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Abstract: The surface water area and types in the Aral Sea Basin (ASB) have undergone extensive
changes due to the impacts of climate change and anthropogenic activities. This study explores the
changes in the surface water area in the ASB based on the Google Earth Engine cloud platform. Then,
we integrate multi-source data to identify 1559 lakes and 196 reservoirs from the Joint Research Centre
Global Surface Water (JRC GSW) dataset. Our results indicate that the lake area (34,999.61 km2) is
about 10 times that of the reservoir area (3879.08 km2) in the ASB. The total area of surface water in
the ASB decreased by 23,194.35 km2 or 34.58% from 1992 to 2020. Specifically, the areas of permanent
water shrunk at a rate of 1278.6 km2/year, while the areas of seasonal water increased at a rate of
522.5 km2/year. The proportion of lakes and reservoirs in the total surface water has decreased from
79.33% (during 1992–2000) to 75.21% (during 2000–2010) to 63.94% (during 2010–2020). The water
that should have flowed into the Aral Sea to maintain its permanent water may have been converted
into two parts. Part of it might continue to be permanent water but show up in other regions, while
part of it might convert to seasonal water (especially in the Aral Sea itself and the ASB plain area).
Our study bridges the limitations of previous studies that have ignored seasonal water change and
builds a water area list for 1755 lakes/reservoirs (≥0.1 km2) for the first time. The results can serve
as important knowledge for water resource management and sustainable river basin development
in ASB.

Keywords: lakes and reservoirs; surface water area; permanent and seasonal; Aral Sea Basin; Google
Earth Engine

1. Introduction

Surface water is a critical component of the hydrological and biogeochemical cycles [1],
providing a wide range of ecosystem and social functions, including climate regulation,
ecosystem balance, biodiversity protection, freshwater supply, flow regulation, irrigation,
and power generation [2,3]. The Aral Sea Basin (ASB) is a vulnerable ecological zone in
arid Central Asia. Over the past decades, surface water in the ASB, especially the lakes and
reservoirs, has undergone noticeable changes due to natural variability, climate change,
increasing water demand, and man-made interventions [4]. The most representative of
these changes is the shrinking of the Aral Sea from the fourth-largest lake in the world to
one-tenth of its original size, triggering an environmental disaster that threatens regional
water security and stability [5]. Therefore, monitoring and understanding the spatiotempo-
ral change of surface water resources in the ASB are essential for ensuring water security,
sustaining ecosystem balance, and enhancing human wellbeing [6].
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Conventional monitoring approaches that quantify surface water dynamics typically
rely on field surveys and statistical extrapolation, which have limited spatial coverage and
accuracy [3]. Rigorous field-based surveys of lakes and reservoirs at a fine frequency on a
regional scale are still lacking, particularly in remote and inhospitable areas [7,8]. With the
development of technology, remote sensing has been proven to be a useful tool for moni-
toring long-term changes in surface water bodies at a level previously impossible [9–11].
Earth Observation offers a resource- and cost-efficient alternative by providing long-term
and large-scale products for monitoring water cycles [12]. Over the past few decades,
various surface water datasets have been generated, and the majority of the datasets can be
grouped into three categories [13]: (i) Descriptive inventories provide attribute information
with a list or point features rather than shoreline polygons. They tend to focus on some rep-
resentative lakes and reservoirs at a regional scale or global scale and document extensive
characterizations, such as waterbody morphometry features, the catchments to which they
belong, management information, and geographic distribution [14]. The location is either
all indicated by geographic coordinate information (i.e., longitude and latitude) [15,16],
partially indicated [17], or not indicated at all [18]. (ii) Object-level databases, often derived
from various source maps, provide static polygons of global hydrography with various
attributes [13,19].

For example, the global HydroLAKES database documents the shoreline vectors for
each of the 1.4 million lakes, with attributes including lake area, water volume, average
depth, and shoreline length [19]. Although this object-level database provides detailed
knowledge about the geo-referencing information and waterbody morphometry for an
individual polygon for each of the lakes and reservoirs, it gives no indication of the temporal
changes in water bodies [20]. (iii) Pixel-level datasets provide time-series raster maps of
surface water bodies, usually constructed from multi-temporal remote sensing images [4].
For example, the Joint Research Centre Global Surface Water (JRC GSW) dataset [21]
documents the location and temporal distribution of surface waters from 1984 to 2020
at 30 m resolution based on the Landsat satellite images, and many studies have made
attempts to monitor the surface water changes using the JRC GSW dataset [22,23]. In
addition, some land cover/use (LCLU) data also document the interannual variations in
surface water bodies, such as the European Space Agency’s Climate Change Initiative Land
Cover (ESA-CCI-LC) product [24] and the MODIS Land Cover Dynamics product [25].
While pixel-level datasets comprehensively describe the water area dynamics at the pixel
level [26,27], they do not provide individual polygons for specific surface water bodies [20].
In summary, although the aforementioned three types of datasets present an opportunity
to implement global surface water monitoring, they still provide an incomplete view of
surface water. Therefore, datasets that describe the time-series characteristics and discretize
each of the water bodies are still needed to better understand the dynamics of surface water
and its possible driving forces.

Lakes and reservoirs are regarded as dynamic surface water bodies, with their location
and surface extents both affected by climate and human activity [20,21]. In the arid Central
Asia region, thousands of small lakes are scattered over the irrigated area of the ASB [28],
and they can experience strong intra- and interannual variations (i.e., seasonal and per-
manent) due to the vulnerability of the region to human activity and climate fluctuations.
Recently, a study has suggested that nearly 54.367% of the surface water in Central Asia is
at risk of receding and drying up [29]. Previous studies have made attempts to monitor
lake area variations of inland water bodies of the ASB or Central Asia. For example, some
studies have investigated changes in water bodies using Landsat images or the JRC GSW
dataset during some specified years. However, such epoch-based studies might ignore
seasonal changes. Other studies map the long-term surface water dynamics based on high
temporal resolution but low spatial resolution sensors, such as AVHRR (1 km, 1d) and
MODIS (500/250 m, 1d) [30,31], which are not sensitive enough to detect small variations in
small water bodies. Additionally, to our knowledge, previous studies have tended to focus
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only on specific important inland water bodies [31], hotspots of irrigation (e.g., Northwest
Uzbekistan) [28], or mountain regions (e.g., the headwaters of the Syr Darya) [32].

Due to the difficulty of acquiring time-series images at a large scale and the complexity
of processing images, only a few studies have roughly explored water area changes for
Central Asia as a whole [31,33]. The overall basin-scale changes for the ASB and their
sub-basin differences are still unknown. With the advent of high-performance computing
through the Google Earth Engine (GEE) cloud platform [34,35], surface water can be
evaluated across the basin scale at a fine resolution considering both the temporal and
spatial dimensions. For example, Wang et al. produced detailed and accurate maps of
China’s surface water bodies, lakes, reservoirs, and large dams based on the GEE and
Google Earth Pro [36]. Therefore, to overcome the aforementioned challenges, this study
aims to: (1) identify and map each of the lakes and reservoirs from the JRC GSW dataset and
build a water area list for 1755 lakes and reservoirs in ASB; (2) investigate the spatiotemporal
patterns of surface water changes, especially the lakes and reservoirs, in ASB during
1992–2020 based on the GEE cloud platform; (3) explore the long-term dynamics of different
surface water body types (permanent and seasonal) in ASB. Our results can serve as an
important source of information for future water resource management and sustainable
river basin development.

2. Materials and Methods
2.1. Study Area

The ASB is located at the crossroads of Europe and Asia and comprises the territory
of six states: Uzbekistan, Turkmenistan, Tajikistan, Kazakhstan, Kyrgyzstan, Afghanistan,
and Iran (Figure 1a). As an arid and semi-arid region, the ASB exhibits a continental
climate, and climate change has accelerated the melting of glaciers in the ASB mountain
area over the past decades. Lakes and reservoirs are distributed extremely heterogeneously
in the ASB. Specifically, numerous lakes and reservoirs were distributed in the mountain
areas and the oasis of the plain area, but few were located in the desert of the plain area.
A total of 1559 lakes and 196 reservoirs greater than 0.1 km2 were investigated in this
study (Figure 1a). The ASB is a vast region that mainly includes three parts: the Syr
Darya basin, the Amu Darya basin, and the Karakum region (Figure 1b). There are two
major transboundary rivers, and the ASB is home to the world’s largest man-made canal.
The Amu Darya and the Syr Darya originate from the melting snow and glaciers in the
eastern mountain area, cross the middle-west plain area, and flow into the Big Aral Sea
and Small Aral Sea, respectively. The Karakum Canal, which runs 1375 km and brings
13 km3 of freshwater annually from the Amu Darya [37], ends up in the Karakum desert
and evaporates. According to the Digital Elevation Model (DEM) map (Figure 1c), the
ASB can be divided into three main zones: the Aral Sea (Region), ASB plain area, and ASB
mountain area (Figure 1d). Specifically, using a mean elevation of 1000 m as the boundary,
the eastern and southeastern parts are the ASB mountain area (including the Pamir ranges
and Tien Shan ranges), and the western and central parts are the ASB plain area and the
Aral Sea (region). To evaluate surface water across the basin scale and subregions (covering
upstream, middle stream, and lower stream), this study further divided the ASB into
10 subregions (Figure 1e). The ASB exhibits a continental climate, which is characterized
by cold and dry conditions in the mountain area, as well as high temperature and low
precipitation in the plain area (Figure 2).
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Figure 1. Overview of the study area. (a) Location of the ASB. (b) The drainage basin boundaries of 
the three subbasins. (c) DEM from the NASA Shuttle Radar Topographic Mission (SRTM). (d) Three 
regions. (e) 10 subregions in this study. 

 

Figure 1. Overview of the study area. (a) Location of the ASB. (b) The drainage basin boundaries of
the three subbasins. (c) DEM from the NASA Shuttle Radar Topographic Mission (SRTM). (d) Three
regions. (e) 10 subregions in this study.
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Figure 2. Climate of the ASB. (a) Average annual mean temperature during 1992–2019 from ERA5 
gridded data. (b) Average annual total precipitation during 1992–2019 from GPCC gridded data. 
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Figure 2. Climate of the ASB. (a) Average annual mean temperature during 1992–2019 from ERA5
gridded data. (b) Average annual total precipitation during 1992–2019 from GPCC gridded data.

2.2. Data Sources

To map the interannual variations in the surface water area of the ASB, this study used
several different types of datasets, including descriptive inventories, object-level databases,
and pixel-level datasets. Specifically, the study used the Geo-referenced dams databases,
the global HydroLAKES database [19], and the JRC GSW dataset [21].

2.2.1. The Geo-Referenced Dams Databases

The Geo-referenced dams databases were collected from the FAO’s Global Information
System on Water and Agriculture, which provided detailed information for more than
14,000 dams in each country in the form of Excel files (https://www.fao.org/aquastat/en/
databases/dams/, accessed on 5 September 2021). The information of the dams mainly in-
cluded the name, location (longitude and latitude), dam height, reservoir capacity, reservoir
area, and main purpose.

2.2.2. The HydroLAKES Database

The global HydroLAKES database is provided by the World Wildlife Fund and other
groups and can be downloaded for free from the website (https://www.hydrosheds.org/
products/hydrolakes, accessed on 13 December 2021). HydroLAKES provides consis-
tent and comprehensive shoreline vectors for global surface water bodies through a map
generalization method, making it a widely used dataset for global-scale water resource
assessments and analyses [38,39]. HydroLAKES was integrated from multiple near-global
and regional lake datasets, primarily from the SRTM Water Body Data, supplemented by
some regional data from different regions of the world, as well as the Global Lakes and
Wetlands Database and Global Reservoir and Dam Database.

2.2.3. The JRC GSW Dataset

The JRC GSW dataset is produced by the European Commission (https://global-
surface-water.appspot.com/download, accessed on 23 March 2022) and reveals substantial
spatiotemporal changes in global surface water over the last 37 years according to Landsat
5, 7, and 8 images. Due to its good performance and high accuracy, the JRC GSW dataset
has been widely used in water resources management, environmental protection, and
climate modeling [40,41]. To detect the change in permanent and seasonal water of the
ASB, this study collected the following JRC GSW dataset: yearly water history, maximum
water extent, transitions, occurrence change intensity, and seasonality.

2.2.4. Other Relevant Data

In addition, the study collected gridded datasets to explore the possible influence
factors of the surface water dynamics, including LCLU product from the European Space
Agency’s Climate Change Initiative (https://www.esa-landcover-cci.org, accessed on 23
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October 2021), GPCC monthly precipitation data from the Global Precipitation Climatology
Centre (https://opendata.dwd.de/climate_environment/GPCC/html/download_gate.
html, accessed on 15 September 2021), and ERA-Land monthly temperature data from the
European Centre for Medium-Range Weather Forecasts (https://cds.climate.copernicus.
eu, accessed on 22 September 2021). The study also used the SRTM DEM provided by
Consortium for Spatial Information (CGIAR-CSI) and the drainage basin outlines from the
HydroSHEDS dataset to organize the study area.

2.3. Methods
2.3.1. The Definition of the Permanent Water and Seasonal Water

The JRC GSW dataset provides information on the presence of permanent and seasonal
water since 1984 and categorizes each pixel as permanent water, seasonal water, not water,
or no observation. If a pixel is covered by water throughout the observation period
(typically 12 months), it is classified as permanent water, while a pixel that is not always
covered by water is classified as seasonal water. If a pixel is never covered by water during
the observation period, it is classified as not water. Pixels that have no observation image
available during the entire period are classified as having no observation [21].

2.3.2. Lake and Reservoir Area Extraction

This study used HydroLAKES to acquire the polygons of lakes and reservoirs with
areas greater than 0.1 km2 first. However, HydroLAKES only provide a small amount of
information about the reservoirs in the ASB. Therefore, Geo-referenced dams databases
and OSM data were further acquired to collect more location information and vectors of the
reservoir. For each polygon, we generated a buffer according to its surface area to ensure
that the expansion pixel of the isolated surface water bodies falls into the lake detection
unit. Then, we used these buffers to further extract the area of permanent water, seasonal
water, and their sum for each lake/reservoir from the JRC GSW yearly data. Figure 3 is an
example of a lake and reservoir area extraction in the Sarygamysh lake.
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Figure 3. Example of lake and reservoir area extraction. The minimum water extent is the area of the
permanent water, while the maximum water extent is the area of the permanent water and seasonal
water, i.e., sum.

We established the buffer zone according to one-tenth of the surface area, which not
only ensured the dynamic monitoring of the expansion of the lakes/reservoirs but also
reduced the amount of data processing and improved the data processing speed. However,
there were two exceptions in these 1755 buffers: the Aral Sea and the Sarygamysh lake. The
Aral Sea is a sharply shrinking lake, so we used its shoreline from 1980 directly instead of
creating a new buffer. On the other hand, the Sarygamysh lake is a sharply expanding lake,
so we created a 20 km buffer for it based on the maximum water extent product from the
JRC GSW dataset.

2.3.3. Theil–Sen Slope

To analyze the temporal change of regional mean climate datasets (mean temperature,
total precipitation), monthly data were used, and time was treated as the dependent
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variable while the climate data were treated as the independent variable. We estimated the
trend of temperature and precipitation for each grid as Equation (1).

mTS(y, t) = Median
i,j∈{1,...,k}{

yi − yj

ti − tj
} (1)

where mTS is the Theil–Sen slope; yi and yj are data values at time ti and tj (ti 6= tj),
respectively; and k is the length of the dataset.

2.3.4. Transition Matrix of the LCLU Maps

For LCLU data, we reclassified them into seven main LCLU types according to the
22 ESA-CCI-LC classes. Then, we computed the transition matrix as Equation (2) to quantify
the spatial–temporal pattern of LCLU changes in the ASB from 1992 to 2020. We have

T =



A11
A21

A12
A22

· · · A1j · · ·
· · · A2j · · ·

A1n
A2n

...
Ai1

...

...
Ai2

...

. . .
...

...
· · · Aij · · ·

...
...

. . .

...
Ain

...
An1 An2 . . . Anj . . . Ann


(2)

where T represents the transition matrix between two maps, Aij demonstrates transition
from category i at the beginning to category j at the end of the year, and n is the length of
LCLU types (n = 7 in this study).

2.3.5. Flowchart of This Study

The flowchart of this study is shown in Figure 4 and consists of three major steps:
(1) preliminary mapping of the time-series surface water in the ASB from 1992 to 2020 using
the JRC GSW dataset and the GEE platform; (2) further investigation of area changes for
1755 lakes/reservoirs based on the HydroLAKES and JRC GSW dataset; and (3) exploration
of spatiotemporal patterns of permanent and seasonal water changes. For more detailed
information on each step, please refer to the following sections.

(1) Preliminary Mapping of the Time-Series Surface Water in ASB

In the first step, we generated a time-series map of surface water for the period of
1992–2020 using the yearly water history data from the JRC GSW dataset. The JRC GSW
dataset is derived from Landsat satellite images, which provide a spatial resolution of 30 m
and a repeat cycle of 16 d, making it suitable for capturing water features. However, due to
the large area of the ASB, it is not always possible to obtain cloud-free images covering the
entire study area in some years. Additionally, early Landsat data have been plagued by
intermittent problems with the data-recording equipment, resulting in missing pixels in
some yearly water data. To ensure the accuracy of our analysis, we conducted a manual
inspection of the data. We collected the yearly water history data from 1984 to 2020 using
the GEE platform and carefully checked for bad data. We removed data from 1984–1988,
1990, 1991, 1995, and 1997, which contained missing pixels. After the manual inspection,
we generated a preliminary time-series map of surface water in the ASB from 1992 to 2020,
which was of high quality in both spatial and temporal scales.

(2) Further Investigation on the Area Changes of 1755 Lakes/Reservoirs

In the second step, we discretized each of the lakes and reservoirs from the JRC GSW
dataset to investigate area changes (detailed method can be found in Section 2.3.2). Manual
intervention in this study was necessary for a more reliable result, even though it was a time-
consuming and labor-intensive process. Therefore, each of the 1755 buffers underwent visual
checking and manual editing based on multiple complementary data sources, including JRC
GSW products and Esri world imagery. The main processing steps of the manual check were
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as follows: removing small islands within the buffers and redundant elements, correcting
inappropriate buffers, merging duplicates and overlapping buffers, and solving the topology
errors. Surface water occurrence and maximum water extent collected from GEE were used to
control the minimum boundaries of the buffers, and high-resolution satellite images accessed
from ArcGIS were used to eliminate redundant elements such as small water bodies that
connected with rivers or were within wetlands (https://services.arcgisonline.com/ArcGIS/
rest/services/World_Imagery/MapServer, accessed on 12 April 2022). The area extent of
these elements is extremely unstable, varying greatly with the rise and fall of the river, so
they were not considered lake units in this study. Moreover, we deleted rivers or flooded
croplands that were mistaken for lakes. Finally, after the manual editing work, we obtained
1755 independent buffers, to each of which we assigned a unique label. We used these
buffers to further investigate the area changes of lakes/reservoirs in combination with the
yearly surface water data.
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Figure 4. Flowchart of this study. The boxes with a pink border represent the input data of surface
water mapping and extraction of the lake/reservoir area changes. The yellow circles indicate the
processing methods or platform of the data. The boxes with a blue border indicate the investigation
results of this study. The boxes with a light green border indicate the research object of spatiotemporal
analysis. The light purple boxes indicate the results of the spatiotemporal analysis.

(3) Explore the spatiotemporal patterns of permanent and seasonal water changes

In the third step, we investigated the long-term dynamics of permanent and seasonal
water, which is mainly divided into two parts: Firstly, we investigated the spatiotemporal
distribution characteristics of surface water resources by analyzing yearly surface maps
produced in the first step. Reservoirs, lakes, lake reservoirs, and surface water (i.e., all water
pixels) were selected as the research objects, and their spatiotemporal patterns of permanent

https://services.arcgisonline.com/ArcGIS/rest/services/World_Imagery/MapServer
https://services.arcgisonline.com/ArcGIS/rest/services/World_Imagery/MapServer
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and seasonal water changes were explored separately. To conduct a multiscale analysis
that covers upstream, middle stream, and lower stream, we further divided our study area
into 10 subregions. We compared the differences in area changes between permanent and
seasonal water for different subregions and the entire ASB from 1992 to 2020. To analyze the
area-change trends of surface water, we adopted a linear regression method. In addition,
we calculated the area change and proportion change of permanent water and seasonal
water in different regions. Secondly, we examined the temporal changes of the regional
climate (mean temperature, total precipitation) and LCLU changes to explore the effects of
climate and anthropogenic activity on permanent and seasonal water areas. In addition,
we produced a series of thematic maps for the ASB based on the JRC GSW products [21],
including (i) transitions in surface water class, (ii) surface water occurrence and occurrence
change intensity, and (iii) seasonality.

3. Results
3.1. Spatiotemporal Distribution Change of Surface Water (All Water Pixels)

At the basin and regional scale: Between 1992 and 2020, the areas of various types of
surface water bodies, including permanent waters, seasonal waters, and their sum, were
identified (Figure 5), which is essential for understanding changes in water resources in
ASB and its subregions. At the basin scale, the total surface water area (i.e., sum of the
permanent and seasonal water areas) in ASB decreased by 23,194.35 km2 or 34.58% from
67,075.28 km2 in 1992 to 43,880.93 km2 in 2020, with a significant slope of 756.1 km2/year
and R2 of 0.592 (Figure 5a). The areas of permanent (Figure 5d) and seasonal (Figure 5g)
water in ASB showed totally dissimilar patterns during 1992 to 2020, with the former
steadily shrinking at a rate of 1278.6 km2/year, while the latter steadily increased at a rate
of 522.5 km2/year. The decreasing trend of the total surface water areas in the whole ASB
(Figure 5a) slowed down from 2000 to 2020 at a rate of 184 km2/year (not significant at
R2 = 0.066 and p = 0.274), because the areas of permanent (Figure 5d) and seasonal (Fig-
ure 5g) water showed a slowed-down decrease trend of 972 km2/year (significant) and
a higher increase trend of 788 km2/year (significant), respectively. At the regional scale,
the total surface water areas in the ASB plain area (Figure 5b) increased by 7772.91 km2 or
34.92% from 22,260.16 in 1992 to 30,033.07 in 2020, with a significant slope of 312.6 km2/year
during 1992–2020 and 513.8 km2/year during 2000–2020. Meanwhile, the total surface
water areas in the ASB mountain area (Figure 5c) increased by 988.81 km2 or 89.84% from
1100.67 km2 in 1992 to 2089.48 km2 in 2020, with a significant slope of 18.5 km2/year during
1992–2020 and 24.7 km2/year during 2000–2020. In addition, we found that permanent
water areas (Figure 5e,f) changed at a much slower rate than seasonal ones (Figure 5h,i). In
other words, whether in the ASB plain or mountain areas, surface water areas fluctuated
more due to seasonal water.

At the subregional scale: Water resources in ASB are concentrated in the Aral Sea and
ASB plain area, so changes in water resources in these regions are more dramatic compared
to the ASB mountain area. Specifically, area loss of surface waters in ASB occurred mainly
in the Aral Sea (Figure 5), resulting in an overall decrease in the total surface area of
31,956.07 km2 or 73.10% from 43,714.45 km2 in 1992 to 11,758.38 km2 in 2020, of which
permanent water decreased by 34,317.25 km2 or 82.13%, while seasonal water increased by
2361.18 km2 or 122.23%. By contrast, the yearly surface water areas showed a wide increase
across the rest of the subregions of the ASB except for the lower Karakum region (Figure 5j).
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Figure 5. Changes in area of different types of surface water in ASB, ASB plain area, and ASB
mountain area between 1992 and 2020. (a–c), Sum of the permanent and seasonal water areas. (d–f),
Permanent water areas. (g–i), Seasonal water areas. (j) Changes in area of different types of surface
water in 10 subregions of the ASB (note the y-axis, which was plotted on the ordinate in km2). In each
panel of this figure, the numbers in the box with different colors represent the percentage change
in different types of surface water bodies. The regression lines are marked with black dash lines
(1992–2020), blue dash lines (1992–2000), and red dash lines (2000–2020). Changes in area during
1992–2020 are shown by black values, and those during 2000–2020 are shown by red values.
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3.2. Changes in Lakes

This study investigated the area change of a total of 1559 lakes (≥0.1 km2), as shown
in Figure 6. At the basin scale, these lakes covered an average total area of 34,999.61 km2

between 1992 and 2020, with a ratio of permanent water to seasonal water of about 6.9.
The multi-year average of the total lake area decreased sharply during the 1992–2000,
2000–2010, and 2010–2020 periods, with the ratio of permanent water to seasonal water
fluctuating. The orders were 26.12, 7.79, and 3.17, respectively. The fluctuation was mainly
due to the increase of seasonal water while the permanent water decreased. It is worth
noting that, although the total lake area of the ASB appears to be relatively high, about
70% is contributed by the Aral Sea. Except for this largest terminal lake in the basin, the
other 1558 lakes share only about 30% of the area. With the shrinkage of the Aral Sea,
the multi-year average of the total lake area of the ASB decreased from 48,105.55 km2

during 1992–2000 to 27,247.69 km2 during 2010–2020. In contrast, the multi-year average of
the total lake area of the ASB plain area increased from 9033.16 km2 during 1992–2000 to
10,155.35 km2 during 2010–2020. Finally, at the regional scale, the multi-year averages of
the total lake area of the ASB plain area and ASB mountain area during 1992–2020 were
9819.44 km2 and 630.63 km2, respectively, with the ratios of permanent water to seasonal
water of 11.67 and 44.12, respectively. At the subregional scale, the top three regions that
possessed the largest lake area from 1992 to 2020 were the Aral Sea (Region), the lower
stream of the Karakum Canal Region, and the middle stream of the Syr Darya, with multi-
year average total lake areas of 24,549.54 km2, 4391.69 km2, and 3552.01 km2, respectively.
In terms of the ratios of permanent water to seasonal water, the top three regions were
upstream of the Syr Darya (74.54), upstream of the Amu Darya (30.43), and lower stream
of the Karakum Canal Region (27.64). The ratio of permanent water to seasonal water in
lakes of the Aral Sea (Region) dropped from 32.54 (1992–2000) to 6.69 (2000–2010) and
1.91 (2010–2020).

3.3. Changes in Reservoirs

In this study, we investigated the area change of a total of 196 reservoirs (≥0.1 km2),
as shown in Figure 7. At the basin scale, these reservoirs covered an average area of
3879.08 km2 between 1992 and 2020, with a ratio of permanent water to seasonal water of
about 1.84. The multi-year average of the total reservoir area decreased sharply during
three time periods (1992–2000, 2000–2010, and 2010–2020), with the average total reservoir
area being 3776.46 km2, 3889.27 km2, and 3950.57 km2, respectively. For reservoirs, the
ratio of permanent water to seasonal water was relatively stable in these periods, with
values of 1.91, 1.71, and 1.86, respectively, and the small changes were mainly related to
the increase in seasonal water. On the regional scale, most of the reservoirs were found
in the ASB plain area rather than the ASB mountain area. The multi-year averages of
the total reservoir areas in the ASB plain area and ASB mountain area between 1992 and
2020 were 3408.68 km2 and 470.40 km2, respectively, and the ratios of permanent water
to seasonal water were 1.65 and 4.75, respectively. On the subregional scale, the top three
regions in terms of total reservoir area between 1992 and 2020 were the middle stream of
the Syr Darya (1644.45 km2), the middle stream of the Amu Darya (878.85 km2), and the
middle stream of the Karakum Canal Region (753.06 km2), respectively. In terms of the
ratio of permanent water to seasonal water of the reservoirs, the top three regions were the
upstream of the Syr Darya (5.25), the lower stream of the Karakum Canal Region (5.16),
and the upstream of the Amu Darya (3.6).
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Figure 6. Change analysis of the lakes area in ASB, including the permanent water area, seasonal
water area, and their sum. (a) Spatiotemporal pattern of 1559 lakes in the particular years (1992, 2000,
2010, and 2020). In each panel of the (a1–a12), the blue bubbles represent the permanent water area of
the lakes, the orange bubbles represent the seasonal water area of the lakes, and the purple bubbles
represent the total area of the lakes (i.e., the sum of the permanent and seasonal water area). The
size of the bubble is used to show the size of the lake area. (b–d) Mean annual total area of different
water types in different periods for the ASB and its subregions. (e) Ratio of permanent water and
seasonal water.
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Figure 7. Change analysis of the reservoirs area in ASB, including the permanent water area, seasonal
water area, and their sum. (a) Spatiotemporal pattern of 196 reservoirs in the particular years (1992,
2000, 2010, and 2020). In each panel of the (a1–a12), the blue diamonds represent the permanent
water area of the reservoirs, the orange diamonds represent the seasonal water area of the reservoirs,
and the purple diamonds represent the total area of the reservoirs (i.e., the sum of the permanent
and seasonal water area). The size of the diamond is used to show the size of the reservoir area.
(b–d) Mean annual total area of different water types in different periods for the ASB and its subre-
gions. (e) Ratio of permanent water and seasonal water.
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3.4. Surface Water Structure in ASB

The long-term variations of permanent water and seasonal water were then explored,
and the change process is summarized in Figure 8. The results indicate that the structure of
water resources in ASB has changed, and the proportion of lakes/reservoirs area in the total
surface water area has decreased from 79.33% during 1992–2000 to 75.21% during 2000–2010
and 63.94% during 2010–2020. Overall, the surface water in ASB covered an average area of
53,675.01 km2 from 1992 to 2020, of which lakes and reservoirs commanded 72.43%. At the
regional scale, the proportion of lakes and reservoirs area in the Aral Sea (Region) to the
ASB decreased significantly, from 58.82% (during 1992–2000) to 46.88% (during 2000–2010)
to 33.71% (during 2010–2020). In contrast, the proportion of lakes and reservoirs areas
in the ASB mountain area to the ASB increased slightly, from 1.62% (during 1992–2000)
to 2.15% (during 2000–2010) to 2.31% (during 2010–2020). Meanwhile, the proportion of
lakes and reservoirs areas in the ASB plain area to the ASB increased significantly, from
18.89% (during 1992–2000) to 26.18% (during 2000–2010) to 27.92% (during 2010–2020). At
the subregional scale, the hotspots of increasing lakes/reservoirs area in the ASB plain area
were the lower stream of Karakum Region, the middle stream of Syr Darya, and the middle
stream of Amu Darya.
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Figure 8. Surface water structure and regional proportion of the ASB, including four time periods:
1992–2000, 2000–2010, 2010–2020, and 1992–2020. The pie chart in the left panel shows the constituent
of the total area of surface water in ASB. The pie chart in the middle panel shows the proportion
of lake and reservoir areas in the three regions of the ASB to the total area of surface water in ASB.
The pie chart in the right panel shows the shows the proportion of lake and reservoir areas in the six
subregions of the ASB plain area to the total area of surface water in ASB.
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3.5. Climate Change and LCLU Change in ASB

Changes in surface water area and water body types are related to complex climate
change and anthropogenic activity. Therefore, we explored the annual average temperature
change (Figure 9a), annual total precipitation change (Figure 9b), and land use and land
cover change (Figure 9c) in the ASB to explore the possible reasons for surface water changes.
As show in Figure 9, the annual mean temperature in the ASB increased significantly from
10.13 ◦C to 12.23 ◦C during 1992–2019, while the annual total precipitation increased
slightly from 252.61 mm/year to 263.38 mm/year. Figure 9c suggested that the barren
area is a major LCLU type in the ASB, occupying about 44.06% of the entire basin in 1992,
which had increased 12,338.5 km2 from 1992 to 2019, followed by grassland (occupying
about 20.53%, total decreased 6100.31 km2), croplands (occupying about 16.89%, slightly
increased 807.41 km2), and woody vegetation (occupying about 12.48%, total increased
1574.31 km2). Although the urban and built-up areas only occupied about 0.07% of the
entire basin in 1992, it gives an overall increase of 6760.11 km2.
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maps of major land cover transitions from 1992 to 2020.

4. Discussion
4.1. Variation Characteristics of Lake and Reservoirs

Surface water in the ASB has undergone significant changes in both water area and
water types in the past decades. In this study, we first investigated the area changes of
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1755 lakes and reservoirs in the ASB based on the HydroLAKES and JRC GSW dataset. The
lake area in the upstream region of the Amu Darya has increased. Previous studies have
found that this region has many glaciers [42,43]. Combining Figure 9 with these studies, we
found that the temperature in this region has increased while precipitation has decreased
from 1992 to 2020. Therefore, we believe that the increased lake area in the upstream of the
Amu Darya is related to the eruption of glacial lakes. This speculation is supported by the
results of previous studies [44,45].

In addition, the lake area in the lower stream of the Karakum region has also increased
significantly, mainly due to the presence of drainage water from the main channel to the
lake basin [46]. Reduction of the lake area mainly occurred in the central and western
parts of the study area, especially in the middle and lower streams of the Amu Darya
and Karakum Canal Region. According to Figure 9, the precipitation in these areas has
decreased while the temperature has increased, i.e., in the natural state, the rainfall inflow
to the lakes of these regions has decreased, while lake evaporation has been promoted due
to the increase in temperature [47,48]. Figure 9c shows that these areas have experienced
significant urban expansion in the past 28 years, which means the lakes in these areas are
vulnerable to human activities [49].

4.2. Variation Characteristics of Surface Water Area

The present study aimed to map the time-series surface water in ASB and its subregions
from 1992 to 2020 using the JRC GSW dataset and the GEE cloud platform. The study
results showed that the proportion of permanent water in the surface water of ASB has
continued to decline, while the proportion of seasonal water in surface water has continued
to increase. The area of permanent water in ASB has decreased sharply, mainly due to
the disappearance of permanent water in the Aral Sea and the lower stream of the Amu
Darya. In contrast, the seasonal water area in ASB has increased sharply, and the increasing
seasonal water comes from all subregions except the middle stream of the Karakum region.

Interestingly, although the permanent water decreased by 54.45% in the lower stream
of the Amu Darya, its total amount of surface water increased by 12.56%. This means
that the increased water area in the lower stream of the Amu Darya was determined by
seasonal water (with a 39.11% increase). These new seasonal waters not only exist in lakes,
reservoirs, ponds, rivers, or ditches (a1–a8 in Figure 10) but may also exist in croplands
of the irrigated areas (a9–a10 in Figure 10). In addition, there are noticeable new seasonal
water bodies in the lower stream of the Amu Darya and middle stream of the Syr Darya.
Previous studies [50–52] have shown that unreasonable irrigation practices are common
in these areas. For example, to grow cotton under severe saline–alkali stress, farmers
often have to leach the fields through flood irrigation in winter [53]. Moreover, much of
the irrigation and drainage infrastructure in ASB was built during the Soviet era and is
already dilapidated. Furrow irrigation technology is still widely used in ASB, which is
less water-efficient than drip irrigation technology [28,50]. These unreasonable irrigation
practices have caused an increase in seasonal water bodies in the ASB plain area, and these
seasonal waters may be the source of increased evapotranspiration in ASB [54].

4.3. Effects on the Water Balance

Redistribution of surface water in the ASB has not only deprived the freshwater that
should have reached the Aral Sea, but also changed the water balance in the basin. For
instance, land–water conversion occurring in the ASB is greatly affecting the evaporation
processes [55] and has altered the local climate patterns [56], and climate warming will
further promote potential evaporation. Previous studies illustrated that the actual evapo-
transpiration (AET) in the whole ASB has intensified with a 10.13% (+37.62 km3) increase
from 1980 to 2019 [54]. Surface runoff and groundwater recharge are also important parts of
water balance, which were also perturbing in the ASB over the past decades [57]. According
to the previous studies, the mean annual total river discharge of all rivers in the ASB is
around 116 km3, of which the Amu Darya average annual runoff was roughly 79.4 km3 and
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the Syr Darya was roughly 36.6 km3 [58]. In 2020, the mean annual total river discharge
in the basins was only 96.44 km3 or 83.14% of the mean annual total river discharge [59].
As a terminal lake without flow discharge, the long-term water balance of the Aral Sea is
determined by river inflow, precipitation, evaporation, and groundwater intake [5]. After
evaporative losses contribute, roughly 55 km3/year of discharge intake to the Aral Sea [60].
Trend map of the terrestrial water storage (TWS) changes (Figure 11) shows that the Aral
Sea (Region) has undergone noticeable water loss from 2003 to 2020. While the southwest
of the ASB plain area illustrated an increasing TWS trend, in this region, expand surface
water bodies have increased water storage. Furthermore, extensive old inefficient irrigation
systems and unlined drainage networks in this region have led to a considerable loss of
infiltration to groundwater [50,56]. Zmijewski and Becker [56] estimated the trends in
the water balance at the basin scale using the Gravity Recovery and Climate Experiment
(GRACE) gravity data, and result showed that water mass lost in the ASB was about 14
km3/year from 2002 to 2013.
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Figure 10. Use of JRC GSW products to produce a series of thematic maps for the ASB. (a) Transitions
in surface water class during 1984–2020, including the drawing of partial enlargement in 10 typical
areas. Of which, a1 to a10 are the local enlarged drawing. (b) Intensity of changes in surface water
occurrence during 1984–2020. (c) Occurrence during 1984–2020. (d) Surface water seasonality during
2014–2020. Source from the EC JRC/Google.
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4.4. Comparison of Our Surface Water Inventory with Previous Studies

According to Pekel et al. some new permanent lakes/reservoirs form in the CA
while others are lost due to the canal’s diversion of the Amu Darya [21]. Additionally,
previous studies have respectively pointed out that seasonal water bodies can be created
by periodical irrigation [28] and runoff of glacier meltwater [45], but such seasonal water
bodies can also disappear due to drought or new dams. Therefore, it is necessary to re-
examine the earlier descriptions of surface water in ASB and investigate the distribution of
lakes and reservoirs in the region [7].

Previous studies have indicated that the rapid development of agriculture and in-
efficient drainage in ASB have exacerbated regional discrepancies in surface water re-
sources [61]. This study quantified these regional differences in the surface water of ASB
for the first time based on multi-source data. Specifically, permanent water and seasonal
water area changes were quantified separately. Moreover, the area of reservoirs, lakes,
lakes/reservoirs, and surface water in each region was counted, which has not been carried
out in ASB or elsewhere in Central Asia. Existing studies of the lakes in ASB focused
mainly on a single lake or some typical lakes; research involving as many lakes as possible
is still lacking. To our knowledge, few studies have quantified the lake changes at a whole
basin scale. Compared with previous studies, the present surface water inventory has
the following advantages. Firstly, it not only describes the time-series characteristics of
surface water but also establishes a list of 1559 lakes and 196 reservoirs. Secondly, by
extracting the annual area of permanent water and seasonal water during 1992–2020, it
clarifies the dynamic process of different water body types in ASB for the first time. Lastly,
through a “basin–region–subregion” three-level analysis of the surface water, it captures
the inter-regional differences of the water resources in ASB for the first time.

This study provides a detailed and comprehensive investigation of surface water in
the ASB and its subregions, and it certifies that the cloud-based GEE method can be used
to efficiently explore the surface water area. The present study further raised a framework
to identify lakes and reservoirs from the JRC GSW dataset based on multiple open-source
data. While the simple and explicit GIS-based framework developed in this study has an
advantage in monitoring surface water at a large scale, it does have some limitations. Firstly,
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this method relies highly on the JRC GSW dataset. Although this dataset is attributed to its
relatively higher accuracy of surface water extraction and has been widely used [62], the
fine-spatial–temporal monitoring method is still lacking to reflect the subtle variabilities in
surface water [63]. Secondly, this framework only focuses on surface water area changes
and does not account for variations in the volume of lakes and reservoirs. Water storage
is not solely dependent on area, but also on underwater terrain, which can impact the
volume of water a lake or reservoir can hold [64]. For example, a large lake may have a low
volume if it is very shallow, while a small lake may have a large volume if it is very deep.
To provide a more complete understanding of surface water changes in the ASB, future
studies could explore lake storage as well, as it is necessary for a better understanding of
the role of lakes and reservoirs in large-scale hydrological processes [65].

5. Conclusions

This study investigated the long-term dynamics of surface water in the ASB using
the GEE platform. To build a list of water areas for 1559 lakes and 196 reservoirs in ASB
from 1992 to 2020, multi-source datasets were integrated, primarily from JRC GSW dataset
and supplemented by HydroLAKES databases, Geo-referenced dams databases, and OSM
data. The results indicated that from 1992 to 2020, surface water in ASB covered an average
total area of 53,675.01 km2. Of this, 196 reservoirs and 1559 lakes covered an average total
area of 3879.08 km2 and 34,999.61 km2, respectively. Through a three-level analysis of
“basin–region–subregion”, three crucial findings were made in this study: (i) The share
of permanent water in the surface water of ASB has gradually declined, while the share
of seasonal water in the surface water has continued to increase. (ii) The loss of surface
water area in ASB occurred mainly in the Aral Sea. In contrast, the total surface water
area in the ASB plain area and the ASB mountain area has increased. (iii) The proportion
of lakes/reservoirs area in the total surface water area has decreased. Overall, for the
water that should have flowed into the Aral Sea to maintain its permanent water, part of
it might continue to be permanent water but show up in other regions, while part of it
might convert to seasonal water in other regions (especially in the Aral Sea itself and ASB
plain area). The availability of water resources in the ASB is under serious pressure from
rising temperatures, rapid urbanization, agricultural development, and unreasonable water
use. Therefore, a more systematic and comprehensive understanding of surface water
changes is of great significance to ensure the safety of water resources in ASB and maintain
regional stability.
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