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Abstract

Digital elevation models (DEM) are an essential data source in many professional disciplines, with the help of gridded
height information and values such as slope and aspect produced from that information. In this study, Ice, Cloud and land
Elevation Satellite-2 (ICESat-2) and Global Ecosystem Dynamics Investigation (GEDI) satellite-altimetry data, and SRTM,
ASTER-GDEM, and ALOS World3D data were used as Global DEMs (GDEMs) data in three different areas (U.S.A., New
Zealand and Puerto Rico). We used kriging methods for interpolation to create the new rasters. Point-based accuracies were
compared with the GDEMs from satellite-altimetry systems and raster-based comparisons were made by deriving DEMs
with satellite-altimetry data in three different areas. It was seen that the ICESat-2 data in point-based results had similar
accuracy with other GDEMs. DEMs produced by using ICESat-2 and GEDI data together gave relatively better results than
using alone. In particular, the correlation was found to be highly correlated with 99%.

Keywords ICESat-2 - GEDI - Satellite-Based LiDAR - Global Digital Elevation Models (GDEMs)

Introduction

Digital Elevation Models (DEMs) are important data sources in
many professional disciplines, especially earth sciences appli-
cations. This data can be produced in different scales and with
various methods for different purposes. These are Global Navi-
gation Satellite System-Precise Point Positioning (GNSS-PPP)
(Abdallah et al. 2020), levelling (Erdogan 2009), Unmanned
Aerial Vehicle (UAV), photogrammetry (Uysal et al. 2015),
and aerial or terrestrial Laser Imaging Detection and Ranging
(LiDAR) (Liu et al. 2008; Heritage et al. 2009), passive ste-
reo (ASTER, ALOS) and active (SRTM, TanDEM X) remote
sensing, but in our study, we wanted to test whether Satel-
lite Altimetry Systems (SAS) (Global Ecosystem Dynamics
Investigation (GEDI), ICESat-2) systems would be success-
ful in DEM production. DEMs contain different information
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and they have been used to extract various features. These can
be geographical features of the region (mountain, hill, valley,
plain, etc.) and terrain information (slope, aspect, etc.). In addi-
tion to this, DEMs can be used as an input data for different
applications such as mapping of soil type distribution (Park
et al. 2001), mountain glacier change (Jaber et al. 2013), river
change estimation (Milan et al. 2011), bathymetry (Muslim and
Foody 2008), water flow modeling (Petrasova et al. 2017), for-
est canopy calculation (Kassim et al. 2016), etc.

DEM production methods mentioned above have advan-
tages and disadvantages over each other. The production of
DEMSs varies according to spatial resolution, data accuracy,
and the size of the study area. For this reason, it is essential
both in terms of time and cost to determine the purpose and
method of DEMs production according to the usage area.
There are also global DEM data produced to be used as a
base in many studies. These data are mosaic data covering a
particular period or year, such as SRTM, Aster GDEM and
ALOS World 3D-30 m (AW3D30). The accuracy analysis of
these data was performed by comparing them with measure-
ments such as local GPS (El Mhamdi et al. 2023; Preety et al.
2022), Airbone Laser Scanning (ALS) and leveling in differ-
ent studies (Mesa-Mingorance and Ariza-L6pez 2020). San-
tillan and Makinano-Santillan (2016) compared the data of
SRTM, Aster GDEM and ALOS World 3D-30 m (AW3D30)
in their study. They chose the Northeastern Mindanao region
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of the Philippines as the comparison area. As a result of the
study, with RMSE =5.68 m. the AW3D30 data gives the best
results. Yap et al. (2019) used SRTM, Aster GDEM, and
AW3D30 data in their study to examine the whole of Cam-
eroon. As a result of the study, they stated that the AW3D30
data gave the best results. Deveraj and Yarrakula (2020),
1/50000 scaled survey of India maps, which are presented as
open data of India as a reference, were used, and calculated
on 269 samples. SRTM-30, SRTM-90, ASTER, SENTI-
NEL-1, TANDEM, ALOS PALSAR DEM and CartoDEM
were used as comparison data. The mountainous area in the
Western Ghats of India was chosen as the study area. As a
result, it was stated that the SRTM-30 height data was bet-
ter, and they also stated that more tests should be done since
DEMs are one of the main inputs in various applications.
Wong et al. (2014) compared LiDAR data with SRTM and
ASTER GDEM v2 data. They selected 2 study areas and
obtained accuracies Standard Deviation (SD)=9.0 m-10.4 m;
RMSE =9.3 m-10.6 m for SRTM, (SD=16.9 m-18.7 m;
RMSE=17.0 m-19.3 m) for ASTER GDEM.

In 2018, compared to above mentioned missions rela-
tively new two SAS, whose purpose is to monitor 3-D
structures on Earth, began to collect data. While the first
purpose of Global Ecosystems Dynamic Investigation
(GEDI) among these systems was to monitor forests, the
first purpose of Ice, Cloud, and land Elevation Satellite-2
(ICESat-2) was to monitor glaciers. However, both systems
help to collect 3-D data for use in the world for different
purposes. GEDI Laser altimetry was placed on the Interna-
tional Space Station (ISS) in December 2018 and began col-
lecting data between 51.6° North and 51.6° South latitude
(Dubayah et al. 2020). Although the priority of the GEDI
task is the vertical structure of the forest, with the help of
the data obtained, topography, water body altimeter, archae-
ological, etc., can be used in studies. Fayad et al. (2020)
investigated the lake water levels with GEDI. Their research
stated that there were various systematic errors in different
periods. As a result of the study, they concluded that there
were -26.8 and + 15.2 cm errors between GEDI and hydro-
logical gauges data. Kokalj and Mast (2021) investigated
detection of archaeological remains in a forested area with
GEDI data. They determined one of the Maya cities in the
Yucatan peninsula as the study area. As a result of the study,
they stated that due to the low scanning density of GEDI
points, they are not suitable for archeology studies yet.

Quirds et al. (2021) compared DEMs with 12,031 GEDI
footprints in 10 different regions in Spain. The Root Mean
Square Error (RMSE) of the comparison of GEDI and
LiDAR data was 6.13 m. They stated that they reached
RMSE values much lower than this value in some regions.
In addition, they reported that when the positional errors of
GEDI points are eliminated, they give better results. Adam
et al. (2020) studied two different areas in Germany, they
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examined both terrain and canopy data with 69,927 GEDI
points. They used the Median Absolute Deviation (MAD)
criterion in the study. They found the error of 2.55 m and
3.10 m for the terrain, 0.97 m, and 0.30 m for the canopy.
They also reported 9—13% outliers, which reduces the preci-
sion of the estimation. Liu et al. (2021) compared ICESat-2
and GEDI data in 40 different fields. Since 5 of these areas
are in Alaska, only ICESat-2 data was examined. The other
35 areas were evaluated, 90,472 GEDI and 32,666 ICESat-2
points for the terrain. As a result, they found RMSE=4.03 m
for GEDI and RMSE =2.24 m for ICESat-2 at the surface at
mid and low latitudes. In addition, as a result of the study,
they stated that even though the two products have differ-
ent properties, they can advantage from their use together.
Neuenschwander and Magruder (2019) conducted their first
study on ICESat-2 in a vegetated area of Finland. They used
a single section in the study and 854 points for the canopy
and 1,105 for the surface. As a result of the study, they found
an error of 5 m horizontally and RMSE=0.85 m, R?*=0.99
for terrain, RMSE =3.69, and R>=0.982 for the canopy in
the vertical direction.

Shang et al. (2022), aimed to obtain control points for
ICESat-2 data in two different fields. In this context, they
have determined a 9-step filtering strategy and as a result,
the accuracy of ICESat-2 data is reduced to RMSE=0.5 m.

In our study, besides point-based comparison, we created
a DEM from ICESat-2 and GEDI data and made a raster-
based comparison. There are different interpolation meth-
ods in DEM generation such as Inverse distance weighting
(IDW), Ordinary Kriging (ORK), Simple Kriging (SIK),
Radial Basis Functions (RBF), Global Polynomial Interpola-
tion (GPI), Local Polynomial Interpolation (LPI) and Fuzzy
Logic etc. Banjo et al. (2021), compared IDW, ORK, SIK,
Empirical Bayesian Kriging (EBK), GPI, LPI and Kernel
Interpolation with Barrier (KIB) methods and stated that
the ORK method gave the best results (RMSE="7.794 m).
Setiyoko and Kumar (2012) used deterministic (IDW, GPI,
LPI, and RBF) and probabilistic (SIK, ORK, universal krig-
ing, indicator kriging, probabilistic kriging, disjunctive krig-
ing, and cokriging) interpolation methods. As a result of the
study, they stated that the ORK interpolation method gave
the least error (avg. error =1.29 m). Sunila and Kollo (2007)
compared the kriging method with the fuzzy logic method
in their study. They stated that the ORK method gave better
results (RMSE=3.27 m).

In this study, we investigated i) To generalize the quality
of the GEDI and ICESat data three study areas from different
countries were evaluated. ii) to compare GEDI and ICESat-2
data with GDEMs on a point-based analysis (Sect. 3.1). iii)
to produce DEM from GEDI, ICESat-2, and a combination
of GEDI and ICESat-2, which is not investigated before in
the literature. The generated DEMs and GDEMs were com-
pared with the raster-based ALS DEM data.
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Material and methods
Study area

While choosing the study area, three different areas with differ-
ent locations (Fig. 1) heights and slopes were selected (Table 1).
The first of these areas were selected from the Washington state
classes north of the U.S.A. This study area will be referred to as
test area-1 in other parts of the article. The second of the fields
was selected from the island of Puerto Rico. This study area
will be referred to as test area-2 in other parts of the article. The
third of the areas, the Bank Peninsula, located on the east coast

New Zealand’s South Island, was chosen. This study area will
be referred to as test area-3 in the next sections of the article.
Test area-1 and Test area-3 are mountainous areas, while in test
area-2 southern parts are mountainous and northern parts are flat
areas. In addition, test area-1 and test area-2 are densely covered
with forested areas, while test area-3 generally consists of bare
lands. Other information about the fields is given in Table 1.

Ground truth

In the study, we used DEM generated from ALS as ground
truth. ALS data is also downloaded in raster format. There are
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Fig.1 Study areas. The height values are in meter
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Table 1 Information of Study
Areas

Test Area 1 Test Area 2 Test Area 3
Country Name U.S.A Puerto Rico New Zealand
Central Coordinates (WGS 1984) 46° 7'31.82"N 18°16'46.54"N 43°43'12.69"S
117°44'37.12"W 66°34'26.98"W 172°53"25.06"E
Area (km?) ~1100 ~2.037 ~400
Min. — Max. Height (m) 594.67-1948.59 0-1335.46 -2-918
Average Height (m) 1326.51 380.99 302.78
Min. — Max. Slope (%) 0-53.99 0-72.96 0-62.52
Average Slope (%) 23.55 17.93 19.26
Source https://lidarportal.dnr. https://www.sciencebase. https://doi.org/10.
wa.gov/ gov/catalog/item/5eb7a  5069/G98W3BHC

41882ce25b5135d09¢1

differences in ALS scanners because the study is in more than
one region, and there are data produced by different countries
or programs. But the data's acquisition date and vertical accu-
racy are close to each other. DEM data obtained from ALS
are used as accepted reference data for accuracy analysis in
different studies in the literature. (Adam et al. 2020; Liu et al.
2021). Ground truth data are all orthometric height (H). The
technical information about the data is given in Table 2.

Satellite altimetry systems

Data collection from the GEDI and ICESat-2 satellites has
become an essential source for space-based altimetry systems. In
addition, similar coverage areas and data collected on the same
dates both increase the point density in the area and are essen-
tial in comparing the two systems. Although both systems are
space-based, there are differences between them. In the study, the
height values were reduced to the EGM96 (Lemoine et al. 1998)
geoid to match the GDEMs and the vertical datum. The geoid
heights were obtained from The International Center for Global
Earth Models ICGEM). ICGEM is a system that has offered
Global Gravity field data and many other data free of charge
since 2003 (Ince et al. 2019). A user-defined point module was
used in ICGEM to calculate the geoid height (N) value for points
GEDI and ICESat-2 (http://icgem.gfz-potsdam.de/calcpoints).

GEDI

GEDI collects data between latitudes 51.6° N and 51.6° S.
GEDI is a full wavelength LiDAR system that sends a laser

beam at a wavelength of 1064 nm (near IR). As the GEDI
laser system is integrated into the International Space Station,
its temporal resolution and revisit period vary. In addition,
GEDI collected data for two years (2019-2020). The spatial
resolution is approximately 30 m in diameter. GEDI's latitude,
longitude, and altitude information are geographic coordinates
in the WGS 84 system (Dubayah et al. 2020). In the study, all
data of GEDI for two years were evaluated. Within the scope
of the study, we downloaded GEDI level 2A data. Data with
quality flag "1" were selected (The elevation of center of the
lowest mode of the received waveform in the footprint relative
to the reference ellipsoid (elev_lowestmode)) from Level 2A
products and evaluated without preprocessing or filtering in
the study (Table 3).

ICESat-2

ICESat-2 collects data between latitudes 88° N and 88° S. The
ICESat-2 uses a photon-counting LiDAR system and emits a
beam at a wavelength of 532 nm (green). ICESat-2 has a tem-
poral resolution of approximately three months. The latitude,
longitude, and altitude information produced in ICESat-2 are
geographic coordinates in the WGS 84 system (Neuenschwan-
der and Magruder 2019). Within the scope of the study, we
downloaded the ICESat-2 ATLOS version (Neuenschwander
et al. 2020). Best elevation for surface in the footprint relative
to the Reference Ellipsoid (h_te_best_fit) from ATLOS level are
used. ICESat-2 data was downloaded from the openaltimetry
site (Khalsa et al. 2020). All ICESat-2 data published up to 1
January 2022 were used (Table 3).

Table 2 Technical Information

of ALS used for comparison Test Area 1 Test Area 2 Test Area 3
Acquisition Date 2018 2018 2018-2019
Flight Height (m) 1650-2100 AGL 700-1000 AGL 1525-2200 AGL
Point Density (pts/m?) 8 42 6
Vertical Accuracy (RMSE) 0.10 m 0.13m 0.028 m
Source https://lidarportal.dnr.  https://www.sciencebase.  https://doi.org/10.5069/
wa.gov/ gov/catalog/item/Seb7a G98W3BHC

41882ce25b5135d09¢1
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Table 3 Technical Information

Mission ICESat-2 GEDI

of GEDI and ICESat-2
Projection Geographic Geographic
Horizontal Datum WGS84 WGS84
Vertical Datum WGS84 WGS84

Launch Date
Coverage Area
Sensor Wavelength
Organization
Source

September, 2018

88° N — 88° S Latitude

532 nm (green)

NASA
https://icesat-2.gsfc.nasa.gov/

December, 2018

51.6° N -51.6° S Latitude
1064 nm (near IR)

NASA
https://gedi.umd.edu/

We examined the number of points per km* of GEDI and
ICESat-2 data (Table 4). GEDI is integrated with the ISS and
has a high revisit time, it has collected more points in almost
the same period, but the temporal resolution of ICESat-2 is
3 months. Looking at Table 4, it was determined that the high-
est usable point density was in test area 1.

Global Digital Elevation Systems
ALOS WORLD 3D

The Advanced Land Observing Satellite (ALOS) was devel-
oped by JAXA in 2006. The ALOS satellite is built to collect
global data and is equipped with a Panchromatic Remote-sens-
ing Instrument for Stereo Mapping (PRISM) sensor. ALOS
collected data between 2006 and 2011. JAXA first released
AW3D30in 2015 (Version 1.0). Many improvements have been
made since then. The AW3D30 footprint is between 60° N and
60° S latitudes (https://www.eorc.jaxa.jp/ALOS/en/aw3d30/

Table 4 The number of GEDI and ICESat-2 points per Km? for each
test area

aw3d30v3.2_product_e_el.2.pdf). Other information about the
AW3D30 is given in Table 5. Our study, was used version 3.2.

ASTER GDEM

ASTER is an optical sensor satellite jointly developed by
NASA and METI. ASTER GDEM is a GDEM created with
images collected from the ASTER satellite. Version 1 was
announced in 2009 and manufactured at Data Sensor Informa-
tion Laboratory Corporation (SILC) Tokyo. Many improve-
ments have been made since then. The footprint of ASTER
GDEM is between latitudes 83° N and 83° S (https://lpdaac.
usgs.gov/documents/434/ASTGTM_User_Guide_V3.pdf).
Other information about ASTER GDEM is given in Table 5.
Our study, was used version 3 (ASTER GDEM V3).

SRTM

SRTM is a project by NASA for the creation of GDEM. During its
11-day mission on February 11, 2000, Synthetic Aperture Radar
(SAR) images were collected between latitudes 60° N—60° S.
SRTM published the first version in 2003. Many improvements

Area (Km?)  Point Point Density have been made since then. Other information about SRTM is
(Km?/point) given in Table 5. In our study, a version 3 was used.
GEDI  ICESat-2 GEDI ICESat-2
Kriging interpolation method and DEM production
Test Area 1 1093 83,540 29,205 76.43  26.72
Test Area2 2037 76,672 31,140  37.64 1529 In our study, we used the kriging interpolation method to
Test Area3 462 14,622 10,017 3165 21.68 generate DEM with GEDI and ICESat-2 data. Kriging is an
Table 5 Technical Information gy ALOS WORLD 3D ASTER GDEM SRTM
of GDEMs
Projection Geographic Geographic Geographic
Horizontal Datum  GRS80 (ITRF97) WGS84 WGS84
Vertical Datum EGM96 EGM96 EGM96
Acquisition Date 20062011 2000-2013 2000
Sensor Optical Optical Radar (C band)
Resolution (m) ~30 ~30 ~30
Organization JAXA NASA/METI NASA
Source https://www.eorc.jaxa.jp/ https://lpdaac.usgs.gov/ https://lpdaac.usgs.gov/
ALOS/en/aw3d30/aw3d3 documents/434/ASTGTM_  documents/179/SRTM_

0v3.2_product_e_el.2.pdf

User_Guide_V3.pdf User_Guide_V3.pdf
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interpolation method that uses a variogram based on the spa-
tial distribution of known points' positions (Burrough 1986;
Oliver and Webster 1990). DEMs were produced in 1 arc-
second spatial resolution. In the study, 3 different DEMs were
produced for each area. Firstly, only with GEDI points, sec-
ondly only with ICESat-2 points and thirdly a combination
of GEDI and ICESat-2 points was used for DEM generation.

Methodology & accuracy assessment

Open-source ALS data was used as validation data to test
GEDI and ICESat-2 data at different latitudes and longitudes,
slopes, elevations, and hemispheres. Three test areas showing
these differences were examined. ALS data were selected from
data collected in 2018 to avoid temporal differences between
study areas and SAS data. In this context, we analyzed all the
published data of GEDI (Level-2a) products until the end of
2020 and ICESat-2 (ATL-08) products until the end of 2021.
We compared GEDI and ICESat-2’s footprint data with ALOS
World 3D, ASTER, and SRTM on a point-based. For com-
parison, elevation data of the projections of both GEDI and
ICESat-2 points were obtained separately in each test area. The
accuracy of the ICESat-2 and GDEMs data and the accuracy
of the GEDI and GDEMS data were then examined separately.
Then, DEM was created for each area by the combination of
GEDI and ICESat-2 data together. The ORK method was used
while creating DEMs. The created DEMs were produced at the
same resolution as the GDEM. Error distribution graphs of
the data were created and interpreted according to the ground
truth data. We evaluated the results using Mean Absolute Error
(MAE), R.2, RMSE, MAD (Urbazaev et al. 2022) calculated

Download of Download of
‘ Airborne LIDAR ‘ ‘ ICESat-2, GEDI
data (Ground Truth) Data

from Eq. 1, Eq. 2, Eq. 3 and Eq. 4 given below. Besides, the
workflow of the methodology is given in Fig. 2. The statisti-
cal analysis and visualization were done using the statistical
software R 4.1.0 (Team RC 2013).

MAE = % > |x;% —xf| (1)
R = Z(xl“—x_‘;)( / —x_f.’>
—\2 —_2 (2)
VE(e-5)(2-3)
RMSE = \/ Ly - 3)
MAD = median(l (! = xf) — median (xf‘ - xf’) |) 4)

where n is the number of GEDI or ICESat-2, and random point
data, xf‘ is the ALS data vertical value, and xf.’ is the GEDI,
ICESat-2, produced DEM, and GDEM data vertical values, x_‘ll
is ALS data average vertical value, xf.’ is the GEDI, ICESat-2,
produced DEM, and GDEMs data average vertical values.

Results
Point-based results

The spatial error distribution of GEDI and ICESat-2 points
is given in Fig. 3. While giving the spatial error distributions,
the points with vertical errors between -20 m and +20 m are
not shown.

| Section 2.2-2.3-2.4
| Download of Global

\ DEMs Data

\

J

Match of GeogmphicDartllm and Coordinate System

v | v
TESTAREA-1 i TESTAREA-2 f TESTAREA-3 )
Ground | | Ground || [ Ground
GDEMS ‘ ICESat-2 ‘ - . Truth | GDEMS ‘ ICESat-2 ‘ - Truth : GDEMS ‘ ICESat-2 ‘ ‘ Truth |
| —_—— —= P
( J ! ( J I { | Section 2.5
i ! Y ! I
ICESat-2 DEM GEDI DEM i ICESat-2 DEM GEDI DEM : ICESat-2 DEM GEDI DEM
GEDI & ICESat-2 DEM I GEDI & ICESat-2 DEM | GEDI & ICESat-2 DEM
! | Interpolation with Ordinary Kriging
Accuracy Assessment Section 2.6
— —————— —
Point-Based Resulfs Section 3.1 i Raster-Based Results Section 3.2
Test Area - 1 Test Area - 2 Test Area - 3 I Test Area - 1 Test Area - 2 Test Area -3
ICESat2 ICESat2 | ICESat2 (B [CESat-2 DEM ICESat-2 DEM ICESat-2 DEM
—_— —_— —_— : GEDI DEM GEDI DEM GEDI DEM
GDEMS GDEMS  GDEMS GDEMS  GDEMS GDEMS | i s ik
B G S = M GDEMS GDEMS | GDFM,S, J
Ground ‘ Ground | ‘ Ground H Ground | [ Ground || Ground :57@@@1}!@4' [ GrowmdTmth | [ GroundTruth |
Truth | Truth | Truth Truth | Truth H Truth |,

Fig.2 The workflow of the methodology
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Fig.3 Spatial distribution of height differences of points GEDI and ICESat-2 compared to ALS for each test area

ICESat-2 data shows that there is more than 93% data dis-
tribution in the range of -20 —420 in all 3 test areas (Table 6).
In GEDI data, on the other hand, this rate varies and it is seen
that there is a data distribution between 83 and 90% (Table 6).
GEDI, ICESat-2 and GDEMs were compared with ALS data
at each Test Area (Fig. 4). Although Test Area-1 (22.350 m)
and Test Area-2 (20.359 m) gave the worst results in Point-
based comparison results according to RMSE of GEDI's
footprint, Test Area-3 (11.952 m) also gave better results than
ASTER GDEM. In addition, AW3D30 gave the best results
for Test Area-1 (12.292 m) and Test Area-2 (13.578 m) among
GDEMs, while SRTM gave the best results for Test Area-3
(6.623 m). According to the RMSE point-based comparison
results of ICESat-2’s footprints, Test area-1 (12.166 m) also
gave the best result after AW3D30, In Test Area-2, ASTER
GDEM (17.044 m) gave the worst result, while the other 3
data gave similar results with 13 m RMSE. In Test Area-3,

ICESat-2 (7.846 m) gave the best result after SRTM (6.172 m)
(Appendix Table 7). According to MAD results, GEDI gave
the best results between 0.226 m and 3,530 m in all areas,
while ICESat-2 gave the best results in all areas except Test
Area-2. When we compared the areas according to RMSE, test
area-3 gave the best results. (Fig. 5).

Raster-based results

The ORK method was used in the production of DEM (Fig. 6).
Difference maps and histograms were produced for each test
area of the ground truth differences with GDEMs and generated
DEMs (Figs. 7, 8,9, 10, 11 and 12). In addition, a comparative
chart including RMSE, MAE, MAD results was created for
all test areas (Fig. 13). The accuracies of the produced DEMs
have been tested on a raster-based assessment. Due to the gaps
in the ICESat-2 data for test area-1(Fig. 7), DEM production
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Table 6 GEDI and ICESat-2

L GEDI ICESat-2
error distribution rates
Range (m) Beams Ratio % Range (m) Beams Ratio %
Test Area 1 <—-20 5253 6.288 <—-20 38 0.130
-20—20 69,737 83.477 -20—20 27,166 93.018
20 — 40 6386 7.644 20 — 40 1734 5.937
40 — 60 1105 1.323 40 — 60 160 0.548
60 —> 1059 1.268 60 —> 107 0.366
Test Area 2 <—-20 4702 6.133 <—-20 128 0.411
-20—20 68,269 89.040 -20—20 29,112 93.487
20— 40 2816 3.673 20 — 40 1646 5.286
40 — 60 468 0.610 40 — 60 181 0.581
60 —> 417 0.544 60 —> 73 0.234
Test Area 3 <—-20 673 4.603 <—-20 45 0.449
-20—20 13,274 90.781 -20—20 9764 97.474
20— 40 598 4.090 20 — 40 205 2.047
40 — 60 70 0.479 40 — 60 3 0.030
60 —> 7 0.048 60 —> 0 0.000
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Fig.4 Point based error histogram graphics
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Fig.5 Point-based assessment
based on ALS data
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gave worse results than GEDI according to RMSE (Appen-
dix Table 7). Looking at the results for DEM, ICESat-2 gave
the worst result, with a RMSE value of 51.788 m. Although
the error decreased by 23.692 m when GEDI and ICESat-2
were combined, it could not approach the sensitivity of other
GDEMs. The AW3D30 showed the best results for test area-1
with 13.538 m (Fig. 13). When the results are analyzed accord-
ing to MAD in test area-1, it is seen that the DEM produced
with GEDI gives the best result with 2.857 m. (Fig. 13). Test
area-2 gave better results than test area-1 (Fig. 8). However, it
has 10—15 m more errors than other GDEMs (Fig. 10). The
AW3D30 also gave the best results in test area-2 (Fig. 13).
When the results are examined according to MAD in test area-
2, it is seen that the DEM produced with GEDI & ICESat-2
gives the best result with 0.166 m. (Fig. 13). Test area-3 has
more gaps in the GEDI data than other areas (Fig. 1). Due to
these gaps, GEDI data gave the worst RMSE result here at
91.217 m. When the two data are combined, although it gives
results according to 39.954 m RMSE, it is quite unsuccess-
ful compared to other GDEMs. In test area-3, the SRTM gave
the best results with 6.434 m (Fig. 12). When the results are
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Fig.6 DEM:s produced by GEDI, ICESat-2 and GEDI & ICESat-2

610.554 m.

87293 m. |

analyzed according to MAD in test area-3, it is obtained that the
DEM produced with the combination of GEDI and ICESat-2
gives the best results at 0.843 m (Fig. 13). When looking at
the raster-based results in general, although the results are low
according to RMSE, good results are obtained according to
the MAD.

Discussion

Considering satellite lidar systems, the previous studies ana-
lyzed a point-based comparison. Many studies in the literature
stated that GEDI and ICESat-2 data gave better results after
filtering the data due to various reasons (day & night, spatial
errors, cloudiness, terrain structure, etc.). (Quirds et al. 2021;
Adam et al. 2020; Liu et al. 2021). Adam et al. (2020) stated
in their study that 9-13% of the GEDI data were outliers. In
our study, the results of GEDI the outliers ranges between
11 and 16%, while ICESat-2 has lower as 3% to 7% outliers.
Shang et al. (2022) reached up to 0.5 m. accuracy after filtering
ICESat-2 data. However, it is seen that the number of points
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Fig. 8 Raster-based error histogram in test area-1
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Fig. 10 Raster-based error histogram in test area-2

decreased from 1850 to 329 in one study area (Hanzhong area)
and decreased from 1829 to 96 in the other region (Songshan
Area). Although the vertical accuracy increases after filtering
techniques are applied, the decrease in the number of points is
a disadvantageous situation for DEM production. Especially
in DEM production, the high number of points gives more
consistent models since the reference point of the model will
increase during interpolation. In our study, although ICESat-2
data gave better results than GEDI in point-based results,
GEDI produced DEMs gave better results than ICESat-2
produced DEMs in raster-based results, compared to RMSE
evaluation, excluding Test area-3. (Appendix Table 7). In Test

173°0'E

172"]50’5

Height Differences (m)

Height Differences (m)

Area-3, in areas where GEDI data density decreases (Fig. 1),
it is seen that the DEM production results decreases according
to the RMSE (Fig. 11). Test Area-3 GEDI data is close to the
mission's coverage limits, so there has been a reduction in the
number of points. This puts GEDI data at a disadvantage com-
pared to ICESat-2 data. Because coverage of the ICESat-2 area
is more than GEDI since it also includes poles. Considering
the results of the study, it was revealed that DEMs produced
by using two data together in all 3 fields gave more successful
results compared to their individual results.

Also, considering the MAD results, it is seen that both
point-based and raster-based results of SAS are good
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Fig. 11 Maps of height differences global DEMs and DEMs produced by GEDI, ICESat-2 in test area-3
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Fig. 12 Raster-based error histogram and boxplot plots in test area-3

according to GDEMs (Appendix Table 7). The reason for this
is that MAD is a robust parameter calculated over the median,
so it is less affected by the outlier. As a result of the increase
in the number of points that ICESat-2 and GEDI satellites
will collect until the end of their mission, better DEMs will
be produced after outlier values are filtered out.

Conclusion

Different professional disciplines use the information obtained
from DEM. For this reason, the production methods of DEMs
differ. In our study, we focused on GDEMs and DEM produc-
ing from SAS. GDEMs are both outdated due to the years

Height Differences (m)

0 200 400 -400 -200 200 400

0
Height Differences (m)

of production and contain systematic errors within them-
selves. For this reason, the accuracy of the satellite LIDAR
data, which started collecting data at the end of 2018, was
investigated both on a point based and its potential to create a
DEMs. Considering the results of the study, it was seen that
the ICESat-2 data in point-based results had similar accuracy
with other GDEMs. In addition, DEMs produced by combin-
ing two data showed good results, indicating that better DEMs
can be produced in the future with an increase in the number of
points. However, it is less successful compared to today's free
GDEMs because there are too many gaps. For this reason, it is
considered to conduct studies on creating a new model with the
fusion (like a NASADEM) of GDEMs and GEDI & ICESat-2
data using machine learning methods in future studies.

Fig. 13 Raster-based results
based on ALS DEM data
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Appendix

Table 7 Result information of
ground truth data. Light blue

lines show point-based results,

light green areas show raster-
based results

Correlation RMSE MAE MAD

GEDI 0.9961 22.350 17.021 3.530
AW3D30 0.9991 12.292 16.227 6.065
ASTER GDEM 0.9980 17.521 14.868 4.810
SRTM 0.9989  15.235 13.350 7.888
ICESat-2 0.9993  12.166 13.598 4.572

= AW3D30 0.9993  11.190 14.709 5.000
::d ASTER GDEM 0.9985 16.291 13.668 3.510
+ SRTM 0.9991 14.314 12.020 6.290
= GEDI DEM 0.9888  41.052 28.383 2.857
ICESat-2 DEM 0.9589  78.430 54.145 5.429
GEDI & ICESat-2 DEM  0.9921  34.740 23.857 3.156
AW3D30 0.9993  11.543 8.741 3.700
ASTER GDEM 0.9984 16.717 12.830 4.657
SRTM 0.9991 14.435 11.291 7.347
GEDI 0.9960 20.359 9.985 0.686
AW3D30 0.9989 13.578 10.203 6.665
ASTER GDEM 0.9972  17.995 13.967 6.682
SRTM 0.9986 14.210 10.525 5.959
ICESat-2 0.9960 13.746 7.135 2.050
3 AW3D30 0.9989 13.052 9.700 5.989
g ASTER GDEM 0.9972 17.044 13.168 5.460
+ SRTM 0.9986 13.546 10.021 5.639
& GEDI DEM 0.9891 31.998 22.618 2.333
ICESat-2 DEM 0.9738 51.788 34.215 3.236
GEDI & ICESat-2 DEM  0.9943  28.096 18.025 0.166
AW3D30 0.9725  13.538 10.080 6.578
ASTER GDEM 0.9980 17.759 13.606 6.021
SRTM 0.9983  14.178 10.369 5.982
GEDI 0.9981 11.952 8.511 0.226
AW3D30 0.9989 9.442 5.060 1.000
ASTER GDEM 0.9982 16.382 13.391 11.000
SRTM 0.9994 6.623 7.007 2.000
ICESat-2 0.9992 7.846 5.021 0.787

« AW3D30 0.9989  9.102 4.643 1.000
::;3 ASTER GDEM 0.9984 15.614 12.555 11.000
+ SRTM 0.9995 6.172  6.630 2.000
£ GEDI DEM 0.8935 91.217 50.336 2.430
ICESat-2 DEM 0.9473  64.391 44479 0.717
GEDI & ICESat-2 DEM  0.9800 39.954 25.707 0.843
AW3D30 0.9989  9.398 7.445 2.000
ASTER GDEM 0.9984 15.783 12.711 11.000
SRTM 0.9995 6.434 4.884 1.000
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