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Abstract

Recent studies suggest Asian Water Tower (AWT) is vulnerable to climate change with a detrimental effect on water and
food security. Comprehensive information about the spatio-temporal variability of lakes, an important freshwater resource, is
lacking. Therefore, we analyzed 89,480 Landsat images to examine the change in the lakes size around AWT between 1977+2
and 2020+2. Sequentially, the trends of precipitation, snow water equivalent, glacier mass, and permafrost were analyzed to
understand what caused the lake’s alteration. According to our findings, from 197742 to 2020+2, 84% of mapped lakes grew
during the wet season, whereas 81% of the lakes grew during the dry season. Lakes in the Inner TP and Tarim Interior basins
expanded dramatically. The Helmand, Amu Darya, and Yangtze basins are the primary locations of shrinking lakes. The Aral
Sea shrunk by 90%. From the region as a whole, the alpine lakes showed a shrinking trend and the plain lakes showed an
expanding trend from 1977£2 to 1990+2, and vice versa from 1990+2 to 2020+2. Glacial loss and permafrost thawing were
corresponding to lake expansion in the Inner TP, Tarim Interior, Syr Darya, and Mekong basins. Permafrost discontinuities
may cause Indus and Ganges to not grow significantly in lakes with increased recharge to the basin. Extreme droughts depleted
the lake in Helmand. Human intervention have caused the shrinking of the Aral Sea and the lakes in the lower Yangtze River.

As AWT retreats and feeds lakes, we need to take immediate action for managing risks and adaption.
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Key Points:

o 84% of the 209 large lakes around AWT expanded during the wet seasons
from 197742 to 2020+2, while 81% grew during the dry seasons.

e Lakes in inner TP and Tarim basin grew dramatically. Helmand, Amu
Darya and Yangtze basins are the main position of lake shrinkage.

e Changes in lake size are closely tied to trends in precipitation, snow water
equivalent, glacier mass, permafrost.

Abstract

Recent studies suggest Asian Water Tower (AWT) is vulnerable to climate
change with a detrimental effect on water and food security. Comprehensive
information about the spatio-temporal variability of lakes, an important fresh-
water resource, is lacking. Therefore, we analyzed 89,480 Landsat images to
examine the change in the lakes size around AWT between 1977+2 and 2020+2.
Sequentially, the trends of precipitation, snow water equivalent, glacier mass,
and permafrost were analyzed to understand what caused the lake’s alteration.
According to our findings, from 197742 to 202042, 84% of mapped lakes grew
during the wet season, whereas 81% of the lakes grew during the dry season.
Lakes in the Inner TP and Tarim Interior basins expanded dramatically. The
Helmand, Amu Darya, and Yangtze basins are the primary locations of shrink-
ing lakes. The Aral Sea shrunk by 90%. From the region as a whole, the
alpine lakes showed a shrinking trend and the plain lakes showed an expanding
trend from 197742 to 1990+2, and vice versa from 199042 to 2020+2. Glacial



loss and permafrost thawing were corresponding to lake expansion in the Inner
TP, Tarim Interior, Syr Darya, and Mekong basins. Permafrost discontinuities
may cause Indus and Ganges to not grow significantly in lakes with increased
recharge to the basin. Extreme droughts depleted the lake in Helmand. Human
intervention have caused the shrinking of the Aral Sea and the lakes in the lower
Yangtze River. As AWT retreats and feeds lakes, we need to take immediate
action for managing risks and adaption.

Plain Language Summary

Based on satellite observations, more than 80% of the lakes around Asian water
towers have shown an expansion trend over the past 40 years. The expansion of
these lakes is strongly linked to changes in rain, snow, glaciers and permafrost
due to climate warming. As the climate continues to warm, we need to take
adaptation and risk prevention measures.

1 Introduction

Lakes are both effective indicators of environmental and climate change at the
basin scale because they buffer synoptic-scale changes(Grant et al., 2021; Wool-
way et al., 2020; Zhao et al., 2022), but also contain information on seasonal
cycles, interannual variability, and long-term changes in lower atmospheric con-
ditions(Golub et al., 2022). Studying changes in lakes under a warming climate
is therefore an important area of research to distinguish the global impacts of
climate change from other anthropogenic pressures of climate change interac-
tions(Field et al., 2014).

The Asia Water Tower (AWT) region is home to numerous glaciers, lakes, and
rivers that provide water for almost 2 billion people (W. W. Immerzeel et al.,
2020; Yao et al., 2022) and (Yao et al., 2019). However, warming rates in
AWT is twice the global average warming rate (Yan et al., 2020; You et al.,
2021). Significant climate warming in AWT can cause significant hydrologic
and geomorphic changes (Kim & Bae, 2020; K. E. Miles et al., 2020; Wu et
al., 2022). In recent decades, lakes over the AWT have warmed, with sustained
glacier mass loss (Dehecq et al., 2019; Farinotti, 2017; Lutz et al., 2014) and
shorter lake freeze-up periods (Gou et al., 2017; Ruan et al., 2020). The available
maps of lakes on Tibetan Plateau show that the number of lakes larger than
1 km? on the Tibetan Plateau has increased from 1080 in 1976 to 1424 in
2018, while the overall lake area expanded from 40124 km? to 5032 km? (G.
Zhang et al., 2020). The majority of these increases in size lakes were found in
endorheic basins, whereas exorheic basin lakes in the southern Tibetan Plateau
and Himalayas showed a diminishing tendency (G. Zhang, Yao, Piao, et al.,
2017). These changes threaten residents and infrastructures downstream since
meltwater and runoff is the main water source for irrigation, hydropower, and
urban consumption (Biemans et al., 2019; Walter W. Immerzeel et al., 2010; D.
Li et al., 2022; Wester et al., 2019). The expansion of AWT glacial lakes will raise
the risk of flooding, particularly in the eastern Himalayas, which might nearly
triple in the future (Veh et al., 2019; Zheng et al., 2021). Therefore, measuring



lake size not only can be strong evidence of how climate change impacts nature
but also reveal the potential crisis that can result in immeasurable ecological
and social costs.

The effects of climate change on lakes may vary with geography. In some basins,
streamflow would increase, and lakes would grow. In others, low runoff would
occur more frequently, and severe droughts may cause lakes to shrink. (Pekel
et al., 2016) mapped worldwide surface water using Landsat imagery between
1984 and 2015. It shows substantial permanent surface water loss like the Aral
Sea due to uncontrolled abstraction, dams, and drought in the Middle East.
However, surface water on the Tibetan Plateau has a general expansion trend.
(G. Zhang, Yao, Piao, et al., 2017) found that the area of lakes on the Mongolian
plateau and the eastern plains of China was decreasing. These studies show that
lake systems around the AWT may not respond to climate change in the same
way, and they may also respond in opposite ways to basin systems due to human
intervention.

There is a lack of comprehensive and quantitative studies on how lakes located
in basins recharged by the AWT, change under a warming climate. Most of the
studies have been conducted from regional concepts such as the Tibetan Plateau
or a country, but few have been conducted from a geologically profound concept
such as the Asian Water Tower (Song et al., 2014; G. Zhang, Yao, Piao, et
al., 2017). Existing studies have shown that glacial lakes in this region are
becoming more and larger as a result of climate warming (Allen et al., 2019;
Nie et al., 2017; Wang et al., 2020; Zheng et al., 2021). Discovering how large
non-glacial lakes recharged by the AWT will respond to a warmer climate may
be a challenge. In this work, we conducted a comprehensive study using 89,480
satellite images to quantify changes and identify trends in the lake over the past
four decades.

2 Study Site

High-Mountains Asia, mainly the Tibetan Plateau, is known as the “Third
Pole” of the world due to its numerous glaciers. Extended westward and north-
ward from the Third Pole, the 20-million km? Pan-Third Pole (Pan-TPE) en-
compasses the Eurasian highlands and areas hydrologically affected by them:
Amu Darya, Ganges, Helmand, Ili, Indus, Inner Tibetan Plateau (TP), Ir-
rawaddy/Salween, Mekong, Syr Darya, Tarim Interior, Yangtze, and Yellow
River basins. It is one of the most vulnerable and freshwater-rich regions on
Earth with uncertain impacts of climate change (Tandong et al., n.d.). Figure
1 shows the range of the study site (62 °E - 120 °E and 10 °N - 51 °N).
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Figure 1 The basins fed by AWT. Red indicates endorheic basins, yellow indi-
cates exorheic basins. The black lines indicate the IPCC reference region, which
is used to divide the region for classification. The eight IPCC reference zones
are EEU (East Europe), WSB (West Siberia), WCA (West Central Asia), ECA
(East Central Asia), TIB (Tibetan Plateau), EAS (East Asia), SAS (South
Asia), SEA (South East Asia).

3 Methodology
3.1 Data acquisition
3.1.1 Satellite data

To understand the changes in the lakes under a warming climate, Images from
multiple Landsat sensors in five different periods from 1977 to 2020 were used.
Landsat images from earlier years have insufficient coverage or poor image qual-
ity, so we produced 5-year mosaics in five periods: 1975-1979, 1988-1992, 1998-
2002, 2008-2012, and 2018-2022. It has been shown that the typical five pe-
riods can reveal the overall trend of lake changes (Lei et al., 2014; G. Zhang
et al., 2020). When mapping the 1977 lakes, we primarily used images from



the Landsat-2 MSS and the 1978-1979 Landsdat-3 MSS images, with a small
amount of images from the Landsat-1 MSS between 1973 and 1974 and Landsat-
3 MSS in 1980 used to supplement. The computed top-of-atmosphere (TOA)
reflectance of Landsat-5 TM was used to map lakes from 199042, 200042, and
2010+2. We also used the Landsat-7 ETM+ for the map in 200012, it was not
used for 2010£2 due to the data gaps. The TOA reflectance of Landsat-8 OLI
was used to map lakes from 2020+2.

ALOS DEM (Digital Elevation Model) satellite data at 30-m resolution col-
lected by Advanced Land Observing Satellite-1 (ALOS) of Japan Aerospace
Exploration Agency (JAXA) was used to map the complex topography of the
alpine mountain. It is useful to eliminate the effect of mountain shadows in the
classification

Approximately 150,000 Landsat images were used in this study, they are ac-
cessed and analyzed online using Google Earth Engine (GEE). GEE is a cloud-
based platform that enables users to process large-scale satellite imagery for
detecting changes and mapping trends. Fact that we don’t need to download
the raw data to the local disk, the processing efficiency of the satellite images
was greatly improved.

3.1.2 Vector data

We made use of two datasets from HydroSHEDS (https://www.hydrosheds.org/),
HydroBASINS and HydroLAKES. HydroBASINS is a database providing the
polygon layers of global basins and sub-basin boundaries. This product includes
consistently sized and hierarchically nested sub-basins at different scales (from

tens to millions of square kilometers). In our study, we defined basins affected
by AWT using the layer of HydroBASINS level-3 product.

HydroLAKES is a database that contains the shoreline polygons of all global
lakes with at least 0.1 km? of surface area. All lakes are co-registered with the
global river network of the HydroSHEDS database via their lake pour points.
HydroLAKES enabled us to distinguish ‘natural lakes’ from ‘human-made reser-
voirs’, it also served as the public dataset for accuracy validation of our work.

3.1.3 Climatic data

Four climate datasets including ERA-5 Land, TerraClimate (Abatzoglou et
al., 2018), FLDAS (McNally et al., 2017), and GPM were used in this study.
Monthly precipitation and snow water equivalent are provided by ERA-5 Land,
TerraClimate, and FLDAS. GPM dataset only provides the precipitation data.
These data were accessed and processed on the GEE platform like the satellite
data to help us analyze the causes of Pan-third Pole lake expansion.

As for glacier mass loss, Brun et al., 2017; Shean et al., 2020 estimated the glacier
mass balance per year for each basin, so we can estimate the glacier mass loss
from 2000 to 2020. As for permafrost, we estimated the permafrost active layer
thickness from 2000 to 2019 for each basin according to the Permafrost active
layer thickness for the Northern Hemisphere dataset of European Space Agency



(ESA)’s Climate Research Data Package (CRDP v2). All data used in this study

are shown in Table 1.

Table 1. Summary of the datasets used in the study.

Data type  Name Spatial Temporal Use Source
resolution  resolution
(meters)
Satellite Landsat- days Mapping GEE:
data 1/2/3 lakes LANDSAT/LC08/C01/T1_TOA
MSS LANDSAT/LE07/C01/T1_TOA
LANDSAT/LT05/C01/T1_TOA
LANDSAT/LM03/C01/T2
LANDSAT/LM02/C01/T2
LANDSAT/LMO01/C01/T2
JAXA/ALOS/AW3D30/V3_2
Landsat-5 days
™
Landsat-7 days
ETM+
Landsat-8 days
OLI
ALOS \ Eliminate
DEM the effect
of
mountain
shadows in
the classifi-
cation
Vector HydroBASINS \ Delineate ~ HydroSHEDS
data the basins  (https://www.hydro
sheds.org/)
HydroLAKES\ \ Define the
natural
lakes, and
assess the
accuracy
of our
maps in
2000
Climatic ERA-5 Monthly Analysis of GEE:
data Land precipita- ECMWF/ERA5_LAND/MONTHLY
tion and IDAHO_EPSCOR/TERRACLIMATE
snow water NASA/FLDAS/NOAHO01/C/GL/M/VO(
equivalent ~NASA/GPM_L3/IMERG_MONTHLY_
TerraClimate Monthly



Data type  Name Spatial Temporal Use Source
resolution resolution

(meters)

FLDAS Monthly
GPM Monthly Analysis of

precipita-

tion
Potential -2016 Analysis of Brun et
contribu- glaciers al., 2017,
tion of Shean et
glaciers to al., 2020
basins
Permafrost Yearly Analysis of  https://ca
active 1997-2019  permafrost talogue.ce
layer da.ac.uk
thickness /uuid/67a3{8¢8
for the dc914ef99{7f08eb0d9
Northern 97e23
Hemi-
sphere

3.2 Data acquisition
3.2.1 Mapping lakes

The study area is large and covers different climatic systems and terrain, which
can affect the classification effect of the lakes. We used IPCC climate reference
regions (Tturbide et al., 2020) to divide the study area into six parts (Figure 1).
Among them, we merged WCA, WSB, and EEU for classification because the
Aral Sea crosses WCA and WSB, and EEU is a very small extent in the study
area.

Most of these basins are under monsoon systems and the recharge of the lakes
can vary depending on the season. Therefore, we analyzed satellite images
collected in the wet season and the dry season separately in each period. For
the EAS, TIB, ECA, and WCA/WSB/EEU, which are located in the north
temperate zone, the wet season starts from June to September, and the dry
season starts from December to March (Azam et al., 2021; Y. Zhang et al.,
2020). Due to the high latitude of the ECA and WCA/WSB/EEU, ice on the
lake surface can make it difficult to be distinguished. We removed some images
of the lake surface that were difficult to identify and supplemented them with
images from October and November. For the ECA and WCA/WSB/EEU lakes,
October is already in the dry season (Ginzburg et al., 2010; Panyushkina et al.,
2018). SEA and SAS are located in the tropics, their wet season starts from
August to November, and the dry season starts from February to May (Anh et
al., 2019; Kummu et al., 2014).
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First, we obtained Landsat images from the GEE using date and boundary fil-
ters. Since each basin has unique topographical and climatic circumstances, we
worked to classify each one independently. Then, we masked cloudy pixels from
images by examining the internal cloud-algorithm-flag bits, and mosaic all the
images by creating a median mosaic. To highlight the water pixel and to distin-
guish it from the surface snow, we derived two normalized indices: Normalized
Difference Water Index (NDWT; Eq. (1)) (McFEETERS, 1996) and Normalized
Difference Snow Index (NDSI; Eq. (2)). NDWI is sensitive to the change in the
water content. NDSI is an accurate description of snow detection. Mountain
shading is one of the most obvious interferences in the classification of water
bodies. The slope calculated by ALOS DEM can reduce the possible shading
effect (Shugar et al., 2020).

_ GREEN-NIR
NDWI = GREEM+NIR (1)

_ GREEN-SWIR1
NDWI = GREEN+SWIR1 (2)

Consequently, Blue, Green, Red, Near-Infrared, Mid-infrared bands, NDSI,
NDWI, and slope were used to classify water and non-water pixels on the Land-
sat 5-8 images (Green, Red, Near-Infrared 1, and Near-Infrared 1 were used on
the Landsat 1-3 images). We randomly selected water and non-water samples
by drawing polygons using the drawing tool in GEE. To avoid reselecting
samples in each classification, we selected pixel points that are consistent over
the five periods. Then, we randomly converted the polygon samples into 5000
points. We had 5000 sample points in total, and we split 80% of the points for
training and 20% for testing. We then conducted a classification using Support
Vector Machine (SVM) classifier with default parameters. The classification
results (binary) images were exported to ArcGIS Pro and vectorized. We first
removed the non-water feature and then calculated the area of the remaining
features. In our study, we only kept natural lakes larger than 50 km? in 2020.
The HydroLAKES dataset can help filter artificial reservoirs.

The remaining 20% samples were used for validation, which was 1000 points.
The accuracy of our results is shown by Confusion Matrix, overall accuracy, user
accuracy, producer accuracy, Kappa coefficient, and R%. We also validated our
results by randomly selecting 10 thousand points from our results and comparing
them with public datasets: i) HydroLAKES (Messager et al., 2016), and ii)
Lakes Larger than 1 km? from the Tibetan Plateau V3.0 (G. Zhang et al.,
2014, 2019). Because lake shorelines of HydroLAKES were delineated as they
appeared at the time of the data collection in February 2000, we used this
dataset to validate our year 2000 results. All other periods were compared with
the dataset of Lakes Larger than 1 km? in Tibetan Plateau V3.0. Both datasets
do not fully cover the temporal and spatial extent of our maps, and validating
the accuracy of our results together can better illustrate the accuracy of the
results. The accuracy of each classification for each basin was validated. All of
these results have a kappa coefficient greater than 0.95 and R? over 0.90.

3.2.1 Driving forces analysis



Zhang et al., 2017b showed that lake water mass balance is mainly due to
changes in precipitation, snow, glaciers, and permafrost in the basin. Using
GEE, we constructed a sum mosaic for calculating the total annual precipitation
and total annual snow water equivalent for each basin from these four climatic
datasets. To improve the accuracy as much as possible, we used the average of
total annual precipitation of the four datasets. Since the GPM contains only
precipitation, we only used the average snow water equivalent from the three
datasets ERA-5 Land, TerraClimate, and FLDAS. As a result, the average
yearly change rate of total annual precipitation and total annual snow water
equivalent was obtained.

Based on results from Brun et al., 2017; Shean et al., 2020, we can directly obtain
the average annual rate of change in glacier mass change for each basin. As for
permafrost, we downloaded the CRDP v2 permafrost active layer thickness data
from 2000 to 2019, and converted these data into a single “tif’ file with 20 layers
stacking, the layers indicate the year of the image. To make our results more
easily reproducible, we uploaded them to GEE for further processing.

4 Results
4.1 Lake changes

From 197742 to 199042, most of the alpine lakes showed a shrinking in size
trend, while the plain lakes showed an expanding trend during the wet season
(Fig.2). From 1990 to 2000, shrinkage of alpine lakes slowed, and some of them
were starting to expand. Most of the eastern and western Plains lakes had a
declining tendency, the plains lakes in the north and south are still expanding.
From 2000 to 2010, most of the alpine lakes and some of the western plain lakes
have expanded, whereas the plain of the Yangtze basin continued to shrink.
From 2010 to 2020, the alpine lakes were still expanding, with only few were
shrinking. Most of the plain lakes were shrinking.

Comparing the lake size from 197742 to the lake size from 2020+2, 84% have
grown in size while 16% lakes have diminished. In terms of area, the total
lake expansion is 13,048km? while the total lake shrinkage is 50,896km?. The
shrinking area is more than the expanding area, but 90% of the total shrinking
area is due to the Aral Sea. The shrinking lakes are primarily located in the
basins downstream of Helmand and Yangtze.
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Figure 2 Lake change in the (a), wet season from 1977+2 to 199042 (b), wet
season from 199042 to 2000+2 (c¢), wet season from 2000+2 to 201042 (d), wet
season from 201042 to 2020+2 (e), wet season from 197742 to 202042

The spatio-temporal pattern of lake size in the dry season is generally consistent
with that in the wet season (Fig.3). In the dry season from 1977+2 to 2020+2,
170 lakes have grown in size, while 39 lakes have declined. A small number
of lake variations show seasonal variances between dry and wet. The sum of
the lake area growth is 11,244km?, and the sum of the lake area shrinkage is
51,587km?. The shrinking area of the Aral Sea still accounts for the majority
of the total shrinking area.
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Figure 3 Lake change in the (a), dry season from 1977+2 to 1990+2 (b), dry
season from 1990+2 to 2000+2 (c), dry season from 2000+2 to 201042 (d), dry
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4.3 Water basin analysis

In the wet season from 1977£2 to 202042 (Figure 4), the total lake area in
the Inner TP, Tarim Interior, Syr Darya, and Mekong basins was growing at
rates of 64.095 (0.43%), 106.650 (1.14%), 44.408 (2.35%), and 82.28 (1.95%)
km? yr!, respectively. But the total lake area in the Mekong basin decreased in
2020. The lakes in the Amu Darya, Helmand, and Ganges basins were shrinking
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at rates of -1141.9 (1.97%), -108.870 (2.56%), and -0.686 (0.05%) km? yr'!,
respectively. From 197742 to 200012, the total lake area in the Yangtze basin
increased but then declined from 200042 to 2020+2. Lakes in the Yellow River,
Irrawaddy/Salween, Indus, and Ili basins were with no significant trends.
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Figure 4 Total lake area change in each basin during the wet season from 197742
to 2020+2.

In the dry season from 1977+2 to 2020£2 (Figure 5), the lakes in Inner TP,
Tarim Interior, and Syr Darya basins also showed a trend of expansion with
growth rates of 94.579 (0.41%), 61.105 (1.04%), and 42.925 (2.21%) km? yr'!,
respectively. However, the total lake area in the Mekong basin decreased in
the dry season, contrary to the trend in the wet season, with a rate of de-
crease of 3.998 km? yr!. The lakes in the Amu Darya, Helmand, and Ganges
basins still showed a shrinking trend in the dry season, with a rate of decrease
of 1091.7 (1.94%), 60.528 (2.52%), and -1.255 (0.1%) km? yr'!, respectively.
The total lake area in the Yangtze Basin still showed an increasing trend fol-
lowed by a decreasing trend, but it showed an increasing trend from 197742
to 1990+2 and a decreasing trend after 1990+2, and lakes in the Yellow River,
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Irrawaddy /Salween, Indus, and Ili basins remained stable during the dry season
with no significant trends.
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Figure 5 Total lake area change in each basin during the dry season from 197742
to 2020+£2.

4.4 Driving forces

We estimated the annual average change rates from 2000 to 2020 for the three
potential sources of lake recharge: precipitation, snow water equivalent, and
glacier mass loss (Fig. 4). If the value is positive, it means that it has a
positive contribution to the recharge of the basin. Snow water equivalent in the
Amu Darya was rapidly dropping, while precipitation and glacier mass loss were
rising. All three water sources in the Ganges were moving toward a growing
trend and the snow water equivalent was rising significantly, but the lake in
the Ganges was not growing much. In Helmand, precipitation and snow water
equivalent were increasing, but there is no glacial recharge. In Ili, Inner TP,
Irrawaddy/Salween, Mekong, and Syr Darya basins, only the loss of glacial
mass was growing, while their precipitation and snow water equivalent were
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decreasing. In Irrawaddy/Salween and Mekong, the decline in precipitation was
particularly significant. There was a dramatic increase in precipitation in the
Yangtze and Yellow River basins, but the lakes did not respond to it. Both
basins have large populations, which leads to changes in the lakes that are
influenced by human activities. For the Inner TP and Syr Darya, the increase
in the lake area is mainly due to the loss of glaciers. In the Tarim Interior basin,
precipitation and snow water equivalent correspond to the trend of lake growth.
The expansion of the lake area in the Indus basin should be driven primarily by
precipitation, but snow and glaciers also played a role.

[CHART]

Figure 6 Average annual change rate of total precipitation, snow depth water
equivalent, and glacier mass loss from 2000 to 2020 for each basin. Orange
indicates precipitation, blue indicates snow water equivalent, and gray indicates
glacier mass loss.

Permafrost degradation also plays an important role in driving changes in these
lakes. We found that the active layer thickness of permafrost in all the basins
tend to increase between 2000 and 2020 based on ESA’s Northern Hemisphere
permafrost data, suggesting a gradual thawing of permafrost (Figure 7). In
the continuous permafrost areas, lakes expand in size and increase in number,
while in discontinuous, sporadic, and isolated permafrost areas, lakes decline
in size and decrease in number (Smith et al., 2005). Li et al., (2014) found
that the distribution of high Asian permafrost is consistent with lake change
patterns. The expanding highland lakes are due to the melting of continuous
permafrost, especially in the southern highlands of the Tarim Interior, whose
cooler temperatures result in a continuous increase in permafrost contribution
to lake expansion without a slowing trend. The area with shrinking lakes in
the south of Inner TP, western of Indus, the northern of Ganges, and Helmand
Basins is part of an isolated permafrost zone. This may also account for the
changes in shrinking lakes in Indus and Ganges basin although rainfall, snow,
and glaciers have all contributed significantly to them, and the Helmand Basin
has shown an increasing trend in rainfall and snow water equivalent despite the
absence of glacial recharge.
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Figure 7 Trend of permafrost active layer thickness from 2000 to 2019 for each
basin.

5 Discussion

Our result shows a consistent trend relative to the findings from the published
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studies. (Lei et al., 2014; G. Zhang et al., 2014, p. 20) used Landsat TM/ETM+
data to show that the area of Inner TP lakes increased at a rapid rate (~27%)
between the 1990s and 2010. (Wan et al., 2016) used the China-Brazil Earth
Resources Satellite (CBERS) (2005) and China’s newly launched GaoFen-1 (GF-
1) to map the lakes in Tibetan Plateau and found that the lakes in Inner TP
have been expanding from 2005 to 214 at an average growth rate of 9.88%.
Zheng et al. 2019 used Landsat imagery to map 959 lakes in the Syr Darya and
found that their average relative growth rate from 1990 to 2015 was 94%. (Shi
et al., n.d.) based on Advanced Very High Resolution Radiometer (AVHRR)
satellite observations showed a continuous shrinkage of the Aral Sea from 1981-
2013. (Tayfur & Alami, 2022) found that Helmand experienced extreme dry
weather in the summer of 2001, which explains the Helmand watershed had
a smaller lake area in the wet season in 2000 than in the dry season. These
existing conclusions further illustrate the reliability of our results. But changes
in the area may not reflect the same level of changes in water volume, expansion
is not always visible, especially in deep lakes. It is very challenging to find a
time-series bathymetric dataset that covered the entire time frame of the study.
We will reveal the water volume changes in these lakes in further studies.

In assessing the drivers of lake change, we only considered the recharge source
changes from 2000 to 2020 as a reference due to the lack of available glacier
data. According to our lake size change maps, the period from 2000 to 2020
is also the period with the most pronounced lake expansion trend. (G. Zhang,
Yao, Shum, et al., 2017) estimated the water storage change in Inner TP using
Gravity Recovery and Climate Experiment (GRACE) satellite data, and found
the precipitation contributed to the majority (74%) of the increase in lake water
storage, followed by glacier melting (13%) between 2003 and 2009. However, in
our study, we found a decreasing trend of rainfall in Inner TP from 2000 to
2020. All four data (ERA-5, TerraClimate, FLDAS, and GPM) that we used
to estimate rainfall show a decreasing trend in rainfall in Inner TP during this
period. We would not deny that all four precipitation datasets may have errors,
and we analyzed a longer time range, which may also lead to different results.
Our investigation and (G. Zhang, Yao, Shum, et al., 2017) both estimated the
proportion of these contributors on the basin scale, which does not fully account
for the true cause of the expansion of individual lakes. In further studies, remote
sensing observations can be combined with in-suited measurement to further
reveal the sources of lake expansion.

While climate change can significantly affect lake recharge, we should not ignore
the impact of human intervention on lake change. In the Amu Darya, only the
Aral Sea shows a dramatically decreasing trend, other lakes located in the upper
reaches show a trend of expansion, Lake Vpadina Ayakalytma with an expansion
of 4.58 times. Lake Umar and Lake Dengizkul expanded by 79.10% and 72.19%,
respectively. But the Aral Sea downstream of the basin was diminishing so
rapidly. According to the findings of (Micklin, 2016; Yang et al., 2020), human
use of the Aral Sea is unsustainable, with excessive irrigation withdrawals and
periodic diversions of the Amu Dar’ya westward contributing to its massive
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shrinkage. The human intervention also occurred in the lower Yangtze basin,
the most populated region. We estimated the residential population in each
basin and within the 20 km buffer zone of each lake using WorldPop Global
Project Population Data. The Yangtze Basin has the largest population, with
its total population growing from 16.27 million in 2000 to 220 million by 2020.
The population around Dongting Lake, which has the largest shrinking area,
grew from 8.27 million in 2000 to 9.68 million in 2020, and it is also the lake
with the largest population living around it.

Under the influence of climate change, most of the lakes recharged by AWT were
expanding. However, this pattern of expansion will not continue indefinitely.
Because the recharge from the snow, glaciers, and permafrost would not always
increase in the future. Wang et al. 2018 found that the global endorheic system
experienced a widespread water loss of approximately 106.3 Gt yr'! during 2002-
2016. The glacier mass loss rate for the entire AWT during 2000-2016 is 16.3+3.5
Gt yr'! (Brun et al., 2017). In the future, the Asian meltwater supply is likely
to decrease dramatically (Kraaijenbrink et al., 2021). The ablation of AWT
glaciers is mostly unsustainable, and the seasonality of total river runoff, glacier
melt and flow is expected to increase and then decline by 2050 (Azam et al.,
2021). AWT glacier ablation into rivers will be reduced by 28% =+ 1% by 2100 (E.
Miles et al., 2021). Moreover, 37.3% of the permafrost on the Tibetan Plateau
is at risk of disappearing, and it is expected that under the RCP8.5 scenario, the
permafrost area will be reduced to 42% of the current area (Ni et al., 2021). In
the face of the threat that AWT warming poses to our freshwater resources, we
need to take action immediately to adapt to these changes and prevent further
deterioration.

6 Conclusions

Based on Landsat images, the boundaries of 209 Asian water towers’ lakes in the
dry and wet seasons from 199742, 199042, 200042, 201042, and 202042 were
mapped in this study. These maps show good accuracy with kappa coefficients
over 0.95 and R? over 0.9. Our maps show that most upstream lakes shrunk,
while plain lakes grew during 19774+2-1990+2. From 199042 to 2000+2, some
alpine lake sizes were reduced while inner TP lakes expanded. Most eastern and
western plain lakes were shrinking, whereas northern and southern lakes were
growing. Most alpine lakes and some western plain lakes grew from 200042
to 201042, whereas the plain lakes in the Yangtze basin shrunk. Alpine lakes
still expanded and plain lakes shrunk from 2010+2 to 202042. Overall, from
197742 to 202042, although the total area of shrinkage (55077.028 km? in wet
season, 49929km? in dry season) is more than the area of expansion (13000.267
km? in wet season, 11038.805 in dry season), this is mainly due to the Aral
Sea’s shrinkage, it accounts for 90% of the total shrinkage area. The number
of expanding lakes (176, 84% in the wet season; 170, 81% in the dry season)
is significantly more than the number of shrinking lakes (33, 16% in the wet
season; 39, 19% in the dry season).

From a basin perspective, the expanding lakes are mainly located in the Inner
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TP and Tarim Interior basins. The total lake area in Inner TP, Tarim Interior,
Syr Darya, and Mekong basins shows an overall increasing trend in the wet
season with growth rates of 106.650, 44.408, and 82.28 km? yr~!, respectively.
In the dry season, the Mekong basin shows the opposite trend (shrunk at a
rate of -3.998 km? yr!), while the lakes in the other three basins still expand
(grew at rates of 64.095, 106.650, 44.408, and 82.28 km? yr'!). The total lake
area in the Amu Darya, Helmand, and Ganges basins show a decreasing trend
in both the wet and dry seasons (The shrinkage rates in the wet season were -
1141.900, -108.870, and -0.686 km? yr~!, respectively. The shrinkage rates in the
dry season were -1091.700, -60.528, and -1.255 km? yr!, respectively.), while the
total lake area in the Yangtze basin still shows an increasing trend followed by
a decreasing trend. The total lake area in the Yellow River, Irrawaddy/Salween,
Indus, and Ili basins was stable in both wet and dry seasons with no significant
trend.

The lake expansion in the Inner TP, Tarim Interior, Syr Darya, and Mekong
basins is related to the glacial loss. Lake shrinkage in the Yangtze and the
dramatic loss of the Aral Sea are primarily due to human intervention. The
expansion of other Amu Darya lakes is corresponding to the trend of precipi-
tation and glaciers. Permafrost thawing also contributed to the expansion of
these lakes. Due to permafrost discontinuities, increased recharge in the Indus
and Ganges basins but no significant expansion of lakes may be the result. The
regular occurrence of drought events is the main cause of the Helmand basin
lakes’ depletion after 2000.
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