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GEDI: A New LiDAR Altimetry to Obtain the Water
Levels of More Lakes on the Tibetan Plateau

Juan Wu”, Chang-Qing Ke

Abstract—Remote sensing is an effective means for lake water
level monitoring on the Tibetan Plateau (TP). The purpose of this
study is to estimate water levels of lakes on the TP using the
Global Ecosystem Dynamics Investigation (GEDI) and Cloud and
Land Elevation Satellite-2 (ICESat-2), evaluate the performance
of ICESat-2 and GEDI in estimating water levels, and analyze
the differences of water level obtained by the two altimeters. The
results showed that the average coefficient of determination (R?)
values between the estimated water levels (GEDI and ICESat-2)
and the datasets (DAHITI and Hydroweb) were greater than 0.80,
respectively. The water level of DAHITI and Hydroweb are mainly
from radar nadir altimeters. The average root mean square error
(RMSE) between GEDI and DAHITI was 0.54 m, between GEDI
and Hydroweb was 0.38 m for Qinghai Lake. The average RMSE of
Qinghai Lake between ICESat-2 and DAHITI was 0.50 m, and be-
tween ICESat-2 and Hydroweb was 0.28 m. The comparison results
showed that the accuracy of GEDI seems to be slightly lower than
that of ICESate-2. The main impact indicators of the difference
between the GEDI and ICESat-2 in lake level estimations were the
viewing angles (VAs), solar elevation, air temperature, and wind.
From 2019 to 2021, GEDI covered 770 more lakes than ICESat-2,
and the lake level fluctuation mainly occurred in the Inner Plateau
and Yangtze basins. The GEDI can effectively estimate lake levels,
which provides more water levels for lakes and lays a foundation
for future research on the TP.

Index Terms—GEDI, ICESat-2, lake level, Tibetan Plateau.

I. INTRODUCTION

AKES are an important part of Earth’s freshwater storage
[1], [2]. Monitoring changes in lake levels reflects human
use of these water resources and indicates climate change [3],
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[4], [5]. Monitoring lake levels is necessary and important
work for water resource utilization management in the national
ecosystem sector as well as for humans to address global climate
change [6], [7]. Traditional field survey data are limited and
scarce due to high construction and maintenance costs and are
often considered to be sensitive information [8], [9]. Remote
sensing technology provides the opportunity for large-scale
lake level measurements to be obtained, and satellite altimetry
technology is one of the reliable means to monitor lake level
changes [3], [8], [10], [11].

With the development of remote sensing technology and the
increasing demand for data, an increasing number of altimeter
missions have been launched, and more than ten radar altimeters
have been launched (including Geosat, European Remote Sens-
ing Satellite ERS-1/2, Topex/Poseidon, Envisat, Jasonl/2/3,
Cryosat-2, HaiYang-2, Saral/Altika, and Sentinel 3A/B). Radar
altimeters have the capability of all-weather observation and
cloud penetration, and existing radar altimeters can already real-
ize the monitoring of long time series [12], [13], [14], [15]. Early
radar altimeters, such as Topex/Poseidon, ERS-1/2, Envisat,
and Jason-1/2, have achieved long-term lake level monitoring
from 1992 to 2019 [12]. The use of multiple radar altimeters
improves the temporal resolution of the observation data and
provides fundamental data for seasonal lakes studies on the
Tibetan Plateau (TP) [13], [14]. Although radar altimeters have
been widely used in water monitoring, their large footprints
make their accuracy lower than lidar altimeter [16]. Moreover,
the orbit drifts enable lidar altimeters to collect measurements
over a larger area of the earth’s surface than radar altimeters
[17]. Only three laser altimeters have been launched, includ-
ing the Ice, Cloud, and Land Elevation Satellite (ICESat), the
Ice, Cloud and Land Elevation Satellite-2 (ICESat-2), and the
Global Ecosystem Dynamics Investigation (GEDI). While only
ICESat-2 and GEDI are on mission now. The ICESat is the
earliest laser altimeter and has been in operation for approx-
imately 7 years, from January 2003 to February 2010 [18].
The ICESat-2 and GEDI were launched in September 2018 and
December 2018, respectively. The ICESat and ICESat-2 have
been widely used in surface monitoring, including lake level
change [10], [19], polar sea ice thickness [20], [21], forest tree
height [22], [23], and glacial mass balance [24]. The Satellite
lidar measurements have smaller footprints and higher sampling
density than radar altimeters, which provides a higher accuracy
of lidar measurements. However, the observation error caused by
the attenuation and scattering of lidar signal caused by clouds
cannot be avoided [25], [26], [27]. The repeat-track mode of
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ICESat-2 and slight adjustment over the land area to make
more land surface observed (especially vegetation), but the track
spacing in mid-latitude area will become larger than high latitude
[28]. The ICESat, ICESat-2, and GEDI have footprints of ~70
m, 17 m, and 25 m, respectively. In addition, the ICESat and
ICESat-2 provide a higher precision in lake level monitoring than
radar altimeters and enable monitoring of a much larger number
of lakes [10], [12], [19], [29], [31], [32]. Also, if ICESat-2 has
more ground tracks, the repeat period would be longer than
most radar altimeters. For example, ICESat-2 enables retrieval
of annual, seasonal, monthly, and ten-day coverage patterns for
21 pan-Arctic lakes [33]. While the GEDI aims to advance the
understanding of carbon and water cycle processes, biodiversity,
and habitats, high-precision elevation measurements are also
of great value for forest management, glaciers, surface water
monitoring, and more accurate DEM generation [33]. Although
a few studies have shown that the GEDI performs well in surface
water monitoring [35], [36], [37], there remains a lack of further
confirmation of the feasibility of the GEDI water level inversion
with a large number of samples.

Depending on the state of the data collected by the altimeter,
the outside environment, and the size of the lake, the accu-
racy of the lake level estimation may vary from centimeters
to decimeters [37], [38]. The viability of the echoed LiDAR
data can be affected by atmospheric factors, such as cloud
height, cloud thickness, and cloud optical depth [26]. Different
footprint sampling and coverage states also affect the accuracy
of lake level extraction [39], [40]. Therefore, it is important to
analyze the impact indicators of lake level estimation to improve
the accuracy of lake level estimation, which serves as a reference
for the comprehensive use of multisource altimetry data.

As an important water reservoir resource and climate in-
dicator, lake level monitoring on the TP is important for the
implementation of sustainable development strategies in the
ecosystem sector [41], [42]. The TP covers a vast territory and
has complex terrain, making field operations difficult, and few
lake water levels have been observed in the field [16]. The de-
velopment of remote sensing technology has facilitated research
on the change in lake level on the TP. However, due to the large
footprint of radar data (for example, the Topex/Poseidon has a
footprint of approximately 2.2 km), in the early stage, levels from
only 20 lakes on the TP could be obtained [12]. With the ICESat
and ICESat-2 being used to monitor water levels, the ICESat
can obtain 4 years of water level data for 100 lakes from 2003
to 2009 [32]. For the lakes on the TP, the number of observed
lakes was relatively small, and at least half of the lakes have not
yet been observed. The combination of multisource altimetry
data can improve the spatial and temporal resolution, and it is an
inevitable trend to combine multisource altimetry data to obtain
longer lake levels and more lake observations [3], [13], [43],
[44]. Since the publication of the latest GEDI lidar altimeter
data, the GEDI has been applied to estimate lake levels on a
small scale [17], [35], [36]. Currently, the research on lake levels
retrieved by using GEDI is mainly focused on the Great Lakes
and a small part of the lakes in Switzerland [17], [35], [36]. There
are few research using GEDI to retrieve the lake level on the TP,
with only one study focused on the water levels of Qinghai Lake
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[45]. TP is the largest group of plateau lakes on Earth, how does
the lake level retrieved by GEDI perform on the TP? Could the
combination of the latest laser altimeter provide a new prospect
for lake level monitoring on the TP? These are questions worth
answering.

Therefore, this study aimed to combine the GEDI and ICESat-
2 to obtain the water levels of more lakes. The GEDI and ICESat-
2 were used to estimate the lake levels on the TP from June 2019
to June 2021. We compared the performance of the GEDI and
ICESat-2 in the estimation of lake levels on the TP and discussed
the impact of meteorological factors and altimeter parameters on
the water level estimation results. Therefore, we combined the
results obtained from the GEDI and ICESat-2 to provide lake
level changes and a lake level dataset on the TP from 2019 to
2021.

II. MATERIALS AND METHODS
A. Study Area

The TP is located at 25°35°N-40°15°N, 67°33’E-104°51’E
(see Fig. 1), and with an average elevation of approximately
4000 m a.s.l., it is referred to as “the Third Pole of the world”
[41]. There are approximately 2000 lakes of various sizes on the
TP, which is the largest group of plateau lakes on Earth, with a
total area of approximately 5 x 10* km?. The TP is also known as
the “Water Tower of Asia” [46], which provides water resources
for more than a billion people in Asia [47], and more than 50%
of China’s lakes are located on the TP, which makes the TP an
important water resource for China and Asia[10], [48]. The well-
known Yangtze River and Yellow River both originate from the
TP. The TP is divided into 12 basins by the main rivers, including
the Hexi Corridor, Qaidam, Yellow, Yangtze, Mekong, Salween,
Inner TP, Tarim, Amu Darya, Indus, Ganges, and Brahmaputra
(see Fig. 1).

B. Data

1) GEDI Data: The GEDI is a full waveform lidar altime-
ter that was launched on 5 December 2018 with an on-orbit
checkout in April 2019. The GEDI data were processed and
provided by the Land Processes Distributed Active Archive
Center (LP DACC), which is attached to the International Space
Station (ISS). For the ISS is not maintained in a repeating orbit,
GEDI uses an active-track pointing system to help eliminate
coverage gaps, which allows more acquisitions and more evenly
distribution [33]. The GEDI provides high-quality measure-
ments of the 3-D structure and topography of Earth’s forests
and terrain between 52°N and 52°S. The GEDI consists of
three lasers with a pulse frequency of 242 Hz and one of the
lasers’ outputs is split into two beams. The two beams with
half the power of the full laser and called coverage beams.
While the other two lasers remain at full power and are called
full-power beams. The coverage lasers fire 5 mJ pulses, while
each of the two full power lasers fires 10 mJ pulses [49]. Four
beams are dithered across track to produce 8 tracks, which are
separated by ~600 m across the track. The 8 tracks include 4 full
power ground tracks (BEAMO0101, BEAMO110, BEAM1000,
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Fig. 1. Geographic map of the lakes on the TP (the 12 basins are shown in different colors).

and BEAM1011) and 4 coverage ground tracks (BEAMO000,
BEAMO0001, BEAMO0010, and BEAMOO11). The GEDI has
a footprint diameter of ~25 m and a 60-m distance between
footprint centers along the track [34]. The GEDI measures
vertical structures using a 1064-nm laser pulse, with a vertical
accuracy over relatively flat, nonvegetated surfaces of ~3 cm
[34].

The LI1B product provides geolocated, corrected, and
smoothed waveforms, geolocation parameters, and geophysical
corrections for each laser shot for all eight GEDI beams. The
L1B (V002) products from June 2019 to June 2021 were used to
extract the instrumental parameters of waveforms (width, am-
plitude, energy, etc.) for importance analysis. The L2A product
provides waveform interpretation and extracted products from
each L1B received waveform. The L2A (V002) product from
June 2019 to June 2021 was used to calculate the instrumental pa-
rameters (signal-to-noise ratio and VAs) for importance analysis.
The L2B product mainly extracts biophysical metrics from each
GEDI waveform, which provides precise latitude, longitude, el-
evation, height, and canopy cover data. The L2B (V002) product
from June 2019 to June 2021 was used to estimate the lake level
on the TP, and the mean time of sampling days tracks for all lake
time on the TP in each month from GEDI are shown in Fig. 2.
The GEDI products are available from the Earth science data
systems of the National Aeronautics and Space Administration
(NASA) at https://search.earthdata.nasa.gov/.

2) ICESat-2 Data: The ICESat-2 was launched by NASA on
15 September 2018, with an orbit altitude of 496 km, an orbit
inclination of 92°, an orbit repeat period of 91 days [28], and
generating 1387 Reference Ground Tracks (RGT) [49], [50].
The laser spot is not perfectly following the RGT for repeated
observation, ICESat-2 collects repeat-track observation for the
polar region and oceans. The track spacing of the mid-latitudes
is larger than the high latitudes, and to measure more forests on
the earth, satellites will point slightly off the RGT over land [28],
[50]. ICESat-2 carries the enhanced Advanced Topographic
Laser Altimeter System (ATLAS), uses photon counting tech-
nology, and generates overlapping footprints at a pulse frequency
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Fig. 2. Mean sampling time of the GEDI and ICESat-2 (denotes the average
number of sampling days and standard deviation for lakes on the TP in each
month from the GEDI and ICESat-2 from June 2019 to June 2021).

of 10 kHz [50]. The footprint of ICESat-2 is ~17 m in diameter,
samples are obtained at a spacing of approximately 0.7 m along
the track, and the accuracy can be up to 0.1 m [51]. ATLAS has
six laser tracks, including three strong tracks (GT1R, GT2R, and
GT3R) and three weak tracks (GT1L, GT2L, and GT3L) with a
wavelength of 532 nm. The transmission energy of the laser pulse
of the strong laser tracks is four times that of the weak tracks.
The ICESat-2 heights reference the WGS84 ellipsoid and geoid
heights reference EGM 2008. ICESat-2 has been widely used
to observe the water level of lakes on the TP, and the number
of lakes that can be observed by ICESat-2 was also increasing
with the increased working time [10], [52], [53]. The Qinghai
Lake water level of ICESat-2 compared with the in situ data, the
accuracy can reach the centimeter level. [10], [54], [55].
ATL13 was used to estimate the lake level in this study.
ATL13 was developed from the ATLO3 geolocation photon
product, specifically designed for inland water surface height
[56]. ATL13 release 003 was used with a minimum segment
length of 100 signal photons (over 100 m on average) to obtain
lake levels [10]. The ATL13 data on the TP from June 2019
to June 2021 (total 184 RGTSs) are available from the National
Snow and Ice Data Center at http://nsidc.org/data/icesat/, and
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1: Qinghai, 2: Siling-co, 3: Namco, 4: Tangra-yumco, 5: Ngangze
6: Gyaring-co, 7: Kusai, 8: Langa-co, 9: Lashuihe, 10: Courendejia,
11: Bairad, 12: Gongzhu.

Fig. 3.

1: Qinghai, 2: Siling-co, 3: Namco, 4: Dorsoidong-co, 5: Zhari-namco,
6: Tangra-yumco, 7: Ulan-ul, 8: Ngoring-co, 9: Hala, 10: Aqqikol-hu,

11: Yamzho-yumco 12: Ngangla-ringco, 13: Ngangze, 14: Gyaring-co,
15: Hoh-xil-hu, 16: Langa-co, 17: Zige-tangco, 18: Zonag, 19: Bairad,
20: Heishi-beihu, 20: Gyeze-caka, 21: Telashi.

Distribution of the DAHITI and Hydroweb datasets (a is the distribution of 12 lakes from the DAHITI dataset, and b is the distribution of 22 lakes from

the Hydroweb dataset. The lake names of 12 lakes from DAHITI and 22 lakes from Hydroweb are shown in the figure).

the mean time of sampling days for lakes on the TP in each
month from ICESat-2 are shown in Fig. 2.

3) DAHITI and Hydroweb: The Hydrological Time Series of
Inland Waters (DAHITI) and Hydroweb datasets were used to
compare lake levels with the GEDI and ICESat-2.

DAHITI was developed by the Deutsches Geoditis-
ches Forschungsinstitut der Technischen Universitdt Miinchen
(DGFI-TUM) in 2013 to provide a water level time series of
inland waters. The lake level of DAHITI is derived from mul-
timission radar altimeters (Sentinel-3A/B and Jason-3 between
2019 and 2021). Twelve lakes on the TP can be found in the
DAHITI dataset for comparison (from June 2019 to June 2021),
and the spatial distribution is shown in Fig. 3(a). The DAHITI
data are available at https://dahiti.dgfi.tum.de/en/.

The Hydroweb dataset was developed by LEGOS/GOHS
(Laboratoire d’Etudes en Geophysique et Oceanogra-
phie/Equipe Geodesie, Oceanograhie et Hydrologie Spatiale)
in France. Hydroweb integrates multimission radar altimeters
(Jason-2, Saral/Altika, Sentinel-3, etc.) to provide continuous,
long-duration time series of large lake levels with surface
areas over 100 km? in the world. Twenty-two lakes on
the TP can be found in Hydroweb for comparison (from
June 2019 to June 2021), and the spatial distribution is
shown in Fig. 3(b). The Hydroweb dataset is available at
https://hydroweb.theia-land.fr/hydroweb/.

4) Meteorological Factors Derived From ERA5 and MODIS
Data: The European Centre for Medium-Range Weather Fore-
casts provides the fifth generation ECMWF atmospheric re-
analysis data (ERAS) from 1979 to present, with a spatial
resolution of 0.1° (approximately 10 km). The temperature and
wind data for each day on the Google Earth Engine platform
(https://code.earthengine.google.com/) from June 2019 to June
2021 were used to analyze the impacts of meteorological factors
on lake level differences between GEDI and ICESat-2.

The Moderate Resolution Imaging Spectroradiometer
(MODIS) instrument onboard the Earth Observing System Terra
and Aqua platforms provided the cloud optical thickness (COT),
cloud water content (CWC), and aerosol optical depth (AOD)
data and were used to analyze the importance of impact in-
dicators for the differences between the GEDI and ICESat-2.

COT is cloud transparency, and it represents how much the
cloud prevents light from passing through. CWC is the total
amount of liquid or ice water contained in the cloud in a 0.1°
x 0.1° atmospheric column (g/m?). AOD represents the amount
of sunlight that is blocked from reaching the ground due to the
presence of aerosol particles, such as dust, haze, or smoke. In
this study, MODIS Terra data at an 8-day scale were used, with
a spatial resolution of 0.1° (approximately 10 km). The MODIS
data are available at https://neo.gsfc.nasa.gov/.

5) Instrument Parameters Derived From the GEDI: Seven
instrument parameters were obtained from the GEDI products,
including the sensitivity, solar elevation, zcross_amp (repre-
sented by Amp), rx_gwidth (represented by width), pulse en-
ergy (represented by energy), signal-to-noise ratio (SNR), and
viewing angles (VAs), for importance analysis.

Sensitivity is the area of the waveform divided by the area
of the total waveform, which can indicate the ground signal
detection capability of the waveform. The solar elevation is the
elevation of the sun position vector from the laser bounce point
position in the local Earth-north up frame [34]. Amp is the am-
plitude of the lowest mode of the smooth waveform, and width
is the received width of the Gaussian fit of the waveform [35].
The received energy with the lowest mode factor was obtained,
which can reflect the noise signal of the return waveform [57].
The SNR can express the proportion of the valid signal in the
waveform (in dB) [58]. VAs are the angle between the altimeter
and footprint point (degree, °), which is mainly determined by
the latitude and longitude of the instrument and the footprint
[25].

Sensitivity and solar elevation parameters were extracted
from the L2B product. Amp and width for each footprint were
obtained from the L2A product. The SNR was calculated from
the L1B product in (1), and the VAs were calculated from the
L2A product in (2)

A _
SNR = 10logyo (““”‘ p ”) (1)

n

where A, is the maximum amplitude within an acquired wave-
form (rx_modeamps from L2A); p,, is the mean background
noise (noise_mean from the L1B product); and o, is the standard
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Fig. 4. Flowchart of GEDI and ICESat-2 processing for lake level on the TP.
g P g

deviation of the background noise (noise_stddev from the L1B
product)

VA, = tan ' = (2)
where d; is the haversine distance between the GEDI shot (s)
and the GEDI instrument (¢) and a; is the altitude of the GEDI

instrument over the referenced ellipsoid at the shot acquisition
time.

C. Lake Level Estimation From the GEDI and ICESat-2

The process of lake level estimation was shown in Fig. 4.
First, a lake buffer distance of three times the footprint was set to
remove the influence of land disturbance and obtain the altimeter
measurements of the GEDI and ICESat-2 inside lakes. The
vector file of the TP lake in 2020 used in this article is a dataset
of Chinese lakes provided by the National Tibetan Plateau Data
Center (https://data.tpdc.ac.cn/), which records the number and
area of lakes in China from the 1960s to 2020 [59]. Then, the
obvious outliers of altimetry measurements could be removed
by the quality flag. For the GEDI and ICESat-2, the quality of
the footprint was controlled by filtering the quality flag [56],
[57]. GEDI footprints with the “Quality Flag” value equal to
0 were deleted. And GEDI footprints with “algorithmrun_flag”
equal to 1, “Stale_retu” equal to 0, and “sensitivity” greater than
0.5 were selected. ICESat-2 footprints with the “qf_bias_fit”
value equal to 3/-3 were deleted. And ICESat-2 footprints with
“qf_bckgrd” less than 3 and “qf_bias_em” less than 0.05 were
selected. Third, the surface elevation of the lake was estimated.
Different terrains receive different transmitted energies, and
water is usually a lower energy waveform. For the GEDI, the
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elevation of the lowest mode (ele_lowestmode) was used as
the surface lake elevation [36]. The ICESat-2 mainly extracts
the orthometric height between the subsatellite point and the
altimeter and the significant wave height (SWH). The SWH is
defined as the mean value of the three highest waves or four times
the standard deviation of surface elevation in each segment in the
ATL13 product. The lake surface elevation of each segment was
estimated by subtracting the SWH from the orthometric height
[10]. Fourth, the outliers of the single-day lake water level were
removed. The mode was estimated, which is the elevation bin
(step size was 1 m) where most measurements belong to. And
the observations outside 1 m of the mode were removed. The
root mean square (RMS) and mean lake level of the remaining
footprint points were calculated. Footprints were discarded if the
absolute value between the observation and the mean lake level
were greater than 1.5 RMS. The removal process was continued
by repeating the 1.5 RMS step using the mean and RMS of the
remaining observations. For the GEDI, the method of 1.5 RMS
was stopped when the number of footprints remaining on the
track was less than 5. For ICESat-2, the method of 1.5 RMS was
stopped when the number of footprints remaining on the track
was less than 10 [36], [60], [61]. The mean water level was
calculated based on the remaining observations. In addition, the
lake levels of both ICESat-2 and GEDI were unified to World
Geodetic System 84/Earth Gravity Model 2008 coordinates.
Finally, three standard deviations (SD) were used to remove
anomalies for each lake and year.

Previous studies using GEDI to retrieve water levels have
focused on large lakes and used the three RMS method to remove
outliers [36], this study retrieve water levels of all lakes on the
TP. Given lakes vary in size on the TP, stricter outlier removal
requirements are necessary. The results indicated that the 1.5
RMS method can make the observations of large/small lakes
closer to the comparison data. For example, the R?> between
GEDI water level and the DAHITI dataset for Qinghai Lake
(approximately 4500 km?) is 0.90 when using the 1.5 RMS
method, compared to 0.88 with the 3 RMS method. Similarly, for
Gongzhu Lake (approximately 60 km?), the R? between GEDI
water level and the DAHITI dataset is 0.72 with the 1.5 RMS
method, compared to 0.71 with the 3 RMS method.

The mean annual water level of each lake was calculated
separately for GEDI and ICESat-2, which is equal to the average
daily water level for the year (3). The mean annual water level
change is equal to the average water level of the subsequent year
minus the average water level of the previous year

>t Liay(s
Lyear(j) = fay(l) (3)
ALyeaT‘ = Lyear(j) - Lyear(jfl) 4

where Ly cq.(;) is the mean annual water level of one lake in j
year, Lqqy ;) is the lake level at ¢ day. ¢ is the number of days of
the lake in j year. ALy, is the mean annual water level change
of one lake from j year to j — 1 year, Lycqr(j—1) is the mean
water of the lake in j — 1 year.


https://data.tpdc.ac.cn/
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Linear fitting results of the GEDI and ICESat-2 water levels with the water level of 12 lakes from the DAHITI dataset (figures a to 1 are the linear results

between 12 lakes and DAHITI, and the lake location can be found in Fig. 3(a). RZg is the coefficient of determination between the GEDI and DAHITI, and R?; is

the coefficient of determination between the ICESat-2 and DAHITI).

D. Comparison of Lake Levels

The lake level between GEDI and ICESat-2 of 18 sample
lakes for the most recent day within ten days were selected
for comparison. The lake level between comparison datasets
(DAHITI and Hydroweb) and lake level of estimation (GEDI
and ICESat-2) for the most recent day within ten days were
selected. Each lake should have at least four water levels of
comparison data. Four statistical metrics were used to evaluate
the performance of altimeter measurements, including the coef-
ficient of determination (R?), root mean square error (RMSE),
and standard deviation (SD). These metrics were used in similar
studies [6], [10], [36].

E. Analysis Method of Impact Indicators

Seven instrument parameters and five meteorological factors
affecting the GEDI water level inversion error were selected
and calculated, including sensitivity, solar altitude, Amp, width,
pulse energy, SNR, VAs, air temperature, wind, COT, CWC,
and AOD. In the relative importance analysis, the water level
of ICESat-2 was considered to be the ground truth value. The
relative importance of the indicators affecting the difference
between the GEDI and ICESat-2 can be obtained by using
random forest regression model analysis. The random forest
model can calculate a parameter called the percent increase
in mean squared error (%IncMSE) to determine the relative
importance of each input variable; the higher the %IncMSE
value is, the more important the input factor is [62], [63].

F. Calibration Between the GEDI and ICESat-2

To calibrate the bias between the GEDI and ICESat-2, lake
levels from the GEDI and ICESat-2 within 10 days for all lakes
on the TP were selected. The mean bias was calculated mainly
from the instrument. The importance values obtained from the
random forest regression model analysis were normalized. The
important value of instrument parameters accounted for more
than 50% of the lake’s total importance values, the mean bias of
this part was calculated. After calibrating the bias between the
GEDI and ICESat-2, the water levels were combined. Finally,
the lake level was a sequence of two altimeters. In addition, when
the GEDI and ICESat-2 had water levels on the same day, the
lake level of ICESat-2 was reserved.

III. RESULTS

A. Comparisons of Lake Levels Derived From the GEDI and
ICESat-2 With DAHITI and Hydroweb Datasets

Both the GEDI and ICESat-2 agreed with the DAHITT and
Hydroweb datasets, while the ICESat-2 had an overall higher
accuracy than the GEDI. In the 12 lakes provided by DAHITI,
the GEDI had an average R? of 0.85 (ranging from 0.72 to
0.92) and 0.88 (ranging from 0.76 to 0.95) for the ICESat-2
(see Fig. 5). The 22 lakes provided by Hydroweb showed that the
GEDI had an average R? of 0.81 (ranging from 0.70 to 0.97) and
0.86 (ranging from 0.72 to 0.95) for the ICESat-2 (see Fig. 6).
Comparison of GEDI with ICESat-2 for 18 lakes showed that
the GEDI had an average R? of 0.87, and ranging from 0.80
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Fig. 6. Linear fitting results of the GEDI and ICESat-2 water levels with water levels for 22 lakes from the Hydroweb dataset (figures a to v are the linear results
between 22 lakes and Hydroweb; the lake locations can be found in Fig. 3(b). RZg is the coefficient of determination between the GEDI and Hydroweb, and R?; is

the coefficient of determination between the ICESat-2 and Hydroweb).

to 0.98 (see Fig. 7). Qinghai Lake is the largest lake on the
TP, and it showed good fitting results with both the DAHITI and
Hydroweb datasets. The fitting results of the GEDI and ICESat-2
with DAHITI in Qinghai Lake showed that the R? values were
0.90 (P < 0.01) and 0.91 (P < 0.01), RMSEs were 0.54 and
0.50 m, and SDs were 0.28 and 0.16 m, respectively. The fitting
results of the GEDI and ICESat-2 with Hydroweb in Qinghai
Lake showed that the R? values were 0.91 (P < 0.01) and 0.92

(P < 0.01), RMSEs were 0.38 and 0.28 m, and SDs were 0.26
and 0.15 m, respectively. The fitting results of the GEDI and
ICESat-2 in Qinghai Lake showed that the R? values were 0.91
(P <0.01), RMSE were 0.36 m and SDs were 0.23 m. The GEDI
performs well for the water level on the TP, and the RMSE was
only 0.23 m of the GEDI water level in Qinghai Lake compared
with the ICESat-2 result by Zhang et al. [10], in which the RMSE
was 0.1 m compared with in situ measurements in Qinghai Lake.
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Linear fitting results of the GEDI and ICESat-2 water levels for 18 lakes (figures a to r are the linear results between GEDI and ICESat-2; the lake locations

can be found in Fig. 3. R? is the coefficient of determination between the GEDI and ICESat-2).

B. Spatial Distribution of Lakes Observed By the GEDI and
ICESat-2

From June 2019 to June 2021, the GEDI and ICESat-2 can
cover more than half of the lakes on the TP, respectively. While
the lake coverage of the GEDI was much greater than that of
the ICESat-2. When the number of days of the lake water level
was greater than or equal to 1, the GEDI obtained the water
level of 1882 lakes (97.61% on the TP), and ICESat-2 obtained
the water level of 1112 lakes (57.68%). The number of lakes
estimated by the GEDI was much greater than that previously
estimated by the Cryosat-2 or ICESat-2 [10], [64]. The GEDI
obtained 39.93% (770) more lakes than the ICESat-2, and 1092
(56.64%) lakes were obtained by both the GEDI and ICESat-2.
When the water level was available for at least one day in each of
the three years (in 2019, 2020, and 2021). The GEDI obtained
water levels for 755 lakes (39.16%) [see Fig. 8(c)], and 544
lakes were in the Inner Plateau basin [see Fig. 8(b)]. The GEDI
obtained 330 more lakes than the ICESat-2, and 300 lakes were
obtained by both the GEDI and ICESat-2 [see Fig. 8(c)]. The

GEDI and ICESat-2 were similarly distributed on the TP, and the
spatial coverage of the GEDI was more extensive, especially in
the northwestern part of the Inner Plateau and the northwestern
part of the Yangtze basin [see Fig. 8(a)]. The 300 lakes obtained
by both the GEDI and ICESat-2 were mainly concentrated in the
Inner Plateau basin and the Yangtze and Brahmaputra basins [see
Fig. 8(a)].

C. Analysis of the Difference in Lake Levels Between the
GEDI and ICESat-2

A total of 245 lakes were selected for analysis based on
lake level results from the GEDI and ICESat-2, and the 245
lakes were obtained by both the GEDI and ICESat-2 (total 300
lakes) after removing the missing indicators. The difference in
lake levels came from a variety of indicators, and 12 indicators
were collected to analyze the lake level difference between the
GEDI and ICESat-2, including seven instrument parameters
(sensitivity, width, Amp, SNR, VAs, energy, and solar elevation)
and five meteorological factors (air temperature, wind, COT,
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CWC, and AOD.). In addition, different properties were used to
analyze the differences between the GEDI and ICESat-2, such
as different lake areas, basins, and beams.

The random forest importance analysis was carried out on the
245 lakes after removing the missing indicator, and 12 impact
indicators were ranked. The results showed that two instrument
parameters (VAs and solar elevation) and one meteorological
factor (air temperature and wind) were the four important indica-
tors of single lake water level differences between the GEDI and
ICESat-2. VA was the most important indicator for 22.86% of
the lakes, followed by air temperature solar elevation and wind,
which were the most important indicators for 15.51%, 14.69%,
and 13.88% of the lakes, respectively. Most of the indicators
accounted for less than 30% of the importance ranking, and
only three meteorological factors accounted for more than 30%
of the importance ranking, namely, COT (37.96% in the eleventh
rank), CWC (38.37% in the tenth rank), and AOD. AOD had the
least effect on the difference between the GEDI and ICESat-2,
with AOD being the least important indicator in the ranking in
87.35% of the lakes.

The relative importance of each impact indicator has different
effects on lake level differences under different lake areas,
basins, and beams. The results showed that, except for VAs
and solar elevation, meteorological factors (air temperature,
CWC, COT, and AOD) had a greater effect on the difference
than instrument parameters (sensitivity, width, Amp, SNR, and
energy) (Figs. 9-11). Four indicators (VAs, solar elevation, air
temperature, and wind) showed high importance in different lake
areas, basins, and beams (Figs. 9-11). The importance of impact
indicators was relatively balanced in the lake from 1 to 10 km?
[see Fig. 9(a)]. The impact of the indicators was more obvious
in the lakes with an area larger than 100 km? [see Fig. 9(c)—(e),
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and Fig. 7(f)] and the importance of wind was more obvious
when the lake area was larger than 50 km? [see Fig. 9(b)—(f)].
VAs was an important indicator for the lake level difference for
different area ranges, with the importance reaching a maximum
for areas larger than 1000 km? [see Fig. 9(D)].

The importance of indicators showed different characteristics
in different basins. VAs, solar elevation, air temperature, and
wind were the most important in the Inner Plateau basin [see
Fig. 10(b)]. VAs were the most important indicator in the Sal-
ween, Inner Plateau, Yellow, and Tarim basins [see Fig. 10(a),
(b), (e), and (i)]. In the Indus, Hexi Corridor, Ganges, Yangtze,
Brahmaputra, and Qaidam basins, solar elevation was more
important than VAs [see Fig. 10(c), (d), (f), (g), and (h)], and (j)].
The important value of wind ranked among the top four in each
basin, but was lower in Ganges than other basins [see Fig. 10(f)].
The importance of each indicator for the eight GEDI beams
was similar, with the full power beams having slightly higher
importance values than the coverage beams [see Fig. 11(e)-(h)].

D. Lake Levels Obtained By Combining the GEDI and
ICESat-2

After calibrating the instrument bias (0.33 m) between the
GEDI and ICESat-2, the lake levels of these two altimeters were
combined. Water levels of 921 lakes (789 lakes of the 921 lakes
>1 km?) were obtained, with all lake levels from 2019, 2020,
and 2021. The lakes were distributed in 11 basins; the Inner
Plateau basin had the most lakes at 639, and the Mekong had
only 3 lakes. The water level change of 789 lakes on the Tibetan
Plateau ranged from —0.98 to 0.97 m from 2019 to 2020 (see
Table I). The lakes in the Inner Plateau showed complex changes,
with the largest change ranging from —0.98 to 0.94 m from
2019 to 2020 (see Table I). From 2020 to 2021, the water level
on the TP varied between —0.98 and 0.93 m, with the greatest
fluctuation occurred in the Yangtze basin. Spatially, the regions
with increased lake levels were mainly concentrated in the Inner
Plateau and the northern TP (Qaidam, Hexi Corridor, and north
of the Yangtze basin) from 2019 to 2020 [see Fig. 12(a)]. Lake
level drops were sporadic occurrences on the Inner Plateau [see
Fig. 12(a)]. The regions where the lake level has dropped were
mainly concentrated in the Indus, Ganges, and Brahmaputra
basins (see Fig. 12), which was consistent with the 32° N
dividing line [65].

IV. DISCUSSION

The DAHITI and Hydroweb datasets have been widely used
in hydrological studies. The water level provided by DAHITI
and Hydroweb was not only for long-term water level studies
[66], [67], but also for the study of water level comparative [10],
[68], [69]. Especially for long-term water level studies, DAHITI
and Hydroweb datasets were more reliable [66]. The accuracy
of DAHITI in large lakes was better than in small lakes, with
an RMSE of 4-5 cm [70]. Compared with the in situ data, the
accuracy of Hydroweb lakes/reservoirs was 5-24 cm [69]. The
DAHITI and Hydroweb are ideal basic datasets for the TP, which
lacks in-situ measurements. The R? value between the in-situ of
Qinghai Lake and the water level composed of DAHITI and
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(i) is the Tarim, and (j) is the Qaidam].

Hydroweb was 0.90 [66]. The R? between the Hydroweb and

lakes (Selin Co, Nam Co, and Tang-ro Yum Co) on the TP were

all great than 0.8 [69], which was similar to the results in this

study.

The lake level monitoring of the ICESat-2 on the TP has
been demonstrated to be accurate, reaching the centimeter level
[10], [52]. Many studies have shown that the accuracy of the
ICESat-2 was slightly higher than that of the GEDI [17], [36],
which was also confirmed in this study. Comparing the GEDI
with in situ data, the average RMSE was 0.21 m for eight lakes
in Switzerland [35], 0.28 m for the Great Lakes, and 0.40 m
for the lower Mississippi River [36]. Due to the instrument

altimeter bias and geoid variations in the comparison dataset
[3], [32], the DAHITI and Hydroweb average RMSE of the
GEDI was 0.46 m on the TP, and the accuracy of the GEDI
was acceptable. Naturally, GEDI data can be more accurate
in estimating lake levels when using machine learning models
[37]. The common methods used in the calibration process of
multisource satellites are mean bias calibration (constant calibra-
tion) and linear calibration. The constant calibration was more
commonly used in water level combinations with multisource
satellites, while linear calibration was used for water level of
long time series [13], [71]. The calibration method used in
this study is a similar mean bias calibration mainly from the
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TABLE I
LAKE LEVEL CHANGES IN DIFFERENT BASINS

2019-2020 2020-2021
Basin Number Max Min Range Max Min Range
Inner Plateau 552 0.94 -0.98 1.92 0.78 -0.92 1.70
Yangtze 53 097 -0.79 1.76 0.93 -0.84 1.77
Brahmaputra 49 0.67 -0.83 1.50 0.87 -0.61 1.48
Yellow 41 0.84 -0.98 1.82 0.92 -0.75 1.67
Qaidam 26 0.92 -0.68 1.60 0.9 -0.54 1.44
Indus 25 0.38 -0.97 1.35 0.66 -0.42 1.08
Tarim 17 0.62 -0.90 1.52 0.56 -0.98 1.54
Salween 11 0.56 -0.90 1.46 0.53 -0.46 0.99
Ganges 9 053 -0.49 1.02 0.22 -0.81 1.03
Hexi Corridor 3 011 -0.29 0.40 0.16 -0.57 0.73
Mekong 2 030 -0.32 0.62 037 -0.6 0.97
Total 789 0.97 -0.98 1.95 0.93 -0.98 1.91

instrument. There was an almost parallel relationship between
the water levels of GEDI and ICESat-2 (see Fig. S1), as well
as a good linear relationship between GEDI and ICESat-2 (see
Fig. 6). The constant calibrated and linear calibrated water levels
were similar, with 18 examples showing R? greater than 0.8 for
constant calibrated and linear calibrated water levels, and an
average RMSE of 0.13 m (see Fig. S2). Finally, water level of
921 lakes were obtain by combined the GEDI and ICESat-2.
The combined water level result of 18 lakes were showed in
Figure S3. The lake level change was similar to previous study
on the TP [16], [65]. Changes in lake level were affected by high
spatial heterogeneity; precipitation was the main reason for the
increase in lake level, and glacial meltwater in the Inner Plateau

provided an additional water supply [8], [65], which led to the
rise in lake water level.

The VAs, solar elevation, air temperature, and wind are the
main impact indicators of the difference between the GEDI and
ICESat-2. The VA values can directly reflect the angular rela-
tionship between the footprint point and the altimeter, which is
the most important indicator in importance ranking. Fayad [25]
also showed that the VAs were the most important indicator for
lake level accuracy over the five North American Great Lakes.
Laser altimeters are sensitive to photon signals, especially during
the day or night [35], and different solar elevations represent
different times, different solar backgrounds, and atmospheric
scattering, directly affecting water level inversion. At higher
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Fig. 12. Lake level changes on the TP from 2019 to 2021 [(a) is lake level
change in lake areas greater than 1 km? from 2019 to 2020, (b) is lake level
change in lake areas greater than 1 km? from 2020 to 2021].

temperatures, small currents generated by thermal effects can
also affect the waveform, resulting in reduced accuracy and
increased bias [72]. The accuracy of the water level was af-
fected by the wind-generated waves and seiches [35]. AOD
being the least important indicator perhaps because the TP is
located far from human activity [4]. The full power beams
have stronger energy and density than the coverage beams.
Under the interaction of the two beams, the coverage beam
was more susceptible to being affected [36], so the full power
beam was more stable than the coverage laser beam. There were
some unavoidable uncertainties in the analysis of the differences
between the GEDI and ICESat-2, such as the uncertainty of time
and the influence factor, because the difference between the two
data was due to the deviation of the lake level within ten days. In
addition, most of the impact indicators came from the results of
the model estimates, and there were deviations from the actual
measurements.

From June 2019 to June 2021, our results showed that GEDI
covered more lakes than ICESat-2 on the TP. However, the fact
that there are some design differences between the two altimeters
cannot be avoided. The observation orbits between the GEDI and
ICESat-2 are different. ICESat-2 follows the RGT for repeated
observation, but it does not collect repeat-track in all regions of
the earth. To measure more forests on the earth, ICESat-2 will
point slightly off the RGT over land at mid and low latitudes
[49], [50]. The latitude where the TP is located performs an
off-pointing observation strategy, and the lake location and size
determine the frequency of ICESat-2 observation [53]. GEDI is
attached to the ISS track, which is not a repeating track. To make
more measurements on the earth, GEDI uses an active-track
pointing system [33], which also allows more lakes to be ob-
served. In addition, GEDI and ICESat-2 have different numbers
of lasers and ground tracks. The ICESat-2 has one laser and six
tracks, while the GEDI has three lasers and eight tracks, which
is currently the largest number of lasers and observation tracks
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for the altimeter. More tracks can observe more lakes. With
increased working times of altimeters and the combination of
multiple altimeters that allow for improved spatial and temporal
resolutions, altimeters have great potential for monitoring more
lakes on the TP.

V. CONCLUSION

In this study, the GEDI and ICESat-2 were used to estimate
lake levels on the TP from June 2019 to June 2021. The accuracy
of the GEDI and ICESat-2 was compared, and the impact
indicators of the differences between the GEDI and ICESat-2
were discussed. A lake level dataset was obtained by combining
the GEDI and ICESat-2.

The GEDI performed well in estimating lake levels on the TP.
The 12 lakes provided by DAHITI and the 22 lakes provided by
Hydroweb showed that the GEDI and ICESat-2 had an average
R? greater than 0.8. The RMSE values of the Qinghai Lake
GEDI between DAHITI and Hydroweb were 0.54 and 0.38,
respectively. In addition, the RMSE values of the Qinghai Lake
ICESat-2 between DAHITI and Hydroweb were 0.50 and 0.28,
respectively. As the latest lidar altimeter, the GEDI was suitable
for lake level inversion, but the accuracy of the ICESat-2 was
slightly higher than that of the GEDI.

The GEDI can obtain the water levels of more lakes than
the ICESat-2. The number of lakes obtained by the GEDI was
39.93% (770) greater than that of the ICESat-2, and they were
mainly concentrated in the Inner Plateau basin. Three hundred
lakes were obtained by both the GEDI and ICESat-2. The differ-
ences in lake level inversions between the GEDI and ICESat-2
were mainly caused by VAs, solar elevation, air temperature, and
wind. Overall, meteorological factors (air temperature, wind,
COT, CWC, and AOD) were more important than instrument
parameters (sensitivity, width, Amp, SNR, VAs, energy, and
solar elevation) in different lake areas, basins or beams. From
June 2019 to June 2021, the combination of the GEDI and
ICESat-2 provided the water level monitoring results of 921
lakes on the TP. In 2019-2020 and 2020-2021, the largest water
level change range of 789 lakes (> 1 km?, in the part of 921 lakes)
was mainly in the Inner Plateau and the Yangtze basin. Increases
occurred mainly in the Hexi Corridor, Qaidam, Yangtze, and
Inner Plateau basins, and decreases occurred in the Ganges and
Brahmaputra basins.

Although the data released by the GEDI at this stage are still
very limited and some impact indicators cannot be accurately
provided, with the comprehensive utilization of multisource
altimetry data, an increasing number of lakes could be observed,
and the mechanism of lake changes on the TP is expected
to be further understood. In addition, with data improvement,
the comprehensive indicators and improvement in lake surface
water accuracy are expected to be comprehensively studied.
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