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Abstract
The distribution of lakes in space and its change over time are closely related to many agricultural, environmental and
ecological issues, and are important factors that must be considered in human socio-economic development. In this
study, Aral Sea (the first dry-up of the eastern coast of the Aral Sea in early 600 years) was selected in the Fuxing
District of Central Asia, to explore the relationship between lake changes and regional climate change. The study
shows the entire Aral Sea is in a state of obvious shrinkage from 2000 to 2015. The whole lake and the eastern and
western basins of the South Aral Sea show a decreasing trend from April to October, while the North Aral Sea shows an
increasing trend every month, which probably results from the reduction of snow-melting ae well as increasingly human
activities.
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INTRODUCTION
Lakes, as essential components of the hydrological and biogeochemical water cycles, influence many aspects of
ecology, economy, and human welfare[1, 2]. In the past several decades, dramatic ecological, morphological, and areal
changes of water bodies have occurred in many lakes in the world[3]. It is critical to understand the spatial-temporal
patterns of areal changes as its changes can lead to flooding or drought, and water shortages, thus imposing significant
consequences to human life, agricultural systems, global water, and food security[4, 5].
Qinghai-Tibet plateau is the world's highest and largest plateau which is surrounded by massive mountain ranges. There
are plenty of lakes and glaciers covering this area, and the variation of lake area is closely related to the regional and
global climate changes. Due to the Qinghai-Tibet plateau's remoteness, high altitude, thin atmosphere, and harsh
weather conditions, the quantitative lake water extents and their changes are still poorly known. Using satellite remote
sensing, there have been numerous studies related to dramatic areal changes of lakes on different spatial-temporal
resolutions. However, the water dynamics analysis at monthly or higher temporal resolution tend to using MODIS
images of 500m and 1km resolution, which makes it incapable to precisely analyze the dynamics for small bodies. For
example, Sun et al. mapped water surface changes over 629 lakes in China using 8-day MODIS images (500m)[6-7].
The analysis of lake dynamics for Central-Asia area at higher resolution such as 30m resolution or even better,
primarily focused on one or multiple typical lakes (Aral Sea, Siling Co, Nam-co, Ulan ul et al) over the inconsecutive
period, leading to some pseudo change [9-12]. Therefore, it is rare for lakes dynamics at high spatial and temporal
resolution for Qinghai-Tibet plateau, which is the objective of this study analyzing monthly pattern of lakes dynamics
for this area at 30m spatial resolution.

STUDY AREA
The Aral Sea is located in the middle of the arid region of Central Asia, at the junction of Kazakhstan and Uzbekistan
(43°24´~46°56´N, 43°24´~46°56´E). The average annual temperature in the lake area is about 9.4ºC, and the
annual rainfall is about 100 ~ 140 mm. The Aral Sea is a closed lake with no rivers flowing out of it. Its water loss is
mainly evaporation, and its supplies are mainly supplied by the Amu Darya River in the south and the Syr Darya River
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in the northeast. The Amu Darya River originates from the Pamir Mountains and flows through the Karakum Desert
into the Aral Sea. In the 1960s, the annual runoff of Amu Darya River was about 79 km3, and the average annual inflow
into the lake was about 40 km3. Lake Sire originates from the Central Tianshan Mountains on the north side of Pamirs
and is mainly supplied by mountain precipitation and snow melt water. In the 1960s, the average annual runoff was
about 37 km3 and the average annual runoff into the lake was 15 km3[12]. Before the 1960s, the Aral Sea had a small
fluctuation in area and remained the world's fourth largest lake with a lake area of about 6.8×104 km2, with a water
level of about 53 m above sea level. After 1960, large-scale agricultural irrigation and domestic water use in the basin
led to a sharp decline in water level and lake surface. In 1989, the Aral Sea was divided into the North Aral Sea and the
South Aral Sea. The water body in the South Aral Sea fluctuated violently and the water level and area in the North
Aral Sea were relatively stable[13]. As the Aral Sea drought intensifies, the ecological environment in the region is
getting worse and worse.

METHODOLOGY
Water detection
A seed set expansion approach is explored to derive lake extent and its unique label, which is required to analyze timeseries areal change spectral indices, MODIS water data and topographic data, the C5.0 decision tree is built to extract
water separately on each scene of Landsat images with hierarchical weighted sampling space. Subsequently, based on
multiple observations and acquisition times on pixel scale, monthly water extents are derived by time series
interpolation. A complete exploration of Monthly water extents derivation is beyond the scope of this article, but more
details can be found in [14].

Lakes identification
A seed set expansion approach is explored to derive lake extent and its unique label, which is required to analyze timeseries areal change of each lake. The approach used HydroLAKES database as seed set. The HydroLAKES database
was created by compiling, correcting, and unifying several near-global and regional datasets[15]. The resulting map
scale is estimated to be between 1:100,000 and 1:250,000 for most lakes globally, with some coarser ones at 1:1
million, which includes the lakes with surface area more than 0.1km2. Lake polygons were rasterized in according to the
unique ID of each lake. The seed set is able to provide the location of each lake, thus facilitating the decrease of
misclassified water. In addition, some lakes are observed on several adjacent images, so the seed set guarantee that the
image-crossed water bodies are labelled to one lake. The seed set expansion process is as followed:
(1) The polygons of seed dataset were aggregated to the projection of monthly water result and then rasterized to
pixel footprints of 90m resolution of water extent for comparison to minimize the error caused by re-projection and data
format.
(2) The pixels belonging to the same lake were identified and labelled, which were regarded as initial lake pixel
sets.
(3) There likely to be some separated water bodies for one lake, and because of water dynamics, some lakes
probably merge or separate. In order to guarantee a unique ID for these lakes, these parts or merged lakes were assigned
an ID from the lakes with larger water area. Therefore, the pixel set of each lake is sorted, and the expansion started
from the pixel set of largest lakes.
The pixel was popped from initial lake pixels set of one lake in sequence. This pixel was labelled as the lake pixel and
given a traversal state if the pixel is classified as water and in un-traversal state. In the meantime, the un-traversal pixels
within 3×3 moving window centered on this labelled pixel were pushed into the initial lake pixels set.
(4) The step (4) was repeated until there were no water pixels in initial lake pixels set. The lake extent was
comprised of all the labelled pixels.
(5) By repeating step (4-5) with its initial water pixels for each lake, the extent of all lakes were determined.

Change analysis
Considering the lower accuracy of water detection in colder months[16], the change analysis of lakes over Central Asia
area were made for four months from June to September from 2000 to 2015. The approach to change analysis was
predicated on using a linear trend (Ordinary Least Square, OLS) to smooth the monthly and annual time series of data
when determining areal and numeral change of lakes [17]. It is called Change Speed (Cs) with the unit of km2 per year
or per month. We further imposed the objective constraint of statistical significance of the trend to define change of
lakes using the T-test model[18]. If the T-test was not statistically significant (p ≥ 0.05), we defined there was not a
linear trend of lake change and vice versa. To make different size of lakes comparable, Change Velocity (Cv) was
calculated with CS divided by the mean area of the lake from 2000 to 2015.
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RESULTS AND DICCUSSION
Yearly dynamics
Figure 1 shows the spatial distribution of the changes in the lake surface area of the Aral Sea from 2000 to 2015. It can
be seen that the lake surface of the North Aral Sea is the most stable, while the eastern coast of the western basin of the
South Aral Sea changes greatly, and the eastern basin of the South Aral Sea changes most obviously.

Figure 1. The extent change of Aral Sea for 2000 to 2015
Figure 2 shows the changes in the area of the Aral Sea from 2000 to 2015. The entire Aral Sea is in a state of obvious
shrinkage. In 2000, the area of the lake surface was the largest, 250,000.49km2. In 2010, the area of the lake surface was
significantly expanded. In 2014, the area of the lake surface was the smallest, only 7,837.15km2, which was 3% of the
area of the lake in 2000. In that year, most riverbeds in the eastern basin of the Aral Sea disappeared. This may be the
first time in modern history that the Aral Sea completely dried up. The shrinkage rate of the Aral Sea in 16 years may
reach 1129 km2. According to this reduction rate simulation, the Aral Sea will probably disappear completely in 2020,
and the simulation results are consistent with the prediction results[19].
Both basins of the South Aral Sea are shrinking. The linear decrease trend of the western basin area is the most obvious
(R2 is about 0.97). However, the lake area is stable in the year. In 2000, the lake area was the largest, about
6,048.13km2, while in 2015, the area was the smallest, about 3,185.35km2, with a linear decrease rate of 186.39 km2/
year. Different from the fluctuation of the lake area in the eastern basin, there was no obvious increase in the lake area
in 2010. The relative stability of the lake area in the western basin is mainly due to its steep coastline [20].
The lake area in the east fluctuates most violently in both years and years, mainly due to the shallower lake basin[21]. In
2000, the lake area was the largest, about 16,040.58km2. The lake area shrank to 1,022.56km2 by 2014, about 6% of the
lake area in 2000. The south coast of the eastern river basin almost completely disappeared. In 2015, the water body in
the eastern river basin began to increase again, with an overall reduction rate of 981.1 km2/ year. In particular, from
2006 to 2009, the area of this part of the lake was extremely small. On the one hand, the regional average temperature
increased by 1-3 ºC due to the high temperature in this period, while the evaporation of the lake increased due to
drying[22]. On the other hand, the amount of runoff flowing into the Aral Sea from 2006 to 2009 was very small and
almost zero[23]. In 2010, the discharge of Amu Darya River into Aral Sea increased abnormally[23-24]. In addition, the
increase of temperature in the drainage area reduces the snow cover time and increases snow melting in the Amu Darya
drainage area [25-26]. Therefore, the lake area in the eastern part of the South Aral Sea or the entire Aral Sea showed
the most obvious increase in 2010.
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On the contrary, the area of the North Aral Sea shows a relatively stable growth trend. Except for an obvious increase in
lake area in 2006, the other years show a slight increase. The area was the smallest in 2000, about 2911.77 km2, and the
largest in 2010 (3416.76 km2), with a growth rate of about 38.43 km2/ year. The growth trend of the North Aral Sea is
due to the construction of a dam between the North and South Aral Sea in Kazakhstan in 2005. The water flowing from
the Xier River into the desert basin now only flows into the North Aral Sea. From 2005 to 2006, the water level of the
North Aral Sea rebounded significantly (Figure 5-2(b)), and the increase in lake level was consistent with that of the
North Aral Sea (Figure 5-3(a)). Except for the North Aral Sea, obviously, the lake area in the western basin and the lake
area in the eastern part of the South Aral Sea are consistent with the corresponding changes in lake water level.

Figure 2. The yearly change trend of the area for Aral Sea from 2000 to 2015
Both basins of the South Aral Sea are shrinking. The linear decrease trend of the western basin area is the most obvious
(R2 is about 0.97). However, the lake area is stable in the year. In 2000, the lake area was the largest, about
6,048.13km2, while in 2015, the area was the smallest, about 3,185.35km2, with a linear decrease rate of 186.39 km2/
year. Different from the fluctuation of the lake area in the eastern basin, there was no obvious increase in the lake area
in 2010. The relative stability of the lake area in the western basin is mainly due to its steep coastline [27].
The lake area in the east fluctuates most violently in both years and years, mainly due to the shallower lake basin [28].
In 2000, the lake area was the largest, about 16,040.58km2. The lake area shrank to 1,022.56km2 by 2014, about 6% of
the lake area in 2000. The south coast of the eastern river basin almost completely disappeared. In 2015, the water body
in the eastern river basin began to increase again, with an overall reduction rate of 981.1 km2/ year. In particular, from
2006 to 2009, the area of this part of the lake was extremely small. On the one hand, the regional average temperature
increased by 1-3 ºC due to the high temperature in this period, while the evaporation of the lake increased due to
drying[29]. On the other hand, the amount of runoff flowing into the Aral Sea from 2006 to 2009 was very small and
almost zero[30]. In 2010, the discharge of Amu Darya River into Aral Sea increased abnormally[30-31]. In addition, the
increase of temperature in the drainage area reduces the snow cover time and increases snow melting in the Amu Darya
drainage area[32-33]. Therefore, the lake area in the eastern part of the South Aral Sea or the entire Aral Sea showed the
most obvious increase in 2010.
On the contrary, the area of the North Aral Sea shows a relatively stable growth trend. Except for an obvious increase in
lake area in 2006, the other years show a slight increase. The area was the smallest in 2000, about 2911.77 km2, and the
largest in 2010 (3416.76 km2), with a growth rate of about 38.43 km2/ year. The growth trend of the North Aral Sea is
due to the construction of a dam between the North and South Aral Sea in Kazakhstan in 2005. The water flowing from
the Xier River into the desert basin now only flows into the North Aral Sea. From 2005 to 2006, the water level of the
North Aral Sea rebounded significantly (Figure 5-2(b)), and the increase in lake level was consistent with that of the
North Aral Sea (Figure 5-3(a)). Except for the North Aral Sea, obviously, the lake area in the western basin and the lake
area in the eastern part of the South Aral Sea are consistent with the corresponding changes in lake water level.
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Figure 3 The water level change of North and South Aral Sea (Singh, et al., 2012)

Monthly dynamics
Figure 4 shows the distribution of rose changes in the Aral Sea. The Aral Sea has a large area in April and May. Glacier
melt water is the source of surface runoff in Central Asia. Glaciers melt in April and May and supply Aral Sea through
Amu Darya River and Syr Darya lake. From July to October, the increase in temperature caused a sharp increase in
evapotranspiration. Although precipitation increased, it was difficult to make up for the gap in runoff, resulting in a
decrease in river runoff, which in turn led to a decrease in the amount of water entering the lake and a decrease in the
lake's water surface[34]. In addition, due to human water use in summer, for example, a large number of immigrants
from the upper reach of the Amu Darya and Xier Darya rivers, especially in the middle reach, reclaimed land for
agricultural production such as cotton and rice. These crops will have melted snow and ice from high mountains in the
coming spring of winter. However, due to the new dry climate in the mainland in summer, the irrigation of crops will
make the lake area relatively small from July to October.
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Figure 4. The monthly extent change of Aral Sea
Figure 5 shows the monthly change trend of the lake surface in each basin of the Aral Sea. The whole lake and the
eastern and western basins of the South Aral Sea show a decreasing trend from April to October, while the North Aral
Sea shows an increasing trend every month. The lake level of the North Aral Sea fluctuated greatly in July, and the
increase in June-September was more obvious than that in other months. This was due to the increasing trend of rainfall
in the Aral Sea basin [35], and the changes in the lake level of the North Aral Sea were significantly affected by rainfall.
In April and May, the lake area in the western basin of the South Aral Sea decreased significantly from 2000 to 2014,
mainly due to the decrease of melt water in early spring and the decrease of lake recharge due to glacier retreat [36].
The western part of the South Aral Sea is less affected by human activities, while the eastern lakes are most seriously
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affected by human activities, especially in summer. The large-scale production of grain and cotton and the life of
immigrants, as well as the exploration and exploitation of oil and natural gas in the dry riverbed area of the Aral Sea,
have drastically reduced the lakes in the region.

Figure 5 The monthly change trend of Aral Sea
The Aral Sea was born in the "Pliocene" period and has a history of more than 5 million years. Before 1960, the Aral
Sea had good water quality and high transparency. As there are about 1,500 islands in the lake, the Aral Sea is also
known as the "Sea of Islands" with a total area of over 66,000 square kilometers. Now, the Aral Sea area has been
greatly reduced. Compared with 1960, the lake area has disappeared the size of "4 Beijing". The water level has
dropped and the salinity of the lake water has increased. A large area of lake bottom has emerged to form salt desert and
caused a large-scale "white storm" (salt dust storm) (Figure 5-6) [37]. The coastline of the lakes in the eastern part of
the South Aral Sea has formed a salt shell of 2-10 meters [38]. There are also other ecological problems, such as oasis
desertification, regional climate deterioration, worsening water and air pollution, endangering residents' health and
salinization of the lake water, which have made the economic sources of wetland resources, fishery resources and other
surrounding residents' livelihood disappear [12]. The disappearance of the Aral Sea is not only the result of climate
change, but also the important impact of human activities. It is urgent to improve the ecological environment of the Aral
Sea.

Figure.6. The ecological problems of Aral Sea
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