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ABSTRACT

Lakes are important water resources on the Mongolian Plateau (MP) for human's livelihood and production as
well as maintaining ecosystem services. Previous studies, based on the Landsat-based analyses at epoch scale
and visual interpretation approach, have reported a significant loss in the lake areas and numbers, especially
from the late 1990s to 2010. Given the remarkable inter- and intra-annual variations of lakes in the arid and
semi-arid region, a comprehensive picture of annual lake dynamics is needed. Here we took advantages of the
power of all the available Landsat images and the cloud computing platform Google Earth Engine (GEE) to
map water body for each scene, and then extracted lakes by post-processing including raster-to-vector conver-
sion and separation of lakes and rivers. Continuous dynamics of the lakes over 1 km? was monitored annually
on the MP from 1991 to 2017. We found a significant shrinkage in the lake areas and numbers of the MP from
1991 to 2009, then the decreasing lakes on the MP have recovered since circa 2009. Specifically, Inner
Mongolia of China experienced more dramatic lake variations than Mongolia. A few administrative regions
with huge lakes, including Hulunbuir and Xilin Gol in Inner Mongolia and Ubsa in Mongolia, dominated the
lake area variations in the study area, suggesting that the prior treatments on these major lakes would be critical
for water management on the MP. The varied drivers of lake variations in different regions showed the complex-
ity of factors impacting lakes. While both natural and anthropogenic factors significantly affected lake dynamics
before 2009, precipitation played increasingly important role for the recovery of lakes on the MP after 2009.
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1. Introduction

Lakes are primary water resources for people's livelihood as well as
agricultural and industrial production on the Mongolian Plateau (MP),
a typical arid and semi-arid region (Gao et al., 2017; O'Reilly et al.,
2015). Meanwhile, some of these lakes are internationally important
wetlands coupled with their surrounding surface runoff (e.g., Lake
Hulun in Inner Mongolia of China, Lake Uvs in Mongolia). These lakes
play an irreplaceable role in maintaining biodiversity by protecting
threatened species and migratory waterfowls (e.g., Golden Eagle,
White-headed Duck) (Liu et al., 2013; Tao et al., 2015), and provide es-
sential supports for ecosystem services related to human wellbeing
(Chen et al., 2012; Han et al,, 2017; Li et al.,, 2017). However, due to
the increasing pressure from human activities and climate change, sub-
stantial lake shrinkage and wetland degradation occurred in the past
decades (Chang et al., 2015; Chen et al., 2018; Hou et al., 2017; Liu
et al,, 2017; Tao et al., 2015). The lake shrinkage brought considerable
threats to the regional environment and ecosystems, including dust re-
lease, water salinization, and waterfowl decline (Hou et al., 2018; Liu
etal., 2013; Ma et al., 2010; Wang et al., 2018). Given the potential neg-
ative effects of lake deterioration on the MP, monitoring lake changes on
the entire plateau is of great significance to assess climate change im-
pacts (Luetal, 2011), and to protect regional ecosystems in such a typ-
ical arid and semi-arid region. However, existing efforts have been
limited so far.

With the rapid development of remote sensing technology in the
past several decades, satellite-based water body mapping has become
a main approach to monitor water body changes (Chen et al., 2018;
Hou et al., 2018; Huang et al., 2018; Rokni et al., 2015), which enables
large-scale water resource monitoring particularly in remote and inac-
cessible mountain regions (Buchroithner and Bolch, 2015; Crétaux
et al.,, 2011; Song et al., 2013; Song et al., 2014; Zhang et al., 2011).
Among all the satellite sensors, Landsat family sensors have the longest
satellite monitoring capability and medium spatial resolution (Chander
et al,, 2009; Hansen and Loveland, 2012; Ju and Roy, 2008; Wulder and
Coops, 2014). Although there has been a series of researches on open
surface water body mapping (Feyisa et al., 2014; Fisher et al., 2016;
McFeeters, 1996; Xu, 2006; Yamazaki et al., 2015), only a few studies
had been conducted on time series analysis of lake dynamics using his-
torical Landsat imagery on regional scales, especially in a region
(e.g., the MP) with fragile ecosystems which is sensitive to climate
change. Liu et al. (2013) researched the decadal changes of lakes over
1 km? in the semi-arid steppe region in northern China from 1975 to
2009, and found a general reduction in the water areas of lakes since
the 1990s. Moreover, they found the regional-scale lake shrinkage and
desiccation in the semiarid region of China was initially caused by cli-
mate drying. Tao et al. (2015) investigated the changes of lakes
(>10 km?) on the MP over nine periods (every three, four, or five
years for a period) from 1970s to 2010 using single period cloud-free
Landsat images collected in Junes to Septembers of each period, and
found a rapid loss of lake water areas on the plateau after the mid-
1990s, with a doubled rate of decreases in Inner Mongolia of China
than that in Mongolia. Furthermore, they found precipitation was the
main driver for the lake loss in Mongolia while coal mining and irriga-
tion were the major drivers for lake deterioration in Inner Mongolia
from the 1980s to 2010. On the basis of the lake data (MP,
1976-2010) from Tao et al. (2015), Zhang et al. (2017) extended the
study period by generating the lake map of the MP for the year 2013,
and discussed the area changes of lakes (>10 km?) on the MP during
1976-2013. Moreover, they found that the drier climate since 1998
could have been the dominant driver of lake shrinkage on the MP.

All the previous studies related to the lake dynamics on the MP men-
tioned above were carried out by sparse temporal dynamic analyses.
However, due to the rapid inter- and intra-annual variations of climate
on the MP, epoch-based dynamic analyses could miss important inter-
annual variation information (e.g., turning points) and seasonality of

lake dynamics (L. Chen et al., 2014). In addition, lake investigation in
the previous studies mainly focused on large lakes over 10 km? (Tao
et al,, 2015; Zhang et al., 2017), and the climatic and anthropogenic
driver analyses of lake changes were conducted based on these large
lakes. Because the widely distributed smaller lakes under 10 km? on
the MP were more vulnerable to regional climate and human activities
(Zhang et al., 2017), the driver analyses without considering these
lakes could omit some important mechanisms of climatic effects on
lake changes. Last but not least, previous studies all reported that
lakes were shrinking on the MP before 2010, while it is still unclear
whether the lake shrinkage continued in the recent decade.

In view of the above-mentioned issues, improved understanding of
lake variations and their drivers could be considered from the following
perspectives: 1) continuous long-term lake monitoring at inter- or
intra-annual scale. Annual water body dynamics have been detected
in previous studies such as the yearly and monthly global water body
maps at 30-m resolution from 1984 to 2015 produced by the Joint Re-
search Center (JRC) of the European Commission (Pekel et al., 2016)
and the annual water body maps for the United States from 1984 to
2016 (Zou et al., 2018). However, continuous monitoring of annual
lake dynamics needs further analyses including extraction of lakes
from water body maps; 2) climatic and anthropogenic driver analyses
based on the continuous lake monitoring could provide a more promis-
ing understanding than that based on epoch-based analyses. For exam-
ple, Zou et al. (2017) conducted the driver analyses of annual water
body dynamics in the Oklahoma state of the United States, and found
that precipitation had statistically positive effects on water body area,
while temperature, and surface water withdrawals for public water
supply and agricultural irrigation had negative effects; 3) in addition
to the big lakes over 10 km?, smaller lakes (<10 km?) should also be con-
sidered in lake dynamic analyses (Liu et al., 2013; Zou et al.,, 2017; Zou
etal, 2018).

In this study, we aimed to draw a whole picture of the annual lake
(>1 km?) dynamics on the MP from 1991 to 2017. In doing so, the objec-
tives of this paper are mainly three parts: (1) to extract annual lake
maps on the MP from the water body maps which was generated by
using a water and vegetation indices-based water body mapping algo-
rithm, all the available Landsat images, and the cloud computing plat-
form Google Earth Engine (GEE); (2) to investigate the areas and
numbers of the lakes over 1 km? on the MP, and then compare the re-
sults with those according to the JRC water body map datasets (Pekel
et al,, 2016); (3) to investigate the driving factors of lake changes on
the MP including both natural and anthropogenic factors. This study
provides an unprecedented lake dataset for the MP since 1991 (see
Text S1, Fig. S1, Tables S1 and S2 for detailed information), and also ex-
pects to provide updated understanding of the interannual dynamics of
lakes on the MP and its drivers, which would contribute to regional
water resource management and protection.

2. Materials and methods
2.1. Study area

The Mongolian Plateau (MP) geographically includes the Inner
Mongolia Autonomous Region of China and the Mongolian People's Re-
public, with an area of approximately 2.7 million km? at an average el-
evation higher than 1500 m, and a population of about 28 million
(Bao et al., 2014; John et al., 2018; Tao et al., 2015). Because of its
large spatial domain and high elevation, the plateau and its surround-
ings play a vital role in the Earth's climate system through their unique
atmosphere interactions (Sha et al., 2015). The MP is one of the most
sensitive regions in the world to climate change (J. Chen et al., 2014),
and rapid weather dynamics are the greatest characteristic of its climate
(Zhang et al., 2017). The plateau has been experiencing a process of
higher warming rate than the rest regions in the world over the past de-
cades (Zhang et al., 2017). Specifically, both Inner Mongolia and
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Mongolia include desert, grassland, and forest biomes, with distinctive
eco-climatic zones (John et al., 2013). Both regions exhibit significant
variations in biophysical conditions (e.g., climates, biomes) from east
to west, resulting in distinct climates, ecosystems, and livelihoods (J.
Chen et al,, 2014). In addition, political systems and socioeconomic de-
velopment conditions varied substantially in Inner Mongolia and
Mongolia (J. Chen et al., 2014). The economy of Inner Mongolia is dom-
inated by industry while that of Mongolia is dominated by animal hus-
bandry, which caused different land use and landscape patterns (J. Chen
et al., 2014; John et al., 2013).

2.2. Landsat images

All the Landsat TM, ETM+, and OLI Collection 1 Tier 1 surface reflec-
tance data in the study area from 1991 to 2017 (~150,000 images, >100
terabytes of data) which were originally from the United States Geolog-
ical Survey (USGS) were used to identify open surface water bodies and
lakes. All these images were derived from the Google Earth Engine
(GEE) (https://earthengine.google.org/), which is a cloud-based com-
putation platform and provides high-performance computing capability
and abundant geospatial datasets from the National Aeronautics and
Space Administration (NASA) as well as other sources (Gorelick et al.,
2017; Patel et al., 2015; Zurqani et al., 2018). The Landsat Collection 1
Tier 1 images have been conducted geometric and atmospheric correc-
tion, as well as cross-calibration among the different sensors (Dwyer
et al,, 2018; Wulder et al., 2016). This study did not cover the previous
period (1984-1990) due to the limited Landsat data availability and
quality across the entire MP (Fig. 1a and b). For each image, the cloud,
cloud shadow and snow pixels were removed by using the data quality
layer from a cloud masking method named CFmask, which works well
and is suitable for preparing Landsat data for change detection (Zhu
and Woodcock, 2014). Terrain shadows were considered and removed
as well by using the solar azimuth and zenith angles from Landsat im-
ages and the digital elevation model from Shuttle Radar Topography
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Mission (Fig. S2). All the remaining pixels were considered as good-
quality Landsat observations that can be used for open surface water
body mapping. The pixels with zero good-quality Landsat observation
in a year account for 24.49% on average during 1984-1990 and 0.00%
during 1991-2017 (Fig. 1c). All the Landsat pixels within the MP had a
number of total observations >511 and good-quality observations >75
in the last 27 years (Fig. 1d and e). Finally, annual cloud- and snow-
free image collections comprising all Landsat TM, ETM+, and OLI im-
ages in the study area were generated based on GEE (Nyland et al.,
2018).

2.3. Water body detection and validation

Open surface water bodies can be detected by using the relation-
ships between water and vegetation indices, and previous studies
have performed water body change analyses based on time series
Landsat images and indices- and threshold-based water body mapping
algorithms (Chen et al.,, 2017; Zou et al., 2017; Zou et al., 2018). The
water and vegetation indices including modified Normalized Difference
Water Index (mNDWI), Enhanced Vegetation Index (EVI), and Normal-
ized Difference Vegetation Index (NDVI) were used in water body map-
ping in this study (Fig. 2 and Text S2). These water and vegetation
indices were calculated by using the cloud- and snow-free Landsat
TM, ETM+, and OLI surface reflectance images based on the following
spectral bands and equations:

MNDWI — PGreen —Pswir1. 1)
Péreen + Pswirt
NDVI = PNIR —PRed (2)
PNIR + PRed
EVI = 2.5 x PNIR — PRed (3)

1.0 + Pig + 6.00ged + 7-50p1e

511 - 989

989 - 1346
1346 - 1657 {.
1657 - 2014
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Fig. 1. Statistics of Landsat observations across the entire Mongolian Plateau (MP). The yearly average number of total (a) and good-quality (b) Landsat observations of the MP from 1984 to
2017. (c) Cumulative percentage of Landsat pixels within the MP with good-quality observation numbers of 0, 1,2, 3, 4,5, 10), [ 10, 20), [20, 40), [40, 80), and [80, 160), respectively. Spatial
distributions of the total (d) and good-quality (e) Landsat observations within the MP from 1991 to 2017.
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Fig. 2. Procedures of continuous monitoring of lake dynamics on the MP from 1991 to 2017 by using all the good-quality observations from Landsat 5 TM, Landsat 7 ETM+, and Landsat 8
OLI surface reflectance images, including the calculations of water and vegetation indices, water body mapping based on each scene, generations of annual water frequency maps,
permanent water body maps and lake maps, and investigations of annual lake areas and numbers.

where Pgue, Pcreens Preds Pir aNd Pswiry are the surface reflectance
values of Bands blue (0.45-0.52 um), green (0.52-0.60 pm), red
(0.63-0.69 pm), near-infrared (NIR) (0.77-0.90 pm) and shortwave-
infrared-1 (SWIR1) (1.55-1.75 um) in the Landsat TM, ETM+, and OLI
sensors. A criterion mNDWI>EVI or mNDWI>NDVI was used to identify
the pixels which show stronger water signal than vegetation signal. EVI
< 0.1 can ensure that the vegetation pixels or the mixed pixels of water
and vegetation were removed. Therefore, only those pixels meet the
criteria [(mNDWI>EVI or mNDWI>NDVI) and (EVI < 0.1)] were classi-
fied as water body pixels while other pixels were classified as non-
water pixels. The open surface water body mapping algorithm with
analyses of time series Landsat images has been reported in our previ-
ous studies (Zou et al., 2017; Zou et al., 2018). For each Landsat pixel
within the MP, its water frequency in a year was calculated by using
Eq. (4):

Ny
F(y) = le > wyi x 100% (4)
i=1

where F is the water frequency of the pixel, y is the specified year, N, is
the number of total Landsat observations of the pixel in that year, wy,;
denotes whether one observation of the pixel is water, with one indicat-
ing water and zero indicating non-water. Annual water frequency maps
of the MP were generated by the annual water frequencies of all Landsat
pixels (Fig. 2) After setting a certain threshold, water body areas were
derived from the annual water frequency maps and they are varied ac-
cording to different threshold values (Fig. 3a). We compared the water
body areas of the MP using different frequency thresholds from our
datasets with the permanent water body areas from the JRC datasets,
and found a good agreement of the total area and interannual variability
when the frequency threshold of our datasets was set to 0.75 (Fig. 3a). A
permanent water surface is under water throughout the year (Pekel
et al.,, 2016). Fig. 3b-e showed the water body maps of the MP and
their zoom-in views in 2015 from our datasets with the frequencies
>0.75 and the permanent water body maps from JRC datasets. Similar
spatial distributions of surface water bodies in both our datasets and
the JRC datasets could be found. Thus, water pixels with annual water
frequencies >0.75 were extracted as permanent water bodies in this
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study (Fig. 3, and Text S3), which was consistent with our previous
study (Zou et al,, 2017; Zou et al., 2018).

We used the random sampling approach and ground truth data from
Google Earth for the validation. A total of 1600 random regions of inter-
est (100 m radius circles), equal to roughly 83,000 Landsat pixels, across
the entire MP were visually interpreted in the Google Earth to validate
the results. The detailed validation approach can be found in the supple-
mental document (Text S2 and Fig. S3). The results showed an overall
accuracy of 96.41% with a kappa coefficient of 0.93 (Table S3). The
data of lake surface height was used to provide additional verification
of the results, which were derived from the global 10-day lake/reservoir
surface height products from the United States Department of
Agriculture's Foreign Agricultural Service (USDA-FAS, https://ipad.fas.
usda.gov/cropexplorer/global_reservoir/) (see Text S4 for detailed
description).

2.4. Lake extraction from water body maps

We converted the annual permanent water body maps from raster
to vector format, which allowed us to further calculate the sizes of indi-
vidual lakes. Then, the small water bodies (<1 km?) were removed via
filtering by area, and remaining rivers were checked and removed by re-
ferring to the very high spatial resolution images in Google Earth (Text
S3).To better understand the changes in lakes, we divided the lakes into
three categories according to their sizes: small (1-10 km?), medium
(10-50 km?), and large lakes (>50 km?) referring to (Tao et al., 2015).
All the following statistical analyses were based on these three

—e— 0.75

Water body area
(thousand km?)
N w s [¢)] [}

Q

—&— 0.55

categories. The same analyses were conducted to process the annual
permanent water body maps from JRC (Pekel et al., 2016).

2.5. Attribution analyses of lake dynamics

We considered both climate change and anthropogenic activities for
the attribution analyses of interannual lake dynamics since 1991, in-
cluding annual mean temperature (AMT), annual precipitation (AP) as
measures of regional climate, grazing, coal mining, and irrigation as in-
dicators of anthropogenic activities (Tao et al., 2015). The surface air
temperature and precipitation data were derived from the University
of East Anglia Climatic Research Unit (CRU TS V4.01) datasets (http://
www.cru.uea.ac.uk/data/). The AMT was calculated by averaging
monthly data from January to December in the same year (Text S5),
while the AP was accumulated with monthly precipitation from January
to December in the previous year due to the hysteresis of precipitation
effects. The grazing (number of goats and sheep), coal mining (annual
coal production), and irrigation (area of irrigated croplands) data of
Inner Mongolia were obtained from Inner Mongolia Statistical Year
Book, while the corresponding data of the Hulunbuir City and Xilin Gol
League were collected from Hulunbuir Statistical Year Book and Xilin
Gol Statistical Year Book. Additionally, those data of Mongolia were de-
rived from the United States Energy Information Administration
(http://www.indexmundi.com) and the Food and Agriculture Organiza-
tion of the United Nations database (http://faostat.fao.org). To deter-
mine the possible driving factors of lake changes, we performed
multiple linear regression analysis with software SPSS V20 using the
“stepwise” method to select explanatory variables.
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d

Fig. 3. Water body areas using different frequency thresholds and permanent water body maps of the MP. (a) Total water body area of all Landsat pixels within the MP with water
frequencies >0.35, 20.55, and 20.75, respectively, in our datasets; and the permanent water body areas from the JRC datasets during 2000-2015. Water body maps of the MP in 2015
and their zoom-in views of Lake Hulun in Inner Mongolia from our datasets with frequencies >0.75 (b and c) and JRC permanent water body datasets (d and e), respectively.
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3. Results and discussion

3.1. Changes in lakes >1 km? in Inner Mongolia and Mongolia from 1991 to
2017

Based on the statistical analyses on the interannual variations of both
areas and numbers of lakes >1 km?, we found that the entire MP experi-
enced a significant decrease in lakes from 1991 to circa 2009 and then
followed by a recovery process since circa 2009 (Fig. 4a and b). Both
Inner Mongolia and Mongolia experienced similar trends, but Inner
Mongolia showed more drastic changes than Mongolia (Fig. 4c-f). That
was proved by both our generated maps as well as the results from JRC
(2000-2015), and the JRC-based analyses before 2000 were not con-
ducted due to the limited data availability (see Fig. S4 for more justifica-
tion). Specifically, the difference was that the area anomaly ratio ranged
from —20% below to 30% above the average in Inner Mongolia while it
was relatively stable (—10%-10%) in Mongolia, which clearly showed
the lakes in Mongolia were much more stable than that in Inner
Mongolia (Fig. 4c and e). In addition, the results of clustering analyses ac-
cording to the interannual variations of lake areas on the MP also showed
that more rapid shrinkages of lakes occurred in Inner Mongolia than
Mongolia (see Text S6, Fig. S5, Tables S4-S6 for details). Note that both
lake areas and numbers in Inner Mongolia and Mongolia showed a slight
decrease again since 2013 (Fig. 4c-f).

According to the variation trends of lakes in Inner Mongolia and
Mongolia in Fig. 4, we selected the start year of 1991 and the two turn-
ing points of the years 2009 and 2013 for the analyses in different pe-
riods (Fig. 5). The total water surface area of lakes >1 km? in Inner
Mongolia shrank greatly from 4660.6 km? in 1991 to 3071.4 km? in
2009 with a huge decrease of 1589.2 km? or 34.1%, from 22.6% above
to 19.2% below its multi-year average (3802.8 km?) during 1991-2017
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(Table 1). However, an abrupt increase in lake areas and numbers dur-
ing 1998-1999 can be seen in Inner Mongolia (Fig. 4c and d), which was
mainly caused by the increase in lake areas and numbers in the
Hulunbuir City and Xilin Gol League (Fig. 6a and b). Out of the decreased
lake areas, the small, medium, and large lakes accounted for 21.1%,
11.2%, and 67.7%, respectively. Then, the total lake area gradually in-
creased from 2009 to 2013 with an increase of 766.2 km? or 24.9%,
from 3071.4 km? in 2009 to 3837.6 km? in 2013, which was 19.2%
below and 0.9% above to the mean value (Table 1). The small, medium
and large lakes contributed 33.6%, 34.8% and 31.6%, respectively, to the
lake area growth.

As for Mongolia, the total area of lakes over 1 km? decreased from
13,606.0 km? in 1991 to 13,108.6 km? in 2009 with a smaller decrease
(497.4 km? or 3.7%) compared to Inner Mongolia (1589.2 km? or
34.1%) (Table 1), that was, from 1.0% above to 2.7% below the 27-year
average area (13,470.3 km?). Note that the total lake area in Mongolia
was much larger than that in Inner Mongolia, therefore, the lake dynam-
ics was much milder than that in Inner Mongolia. Among the decreased
water body extent from 1991 to 2009, the small, medium and large
lakes accounted for 53.6%, 22.6%, and 23.8%, respectively. From 2009
to 2013, the lake areas of Mongolia experienced a smaller increase
(142.1 km? or 1.1%) compared to the remarkable increases in Inner
Mongolia (766.2 km? or 24.9%) (Table 1).

The average decreasing rates of lakes (88.3 km?/yr and 9 lakes/yr) in
Inner Mongolia during 1991-2009 was greater than those (27.6 km?/yr
and 6 lakes/yr) in Mongolia during the same period, which indicated
that a larger proportion loss of lakes on the MP during 1991-2009 hap-
pened in Inner Mongolia, consistent with the previous study (Tao et al.,
2015).

In terms of the changes in lake numbers, both regions showed sim-
ilar trends to that of the area. Specifically, the number of lakes over
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1 km? decreased greatly from 354 in 1991 to 195 in 2009 in Inner
Mongolia, while this number decreased significantly from 338 in 1991
to 224 in 2009 in Mongolia (Table 1). Among the 159 (114) decreased
lakes in Inner Mongolia (Mongolia), 143 (105) of them were small
lakes, while 11 (7) were medium ones and 5 (2) were large ones
(Table 1). Then the number increased rapidly from 195 (224) detected
in 2009 to 336 (257) in 2013 in Inner Mongolia (Mongolia); among
the 141 (33) increased lakes, 124 (32) of them were small lakes while
15 (0) were medium ones and 2 (1) was large ones (Table 1).

Table 1

3.2. Lake changes in different administrative regions of Inner Mongolia and
Mongolia

Given the more remarkable changes in Inner Mongolia, we analyzed
lake dynamics for each administrative region in Inner Mongolia. We
found that lake changes in the Hulunbuir City and Xilin Gol League ex-
perienced maximum lake dynamics of the entire Inner Mongolia,
which was shown by the consistent changing trends between the two
regions and the entire Inner Mongolia, as well as the dominant lake

Detailed information on changes in the areas and numbers of lakes over 1 km? on the MP during the two periods of 1991-2009 and 2009-2013.

Lakes in 1991 Lakes in 2009 Lakes in 2013

Lake changes (1991-2009)

Lake changes (2009-2013)

Lake Num. Area Num. Area Num. Area Num. of ANum  AArea AArea  Num. of ANum  AArea  AArea
class (km?) (km?) (km?) decreased (%) (km?) (%) increased (%) (km?) (%)
lakes lakes

Inner Mongolia

1-10 km? 317 816.7 174 480.8 298 738.0 143 —45.1 —3359 —41.1 124 713 257.2 53.5

10-50 27 534.6 16 356.6 31 623.2 11 —40.7 —1780 —333 15 93.8 266.6 74.8
km?

>50 km? 10 3309.3 5 2234 7 2476.4 5 —50.0 —10753 —325 2 40.0 2424 10.9

All lakes 354 4660.6 195 30714 336 3837.6 159 —449 —1589.2 —34.1 141 72.3 766.2 249

Mongolia

1-10 km? 282 831.8 177 565.4 209 626.7 105 —372  —-2664 —320 32 18.1 61.3 10.8

10-50 32 585.2 25 472.7 25 493.4 7 —219 —1125 —192 0 0 20.7 44
km?

>50 km? 24 12,189.0 22 12,070.5 23 12,130.6 2 83 —118.5 -1.0 1 4.5 60.1 0.5

All lakes 338 13,6060 224 13,1086 257 13,250.7 114 —33.7 —4974 —3.7 33 14.7 142.1 1.1

Whole plateau

1-10 km? 599 1648.5 351 1046.2 507 1364.7 248 —414  —6023  —36.5 156 444 3185 304

10-50 59 1119.8 41 829.3 56 1116.6 18 —30.5 —2905 —259 15 36.6 287.3 34.6
km?

>50 km? 34 15,498.3 27 14,304.5 30 14,607.0 7 —206 —11938 7.7 3 11.1 302.5 2.1

All lakes 692 18,2666 419 16,180.0 593 17,0883 273 —39.5 —20866 —114 174 41.5 908.3 5.6
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areas (60.0%) and numbers (57.6%) (Fig. 6a and b). Among the de-
creased water body extent of 1589.2 km? in entire Inner Mongolia
from 1991 to 2009, the Hulunbuir City and Xilin Gol League accounted
for 452.4 km? (28.5%) and 540.0 km? (34.0%), respectively. Among the
total increased lake area of 766.2 km? from 2009 to 2013 in Inner
Mongolia, the Hulunbuir City contributed 169.4 km? (22.1%) while the
Xilin Gol League contributed 270.2 km? (35.3%). In terms of changes in
lake numbers, among the decreased 159 lakes during 1991-2009, 33
lakes (20.8%) happened in Hulunbuir while 53 lakes (33.3%) happened
in Xinlin Gol. And among the increased 141 lakes from 2009 to 2013,
Hulunbuir and Xilin Gol occupied 33 (23.4%) and 53 (37.6%),
respectively.

Compared to Inner Mongolia, Mongolia showed much milder lake
dynamics (Fig. 4e and f). However, we also found the lake dynamics in
Mongolia were mainly dominated by one or two provinces (Aymags).
Specifically, the Ubsa Aymag possesses the largest lake area among all
the provinces of Mongolia (Fig. 6¢), which dominated the lake area var-
iations of the country. It is notable that lake areas in Mongolia showed
an increasing trend before 1995 (Figs. 4e and 6c), while the lake num-
bers declined during the same period (Figs. 4f and 6d). It was mainly
caused by the area increase in large lakes in the Ubsa Aymag (Text S7,
Fig. 6¢c and e). Lakes in the Dornod Aymag and Hovsgol Aymag played
a leading role in lake number changes in Mongolia, as a large number
of small lakes were distributed in the two regions (Figs. 3 and 4f). It
was obvious that the variations in the lake numbers of the two prov-
inces were consistent with that of the whole country (Fig. 6d and f).

3.3. Changes of Lake Hulun and Lake Wulagai in Inner Mongolia
We further found that the lake area decrease in the Hulunbuir City

during 1991-2009 was mainly caused by the shrinkage of Lake Hulun,
while that of the Xilin Gol League was caused by the shrinkage of Lake

Woulagai. Fig. 7 showed the critical role of the two largest lakes in dom-
inating the variations of lakes in Inner Mongolia. Lake Hulun is the larg-
est lake in Northeast China and the fifth largest inland freshwater lake in
China, which located in a semi-arid region in the northeast part of Inner
Mongolia, close to the borders of China, Russia, and Mongolia (Cai et al.,
2016; L et al., 2016). The lake sustains vast areas of unique wetlands
which provide habitats for numerous wildlife, including many species
of fish and endangered migratory birds (e.g., bustard, golden eagle)
(Caietal, 2016; Gao et al,, 2017; Ke, 2016). However, the lake area con-
tinued to decline by approximately 535 km? since 2000, from 2282 km?
in 2000 to 1747 km? in 2012, at an incredible decreasing rate of
44.6 km?/yr (Fig. 8a). The decreased area of Lake Hulun (514 km?)
from 1991 to 2009 was larger than the total decreased water body ex-
tents in Hulunbuir City (452 km?). That suggested there were other
growing lakes offsetting the decrease of lake area in the city.

The northeastern and southern parts of Lake Hulun declined most
obviously, and the northeastern part of the lake completely disappeared
in 2005 from 171 km? originally in 1991 (Fig. 8a). The southern part of
Lake Hulun gradually declined since 2006, and the water body then
completely disappeared in 2012 (Fig. 8a). The convex part in the
south of Lake Hulun was separated from the main water body in 2008
and then recovered in 2014 (Fig. 8a), which has been reported in the
previous study (Wan et al., 2016). The variations of the annual water
surface area of Lake Hulun were consistent with that of the annual aver-
age height of lake surface during 1993-2017, albeit the lack of lake sur-
face height data before 1993 (Fig. 8b). The same consistency also
happened in the other three big lakes, including Lake Har, Lake Dorgon,
and Lake Khovsgol (Fig. S7), which provided additional evidence to ver-
ify the accuracy of the water body maps produced in this study.

Lake Wulagai, also named Wulagai Gaobi, located in the Xilin Gol
League, is another big and saltwater lake playing an important role in
the whole region (Li et al.,, 2013; Yu et al., 2014). Together with the
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Fig. 7. The area composites of lakes in the Hulunbuir City (a) and Xilin Gol League (b) of Inner Mongolia.

Waulagai River, they formed a vast marsh which was an important hab-
itat of a variety of precious migratory waterfowls (e.g., swan, red-
crowned crane) in the past decades. However, the water volume of
the lake continued to decline since 1991 and nearly dried up in 1998
(Fig. 9). There was a great jump in the water body extent of the lake
in 1999 (even beyond the lake area in 1991); however, the lake started
to decrease again after 1999 and completely dried up in 2004 (Fig. 9).
The previous wetlands changed into Gobi alkaline beach at present
and the local ecosystems were greatly damaged (Zhang et al., 2013).
Among the disappeared lake area of 540.0 km? in Xilin Gol from 1991
to 2009, Lake Wulagai accounted for 266 km? (49.3%). Since 2009, the
lake showed remarkable fluctuation with rapid growth in 2012, then
followed by a shrink since 2014 (Fig. 9).

3.4. Attribution analyses of lake changes in Inner Mongolia and Mongolia

The potential drivers of lake dynamics include both climate change
and anthropogenic activities (L. Chen et al,, 2014; Tao et al., 2015;
Yigzaw and Hossain, 2016), here we used annual precipitation (AP), an-
nual mean temperature (AMT) as measures of climatic factors, and coal

17°0E 118°0'E

49°0'N

a 17°0'E

mining, grazing, and irrigation as measures of human activities (Tao
et al,, 2015). We investigated the changing trends of these driving fac-
tors in the past 27 years for Inner Mongolia and Mongolia (Figs. 10
and 11). For precipitation, a decreasing trend before circa 2005 and an
increasing trend after circa 2005 in AP have been observed for both
Inner Mongolia (1991-2007: Slope = —4.83 mm/yr, R> = 0.32, P =
0.018; 2007-2015: Slope = 5.95 mm/yr, R* = 0.15, P = 0.312) and
Mongolia (1991-2004: Slope = —4.77 mm/yr, R> = 0.28, P = 0.013;
Slope = 3.61 mm/yr, 2004-2015: R?> = 0.27, P = 0.050) (Fig. 10). For
temperature, an increasing trend in AMT before 2007 has been found
for both the two regions (Inner Mongolia: Slope = 0.06 °C/yr, R* =
0.35, P = 0.197; Mongolia: Slope = 0.06 °C/yr, R> = 0.20, P = 0.013)
(Fig. 10), while significant fluctuations in AMT occurred after 2007.
Coal mining increased dramatically in Inner Mongolia since 2000,
from 72 million tons in 2000 to 1066 million tons in 2012 when the
total coal mining reached its peak (Fig. 11). While coal mining in
Mongolia was much lower compared to that in Inner Mongolia
(Fig. 11). Generally, the grazing intensity in the two regions has in-
creased during the period, and the grazing intensity in Inner Mongolia
was more severe than that in Mongolia (Fig. 11). In the agricultural
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Fig. 8. Interannual variations in the spatial extent of Lake Hulun from 1991 to 2017. (a) For each subfigure, the base map was an RGB composite using bands NIR, Red, and Green of all
available Landsat images with good-quality observations in the given year, while the yearly permanent water extent of Lake Hulun was overlapped on the base map. (b) Variations of
area anomaly (1991-2017) and height anomaly (1993-2017) of Lake Hulun. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 9. Interannual variations in the spatial extent of Lake Wulagai from 1991 to 2017. For each subfigure, the base map was an RGB composite using bands NIR, Red, and Green of all
available Landsat images with good-quality observations in the given year, and the yearly permanent water extent of Lake Wulagai was overlapped on the base map. (For
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zone of Inner Mongolia, agricultural irrigation and water exploitation
from groundwater and rivers might be another driver causing lake
shrinking (Blanc et al., 2014; Tao et al,, 2015). The area of irrigated crop-
lands increased from 1.32 million ha in 1991 to 3.13 million ha in 2016
(Fig. 11). In the southeastern parts of Inner Mongolia, a large area of
grasslands have been reclaimed into croplands (Dong et al,, 2011), irri-
gation has rapidly depleted water resource of groundwater and rivers.

Considering the two stages of lake dynamics (lake shrinking during
1991-circa 2009 and lake recovery during circa 2009-2017) in both
Inner Mongolia and Mongolia, here we conducted attribution analyses
for both stages in the two regions. Due to the limitation of meteorolog-
ical and socioeconomic data in the latter period, we extended the attri-
bution analyses by using the 2006-2015 data to guarantee the reliability
of statistical analyses. That was, we selected 1991-2009 and 2006-2015
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Fig. 10. Variation trends of annual precipitation (AP) and annual mean temperature (AMT) for Inner Mongolia and Mongolia from 1991 to 2015.
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Fig. 11. Variation trends of coal mining (Mining), grazing intensity (Grazing), and irrigated croplands (Irrigation) area for Inner Mongolia and Mongolia from 1991 to 2016.

as the two periods to carry out the driver analyses of lake dynamics. We
found the driving mechanisms were different across the two regions,
and also different in the two periods (Table 2).

For Inner Mongolia, the grazing intensity and irrigation had statisti-
cally significant negative effects on lake areas and numbers from 1991
to 2009, respectively, while precipitation had significant positive effects
(Table 2). From 2006 to 2015, precipitation had significant positive ef-
fects on lake areas and numbers, while the anthropogenic factors did
not show any significant relationship with lake dynamics (Table 2).
For Mongolia, the grazing intensity had significant negative effects on
lake areas and numbers from 1991 to 2009, while precipitation had sig-
nificant positive effects on lake numbers (Table 2). From 2006 to 2015,

Table 2

precipitation had significant positive effects on lake areas and numbers,
while the anthropogenic factors also did not show any significant rela-
tionship with lake dynamics, the same with that in Inner Mongolia
(Table 2).

As the main source of water supply for lakes, precipitation had pos-
itive effects on lake areas and numbers, which agree with the previous
study (Tao et al., 2015). Here we analyzed the effects of precipitation
on lake areas/numbers (Text S8, Figs. S9, S10, and 12). The peaks in
lake areas and numbers in the Hulunbuir City and Xilin Gol League in
1999 matched the peaks of precipitation in 1998, which indicated the
hysteresis of precipitation effects (Fig. 12). Also, the highest precipita-
tion in the Hulunbuir City in 2013 and Xilin Gol League in 2012

Multiple linear regression analyses of lake areas and numbers with climatic and anthropogenic driving factors in Inner Mongolia and Mongolia during the two periods of 1991-2009 and
2006-2015. For Inner Mongolia, the five dependent variables are annual precipitation (AP), annual mean temperature (AMT), coal mining production (Mining), Grazing, and Irrigation. For
Mongolia, the four dependent variables are AP, AMT, Mining, and Grazing. R? is the proportion of variance in the dependent variable which can be explained by the selected explanatory
variables. SEE is the standard error of the estimate. F and Sig. are the F-statistic and the p-value associated with it. For each linear regression, the variables that were not statistically sig-

nificant (P> 0.05) were excluded.

Variables Inner Mongolia Mongolia
1991-2009 2006-2015 1991-2009 2006-2015
Areas Numbers Areas Numbers Areas Numbers Areas Numbers
Coef. Coef. Coef. Coef. Coef. Coef. Coef. Coef.
AP 0.35 0.37 0.66 0.78 0.40 0.64 0.93
AMT
Mining
Grazing —0.78 —0.71 —0.59
Irrigation —0.69
Constant 4500 321 2066 —37 14,393 321 12,814 87
Model summary
R? 091 0.84 0.36 0.55 0.47 0.67 0.34 0.86
SEE 168 25 243 35 199 26 54 7
F 86.05 4514 6.03 12.09 15.92 18.25 5.56 54.02
Sig. 0.000 0.000 0.04 0.008 0.001 0.000 0.046 0.000
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contributed to the larger lake areas and numbers in the two regions in
2014 and 2013, respectively (Fig. 12). In terms of anthropogenic factors,
overgrazing caused severe grassland degradation and subsequent de-
cline in soil function and water conservation of grassland, thus, the
lake water resource supply was affected. We found a more severe
overgrazing in Inner Mongolia than that in Mongolia (Fig. 11), which
agreed with the previous study (Tao et al.,, 2015). Irrigation directly con-
sumed the water resource of groundwater and surface water (rivers or
lakes) via a conveyance system. Depending on the type of conveyance
system installed, part of the water withdrawal was lost through evapo-
ration and/or seepage, and the water delivered at the field was either
applied to crops directly or lost in the field distribution systems, thus
had a negative effects on the lake water supply (Blanc et al., 2014;
Takehiro et al,, 2010; Tao et al., 2015). The irrigation kept increasing in
Inner Mongolia especially in the period of 1991-2009 and then became
relatively stable in the latter period (Fig. 11), while very limited irriga-
tion existed in Mongolia.

Overall, both natural and anthropogenic factors significantly affected
lake dynamics in Inner Mongolia and Mongolia before 2009, which
agree with the previous studies (Tao et al., 2015; Liu et al., 2013). How-
ever, in this study, we found that in the recent decade precipitation
played an increasingly important role for the recovery of lakes in the
two regions since 2009.

Given the substantial spatial variations of lakes in Inner Mongolia,
we further conducted attribution analyses of lake dynamics at the
league level and the Hulunbuir City and Xilin Gol League were selected
as the two regions dominating lake changes in Inner Mongolia. The re-
sults showed that lake dynamics were driven by varied factors in the
two administrative regions during 1991-2009 and 2006-2015
(Table 3). Specifically, both natural and anthropogenic factors signifi-
cantly affected lake dynamics in the Hulunbuir City and Xilin Gol League
before 2009, while only precipitation dominated lake dynamics in the
two administrative regions after 2009, which was consistent with the
driver analyses results from the entire MP. For the Hulunbuir City, the
grazing intensity and temperature had statistically significant negative
effects on lake areas and numbers, coal mining had significant negative
effects on lake areas from 1991 to 2009, while precipitation had positive
effects on lake numbers (Table 3). From 2006 to 2015, precipitation had
significant positive effects on lake areas and numbers, while the anthro-
pogenic factors did not show any significant relationship with lake dy-
namics (Table 3). For the Xilin Gol League, coal mining had significant
negative effects on lake numbers, while precipitation had significant
positive effects on lake areas and numbers from 1991 to 2009
(Table 3). From 2006 to 2015, precipitation had significant positive ef-
fects on lake areas and numbers, while the anthropogenic factors also
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did not show any significant relationship with lake dynamics
(Table 3). Such consistency between the driver analyses results from
the entire MP and a municipal scale of the Hulunbuir City and Xilin
Gol League proved that precipitation played an increasingly important
role for the lake recovery on the MP after 2009. However, the new de-
crease in lake number and areas around 2014-2017 showed that an-
thropogenic influences cannot be ignored.

Given the dominant role of the major lakes in the regional variations
of lake areas, we also analyzed the processes of two major lakes in Inner
Mongolia. For Lake Hulun, the area shrink at the first stage could be re-
lated to the decrease in rainfall runoff and river water inflows (Li et al.,
2018; Wang et al., 2013; Wang et al,, 2012; Zhao et al., 2007), as well as
the overgrazing and agriculture around the lake (Shen et al., 2006). Pre-
vious studies showed the inflows of the two rivers (the Kelulun River
and Wuerxun River) decreased from 1.75 billion m?® in 1999 to 0.25 bil-
lion m? in 2011 (Gao et al., 2017). The rapid expansion from 2013 to
2014 in the convex water body of the southern part of Lake Hulun
(Fig. 8a) was consistent with the highest precipitation in the Hulunbuir
City in 2013 (Fig. 12), which agreed with the previous study that the
2013 rainstorm attributed to the lake growth (Wan et al., 2016).

For Lake Wulagai, its water sources mainly rely on the recharge from
the Wulagai River, the largest continental river in Inner Mongolia. How-
ever, the local government built the Wulagai Reservoir for fish-farming
in the middle and upper reaches of the Wulagai River in 1977, and it cut
off the water supply for Lake Wulagai and lead to continuous loss in lake
area until 1998 (Tao et al,, 2015; Zhang et al., 2013). Then, the dam of
Waulagai Reservoir was destroyed by the flooding in 1998, the release
of the reservoir water plus with the rainstorm in the Xilin Gol League
caused the rapidly growing extent of Lake Wulagai in 1998-1999. Due
to the huge water demand of the coal chemical industry, the local gov-
ernment rebuilt the Wulagai Reservoir in 2003 to provide water for the
industrial parks nearby through the water diversion project (Tao et al.,
2015). Without discharge of the Wulagai Reservoir, Lake Wulagai rap-
idly dried up and became a large saline alkaline beach since 2004 due
to strong evaporation on the prairie (Li et al., 2013; Subuda et al,,
2011). Thus, the remarkable variation of Lake Wulagai (Fig. 9) was
strongly affected by the reservoir building related to the coal mining in-
dustry, agreed with our attribution analyses in Xilin Gol (Table 3).

3.5. Uncertainty and implications for future studies

In this study, we systematically discussed the inter-annual dynamics
of lakes, while the intra-annual lake variations could also be remarkable
in the arid and semi-arid Mongolian Plateau which was not highlighted
in this study. Here we took nine typical lakes in different precipitation
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Fig. 12. Variations of lake areas and numbers (1992-2016), and precipitation (1991-2015) in the Hulunbuir City and Xilin Gol League of Inner Mongolia.
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Table 3
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Multiple linear regression analyses of lake areas and numbers with climatic and anthropogenic driving factors in the Hulunbuir City and Xilin Gol League of Inner Mongolia during the two
periods of 1991-2009 and 2006-2015. For the two administrative regions, the four dependent variables are annual precipitation (AP), annual mean temperature (AMT), coal mining pro-
duction (Mining), and Grazing. R? is the proportion of variance in the dependent variable which can be explained by the selected explanatory variables. SEE is the standard error of the
estimate. F and Sig. are the F-statistic and the p-value associated with it. For each linear regression, the variables that were not statistically significant (P> 0.05) were excluded.

Variables Hulunbuir Xilin Gol
1991-2009 2006-2015 1991-2009 2006-2015
Areas Numbers Areas Numbers Areas Numbers Areas Numbers
Coef. Coef. Coef. Coef. Coef. Coef. Coef. Coef.
AP 0.40 0.65 0.81 0.61 0.64 0.78 0.78
AMT —0.16 —0.33
Mining —0.46 —0.39
Grazing —0.57 —0.52
Constant 2765 83 1776 —-19 —314 -2 —149 —21
Model summary
R? 0.93 0.67 0.36 0.61 0.33 0.62 0.56 0.57
SEE 43 8 110 11 205 13 64 12
F 7943 12.61 597 1534 9.29 15.02 12.22 12.79
Sig. 0.000 0.000 0.04 0.004 0.008 0.000 0.008 0.007
gradients/sub-zones in Inner Mongolia for an example, the intra-annual Acknowledgements

variations of water extent in 2016-2017 were investigated by using all
the available Landsat ETM+/OLI observations. Considering the freezing
of lake water during November-March, we only took the lake variations
during April-October into consideration. The results showed that the
lakes in different sub-zones had different patterns of intra-annual varia-
tions (Fig. S11). This suggested the importance of the information of
intra-annual lake variations in understanding the dynamics of lakes, espe-
cially in such a typical region sensitive to climate change like the MP. For-
tunately, the launch of Sentinel-2 in 2015 greatly enhanced the frequency
of earth observations with medium spatial resolution, facilitating the
monitoring of intra-annual lake variations in future studies.

In addition, this study focused on the lakes over 1 km? on the MP from
1991 to 2017. However, previous study proposed that the smaller lakes
<1 km? could be more vulnerable to climate change (Zou et al., 2017),
and could also play an important role in the local ecosystems such as
their large contribution to CO, and CH4 emissions (Holgerson and
Raymond, 2016). Therefore, the knowledge of the continuous dynamics
of these lakes in such an arid and semi-arid region like MP is significant
to global change researches and deserves more attention in future studies.

4. Conclusions

As important water sources of agricultural and industrial production
as well as human livelihood, lake dynamics would lead to a series of
consequences on the environment and terrestrial ecosystems on the
MP. Based on the Landsat-based annual water body maps generated in
this study, we investigated the interannual dynamics of lakes in terms
of both lake area and numbers on the plateau. We found the lake
areas and numbers of both Inner Mongolia and Mongolia experienced
decreasing trends from 1991 to circa 2009, then followed by a recovered
lake increase since 2009. Lake variations of Inner Mongolia were stron-
ger than that of Mongolia, which was indicated by the larger change
rates in both lake areas and numbers. Moreover, we found both climatic
and socioeconomic factors affected the lake dynamics on the MP before
the turning point (the year of 2009), while precipitation played an in-
creasingly important role for the lake recovery process after 2009. We
also found that the lake dynamics in both Inner Mongolia and
Mongolia were dominated by limited administrative regions, i.e., the
Hulunbuir and Xilin Gol leagues in Inner Mongolia while the Ubsa
Aymag in Mongolia, or more specifically Lake Hulun and Lake Wulagai
in Inner Mongolia and a couple of lakes in Mongolia. This study sug-
gested the key for lake management and treatment as well as adaption
to climate change is to consider the major lakes as a priority.
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