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E I N

Abstract: Analyzing trends in flood magnitude changes, and their underlying causes, under climate
change, is a key challenge for the effective management of water resources in arid and semi-arid
regions, particularly for inland rivers originating in the Qilian Mountains (QMs). Sen’s slope esti-
mator and the Mann-Kendall test were used to investigate the spatial and temporal trends in flood
magnitude, based on the annual maximum peak discharge (AMPD) and Peaks Over Threshold
magnitude (POT3M) flood series, of twelve typical rivers, from 1970 to 2021. The results showed that,
in the AMPD series, 42% of the rivers had significantly decreasing trends, while 8% had significantly
increasing trends; in the POT3M series, 25% of the rivers had significantly decreasing trends, while 8%
had significantly increasing trends. The regional differences in the QMs from east to west were that,
rivers in the eastern region (e.g., Gulang, Zamu, and Xiying rivers) showed significantly decreasing
trends in the AMPD and POT3M series; most rivers in the central region had non-significant trends,
while the Shule river in the western region showed a significantly increasing trend. Temperatures
and precipitation showed a fluctuating increasing trend after 1987, which were the main factors
contributing to the change in flood magnitude trends of the AMPD and POT3M flood series in the
QMs. Regional differences in precipitation, precipitation intensity, and the ratio of glacial meltwater
in the eastern, central and western regions, resulted in the differences in flood magnitude trends
between the east and west.

Keywords: trends and variability; flood magnitude; climate change; Qilian Mountains

1. Introduction

River flooding is one of the most concerning natural disaster issues. According to the
United Nations Office for Disaster Risk Reduction, floods have been the most frequent
of all recorded natural disasters worldwide, accounting for 43% of all disasters, with
global average annual losses estimated at USD 104 billion [1]. It is estimated that the
losses are likely to increase in the future, with climate change, economic acceleration,
and urbanization development [2,3]. The IPCC [4] has shown that climate change is
already an undeniable phenomenon and that the occurrence of extreme flood events is also
associated with rising temperatures, heavy precipitation, and an accelerated hydrological
cycle at global and regional scales [5-7]. Catastrophic floods, primarily associated with
climate change, have also attracted public attention, and have been the focus of much
research [8-11]. Many recent flood events around the world have led to growing concern
that flood disasters are becoming more frequent and severe [5,12-14].

The flood variability induced by extreme climate change, has become a very focal
area of research in the past two decades. Many studies worldwide have focused their
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attention on the issue of fluvial flooding, mainly on the impact of changes in magnitude,
frequency, and timing of flood events on a regional, continental, or global scale [5-7,12-14].
Recent studies have shown that not only has the changing climate shifted the timing of
flooding in Europe, but the increased precipitation in autumn and winter has also led to
increased flooding in the northwest, while decreased precipitation, warmer temperatures,
and increased evapotranspiration have led to decreased flooding in the southeast [6,7].
Significant trends in flood magnitudes were found in the time series based on the annual
maximum and Peaks Over Threshold, in Canada [14]. The trend of increasing magnitude
and extent of floods is due to the correlation among the magnitude, extent of precipitation,
soil moisture, and the shift in flood generation processes [15]. Some studies have shown
that more frequent heavy precipitation and increased moisture in the catchment area, in
the context of climate change, are expected to result in a greater risk of flooding in the
future [11,16,17].

In China, a nationwide characterization of flood hazards, based on a dataset of 1120 hy-
drographic stations, has been presented [18], and changes in flood characteristics in the
Yangtze and Pearl River basins in southern China have also been studied [19,20]. Some
studies have also been carried out in arid and semi-arid regions of northwest China, such as
the increase in the magnitude of floods in the Tarim River basin after the 1990s, especially
in the case of high-latitude rivers [21]. Typical basins in the Tien Shan Mountains, such as
the Tuoshikan River and the Kumalak River, have shown a significant increase in flood
magnitude in response to climate change over the last 50 years [22,23]. The QMs, which
are located in northwest China, are the origin of inland rivers in the Hexi Corridor, and
an important region for the economic development of the Belt and Road Initiative. The
Hexi Corridor, which is a typical arid and semi-arid area in northwest China, is divided
into three sub-basins from east to west, namely the Shiyang River basin (SYRB), the Hei
River basin (HRB), and the Shule River basin (SLRB) [24]. Wang et al. [25] have analyzed
the trends in the frequency of floods in the QMs using the flood series of twelve rivers
from 1970-2019, and the results show that the frequency of floods, mainly small floods
in summer, is increasing, and medium and large floods are generally decreasing. There
are differences between the eastern and western regions, with decreases in the east and
increases in the west. However, temperature and precipitation in the northwest region
have been increasing since 1987 [26,27], and the trend in flood magnitude of the 12 major
rivers in the QMs is still unknown. The impact of climate change on river flood magnitude
remains an important issue, due to the complex changes in precipitation, topography, and
the hydrological cycle.

In this study, the impact of meteorological variables on the variability in flood mag-
nitude in the QMs was comprehensively assessed, through flood information and meteo-
rological data. The main objectives of this paper are (1) to assess the characteristics of the
variability in AMPD and POT3M magnitude series at temporal scales, for twelve rivers
in the QMs; (2) to identify regional differences in AMPD and POT3M magnitude series
from east to west; and (3) to explore the causes of flood magnitude variability, including
the analysis of meteorological variables in the QMs. Regional differences in precipita-
tion, topography, and the hydrologic cycle have led to complex changes in increasing and
decreasing flood magnitudes. Analyzing and exploring the changes in flood magnitude
characteristics over the historical period is not only necessary for the scientific management
of water resources, but also important for the social development and safety of people’s
property, in the middle and lower reaches. This finding will raise new concerns about the
changes in flood magnitude in the QMs, northwest China, under climate change.

2. Materials and Methods
2.1. Study Area

The QMs, whose geographical boundary is approximately 93.4°-103.4° E and 35.8°—
40.0° N, are located in northwest China, and consist of several parallel mountains and
broad valleys (Figure 1). The elevation ranges from below 3000 m to above 5000 m, with
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most peaks exceeding 4000 m [28]. There are large vertical differences in climate. Alpine
areas are mainly subject to the coupling zone of three atmospheric circulation systems:
westerly flow, the East Asian monsoon, and the Tibetan Plateau monsoon, and mean annual
precipitation is 301.9 mm [29,30]. The northern part of the Qilian Mountains is the Hexi
Corridor, which is geographically located between 92.4°-104.2° E and 37.3°42.3° N, with
a total area of 2.15 x 10° km?. The Hexi Corridor is a typical arid and semi-arid region in
northwest China (Figure 1). The region is located in a narrow corridor extending from the
east to the west, for more than 1000 km, and from the south to the north for 100-200 km [24].
The Hexi Corridor is the most important passage from northern China to Central Asia, and
is an important part of the historical Silk Road. In this study, twelve rivers, which originate
from the northern slopes of the QMs and end at the northern oasis of the Hexi Corridor,
were selected as the study subject, and divided into three sub-basins from east to west.
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Figure 1. Location of the study area. (a—c) Denote Gulang, Zamu, and Xiying rivers in SYRB,
(d-i) denote Babao, Hei, Dazhuma, Liyuan, Hongshui, and Taolai rivers in HRB, (j-1) denote Shiyou,
Shule, and Dang rivers in SLRB, respectively. (1-5) Denote Wushaoling, Menyuan, Qilian, Yeniugou
and Tuole meteorological stations, respectively.

2.2. Data

The dataset for this study includes meteorological data and historical flood discharges
from 1970 to 2021. The discharge data were selected for analysis from twelve rivers
originating from the QMs (Figure 1, Table 1), the upstream areas of which are mostly
located in the high-altitude mountainous regions of the QMs, with little disturbance from
human activities and no hydraulic projects, such as reservoirs and dykes. Peak flood
discharges were collected from the Hydrological Yearbook of the People’s Republic of
China. Meteorological data were obtained from the National Meteorological Center of
China’s Meteorological Administration. All flood data and meteorological data have been
subjected to strict quality control (e.g., extreme value test), reasonableness checks, and
a standard normal homogeneity test [31-33], and missing meteorological data for individual
years have been interpolated with a gap-filling method, after correlation check analysis [34].
The general information on the hydrological stations is shown in Table 1, and the basic
information on the meteorological stations is shown in Table 2.
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Table 1. Basic information on hydrological stations/catchments.

River Basin Code River Name  Discharge Station  Longitude Latitude Altitude (m)  Data Series
a Gulang Gulang 102°52/ 37°27' 2072 1970-2021
SYRB b Zamu Zamusi 102°34/ 37°42/ 2010 1970-2021
c Xiying Jiutiaoling 102°03’ 37°52/ 2270 1970-2021
d Babao Qilian 100°14’ 38°12/ 2710 1970-2021
e Hei Zhamashike 99°59/ 38°14 2810 1970-2021
f Dazhuma Wafangcheng 100°31’ 38°29 2440 1970-2021
HRB g Liyuan Sunan 99°38' 38°51/ 2264 1970-2021
h Hongshui Xindi 98°25' 39°34 1880 1970-2021
i Taolai Jiayuguan 98°16/ 39°45' 1695 1970-2021
SLRB j Shiyou Yumen 97°33' 39°47 2300 1970-2021
k Shule Changmabao 96°51/ 39°49/ 2080 1970-2021
1 Danghe Dangchengwan 94°53' 39°30 2176 1970-2021

Table 2. Basic information on meteorological stations in the QMs.

Code  Meteorological Station  Longitude  Latitude Altitude (m)  Data Series
1 Wushaoling 102052/ 37°12/ 3045 1970-2021
2 Menyuan 101°37' 37°23' 2850 1970-2021
3 Qilian 100°15’ 38°11’ 2787 1970-2021
4 Yeniugou 99°35' 38°25 3320 1970-2021
5 Tuole 98°25 38°48’ 3367 1970-2021

The continuously recorded AMPD and POT3M flood series were derived from hy-
drological stations originating from twelve rivers (i.e., three rivers in SYRB, six rivers
in HRB, and three rivers in SLRB). Daily temperature and precipitation data from five
meteorological stations were selected to analyze trends.

2.3. Methods
2.3.1. Determination of Flood Independence in the POT3M Flood Series

In this study, the POT3M sampling method was also used to supplement the AMPD
sampling, with information such as flood magnitude, and this method has a good appli-
cation in inland river basins in arid regions. The independence of the flood peak was
determined by Lang et al. [35].

{ D > 5+ log(A)
Qmin < %min(er QZ)

where D denotes the flood duration between the two flood peaks; A denotes the catchment
area in km?; and Q; and Q, denote the magnitude of the two flood flows in m3/s, respectively.

)

2.3.2. Test Methods for Trend and Abrupt Change Analysis

The non-parametric method is well suited to detecting trends and significance lev-
els in hydrometeorological time series. In this study, the Sen’s slope estimator [36] and
the Mann-Kendall test (MK test) [37,38], which are widely used to identify trends in
hydrometeorological variables, were employed to explore trends in the flood and climate
variables [39-42].

Sen’s slope estimator is as follows.

5:mwm?:?)j>k @)
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where the 8 symbol indicates whether a trend is positive or negative, while its value reflects
the magnitude of the steepness of the trend, and x; and x; are the data values at times j and
k(> k).

Additionally, The MK test statistic S, is calculated as:

S='Y Y sgn(x(j) - x(0) ()

i=1 j=i+1

where
sgn(x(j) —x(i)) = 0 if x(j)—x(i) = )
=1 if x(j)—x(i) <0

A positive (negative) value of S indicates an increasing (decreasing) trend. When n > 8§,
the statistic S is approximately normally distributed, and its mean E(S) and variance Var(S)
are identified as follows:

{1 if x(j)—x(i) >0

E(S)=0 ©)
Var(S) = % ln(nl)(2n+5) iti(ti —1)(2t; +5) (6)
i=1
V&ﬁifs>o
Z=<0 if S=0 @)
=l if §<0

TV
where 7 is the number of data points; m is the number of tied groups, and t; denotes the
number of ties of extent i. The null hypothesis is rejected if the absolute value of Z is greater
than the theoretical value Z;_, /,, where « is the statistical significance level. In this study,
all trend results were evaluated at 90%, 95%, and 99% significance levels, respectively.

The sequential Mann-Kendall (SQ-MK) [43,44] test constructs the order series of the
time series X.

k
sk:Zi:lri (k=2,3,---,n) (8)
where 7 is the length of the time series X.
ri:{_gl xi_xj (]:112111) (9)

Assuming that the time series X is random, define the statistic:

up_w (k=12 ,n) (10)

where UF; = 0, E(sx) and Var(sy) are the mean and variance of sy, and xq, xp,-- -, x, are
independent of each other, when they have the same continuous distribution, which can be
deduced from the following equation:

E(sy) = @ (2<k<n) (11)
n(n—1)(2n+5)
72
where UF is the standard normal distribution, which is the sequence calculated for the

order of the time series X (x1, x2,- -+, Xy)-
The inverse order of the time series X (x,;, x,_1, -+, x1) is used to calculate the

statistic UB, for the inverse series of the time series X.

Var(sy) =

2<k<n) (12)
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In this paper, given a significance level of & = 0.05 (95% significance level), then the
critical value Uy o5 = £1.96, and the two statistic series curves of UF and UB, and the two
straight lines of £1.96, are plotted on a single graph. If UF and UB intersect between the
critical values, then the intersection point corresponds to the time at which the mutation of
time series X begins.

2.3.3. Meteorological Variables

Six temperature and precipitation indices were employed to analyze the meteorological
variables and to explore the changes in temperature and precipitation (Table 3).

Table 3. Definitions of the six temperature and precipitation indices used in this study.

Abbreviations Meteorological Indices Unit
AMT Annual mean temperature °C
TXX Annual maximum value of daily maximum temperature °C
TXN Annual minimum value of daily maximum temperature °C
P1 Maximum daily precipitation in 1 year mm
P3 3-day mean maximum precipitation in 1 year mm
P7 7-day mean maximum precipitation in 1 year mm
3. Results

3.1. Flood Independence Analysis

Flood independence analysis is a prerequisite for determining trends in the AMPD and
POT3M flood series. In order to make the assumption of independence of the sampled flood
peaks reasonable, the flood independence criterion method proposed by Lang et al. [35]
was used, while the POT3M sampling method, applied in the arid and semi-arid regions of
northwest China, was considered [21,23]. For the AMPD and POT3M flood series of the
12 rivers in the study, all sampled flood peaks comply with the two conditions of the flood
independence criterion method, in terms of duration, D, and intermediate minimum flow,
Omin, and thus flood independence was valid.

3.2. Trends in AMPD Series

The AMPD series of twelve rivers in the QMs were tested using Sen’s slope estimator
and the M—K test, and the results are shown in Figure 2 and Table 4. Five rivers exhibited
significantly decreasing trends, while one river showed a significantly increasing trend, and
six rivers had non-significant trends. In SYRB (a—c rivers), Gulang, Zamu, and Xiying rivers
showed decreasing trends in AMPD at 99%, 95%, and 95% significance levels, respectively.
In HRB (d-i rivers), five rivers (Babao, Hei, Liyuan, Hongshui, and Taolai rivers) showed
non-significant trends, while Dazhuma River showed a decreasing trend, at the significance
level of 99%. However, in SLRB (j-1 rivers), Shiyou River showed a decreasing trend at the
significance level of 90% and Shule River exhibited an increasing trend at the significance
level of 99%, while Dang River had a non-significant trend. The trend line of AMPD for the
twelve rivers is shown in Figure 2, where the evolutionary trend in historical floods can
be seen. Although the AMPD trends are different among the eastern, central, and western
parts of the QMs, most of the rivers presented obvious decreasing trends from 1970 to 2021,
especially in the eastern and central regions.
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Figure 2. Trends of AMPD for 12 representative rivers in the QM region, northwest China.

(a—c) Gulang, Zamu, and Xiying rivers in SYRB, (d—-i) Babao, Hei, Dazhuma, Liyuan, Hongshui,

and Taolai rivers in HRB, (j-1) Shiyou, Shule, and Dang rivers in SLRB, respectively.

Table 4. Results of trend analysis of AMPD and POT3M series, in the QM region, northwest China.

g;:f; Code AMPD Series ?::;7:) Value POT3M Series ;FI::EZIZE:%S)
a Z(—3.71) S(0.01)y 27 Z(—2.59)5(0.01)y 5
SYRB b Z(—2.04) S(0.05)4 101 Z(—1.04) NS 55
c Z(—2.28) 5(0.05) 129 Z(—2.35)5(0.05)4 79
d Z(0.11) NS 143 Z(—0.14) NS 75
e Z(0.54) NS 314 Z(0.61) NS 158
LIRB f Z(—2.37)5(0.01), 43 Z(—0.17) NS 16
g Z7(0.49) NS 99 Z(—0.49) NS 56
h Z(0.58) NS 145 Z(—0.01) NS 69
i Z(0.72) NS 171 Z(0.25) NS 121
j Z(—-1.33)S(0.1)y 34 Z(—1.61) S(0.1){ 13
SLRB k Z(3.44) S(0.01)1 338 Z(3.14) 5(0.01)t 251
1 Z(0.73) NS 90 Z(0.77) NS 39

In Table 4, the M—K test for the AMPD and POT3M series detected trends at 90%, 95%, and 99% significance
levels, respectively; S means statistically significant at the significance level shown in parentheses; NS means
not significant; “1” and “]” mean increasing and decreasing trend. (a-1) Denote: Gulang, Zamu, Xiying, Babao,
Hei, Dazhuma, Liyuan, Hongshui, Taolai, Shiyou, Shule, and Dang rivers, respectively. The corresponding
hydrological stations for the (a-l) rivers are Gulang, Zamusi, Jiutiaoling, Qilian, Zhamashike, Wafangcheng,
Sunan, Xindi, Jiayuguan, Yumen, Changmabao, and Dangchengwan, respectively.
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3.3. Abrupt Behavior for Changes in AMPD Series

The twelve rivers, that originate at high-altitude in the QMs, are mainly recharged
by precipitation, snow, and glacial meltwater and have specific, typical flood generation
mechanisms. Heavy precipitation and the melting of snow and ice water, due to increased
temperatures, are the main factors in flood generation. As a result, the magnitude of
floods has fluctuated over the 50 years of observation, but the structure is stable. The
results of the SQ-MK test for twelve representative rivers are shown in Figure 3. Six of the
twelve rivers exceeded the critical value of 1.96, for which o = 0.05 in the significance test.
Thus, the AMPD series showed abrupt changes. Among them, in the eastern region of
QMs, the SQ-MK test values of the Gulang and Xiying rivers continued to decrease and
break the critical values during the period 1970-2021, but the SQ-MK test values of the
Zamu River fluctuated steadily. In the central region, the change points of the Babao and
Dazhuma rivers occurred in 1989 and 2020, with the significance level of 95%. However,
the Hei, Liyuan, Hongshui, and Taolai rivers all showed stable fluctuation from 1970 to
2021, without breaking the critical values. In the western region of the QMs, the SQ-MK
test values of the Shiyou, Shule, and Dang rivers behaved differently. Shiyou River showed
an increasing trend from 1970 to 1984 and broke the critical value in 1983, followed by
a continuous decreasing trend from 1985-2021. Though it had a decreasing trend from
1970 to 1986, Shule River showed a continuously increasing trend after 1987, bypassing
the critical value of 1.96, to a value of 3.47. From 1970 to 2021, Dang River did not break
through the critical value and presented a slightly increasing trend. In Figure 3, most of the
change points can be seen after the mid-1990s, whereas significant trends occurred in SYRB
(a and c¢), HRB (f), and SLRB (k).

4 (a)SYRB —— UF(Gulang) 4 (b)SYRB ——— UF(Zamu) 4 (c)SYRB —— UF(Xiying)
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Figure 3. Trends of SQ-MK test in AMPD for 12 representative rivers in the QM region, northwest China.
(a—c) Denote Gulang, Zamu, and Xiying rivers in SYRB, (d-i) denote Babao, Hei, Dazhuma, Liyuan,
Hongshui, and Taolai rivers in HRB, (j-1) denote Shiyou, Shule, and Dang rivers in SLRB, respectively.
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3.4. Trends in POT3M Flood Series

Twelve rivers in the QMs were selected to calculate the trends of the POT3M flood se-
ries and the statistical results are presented in Figure 4 and Table 4. Significantly increasing
and decreasing trends of the POT3M series were detected at 90%, 95%, and 99% significance
levels, respectively. The results demonstrate that Shule River in SLRB displayed a signif-
icantly increasing trend, at the significance level of 99%, while the Gulang and Xiying
rivers in SYRB, and Shiyou River in SLRB showed decreasing trends, at the significance
levels of 99%, 95%, and 90%, respectively. It should be noted again, that non-significant
trends were found in the Zamu, Babao, Hei, Dazhuma, Liyuan, Hongshui, Taolai, and
Dang rivers. Compared to the AMPD series, more reliable conclusions could be drawn
from these series, because samplings of the POT3M series provided more flood information.
By comparing the trends of the POT3M series and AMPD series in Table 4 in parallel,
the trends of increasing and decreasing are consistent for most of the rivers, with some
differences in the Zamu and Dazhuma rivers, which are mainly caused by the different
flood information of the sample selection.
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Figure 4. Trends of POT3M flood series for 12 representative rivers in the QM region, northwest China.
(a—) Denote Gulang, Zamu, and Xiying rivers in SYRB, (d—i) denote Babao, Hei, Dazhuma, Liyuan,
Hongshui, and Taolai rivers in HRB, (j-1) denote Shiyou, Shule, and Dang rivers in SLRB, respectively.
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3.5. Trends of Flood Magnitude in the Eastern, Central, and Western Regions

According to the regional comparative analysis of the different flood series from the
flood observation dataset, the flood magnitude trends for twelve rivers in the QMs are
both increasing and decreasing in the eastern, central, and western regions, as shown in
Figure 5 and Table 4. In the eastern SYRB (a—c rivers), the results of the AMPD and POT3M
series showed an overall decreasing trend from 1970 to 2021, with different significance
levels. In the central HRB (d—i rivers), there were minor differences in the trends of the
AMPD and POT3M series. In the trend in the AMPD series, five of the six rivers were non-
significant trends, except for the Dazhuma River, which exhibited a decreasing trend at the
significance level of 99%. However, in the trend in the POT3M series, all six rivers showed
non-significant trends. Among the western SLRB (j-1 rivers), Shiyou River displayed
a decreasing trend, at the significance level of 90%, in both the AMPD and POT3M series,
Shule River showed an increasing trend at the significance level of 99% in both the AMPD
and POT3M series, whereas Dang River had a non-significant trend during the period of
1970-2021.

AMPD
series

POT3M
series

Figure 5. Trends in AMPD and POT3M flood series for 12 representative rivers in the QM region,
northwest China. (a—c) Denote Gulang, Zamu, and Xiying rivers in SYRB, (d—i) denote Babao, Hei,
Dazhuma, Liyuan, Hongshui, and Taolai rivers in HRB, (j-1) denote Shiyou, Shule, and Dang rivers
in SLRB, respectively. A big arrow indicates a statistically increasing trend (red) and decreasing trend
(black), at the significance level of 99%, a medium arrow indicates a statistically increasing trend (red)
and decreasing trend (black), at the significance level of 95%, a small arrow indicates a statistically
increasing trend (red) and decreasing trend (black), at the significance level of 90%. No marked
symbol at stations represents a non-significant trend.

4. Discussion
4.1. Attribution of Climate Change to Variability in Flood Magnitude

The results of this study indicate that the flood magnitude of the QMs changed
significantly from east to west during the period 1970-2021. The linear trends of the AMPD
and POT3M series show a decreasing trend in flood magnitude for SYRB in the east (e.g.,
Gulang, Zamu, and Xiying rivers), a slight fluctuation for six rivers in HRB in the central
part, and an increasing trend, with larger values, for SLRB in the west (e.g., Shule River).
The AMPD and POT3M series differ slightly, in that the AMPD series shows more rivers
with a decreasing trend (e.g., Zamu and Dazhuma rivers), as shown in Figures 2, 4 and 5,
and Table 4. A recent study has shown that climate change in the Qilian Mountains region
has led to variations in the frequency of floods of different levels, with a decrease in SYRB
in the east, a slight fluctuation in HRB in the center, and an increase in SLRB in the west,
and the main factors causing those changes in flood frequency in the QMs are heavy
rainfall, abnormal warming, and accelerated glacial melting [25]. Even changes in river
discharge in arid and semi-arid regions of northwest China are associated with climate
change [21-23,45]. In the past decades, e.g., Shi, et al. [27] have confirmed that the climate
of arid and semi-arid regions in northwest China changed from warm-dry to warm-wet
during 1961-2003, and Chen, et al. [26] also found an increasing trend in temperature and
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precipitation in arid northwest China during 1960-2015, and precipitation started to rise
sharply after 1987. Climate change may cause high temperatures and heavy precipitation,
which in turn lead to changes in flooding [46-48].

Twelve rivers, originating in the high-altitude mountainous regions of the QMs, have
a special and typical flooding mechanism, mainly influenced by heavy precipitation and
the melting of snow and ice water, due to rising temperatures. Owing to the complex
topography of the QMs, the high altitude, and the inconvenient access, only five national
meteorological stations are located at high-altitude in the mountains, while the rest of
the meteorological stations are located in the piedmont and oasis plain areas. In this
study, five meteorological stations in high-altitude mountainous areas, were selected to
calculate trends using daily precipitation and temperature data for the period 1970-2021.
To better explore the meteorological factors affecting the variation in flood magnitude in the
QMs, temperature and precipitation trends at five meteorological stations were analyzed,
by defining six temperature and precipitation indices (Figures 6 and 7). Over the past
52 years, temperature and precipitation in SYRB, HRB, and SLRB have generally increased
to different degrees (Figures 6 and 7). Although the only five meteorological stations in
the high-altitude mountainous regions do not correspond to analyzing the temperature
and precipitation change patterns of the twelve rivers one by one, it can be found that the
trend varies from region to region. In terms of the causes of variation in flood magnitude
generated in the twelve rivers, it is mainly influenced by temperature, heavy precipitation,
substratum, and topography, but in high-altitude areas of the QMs, heavy precipitation
is the main factor causing the variation in flood magnitude. According to the analysis of
the data from five meteorological stations, temperature and precipitation have generally
increased at different rates in SYRB, HRB, and SLRB over the past 52 years (Figures 6 and 7),
however, the magnitudes of the AMPD and POT3M series have increased or decreased
in different rivers (e.g., Gulang, Zamu, Xiying, Dazhuma, Shiyou, and Shule rivers), the
possible causes are the regional differences of heavy precipitation in the upper reaches of
the rivers, which are responsible for the changes in flood magnitude.

Among high-latitude rivers in northwest and southwest China, similar results of
increasing and decreasing trends in the magnitude of river floods due to climate change,
dominated by changes in temperature and precipitation, have been obtained in the Tien
Shan Mountains, Aksu, Tarim, and Lancang-Mekong river basins [21-23,49]. In Central
Asia, climate change is leading to an increased risk of flooding and landslides, and the
likelihood of glacial lake outburst flooding is expected to increase with rising temperatures
and an increase in the number of glacial lakes [50]. Similar studies can be compared in
Europe, increases and decreases in temperature, evaporation, and precipitation in different
regions have led to increased flooding in the northwest and decreased flooding in the south
and east. Flood magnitude trends in different regions of Europe range from an increase of
11% to a decrease of 23%, per decade [6]. Even in Canada and North America, the trend
of increasing and decreasing flood magnitude in different regions over the past decades
has been identified by researchers [14]. Despite the spatial heterogeneity of the observed
records of temperature, precipitation, and flooding in different regions, it is reasonable that
the variation in flood magnitudes in the high-altitude mountains of the QMs found in our
study, is mainly attributed to climate change.
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Figure 6. Temporal variations in temperature indices at meteorological stations in the QM region.
The stations are, WSL: Wushaoling; MY: Menyuan; QL: Qilian; YNG: Yeniugou; TL: Tuole. (a-c) WSL;
(d—f) MY; (g-i) QL; (j-1) YNG; (m-o) TL. Definitions of these temperature indices are given in Table 3.
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Figure 7. Temporal variations in precipitation indices at meteorological stations in the QM region.
The stations are, WSL: Wushaoling; MY: Menyuan; QL: Qilian; YNG: Yeniugou; TL: Tuole. (a—c) WSL;
(d—f) MY; (g-i) QL; (j-1) YNG; (m—-o) TL. Definitions of these precipitation indices are given in Table 3.

4.2. Regional Differences in the Evolution of Flood Magnitude

The long-term variability in the AMPD and POT3M flood series highlights the re-
gional differences in understanding the evolution of flood magnitude in the QMs. Anal-
ysis of the datasets shows a clear regional pattern of flooding trends across the QMs
(Figures 2, 4 and 5), with a decreasing trend in SYRB in the east, a slight fluctuation for
six rivers in HRB in the central part, and an increasing trend with larger values in SLRB
in the west (e.g., Shule River). In arid and semi-arid regions, for the twelve inland rivers
originating in the QMs, regional variations in flood magnitudes are mainly caused by heavy
precipitation, abnormal warming, and accelerated glacial melting. Regional differences in
precipitation and precipitation intensity, river catchment, underlying surface, and topogra-
phy are the main drivers of flood magnitude variability. Nevertheless, the climate shows
great variability with altitude, and most precipitation events in mountainous regions are
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influenced by three main sources of water vapor; namely, the East Asian monsoon, the
Tibetan Plateau monsoon, and the westerly circulation [29]. The SYRB in the east, HRB
in the center, and SLRB in the west are mainly influenced by the combination of the East
Asian monsoon, the Tibetan Plateau monsoon, and the westerly circulation, respectively.
The enhanced westerly circulation and increased water vapor, are the main factors leading
to the increased precipitation in the QMs [30,51]. Different climate types result in different
regional precipitation and precipitation intensities, causing differences in flood magni-
tude trends in the eastern, central, and western regions. In addition, due to the different
glacier coverage areas and reserves in the eastern, central and western regions of the QMs,
(Table 5), the eastern part is the smallest, the central part is larger, and the western part is
the largest. The glaciers in the east are retreating rapidly, while the central and western
regions are retreating more slowly in turn [52]. Due to the differences in glacier area and
glacial meltwater ratios in the upper reaches of the twelve rivers in three sub-basins, the
three rivers in the eastern SYRB have the smallest glacial meltwater ratios, whereas the
three rivers in the western SLRB have the largest (Table 5) [53,54]. Differences in precipita-
tion and the proportion of glacial meltwater, due to temperature increases in the east and
west regions are the main reasons for the spatial patterns of flood magnitude variation in
those three main regions (Figures 2, 4 and 5).

Table 5. Glacier area and percentage of glacier meltwater runoff in this study [25,54].

River Basin River Name Gla(cl:;;;\ rea Glacll{aalt?(/fe(l/to‘;vater Periods
Gulang - - 1960s-2010s
SYRB Zamu 3.75 1.3 1960s-2010s
Xiying 19.77 53 1960s-2010s
Babao - - 1960s-2010s
Hei 58.90 2.7 1960s-2010s
Dazhuma 5.94 11.4 1960s-2010s
HRB Liyuan 16.28 7.1 19605-2010s
Hongshui 125.62 44.0 1960s-2010s
Taolai 137.89 17.2 1960s-2010s
Shiyou 6.38 19.3 1960s-2010s
SLRB Shule 469.52 422 1960s-2010s
Danghe 233.83 46.8 1960s-2010s

The trend comparison of the AMPD and POT3M series, shows that in the eastern
part of the QMs, three rivers (e.g., Gulang, Zamu, and Xiying rivers) showed an overall
decreasing trend, at the significance level of 99% or 95%. In the central region, most
of the rivers showed non-significant trends, except for minor differences in individual
rivers. For example, in the AMPD series, Dazhuma River exhibited a decreasing trend at
the significance level of 99%. In the western region, Shule River displayed a significant
increasing trend at the significance level of 99%, whereas Shiyou River was decreasing at
the significance level of 90%, and Dang River had a non-significant trend. Similar results
for regional differences in flood magnitude trends can also be found for the Tien Shan
Mountains, and Aksu and Tarim rivers, in northwest China, as well as in Europe and North
America [6,14,21-23].

5. Conclusions

In this study, flood events of twelve inland rivers in the QMs, northwest China, were
examined, using Sen’s slope estimator and the MK test, for the continuously recorded
AMPD and POT3M flood series, from 1970 to 2021. Through analyzing the trends, abrupt
changes, and causes of flood magnitude changes, the main findings can be summarized
as follows:

1. The evolution of the flood magnitude of the twelve rivers originating in the QMs
over the last 52 years, has been mainly influenced by the gradual increase in temperature
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and precipitation. The main factors causing abrupt changes in flood magnitude are heavy
precipitation events and anomalous warming.

2. The trend analysis of the AMPD and POT3M magnitude series of the twelve rivers,
for the period of 1970-2021, shows that the spatial distribution of flood magnitude changes
is different. The AMPD and POT3M series show a decreasing trend in SYRB in the east
(e.g., Gulang, Zamu, and Xiying rivers), a slight fluctuation for six rivers in HRB in the
central region, and an increasing trend, with larger significance values, in SLRB in the west
(e.g., Shule River), especially since 1987.

In the future, research on the formation process of flood events in arid and semi-
arid regions should be strengthened, including elements such as meteorological variables
related to flood frequency, the timing of flood peak occurrence, and flood magnitude. These
findings can suggest solutions for water resources management and influence decisions for
adaptation to climate change.
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