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Abstract: Mastering the fluctuation of water levels and the water storage capacity of plateau lakes is
greatly important for monitoring the water balance of the Tibetan Plateau and predicting regional
and global climate change. The water level of plateau lakes is difficult to measure, and the ground
measured data of long-time series are difficult to obtain. Ngoring Lake is considered in this study,
using spaceborne single-photon lidar ICESat-2/ATL13 inland lake standard data products, the
water level values provided by Hydroweb laboratory, and the image data of an optical remote
sensing satellite. A new method is proposed in the absence of measured data. The method uses
multisource remote sensing data to estimate the long-term changes in the water levels, surface area,
and water storage capacity of Ngoring Lake in the past three decades. The results show that the
water level values of ICESat-2 and Hydroweb on overlapping observation days are highly correlated,
with R² = 0.9776, MAE = 0.420 m, RMSE = 0.077 m, and the average absolute height difference is
0.049 m. The fusion of multiple altimetry data can obtain more continuous long-time series water-
level observation results. From 1992 to 2021, the water body information of Ngoring Lake basin
fluctuated greatly and showed different variation characteristics in different time periods. The lowest
water level in January 1997 was approximately 4268.49 m, and it rose to its highest in October 2009,
approximately 4272.44 m. The change in the water level in the basin was mainly affected by natural
factors, such as precipitation, air temperature, and human activities. The analysis shows that ICESat-2
can be combined with other remote sensing data to realize the long-time series dynamic monitoring
of plateau lakes, showing great advantages in the comprehensive observation of plateau lakes in no
man’s land.

Keywords: lake water level; water storage; ICESat-2; remote sensing image; Ngoring Lake

1. Introduction

Water is a finite, vulnerable and essential resource which should be managed in an
integrated manner [1]. Lakes are an important carrier of water resources, which are crucial
for maintaining the balance of watershed ecosystems, regional/global climate stability, and
socio-economic development [2]. The water level is among the most important charac-
teristics of lakes. Real-time monitoring by establishing long-term water level sequences
helps to estimate the fluctuation of lake water reserves. This enables one to understand
regional climate change so as to formulate appropriate environmental protection policies
and realize the benign development of regional ecological environment [3].

The Tibetan Plateau (TP) is a sensitive and significant area of global climate change,
with an average altitude of over 4000 m. Lakes are the main landscape elements occupying
the TP. The region has a well-developed water system, with more than 1500 lakes, among
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which more than 900 lakes cover an area of more than 1 km². Therefore, it is called the
“Third Pole” and “Asian Water Tower” [4]. Especially on the TP, extreme precipitation [5]
is a valuable contributor to water resources and plays a key role in the inland water
cycle [6–8]. However, the number of traditional water level monitoring stations is scarce,
the monitoring time is short, and the continuity of data observation is poor due to the harsh
climatic environment, complex terrain, and traffic occlusion on the plateau. Alpine hypoxia
and backward equipment technology make manual field measurement more difficult. To a
certain extent, this condition has become a bottleneck restricting the sustainable utilization
of regional water resources and the analysis of the law of climate change, especially the
research on the response mechanism of the plateau region to global climate change [9].
Ngoring Lake is a large plateau freshwater lake at the source of the Yellow River. It regulates
the runoff of major rivers in the middle and lower reaches of the Yellow River and plays an
important role in maintaining ecological balance [10]. Therefore, it is of great significance
and value to study the water level–storage variation of Ngoring Lake at the source of the
Yellow River.

With the rapid development of high-resolution optical remote sensing satellites and
laser altimeter satellite technologies, new research approaches have been provided for the
long-term monitoring of lake water levels and surface areas in plateau lakes. The water-
level inversion based on satellite remote sensing technology has experienced a transition
from optical to microwave (spaceborne altimeter), single to multisource joint inversion [11].
Optical remote sensing detection is limited by digital elevation model (DEM) accuracy,
atmospheric conditions, cloud layer thickness, and imaging time; it has certain limitations in
practical applications [12]. Satellite altimetry technology has the characteristics of globality,
periodicity, and a strong penetrating ability which can quickly and accurately obtain water
level information, detect various natural phenomena and changes in surface water. It has
more prominent advantages in plateau areas and areas with frequent natural disasters [13].
Combining the two techniques for inland water monitoring cannot only compensate for
the limitations of a single data source, but also obtain more accurate observations [14].

In recent years, remote sensing technology has been used to monitor inland water
bodies, and many related studies have been carried out at home and abroad. Jiang et al. [15]
calculated the water level change of Qinghai Lake by using ENVISAT data and based on
waveform retracing technology, which was verified by the measured data of water level
station and achieved good monitoring results. Adalbert Arsen et al. [16], combined with
MODIS Images and ICESat waveform data, conducted an inversion study of the lake water
level and water storage capacity from 2000 to 2012 for Lake Poopó, which has no data
records to date. This method has certain applicability to similar sparse vegetation areas
and arid areas. A.K. Dubey et al. [17] inverted the water level of the Yarlung Zangbo River
basin based on the ICESat waveform retracking algorithm, and the root mean square error
was 50–55 cm. This method effectively improves the accuracy of water level calculation by
altimeter in different reaches of Yarlung Zangbo River. Based on remote sensing images,
satellite altimetry data, and hydrometeorological parameters, Frederick et al. [18] used
datasets for multiple regression analysis to establish a prediction model of the total surface
water area of Lake Chad. The correlation between the total surface water area in a given
month and one or more other hydrological parameters was analyzed and verified. The
results show that the average absolute error of the regression equation in the LOOCV test
is between 5.3% and 7.6%, which is better than the prediction made using the average
value of the total surface water area in a given month or last year. Wang et al. [19] used
the GEE geospatial analysis platform to analyze the Landsat series of satellite images from
1989 to 2019 to obtain the annual surface area time series data of 976 lakes with the largest
area exceeding 1 km² in the inland basin of the TP. They also analyzed the relationship
between the lake area and climate variables. These studies provide accurate estimates for
the changes in lake water level and surface area. The research results are greatly important
for water resource management under the background of climate change.
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In summary, most current studies have mainly focused on the changes in the lake
water level and surface area, while studies on the fluctuation of lake water storage capacity
are limited [20,21]. The water storage capacity of most lakes on the TP is unknown due
to the lack of bathymetric data to estimate the water storage [21]. The change in lake
water storage capacity is an essential response of lakes to climate change. It has a better
response ability than the change in lake area caused by different terrain conditions [22].
In the present study, Ngoring Lake in Qinghai Province is considered an example, and
multisource altimetry data are applied to lake water level monitoring. Combined with
Landsat series and Sentinel-2 satellite images, the functional relationship between the water
level and water storage capacity is constructed, and Ngoring Lake has been continuously
monitored for nearly 30 years, including the changes in water level, lake area, and water
storage capacity. Compared with previous studies [16–18], the data and methods used
in this paper are novel and have a longer observation time. It is of great benefit to the
follow-up study of lakes.

2. Materials and Methods
2.1. Study Area

Ngoring Lake is located in the west of Maduo County, Qinghai Province. The geo-
graphical range is 34°46′03′ ′ N–35°05′21′ ′ N; 97°29′21′ ′ E–97°54′21′ ′ E (Figure 1). It is one
of the largest freshwater lakes on the TP [10]. The North–South length of Ngoring Lake
is approximately 32.3 km, and its East–West width is approximately 31.6 km. The lake
surface is 4272 m above sea level, and the average water depth is 17.6 m. The deepest point
north of the lake center can reach 32 m [23]. The upper source of the Yellow River flows
in from the southwest of Ngoring Lake and flows out from the northeast. The sediment
concentration of the lake is low, and the lake is bluish blue. The main supply sources
of the lake water are surface runoff and natural precipitation, with an average annual
precipitation of 321.6 mm [24].

Figure 1. Geographical Location and Scope of Ngoring Lake in Qinghai Province.

According to the observation data of Maduo County Meteorological Station affiliated
to Ngoring Lake, the annual average temperature in the Ngoring Lake basin is approxi-
mately−4.6 °C, and the annual precipitation is approximately 200–400 mm [25]. The hottest
months are July and August, and the monthly average temperature is approximately 8 °C,
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but the daily minimum temperature still drops below 0 °C. The coldest month is January,
and the monthly average temperature is approximately−16.9 °C. The freezing period starts
in the middle and late November, with an average of 157 days; the longest annual freezing
period is approximately 193 days, and the freezing period is more than half a year [26]. The
lakeside vegetation is a subalpine meadow, and the soil types are cold desert soil, meadow
soil, chernozem soil, marsh soil, saline soil, and cinnamon soil. Grassland degradation and
soil desertification are serious due to overgrazing and climate change [24].

2.2. Data
2.2.1. ICESat-2 Laser Altimeter Data

ICESat-2 (Ice, Cloud, and land Elevation Satellite-2) is a new generation of laser altime-
ter satellite with a photon counting system. Its main load is the Advanced Topographic
Laser Altimeter System (ATLAS). It was successfully launched in the United States on
15 September 2018 [27]. The observation coverage of ICESat-2 is 88° S∼88° N, and the
revisit period is 91 days. As shown in Figure 2, ATLAS transmits laser pulses (532 nm)
at a frequency of 10 k Hz, with a pulse width of 1.5 ns, and can obtain overlapping spots
with an interval of approximately 0.7 m and a diameter of approximately 17 m along the
track [28]. The laser pulse is divided into six beams by the diffractive optical elements
in ATLAS, and three pairs are arranged along the track direction. Each pair consists of a
strong beam and a weak beam, and the energy ratio of the two is approximately 4:1 [29].
ICESat-2 has 21 types of standard data products. In this study, the 3A-level data product
ATL13 is adopted; it mainly provides inland and near-coastal water level elevation values
along the track [30]. Since September 2018, the ATL13 data actually available in Ngoring
Lake basin include 29 days in total. The location distribution and date information of the
observed data are shown in Figure 3 and Table 1, respectively.

(a) (b)

Figure 2. ICESat-2/ATLAS beams. (a) Schematic diagram of the operation of ICESat-2; (b) Flight
orbit and photon diagram.
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Figure 3. Distribution of ICESat-2 data across Ngoring Lake.

Table 1. Summary of ICESat-2/ATL13 Data across Ngoring Lake.

Track Number Observation Date

ID 248 14/10/2018; 14/07/2019; 11/01/2020;
11/07/2020; 10/10/2020; 10/04/2021;

ID 393 23/07/2019; 21/01/2020;
ID 690 12/08/2019; 07/02/2021;

ID 835
22/11/2018; 21/02/2019; 22/05/2019;
20/11/2019; 19/02/2020; 20/05/2020;
19/08/2020; 17/11/2020; 16/02/2021;

ID 1193 15/12/2018; 16/03/2019; 15/06/2019;
12/06/2020; 11/12/2020; 10/06/2021;

ID 1277 22/03/2019; 19/09/2019;
18/06/2020; 16/12/2020;

2.2.2. Optical Remote Sensing Image Data

The remote sensing image data used in Ngoring Lake water body monitoring are
Landsat series and Sentinel-2 satellite data. Landsat series satellites mainly include Landsat-
5 TM, Landsat-7 ETM+, and Landsat-8 OLI, and their revisit periods are 16 days. The
Landsat-5 [31] payload is a thematic mapper (TM) covering seven spectral bands. Except
for the thermal infrared band (Band 6: 10.40–12.5 µm), which has a resolution of 120 m,
the other bands have a resolution of 30 m. The sensor carried by the Landsat-7 satellite
is the Enhanced Thematic Mapper (ETM+), with eight spectral bands, covering different
wavelength ranges from the infrared to visible light. Compared with Landsat-5 TM,
ETM + adds the Band 8, with a spatial resolution of 15 m. In addition, the Band 6 resolution
is improved from 120 m to 60 m, and the overall accuracy is higher [31]. The sensors on
Landsat-8 satellite are the Operational Land Imager (OLI) and Thermal Infrared Sensor
(TIRS) [32]. OLI has nine spectral bands: the resolution of panchromatic band (Band 8:
0.500–0.680 µm) is 15 m, and that of the other bands is 30 m. Compared with Landsat-7
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ETM+, OLI increases the coastal band (Band 1: 0.433–0.453 µm) and Cirrus band (Band
9:0.136–1.390 µm). Band 1 is mainly used for coastal area observation, and Band 9 is used
for cirrus cloud detection [31].

Sentinel-2 is a high-resolution multispectral imaging satellite and divided into two
satellites (2A and 2B) with a revisit period of five days. Its payload is the multispectral im-
ager (MSI), which covers 13 spectral bands with a width of 290 km. The spatial resolutions
of different bands are 10 m, 20 m, and 60 m, respectively, of which the spatial resolutions of
blue (Band 2), green (band 3), red (Band 4) and near-infrared (Band 8) are 10 m. Sentinel-2
is mainly used for the observation of forest vegetation, inland water bodies, land cover,
coastal, and offshore waters [33]. In order to ensure the accuracy of the experimental results,
remote sensing images with a cloud cover of less than 5% were used in this study, with a
total of 135 scenes. The specific data sources are shown in Table 2.

Table 2. Summary of Landsat Series and Sentinel-2 Image Data in Ngoring Lake.

Satellite Name Observation Time Track Number Quantity

Landsat-5 TM 1992–2011 134_36 60
Landsat-7 ETM+ 1999–2002 134_36 17

Landsat-8 OLI 2013–2021 134_36 38
Sentinel-2 A 2021.01–2021.11 N0301_R090 8
Sentinel-2 B 2021.01–2021.11 N0301_R090 12

2.2.3. Satellite Altimeter Data

The information on the lake water level mainly comes from Hydroweb (http://
Hydroweb.theia-land.fr, accessed on 1 March 2022). Hydroweb is a data center jointly estab-
lished by the LEGOS Laboratory in Toulouse, France, and the HYDROLARE project under
the responsibility of the National Institute of Hydrology (SHI) of the Russian Academy
of Sciences [34]. The data center can provide water level timing information of approxi-
mately 150 lakes and reservoirs around the world free of charge. The historical water level
data obtained are based on and fused with data from multiple satellite sensors, including
TOPEX/Poseidon (1992–2005); ERS-1 (1991–1996); ERS-2 (1995–); GFO (2000–); Jason-1
(2001–2013); Jason-2 (2008–); Jason-3 (2016–); Envisat (2002–); Saral (2002–); and Sentinel-3A
(2016–) [35].

2.3. Methods
2.3.1. ICESat-2 Water Level Extraction and Multisource Altimeter Data Fusion

All data products of ICESat-2 are free to the public in HDF5 format [29]. The longitude
and latitude coordinate information of the corresponding photon points and other parame-
ters as well as “ht_water_surf, segment_geoid, water_depth” are extracted from the “/gtxx”
data group in the ATL13 data product. At the same time, the track points of ICESat-2 on
the corresponding date are extracted. The along-track footprint points are transformed into
ShapeFile files using ArcGIS. ICESat-2 observation data of all those crossing Ngoring Lake
basin from September 2018 to June 2021 are obtained. The data of ICESat-2 are represented
as discrete photon point clouds, and the laser beam transmitted to the ground has a certain
deviation. The spot points may fall on the land at the boundary of the lake, and the obtained
data have errors. Therefore, for each group of extracted data values, the elevation data that
differ from most of the water level values by more than 20 cm are excluded [36].

In order to verify the height measurement accuracy of an altimeter, it is necessary
to unify the reference datum before the fusion of the water level time series [37]. The
water level values retrieved by different spaceborne altimeters have a certain degree of
systematic deviation due to the differences in their own instruments and equipment and
the various parameters of the operating orbit. The previous research method used the
converted altimeter water level, selected the water level on the same date, established
the correlation equation through linear fitting, and constructed the long-term water level
series of a single lake [38]. The reference ellipsoid of the water level value was extracted

http://Hydroweb.theia-land.fr
http://Hydroweb.theia-land.fr
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in ICESat-2 is WGS84 and EGM96 leveling surface [39], whereas the reference ellipsoid
of LEGOS HYDROWEB is the GRACE Gravity Model 02 (GGM02) [34]. Subsequently,
through the average difference value, the fused altimeter water level value is used to
construct the Ngoring Lake water level sequence of the multisource spaceborne altimeter,
and the correlation between the lake water level and water storage capacity is studied.

In addition, to ensure the accuracy of the research results, the differences between
the observed water level values on the coincidence date of ICESat-2 and Hydroweb are
compared. Three statistics of linear regression analysis (R²), mean absolute error (MAE),
and root mean square error (RMSE) are used to verify and analyze the accuracy. The
specific formula is as follows:

R2 = 1− ∑n
i=1
(
yi − y′i

)2

∑n
i=1(ȳi − ȳi)

2 (1)

MAE =
1
n

n

∑
i=1

∣∣yi − y′i
∣∣ (2)

RMSE =

√
1
n

n

∑
i=1

(
yi − y′i

)2 (3)

In Formulas (1)–(3), yi is the water level observed by ICESat-2, y′i is the observed water
level on the same date corresponding to Hydroweb and ICESat-2, ȳi and ȳi are the average
values of yi and y′i, respectively, i is the index of the observed values, and n is the number
of overlapping days of water level observations.

2.3.2. Accuracy Verification and Evaluation of ICESat-2 and Satellite Altimeter

Different altimeters have systematic differences in orbit height, orbit inclination, and
return period. There are also some differences between the water level measurement results
of different altimeters. Therefore, for lakes covered by two or three water-level sources, the
water level observations should be converted to a uniform baseline value to form a denser
observation sequence. The correlation between the results of different types of water level
is constructed to achieve this goal. The correlation is established according to the results
obtained in the overlapping period. Only when the overlapping period has more than
10 pairs of data and the related R² value is greater than 0.88, the correlation between the
observation results of the two altimeters is considered to be credible. If the R² value is less
than 0.88, then the level results are selected with a long-time span for the next analysis [40].

Figure 4a shows the change in water level corresponding to the coincidence date of
the ICESat-2 water level value and the satellite altimeter from October 2018 to June 2021.
The figure shows that the change trend of the ICESat-2 altimetry water level is basically
consistent with that observed by satellite altimeter. There are 19 overlapping observation
days between the ICESat-2/ATL13 observation data and Hydroweb data used in this study.
Figure 4b shows the absolute elevation difference after the unified coordinate system of
ATL13 data and Hydroweb provided water level value. The maximum absolute elevation
difference value is 0.21 m (22 March 2019), the minimum absolute elevation difference is
only 0.0008 m (15 December 2018), and the average absolute elevation difference is 0.049 m.
Furthermore, the correlation coefficient index is used to evaluate the height measurement
accuracy of the ICESat-2 lake water level. Figure 4c shows the relationship between the
multisource satellite altimeter in Ngoring Lake and the lake water level values extracted by
ICESat-2. The correlation between the two is very high, with an R² above 0.97, satisfying
the prerequisite for R² values greater than 0.88; MAE = 0.42 m and RMSE = 0.077 m. The
results show that ICESat-2 can be integrated with other satellite altimeters as an effective
source of supplementary data to achieve a more intensive observation and research results.
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(a)

(b) (c)

Figure 4. Comparative analysis of water level values extracted by ICESat-2 and Hydroweb. (a) Coin-
cident date water level of ICESat-2 and Hydroweb; (b) Absolute difference of water level values of
ICESat-2 and Hydroweb; (c) Correlation of water level values extracted by ICESat-2 and Hydroweb.

2.3.3. Extraction of Lake Surface Area

The normalized difference water index (NDWI) is used to extract the water bodies
and obtain the water segmentation objects. NDWI is based on the spectral reflection in-
tensity characteristics of vegetation and water in the visible and near-infrared bands and
is constructed using the ratio of the reflectance of water in the green and near-infrared
bands [41] to enhance the water information and suppress the vegetation information to a
certain extent. The index can also effectively distinguish information, such as water bodies,
vegetation, and mountain shadows [42]. The calculation formula is as follows:

NDWI = (Green− NIR)/(Green + NIR) (4)

In Formula (4): green is green band reflectivity, and NIR is near-infrared band reflec-
tivity.

Ngoring Lake is an oligotrophic plateau lake with a clear water body [43], which
satisfies the Class I water quality standard of “Surface Water Environmental Quality Stan-
dard” [39]. NDWI can achieve a better effect of water boundary extraction. Based on the
preprocessed remote sensing images, the BandMath of the ENVI+IDL program is used
to input the NDWI calculation formula, and the water body information is highlighted
through the band ratio relation, as shown in Figure 5. The raster vector transformation of
the segmented object is carried out using the Rastertopolygon tool in the Arcmap software
to obtain the information of the berthing boundary of Ngoring Lake. Combined with
manual visual interpretation, the final surface area of the lake is calculated.
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(a) 1992 (b) 2000

(c) 2011 (d) 2021

Figure 5. Water body extraction by NDWI.

2.3.4. Estimation of the Lake Water Storage Based on Water Level—Area Relationship

The water storage capacity of the lake cannot be obtained by a direct measurement.
It needs to be indirectly estimated by constructing the lake water level–water storage
relationship model with the help of remote sensing monitoring or the measured lake area,
water level, and water depth (underwater topography) [44].

The main factors affecting the net budget of the lake water include the dynamic
changes in the lake surface area and water level. When the water level rises, the area of the
lake increases. On the contrary, if the water level falls, the lake area shrinks [45]. Therefore,
the change in water storage capacity can be estimated by the correlation between the water
level and lake area. On this basis, the following calculation formula proposed by Taube is
adopted [46]:

∆V =

(
1
3

Li+1 − Li

)
×
(√

Si+1Si + Si+1 + Si

)
(5)

In Formula (5), ∆V represents the change value of the lake water storage capacity
when the lake water level changes from Li to Li+1, that is, the net income and expenditure
of the lake: Si and Si+1 are the surface areas of lakes in the ith stage and i + 1th stage,
respectively. By accumulating the net income and expenditure of the lake step by step, the
water balance data of Ngoring Lake from 1992 to 2021 can be obtained.
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3. Results
3.1. Analysis of the Changes in Water Level and Water Storage Capacity in Ngoring Lake

The average altitude of Ngoring Lake basin is above 4200 m, which belongs to alpine
steppe climate [47]. Winter is long, cold, dry, and windy, while the summer is short,
cool, and rainy, which has different response than alpine meadows [48]. Figure 6 shows
the changes in water level and water storage capacity of Ngoring Lake from 1992 to 2021.
Evidently, the fluctuation of the water bodies of Ngoring Lake during the past three decades
is relatively complicated, and significant differences are found in the change rate of water
level and water storage capacity during different periods.

Figure 6. Overall variation trend of water level in Ngoring Lake from 1992 to 2021.

Figure 7 shows the fluctuation of the water level and water storage capacity of Ngoring
Lake in different years. The specific analysis is as follows:

During the period, 1992–2001 (Figure 7a), the annual variation of the water body
was relatively stable. The initial water level on 12 October 1992 was 4270.19 m, and the
observed water level on October 23, 2001 was 4270.51 m, which fell to the lowest water
level in January 1997, at approximately 4268.49 m. The water level of the lake rises at a
change rate of 0.041 m/y, and the water storage capacity increases slowly at 0.023 TMC/y.

From January 2002 to January 2005 (Figure 7b), the water body of Ngoring Lake
showed a sharp decreasing trend, the water level decreased rapidly by −0.451 m/y, the
water storage capacity decreased by −2.753 TMC/y, and the average annual water level
was approximately 4269.405 m.

From May 2005 to May 2015 (Figure 7c), the water level of Ngoring Lake rose rapidly
at the end of May 2005 and reached the highest water level in October 2009, which was
approximately 4272.44 m. Then, the growth rate slowed down. The overall water level
growth rate was approximately 0.207 m/y, and the water storage capacity growth rate was
approximately 1.277 TMC/y. During this period, it was mainly affected by the hydropower
station located in the lower reaches of Ngoring Lake. The Yellow River Source Hydropower
Station, which was completed in 2001 and passed the project completion acceptance on 21
July 2006, controlled the runoff out of the lake, reduced the water loss of the lake, and led
to the rapid rise of the water level of Ngoring Lake [24].

From August 2015 to August 2017 (Figure 7d), the water level of Ngoring Lake
dropped sharply, and reached the lowest water level of 4269.05 m on 18 March 2017. The
change rate of the water level was −0.545 m/y and the change rate of water storage was
−3.369 TMC/y. This is mainly due to the construction of a reservoir to store water in Zaling
Lake, which is in the same section of the Yellow River, resulting in a rapid drop in the water
level of Ngoring Lake downstream [45].

From September 2017 to November 2021 (Figure 7e), the water level of Ngoring Lake
shows a fluctuating growth state as a whole, and the trend of a rising water level signifi-
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cantly slows down. The cumulative increase was approximately 0.61 m, the water level
change rate was 0.045 m/y, and the water storage volume change rate was 0.288 TMC/y.

(a) (b)

(c) (d)

(e)

Figure 7. Fluctuation of the water level (blue lines) and water storage capacity (orange lines) of
Ngoring Lake in different years. (a) Changes in the water level and volume of Ngoring Lake from
1992 to 2001; (b) Changes in the water level and volume of Ngoring Lake from 2002 to 2005; (c)
Changes in the water level and volume of Ngoring Lake from 2005 to 2015; (d) Changes in the water
level and volume of Ngoring Lake from 2015 to 2017; (e) Changes in the water level and volume of
Ngoring Lake from 2017 to 2021.

A peak period of the water level change is observed in Ngoring Lake from April to
May due to the increase in temperature in spring, the confluence of surface runoff caused
by alpine ice and snowmelt water. The peak period of the annual water level caused by the
increase in summer precipitation is generally from August to October [47].
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January, May, and September are selected as the representative months of the water
level of the lake during the freezing period, melting period, and nonfreezing period,
respectively, to further analyze the change in water level in Ngoring Lake during the year.

Figure 8 shows that, in most years, the water level during the nonfreezing period was
higher than that in the freezing period. Only in 1998, 2000, 2003, 2010, and 2016, the average
water level value in January was higher than that in September, and the maximum absolute
difference is approximately 0.527 m. During the period from 1995 to 2016, the water level
in May was higher than in January and September, and then gradually decreased. Only
in 2016 was the monthly average water level higher than in September, and even the
average monthly water level value during the period 2010–2016 was lower than in January.
Combined with the linear regression analysis, in general, the order of the monthly average
water level change rate from large to small is as follows: non-freezing period, melting
period, and the freezing period (blue–green–yellow).

Figure 8. The monthly average water level of Ngoring Lake during glacial, melting, and nonglacial
periods during the period 1993–2021.

3.2. Changes in Surface Area and Lake Boundary of Ngoring Lake

From 1992 to 2021, the overall lake area of Ngoring Lake showed a fluctuating upward
trend (Figure 9). The lake area was 625.35 km² in October 1992 and 643.7 km² in November
2021, representing an increase of approximately 0.633 km²/y. In January 1997, the lake area
was at its minimum, approximately 590.25 km², and in October 2009, the lake surface area
expanded to the historical maximum, at approximately 675.15 km².

From 1992 to 2001, the overall surface area of Ngoring Lake showed a slow growth
trend. From 2002 to 2005, the lake area decreased rapidly, and the average change rate
was approximately −10.67 km²/y. From June 2005 to June 2015, the area of Ngoring Lake
rapidly increased and reached the maximum lake area during this period in October 2009,
at approximately 675.15 km².

During the period from May 2016 to May 2017, the surface area of Ngoring Lake
decreased sharply. In February 2017, the surface area of the lake decreased to 603.82 km²
and gradually recovered in June of the same year. In March 2020, it dropped to 610.84 km²
again, and then the surface area showed a slow growth trend.

According to the shoreline change of Ngoring Lake during the past 30 years
(Figure 10a), the change in lake surface area mainly occurs in the southwest corner and
northeast, which are the estuary of the source of the Yellow River and the artificial intercep-
tion reservoir area, respectively, and the changes in the lake area are more sensitive than in
other areas. Figure 10b shows the change in the shoreline of the Ngoring Lake basin from
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1992 to 2001, which gradually expanded outward in the southwest corner. Figure 10c shows
the change in shoreline of Ngoring Lake from 2001 to 2005. Due to the artificial construction
of the reservoir, the runoff converges in the northeast to form a water area connected with
the main body of Ngoring Lake, and the significant change area of the lake is still located
in the southwest. Figure 10d shows the shoreline changes during the period of maximum
lake surface area (2009) and minimum lake surface area (1997) of Ngoring Lake from 1992
to 2021, and the change area is consistent with the overall shoreline change area.

Figure 9. Surface area change trend of Ngoring Lake during the period 1992–2021.

The change in lake area is mainly affected by the natural environment and human
activities [20]. The water surface change in Ngoring Lake in the last 30 years is the result of
the comprehensive action of many factors, such as climate change, human activities, and
geological tectonics [49]. The natural environment is mainly dominated by rainfall and
temperature and climate factors. According to the analysis of observation data from Maduo
Meteorological Station, the temperature of Ngoring Lake has gradually increased over the
past three decades, and the temperature has accelerated since the 1990s. The precipitation
decreased in the 1990s and slightly rebounded after 2000, and there was no obvious change
trend in precipitation as a whole. The relative humidity has been decreasing. This finding
shows that the regional climate of Ngoring Lake has become warm and dry in the past
30 years [50], thereby directly affecting the change in surface area of Ngoring Lake.

The Ngoring Lake basin is located in an alpine climate zone, with a large proportion of
no man’s land. During the period of 1992–1998, the influence of human factors was small,
and the influence of the natural environment became the main reason for the change in
the lake water level in this area. After 2000, the surface area of Ngoring Lake expanded
again, which was mainly caused by the construction of a hydropower station at the outlet
of Ngoring Lake and the improvement of the lake water level, in which human activities
played a leading role [47].

3.3. Correlation and Attribution Analysis between the Surface Area, Water Level, and Water
Storage Changes in Ngoring Lake
3.3.1. Correlation among Surface Area, Water Level, and Water Storage Capacity

Figure 11a–c shows that the water level, the lake surface area, and the water storage
capacity have a statistically significant correlation, respectively. Among them, the corre-
lation R² among the water level value and lake surface area, lake surface area, and water
storage capacity is as high as 0.9998, and the correlation R² between water level value and
lake water storage capacity is as high as 0.9992. Therefore, reconstructing the water level
value or surface area is highly accurate at the corresponding time based on the water level
value or lake surface area to estimate the lake water storage change information.

Figure 12 shows the general trend of water level, water area and water storage capacity
of Ngoring Lake from 1992 to 2021.
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3.3.2. Analysis of the Influence of Meteorological Factors on Water Level

Figure 13 shows the monthly data of precipitation and runoff in the source region of
the Yellow River from 2003 to 2015. The annual average precipitation in the source region
of the Yellow River is 562 mm, and the interannual variation of precipitation is insignificant,
but it exhibits evident seasonal changes. According to the data of Tangnaihai Hydrological
Station, the annual average runoff depth in the source area of the Yellow River from 2003
to 2015 was approximately 161 mm. In 2012, the precipitation in the source region of the
Yellow River reached 630 mm, which was higher than the average precipitation of 562 mm
from 2003 to 2015. In the same year, the runoff of the Yellow River Basin increased to the
maximum. This finding is consistent with the phenomenon that the water level of Ngoring
Lake increased in 2012 (Figure 14).

(a) 1992–2021 (b) 1992–2001

(c) 2001–2005 (d) 1997(Min), 2009(Max)

Figure 10. Shoreline changes of Ngoring Lake during the period 1992–2021.



Water 2022, 14, 2272 15 of 23

(a) (b)

(c)

Figure 11. Correlation evaluation of the surface area, water level, and water storage capacity of
Ngoring Lake.

Figure 12. Observation results of water level, surface area, and water storage capacity of Ngoring
Lake during the period 1992–2021.
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Figure 13. Monthly time series of precipitation and runoff across the Source Region of the Yellow
River during the period 2003–2015 [47].

Figure 14. Monthly average water level of Ngoring Lake during the period 2003–2015.

As shown in Figure 15a, during the period 2003–2015, the average annual water
storage in the source region of the Yellow River had an evident upward trend, and the
average annual water level increased at a rate of 1.97 mm/y. Figure 15b shows that the
annual precipitation in this region has remained stable and has not increased significantly.

(a) (b)

Figure 15. Annual time series of (a) terrestrial water storage anomalies; and (b) precipitation during
the period 2003–2015 across the entire Source Region of the Yellow River [47].

Figure 16a shows the annual average temperature of Maduo Station at the source of
the Yellow River from 1990 to 2017. The overall temperature change showed an evident
warming trend, showing the characteristics of a climate alternating between cold and warm,
fluctuating and rising, and the change rate was 0.31 °C/10a (annual). Figure 16b shows the
annual average temperature anomaly at Maduo Station. In 1998, the temperature changed
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from a negative anomaly to a positive anomaly and reached the highest value in history
in 2016.

(a)

(b)

Figure 16. (a) Annual mean temperature at Maduo station in the source region of the Yellow River;
and (b) annual average temperature anomalies at Maduo station during the period 1990–2017 [51].

Table 3 shows the comparison between the climatic factors of the source of the Yellow
River and the corresponding annual average water level change in Ngoring Lake during
the period of 2003–2013. The results show that climate change is still an important factor
affecting the change in water reserves in most sub-basins. At the same time, human
activities have an evident effect on the change in water reserves in the study basin, especially
in the middle and lower reaches of the Yellow River [52]. The establishment of reservoirs
and the implementation of other water conservancy projects have led to great changes in
the annual water reserves in some basins, and then affect the changes of the water body of
a single lake. In 2006, the Yellow River Source Hydropower Station was officially put into
operation, and the annual average water level of Ngoring Lake increased from 4269.62 m in
2005 to 4270.94 m. Since then, from 2007 to 2013, the average annual water level of Ngoring
Lake has remained above 4271.00 m, whereas the annual average temperature and annual
precipitation have not significantly changed. The finding shows that compared with the
effect of climate change on the change in water storage in the basin, human activities, such
as water conservancy project construction, have a more significant effect on the change in
lake water storage.
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Table 3. Climatic factors at the source of the Yellow River and changes in the average annual water
level of Ngoring Lake during the period 2003–2013.

Year
Annual Average
Water Reserve

Anomaly

Annual Average
Temperature

Annual
Precipitation

Annual Average
Water Level

2003 −18.4 mm −2.51 °C 552 mm 4269.39 m
2004 −6.1 mm −3.12 °C 541 mm 4269.34 m
2005 9.2 mm −2.94 °C 628 mm 4269.62 m
2006 5.6 mm −2.14 °C 483 mm 4270.94 m
2007 −7.5 mm −2.53 °C 578 mm 4271.12 m
2008 −4.8 mm −3.06 °C 542 mm 4271.40 m
2009 4.6 mm −2.41 °C 619 mm 4271.68 m
2010 5.2 mm −2.21 °C 551 mm 4271.69 m
2011 4.9 mm −2.62 °C 596 mm 4271.72 m
2012 29.6 mm −2.93 °C 632 mm 4271.84 m
2013 18.2 mm −2.91 °C 530 mm 4271.49 m

4. Discussion
4.1. Water Level–Water Storage Inversion Error Analysis

As a large freshwater lake on the TP and the upper reaches of the Yellow River,
Ngoring Lake not only regulates the local climate through the “lake effect”, but also directly
affects the seasonal variation of the waters of the lower Yellow River. This study makes full
use of the continuity of medium- and high-resolution Landsat series images, and combines
them with higher resolution Sentinel-2 images to provide more accurate and long-term
monitoring of the water body of Ngoring Lake. Meanwhile, the water level data obtained
by satellite altimetry were used to convert the changes in lake area based on Landsat series
images into changes in water storage.

For Landsat series and Sentinel-2 images, most of the water bodies in the study area
can be successfully and effectively extracted using the MNDWI and NDWI water body
index proposed by Xu [32,41]. MNDWI is more suitable for extracting the water body
boundaries of eutrophic lakes; for shallow water depths, MNDWI also has certain errors;
for oligotrophic Ngoring Lake, the effect of extracting lake boundaries by NDWI and
MNDWI index is not significant. In addition, the water body boundaries extracted using
the optimized threshold are more reasonable than those using a uniform threshold of 0,
which effectively avoids the phenomenon of mistakes and omissions in some areas. Due
to Sentinel-2 images having higher spatial resolution, the overall accuracy of the water
body extraction is more precise. It is more accurate for shallower water extraction, and
the overall extraction effect is better than the Landsat series of images. However, it is
also more susceptible to other factors such as the weather conditions, water quality, and
phytoplankton on the water surface, which may cause the misjudgment of the water body.
Therefore, the appropriate water body index should be carefully selected according to the
water body condition in the study area to ensure the best water body extraction effect.

The main uncertainty of the estimation of lake water storage capacity in this study lies
in the failure to obtain the specific measured water depth data of Ngoring Lake and the
fusion of water level data from different satellite altimeters. In this study, the water level
data provided by HYDROWEB were consulted to validate the ICESat-2 based water level
estimation. ICESat-2 currently has a small amount of data and a long time interval. There
is a certain time interval between the data measurement of ICESat-2 and HYDROWEB,
and the height variation between these time periods may cause the uncertainty of data
comparison. The results show that the lake level trends of the two datasets are highly
correlated, with an R² value of 0.9776 (RMSE = 0.077). The water level data of Ngoring
Lake extracted by ICESat-2 are slightly higher than that of the HYDROWEB dataset.

The results of the study show that the water level, lake area and water storage of
Ngoring Lake show a fluctuating increasing pattern from 1992 to 2021. The water level and
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area reached the lowest in 2017. Since then, Ngoring Lake has slowly started to expand.
Overall, the present study is more consistent with the findings of Luo et al. [53]. However,
due to the lack of lake bathymetry datasets, the water storage estimated in this study has
a certain error with the real water variation. In addition, different altimetric data have
uncertainty due to their different data quality. In the future, we will consider combining the
actual bathymetric data of the lake and fusing different altimetric satellite data to extend
the research on water level and storage capacity.

4.2. Possible Driving Forces of Lake Changes

Changes in lake level and water volume are the result of a combination of climate
variability and anthropogenic factors. Existing studies have proven that in recent years,
the internal climate change in the TP has led to the gradual increase in precipitation, and
the rise of temperature has led to the increase in glaciers and permafrost melt water, which
together contributed to the rapid expansion of lakes in recent decades [53–56]. The melting
water of glaciers and snow became an important water supply for plateau lakes [55].

According to the research results, the pattern of the lake water level rising or falling is
basically consistent with the changes in temperature and precipitation of different degrees,
which indicates that lakes in plateau areas are often more vulnerable and sensitive. In addi-
tion, the Ngoring Lake basin is more influenced by local economic construction and water
conservancy projects, and the influence of human factors on Ngoring Lake is significantly
greater than that of natural factors.

Considering the increasing contribution of glaciers and precipitation to the water
balance, the water volume of inland lakes in the plateau is expected to continue to increase
in the coming decades. This indicates that the water storage capacity of Ngoring Lake will
also increase in the near future. The continuous rise in the water level and the expansion
of the water area may breed a better ecological environment and richer biodiversity [56],
which will be conducive to ecological protection and water and soil conservation in the
Ngoring Lake basin.

5. Conclusions

In this study, combined with ICESat-2 satellite altimetry data, Hydroweb platform,
and multisource optical remote sensing images, the long-time series water fluctuation
monitoring of Ngoring Lake basin is realized. The long-term variation trend of the surface
area of the Ngoring Lake basin can be obtained using the image data of the Landsat
series and sentinel-2 from 1992 to 2021. The ICESat-2 observation data from 2018 to
2021 were integrated with the multisource satellite altimetry data provided by Hydroweb.
More accurate observation results can be obtained by applying these to lake water level
monitoring, which is of great significance to invert the water level observation data of
non-measured areas and prolong the water-level observation time series of discrete water
level stations. Based on the analysis of the water fluctuation in the Ngoring Lake basin in
the past 30 years, the conclusions are as follows:

(1) The satellite images obtained from the Tibetan Plateau have high cloud coverage
and a long return period. Thus, continuously monitoring the changes in lakes and water
bodies in the whole plateau by only using a single remote sensing sensor is impossible. In
this study, using the ICESat-2 photon counting laser altimeter data and multisource satellite
altimeter combined with optical remote sensing satellite images, the dynamic data of the
water level and area in Ngoring Lake basin were captured conveniently and accurately,
and the changes in lake water storage were estimated. This method has high applicability
to areas where the measured water level data cannot be obtained.

(2) In the last 30 years, the changes in water level, lake area, and water storage ca-
pacity of Ngoring Lake slightly increased, in general, from 4270.19 m, 625.35 km², and
102.92/billion m³ in 1992 to 4271.15 m, 646.1 km², and 109.01/billion m³ in 2021. The water
storage capacity is slowly growing at approximately 0.21/billion m³ per year. During the
research period from 1992 to 1998, the water fluctuation in Ngoring Lake was mainly af-
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fected by natural environmental factors, such as the change in temperature, annual rainfall,
and annual evaporation. After 1998, to satisfy the needs of local economic development,
water conservancy projects, such as the construction of hydropower stations, have a more
significant effect on the water body of Ngoring Lake.

(3) Lake water level monitoring is mostly based on spaceborne altimeters, such as
the Jason series, Envisat, ICESat, and Cryosat-2. Most studies are mainly focused on lakes
with an area of 100 km² or larger due to a long time span, irregular ground trajectory
points, blank observation data, and other reasons, and less observation being made for
smaller water bodies. According to the research results of reference [27], compared with
the aforementioned satellite altimeter, ICESat-2 can realize the observation of lakes with a
surface area of less than 0.1 km². In our study, ICESat-2/ATL13 data were analyzed and
compared with the water level values obtained from Hydroweb. The water level values of
coincidence dates were R² = 0.9776, MAE = 0.42 m, and RMSE = 0.077 m. These results show
that ICESat-2 can be combined with remote sensing data to realize the long-time series
dynamic monitoring of water bodies in plateau lakes, and it can be used as a supplement
for no measured data.

(4) In addition, ICESat-2 shows great potential in accurately describing underwater
topography and captures nearly 30 m of water depth signals reflected from underwater
in the Ngoring Lake basin. In future research, the use of the ICESat-2 dataset and other
satellite data with global spatial coverage (such as optical remote sensing or waveform
data) will enable the long-term monitoring of changes in the overall water resources of
the TP. This approach helps to better predict the temporal and spatial characteristics of the
regional water level changes in the TP and provide a basis for hydrological simulation in
the plateau region. It is greatly important for further research on the influencing factors of
water level fluctuations and the formulation of reasonable water resource dispatching and
management policies.

Author Contributions: Conceptualization, W.Z. and S.Z.; methodology, Z.Q.; software, S.Z.; vali-
dation, N.H., Y.L., Z.Z. and F.Y.; formal analysis, W.Z. and Y.L.; investigation, S.Z.; resources, S.Z.;
data curation, S.Z.; writing—original draft preparation, S.Z. and W.Z.; writing—review and editing,
S.Z.; visualization, S.Z.; supervision, W.Z.; project administration, W.Z.; funding acquisition, W.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key R&D Program of China (2016YFC1400904)
and the scientific innovation program project by the Shanghai Committee of Science and Technology
(20dz1206501).

Data Availability Statement: The data are available to readers by contacting the corresponding
author.

Acknowledgments: We would like to acknowledge the NASA National Snow and Ice Data Center,
European, LEGOSHYDROWEB for providing ICESat-2, Landsat series, Sentinel-2, and altimeter data,
respectively. We appreciate the comments of the three anonymous reviewers and editors, which
helped improve this study.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Zisopoulou, K.; Zisopoulos, D.; Panagoulia, D. Water Economics: An In-Depth Analysis of the Connection of Blue Water with

Some Primary Level Aspects of Economic Theory I. Water 2022, 14, 103. [CrossRef]
2. Yang, G.; Ma, R.; Zhang, L.; Jiang, J.; Yao, S.; Zhang, M.; Zeng, H. Lake status, major problems and protection strategy in

China. J. Lake Sci. 2010, 22, 799–810. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=FLKX201006003
&DbName=CJFQ2010 (accessed on 1 December 2021).

3. Zhu, W.; Yan, J.; Jia, S. Monitoring Recent Fluctuations of the Southern Pool of Lake Chad Using Multiple Remote Sensing Data:
Implications for Water Balance Analysis. Remote Sens. 2017, 9, 1032. [CrossRef]

http://doi.org/10.3390/w14010103
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=FLKX201006003&DbName=CJFQ2010
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=FLKX201006003&DbName=CJFQ2010
http://dx.doi.org/10.3390/rs9101032


Water 2022, 14, 2272 21 of 23

4. Jiang, J.; Huang, Q. Comparison of Lake distribution characteristics between Qinghai Tibet Plateau and China. Remote Sens.
2004, 6, 24–27. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=SZYB200406006&DbName=CJFQ2004
(accessed on 1 March 2022).

5. Panagoulia, D.; Vlahogianni, E.I. Nonlinear dynamics and recurrence analysis of extreme precipitation for observed and general
circulation model generated climates. Hydrol. Process. 2014, 28, 2281–2292. [CrossRef]

6. Gao, J.; Ma, P.; Du, J.; Huang, X. Spatial distribution of extreme precipitation in the Tibetan Plateau and effects of external forcing
factors based on Generalized Pareto Distribution. Water Supply 2020, 21, 1253–1262. [CrossRef]

7. Wang, W.; Li, H.; Xie, Z.; Zhu, X.; Xiao, L.; Hao, X.; Wang, J. Continental Water Vapor Dominantly Impacts Precipitation during
the Snow Season on the Northeastern Tibetan Plateau. J. Clim. 2022, 35, 3819–3831. [CrossRef]

8. Sun, J.; Yao, X.; Deng, G.; Liu, Y. Characteristics and Synoptic Patterns of Regional Extreme Rainfall over the Central and Eastern
Tibetan Plateau in Boreal Summer. Atmosphere 2021, 12, 379. [CrossRef]

9. Wan, W.; Xiao, P.; Feng, X.; Li, H.; Ma, R.; Duan, H.; Zhao, L. Monitoring lake changes of Qinghai-Tibetan Plateau over the past
30 years using satellite remote sensing data. Chin. Sci. Bull. 2014, 59, 1021–1035. http://dx.doi.org/10.1007/s11434-014-0128-6.
[CrossRef]

10. Gou, Z.J.; Liu, F.G. Ngoring Lake-Encyclopedia of global change data. J. Glob. Chang. Data Discov. 2019, 3, 91–92.
http://dx.doi.org/10.3974/geodp.2019.01.14.

11. Zhang, G.; Chen, W.; Xie, H. Tibetan plateau’s lake level and volume changes from NASA’s ICESat/ICESat-2 and landsat missions.
Geophys. Res. Lett. 2019, 46, 13107–13118. http://dx.doi.org/10.1029/2019GL085032. [CrossRef]

12. Cai, W.; Yu, J.Q.; Li, H.J. Application and Prospect of Remote Sensing Techniques to Lake Environmental Monitoring. J. Salt
Lake Res. 2005, 4, 14–20. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=YHYJ200504003&DbName=
CJFQ2005 (accessed on 1 January 2022).

13. Zhao, Y.; Liao, J.J.; Shen, G.Z.; Zhang, X.L. Monitoring the water level changes in Qinghai Lake with satellite altimetry data. J.
Remote. Sens. 2017, 21, 633–644. [CrossRef]

14. Tian, Y.; Zhang, X.Q.; Sun, R. Extracting Alpine Lake Information Based on Multi-Source and Multi-Temporal Satellite Images and
Its Uncertainty Analysis—A Case Study in Yamzhog Yumco Basin, South Tibet. J. Glaciol. Geocryol. 2012, 34, 563–572. Available
online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=BCDT201203008&DbName=CJFQ2012 (accessed on 1 March
2021).

15. Jiang, W.P.; Chu, Y.H.; Li, J.C.; Yao, Y.S. Water Level Variation of Qinghai Lake from Altimeteric Data. Geomat. Inf. Sci. Wuhan
Univ. 2008, 1, 64–67. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=WHCH200801015&DbName=
CJFQ2008 (accessed on 1 January 2022).

16. Arsen, A.; Crétaux, J.-F.; Berge-Nguyen, M.; Del Rio, R.A. Remote sensing-derived bathymetry of lake poopo. Remote Sens. 2014,
6, 407–420. [CrossRef]

17. Dubey, A.K.; Gupta, P.K.; Dutta, S.; Singh, R.P. An improved methodology to estimate river stage and discharge using jason-2
satellite data. J. Hydrol. 2015, 529, 1776–1787. [CrossRef]

18. Policelli, F.; Hubbard, A.; Jung, H.C.; Zaitchik, B.; Ichoku, C. A predictive model for Lake Chad total surface water area using
remotely sensed and modeled hydrological and meteorological parameters and multivariate regression analysis. J. Hydrol. 2019,
568, 1071–1080. [CrossRef]

19. Wang, J.; Li, M.; Wang, L.; She, J.; Zhu, L.; Li, X. Long-term lake area change and its relationship with climate in the endorheic
basins of the tibetan plateau. Remote Sens. 2021, 13, 5125. http://dx.doi.org/10.3390/rs13245125. [CrossRef]

20. Qiao, B.; Zhu, L.; Wang, J.; Ju, J.; Ma, Q.; Liu, C. Estimation of lakes water storage and their changes on the northwestern Tibetan
Plateau based on bathymetric and Landsat data and driving force analyses. Quat. Int. 2017, 454, 56–67. [CrossRef]

21. Wang, L.M.; Wang, J.X.; Wang, L.C.; Zhu, L.P.; Li, X.G. Terrestrial water storage regime and its change in the endorheic Tibetan
Plateau. Sci. Total. Environ. 2022, 815, 152729. [CrossRef] [PubMed]

22. Qiao, B.; Zhu, L.; Wang, J.; Ju, J.; Ma, Q.; Huang, L.; Chen, H.; Liu, C.; Xu, T. Estimation of lake water storage and changes based
on bathymetric data and altimetry data and the association with climate change in the central Tibetan Plateau. J. Hydrol. 2019,
578, 124052. [CrossRef]

23. Wang, S.M.A.; Dou, H.S. Lake Records of China; Science Press: Beijing, China, 1998; pp. 1–580.
24. Li, W.S.; Feng, L.; Sun, S.L. Influence of Zaling and Eling Lake on the Annual Discharge of the Huanghe River Source Area.

Acta Geogr. Sin. 2001, 56, 75–82. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=DLXB200101008
&DbName=CJFQ2001 (accessed on 1 May 2021).

25. Compilation Committee of Maduo County Chronicles. Maduo County Chronicle; Qinghai Ethnic Publishing House: Madoi County,
China, 2011; pp. 182–195.

26. Du, J.; Wen, L.J.; Su, D.S. Analysis of Simulated Temperature Difference between Lake Surface and Air and Energy Balance of
Three Alpine Lakes with Different Depths on the Qinghai-Xizang Plateau during the Ice-Free Period. Plateau Meteorol. 2020, 39,
1181–1194. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=GYQX202006005&DbName=CJFQ2020
(accessed on 1 May 2021).

27. Magruder, L.A.; Brunt, K.M. Performance Analysis of Airborne Photon-Counting Lidar Data in Preparation for the ICESat-2
Mission. IEEE Trans. Geosci. Remote. Sens. 2018, 56, 2911–2918. [CrossRef]

https://kns.cnki.net/kcms/detail/detail.aspx?FileName=SZYB200406006&DbName=CJFQ2004
http://dx.doi.org/10.1002/hyp.9802
http://dx.doi.org/10.2166/ws.2020.365
http://dx.doi.org/10.1175/JCLI-D-21-0241.1
http://dx.doi.org/10.3390/atmos12030379
http://dx.doi.org/10.1007/s11434-014-0128-6
http://dx.doi.org/10.1029/2019GL085032
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=YHYJ200504003&DbName=CJFQ2005
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=YHYJ200504003&DbName=CJFQ2005
http://dx.doi.org/10.11834/jrs.20176217
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=BCDT201203008&DbName=CJFQ2012
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=WHCH200801015&DbName=CJFQ2008
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=WHCH200801015&DbName=CJFQ2008
http://dx.doi.org/10.3390/rs6010407
http://dx.doi.org/10.1016/j.jhydrol.2015.08.009
http://dx.doi.org/10.1016/j.jhydrol.2018.11.037
http://dx.doi.org/10.3390/rs13245125
http://dx.doi.org/10.1016/j.quaint.2017.08.005
http://dx.doi.org/10.1016/j.scitotenv.2021.152729
http://www.ncbi.nlm.nih.gov/pubmed/34998774
http://dx.doi.org/10.1016/j.jhydrol.2019.124052
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=DLXB200101008&DbName=CJFQ2001
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=DLXB200101008&DbName=CJFQ2001
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=GYQX202006005&DbName=CJFQ2020
http://dx.doi.org/10.1109/TGRS.2017.2786659


Water 2022, 14, 2272 22 of 23

28. Neuenschwander, A.; Pitts, K. The ATL08 land and vegetation product for the ICESat-2 Mission. Remote. Sens. Environ. 2019, 221,
247–259. [CrossRef]

29. Zhu, X.X.; Wang, C.; Xi, X.H.; Nie, S.; Yang, X.B.; Li, D. ICESat-2/ATLAS Data Processing and Applications: A Review.
Infrared Laser Eng. 2020, 49, 76–85. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=HWYJ202011008
&DbName=DKFX2020 (accessed on 1 January 2022).

30. Xu, N.; Zheng, H.; Ma, Y.; Yang, J.; Liu, X.; Wang, X. Global estimation and assessment of monthly Lake/Reservoir water level
changes using ICESat-2 ATL13 products. Remote Sens. 2021, 13, 2744. http://dx.doi.org/10.3390/rs13142744.

31. Jiang, G.Z.; Han, B.; Gao, Y.B.; Yang, C.J. Review of 40-year earth observation with Landsat series and prospects of LDCM. J.
Remote Sens. 2013, 17, 1033–1048. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=YGXB201305001
&DbName=CJFQ2013 (accessed on 1 September 2021).

32. Xu, H.Q. Change of Landsat 8 TIRS calibration parameters and its effect on land surface temperature retrieval. J. Remote. Sens.
2016, 20, 229–235. [CrossRef]

33. Wang, D.Z.; Wang, S.M.; Huang, C. Comparison of Sentinel-2 imagery with Landsat8 imagery for surface water extraction using
four common water indexes. J. Remote. Sens. 2019, 31, 157–165. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?
FileName=GTYG201903020&DbName=CJFQ2019 (accessed on 1 September 2021).

34. Yue, H.; Liu, Y.; Wei, J. Dynamic change and spatial analysis of great lakes in china based on hydroweb and landsat data. Arab. J.
Geosci. 2021, 14, 149. http://dx.doi.org/10.1007/s12517-021-06518-4. [CrossRef]

35. Muala, E.; Mohamed, Y.A.; Duan, Z.; Zaag, P.V. Estimation of reservoir discharges from lake nasser and roseires reservoir in the
nile basin using satellite altimetry and imagery data. Remote. Sens. 2014, 6, 7522–7545. http://dx.doi.org/10.3390/rs6087522.
[CrossRef]

36. Sun, W.; Jin, J.W.; Li, G.Y.; Me, J.Q. Accuracy evaluation of laser altimetry satellite ICESa1-2 in monitoring water level of Taihu
lake. Sci. Surv. Mapp. 2021, 46, 6–11. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=CHKD2021110
02&DbName=DKFX2021 (accessed on 1 February 2022).

37. Zhang, J.T.; Liu, C.L. Water level change monitoring of Danjiangkou reservoir based on laser altimetry data. Sci. Surv. Mapp. 2021,
46, 20–24. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=CHKD202102004&DbName=DKFX2021
(accessed on 1 December 2021).

38. Wu, H.B.; Guo, Z.M.; Mao, R.J. Monitoring Lake Water Level Changes in the Middle and Lower Yangtze River Basin Based on
ICESat-GLAS Altimetry Data. Resour. Sci. 2012, 34, 2289–2298. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?
FileName=ZRZY201212012&DbName=CJFQ2012 (accessed on 1 February 2022).

39. Dandabathula, G.; Rao, S.S. Validation of ICESat-2 Surface Water Level Product ATL13 with Near Real Time Gauge Data.
Hydrology 2020, 8, 19–25. http://dx.doi.org/10.11648/j.hyd.20200802.11. [CrossRef]

40. Sun, F.; Ma, R.; He, B.; Zhao, X.; Zeng, Y.; Zhang, S.; Tang, S. Changing patterns of lakes on the southern tibetan plateau based on
multi-source satellite data. Remote. Sens. 2020, 12, 3450. http://dx.doi.org/10.3390/rs12203450. [CrossRef]

41. Xu, H.Q. A Study on Information Extraction of Water Body with the Modified Nomalized Difference Water Index (MNDWI).
J. Remote. Sens. 2005, 5, 589–595. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=YGXB200505011
&DbName=CJFQ2005 (accessed on 1 December 2021).

42. Xu, R.; Zhang, Z.X.; Zhao, C.Z. Different Models Used in Extraction of Lake Water Body Based on MODIS Data. Remote. Sens.
Inf. 2015, 30, 111–118. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=YGXX201501019&DbName=
CJFQ2015 (accessed on 1 February 2022).

43. Lu, S.J.; Zhou, Q.P.; Wang, Y.J.; Zeng, H. Comprehensive Evaluation of Water Environment in the Eling Lake Area. J. Environ.
Health 2007, 30, 598–599. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=HJYJ200708015&DbName=
CJFQ2007 (accessed on 1 February 2022).

44. Sun, J.Y.; Yuan, L.; Wang, X.S.; Li, P.Z.; Zou, J.Q. Correlations between water surface area, water storage, and water level of
Danjiangkou Reservoir based on GF_l Satellite. South–North Water Transf. Water Sci. Technol. 2017, 15, 89–96. Available online:
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=NSBD201705014&DbName=CJFQ2017 (accessed on 1 March 2022).

45. Song, C.; Huang, B.; Ke, L. Modeling and analysis of lake water storage changes on the tibetan plateau using multi-mission
satellite data. Remote Sens. Environ. 2013, 135, 25–35. [CrossRef]

46. Taube, C.M. Instructions for Winter Lake Mapping//Schneider J C. Manual of Fisheries Survey Methods II: With Periodic Updates; Michigan
Department of Natural Resources: Ann Arbor, MI, USA, 2000; pp. 50–52.

47. Li, Z.G.; Lv, S.H.; Ao, Y.H.; Wang, S.Y. Analysis of Micrometeorology and CO2 Flux Characteristics over Lake Ngoring Lakeside
Region in Summer. Prog. Geogr. 2012, 31, 602–608. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=
DLKJ201205011&DbName=CJFQ2012 (accessed on 1 December 2021).

48. Hao, A.; Duan, H.; Wang, X.; Zhao, G.; You, Q.; Peng, F.; Du, H.; Liu, F.; Li, C.; Lai, C.; et al. Different response of alpine meadow
and alpine steppe to climatic and anthropogenic disturbance on the Qinghai-Tibetan Plateau. Glob. Ecol. Conserv. 2021, 27, e01512.
[CrossRef]

49. Zhang, B.; Qin, Q.M.; Sun, Y.J.; Zhang, Z.X.; You, L. Dynamic monitoring and change analysis of Gyarng Lake and Ngoring Lake
of recent 30 years based on remote sensing method. Sci. Surv. Mapp. 2010, 35, 54–56. Available online: https://kns.cnki.net/
kcms/detail/detail.aspx?FileName=CHKD201004018&DbName=CJFQ2010 (accessed on 1 February 2022).

http://dx.doi.org/10.1016/j.rse.2018.11.005
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=HWYJ202011008&DbName=DKFX2020
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=HWYJ202011008&DbName=DKFX2020
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=YGXB201305001&DbName=CJFQ2013
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=YGXB201305001&DbName=CJFQ2013
http://dx.doi.org/10.11834/jrs.20165165
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=GTYG201903020&DbName=CJFQ2019
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=GTYG201903020&DbName=CJFQ2019
http://dx.doi.org/10.1007/s12517-021-06518-4
http://dx.doi.org/10.3390/rs6087522
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=CHKD202111002&DbName=DKFX2021
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=CHKD202111002&DbName=DKFX2021
 https://kns.cnki.net/kcms/detail/detail.aspx?FileName=CHKD202102004&DbName=DKFX2021
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=ZRZY201212012&DbName=CJFQ2012
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=ZRZY201212012&DbName=CJFQ2012
http://dx.doi.org/10.11648/j.hyd.20200802.11
http://dx.doi.org/10.3390/rs12203450
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=YGXB200505011&DbName=CJFQ2005
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=YGXB200505011&DbName=CJFQ2005
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=YGXX201501019&DbName=CJFQ2015
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=YGXX201501019&DbName=CJFQ2015
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=HJYJ200708015&DbName=CJFQ2007
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=HJYJ200708015&DbName=CJFQ2007
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=NSBD201705014&DbName=CJFQ2017
http://dx.doi.org/10.1016/j.rse.2013.03.013
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=DLKJ201205011&DbName=CJFQ2012
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=DLKJ201205011&DbName=CJFQ2012
http://dx.doi.org/10.1016/j.gecco.2021.e01512
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=CHKD201004018&DbName=CJFQ2010
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=CHKD201004018&DbName=CJFQ2010


Water 2022, 14, 2272 23 of 23

50. Wang, Y.; Li, Y.H.; Sun, X.Y. Impact of climate change on the eco-environment in the Yellow River Source. Pratacultural Sci. 2015,
32, 539–551. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=CYKX201504008&DbName=CJFQ2015
(accessed on 1 February 2022).

51. Feng, X.L.; Liu, C.H.; Lin, P.F.; Bai, W.R.; Yu, D. Multi-Timescale Features of Surface Air Temperature in the Source Region of
the Yellow River during 1953–2017. Climatic and Environmental Research. Clim. Environ. Res. 2020, 25, 333–344. (In Chinese)
Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=QHYH202003009&DbName=CJFQ2020 (accessed on
1 February 2022).

52. Xie, J.K. Influences of Climatic Variability and Human Activitics on Terrestrial Water Storage Variations Across the Yellow River
Basin. Zhejiang University, Zhejiang, China, 2020. Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=10
20085115.nh&DbName=CDFD2021 (accessed on 1 February 2022).

53. Luo, S.; Song, C.; Zhan, P.; Liu, K.; Chen, T.; Li, W.; Ke, L. Refined estimation of lake water level and storage changes on the
Tibetan Plateau from ICESat/ICESat-2. Catena 2021, 200, 105177. [CrossRef]

54. Lei, Y.; Zhu, Y.; Wang, B.; Yao, T.; Yang, K.; Zhang, X.; Zhai, J.; Ma, N. Extreme lake level changes on the Tibetan plateau associated
with the 2015/2016 El Nino. Geophys. Res. Lett. 2019, 46, 5889–5898. [CrossRef]

55. Song, C.; Ye, Q.; Sheng, Y.; Gong, T. Combined ICESat and CryoSat-2 altimetry for accessing water level dynamics of Tibetan
lakes over 2003–2014. Water 2015, 7, 4685–4700. [CrossRef]

56. Zhang, G.; Yao, T.; Xie, H.; Yang, K.; Zhu, L.; Shum, C.; Bolch, T.; Yi, S.; Allen, S.; Jiang, L.; et al. Response of Tibetan Plateau’s
lakes to climate changes: Trend, pattern, and mechanisms. Earth-Sci. Rev. 2020, 208, 103269. [CrossRef]

https://kns.cnki.net/kcms/detail/detail.aspx?FileName=CYKX201504008&DbName=CJFQ2015
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=QHYH202003009&DbName=CJFQ2020
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=1020085115.nh&DbName=CDFD2021
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=1020085115.nh&DbName=CDFD2021
http://dx.doi.org/10.1016/j.catena.2021.105177
http://dx.doi.org/10.1029/2019GL081946
http://dx.doi.org/10.3390/w7094685
http://dx.doi.org/10.1016/j.earscirev.2020.103269

	Introduction
	Materials and Methods
	Study Area
	Data
	ICESat-2 Laser Altimeter Data
	Optical Remote Sensing Image Data
	Satellite Altimeter Data

	Methods
	ICESat-2 Water Level Extraction and Multisource Altimeter Data Fusion
	Accuracy Verification and Evaluation of ICESat-2 and Satellite Altimeter
	Extraction of Lake Surface Area
	Estimation of the Lake Water Storage Based on Water Level—Area Relationship


	Results
	Analysis of the Changes in Water Level and Water Storage Capacity in Ngoring Lake
	Changes in Surface Area and Lake Boundary of Ngoring Lake
	Correlation and Attribution Analysis between the Surface Area, Water Level, and Water Storage Changes in Ngoring Lake
	Correlation among Surface Area, Water Level, and Water Storage Capacity
	Analysis of the Influence of Meteorological Factors on Water Level


	Discussion
	Water Level–Water Storage Inversion Error Analysis
	Possible Driving Forces of Lake Changes

	Conclusions
	References

