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• Large lakes (N100 km2) reached peaks
later (August–September) than small
lakes (50–100 km2 in June–July).

• Seasonal cycles for endorheic lakeswere
more pronounced than exorheic lakes.

• Glacier-fed lakes exhibited delayed
peaks relative to non-glacier-fed lakes.

• Large-scale atmospheric circulation sys-
tems affect seasonal cycles of TP's lakes.
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The long-term evolution of lakes on the Tibetan Plateau (TP) could be observed from Landsat series of
satellite data since the 1970s. However, the seasonal cycles of lakes on the TP have received little atten-
tion due to high cloud contamination of the commonly-used optical images. In this study, for the first
time, the seasonal cycle of lakes on the TP was detected using Sentinel-1 Synthetic Aperture Radar
(SAR) data with a high repeat cycle. A total of approximately 6000 Level-1 scenes were obtained that cov-
ered all large lakes (N50 km2) in the study area. The images were extracted from stripmap (SM) and in-
terferometric wide swath (IW) modes that had a pixel spacing of 40 m in the range and azimuth
directions. The lake boundaries extracted from Sentinel-1 data using the algorithm developed in this
study were in good agreement with in-situ measurements of lake shoreline, lake outlines delineated
from the corresponding Landsat images in 2015 and lake levels for Qinghai Lake. Upon analysis, it was
found that the seasonal cycles of lakes exhibited drastically different patterns across the TP. For example,
large size lakes (N100 km2) reached their peaks in August–September while lakes with areas of
50–100 km2 reached their peaks in early June–July. The peaks of seasonal cycles for endorheic lakes
were more pronounced than those for exorheic lakes with flat peaks, and glacier-fed lakes with addi-
tional supplies of water exhibited delayed peaks in their seasonal cycles relative to those of non-
glacier-fed lakes. Large-scale atmospheric circulation systems, such as the westerlies, Indian summer
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monsoon, transition in between, and East Asian summer monsoon, were also found to affect the seasonal
cycles of lakes. The results of this study suggest that Sentinel-1 SAR data are a powerful tool that can be
used to fill gaps in intra-annual lake observations.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

There are ~1200 lakes with areas larger than 1 km2 on the Tibetan
Plateau (TP), and ~160 lakes larger than 50 km2 (Zhang et al., 2014b).
Lakes on the TP are predominantly distributed in the Inner TP, where
there is an endorheic basin linking the various water related features.
More than 80% of lakes in the TP have dramatically expanded since
~1995 driven primarily by increased precipitation and the influx of
water from melting glaciers (Biskop et al., 2016; Zhang et al., 2017c).
The lake area increase is comparable in area to the reductions for
waterbodies in other regions of China (Zhang et al., 2019b) and globally
on other continents (Pekel et al., 2016) as a consequence of intensive
human activities.

The lakes on the TP are important indicators of climate variability in
terms of lake area/level/volume changes (Lei et al., 2014; Yang et al.,
2017; Zhang et al., 2014b), water surface temperatures (Zhang et al.,
2014a), and lake ice phenology (Cai et al., 2019; Kropáček et al.,
2013). However, it has been difficult to maintain continuous observa-
tions of water temperatures and ice phenology across regions with
moderate resolution imaging spectroradiometer (MODIS) data due to
its sparse spatial resolution (N250 m) and frequent cloud cover (daily
cloud cover of N45%) (Yu et al., 2016). For example, the number of
lakes with available surface temperatures (Zhang et al., 2014a) and
lake ice data (Cai et al., 2019) is approximately 60, which is much
smaller than the approximately 160 lakes N50 km2 in size (Zhang
et al., 2014b). The lake boundaries used in previous studies were pri-
marily extracted from Landsat multi-spectral scanner (MSS) (~79 m)
and thematic mapper (TM)/enhanced thematic mapper plus (ETM+)/
operational land imager (OLI) (30 m) data, all of which exhibited good
performance in tracking the associated changes (Zhang et al., 2017b)
for even small glacial lakes in the Himalayas (Li and Sheng, 2012).
These applications typically employ Landsat data collected aroundOcto-
ber of each year as lake boundary is relatively stable at that time of year
(Zhang et al., 2017a) and the available data in other seasons is often ob-
scured by high cloud cover (Yu et al., 2016). Therefore, many previous
studies have focused on the long-term trend of lake evolution since
the beginning of the satellite era (e.g. Pekel et al., 2016; Zhang et al.,
2017b). This results in a sparse interval of intra-annual lake area (one
sample each year), which is not sufficient to capture the seasonal
cycle of lakes. The knowledge of variabilities of lake surfacewater extent
in the TP are scarce as the lack of dense observations from satellite im-
ages. Although the seasonal variability of lakes can also be observed
by lake level from in-situ measurements (Lei et al., 2017), only a small
amount of lakes is available. On the TP, the lake level trends are consis-
tentwith those of lake area or volume changes asflat shorelines that un-
dergo natural evolution (i.e., without human intervention) (Zhang et al.,
2017c). This suggests that capturing lake areas with more comprehen-
sive observations of seasonal cycles can be used as an effective indicator
of lake changes in response to climate change.

In the TP, the biggest limitation for lake area mapping using mid
and high spatial resolution optical satellite images, such as Landsat
and Sentinel-2, is cloud contamination. In contrast, synthetic aper-
ture radar (SAR) sensors are capable of capturing images in all
weather conditions. Many studies have shown the potential of sat-
ellite SAR data for mapping lakes. For example, TerraSAR-X and
Radarsat-2 data have been employed for mapping small lakes in
the southwest of France (Baup et al., 2014) and glacial lake detec-
tion in the Alps, Pamir, and Himalayas (Strozzi et al., 2012). In ad-
dition, ENVISAT Advanced Synthetic Aperture Radar (ASAR)
images have been used to detect variations in lake inundation
areas (Medina et al., 2008; Medina et al., 2010). However, the tem-
poral resolution of these data is longer than 35 days. In contrast,
Sentinel-1 SAR imagery has higher repeat cycle dates that can be
used to obtain intra-month lake area observations and Sentinel-1
images have been successfully used for monitoring lake inundation
areas (Zeng et al., 2017), mapping glacial lakes (Miles et al., 2017;
Wangchuk et al., 2019), monitoring flood situations (Cazals et al.,
2016; Twele et al., 2016; Westerhoff et al., 2013), analyzing ice
motion (Nagler et al., 2015), and conducting earthquake analyses
(Sun et al., 2016).

This study is the first to monitor the seasonal cycles of large lakes
across the entire TP by investigating the changes in intra-month lake
areas using Sentinel-1 data for 165 large lakes (N50 km2) (Fig. 1). The
differences of lake seasonal cycles for endorheic lakes against exorheic
lakes, glacier-fed lakes against non-glacier-fed lakes, and relationship
with large-scale atmosphere circulation patterns are analyzed. The ob-
servation of lake areas via SAR imagery will benefit in understanding
the processes of lake changes, intra-annual lake changes in response
to climatic change, and lake water balance simulation across the TP.

2. Materials and methods

2.1. Study area

The TP in central Asia has amean elevation of 4000mabove sea level
(a.s.l.) and an area of 3 × 106 km2 (above 2500 m a.s.l.) (Zhang et al.,
2013). The TP is known as the water tower of Asia and supplies fresh
water via the Asia's major rivers to about 2 billion people downstream.
The surface hydrological landscape of the TP is characterized by an ex-
tensive and dense distribution of lakes, snowpack, glaciers, and perma-
frost. The lakes on the TP account for approximately 50% of number and
area in China (Ma et al., 2010; Zhang et al., 2019b). The alpine lakes are
an important indicator and sentinel of climatic change.

The averagemonthlyminimumandmaximumair temperature from
ChinaMeteorological Administration (CMA)weather stations on the TP
is about−10 °C in winter and ~10 °C in summer, respectively (Fig. S1).
Most of the precipitation (60–90%) falls in June–September and gradu-
ally decreases from the southeast to the northwest (Fig. S2) (Kang et al.,
2010). The TP is overall getting warmer and wetter during the past de-
cades, which is comparable with trend of lake area changes (Kuang and
Jiao, 2016; Zhang et al., 2017b). Climate on the TP is mainly influenced
by the westerlies in winter and the Asian monsoon in summer
(Maussion et al., 2014). The overall pattern of glacier mass balance in
the TP and surroundings is accelerating loss, but it is spatial heteroge-
neous, i.e. great negative magnitude in the southeast, and almost stable
state in the northwest (Brun et al., 2017; Yao et al., 2012). The high
mountains are mainly located on the periphery of the TP, the interior
TP is relative flat with most of large lakes there.

The lakes in this study were grouped based on sizes, types of water-
feed, and the impact of large-scale atmosphere circulation systems as
part of analyzing the seasonal cycle of lakes. The lakes are divided into
four types based on their sizes: N1000, 500–1000, 100–500, and
50–100 km2. Five lakes had an area larger than 1000 km2 and included
Qinghai Lake, Selin Co, Nam Co, Chibzhang Co/Dorsoidong Co, and Zhari
Namco. The lakes are also classified as endorheic (closed or hydrologi-
cally landlocked) or exorheic (outflow) lakes based on geomorphologi-
cal feature, glacier-fed or non-glacier-fed lakes by water-feed types
(Tables S1–2). In addition, the lakes are separated into four groups



Fig. 1. Distribution of lakes in the TP based on available Sentinel-1 data. The insets show: a) the mean annual precipitation from the Global Precipitation Climatology Centre (GPCC)
between 2010 and 2013, b) the monthly precipitation from meteorological stations in the Inner TP between 2015 and 2016, and c) the monthly temperatures obtained from
meteorological stations in the Inner TP between 2015 and 2016. Locations of China Meteorological Administration (CMA) meteorological stations are denoted. Zones i, ii, iii and iv are
Northwestern TP, Central TP, Southern TP and Northeastern TP, respectively.
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including the westerlies, Indian summer monsoon, transition in be-
tween, and East Asian summer monsoon based on large-scale atmo-
sphere circulation systems.
2.2. Data sources

2.2.1. Sentinel-1 data
As a part of the Global Monitoring for Environment and Security

(GMES) program, the Sentinel-1A satellite was launched on 3 April
2014 and now operates in a near-polar, sun-synchronous orbit with a
12-day repeat time. After the launch of Sentinel-1B in 2016, the
Sentinel-1 constellation system is able to provide spatial resolution up
to 40 m and high temporal resolution up to a 6-day observation.
Sentinel-1A and B are equipped with a C-band SAR payload
(~5.4 GHz). Sentinel-1 supports four different operative modes:
stripmap (SM), wave (WV), interferometric wide swath (IW), and
extra wide swath (EW) (Amitrano et al., 2014). The spatial resolution
of Sentinel-1 is comparable to that of Landsat TM/ETM+/OLI (30 m)
and superior to the 250 or 500 m MODIS (Miles et al., 2017). The 12-
day temporal resolution for both Sentinel-1A and Sentinel-1B are com-
parable to the 16-day Landsat-8, especially in terms of its cloud penetra-
tion capabilities. Sentinel-1 and other missions (e.g., Sentinel-2–6)
demonstrate the high potential for cryospheric observations
(Malenovský et al., 2012; Miles et al., 2017).

In this study, approximately 6000 Level-1 ground range detected
(GRD) scenes between 2015 and 2017 were downloaded from the
European Space Agency (ESA) Scientific Data Hub (https://scihub.
copernicus.eu/). Lake boundary extraction in this study via the SM and
IWmodes,whichprovide single polarization inHH(H for horizontal po-
larization) or VV (V for vertical polarization) channels and dual polari-
zation in HH + HV or VH + VV channels. Both modes provide a pixel
spacing of 40 m in the range and azimuth directions with swath widths
of 80 and 250 km, respectively. The incidence angles of these twomodes
range from 18.3°– 46.8° and 29.1°– 47.0°.

A total of 5940 Sentinel-1 scenes was sufficient to cover all of lake
regions of interest (Fig. 2) and the imaging dates of the available
Sentinel-1 data in the TP were normally distributed between the
10th to the 20th of each month with the maximum number falling
on the 15th day.

The total lake area delineated respectively from the available data for
the 1st–10th days, 11th–20th days, and 21st–31st days, and the average
area delineated in eachmonth were compared to identify themost rep-
resentative data (Fig. 2). In general, the trends in the seasonal cycle
were similar between these ranges, although a slight increase was ob-
served in the total lake area from the 1st–10th days to the 21st–31st
days between January and September and a decrease was observed
from October to December. The total lake area in 11th–20th days was
similar to the mean total area from these dates. When the date histo-
gram of the available data and total lake area in the various data com-
posites were evaluated, the lake areas from the 11th–20th days of
each month were selected.
2.2.2. Data used for validation
In-situ lake shoreline measurements for Aru Co, an inland lake lo-

cated in the northwestern TP (Fig. 1), were conducted in July 2017 by
a high-precision GPS. Aru Co was known widely for two glacier col-
lapses in western Tibet in July 2016 (Tian et al., 2017). The collapsed
ice rushed down and reached into Aru Co. The collected lake shoreline
trace data were used to validate lake boundary extracted from
Sentinel-1 data.

The performance of Sentinel-1 data in mapping lake area was also
indirectly verified by comparison with lake area delineated from
Landsat TM/OLI images. Moreover, lake area extracted from Sentinel-1
was also compared with lake levels from in-situ measurements for

https://scihub.copernicus.eu/
https://scihub.copernicus.eu/


Fig. 2. Histogram of the lake areas from Sentinel-1A observations in the TP between 2015
and 2017. a) Number of available images in eachmonth. b) Total lake area in eachmonth
in terms of the data available from the 1st–10th days, 11th–20th days, 21st–31st days, and
the average for one month.

4 Y. Zhang et al. / Science of the Total Environment 703 (2020) 135563
Qinghai Lake as the daily lake levels for this lake are available and corre-
spond well to lake area in previous study (Zhang et al., 2011a).

2.3. Methods

The process of extracting lake boundaries from Sentinel-1 data con-
sists of two steps: data preprocessing and lake mapping. A detailed
flowchart of this process is shown in Fig. 3.
Fig. 3. Flowchart of the process of extracting lake areas from Sentinel-1 data. GLCM: gray level c
means transmit polarization and the second one means receive polarization.
2.3.1. Preprocessing
The topographical characteristics of interest include the aspect,

slope, roughness, all of which can cause significant brightness areas in
the near-range and dark areas in the far-range as the local area is not
projected into the plane perpendicular to slant range (Small, 2011).
Moreover, heterogeneity in the range or azimuth directionsmay further
impact the intensity and amplitude of SAR backscattering signals. In ad-
dition, the SM and IW modes have a large angle of incidence range,
which may lead to significant variation in the backscatter coefficient
from the near-range to the far-range. Thus, a radiometric correction fac-
tor must be applied to accurately represent the relationship between
backscattering coefficient and reference angle. In this study, a cosine
law based radiometric correction was used (Gauthier et al., 1998;
Mladenova et al., 2013). By assuming the backscattering power was
re-radiated in the upper hemisphere, the measured backscatter can be
described as Eqs. (1) and (2):

σ0
θi ¼ σ0

0 cos2 θið Þ ð1Þ

σ0
ref ¼

σ0
θi
cosn θref

� �

cosn θið Þ ð2Þ

where σ0
0 is the backscatter independent of incident angle, the mea-

sured backscatter σθ i

0 is related to ground surface roughness n, which
can be derived from the slope of the measured backscatter σθ i

0 and
the local incident angle θi using linear regression, and i means the i-th
pixel in the SAR image. The reference angle θref is the central incidence
angle of the SAR scene. The corrected SAR backscatter can be calculated
by subtracting the backscatter values of SAR and noise pattern. Finally, a
radiation calibration method was utilized to convert digital numbers
(DN) in SAR image to backscatter σ0 in dB as Eq. (3).

σ0
i ¼ DN2

i −noiseifull
� �

= σ0
i full

� �2
ð3Þ

where noiseifull is the noise floor and it is a function of range, σi full
0 is

sigmaNough. For Sentinel-1 data, the input is usually given in unit 16
format. Both noise floor and SigmaNough are obtained from LUT
(Look-up Table).

The monthly radiometric corrections for both lake and background
land-cover were illustrated in Fig. 4. For each month, 1000 pixels of
lake (Qinghai Lake as a sample) and background were used to calculate
the backscattering during radiometric correction. Before correction in
Fig. 4(a), the backscattering during lake frozen period from December
to next March overlaps together. From May to October, lake has the
o-occurrencematrix; HH, HV, VV, VH represent different polarization,where the first letter



Fig. 4. Backscatter of lake water and background land-cover before and after radiometric correction of Sentinel-1 image with Qinghai Lake as a sample.
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larger backscatter value compared with background. After radiometric
correction in Fig. 4(b), there is a significant decrease of backscatter in
lake and increase in background, which results in a better contrast of
image feature between them. Moreover, the variance of lake backscat-
tering also decreased after correction, which indicates that the feature
descriptor for lake will become more stable after correction.

The next step is to extract the features, including SAR backscatter
and gray level co-occurrence matrix (GLCM) (Lumb and Sethi, 2013)
texture calculation. The GLCM features are a type of textural descriptor
that computes the similarity of different pixels over a given distance
using statistical methods. In this study, the GLCM features include the
mean value, standard deviation, energy, contrast, homogeneity, correla-
tion, and entropy, all of which can be computed as Eqs. (4)–(9):

Sd i; jð Þ ¼ Pd i; jð Þ
∑K¼1

i¼1 ∑K
j¼1Pd i; jð Þ

ð4Þ

Energy ¼ ∑k¼1
i¼1 ∑

K
j¼1 Sd i; jð Þ½ �2 ð5Þ

Homogeneity ¼ ∑k¼1
i¼1 ∑

K
j¼1

Sd i; jð Þ
1þ iþ jð Þ2

ð6Þ

Contrast ¼ ∑k¼1
i¼1 ∑

K
j¼1 i− jð Þ2Sd i; jð Þ ð7Þ

Correlation ¼
∑k¼1

i¼1 ∑
K
j¼1 i−μxð Þ j−μy

� �
Sd i; jð Þ

σ xσy
ð8Þ

Entropy ¼ ∑k¼1
i¼1 ∑

K
j¼1Sd i; jð Þ log10Sd i; jð Þ ð9Þ

where Sd is GLCM. Each cell (i, j) is the relative frequencymeasurements
of two pixels occurrence with gray level i and j, respectively, and it is
separated by co-occurrence distance d. Pd(i, j) is the second-order statis-
tical probability between two gray level i and j. μx, μy is mean value in
rows and columns, and σx, σy is the corresponding standard deviation
of different cells. The GLCM features consist of GLCM in Eq. (4) and
the corresponding texture feature based on GLCM. For the GLCM fea-
tures, the window size is 16 × 16 in both height and width directions,
the separated distance d is 8, the number of steps is 16, and the gray
level K is 32. In addition, for dual-polarization data, the ratio of two dif-
ferent polarization channels in dB is also used as a feature descriptor in
the classification steps.

2.3.2. Lake mapping
Lake boundaries mapped from Landsat OLI images in 2015–2017

were used to compare the performance from Sentinel-1 data with
Qinghai Lake as a sample. The water and other land covers are
distinguished using normalized difference water index (NDWI)
(Mcfeeters, 1996) with optimal threshold selected based on the
Otsu method (Otsu, 1979). In addition, the lake boundaries mapped
from Landsat data (Zhang et al., 2017b) were used as a reference and
an inward buffer of 3 kmwas used as a mask region for each lake that
was defined as a constant area that is always covered by water. Ex-
cluding this constant water area can significantly reduce the compu-
tation time required to identify water. An outward buffer of 3 kmwas
also applied based on the reference boundary as a target region to
distinguish water from land. It was assumed that any changes in
lake shoreline due to expansion or shrinkage occurred within the
buffered regions (±3 km along the reference outline). A properly de-
lineated lake area is a combination of the constant water region and
lake water within the outward buffer region.

The task of separating water and non-water features in the outward
buffer region was accomplished using the support vector machine
(SVM) classification algorithm (Cortes and Vapnik, 1995). By mapping
the input feature vectors, including the backscattering, GLCM feature,
and polarization ratio, into a high dimensional feature space, the radial
basis function (RBF) kernel based on the SVM was adapted to
identify lake water and background pixels (Hsu et al., 2003). Here, the
default parameters in the SVM classifier were used with a kernel factor
γ = 0.1 and a margin parameter C = 1.

Besides, a set of feature descriptors were selected by analyzing
the variations in normalized value corresponding to the defined
lake water and background with several combinations of obtained
parameters. Using GLCM energy feature as an example, quantization
gray level K = 32, window size 16 × 16, moving step 16 indicate the
best result since the normalized value between water body and
background has the largest interval (Fig. 5a, b). For the optimal
value of separated distance, d = 8 shows a relatively better results
with the normalized interval of larger than 0.1, while some features
perform similar normalized value with d = 4. Moreover, in Fig. 5c
and d, the optimal parameter selection in SVM classifier, some fea-
tures such as energy, contrast and entropy in HH channel and energy,
correlation, homogeneity and entropy in HV channel show clear
differences between lake and background land-cover. The above pa-
rameters were found to provide a tradeoff between noise reduction,
detail preservation and correct classification.

The Sentinel-1 imagery was preprocessed using Python toolbox and
the extraction of the regions was performed by ArcGIS software pack-
age. The SVM classification algorithms, including the feature extraction
and classification, were executed on the MATLAB 2016b platform.

The uncertainty in mapping lake areas is usually estimated based
on the length of lake shoreline and pixel size (Fujita et al., 2009;
Salerno et al., 2012). In this study, the error in the delineated lake
area was assumed to be ±0.5 × lake perimeter × 40 m (pixel size)
(Salerno et al., 2012).



Fig. 5. Parameter selection for SVM classifierwith Qinghai Lake as a sample. (For x label in c and d, 1= Backscatter, 2=mean, 3= variance, 4= Energy, 5=Homogeneity, 6= Contrast,
7 = Correlation, 8 = Entropy for HH or VV channel, 9–16 are the same feature descriptor for HV or VH channel, 17 = Ratio).
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3. Results and discussion

3.1. Performance of Sentinel-1 in delineating lake area

The monthly area for 165 large lakes (N50 km2) from 2015 to 2017
were mapped (Table S3). The errors of lake area delineated from
Sentinel-1 data compared with lake shoreline measurements of Aru
Co in the northwestern TP ranged from 10 to 55 m, with the mean
value of 21.4 m, which is less than a pixel of Sentinel-1 (40m) (Fig. 6a).

The lake area for these large lakes observed using Landsat and
Sentinel-1 in 2015 shows a high correlation (r2 = 0.99) (Fig. 6b),
which suggests that the lake area obtained from Sentinel-1 is suitable
for lake boundary mapping. Moreover, this data was adopted in several
previous studies for examining the extent of water and good results
were achieved (Huang et al., 2018; Tian et al., 2017; Wangchuk et al.,
2019; Zeng et al., 2017).

In addition, the lake area obtained from Sentinel-1 data was com-
pared with lake level time series obtained from in-situ measurements
of Qinghai Lake on the corresponding dates. Overall, the lake area
matched well with water level, although some anomalies were noted
in early 2015 and late in 2017, which could be due to water freezing
(Fig. 6c). The correlation between lake area from Sentinel-1 and the
measured lake levels was high (r2 = 0.89) (Fig. 6d). Comparisons of
in-situ measurements of lake shoreline with lake boundary from
Sentinel-1, lake area between Sentinel-1 and Landsat data, and lake
area and water level support the use of Sentinel-1 data for highly effi-
cient lake area observations.

Several large lakes in different climatic regions were selected to il-
lustrate the method of data processing and the accuracy of water classi-
fication (Fig. 7). For ten large lakes selected, the areas for six were
overestimated by 0.06% to 0.35%, while the other four were
underestimated by −0.11% to −0.56%. For example, Qinghai Lake,
which is the largest saltwater lake in China, had an area of 4375.92 ±
18.11 km2 on 13 September 2015 as observed from Landsat data,
while the area derived from Sentinel-1 data on 15 September 2015
was 4378.37 ± 18.14 km2. The inconsistency in the water classification
was primarily caused by an island in the southeast region that was de-
tected by Landsat but not the Sentinel-1. This discrepancy was probably
due to the 30-m spatial resolution Landsat versus the 40-m spatial res-
olution of Sentinel-1. Selin Co (the largest lake in Tibet) had an area of
2402.58 ± 15.67 km2 on 5 July 2015 from Landsat data, but its area on
12 July 2015 based on Sentinel-1 data was 2405.74 ± 15.69 km2 with
an overestimated by 0.13%. Despite these differences, the overall mis-
match in lake boundary observations was small.

At present, only Qinghai Lake on the TP has continuous in-situ mea-
surements of lake level referenced to a geodetic reference system
(i.e., the Yellow Sea Datum). This limits us to usewater level fromQing-
hai Lake as one validation site only. Sentinel-1 SAR data is also used to
map small glacial lakes in the Himalaya (Wangchuk et al., 2019) and
to extract river surface (Sghaier et al., 2017). The potential of Sentinel-
1 SAR data with high temporal resolution (6-day) and spatial resolution
(~20 m) could be further explored. Besides the associated climate
changes in this study, Sentinel-1 SAR data has also significant advantage
overwidely used optical satellite data inmonitoring cryosphere hazards
such as mapping potential dangerous glacial lakes on the TP.

3.2. Lake seasonal cycle across the TP

The total lake area across all seasons increased each year from 2015
to 2017 and the lake seasonal cycle shows for lakes larger than 100 km2



Fig. 6.Comparisons of lakemapping from Sentinel-1 and in-situmeasurements and Landsat data. a) Comparison of shorelines from Sentinel-1 data and in-situmeasurements for Aru Co in
2017. b) Lake area from Sentinel-1 and Landsat for Qinghai Lake in 2015. c) Time series of lake area from Sentinel-1 and lake level from in-situ measurements for Qinghai Lake in
2015–2017. d) Correlation between lake area from Sentinel-1 and lake level from in-situ measurements for Qinghai Lake in 2015–2017.
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in size, the lake area expanded from January to August/September and
contracted after September (Fig. 8). However, lakes with areas in the
range of 50–100 km2 reached their maximum area in June/July and
contracted thereafter. This implies that smaller lakes reach their peaks
earlier compared with larger lakes.

The differences between lakes of different sizes may be because
larger lakes (N100 km2) have larger lake basins (or a larger area ratio
of lake basin to lake) relative to smaller lakes (50–100 km2). In addition,
lakes on the TP are usually fully covered by ice in mid-January and are
ice free in early July (Cai et al., 2019) and the extent of lake water can
expand during the frozen period. In addition, the Asia monsoon can
bring rainfall in June–August (Fig. 1), which can supply water to lakes
and cause the lakes to expand. Finally, delays in the precipitation-
induced runoff in lake basin can postpone lake expansion until about
September, and this is especially true for large lakes.

Overall, the lakes on the TP show the continuous area expansion
during 2015–2017, which is consistent with annual lake observations
from Landsat images (Zhang et al., 2019a). The seasonal difference of
maximum lake area could be correlated with lake basin size. For
example, lake area changes are positively relatedwith supply coefficient
(Lei et al., 2014; Song et al., 2014). Especially for lakes on the TP, the ex-
pansion is dominantly driven by increased precipitation (Zhang et al.,
2017c). A larger lake basin (N100 km2 each lake) can supply more
water discharge to lake, which delays the peaks of maximum lake area
relative to small lake basin (50–100 km2 each lake). In present study,
only large lakes (N50km2) are examined. This study provides a direction
that the comprehensive, high temporal-spatial resolution, and continu-
ous lake mapping become possible.

Seasonal cycles for endorheic lakes were found to be more pro-
nounced than those for exorheic lakes, which have flat peaks during
the summer season (Fig. 9). This may be attributed to differences
between the closed nature of endorheic lakes versus bothwater inflows
and outflows of exorheic lakes. The closed lake basin can reflect regional
water cycle faster than outflowing lake basin, which is directly indicated
by difference of seasonal lake extent in this study. The difference of lake
level changes between endorheic and exorheic lakes are also apparent.
The closed lakes have higher rates of lake level rising compared with
outflowing lakes (Zhang et al., 2017c). In particular, some outflowing
lakes show lake level decrease, although the terminal closed lakes
have lake level increase (Song et al., 2013; Zhang et al., 2011b). There-
fore, the seasonal cycle can indicate the difference of water cycle pro-
cesses between endorheic and exorheic lakes.

Distinct differences were observed in lake seasonal cycle between
glacier-fed and non-glacier-fed lakes. The peaks for glacier-fed lakes ap-
peared in July–September, but the peaks for non-glacier-fed lakes
appeared earlier in June–July. The melting of glaciers provided an



Fig. 7. Examples showing the process of data processing for typical lakes in different climatic regions. The original Sentinel-1 SAR data, reference lake boundaries obtained from Landsat
imagery, static lakemasks derived from the inside buffering, buffers covering the region overwhich the lake boundary changes, lake boundaries extracted from Sentinel-1 data, and a time
series of the monthly lake area are shown by column. The locations and names of these ten lakes are labeled in Fig. 1.
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additional water supply for lake basinswith glacier coverage thatwas not
available to those supplied by rainfall alone. The glacier-melt water de-
layed lake expansion until September. Similarly, this can be observed
from lake level changes. The glacier-fed lakes exhibit faster lake level
increase against no-glacier-fed lakes as glacier meltwater supply aug-
mented lake surface precipitation and precipitation runoff (Song et al.,
2014). The glaciermeltwater can still supply lakes only if the temperature
is above 0 °C even the monsoon-induced precipitation ends earlier.

3.3. Relationship between lake seasonal cycles and large-scale atmosphere
circulation patterns

There are several large-scale atmospheric circulation patterns that
affect lake seasonal cycles. Moisture is supplied to the TP via the
Indian monsoon, mid-latitude westerlies, and south-eastern Asian
monsoon (Bothe et al., 2009), and all of these large-scale atmospheric
circulation anomalies affect water vapor convergence. Three different
domains, namely, thewesterlies (northern TP), Indianmonsoon (south-
ern TP), and the transition region between about 32°N and 35°N, have
been identified via precipitation δ18O and atmospheric model simula-
tions (Yao et al., 2013). In the TP and surrounding areas, the weakened
Indianmonsoon and enhancedwesterlies have driven the different sta-
tus of glacier changes (Yao et al., 2012). The lakes in the northwestern
TP (region i in Fig. 1) are predominantly driven by the westerlies, in
the central TP (region ii) by both the Indian monsoon and westerlies,
in the southern TP (region iii) by the Indian summer monsoon, and in
the northeastern TP (region iv) by the East Asian summer monsoon
(EASM) (An et al., 2012; Xu et al., 2007).



Fig. 8. Standardizedmonthly lake area cycles for lakes of different sizes from 2015 to 2017. a) Lakes larger than 1000 km2 in size. b) Lakes 500–1000 km2 in size. c) Lakes 100–500 km2 in
size. d) Lakes 50–100 km2 in size.
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Lake seasonal cycles in the northwestern TP (thewesterlies domain)
tend to increase from January to September and decrease after peaking
in July–September (Fig. 10). The seasonal cycles in the central TP (tran-
sition domain) are similar to those in the northwestern TP. However,
lake seasonal cycles in the southern TP (Indian monsoon domain) ex-
hibit a very different pattern and tend to increase continuously from
January to September and then decrease after peaking in September.
The lakes in the northeastern TPwhere the EASM is dominant have sea-
sonal cycles similar to those in the northwestern and central TP, al-
though their peaks are in June–August. The differences in lake
seasonal cycles in these four zones are primarily driven by the dominant
large-scale atmosphere circulation systems. The number and sizes of
Fig. 9. Standardized monthly lake area cycles from 2015 to 2017. a) Endorhe
lakes in the four climatic regions vary. For example, the southern TP in-
cludes only three lakes. Differences in the numbers of lakes may result
in uncertainties in determining lake seasonal pattern.

The intra-annual lake extents in three climatic domains present
different seasonal features. The monthly precipitation displays simi-
lar pattern with lake seasonal cycle but they are not matched well in
annual scale (Fig. S2), which could be ascribed to limited distribution
of CMAweather stations on the TP (Fig. 1). Only five CMA stations are
located in the Inner TP, with the dominant lake distribution. For the
northwestern TP with many large lakes, only a CMA station far from
lakes is available. The sparse and uneven distributions of CMA
stations, especially in high altitude regions, are the limitations of
ic lakes. b) Exorheic lakes. c) Glacier-fed lakes. d) Non-glacier-fed lakes.



Fig. 10. Standardized seasonal cycles of lake areas in different climatic zones of the TP that are driven by large-scale atmospheric circulation systems. i) Northwestern TP (Westerlies
domain). ii) Central TP (Transition domain). iii) Southern TP (Indian monsoon domain). iv) Northeastern TP (East Asian summer monsoon domain). The zone divisions were previously
shown in Fig. 1.
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detailed examination of lake seasonal cycle with station-based pre-
cipitation data. In addition, the difference of lake seasonal cycle in
different climatic zones can be illustrated from in-situ lake level ob-
servations (Lei et al., 2017). In this study, a comprehensive lake sea-
sonal cycle for 165 large lakes (N50 km2 each lake) are provided,
which can outline seasonal features from large-scale climatic influ-
ence better than limited lake level measurements.
4. Conclusions

The inter- and intra-annual variability in lake areas on the TP are an
important climatic indicator. The optical satellite images have been suc-
cessfully used to examine long-term trend of lake area changes. How-
ever, lake seasonal cycles have been problematic as optical image is
often obscured by cloud cover. SAR data can map lakes with high tem-
poral resolution despite broad cloud cover on the vast TP. In this
study, for the first time, the seasonal cycles of 165 large lakes on the
TP with each area of N50 km2 are detected using Sentinel-1 SAR data
with a high repeat cycle of 12 days (or 6 days with two satellites) and
medium spatial resolution of 40 m. The drastically different patterns
in the types and sizes of lakes and the atmospheric circulation systems
affecting those lakes across the TP are revealed by analysis of the sea-
sonal cycles of lakes on the TP.

The areas of larger lakes (N100 km2) were found to peak in August–
September while the areas of relatively smaller lakes (50–100 km2)
peaked in early June–July. The endorheic lakes were found to exhibit
more pronounced seasonal cycles than exorheic lakes. The glacier-fed
lakes present delayed peaks relative to non-glacier-fed lakes due to aug-
mented water supply. In addition, the large-scale atmospheric circula-
tion systems such as the westerlies, Indian monsoon, transition in
between, and East Asian summer monsoon were found to control the
patterns of lake seasonal cycle. The results of this study demonstrate
the high potential of using Sentinel-1 SAR data for detecting seasonal
cycles of lakes on the TP. The long-term seasonal cycle of lakes will ben-
efit in understanding the limnological, hydrological, and climate infor-
mation in the TP.
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