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Abstract: In recent years, the climate in the arid region of Northwest China has become warmer and
wetter; however, glaciers in the north slope of the West Kunlun Mountains (NSWKM) show no obvious
recession, and river flow is decreasing or stable. This contrasts with the prevalent response of glaciers to
climate change, which is recession and initial increase in glacier discharge followed by decline as retreat
continues. We comparatively analyzed multi-timescale variation in temperature—precipitation-snow
cover-runoff in the Yarkant River Basin (YRK), Karakax River Basin (KRK), Yurungkax River
Basin (YUK), and Keriya River Basin (KRY) in the NSWKM. The Mann—Kendall trend and the
mutation—detection method were applied to data obtained from an observation station over the last
60 years (1957-2017) and MODIS snow data (2001-2016). NSWKM temperature and precipitation
have continued to increase for nearly 60 years at a mean rate of 0.26 °C/decade and 5.50 mm/decade,
respectively, with the most obvious trend (R? > 0.82) attributed to the KRK and YUK. Regarding
changes in the average snow-cover fraction (SCF): YUK (SCF = 44.14%) > YRK (SCF = 38.73%) >
KRY (SCF = 33.42%) > KRK (SCF = 33.40%). Between them, the YRK and YUK had decreasing
SCA values (slope < —15.39), while the KRK and KRY had increasing SCA values (slope > 1.87).
In seasonal variation, the SCF of the three of the basins reaches the maximum value in spring, with
the most significant performance in YUK (SCF = 26.4%), except for YRK where SCF in spring was
lower than that in winter (-2.6%). The runoff depth of all river basins presented an increasing trend,
with the greatest value appearing in the YRK (5.78 mm/decade), and the least value in the YUK (1.58
mm/decade). With the runoff response to climate change, temperature was the main influencing
factor of annual and monthly (summer) runoff variations in the YRK, which is consistent with the
runoff-generation rule of rivers in arid areas, which mainly rely on ice and snow melt for water supply.
However, this rule was not consistent for the YUK and KRK, as it was disturbed by other factors (e.g.,
slope and slope direction) during runoff generation, resulting in disruptions of their relationship with
runoff. This research promotes the study of the response of cold and arid alpine regions to global
change and thus better serve regional water resources management.
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1. Introduction

The water cycle of a basin is affected by regional climate, topography, and human activities [1-4].
Global warming has accelerated the regional water cycle and has changed the rainfall-runoff process in
mountainous areas, resulting in changes in runoff recharge from glacier meltwater and precipitation [5].
For extremely arid areas with sparse precipitation, meltwater is the main recharging source of
rivers [6-8]. Water from the accelerated melting of snow and ice caused by climate warming can
contribute to runoff in a certain period of time, which leads to an increase in runoff [6,9]. However,
continued warming also accelerates snow covered area and glacier area loss, leading to changes in
runoff processes and water resources [10,11].

In the context of global warming [12], temperature in the Tibetan Plateau (TP) is rising at a rate of
0.28 °C/decade, which leads to permafrost degradation, widespread glacial retreat, intensified snow
melting, frequent occurrence of glacial-lake disasters, and the associated deterioration of the ecological
environment, so this area can be regarded as sensitive to global climate change [13,14]. As the main
glacier distribution area of the TP [15], the North Slope of the West Kunlun Mountains (NSWKM)
comprises the Yarkant River Basin (YRK), Karakax River Basin (KRK), Yurungkax River Basin (YUK),
and Keriya River Basin (KRY). Between them, the rivers Yarkant, Karakax and Yurungkax are the major
tributaries of the longest continental river in China, the Tarim River (TR), and discharge mainly comes
from the meltwater of glaciers and seasonal snow in the NSWKM [6,16]. Recent studies have shown
that the glacier area of the TR Basin decreased by 3.3% from 1960 to 2000, but different sub-basins had
very different decreases in glacier area, ranging from 0.7% to 7.9% [17]. Theoretically, more glacier mass
loss is typically associated with more increased stream discharge, which is mainly contributed by glacier
meltwater, but the phenomenon that regional runoff changes are not proportional to glacier melt occurs
in parts of the Himalayan region [18]. Despite the vital importance of meltwater for water-resource
management in these basins, little is known about the hydrological roles of snowmelt runoff under the
changing climate [19]. Therefore, it is necessary to accurately understand the controlling factors for
flow variability in the past several decades for both practical and scientific needs.

Currently, many studies on spatial- and temporal-variation characteristics, such as the average
snow-cover area (SCA) [20-22], snow depth [23-25], and snow-cover days [26,27], have been carried
out in various basins. With the development of remote-sensing technology, snow-cover data have also
been developed from site-scale to remote-sensing products on the basis of Landsat, SPOT, and MODIS.
From them, MODIS snow products are the most widely used [28]. However, these studies mostly
focus on the investigation of snow cover in wet areas and rarely include systematic analysis and
quantification of the relationship between alpine snow cover, climate, and runoff in arid areas. In a
study of the variation of snow cover and runoff in the West Kunlun Mountains, Yasuda and Furuya [29]
found that the annual average of SCA in the YUK increased by 1.4 km? from 1970 to 1989. However, it
decreased by 3.5 km? from 1989 to 2001. Gardelle et al. [30] found that some basins of the Kunlun
Mountains had significantly different SCA values, and most of them had increasing SCA values. With
the intensification of global warming, the climate in most parts of arid areas of Northwest China,
especially in Xinjiang, is projected to change toward a warmer—wetter state [31-33], and runoff is
projected to increase significantly in most rivers [31]. However, some basins (such as the YUK and
KRK) of the NSWKM experience no significant change in runoff, or may even experience a decreasing
trend [32,34]. The difference in snow cover and runoff change in the NSWKM has received much
attention by researchers [30,35-39]. In addition, the YRK, YUK, KRK, and KRY sit on the western
frontier of China and border Pakistan and India. Historically, however, the allocation of water resources
of the Upper Indus River Basin (UIB) is one of the problems leading to intense conflict between India
and Pakistan [40,41]. Therefore, the study of the impact of climate change on runoff and snow cover in
this region can aide in the regional planning and management of water resources.

The objectives of this study are to (1) improve our understanding of the variation characteristics of
the NSWKM climate, (2) quantitatively assess runoff dynamics and snow-cover variation at different
altitudes and seasons, and (3) analyze the rule of runoff generation and investigate the controlling
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factors for runoff changes in the NSWKM under climate change. This research will promote the study
of the response of cold and arid alpine regions to global change and thus better serve regional water
resources management.

2. Materials and Methods

2.1. Study Area

Located in the southwestern margin of the TR Basin, the northern slope (74°20”-83° E, 34°30"-38°30’
N) of the West Kunlun Mountains includes rivers Yarkant, Tiznafu, Pishan, Karakax, Yurungkax, Qira,
and Keriya from west to east [42—44]. Between them, the Yarkant, Karakax, and Yurungkax are the
three largest rivers in the NSWKM [45]. The Keriya is a typical glacial meltwater-recharged river;
thus, its water volume directly restricts the economic and social development of the Keriya oasis [16].
In this study, the YRK, KRK, YUK, and KRY were selected as the main basins to be studied. The basic
information on these basins is shown in Table 1.

Table 1. Information from stations (Automatic Weather Station (AWS), National Meteorological Station
(NMS), and Hydrological Station (HS)) in the north slope of the West Kunlun Mountains (NSWKM).

Basin Station Type Longitude Latitude Elevation  Basin Area Glacier
P ©) ©) (m) (km?) Area (km?)
Kaqun HS 37.98 76.90 1370 46,635 5145
Kulukelangan HS 37.73 76.22 2000 29,397 4462
YRK Tashkurgan NMS 37.77 75.23 3090
Shenxianwan AWS 35.63 77.68 4953
Shache NMS 3843 77.27 1231
Kala AWS 36.42 77.72 4482
KRK Wuluwati HS 36.87 79.43 1850 19,891 1920
Pishan NMS 37.62 78.28 1375
Tuoman NMS 37.03 78.88 2145 18,119 1919
Yurung AWS 36.25 79.80 3670
YUK Tongguziluoke HS 36.82 79.92 1650 14,820 2921
Hotan NWS 37.13 79.93 1375
Heishan NWS 36.25 79.77 2460 10,948 2877
KRY Yutian NWS 36.85 81.65 1422
Keriya HS 36.47 81.47 1880 8312 682

Note: Tuoman and Heishan stations are seasonal observation stations, operating only from June to August. Basin
area is based on shuttle radar topography mission (SRTM)-obtained digital-elevation-model (DEM) data extraction,
and glacier area comes from the Second Glacier Inventory Dataset of China.

Glacial melt contribution in the runoff components of the YRK, KRK, YUK, and KRY accounts for
53.0%, 45.7%, 59.3%, and 47.3% of the total runoff in each basin, respectively [46—48]. The basins, which
are typically recharged by glacial-meltwater runoff, have interannual runoff-variation coefficients of
0.18, 0.20, 0.23, and 0.22, respectively, showing relatively stable interannual runoff variation [8,45,48].

2.2. Hydrological and Meteorological Data

Data including runoff, temperature, and precipitation of the YRK, KRK, YUK, and KRY from
1957 to 2017 were collected from hydrological observation stations in each basin (Figure 1, Table 1).
The meteorological data, including temperature and precipitation, of 5 meteorological stations at the
NSWKM from 1957 to 2017 are mainly from the website of the National Meteorological Information
Center of the China Meteorological Administration (http://data.cma.cn/).
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Figure 1. Geographical location of West Kunlun Mountains.

In this study, the missing data, including temperature and precipitation data, from some stations
(in several years) were mainly interpolated by the data from the nearby stations that had complete
data. In turn, the missing runoff data from some hydrological stations in the dry season were mainly
interpolated by the recession-curve method [49,50]; and the missing summer runoff data were mainly
interpolated by runoff data from upstream and downstream hydrological stations. In addition,
the arithmetic average of temperature and precipitation from meteorological and hydrological stations
in the same period was used to reflect overall climate conditions in the NSWKM.

2.3. Observation Data

The basic meteorological elements of high-altitude mountainous areas, such as temperature
and precipitation, were observed by three Automatic Weather Stations (AWSs) in the study area in
2010-2014 (Figure 1, Table 1). In this study, the daily temperature observed by the AWS was used to
test the correlation with daily temperature from adjacent hydrological and meteorological stations
in low-altitude mountainous areas (Figure 2). Since the results showed a very significant positive
temperature correlation with correlation coefficients between 0.802 and 0.966 at the significant level
of 0.001, it can be stated that long-term temperature data of the hydrological and meteorological
stations in low-altitude mountainous areas were representative of temperature changes in high-altitude
mountainous areas.
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Figure 2. Correlation of daily temperature between hydrological or meteorological stations in
mountainous areas and adjacent AWSs at high altitudes. (a) Yurung and Tongguziluoke, (b) Yurung
and Heishan, (c) Kala and Wuluwati (d) Kala and Tuoman, (e) Shenxianwan and Tashkurgan.

There are few hydrological and meteorological stations in the mountainous study area. However,
precipitation is significantly affected by landforms [51]. Therefore, we tested the correlation of monthly
precipitation between hydrological and meteorological stations at high and low altitudes in summer
(Figure 3). The results showed that, although monthly precipitation had a lower coefficient of correlation
between all stations than temperature did (Figure 2), they all passed the 99.99% significance test,
showing significant positive correlation, i.e., long-term precipitation data from relatively low-altitude
hydrological and meteorological stations could be used as proxy records to study precipitation in the
mountainous area of the Tibetan Plateau.

2.4. Snow-Cover Data

Due to 8-day data synthesis, 8-day MODIS composite snow-cover products partly eliminated
cloud obscuration, and their accuracy was improved [52]. Therefore, in this work, MOD10A2 (acquired
from Terra satellite in 2001-2016) and MYD10A2 (acquired from Aqua satellite in 2002-2016) products
were chosen to analyze snow dynamics. As high-runoff and high-precipitation zones in the basin,
alpine areas, especially in glacier areas, were much more likely to be disturbed by clouds than those
in nonglacial areas despite the remarkable cloud-elimination effect [36,53]. Therefore, we further
optimized the cloud-elimination effect by combining the satellite images of the MOD10A2 and
MYD10A2 snow products and introducing glacier boundaries to improve the usability of the satellite
images [54]. The specific operation process was as follows:

(1) Images of the Terra and Aqua snow covers were projected and formatted by MODIS Reprojection
Tool (MRT);
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(2) Images of Terra and Aqua in the same period were synthesized by extracting snow-cover images
of the basin and recoding the original classification codes [55];

(3) Onthe basis of the watershed glacier boundary, the cloud pixels of the glacier areas were identified
as snow pixels to obtain the final sequence of the snow image data (Figure 4).
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Figure 3. Correlation of monthly precipitation in summer between different hydrological and
meteorological stations in mountainous areas. (a) Tongguziluoke and Heishan, (b) Yurung and
Heishan, (¢) Wuluwati and Tuoman, (d) Tashkurgan and Kulukelangan.

Terra MODIS 8-day composite |[ Aqua MODIS 8-day composite

snow cover products snow cover products
(MOD10A2) (MYD10A2)
[ il
S <7
[ Format & Projection Conversion by MRT ]
[
1
<
[ Recode according to the table ]
Missing  No |\ No Lake Detector | L.
Type Data |Decision Night Snow. Lake|Ocean|Cloud Ice S Saturated Fill
Original
code 0 1 11 | 25 37 | 39 50 | 100 | 200 254 255
New
code -1 -1 -1 0 0 0 -1 1 1 -1 -1
™
V\\'7

Data Synthesis

Terra & Aqua images were synthesized into Terra-Aqua marked
as TA according to the formula:
Valuer, = max(Valuer,,,,,Value,,,,)

]

=

N\,
\'l

Introduce glacier boundary (marked as TAG)
the principle as followed:

If Valuep, == -1 & located in glacier area, then Valuer,,=1
Else Valuey,. = Valuep,

[ Final Satellite images of Snow Cover ]

Figure 4. Flowchart of eliminating cloud pixels in snow-cover images.
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In this paper, the method proposed by Paudel and Andersen [20] was used to evaluate the
effectiveness of the cloud-elimination method (Table 2). After two-step cloud removal, 77.23% of cloud
pixels were eliminated on average. Among them, the two satellite-image synthesis methods eliminated
48.61% of cloud pixels on average, underestimated 3.66% snow-cover pixels, and overestimated
0.89% snow-cover pixels. After the introduction of the glacier-snow-cover area, there was only slight
overestimation, but no underestimation. Therefore, it can be seen that the method of removing cloud
pixels by introducing a glacier-snow-cover area was effective.

Table 2. Validation of eliminating cloudy pixels (unit: %).

Two-Satellite Synthesis Entrance-Glacier Boundary
Date ocCcC FR
TECP CcC OE UE TECP CcC OE UE

2005145  43.07 42.49 39.05  0.39 3.05 28.85 28.84 0.01 0.00 71.34
2008097  34.98 33.41 29.17  0.70 3.54 37.22 3710 0.12 0.00 70.63
2009129  35.60 61.45 5532 226 3.87 25.80 2576  0.03 0.00 87.25
2010129  36.22 56.58 50.68  0.23 5.67 2396 2392 0.04 0.00 80.54
2011089  34.10 49.14 4612 085 2.17 2727 2724 0.02 0.00 76.41

Mean 48.61 44.07  0.89 3.66 28.62 2857 0.04 0.00 77.23

Note: OCC, original with cloud cover; TECP, total eliminated cloudy pixels; CC, correct classification; OE,
overestimation; UE, underestimation; FR, final result.

Statistical analysis of the changes in the content of cloud pixels was performed before and after
the removal of 648 images. From the original images, 80 images contained more than 16% of cloud
pixels, while 56 images contained 10% to 16% of cloud pixels. After synthesis of the two sets of
satellite images, there were only 38 images with a cloud-pixel content of more than 16%, and 42 images
with a cloud-pixel content of between 10% and 16%. When it was introduced into the glacier area,
only 3 of them exceeded 16%, while 14 of them ranged from 10% to 16%. After 2 steps of cloud
removal, only 2.6% of the total number of images contained more than 10% of the cloud pixels and
most of images contained less than 2% of the cloud pixels. Thus, it was concluded that the method of
eliminating cloud pixels in the SCA was very effective in this area [54].

2.5. Statistical Analysis

The Mann-Kendall method, a popular nonparametric test method [56,57], has been widely used
to detect changes in meteorological and hydrological time series [47,58,59]. Given a statistical time
series S fromi=1,2, ..., k, for each variable (x;, x;), if j <1, x; > xj, an upward trend is stated; r; is the
total number of dual values with a growth trend.

1=

Sy = ri(k = 2,3,4,...,n) (1)

i=1

The mean and variance of Sy are computed as follows:

k(k—1)

E(S) = —— @)

r(sy = MEZDT9) o
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The sequential values of the UFy statistic are then calculated as

UF;, = S~ E(S) (k = 2,3,4,...n) @)
var(Sy)

When UF > 0, this indicates that the sequence has an upward trend. In contrast, UF < 0 indicates
a decreasing trend. The change point is determined as the intersection point of UF and UB within the
confidence interval (value of Zc = £1.96). Thus, a significant increase or decrease can be identified at a
95% confidence level. UB is the backward trend sequence generated with the reverse data series of UF
and can also be calculated by the function of Equation (4). The intersection of UF and UB indicates an
abrupt change at the corresponding time [60].

3. Results

3.1. Variation Characteristics of Climate on North Slope of West Kunlun Mountains

Analysis of the annual average temperature of the NSWKM from 1957 to 2017 (Figure 5) showed
that all stations had an increasing annual average temperature. Among them, the Hotan and Kaqun
stations had the highest (0.41 °C/decade) and lowest warming rate (0.12 °C/decade), respectively.
The NSWKM had a warming rate of 0.26 °C/decade (average for data from meteorological and
hydrological stations). Except for Tashkurgan station, which had a lower average annual temperature
than the NSWKM, the other stations had a similar average annual temperature to that of the NSWKM.
Among them, Wuluwati station had the most significance (R? = 0.86), and therefore further reflected
the characteristics of temperature changes in the entire region.

The NSWKM had an average annual precipitation of 77 mm, with a positive trend in time of
5.50 mm/decade (increased by 7.14% per decade). All stations showed increasing annual average
precipitation (Figure 6). Kulukelangan station had the most significant increasing average annual
precipitation with an increasing rate of 10.5 mm/decade (about 9.15% per decade), while Tongguziluoke
station had the most correlative annual average precipitation with the NSWKM (R? = 0.82) and was
therefore considered as representative.

3.2. Variation Characteristics of Snow Cover on North Slope of West Kunlun Mountains

Comparative analysis of the variation characteristics of the average, maximum, and minimum
values of SCA in four typical basins on the NSWKM from 2001 to 2016 (Figure 7) indicated that, except
for the YUK, the three other basins showed insignificant increase in minimum SCA. The YRK and YUK
showed insignificant decrease in annual average SCA, while the KRK and KRY showed insignificant
increase in annual average SCA.

The YRK, KRK, and YUK had similar change dynamics in SCA over the years showing a fluctuation
change. The period of observation time could be accordingly divided into three stages. In the first
stage, from 2001 to 2005, the average SCA increased until 2005, and the YRK, KRK, and YUK had
SCAs of 20,854 km?, 7625 km?2, and 6995 km?, respectively. In the second stage, from 2005 to 2007,
the SCA continuously decreased. In the third stage, from 2007 to 2016, the SCA first increased until
2009, and then undulation decreased. In addition, YRK, KRK, and YUK had the highest SCA in 2005,
which was caused by the relatively lower temperature and higher precipitation in that year (Figures 5
and 6). In contrast to the three other basins, the average SCA of the KRY changed very significantly,
i.e., first increased until 2004, 2007, 2010, and 2014, respectively, and then decreased.
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Figure 5. Annual mean temperature of weather stations and hydrological stations on the NSWKM from
1957 to 2017. NSWKM data are average data of all meteorological and hydrological stations (A1-J1).

To study SCA change regulation in the four basins at different altitudes, we divided their
altitudes according to elevation difference, using 500 m as a reference, and drew the annual average
snow-cover-fraction (SCF) change curves for different altitudes (Figure 8). Results showed that the YRK,
KRK, YUK, and KRY had average SCAs of 17,977.8 km? (SCF = 38.60%), 6652.8 km? (SCF = 33.39%),
6514.0 km? (SCF = 43.95%), and 2799.3 km? (SCF = 33.29%), respectively. During seasonal change,
the four basins had maximum SCF values in spring. For the whole basin (Figure 8, black curve),
annual change curves were M-shaped, i.e., the largest SCF was in spring and autumn, and the smallest
SCF was in summer and midwinter (December—January). The maximum SCF of the different basins
occurred in different periods of time and in different forms. From these, the YRK had a maximum SCF
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mainly in mid-March and mid-late October, the KRK from mid-March to late May and mid-October,
the YUK from mid-March to late May and from late September to late October, and the KRY in early
May and late September. The four basins showed the same change in annual SCF at each altitude, i.e.,
a single peak below 4000 m, mainly in winter; a significant double peak between 4000 and 6000 m;
and a longer peak duration at higher altitudes; additionally, higher glacier coverage above 6000 m
resulted in little change in SCF. This study area showed bimodal change in annual SCF and a smaller
SCA in winter than in spring and autumn, possibly because of lower precipitation in winter, smaller
snow supply, lower temperature, and higher wind speed in mountainous areas in winter leading to
smaller critical wind speeds of wind-blown snow;, easier occurrence of wind-blown snow, and snow
redistribution and sublimation [61].
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Figure 6. Annual mean precipitation of weather stations and hydrological stations on the NSWKM
from 1957 to 2017. NSWKM data are average data of all meteorological and hydrological stations (A-]
in Figure 1).
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Figure 7. Snow cover area (SCA) changes (average, maximum, and minimum) in the (a) YRK, (b) KRK,
(¢) YUK, and (d) KRY in 2001-2016.
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in 2001-2016. (e) Seasonal SCF variation in these basins. Spring: March to May; summer: June to

August; autumn: September to November; and winter: December to February.

3.3. Runoff Variation Characteristics on North Slope of West Kunlun Mountains

From 1957 to 2017, the four basins of the NSWKM had increasing runoff depth (Figure 9). The YRK
had the most significant increasing runoff depth (5.78 mm/decade), while the YUK had the most
insignificant (1.58 mm/decade). The four basins had a minimum monthly runoff depth from December
to March and, apart from the YRK in August, a maximum monthly runoff depth in July (Figure 10).
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Statistical analysis of the probability of minimum and maximum monthly mean runoff occurrence
in the four basins (Table 3) also showed that the YRK was very different in terms of its maximum
monthly runoff depth compared to the three other basins, possibly because glaciers blocked the lakes
upstream of the YRK, and flash floods mainly appeared in August [54].

Table 3. Frequency of occurrence of minimum and maximum monthly discharge in each month

(unit: %).
Basi Monthly Mean Minimum Runoff Monthly Mean Maximum Runoff
asin

Jan Feb Mar Apr May Nov Dec Jun Jul Aug
YRK 7.9 190 302 381 3.2 0.0 1.6 0.0 344 65.6
KRK 67.7 210 1.6 0.0 0.0 0.0 9.7 1.6 62.3 36.1
YUK 295  36.1 19.7 0.0 0.0 0.0 14.8 0.0 459 54.1
KRY 23.0 262 1438 0.0 0.0 1.6 344 0.0 54.1 45.9

4. Discussion

4.1. Dynamics of Abrupt Change in Runoff Depth

The Mann—Kendall (M-K) trend test of annual runoff depth showed that the Z, values of the annual
average runoff depth of the YRK and KRY passed the 0.05 significance level tests and significantly
increased (Figure 11) with increasing rates of 5.78 and 4.27 mm/decade, respectively. The annual runoff
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depth of the KRK and YUK increased insignificantly, with increasing rates of 1.71 and 1.58 mm/decade,
respectively. This result was qualitatively consistent with the M—K trend test results obtained by
Xu et al. [8], who analyzed the annual runoff changes of the YRK, KRK, and YUK from 1957 to 2008,
i.e., showing that the annual runoff of the YRK significantly increased, while that of the KRK and YUK
did not. The M-K trend test of monthly runoff depth showed that the monthly runoff depth of the
YRK increased; this increase was significant from January to June, and from September to December,
but it was insignificant from July to August. The result is due to runoff timing not changing in the
main glacier melt months of July and August. Moreover, the runoff depth of the KRY in June and July
did not pass the 95% significance tests and, in the other months, significantly increased. Additionally,
the runoff depth of the YUK increased significantly from January to May and from September to
December, but insignificantly in June and August; however, the average monthly runoff depth of the
YUK decreased in July. The KRK had similar interannual change in monthly runoff depth to that
in the YUK but a much higher decrease rate of runoff depth in August than that in the YUK. This
result might be because the YUK had much larger runoff depth in summer than in the other months,
resulting in an insignificant increase in annual runoff depth [62]. However, the runoff depth of the KRK
decreased in summer and significantly increased in winter, possibly because of river regulation due to
the newly built Wuluwati Reservoir. As a result, the annual runoff depth at the Hydrological Station
(HS) of Wuluwati was subject to change [63]. In addition, temperature rising in winter led to the wide
degradation of permafrost in the study area, resulting in surface-water infiltration into groundwater in
the early stage, an increase in groundwater storage capacity in the basin [64,65], and an increase in
basin runoff in winter.

0.210.12
0.21 4.27
Sl=l=N=15]5
= o = = o (=
= o = = o (-}
(o] — (o] o — —

-1.01
Jan Mar May Jul Sep Nov Year Jan Mar May Jul Sep Nov VYear

Figure 11. Results of Mann-Kendall (M-K) trend test of monthly and annual runoff depth during
1957-2017 of the (a) YRK, (b) KRK, (¢) YUK, and (d) KRY. The top of bars represents the runoff depth
change rate in mm/decade, the numbers in bars represent the change point year, and the dotted lines
represent the critical Zc at a significance level of 0.05.

An M-K abrupt runoff change test in the four basins was carried out (Figure 12). Results showed
that the annual runoff depth of the YRK and KRY changed abruptly in 1999, which was nearly 10 years
later than the M-K abrupt-change results of the annual mean temperature in the two basins obtained
by Ling et al. [66]. However, the YUK and KRK had no abrupt change in annual runoff depth. The M-K
abrupt change test of monthly runoff change in the four river basins showed that the YRK underwent
an abrupt increase of runoff depth in a total of nine months. The abrupt change in runoff depth
occurred the earliest in May 1990 and the latest in March and April 2005, and mainly occurred in the
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other months in the late 1990s. The KRK suffered an abrupt change in months other than July, an abrupt
decrease of runoff depth in August, especially in 1995, and an abrupt increase in other months, the
earliest of which was in February 1978 and the latest of which was in April 2007. The YUK underwent
an abrupt increase in runoff depth from January to May and from September to December, especially
in January, February, November, and December in the late 1990s, and in the other months after 2000.
The KRY suffered an abrupt change eight months after 2000, i.e., in November and December in 2001
and later from February to April after 2006.

(@

M-K Statistics
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221

'f955 1965 1975 1985 1995 2005 2015 1965 1975 1985 1995 2005 2015

Figure 12. M-K change point test of annual runoff depth in the (a) YRK, (b) KRK, (c) YUK, and (d)
KRY in 1957-2017.

4.2. Climate Change Impact on Runoff Depth

The Pearson correlation of annual runoff depth with the annual average temperature and
precipitation in the YRK, KRK, YUK, and KRY was analyzed. Rivers mainly supplied by ice and snow
meltwater usually have good correlation between temperature and precipitation. Therefore, we also
analyzed the partial correlation between temperature and runoff depth and between precipitation and
runoff depth. The analysis results are shown in Table 4. The YRK had a significant positive correlation
between the runoff depth and temperature (single correlation coefficient was 0.360, and partial
correlation coefficient was 0.356, both of which passed the test of significance at the 0.05 level); however,
there was no correlation with the runoff depth and annual precipitation (both the single and partial
correlation coefficients were close to 0), which was consistent with the results of Ling et al. [67], who
showed that annual average temperature played a dominant role in the influence of annual runoff
depth in the YRK. Although the KRK had a significant correlation between the annual runoff depth and
annual precipitation (single correlation coefficient was —0.367 and partial correlation coefficient was
—0.400, both of which passed the 0.05 test of significance), both the KRK and the YRK had insignificant
positive correlation between annual runoff depth and annual average temperature and between annual
runoff depth and annual precipitation, which disagreed with the runoff generation law of rivers that
are mainly supplied by ice and snow meltwater [6,31]. This result may be due to other factors, such
as earthquakes, regional geological structures, and glacier-blocked lakes, generating Glacier Lake
Outburst Floods (GLOFs) that affected the impact of climatic elements on runoff [54,68,69]. The annual
runoff depth was positively correlated with the annual average temperature and annual precipitation in
the KRY. The annual precipitation influenced the annual runoff depth more greatly (single correlation
coefficient was 0.411, and partial correlation coefficient was 0.426, both of which passed the 0.01
significance level test) than it influenced the annual average temperature (single correlation coefficient
was 0.250, and the partial correlation coefficient was 0.277, both of which passed the 0.1 significance
level test), which was in agreement with earlier results of Xu et al. [32], who showed that annual runoff
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depth was greatly influenced by both annual precipitation and average temperature. However, it was
also found in this study that precipitation influenced runoff depth more greatly than temperature did
in the KRY. The contribution of glaciers and snow melting to river flow is an important parameter for
analysis of the impact of temperature and precipitation changes on river flow [70]. Singh et al. [18],
studying the total flow of the Himalayan rivers, found that the contribution of snow cover and glacier
melting to the total flow of rivers increased with the increase of altitude. The difference of vertical
gradient is the main factor affecting regional snow cover and glacier melting [43,46] because of the
relatively low elevation and more precipitation of the Keriya River Basin, and lead to precipitation
contributed more to runoff than temperature in the region.

Table 4. Pearson correlation coefficients and partial correlation coefficients between annual runoff (R)
and mean air temperature (T) and precipitation (P) in four basins.

Basin/Correlation Coefficient R-T R-T|P R-P R-P|T T-P
YRK 0.360 * 0.356 * —-0.063 —-0.023 —-0.156
KRK -0.116 —0.207 —0.367 * —0.400 ** —0.198
YUK 0.110 0.107 0.067 0.063 0.046
KRY 0.250 0.277 * 0.417 *** 0.426 *** —-0.006

Note: ***,** and *, significance levels of 0.001, 0.01, and 0.05, respectively. |, partial correlation analysis between R
and removal of P (|P) or T (|T).

The study area had high temperatures and abundant rainfall in summer (i.e., June, July, and
August), and the runoff of the four basins was mainly recharged by ice and snowmelt water. Therefore,
we mainly analyzed the relationship between runoff and temperature and between runoff and
precipitation in summer (Figure 13). According to the change in SCA (Figures 7 and 8), the YRK, KRK,
and YUK had a positive regression coefficient between temperature and runoff depth from June to
July, but the KRK and YUK had much smaller regression coefficients between temperature and runoff
depth in August than in June and July. On the basis of the main months when peak temperature
(Table 3) occurred in the two basins, the average temperature in August was close to that in July and
much higher than that in June. Therefore, the two basins should have had significant correlation
between runoff depth and temperature in August in principle, but this was not the case. Results also
showed that the relationship between runoff depth and temperature in the KRK and YUK in August
did not conform to runoff yield and the concentration law of rivers dominated by glacier recharge.
In addition, the YRK, KRK, and YUK had a smaller regression coefficient between runoff depth and
precipitation than between runoff depth and temperature in summer, showing that temperature greatly
influenced runoff depth in the three basins. However, when examining runoff depth, temperature, and
precipitation (Figure 13(d1) or Figure 13(d2)), we found that the KRY had a larger regression coefficient
between monthly precipitation and runoff depth than with temperature in summer, indicating that
monthly runoff depth was mainly influenced by precipitation in the KRY in summer.



Water 2019, 11, 2246

Temperature(C) Precipitation(mm)
100 (al) 100 (a2) Jun: y=0.03x+16.94
g Jun: y=3.49x-29.20 . r=0.084  p=0.563
E 80 r=0.735 p<0.001 Jul; y= -0.59x+57.21
£ 60 Jul: y=2.06x-98.42 r=-0.427 p=0.001
ry r=0.807 p<0.001 Aug: y=-0.06x+57.99
; 40]Aug: y=7.36x-60.33 r=-0.038 p=0.787
= r=0.614 p<0,001 o N
= 20 L]
g : .
0 T T .
10 12 60 80
_ 80
g (b1) Jun: y=-0.05x+17.02
E 50 ]aun: y=1.85x-23.20 i o0l o r=-0.124  p=0.435
£ r=0.438 p=0.004 . * T Jul; y=-0.35x+36.11
& | Jul y=4.10x-63.71 Ly Y r=-0.409 p=0.007
S A1 0485 p0081 e B0y WieVey, o . Aug: y=0.05x+30.58
T |Aug: y=0.94x+8.98 or=-0.063 p=0.691
5 200  r=0161 p=0307 & 20 .
g [ ] “ L . o e ®
0 0
14 16 18 20 22 24 26 8 20 40 60 80
2 (e o (c2)  Jum:y=-0.06x+21.66
C C. Ly=-0. Al
E1001 Jup: y=2.05x.13.31 .o 001 , r=-0257 p=0.52
= 80 r=0.486 p<0.001 T s 8015, %0 . Tul: y=-0.20x+58.82
B | Jul: y=4.02x-19.55 R L . B b ;.?‘ o . r=-0.274 p=0.038
< 60 r=0.363 p=0.005 o 60 g 2 y=0.002x+51.66
=] Aug: y=1,02x+33.34 -9 | r=-0.003e p=0.983
40 o 40
E r=0.098 p=0.463"8 LY 1 .
2 2
m 0 .. 0 []
0 1]
10 12 14 16 18 20 22 4 80 20 40 60 80 100 120 140 160
E 60 (d]) (d2) Jun: _v_=ll.03x+l l_.80
g Jun: y=(.38x+4.84 60 r=0.211 p=0.112
= r=0.130  p=0.330 . Jul: y=0.11x+22.36
. 40] Jul: y=-025x+30.98 . - . r=0.347 p=0.008
2 r=-0.046 p=0.731 il : y=0.10x+21,62
= [Aug: y=0.35x+15.39 LK) B r=0.191 p=0.151
g 20 =0.071 p=0.5¢
= —
z *
L]
0 0

10 12 14 16 18
@ Jun @Jul ® Aug

0 22 24

0 20 40 60 80 100 120 140 160 180

——Linear_Jun ——Linear_Jul ——Linear_ Aug

16 of 21

Figure 13. Regression analyses between monthly runoff and mean air temperature (left column) and
precipitation (right column) of the (al,a2) YRK, (b1,b2) KRK, (c1,c2) YUK, and (d1,d2) KRY in summer.

Zhao, et al. [71] suggested that the difference between the KRK and YUK might be caused by
a decrease in upper air temperature that led to glacier ablation. However, Zhou, et al. [72] argued
that the difference in site conditions led to the formation of a microclimate between regions, resulting
in the mitigation of ice and snow melt. In this study, not all the different weather stations reflect

the importance of microclimates. However, it can provide a reference for better research in this
region. Therefore, the effects of topography, sudden disasters, and human activities should also be
comprehensively considered for the difference in runoff between the two basins in summer.

4.3. Uncertainty Analysis

This study focused on investigating the annual and interannual snow-cover and runoff-change
characteristics of four typical basins of the NSWKM and on analyzing their relationship with temperature

and precipitation. However, snow melt was also affected by slope, slope direction, and type of surface
cover. Additionally, snow was influenced by the distribution of wind speed and surface temperature.
Although the data from ground-observation stations used in this study were representative of different
basins, they were still unable to fully reflect the characteristics of climate change at different altitudes
(e.g., precipitation was also affected by elevation, slope, and slope direction). In addition, we have not

given sufficient consideration to the debris-covered area in our classification of glacier area. Although

this area is small, it may affect our final results to some extent. In view of the above problems, we will

adopt the new methods for further analysis in the following studies.
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5. Conclusions

As one of the key factors that restrict the socioeconomic development of oases in arid areas of
Northwest China, water resources mainly come from ice and snow meltwater in high mountains.
Understanding the runoff-change law and the runoff-generation mechanism in the arid regions of
Northwest China is very significant for understanding the water cycle in cold and arid regions. On the
basis of meteorological and hydrological data from the observation stations from the last 60 years
(1957-2017) and snow-cover data collected by MODIS (2001-2016) in the study area, we used various
mathematical and statistical methods to study the relationship between temperature, precipitation,
snow cover, and runoff in typical basins (i.e., the YRK, KRK, YUK, and KRY) on the NSWKM.
The NSWKM has had increasing temperature (0.26 °C/decade) and precipitation (5.50 mm/decade) in
the past 60 years, especially in the KRK and YUK (R? > 0.82).

The average SCF of four typical basins in the NSWKM is: YUK (SCF = 44.14%) > YRK (SCF = 38.73%)
> KRY (SCF = 33.42%) > KRK (SCF = 33.40%). From them, the YRK and YUK had decreasing SCA
values (slope < —15.39), while the KRK and KRY had increasing SCA values (slope > 1.87). In seasonal
variation, except for the SCF of YRK in spring being lower than that in winter (-2.6%), the SCF of the
three other basins reached the maximum value in spring, with the most significant performance being
in the YUK (SCF = 26.4%).

Variation in runoff depth in the four studied basins of the NSWKM showed an increasing trend.
Between them, the YRK (5.78 mm/decade) had the most significant runoff depth, and the YUK
(1.58 mm/decade) had the most insignificant increasing runoff depth. In the variation of monthly
runoff depth, except for the maximum monthly runoff depth of the YRK that appeared in August, the
maximum monthly runoff depth of the three other basins appeared in July. The cause was analyzed in
combination with climate factors (e.g., temperature, precipitation) and snow-cover change. We found
that temperature was the main factor affecting annual and monthly runoff variations in summer in the
YRK, which was in agreement with the runoff-generation law for arid areas. However, temperature and
precipitation were not the main factors affecting annual and monthly runoff variations in summer in
the YUK and KRK. Therefore, runoff in the KRK and YUK is disturbed by other factors (e.g., slope and
slope direction) during runoff generation, resulting in disruptions of the relationship between runoff
and climate factors; hence, runoff changes in the KRK and YUK disagree with the runoff-generation
law for rivers dominated by ice- and snow-meltwater recharge.
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List of Acronyms

Acronym Full Name

AWS

Automatic Weather Station

DEM Digital Elevation Models

GLOFs Glacier Lake Outburst Floods

HS Hydrological Station

KRK Karakax River Basin

KRY Keriya River Basin

M-K Mann-Kendall Test

MODIS Moderate Resolution Imaging Spectroradiometer

MOD10A2 MODIS Product
MYD10A2 MODIS Product

MRT MODIS Reprojection Tool

NMS National Meteorological Station

NSWKM North Slope of the West Kunlun Mountains

SCA Snow Cover Area

SCF Snow cover fraction

SRTM Shuttle Radar Topography Mission

TR Tarim River

TP Tibetan Plateau

UIB Upper Indus River Basin

YRK Yarkant River Basin

YUK Yurungkax River Basin
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