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Abstract: Due to an absence of an essential daily data set, changing characteristics, and cause of flow
extremes in the Tianshan Mountains are rarely explored in depth. In this study, daily based long-term
meteorological and hydrological observation data were collected in four typical watersheds in the
middle Tianshan Mountains; Manne-Kendall trend analysis and Pettit’s test were used to detect the
trends and alterations of extreme flow series; Generalized Extreme Value distribution (GEV) and
General Pareto distribution (GDP) models were used to describe the probability distributions of
annual maximum (AM) and peaks over threshold (POT) series based on daily discharge; and the
relationship between extreme flow and climate indices, were also investigated. The findings indicated
that, change of the AM series at five hydrological stations experienced positive trends; the POT series
generally showed no significant trends, while the peaks over threshold number (POTN) present a
positive trend at the five stations. Change points exist in the POT and occurrence time of maximum
daily discharge in spring (AM-SPR) series at the Kensiwate (KSWT) station in Manas watershed;
the mean extreme flow decreased after 1986, and the occurrence time the annual maximum daily
flow in spring significant forward after 1978. The AM series can well fit the GEV distribution, while
the POT series fit the GDP distribution better; the GEV model performed worse in estimating flood
events with high return period than low return period events. Moreover, acceleration of glacier
melting lead to the magnitude and frequency increments of flood in the north slope; intensifying
and frequent precipitation extremes are dominate factors of extreme flow variations in south slope
watersheds which without large amount of glacier coverage; and continually temperature rising in
spring and increased precipitation in winter lead to the change on magnitude and timing of spring
extreme floods.

Keywords: flood extremes; frequency analysis; Inland River; climate change

1. Introduction

In inland river basins, usable water resources for downstream were largely influenced by
temperature and precipitation changes in mountain regions [1]. Climate changes would accelerate
regional hydrological cycles, and have large impacts on the formation and development of extreme
hydrological events [2]. Particularly in northwest China, almost all rivers are fed by snow and glacier
melting water from mountain regions [3]. The cold indices decreased significantly, and the warm
indices increases had significant, and precipitation in mountainous regions had presented increase
trends during past decades [4]. Moreover, previous researches have shown that the flood risk increased
in several typical river basins of the northwest China [5,6]. The increments of flood magnitude and
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frequency have causing serious damages to the national economy, and to arable land and properties in
the region [7]. Scientific understanding of changing characteristics extreme flood and analysis of the
response of climate change are key problems in flood control, hazard warning, and the water allocation
in arid and semi-arid inland river basins [8].

Tianshan Mountains are located in the center of the Eurasian continent, across Xinjiang of China,
and extending westward to Kyrgyzstan [9]. The total length the mountains is about 2500 km, with
an average width of 250-350 km. The Chinese Tianshan Mountains, is about 1700 km in length and
is located in the territory of China covering an area of more than 570 x 103 km?, and accounting for
about 1/3 area of the Xinjiang Province. Xinjiang is divided into two parts by the mountains; the north
is the Junggar basin and the south is Tarim Basin. Rainfall and snowfall in the Tianshan Mountains is
relatively rich because the mountains block the uplifting air currents from the Atlantic and Arctic [10].
In fact, 65% of the surface streamflow in Xinjiang rise in these mountains, and provide agricultural
and domestic water for the surrounding basins and oases. Moreover, the mountains have abundant
extant glacier and snow covers, and are so called as the “water tank of Central Asia” [11]. As the most
important fresh water supply, total contribution of glacier melt water to the river flow was estimated
to be about 10% at the outlets of Tianshan Mountain valleys, and this value reached 50% in the Tarim
Basin [12]. Many reports have shown a significantly climatic change in the Tianshan Mountains during
the past 60 years [1,5]. Since the 1950s, the temperature presented a significant rising trend (significance
level is smaller than 0.001) with a rate of 0.33-0.34 °C/10a. Precipitation increased substantially in
most regions especially for the middle and high latitudes. Glacier area decreased by 11.5% and the
thickness of snowpack has also decreased. Pan evaporation and wind speed have also changed [9].

With climate change of the Tianshan Mountains, hydrological processes in such mountainous
watersheds have drawn great attention from researchers. There is a number of studies that make efforts
to address changing properties of stream flow [13-17]. Ding et al. [13] investigated the trend glacier
change under climate change, and indicated retreat of glacier and increased glacier-melting runoff.
Chen et al. [15] and Xu et al. [16] indicated that both the precipitation and temperature had increased in
the upstream catchments of Tarim River in the middle of the 1980s. The increase of temperature in the
Kaidu and Aksu watersheds is higher than that in the Yarkand Hotan watersheds. The runoff at Aksu
River is significantly increased in recent 50 years, and the annual runoff had increased by 10.9% since
1990. Ling et al. [17] indicated that the precipitation, air temperature, and runoff in Tarim headstreams
increased during both high-flow and low-flow periods; both climate change and human activity had
remarkable effects on the total runoff during the period of the 1990s and 2000s, and climate change was
the major driving factor of flow variation during high-flow periods. Kong et al. [18] found that, during
the 48 years of observation records in the Urumgi River, temperature has less impact on river discharge
than precipitation. Deng et al. [1] investigated that climate change in mountainous region will have
seriously effects on water resources condition in inland river basins. Generally, previous studies on
the hydrology of mountainous watersheds are mostly focused on the average state of stream flow.
Historical data also indicate climate change over the last few decades and human activities in high
elevations is likely to initiate more flood or drought extremes and led to flow regime alteration [19].
However, changes of extreme flows in the Tianshan Mountains are have rarely been investigated due
to absence of essential daily data set [20].

In this study, daily based meteorological and hydrological records at four typical watersheds in
the middle part of Tianshan Mountains were collected; multi-statistical methods (i.e., Manne-Kendall
trend analysis and Pettit’s test) and frequency analysis models were used to investigate the changes
of extreme flows on magnitude, timing, and frequency. The study is aimed to: (1) analyze the
trends and alterations of the stream flow extreme series; (2) fit the extreme flow series by using
Generalized Extreme Value distribution (GEV) and General Pareto distribution (GDP), and evaluate
the performances of the models; and (3) understand the relationship between selected climate indices
and the extreme flow changes. The results obtained will be used for helping local officials to establish
effective flood control and hazard warning policies, and thus improve the local water resources security.
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2. Study Area and Data

The middle part of Chinese Tianshan Mountains (MCTM) is located between Latitude
41.06°-39.40° N and Longitude 86.61°-88.50° E, with an area of 156 x 103 km?. Mean annual
precipitation is around 300 mm in the mountain region, and 70% of which occurs from June to October.
The mean annual temperature is around —5 °C. Pan evaporation is approximately 1157 mm/year, and
the average actual evapotranspiration is approximately 216 to 363 mm/year for different land-cover
types [5]. It supplies water for agricultural, municipal, industrial, and ecological environments of
the oasis, with an area of over 85,000 km? and a population of over 2.05 million; and also the main
water source for the core city group of Xinjiang Uygur Autonomous region, which include the cities of
Urumgji, Shihezi, Korla, etc. Flood or drought extremes would lead to serious damages and losses,
especially in densely populated cities and villages and/or ecologically fragile areas [18]. Therefore,
it is important to evaluate the impacts of climate change on the main rivers and investigated the
mechanism of extreme flows variation in the middle Tianshan Mountains.

Four typical river basins were selected for investigating the changes of extreme flood, which
include Manasi watershed in the north slope of Tianshan Mountains, Kaidu, Huangshui, and Qingshui
watersheds in the south slope of the mountains. In this study, historical daily discharges at five
hydrological stations in the MCTM are selected to analyze changing properties of streamflow extreme
events. The Kaidu River is represented by Dashankou (DSK) station, while Bayblk (BY) station controls
the upstream sub-watershed in the northeast part of the Kaidu watershed. The Manasi River is
represented by Kensiwate (KSWT) station. The Huangshui River and Qingshui River are represented
by Huangshuigou (HSG) and Kerguti (KRGT) stations, respectively. Correspondingly, observed
meteorology data at Six weather stations include Bayblk (BY) and Dashankou (DSK) stations which are
located in the Kaidu watershed, Kensiwate (KSWT) station which is located in the Manasi watershed,
Baluntai (BLT), Daxigou (DXG) stations which are located in the Huangshui watershed, and Xiaoquzi
(XQ2Z) station which is nearby the Manas and Huangshui watersheds. Daily precipitation, daily mean
temperature, and snow depth at the six meteorological stations are collected. Figure 1 presents the
hydrological and meteorological stations.
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Figure 1. Location of the study area with hydrological and metrological stations.
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3. Data and Methodology

3.1. Data Collection and Preprocessing

Table 1 lists the location, drainage area and data interval of the five hydrological stations in
the study area. Data were collected from the Xinjiang Hydrology Bureau and the Xinjiang Tarim
River Basin Management Bureau, China. Data quality is controlled before it is used, and the method
proposed by Ding et al. [13] is used to make up the missing data. For DSK and KSWT hydrological
stations, there are some missing values in the daily runoff data series at the 2 stations during 1958-2011.
For BY, HSG and KRGT hydrological stations, it is difficult get the complete sequence of daily runoff
data over 50 years; and the research periods were identified as 1978-2011, 1958-1989 and 1958-1989
according to the available data sets, respectively.

Table 1. Information of hydrological stations.

Stations A?Z?H;ig) Irll;lenr?al Longitude Latitude

Manasi River KSWT 5167.44 1958-2011 E84.93 N43.07
Kaidu River BY 6645.60 1978-2011 E84.08 N42.55
DSK 18653.79 1958-2011 E82.95 N42.19

Huangshui River HSG 4299.53 1958-1989 E85.79 N42.44
Qingshui River KRGT 1047.66 1958-1989 E86.55 N42.36

The analysis is based on the sample sequences selected via annual maximum (AM) method
and peaks over threshold (POT) method. AM method is the standard method of flood calculation
specification, and have been wildly used in the engineering design and experimentation [20,21].
However, extreme runoff information in AM series is limited, and the annual maximum runoff only
has relative significance. The POT method can greatly increase the sample size, to maximize the use
of useful extreme information and solve the lack of observation hydrological data. Percentile value
method, mean excess plot method, goodness of fit test and bootstrap method are most commonly used
methods to selected POT series [22]. Willems [23] presented a method where peak flows are selected
from the flow series based on criteria for the inter-event time, the inter-event low flow discharge and
the peak height. Two subsequent events in selected flood extreme series can be considered nearly
independent when following conditions are satisfied:

(1) the time length t of the decreasing flank of the first event exceeds a time ky, t > ky;

(2) the discharge drops down—in between the two events—to a fraction lower than f of the peak
flow; where 4,1, Gmax, and qpase would be the minimum discharge, the maximum discharge and
the base flow, respectively:

qmiin < fOI‘ dmin — Gbase < f
Gmax Gmax

(3) the discharge increment from gy t0 gy, has a minimum height g55,, Gimax — Gmin > G1im- This
procedure for peak flow selection has three parameters: k,, f and g;,,. It is based on the concept
that a peak flow event can be considered largely independent from the next one, when the
interevent discharge drops down to a low flow condition or almost to the baseflow level (see
criterion (2)). Under this condition, the quick flow components attributed to the peak flow events
are indeed nearly independent.

Besides of the AM and POT series, other six series represent the extreme flow variation include
spring maximum daily flows (AM-SPR), maximum daily discharge in summer (AM-SUM), occurrence
time of annual maximum daily discharge (AMT), occurrence time of maximum daily discharge in
spring (AM-SPRT), occurrence time of maximum daily discharge in summer (AM-SUMT), and annual
peaks over threshold number (POTN) were also extracted at the five hydrological stations.
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In addition, daily precipitation, air temperatures and snow depth at the BY, DSK, KSWT, BLT,
DXG and XQZ stations in the period from 1961 to 2010 were used. Several indices were extracted
for climate linkage analysis, such as annual or seasonal precipitation, annual maximum snow depth,
yearly and seasonal mean temperature and active accumulated temperature. For extreme rainfall
events, annual/seasonal maximum of precipitation (AMP) were generated via AM method; and the
data of the daily precipitation observation data over the 99.5th quintiles are selected to make up the
peaks over threshold of precipitation (POTP), while peaks over threshold number of precipitation
(POTNP) also counted.

3.2. Methods

3.2.1. Trends Analysis and Change Point Detect

Linear trend analysis and Mann-Kendall test (M-K) [24,25] were used to detect the trend of time
series of hydrology and climate indices. Liner trend is normally introduced through natural or artificial
changes in hydrological and metrological time series, and be used to detect shift (in decreasing and
increasing direction) in hydrometeorological time series and to describe possible generating processes
underlying a given sequence of observations [2]. And as a nonparametric test method, the M-K is used
to verify whether trends are significant; and also can process missing data and extreme. The results of
the Mann-Kendall test were heavily affected by the serial correlation of the time serial correlation, so
Yue and Pilon method [26] was adopted to deal with the correlation among series.

Assuming an observed time series x1, Xy, ... , X;, corresponding to the time series t1, tp, . .. , the
statistical value S of the M-K method is:

n-1 n +1 x;— Xj > 0
S=1Y ) sgn(x;—xj), sgn(x; —xj) = 0 x—x=0. 1)
i=1 j=i+1 -1 x— x; < 0

When n > 10, the S value of the M-K test is similar to a normal distribution, with a mean of 0. The

variance is: 1o
Vm@):”m_ié”+®. @)

The Z value is used to evaluate whether the time series data presents a significant trend. The Z

value is defined as:

>l S$>0
Var(S)
Z = 0, S=0. 3)
L/ S<0
Var(S)

|Z| > Z(«/2) indicates that, there is a significant trend in the sample sequence. A negative
(positive) value of S indicate a significant downward (upward) trend. o is the significance level, and
the varying o correspond to varying Z(, /7). In this study, 0.05 is set as the significance level, making
Z(xs2) = 1.96. If the |Z| > 1.96, the time series shows a significant downward or upward trend.
Change points of the time series were detected by Pettit’s Test [27], and this approach is commonly
used for detecting a single change-point in continuous time series. It tests the Hy: the T varibles follow
one or more distributions that have the same location parameter (no change), against the alternative:
the time series has a change point.
Ky, = max|Uy | 4)

where
n

Ut,n = 2 2 Slgn(X, - X]) (5)

3
i=1j=t+1
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The K, is the change-point of time series, provided that the statistic is significant. The significance
probability of K, is approximated for p < 0.05 with:

_ 2
p =2exp (wtn') (6)

n2 4+ n3

These methods have, long, been applied to many hydrological and climatological situations, and
more details can be found in [26,28].

3.2.2. Frequency Analysis

In the 1930s, Fisher and Tippett [29] put forward three extreme value distributions in the study of
the maximum asymptotic distribution theory, which are the Gumbel distribution, Fréchet distribution
and Weibull distribution. According to extreme value distribution theory, Jenkinson [30] and Coles [31]
unified the three extreme value distributions as an extreme value distribution with three parameters,
which is the generalized extreme value distribution (GEV). The probability density function (PDF) of
the GEV distributions given as follows [2,23]:

H(x) —eXp(—(—Hv”f)"]) if y#0

@)
:exp(fexp(fx;xt) ) ify=0

where f is the scale factor, x; is the location factor, and v is the shape factor. The GEV distribution
includes the Weibull distribution (7 < 0), Gumbel distribution (y = 0) and Fréchet distribution (y > 0).

Another distribution used in this paper is General Pareto distribution (GDP), and it is the POT
stable distribution. The GDP filter extreme data according to a given threshold, and then establishes
extreme value distribution. The distribution function of GDP is given as follows [32]:

G =1 (-14+752) 7 ify#0 .
:1—exp(—x%’”) if =0

where § is the scale factor, x; is the location factor, and v is the shape factor. The GDP distribution
includes the exponential distribution (y = 0), Pareto distribution (y > 0), and Weibull distribution
(v <0).

There are many methods for parameters estimating in extreme distributions, such as moments
method, probability weighted moments method (PWM), L-moments method, Bayes estimation method
and maximum likelihood estimation method (MLE), and so on. Each parameters estimating method
has its strengths and weaknesses, but MLE is the approach of best versatility of all, which can adapt
to different parameters estimating of extreme models. MLE is put forward by British statistician R.A.
Fisher in 1912 [33]. Because it can be used for every population and has good asymptotic property in
the case of large sample, it becomes one of the most commonly used and most important methods
for parameters estimating. The estimates obtained via MLE have consistency and effectiveness. If not
unbiased, it can be modified to be unbiased. Under certain conditions, difference between maximum
likelihood estimation of the unknown parameters and its true value can be made arbitrarily small. MLE
method is a good, easy to be adaptable to complex models, so parameters were estimated through MLE
method. In the approach, data samples in the time series are independent and identically distributed
with the probability distribution function F(x). The parameters estimation of GEV by MLE is described
as follow:

Y1

L(0) = L(p,0,e) = —nlno — i[HE(x?H)}

i=1
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where 6 = L(y, 0, ¢); point (7,{) reaches the MLE when the function reaches the maximum point. There
is no analytical expression of y1,0,¢, so numerical methods are needed to solve the function [28].

The return period (i.e., average time between two independent events) is an important parameter
for studying hydrological extreme problems. It describes the probability of extreme occurrence and
temporal dimensions, and can be used as a measure of safety (the ‘inverse risk’). Based on the method
of GEV, the return period is calculated as follow:

T[number of years| = 1—1H(x) (10)
For GPD, return periods of the estimation of extreme runoff can be calculated as follows:
T[number of years] = n_ 1 (11)
Vsl = 516G

3.2.3. Pearson Correlation Analysis

Pearson’s correlation coefficient is usually applied in measuring the relationship between random
mathematical variables or observed time series [34,35]. It was used to calculate the correlation between
extreme flow series and climate change indices. The Pearson’s correlation coefficient can be calculated

as follows:
NY aib;—Y a;} b;
r =
JNLa — (Ca)*/NLB? — (Tb)

where r is Pearson’s correlation coefficient and a; and b; are the values of measured datasets. The
correlation coefficient is between —1 and +1 [36]. The values of —1 indicate a perfect inverse linear
relationship; values of +1 indicate a perfect direct linear relationship; when the value approaches zero,
two data series close to uncorrelated.

(12)

4. Results and Discussions

4.1. Trends and Alterations of the Extreme Flow Series

Linear trend, the M-K test and the Pettitt’s test approach were conducted to analyse the trend and
alteration of the extreme flow series. Figure 2 shows the trend analysis results of annual and seasonal
maximum daily flows, as well as the occurrence time of them. The results indicated that, AM series
at five gauging stations show an increasing trend; AM-SPR series at two gauging stations (i.e., BY
station in Kaidu watershed and HSG station in Huangshui watershed) show an increasing trend, while
those at the other three AM-SPR series show a decreasing trend (i.e., DSK station in Kaidu watershed,
KSWT station in Manas watershed and KRGT station in Qingshui watershed); AM-SUM series, all five
stations show an increasing trend. At the BY station which located in the upstream of the Kaidu River,
summer maximum daily flows (AM-SUM) showed a significant increasing trend at the significance
level of 0.05; and p value which represent the statistical significance is 0.043 when tested by the M-K
method. Moreover, the occurrence time of extreme flow events shift to an earlier date, particularly
for the AM-SPRT. All five AM-SPRT series show negative trends during research periods, but only
exhibiting a significant forward trend at the significance level of 0.05 in KSWT station with the p values
of 0.011.



Water 2018, 10, 1061

8 of 22

Bs“(i'u”E M“q‘u'E gs“q'o"E BEDTG.E B7°C"O”E 53“[1‘0"E 4"({'0"E B5"[i‘0"E ES"?‘Q"E 87"(1‘0"E
a KSWT . i - E b KSWT i _g
£ ] )
e )
= o
N g
€ £
o o
) o
g 2
g_ HSG £ HSG;
5 \kgEGT = ?EGT
< <t
saedoe 85°d0E se-d0"E 87°00°E s4d0E 85°00'E s6°d0E s7-doE
83°qUE 84°QUE 85°0'E 86°Q0°E 87°qUE S3QOE BH0UIE 85°G0"E 86°G0"E 87°q0'E
Cc X £ d KSWT £
] ) 5 1S
- : z !
=) o
& 8
2 2
£ z
= o
[ =l
g 9
g_ HSG g HSG:
& ; KEGT | \y:(ge'r
~ ~
M”d'O'E 85"&'0"!5 55"&'0"5 57“A'U"E 84"6'0"E 55"&'0"5 BE“d'O"E ar“d'o"s
e 84°Q0'E 85°0'E 86°Q0'E 87q0'E 83°G0'E B4GOE 85°G0'E 86°q0"E 87°q0E
z f KSWT z
e < e 3
3 1 3
z z :
g 2
o o
2 g
£ z
o o
B e
o o
2 2
£ Z| HSG
& & %L‘(EGT
saedoe 85°d0E 86°00"E 87°00'E 8400E 85d0E 86°00'E sr-doe

N/ decreasing trend N/

:l QSH watershed ‘:I MNAS watershed :I BY watershed I:I KD watershed :] HSG watershed
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and (f) AM-SUMT series.

In addition, POT series of five gauging stations in four study watersheds did not show significant
trends, while the annual POT number (POTN) are mainly increased. Especially at DSK station in the
Kaidu watershed, the increase trend of POTN is significant for p value less than 0.05 (Figure 3).



Water 2018, 10, 1061 9 of 22

50 -

- 40 -

()

£

£ 30 -

Qo

£

=)

c

< 20 -

(]

Qo

o

>

S 10 -
0 i I P T 1 B |||
1960 1970 1980 1990 2000 2010

Figure 3. Liner trend for annual peaks over threshold number (POTN) series at the DSK station (The
straight red line shows the trend line).

The Pettitt’s test was conducted to check the change points (Table 2). Among the eight kinds
of time series for extreme flows, change points only exist in the POT and AM-SPRT series. For POT,
change points at the KSWT station in Manas watershed occurred in 1986 with a p value of 0.039 (i.e.,
the change point is significance at a significance level of 0.05), and the mean daily discharge before
and after the change point were 221 m3/s and 325 m? /s, respectively (Figure 4). Mean extreme flow
decreased after 1986, and the discharge decreased by 33.1%. For AM-SPRT, change points of the
KSWT station in Manas watershed occurred in 1978 with a P value of 0.004 (i.e., the change point is
significance at a significance level of 0.01), and the mean occurrence time before and after the change
point were 27 May and 18 May, respectively. The occurrence time the annual maximum daily flow in
spring significant forward after 1978.
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Figure 4. Results for change point detection for AM-SPRT series at the KSWT station.
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Table 2. Results of change point detection for eight extreme flow indicators.

10 of 22

AM AMT POT POTN
Rivers/Stations Chan Ch Ch Si Ch
ge . ange . ange ig. ange .
p Value Point Sig. p Value Point Sig. p Value Point Level p Value Point Sig.
Manasi River KSWT 0.100 R 0.898 R 0.047 1986 * 0.149 R
Kaidu River BY 0.455 R 0.971 R 0.488 R 0.187 R
DSK 0.113 R 0.470 R 0.499 R 0.155 R
Huangshui River HSG 1.000 R 0.282 R 0.318 R 1.000 R
Qingshui River KRGT 0.298 R 0.948 R 0.059 R 0.622 R
AM-SPR AM-SPRT AM-SUM AM-SUMT
Change . Change . Change . Change .
p Value Point Sig. p Value Point Sig. p Value Point Sig. p Value Point Sig.
Manasi River KSWT 0.959 R 0.004 1978 ** 0.100 R 0.897 R
Kaidu River BY 0.620 R 0.595 R 0.282 R 0.541 R
DSK 0.338 R 0.441 R 0.123 R 0.075 R
Huangshui River HSG 0.461 R 0.511 R 0.130 R 0.282 R
Qingshui River KRGT 0.865 R 0.949 R 0.228 R 0.969 R

* indicate the change point is exist at a significance level of 0.05; ** indicate the change point is exist at a significance level of 0.01.
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4.2. Extreme Event Analysis

Parameter estimation and the goodness-of-fit test results are listed in Table 3. The GEV distribution
fit better for the AM series, while the GDP distribution fit better for the POT series. There are four
of the five AM series that pass the K-S test with a significance level of 0.05. Among them, the AM at
KSWT and DSK stations can fit well the Fréchet distribution in GEV, and the AM at HSG and KRGT
stations fitted the Gumbel distribution. However, the K-S test statistics of the AM at BY station was
0.258, which was greater than the threshold value under 0.05 significance level but pass the K-S test
with 0.01 significance level. For POT, there are three of the five series pass the K-S test with 0.05
significance level, and one series pass the K-S test with 0.01significance level. The POT at KSWT, DSK,
HSG, and KRGT stations can fit well the Pareto distribution in GDP. The POT at BY station can fit
the Exponential distribution in GDP, but the K-S test statistics were 0.336, which was greater than the
threshold value under 0.05 and 0.01 significance levels. Moreover, the PPCC test statistics are above
0.9, which indicates that the observation samples are highly correlated with the theoretical distribution
for all AM and POT series.

Table 3. Parameter estimation and accuracy evaluation under the GEV and GDP distributions for AM

and POT series.
Time Parameters
Rivers Stations Series 8 Best Fit PDF K-S Test Correlation
Xt Y
Manasi River KSWT AM 231 66.43 0.29 Fréchet 0.109 0.994
POT 226 52.39 0.23 Pareto 0.207 0.997
Kaidu River BY AM 73.9 46.95 0 Gumbel 0.258 0.885
POT 110 32.75 0 Exponential 0.336 0.989
DSK AM 353 92.49 0.26 Fréchet 0.148 0.991
POT 404 61.54 0.15 Pareto 0.223 0.998
H“Ii?vgesrhm HSG AM 70.1 62.74 0 Gumbel 0.197 0.993
POT 86.3 25.80 0.30 Pareto 0.104 0.988
Qingshui River KRGT AM 46.2 23.88 0.52 Gumbel 0.196 0.986
POT 28.1 14.44 0.51 Pareto 0.211 0.990

The GEYV fitted lines of the five stations match the measured annual maximum daily discharge,
indicate that the GEV distribution can modeling the observed data trend of AM series (Figure 5). The
GEV model fitted errors on AM for 5 year, 10 year, 20 year, and the longest records at each hydrological
station are shown in Table 4. The results indicated that, the estimate errors of the AM ranges from
—0.5% to 27.2%; and the GEYV fitted lines generally match well with observations at the lower end,
and overestimate peak flows at the high end. For the return period of 5 year, the fitted lines fit the
observations well at the BY, DSK, HSG, and KRGT stations with only —0.7%, 2.1%, —0.5%, and 5.9%
errors, respectively; while the estimated error at the KSWT station is 9.1%. This show that GEV
performances better in fitting low return period events in the south slope watersheds than that in the
north slope watershed of middle Tianshan Mountains. For the longest return periods, the maximum
recorded AM is 789 m? /s and the GEYV fitted line is 721 m?®/s at the KSWT station, which leads to the
error of —8.6%; however, the errors of the GEV predictions at the BY, DSK, HSG, and KRGT stations
are 13.0%, 18.5%, 14.8%, and 18.1%, respectively. The GEV performances worse in estimating high
return period events than low return period events at both north and south slope watersheds.
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Figure 5. Empirical and theoretical return levels of AM series in five hydrological stations: (a) KSWT;
(b) BY (c) DSK; (d) HSG; and (e) KRGT.
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Table 4. Comparison of observed and GEV model predicted annual maximum discharge for return
period of Syear, 10 year, 20 year, and the longest records.

Stations Number of Years Observed GEV Prediction Error (%)
KSWT - 330 360 9.1
BY - 137 136 —-0.7
5 year DSK - 478 488 2.1
HSG - 170 169 —-0.5
QSH - 85 90 59
KSWT - 355 428 20.6
BY - 194 186 —4.1
10 year DSK - 621 623 0.3
HSG - 230 212 —7.8
QSH - 141 150 6.4
KSWT - 430 511 18.8
BY - 243 270 11.1
20 year DSK - 652 735 12.7
HSG - 238 241 1.3
QSH - 162 206 27.2
KSWT 54 789 721 —8.6
BY 33 253 286 13.0
longest DSK 54 793 940 185
record HSG 31 244 280 14.8
QSH 31 199 235 18.1

As shown in Figure 6, the GDP fitted line generally matchs better with observations than that
of the GEV model, and the estimate errors of the POT ranges from —0.5% to 23.6% (Table 5). For
estimating peak over discharges for 5 year return period, the GDP model fitted line fits well with the
observation, and the errors are within £1%. However, in fitting maximum peak over discharges that
correspond to the return periods of 31 to 54 years at the different stations, the GDP overestimate the
extreme flood with 7.9%, 4.7%, and 23.6% at the BY, DSK, and HSG stations; but underestimate the
flood discharges with 8.7% and 4.5% at the KSWT and KRGT stations, respectively.

Figure 7 shows the GEV and GDP estimations for design floods of 100 year return period. The
results indicate that, 100 year design flood predicted by GEV model are 816 m3/s, 410 m3/s, 1080
m3/s, 350 m3/s, and 365 m®/s at the KSWT, BY, DSK, HSG, and KRGT stations, respectively. The GDP
predicted discharge are higher than those of GEV at the KSWT (820 m3/s), HSG (410 m3/s) and KEGT
(416 m3/s) stations, while lower than those of GEV at the BY (292 m®/s) and DSK (930 m3/s) stations.

900 A 200 b

* Observed data e Observed data
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300 100 -

200

Over peak daily discharge ( m¥s )
Over peak daily discharge ( m¥s )

50 -
100 ~

0 0

1 10 100 1 10
Return period ( years ) Return period ( years )

100

Figure 6. Cont.
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Figure 6. Empirical and theoretical return levels of POT series in five hydrological stations: (a) KSWT;
(b) BY; (c) DSK; (d) HSG; and (e) KRGT.
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Table 5. Comparison of observed and GDP model predicted over peak discharge for return period of
5 year, 10 year, 20 year, and the longest records.

Stations Number of Events Observed GDP Prediction Error (%)
KSWT - 421 423 0.5
BY - 197 196 —0.5
5 year DSK - 597 600 0.5
HSG - 171 172 0.6
QSH - 139 138 —0.7
KSWT - 495 496 0.2
BY - 222 221 —04
10 year DSK - 644 662 2.8
HSG - 230 220 43
QSH - 148 161 8.8
KSWT - 750 600 ~14.0
BY - 244 240 ~-16
20 year DSK - 702 796 134
HSG - 239 265 10.9
QSH - 165 198 20.0
KSWT 172 789 720 —87
BY 129 253 273 7.9
longest DSK 176 793 830 4.7
records HSG 92 354 338 —45
QSH 9% 199 246 23.6

4.3. Discussion of the Linkages between Extreme Flow Change and Climate Factors

Changes of flood in both time and space are the result of climate change and human activities [28].
However, in the Tianshan Mountains, the interference of human activities in the alpine region is
relatively small, climate change is usually considered to be the main driving factors of hydrological
alterations [37]. Since the 1950s, the annual average temperature in the Tianshan Mountains has been
rising with an increase rate of 0.34 °C/10a, which is slightly higher than the mean temperature of the
whole region (i.e., 0.32 °C/10a), and much higher than warming rate of the global (i.e., 0.13 °C/10a)
[5,38]. Moreover, the precipitation increase rate is 15.5 mm/10a in the Tianshan Mountains, and it is
the region with the increasing trend of precipitation in Xinjiang [7]. In the middle of the Tianshan
Mountains, five meteorological stations (i.e., BY, DSK, KSWT, BLT, and DXG) located in the four typical
watersheds (i.e., Kaidu, Manas, Huangshui, and Qingshui). As shown in Figure 8, annual mean
temperature in the all six stations increased during the research periods. When tested by the M-K
method, the series present significant increase trends at the significance level of 0.05, and the p values
are 0.010 and 0.035 at the DXG and BY station, respectively. At the XQZ, KSWT, and BLT stations,
the annual mean temperature series are significantly increased at the significance level of 0.01, with
the p value of 0.004, 0.001, and 0.001, respectively. However, the changes of precipitation have not
shown a consistent trend in different stations. Annual mean precipitation in BY, DSK, BLT, and DXG
stations showed an increase trend during the research period, while it showed a decrease trend in
KSWT station. The long-term trends are significant for precipitation at the significance level of 0.05 in
DSK with a p value of 0.02, and at the significance level of 001 in BLT with a p value of 0.02. The largest
increase rate is 20.1 mm/10a which were found in DSK station. In general, the trend of climate change
in the typical watersheds at the middle Tianshan Mountains is consistent with the general conclusions
of Xinjiang and Tianshan Mountains, but the change range is different [39].
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Figure 8. Annual mean precipitation and temperature changes at four typical watersheds in
middle Tianshan Mountains: (a) Kaidu watershed; (b) Manas watershed; and (c) Huangshui and
Qingshui watershed.

Qian et al. [40] indicated that, the increase of intensity and duration of precipitation has an
important contribution to the flood frequency increment in Tianshan area from 1980 to 2000. And Mao
et al. [19] presented that annual maximum peak discharge has been increased in Tuoshengan River,
Kumalake River, Manas River, and the Urumgqi River’s which originated in the Tianshan Mountains
over the past 50 years; and it may be related to the increase of glacier ablation and rainstorm intensity
in summer. In this study, magnitude and frequency variations of the extreme rainfall events in
typical watersheds were analyzed. As shown in Figure 9, annual maximum daily precipitation in
the Manas watershed did not change obviously, and slightly increase in Kaidu, Huangshui, and
Qingshui watersheds. However, the numbers of over peak rainfall events were obviously increased
for all research watersheds. On the other hand, continuous temperature rises accelerate the melting
of glaciers in the alpine region. There is an interesting phenomenon that was found in the Manas
watershed which is located in the north slope of Tianshan Mountains. At the KSWT station, annual
and summer maximum daily discharges showed an increasing trend during 1958 to 2011, although
both annual mean precipitation and summer precipitation presented a decreasing trend. Previous
studies of Wang et al. [41] and Ling et al. [42] indicated that, on the northern slope of the Tianshan
Mountains, glacier retreat in Manas watershed is faster than other mountainous catchments, and the
glacial retreat rate ranges from 0.4%/a to 0.8%/a. Therefore, accelerated melting of glaciers which
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caused by temperature rise, would be the dominant factor which driving the flow extremes change
in the Manasi River. For Kaidu, Huangshui, and Qingshui watersheds located in the south slope of
Tianshan Mountains, where the glacier area is very small or not covered, intensifying and frequent
precipitation extremes are the major driving factor triggering hydrological changes of flood events. For
example, summer maximum daily precipitation at upstream meteorological station and extreme flows
of the Kaidu watershed are highly related; the correlation coefficients are 0.61 between the maximum
daily precipitation and the maximum daily flow, and 0.72 between the maximum daily precipitation
and the maximum 3-daily flow, respectively [39]. Figure 10 presented the impact of extreme rainfall
on the extreme flows, the increase of extreme precipitation events (i.e., the sum of all extreme rainfall
event numbers during fixed time periods) would lead to more extreme flood events (i.e., the sum of
all extreme flow event numbers during fixed time periods) in summer; and the water contribution
of extreme flood (i.e., the sum of volume in all extreme flood events during fixed time periods) to
total flow (i.e., the sum of daily discharge during fixed time periods) also increased. Thus, increase
of extreme rainfall in summer would be dominant factors for changes of summer floods for such
watershed without large amount of glacier coverage.

In addition, there is a great difference among the watersheds for spring flow responses. The results
of this study indicate that, in spring, extreme flow series (AM-SPR) at the five gauging stations did
not showed a uniform increase or decrease trend; while the occurrence of maximum daily discharges
(AM-SPRT) at the all five stations presented earlier times within one year. Figure 11 shows the
comparison of the climate factors which related to spring extreme flow in the Kaidu and Huangshui
watershed. For the Kaidu watershed, both mean temperature and active accumulated temperature
(>0 °C) in spring obviously increased at BY station, and the occurrence time of extreme flows at DSK
station was negatively related to active accumulated temperature at BY. Winter precipitation at BY
station increased with an average increment rate of 1.6 mm/10a, but the average winter temperature
changes very small (Figure 11c,d); several previous works also showed increased snow accumulation
provided more water reserves for spring snowmelt flood [41-44]. However, in the HS station, winter
precipitation at BLT station was not changed obviously, while mean temperatures in winter have
rose significantly; the snow accumulation showed slight decrease during research time. Although
temperatures in spring still showed an increasing trend, the AM-SPR series at the HSG station showed
a decreasing trend due to less snow melting from upstream region of the watershed. Thus, continually
temperature rising in spring and increased precipitation in winter are the main reasons for the change
of spring extreme flood.
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Figure 9. Changes on magnitude and frequency of the extreme rainfall events in typical watersheds of
middle Tianshan Mountains: (a) Kaidu; (b) Manas; and (c) Huangshui and Qingshui.
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Figure 11. Comparison of the climate indices which related to spring extreme flow in KD and HS:
(a) precipitation in winter; (b) maximum snow depth; (c) mean temperature in winter; and (d) active
accumulated temperature in spring.

5. Conclusions

This study investigates changing properties and climate linkage of the extreme flows based on
long-term observation data of four typical catchments in the middle part of the Tianshan Mountains.
M-K test and Pettit test were used to detect the trends and the change points of the extreme runoff
series; the GEV and GDP models were applied to describe the probability distribution of extreme
flows; and temporal-spatial relationship between extreme floods and climatic indices were discussed.

(1) The AM series at five gauging stations which are located in the four typical watersheds showed
an increasing trend; AM-SPR series at BY in Kaidu watershed and HSG in Huangshui watershed
showed an increasing trend, while other AM-SPR series showed decreasing trends; AM-SUM series at
all stations showed an increasing trend. Moreover, AM-SPRT series generally showed forward trend
during research periods, but only exhibiting a significant forward trend at KSWT station in the Manas
watershed. The POT series of five gauging stations did not show a significant trend, while the annual
POT number series (POTN) presented an increasing trend.

(2) The AM and POT series fitted well the GEV and GDP distributions, respectively. Estimate
errors of the AM ranges from —0.5% to 27.2%; and the estimate errors of the POT ranges from —0.5%
to 23.6%. The GEV performance worse in fitting high return period events than low return period
events at both north and south slope watersheds. Moreover, 100 year design flood predicted by GEV
model are 816 m3/s, 410 m3/s, 1080 m3 /s, 350 m3 /s, and 365 m3 /s at the KSWT, BY, DSK, HSG, and
KRGT stations, respectively. The GDP predicted discharge are higher than those of GEV at the KSWT,
HSG, and KEGT stations, while lower than those of GEV at the BY and DSK stations.

(3) The changes of extreme flows in the middle Tianshan Mountains can be divided into glacier
driving type and rainstorm driving type. Accelerated melting of glaciers caused by temperature rise,
would be the dominant factor of the magnitude and frequency increments of extreme flood in the MNS
which is located in the north slope of the Tianshan Mountains; intensifying and frequent precipitation
extreme is the major driving factor triggering hydrological changes of flood events in south slope
watersheds (Kaidu, Huangshui, and Qingshui) without a large amount of glacier coverage. The
increase of precipitation in winter, and the rise of temperatures in spring have important contributions
to spring flood changes.

In mountainous hydrology, change analyses are usually confined to the mean yearly /monthly
streamflow without explicit consideration the magnitude, frequency, and timing of extremes, which
are very crucial in understanding the behavior of disastrous hydro-meteorological events. The results
obtained will provide combined information on hydrological and meteorological extreme events in
such mountainous watershed, which sensitive response to climate change and lack of observation
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data [45]. The knowledge will also help generate desired policies for water resources management,
flood control, and disaster reduction.
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