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Abstract: Although Central Asia has a strong continental climate with a constant moisture deficit
and low relative humidity, it is covered by thousands of lakes that are critical to the sustainability of
ecosystems and human welfare in the region. Vulnerability to climate change and anthropogenic
activities have contributed to dramatic inter-annual and seasonal changes of the lakes. In this study,
we explored the high spatio-temporal dynamics of the lakes of Central Asia using the terraPulse™
monthly Landsat-derived surface water extent dataset from 2000 to 2015 and the HydroLAKES
dataset. The results identified 9493 lakes and significant linear decreasing trends were identified for
both the number (rate: —85 lakes/year, R2: 0.69) and area (rate: —1314.1 km?/ year, R2: 0.84) of the
lakes in Central Asia between 2000 and 2015. The decrease rate in lake area accounted for 1.41% of
the total lake area. About 75% of the investigated lakes (7142 lakes), mainly located in the Kazakh
steppe (especially in the north) and the Badghyz and Karabil semi-desert terrestrial ecological zones,
experienced a decrease in the water area. Lakes with increasing water area were mainly distributed in
the Northern Tibetan Plateau-Kunlun Mountains alpine desert and Qaidam Basin semi-desert zones
in the east-south corner of Central Asia. The possible driving factors of lake decreases in Central Asia
were explored for the Aral Sea and Tengiz Lake on yearly and monthly time scales. The Aral Sea
showed the greatest decrease in the summer months because of increased evaporation and massive
irrigation, while the largest decrease for Tengiz Lake was observed in early spring and was linked to
decreasing snowmelt.

Keywords: lake dynamics; Landsat; surface water; Central Asia; Aral Sea

1. Introduction

The distribution of water bodies and their quality are critical for the sustainability of
life on Earth. Although inland surface water bodies such as lakes, reservoirs, and rivers only
cover approximately 3% of the global land, they constitute essential terrestrial ecosystems,
and play a crucial role in the global hydrological cycle, e.g., for water supply, agricultural
production, and hydropower generation, especially in arid and semi-arid regions [1,2].
Many water bodies have experienced ecological, morphological, and areal changes in the
past decades, which were driven by climate change and human activities [3-5]. Central
Asia is located far inside the Eurasian continent, and 75% of the region is arid or semiarid
with a continental climate. While Central Asia is one of the world’s eight semi-arid regions,
it includes thousands of lakes, which are critical to the sustainability of the ecosystems and
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human welfare in the region. However, the water bodies in Central Asia can experience
dramatic seasonal as well as permanent changes due to the vulnerability of the region to
climate change and anthropogenic activities. Therefore, a consistent spatiotemporal record
of water extents with fine-scale spatial and temporal resolutions is needed to investigate
the changes of lacustrine surface waters in Central Asia. A fine spatial resolution is needed
to accurately represent the large number of small water bodies in the region, and the fine
temporal resolution is important for distinguishing seasonal changes from permanent inter-
annual changes [6]. Anthropogenic activities, e.g., intensive agriculture, irrigation, and
hydropower generation, can disrupt the fragile equilibrium between water supply and use
and lead to changes in water bodies [7-9]. Numerous reservoirs have been built in Central
Asia, especially in Kazakhstan, which has over 200 water reservoirs [10]. Water reservoirs
show high seasonality in their areal extent, which is at its maximum before the start of the
growing season and minimum after the growing season [11]. Considering this variability in
water availability, a seasonal surface water dataset with high spatial resolution for Central
Asia can support a detailed analysis of the changes in lakes, which is crucial for sustainable
water resources management and land and water ecosystem balance in Central Asia.

Satellite-based remote sensing observes the Earth with short revisit times, providing
an unprecedented ability to detect the distribution of water and monitor its changes in large
areas. The images acquired by coarse-resolution satellite sensors, e.g., the Advanced Very-
High-Resolution Radiometer (AVHRR), Moderate Resolution Moderate Resolution Imaging
Spectroradiometer (MODIS), and Visible Infrared Imaging Radiometer Suite (VIIRS)),
have been widely used to detect the changes of large water bodies because of their high-
frequency observations (1-2 days) but coarse spatial resolutions (>100 m) [12-15]. In the
past decade, with the advances in increasingly affordable computation [16], automated
atmospheric correction [17] and cloud detection algorithms [18], moderate-resolution
satellite data, e.g., Landsat and Sentinel-2, have been used to map the distribution as
well as the dynamic extent of water for a larger range of water bodies, including those
as small as 0.01 km? [19,20]. These efforts allowed depiction of the inter-annual changes
of water extents. However, to monitor their seasonal variation is challenging due to the
poor temporal resolution of the moderate resolution satellite data and the strong influence
of atmospheric conditions. The global surface water (GSW) explorer [21] estimated the
occurrence, change, seasonality, and transition of inland surface water. The developers of
this dataset assessed the accuracy of the water maps at the pixel scale (i.e., 30 m) using a
total of 40,124 control points distributed both geographically (globally), temporally (across
the 32 year). Overall, errors of commission were less than 1% and omission less than
5% [22]. Frangois Soulard tested GSW for Canada and reported the analysis from GSW
alone is limited in answering questions related to real change in freshwater ecosystems,
and should be considered alongside other important datasets when analyzing the data [23].
Its accuracy in delineating seasonal water changes was limited because it utilized an
insufficient number of valid Landsat observations and the gaps in the time window could
lead to a bias in seasonal estimates [24]. Seasonal water occurrences for different years were
likely estimated from different dates; thus, the seasonal water estimates are incomparable.
Uncertainties in seasonal water variation estimates could also jeopardize estimating inter-
annual water changes. Estimates of seasonal water occurrence provide comprehensive
representations of water dynamics for both intra- and inter-annual scales [25]. Up to now,
the attempts at fine temporal resolution (e.g., monthly) monitoring of water using moderate
resolution satellite data have mainly focused on countries (e.g., France) [26] or specific
lakes (e.g., Poyang Lake) [27-29].
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The water dynamics in Central Asia have been previously investigated for two given
time periods or uneven multi-temporal intervals using Landsat data, and mainly focused
on individual large lakes (e.g., Aral Sea, Ulan Ula, Balkhash, and Issyk-Kul) to assess the
impact of global warming on the water bodies in the region [7,30-32]. The long-term (1986-
2012) monthly surface water dynamics in Central Asia were analyzed with MODIS data by
Klein et al. [11] and showed diverse patterns of water bodies in Central Asia. Moreover,
changes in the area of 14 lakes in Central Asia from 2001 to 2016 were analyzed using
three months of data from the MODIS 500-m spatial resolution global water product and
found that plains lakes showed a declining trend while alpine lakes showed an increasing
trend [33]. However, the coarse spatial resolution of MODIS data does not allow resolution
of the large number of small lakes that cover northern Central Asia. Che et al. [24] utilized
16 years of data from the United States Geological Survey Landsat archive to detect and map
surface water over Central Asia from 2000 to 2015 at 90 m and monthly resolution upon
which this study produced a first monthly water extent distribution of lakes for Central
Asia. In this study, we analyzed the number, area, and spatio-temporal dynamics of the
lakes of Central Asia from 2000 to 2015. Finally, two typical lakes (the rapidly changing
Aral Sea and Tengiz Lake surrounded by many small water bodies) were investigated to
explore the driving factors of the changes in the lakes of Central Asia.

2. Study Area and Data
2.1. Central Asia

Central Asia is located at the very heart of the Eurasian continent with an area of
4,862,082.62 km?, including Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, Uzbekistan
(with the exclusion of the Caspian Basin), as well as Xinjiang Province in northwest
China (Figure 1). Central Asia has a distinctive continental climate with cold winters
and hot summers, with temperature, precipitation, and elevation showing a marked
increasing trend from north to south [34]. Central Asia is flat in the northwest and has
high mountain ranges such as Tian Shan in the south-east and Altay Mountains in the
east. Major land cover types on the plains are temperate grassland, shrublands, deserts,
and xeric shrublands. The mountainous regions are dominated by montane grasslands,
shrublands, and temperate coniferous shrublands in the south [35]. There are numerous
natural lakes and man-made reservoirs scattered in Central Asia. Kazakhstan has over
3000 natural lakes larger than 1 km? and over 200 reservoirs [10].

We selected the Aral Sea, which is rapidly changing, and Tengiz Lake, which is
surrounded by many small water bodies, to explore in detail the dynamics at yearly and
monthly time scales (Figure 1). The Aral Sea lies between Kazakhstan and Uzbekistan.
It was once the world’s fourth-largest lake but began shrinking in the 1960s. During 1987-
1988, the Aral Sea split into two separate water bodies, the North Aral Sea and the South
Aral Sea [36], fed by Syr Darya and the Amu Darya, respectively [28]. Tengiz Lake is the
largest lake in northern Kazakhstan and is surrounded by many small water bodies in the
east. Located in a sparsely inhabited dry steppe and semidesert, Tengiz Lake is fed by the
Nura and Kulanutpes rivers with a maximum depth of more than 6 m; its level is subject to
sharp fluctuations. The shore is mostly low lying and clayey, and along the jagged eastern
shore are several islands. The Tengiz Lake is the northernmost habitat of the pink flamingo,
and its brine is rich in the mineral mirabilite.
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Figure 1. The extent of Central Asia overlayed with a digital elevation model (DEM), glaciers, main rivers, and vectorized
lakes from the HydroLAKES dataset [37].

2.2. Data
2.2.1. Monthly Landsat -Derived Surface Water Dataset

We used the monthly (April to October) Landsat-derived surface water data with
90-m spatial resolution defined in the sinusoidal projection from 2000 to 2015 that were
derived and validated in [24]. The surface water was identified in each Landsat image
using the algorithm developed by [1]. The algorithm automatically identifies water cover
pixels in each Landsat image by building a locally optimized decision tree model for each
Landsat image using possible water pixel samples. These samples are examined with
multispectral water and topographic indices (e.g., Normalized-Difference Water index
(NDWI) and Modified Normalized-Difference Water index (MNDWTI)) derived from the
image as well as a reference water layer (e.g., the MODIS water mask dataset). The decision
tree model is then applied to each Landsat image to identify water. A detailed description
of the algorithm can be found in [1].

Due to the 16-day revisit cycle of the Landsat sensors and contaminations of clouds,
cloud shadows, haze, and ice and snow, valid observations for a specific month can be
sparse or non-existent. About 17% of observations in the region (estimated by a WRS-2
pathrow, i.e., p152r028 located at the center of study area) are likely to be invalid due to
cloud, shadow, or other quality issues. Irregular annual time-series of directly-observed
water records were linearly interpolated to daily frequency and then aggregated to monthly
surface water estimates in Central Asia [24].

2.2.2. HydroLAKES Dataset

The HydroLAKES dataset was used as a reference for identifying lakes and reservoirs.
The dataset distinguishes 11,164 natural lakes and man-made reservoirs with a surface
area of at least 0.1 km? in vector format with Universal horizontal Mercator projection [37].
The HydroLAKES dataset was created by compiling, correcting and unifying several
near-global and regional data sets, foremost the Shuttle Radar Topographic Mission Water
Body Data for regions from 56° S to 60° N [38] (Table 1). The main processing steps in
the creation of the HydroLAKES dataset included vectorization of raster data, manual
identification and removal of river and wetland polygons, removal of duplicates and
overlapping polygons, dissolving of segmented polygons into individual lake entities,
correction of corrupt or incorrect polygon geometry, removal of small islands within
lakes, smoothing of water body shorelines to reduce inconsistencies between data sets of
different initial resolutions, and establishing a 0.03-km? cut-off based on lake surface area.
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Numerous studies had utilized this dataset to select lakes and reservoirs of analysis and
to determine their geographical extent [39-42], but the evaluation of this dataset and its
uncertainties is rare. However, the developer of this dataset compared this dataset with
four global estimates of lakes and lake area from Verpoorter et al. [43], Downing et al. [44],
Lehner and Doll [45] and Lerman [46]. Estimations of HydroLAKES generally exceed older
estimates [43,45,46] indicating the comprehensiveness of HydroLAKES. At the same time,
this dataset has stayed below some higher estimates of the past decade [44,47] due to its
enhanced ability for differentiating natural lakes from reservoirs, manual corrections to
detect and remove fluvial features, as well as variations in the statistical extrapolation
of smaller lakes. A more detailed description of the production steps is provided in the
technical documentation [48].

Table 1. Lake datasets references for HydroLAKES production.

Original Dataset

Region Original Format and Resolution

Shuttle Radar Topographic Mission

56°S to 60°N Raster; 1 arc-second (~30 m at

(SRTM) Water Body Data (SWBD) the equator)
MODerate resolution Imaging
Spectro-radiometer (MODIS) MOD44W Russia above 60°N Raster; 250 m
water mask
European Catchments and Rivers Europe above 60°N and the entirety ) . . )
Network System (ECRINS) of Norway Vector; varying resolutions (~1:250,000)
Global Lakes and Wetlands Database -
(GLWD) World Vector; 1:1 million
Global Reservoir and Dam database . . -
(GRanD) World Vector; varying resolutions (1:1 million)
Other World Vector; varying resolutions (1:1 million

or better)

3. Method
3.1. Identifying Lakes

To analyze the changes of each lake, the isolated surface water bodies were assigned a
unique label to identify the surface water extent of each individual lake entity using the
HydroLAKES dataset. Any misclassified surface water bodies were removed by referring to
the locations of the lakes in the HydroLAKES dataset. Furthermore, the labelling procedure
of the lakes guaranteed that surface waters that were separated onto different Landsat tiles
but that were part of the same water body were taken as one lake.

The HydroLAKES dataset was first re-projected to the sinusoidal projection and
resampled to 90-m pixel size, thus guaranteeing that HydroLAKES was comparable to
the Landsat surface water data pixel by pixel. All pixels within the extent of a lake from
the rasterized HydroLAKES were taken as the initial lake pixels pool with the same
label. Subsequently, one centered water pixel was extracted from the lake pixels pool
and an iteration process started. If this pixel was non-water on the monthly Landsat-
derived water bodies, the next water target pixel was taken out from the lake pixels pool.
Conversely, if this pixel was detected as water and had no label in the Landsat surface water
bodies, it was given the label of the lake pixels pool on the Landsat-derived water bodies.
Following this, we identified water pixels without labels within the window size of 3x3
pixels centered on the labeled water pixel and stacked them into this lake pool. The iteration
continued by extracting a pixel from the lake pool and stopped when the lake pool was
emptied. Finally, all pixels within this lake had the same label on the Landsat-derived
water bodies. Nevertheless, the small lakes were likely connected to the adjacent large
lakes due to water dynamics. Lake labelling started with the large lake pool to guarantee
that the connected small lakes had the same label as the corresponding connected large
lake and were treated as one lake. The iterative processing is depicted in Figure 2.
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Figure 2. The graphical iteration processing for lake identification.

3.2. Lakes Change Analysis

A power-law equation was used to model the size-abundance distribution of the lakes
over Central Asia (Equation (1)) by categorizing lakes into eight size groups with breaking
at0.01,0.05,0.1, 0.5, 1, 10, 100, 1000:

N =ax AP 1)

where N is the density of lakes > A. A is the lake surface area in km?, which can be 0.01,
0.05,0.1, 0.5, 1.0, 10, 100, 1000. « is a constant, § is the exponent parameter indicating the
logarithmic rate of decline of the number of lakes as a function of increasing lake area.

In the meanwhile, a terrestrial ecological zoning map [36] was overlayed on Central
Asia to explore the number and area patterns of lakes in each zone. Central Asia was
divided into seven terrestrial ecological zones by merging the adjacent zone with similar
biological types (Figure 4). Since each zone had different land areas, the quantity and area
density of the lakes were calculated by dividing the corresponding zone areas to make the
distribution pattern comparable.

To analyze change trends, this study adopted a simple linear regression model to
calculate the change of lake area and their number (Equations. (2) and (3)):

Area = Slope, x T + b, )

Num = Slope,, * T + by, 3)

where T represents the year (from 2000 to 2015); Area is the area of lakes at the time of
T. Slope, represents the yearly or monthly variation of lakes” area. Num is the number of
lakes at Time. Slope, represents the yearly or monthly variation of the number of lakes.

Ordinary least squares (OLS) linear regression was conducted to estimate Slope and
b. The goodness of fit of the OLS was defined by the coefficient of determination (R?)
between the fitted and observed area or number. The significance of the OLS regressions
was defined by examination of the regression overall t-statistic p-value [49]. A p-value of
less than 0.05 indicates a significant linear trend in the lake change. The larger the lake
area is, the higher the variation magnitude the lake has. To compare the changes of lakes
with different sizes, the variation magnitude was normalized with the average lake area or
number during the period of 16 years as change rate (Equation. (4)):

Rate = Slope/ Average x 100%) 4)
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where Slope is the variation magnitude of lake area or number from Equations (2) and (3).
Average is the average lake area and quantity during the 16-year time period. The fluctua-
tion in area or number of lakes is defined as:

Fluctuation(x) = STD(x)/ Average(x) ®)

where x is the time series of the area or number of lakes during a period. STD is the
standard deviation of x, and Average is the average of x. Fluctuation(x) indicates the
fluctuation of the lakes during the period.

The frequency with which water was present on the surface of a lake from 2000 to
2015 was calculated and called water occurrence to display the temporal-spatial change
distribution, which is the ratio between the water detections and the sum of water and
non-water detections:

water occurrence = Y _water/ Y _(water + land) (6)

4. Results
4.1. Number and Area of Lakes in Central Asia

A total of 9493 lakes were identified between 2000 and 2015, including permanent
and intermittent lakes. The density of these lakes in Central Asia was 1.95 per 1000 km?
(Figure 4 and Table 2). The number of lakes decreased with the increase in lake size
(Figure 3b). Out of these lakes, 7445 lakes, or 78.43% of the total, were smaller than 1 km?;
only 16 lakes, 0.17% of the total, were larger than 500 km?. Lake size distribution for Central
Asia followed a power law with the exponent parameter of —0.602 (Figure 3b).

Table 2. The number and area density of lakes on seven terrestrial ecological zones in Central Asia.

Density (/1000 km?)
Ecological Zone

Number Area

Badghyz and Karabil semi-desert 1.22 8.95

Tarim Basin deciduous forests and steppe 1.52 5.30
Kazakh steppe 6.10 13.31

Tibetan Plateau alpine steppe 0.52 9.94

Tian Shan montane steppe and meadow 0.81 7.79
Central Asian riparian wetland 3.16 221.96

Rock and Ice 0.09 0.11

All zones 1.95 18.78

(@)

Lake size

01
. 1-10
[ 10-50
50-100
[ 100-500
>500

100,000

——CA

====Pow trend

1

0.01 0.1 100 1000

1 10
Lake area (km?)

Figure 3. Power-law frequency distribution of lake size in Central Asia.
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® number: 4652

Within seven terrestrial ecological zones [35] (Figure 4), nearly half of the total identi-
fied lakes (4652 lakes, 49% of the total) were located in the Kazakh steppe zone, and the
lake density was also the highest (6.1/1000 km?). Although the Badghyz and Karabil
semi-desert zone ranked second in the number of lakes, with 3144 lakes, its lake density
was only 1.22/1000 km?. In contrast, the Central Asian riparian wetland zone had the
second largest lake density of 3.16/1000 km? with 680 lakes. Although the Tarim Basin
Deciduous Forest and Steppe zone had the smallest number of lakes (83), its lake density
was not the smallest with 1.52 /1000 km?. The rock and ice zone only included two lakes
(Figure 4 and Table 2).
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Lake size
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Lake size (km®) Lake size (km?)

(km?)

Figure 4. Number and area of lakes within seven terrestrial ecological zones in Central Asia [35].

On average, the lakes covered an area of 91,317.94 km?2 between 2000 and 2015 in
Central Asia. Of this area, 47,718.84 km?, 52.25% of total surface water area, was distributed
at the Central Asian riparian wetland zone with a lake area density of 221.96 km? /1000 km?,
which was followed by Badghyz and Karabil semi-desert zone with a lake area of
22,986.17 km? (25.17%). In contrast, its area density was only 8.95 km?/1000 km?. Al-
though most lakes were located in the Kazakh steppe zone, the water covered area was
10,145.72 km? with an area density of 13.31 km?/1000 km?. The rock and ice zone had the
smallest area and density of lakes (Figure 4 and Table 2).

4.2. Number and Area Change of the Lakes in Central Asia
4.2.1. Change in Number of Lakes

The number of lakes in Central Asia had a strong linearly decreasing trend with an R?
of 0.69. There were 7309 lakes identified in Central Asia in 2000, which decreased to 6585
in 2015, with an average decline of 85 lakes per year (Figure 5). The decrease was found in
every lake size category during the 16 years (Table 3), but the greatest decrease was in the
1-10 km? category (decrease rate of 1.90%), followed by the 10-50 km? category (1.32%).
The 50-100 km? category was the most stable with a decrease rate of only 0.02%.
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Figure 5. The change trend of the number of lakes in Central Asia.

Table 3. The yearly change statistics of the number of lakes with different sizes.

Categories (km?) 0-1 1-10 10-50 50-100 100-500 >500
2000 5382 1567 274 37 32 17
2001 5221 1702 274 33 35 16
2002 5517 1968 332 43 33 18
2003 5512 1880 310 44 36 17
2004 5361 1687 294 39 35 17
2005 5368 1819 312 40 39 17
2006 5131 1543 271 40 35 17
2007 5393 1761 305 38 38 17
2008 5039 1510 280 35 35 17
2009 4890 1471 260 37 35 16
2010 5141 1366 261 40 38 16
2011 5061 1464 267 33 32 17
2012 4925 1470 261 36 36 15
2012 4879 1493 259 40 32 15
2014 4483 1325 233 38 27 16
2015 4832 1404 260 43 29 17

Slope(/year) -50.67 -30.23 -3.66 -0.01 -0.28 -0.09
Rate (%) —-0.99 -1.90 —1.32 —0.02 —0.81 —0.52

4.2.2. Area Change of Lakes

The yearly area change of lakes is linear during the 16-year period analyzed for
Central Asia with R? of 0.84 (Figure 6). There were 98,364.61 km? covered by lakes in
2000, which decreased to 82,455.32 km? in 2015, with an average decline of —1314.10 km?2
per year. The intra-annual fluctuations were higher than 2% for every year, suggesting
significant seasonal water extent variation in the region. However, there was no strong
linear decreasing trend for intra-annual fluctuations with R? of 0.04, and this demonstrated
the yearly change of lakes was not closely related to the seasonal change in Central Asia.
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Figure 6. The yearly change (line) and intra-year fluctuation (blue bar) of the total lake area (the variables Max, Mean,

and Min were calculated as the maximum, average, and minimum water area over the seven months within one year;

the intra-annual fluctuation is the standard deviation of water areas over the seven months within one year).

The area change of lakes with different sizes is tabulated in Table 4, showing that all
categories of lake areas had a strong decreasing trend, except for medium lakes between 50
and 500 km?, which had a relatively stable area. Large lakes (>500 km?) had the strongest
linear decrease, with a slope of 1048.99 km? per year and R? of 0.91, which was followed by
small lakes (<10 km?2). Lakes between 1 and 10 km? changed more with a rate of —1.66%
than lakes >500 km?, which illustrated the large lakes do not necessarily change faster than
small ones.

Table 4. The yearly area changes of lakes with different sizes.

Lake Type Slope (km?/year) Rate (%) R?
0-1 —21.07 —1.42 0.54 %
1-10 —78.41 —1.66 0.53*

10-50 —85.09 —1.51 0.47*
50-100 —11.29 —0.43 0.04
100-500 —34.14 —0.42 0.07

>500 —1048.99 —1.53 0.91*

Note: * represents p > 0.05.

4.2 3. Spatio-Temporal Change of Lakes

Out of a total of 9494 lakes, 7142 lakes, i.e., 75.23%, were found to be shrinking between
2000 and 2015 (Table 5). Shrinking lakes were mainly distributed in the Kazakh steppe
(especially in the north) zone and the Badghyz and Karabil semi-desert zones with 3730
and 2357, respectively (Figures 4 and 7). Shrinking trends were found for most lakes
(>50%) in each terrestrial ecological zone, except in the Central Tibetan Plateau alpine
steppe zone, where 43 lakes (39.81%) shrunk during the 16-years study period. Among a
total of 7142 shrinking lakes, 3872 lakes (54.21%) had a yearly change rate of —10-—1%,
followed by 1540 lakes with a change rate of —20-—10%. A dramatic shrinking was found
for 627 lakes, which experienced a yearly change rate of —36-—20% (Table 5).
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Table 5. The number of lakes by yearly change rate over seven terrestrial ecological zones in Central Asia as Figure 4.
Rate (%/year)
Terrestrial Ecological
Zones —36— —20- —10- —1- 0- 1- 10—~ 20—
—20 —10 -1 0 1 10 20 36
Badghyz and Karabil 262 632 1212 251 142 402 131 112
semi-desert
Tarim Basin deciduous 7 19 25 4 3 19 6 0
forests and steppe
Kazakh steppe 283 747 2076 624 252 500 108 62
Tibetan Plateau 4 12 2 18 21 49 4 2
alpine steppe
Tian Shan montane 30 48 308 153 81 128 29 23
steppe and meadow
Central Asian 4 82 228 52 49 110 63 55
riparian wetland
Rock and Ice 0 0 1 1 0 0 0 0
All zones 627 1540 3872 1103 548 1208 341 254
60° E 70° E 80° E 90° E

Rate (%/year)
-36—20 [ o
-20—10 [ 110

-0 10-20

-0 20-36

60° E

T0°E

80° E

90°E

1,000 km

Figure 7. Spatial distribution of yearly change rate of each lake over seven terrestrial ecological zones in Central Asia as

Figure 4.

At the same time, 2351 lakes were found to have expanded between 2000 and 2015.
Although the expanding lakes were also primarily located in the Kazakh steppe (922) and
Badghyz and Karabil semi-desert zones (787), similarly to the the shrinking lakes, they
represented only a small proportion of the lakes in these two zones (25.04% and 19.82%,
respectively). In contrast, expanding trends were found for 60.19% (65 lakes) and 57.14%
(eight lakes) of the lakes in the North Tibetan Plateau-Kunlun Mountains alpine desert
and Qaidam Basin semi-desert zones in the east-south corner of Central Asia (Figure 7).
In terms of expansion rates, more than half of all the expanding lakes (51.38%, or 1208 lakes)
had an increasing yearly rate of 1-10%, but lakes with 0-1% ranked second (538 lakes).
Overall, this means that lake expansion in Central Asia was less significant compared to
the lakes that shrunk at the rate of —20-—10%. Only 254 lakes (10.80%) had the largest
increasing rate of 20-36%.
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4.3. Aral Sea and Tengiz Lake
4.3.1. Yearly Changes

The North Aral Sea was relatively stable, and two basins of the South Aral Sea changed
dramatically, especially in the eastern basin. Tengiz Lake is surrounded by an area that is
irregularly inundated. Sharp fluctuations occurred in the eastern part of Tengiz Lake with
lower water occurrence (Figure 8).
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Figure 8. Water occurrence distribution of water bodies for the Aral Sea (a) and Tengiz Lake (b) during
the 16-year study period.

The entire Aral Sea presented a strong linear shrinkage over 16 years with an average
of —1129.10 km?/year and R? of 0.91 (Figure 9a). The largest area was 25,000.49 km? in
2000 and continuously decreased over the study period, except for a sharp increase in 2010
when the area was 14,290.94 km?. The area decreased to nearly 3% (7837.15 km?) in 2014
when the eastern basin almost disappeared. Among the two basins of the South Aral Sea,
the western basin had the most significant linear decrease with R? of 0.97, but the intra-
annual fluctuations were the smallest (Figure 9¢c). The area shrunk from 6048.13 km? in
2000 to 3185.35 km? in 2015, with a shrinking of 186.39 km? /year. In contrast, the east basin
experienced dramatic inter- and intra-annual fluctuations. The largest area of 16,040.58 km?
was recorded in 2000; 2010 had a recovery with the area of 7012.81 km?. The water area of
the east basin fell to 1022.56 km? in 2014 and then had a recovery in 2015 with the area of
4016.48 km?. However, a strong linear decrease was also found with 981.1 km?2/ year and
R? of 0.88. In particular, the water area decreased sharply from 2006 to 2009 (Figure 9d).
In contrast, the North Aral Sea presented a subtle increase, apart from the year 2006, with an
increasing rate of 38.43 km?/year and R? of 0.74. The smallest (2911.77 km?) and largest
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(3416.76 km?) areas were recorded in 2000 and 2010, respectively, and the intra-annual
fluctuations were small (Figure 9b).
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Figure 9. Yearly and intra-annual area changes for Aral Sea and Tengiz Lake from 2000 to 2015.

The area of Tengiz Lake experienced a linear fall with a decreasing rate of 29.96 km?
per year and R? of 0.55 over 16 years. The area was 1356.91 km? in 2000, and a subtle
increase occurred from 2000 to 2005. Subsequently, the lake started to shrink to 943.62 km?
in 2014, but the year 2015 saw a sharp increase to 1265.66 km?. There was the largest

intra-annual fluctuation in 2010 with £92.48 km? (Figure 9e).

4.3.2. Monthly Changes

Water occurrence in early spring (i.e., April and May) was higher compared to other
months for both Aral Sea and Tengiz Lake during the 16-year period, especially in the
eastern basin of the Aral Sea and the east of Tengiz Lake (Figures 10 and 11). There was a
fall from June to October.
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Figure 10. Monthly dynamics of water bodies for the Aral Sea over 16-year study period.

The linearly decreasing trends occurred in all seven months for the entire Aral Sea
and in the two basins of the South Aral Sea as well as Tengiz Lake; the opposite trend
was observed for the North Aral Sea (Table 6). Specifically, the largest decrease for the
Aral Sea was in July with the slope of —1193.69 km?/year and R? of 0.92, and April saw
the smallest decrease with —1004.10 km?/year and R? of 0.89, respectively. There was
a similar pattern for the eastern basin. In contrast, the decreasing slope for the western
basin in April was —187.08 km?/year and continuously fell to —184.81 km?/year. How-
ever, the North Aral Sea experienced an increase in each month. The increasing slope
was 32.68 km?/year in April, and then increased to 42.02 km?/year in August and fi-
nally decreased to 39.83 km?/year in October. The decreasing change for Tengiz Lake
decreased from —32.80 km?/year in April and then decreased to —28.06 km? /year in
August. There was a recovery and it increased to —29.50 km? /year in October.
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Figure 11. Monthly dynamics of water bodies for Tengiz Lake over the 16-year study period.

Table 6. The monthly dynamics statistics of the Aral Sea and Tengiz Lake.

Aral Sea North Aral Sea West Basin East Basin Tengiz Lake
Month
Slope R? Slope R? Slope R? Slope R? Slope R?
April —1004.10 0.89 * 32.68 0.77* —187.08 0.98 * —849.70 0.87 % —32.80 0.67 *
May —1145.83 0.91* 3391 0.73* —187.25 0.98 * —992.49 0.89 * —32.03 0.66 *
June —1184.49 0.92* 39.10 0.75* —186.78 0.98 * —1036.81 0.90 * —29.67 0.55*
July —1193.69 0.92 % 39.74 0.69 * —186.62 0.97 % —1046.81 0.90 * —28.18 0.51*
August  —1156.81 0.89 * 42.02 0.73* —186.55 0.97 * —1012.28 0.87* —28.06 0.48*
September —1112.19 0.86* 41.73 0.72* —185.63 0.97* —968.29 0.83* —29.46 0.46
October  —1106.29 0.85*% 39.83 0.73* —184.81 0.97 % —961.31 0.82 % —29.50 0.45*

Note: slope: monthly change (km? /year); * significant at p > 0.05.

5. Discussion

Lake size distribution in Central Asia followed a power law (Figure 3b). This agrees
with previous studies [22,45,50]. B = —1 reflects an average tenfold decrease in lakes’
density from one logarithmic size category to the next one. The S for Central Asia is —0.602
(Figure 3b) while the global § is —1.054 [37], which means there was a higher proportion of
large lakes in Central Asia compared to the globe in spite of its semi-arid and arid climate.

Regional studies of lake dynamics and their interaction with climate change and hu-
man activities in Central Asia are rare. Only Bai et.al. [51] monitored changes in surface area
of seven major lakes based on Landsat satellite images in 1975, 1990, 1999, and 2007 and
showed that the area of inland lakes in Central Asia shrank during the period 1975-2007
owing to climate change and reported temperature and evaporation increase in Central
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Asia, which is even higher than the global average [52,53]. This study also certified that
lakes in Central Asia showed both a number and area decline of lakes from 2000 to 2015, es-
pecially in 2009 and 2014 (Figures 5 and 6). Considering a particularly large decrease in the
number of stations with a long record [54] and biased estimates from remote sensing [55],
we used atmospheric reanalysis product (ERA5-Land) to analyze five possible forcing fac-
tors, i.e., temperature, snowmelt, surface runoff, evaporation, and precipitation, to explore
the overall decreasing trend of lakes in Central Asia. The ERA5-Land product combines a
wide array of measured and remotely sensed information within a dynamical-physical
coupled numerical model and is the fifth and newest generation reanalysis from European
Centre for Medium-Range Weather Forecasts (ECMWF) with a regular latitude/longitude
grid of 0.1° x 0.1° (9 km) and the hourly temporal frequency [56]. The five hourly factors
were aggregated to yearly frequency to compare with the lake area from 2000 to 2015
(Figure 12). Rising evaporation (Figure 12d) had the highest linear correlation (R%: 0.44)
with the change of the lake area, and decreasing precipitation ranked second with R? of
0.2 (Figure 12e). Although snowmelt experienced a little increase (Figure 12b) owing to
the increasing temperature (Figure 12a), the surface runoff had a decrease, which was
consistent with the decline of lake area (Figure 12c). Figure 12 indicated there seems to be
no direct relationship between lake area decline and temperature as well as snowmelt.
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Figure 12. Correlations between lake area and temperature (a), snowmelt (b), surface runoff (c), evaporation (d) and

precipitation (e).

The shrinking lakes were mainly located in the Kazakh steppe and Badghyz and
Karabil semi-desert zones where the changes of Tengiz lake and Aral Sea were explored
based on possible driving factors.
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The Aral Sea recorded a continuous decline throughout the years and all seven months
(Figure 9 and Table 6). The smallest area occurred in 2014 when the eastern basin of the
Aral Sea almost disappeared. This could have been the first time the Aral Sea dried
up completely. The western portion of the west basin was stable because of its steep
coastline [57], while the east basin experienced dramatic fluctuations regardless of inter-
and intra-annual change owing to its shallow basin [58]. The sharpest decrease in water
area took place from 2006 to 2009, while an abrupt increase was recorded in 2010 for the east
basin, which also led to the quick decrease in the entire Aral Sea. Although the precipitation
in this region witnessed a slight increase during the period 2006-2009 [59], temperature
was relatively high and increased by 1 to 3 °C, thus increasing lake evaporation [60].
Meanwhile, there was little runoff from the Amu Darya River in the south from 2006 to
2009, which flowed into the Aral Sea [61]. However, an abnormal runoff increase was
observed in 2010 [61,62]. These quick runoff changes were consistent with the water level
(Figure 13) and greatly responded to lake area changes. Nevertheless, the North Aral Sea
presented a subtle increase, apart from the year 2006. The abrupt rising water level was
observed from 2005 to 2006 (Figure 12) since Dike Kokaral was built between the North
and South Aral Seas in the autumn of 2005 [59,63], which made the runoff from Syr Darya
only flow into the North Aral Sea.

50

—e— East basin of South Aral Sea
45 West basin of South Aral Sea
40 —e—North Aral Sea

Water level (m)
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Figure 13. Water level change of the North and South Aral Seas [61].

The decreasing trends occurred for all seven months for the entire Aral Sea and two
basins of the South Aral Sea, while there was an opposite trend for the North Aral Sea
(Table 4). As a source of surface runoff in Central Asia, glacial meltwater feeds the Aral
Sea through Amu Darya and Syr Darya in April and May [64,65]. Rising temperatures
caused an increase in evaporation from June to August. Although precipitation also slightly
increased, it was not sufficient to balance the water loss from river inflow and evapora-
tion [66], thus leading to the decrease in surface water. At the same time, the massive
irrigation of crops such as cotton, rice, and wheat during the summer primarily depended
on the upper and middle Amu Darya and Syr Darya. In contrast, these crops were fed
by meltwater from the mountains in early spring. The large increases for the North Aral
Sea were in August and September, and this mainly resulted from the increasing river
runoff from glaciers’ meltwater and precipitation [67]. Meanwhile, the largest decrease in
the west basin of the South Aral Sea took place in April and May. This was more related
to climate change than anthropogenic change because, as [68] pointed out, the retreat of
glaciers reduces the amount of meltwater that normally is discharged into the lakes in
early spring. In the east basin of the South Aral Sea, there were larger decreases in summer,
mainly caused by the massive water usage for the irrigation of crops and exploration and
exploitation of gas and oil reserves on the dry bed of the Aral Sea [69,70].



Remote Sens. 2021, 13, 1032

18 of 23

Tengiz Lake in northern Kazakhstan features a semi-natural water supply in compari-
son to the Aral Sea. Global rainfall and temperature reanalysis data from the University
of Delaware was utilized to explore the changes in the Tengiz Lake. These data had a
monthly temporal resolution from 1901 to 2014 and a global spatial resolution of 0.5° x 0.5°.
Figure 14 shows the variations of the yearly-accumulated rainfall and summer temperature
(from June to August) in the lake area region from 2000 to 2014. The annual precipitation
had a downward trend, with an average annual decrease of 8.4 mm. There was a decreasing
trend for precipitation from 2004 to 2010, especially in 2008, which probably reduced the
inflow into Tengiz Lake. This agreed well with the decrease in lake area from 2005 to
2010 (Figure 9e). The summer temperatures showed an increasing trend, with an average
annual increase of about 0.15 °C. The higher temperatures might have caused an increase
in evaporation [53]. The shrinking of the lake indicates that Central Asia became dryer
with less precipitation and less inflow as well as increased evaporation due to significant
increases in air temperatures in the summer months. This trend is also true for northern
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Figure 14. Comparison between yearly lake area and yearly temperature and summer precipitation from 2000 to 2014 for

Tengiz Lake Basin.

Apart from precipitation, snowmelt also serves as the main supply for Tengiz Lake
and its surrounding small lakes [72]. To explore the most significant shrinking of Tengiz
Lake in the early spring (April and May) (Table 4), Snow Water Equivalent (SWE) in the
winter months (January to March) in the Tengiz Lake Basin from 2000 to 2014 was analyzed.
SWE describes the amount of water equivalent to the melting of snow and ice, and SWE
dataset from 1979 to 2014 with a spatial resolution of 25 km was utilized [73]. The daily
SWE was average to the monthly data (Figure 15), which presents a weak decreasing
trend for three winter months. This demonstrates the snowmelt was decreasing in early
spring, thus leading to less inflow and a larger decreasing rate from April to May compared
to other months. In addition, the smallest decrease occurred in the summer months
(i.e., July and August), which was generally opposite to the monthly change rate for the
Aral Sea. The inflow from precipitation and glacier melt in summer was compared to
winter months. Reducing human activities in the region may slow the shrinking of Tengiz
Lake in spite of increasing evaporation.
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Figure 15. Yearly variations in Snow Water Equivalent (SWE) for the months of January, February, and March and their
linear trends for Tengiz Lake Basin.

In contrast, expansions were found for the lakes in the southeast corner of Central
Asia near the Tibetan Plateau (Figure 7), where the lakes are predominantly affected by
multiple climate-related factors including the precipitation, temperature, glacier melting,
and permafrost thawing [74,75]. The increase in the mean annual precipitation contributes
to the increase in surface runoff, and the rising air temperature accelerates the melt of
glacier and snow in high mountains [76], both of which likely result in the expansion of
lakes on this mountainous region. Meanwhile, permafrost degradation with a rapidly
warming climate is another important factor for lake expansion particularly for lakes in the
Kunlun Mountains [76,77].

Finally, we elaborated on some of the limitations of this study. First, even though
in this study we used 16 years (2000-2015) of lake data, the temporal coverage was not
sufficient to accurately depict the long-term change of the lakes and explore their response
to climate change in Central Asia. Climate represents the long-term manifestations of
weather and other atmospheric conditions in a given area over a period long enough
to ensure that representative values are obtained (generally 30 years) [78]. Therefore,
the temporal coverage for such a study would need to be extended before 2000 and after
2015 to ensure a 30-year analysis. In the meantime, we found that there may have been an
increasing trend since 2014 regardless of the number of lakes (Figure 5) and areas (Figure 6)
in Central Asia, but this pattern can only be confirmed when the time coverage is expanded.
Second, the spatial resolution needs to be increased in order to accurately capture the
small lakes. Currently, a 90-m spatial resolution has detected the majority of the lakes
of Central Asia (9494 out of a total of 11,164 lakes) but is still insufficient for detecting
some small lakes (<1 km?). With increasingly affordable computation [16], studies of lake
changes using Landsat 30-m resolution rather than 90-m time-series data in Central Asia
could be achieved. Furthermore, the Sentinel-2A MultiSpectral Instrument (MSI) sensor

data (launched in 2015) and Sentinel-2B (launched in 2017), providing continuity with the
Landsat data record, can also be used to analyze small lakes changes with their 10- and
20-m spatial resolutions and 5-day revisit cycles [79]. Third, this study only qualitatively
explored the possible driving factors of lake changes for the Aral Sea and Tengiz Lake.
To establish the quantitative relationship between all lakes of Central Asia and regional
climatic variables, such as temperature, precipitation, evaporation, will require further
study. Lastly, we believe the analysis can be applied in other regions or even the globe to
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investigate the dynamics of lakes, which could provide insights for the changes of inland
water as well as helpful information for addressing the suitability development goals.

6. Conclusions

Long-term fine resolution satellite observations have provided an unprecedented
opportunity for monitoring the changes of the lakes of Central Asia, particularly of the
numerous small size lakes that are extremely vulnerable to climate and human impacts.
However, it is very challenging to provide a comprehensive representation of water dy-
namics in Central Asia regarding the interannual changes and strong seasonal variations.
This study utilized a monthly Landsat-derived water data and HydroLAKES dataset to
identify the distribution of lakes (>0.1 km?) over Central Asia for the months from April to
October for 16 years (2000-2015). This study analyzed the changes in the number and area
of lakes, their spatio—temporal distribution and explored possibly-related driving forces of
lake changes using two typical lakes (Aral Sea and Tengiz Lake). The analysis showed that
78.43% of the lakes in Central Asia were small lakes with a surface area < 1 km?2, and the
number of lakes decreased with the increase in lake size with a higher proportion of large
lakes compared to the global region. Both the yearly quantity and areal change of lakes
showed a strong linear decrease. Among the seven terrestrial ecological zones in Central
Asia, most lakes in each zone decreased, especially in the Kazakh steppe zone, while most
lakes showed an opposite pattern in the Northern Tibetan Plateau—Kunlun Mountains
alpine desert and Qaidam Basin semi-desert zones in the east-south corner of Central Asia.
Meanwhile, the linearly decreasing trend for both the Aral Sea and Tengiz Lake on yearly
and monthly scales demonstrated that the Aral Sea had the greatest decrease in summer
because of evaporation and massive irrigation, while early spring saw the largest decrease
for Tengiz Lake owing to decreasing snowmelt. This long and dense time-series dynamic
of areal extents of lakes is a significant indicator for studies of climate change and regional
environmental variability as well as human activities in Central Asia. However, this study
only focused on the spatio-temporal changes in the number and area of lakes from 2000
to 2015. Lengthening the time-series and analyzing its quantitative response to climate
change and human activities requires further investigation.
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