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ABSTRACT
High-quality height reference data are embedded in the accuracy verification processes of 
most remote sensing terrain applications. The Ice, Cloud, and Land elevation Satellite 2 
(ICESat-2)/ATL08 terrain product has shown promising results for estimating ground heights, 
but it has not been fully evaluated. Hence, this study aims to assess and enhance the accuracy 
of the ATL08 terrain product as a height reference for the newest versions of the Advanced 
Spaceborne Thermal Emission and Reflection Radiometer (ASTER), the Shuttle Radar 
Topography Mission (SRTM), and TanDEM-X (TDX) DEMs over vegetated mountainous areas. 
We used uncertainty-based filtering method for the ATL08 strong and weak beams to enhance 
their accuracy. Then, the results were evaluated against a reference airborne LiDAR digital 
terrain model (DTM), by selecting 10,000 points over the entire area and comparing the 
accuracy of ASTER, SRTM, and TDX DEMs assessed by the LiDAR DTM to the accuracy of the 
ASTER, SRTM, and TDX DEMs assessed by the ATL08 strong beams, weak beams, and all beams. 
We also detected the impact of the terrain aspect, slope, and land cover types on the accuracy 
of the ATL08 terrain elevations and their relationship with height errors and uncertainty. Our 
findings show the accuracy of the ATL08 strong beams was enhanced by 43.91%; while the 
weak beams accuracy was enhanced by 74.05%. Furthermore, slope strongly influenced ATL08 
height errors and height uncertainty; especially on the weak beams. The errors induced by the 
slope significantly decreased when the uncertainty levels were reduced to <20 m. The evalua-
tions of ASTER, SRTM, and TDX DEMs by ATL08 strong and weak beams are close to those 
assessed by LiDAR DTM points within 0.6 m for the strong beams. These findings indicate that 
ATL08 strong beams can be used as a height reference over vegetated mountainous regions.
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1. Introduction

Geomorphology, mass movement, 3D visualizations, 
surface analysis, and other related sciences depend on 
remote sensing for terrain elevation data. Acquiring 
accurate reference data at large-scale is quite challen-
ging because ground-based field surveys are often 
impractical or too expensive, especially for large exten-
sive regions (Henrys and Jarvis 2019). High-resolution 
space-based remote sensing has an advantage over 
other techniques, as it provides wider spatial coverage 
at minimum cost. Researchers have investigated the 
accuracy of different versions of global digital elevation 
models (DEMs) in comparative studies. DEMs were 
evaluated against Global Navigation Satellite Systems 
(GNSS) elevation data (Athmania and Achour 2014; 
Brunt, Neumann, and Larsen 2019) and to high- 
quality altimetry measurements (Boulton and Stokes 
2018; Zhang et al. 2019). Every several years, new ver-
sions of these DEMs are released with enhancements 
related to data voids, spatial resolution, interpolation 
algorithms, and accuracy. These new versions require  

an ongoing global source for continuous validation and 
assessment.

Since 2003, the Geoscience Laser Altimeter System 
(GLAS), i.e. a full waveform LiDAR, borne on the Ice, 
Cloud, and Land Elevations Satellite (ICESat) has pro-
vided high-accuracy global elevations to measure the 
ice sheets mass, topographic heights as well as vegeta-
tion attributes (Salas 2021; Brenner, DiMarzio, and 
Zwally 2007). The accuracy of the ICESat data has 
been evaluated using ground truth data; its vertical 
accuracy ranged between 0.12 m and 0.50 m depend-
ing on the vegetation cover (Fricker et al. 2005; Braun 
and Fotopoulos 2007; Siegfried, Hawley, and Burkhart 
2011). Thus, ICESat data were used as ground control 
data in evaluations of global DEMs such as ASTER 
GDEM V2 and TDX DEMs (Hueso González et al. 
2010; Satgé et al. 2015). In the later part of 2018, 
ICESat-2 was launched to continue the work of the 
earlier mission with the aim of providing a higher 
accuracy, precision, and wider spatial coverage for 
height retrieval. The Advanced Topographic Laser 
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Altimeter System (ATLAS) is a photon-counting 
LiDAR system borne on the ICESat-2. The ATLAS 
laser beam is divided into six dissimilar energy 
beams, three of them are four times higher in energy 
than the others (Hsu et al. 2021; Neuenschwander and 
Magruder 2016). The photon data released by ATLAS 
are exposed to many factors that decrease its energy 
and introduce ranging errors, such as atmospheric 
scattering and attenuation, solar background effect, 
degree of the surface reflectance, and laser interaction 
with different land covers. Consequently, the rate of 
the received signal backscatters is low and the noise 
rate is high, particularly during the daytime with the 
higher solar background (Neumann et al. 2019). All 
these errors greatly affect the accuracy of the different 
products derived from ATLAS raw data.

The ICESat-2/ATL08 product contains 3-A level ele-
vation data derived from the ATL03 raw data, and 
provides two height categories representing the terrain 
and the relative canopy heights. The research commu-
nity has investigated the accuracy and potential applica-
tions of the ATL08 product, finding that it provides 
a promising means to retrieve the terrain and canopy 
heights (Lin et al. 2020; Neuenschwander et al. 2019; 
Osama et al. 2021), estimate terrain slope (Zhu et al. 
2020), filtering the existing global DEMs with the aid of 
LandSat images (Magruder, Neuenschwander, and 
Klotz 2021), map forest fires (Liu, Popescu, and 
Malambo 2020), and replace Lidar data in global 
DEMs assessment (Guth and Geoffroy 2021). 
Vernimmen et al created the Global LiDAR Lowland 
DTM (GLL_DTM_v1) from the ATL08 terrain product 
for flood risk assessment. This DTM simulates the 
gridded elevations for the terrain and canopy heights 
that will be included in the future ICESat-2/ATL018 
product. The vertical accuracy of the GLL_DTM_v1 
was up to 0.53 m for 83.4% of the study area, which is 
higher than the other available global DEMs accuracies 
in the test region (Vernimmen, Hooijer, and Pronk 
2020). However, GLL_DTM_v1 DTM has a course 
resolution of (5 km × 5 km) and it failed to take full 
advantage of the 100 m segment of the ATL08- terrain 
product. In addition, this research (Vernimmen, 
Hooijer, and Pronk 2020) did not take into account 
that adding the ATL08 weak beams to the strong 
beams may reduce the accuracy of the produced 
model. Especially, since the resampling process at 5  
km may keep the weak beams data and remove some 
of the strong beams’ data.

The absolute vertical accuracy of ATL08-terrain 
product ranges from the sub-meter level to several 
meters, depending on the complexity of the terrain. 
About 910,000 observations from the ATL08 data 
were compared against LiDAR data over a forested 
area in Finland to achieve an overall vertical error for 
the terrain of RMSE <0.73 m (Neuenschwander et al. 

2020). However, another study compared the RISAT-1 
stereo radargrammetry DEM elevations against the 
ATL08 elevations as well as GPS points and found 
that the RMSE difference between the ATL08 and 
the GPS points was about 40 m (Saini, Bhardwaj, and 
Chatterjee 2019). Some factors may contribute to 
enhancing or degrading the vertical accuracy of the 
ATL08 product, such as weak or strong beam energy, 
the time of data collection-either nighttime or day-
time, and vegetation density. Hence, the use of weak 
energy beam data should be avoided in forested areas 
and areas with complex topography (Zhu et al. 2020). 
Also, daytime datasets may have more noise than 
nighttime data, which decreases the accuracy of the 
surface finding processes (Popescu et al. 2018). In 
2020, Liu et al., have used the ATL08 product to 
evaluate some global DEMs with different resolutions 
(Liu, Popescu, and Malambo 2020). However, they 
neglected the effect of the terrain aspect, slope, and 
land cover on the ATL08 heights and height 
uncertainty.

The existing research discussed in this section eval-
uated the accuracy of the ATL08-terrain product under 
a variety of topographic and vegetation conditions. 
However, it does not fully explain how this product 
can be used to evaluate other elevation products. 
Additionally, these researchers have not adequately 
addressed the issue of filtering the ATL08 terrain data, 
especially in mountainous areas with complex terrain. 
Nor have they suggested any methods to minimize the 
resulting errors in order to improve the accuracy of the 
ATL08-Terrain product. Hence, our study aims to fill 
this gap and assess the accuracy of the ATL08 terrain 
product over a forested rough topography using a high- 
resolution LiDAR DTM. We also compared the accu-
racy of the latest versions of different elevation datasets 
(i.e. ASTER, SRTM, and TDX DEMs) evaluated by the 
ATL08 strong beams, weak beams, and all beams versus 
the accuracy evaluated by the LiDAR DTM alone. 
Furthermore, we studied the effect of land cover types, 
terrain aspect, and terrain slope on the vertical sampling 
error and height uncertainty of the ATL08 strong and 
weak beams. We also present a simple yet effective 
uncertainty-based filtering method to increase the abso-
lute vertical accuracy of the ATL08 terrain product.

This paper is organized in the following manner: 
Section 2 describes the topographic characteristics of 
the study area, section 3 covers the datasets used for 
this experiment, section 4 describes in detail the meth-
ods of processing, assessment, and enhancement of 
the ATL08-Terrain product and the other datasets. 
The results are presented in section 5 with 
a comprehensive analysis and discussion while high-
lighting the significance and improvements presented 
in our study. In the last section, we summarized the 
conclusions.
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2. Study area

The Kaibab Plateau lies in Coconino County, northern 
Arizona USA. The study area is in the middle part of 
the Kaibab Plateau between the latitudes (36.4299°– 
36.5924° N) and the longitudes (112.0640°–112.4007° 
W), with dimensions of (17.362 km × 27.673 km). The 
total area is about 480.5km2, as shown in Figure 1. The 
Kaibab Plateau is bounded by a red polygon and the 
study area is bounded by a cyan rectangle.

The region has a complex topography with hilly (2° 
−6°), and steep mountain (6°−25°) Slopes. While portions 
of the land slope downward on a gentler grade, there are 
several portions that lie in high mountain areas with 
slopes that exceed 25°. The elevations range between 
1963 m and 2802 m above the North American Vertical 
Datum of 1988 (NAVD 88). The land is fully vegetated 
with variegated forests, plants, and grass; but evergreen 
forests are the dominant land cover type in this area.

3. Datasets

There were three kinds of data used in this study. 
First, satellite-derived elevation data were used to 
measure the terrain heights. Second, validation data 
that have high quality and high precision elevations 
with a centimeter level accuracy were used to assess 
the vertical accuracy of the measured heights. 

Third, Land Use Land Cover data (LULC) were 
used to study the effect of the different land 
forms on the measured heights and the height 
errors.

3.1. Elevation data

The Elevation data are the ICESat-2 ATL08 product V3, 
ASTER DEM V3, SRTM DEM V3, and the TanDEM-X 
DEM V1. The information related to the resolution, 
version release, and download websites are listed in 
Table 1.

The ATL08 data, ASTER DEM, SRTM DEM are 
provided by the National Aeronautics and Space 
Administration. While, the TDX DEM is provided 
by the German Aerospace Center (DLR). The 
ASTER DEM version 3 and the ATL08 data version 
3 were newly released in 2019 and 2020, respectively. 
Therefore, a few studies had the opportunity to assess 
their accuracy and discover potential errors in them. 
There is only one version of TDX at 90 m resolution 
released in 2016 and there have been no versions 
released after that so far. The SRTM V3 is latest ver-
sion of DEM at 30 m resolutions. There are version 4 
and version 4.1 released by CGIAR Consortium for 
Spatial Information (CGIAR-CSI). However, these 
versions are at 90 m resolution.

Figure 1. The Kaibab Plateau, Arizona, USA.
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3.1.1. The ICESat-2/ATL08 V3
The ATL08 product consists of two classes, one for the 
terrain elevations above the WGS 84 ellipsoid and the 
other for the canopy relative elevations. The elevations in 
this product were created by dividing the corresponding 
ground track in the ATL03 product into smaller seg-
ments (10 km long). Each segment was separately pro-
cessed to filter the data and obtain the terrain and canopy 
surfaces (Neuenschwander et al. 2019). The results of the 
surface finding algorithm are a 100 m segment of terrain 
elevations, and fewer and sparser canopy elevations. 
There may be some missing terrain and canopy observa-
tions in the ATL08 products due to the low density of the 
photon backscatters and the performance of the filtration 
algorithm. The relevant information about the ATL08 
beams is listed in Table 2.

Since we need to study the possibility of using both 
the strong and weak beams as reference data to eval-
uate the global DEMs which have a wider spatial 
coverage than a single ICESat-2 ground track, we 
selected all the available strong and weak beams over 
the area of interest. Therefore, a total of 50 strong and 
weak beams (25 strong and 25 weak) were used sepa-
rately and together for evaluating the DEMs. Also, the 
effect of the terrain aspect, slope and land cover was 
separately investigated for each of them.

3.1.2. ASTER GDEM V3
The Terra Advanced Spaceborne Thermal Emission 
and Reflection Radiometer Global DEM (ASTER 
GDEM) is a photogrammetric DEM based on stereo 
Near-Infrared (NIR) images covering the area between 
83° N and 83° S (Ravibabu et al. 2010). The first 
version was released in 2009 at a 30 m resolution (1 
arcsec); however, it was not at the same quality as 

SRTM (3 arcsec) (Guth 2010). The second version 
was enhanced and released in 2011. This version con-
tains some anomalies and features that could result in 
significant errors in small areas (Arefi and Reinartz 
2011). The third version was corrected for cloud 
effects and the outliers were removed using other 
reference DEMs. This version was also corrected for 
the elevations of the water bodies. Therefore, 
a separated global product for water bodies 
(ASTWDB) was created (Abrams, Crippen, and 
Fujisada 2020). The elevations in all versions were 
referenced to the Earth Gravitational Model (EGM 
96) as a vertical datum (Zhang et al. 2021).

3.1.3. SRTM DEM V3
The Shuttle Radar Topography Mission (SRTM) DEM 
is a radar interferometry-based DEM released in 2002 
to measure the Earth’s topography above the mean sea 
level as determined by the EGM 96. The DEM mea-
surements cover 80% of the Earth for the regions 
between the latitude of 60° N and 54° S. The first 
version was made at 30 m resolution (1 arcsec) for 
the USA and 90 m resolution (3 arcsec) for other 
regions of the world. In this version, radar echoes 
were transformed into DEM strips and a mosaic was 
created at 1° × 1° (Farr and Kobrick 2000). In 
the second version, the water bodies and coastlines 
were defined, and spikes and wells were removed by 
interpolation methods (Slater et al. 2006). The SRTM 
v3 or SRTM plus is a void-filled version in which the 
interferometric methods were enhanced to eliminate 
the gaps in the data, especially over steep mountainous 
areas like the Himalayas or over desert areas which 
have no reflections. Other national and global DEMs 
were used to fill the voids in this version such as 
ASTER GDEM v2, USGS Global Multi-resolution 
Terrain Elevation Data (GMTED) and USGS national 
datasets (NASA 2015).

3.1.4. TDX DEM V1
The TanDEM-X DEM is a radar interferometry-based 
DEM built from the measurements captured by the 
TanDEM-x and TerraSAR-X satellites from 2010 to 
2015 and cover the whole globe (Dong et al. 2021; 
Bangen 2013). There is only one available global ver-
sion of this DEM. It contains many voids, artifacts, 
outliers, and noise in water bodies, rugged terrain, and 
in high vegetation cover (Hueso González et al. 2010). 
The measurements were not processed to detect the 

Table 1. ICESat-2/ATL08, ASTER, SRTM, and TDX elevation data products for the Kaibab Plateau, Arizona, USA.
Product Version Spatial resolution Download website

ATL08 V3 (2020 release) 100 m interval in along-track direction https://search.earthdata.nasa.gov/search/
ASTER V3 (2019 release) 30 m https://search.earthdata.nasa.gov/search/
SRTM V3 (2014 release) 30 m https://dwtkns.com/srtm30m/ 

https://search.earthdata.nasa.gov/search/
TDX V1 (2016 release) 90 m https://download.geoservice.dlr.de/TDM90/

Table 2. ICESat-2/ATL08 ground tracks over the study area in 
the Kaibab Plateau, Arizona, USA.

GRANULE 
DATE GROUND TRACK NO OF STRONG & WEAK BEAMS

2019-01-02 1R, 1L, 2R, 2L, 3R, 3L 3 strong & 3 weak
2019-10-01 1R,1L,2R,2L 2 strong & 2 weak
2019-12-31 1R, 1L, 2R, 2L, 3R, 3L 3 strong & 3 weak
2020-01-29 2R, 2L, 3R, 3L 2 strong & 2 weak
2020-03-31 1R, 1L, 2R, 2L, 3R, 3L 3 strong & 3 weak
2020-06-30 1R, 1L, 2R, 2L, 3R, 3L 3 strong & 3 weak
2020-07-29 3R, 3L 1 strong & 1 weak
2020-09-29 1R, 1L, 2R, 2L, 3R, 3L 3 strong & 3 weak
2021-03-06 2R, 2L, 3R, 3L 2 strong & 2 weak
2021-03-29 1R, 1L, 2R, 2L, 3R, 3L 3 strong & 3 weak
TOTAL 50 ground tracks 25 strong beams & 25 weak 

beams

4 N. OSAMA ET AL.



bare-ground elevations; therefore, this version is 
a digital surface model (DSM). The elevations values 
were sampled at a 90 m resolution and were referenced 
to the vertical datum (WGS 84 ellipsoid). There are 12  
m and 30 m resolution DEMs available for scientific 
use at (https://tandemx-science.dlr.de) for a limited 
area of 10,000 km2.

3.2. Land cover data

The National Land Cover Database 2019 (NLCD) is 
the latest land cover product release provided by 
the U.S. Geological Survey for the USA. The pro-
duct was generated from the 30 m resolution 
LandSat images with an epoch of two to three 
years. It contains 34 classes for the land cover, 
urban and vegetations based on the modified 
Anderson Level II classification system. The land 
cover classifications for years 2001, 2004, 2006, 
2008, 2011, 2013, 2016, and 2019 are available 
within the NLCD 2019 dataset and can be down-
loaded through the Multi-Resolution Land 
Characteristics (MRLC) Consortium (https://www. 
mrlc.gov/data).

3.3. Validation data

The validation dataset was an airborne LiDAR-based 
DTM, collected in September 2012. The DTM has a 1  
m spatial resolution and a vertical accuracy of RMSE ≤15  
cm. The DTM horizontal coordinate system is UTM 
Zone 12N [EPSG: 26,912], the vertical coordinate system 
is the NAVD88 datum [EPSG: 5703]. The measurements 
were referenced to the North American Datum of 1983 
(NAD 83). The data was collected by 3Di West and was 
made available on the open topography website which 
provides high-resolution topographic data such as raster, 
point cloud, and image differencing currently accessible 
from the USGS, some universities, data centers, and 
scientific programs in the USA. The data was down-
loaded through (https://doi.org/10.5069/G9TX3CH3).

4. Methods

The spatial coverage of ATLAS ground tracks is quite 
different from that of ASTER, SRTM, and TDX DEMs 
since they are based on satellite images with a wider 
spatial coverage. In order to evaluate and compare the 
ATL08 height data with ASTER, SRTM and TDX 
DEMs, the steps in Figure 2 were followed.

Figure 2 illustrates the general steps for using 
the LiDAR DTM as reference data to assess the 
ICESat-2/ATL08, ASTER, SRTM, TDX DEMs 
while investigating the impacts of terrain aspects, 
slope, and land cover types on their accuracy. The 
slope, aspect and height maps were generated from 
the Lidar DTM. The ATL08 ground tracks were 

filtered using the height uncertainty values asso-
ciated with each ATL08-Terrain observation. The 
ATL08 filtered observations were matched to the 
slope, aspect, and Lidar elevation maps as well as 
the ASTER, SRTM, and TDX DEMs to extract the 
corresponding slope, aspect, and heights. Since the 
elevations in this study have different vertical and 
horizontal datums, datum unification was applied 
for comparison matters. Finally, the Lidar DTM as 
well as the ATL08-terrain elevations were used to 
assess the ASTER, SRTM, and TDX DEMs.

4.1. Creating aspect, slope, contour and land 
cover maps

The LiDAR DTM with a 1 m resolution and <15 cm 
accuracy, was utilized to generate slope, aspect, and 
contour maps to analyze the topography of the study 
area. The slopes were divided into four classes: flat to 
gentle slope <2°, hilly slope 2° − 6°, mountain area 6° − 
25°, and high mountain area >25°. The aspect of the 
terrain was divided according to the primary and the 
secondary directions into nine classes: flat, North, 
Northeast, East, Southeast, South, Southwest, West, 
and Northwest. The contour map heights were divided 
into five classes with a contour interval of 50 m.

The land cover data was downloaded and cropped to 
the study area to create a land cover map. We reclassified 
and combined the same sub-classes into higher-level 
categories. Thus, high intensity urban area, low intensity 
urban area, etc., were grouped into the urban area class. 
The final land cover map contained eight classes.

4.2. The ATL08 processing

We downloaded the ATL08 ground tracks over the 
study area as mentioned in section (3.1.1.) and 
cropped the tracks to the desired latitude and long-
itude. We also classified the ATL08 ground tracks 
into strong beams and weak beams, and extracted 
the terrain heights and height uncertainty from 
both. Height uncertainty is the only factor asso-
ciated with the ATL08 product that expresses the 
vertical sampling precision. This term can be cal-
culated by adding the errors from the height mea-
surements plus the errors of the measurement 
process (Neuenschwander and Magruder 2016). 
We examined many thresholds starting from 100  
m and below. Each time, we assessed the accuracy 
of the ATL08 terrain heights at the chosen thresh-
old. We found that the ATL08 accuracy does not 
exhibit a significant enhancement in accuracy from 
the 5 m to 20 m thresholds. However, most of the 
data points were removed as the threshold 
decreased. Therefore, we removed all the observa-
tions which had uncertainty values >20 m in order 
to eliminate the imprecise terrain observations.

GEO-SPATIAL INFORMATION SCIENCE 5



4.3. Extracting the ATL08 ground tracks 
corresponding information

The ASTER, SRTM and TDX DEMs were downloaded 
and cropped to the desired areas using the Geographic 
Information System software (GIS software). The geo-
graphic latitude and longitude of the ATL08 strong and 
weak beams were matched with the ASTER, SRTM, and 
TDX DEMs to extract the corresponding elevations for 
the ground track locations. The slope, aspect, and land 
cover information were extracted to the ATL08 strong 
and weak beams by “Extract Multi Values to Points” 
Function.

4.4. Datums and coordinates systems 
transformation

Since the ATL08 heights are related to WGS 84 
ellipsoid and the other data are related to different 
datum as shown in Table 3. All datasets were 
converted into the same coordinate system and 
the same vertical datum relative to the WGS84 
ellipsoid.

The ASTER and SRTM DEM elevations were 
directly converted from the EGM96 geoid to the 
WGS84 ellipsoid through the equation 

H ¼ Ho þ N (1) 

where H is the ellipsoidal height, Ho is the orthometric 
height, and N is the geoid undulation.

The Kaibab Plateau DTM LiDAR observations 
were referenced to the NAD 83 as a horizontal 
reference frame while NAVD 88 was taken as the 
vertical reference frame. To evaluate the global 
DEMs with the observation taken by the airborne 
LiDAR DTM, the LiDAR DTM observations were 
converted into the WGS 84 ellipsoid by the 
NOAA/NOS’s VDatum 4.2 available at: (https:// 
vdatum.noaa.gov/) to unify the vertical datum.

4.5. DEMs assessment using the ATL08 strong and 
weak beams

The performance of the ATL08 strong and weak 
beams was evaluated in two steps. In the first step, 
we evaluated the ATL08 strong beams with the 
LiDAR DTM heights extracted at the locations of 
the strong beams. We evaluated the ATL08 weak 
beams in the same way, with the LiDAR DTM 
heights extracted at the locations of the weak 
beams. In the second step, we created 10 thousand 
random points over the entire area and evaluated 
the accuracy of the ASTER, SRTM, TDX DEMs at 
these points with LiDAR DTM. Subsequently, we 
compared the results from the second step with 
results from the first step. This evaluation was 
done based on the Standard Deviations (STD), the 
Root Mean Square Error (RMSE), and the Mean 
Absolute Error (MAE), which were calculated 
according to the following equations: 

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1 XValidi � XDEMið Þ
2

n

s

(2) 

STD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1 XDEMi � Xmeanj j
2

n � 1

s

(3) 

Figure 2. Schematic flowchart of the general method used for data processing and assessment.

Table 3. Coordinates system and datum transformation for the 
datasets.

Data Horizontal Datum Vertical Datum

Lidar_ DTM NAD 83 NAVD88 [EPSG: 5703]
ATL08 WGS 84 WGS 84 Ellipsoid
ASTER WGS 84 EGM 96 GEOID
SRTM WGS 84 EGM 96 GEOID
TDX WGS 84 (G1150) WGS 84 Ellipsoid
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MAE ¼
1
n

Xn

i¼1
jXDEMi � XValidj (4) 

where XDEM is the elevation values of the DEM, n is 
the number of the observations, Xmean is the mean 
value of the DEM elevations, and XValid is the eleva-
tions of the validation data.

5. Results & discussion

5.1. Terrain analysis maps

The aspect, slope, contour, and elevation maps in 
Figure 3 show the topographic changes in the Kaibab 
Plateau. The slope map indicates the steepness of the 
terrain, while the terrain aspect map indicates the 
directions of the terrain slopes. The height maps indi-
cate the different terrain elevations. Figure 3(a) illus-
trates the slopes where there are almost no flat areas 
(<2°) and the mountainous slopes (6° − 25°) dominate 
most of the region. There are some steep slopes 
located in the high mountain areas (>25°) on the left 
side and on the bottom right side. Figure 3(b) shows 
that the right part of the area slopes toward the east, 
the left part slopes toward the northwest, and the 
entire study area slopes slightly to the north direction.

In Figure 3(c,d), the elevation values of the eastern 
part are generally higher than the western part of the 
area and the highest values lie in the southeast of the 
study area where the peak of the Kaibab mountain 
exists. The 839 m height difference between the high-
est and the lowest elevations in only 480.5 km2 reveals 
the mountainous nature of the land and the extreme 
gradient in elevations in the region.

The land cover map was generated from the NLCD 
2019 data. Figure 4 shows the eight land cover types 
within the area frame. Table 4 illustrates their defini-
tions and the percentage of coverage for each class 
with respect to the total coverage.

Most of the area is covered by the green color 
which represents the evergreen forests (75.05% of 
total coverage) where there are different species of 
trees more than 5 m tall. What distinguishes the 
evergreen forest is that approximately 75% of its 
trees retain their leaves throughout the year. This 
can prevent ATLAS photons from penetrating the 
vegetation cover at any time of the year to provide 
an accurate shape of the surface of the earth in 
densely vegetated areas. The urban area in the 
white color is only 0.41% of the total coverage 
and the other classes like mixed forests and 
woody wetland represent very small parts of the 
area (0.02% and 0.001%), respectively. Therefore, 
it is quite hard to recognize them from the map.

Figure 4 also shows the ATL08 strong beams (the 
lines in black) and the ATL08 weak beams (the lines in 
magenta). Most of the tracks lie in the evergreen 
forests, shrub land, and grass land and only very few 
tracks pass through the urban areas. The count of the 
ATL08 observations in each class and the percentage 
of the total observations are listed in Table 5.

In Table 5, after filtering the observations with 
uncertainty >20 m, the total number of the obser-
vations of the strong beams was about four times 
the total number of the observations of the weak 
beams. In general, the percentage of the ATL08 
observations in a particular land cover is directly 
proportional to the percentage of this land cover 

Figure 3. Terrain analysis of the study area (a) slope map, (b) Aspect map, (c) Elevation map, and (d) contour map.
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with respect to the total area. Therefore, most of 
the observations of the strong and weak beams fall 
in the evergreen forests. The urban areas, decid-
uous forests and barren land were subject to very 
few observations for both strong and weak beams. 
Therefore, we excluded these classes from our 
analysis.

5.2. The relationship between height uncertainty 
and the ATL08 terrain errors

Height uncertainty reflects the error in the ATL08 
product and is a measure of the precision of the 
vertical sampling and the potential height uncer-
tainty (Neuenschwander and Magruder 2016). The 

inherent quality of the output from the ATL08 
algorithm combined with solar noise; raise the 
uncertainty in the derived terrain and canopy pro-
ducts (Magruder and Brunt 2018). In our study, we 
found very high values for height uncertainty for 
the ATL08 weak beams (>800 m) and strong beams 
(>200 m). Thus, if we want to use the ATL08 as 
a height reference, it is necessary to remove the 
imprecise elevation measurements.

For simplicity in this discussion, we will now 
express the ATL08 strong beams with the term 
ATL08_s and the weak beams with the term 
ATL08_w. As we classified the ATL08 ground tracks 
into strong and weak beams the observations with the 
height uncertainty of more than 20 m were removed 

Figure 4. Land cover map for the study area in the Kaibab Plateau, Arizona, USA. (The black lines represent the ICESat-2/ATL08 
strong beams and the magenta lines represent the ICESat-2/ATL08 weak beams).

Table 4. The description of the land cover classes in the Kaibab Plateau, Arizona.
Land Cover Class Definition % of the area land cover

Woody wetlands ● Contain forest or shrubland
● Canopy density > 20% of total cover
● Soil is periodically covered with water

0.001%

shrub ● Young trees < 5m tall
● Canopy density >20% of total cover

13.44%

Mixed forest ● Trees > 5m tall
● Canopy density > 20% of total cover
● Mix of deciduous &evergreen species

0.02%

Grass ● Herbaceous flowering plants like sedges and forbs
● Canopy density > 80% of total cover

11.0%

Evergreen forest ● Trees > 5m tall
● Canopy density > 20%of total cover
● 75% of trees maintain their leaves all the year

75.05%

Urban areas ● Mixture of constructions and vegetations
● Canopy density <20% of total cover

0.41%

Deciduous forest ● Trees > 5m tall
● Canopy density >20%of total cover
● 75% of trees maintain their leaves all the year

0.04%

Barren Land ● Mixture of rocks, sand, clay, volcanic materials and other earthen materials
● Canopy density < 15% of total cover.

0.003%
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from the ATL08_S and ATL08_W. Figures 5 and 6 
show the relationship between height uncertainty and 
the ATL08 residuals. The residuals were classified 
according to density distribution, aspect, slope, and 
land cover before the observations with uncertainty 
>20 m were removed and depicted in Figure 5. 
Figure 6 shows density distribution, aspect, slope, 
and land cover after observations with uncertainty 
>20 m were removed. Panels 5 (a), 5 (b), 5 (c), and 5 
(d) refer to the ATL08_s, while panels 5 (e), 5 (f), 5 (g), 
and 5 (h) refer to the ATL08_w.

Figure 5 shows the original ATL08 strong and 
weak beams height errors against the height uncer-
tainty. In Figures 5(a–d), the uncertainty values for 
the strong beams were <300 m and the height resi-
duals are between −15 m and 15 m and in Figures 5 
(e–h), the uncertainty values for the weak beams 
are >800 m and the height residuals are between ﹣ 
10 m and 20 m. this indicates that the weak beams 
contain higher levels of uncertainty, and conse-
quently, higher values of errors. In Figure 5(a), 
based on the density plot we can see that below 
the 50 m uncertainty, the ATL08_S residuals are 
limited between (−8 m to 8 m), and above the 50  
m uncertainty, some residuals exceed 12 m. 
According to aspect classification Figure 5(b), it is 
difficult to detect any pattern that relates the occur-
rence of errors to the aspect of the terrain. In 
Figure 5(d), the highest values of the errors lie in 
the high mountain and mountain areas with slopes 
>25° and slopes range between 6° and 25 °, while 
the flat and the hilly slopes <6° have the minimum 
residuals. In Figure 5(c), most of the high residual 
values lie in the evergreen forests and some high 
values lie in the shrub land which has small trees 
<5 m tall. However, if we compare the same points 
in Figure 5(c–d), we can see that the points that lie 
in the shrub land and have a high residual it also 
has a very steep slope and lie in a high mountain 
area. Therefore, it is difficult to separate the effect 
of the land cover from the effect of the slope over 
the terrain residuals. But based on Figure 5, we can 
infer that the denser the vegetation and the steeper 
the land, the higher residuals the ATL08 will has.

In Figure 5(e), the density plot for the weak beams 
shows that most of the observations lie below the 200  
m uncertainty; however, it is hard to distinguish the 
detailed relationship between the uncertainty and the 
residuals in this area, due to the high uncertainty in 
the weak beams (>800 m). Despite that, from this 
figure we can generally observe a positive relationship 
between the uncertainty and ATL08 errors. Again, in 
Figure 5(f), we could not link the height errors in the 
weak beams to the terrain aspect, as in the case of 
strong beams. In Figure 5(h), the highest values of 
error lie in the mountain areas with slopes and the 
high mountain slopes. The hilly slopes have lower 
residuals than the mountain slopes (6°– 25°), however, 
we can find a point with a gentle slope which has an 
error value of −5 m. If we compare the same point 
with the land cover classification in Figure 5(g), we can 
see that this point lies in the evergreen forests which 
have trees >5 m tall. Therefore, this confirms our 
assumption that the slope effect cannot be completely 
separated from the land cover effect. Figure 6 shows 
the ATL08 strong and weak beams after removing the 
points that have uncertainty levels more than 20 m. 
panels 6 (a), 6 (b), 6 (c), and 6 (d) refer to the 
ATL08_s, while panels 6 (e), 6 (f), 6 (g), and 6 (h) 
refer to the ATL08_w.

In Figure 6(a), the residual values were decreased to 
(−4 m to <5 m) in strong beams. The highest value of 
error exists in the uncertainty between (15 m − 20 m). 
Below the 5 m uncertainty, the errors are limited to 
(−2 m − 2 m). However, we could not remove the 
observations of uncertainty <5 m because a huge 
amount of data will be lost if those observations were 
removed. In Figure 6(d), most of the residuals lie in 
the slopes >25 ° and the slopes (6°– 25°), and the flat, 
gentle and hilly slopes have the lowest values of resi-
duals. In Figure 6(c), the highest residual lies in the 
evergreen forest. However, the land cover effect can-
not be distinguished anymore below an uncertainty of 
7 m, but it turns out that the slope has a stronger effect, 
and its influence can be differentiated even below this 
limit.

For the weak beams in Figure 6(e), the residual 
errors were limited to (−1.5 m − 1.5 m) with the uncer-
tainty <20 m. Most of the errors for both the strong 
and weak beams are found in the negative direction, as 
shown in Figures 6(a–e). This indicates that the 
ATL08 overestimated the height values by about 0.5  
m. In Figure 6(h), all the high mountain area slopes 
(>25°) for the weak beams were removed when the 
uncertainty became >20 m, still, the highest values of 
errors lie in the mountain areas with slopes (6°– 25°). 
The highest values of errors in Figure 6(g), are 
a mixture of evergreen forest and shrub land. The 
visual interpretation and comparison of Figures 5 
and 6 illustrate that the errors in the ATL08_W 

Table 5. Land cover classification of the filtered ATL08 strong 
and weak beams observations over the Kaibab Plateau.

Beam ATL08 Strong Beams ATL08 Weak Beams

LULC Count % Count %

Woody wetlands - -
Shrub 445 17.57 149 24.34
Mixed forest 91 3.59 31 5.07
Grass land 206 8.13 50 8.17
Evergreen forest 1785 70.47 382 62.42
Urban areas 1 0.04 - -
Deciduous forest 2 0.08 - -
Barren Land 3 0.12 - -
Total observations 2533 100% 612 100%
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beams residuals were enhanced more than the 
ATL08_S beams when the uncertainty levels were 
reduced to <20 m, as shown in Table 6.

The evaluation of the strong and the weak beams in 
Table 6 was conducted using the DTM LiDAR elevations 
at the same ATL08_S and ATL08_W locations. The 

RMSE value for the original ATL08_S data was 1.036 m 
and the accuracy was enhanced to RMSE = 0.581 m after 
removing the uncertainty >20 m. Meanwhile, the accu-
racy of the ATL08_W was RMSE = 1.877 m; after 
enhancement, the RMSE decreased to 0.487 m. So, the 
accuracy of ATL08_S and ATL08_W were improved by 

Figure 5. The relationship between height uncertainty and the ATL08 height residuals with error classification according to 
density, aspect, slope and land cover (before removing the observations with uncertainty > 20 m). Panels 5 (a), 5 (b), 5 (c), and 5 (d) 
for the ATL08 strong beams, and panels 5 (e), 5 (f), 5 (g), and 5 (h) for the ATL08 weak beams.
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0.455 m and 1.39 m, respectively. The mean absolute 
error value for both beams energy was also reduced. 
Table 7 presents descriptive statistics calculated for cate-
gories of terrain aspect, slope and land cover for the 
removed observations from the ATL08_S and 
ATL08_W terrain products.

According to Table 7, more observations were 
removed from the ATL08_W (2345 obs.) than the 
ATL08_S (930 obs.) which represent 79.30% of the 
original data for the weak beams and 26.85% of the 
strong beam’s observations. The land cover classifica-
tion for 66.23% and 68.91% of the removed data for 

Figure 6. The relationship between height uncertainty and the ATL08 height residuals with error classification according to 
density, aspect, slope and land cover (after removing the observations with uncertainty > 20 m). Panels 6 (a), 6 (b), 6 (c), and 6 (d) 
for the ATL08 strong beams and panels 6 (e), 6 (f), 6 (g), and 6 (h) for the ATL08 weak beams.
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the strong and the weak beams lie in the evergreen 
forests followed by shrub lands then grasslands, and 
a very few of the observations lie in the mixed forests. 
We can attribute this phenomenon to the percentage 
of each land type with respect to the total land cover as 
discussed in section 5.1.1. Most of the removed obser-
vations fall in mountainous and hilly areas, as they are 
the most dominant slopes in the region. In addition, 
the removed points almost have similar values of 
aspect in all classes.

Our proposed method to improve the ATL08 accu-
racy based on the removal of the high uncertainty 
values >20 m delivered an increase of about 43% in 
the accuracy of strong beams and about 74% increase 
for weak beams. However, the proposed method 
reduced the number of strong beams observations 
from 3465 to 2533 as well as a significant decrease in 
the number of weak beams observations from 2957 to 
612 observations. Our method yielded more accurate 
results than those of a former study by Carabajal and 
Boy, which used an ATL08 strong beam for ground 
heights retrieval and limited the terrain heights uncer-
tainty to ≤7.5 m, however, they obtained an enhance-
ment of only 16.17% for the strong beam (Carabajal 
and Boy 2020). We can attribute this to their use of the 

V3 of SRTM 90 m resolution model which probably has 
lower vertical accuracy than the ATL08 when evaluat-
ing the ATL08 product. In contrast, we used a 1 m 
spatial resolution LiDAR derived DTM with a vertical 
accuracy of (RMSE ≤15 cm) to evaluate the ATL08.

5.3. The impact of the terrain aspect, slope, and 
land cover on the DEMs error

Referring to the residuals of ASTER, SRTM, TDX 
DEMS, and ATL08 heights in the strong beams against 
the terrain aspect in Figure 7(a–d), and weak beams in 
Figure 7(e–h), we found that the aspect does not seem 
to have any effect on the ATL08_S and ATL08_W 
Figure 7(c, g). The aspect did have an effect however, 
on the other ASTER, SRTM, and TDX DEMs corre-
sponding to the strong beams as they all show the 
same error trend. The errors lying in the regions 
from 0° to 180° are positively correlated, and the errors 
from 225° to 315° are negatively correlated. The errors 
for ASTER, SRTM and TDX DEMs corresponding to 
the weak beams are not correlated with the terrain 
aspect. This could be because the number of observa-
tions for the weak beams was much smaller than those 
from the strong beams to reveal this relationship.

Regarding the slope analysis for the different 
DEMs, Figure 8(c,g) show that the ATL08_S and 
ATL08_W residuals after removing the high uncer-
tainty values are very low and the effect of the slope is 
minimal. However, we still can see some small devia-
tions when the slope exceeds 25° in the strong beams 
in Figure 8(c). In the strong beams Figure 8(a–d), the 
ASTER, SRTM, and TDX DEMs have a negative cor-
relation with the slope. This correlation decreased 
with the slope as the slope rose. Considering the 
weak beams observations illustrated in Figure 8(e–h), 
the slopes are generally <15° which indicates that the 
weak beams fall in gentler slopes than the strong 
beams.

Our results agree with previous investigations 
which found that the slope is the factor that has 
the greatest influence on the ATL08 terrain eleva-
tion accuracy as well as uncertainty (Wang et al. 
2019; Yu et al. 2021; Tian and Shan 2021). We 
found that most of the removed observations 
(uncertainty >20 m) fall in steeply sloped areas 
ranging from mountain area slopes (6°–25°) to 
very steep slopes (>25°). All the high mountain 
area slopes >25° were completely removed from 
the ATL08 weak beams when we limited the uncer-
tainty to <20 m, which indicates how slope 
degrades the accuracy of the ATL08 beams; espe-
cially, the weak beams. Our research shows that 
slope had almost had no effect on the ATL08 
beams after removing the observations with high 
levels of uncertainty, unlike the ASTER, SRTM and 
TDX DEMs, which are strongly influenced by 

Table 6. The ATL08 strong and weak beams accuracy before 
and after removing the height uncertainty >20 m.

Before removing 
uncertainty >20 m

After removing uncertainty 
>20 m

ATL08_S ATL08_W ATL08_S ATL08_W

RMSE (m) 1.036 1.877 0.581 0.487
MAE (m) 0.582 0.582 0.435 0.435
STD (m) 144.585 145.125 148.570 133.110
Mean (m) 2487.189 2496.715 2501.558 2537.916
Median (m) 2512.651 2527.854 2546.946 2587.682

Table 7. Descriptive statistics for points with height uncer-
tainty >20 removed from the ATL08_S and ATL08_W products.

Factor
ATL08_S (Strong 

Beams)
ATL08_W (Weak 

Beams)

Max uncertainty 230.50 m 846.21 m
Removed observation no. 930 observations 2345 observations
Percentage w.r.t. original 

obs.
26.85% 79.30%

LULC Evergreen forest 66.23% 68.91%
Mixed forest 2.79% 3.15%
Shrub land 15.91% 17.95%
Grassland 15.05% 9.50%

Slope Flat to Gentle 
(<2°)

3.22% 4.98%

Hilly (2°–6°) 15.80% 21.32%
Mountain (6°–25°) 69.03% 66.78%
High mountain 

(>25°)
11.93% 6.90%

Aspect Flat 0% 0%
North 10.75% 10.57%
Northeast 14.08% 14.32%
East 9.46% 10.44%
Southeast 9.35% 9.08%
South 16.02% 13.68%
Southwest 16.02% 16.58%
West 13.54% 13.09%
Northwest 11.61% 12.91%
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slope. We should highlight that when we removed 
the ATL08 observations with uncertainty >20 m, 
the ASTER, SRTM, TDX and LiDAR DTM obser-
vations corresponding to the ATL08 removed 
points locations have been removed too, yet, we 
found some effects of slope and aspect on the 
other DEMs than on the ATL08 beams. These 
effects are due to the geometrical errors induced 

by these factors on the optical and SAR image 
processing, consequently, causing errors in the 
DEMs derived from these images.

The results in Figure 9 show that the DEM 
resolution does not have a major effect on DEM 
accuracy. However, we think that the novelty of the 
datasets, terrain roughness, the length, and density 
of the vegetation cover, may have higher effects on 

Figure 7. Aspect analysis for the ATL08 strong and weak beams and the corresponding ASTER, SRTM and TDX DEMs point 
locations. Panels 7 (a), 7 (b), 7 (c), and 7 (d) represent strong beams, whereas panels 7 (e), 7 (f), 7 (g), and 7 (h) represent weak 
beams.
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the DEM quality. These conclusions can be 
observed by analyzing the values of the RMSE, 
MAE, and STD of the ATL08, ASTER, SRTM, 
and TDX DEMs over the different land types in 
the strong and weak beams.

For the strong beams, the 100 m resolution 
ATL08 was more accurate in terms of the RMSE 
than other DEMs overall land cover type. The 90  
m resolution TDX DEM comes in the second 
place in terms of accuracy and shows a larger 
RMSE value over shrub land (C3) than over the 

other land cover types. The 30 m resolution 
ASTER DEM shows higher quality than the 30 m 
resolution SRTM overall land types. However, 
both DEMs have much lower accuracy than TDX 
DEM despite their higher resolution. All DEMs 
have MAE values very close to their RMSE, but 
the maximum mean error value occurred over the 
evergreen forests (C1) and the minimum mean 
error over the mixed forest (C2) for all DEMs 
except for TDX, which has the minimum mean 
absolute error over shrub land (C3). The STD 

Figure 8. Slope analysis for the ATL08 weak beams and the corresponding ASTER, SRTM and TDX DEMs point locations.
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values representing the roughness of the surface in 
different land cover (Asal 2019; Wu, Yang, and Li 
2018), are nearly the same for all DEMs expressing 
the same trends over the various land cover types.

For the weak beams, the ATL08 also has the 
highest accuracy between DEMs. The SRTM shows 
a slightly better RMSE and MAE over the grass 
land (C4) than in the strong beams, and ASTER 

Figure 9. Error statistics to highlight the impact of the land cover on ASTER, SRTM, TDX DEMs and the ATL08 strong and weak 
beams. In the strong and weak beams, the top figures for the RMSE, the middle figures for the MAE, and the bottom figures for the 
STD. (C1= Evergreen forests, C2= Mixed forests, C3= Shrub land, and C4= Grass land).
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DEM also shows a slightly better RMSE and MAE 
over the mixed forests (C2) than in the strong 
beams. The STD values show the same trend for 
all DEMs; however, they are generally lower than 
the STD values in the strong beams which show 
that the terrain is less rough than it was in the 
case of strong beams.

The land cover effect on the ATL08 strong and weak 
beams errors as shown in Figure 9 caused the maximum 
values of errors to exist in the evergreen forests where the 
densest vegetation cover and the trees >5 m tall (MAE =  
0.45 m, RMSE = 0.59 m) for the strong beams and (MAE  
= 0.51 m, RMSE = 0.51 m) for the weak beams. The 
minimum error values however, fall in the mixed forests 
(MAE = 0.34 m, RMSE = 0.51 m) for the strong beams 
and (MAE = 0.39 m, RMSE = 0.38 m) for the weak 
beams. In contrast, the other global DEMs at higher 
resolution had an error range with a MAE <35 m, and 
an RMSE <35 m, for both strong and weak beams point 
locations. This indicates the sharp difference between the 
ATL08 accuracy and the accuracy of the other DEMs. 
Therefore, despite the higher spatial resolution of these 
DEMs, they cannot be used to evaluate the ATL08 terrain 
product over the same land cover types.

The presence of the vegetation in the scene adds 
more errors and noise mixed with the signal photons 
reflected from the vegetated terrain. As a result, it is 
difficult for the ATL08 algorithm to separate the signal 
and noise photons, especially when dealing with a very 
small number of reflected photons (Neuenschwander 
et al. 2019). Therefore, since we found that the ATL08 
obtained good results over our study area, distin-
guished by complexity, hilly slopes, and dense and 
tall vegetation, we expect that it will have even better 
results over flatter terrain and low vegetated areas as 
previous studies obtained more accurate results over 
the flat terrain with gentle slopes than the rough ter-
rain with steeper slopes (Dandabathula and Verma 
2020; Zhu et al. 2020). However, in some cases, the 
presence of clouds may add more errors, thus under-
mining the accuracy of the ATL08 product.

5.4. Global DEMs assessment with the ATL08 
strong and weak beams

As mentioned in Section 4.5.5, we performed two 
steps to assess the quality of the ATL08 strong and 
weak beams in evaluating the global DEMs. The first 
step results are listed in Table 8.

In Table 8, the 90 m resolution TDX DEM shows 
better accuracy (RMSE = 10.494 m) than the 30 m 
resolution ASTER and SRTM DEMs (RMSE =  
11.683 m and 12.834 m, respectively) when they were 
evaluated by 10,000 points of LiDAR DTM randomly 
distributed all over the study area. The TDX and 
ASTER DEMs’ mean elevations are very close to the 
ATL08 strong beams mean elevation listed in Table 6. 

The STD values for all DEMs are also closer to the 
ATL08 strong beams STD than the weak beams in 
Table 6. This shows that the ATL08 strong beams 
can better represent the terrain roughness than the 
weak beams due to their higher photon density.

In the second step, we evaluated the ASTER, SRTM, 
and TDX DEMs with (1) the ATL08 strong beams and 
corresponding LiDAR DTM points, (2) the ATL08 
weak beams and the corresponding LiDAR DTM 
points, and (3) both the ATL08 strong and weak 
beams and the corresponding LiDAR DTM points. 
The results of the second step are listed in Table 9.

In Table 9, in case the strong beams, the differences 
between the DEMs accuracy (RMSE) assessed by the 
DTM LiDAR data and the ATL08 are very small <20  
cm. These differences increase in case of the weak beams 
to become <35 cm. However, when we used both strong 
and weak beams together to assess the DEMs, the differ-
ences decreased again to <25 cm. When comparing the 
DEMs RMSE in Tables 8 and 9 to decide which set of 
ATL08 beams is the best to provide closest results of 
which have been obtained using a large number of points 
(10,000 points) distributed over the whole area, we found 
that the strong beams (in Table 9) have the closest results 
to the ones in Table 8 despite their fewer number of 
observations (2533 observations for the strong beams) 
with differences of (0.57 m, 0.208 m, and 0.353 m) for the 
ASTER, SRTM and TDX DEMs, respectively. The 
ATL08 weak beams in Table 9 with (612 observations), 
provided lower accuracies than the strong beams when 
they were compared with Table 8 with differences of 
(2.639 m, 1.72 m, and 3.393 m) for the ASTER, SRTM 
and TDX DEMs, respectively. The RMSE differences 
between Tables 8 and 9 were decreased again when the 
combination of strong and weak beams (with a total 
number of observations = 3145) have been used for the 
assessment with differences of (0.941 m, 0.488, and 0.869  
m) for the ASTER, SRTM and TDX DEMs, respectively.

Further analysis was applied in order to check if 
there is a significant difference between the Lidar 
DTM and the ATL08-Terrain elevations. We per-
formed Welch’s t-test for the three samples of Lidar 
and the ATL08-Terrain product (i.e. strong beams, 
weak beams, and all beams). The results of the test 
are shown in Figure 10 and Table 10.

Table 10 shows that the ATL08-Terrain product 
and the Lidar DTM nearly have the same mean eleva-
tion and the same STD for the different ATL08 beams’ 

Table 8. Accuracy assessment of ASTER, SRTM, and TDX DEMs 
by 10,000 LiDAR DTM points.

DEM ASTER SRTM TDX

RMSE (m) 11.683 12.834 10.494
MAE (m) 9.119 11.340 8.318
STD (m) 145.834 144.136 143.536
Mean (m) 2501.363 2505.956 2501.463
Median (m) 2530.155 2533.225 2528.404
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energy. At 95% confidence level, the p values for the 
strong beams, weak beams, and all beams are greater 
than 0.05 which means there is no significance and 
null hypotheses cannot be rejected. This shows that 
there is no difference between the means of the ATL08 
and Lidar samples which also can be clearly distin-
guished in Figure 9(a–c). The results in Table 10 and 
Figure 10 strengthen our theory about the possibility 
of using the ATL08 product as reference data while 
performing almost the same as the Lidar DTM when 
the Lidar data is not available over a specific area.

Although the results of our study show that the 
ATL08 terrain product can be used as a vertical refer-
ence, some issues may prohibit its use in other areas. 
For instance, the ATL08 terrain heights may contain 
the reflectance of some trees or artificial features (i.e. 
buildings) or noise which reduces the vertical accuracy 
of the ATL08 product. These errors are magnified in 
the ATL08 canopy product and gradually decrease in 
the terrain product as terrain photons have a higher 
density and more continuous pattern than the canopy. 
The work with the ATLAS weak beam can contain 
more height sampling errors. In addition, the areas 
covered by this beam mostly contain (no-data); hence, 

researchers often reject the use of this data in their 
studies (Liu, Cheng, and Chen 2021; Neuenschwander 
et al. 2020). Consequently, this reduces the actual 
spatial coverage of the ATL08 product over the study 
area in question. Theoretically, the ATL08 should 
provide elevation values every 100 m. However, due 
to the fewer number of reflectance photons from the 
ground surface over particular areas, the ATL08 ter-
rain product may have some gaps thus leading to 
complications when detecting the detailed shape of 
the Earth’s surface. Moreover, interpolation methods 
will not increase the accuracy of the elevations, since 
they cannot add more detail, especially in areas with 
rough terrain (Liu, Popescu, and Malambo 2020).

When examining which set of beams is most useful 
for global DEM assessment, both strong and weak 
beams provided very good results separately and 
together, and equivalent to results generated from 
10,000 DTM LiDAR points distributed over a broad 
area. The strong beams however, had the highest accu-
racy (RMSE <0.6 m) for all DEMs, and the weak beams 
accuracy was the lowest (RMSE from 1.7 m to 3.4 m) 
for all DEMs, while the accuracy of all beams together 
for all DEMs was higher than the weak beams alone 
(RMSE from 0.5 m to 0.9 m). These results agree with 
previous studies that found that the accuracy of the 
strong beams was better than the weak beams (Yu et al. 
2021). Therefore, we recommend the use of only strong 
beams in a DEM evaluation process over a target study 
area when there are a large number of strong beams 
available. Otherwise, both strong and weak beams can 
be used together. We do not recommend the of use of 
only weak beams for DEM evaluation.

Figure 10. Bar graphs showing the mean elevations of the lidar DTM and the ATL08-terrain product as well as the independent 
t-test results (difference between means) for the samples. a) strong beams, b) weak beams, c) all beams.

Table 10. T-test results for the ATL08-terrain elevations of the 
strong beams, weak beams and all beams, and the corre-
sponding Lidar DTM elevations.

Beams Group/N Mean STD t p

Strong Lidar/3463 2487.1768 144.4271 −0.004 0.997
ATL08/3463 2487.1899 144.5855

Weak Lidar/2957 2497.2783 144.8459 0.149 0.881
ATL08/2957 2496.7152 144.1259

All Lidar/6420 2491.8295 144.6964 0.099 0.921
ATL08/6420 2491.5772 144.9012

Table 9. Accuracy assessment of ASTER, SRTM, and TDX DEMs by the ATL08 strong and weak beams and corresponding LiDAR 
DTM points. (Δ = DEM (Lidar RMSE) – DEM (ATL08 RMSE)).

RMSE (m) 
DEM Lidar_s ATL08_s Δs Lidar_w ATL08_w Δw Lidar_All ATL08_All Δ All

ASTER 11.28 11.113 0.167 9.306 9.044 0.262 10.924 10.742 0.182
SRTM 12.824 12.626 0.198 11.453 11.114 0.339 12.569 12.346 0.223
TDX 10.311 10.141 0.17 7.408 7.101 0.307 9.813 9.625 0.188
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6. Conclusions

In this study, we examined the ATL08 accuracy to 
validate the elevations of the ASTER V3, SRTM V3 
and TDX V1 DEMs. In addition, we studied ter-
restrial factors affecting the ATL08 height errors 
and height uncertainty (i.e. slope, aspect, and land 
cover). Regardless of the low spatial coverage of the 
ATL08 observations (100 m spatial resolution, 14 m 
beam footprint, and 3 km separation between pair 
tracks) (Zhang et al. 2021), the ATL08 showed 
strong potential as a height reference for the 30 m 
resolution ASTER, 30 m resolution SRTM and 90 m 
resolution TDX DEMs over a vegetated mountain 
area with complex topography. The terrain height 
uncertainty can be used to filter the ATL08 terrain 
observations; and consequently, enhance the accu-
racy of the ATL08 by eliminating the high values of 
uncertainty (in our study >20 m) while keeping the 
reliable elevation measurements. We found that 
slope and vegetation cover can increase the height 
uncertainty (>800 m and >200 m) and the height 
errors (>16 m and >12 m) for weak and the strong 
beams, respectively; but terrain aspect did not have 
a significant effect on both ATL08 strong and weak 
beams after filtering their height observations. 
A very low threshold of uncertainty (<20 m) to 
filter the elevations in the vegetated mountainous 
area can significantly decrease the number of the 
ATL08 terrain observations, especially, for the weak 
beams. To summarize, the ATL08 strong beams can 
provide an accuracy at the sub-meter level and 
close to that achieved from a large number of 
DTM LiDAR points distributed over a study area. 
Therefore, we recommend strong beams as a height 
reference over the mountainous regions with dense 
vegetation cover, but adding weak beam observa-
tions to the strong beams can degrade the ATL08 
accuracy.
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