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Abstract—Ice, Cloud and Land Elevation Satellite-2/Advanced
Topographic Laser Altimeter System 06 (ICESat-2/ATL06) data
can be widely used for various applications, such as monitoring
changes in glacier thickness. In this article, we use field surveys
based on continuously operating reference system (CORS) and
unmanned aerial vehicles (UAVs) to verify the elevation accuracy of
the ATL06 product. A total of 208 ATL06 footprints were selected
for an accuracy assessment by obtaining 348 CORS global position-
ing system (GPS) measurements and deriving a digital elevation
model (DEMs) from 2683 UAV images in four experimental areas
with different terrain and landform types in the Qilian Mountains,
China. The experiments show that ATL06 data have very high
vertical accuracy and horizontal positioning accuracy; the average
root-mean-square error (RMSE) yielded by CORS is 0.0846 m,
and the corresponding RMSE yielded by the UAV data is 0.1517 m.
Furthermore, the positioning accuracy was also affected by the
terrain slope.

Index Terms—Advanced topographic laser altimeter system
(ATLAS), digital elevation model (DEM), geoscience laser altimeter
systems (GLAS), stereo model, vertical elevation accuracy.

I. INTRODUCTION

THE geoscience laser altimeter systems (GLAS) spaceborne
laser altimeter carried by Ice, Cloud, and Land Elevation

Satellite-1 (ICESat-1) was successfully launched in January
2003, and its main task is to measure the ice mass balance,
cloud and aerosol heights, and land topography and vegetation
characteristics [1]–[4]. ICESat-1/GLAS products include ice
sheet (GLA12), ocean (GLA15), and land (GLA14) products,
which can be widely used in various fields. Some researchers
have explored ice sheet elevation changes in the north and south
in the past decade based on ICESat-1/GLAS products [5]–[8].
DiMarzio et al. [9] generated Antarctica digital elevation mod-
els (DEMs) with a 500-m spatial resolution and Greenland
DEMs with a 1-km spatial resolution for monitoring the vol-
ume variation in ice sheets from February 2003 to June 2005.
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ICESat-1/GLAS has been used to verify the vertical accuracy
of different DEM products, such as the shuttle radar topography
mission (SRTM) DEM, advanced spaceborne thermal emission
and reflection radiometer (ASTER) DEM, and advanced land
observation satellite (ALSO) DEM [10], [11]. Some studies
have estimated vegetation height and identified forest species
in various regions based on ICESat-1 and Landsat data [12].
Indirabai et al. [13] pointed out that the forest canopy height
and the structural properties can be accurately estimated by
ICESat-1/GLAS data. Furthermore, with the ICESat-1/GLAS
data, the variation in the water level can be detected for many
years [14], [15].

However, ICESat-1 stopped working in 2009 due to the
loss of the laser sensor [16]. The IceBridge initiated by Na-
tional Aeronautics and Space Administration (NASA) provides
a bridge in terms of remote sensing data between ICESat-1
and the upcoming ICESat-2 in polar regions from 2009 to
2019. However, IceBridge observations are limited in terms of
regional and temporal distributions. Fortunately, the ICESat-2
satellite equipped with an advanced topographic laser altimeter
system (ATLAS) was launched in California in September 2018.
It provides repeat altimetry measurements not only for the
cryosphere but also for land, vegetation, inland water, the sea
surface, cloud layers, and optical thickness [17]. The ICESat-
2/ATLAS mission has released various products, including land
ice (ATL06), sea ice (ATL07), vegetation (ATL08), atmosphere
(ATL09), ocean (ATL12), and inland and water (ATL13) prod-
ucts [18]–[20]. Compared with GLAS, the ATLAS instrument
has the advantages of the rapid acquisition of higher precision
elevation, improved spatial resolution, and the ability to measure
a cross-track slope. Currently, ICESat-2/ATLAS products have
been applied to many different disciplines of research. Some
studies have combined ICESat-1/GLA14, ICESat-2/ATL13, and
Landsat data to estimate the changes in the lake level and volume
on the Tibetan Plateau [21]. Neuenschwand et al. [22] used
airborne lidar data to verify the accuracy of ATL08. Considering
its advanced altimetry technology, the ICESat-2 ATL06 product
is expected to have several advantages in elevation monitoring.
However, few studies have evaluated the performance of ATL06
data in the Qilian Mountains.

Currently, various methods have been used to evaluate the
reliability of vertical elevation accuracy, including traditional
geodetic measurements, global positioning system/global nav-
igation satellite systems (GPS/GNSS) differential techniques,
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Fig. 1. Details of the CORS sample plots in the Qilian Mountains and the four experimental areas. (a) Location of the study area and the footprints of
ICESat-2/ATL06 data. (b) Qinggangxia. (c) Menyuan. (d) Gangcha. (e) Tianjun.

GNSS continuously operating reference station (CORS), and
aerial photogrammetry. Traditional height geodetic instruments
include level gauges and theodolites, etc., which have high
accuracy and reliability for a small area of local terrain [23].
However, these geodetic methods require considerable man-
power and material resources and need more accurate ground
control points (GCPs), which makes measurements inefficient.
In addition, data processing is relatively large and difficult to
carry out [24]. GPS/GNSS differential measurement is simple
and convenient, but it also requires a considerable number of
GCPs to improve the accuracy of surface elevation measure-
ments. The CORS measurement uses a combination of GNSS,
computers, data communications, and Internet technologies,
and can achieve centimeter-level positioning and navigation
without the need for users to build GCP networks [25]. Nev-
ertheless, both GPS and CORS measurements are a point-
measured method that can only measure the coordinates of one
point at a given time. Photogrammetry is a surface-measured
method that can generate stereo model pairs of images to obtain
synchronously large area surface heights. In recent years, the
unmanned aerial vehicles (UAVs) have become an important
means to extract quickly DEM data due to its flexibility, higher
spatial and temporal resolutions [26]–[29]. The vertical surface

elevation accuracy derived from UAVs can reach the centimeter
level [30]–[32].

Therefore, in this research, the CORS and UAV measure-
ments are selected to evaluate the vertical elevation accuracy
of ICESat-2/ATL06 products in four experimental plots in the
Qilian Mountains. The study is organized as follows. Section II
describes the study area and data. Section III introduces an
integrated approach to evaluate the ICESat-2/ATL06 product.
Section IV presents the verification results, and Section V dis-
cusses the results. Finally, Section VI concludes this article.

II. STUDY AREA

A. Study Area

As shown in Fig. 1, the study area lies in the Qilian Mountains
(94°10′–103°04′E, 35°50′–39°19′N), which is located at the
northeastern margin of the Tibetan Plateau, mainly in Qinghai
and Gansu Provinces. The area is 10 400 km2, which spans
approximately 850 km from west to the east and 200–400 km
from north to south. The terrain of the Qilian Mountains is
complex with elevations from 1500 to 6000 m above the sea
level, and the major land cover types include grassland, cropland,
and bare land. The Qilian Mountains are an important ecological
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TABLE I
BASIC INFORMATION OF THE FOUR EXPERIMENTAL AREAS

TABLE II
BASIC INFORMATION ON THE ICESAT-2/ATL06, UAV, AND CORS MEASUREMENTS IN THE FOUR SUBAREAS

Fig. 2. CORS measurements and UAV mapping. (a) GVPs. (b) GCPs. (c) UAV flight scene. (d) GCP captured by UAV images.

security barrier in the western region of China and an important
base for the protection of biodiversity in China [33].

Four experimental areas with convenient accessibility were
selected for CORS ground surveys and UAV flights in the south-
eastern region of the Qilian Mountains (see Fig. 1). The elevation
of the experimental area is approximately 2300–3300 m, and
the average area of each measurement area ranges from approx-
imately 0.25 km2. The experimental subareas are as follows:
Qinggangxia, which is mainly covered with grassland and has
terrain with a relatively high slope; Menyuan, which is mainly
covered with cropland and grassland and has relatively flat
terrain; Gangcha, which is covered with grassland and bare land
with low vegetation coverage and has relatively complicated
terrain; and Tianjun, which is mainly covered with sparse grass-
land and has very flat terrain. The basic information on the four
experimental subareas is described in Table I.

III. DATA AND METHOD

A. Data

The main data used in this article include the ICESat-2/ATL06
product, CORS measurements, and UAV images. The ATL06
data are derived from the level-3 product of ICESat-2, which is

provided by the National Snow and Ice Data Center (NSIDC)
since September 2018 available for download.1 The field CORS
measurements and UAV images were obtained to evaluate
the elevation accuracy of ICESat-2/ATL06. The values of the
three elevation datasets were ultimately calibrated to the World
Geodetic System 1984 (WGS84) ellipsoid, and the detailed
information on the four experimental areas is described in Ta-
ble II. It should be noted that the CORS measurements have
two purposes. One is to provide ground verification points
(GVPs) to directly validate the accuracy of the ICESat-2/ATL06
product, and the other is to provide GCPs for UAV mapping
to construct an accurate 3-D surface. Basic information on the
ICESat-2/ATL06, UAV, and CORS measurements in the four
subareas is shown in Fig. 2.

1) ICESat-2/ATL06 Product: The ICESat-2/ATL06 product
provides a time series of land-ice surface heights at a given
time and location. Six laser beams of ATLAS scan the Earth’s
surface at a small angle, forming a rectangular array footprints
of 2 rows and 3 columns (separated by 3.3 km) on the ground.
Thus, ATLAS consists of three pairs of laser pulses, including
a weak beam and a strong beam, each pair separated by 90 m
in the vertical orbit direction, as shown in Fig. 3. The ATL06

1 [Online]. Available: https://icesat-2.gsfc.nasa.gov/

https://icesat-2.gsfc.nasa.gov/
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Fig. 3. Schematic diagram of the ICESat-2 data operation. The red dots
indicate strong beams, and blue dots indicate weak beams.

measurements at a given point provide the geodetic latitude,
longitude, and height above the ellipsoid using the WGS 84
geographic coordinate system (ITRF2014 reference frame) [34].
In addition, the ATL06 product also provides some auxiliary
data, such as instrument parameters, quality of height estimates,
and other metadata, which are packaged along with altimeter
data and stored as hierarchical data format (hdf5) files.

From October 2018 to February 2019, there are 65 scanning
tracks of ICESat-2/ATL06 in the Qilian Mountains (see Fig. 1).
In the 4 experimental areas, 5 scanning tracks crossover, and 208
surface footprints are selected for elevation accuracy evaluation.
Detailed information on ATL06 in each test area can be described
in Table II.

2) CORS Measurements: Before the experiment began, we
purchased a one-month CORS service on the official CORS web-
site. Using the CORS service account, 3-D coordinates of a given
surface were collected by the differential positioning principle of
the GPS receiver, and their accuracies reached a few centimeters
both horizontally and vertically. During this field verification
test, the GPS receiver of CHCNAV i80 GNSS was selected. A
total of 336 CORS GVPs were measured from August 11, 2019
to August 16, 2019, in the four experimental areas of the Qilian
Mountains: 101 CORS GVPs were measured in Qinggangxia, 70
CORS GVPs were measured in Menyuan, 59 CORS GVPs were
measured in Gangcha, and 106 CORS GVPs were measured
in Tianjun, as described in Table II. Furthermore, 56 GCPs
measured by CORS were also collected for UAV mapping.

3) UAV Survey: In this experiment, a lightweight UAV, a DJI
Phantom 4 RTK (real-time kinematic) was selected to derive
high-resolution DEM. Flight planning and launching utilized
the GS RTK mobile app preinstalled on the RTK controller.
The HxGN SmartNet (a precise positioning service) corrections
network subscription is purchased on the DJI official website.2

The RTK mode is recommended to enable the RTK module

2[Online]. Available: https://dl.djicdn.com/

Fig. 4. Flowchart of the accuracy verification of the ICESat-2/ATL06 product
using CORS and UAV measurements.

to receive RTK signals (American GPS, Chinese BeiDou, and
European Galileo) via a 4G connection, which can provide
real-time, centimeter-level absolute positioning accuracy. The
ground sample distance (GSD) of the aerial photograph can
be calculated by H/36.5 cm/pixel, where H (m) indicates the
relative altitude of the aircraft. The camera loaded on the Phan-
tom 4 RTK comprises 1 in of the complementary metal-oxide
semiconductor (CMOS), 20 M effective pixels, 84° field of view
(FOV), and a lens of 8.8 mm/24 mm. Detailed technical param-
eters of the Phantom 4 RTK can be found on the DJI official
website.

In general, the official website claims that the mapping ac-
curacy of DJI Phantom 4 RTK can meet the requirements of
accuracy standards for digital orthophotos class III of the Amer-
ican Society for Photogrammetry and Remote Sensing (ASPRS)
without GCPs. However, to increase the accuracy of the RTK
imagery, some GCP marks or obvious features on the natural
surface were measured by CORS surveys [see Fig. 2(b)]; such
features must be easy to identify in the images [see Fig. 2(d)].
Four UAV flight areas were designed in the Qilian Mountains,
and the GSD of all photos captured by the UAV was within 3.0
cm/pixel. The heading overlap and side overlap were 80% and
70%, respectively. Detailed information of the four UAV flight
plots is as follows (see Table II).

1) The UAV flight altitude was set to 80 m, 473 photos were
collected, and 14 GCPs were measured during the UAV
overpasses in Qinggangxia.

2) The UAV flight altitude was set to 80 m, 841 photos were
collected, and 16 GCPs were measured during the UAV
overpasses in Menyuan.

3) The UAV flight altitude was set to 100 m, 125 photos
were collected, and 9 GCPs were measured during the
UAV overpasses in Gangcha.

4) The UAV flight altitude was set to 80 m, 1244 photos were
collected, and 17 GCPs were measured during the UAV
overpasses in Tianjun.

B. Method

Fig. 4 presents a flowchart of the method used for accu-
racy verification of the ICESat-2/ATL06 product. CORS field

https://dl.djicdn.com/
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TABLE III
COMPARISON OF THE PARAMETERS USED FOR ICESAT-1/GLAS AND ICESAT-2/ATLAS

measurements can survey the GCPs of UAV images for aerial
triangulation, and thus, be used for 3-D model construction and
DEM extraction. GVPs measured by CORS and DEM derived
from UAVs were used to verify the vertical accuracy of the
elevation product ATL06.

1) ICESat-2 Altimetry Principle and Data Processing of the
ATL06 Product: Satellite laser altimetry is a space geodesy
technology that measures ground elevation from satellite plat-
forms. The transmitting device of an altimeter transmits the
modulated compressed pulse to the earth’s surface at a certain
pulse repetition frequency through the antenna. After ground
reflection, the receiver receives the returned pulse and measures
the time interval between the transmitted pulse and the received
pulse. According to this time interval and the waveform of the
return pulse, the distance from the satellite to the ground can be
measured [35]. Spaceborne altimeters can be classified as radar
altimeters and laser altimeters, and their altimetry principles are
often the same. A laser altimeter always operates in the optical
remote visible light band at a higher working frequency, but
a radar altimeter usually operates in the microwave band, for
example, the operating bands of the Sentinel-3 radar altimeter
are the C-band and Ku-band. In general, a laser altimeter can
provide higher-accuracy surface elevation data than a radar
altimeter.

ICESat-1/GLAS is the world’s first satellite laser altimetry
for earth observation. Compared with GLAS, ICESat-2/ATLAS
has made great improvements mainly in four aspects [36], [37].

1) The ATLAS positioning error in the horizontal direction
is reduced because it uses the track-crossing measurement
method and minimizes the influence of the terrain slope,
which is less than 6.5 m on the ground.

2) The higher frequency and density of ATLAS laser pulses
reduce the spot diameter.

3) The sun background noises can be effectively removed
because ICESat-2 adopts the photon counting method
rather than the analog-to-digital data acquisition method.

4) Multibeam detection provided by ATLAS greatly im-
proves the efficiency of measurement and shortens the

time required to complete the entire surveying and map-
ping task. The detailed parameters of the two satellite laser
altimeters are described in Table III.

The fast pulse (10 kHz) of the ICESat-2/ATLAS altimeter
yields flat disk-shaped photon footprint centers in the direction
of the ground track, approximately 50 cm in the vertical direction
and 17 m in the horizontal direction, and a distance between the
flat disks of 0.7 m. Since most of the earth’s land surface is
smooth, and the surface slope varies little on a scale below a
few hundred meter, the short linear segments (along-track) can
approximate the surface profiles measured by ATLAS. Among
them, the fixed length of each part is 40 m, and the center
distance is 20 m (50% overlap). The ground-return photon
events (PEs) identified by the ATL03 product are fitted with
sloping line segments, and those that do not capture this fitting
process can be treated as surface roughness. Therefore, the mean
detected PE height can be derived by the along-track linear fit
and across-track polynomial fit.

The ATL06 product provides the surface height related to the
WGS-84 ellipsoid at a given time and point on earth’s surface,
and the formula is as follows:

h = (H − R − � R) − Hgeoid (1)

where h(m) means the standard surface height, which is the
segment-center height of the selected PEs. H is the mean surface
without considering various offsets, and R indicates the first-
photon-bias correction of photon-counting detectors. ΔR means
the estimated bias of the fullwave form transmit-pulse mean and
waveform is consistent with the received pulse [38]. Hgeoid is
the geoid height. We used the WGS-84 reference system and
orthometric heights for CORS GPCPs, and GVPs and this is
also the horizontal and vertical datum for the derived DEM. The
ICESat-2 altimeter data are in an ellipsoid height, and we need
to shift the ICESat-2 altimeter data into an orthometric height by
using geoid height. All four parameters on the right-hand side
of formula (1) can be directly extracted from the ATL06 data
products.
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In addition, the data processing of the ATLAS height measure-
ments involves removing incorrect laser point cloud data that are
not from the earth’s surface. When some photons return from
the top of the cloud, the elevation values recorded by ATLAS
are shown as being at the top of the cloud instead of the ground.
Therefore, we use the Python programming language to pre-
process the ATL06 elevation products by eliminating erroneous
laser points and extracting the correct surface elevation data.

2) CORS Survey and UAV Flight: The CORS system is a
high-tech product combining satellite positioning systems, com-
puter network technology, and other technologies. The system
mainly consists of five parts: a reference station, data processing
center, data transmission system, positioning and navigation data
system, and user application system. The CORS measurement is
not only convenient and avoids postprocessing calculations, but
also has a high positioning accuracy of a few centimeters. The
theoretical accuracy is 2 cm horizontally and 3 cm vertically
[39]–[41], which can satisfy user accuracy requirements in
different industries, such as urban planning, mining surveys,
positioning, glacial changes, and other social needs. In addition,
for relatively small areas, a UAV is a common tool to generate
high-precision surface elevation data with low GSD based on
the photogrammetry method, which is used in many disciplines
because of its flexibility and many other advantages, such as
being unblocked by terrain, low labor requirements, and low
cost [42], [43]. RTK GPS/GNSS systems have been available
for well over a decade and can provide quick and accurate point
measurements [44]. In this article, CORS is used to measure
GCPs for adjusting the photography beam obtained from a UAV
DEM. After constructing an aerial triangulation network, the
DEM can be extracted based on the real 3-D model of the surface.

3) UAV DEM Extraction: In this research, CORS GVP mea-
surements and high-resolution DEMs derived from UAVs are
used to evaluate the vertical accuracy of the ICESat-2/ATL06
product. The CORS measurement method is relatively simple,
and the key lies in the design of the GVP measurement sample,
which will be described in detail later. Therefore, how to use
UAV imagery to obtain high-precision DEMs has become the
key step.

In this study, we use DJI Phantom4 RTK to collect images
of four experimental areas by selecting flight parameters such
as altitude and image overlap. The photogrammetric software
system DPGrid developed by the Wuhan University was se-
lected to process irregular and overlapping aerial image data,
generate georeferenced 3-D point cloud images, and finally
generate a DEM (see Fig. 4). Its main input datasets include
UAV camera parameters, flight images, position and orientation
system (POS), and GCPs. Although the theoretical positioning
accuracy of the DJI Phantom4 RTK can reach 10 cm, the RTK
communication is unstable when the UAV is flying. Therefore,
the actual POS information of each image is not accurate, and
needs GCPs to improve its position and orientation accuracy.

The specific processing flow consists of four steps [45]: data
preparation, aerial triangulation, 3-D model construction, and
DEM generation/editing (see Fig. 4).

1) Data preparation includes obtaining UAV original image
data, camera calibration parameters, flight parameters,

and GCPs. GCPs were measured using the CORS GPS
measurements before the flight, and the color and size of
the GCP ground marks must be distinguishable from the
natural colors of the study area.

2) Aerial triangulation is the most important and complex
step of DEM extraction, and can establish relationships
between the imagery coordinate systems and a defined
geodetic coordinate system. Aerial triangulation includes
the interior, relative, and absolute ordination, which can
finally compute the precise and accurate POS data of
individual images in the moment of drone photography
by using the GCPs and tie points among a series of
overlapping aerial photographs.

3) After aerial triangulation, the 3-D model construction can
be constructed in the DPGrid photogrammetry system.

4) The DEM can be derived from the photogrammetric stereo
model established by image matching technology. The
generated DEM is edited, and the orthophoto images are
output. The CORS measurements and the UAV DEM
were both under the WGS84 ellipsoid. UAV orthophoto
images and ICESat-2/ATL06 plot locations of the four
experimental areas are shown in Fig. 5.

4) Field Sample Design for CORS GVPs: Since photogram-
metry is a surface-measured method, the UAV-based photogram-
metry method can ensure that the ATLAS laser footprints must
pass through the UAV-derived DEM. However, CORS GPS mea-
surement is a point measurement, and the measured CORS read-
ings cannot truly describe the corresponding elevation values of
laser points of the verified altimetry satellite according to the
(X, Y) coordinate recorded by the ICESat-2/ATL06 footprints.
Therefore, it is necessary to set up some surface-like sample
areas in the study area to intensively measure a large amount of
CORS data in each sample area to ensure that the CORS data
can correspond to the ICESat-2 altimetry data well.

Therefore, many CORS measurement samples (see Fig. 6)
in the four experimental areas were designed with the help of
survey tools, such as a tape measure, rope, nails, and recording
paper. Considering the ICESat-2 horizontal positioning error
range (< 6.5 m) [20], the side length of the field sample for
quadrilateral squares requirements is greater than 6.5 m. In
general, there are three main steps in field sample design: stake
out the ICESat-2 footprint position, determine the quadrats
with the corresponding footprints center, and measure several
CORS points in the quadrats. Here, we take Qinggangxia as an
example to illustrate the design quadrants, as shown in Fig. 6.
First, the spatial location of the ICESat-2 laser point that needs
accuracy verification was found with the stakeout function of
the CORS GPS receiver by inputting the (X, Y) coordinate
of the ICESat-2/ATL06 footprint. Second, a sample square of
approximately 8 × 8 m around the footprint recently geolocated
was determined by four iron sets and a rope. Third, more than
three CORS points were measured in each field sample; thus,
their average elevation value was calculated as the GVP value
for accuracy verification.

5) Elevation Accuracy Analysis: In this article, the values of
the in situ CORS GVPs and UAV DEM can be considered to
be reasonable “true” surface elevations, and were selected for
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Fig. 5. UAV orthophoto images and ICESat-2/ATL06 plot locations of the four experimental areas. (a) Qinggangxia. (b) Menyuan. (c) Gangcha. (d) Tianjun.

Fig. 6. Three steps of the field sample design for CORS GVPs. (a) Geolocate the ICESat-2 footprint. (b) Determine the sample quadrats with the corresponding
footprint center. (c) Measure several CORS points in the field sample.

the quantitative assessment of the accuracy of surface elevation
recorded by the ICESat-2/ATL06 product. Three statistical indi-
cators were selected for vertical accuracy evaluation, including
the mean bias error (MBE), the root-mean-square difference
(RMSD), and the square of the coefficient of determination (R2,
ranging from 0 to 1). The formulas for these statistics are as
follows:

MBE =
1

n

n∑
i=1

(Mi −Xi) (2)

RMSE =

√√√√ 1

n

n∑
i=1

(Mi −Xi)
2 (3)

R2 =

⎛
⎝

∑n
i=1

(
Xi − X̄

) (
Mi − M̄

)
√∑n

i=1

(
Xi − X̄

)2√∑N
i=1

(
Mi − M̄

)2

⎞
⎠

2

(4)

where Mi is the ICESat-2/ATL06 values and Xi is the obser-
vations, which are the measured elevation values of the CORS
GVPs or the UAV DEM. M̄ and X̄ represent the averages of the
measured data and satellite altimetry data, respectively, and n is
the number of samples. The RMSE is sensitive to the estimation
error and can reflect the difference between the satellite value
and the actual value. The MBE provides information about the
long-term performance; the smaller the absolute values of the
RMSE and MBE are, the higher the accuracy of the ICESat-
2/ATL06 product.

IV. RESULT

A. CORS Accuracy Verification

To ensure whether an ICESat-2 photon arrived in each field
sample, many CORS points must be measured around the laser
spot. After eliminating the anomalous ATL06 footprints in the
four experimental areas, 50 CORS GVPs used for verifying
satellite altimetry were obtained in 50 sample areas by mea-
suring 348 CORS readings, as described in Table IV.

Based on the definitions of MBE, RMSE, and R2 in this exper-
iment, the accuracy verification results of the ICESat-2/ATL06
product can be calculated using the CORS GVPs mentioned
above (Table IV). The statistical results show that the satellite
altimeter ATLAS of ICESat-2 can measure the surface elevation
value with high accuracy, and the MBE and RMSE are –0.0081
and 0.0847 m between the ATL06 estimates and CORS measure-
ments, respectively, with an R2 close to 1. It is worth noting that
the terrain can affect the precision of the laser spot measurement.
Compared with the other three relatively flat areas, Gangcha
has a lower elevation accuracy, the MBE is –0.0733 m, and
the RMSE is 0.1112 m. Specific detailed accuracy statistical
indicators are described in Table V.

B. UAV Accuracy Verification

Using the DEM editing function of the photogrammetric 3-D
surface models, high-precision DEM data with a 0.03-m GSD
were generated. As shown in Fig. 7, a total of 208 satellite
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TABLE IV
BASIC INFORMATION OF ICESAT-2/ATL06 AND CORS GVPS FOR FIELD SAMPLES IN THE EXPERIMENTAL AREAS



1566 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

TABLE V
BASIC STATISTICAL INDICATORS OF ICESAT-2/ATL06 COMPARED WITH THE CORS READINGS

Fig. 7. UAV DEM images and ICESat-2/ATL06 footprint point locations of the four experimental areas. (a) Qinggangxia. (b) Menyuan. (c) Gangcha. (d) Tianjun.

TABLE VI
BASIC STATISTICAL INDICATORS OF ICESAT-2/ATL06 COMPARED WITH THE UAV DEM

altimetry laser points passed through four experimental areas,
40 footprints are in Qinggangxia, 48 footprints are in Menyuan,
41 footprints are in Gangcha, and 79 footprints are in Tianjun.

To use the DEMs generated by a UAV to verify the accuracy of
the ICESat-2/ATL06 product, the corresponding DEM elevation
values for each pixel in the 208 laser footprints were extracted
according to the bilinear interpolation method. The detailed
statistical indicators of ICESat-2/ATL06 with the UAV DEM are
described in Table VI, and the total MBE, RMSE, and R2 values
are 0.0094, 0.1517 m, and close to 1, respectively. Similar to the
CORS verification results mentioned above, the ATL06 mea-
surements of the Gangcha area with complicated terrain have
lower accuracy, although ICESat-2 greatly reduced the impact
of the slope. Compared with the field CORS measurements, the
accuracy of ICESat-2/ATL06 with the UAV DEM is slightly
lower, which may be subject to the accuracy of DEM extraction
by UAV photogrammetry.

Field data are generally limited due to differences in method-
ologies. As shown in Fig. 8, in general, regardless of whether
the CORS survey or UAV mapping is used for verification,
the ATL06 satellite altimetry product can correctly collect the
laser footprints corresponding to the surface and retrieve surface
elevation even over complex surfaces in the Qilian Mountains
area, although the accuracy varies with different regions or
terrains.

V. DISCUSSION

A. Geolocation Accuracy

To ensure that the CORS measurements can verify the el-
evation of the laser spot, 50 samples were designed in this
experiment, and more than 3 CORS points were measured in
each sample area. The statistical results show that the satellite
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Fig. 8. Basic statistical indicators of ICESat-2/ATL06 compared with the UAV DEM and CORS readings. (a) CORS. (b) UAV DEM.

Fig. 9. Geolocation distribution of the ICESat-2 points compared with the CORS points in two special field areas. (a) Qinggangxia. (b) Gangcha.

altimetry products have very high vertical accuracy. However,
the positioning error characteristics of the plane position of the
ICESat-2/ATL06 laser point need further analysis in the sample
area. It is well known that the horizontal accuracy of ICESat-2
data is related to factors such as satellite orbit position uncertain-
ties and pointing determination error. The CORS measurements
are considered to be the “true” surface height value of the ground
position and can accurately evaluate both the horizontal and
vertical accuracies of ATLAS geolocated footprints.

Ultimately, two special field samples (8 × 8 m) with dense
ground CORS observations (more than 20) were constructed to
specifically explore the positioning error distribution of ICESat-
2 laser spots in Qinggangxia and Gangcha. The large sample size
of Qinggangxia was located over grassland with a relatively flat
terrain (slope of 8.9°), and 26 CORS points were distributed in
this area. The Gangcha sample is located on a steep slope of
20.2°, and there are 22 CORS measurements.

In the process of kriging interpolation in this study, the vari-
able type of interpolation is selected as a semivariation function,
and the interpolation model is an exponential function. The
results of ordinary kriging interpolation are shown in Fig. 9.

Kriging interpolation is performed for the absolute height dif-
ference (AHD) of discrete points between CORS readings and
ATL06 values along the cross-track and along-track directions
in the two large sample areas. Fig. 9 shows that the AHD value
at the laser spot is small, which indicates that the ATL06 laser
spot positioning is generally more accurate. However, the spatial
distribution of the AHD also shows that the centroid location of
the laser spot is affected by the slope, and the larger the slope is,
the lower the geolocation accuracy for an ICESat-2 track over
the Qilian Mountains [see Fig. 9(b)].

B. Sensitivity Analysis of Elevation Accuracy
With Surface Slope

The abovementioned analysis shows that the terrain has an
important influence on the accuracy of the ICESat-2/ATL06
product. It is necessary to explore the relationship between
the elevation accuracy and the surface slope for the laser point
elevation recorded by ICESat-2 in the study area. The slope at
all laser point locations is taken from the UAV DEM. The abso-
lute differences between ICESat-2 elevation values and CORS
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Fig. 10. Scatterplots of the AHD between the elevations of ICESat-2/ATL06 and CORS or the UAV DEM versus the slope. (a) CORS. (b) UAV DEM.

Fig. 11. False-color composites (RGB: bands 8, 4, 3) of Sentinel-2 MSI images closest to the ICESat-2 overpass time. (a) Qinggangxia. (b) Menyuan. (c) Gangcha.
(d) and (e) Tianjun.

observations or UAV DEM elevations at these satellite laser
positions were calculated. The results in Fig. 10 show that the
high difference between the ICESat-2/ATL06 data and CORS
measurements is between 0 and 0.17 m. The AHD between
the UAV data and ICESat-2/ATL06 data is between 0 and 0.27
m. Fig. 10(a) indicates that where the terrain is relatively flat
(<10°), the height difference is concentrated below 0.2 m, and
where the slope is greater than 15°, the height difference is
concentrated within approximately 0.1–0.27 m. For the CORS
data [see Fig. 10(b)], the height difference is concentrated below
0.10 m when the terrain is relatively flat (< 10°); when the slope
is greater than 15°, the height difference is concentrated within
approximately 0.1–0.15 m. Overall, the satellite has largely
improved the impact of topography on these data by increasing

the sampling frequency and cross measurement. However, as
shown in Fig. 10, in places with large slope changes, the data
are minimally affected (CORS: R2 = 0.1596; UAV DEM: R2 =
0.0938).

C. Sensitivity of Elevation Accuracy to Changes in Land
Cover Types

In this experiment, as described in Table II, the times of CORS
field measurements and UAV mapping are inconsistent with the
transit time of ICESat-2. It may be questioned whether there
will be problems with vertical elevation accuracy errors caused
by variations in land cover types. To demonstrate the effects of
land cover types on height recovery, five scenes of the Sentinel-2
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MSI (MultiSpectral Instrument) images closest to the ICESat-2
overpass time were downloaded, as depicted in Fig. 11.

The results have shown that changes in land cover type have
little effect on accuracy verification in the study areas. First, the
spectral variation in land cover from the optical images is mainly
caused by different seasons, and the surface vegetation grew
vigorously during this field verification experiment. Except for
the Menyuan and Gangcha areas, due to the relatively low local
temperature at the ICESat-2 overpass time, the land vegetation
degraded and appeared as dark red to yellowish tones in the
false-color composite images. In Menyuan Gangcha, according
to the local weather observation records,3 light snow only started
on the day of satellite transit, and the snow thickness was small
and had almost no effect on the ground elevation.

D. Limitations of Experiments

In this article, we use field surveys of CORS and UAV
DEMs to verify the elevation accuracy of the ICESat-2/ATL06
product. However, there are some experimental limitations when
conducting experiments. First, it is unavoidable that there is a
time interval between the date measurement and the acquisition
of ICESat−2/ATL06 data. It is well known that the revisit
time of ICESat−2 is currently 91 days. Therefore, the time
interval between the data measurement and ICESat−2 overpass
is months (see Table II). During the time interval, the surface
may change slightly in response to changes in the season.

In addition, this experiment only considered bare land and
grassland, and did not consider woodland, glaciers, and other
landform types (see Table I). Moreover, the laser wavelength of
the ICESat−2 ATLAS sensor is 532 nm, which makes it possible
to be obstructed by clouds. In this case, no photons, or only very
few photons, can reach the land surface when there are clouds.
Therefore, only a small portion of the ICESat−2 data is suitable
for land surface monitoring in the presence of clouds.

VI. CONCLUSION

The newly launched laser altimeter satellite ICESat-2 pro-
vides reliable data for many applications, such as surface
elevation change monitoring and the comprehensive estima-
tion of lake and canopy heights. The primary scientific objectives
of ICESat-2 are focused on the cryosphere; however, a range
of measurements are collected globally over all surface types,
including forests, oceans, lakes, and land. According to official
satellite information, the ATL06 product can accurately estimate
surface elevation even under moderately (optical thickness of
<2) cloudy conditions.

The purpose of this article is to verify the elevation accuracy
of the ICESat-2 ATL06 land product by comparing 208 laser
footprints returned from the ground surface from four sample
locations using high-precision CORS GVP measurements and
UAV mapping technology in the Qilian Mountains. Quantitative
results show that the laser height measurement product ATL06
has very high vertical accuracy and horizontal positioning accu-
racy. Overall, the vertical accuracy of altimetry data evaluated

3 [Online]. Available: http://tianqi.2345.cn/wea_history/71194.html

by CORS measurement is high (MBE = –0.0081 m; RMSE
= 0.0846 m), while the vertical accuracy of altimetry data
evaluated by UAV DEM verification is slightly lower (MBE =
—0.0094 m; RMSE = 0.1517 m), but the MBE values are all
within 0.01 m, and the values of the RMSEs are all within 0.2 m.
It should be noted that one of the reasons for the low accuracy
of the UAV verification is the accuracy of the UAV DEM data
extraction.

Furthermore, the ICESat-2 horizontal positioning accuracy
was discussed using two special large sample areas with a
high number of CORS observations. However, the test results
found that, regardless of the vertical accuracy or the laser spot
positioning accuracy, all the values of ATL06 were affected by
the terrain slope. In general, when the terrain slope is less than
10°, the vertical accuracy error of the ATL06 product is small and
tends to be stable; however, when the terrain slope is greater than
20°, the accuracy of the satellite altimetry product decreases as
the slope increases (see Fig. 10). In fact, the ATL06 product
accuracy of surface elevations is limited by the geolocation
accuracy of the footprints.

Besides, in this article, the traditional elevation accuracy
verification method is applied. The 3-D coregistration is an
important means to compare the elevation errors of different
DEM data [46]. Shean et al. [47] proposed a coregistration
tool, the demcoreg package, for 3-D co-registration, which
had been applied in the study of glacier changes [48]. In the
next step, residual coregistration errors will be considered to
further improve the accuracy of the verification by using the
3-D coregistration of point cloud to the DEM function of the
demcoreg package.
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