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Digital Elevation Models (DEMs) are essential tools for applications such
as flood risk mapping, geoid modelling, and terrain analysis. The increasing
availability of global digital elevation models (GDEMs), including the
Shuttle Radar Topography Mission (SRTM), NASA Digital Elevation
Model (NASADEM), and Copernicus DEM (CopDEM), has significantly
improved access to elevation data worldwide. However, their accuracy
varies depending on topography and data acquisition methods. This study
evaluates the performance of SRTM, NASADEM, and CopDEM in the
Perlis State region of Malaysia. Ground truth data were obtained from 38
Global Navigation Satellite System (GNSS) benchmarks and 1,177 points
of Advanced Topographic Laser Altimeter System (ATLAS) onboard the
Ice, Cloud, and land Elevation Satellite-2 (ICESat-2). Prior to analysis,
ellipsoidal heights were converted to orthometric heights using the Earth
Gravitational Model 1996 (EGM96) geoid model. DEM elevation values
were interpolated at each validation point, and accuracy was assessed using
Mean Error (ME), Standard Deviation (STD), and Root Mean Square Error
(RMSE). Results indicate that NASADEM demonstrates the highest
accuracy, with RMSE values of £1.855 m (GNSS) and +5.814 m (ICESat),
followed by CopDEM and the SRTM DEM. All three (3) GDEMs show
strong positive correlations with ground truth data (R > 0.98). These
findings suggest that NASADEM provides the most reliable elevation data
for the Perlis region, particularly in relatively flat areas. This study
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contributes to better decision-making in selecting appropriate DEMs for
environmental and geospatial applications in similar terrains.

INTRODUCTION

The A Digital Elevation Model (DEM) is a three-dimensional representation of the Earth's surface
constructed from elevation data. DEMs have become indispensable in numerous fields and are widely
applied in flood mitigation (Hermas et al., 2021; Avand et al., 2022; Vashist et al.,2023), watershed
management (Fathy et al., 2019; Tesema, 2021), geoid modelling (Varga et al., 2021; Pa’suya et al., 2022),
and engineering and infrastructure development (Yilmaz, 2017). The accuracy of DEMs depends on their
source, generation method, and the specific requirements of the intended application. DEMs can be derived
from various sources, including photogrammetry, satellite imagery, field surveys, and Light Detection and
Ranging (LiDAR) data (Makineci & Karabork, 2016; Dakheel et al., 2020). Among these, LiDAR-derived
DEMs are often the most accurate (Li et al., 2022). However, LIDAR coverage is limited, primarily to
developed countries, covering only about 0.005% of Earth’s land area (Hawker et al., 2018), and large-area
surveys are costly.

Advances in radar and optical sensor technology on spaceborne platforms have enabled the generation
of Global DEMs (GDEMs), providing near-global elevation data. Since 2000, several GDEM products have
been freely available, including the Shuttle Radar Topography Mission (SRTM) DEM, the Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) DEM, the Advanced Land Observing
Satellite World 3D — 30 Meter Resolution (AW3D30) DEM, the Copernicus DEM (CopDEM), and
NASADEM. Among these, the SRTM DEM and ASTER DEM are the most widely used. Released in 2003,
the SRTM DEM is generally considered accurate, with reported accuracies ranging from 2.18 to 21.70 m
(Sampson et al., 2015; Purinton et al., 2017; Pa’suya et al., 2019), whereas ASTER DEM shows lower
accuracy (Gesch, 2018). NASADEM, derived from reprocessed SRTM radar measurements, was released
by NASA in 2020 (Okolie et al., 2024). Several studies (Buckley et al., 2020; Uuemaa et al., 2020; Li et
al., 2022; Aziz et al., 2023) have evaluated NASADEM. For example, Buckley et al. (2020), using ICESat
data, reported an accuracy of approximately 5.5 m, while Uuemaa et al. (2020) found that NASADEM
outperformed SRTM. The Copernicus DEM, derived from high-resolution commercial radar data collected
during the mission of TerraSAR-X Add-on for Digital Elevation Measurement (TanDEM-X), was released
in 2020 by the European Space Agency (ESA). Although its performance has been less frequently
examined, Guth and Geoffroy (2021) reported that CopDEM outperformed other GDEMs. Li et al. (2022),
using ICESat-2 altimetry data across selected terrains in China, found that CopDEM achieved accuracy
nearly equivalent to NASADEM and AW3D30 DEM.

In general, GDEM accuracy is strongly influenced by topography, land cover, and slope (Li et al.,
2022). Previous studies have evaluated accuracy using LiDAR (Trevisani et al., 2023; Bielski et al., 2024;
Okolie et al., 2024), GNSS levelling (Rahman et al., 2022; Santillan, 2023; Zayed et al., 2023), and ICESat
altimetry (Nandam & Patel, 2024). This study assesses the performance of three (3) widely available
GDEMs—SRTM, NASADEM, and CopDEM - over the Perlis State region, using GNSS Ilevelling stations
and ICESat-2 altimetry as reference datasets.
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STUDY AREA AND DATA
Study Area

The study area covers the state of Perlis, as illustrated in the Figure 1 which is located in the northern
part of Peninsular Malaysia, bordering Thailand to the north and Kedah to the south. Perlis lies
approximately between latitudes 6°15'N to 6°45'N and longitudes 100°05'E to 100°25'E, covering an area
of about 821 km?. The region is characterised predominantly by flat to gently undulating terrain, with low-
lying agricultural areas forming most of the landscape. Elevations across most of Perlis range between 20
m and 100 m above sea level, which provides an ideal setting for DEM accuracy studies in relatively flat
conditions. Despite its generally flat topography, Perlis also contains localised hilly areas such as the
Nakawan Range along the border with Thailand, which reaches elevations above 500 m. These areas
introduce terrain variability that allows for the assessment of DEM performance across both flat and
moderately rugged landscapes. The combination of paddy fields, urban settlements, forested hills, and
limestone outcrops makes Perlis a suitable test site for evaluating the sensitivity of different DEM products
to variations in land cover and slope.

PENINSULAR MALAYSIA
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Fig. 1. Study Area in Perlis
Sources: Authors (2025)

Datasets
Global DEMs

This study evaluates three (3) global DEMs: SRTM, NASADEM, and Copernicus DEM (CopDEM).
Details of these datasets are summarised in Table 1 and illustrated in Figure 2.

Table 1. Overview of Global DEM Products Evaluated in This Study.

Global DEM Spatial Coverage Spatial Resolution Data Acquisition Primary Data Source

SRTM DEM 56°S—60°N 1 arc-second 2000 (11 days) C-band radar
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NASADEM

CopDEM
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56°S—61°N 1 arc-second 2000 (11 days) Reprocessed C-band
radar

Global 1 arc-second 20112015 Reprocessed X-band
radar

Source: Authors (2025)

(1)

(i)

SRTM DEM

The SRTM DEM is one (1) of the most widely used global elevation models. It was generated
using a modified radar system aboard the Space Shuttle Endeavour (Tahir & Din, 2022). The
mission was a joint effort by NASA, the National Imagery and Mapping Agency (NIMA), the
German Space Agency (DLR), and the Italian Space Agency (ASI), with the aim of producing
the most comprehensive high-resolution topographic database in the world. The DEM was
released in two (2) spatial resolutions: 1 arc-second (~30 m) and 3 arc-seconds (~90 m).

CopDEM

The Copernicus DEM (CopDEM) is a 1-arcsecond Digital Surface Model (DSM) generated
from the TanDEM-X mission using Synthetic Aperture Radar (SAR) interferometry. Data
were acquired between December 2010 and January 2015, and the model was released in three
(3) resolutions: 0.4"”, 1", and 3" (Li et al., 2022).

(iii) NASADEM

NASADEM is an updated DEM created by reprocessing SRTM data (Buckley et al., 2020).
Its primary goal is to improve SRTM quality, particularly by eliminating voids, and to provide
higher accuracy compared to the original dataset. The reprocessing incorporated an enhanced
algorithm and additional data from ASTER and the ICESat Geoscience Laser Altimeter
System (GLAS). ASTER data were used to fill voids, while ICESat data served as a reference
for height error correction (Buckley et al.,2020).
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Fig. 2. GDEMs from (left) NASA DEM; (centre) CopDEM; and (right) SRTM DEM over Perlis Region.

Source: Authors (2025)
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Reference Height

Two (2) reference datasets were used for validation: (i) GNSS observations and (ii) ICESat-2
ATLASOS altimetry. GNSS observations were collected at 38 benchmarks across Perlis, using a TOPCON
GRS receiver with a two (2) hour observation period and a one (1) second sampling rate. The GNSS data
were processed in Trimble Business Center (TBC) using two (2) Malaysian Real Time Kinematic GNSS
Network (MyRTKnet) reference stations, namely Arau and Universiti Utara Malaysia, which served as the
control stations. The distribution of GNSS points is shown in the left panel of Figure 3, while the right
panel illustrates the second dataset consisting of ICESat-2 ATLASOS points. Launched in 2018, ICESat-2,
with its ATLAS provides denser and more accurate global elevation measurements than its predecessor
(Neuenschwander & Magruder, 2019). Since high-accuracy LIDAR DEMs are limited to small regions
(Hawker et al., 2018), ICESat-2 data are valuable as a globally distributed reference for DEM validation
(Yue et al., 2017; Zhao et al., 2015; Li et al., 2023). In this study, a total of 1,177 ICESat-2 ATLAS08
points was obtained from the OpenAltimetry website.

100°20'E

100°20E

100°10°E

Fig. 3. Distribution of (left) GNSS levelling; and (right) ICESAT-02 ATLASO08 over the Perlis Region.
Source: Authors (2025)

METHODOLOGY
Generation of Reference Dataset

In this study, the accuracy of each GDEM was evaluated using GNSS and ICESat-2-derived
topographic heights. GDEMs are typically referenced to the geoid surface, most commonly the EGM96
model (Table 1), while GNSS observations and ICESat-2 altimetry data provide ellipsoidal heights. To
ensure consistency, ellipsoidal heights (h) were converted to orthometric heights (H) by subtracting the
EGMO96 geoid height (N):

https://doi.org/10.24191/bej.v23i1.8308 ©Authors, 2026
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H = h — Nggumos (1

It is important to note that the reference ellipsoids for GNSS coordinates and GDEMs are different.
The reference ellipsoid is a mathematical model that represents the Earth's shape. It provides a simplified
model for determining GNSS positions on the Earth's surface, which is more efficient in calculations. In
the local context, we used the Geocentric Datum of Malaysia (GDM) 2000. It aligned with the International
Terrestrial Reference Frame (ITRF) 2000, in which GRS80 is the reference ellipsoid. In comparison, the
GDEMs are mostly referenced to the WGS84 ellipsoid, which is similar to GRS80 but with different inverse
flattening values. Such differences are minimal, with an overall RMS difference of 1 cm (NGA, 2014;
Malys, 2016), which is generally considered negligible in vertical datum transformations. This is further
supported by Din et al. (2022), who reported a vertical discrepancy of approximately 3.88 cm between
ITRF2014 and WGS84 over Peninsular Malaysia.

The relationship between GNSS ellipsoidal height, geoid height, and orthometric height is illustrated
in Figure 4.

Point of Interest

Ellipsoid height, /

Orthometric height, H

Gepid height, ,"\'l

Fig. 4. Relationship Between Ellipsoidal Height, Orthometric Height and Geoid Height.
Source: Snay (2012)

Accuracy Assessment

Since DEM values represent elevations at the pixel centre, which may not coincide exactly with the
validation point locations, bilinear interpolation was applied to estimate elevations at the precise reference
positions. Bilinear interpolation able to provides a balanced approach between accuracy and computational
efficiency when estimating DEM elevations at non-grid locations. DEM values represent elevations at the
centre of each raster cell, whereas reference GNSS and ICESat-2 points rarely coincide with these exact
centres. Bilinear interpolation uses the four (4) nearest pixel values to calculate the elevation at a given
point, producing a smoother and more realistic surface than nearest-neighbour interpolation, which may
introduce abrupt changes or step-like artefacts. Compared to higher-order methods such as cubic
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convolution, bilinear interpolation reduces the risk of introducing artificial oscillations or overshoots, which
can distort elevation estimates in relatively flat terrains such as Perlis. The error for each point was then
calculated as the difference between DEM elevation and reference elevation. Based on these errors, three
(3) statistical measures were computed: mean error (ME), standard deviation (STD), and root mean square

error (RMSE), defined as:

ME =

Z?:l(ZDEM B ZREF)

n

STD =

Z?:l[( ZDEM - ZREF) B ME]2

n—1

RMSE =

Z?:l(ZDEM - ZREF')2

n

2)

)

“4)

where Zp gy represents the DEM elevation, Zggr the reference elevation from GNSS or ICESat-2 ATLOS,

and n the number of points.

RESULTS

The statistical results for each GDEM are presented in Table 2, while Figure 5 illustrates the errors
relative to GNSS observations. Overall, the comparison indicates that NASADEM outperforms both
CopDEM and SRTM DEM, with an RMSE of +1.855 m. CopDEM follows with an RMSE of +2.450 m,
while SRTM shows the lowest accuracy with an RMSE of £3.131 m. The Mean Error (ME) values of 0.345
m, 1.324 m, and 2.381 m further indicate that all three (3) GDEMSs tend to overestimate elevations relative

to GNSS benchmarks.

Table 2. Statistical analysis of CopDEM, NASADEM, and SRTM DEM based on GNSS-derived heights.

Model Min Difference Max Difference ME STD RMSE
(metres) (metres) (metres) (metres) (metres)
NASA DEM -3.325 4.759 0.345 1.839 +1.855
CopDEM -2.681 8.515 1.324 2.080 +2.450
SRTM DEM -2.393 7.758 2.381 2.053 +3.131

Source: Authors (2025)
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Residuals for NASADEM , CopDEM, and SRTMDEM

—o—NASADEM
[ -8 -CopDEM
8 ! |——SRTMDEM

Residuals (m)

2

Station Number

Fig. 5. The distribution of residuals for NASADEM (in green solid line), CopDEM (in black dotted line), and SRTM
DEM (in dark green solid line).

Source: Authors (2025)

Regression analysis results (Figure 6) reveal strong positive correlations between all three (3) GDEMs
and GNSS heights, with correlation coefficients 0f 0.992, 0.991, and 0.990 for NASADEM, CopDEM, and
SRTM DEM, respectively.

z NASADEM (R? = 0.992)
— T T
550 .
™
>
u;'j 0 ! ! !
0 10 20 30 40 50 60 70
GNSS Elevation (m)
—_ CopDEM (R? = 0.991)
E ‘ ‘ o
550 i
®
>
u;'j 0 I I I
0 10 20 30 40 50 60 70
GNSS Elevation (m)
= SRTMDEM (R? = 0.990)
T T T
§ 50 : :
®
>
[
o 0
0 10 20 30 40 50 60 70
GNSS Elevation (m)

Fig. 6. The R? Correlation Coefficient for All GDEMs Against GNSS-Derived Height Elevation.
Source: Authors (2025)
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A second evaluation was conducted using elevations derived from 1,177 ICESat-2 ATLASOS points.
The statistical results are summarised in Table 3, and the pointwise differences are illustrated in Figure 7.
As expected, RMSE values for all GDEMs are higher than those from the GNSS comparison. This is largely
due to the GNSS benchmarks being located in relatively flat areas, while the ICESat-2 ATLASO08 data
cover a wider range of topographic conditions. Based on this analysis, NASADEM again provides the
highest accuracy, with an RMSE of +5.814 m, followed by CopDEM (£6.415 m) and SRTM (+7.079 m).
These findings are consistent with the results of Li et al. (2022). Among the three (3) GDEMs, NASADEM
records the lowest ME (2.771 m) and STD (5.113 m). CopDEM follows with ME and STD values of 3.477
m and 5.393 m, respectively, while SRTM has ME and STD values 0f 4.602 m and 5.382 m. The correlation
analysis (Figure 8) shows high positive correlations for all three (3) DEMs against the ICESat-2 dataset,
with coefficients of 0.984 (NASADEM), 0.983 (CopDEM), and 0.982 (SRTM).

Table 3. Statistical Analysis of CopDEM, NASA DEM, and SRTM DEM Based on the Comparison with the ICESat-2 ATLAS08
Dataset.

MODEL Min Difference (m) Max Difference (m) ME (m) STD (m) RMSE (m)
NASA DEM -7.525 50.651 2.771 5.113 +5.814
CopDEM -6.465 51.969 3.477 5.393 +6.415
SRTM DEM -4.741 57.833 4.602 5.382 +7.079

Source: Authors (2025)

60 Residuals for NASADEM, CopDEM, and SRTMDEM

—o— NASADEM
4 -8 -CopDEM

50 - —s—SRTMDEM

40 -

Residuals (m)

0 200 400 600 800 1000 1200
Station Number

Fig. 7. The Error Between 1177 Points of the ATLASOS Datasets and Three (3) GDEMs.
Source: Authors (2025)
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Fig. 8. Correlation coefficient, R of each GDEMs and ICESat-2 ATLASOS.
Source: Authors (2025)

DISCUSSION

Although CopDEM is derived from newer and higher-resolution X-band radar data, its RMSE values
in this study were slightly higher than those of NASADEM. This outcome may be attributed to several
factors. First, NASADEM benefits from extensive reprocessing of the original SRTM data, including the
integration of auxiliary datasets such as ICESat/GLAS and ASTER, which enhance vertical accuracy and
fill data voids. Second, X-band radar, used in CopDEM, is more sensitive to vegetation canopy and built-
up surfaces compared to the C-band radar used in SRTM/NASADEM, potentially introducing larger
elevation biases in areas with dense vegetation or complex land cover. In addition, CopDEM has been more
extensively validated in Europe, and its regional calibration over Southeast Asia may be less robust, leading
to slightly higher residual errors. The results also highlight the influence of terrain type on DEM accuracy.
In flat terrain, such as most areas of Perlis, DEM errors are generally lower because radar signals are less
affected by slope distortions, and reference GNSS benchmarks provide stable elevation values. By contrast,
in hilly or mountainous terrain, errors tend to increase due to radar layover, shadowing effects, and the
amplification of vertical discrepancies caused by horizontal misalignments on steep slopes. These factors
explain why the GNSS-based comparison yielded lower RMSE values than the ICESat-based comparison,
which covered more varied topographic profiles.

The RMSE values obtained in this study are broadly consistent with those reported in earlier
evaluations of global DEMs. For instance, Buckley et al. (2020), using ICESat data, reported that
NASADEM achieved an accuracy of approximately 5.5 m, which is comparable to the RMSE of £5.814 m
obtained in this study using ICESat-2 data. Similarly, Uuemaa et al. (2020) found that NASADEM
generally outperformed SRTM in various regions, a trend also observed in the Perlis case study. Li et al.
(2022) evaluated CopDEM, NASADEM, and AW3D30 over selected terrains in China using ICESat-2
altimetry. Their findings showed that CopDEM and NASADEM had nearly identical accuracies, with
RMSE values ranging between four (4 ) and six (6) meters depending on terrain complexity. In the present
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study, NASADEM again demonstrated slightly better accuracy than CopDEM, although both exhibited
strong correlations with the reference data. This suggests that regional factors such as land cover, vegetation
density, and slope variability may influence the relative performance of the two (2) DEMs. Comparisons
with regional studies also highlight the role of terrain type. For example, Pa’suya et al. (2019) reported
SRTM errors in Perlis ranging between 2 and 20 m, depending on land cover and slope. The lower RMSE
values obtained in the current study (£3.131 m against GNSS, +7.079 m against ICESat-2) indicate that
recent reprocessed versions of DEMs, particularly NASADEM, have reduced systematic errors and
improved reliability, even in relatively flat Southeast Asian environments.

CONCLUSION

This study evaluated and compared the performance of three (3) global digital elevation models
(GDEMs): SRTM DEM, NASADEM, and Copernicus DEM (CopDEM) over the Perlis region in Malaysia
using GNSS and ICESat-2 altimetry data. The results show that NASADEM provides the highest accuracy,
with the lowest RMSE values in both datasets. These findings consistently identify NASADEM as the most
reliable source of elevation data, particularly in relatively flat areas. Although CopDEM and SRTM also
demonstrated strong correlations with the reference data, they yielded higher RMSE values and lower
precision. The outcomes of this study have important implications for selecting suitable DEMs in geospatial
applications such as flood risk mapping, geoid modelling, and terrain analysis. Future research should
extend these evaluations to more diverse terrain types, considering the effects of land cover and slope
variability. Overall, this work provides valuable guidance for informed decision-making in environmental
management and geospatial applications across regions with similar characteristics.

ACKNOWLEDGEMENT

This research is fully supported by the Ministry of Higher Education Malaysia under the Fundamental
Research Grant Scheme (FRGS), with the reference code FRGS/1/2022/WABO07/UITM/02/1.
CONFLICT OF INTEREST STATEMENT

The authors affirm that this research was conducted without any personal, commercial, or financial benefits,
and they declare that no conflicts of interest exist with the funders

AUTHORS’ CONTRIBUTIONS

Hairie Ilkham Sibaruddin conducted the research activities, while Muhammad Faiz Pa’suya prepared and
revised the manuscript. Noorfatekah Talib and Afreena Nisha Mohd Zamri participated in the data
acquisition used in this study. Ami Hassan Md Din designed the research framework and supervised its
overall progress. Muhammad Faiz Pa’suya led the manuscript review, coordinated the revisions, and

approved the final submission. Chien Zheng Yong contributed to data processing and assisted in the
refinement of the manuscript.

https://doi.org/10.24191/bej.v23i1.8308 ©Authors, 2026



226 Sibaruddin et al. / Built Environment Journal (2026) Vol. 23. No. 1
REFERENCES
Avand, M., Kuriqi, A., Khazaei, M., & Ghorbanzadeh, O. (2022). DEM resolution effects on machine

learning performance for flood probability mapping. Journal of Hydro-Environment Research, 40, 1—
16. https://doi.org/10.1016/j.jher.2021.10.002

Aziz, M. A. C., Pa’suya, M. F., Talib, N., Din, A. H. M., Hashim, S., & Ramli, M. Z. (2023). Vertical
Accuracy Assessment of Improvised Global Digital Elevation Models (MERIT, NASADEM,
EarthEnv) Using GNSS and Airborne IFSAR DEM. International Journal of Geoinformatics, 19(12),
65—-82. https://doi.org/10.52939/ij2.v19112.2979

Bielski, C., Lopez-Vazquez, C., Grohmann, C. H., Guth, P. L., Hawker, L., Gesch, D., Trevisani, S.,
Herrera-Cruz,V., Riazanoff, S., Corseaux,A., Reuter, H.I., & Strobl, P. (2024). Novel Approach for
Ranking DEMs: Copernicus DEM Improves One Arc Second Open Global Topography. [EEE
Transactions on Geoscience and Remote Sensing, 62, 1-22.
https://doi.org/10.1109/TGRS.2024.3368015

Buckley, S. M., Agram, P. S., Belz, J. E., Crippen, R. E., Gurrola, E. M., Hensley, S., Kobrick, M., Lavalle,
M., Martin, J. M., Neumann, M., Nguyen, Q. D., Rosen, P. A., Shimada, J. G., Simard, M., Tung, W.
W. (2020). NASADEM: User guide (Version 1). NASA Jet Propulsion Laboratory.
https://Ipdaac.usgs.gov/documents/5S92/NASADEM_User_Guide V1.pdf

Dakheel, H. S., Abed, R. H., & Satchet, M. S. (2020). Building a digital model to protect the City of
Nasiriyah from hydrological hazards by using topographic survey methods and GIS. In F. Mohamed
Nazri (Ed.), Proceedings of AICCE’19. AICCE 2019. Lecture Notes in Civil Engineering: Vol. 53, (pp.
1419-1441). Springer. https://doi.org/10.1007/978-3-030-32816-0_109

Din, A.H.M., Xian, L. H., Zulkifli, N. A., Zheng, Y. C., & Mohd Adzmi, N. H. . (2022). Assessing Global
Geodetic Datum between International Terrestrial Reference Frame 2014 and World Geodetic System
1984 using GPS Observation. Journal of Advanced Geospatial Science & Technology, 2(2), 90-116.
https://jagst.utm.my/index.php/jagst/article/view/53

Fathy, 1., Abd-Elhamid, H., Zelenakova, M., & Kaposztasova, D. (2019). Effect of topographic data
accuracy on watershed management. International Journal of Environmental Research and Public
Health, 16(21). https://doi.org/10.3390/ijerph16214245

Gesch, D. B. (2018). Best practices for elevation-based assessments of sea-level rise and coastal flooding
exposure. Frontiers in Earth Science, 6. https://doi.org/10.3389/feart.2018.00230.

Guth, P. L., & Geoffroy, T. M. (2021). LiDAR point cloud and ICESat-2 evaluation of 1 second global
digital elevation models: Copernicus wins. Transactions in GIS, 25(5), 2245-2261.
https://doi.org/10.1111/tgis.12825

Hawker, L., Bates, P., Neal, J., & Rougier, J. (2018). Perspectives on Digital Elevation Model (DEM)
Simulation for Flood Modeling in the Absence of a High-Accuracy Open Access Global DEM.
Frontiers in Earth Science, 6. https://doi.org/10.3389/feart.2018.00233

https://doi.org/10.24191/bej.v23i1.8308 ©Authors, 2026


https://doi.org/10.1016/j.jher.2021.10.002
https://doi.org/10.52939/ijg.v19i12.2979
https://doi.org/10.1109/TGRS.2024.3368015
https://lpdaac.usgs.gov/documents/592/NASADEM_User_Guide_V1.pdf
https://doi.org/10.1007/978-3-030-32816-0_109
https://jagst.utm.my/index.php/jagst/article/view/53
https://doi.org/10.3390/ijerph16214245
https://doi.org/10.3389/feart.2018.00230
https://doi.org/10.1111/tgis.12825
https://doi.org/10.3389/feart.2018.00233

227 Sibaruddin et al. / Built Environment Journal (2026) Vol. 23. No. 1

Hermas, E. S., Gaber, A., & El Bastawesy, M. (2021). Application of remote sensing and GIS for assessing
and proposing mitigation measures in flood-affected urban areas, Egypt. Egyptian Journal of Remote
Sensing and Space Science, 24(1), 119—130. https://doi.org/10.1016/j.ejrs.2020.03.002

Li, B., Xie, H., Tong, X., Tang, H., & Liu, S. (2023). A Global-Scale DEM Elevation Correction Model
Using ICESat-2 Laser Altimetry Data. /[EEE Transactions on Geoscience and Remote Sensing, 61.
https://doi.org/10.1109/TGRS.2023.3321956

Li, H., Zhao, J., Yan, B., Yue, L., & Wang, L. (2022). Global DEMs vary from one to another: an evaluation
of newly released Copernicus, NASA and AW3D30 DEM on selected terrains of China using ICESat-
2 altimetry data. Infernational Journal of Digital Earth, 15(1), 1149-1168.
https://doi.org/10.1080/17538947.2022.2094002

Makineci, H. B., & Karabork, H. (2016). Evaluation Digital Elevation Model Generated By Synthetic
Aperture Radar Data. The International Archives of the Photogrammetry, Remote Sensing and Spatial
Information Sciences, XLI-B1, 57-62. https://doi.org/10.5194/isprs-archives-xli-b1-57-2016

Malys, S., Wong, R., & True, S. A. (2016). The WGS 84 terrestrial reference frame in 2016. 11th Meeting
of the International Committee on Global Navigation Satellite Systems (ICG-11), Sochi, Russia.
https://www.unoosa.org/pdf/icg/2016/icgl 1/wgd/02wed.pdf

Nandam, V., & Patel, P. L. (2024). A framework to assess suitability of global digital elevation models for
hydrodynamic  modelling in data scarce regions. Journal of Hydrology, 630.
https://doi.org/10.1016/1.jhydrol.2024.130654

National Geospatial-Intelligence Agency (NGA). (2014). Department of Defense World Geodetic System
2014 (WGS 84): Its definition and relationships with local geodetic systems (NGA Standardization
Document No. 207). https://w3.uch.edu.tw/ccchang50/NGA.STND.0036 _1.0.0 WGS84.pdf

Neuenschwander, A. L., & Magruder, L. A. (2019). Canopy and terrain height retrievals with ICESat-2: A
first look. Remote Sensing, 11(14). https://doi.org/10.3390/rs11141721

Okolie, C. J., Mills, J. P., Adeleke, A. K., Smit, J. L., Peppa, M. V., Altunel, A. O., & Arungwa, 1. D.
(2024). Assessment of the global Copernicus, NASADEM, ASTER and AW3D digital elevation
models in Central and Southern Africa. Geo-Spatial Information Science, 27(4), 1362-1390.
https://doi.org/10.1080/10095020.2023.2296010

Pa’suya, M. F., Din, A. H. M., Amin, Z. M., Omar, K. M., Omar, A. H., & Ruslik, N. R. (2019). Evaluation
of global digital elevation model for flood risk management in Perlis. In B. Pradhan (Ed.), GCEC 2017.
Lecture Notes in Civil Engineering (Vol. 9, pp. 1007-1017). Springer. https://doi.org/10.1007/978-
981-10-8016-6_70

Pa’suya, M. F., Din, A. HM., Abbak, R. A., Hamden, M. H., Yazid, N. M., Aziz, M. A. C., & Samad, M.
A. A. (2022). Hybrid geoid model over Peninsular Malaysia (PMHG2020) using two approaches.
Studia Geophysica et Geodaetica, 66(3—4), 98—123. https://doi.org/10.1007/s11200-021-0769-2

Purinton, B., & Bookhagen, B. (2017). Validation of digital elevation models (DEMs) and comparison of
geomorphic metrics on the southern Central Andean Plateau. Earth Surface Dynamics, 5(2), 211-237.
https://doi.org/10.5194/esurf-5-211-2017

https://doi.org/10.24191/bej.v23i1.8308 ©Authors, 2026


https://doi.org/10.1016/j.ejrs.2020.03.002
https://doi.org/10.1109/TGRS.2023.3321956
https://doi.org/10.1080/17538947.2022.2094002
https://doi.org/10.5194/isprs-archives-xli-b1-57-2016
https://www.unoosa.org/pdf/icg/2016/icg11/wgd/02wgd.pdf
https://doi.org/10.1016/j.jhydrol.2024.130654
https://w3.uch.edu.tw/ccchang50/NGA.STND.0036_1.0.0_WGS84.pdf
https://doi.org/10.3390/rs11141721
https://doi.org/10.1080/10095020.2023.2296010
https://doi.org/10.1007/978-981-10-8016-6_70
https://doi.org/10.1007/978-981-10-8016-6_70
https://doi.org/10.1007/s11200-021-0769-2
https://doi.org/10.5194/esurf-5-211-2017

228 Sibaruddin et al. / Built Environment Journal (2026) Vol. 23. No. 1

Rahman, M. F. A., Din, A. H. M., Hamid, A. I. A., Alihan, N. S. A., Yazid, N. M., Ansar, A. M. H., Pa’suya,
M. F., Yamen, S. N. M., Khalid, N. F., & Junid, M. A. H. (2022). Accuracy assessment of open-source
global digital elevation models (GDEMs) with global navigation satellite system (GNSS) levelling.
IOP  Conference  Series:  Earth  and  Environmental  Science, 1064, 012018.
https://doi.org/10.1088/1755-1315/1064/1/012018

Sampson, C. C., Smith, A. M., Bates, P. B., Neal, J. C., Alfieri, L., & Freer, J. E. (2015). A high-resolution
global  flood hazard model. Water  Resources  Research, 51(9), 7358-738l.
https://doi.org/10.1002/2015WR016954

Santillan, J. R. (2023). Vertical accuracy evaluation of the Forest and Buildings Removed Copernicus DEM
(FABDEM) over the Philippines. International Archives of the Photogrammetry, Remote Sensing and
Spatial Information Sciences, XLVIII-4/W6-2022, 311-318. https://doi.org/10.5194/isprs-archives-
XLVIII-4-W6-2022-311-2023

Snay, R. A. (2012). Evolution of NAD 83 in the United States: Journey from 2D toward 4D. Journal of
Surveying Engineering, 138(4), 161-171. https://doi.org/10.1061/(asce)su.1943-5428.0000083

Tahir, H., & Din, A. H. M. (2023). Vertical accuracy assessment for open-source digital elevation model:
A case study of Basrah City, Iraq. International Archives of the Photogrammetry, Remote Sensing and
Spatial Information Sciences, XLVIII-4/W6-2022, 355-361. https://doi.org/10.5194/isprs-archives-
XLVIII-4-W6-2022-355-2023

Tesema, T. A. (2021). Impact of identical digital elevation model resolution and sources on morphometric
parameters of Tena watershed, Ethiopia. Heliyon, 7(11).
https://doi.org/10.1016/j.heliyon.2021.e08345

Trevisani, S., Skrypitsyna, T. N., & Florinsky, I. V. (2023). Global digital elevation models for terrain
morphology analysis in mountain environments: insights on Copernicus GLO-30 and ALOS AW3D30
for a large Alpine area. Environmental Earth Sciences, 82(9). https://doi.org/10.1007/s12665-023-
10882-7

Uuemaa, E., Ahi, S., Montibeller, B., Muru, M., & Kmoch, A. (2020). Vertical accuracy of freely available
global digital elevation models (Aster, aw3d30, merit, tandem-x, srtm, and nasadem). Remote Sensing,
12(21), 1-23. https://doi.org/10.3390/rs12213482

Varga, M., Pitonak, M., Novak, P., & Basi¢, T. (2021). Contribution of GRAV-D airborne gravity to
improvement of regional gravimetric geoid modelling in Colorado, USA. Journal of Geodesy, 95(5).
https://doi.org/10.1007/s00190-021-01494-9

Vashist, K., & Singh, K. K. (2023). HEC-RAS 2D modeling for flood inundation mapping: a case study of
the Krishna River Basin. Water Practice and  Technology, 18(4), 831-844.
https://doi.org/10.2166/wpt.2023.048

Yilmaz, N. (2017). Comparing the volume methods through using digital elevation models created by
different interpolation methods. Fresenius Environmental Bulletin, 26(7), 4734-4741.
https://avesis.ktu.edu.tr/yayin/9c4ed725-8b1d-4c4c-872a-3f6ece8b668f/comparing-the-volume-
methods-through-using-digital-elevation-models-created-by-different-interpolation-methods

https://doi.org/10.24191/bej.v23i1.8308 ©Authors, 2026


https://doi.org/10.1088/1755-1315/1064/1/012018
https://doi.org/10.1002/2015WR016954
https://doi.org/10.5194/isprs-archives-XLVIII-4-W6-2022-311-2023
https://doi.org/10.5194/isprs-archives-XLVIII-4-W6-2022-311-2023
https://doi.org/10.1061/(asce)su.1943-5428.0000083
https://doi.org/10.5194/isprs-archives-XLVIII-4-W6-2022-355-2023
https://doi.org/10.5194/isprs-archives-XLVIII-4-W6-2022-355-2023
https://doi.org/10.1016/j.heliyon.2021.e08345
https://doi.org/10.1007/s12665-023-10882-7
https://doi.org/10.1007/s12665-023-10882-7
https://doi.org/10.3390/rs12213482
https://doi.org/10.1007/s00190-021-01494-9
https://doi.org/10.2166/wpt.2023.048
https://avesis.ktu.edu.tr/yayin/9c4ed725-8b1d-4c4c-872a-3f6ece8b668f/comparing-the-volume-methods-through-using-digital-elevation-models-created-by-different-interpolation-methods
https://avesis.ktu.edu.tr/yayin/9c4ed725-8b1d-4c4c-872a-3f6ece8b668f/comparing-the-volume-methods-through-using-digital-elevation-models-created-by-different-interpolation-methods

229 Sibaruddin et al. / Built Environment Journal (2026) Vol. 23. No. 1

Yue, L., Shen, H., Zhang, L., Zheng, X., Zhang, F., & Yuan, Q. (2017). High-quality seamless DEM
generation blending SRTM-1, ASTER GDEM v2 and ICESat/GLAS observations. ISPRS Journal of
Photogrammetry and Remote Sensing, 123, 20-34. https://doi.org/10.1016/j.isprsjprs.2016.11.002

Zayed, A. M. A., Saber, A., Hamama, M. A., Rabah, M., & Zaki, A. (2023). Evaluation of vertical accuracy
of TanDEM-X Digital Elevation Model in Egypt. Egyptian Journal of Remote Sensing and Space
Science, 26(4), 919-936. https://doi.org/10.1016/].ejrs.2023.10.003

Zhao, S., Wang, L., Cheng, W., Liu, H., & He, W. (2015). Rectification methods comparison for the
ASTER GDEM V2 data using the ICESat/GLA14 data in the Lvliang mountains, China.
Environmental Earth Sciences, T4(8), 6571-6590. https://doi.org/10.1007/s12665-015-4614-1

®® @ © 2026 by the authors. Submitted for possible open access publication under the terms and
@ conditions of the Creative Commons Attribution (CC BY-NC-ND 4.0) license

(http://creativecommons.org/licenses/by-nc-nd/4.0/deed.en).

https://doi.org/10.24191/bej.v23i1.8308 ©Authors, 2026


https://doi.org/10.1016/j.isprsjprs.2016.11.002
https://doi.org/10.1016/j.ejrs.2023.10.003
https://doi.org/10.1007/s12665-015-4614-1

