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Abstract: Rivers in arid regions serve as crucial freshwater resources for local communities and
play an essential role in global hydrological and biogeochemical cycles. The Aral Sea Basin (ASB)
in Central Asia is characterized by an arid climate and river dynamics that are sensitive to climate
change and human activities. Monitoring the spatiotemporal variations in river water extent in
the ASB is essential to maintain an ecological balance and ensure water security. In this study, we
extracted data regarding monthly river water bodies in the ASB from 2017 to 2022 by synthesizing
monthly Sentinel-2 images. The water extents on the Sentinel images were automatically mapped
using the Otsu method, and the river widths for all river channels were calculated using the RivWidth
algorithm. We investigated the relationships between the river dynamics and the geomorphology,
climatic change, human activities, and the annual and interannual variations in the river width in
different reaches of the basin. The results show a seasonal variability in the river width, with most
rivers reaching the largest width in the warm season and a few rivers in the middle and lower areas
reaching the valley value in the warm season. Compared to their tributaries, the mainstem in the
middle/lower regions showed less seasonal variability. According to interannual analysis, most
of the rivers in the ASB significantly narrowed between 2017 and 2022, a phenomenon which is
generally impacted by temperature and evapotranspiration variations. Comparisons show that our
results provide improved information about the narrow river reaches and denser river networks
compared to the previous global dataset, demonstrating the advantageous properties of high spatial

resolution in Sentinel-2 imagery.

Keywords: river dynamics; seasonal variability; interannual variation; Google Earth Engine; climatic
variations

1. Introduction

River systems are essential components of the global hydrological cycle and are crucial
to the health of the worldwide ecosystem and climate system [1,2]. Rivers play a crucial
role in supplying essential freshwater resources for human communities and ecosystems,
serving as indispensable lifelines for regional economic development, environmental sus-
tainability, and ecological security [3-5]. At the same time, rivers play a significant role as
sources of greenhouse gas emissions, contributing substantially to the outgassing of carbon
dioxide and methane into the atmosphere [6]. It is essential to monitor the spatiotemporal
dynamics of rivers for applications in hydrology [7-10], climate change research [11-13],
fluvial geomorphology [14,15], stream ecology [4], water management [16], and flood
prediction [17].

The traditional methods of monitoring river dynamics depend on in situ observa-
tions from field studies and gauging stations, which have a limited spatial and temporal
resolution coverage because of logistical difficulties and political and economic circum-
stances [18,19]. The rapid development of remote sensing has advanced the way of mon-
itoring surface water dynamics at a spatial scale previously impossible [20], with the
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advantages of a global coverage, low cost, and periodical operations [21-23]. Surface water
dynamics have been extensively observed using various remote sensing data. Recent stud-
ies have mainly focused on extracting surface water extents using Landsat imagery [24,25],
which, since 1984, has captured multispectral images of the Earth with a spatial resolution
of 30 m [26]. With the development of open acquisition platforms such as the Google Earth
Engine (GEE) platform [27], many researchers have successfully used Landsat images to
produce regional or global river geomorphology datasets (Table 1). Yamazaki (2014) [28]
created the Global Width Database for Large Rivers (GWD-LR) by combining hydrologic
data with the maps derived from multiscale Shuttle elevation derivatives and Landsat
images for large rivers (width > 300 m). Allen and Pavelsky (2015) [29] developed the
NARWidth dataset, which calculated river widths in North America at mean discharge
times using the RivWidth tool. Allen and Pavelsky (2018) [11] produced a more fine-
grained product, Global River Widths from Landsat (GRWL), for rivers greater than 30 m
under average annual flow conditions on a global scale. The Multitemporal China River
Width (MCRW) dataset, developed by Yang (2020) [30], stands as China’s inaugural 30 m
multi-temporal river width dataset spanning from 1990 to 2015. This dataset encompasses
seasonal variations and provides estimates for dynamic inundation frequencies.

Table 1. The current river width datasets derived from satellite imagery.

Name and Abbreviation Spatial Coverage Baseline Data Temporal Coverage Nominal Resolution Data Source
GWD-LR Global SRTM 11 February 200022 February 2000 90 m Yamazaki et al., 2014 [28]
NARWidth North America Landsat N/A 30 m Allen and Pavelsky, 2015 [29]
GRWL Global Landsat N/A 30 m Allen and Pavelsky, 2018 [11]
MCRW China Landsat 1990-2015 30 m Yang, J. et al., 2020 [30]

However, due to spatial resolution limitations, Landsat imagery has restricted cov-
erage for rivers narrower than 30 m in width, making it challenging to identify the mor-
phological and topological characteristics of the small rivers or seasonal streams that are
standard in arid or semi-arid regions. Furthermore, current river extent datasets mainly
reflect a static status of rivers under specific meteorological or hydrological conditions,
which cannot provide information on the temporal variabilities of rivers. The spatiotempo-
ral details are urgently needed to enhance river observations, especially for small rivers
(width < 30 m) and seasonal rivers that are widely distributed in arid, semi-arid, or high-
altitude regions. High-resolution satellite imagery, such as Sentinel-2 images, provides a
solution for detailed river channel extraction, with a finer spatial resolution of 10 m and a
higher revisit frequency (approximately five days) [31] compared to the Landsat imagery.
With these advantages, Sentinel-2 images show potential for the improved monitoring of
small surface water bodies and water dynamics on land surfaces [32-34].

Since the 1960s, water resources in Central Asia have undergone noticeable changes
attributed to climate change, increasing water demands, and human interventions [35,36].
The substantial reduction of the Aral Sea has transformed it into a primary source of dust
storms carrying diverse pollutants, leading to a significant ecological crisis. A recent study
indicates that approximately 54.37% of Central Asia’s surface water faces the threat of reces-
sion and desiccation [37]. In addition, the demand for water in agriculture and large-scale
irrigation systems typically relies on the ASB, where the population has tripled from 1960 to
2015 [38]. Therefore, monitoring the river dynamics in the ASB is essential for effective water
administration and management to ensure the sustainability of freshwater resources.

The investigation into the river dynamics of the ASB has been constrained, primarily
due to the challenges associated with obtaining and processing time-series images across
extensive regions [39,40]. Rivers in the ASB are typically small rivers or seasonal streams
originating from the uninhabited high-mountain areas, which are challenging to capture
with coarse-resolution imagery. The overall basin-scale river dynamics of the ASB and their
variations among sub-basins remain unknown. This study, focusing on the ASB, addresses
this gap and aims to explore the potential of Sentinel-2 images for monitoring river dy-
namics in a typically dry region. The primary objectives include developing an automated
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method for retrieving the time series of water extents and parameters of rivers based on
Sentinel-2 imagery as well as investigating the spatiotemporal variations in river width
in the ASB during 2017-2022. We present an automated method for extracting the water
extent and river width over extensive regions from Sentinel imagery by taking advantage
of the GEE computational resource and synthesis of algorithms for river network extrac-
tion. We analyzed river dynamics, including seasonal and interannual variations across
different regions, to better understand the spatiotemporal variations in this region and
their relationships with the climate, topography, and anthropogenic factors. The insights
gained from this study will be valuable for the decision makers involved in informed water
resource management, understanding and predicting the impacts of climate change, and
implementing strategies for ecological balance and water security in the ASB.

2. Study Area

The Aral Sea Basin (ASB) is an endorheic basin lying in the abdomen of Eurasia and
the west of the Tibetan Plateau, with an area of about 1.64 x 10* km? (Figure 1). The Amu
Darya and Syr Darya, the two main rivers of the basin, flow into the Big and Small Aral
Seas, respectively. The Amu Darya is the largest river in Central Asia, with a total length
of approximately 2400 km, originating from the glaciers and snowfields of the western Tien
Shan Mountains and Pamir Mountains of Tajikistan [41,42]. The Syr Darya, the longest
river in Central Asia, flows from the Tien Shan mountains and displays mostly nivo-glacial
feeding, with a length of 3019 km to the Aral Sea [43,44]. The rivers and lakes in the arid
inland region receive significant water from the glaciers and seasonal snow covering the
eastern and southeastern mountainous regions. The region hosts 2737 glaciers covering
an area of 1283 km? [45], serving as a crucial water source and a long-term reservoir for
freshwater. The middle-west regions are plain desert areas and Aral Sea lakes, which receive
river recharge from precipitation and snow meltwater. We further divide the ASB into seven
subregions for this study to evaluate the river width variations, as shown in Figure 1.
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Figure 1. An overview of the Aral Sea Basin. Rivers, lakes, and reservoirs are from the JRC GSW dataset
and the HydroLAKES database. Glaciers are from the GAMDAM glacier inventory. The seven subre-
gions include the upper stream of the Amu Darya (upper AMU), the upper stream of the Syr Darya
(upper SYR), the middle stream of the Amu Darya (middle AMU), the middle stream of the Syr Darya
(middle SYR), the upper and middle streams of the Syr Darya (upper/middle SYR), the lower stream of
the Amu Darya (lower AMU), and the lower stream of the Syr Darya (lower SYR).
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With mountains in the southeast blocking the warm, humid air currents from the
Indian and Pacific Oceans entering into the basin [46], the ASB is under a typical continental
arid and semi-arid climate characterized by a cold winter and hot summer, an uneven
distribution of precipitation, and generally high diurnal and seasonal variations in tem-
perature [47]. In January, the average temperatures range from 0 °C to 4 °C, while in July,
they range from 28 °C to 32 °C, with even higher temperatures in the desert regions [48].
The primary source of humidity is the westerlies from the Atlantic, and the precipitation
patterns are mainly influenced by the interplay between the Siberian anticyclone in the
winter (resulting in dry conditions) and cyclonic activity from the west in the summer
(leading to wet conditions) [49]. Water vapor fluxes mainly come from the North Atlantic
and Indian Oceans and are transported by the westerly wind belt and the South Asian
monsoon [50-52]. Precipitation in Central Asia is concentrated in the spring and early
summer, especially in the spring. The warm-season average precipitation from 1960 to
2015 was 17.3 mm, while the cold-season average was 22.9 mm [53]. The precipitation is
highest in mountainous areas and lowest in the central and western parts of the basin [54].

3. Data and Methods
3.1. Data
3.1.1. Sentinel-2 MSI Imagery

The European Space Agency (ESA) initiated the Copernicus program, in which two
new Earth observation satellites for the Sentinel-2 mission have been developed (https:
/ /sentinel.esa.int/web/sentinel /missions/sentinel-2, accessed on 19 December 2021).
The two identical satellites, Sentinel-2A and Sentinel-2B, were launched on 23 June 2015 and
7 March 2017. The satellites carry a multispectral imaging (MSI) sensor to acquire images
with a high return frequency (10 days for one satellite, five days for two satellites), which is
advantageous for dynamic surface water mapping and monitoring [32]. Sentinel-2 provides
two main products: Level-1C and Level-2A. Level-1C represents the top of atmosphere
(TOA) reflectance after affine variation and geometric correction, while Level-2A signifies
the surface reflectance after atmospheric correction. We used the Sentinel-2 Level-1C
product on the GEE platform for surface water mapping, as TOA reflectance is sufficient for
the identification of surface water, and atmospheric corrections may introduce additional
uncertainties [55].

Sentinel-2 MSI captures 13 spectral bands ranging from visible light and near-infrared
(VNIR) to shortwave infrared (SWIR) [31]. We utilized three bands: GREEN, NIR, and
SWIR. The SWIR band, initially at a spatial resolution of 20 m, was resampled to 10 m to
match the spatial resolution of the GREEN and NIR bands. We utilized Sentinel-2 satellite
images acquired from January 2017 to December 2022. We referenced the “QA60” band to
identify and mask cloud pixels on the Sentinel-2 imagery. For quality control, we filtered
images with a cloud cover larger than 20%. This threshold was chosen to balance between
image quality and quantity. After filtering, we processed a total of 68,144 Sentinel-2 images
for the study area. These images were organized into collections based on the calendar
month to construct a monthly time series. On average, there are 946 images for each month
of the year.

3.1.2. Auxiliary Data

The auxiliary data used in the study included the JRC GSW dataset, HydroBASINS,
Height Above the Nearest Drainage (HAND) dataset, and the ERA5-Land monthly dataset,
which globally will be acquired and integrated into the Google Earth Engine (GEE) platform.
The Joint Global Surface Water Research Center (JRC GSW) dataset is a comprehensive and
widely used dataset developed by the European Commission. It reveals the substantial
spatiotemporal changes in the global surface water over the past 37 years. This dataset
provided detailed information on the changes in surface water extents and offered valuable
insight into changes such as the expansion or contraction of water bodies, seasonal fluctuations,
and long-term trends. The JRC product comprises seven bands, and this study utilizes the
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maximum water extent (GSW MWE) in the dataset to mitigate the impact of background
noise, representing all locations where water has been detected from 1984 to 2018.

The HydroBASINS dataset provides boundaries of global basins organized in 12 scales
according to the Pfafstetter coding system [56]. The HydroBASINS database’s continuous
global coverage of level-6 basins served as the fundamental scale for segmenting river
reaches in the study area. Due to the potential misclassification of terrain shadows as water
bodies, we used SRTM DEM data to mask the regions in mountainous areas with slopes
exceeding 15 degrees. The Shuttle Radar Topography Mission (SRTM) Digital Elevation
Model (DEM) is a high-resolution global digital elevation model that has been widely
used for topographic mapping and hydrological modeling [57]. Additionally, we used the
HAND (Height Above the Nearest Drainage) dataset [58] to mask topographic shadow
regions in flat areas with a threshold of 30. The ERA5-Land monthly dataset [59] is a
reanalysis dataset that provides comprehensive monthly climate information at 0.1° x 0.1°.
Compared to ERAS5, this dataset provides an enhanced view of the changes in land features
over the decades. It is a valuable resource for investigating the relationships between river
dynamics and various climate factors.

3.2. Methods

The flowchart of methods consists of three main steps to derive and analyze the time
series of river maps (Figure 2). First, we pre-processed the Sentinel-2 images to mask cloud
pixels and eliminate possible terrain shadows on the GEE platform. Secondly, two water
indices were employed as input for Otsu’s threshold segmentation method to automate the
extraction of water bodies. Then, the RivWidth algorithm [60] was used to extract the river
centerline and calculate the river width based on the water mask. Finally, we explored
the spatiotemporal patterns of river dynamics, conducted a qualitative verification, and
analyzed the driving mechanism. The details are organized in the sections as follows:
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Figure 2. The technical flowchart for the river extraction and river width calculation.
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3.2.1. Water Extraction

To maximize the differentiation between water and non-water on Sentinel images, we
used the NDWI proposed by McFeeters (1996) [61] and the MNDWI water index developed
by Xu (2006) [62] as basic references. The NDWI formula (Equation (1)) is expressed as follows:

NDWI = OGreen — PNIR (1)
OGreen 1 PNIR

where pGreen and pNir are Band 3 and Band 8, respectively.
The MNDWI formula (Equation (2)) is proposed as follows:

MNDWI — PGreen — PSWIR )
OGreen + PSWIR

where pGreen and pswir are Band 3 and Band 11, respectively.

The NDWTI has been well established and validated in numerous previous studies
for mapping water bodies [62-64]. However, its accuracy is relatively low in areas where
water, buildings, soil, and vegetation are mixed. By using the MNDWI, this accuracy is
significantly improved [32,65,66]. Therefore, it is necessary to compare surface water maps
of NDWI and MNDWI products to understand the influence of built-up and mixed pixels,
especially in riverbanks and construction zones. We compared two surface water maps by
visually evaluating the water boundaries on several cloud-free subsets. We selected the
optimal surface water detection maps for our study area based on visual interpretations.

The Otsu algorithm has been confirmed to be an effective tool for determining the
threshold of the water index for surface water mapping [67-69]. The Otsu algorithm finds
an optimal threshold that maximizes the variance between the target and the background
class, which can be done through a histogram analysis of the pixel values (e.g., NDWI) [70].
Once the threshold is determined, the image is segmented into water (above the threshold)
and background (below the threshold). Using the automatic Otsu tool developed by
Nobuyuki [71], we dynamically determined the threshold for different river reaches and
retrieved water pixels based on the NDWI and MNDWI maps. The improvement we
made was to use the GSW maximum water extent to create buffer mask data to define the
extent of the histogram statistics. With a narrowed spatial extent, the accuracy of Otsu’s
classification of water bodies can be improved with a precise bimodal distribution.

3.2.2. Data Post-Processing

Background noise, which includes complex topography, vegetation, clouds, snow, and
hill shadows, significantly impacts the water extraction accuracy. To reduce the effects of
mountain shadows, we employed hydrologically relevant terrain models from the SRTM
V3 product. In addition, we utilized the GSW maximum water extent band to reduce the
undesirable noise impact and enhance the river extraction efficiency to create distinct buffer
zones for various stream-order reaches.

3.2.3. Calculation of River Width and River Surface Area

The influence of clouds, shadows, and bridges resulted in gaps in the water mapping
data. Manual topological processing in ArcGIS 10.5 addressed this issue and connected
these gaps to ensure a more complete representation of the river network. We used the
RivWidth algorithm to extract the river centerline and automatically calculated the river
width based on the connected river surface from the water maps. Delineating the outlines
of rivers from the binary water maps involves various processing steps (Figure 3).

The RivWidth algorithm generated two final outputs: a width image displaying the
entire flow width at each centerline pixel and a spreadsheet containing each pixel’s location
coordinates and the river’s flow width. We converted the binary water map’s grid into
a vector plane format. After calculating the vector area, we eliminated polygons smaller
than 0.01 square kilometers, because they might not actually represent water, but instead,
background noise.
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Figure 3. Inputs, intermediate steps, and outputs of river width calculations in this study: (a) simu-
lated true-color composite of Sentinel-2 over the upper reaches of the Amu Darya (37.1°N, 68.6°E);
(b) simulated true-color composite of Sentinel-2 over the middle reaches of the Amu Darya; (c) sim-
ulated true-color composite of Sentinel-2 for the middle stream of the Syr Darya (41.5°N,68.8°E);
(d—f) are water maps of composited monthly median values for July 2018 corresponding to (a), (b),
and (c), respectively; (g—i) are river width maps corresponding to (d), (e), (f), respectively.

3.2.4. Quantifying River Width Variations

This study used monthly composite images from January 2017 to December 2022
to depict river dynamics in the ASB. We chose the level-6 seamless basins from the Hy-
droBASINS database as the fundamental scale for delineating river segments. Each level-6
basin polygon cropped the river centerline to form a separate watershed-scale river net-
work. This results in 170 level-6 basin units covering the study area. We derived a monthly
time series of the mean river width for each sub-basin for 2017 and 2022. The time se-
ries was aggregated into two seasons: the warm season (April to September) and the
cold season (October to March) to depict the seasonal width variability. Considering the
width fluctuations in different reaches, the percent variation represents the seasonal width
variability. The formula (Equation (3)) is proposed as follows:

(Width warm — Width coiq )/ (Width warm -+ Width 1) 3)

where Width yarm and Width .4 denote the mean river width in the warm season and cold
season, respectively. For the interannual analysis, we aggregated the monthly time series
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of the river width to yearly data. We performed the least-squares regression method to
quantify the trends in river width over the years. We evaluated the slope of the regression
line to understand the direction and magnitude of the trend. We analyzed the trends
and interannual variations in the river width for each basin. We calculated the average
river width for the corresponding months during the study period to examine the annual
variations in river width.

3.2.5. Qualitative Evaluation

To evaluate the accuracy of the river extraction results from the Sentinel-2 images, we
conducted an overlay analysis and qualitative evaluation using the GRWL database [49].
The global river width (>30 m) data are provided by the GRWL database, which uses
Landsat imagery. We used various indicators to compare the results in this study with the
GRWL database, which include the river network density (ratio of river length to basin
area), open-water fraction (ratio of water surface area to basin area), and river connectivity
(river length of a single connected reach).

3.2.6. Correlation Analysis

We integrated meteorological data to explore the correlations between climatic vari-
ations and river dynamics. The Pearson correlation coefficient is a frequently employed
method for assessing the correlation between two variables [72,73]. This study examined
the relationship between climatic factors (temperature, precipitation, and evapotranspira-
tion) and river width at different time scales (seasonally, annually, and interannually) to
determine the relative contributions of various climatic variables to the river width dynam-
ics. For each subregion and the whole region, we calculated the mean monthly climatic
variables from the ERA5-Land monthly dataset and matched them with the corresponding
river-width time series for the correlation analysis.

4. Results
4.1. Spatial and Temporal Dynamics of Rivers in the Aral Sea Basin
4.1.1. Distribution of Rivers

Figure 4 depicts the spatial distribution of the river widths in the ASB extracted from
median composite Sentinel-2 images. In this investigation, we computed the widths of
all rivers, totaling 9.6 x 10* km of rivers in the ASB. The detailed results include the
latitude and longitude of pixels on the river centerline and their corresponding widths.
Additionally, they form a braiding index field indicating the number of channels in each
river section. From the spatial distribution of the river widths shown in Figure 4, we can
see that the rivers are narrower in the downstream delta area (Figure 4b) and the upstream
headwaters region (Figure 4d). At the same time, the channels widen where tributaries
converge (Figure 4c). The minimum width of the rivers is 10 m (corresponding to the
minimum pixel size of Sentinel-2 images), and the maximum width can reach up to 4724 m
at the intersection of tributaries.

Rivers in the ASB are predominantly concentrated in the eastern part, with most
rivers originating from the east region. Rivers are particularly dense in the high-altitude
southeastern part, where the sources are fed by glacial and snowmelt water. The river
network density in the southeast is higher than in the middle and lower streams in the
northwest, reaching a maximum density of 9.0 m~!. The mainstem and tributaries are
interleaved in the basin. In the flat plains and desert areas, the density of the river branches
decreases and eventually disappears due to agricultural irrigation and human activities.
Consequently, the river network density in these areas decreases.



Remote Sens. 2024, 16, 822 90f22
60° E 65°E 70° E 75°E
a N
lower SYR
W E
S
Z ) Z
o, middle SYR °,
< <
Z Z
o] ]
o =
= =
. middle AMU

River width (m)

10 - 100

=== 101 - 200

201 - 300 o [ d
301 - 400 .

Z | 401-600 Elevation(m) zZ
=5 High : 7217 |2

=== 801 - 1000 B 1 :
O oo s [ Aral Sea Basin g A

— 1501 - 2500 . 0 150 300

— 2501 - 4200 |:| Sub-basin Km - Low : 11

60° E 68° E 740

Figure 4. (a) Spatial distribution of river extraction results in the ASB: (b) zoomed-in map of lower
stream of the Amu Darya (59.43°E, 42.56°N); (c) zoomed-in map of upper and middle streams of the
Amu Darya (68.7°E, 37.28°N); (d) zoomed-in map of upper stream of the Syr Darya (73.41°E, 41.32°N).

4.1.2. Seasonal Variations in River Width

Given the varying climate conditions, the river width in the ASB exhibits different
seasonal patterns. We calculated the percentage variation in the river width in the warm
and cold seasons to estimate the seasonal variations. Positive values indicate that the river is
wider in the warm season, while negative values indicate that the river is wider in the cold
season. According to the results, the river is wider in the warm season for the majority of the
river reaches the Amu Dara and the middle and upper streams of the Syr Darya (Figure 5a).
Meanwhile, we observe the largest river width in the cold season in specific river reaches (e.g.,
the lower and a proportion of the middle streams of the Syr Darya). This phenomenon may
be related to the climatology, mostly seasonal precipitation distribution.
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Figure 5. (a) Spatial distribution of seasonal variations and annual dynamics in river width across the

seven subregions: (b) upper SYR; (¢) upper/middle SYR; (d) middle SYR; (e) lower SYR; (f) upper

AMU; (g) middle AMU; (h) lower AMU; (i) the ASB from 2017 to 2022. The average river widths of the

upper/middle SYR and lower SYR in the winter were excluded due to the lack of valid observations.

On the other hand, the broader channels observed in the winter can be attributed to
ice jams. The middle streams of the Syr Darya experience ice jams due to the relatively
gentle stream gradient. In these intermediate parts, which are still frozen, ice is transported
from the upper stream, accumulating shattered pieces of ice. In contrast to the tributaries,
the mainstem of the Amu Darya showed comparatively less variability.

Figure 5b-h show the seasonal variation curves of the average river width in the
seven major subregions. According to the results, the average river width exhibits distinct
seasonal patterns: the average river widths in the Amu Darya and Syr Darya upper and
middle streams peak in summer. The distinct endorheic nature of the basin is responsible
for this observed feature. During the warm season, high temperatures boost the melting of
glaciers and snow and increase runoff. However, precipitation peaks occur in the spring
and early summer in these regions. As a result, this pattern indicates that the temperature
exerted more significant effects on the runoff than precipitation in these areas.

In contrast, the average river width in the upper/middle Syr Darya basin is higher in
the spring than in the summer. The average river width in the lower Amu Darya and Syr
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Darya reaches its valley value during the warm months. In this region, the winter months
bring more precipitation than the summer months. Glacier meltwater contributes relatively
little to the downstream river runoff in this region. In addition, river water resources in this
region may be affected by human activities. Our analysis provides a clearer understanding of
the seasonal variations in the annual river width within the basin. These findings emphasized
factors contributing to river width fluctuations, such as temperature and precipitation, and
depicted seasonal variations in river width in various regions.

4.1.3. Interannual Variations in River Width

In this study, we conducted an annual time-series analysis based on the annual mean
river width computed at the interannual scale to shed light on the temporal dynamics of
the river width. Additionally, we plotted the time series from 2017 to 2022 to visualize the
interannual variations in the seven major drainage regions.

As shown in Figure 6a, our study results indicate an overall decreasing trend in the
river width at the basin scale from 2017 to 2022 in the ASB. The variation trend in the
river width shows a high heterogeneity in different types of areas. A decrease in the river
width in plain areas is more pronounced, while the river width in high-altitude areas has
increased slightly. At the basic scale of river segments, the upstream segments of the basin
show an increase in the river width. River segments in the middle and lower reaches have
experienced a narrowing in the past several years. Notably, we observed a significant
decline near the mouth of the Aral Sea Lake, which corresponds to the river downstream
of the Amu Darya. This result highlighted the connection between the Aral Sea crisis and
the declining supply of river water resources.
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Figure 6. (a) Spatial distribution of river width trends and interannual analysis for (b) upper SYR;
(c) upper/middle SYR; (d) middle SYR; (e) lower SYR; (f) upper AMU; (g) middle AMU; (h) lower
AMU; (i) the ASB from 2017 to 2022.
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The time series of the interannual variation in river widths demonstrates the trends in
the different subregions. The mean river width in the whole basin decreased by 1874 m from
19,693 m in 2017 to 17,818 m in 2022, equivalent to a width drop of 378 m/year. Similarly,
during the warm and cold seasons, the average river width decreased by 466 m/year and
177 m/year, respectively. The rate of decrease in the river channel width in the warm
season is about three times that in the cold season. According to the interannual variation
for each sub-basin (Figure 6), the river width variation differs in different subregions from
2017 to 2022 (Figure 6b-h). In particular, compared to the status in 2017, the river widths of
all sub-basins fell in 2018, with the amplitude of the decrease being the greatest. In 2019,
the river widths in the upper/middle Syr Darya and upper Syr Darya basins decreased
while the rest of the sub-basins increased. The river widths in all sub-basins decreased in
2020. In 2021, the river widths fell in the middle Amu Darya and upper/middle Syr Darya
while gradually increasing in the remaining regions. In 2022, there was a rising trend in the
river width in all sub-basins, but the magnitude of the increase varied.

Our results show that the river width gradually decreased in the basin from 2017
to 2022. The mean river width, on the whole, is in the trend of fluctuation and decline.
The most significant decrease in the mean river width occurred in 2018. The mean width
decreased by 11.71%, 6.63%, and 10.70% in the warm season, cold season, and whole year,
respectively. Although the mean river width tended to increase in 2019 and 2022, the
increase was much smaller than the decrease, resulting in narrower rivers throughout the
basin overall.

4.2. Comparison with GRWL

To ensure an accurate evaluation of the river extraction results for the ASB, we re-
frained from directly comparing the absolute river widths between the GRWL and differ-
ences in the river extraction results arising from the utilization of distinct sources of images
in Sentinel-2 image processing. Alternatively, we evaluate the quality of the river surface
extraction results using two criteria: (1) a qualitative evaluation of river completeness and
localization accuracy and (2) a quantitative evaluation of the river width. This approach
allowed for a comprehensive evaluation of the accuracy. Therefore, we used various valida-
tion indicators to evaluate the reliability of the river extraction results obtained from the
Sentinel-2 images.

Figure 7 depicts the spatial distribution of the GRWL products and the results of the
extracted river in the ASB. Our evaluation reveals that compared to the GRWL dataset, the
extracted river networks from the Sentinel-2 images provide more detailed information,
including small tributaries in the upper streams. This improved representation is primarily
due to using the Sentinel-2 imagery with a higher spatial resolution and applying dynamic
thresholds with the Otsu mapping method. Statistics of the river networks between our
results and the GRWL dataset (Figure 8) reveal that the average length of connected river
reaches from the Sentinel-2 images was approximately 1.9 times longer than that of the
GRWL dataset. However, it is crucial to note that the open-water fraction (OWF) extracted
from the Sentinel-2 images is only 45% of that in the GRWL dataset. The main reasons for
this phenomenon may predominantly include large rivers that influence the open-water
fraction, while we detected more small rivers using Sentinel-2 imagery. Consequently, the
contribution of narrow rivers to the OWF is relatively limited.
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5. Discussion
5.1. The Relationship between Seasonal River Width and Climatic Factors

To explore the relationship between the seasonal river width and climatic factors,
we calculated the correlation between the monthly river widths and climatic factors in
different subregions (Table 2). A significant positive correlation between the temperature
and river width was observed in all subregions, excluding the lower Syr Darya and the
upper/middle Syr Darya. The positive correlations mean that most rivers in the upper and
middle reaches of the Amu Darya and Syr Darya are wider in the warm season. As the
snow and glacier melting period in these regions is from June to August [74], the intensified
glacier melting in the warm season leads to increased runoff and broader rivers. This is
consistent with Aizen (1995) [49], who identified seasonal snowmelt as the primary source
of runoff in the headwaters and middle reaches of rivers. Recent studies also revealed
that snow cover and glacial meltwater show a higher contribution to river runoff than
precipitation in the Tien Shan mountains where the rivers originate [75]. Consequently,
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the river width has a higher correlation with the temperature than with precipitation in
these regions, which implies that rivers in these regions are predominantly influenced by
temperature, as rivers dominated by glacier melt typically exhibit intensified flow peaks
from June to September [76]. Meanwhile, evaporation during the warm season is also
higher in the Upper SYR, likely driven primarily by temperatures. Therefore, evaporation
is positively correlated with the river width.

Table 2. Correlation coefficients between monthly river widths in the ASB and climatic factors.

Region Temperature Precipitation Evaporation

Lower AMU 0.62 ** -0.19 —0.03
Lower SYR —0.31 0.26 * 0.35*
Middle AMU 0.85 ** —0.34 —0.02
Middle SYR 0.59 * -0.17 0.30*
Upper/middle SYR —0.35 0.59 ** 0.70 **
Upper AMU 0.93 ** —0.28 0.88 **
Upper SYR 0.94 ** 0.56 * 0.87 **

Note: ** mean significance at p < 0.01 level, * mean significance at p < 0.05 level.

The river width is negatively correlated with temperature in the upper Syr Darya
and upper/middle Syr Darya basin. In contrast, a positive correlation was found between
precipitation and the river width in the regions. Detailed maps show that the river width
peaks in the spring (Figure 5) in these basins. As shown in Figure 9, the region receives more
precipitation during the cold than the warm season. The major proportion of precipitation
occurs in the spring, while the least occurs in the summer in this region [77]. Therefore, the
abundant precipitation in the spring dominates the elevated runoff. This result clarifies that
rivers in this area are wider in the cold than the warm season and explains that precipitation
was the leading supplier of runoff in this sub-basin. In the lower Amu Darya and Syr Darya,
the river width attains its minimum value during the summer. As shown in Figure 9, the
warm season has higher temperatures and less precipitation in these areas. However, no
significant correlations between river widths and climatic factors were observed in either
subregion. Notably, the regions in the lower streams of the ASB have a high population
density, and irrigated agriculture is mainly concentrated in this area. Therefore, human
activities are likely to exert a primary influence on river dynamics.

5.2. The Relationship between Interannual River Width and Climate Variations

Analyzing the temperature change trend in the ASB (Figure 10a), a noticeable increase
in the mean annual temperature is observed across the entire basin, with the most significant
rises observed in the northwest and southwest regions, excluding the higher-altitude
eastern mountains. During the study period, the annual average temperature increased
from 9.8 °C to 10.6 °C, with a rise of 0.25 °C per year. This warming rate surpasses the
global average of 0.18 °C/10a [78]. A modest increase rate was observed in southern and
northeastern regions, contrasted by a substantial rate increase in the southwestern areas.
Elevated temperatures accelerate glacier retreat and snowmelt, resulting in heightened
river runoff primarily fed by glaciers and snowmelt. Runoff increases with the proportion
of glaciers and melting [79].

Simultaneously, the total annual precipitation exhibited a minor increase from 201 mm
to 209 mm between 2017 and 2022 (Figure 10d). The ASB demonstrates a significant spatial
heterogeneity in precipitation variation. The relatively flat western valleys (Figure 10c)
exhibit a noticeable negative trend, experiencing warm and dry weather. In contrast,
the eastern high-altitude regions show an increasing trend in precipitation, indicating a
relatively humid and cold climate. An analysis of the precipitation trends shows that
precipitation in the drought areas of the ASB has decreased in recent years. In contrast,
the humid areas have seen an increase in rainfall. This result aligns with the findings
reported by Sorg (2012) [80]. Rivers in the upper region expanded over the study period.
This phenomenon is not only associated with the accelerated melting of glaciers mentioned
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above but may also be related to the significant increase in annual precipitation in the

region [54].
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Figure 9. Spatial distributions of different climate variables: mean annual temperature (TM) (a,b), mean
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Figure 10. Climate variations in the Aral Sea Basin. Temporal trends in the basin-scale annual mean

temperature, total annual precipitation, and total annual evaporation (a,c,e). Spatial trends in the

pixel-scale annual mean temperature, total annual precipitation, and total annual evaporation from

2017 to 2022 (b,d, f).

For the spatial variation, evapotranspiration in the basin’s northwestern part increased,
especially around the Aral Sea Lake and the southeast mountain region. Simultaneously,
the plain area experienced a decline in evaporation in the ASB. The annual total evaporation
in the study area ranged between 279 mm and 344 mm during 2017-2022. The annual
evapotranspiration exhibited a downward trend in 2018 and 2021 and an upward trend in
2019 and 2022 (Figure 10f). In general, evapotranspiration showed a downward trend, and
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the decreasing trend of evapotranspiration in the warm season is about two times that of
the cold season.

Despite the relatively short study period, the observed climate changes in this study
align with earlier research focusing on long-term climate variations in the ASB. Previ-
ous studies have identified a significant annual average temperature increase [81-83].
Most studies agree that there has been a prevailing warming trend in Central Asia, which
has accelerated since the 1970s. However, there are discrepancies in the research findings
regarding the seasonal changes and the magnitude of warming [84]. Previous research has
shown that precipitation variations in the ASB vary between plains and mountains [85,86].
Previous studies indicate that the evaporative demand in the ASB has nearly completely
depleted the natural water inflow reaching the Aral Sea [35]. Wider rivers have a larger
surface area, which strengthens evaporation because more water can evaporate into the air.
Our results show that evapotranspiration near the Aral Sea Lake increased the most, which
is consistent with Hu (2019) [87].

5.3. Human Activities on River Dynamics

The river dynamics during the study period may be ascribed to the synergistic impact
of climate change and anthropogenic factors. This study investigates how climatic factors
impact the river dynamics. Note that anthropogenic factors significantly contribute to river
dynamics in the ASB [88]. Human activities greatly influence long-term changes in the
Aral Sea [48]. The rivers in the downstream and middle reaches of the basin are considered
crucial agricultural production areas in Central Asia and have undergone substantial
narrowing. In addition, from 2003 to 2016, the urban areas expanded continuously as the
population in the downstream Uzbekistan basin region sharply increased [89]. Expanding
farmland and urban areas have increased the demand for water extraction for agricultural
irrigation and industrial uses [90]. Issanova (2018) [91] has proposed that the increase in
water consumption in Kazakhstan is caused by population growth, leading to an apparent
mismatch between the regional demand and supply for water resources. Most rivers in
the Amu Darya basin are abstracted for irrigation, particularly in downstream Uzbekistan
and Turkmenistan [92]. As the warm season aligns with the growing period for crops that
require a substantial water supply [78], the river width reaches its lowest point during the
warm season in the lower Amu Darya and Syr Darya.

Simultaneously, cropland has influenced the evapotranspiration patterns in Central
Asia, leading to an increase in cropland evapotranspiration. This pattern has, in turn,
affected river discharge [93]. Rivers have slightly widened in the upper streams of the
basin, which are sparsely populated and belong to non-irrigated areas. Many dams were
built in the upstream areas to intercept and store water resources, consequently reducing
the downstream flow of the rivers [94]. At the same time, the warming trend in Central
Asia has accelerated glacier melting, leading to an increase in river widths in the upstream
areas [95]. Human activities have already become a major factor influencing the river
dynamics in the ASB. Understanding the link between the anthropogenic factors and river
dynamics is important for sustainable water management in this dry region.

6. Summary

This study automatically extracted river water bodies and calculated river widths
based on Sentinel-2 images using the Otsu and RivWidth algorithms. We explored the
spatiotemporal distribution of river widths and then analyzed the river width variations in
each sub-basin in detail from an annual and interannual perspective. We also explored how
climatic factors affect river variations. The following summarizes the primary conclusions
of this paper:

Rivers are wider in the warm season for the majority of the basin. Almost all rivers
in the ASB experienced significant narrowing from 2017 to 2022. In contrast to precipita-
tion, temperature and evaporation have higher correlation values with the river width in
most subregions. Higher temperatures caused the glaciers to melt more quickly, which
resulted in more significant runoff and wider rivers. Increased temperatures in the Aral Sea
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Basin also promoted the increased evaporation of water bodies, especially in the Aral Sea
Lake. The results from high-resolution Sentinel-2 imagery provide a more comprehensive
spatiotemporal characterization of the river changes than the current dataset. Our results
contribute to the improved understanding of river dynamics in the ASB basin, which could
assist policymakers in taking effective actions to tackle Central Asia’s water resource issues
in the future. In addition, the information we provide could be applied to calibrate or
validate complex hydrological modeling to assess water resource changes in the region.

With the extension of the high-resolution Sentinel-2 time series, a long-term time-
series analysis of river dynamics could be achieved. The automatic extraction method we
synthesized can perform detailed and dynamic river monitoring, which can be applied
to areas lacking field observations, such as polar and high-altitude mountainous regions,
to improve our understanding of climate change effects and hydrological response in the
climate-sensitive regions.
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