown that extreme precipitation changes ex-
hibit great regional variability. The frequency of extreme pre-
cipitation events is increasing in most terrestrial areas across
the world (Easterling et al. 2000; Frich et al. 2002; Alexander
et al. 2006; IPCC 2013), such as India, eastern Australia and
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Thailand (Sen Roy and Balling 2004; Fiddes et al. 2015;
Limsakul and Singhruck 2016), whereas there are significant
decreasing trends in extreme precipitation events in the west-
ern part of alpine Australia and some areas of western central
Africa (Aguilar et al. 2009; Fiddes and Pezza 2014; Fiddes
et al. 2015). In China, the results from observational studies
have also shown that the changes in extreme precipitation
have large variability (Zhai et al. 2005; Wang and Qian
2009; You et al. 2011; Xia et al. 2012; Du et al. 2014; Sun
et al. 2016). There are increasing trends in most areas of
China, such as in northeastern and southeastern China, eastern
Tibetan Plateau and Xinjiang, whereas there are decreasing
trends in north China and southwestern China.

Moreover, statistical models are applied to better under-
stand the changes in extreme precipitation events. Su et al.
(2009) quantified the characteristics of extreme precipitation
over the Yangtze River Basin by using four probability distri-
butions, namely, generalized extreme value (GEV) distribu-
tion, generalized Pareto (GP) distribution, general logistic
(GLO), and Wakeby (WAK), and it was found that WAK
can adequately describe the probability distribution of precip-
itation extremes. Fischer et al. (2011) fitted the precipitation
extremes in the Zhujiang River Basin by GEV, GP, WAK and
gamma distributions and revealed that GEV was the most
reliable and robust distribution at the basin scale in the
Zhujiang River Basin. Xia et al. (2012) analyzed the precipi-
tation events in the Huaihe River Basin with three extreme
distributions, i.e., GEV, GP and gamma distributions, and
the results showed that annual maximum (AM) series can be
better fitted by the GEV model, and peak over threshold
(POT) series can be better fitted by the GP model.

The Yellow River is characterized by less water and more
sand and the uncoordinated relationship between water and
sediment and is known for serious water and sand disasters.
Therefore, the Yellow River Basin is very sensitive and vul-
nerable to climate change, and the impact of climate change
on its water and sediment is of particular concern. Extreme
precipitation events exert considerable impacts on floods and
soil erosion in the Yellow River Basin (Xia et al. 2014; Zhang
et al. 2014; Wan et al. 2015; Sun et al. 2015). In this paper, we
selected the region from Hekouzhen to Longmen in the mid-
dle reaches of the Yellow River Basin (hereinafter referred to
as the Hekouzhen-Longmen region, HLR) as the study area.
This region is one of three storm flood source areas in the
middle reaches of the Yellow River (Wang 1997) and is also
the main source area of sediment in the middle reaches of the
Yellow River, especially coarse sediment (Hu et al. 2008). The
HLR accounts for more than 90% of the Yellow River sedi-
ment input above the Sanmenxia Reservoir (Ran 2000).

Previous studies on extreme precipitation in the study
area have mainly focused on the spatial and temporal vari-
ations in precipitation (Li et al. 2010; Wan et al. 2015; Gao
et al. 2015; Sun et al. 2016; Wang et al. 2017). For example,

Gao et al. (2015) found that changes in precipitation ex-
tremes on the Loess Plateau during 1960–2013 were rela-
tively small, and the number of rainy days increased on the
northern Loess Plateau, but the extreme precipitation events
decreased. Sun et al. (2016) analyzed the annual and decad-
al trends of 10 extreme precipitation indices in terms of
intensity, frequency, and duration over the Loess Plateau
during 1960–2013 and indicated that the changes in days
of erosive rainfall, heavy rain, rainstorm, maximum 5-day
precipitation, and very-wet-day and extremely wet-day pre-
cipitation were not significant. However, the comprehen-
sive analysis of the spatiotemporal variation in and statisti-
cal characteristics of extreme precipitation is limited.

Thus, based on the observed daily precipitation data at
120 stations in the HLR during 1966–2015, the major ob-
jectives of this study were to analyze the spatial and tem-
poral variations in extreme precipitation and to investigate
the statistical characteristics of extreme precipitation using
several extreme value distribution models for the simula-
tion and prediction of precipitation extremes in the HLR.
This study will definitely contribute to a better understand-
ing of the spatiotemporal variation in and statistical char-
acteristics of extreme precipitation and provide a scientific
basis for risk management and disaster preparedness.

2 Data and Methods

2.1 Study Area

The HLR is located in the middle reaches of the Yellow River
(108°02′E~112°44′E, 35°40’N~40°34’N) (Fig. 1), covering
an area of 111,586 km2 and accounting for 14.8% of the
Yellow River basin area. The length of the Yellow River main
stem in the study area is 723 km. There are 21 large tributaries
of the Yellow River with a catchment area of more than
1000 km2. The main terrain is the gully region of the Loess
Plateau. The study area has a temperate, continental monsoon
climate and belongs to arid and semiarid regions. The spatial
distribution of annual precipitation of the HLR is very uneven,
ranging from less than 250 mm in the northwestern part to
more than 720 mm in the southwestern part of the HLR.
Furthermore, there is also a very large interannual variation
in annual precipitation in the HLR, which varies from 290mm
to 620 mm, mainly concentrated in July–September.

2.2 Data

In this study, daily precipitation data collected from 9 meteo-
rological stations and 111 precipitation stations during 1966–
2015 in the HLR were used to analyze the spatiotemporal
variability and probability characteristics in this area. The pre-
cipitation data from the meteorological stations were provided
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by China Meteorological Administration (CMA), and the
precipitation data from the 111 precipitation stations were
from hydrological yearbook and Hydrological Bureau of
Yellow River Conservancy Commission. A digital eleva-
tion model (DEM) and the locations of the meteorological
stations and precipitation stations are shown in Fig. 1. A
homogeneity assessment of used precipitation records in
the HLR during 1966–2015 was conducted using the
method proposed by Wijngaard et al. (2003), to make sure
the reliability and precision of the results. The results
showed that all of the data have passed the homogeneity
assessment at the 0.05 significant level.

Generally, extreme precipitation refers to precipitation
events that occur infrequently but with severe impacts, and it
is defined as daily precipitation that exceeds a certain intensity
level (such as 50 mm/d), exceeds a certain quantile (such as
>95th) or reaches a certain return period (Su et al. 2008;
Groisman et al. 1999; Xia et al. 2012). In this study, two kinds
of extreme precipitation series are considered, the AM series
and POT series. The AM series was formed by the annual
maximum daily precipitation at each station from 1966 to
2015. In this study, the POT series was obtained by ranking

daily precipitation during 1966–2015 in ascending order at a
station, and the 99.5th percentile of the sequence was selected
as the threshold of extreme precipitation. When the daily pre-
cipitation exceeded the 99.5th percentile of all records at the
station, it will be considered as extreme precipitation.

To reduce the error caused by data in establishing an opti-
mal probability distribution model, the applicability of
obtaining extreme precipitation values for the two series is
discussed first. Although the precipitation information used
by the AM series is limited, AM series can represent the tem-
poral variation characteristics of extreme precipitation. There
is an extreme precipitation value in each year, so the length of
AM series is equal to the number of years considered. If only
the AM series is considered, then the maximum daily precip-
itation in the dry year at a station is too low to cause extreme
precipitation events, but it is selected as the extreme precipi-
tation of this station. While in wet areas or wet years, not only
the maximum precipitation event but also the second or third
largest precipitation event may induce extreme precipitation
events, meaning that there is more than one daily precipitation
event that cause extreme precipitation events, and only one
maximum can be selected, resulting in missing data. Thus, if

Fig. 1 Distribution map of the meteorological stations and rainfall stations in the HLR
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we only consider the AM series, then some useful information
would be excluded. The sample method of the POT series
greatly increases the sample size, making the best use of the
information that is meant for an extreme analysis, and resolves
the shortage of historical precipitation data to some extent.
Although the POT series compensates for the insufficiency
of the AM series, it cannot express the temporal change in
extreme precipitation.

Therefore, these two methods were used to establish ex-
treme precipitation series in this study to reduce the errors
caused by the data and to improve the accuracy of establishing
an optimal probability distribution model suitable for extreme
precipitation in the middle reaches of the Yellow River.

An example of the AM and POT series at the Suide precip-
itation station is given in Fig. 2. It can be seen that the length
of the POT series is greater than that of the AM series, and the
extreme precipitation of the AM series in some years is even
lower than the second or third largest precipitation in other
years. For example, the maximum precipitation amount in
2000 is 20.9 mm, while the seventh largest precipitation
amount in 2013 is 35.3 mm, and it is included in the POT
series. It can also be seen that the minimum precipitation
amount of the POT series is larger than some of the precipita-
tion amounts of the AM series. It is worth noting that the
average of POT series is smaller than that of the AM series
for the Suide station (Fig. 2).

2.3 Methods

2.3.1 Mann-Kendall Trend Analysis Method

The Mann-Kendall (MK) trend analysis method is a nonpara-
metric method that is recommended by the World
Meteorological Organization as a standard procedure for

examining trends of hydrological and meteorological time se-
ries (Mann 1945; Kendall 1955; Mitchell et al. 1966). The MK
method does not require samples to follow a certain distribution
and is not disturbed by a few abnormal values. It is suitable for
non-normal distribution data and has been widely used (Liu and
Xia 2004; Zheng et al. 2009; Saifullah et al. 2016). By assum-
ing a normal distribution, the Mann-Kendall statistic Z can be
used as ameasure of a trend. Z > 0 indicates an increasing trend,
while Z < 0 indicates a decreasing trend. A positive Mann-
Kendall statistic Z larger than 1.96 indicates a significant in-
creasing trend at a significance level of P = 0.05, while a neg-
ative Z less than −1.96 indicates a significant decreasing trend.
The MK method is applied to analyze the temporal changing
trend of extreme precipitation of the HLR in this study.

2.3.2 Trend-Free Pre-Whitening Mann-Kendall Test
(TFPW-MK)

The TFPW-MK procedure proposed by Yue andWang (2002)
is used to detect a significant trend in a time series with sig-
nificant serial correlation. Studies have demonstrated that the
TFPW-MK was proved to be more effective compared with
the classic MK method (Bayazit and Önöz 2007; Chen et al.
2016). TFPW-MK includes the following steps:

First, assuming the trend Tt in series Xt is linear, and remov-
ing the trend, the new series Yt can be expressed as:

Y t ¼ X t−Tt ¼ X t−β⋅t ð1Þ

Where β is the Mann-Kendall slope, Xt is the sequential
data value. β is computed as:

β ¼ Median
x j−xi
j−i

� �
∀i < j ð2Þ

Fig. 2 AM and POT series of the
Suide rainfall station (the black
and red solid lines represent the
means of the AM and POT series,
respectively, from 1966 to 2015)
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Then calculating the first-order auto-correlation coeffi-
cient (r1) of Yt.

r1 ¼
∑
n−1

t¼1
xt−xt

� �
xtþ1−xtþ1

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n−1

t¼1
xt−xt

� �2
∑
n−1

t¼1
xtþ1−xtþ1

� �2
s ð3Þ

1−1:645
ffiffiffiffiffiffiffiffi
n−2

p

n−1
≤r1 α ¼ 0:1ð Þ≤ 1þ 1:645

ffiffiffiffiffiffiffiffi
n−2

p

n−1
ð4Þ

If r1 is within the range of formula (4), it means that the
serial Yt is independent, thus the trend test can be carried
out directly with the original sequence, sequence Yt does
not need pre-whitening. Otherwise, the sequence Yt is auto-
correlated, and TFPW-MK is used to remove the auto-
correlative items in the series, and a new series can be
got by the following equations:

Y
0
t ¼ Y t−r1Y t−1 ð5Þ

Y
0 0
t ¼ Y

0
t þ βt ð6Þ

Finally, this new sequence is adopted to test the signifi-
cance of the MK method.

2.3.3 Extreme Value Distributions

The statistical characteristics of extreme precipitation were
analyzed with the extreme value distributions. The GEV and
GP distributions were considered in this study because they
have been widely used and have shown good performance in
the simulation of extreme precipitation (Kioutsioukis et al.
2010; Xia et al. 2012; She et al. 2015a, b; Zhang et al.
2018). Gamma distribution was also considered given that it
has been indicated proven to be an appropriate distribution for
simulating precipitation time series in China (Liang et al.
2012; Jiang et al. 2014). Therefore, the GEV, GP and gamma
distributions were selected to fit the AM and POT series and
further analyze the statistical probability characteristics of ex-
treme precipitation in the HLR. The cumulative distribution
function of the selected three models are given in Table 1.

2.3.4 L-Moments Method

The L-moments method, proposed by Hosking and Wallis
(1997) and based on the probability weighted method, was
used to estimate the parameters of the GEV, GP and gamma
distributions in this study because it is convenient and more
robust than the moment method. The L-moments method can
directly provide estimates of the scale and shape of the prob-
ability distributions, and an in comparison to ordinary mo-
ments, it is not sensitive to the maximum andminimum values

(Hosking 1990; Hosking and Wallis 1997; Cai and Jiang
2007; Chen et al. 2014).

For a given sample x1, x2,⋯, xn, the order statistics of this
series was denoted as x1, n ≤ x2, n ≤⋯≤ xn, n. According to the
definition of L-moments, the first four L-moments for any
distribution can be calculated as follows (Xiong and Guo
2003; She et al. 2013):

L1 ¼ β0

L2 ¼ 2β1−β0

L3 ¼ 6β2−6β1 þ β0

L4 ¼ 20β3−30β2 þ 12β1−β0

8>><
>>: ð7Þ

where

β0 ¼
1

n
∑
n

j¼1
x j;n;β1 ¼

1

n
∑
n

j¼2

j−1
n−1

x j;n;β2 ¼
1

n
∑
n

j¼3

j−1ð Þ j−2ð Þ
n−1ð Þ n−2ð Þ x j;n

β3 ¼
1

n
∑
n

j¼4

j−1ð Þ j−2ð Þ j−3ð Þ
n−1ð Þ n−2ð Þ n−3ð Þ x j;n

Then,t2,t3andt4, which are the estimations of the coefficient
of variation (τ2), L-skewness (τ3) and L-kurtosis (τ4), respec-
tively, can be calculated as:

t2 ¼ L2=L1; t3 ¼ L3=L2; t4 ¼ L4=L2 ð8Þ

2.3.5 Return Period

The return period refers to the average time interval for rainfall
that is greater than or equal to the intensity of a specific rainfall
intensity within the statistical period and is the reciprocal of
the frequency of the specific rainfall. It is the small probability
problem on the right side of the probability distribution.

The extreme precipitation XT under the return period of T
years for the GEV, GP and gamma distributions can be calcu-
lated as follows:

For the GEV distribution: XT ¼ ξ̂ þ α̂
k̂

1− −ln 1−1=Tð Þð Þk̂
� �

For the GP distribution: XT ¼ ξ̂ þ α̂
k̂

1− 1=Tð Þk̂
� �

where α̂, ξ̂ and k̂ are the estimates of α, ξand k, respectively.
The quantiles of gamma distribution have no explicit ana-

lytical form and can be obtained by a numerical method,
expressed as XT = F−1(F(XT)).

2.3.6 Kolmogorov-Smirnov (K-S) Test

The K-S test was chosen to test goodness of fit to deter-
mine the best distribution for the extreme precipitation se-
ries in the HLR. The K-S test compares the empirical and
theoretical frequency distributions of extreme precipitation
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series. The test statistic is the maximum absolute difference
(Dmax) between the cumulative frequencies of empirical
and theoretical frequencies. Under the significance level
α, if Dmax is calculated to be smaller than the critical value
Dα(n) (n is sample size), then the probability model can be
considered as a significantly fit model to the observed data.
The probability distribution corresponding to the minimum
value of Dmax was selected as the optimal distribution.

3 Results and Discussion

3.1 The Spatial and Temporal Variation in Extreme
Precipitation

The spatial distribution of mean values of the AM and POT
series and the differences in mean and standard variance of
AM and POT series are shown in Fig. 3, employing the
inverse-distance weighted interpolation method to interpolate
the values over the whole study area. The differences in the
mean values of AM and POT series in almost all areas was
positive, indicating that the mean values of the AM series
were slightly higher than that of the POT series, which was
the same result as that in Fig. 2. The results of hot spot analysis
for spatial clustering of high and low values are shown in
Fig.4. From Fig. 3 and Fig. 4, the AM and POTseries showed
similar spatial distribution. Hot spots under 90% and 95%
confidence level were significant high value areas, and cold
spots under 90% and 95% confidence level were significant
low value areas. The high value area of extreme precipitation
was located in the southeast part of the HLR, and the lower
value area of the AM and POT series is mainly distributed in

the northwestern part of the HLR and the upper reaches of the
Wuding River Basin.

The annual maximum precipitation series of all the sta-
tions during 1966–2015 were analyzed by the TFPW-MK
method with a significance level of 0.05, and the results are
shown in Fig. 5. Up and down arrows indicate increasing
trends and decreasing trends, respectively. The larger size
of the arrows represents a significant change trend with a
significance level of 0.05. It can be seen that the maximum
precipitation of 60 stations had decreasing trends during
1966–2015, and there were 60 stations showing increasing
trends. Only two stations showed significant increasing
trends, including Kaifu and Yanchuan, which are located
in the middle and southern part of the HLR, respectively,
and the changing trends of the remaining stations were
nonsignificant under the 95% confidence level.

3.2 The Best Distributions for Extreme Precipitation

In this study, the GEV, GP and gamma distributions were used
to fit the distributions of the AM and POT series in the HLR
from 1966 to 2015. The parameters of each used distribution
were estimated by L-moments method, and the optimal model
was selected for each station by the K-S test under 95% con-
fidence level. Figure 6 and Table 2 show the results of K-S test
and the best distribution of selected stations.

From Fig. 6a and Table 2, it can be seen that there were 96
stations that could be better fitted by the GEV distribution for
the AM series, while there were only 11 stations and 13 sta-
tions that could be better fitted by the GP and gamma distri-
butions for the AM series, respectively. It was also found that
the GEV and gamma distributions had passed the K-S test

Table 1 The cumulative distribution functions (CDFs) and parameter estimations of GEV, GP and Gamma distributions

Distributions CDF Estimators of parameters

GEV F xð Þ ¼ exp − 1− k x−ξð Þð Þ=α½ �1=k
n o

k≠0
k≈7:8590zþ 2:9554z2

z ¼ 2= 3þ t3ð Þ−ln2=ln3
α ¼ l2k= 1−2−k

� �
Γ 1þ kð Þ	 


ξ ¼ l1−α 1−Γ 1þ kð Þ½ �=k
GP F xð Þ ¼ 1−e−y

y ¼ −ln 1−k x−ξð Þ=α½ �=k; k≠0
y− x−ξð Þ=α; k ¼ 0

k ¼ 1−3t3ð Þ= 1þ t3ð Þ
α ¼ 1þ kð Þ 2þ kð Þl2
ξ ¼ l1− 2þ kð Þl2

Gamma f xð Þ ¼ 1
βαΓ αð Þ ∫

x
ξx

α−1e−x=βdx if 0 < t < 1=2; thenz ¼ πt22

α≈
1−0:3080z

z−0:05812z2 þ 0:01765z3

if 1=2 < t < 1; thenz ¼ 1−t

α≈
0:7213z−0:5947z2

1−2:1817zþ 1:2113z2

β ¼ l1=α
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under the 95% confidence level for all of the 120 selected
stations, while the GP distribution had not passed the K-S test
under the 95% confidence level for 16 stations. Therefore, the
GEV distribution can better fit the AM series in the HLR, and
it can be inferred that the AM series was not suitable for
simulation with the GP distribution in the HLR compared to
the GEVand gamma distributions.

From Fig. 6 and Table 2, there were 94 stations best fitted by
the GP distribution and 26 stations best fitted by the GEV dis-
tribution for the POT series, while no station could be better
fitted by the gamma distribution for the POT series. All of these
distributions have passed the K-S test under the 95% confidence
level. It was found that the GEV distribution can better fit the
AM series, and the GP distribution can better fit the POT series.

Fig. 3 Spatial distributions of mean of (a) AM series and (b) POTseries and differences in (c) mean and (d) standard variance of AM and POT series in
the HLR (unit: mm)

Variations and Statistical Probability Characteristic Analysis of Extreme Precipitation in the...

Korean Meteorological Society

647



Figure 7 shows the empirical and theoretical cumula-
tive distributions fitted for the AM and POT series with
the GEV, GP and gamma distributions at the Suide pre-
cipitation station. It can be seen that the GEV distribution
can better simulate the variation in extreme precipitation

both in the tail and in the middle part for the AM series.
Similarly, the GP distribution can better simulate the
POT series.

Unqualified represents the model has not passed the KS
test under the 95% confidence level.

Fig. 5 The changing trends of the
AM series in the HLR during
1966–2015. The 0.05 significant
level is considered

Fig. 4 Spatial distribution of hot spot analysis results of (a) AM and (b) POT series in the HLR
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3.3 Estimated Extreme Precipitation under Different
Return Periods

According to the best fit distribution results given in Fig. 6, the
extreme precipitation of the AM and POT series in each

station under return periods of 5, 10, 25 and 50 years was
calculated, as shown in Figs. 8 and 9.

For the AM series, the spatial variations in extreme
precipitation were similar under different return periods
(Fig. 8). The maximum values were concentrated in the

Fig. 6 Best distributions for (a) AM and (b) POT series according to the K-S test for all stations in the HLR (The red circle, black triangle and black
pentagrams indicate that the optimal distribution for the station are the GEV, GP and gamma distributions, respectively)

Table 2 The numbers of stations
that passed and failed the K-S test
and best distributions for the AM
and POT series

Series GEV GP Gamma

Passed Unqualified Passed Unqualified Passed Unqualified

AM 120 0 106 14 120 0

POT 120 0 120 0 120 0

Best distribution AM 96 – 11 – 13 –

POT 26 – 94 – 0 –

Fig. 7 Empirical and theoretical
cumulative distributions fitted for
(a) AM and (b) POT series at the
Suide station
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upper reaches of the Kuye River basin, Qiushui River
basin and the southern part of the HLR, which is similar
to the multiyear average distribution of the AM series in
Fig. 3. As shown in Fig. 9, the spatial variation in extreme
precipitation of the POT series under a return period of
50 years is similar to that of the AM series, while the

maximum values under return periods of 5, 10 and
25 years were concentrated in the upper reaches of the
Kuye River and Qiushui River Basins, as well as the
southern part of the HLR, which covered a slightly small-
er area compared to those of the AM series. The estimated
extreme precipitation of the POT series was a slightly

Fig. 8 Spatial distribution of estimated extreme precipitation under different return periods: (a) 5, (b) 10, (c) 25, and (d) 50 years of the AM series in the
HLR (unit: mm)
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smaller than that of the AM series with the same return
period at most stations (Figs. 8 and 9).

Figure 10 shows the comparisons of observed and es-
timated precipitation by the GEV, GP and gamma distri-
butions of the AM and POT series with a return period
from 1 to 100 years at the Suide station. It can be found
that the estimated precipitation by the GEV distribution

and GP distribution can better fit the observed precipita-
tion of the AM series and POT series, respectively. This
result is the same as that of the K-S test; on the other
hand, this result indicates that the GEV and GP distribu-
tions can better fit the AM and POT series, respectively.

By comparing the estimated extreme precipitation under a
return period of 50 years and the corresponding observed

Fig. 9 Spatial distribution of estimated extreme precipitation under different return periods: (a) 5, (b) 10, (c) 25, and (d) 50 years of the POTseries in the
HLR (unit: mm)
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values as shown in Figs. 8d, 9d and 11, the spatial distribution
of the estimated extreme precipitation values of the AM and
POT series were similar to the observed values, while the
estimated extreme precipitation of the AM and POT series
were smaller than the observed precipitation.

From the comparison of the spatial distribution of max-
imum precipitation and relative errors between observed

and estimated extreme precipitation with the optimal dis-
tribution under a return period of 50 years (Figs. 11 and
12), the stations with relatively high relative errors were
distributed in areas with high precipitation. There is great
uncertainty in the occurrence of extreme precipitation
events, and the prediction of extreme precipitation still
needs further exploration.

Fig. 11 Spatial distribution of
maximum precipitation during
1966–2015 (unit: mm)

Fig. 10 Comparisons of observed
and predicted precipitation by
different distributions for AM and
POT series at the Suide station
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4 Conclusions

In this research, the AM and POT series of extreme precipita-
tion were selected based on the daily precipitation data of 9
meteorological stations and 111 precipitation stations in the
HLR of the Yellow River basin during 1966–2015 to analyze
the spatial-temporal variations in and statistical probability
characteristics of extreme precipitation. The main conclusions
are given as follows:

(1) High value area of extreme precipitation were located in
the southeast part of the HLR, and the lower value area of
the AM and POTseries is mainly distributed in the north-
western part of the HLR and the upper reaches of the
Wuding River Basin.

(2) In the past 50 years, extreme precipitation at half of
the selected stations showed a decreasing trend, and
extreme precipitation at the other half of the stations
showed an increasing trend. At the significance level
of 0.05, only two stations showed significant increas-
ing trends in extreme precipitation, and the changing
trends of extreme precipitation at the remaining sta-
tions were not significant.

(3) With the application of the GEV, GP and gamma distri-
butions and K-S test, the GEV distribution can better fit
the AM series, while the GP distribution can better fit the
POT series. The estimated extreme precipitation of the
AM series was larger than that of POT series with the
same return period at most stations. The spatial

distributions of the estimated extreme precipitation of
AM and POT series by the optimal distribution with a
return of 50 years were similar to the observed values,
but the values were smaller than the observed ones.
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