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ABSTRACT  
The ICESat-2 satellite equipped with a new photon-counting laser 
altimeter has received much attention as a source of accurate elevation 
observations. However, in this research field, there is a lack of an open- 
source high-accuracy elevation control point dataset with the specific 
quality requirements at a global scale. To this end, using ICESat-2 
altimeter data as the main data source, we constructed and organized a 
dataset as a useful supplement for this research field. The dataset was 
generated by a methodology based on detection environment 
evaluation, photon spatial analysis, and the redundant observation 
statistics. The dataset includes more than 600 million elevation control 
points and covers the global land areas, except for Greenland and 
Antarctica. The dataset has been validated by multiple digital elevation 
models (DEMs) from around the world (sourced from airborne LiDAR 
data). The results show that the dataset has high-accuracy elevation 
control points. The overall root-mean-square error (RMSE) of the original 
elevations of ICESat-2 is about 1.384–4.820 m, but the overall RMSE of 
the elevation control points in the new dataset is about 0.279–0.642 m. 
Moreover, the results obtained in this study show that the dataset is 
suitable for application within high vegetation cover areas.
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1. Introduction

Accurate elevation observations play a vital role in the research and applications of geoscience 
(Hawker et al. 2022; Li et al. 2022; Meadows, Jones, and Reinke 2024). The use of manual field sur
veys (ground surveying instruments, including GPS, etc.) to obtain accurate elevation information 
has a low efficiency (high labor costs and long survey time), and this approach is generally only suit
able for application in a small area. Meanwhile, it is a challenging task to undertake field surveys 
within areas with harsh environments. To improve the above situations, instruments loaded 
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onto airborne platforms, including laser altimeters, radar systems, high-resolution imagers, etc., 
have been used to observe the surface elevation below the platform. This measurement approach 
can survey large areas and improve the survey efficiency, compared to manual field surveys, but 
it is hard to survey at a global scale due to the high cost, especially for developing countries 
(Gong et al. 2011; Hawker et al. 2022). To break these limitations, an open-source global-scale accu
rate elevation observation dataset is a priority. As a result, the observations from satellite platforms 
are becoming of increasing interest to many scientists and scholars around the world. Among the 
different instruments, satellite laser altimeters perform (Li et al. 2023c; Markus et al. 2017; Martino 
et al. 2019; Schutz et al. 2005; Tang et al. 2020) well in accurate ranging, and satellite laser altimeter 
data have become the main data source for high-accuracy elevation information at a global scale.

Excluding some experimental payloads, the first satellite to be equipped with a laser altimeter for 
Earth observation was the Ice, Cloud, and Land Elevation Satellite (ICESat) (Schutz et al. 2005). Sub
sequently, other spaceborne platforms have been equipped with laser altimeters, including ICESat-2 
(Markus et al. 2017; Martino et al. 2019), the Global Ecosystem Dynamics Investigation (GEDI) mis
sion (Dubayah et al. 2020), Gaofen 7 (Tang et al. 2020; Xie et al. 2021a), etc., and are now operating in 
orbit. Among these spaceborne platforms, the laser altimeter (the Advanced Topographic Altimeter 
System, ATLAS) onboard ICESat-2 observes the Earth’s surface by using photon counting (simplis
tically defined as ‘photon count detection’) (Markus et al. 2017; Martino et al. 2019). The observations 
from other laser altimeters are obtained using the waveform energy (simplistically defined as ‘wave
form energy detection’) (Dubayah et al. 2020; Schutz et al. 2005). Photon count detection is a new 
technology of laser altimetry for Earth observation. Compared with waveform energy detection, 
the instruments used for photon count detection need less energy and can obtain surface elevations 
with a high sampling (0.7 m) along the track (Markus et al. 2017; Martino et al. 2019; Neuenschwan
der and Pitts 2019; Xie et al. 2021b), which means that the ICESat-2 altimeter has the potential for 
providing higher-accuracy surface elevation data. Related studies have confirmed that ICESat-2’s 
products, such as ATL08, etc., have a high accuracy in general (Dandabathula, Verma, and Sitiraju 
2020; Lian et al. 2022; Neuenschwander et al. 2020; Zhu et al. 2022). However, due to the influence 
of the complex detection environment, such as the variable atmosphere, the solar intensity, the relief 
of the object surface, etc., the data may have an uncertain quality (Duan et al. 2023; Li et al. 2023b; 
Moudrý et al. 2022; Tian and Shan 2021), resulting in the data not meeting the needs of mapping 
at a certain scale. Therefore, it is necessary to obtain the high-quality parts of the data through screen
ing. Previous studies have evaluated the quality of ICESat-2’s altimeter data or proposed some cri
teria/methods for extracting the parts of the altimeter data with high quality by the use of quality 
evaluation labels (Cobb et al. 2023; Li et al. 2023b; Li et al. 2021; Moudrý et al. 2022; Neuenschwander 
et al. 2020; Tian and Shan 2021; Zhu et al. 2022). These studies have made a good contribution to the 
quality refinement of ICESat-2 altimetry data. However, there is a lack of an open-source high-accu
racy elevation control point (ECP) dataset with specific quality requirements at a global scale. 
Elevation control point is a point of known elevation accuracy often used in least-squares analysis 
and adjustment for improving mapping accuracy, and it can also be used as one of the sources of 
elevation verification data for products such as digital terrain elevation.

In this study, based on the research basis of our previous study (Li et al. 2021), we further com
bined the redundant elevation observation statistics for constructing and organizing a high-quality 
dataset of ECPs from ICESat-2 altimeter data. The source of the dataset mainly is the ICESat-2 
ATL08 product (the best-fit terrain elevation along 100-m ground track sampling, etc.) for the 
whole year of 2019, which ensures that the data can cover the global land areas since the ICE
Sat-2 satellite repeats its Earth’s surface surveys every ∼91 days. To ensure the reliability of the data
set, we evaluated the accuracy of the ECPs within multiple areas around the world, and then 
comprehensively analyzed the quality of the ECPs in terms of different terrain, different vegetation 
cover, etc. This represents a useful supplementary study for the research field of open-source accu
rate elevation information and its cross-disciplinary applications, such as global-scale topographic 
mapping, vegetation biomass surveying, urban environmental monitoring, etc.
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In the rest of the paper, we describe the materials (Section II), introduce the methodology (Sec
tion III), present the dataset, and report the accuracy of the validation results (Section IV). Finally, 
we gave our conclusions in Section V.

2. Materials

Three kinds of data were considered in this study: 1) satellite laser altimeter data; 2) global land- 
cover data; and 3) digital elevation model (DEM) data. The satellite laser altimeter data were 
used as the main source of ECPs. The global land-cover data acted as the auxiliary data (mask, 
etc.) for constructing the ECPs. The DEM data were of a high resolution and a high accuracy 
(elevation root-mean-square error (RMSE): ≤ 0.1 m). These DEM data covered some local areas 
of the global land areas and acted as the real elevation to validate the ECPs. Figure 1 shows the 
nine validation areas for ECPs around the world.

2.1. Satellite laser altimeter data

The satellite laser altimeter data were the ATL08 product. This kind of product is Level 3A in the 
ICESat-2 production system. This product (Neuenschwander and Pitts 2019) includes terrain 
height, canopy height, etc., at fixed-length steps along the ground track, such as 100 m.

The ATL08 product can be downloaded via EarthData (https://www.earthdata.nasa.gov/) or the 
National Snow and Ice Data Center (NSIDC, https://nsidc.org/). The ICESat-2 satellite repeats its 
observations every 91 days over the polar regions/oceans and points slightly off the overland 
(Markus et al. 2017; Martino et al. 2019). To ensure that the data covered the global land areas, 
we collected the ATL08 product for the whole year of 2019. There are about 54 thousand files 
for the whole year and the data volume is about 4.8 TB.

2.2. Global land-cover data

In the ATL08 product, there includes the land cover indicator for each elevation. The source of the 
land is the Copernicus Global Land Cover 2019 product (Neuenschwander and Pitts 2019; 
Neuenschwander et al. 2022), for which the spatial resolution is 100 m. This land cover indicator 
can be directly used as the mask to filter the elevations to reduce the amount of data required for 
subsequent use of high-resolution land cover products.

To enhance the analysis of the elevation surface, we added global land-cover data with a higher 
resolution. The additional data were the Finer Resolution Observation and Monitoring of Global 
Land Cover 10 m (FROM-GLC10, http://data.ess.tsinghua.edu.cn/fromglc10_2017v01.html). The 
main source of FROM-GLC10 is Sentinel-2 image data. In FROM-GLC10, the data are divided 
into 10 categories for the global land surface, and the overall accuracy of the data classification 
has been reported to be 72.76% (Gong et al. 2019).

2.3. Digital elevation model (DEM) data

The high-resolution DEM data were collected from open-source websites, including the 
National Oceanic and Atmospheric Administration (NOAA, https://www.noaa.gov/), Actueel 
Hoogtebestand Nederland (AHN, https://www.ahn.nl/), and the Land Information New Zealand 
Data Service (LINZ, https://data.linz.govt.nz/). All of these DEM data were sourced from air
borne LiDAR surveys. The main characteristics (survey time, data resolution and elevation accu
racy) of these DEM data are summarized in Table 1. The distribution of these DEM data is 
as shown in the white areas of Figure 1. The main collection criteria for these DEM data were 
as follows: 
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1) The DEM data should have detailed information, including the elevation accuracy, special res
olution, survey time, etc.

2) The DEM data should have a high resolution (better than 1 m), to avoid deviation of the vali
dation results caused by a low resolution.

3) The survey time difference between the DEM data and the ICESat-2 laser altimeter data should 
be less than three years, to avoid deviation of the validation results caused by obvious change of 
the elevation surface.

4) The validation data needed to meet the ISPRS standard (Maune et al. 2014), i.e. the validation 
elevations’ (DEM data) accuracy should be 3 times better than the ECPs’ required accuracy.

Figure 1. Validation areas for the elevation control points. (a) The geolocation (red points) of nine validation areas within the 
global land areas. (b) – (j) The distributions of the high-resolution DEMs (white line areas) and the elevation control points 
(blue points) within each validation area. I-X indicate the number of the study areas.
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5) The area covered by the DEM data should have multiple land-cover types (urban, vegetation, 
etc.), to more comprehensively analyze and evaluate the accuracy of the ECPs.

6) The multiple DEM data should have a good spatial distribution on the global scale.

3. Methodology

3.1. Construction of the dataset

As shown in Figure 2, the construction of the ECP dataset can be divided into three main steps: 1) 
extraction of the original elevation; 2) extraction of high-quality elevation; and 3) purification of the 
elevation data.

3.1.1. Extraction of the original elevation
The ATL08 elevations within ice-sheet areas can have significant variations due to the influence of the ice 
flow rate, etc. For this reason, the elevations located within Antarctica and Greenland were excluded 
from the construction of the ECP dataset. Moreover, in the remaining land areas, the elevations within 
nearshore open sea areas, snow/ice, and water were also excluded to ensure the reliability of the elevation. 
To this end, two kinds of global land-cover data (c100 and c10) with different resolutions (100 and 10 m) 
were used as masks to filter the elevations (h) within the above land-cover areas, as follows:

HOrignal = <
N

i=1
hi − <

N

i=1
hi(c100eC100) < hi(c10eC10) (1) 

C100 = {snow/ice, water, open sea} (2) 

Table 1. The Characteristics of the DEMs.

Area Survey year Resolution (m) Elevation RMSE (m)

I 2020–2021 0.5 ∼0.1
II 2017 0.5 ∼0.05
III 2016–2017 1 ∼0.05
IV 2018 1 ∼0.07
V 2018 0.5 ∼0.07
VI 2018–2020 1 ∼0.1
VII 2020 1 ∼0.1
VIII 2020–2021 1 ∼0.1
X 2020 1 ∼0.06

Figure 2. Schematic diagram for the construction of the dataset.
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C10 = {snow/ice, water} (3) 

where HOrignal indicates the ATL08 elevations after filtering parts within the snow/ice, water, and 
open sea areas; C100 indicates the snow/ice, water, and open sea masks of Copernicus Global 
Land Cover 2019 product; and C10 indicates the snow/ice, and water of the FROM-GLC10 product.

For the Copernicus Global Land Cover 2019 product, the ATL08 product has been given a cor
responding land-cover label for each elevation point, based on its geographical location, and can be 
used directly (Neuenschwander and Pitts 2019; Neuenschwander et al. 2022). For the FROM- 
GLC10 product with a higher resolution, we added the land-cover data for the geolocation nearest 
to the elevation point for each elevation point.

3.1.2. Extraction of high-quality elevation control points
During the detection, parts of the elevation data collected by the ICESat-2 laser altimeter can have a 
low quality, and may even be incorrect. The main reasons for this phenomenon include the variable 
weather, the solar intensity, the operating status of the instrument, the surface topography, and the 
land cover (Li et al. 2021; Moudrý et al. 2022; Neuenschwander and Pitts 2019; Tian and Shan 
2021). To ensure the reliability of the altimeter data, it was necessary to construct a method to com
prehensively evaluate these error sources on the quality of elevations, to achieve the extraction of 
the high-quality elevation parts. In our past research, our team proposed a method to extract the 
high accuracy elevation control points from the ATL08 elevations (Li et al. 2021). Relevant research 
results can provide an important reference for this study in analyzing the sources of elevation 
errors, selecting elevation quality evaluation labels, etc., during the process of constructing the data
set. The principle of the method is based on analysis of the photon counting altimeter detection 
characteristics and its data generation algorithm. The evaluation indicators for the method include 
outlier identification (compared with the reference DEM), cloud confidence degree, photon num
ber statistics, percentage of photons belonging to the terrain, topography analysis (roughness and 
slope) along the ground track, geolocation uncertainty of photons, and condition of the terrain 
polynomial fitting (photon horizontal distribution and skew analysis). In this study, this method 
was used to extract high-quality ECPs from the original elevation points, i.e. the terrain elevation 
with 100 m resolution along ground track. According to different accuracy requirements (Li et al. 
2021), the elevation control points in the data set are divided into three different levels: 0.5m@ 
slope < 2°, 0.7m@ 2°≤slope < 6° and 1.5m@ 6°≤slope < 25°. In the process of extraction, each 
ECP was labeled as quality level 1, 2, or 3, corresponding to the above three accuracy requirements.

3.1.3. Purification of the elevation control point data
The ICESat-2 laser altimeter repeats its observations about every about three months. In this study, 
the whole year of 2019 data was used to generate the ECP dataset, which means that we could 
further examine each ECP using the corresponding redundant elevation data. For this reason, 
the adjacent area (square) of each ECP was constructed to extract the corresponding redundant 
elevation data. For determining the boundary of the adjacent area, we directly adopted latitude 
and longitude for the reason that this can reduce the extra calculation caused by projection conver
sion. To avoid the impact of potential bias in the boundaries, the boundary length is set with a cer
tain amount of redundancy (half of the along-track resolution of ATL08 elevations, i.e. 50 m). This 
strategy can improve the efficiency of the data processing. To achieve this strategy, it is necessary to 
consider the effect of the curvature of the Earth. For its surface, the interval DLw of each 1 degree of 
latitude can be considered as fixed (111× 103 m), while the interval DLa of each 1 degree of longi
tude is variable at the different latitude w, which can be calculated by the following:

DLa = DLw · cos (w) (4) 
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According to DLw and DLa, for the geolocation (a, w) of an ECP, the geographical boundary of 
the adjacent area with L m side length is as follows:

ab
min = a −

L
DLa

(5) 

ab
max = a+

L
DLa

(6) 

wb
min = w −

L
DLw

(7) 

wb
max = w+

L
DLw

(8) 

where ab
min and ab

max indicate the minimum and maximum longitudes of this geographical bound
ary, respectively; and wb

min and wb
max indicate the minimum and maximum latitudes of this geo

graphical boundary, respectively. When setting the side length, it is necessary to consider two 
parts. The first part is the spatial distribution of the ATL08 product elevation, which is mainly deter
mined by the elevation sample interval along track (100 m), the track interval of the strong and 
weak beam pair (90 m), and the track incline angle (its orbital inclination is 92 degrees) (Markus 
et al. 2017; Neuenschwander and Pitts 2019). The second part is differentiated settings based on 
the topographic relief, i.e. the side length within the topographic relief along track should be smaller 
than that within the flat topography along track. Based on the above restrictive conditions, the side 
length L of the ECPs belonging to level 2 or 3 (hilly or mountainous along track) was set to 150 m, 
and for those belonging to level 1 (flat along track), the side length was set to 250 m.

After obtaining the geographical boundary of the adjacent area, for each ECP, it was necessary to 
calculate the quantiles (hm and hP25) of all the elevations within the adjacent area, as follows:

hm = Pm <
n

i=1
horignal

i (ai [ A, wi [ F)
􏼒 􏼓

(9) 

hP25 = P25 <
n

i=1
horignal

i (ai [ A, wi [ F)
􏼒 􏼓

(10) 

horignal
i [ HFilter

Original (11) 

A = [ab
min, ab

max] (12) 

F = [wb
min, wb

max] (13) 

where HFilter
Original represents the parts of HOrignal that have a difference between the elevation and refer

ence DEM of less than 50 m, i.e. the parts of HOrignal that are excluded from outliers; n represents the 
number of original elevation points belonging to HFilter

Original within the adjacent area; and Pm( · ) and 
P25( · ) indicate the calculations for the median and 25th percentile, respectively; A is the longitude 
range of the geographical boundary; F is the latitude range of the geographical boundary.

hm is used to filter potentially large deviations in the ECP dataset, to act as a supplement to the 
outlier identification. This is because the outlier identification described in the previous section has 
a certain limitation, for the reason that the global DEM elevation data have a low accuracy. Here, an 
ECP was removed when the difference between its elevation and hmedian was more than 10 m. 
Man-made facilities exist in areas where humans congregate, which can lead to deviations in 
ECPs. hP25 was used to filter the potential deviations caused by this special land cover in the 
ECP dataset. We focused on two main kinds of human congregation areas: urban and cropland 
areas. The ECPs within these two areas were removed when the elevation was 2.5 m higher than 
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hP25. The setting of 2.5 m is the common threshold for classifying artificial facilities such as 
buildings.

3.2. Validation of the elevation control points

There is a deviation of about 6.5 m in the geolocation of the ATL08 elevations (Neuenschwander 
and Magruder 2019). For the DEMs with a high resolution and high accuracy, it was necessary to 
consider this phenomenon when validating the accuracy of the ECPs. To weak the effect of the geo
location deviation on the validation results, we selected all the DEM elevation data within an area 
around each ECP with a radius of 7 m (a little higher than the deviation of the geolocation) to cal
culate the average of the DEM elevations, and then compared the average with the ECP (Li et al. 
2023b; Li et al. 2021). The purpose of adopting this strategy is to verify the elevation control 
point more rigorously and comprehensively, for ensuring higher reliability for users, and reducing 
the impact of this geographical deviation on users’ direct use of the dataset.

4. Release of dataset

Following the process flow described in the methodology, the ATL08 product for the whole year of 
2019 within the global land areas was extracted, and then organized into a dataset of ECPs. The 
dataset has been openly released as multiple files (.mat). These files can be directly downloaded 
from https://doi.org/10.11888/Terre.tpdc.300508. Each file includes the ECPs within a grid of 
30°×60° (latitude × longitude). Table 2 shows the data dictionary of this dataset, including the 
ECPs’ survey time, geolocation, elevation, beam, and elevation quality level. The user can use the 
‘Level’ label to select a different quality of ECPs for meeting the corresponding requirements of 
special applications, such as different-scale topographic mapping, etc. Moreover, for the ‘Beam’ 
label, the user can use it to divide the ECPs into two classifications: elevation points sourced 
from the strong beam and elevation points sourced from the weak beam. In our previous work, 
we found that the accuracy of the ECPs from the strong beam is a little better than that from the 
weak beam (Li et al. 2021). Thus, the ECPs of the strong beam have the priority of adoption. A 
further detailed analysis of this issue is provided in the next section.

Figure 3 shows the distribution of this dataset. The dataset includes more than 6 billion ECPs. 
These ECPs are divided into three kinds of quality levels in accordance with the topography (slope) 
of the fixed segment (100 m) along the ground track. These levels, i.e. levels 1–3, correspond to the 
different application requirements (RMSE): 0.5 m (flat area), 0.7 m (hilly area), and 1.5 m (moun
tainous area). In the dataset, the percentage of elevation points decreases as the level increases. The 
percentages of the ECPs of levels 1–3 are 85.91%, 11.95%, and 2.14%, respectively. There are two 
main reasons for the above phenomenon. The first reason is that the proportions of the original 
elevation points within the flat, hilly, and mountainous areas also have a trend of sequential 
decrease. The second reason is that the accuracy uncertainty of the original elevation points within 
the hilly and mountainous areas is higher than that within the flat area, due to the relief of the 

Table 2. Data Dictionary of the Dataset.

No. Type Label Description

1 Double Time Survey time: the time in seconds relative to the GPS epoch (19800106T00:00:00.000000Z UTC)
2 Single Lon Latitude of the elevation control points (WGS84)
3 Single Lat Longitude of the elevation control points (WGS84)
4 Single Elevation Elevation of the elevation control points (WGS84)
5 Uint8 Beam The values of the labels are 1, 2, 3, 4, 5, and 6. 1–3 and 4–6 indicate that the elevation was sourced 

from the strong beam and weak beam, respectively.
6 Uint8 Level The levels of elevation quality are 1, 2, and 3. These values indicate that the RMSE of the elevation is 

less than 0.5 , 0.7 , and 1.5 m, respectively.

8 B. LI ET AL.

https://doi.org/10.11888/Terre.tpdc.300508


topographic (Li et al. 2023a; Li et al. 2023b; Moudrý et al. 2022; Tian and Shan 2021). Moreover, 
from the figure, some extremely high elevations are not covered in the dataset. The main reasons 
for this are: 1) the global elevations observed from the ICESat-2 satellite are limited; 2) the snow/ice 
covered mountainous areas where extremely high elevations exist was excluded during the con
struction of the dataset.

5. Results analysis and discussions

5.1. Validation of elevation accuracy

5.1.1. Elevation accuracy of different topography
Some samples of the dataset were validated by the DEMs with high resolution and accuracy, as 
shown in the blue points of Figure 1. The number of these samples is about 142 000 and the pro
portions for areas I – X are about 18.53%, 16.53%, 16.16%, 26.51%, 5.33%, 1.07%, 14.35%, 0.93%, 
and 0.55%, respectively. After validation, the RMSE of these samples belonging to levels 1, 2 and 3 is 
0.279 , 0.433 , and 0.642 m, respectively. Moreover, a more detailed analysis of these ECPs within 
each validation area was carried out, and Table 3 lists the analysis results.

From Table 3, it drew that the ECPs within each area all have a good elevation accuracy. The 
ECPs belonging to level 1 have the best accuracy (about 0.20–0.41 m), those belonging to level 2 
have the second-best accuracy (about 0.25–0.57 m), and those belonging to level 3 have the lowest 

Figure 3. Distribution of elevation control points in the dataset

Table 3. Accuracy Analysis of the Elevation Control Points Within Each Validation Region.

No. I II III IV V VI VII VII VIII

Proportion of samples (%) Level 1 98.94 83.26 98.61 93.32 81.67 34.21 92.77 86.97 66.88
Level 2 1.01 15.25 1.24 6.60 15.20 51.31 4.78 10.84 20.51
Level 3 0.05 1.49 0.15 0.08 3.13 14.48 2.44 2.18 12.61

Elevation RMSE (m) Level 1 0.25 0.41 0.28 0.23 0.37 0.48 0.20 0.31 0.28
Level 2 0.49 0.47 0.57 0.25 0.55 0.48 0.43 0.45 0.40
Level 3 0.51 0.59 0.70 0.35 0.85 0.55 0.64 0.64 0.49
All 0.25 0.42 0.28 0.23 0.43 0.49 0.23 0.34 0.34
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accuracy (about 0.35– 0.85 m). The validation results imply that the ECPs of the dataset in local 
areas have a good elevation accuracy and can meet the accuracy requirement of 0.5–1.5 m.

To further evaluate the accuracy of the dataset, the histogram statistics of the ECPs within the 
validation areas were calculated, including a comparison with the original elevations and the aban
doned parts of the original elevations. Figure 4 shows the comparison results for the histogram stat
istics of the above elevations.

In Figure 4, the blue and red histograms show the error distribution of the original elevations 
and the abandoned parts of the original elevations, respectively. The green histograms show the 
error distribution of the ECPs. It can be observed that the accuracy of the extracted ECPs shows a 
great improvement relative to that of the original elevations. The RMSEs of the original 
elevations are from 1.384 m to 4.820 m, and those of the ECPs are from 0.279 m to 0.642 
m. In each quality level, compared with the abandoned original elevations, the ECPs all have 
a better distribution of elevation error, which is reflected that the distributions of the ECPs 
have a higher probability of amplitude. This implies that the proposed methodology for con
structing the ECP dataset allows good identification of the parts of high quality in the original 
elevations.

5.1.2. Elevation accuracy of strong and weak beams
ICESat-2 laser altimeter data are sourced from two kinds of beams with two different energy levels 
(strong or weak). The construction of the dataset includes ECPs belonging to these two kinds of 
beams. In the released dataset, there is also the ‘Beam’ label to indicate the beam of the ECPs. A 
more detailed description is described in Table 2. To evaluate the accuracy of the ECPs belonging 
to two different energy beams, the corresponding statistics were calculated, and Table 4 lists the 
statistical results. From the statistics, the accuracies of the two different energy beams’ ECPs are 
both better than those of the original elevations, and compared with the weak beam’s ECPs, the 

Figure 4. Histogram statistics for the elevation control points within the validation areas. (a) – (c) Statistics of the elevation con
trol points with levels 1 - 3, corresponding to flat, hilly and mountainous areas along track, respectively.
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strong beam’s ECPs have a slightly better accuracy. This discovery is consistent with our previous 
research (Li et al. 2021).

5.1.3. Elevation accuracy within urban and non-urban areas
Urban areas are the type of land cover with the highest human concentration. Accurate measure
ment of urban elevation is one of the important study areas for the analysis and evaluation of urban 
monitoring and modeling. Compared to urban areas, non-urban areas have more prominent natu
ral geomorphological features. The accurate measurement of the topography of non-urban areas is 
important for the analysis and assessment of the ecological environment. For the above reason, the 
ECPs were divided into two categories – urban areas and non-urban areas – and then the ECPs of 
the two categories were analyzed. The masks for the two categories were extracted by the use of the 
FROM-GLC10 product. Table 5 lists the analysis results. It can be found that, within both the urban 
and non-urban areas, the elevations of the dataset have a good accuracy (urban: 0.33 m, non-urban: 
0.30 m), and the elevation RMSEs of the dataset are smaller than those of the original elevations.

5.1.4. Elevation accuracy within different vegetation cover
Occlusion from vegetation can weak the valid signal from the ground, i.e. photons belonging to ter
rain, influencing the accuracy of the ATL08 elevations (Fernandez-Diaz, Velikova, and Glennie 

Table 4. Accuracy Comparison of the Strong and Weak Beams’ Elevation Control Points.

Beam Level Original elevation RMSE (m) Dataset elevation RMSE (m)

Strong 1 1.46 0.26
2 3.46 0.40
3 4.62 0.69

All 2.19 0.28
Weak 1 1.28 0.31

2 2.95 0.46
3 5.04 0.58

All 2.07 0.32

Table 5. Accuracy Comparison of the Elevation Control Points Within Urban and Non-Urban Areas.

Land cover Original elevation RMSE (m) Dataset elevation RMSE (m)

Urban 1.74 0.33
Non-urban 2.16 0.30

Figure 5. Distribution of the dataset within the different vegetation cover indices.
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2022; Ghosh, Behera, and Paramanik 2020; He et al. 2023; Li et al. 2023b; Neuenschwander et al. 
2020; Xie et al. 2022). The dataset includes ECPs within different types of vegetation cover. The veg
etation cover index for each ECP was directly collected from the ATL08 product. The distribution 
of the dataset within the different vegetation cover indices is shown in Figure 5. The proportions of 
the dataset within the different vegetation cover indexes are shown in Figure 6. From this statistic, 
in general, the proportions of ECPs in the dataset decreased with the increase of vegetation cover 
index. ECPs in the dataset focus on the low vegetation cover indexes, for example, the proportion of 
0-10% vegetation cover index is about 47%. Although ECPs have a higher proportion in low veg
etation cover areas, ECPs are still distributed in some areas with high vegetation cover index 
(>60%). This characteristic means that the dataset has certain potential and value for the application 
in the vegetated area, such as the terrain mapping within forests. Further, the accuracy evaluation of 
the ECPs within the different vegetation cover is important for applications within these land-cover 
types. Therefore, for the different vegetation covers, we compared the accuracy of original 
elevations with that of the ECPs, to further evaluate the application prospects of the dataset within 
these types of land cover. Figure 7 shows the comparison result, including the comparisons of the 
sample number, RMSE and elevation error boxplot.

From Figure 7(a), it can be observed that the extraction proportions of the ECPs in the dataset 
relative to the original elevations decrease with the increase in vegetation cover. The main reason 
for this trend is that the quality of the original elevations within the low vegetation cover is better 
than that within the high vegetation cover (Fernandez-Diaz, Velikova, and Glennie 2022; Li et al. 
2023b; Moudrý et al. 2022; Neuenschwander and Magruder 2019; Tian and Shan 2021). Despite the 
decreasing trend described above, the ECPs within the high vegetation cover areas (more than 60%) 
are still included in the dataset, which implies that the dataset has good application prospects within 
vegetation-covered areas. From Figure 7(b) – (c), it can be observed that the accuracy of the ECPs in 
the dataset is better than that of the original elevations for the different vegetation covers. The 
RMSEs of the original elevations are from ∼1.5 m to ∼2.5 m. The RMSEs of the ECPs are from 
0 m to ∼0.5 m. Moreover, the elevation error of the ECPs in the dataset has a better distribution, 
compared with that of the original elevations.

5.2. Statistics of elevation aggregation

The aggregation level of the ECPs at a global scale can act as an important reference for users of this 
dataset. Due to this, the statistics of the ECPs within the global 0.25°×0.25° grid were collated and 
are shown in Figure 8. From the statistics, the number of ECPs within certain areas, such as the 

Figure 6. Proportions of the dataset within the different vegetation cover indices.
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Figure 7. Accuracy analysis of the elevation control points within the different vegetation cover indices. (a) – (c) The sample 
number, RMSE, and elevation error of the original elevations and the dataset elevations, respectively.

Figure 8. Statistics for the elevation control points within the global 0.25°×0.25° grid.
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midwest region of Africa, the southwest region of China, the Malay Archipelago, the northern 
region of Brazil, etc., is clearly lower than that within other areas. One reason for this phenomenon 
is that the intensity of the ICESat-2 altimetry data diminishes with the increment of latitude, result
ing in most of these areas with lower numbers being concentrated near the equator. The other 
reason, more importantly, is that the ICESat-2 altimeter data are challenged by the topographic 
relief and vegetation cover, resulting in less data collection and a lower percentage of high-quality 
data. To support the above discussion, the statistics of the original elevation points within the global 
0.25°×0.25° grid were also collated. These statistics are shown in Figure 9, where it drew that the 
original elevations of the ATL08 product within the above areas also have lower numbers.

6. Conclusion

In this study, we constructed and released a high-quality elevation control point dataset. The dataset 
covers all the global land areas, except for Antarctica and Greenland. The ICESat-2 altimeter data 
used to construct the dataset span the entire year of 2019. Moreover, we recorded the distribution of 
the elevation control points within a global 0.25°×0.25° grid to analyze the dataset aggregation level 
at a global scale, to guide users in using the dataset.

The regions used to evaluate the accuracy of the dataset included regions in North America 
and Europe. The evaluation of the dataset accuracy included three main parts: 1) accuracy evalu
ation of the elevation control points within different topographies; 2) accuracy evaluation of the 
elevation control points within urban and non-urban areas; and 3) accuracy evaluation of 
the elevation control points within different types of vegetation cover. The results implied that 
the dataset has a good accuracy in the above three evaluations. Moreover, the analysis also 
implied that the dataset has good application prospects in vegetation-covered areas, for the reason 
that the elevation control points within the high vegetation cover areas (more than 60%) are still 
included in the dataset.

The released dataset will be a useful supplement for the research field of open-source accurate 
elevation information at a global scale, and will increase the potential of applications depending 
on accurate elevation data, such as global-scale topographic mapping, vegetation biomass survey
ing, urban environmental monitoring, etc.

Disclosure statement
No potential conflict of interest was reported by the author(s).

Figure 9. Statistics for the original elevation points within the global 0.25°×0.25° grid.
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