& emote sensing

Article

Estimation of Long-Term River Discharge and Its Changes in
Ungauged Watersheds in Pamir Plateau

Adilai Wufu !, Shengtian Yang 12, Yun Chen 30, Hezhen Lou 2, Chaojun Li ? and Ligang Ma 1-3*

check for

updates
Citation: Wufu, A.; Yang, S.; Chen,
Y.; Lou, H.; Li, C.; Ma, L. Estimation
of Long-Term River Discharge and Its
Changes in Ungauged Watersheds in
Pamir Plateau. Remote Sens. 2021, 13,
4043. https://doi.org/10.3390/
rs13204043

Academic Editor: Assefa M. Melesse

Received: 7 September 2021
Accepted: 7 October 2021
Published: 10 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Resource and Environmental Science, Xinjiang University, Urumqi 830046, China;
adilagupur@stu.xju.edu.cn (A.W.); yangshengtian@bnu.edu.cn (S.Y.)

College of Water Sciences, Beijing Normal University, Beijing 100875, China; louhezhen@bnu.edu.cn (H.L.);
201831470002@bnu.edu.cn (C.L.)

3 CSIRO Land and Water, Canberra, ACT 2601, Australia; yun.chen@csiro.au

*  Correspondence: Ligang.Ma@csiro.au

Abstract: The Pamir Plateau is an extremely important water resource area for over 60 million people
in Central Asia. With the increasingly significant response of water resources to climate change, timely
hydrological predictions for the future supply are necessary. In the plateau, accessing and monitoring
the glaciers and their melt outflow are challenging due to the harsh geographic environments.
Unmanned aerial vehicles (UAVs) combined with remote sensing technologies offer great potential
for providing information to improve water resources management and decision-making. In this
study, we integrated UAV and satellite remote sensing data, and applied a water balance model to
estimate monthly and annual river discharges for the ten river sections in the Eastern Pamir Plateau,
China from 1999 to 2020. We found that the glacier area in the controlled basins of these sections
has decreased by approximately 63% from 1999 to 2020. Basins with smaller glacier areas are more
sensitive to climate change. The ten river sections are characterized by decreasing trends in monthly
river discharge, with an average reduction of —21.05%. The annual variation of total runoff and
glacial meltwater discharge is consistent with the monthly variation of discharge, and the average
discharge from glacier meltwater accounts for 83% of the total runoff. We conclude that the overall
decreasing trend of discharge is closely related to the recession of glaciers. Under the background
of climate warming in the region, glaciers are no longer sufficient to support the increase in river
discharge, which has passed its peak value and shows a decreasing trend.
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1. Introduction

During the past decades, freshwater scarcity has become an increasing threat to the
sustainability of human society [1]. In its most recent annual risk report, the World Eco-
nomic Forum listed water crises as the largest global risk in terms of potential impacts [2].
Rivers are the most vital freshwater resources. In many regions of the world, they are the
only water source supporting local socioeconomic development. The quantification and
monitoring of river discharge are important to the sustainable management of this valuable
resource and the prediction of its future conditions.

In alpine regions, most rivers are fed by glaciers, which represent essential water
reservoirs and thus contribute substantially to human society of the downstream oasis [3].
Glaciers are known to have a significant impact on the regional water cycle. As the
global climate continues to warm, there is increasing evidence that glaciers have become
most sensitive to regional climate change [4-6]. Studies in various regions of the world
indicate that continuous warming affects the energy and mass balance of the glacier surface,
causing significant melting of the glacier, leading to changes in regional hydrological
processes [7-10]. However, the response of meltwater to climate change varies dramatically
in different geographic environments. In the Himalayas, glaciers are shrinking due to
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climate warming, but river runoff is increasing, and high and low altitudes are more
sensitive to climate change than moderate elevation areas [11]. The rapid melting of
glaciers has also been observed in Peru, causing a complex impact on upstream hydrology,
and reveals a declining contribution of meltwater to the watershed outflows [12]. A
contrasting study in the Tian Shan-Pamir-Karakoram Mountain regions found that the
glacier mass loss caused by climate change leads to different runoff changes on eastern
and western slope basins, and runoff will more likely decrease in the future [6]. For river
basins that are greatly affected by glacial meltwater, such as the Yellow River Basin, the
Brahmaputra River Basin, and Tarim River Basin, runoff changes in the source area have a
nonnegligible impact on the ecological environment in the downstream area [13,14]. As
temperature rises, the accelerated melting of glaciers increases river runoff, which can
provide more water resources to the downstream in the short term [12]. However, in the
long run, the growth time is limited, and the continuous decline of glaciers makes the
increase of glacier runoff unsustainable, which will eventually lead to a decrease or even
depletion of runoff [15].

In recent years, research on when runoff changes from increasing to decreasing, and
the response of glacier-fed river basins, has attracted great attention in related fields.
Previous studies pointed out that the reduction of glacial meltwater runoff is not only
related to the warming climate but also dependent on the glacier area, proportion, and
the geographical location of the basin [16,17]. In basins with large glaciers, the time of
runoff reduction may be delayed, while in low-latitude glacial basins dominated by small
glaciers, runoff reduction has already occurred or is about to occur [18]. Huss and Hock [17]
estimated the response of glacial runoff to climate change in 56 basins around the world
under different climate scenarios based on the glacier mass balance model. They concluded
that the glacial meltwater runoff showed a decreasing trend in 45% of basins but will
tend to decrease in the next few decades in the rest of the basins. Zhao et al. [13] used
downscaled climate data to predict the response of runoff to the future climate in the
Yellow, Yangtze, Mekong, Salween, and Brahmaputra rivers. The results showed that the
glacial meltwater runoff in the Yangtze River Basin is projected to decrease after the 2030s,
while the glacial meltwater runoff in the source areas of the Yellow, Mekong, Salween, and
Brahmaputra River basins began to decrease at the beginning of the 21st century. Under
the background of global warming, understanding the long-term change characteristics of
meltwater runoff and exploring its response to climate change have a practical significance.

The Pamir Plateau is a great source of snow and ice reserves and is the main freshwater
provider to billions of people in Central Asia [19]. However, the future volume and change
of the high mountain water resources, especially in the Pamir Plateau, is yet unclear in
a warming climate [20]. The main reason might be the extremely complex landscapes
such as high mountains, deep valleys, rush water, frequently damaged roads, and low
oxygen, making it a great challenge to setting up monitoring stations. Therefore, the
hydrological process of this area is also significantly different from other areas. Several
recent studies have reported the mountain glacier/snow changes and their associated
hydrological impacts on the Pamir Plateau [6,19,21-23], but most of them were conducted
on large scales or single glaciers neglecting sub-basins located at the headwaters of rivers.
Runoff changes in the headwater of rivers usually greatly impact the water mass and
ecological environment of the downstream area. However, our current knowledge on the
potential and complex effects of changes in the headwater on the downstream area is still
limited. Therefore, it is necessary to investigate the runoff changes in the headwater of
rivers for providing regionally applicable water management strategies as global water
resources continue to be affected by climate warming.

In high-altitude areas, researchers are frequently faced with problems, such as sparse
hydrometeorological stations and discontinuous data, which pose great challenges to
hydrological simulation. In the past, the acquisition of time series river runoff data was
mainly acquired through the establishment of hydrological stations for manual observation.
However, many high-altitude areas lacked the basic conditions for establishing hydrological
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stations due to adverse factors such as complex landscapes [24]. Nowadays, remote sensing
technology has been widely used in different fields due to its various advantages, such as
fast data acquisition, rich data resources, and traceable historical information [25-28]. There
have also been many remote sensing applications in river discharge monitoring. Gleason
and Wang [29] obtained river width information from Landsat TM images and successfully
estimated river discharge by using at-many-stations hydraulic geometry. Huang et al. [30]
applied Landsat and Sentinel time series data to observe river width and water depth in the
Upper Brahmaputra River, and calculated the discharge through the improved Manning
formula. However, satellite remote sensing data have certain limitations, and the direct
or indirect data acquisition of small-sized rivers is still challenging [31,32]. Instead, low-
altitude UAVs can be used to quickly acquire high-resolution remote sensing data without
time limitations and are easy to operate [33]. Zhao et al. [34] coupled high-resolution UAV
and ground monitoring to fit the shape of the river-course cross-sections and estimated the
discharge of small rivers. Lewin and Gibbard [35] employed high-precision topographic
data obtained by UAVs to examine river terraces for analyzing the evolution process of
river channels. In summary, UAVs have added value and reliability in discharge estimation
compared to satellite remote sensing.

In 2019, Yang et al. [36,37] proposed an efficient method for river discharge inversion—
remote sensing hydrological station technology. Based on the previous domestic and
foreign remote sensing runoff estimation methods, this method takes advantage of the high
accuracy and easy acquisition of UAV data. By combining aerial survey data with classic
hydrological formulas, they presented a new way to estimate river runoff in areas suffering
from data scarcity [38]. Lou et al. [39] applied the remote sensing hydrological station
technology in ungauged regions on the Tibetan Plateau to determine river discharges of
24 rivers, and demonstrated that this method was reliable to estimate the discharges in
ungauged tributaries. Yang et al. [40] used UAV data combined with sediment mobility
to calculate the flood peak discharge of ephemeral rivers in northwestern China. In
comparison with satellite remote sensing approaches, the remote sensing hydrological
station method has higher accuracy, owing to the construction of a high-precision river
channel model, to a large extent.

Overall, the objectives of this study are: (1) to estimate river discharge and its long-
term variations in the Pamir Plateau; and (2) to explore the contribution of glacier meltwater
discharge to the total runoff in the high mountainous region from 1999 to 2020. With respect
to method, UAVs were used to acquire image data for tributaries and to model the shapes
of river sections; satellite remote sensing data was coupled with UAV data for long-term
river discharge prediction. Based on the assessment of glacier changes across basins and
over time, a water balance model was used, and annual variation trends of total runoff and
glacier meltwater discharge were examined.

2. Materials and Methods
2.1. Study Area

The Pamir Plateau is located in the heart of Central Asia. It is the gathering place
of many major mountain ranges in Asia, with an average elevation of more than 4500 m
and main peaks of more than 6000 m. There are a large number of modern glaciers in the
high mountains, reaching more than 1000, covering a total area of about 10,500 km? [41].
The main rivers in the arid regions of Central Asia, such as the Amu Darya River and the
Tarim River, all originate here. The climate in the Pamir Plateau is a typical arid climate,
with very cold winters while summers are warm and dry. Its eastern part is located in
China, within the Kizilsu Kirgiz Autonomous Prefecture and the Kashgar region. Muji
Valley and Taxkorgan Valley mark the boundaries of the Eastern Pamir in the east and
are adjacent to Kunlun and Karakorum Mountain in the south. Due to environmental
constraints, hydrological observations in this area have been relatively scarce. Currently,
there are only three stations with long-term runoff observation data (Figure 1).
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Figure 1. Locations of monitoring sections and their control areas.

In this study, the eastern part of the Pamir Plateau (36°23'-39°44'N, 74°08'-76°18'E)
is examined. Hydrologically, this area is ungauged and provides key water resources
for southern Xinjiang. We chose ten representative glacier-fed river sections (Figure 1),
where in-situ experiments, including UAV flying, river discharge measurement, and depth
surveys, were carried out to characterize multiyear variations of alpine glacial meltwa-
ter runoff.

2.2. Data
2.2.1. UAV Data and River Sections

Topographic data about the rivers were collected on the southern edge of the Takli-
makan Desert in Xinjiang, China (Figure 1) in August 2017. Low-altitude remote sensing
imagery was obtained using a DJI Phantom 4 Professional UAV (Dajiang Company, Shen-
zhen, China, https:/ /www.dji.com/cn. Accessed on 19 November 2019). The DJI 4 was
used to fly on a fixed route to obtain high-definition image data. An action camera (FC300X)
was mounted on the Phantom 4, which can shoot 4K video or 12-megapixel stills.

Before the execution of the UAV flight plan, it is necessary to select the monitored
river sections and plan the routes. According to the underlying surface characteristics,
such as vegetation coverage, soil type, and topographic relief of the monitored area, the
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flight belt is determined in advance. The UAV’s flight altitude was calculated through
indicators including the UAV sensor’s field of view, focal length, and number of CCDs.
Ground control points were arranged along the predetermined flight belt. The forward
photo overlap is set to 90% to ensure the subsequent generation of stereoscopic image pairs,
and 200-300 photos were obtained at each trajectory. The flying height is 120 m, with a
scanning area of 300 x 500 m and a flight time of about 30 min. The monitored river section
was chosen to be as straight as possible with less erosion and deposition on riverbanks.

After the acquisition of the data, laboratory data processing was undertaken. This
included data preprocessing, point cloud encryption through the Pix4D software (https:
//pixdd.com/. Accessed on 30 June 2020), generation of high-precision digital orthophoto
map (DOM), and generation of digital surface model (DSM) [42,43] (Figure 2). Our earlier
study verified the UAV-based topographic survey precision. As controlled by the profes-
sional software, the survey accuracy of the Phantom 4 can reach as high as centimeter
grade [44]. In this study, we used the same equipment and data processing methods from
our previous study to obtain river section information.

3D digital image

Digital river section model

N 4100.72

. 4071.58

Figure 2. River section information obtained from UAV.

Ten river sections were selected for long-term discharge analysis, of which four were
located in the Kashgar River Basin and six were located in the Taxkorgan River Basin
(Table 1). The Kashgar River Basin is situated at the foot of the Pamirs. There are six
independent larger rivers in the basin, such as the Kezi, Gaizi, and Kushan Rivers. Section
K1 flows into the Kezi River, the largest river in the basin. The Kezi River is replenished
by a mixture of glacial meltwater in the high mountains and rainfall in the middle and
low mountains [45]. However, the K1 section is located on the Borituokuoyisu, a tributary
on the south side of the Kezi River. It originates from the Pamir Plateau, with an average
altitude of 3825 m in the controlled watershed. Therefore, it can be considered that K1
belongs to the high mountain belt and is mainly supplied by melting water from glaciers
and snow. Sections K2 and K3 flow into the Kushan River, the third major tributary of
the Kashgar River system. K4 originates from the Shalikuoleling in the Pamir Plateau and
joins the Gaizi River, the second-longest river in the Kashgar River Basin. The Gaizi River
and the Kushan River are mainly supplied by glacier meltwater [46]. Sections T1 to T6 are
located in the upper reaches of the Taxkorgan River. The Taxkorgan River is one of the
major tributaries of the Yarkant River. It originates from the confluence of the Karakoram
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and Kunlun Mountains in the south and is fed mainly by glacial meltwater. Overall, we
can conclude that the ten sections in our study are mainly supplied by meltwater from the
alpine glaciers in the Pamirs.

Table 1. River section information.

Basin Section Location Altitude Ol;,::la(lz/l:fd thh;cnlgelght Nlllnr?:; ersof Con(tli‘::z[)krea
K1 39°33'34”, 75°03'55" 1976 90 120 268 1497.19
Kashgar K2 38°31'41”, 76°03/06" 2250 90 120 216 1163
River Basin K3 38°34'28",76°02/49" 2351 90 120 288 141.25
K4 38°58'51", 75°28'57" 1992 90 120 305 532.79
T1 36°51'03", 75°31'10” 4287 90 120 218 2514.35
T2 37°01'27",75°31'49" 3908 90 120 234 2956.18
Taxkorgan T3 37°08'46", 75°27'58" 3932 90 120 276 364.24
River Basin T4 37°09'05", 75°28'16" 3725 90 120 246 3246.58
T5 37°12'34",75°22/24" 3587 90 120 288 1943.22
T6 37°19'12", 75°25'04" 3497 90 120 268 6150.97

2.2.2. Satellite Remote Sensing Data

The Landsat program offers a continuous record of Earth’s surface at 30 m spatial
resolution and is widely used in land change studies [47]. To explore the characteristics of
long-term discharge changes, the width of rivers in different periods can be obtained from
satellite remote sensing data to further estimate the river discharge. In this study, Landsat
7 ETM+ images, acquired from January 1999 to March 2013, and Landsat 8 OLI images,
acquired from April 2013 to December 2020, were used to determine water surface extent.
The images were from Landsat paths 149 to 150 and rows 33 to 35. A total of 880 images
were collected between January 1999 to December 2020. Furthermore, in order to estimate
glacial meltwater runoff and assess the glacier area changes in the basins controlled by
ten study sections, Landsat images were also used, and the spatial variation of glaciers of
different basins in different time steps was obtained. Due to the high elevation of the study
area, the cloud coverage of the image was relatively high. The images with no cloud or a
small amount of cloud were selected as much as possible.

Owing to the lack of hydrometeorological stations in high-altitude areas, the climatic
data of stations located in plain areas cannot truly reflect the climate changes of high-
altitude areas. Thus, the temperature and precipitation datasets were obtained utilizing the
reanalysis (ERA-Interim) system from the European Centre for Medium-Range Weather
Forecasts. ERA-Interim reanalysis data provides meteorological fields at spatial resolution
from 0.125° to 2.5° and at four times (00, 06, 12, and 18 UTC) every day [48]. Since the
dataset covers the period from January 1979 to August 2019, data with spatial resolution of
0.125° x 0.125° from January 1999 to August 2019 was used in this study.

2.2.3. Field Measurement Data

Since the UAV only carries a visible-light camera sensor which cannot directly measure
the underwater topography [33], the essential hydrological data for discharge estimation
were measured during the UAV flight, including flow velocity, river discharge, water depth,
and underwater topography. The flow velocity was measured using a surface velocity radar
(SVR, USA), the river discharge was measured using a portable Ponolflow-VA Doppler
flow instrument, with a depth range of 0~5 m, and water depth was measured using a staff
gauge to survey. These measured data provide input data for the discharge calculation
formula and were used to validate the estimation results.
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2.3. Methods
2.3.1. Remote Sensing Hydrological Station Technology

In this study, a method from the newly published article “Remote Sensing Hydrolog-
ical Station” was used to estimate discharge [36—40]. Based on UAV images and in-situ
measured data, water surface width, roughness, and surface gradient were obtained, and
river discharge was calculated by a hydraulic method. The advantage of this method is
that it can be combined with satellite remote sensing images to calculate the river discharge
in different periods. It can also be applied for the inversion of river discharges in the long
term and at different width scales. The main algorithm is as follows (Figure 3):

[ High-resolution UAV data ]

Pix4D mapper

"pom | [ DsM | [ Point cloud | !
1

S e
1 : 1 | Water depth -
hydraulic geometric | In-situ
- S - "
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L
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Figure 3. Flowchart of remote sensing hydrological station technology.

(1) Generate DOM and DSM using high-resolution UAV data. Model the shape of
each river section.

(2) Acquire the width of water surface. Draw the curve of the width and depth of the
water surface and establish the digital river section model.

(3) Extract the water bodies in the valley based on the subpixel unmixing method.
Combine them with the digital river section model to calculate relevant hydrological
parameters so as to estimate river discharge in the long term.

The remote sensing hydrological station algorithm is based on the Manning—Strickler
formula; its general form is written as:

Q=V-A 1)

NI—=

k 2
— LR3
\%4 ” 3]

@

where Q is the river discharge, m3/s; V is the velocity, m/s; A is the area of the river cross-
section, m2, which is determined by the water depth and the water surface width; V is the
average velocity of the flow; k is a conversion factor, ml/3/s, regarded as 1 in this study; n
is the roughness coefficient; R is the hydraulic radius, and ] is the hydraulic gradient.
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2.3.2. Estimation of Rivers’ Width

Rivers” width data is essential in calculating the river discharge, and they were ob-
tained by using satellite remote sensing. The Normalized Difference Water Index (NDWI)
makes use of reflected near-infrared radiation and visible green light to enhance the pres-
ence of water features while eliminating the presence of soil and terrestrial vegetation
features [49]. It was used in our study to extract the width of water surface. Its expression
is as follows [50,51]:

NDWI = (Green — NIR)/ (Green + NIR) ©)]

where Green and NIR are the surface reflectance of the green band and near-infrared band,
respectively. They correspond to band 2 and band 4 in Landsat? ETM+, and band 3 and
band 5 in Landsat 8 OLI imagery.

Although satellite remote sensing has a high temporal resolution, the spatial resolution
of satellite remote sensing is limited. For narrow rivers, it is difficult to directly calculate
their width. To address this issue, the spectral unmixing method was applied to Landsat
images [52]. The rivers from Landsat images were in the same period as the UAV flight.
There are some outliers in the extracted results of river width because of the dry-flow in
some sections or the freezing of rivers caused by cold weather. To ensure the estimation
accuracy, these outliers were removed. River discharge can then be estimated using the
digital river section model and the extracted river width. Assuming that the daily discharge
obtained from remote sensing images is taken as the average discharge of the current month,
the monthly discharge can be calculated by conversion. Due to removing the outliers, we
cannot obtain all the data for each section from January to December each year, in which
some of the monthly data were discontinuous. Therefore, the results were analyzed on a
monthly scale.

2.3.3. Estimation of Discharge in High Mountain Glacierized Basin

We used the water balance model to estimate discharge of glacier meltwater. The
water balance model refers to the calculation of water storage, recharge, and consumption
of a watershed or region in a certain period based on the law of conservation of matter.
For a glacierized basin, the change in water storage is actually reflected in the change of
the glaciers in the basin. The sum of glacial meltwater runoff and precipitation runoff
in non-glacier areas is equal to the total runoff in the basin. The input variables of this
method are relatively easy to obtain, especially for the high-latitude, high-altitude, or
complicated terrain.

The water balance equation of the high mountain glacierized basin we studied can be
expressed as

R=R,+R, @

where R is annual total runoff, R, is annual glacier runoff, and R; is rainfall runoff in
non-glacier areas of the basin. In the ideal state, without considering the evaporation and
infiltration process [15], R, can be estimated as:

Ry =P x (Ac— Ag) X ttng (5)

where P is annual precipitation, A, is the basin area, A, is the glacier area, and a; is the
runoff coefficient of the non-glacial area, which can be determined according to previ-
ous studies.

The annual total runoff was calculated based on the estimation results of remote
sensing hydrological station technology. Specifically, we estimated monthly runoff for a
total of 22 years from 1999 to 2020, with several months lacking data due to the accuracy
limitation of the river width inversion method. Therefore, we take the year with relatively
complete monthly data as representative and accumulate monthly data to obtain annual
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data of the river section. Some river sections have data for only a few years (K1, T1), while
some river sections have complete data for 22 years (K4).

In the water balance model, annual glacier area is an important input factor. In this
study, the annual glacier area of each basin was obtained by classified the Landsat images
based on the SVM method (See Section 2.3.4 for details). Using ERA-Interim data, the
precipitation in non-glacier areas of the basin was obtained. The basin area of each section
was obtained through hydrological analysis of 30 m spatial resolution DEM data using
ArcGIS 10.5 software.

2.3.4. Assessment of Glacier Area Changes

The glacier information obtained from the glacier monitoring station is of high accu-
racy. As for the long-term glacier data, a remote sensing technique was used. We applied
the support vector machine (SVM) method [53,54] to determine the glacier area. The
Landsat 7 ETM+ and Landsat 8 OLI images were preprocessed. Images that had data gaps
(showing as black stripes on the images) were repaired first, and the supervised classifica-
tion was then performed based on signatures from false-color composite images (bands 7,
4, and 3 for Landsat 7 and bands 6, 5, and 2 for Landsat 8). By overlaying the boundaries of
glaciers in different periods, the change information was obtained and analyzed.

2.3.5. Accuracy Assessment

(Z(Q — Qu) )2
n

2

X (Qh — Q)
—2

Yi-1(Qh — Qm)
where Q;, is the in-situ discharge, Q. is the estimated discharge, Q. denotes the mean
value of the in-situ discharge, T is the number of simulation calculations, and n represents

the total number of observations. The NSE varies from —co to 1, and 1 indicates the optimal
status where the simulated discharge equals the in-situ measurements.

RMSE = (6)

NSE=1

@)

3. Results
3.1. Changes of Glacier Area

Using Landsat images between 1999 and 2020, we analyzed the changes in the glacier
area of the studied river section basins. Figure 4 shows the spatial distribution of glaciers
in the basin controlled by the ten river sections in 1999 and 2020. It can be seen that the
glacier recession has taken place in all basins, and the total glacier area has decreased
by approximately 63% during the past two decades. The results of the glacier recession
correspond with previous reports [6,55].

Comparing the river sections of the two largest basins, the decreased area of glaciers
in the Kashgar River Basin was more than that in the Taxkorgan River Basin (Figure 5). The
four sections (K1-K4) which are located at Kashgar River Basin control a small watershed
area. These areas are characterized by a small glacier coverage but large glacier recession.
In 1999, the total glacier area in the basins of K1-K4 sections was about 318.54 km?. By
2020, the total glacier area shrank to 52.71 km?, with an average reduction of about 69%.
Among them, the area of glacier recession in the K1 section was the largest, with 91% glacier
coverage disappearing. In contrast, the watershed area controlled by the T1-T6 section
located at the Taxkorgan River Basin is relatively large. Glacier coverage in these section
basins was high, and the decrease in glacier area was smaller than that of the Kashgar River
Basin. In 1999, the total glacier area in the basins of T1-T6 sections was about 4906.29 km?2.
In 2020, the glacier area reduced to 1874.26 km?2, with an average reduction of 61%. It
can be concluded that the basins with smaller glacier areas were more sensitive to climate
change as the climate continues to warm.
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Figure 4. Glacier distribution in the basins controlled by the studied river sections.

3.2. River Discharge from UAV and Satellite Remote Sensing

We evaluated the estimation accuracy of the river width and discharge data before
analyzing the long-term discharge changes. The correlation analysis was performed
between the river widths measured by UAV images and satellite images in the same period
(Figure 6a). The linear relationship of the two results is significant (R?=0.73; p <0.01). There
is no hydrometric station in the high mountain area we studied. The discharges measured
from in-situ experiments were reckoned as the true values for validating the calculated river
discharges (Figure 6b). There is a high correlation between the measured and the estimated
river discharges (R? = 0.85; p < 0.01). All selected sections were considered as a whole, and
the overall simulation accuracy was evaluated. The Nash—Sutcliffe efficiency coefficient
(NSE) is 0.81, and the root mean square error (RMSE) is 20.29 m3/s. This means that the
method of remote sensing hydrological station was appropriate for this ungauged area.
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Figure 5. The proportion of glacier area in the basins of different river sections in 1999 and 2020.

y=0.7046x + 15.082 ] 120t ¥ =10324x + 2.3793
R’ =0.8549

R =0.7294 °

=
S
T

80

60 -

40

In-situ river discharge (mlls)

20+

20 30 40 50 60 70 0 20 40 60 80 100 120 140
River width from UAYV (m) Calculated river discharge (m*/s)

Figure 6. Validation of the calculated river width (a) and river discharge (b).

The estimated monthly discharges, as well as the linear trends, of each section from
1999 to 2020 are shown in Figure 7. Except for sections T3 and T4, the monthly discharge of
the other eight sections shows a decreasing trend, with an average reduction of 21.05%. In
accordance with this, it is clear that the river discharge in the Pamirs Plateau has reduced
over the past 22 years, but even in the same region, the change trends of the river discharge
in different basins appear different. The decrease in the discharge of the Kashgar River
Basin is more than that of the Taxkorgan River Basin. Over the whole study period, the
average decrease in sections K1 to K4, which are located at Kashgar River Basin, is 35.92%,
while the average decrease for sections T1 to T6, which are located at the Taxkorgan River
Basin, is 11.13%.

Although the selected sections are not located far from each other, their locations,
basin characteristics, and glacier coverage determine the different responses of estimated
discharge to climate change. Among the ten sections, the decreasing trend of monthly
discharge in K1 is the most significant, while the decreasing trends of K3, T2, and T3
are not obvious. The decrease of monthly discharge in K1 was 59.46%, followed by K4
(approximately 58.05%). K3 has the smallest increase, reaching approximately 0.69%.
Section K1 controls the above watershed of 1497.19 km?2, with an altitude of 1850~5885 m.
This section has the most obvious monthly discharge reduction from 1999 to 2020, with a
reduction of 59%. It is not only the section with the largest control basin area of the four
sections in the Kashgar River Basin, but also the section with the largest glacier coverage.
According to the changes in monthly discharge and the recession of glacier area in the
basin, it can be seen that both the most significant reduction in discharge and the recession
of glaciers have occurred in this section. K4 has the maximum discharge. In September
2009, the discharge of K4 was 1342.11 X 10® m3. Section K3 has the minimum value. In
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June 2002, the discharge of T3 was only 0.12 x 10°® m®. The watershed area controlled
by T3 is 364.24 km?, and the altitude ranges from 3721 m to 5540 m. T3 is not only the
section with the smallest watershed area controlled among the six sections of the Taxkorgan
River Basin, but it is also the section with the smallest discharge among the ten sections.
The discharge there varies from 0.12 x 10° m? to 8.66 x 10° m3, with an average value
of 2.04 x 10° m3. During the last 22 years, the discharge has showed a slightly increasing
trend, with a change of 0.88%. Section T4 controls the area above 3246.58 km?; the altitude
is between 3113 m to 6337 m, and the discharge has a 10.83% increase. Section T6 is
located on the mainstream of the Taxkorgan River, and it controls the basin of 6150.97 km?
including sections T1 to T5. Due to its large watershed area, it has the largest discharge
among the six sections in the Taxkorgan River Basin, with monthly discharge ranging from
111.24 x 10° m® to 443.09 x 10° m3. The monthly discharge of this section has a significant
decreasing trend over the years, with a change of up to 50%.
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Figure 7. The changes of monthly discharge in different river sections during 1999-2020.

River runoff in areas dominated by glacial meltwater usually experience an upward
and then a downward trend [17]. The studied river sections of our study area are all
located in high-altitude areas and the elevations of the basins they control ranges from
1811 m to 6556 m. There is a wide range of glaciers in the basin, and the rivers are mainly
supplied by glacial meltwater. In terms of the characteristics of the underlying surface,
the inconsistency of discharge changes at different river sections mainly depends on the
difference in glacier coverage in the basin. The overall decreasing trend of discharge in
our study sections could be mainly caused by the recession of glaciers in the controlled
basin, although some sections illustrate a weak decreasing trend. This indicates that under
the background of climate warming, glaciers in the headwaters are no longer sufficient to
maintain the increase in river discharge in sub-basins. Therefore, we have considered that
discharge of these river sections has passed its peak value and shows a decreasing trend.
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However, for sections T3 and T4, the reason for the increase in discharge may be that the
recession of glaciers is still contributing to the increase in discharge, and the discharge has
not yet reached its peak. Their discharge may show the same trend as the other sections
within a few years.

3.3. Glacier Discharge from Water Balance Model

According to the water balance model, the discharge from glacier meltwater of the
controlled basins in the ten research river sections was calculated. Figure 8 presents the
annual changes of total discharge and glacier meltwater discharge in the ten river sections
during the past two decades. As such, the multiyear variation of total discharge and
glacial meltwater discharge of different sections are consistent with the multiyear monthly
variation of discharge. Except for sections T3 and T4, the total discharge and glacial
meltwater discharge of the other eight sections shows a decreasing trend.
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Figure 8. Annual total discharge and glacier meltwater discharge of studied sections during 1999-2020.

In each glacierized basin, the average discharge from glacier meltwater accounts for
83% of the total discharge in the controlled basin, and the remaining 27% are other runoff
components in the basin. Among the ten river sections, the glacier meltwater discharge
in the Kashgar River Basin accounts for a larger proportion of the total discharge than in
the Taxkorgan River Basin. The glacial meltwater discharge at sections K1-K4 accounts
for an average of 85% of the total discharge, while at sections T1-T6, it accounts for 82%.
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Section T1 has the largest proportion of glacial meltwater discharge (87%), with discharge
changes ranging from 683.07 x 10° m3 to 225.79 x 10° m3, averaging 386.29 x 10® mS.
Section T2 has the smallest proportion of glacial meltwater discharge (78%), with discharge
changes ranging from 128.61 x 10° m3 to 28.43 x 10°® m3 and an amount of 63.72 x 10° m3
in average.

4. Discussion
4.1. Motivation and the Study Objective

There are many areas with ungauged or limited observation data around the world.
How to make hydrological forecasts in these areas has always been one of the problems
that plagued hydrologists at home and abroad [56]. In particular, widespread distributed
small and medium-sized rivers are the majority of the data-scarce areas. However, the
basin area and flow of these rivers are small, and local government departments can rarely
invest in the establishment of hydrological stations [24]. There are human gathering places
in the middle and lower reaches of such rivers, and the planning and management of
water resources often lacks sufficient hydrological data support. Satellite remote sensing
can effectively obtain the underlying surface data of large-scale basins and is widely used
in river discharge estimation research. Low-altitude UAVs can effectively compensate
for the lower spatiotemporal resolutions of satellite data and is more suitable for small
and medium-sized rivers. UAV pixel size can also be controlled by flying altitude, which
makes it more flexible for monitoring various-sized rivers [33]. Therefore, UAVs have great
research value in estimating the river discharge in headwater sub-basins.

In this context, our study focuses on the practical problem of difficulty in obtaining
runoff data in hydrological data-scarce areas, combining low-altitude UAVs with satellite
remote sensing data to carry out a quantitative study of time series discharge estimation at
high-altitude sub-basins. The main innovation of this research lies in the establishment
of remote sensing hydrological stations for river monitoring in the region with scarce
hydrological data. Moreover, we explore the feasibility of extending remote sensing
discharge estimation methods on time and space scales, thereby alleviating the problem
of data acquisition in areas with a lack of hydrological data. The quantitative analysis of
discharge changes provides data support and technical reference for the development and
utilization of water resources in arid, high-altitude areas.

4.2. Changing of Climatic Factor

We have observed a substantial recession of glacier area since 1999. The warming
temperature considered to be the dominant driver for the recent glacier recession in pre-
vious research [57] has been illustrated by our study. To determine the influence of the
climatic factor on the river discharge of the Pamir region, the temperature changes in the
river basins for the period 1999-2019 was plotted (Figure 9). The temperatures in the basin
controlled by ten sections all reveal a rising trend, with an average rate of 0.016 °C/year.
The result of rising temperature is consistent with that in previous reports published for
Pamir regions [58], among which the temperature increase rate in the Kashgar River Basin
is the largest, reaching 0.03 °C/year, and the annual average temperature was 6.63 °C.
The temperature rising rate in the Taxkorgan River Basin is relatively small, with a rate of
—0.007 °C/year and an annual average temperature of 3.69 °C. The average highest temper-
ature of 5.46 °C and average lowest temperature of 4.35 °C were observed in 2007 and 2000,
respectively. The rising rate of temperature in K3 is the most significant (0.035 °C/year),
and T4 has the smallest rise (0.001 °C/year). The temperature changes of the ten sections
do not completely correspond to the changes of discharge, which further indicates that
in addition to temperature, the degree of glacier recession in the basin also has a great
influence on the discharge variation.
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Figure 9. Annual temperature changes in the basins of ten river sections during 1999-2019.

It is widely acknowledged that precipitation is an important source of replenishment
for surface runoff and, thus, plays a pertinent role in maintaining regional ecosystems.
Recent studies found that the precipitation in the East Pamir region is increasing due
to the influence of the westerlies [59]. However, the river sections in our study are all
located in stream headwaters at high altitude, and the glacier meltwater accounts for a
large proportion in the basin, which weakens the impact of precipitation on runoff changes.
In addition, the rising temperature leads to an increase in evaporation, which offsets the
hydrological effect of increased precipitation. Therefore, we have not discussed the impact
of precipitation on runoff separately in this article.

4.3. Runoff Characteristics of High-Altitude Headwaters

As the origin of many inland rivers, high-altitude river headwaters determine the
amount of water resources exported to the middle and lower reaches, and, in turn, affect the
region’s social and economic development. Different from plain areas, there are large areas
of glaciers, snow, and frozen soil in high-altitude areas, and the transformation between
solid, liquid, and gaseous water plays a very important role in the hydrological cycle.
However, the water cycle in the sub-basins of the high-altitude headwater is a very complex
process affected by various factors such as regional climate and geographical environment.

In many similar studies of high-altitude areas, river runoff is mainly fed by glacier
meltwater, which is detected to increase due to increasing glacier melt [11,60,61]. The Pamir
is a typical representative of the high-altitude headwater area. To date, numerous studies
have attempted to explore the response of river discharge to climate change, hydrological
processes, and changes in water resources. The increasing trend of discharge has been
found in the past by Chevallier et al. [62] and is assumed to increase in the next 60 years
by Kure et al. [63]. However, in contrast to their studies, the decreasing trend of river
discharge in the Eastern Pamir headwaters has been detected in our study. These opposite
results suggest that the hydrological responses vary among different watershed systems.
In non-alpine areas or a large river basin, because the runoff composition includes many
other components besides glacier meltwater (for example rainfall, groundwater, and other
mixed recharge sources), the runoff process is influenced by numerous factors. In contrast,
for the headwater sub-basins, the runoff component of the tributaries mainly consists of
snow and ice meltwater. The contribution of glacier meltwater gradually decreases as the
river progresses downstream [6].

It is noteworthy that the solid water sources (glacier) of supply in the headwater
basins are limited, and it is difficult to recover its original state once it is melted. There
is a negative correlation between glacier retreat rate and glacier size: small-scale glaciers
are more sensitive to climate change, while large-scale glaciers are relatively stable [64].
Previous studies have pointed out that there are mostly small glaciers in the Pamirs [6,65].
We have explained in this study that glaciers have disappeared in the Eastern Pamir, and
more are expected to follow in the future. Even if glaciers do not disappear completely, it
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is expected that further glacial recession will result in regional water shortages because
of decreased glacial meltwater [66]. Thus, the reduction of discharge in the headwater
sub-basins is inevitable.

4.4. Opportunities and Challenges of UAV-Based Survey on High Mountain Areas

Globally, high-altitude mountainous areas are characterized by abundant water re-
sources and large amounts of runoff. Water estimation at these regions is significant because
they are the source of water for local and downstream oasis areas. Due to its rugged ter-
rains, harsh weather conditions, low population density, and inconvenient transportation,
the high mountainous area makes field investigation more difficult and brings challenges
to related alpine research. Hence, most previous studies focused on plain oasis areas, while
few studies focused on the mountain regions which hindered the progress of the research
on the alpine areas. UAVs have been widely used in agriculture, weather monitoring, forest
fire detection, emergency search and rescue, and other numerous fields [67-69]. Among
them, there is enormous potential for in-field monitoring in alpine regions. Continuous
and in-depth research of mountains areas at high altitudes is promising.

Although remote sensing has exerted its great advantages in remoteness areas, it has
some shortcomings. For example, special uplifting terrain and temperature difference
makes it easy to form clouds in high-altitude mountainous areas, which affects the acquisi-
tion of accurate images. In such a case, as a low-altitude remote sensing platform that can
fly under clouds, UAVs have great potential for increasing sparse and discontinuous field
monitoring by providing high-resolution images at a relatively low cost. On the other hand,
UAVs also face a series of problems in harsh high-altitude areas. Influenced by altitude
and temperature, the weather changes in mountainous areas are relatively fast, and severe
weather causes obstacles to UAV monitoring. Conditions such as high winds, extreme
temperatures, and low air density all affect its work efficiency.

In summary, the effective combination of UAV and satellite remote sensing has great
application and promotion values. Using UAV, we can obtain the cross section of the river
channel and calculate the river flow in one period. However, the control distance of the
UAYV is limited to 10 km, and every time the data is collected, it needs to reach the vicinity
of the research river section. These have restricted the time and space expansion of UAV
applications. Satellite remote sensing can provide images of historical periods. In the
existing studies, scholars have demonstrated the feasibility of acquiring serial discharge
based on satellite images [70,71]. However, satellite remote sensing is limited by its
spatial and temporal resolutions and cannot provide high-precision river section profile
information. Even if the river width is obtained, there are still large errors for medium and
small rivers, so its spatial promotion is not ideal [30,72]. Therefore, giving full consideration
to the advantage of high-precision characteristics of low-altitude remote sensing and the
long time series of satellite remote sensing can provide a method for continuous discharge
monitoring for data scare areas. On the basis of this study, further quantitative analysis of
the contribution of satellite imagery and UAV will be our next research focus.

5. Conclusions

Exploration of the changes and causes of water resources in high mountain headwaters
in recent decades is of great significance for rational development and optimal utilization
of water resources, as well as formulation of regional water resources protection policies in
the future. In this study, we integrated UAV and satellite remote sensing data for detailed
analyses of discharge changes in the headwater of sub-basins of the Eastern Pamir. Our
results provide reference for the assessment of water resources in high-altitude regions
suffering data scarcity. The main conclusions are as follows:

(1) The Eastern Pamirs’ solid reservoirs supplied by glaciers have been in a state
of continuous loss. The total glacier area has decreased by approximately 63% during
1999-2020. The glacier recession in the Kashgar River Basin (69%) was more pronounced
than that in the Taxkorgan River Basin (61%).
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(2) Our estimation of river width and discharge is accurate, and the NSE value for
estimated discharge reaches 0.81. The long-term monthly discharge of river sections shows
a decreasing trend with an average reduction of 21.05%. The annual variation of total
discharge and glacial meltwater discharge was consistent with their monthly variation, and
glacier meltwater accounts for an average of 83% of the total runoff in the controlled basin.

(3) The overall decreasing trend of discharge is closely related to the recession of
glaciers in the basin. Under the background of climate warming, the runoff increases with
the increase of meltwater at the expense of glaciers. Glacier storage is limited and cannot
maintain the increase in river discharge for a long time. Therefore, the discharge shows a
decreasing trend after passing its peak.
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