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ABSTRACT: Digital Elevation Model (DEM) refers to a digital map of the surface of the Earth that only shows the
bare ground, without any buildings, plants, or other characteristics. However, obtaining unlimited access to DEM data
at high and medium resolutions is very hard. Consequently, users often question the accuracy of freely available DEMs
and their suitability for various applications. By comparing them to Global Positioning System (GPS) elevation data,
this study aimed to identify the most reliable and widely available DEM for various terrains. The objectives of this study
were to generate DEMs from different open sources and validate the accuracy of these DEMs using GPS elevation data.
Various DEM types including Sentinel-1, ALOS PALSAR, SRTM, AW3D30, and ASTER were compared. Root Mean
Square Error (RMSE) and Mean Error (ME) were used to measure the difference between the DEM-derived elevations
and the GPS-measured elevations. The results showed that even though Sentinel-1 has higher resolutions, the accuracy
of the DEM from Sentinel-1 depends on issues including coherence and interferometry, surface features, and temporal
stability. On the other hand, ALOS PALSAR could accurately represent surfaces in some situations. Additionally, DEMs
with lower resolutions, such as SRTM and AW3D30, demonstrated greater consistency across various types of terrain.
In contrast, the ASTER DEM showed more variability in complex terrains. While freely available DEM:s are easy to use
and accessible, their accuracy varies depending on the source and terrain features. Future improvements could include
adding more ground control points and using advanced filtering methods to enhance precision.
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1 Introduction

A digital elevation model (DEM) is a type of raster data model that is commonly used to view and
analyze the Earth’s surface by representing the variance in topographical features. The establishment of spot
elevation measurements can be achieved by collecting data and subsequently predicting the values of points
on a specified surface. Various sources of data can be used to construct a DEM, including airborne laser
scanning, photogrammetry techniques, remote sensing, field survey, and unmanned aerial vehicles. These
sources can be evaluated based on characteristics such as accuracy, cost, time, ease of use, and application.
A DEM is a reliable source of spatial data that serves as the foundation for several derived products, such
as contour lines, volume calculations, profile analysis, slope determination, aspect identification, drainage
network mapping, and more [1]. Thus, one of the essential requirements is that DEMs must possess sufficient
quality to meet the needs of their respective applications. A DEM of a specific quality level might be used
in a study requiring different quality levels [2]. The increase in accessibility and availability of DEMs has
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significantly facilitated users in utilising DEM for analytical and research purposes, ensuring the ease of
their determination. Hence, the availability of freely accessible DEMs is undeniably a significant and valuable
resource in accurately representing the Earth’s topography [3]. Nevertheless, the issue at hand pertains to the
reliability and precision of the elevation data obtained from freely accessible DEMs compared to the actual
ground elevation.

The capacity of a DEM to meet user needs is determined by several quality factors. After establishing the
general features of the DEM, such as resolution, spatial coverage, and date, the primary focus shifts to data
quality. This quality can be categorized into two main types: elevation quality, which refers to the accuracy of
the elevation measurements in terms of absolute or relative accuracy, and shape and topologic quality, which
pertains to the accuracy of derived DEM features such as slope, aspect, and curvature, which are quantitative
descriptions of the terrain. The accuracy of these descriptors is critical for applications that rely on them, as
DEMs should closely represent the terrain and the landscape. As DEM should closely approximate the actual
position of the terrain and visually resemble the real landscape to the greatest extent possible. Undoubtedly,
even a minor deviation in location can lead to inaccurate depictions of shape [4]. The standard technique for
evaluating a DEM’s accuracy is comparing it with a ‘true’ terrain surface [5].

The DEM has been extensively used across several applications and disciplines, particularly in geomat-
ics. This DEM can be derived from many sources, as it is also available online for free. However, the accuracy
and precision of this DEM have been the central issue in this study. A range of global DEMs generated by
remote sensing methodologies is accessible at varying resolutions. DEMs that offer accurate and detailed
terrain depictions are significantly expensive [6]. Unrestricted access to DEM data at high and medium
resolutions is difficult to attain [7]. Consequently, the accuracy of freely available DEM and their suitability
for various applications has been a concern among users.

The accuracy of these DEMs can vary considerably due to differences in source data, sensor distortions,
land cover, terrain characteristics, and processing methods, despite their widespread use [8]. Evaluating the
accuracy of global DEMs is critical for both large-scale and site-specific applications, and several studies
have examined how these models perform in various terrains worldwide [9]. This variability complicates the
selection of the best DEM for specific applications, especially in regions with varied terrain.

Hence, it is imperative to thoroughly examine the vertical accuracy of the DEMs to ascertain their
compliance with the prescribed accuracy standards. Evidently, the present global DEM cannot effectively
simulate or anticipate processes and their associated implications at a local scale. Despite undergoing
extensive preprocessing to eliminate substantial biases caused by vegetation and physical structures, as well as
reducing inherent vertical errors, publicly accessible global DEM still exhibits inaccuracies that are frequently
several orders of magnitude larger than the length scales of the simulated processes [10].

The variety of DEMs poses challenges in choosing appropriate ones for specific applications. By
employing ground elevation data from the GPS to assess the accuracy of various free DEMs, this study intends
to resolve this deficiency and determine the most dependable DEMs for various terrains. This research aims
to comprehensively evaluate the accuracy and reliability of DEMs by generating them from different open
sources and validating them against GPS elevation data. The results will assist users in determining the most
suitable DEM for their specific requirements.

Numerous scholarly investigations have employed inter-comparison methodologies to ascertain the
best precise DEM inside a specific geographical area. The accuracy of these DEMs varies across different
geographic areas. The necessity for local accuracy assessment of these open-source solutions arises from
this juncture [11]. The acquisition of precise elevation data can be further complicated by the presence of
vegetation, urban areas, and aquatic bodies, as these features can obscure the ground surface.
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Global Navigation Satellite System (GNSS) is one of the geodetic approaches that can be utilized to
compute the geoid accurately and, hence, determine an orthometric height (H). The process involves the
conversion of ellipsoidal height (h) derived from GNSS to orthometric height (H) [12]. The assessment of
the absolute vertical accuracy of the DEMs involved the calculation of the absolute discrepancies between
the pixel values of the DEMs and the associated GPS points [13]. The combination of Root Mean Square
Error (RMSE) and Mean Error (ME) is commonly regarded as the most effective method for assessing the
correctness of DEMs. This metric is essential for comprehending the general disparity between the DEM and
ground elevations. Consequently, it is a favoured option for numerous applications [2].

This study assessed the open-source DEMs derived with different resolutions, both below and above
30 m. The main focus was to evaluate the high-resolution free DEMs against ground elevation data obtained
from GPS using the Real Time Kinematic (RTK) Network method as a reference. Additionally, three other
free DEMs with lower resolutions, approximately 30 m, were also evaluated against the reference data to
determine the accuracy differences between high-resolution and lower-resolution free DEMs compared to
ground elevation data. The evaluation of the different DEMs and GPS elevation data employed external
validation, which involved comparing each DEM with GPS control points in a study area and using statistical
measurements such as ME and RMSE to assess the vertical precision of the DEMs. The structure of the rest
of this article is as follows: First, the material and methods of the study are explained in Section 2. Following
that, the results and analysis of this study are elaborated in Section 3. It entails generated DEMs, evaluation of
elevation from DEMs, statistical validation, and reliability of DEMs. The conclusion is provided in Sections 4
and 5.

2 Study Area and Datasets
2.1 Study Area

The selection of Universiti Technology MARA (UiTM) campus at Shah Alam, Selangor, as the
study area of this research is due to its diverse land surface, including hilly and flat areas. This choice
allows for the evaluation of ground elevation by comparing it with the elevation data obtained from a
free DEM of satellite imagery. Therefore, this region is readily accessible for establishing the GCP and
conducting observations. Fig. 1 shows terrain diversity in the study area that is suitable for the elevation
evaluation purpose.

2.2 Ground Elevation Data

GPS observations are employed in this study to collect ground elevation data at numerous points in
the study area. It was acquired using GPS observations with the Real Time Kinematic (RTK) approach from
MyRTKnet. It derives real-time data without needing post-processing to obtain ground elevation data across
various surface types. 300 elevation data points covering the entire study area were observed using GPS,
as illustrated in Fig. 2. However, from these 300 points, only 20 points were selected as Ground Control
Points (GCPs) to evaluate the other DEMs. Specifically, the yellow point illustrates 20 GCPs implemented
on different terrains within the UITM Shah Alam campus. The strategic selection of these GCPs represents
the study area’s diverse topographical features. The GCPs are disseminated randomly from lower to higher
elevations to guarantee comprehensive coverage of various terrain types. This random distribution method
ensures that the data collected accurately reflects the variations in elevation and terrain across the entire study
area, thereby improving the dependability and robustness of the elevation data for subsequent analysis. GPS
with RTK can offer centimetre level accuracy, but it is still possible for small errors to occur due to factors
like multipath or satellite geometry. The number of 20 GCPs was chosen to be able to capture both higher
and lower points of the terrain, and to avoid placement of multiple points in the same kind of terrain, so that
each GCP provides new information.
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Figure 2: GPS observation points in the study area (Google Earth)

2.3 Open Accessible Digital Elevation Models

This study utilised five freely accessible DEMs which are Sentinel-1, ALOS PALSAR, SRTM, AW3D30
and ASTER with distinct resolutions. Sentinel-1 DEM required a several processing steps in SNAP software,
while the other DEMs are a straightforward process. The basic steps to download this DEMs are to define the
study area, select the data range and download the selected data in TIFF format. This DEMs can be download
from several reliable sources. Details of the characteristics of each DEM are summarized in Table 1.
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Table 1: Source of downloaded DEMs

DEM Resolution Vertical datum Horizontal datum Source
Sentinel-1 5mby20m Ellipsoid WGS84 https://search.asf.alaska.edu/
ALOSPALSAR 125m Ellipsoid WGS84 https://search.asf.alaska.edu/
SRTM 30 m EGM96 WGS84 https://earthexplorer.usgs.gov/
AW3D30 30 m EGM96 WGS84 https://portal.opentopography.org/
ASTER 30 m EGM96 WGS84 https://search.earthdata.nasa.gov/

2.3.1 Sentinel-1 DEM

The Sentinel-1 mission, a component of the Copernicus Programme of the European Space Agency
(ESA), has made substantial contributions to developing DEMs through Synthetic Aperture Radar (SAR)
data. There are disadvantages in the accuracy of this high-resolution free DEM from Sentinel-1, which has a
resolution of 5 m by 20 m spatial resolution. Hence, Sentinel-1 is remote sensing data that can be extracted
into a high-resolution DEM [7]. A perpendicular baseline (PB) ranging from 150 to 300 m is optimal for
DEM generation. Due to a heightened susceptibility to atmospheric influences and phase noise, both high
and low values of PB may result in decorrelation and loss of coherence. Concurrently, the temporal baseline
(TB) is taught to be brief, typically spanning no more than six to twelve days. The primary objective of the
Sentinel-1 mission was deformation investigations, not DEM generation. Therefore, a PB greater than 100 m
is uncommon. Most image pairs have a baseline of less than 30 m, and locating pairings with a short TB
and a large PB can be challenging [14]. The Sentinel data used in this study have been downloaded from the
Copernicus Open Access Hub. The data selected are from 20 April 2024 to 2 May 2024, with 12 temporal
days between these two images, and the perpendicular baseline is 173 m. After downloading two Sentinel-1
SLC images, the master and the slave image of the same study area, these images were selected to form an
interferometric pair. Software tools such as SNAP (Sentinel Application Platform) provided by ESA were
used to perform these steps. Fig. 3 illustrates the workflow for DEM generation from Sentinel-1 SLC data
in SNAP.

2.3.2 ALOS PALSAR DEM

The comprehensive topographical information that the DEM derived from the Advanced Land Observ-
ing Satellite Phased Array type L-band Synthetic Aperture Radar (ALOS PALSAR) is essential for various
scientific and practical applications. ALOS PALSAR, created by the Japan Aerospace Exploration Agency
(JAXA), employs L-band radar technology capable of penetrating clouds and vegetation. This capability
makes it highly effective in various environments, such as tropical and forested regions [15]. A spatial
resolution of 12.5 m is typically considered satisfactory for precise terrain mapping and analysis in DEMs
derived from ALOS PALSAR (JAXA, 2020). The main accuracy difficulty is radar signal penetration,
especially in heavily vegetated areas where L-band radar might induce elevation biases. Disparities in surface
roughness and terrain incline can also reduce accuracy, and converting radar data into DEM introduces
regular mistakes that lower dataset quality [16]. The ALOS PALSAR DEM product can be downloaded from
the ASF ALASKA website (https://search.asf.alaska.edu/).
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Figure 3: Workflow of Sentinel-1 DEM processing (Adapted from ESA SNAP Toolbox Manual, 2023)

2.3.3 SRTM DEM

The SRTM, which stands for Shuttle Radar Topography Mission, was the first spaceborne SAR inter-
ferometer. The SRTM mission successfully captured both C-band and X-band synthetic aperture radar data
sets, enabling the generation of a new, accurate global digital terrain model and topographic maps for all land
surfaces between latitudes +60° and —56°. The SRTM DEM data has a horizontal resolution of 1 arc-second,
equivalent to 30 m at the equator. It also has a vertical resolution of 10 m, achieved using C-band radar [17].
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According to reports, the SRTM is known to have inaccuracies, particularly in places with dense vegetation,
because the 5.6 cm wavelength it uses does not effectively penetrate through plants. The SRTM DEM product
can be downloaded from the USGS website (https://earthexplorer.usgs.gov/).

2.3.4 AW3D30 DEM

The ALOS World 3D (AW3D) 0.15 arc seconds (~5 m) DEM was developed by the Japan Aerospace
Exploration Agency (JAXA) using over 3 million images captured by the Panchromatic Remote-sensing
Instrument for Stereo Mapping (PRISM) sensor on board the ALOS satellite. Over the years, JAXA has
consistently improved the global DEM by integrating multiple iterations to enhance accuracy and usability.
In 2018, version 2.1 was released, followed by version 2.2 in 2019 and version 3.1 in 2021. These updates
were significant. Version 3.2, introduced in 2021, was the most recent revision. It included a revised
sea mask, which further enhanced the quality of the DEM for coastal and maritime applications [10].
The AW3D30 DEM, a freely available 30-m resolution version, has demonstrated consistent high spatial
resolution and vertical accuracy across multiple validation studies, confirming its reliability for global-scale
terrain analysis [18]. The dataset can be downloaded from the Open Topography website (https://portal.
opentopography.org/).

2.3.5 ASTER DEM

ASTER GDEM is a dataset that provides global elevation data derived from optical stereoscopic
photogrammetry. The sensors encompass a range of 14 bands, spanning from visible light to thermal infrared
(IR), and possess exceptional spatial, spectral, and radiative resolutions. In addition, the device’s near-
infrared (NIR) band offers stereoscopic coverage. NASA and METTI released ASTERGDEMv3 on 5 August
2019. GDEMv2 now has 360,000 optical stereo picture pairs, eliminating water area elevation gaps and
numerical anomalies. The GDEMv3 dataset has improved coverage and elevation accuracy [8]. The ASTER
DEM product can be downloaded from the NASA website (https://search.earthdata.nasa.gov/).

3 Methodology
3.1 Elevation Extraction

GPS-based ground control points (GCPs) are commonly used in DEM validation because they provide
reliable and accurate elevation data for comparison [19]. In this study, the elevation values from all DEMs
have been extracted using ArcGIS software to derive their elevation data based on 300 GPS observation
points. The processing tool that was used to derive the elevation data was “Add Surface Information (3D
Analyst)”, and it was available in ArcToolbox. This tool can extract the height value from the DEMs based
on the latitude and longitude coordinates from GPS observation. Then, the attribute table with a geographic
coordinate system in the WGS84 and heights values can be derived and exported in text file format.

3.2 Height Conversion
3.2.1 Ground Elevation Data

Ground elevation data that was determined from the GPS observation using the Network RTK method
was in ellipsoidal height. This ellipsoidal height needs to be subtracted from the local geoid model. This
local geoid height information is extracted from the Malaysia precise geoid model (MyGEOID) provided by
DSMM that was derived from (https://ebiz.jupem.gov.my/). To transform the ellipsoidal height (h) to the
orthometric height (H) using the local geoid model (NN) at each station is expressed in Eq. (1):

H=h-N ©)
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3.2.2 Evaluated DEMs

The elevation values from GPS, Sentinel-1and ALOS PALSAR refer to the ellipsoidal height. In contrast,
the SRTM, AW3D30, and ASTER refer to the orthometric height. Due to this divergent referenced height,
the elevation value derived from all DEMs must be converted into the same referenced height, orthometric
height. To determine the orthometric height for an elevation value obtained from all DEMs, it is necessary to
use the same geoid model that was used to calculate the orthometric height from GPS elevation data. Fig. 4
illustrates the flowchart for converting the height values from all DEMs.

| SENTINEL | |ALOSPALSAR| [ SRTM | | AW3D30 | [ ASTER |

Orthometric Height
refer to EGM96

Ellipsoidal Height

Local Geoid Model
(MyGEQID)

I

Orthometric Height

Figure 4: Flowchart to convert elevation values from DEMs

According to the flowchart, the Sentinel and ALOS PALSAR DEM elevation values refer to the ellip-
soidal height. The values derived from these two DEMs must be adjusted by subtracting the geoid value from
MyGeoid to calculate the orthometric height. In contrast, the elevation values from the SRTM, AW3D30,
and ASTER DEMs refer to the orthometric height, which is based on the geoid value from EGM96. To
ensure consistency in orthometric heights across all DEMs, these values must first be converted to ellipsoidal
heights by adding the EGM96 geoid value, as obtained from the Geoid Height Calculator (available at https://
www.unavco.org/). Once the ellipsoidal heights are determined, the same geoid value from MyGeoid is
subtracted to get the orthometric height, ensuring that all orthometric heights are referenced to the same
local geoid model.

3.3 Generate DEM

To generate the DEMs, the elevations derived from selected free DEMs converted to the orthometric
height using MyGeoid are saved in the attribute table containing Latitude, Longitude, and Height for each
DEM. Then, the attribute table was used to generate the new DEMs utilizing ArcGIS. A Kriging tool
that used an interpolation method was utilized to generate the new DEMs from different elevation data
sources. Kriging was chosen due to its capacity to create precise estimates and quantify the uncertainty of
predictions. Kriging is a geostatistical interpolation that not only predicts values but also provides a measure
of the accuracy of these predictions (kriging variance). It is predicated on statistical models containing
autocorrelation, the statistical relationship between the measured points. Additionally, this method offers
the ability to estimate prediction errors, manage irregularly spaced data points, and generate more precise
and smooth surfaces.
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3.4 Accuracy Assessment

The assessment of the absolute vertical accuracy of the DEMs involved the calculation of the absolute
discrepancies between the pixel values of the DEMs and the associated GPS points. Determining an elevation
error for each point involves calculating the discrepancy between the model and reference values. The
variable Hp; s represents the elevation difference, Hy,4.1 represents the elevation of the studied location in
the DEM, and Hpe ference represents the observed elevation via the GPS. Positive disparities indicate areas
where the DEM elevation is above the GPS point’s elevation. The equation as expressed in Eq. (2):

HDiff = Hpodel — HReference (2)

For DEM accuracy assessment, the combination of Root Mean Square Error (RMSE) and Mean
Error (ME) is widely recognized as an effective and reliable method. RMSE and ME are among the most
accepted indicators for evaluating DEM performance, as they provide insight into both systematic and
random deviations [20]. RMSE offers a comprehensive measure of overall accuracy by accounting for the
magnitude and distribution of elevation errors, thus reflecting the typical variation between DEM-derived
and actual ground elevations. In contrast, ME highlights systematic biases, indicating whether a DEM tends
to consistently overestimate or underestimate terrain elevations. These metrics are expressed as follows:

RMSE = \j % > (hPEM — pGPS)2 3)
i=1
ME = % Z(h?EM _ hiGPS) @
i=1

4 Result and Discussion

The ground elevation data as a reference in Fig. 5, the first evaluation was evaluating the surface
representation from five open accessible ground elevation data using DEM that was generate early using
Kriging tool in Fig. 6. After the surface representation, the graph illustrated the elevation data on 20 Ground
Control Point (GCP) along with their differences between each other to see their how close their ground
elevation data with the actual elevation that was observed using GPS. Then, the accuracy assessment for error
identification was carried out using RMSE and ME.

DEM FROM GROUND ELEVATION DATA
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Figure 5: Reference DEM
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Based on the results, the generated DEMs represented the surface elevation in orthometric height
(MyGeoid) and visualized the elevation values using a stretched color ramp with the interval between the
elevation separated into 8 classes with maximum set to 80 m and minimum 1 m to shows the elevation
difference between the generated DEMs in Fig. 6 with the reference DEM in Fig. 5. According to the reference
DEM, DEMs with below 30 m resolution, Sentinel-1, and ALOS PALSAR, have been shown a distinct ground
representation. Other reasons causing DEM errors are terrain slope, land cover (vegetation or building) and
particular sensor issues. In the case of Sentinel-1 data, decorrelation may occur as a result of a long temporal
baseline and a large perpendicular baseline. Despite its L-band and wide swath advantages, which allow
ALOS PALSAR to penetrate through the vegetation canopy, the accuracy of ALOS PALSAR DEM in high
vegetation or hilly areas may be compromised by volume scattering and terrain distortion.

The results show that the DEM from Sentinel-1 did not reliably represent ground elevation data even
though it has a high resolution of 5 m by 20 m. It can be spotted that the ground representation from this
DEM did not accurately represent the valid ground data when compared to the reference DEM and also
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exhibited various noises in the data. This can be confirmed when one of the locations with a high elevation
from the reference DEM was not presented in the DEM from Sentinel-1. In contrast, the lowest elevation
from the referenced DEM was visualized as the high elevation in the DEM from the Sentinel-1 elevation
data. In contrast to the Sentinel-1 DEM, which failed to depict ground elevation data accurately, the second
evaluated DEM of below 30 m resolutions, ALOS PALSAR, with a resolution of 12.5 m, provided a more
dependable surface representation due to its satisfactory resolution. Based on the visualization, the surface
representation from this DEM shows almost similar surface elevations to reference DEMs when it shows
the actual locations with high and lowest elevations. The surface representation was also most faithful to the
ground elevation data.

Next, in the category of DEMs above 30 m resolution, the SRTM, AW3D30, and ASTER DEMs also
show slightly different surface representations from each other, even though they have the same resolution
of 30 m. These differences among them can be spotted in the DEM from SRTM and AW3D30, which
shows a surface representation that is approximately the same when compared to the reference DEM and
ALOS PALSAR, even though this DEM has a resolution of 30 m only, making it difficult to distinguish
between them based on their visualizations alone when it shows the high elevations and low elevations same
as the reference DEM that represents the ground truth data. This representation shows that the ground
truth data can rely on the elevation data from DEMs that provide free access and low resolution. However,
for surface representation from elevation data of ASTER that also have the same resolution as SRTM and
AW3D30, it did not accurately show the surface representation when compared to the reference DEM, ALOS
PALSAR, SRTM, and AW3D30 when it shows some of the locations that are supposed to have high elevations
with lower elevations representation. Despite the presentation of surface, the comparative analysis of the
elevation values derived from the different DEMs against the GPS-based elevation values revealed significant
discrepancies across various GCPs as shown in Fig. 7.

DEM Elevation Value

12 13 14 15 16 17 18 19 20

GCP Point

w—GPS  w—Sentinel Alos Palsar seSRTM == Alos World 3D ASTER

Figure 7: DEM elevation value

The Sentinel-1 DEM exhibited the most important deviations, with some values significantly lower
than the GPS measurements. For instance, at GCP 1, the GPS elevation was 6.52 m, whereas the Sentinel-
1 elevation was —19.86 m, indicating a substantial underestimation. Fig. 7 also shows that the Sentinel-1
DEM consistently shows lower elevation values, it suggests that the Sentinel DEM is less reliable for accurate
elevation representation in this study area, as evidenced by its significant underestimations. In contrast, the
ALOS PALSAR DEM provided elevation values closer to the GPS measurements, though some discrepancies
were still observed. For example, at GCP 6, the GPS elevation was 16.21 m, while the ALOS PALSAR
value was 23.79 m, showing an overestimation. Fig. 6 shows that the ALOS PALSAR DEM has an elevation
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representation similar to the GPS elevation data. Even if it still shows some overestimations, it is still more
accurate than Sentinel-1. For resolutions below 30 m, SRTM, AW3D30, and ASTER DEMs generally agreed
better with the GPS measurements than Sentinel-1. However, variations were still present. For instance, at
GCP 19, the GPS elevation was 74.86 m. However, the SRTM, AW3D30, and ASTER values were 86.56,
104.76, and 95.90 m, respectively, indicating an overestimation by all three DEMs. These three DEMs still
overestimate the elevations, especially at higher elevation points. However, it provides more consistent and
closer elevation values to the GPS measurements while exhibiting overestimation tendencies at specific
points. These elevations show the disparities between each other. Fig. 8 shows that the elevation disparities
between DEMs and GPS data were significant.

Differences between DEM Elevation

HEIGHT IN METRE

GCP Point

w—Sentinel Alos Palsar  es====SRTM e Alos World 3D s ASTER

Figure 8: Differences between DEM elevation value

The analysis of the differences in elevation between the various DEMs and GPS measurements revealed
notable discrepancies. The Sentinel-1 DEM exhibited the most significant variations, with elevation differ-
ences ranging from 11.78 m at GCP 15 to a maximum of —77.42 m at GCP 11. This wide range of discrepancies
indicates substantial inconsistencies in the Sentinel-1 DEM, suggesting potential issues in its vertical accuracy
for the study area. In contrast, the ALOS PALSAR DEM generally showed more minor discrepancies, mostly
within +10 m, except for more significant errors at GCP 3 and GCP 19. This suggests that while ALOS PALSAR
provided relatively consistent elevation values, there were still notable errors in certain locations. The SRTM
DEM demonstrated moderate discrepancies, ranging from -2.35 m at GCP 3 to 11.70 m at GCP 19. The
fewer extreme errors compared to Sentinel-1and ALOS PALSAR indicate a fair level of vertical accuracy. The
AW3D30 DEM had discrepancies ranging from 29.90 m at GCP 19 to 1.14 m at GCP 1, suggesting significant
errors at specific points but generally moderate discrepancies similar to SRTM. The ASTER DEM showed
the most significant errors among the evaluated DEMs, with discrepancies ranging from 21.04 m at GCP
19 to —0.82 m at GCP 9. This indicates considerable inaccuracies in representing ground elevation, making
ASTER less reliable for precise elevation mapping in the study area. While the SRTM and ALOS PALSAR
DEMs were relatively more reliable, no DEM was perfectly aligned with the GPS elevation data, highlighting
the importance of careful DEM selection based on specific study requirements and area characteristics. For
the accuracy assessment for all evaluated DEM from these 20 GCP is focused on the elevation values for each
model in terms of RMSE and ME as shown in Table 2. RMSE exhibits, on average, how far observed values
differ from the actual value. The ME provides information on whether a set of measurements consistently
underestimates (negative ME) or overestimates (positive ME) the actual value.
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Table 2: Accuracy assessment

DEM ME (m) RMSE (m)
Sentinel-1 -14.05 24.54
ALOS PALSAR 4.88 6.64
SRTM 4.71 6.29
AW3D30 5.89 8.52
ASTER 9.53 11.64

RMSE represents the average error for each DEM, while ME indicates the mean tendency of predicted
elevation values to be higher or lower than DEM values. Based on Table 2, the average inaccuracy of
Sentinel-1 is 24.54 m, while ME predicts elevations to be 14.05 m lower than actual values. The ALOS
PALSAR DEM estimated an average inaccuracy of 6.64 m, substantially lower than Sentinel-1. The ME of
ALOS PALSAR DEM predicts heights 4.88 m higher than actual values. Next, the average SRTM DEM
error is 6.29 m indicating a 4.71 m underestimate. AW3D30 DEM has an average inaccuracy of 8.52 m,
with an underestimation of 5.89 m, while the ASTER DEM has an average inaccuracy of 11.64 m and an
underestimation of 9.53 m.

5 Conclusion

In conclusion, the study demonstrated that high-resolution DEMs like Sentinel-1 and ALOS PALSAR
offer detailed elevation data, but their performance can vary due to processing dependencies and band
differences. ALOS PALSAR’s L-band is more reliable for interferometric applications in vegetated regions,
providing more accurate ground elevation data than Sentinel-I's C-band, which can generate increased
noise. Among the 30 m resolution DEMs, SRTM and AW3D30 provide more consistent and accurate terrain
representations compared to ASTER. Statistical validation using RMSE and ME indicated that Sentinel-1 is
the least accurate, while SRTM is the most accurate, with ALOS PALSAR, AW3D30, and ASTER showing
intermediate accuracy. Therefore, the choice of DEM should depend on the specific accuracy requirements
of the application. Further research is recommended to expand the study to urban areas without vegetation
with varied topographies, to generalize the findings and assess the effects of DEM from Sentinel-1 in
urban environments. This will help understand how these DEMs perform under different environmental
conditions. Additionally, investigating the temporal stability of DEMs by comparing data from different time
periods can provide insights into how they perform over time, revealing changes in accuracy and bias due
to seasonal variations or other temporal factors. Evaluating more DEM products, including commercial
options, can also provide a broader comparison and help identify whether other available DEMs offer better
accuracy and reliability for specific applications. It would also be interesting for future studies to examine
the impact of various interpolation methods on the DEM generation process to determine how techniques
such as Kriging, IDW, or spline may affect the accuracy of the elevation data.
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