Earth Sciences

2023; 12(5): 166-175
http://www.sciencepublishinggroup.com/j/earth
doi: 10.11648/j.earth.20231205.15

o J' ». r
otlencer

Science Publishing Group

ISSN: 2328-5974 (Print); ISSN: 2328-5982 (Online)

Validation of MERIT DEM’s Performance as a Bare-Earth
Model Using ICESat-2 Geolocated Photons

Giribabu Dandabathula” ", Rohit Hari', J ayant Sharma®, Koushik Ghosh', Apurba Kumar Bera'

'Regional Remote Sensing Centre, National Remote Sensing Centre / Indian Space Research Organisation, Jodhpur, India

2School of Computer Application, Jaipur Engineering College and Research Centre (JECRC) University, Jaipur, India

Email address:
dgb.isro@gmail.com (Giribabu Dandabathula)

*Corresponding author

To cite this article:
Giribabu Dandabathula, Rohit Hari, Jayant Sharma, Koushik Ghosh, Apurba Kumar Bera. Validation of MERIT DEM’s Performance as a
Bare-Earth Model Using ICESat-2 Geolocated Photons. Earth Sciences. Vol. 12, No. 5,2023, pp. 166-175. doi: 10.11648/j.earth.20231205.15

Received: September 19, 2023; Accepted: October 8, 2023; Published: October 14, 2023

Abstract: Digital elevation models represent the Earth's surface and play a key role in earth sciences by enabling the
possibility of deriving terrain variables; the terrain variables are essential inputs for environmental modeling. The availability of
open-access digital surface models has significantly advanced the understanding of earth system dynamics and also allowed
researchers to generate digital terrain models, aka bare-earth models. These bare-earth models are essential data sets for
applications related to hydrology and geomorphology, especially for disaster management. Under the category of
open-accessible bare-earth models, Multi-Error-Removed Improved-Terrain DEM or MERIT DEM is the first kind of product
unfolded by applying numerous error removal algorithms from existing DEM sources. This research reports the results after
validating the MERIT DEM's performance by emphasizing its tree-height bias removal algorithm. Towards this,
ground-reflected photons accrued from the ICESat-2 mission were used as reference data due to their attribution of high accuracy.
Two test sites, one located in the rugged terrain of the outer Himalayas, the Lacchiwala Reserve forest, and the other, rolling hills
at the Bhadra wildlife sanctuary located in the Western Ghats of the Indian sub-continent were used as test sites for validating the
MERIT DEM's accuracy. The results derived after computing statistical formulae like RMSE, MAE, MBE, and profile-based
visual analytics helped understand the performance of the MERIT DEM as a bare-ecarth model. The RMSE, MAE, and MBE for
the Lachhiwala Reserve forest are 10.28 m, 7.78 m, and 0.69 m, respectively. Similarly, the RMSE, MAE, and MBE values for
the Bhadra wildlife sanctuary are 4.52 m, 3.82 m, and 3.04 m, respectively. The assessment confirms that the accuracies are
within the MERIT DEM's specifications and assured the successful implementation of MERIT DEM's tree-height removal
algorithm since the elevations from the MERIT DEM are always lesser than the canopy height in both the test sites. Our research
also investigated the reasons for the inaccuracies obtained at both the test sites and suggested using improved tree-height
estimations from high-resolution canopy height data in the future version of MERIT DEM.
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Advanced Land Observing Satellite (ALOS), and
TerraSAR-X add-on for Digital Elevation Measurements
(TANDEM-X) have enabled the generation of DEMs at the
global level. These DEMs recently gained tremendous
popularity among the scientific fraternity and helped to
advance the understanding of Earth sciences. However, these
DEMs include inaccuracies and model errors (namely voids,
spikes, sinks, and artifacts) that resulted from various phases
of the DEM generation process, from data acquisition to
model computation [2-4]. Moreover, space-borne-based
DEMs include elevation biases from the vegetation canopy

1. Introduction

A Digital Elevation Model (DEM) represents a digital
format of equally spaced grid cells containing terrain
elevation values over a given area [1]. DEMs are the most
commonly used data in environment simulation models,
primarily for applications that deal with hydrology.
Space-borne Earth observation missions like Shuttle Radar
Topography Mission (SRTM), Advanced Space-borne
Thermal Emission and Reflection Radiometer (ASTER),
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and man-made structures that result in a Digital Surface
Model (DSM), i.e., adding a positive offset to the true
bare-earth model or a Digital Terrain Model (DTM).
Post-processing efforts can help reduce model errors [5].
However, regenerating a bare-earth model from existing
DSM requires systematic removal of height offsets due to
canopy and man-made structures. Sampson et al. argue that
current open-access global DEMs need improvement using
further advancements [6]; otherwise, they are not qualified to
derive important hydrological parameters from them.
Recently, efforts have been underway to generate a true
bare-earth model from existing open-access global DEMs by

using lidar point clouds and machine learning methods [7-13].

Multi-Error-Removed Improved Terrain (MERIT) DEM was
generated by applying a global-scale error-removal algorithm
using the existing space-borne DEMs like SRTM and ALOS
World 3D DEM (AW3D DEM) by Yamazaki et al. [14].
MERIT DEM is being disseminated to the scientific
fraternity as open-access at 3 arc-second (90 m). While
developing the MERIT DEM, Yamazaki et al. enforced a
four-step method for separating and removing the four major
error components in space-borne DEMs; specifically, the
errors are speckle noise, stripe noise, absolute bias, and bias
due to tree heights [14]. Amatulli et al. [15] successfully
utilized MERIT DEM to develop global high-resolution
geomorphometric layers, during which MERIT DEM was
credited as the best effort in global DEMs available to date.

Earlier, a global DEM was generated with a spatial resolution
of 0.4 arc-seconds (12 m at the equator) from TanDEM-X, an
Earth observation radar mission that consists of a SAR
interferometer [16, 17]. Another global DEM, namely
Copernicus DEM, was generated at 30 m resolution with open
access provision using TanDEM-X [18]. By applying machine
learning methods on Copernicus DEM, an elevation dataset
titled Forest And Buildings removed Copernicus DEM
(FABDEM) was generated by Hawker et al. which is made
available as free and open-access at 1 arc-second (~30 m) grid
spacing [13]. MERIT DEM and FABDEM are credited as
bare-earth models that are available with open-access facilities
and are preferred for many applications where a DTM is needed,
such as hydrology and geomorphology.

Assessment of DEM's accuracy, specifically vertical
accuracy, is crucial and requires to be examined before its
practical usage. To validate the high-resolution DEM's
vertical accuracy, comparing the heights retrieved from the
DEM and the field measurements (termed reference points)
obtained from a Global Position System (GPS) based survey
is standard practice. During this comparison, quantification
of the vertical error is done using statistical formulae like
Root Mean Square Error (RMSE), Mean Absolute Error
(MAE), and Mean Bias Error (MBE). RMSE shows how far
predictions fall from measured true values using Euclidean
distance and penalizes the larger errors more [19]. In MAE,
errors are not weighted more or less, but the scores increase
linearly with the increase in errors; however, the average of
the absolute error values makes the statistical value always
positive [20]. Like MAE, MBE also captures the average bias

in the prediction but has an advantage in determining
whether the model is overestimating or underestimating.
Usually, the area in the DEM where accuracy is high will
yield lesser RMSE and MAE values. More information
regarding the statistical evaluation methods of the DEM can
be found at [21, 22].

However, the DEM’s vertical accuracy assessment using the
heights from a GPS-based survey poses certain limitations due
to the limited number of reference points. The distribution of
the reference points in the area of interest also matters during
the evaluation process. Moreover, the GPS-based survey needs
planned and rigorous fieldwork followed by post-processing
[23]. To overcome these limitations and also, due to the
advantage of high accuracy, height information from
LiDAR-based acquisitions is suggested as reference data to
evaluate a DEM [24-28]. Importantly, using a set of sparse
reference points is not scientifically viable if dealing with 30 m
or 90 m grid-spaced DEMs, especially in undulating terrains,
because a single point cannot judge the spatial variations in the
height represented by a grid cell. Dandabathula et al. have
suggested using profiles derived from lidar-based acquisitions
to overcome this; moreover, profile-based evaluation methods
have an advantage in detecting errors at slopes [27]. The recent
NASA space-based laser altimetry mission, the Ice, Cloud, and
land Elevation Satellite - 2 (ICESat-2), hosts a solo sensor,
namely, Advanced Topographic Laser Altimeter System
(ATLAS) [29]. ATLAS sensor has the capability of
multi-beam, a smaller footprint, and a fast-firing laser that
yields geolocated photons, which are proven to be highly
accurate elevation measurements [30]. A  successful
surface-reflected photon event counted by the ATLAS sensors
results in the accumulation of geolocated photon data,
primarily comprising attributes like height above the ellipsoid,
time, latitude, and longitude. The trend to evaluate a DEM
using ICESat-2 geolocated photon data has proven much more
effective in understanding DEM quality [24, 26-28].

Previously, Bhardwaj [31], Dandabathula et al. [27], and
Xu et al. [32] have evaluated FABDEM’s tendency of a
bare-earth model and concluded that it is a beneficial data
resource for disaster-related applications, especially for flood
hazard zonation and hydraulic simulations. Similarly, the
performance of MERIT DEM and other open-access global
DEMs was evaluated by various researchers [2, 4, 5, 33, 34,
35, 36]. The results from their investigations concluded that
primarily, the algorithms implemented by Yamazaki et al. [9]
to reduce the errors from SRTM were successful and evident
in the form of MERIT DEM. Archer et al. [37], Xu et al. [38],
Garrote [39], and Nguyen et al. [40] have evaluated the
MERIT DEM in the context of hydrological applications;
their results show that MERIT DEM’s performance is nearly
normal and errors are in the predictable limit. Chen et al. [26]
tested the performance of MERIT DEM in the glacierized
Tibetan Plateau; their results conclude that NASADEM is
superior in performance compared with MERIT DEM.
Maung and Sasaki [41] have assessed the natural recovery of
mangroves after human disturbance using neural network
classification and Sentinel-2 imagery in Wunbaik Mangrove
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Forest, Myanmar. During this study, the authors found the
topographic information derived from the MERIT DEM to be
of utmost benefit; however, the coarse resolution of the
MERIT DEM is a known hindrance.

In this study, we have validated the performance of MERIT
DEM by emphasizing the forest regions. Yamazaki et al. [9],
to generate a bare-earth model from the SRTM3 and AW3D
DEMs, have included algorithms to reduce the bias
accumulated due to the heights from the forest canopy and
generated the MERIT DEM. Our study attempts to assess the
nearness of MERIT DEM’s bare-earth feature in the test sites
of forest regions in the Indian subcontinent by utilizing the
ground-reflected photons from ICESat-2 as reference data.

2. Material and Methods
2.1. Study Area

Two study areas falling in different elevation zones of the

Indian sub-continent were chosen for this research.
Lachhiwala Reserve forest, a subtropical deciduous
biodiversity-rich forest located in the Shivalik hills of the
Himalayas with elevations ranging between 500 and 900
m.a.s.l, is the first study area. The part of this forest under
investigation is a high abundance of Sal trees (Shorea robusta
Roth.) as the dominant overstory species with an average tree
height of ~33 m [42, 43]. The second study area,
Narasimharajpura forest block, a dry deciduous type on
rolling hills (with a topographic variation of 600-700 m), is a
part of the Bhadra wildlife sanctuary in the Western Ghats of
the Indian subcontinent. The area is predominantly occupied
by Albizia lebbeck (the common name being women'’s tongue)
species that have grown to a height of 22-25 m. More
information about the study area and species details can be
found in [44]. Table 1 shows the summary of the study areas
along with relevant details. Figure 1a shows the map depicting
the locations of the two study areas.

Table 1. Summary of the study area and associated geospatial data that were used to investigate the accuracy assessment of MERIT DEM.

Study area

Dominant species and the range of tree height

ICESat-2 photon data details

Shorea robusta and ~33-35 m
Albizia lebbeck and ~20-25 m

Lachhiwala Reserve forest
Bhadra wildlife sanctuary

gt31 (strong) acquired on 19 May 2020
gt2l (strong) acquired on 24 Feb. 2019

2.2. MERIT DEM

The MERIT DEM is open access and hosted by the
University of Tokyo. One can download it at
http://hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT DEM/
(registration required). By default, MERIT DEM tiles are
arranged at 30 deg * 30 deg in GeoTiff format. The tile with id
as dem_tif n00e060 corresponding to both the study areas
was downloaded for this research. Figure 1.d and 1.e shows
the extent of the MERIT DEM for both the study areas, i.e.,
Lachhiwala Reserve forest and part of Bhadra wildlife
sanctuary, with an overlay of subsets of ICESat-2 photon data.
The details of ICESat-2 photon data are mentioned in the
subsequent section.

2.3. ICESat-2 Photon Data

ICESat-2 provides several data products to the scientific
fraternity; among these products, the Level 2A data product,
identified as ATLO3, provides the ancillary metadata during
the photon event detection by the ATLAS instrument along
with the latitude, longitude, and ellipsoidal height of photons
[45]. The science teams of ICESat-2 apply advanced
algorithms on ATLO3 to produce higher-level surface-specific
(glacier and ice sheet height, sea ice freeboard, vegetation
canopy height, ocean surface topography, and inland water
bodies) data products. All these products, including ATLO3,
are made open-access by the ICESat-2 team and hosted at
https://nsidc.org/data/icesat-2. For this research, a subset of
ATLO3 data for a track stretch of 7.5 km was downloaded for
each study area. The 7.5 km stretch enables to validation of
nearly 83 grid cells of the MERIT DEM. Figure 1.b and 1.c
shows the subsets of ATL03 (geolocated photons) overlaid on

high-resolution imagery for the study areas, viz., the
Lachhiwala Reserve forest and Bhadra wildlife sanctuary,
respectively. We ensured that both the subsets of ATLO3
photon data were acquired during night-time, and only strong
beams were considered in this validation process. The
rationale for this selection is attributed to the reason that
night-time data and strong beams are less affected by
atmospheric scattering and also have reduced solar
background noise [20, 46].

2.4. Methodology

Although the ATLAS sensor of ICESat-2 is not designed
for canopy-related applications, various researchers have
successfully demonstrated that photon data from ICESat-2 can
provide valuable information about the canopy height in
forests [30, 47-49]. Various methods to separate the ICESat-2
photons reflected from the canopy and ground were discussed
in [49].

Clustering is a process of unsupervised classification of
patterned data into groups; it enables one to divide the whole
set of data points into segregated groups such that each group
contains data points of more similarity [50]. Clustering
algorithms can be partition-based, hierarchical-based,
density-based, and grid-based, as Mann and Kaur discussed
[51]. Density-Based Spatial Clustering of Applications with
Noise (DBSCAN), proposed by Ester et al. [52], is a widely
used technique for class identification when there is limited
knowledge concerning the input parameters [53]. Xie et al. [54]
and Dandabathula et al. [27] suggested using unsupervised
classification techniques like DBSCAN to separate the canopy
and ground-reflected photons. Huang et al. [55] suggested
using a localized statistical algorithm to improve the
segregation of canopy-reflected and ground-reflected photons.
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In our research, we used the DBSCAN algorithm to classify =~ photons reflected from the understory were removed by
the canopy-reflected and ground-reflected photons; however,  applying a localized statistical algorithm.
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Figure 1. Test sites and geospatial data utilized in validating the MERIT DEM'’s performance in forest regions. a Map of India showing the two test site
locations of this research. Source of shaded relief map: Hill-shade view of MERIT DEM. b Subset of ICESat-2’s beam overlaid on high-resolution satellite
imagery for the extent of the Lacchiwala Reserve forest. ¢ Subset of ICESat-2’s beam overlaid on high-resolution imagery for the extent of the Bhadra wildlife
sanctuary. d Subset of ICESat-2’s beam overlaid on MERIT DEM'’s shaded relief for the extent of the Lachhiwala Reserve forest. e Subset of ICESat-2’s beam
overlaid on MERIT DEM'’s shaded relief for the extent of the Bhadra wildlife sanctuary. Accessibility details of the MERIT DEM and ICESat-2 data were
given in the Data availability section of this article. The source of high-resolution imagery in b and c are from the WMS service retrieved from
bhuvan.nrsc.gov.in.
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The vertical datum of the elevations from ICESat-2 ground
reflected photons were converted from WGS84 ellipsoidal
heights to the EGM96 geoid model; this was done to
harmonize the comparison with the elevation values retrieved
from MERIT DEM, which are in EGM96 geoid model. The
EGM96 geoid heights grid can be obtained from
https://earth-info.nga.mil/index.php?dir=wgs84 &action=wgs
84. Finally, to assess the accuracy of MERIT DEM, the
elevation values from both the ICESat-2 ATLO03 ground
reflected photons and MERIT DEM were used to compute the
RMSE and MAE using the below formulas.

AH = EleUatiOTlSICESat_z - EleUatiOTlSMERIT DEM (1)

3. Results
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Where, Elevationcgs,., is the set of height values obtained
from the ICESat-2 ground-only reflected geolocated photons
that are used as reference values, Elevationygrir ppm 1S the
height values retrieved from the MERIT DEM, and n is the
number of observations. The profiles generated from both
elevation sources were also used to perform the visual
analytics discussed in the results section.

Elevation profile for a distance of ~7.5 km at Lachhiwalareserve forest

30.2455 30.2555 30.2655

Elevation profile for a distance of ~7.5 km at Bhadrawildlife sanctuary

13.719 13.729 13.739 13.749

#,, ., ICESat-2 canopy reflected photons

Figure 2. Elevation profiles showing the canopy and ground reflected photons retrieved from the ICESat-2 geolocated photons and corresponding elevation
profile retrieved from MERIT DEM. a Elevation profiles for the Lacchiwala Reserve forest test site. b Elevation profiles for the Bhadra wildlife sanctuary test site.
Note that the elevations from the MERIT DEM are always lesser than the canopy heights derived from ICESat-2 geolocated photons, which implies the successful

implementation of tree-height bias removal.

Figure 2 shows the profiles generated from both elevation
sources in the experiment. The profile diagrams contain the
Y-axis with the elevation in meters (heights based on the
EGM96 vertical datum), and the X-axis has the latitude
acquired by the ICESat-2 ground track. Specifically, figure 2a

shows the profiles for the Lachhiwala reserve forest, which is
in the elevation range of ~500 to 775 m.a.s.l and the canopy
height ranging between 30 to 33 m. Similarly, figure 2b shows
the profiles for the Bhadra wildlife sanctuary of Western
Ghats in the elevation range between ~620 to 720 m.a.s.l and
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the canopy height between 20 to 22 m. The primary
observation from the profiles is that the MERIT DEM's
implementation of the tree-height bias removal algorithm is
successful. This is evident in the profiles of both the study
areas (refer to figure 2), wherein the elevations from the
MERIT DEM are always lesser than the canopy heights,
including those with steep slopes.

The RMSE, MAE, and MBE computed between the
elevations retrieved from MERIT DEM and ICESat-2 ground
reflected geolocated photons for the Lachhiwala Reserve
forest are 10.28 m, 7.78 m, and 0.69 m, respectively, with
observations n=5954 of ground reflected photons. Similarly,
the RMSE, MAE, and MBE values for Bhadra wildlife
sanctuary are 4.52 m, 3.82 m, and 3.04 m, respectively, with
observations n=3900 of ground reflected photons.

4. Discussion

In comparison with the classic pulse-limited altimeters,
there are advantages with the ICESat-2 micro-pulse LiDAR
(photon-counting) technology; as the photons reflect from the
top of the canopy, within the canopy, and the ground, one can
perform studies related to vegetation also [56, 57]. In this
evaluation procedure, we have taken advantage of this
phenomenon to delineate the canopy-reflected and
ground-reflected photons that are counted by the ICESat-2's
ATLAS sensor (refer to figure 2). In forest regions, the
percentage of the number of photons reflecting from the
ground depends on the structure of the existing canopy. In this
research, for a stretch of 7.5 km individually for the two test
sites, elevations from 5954 and 3900 ground reflected photons
from the Lachhiwala Reserve forest containing Sal trees and
the Bhadra wildlife sanctuary containing Albizia lebbeck
species had been accumulated, respectively. The proven
accuracy of elevations from the geolocated photons from
ICESat-2 is at the centimeters level [58-60]. Thus, this vast
number and highly accurate observations act as qualified
reference elevations to validate the MERIT DEM. Earlier,
Lian et al. [61] suggested using the elevation values from the
ground-reflected geolocated photons as control points in
remote sensing applications.

Tree-height bias removal from the existing space-borne
DEMs (SRTM3 and AW3D DEM) is one of the prime
objectives during the generation of the MERIT DEM along
with the removal of inaccuracies due to absolute bias, strip
noise, and speckle noise. The need to remove tree height bias
from the space-borne DEMs can be attributed to the reason
that acquisition methods in radar interferometry and optical
stereo imagery cannot measure terrain elevations beneath the
forest canopies. To remove the tree height bias in MERIT
DEM, Yamazaki et al. [9] have adopted the methods
suggested by Baugh et al. [62] and O'Loughlin et al. [63].
Accordingly, in the MERIT DEM, the tree height bias was
estimated as a tree density and heights function, which was
constructed by comparing the DEM, global forest data sets,
and ICESat lowest elevations. ICESat is the predecessor
mission of ICESat-2, operated from 2003 till 2009 in

campaign modes. The working principles of ICESat are
different from the recent ICESat-2, where the Geoscience
Laser Altimeter System (GLAS), a sensor on-board ICESat
operated at 1064 nm (infrared) to produce non-overlapping
and elliptical footprints of ~70 m diameters for every 172 m
along the track [64, 65].

Through the validation process shown in this research, the
Lachhiwala Reserve forest, a dense patchy forest situated on
the outer Himalayas, yielded 10.28 m and 7.78 m of RMSE
and MAE, respectively. A bare-earth model generated from
existing DEMs may accumulate errors from the original
DEMs [27]. Generating DEMs for mountainous areas,
especially Himalayan-like terrain, is challenging and can
induce inaccuracies at steep slopes [66]. Open-access DEMs
like SRTM3 and AW3D too consist of inaccuracies in the
mountainous topography with steep slopes and can inherit two
to three times the same error caused in flat regions [67-70].
During their validation process, Gupta et al. [71] reported an
error above 70 m in the Himalayan region in SRTM DEM. An
RMSE of ~10 m obtained in this research for MERIT DEM in
the Himalayan terrain with the forested region is a significant
improvement over previously available DEMs. Moreover,
from figure 2a, it is evident that the elevation from the MERIT
DEM is always lesser than the canopy line, which suggests the
successful reduction of tree height bias in MERIT DEM. An
MBE of ~0.69 m for this study region indicates a slight
positive bias or overestimation. Thus, there is a scope to
decrease the canopy height by the MERIT DEM’s tree height
removal algorithm, especially at the steep slopes (refer to
figure 2a). The inaccuracies reported here concerning the
Lachhiwala Reserve forest are well within the MERIT DEM
specification, as Yamazaki et al. [9] mentioned, specifically
for mountainous topographies with steep slopes.

For the study area in the rolling hills of the Western Ghats,
i.e., the Bhadra wildlife sanctuary, the RMSE, MAE, and
MBE are 4.52 m, 3.82 m, and 3.04 m, respectively. Here too,
the elevation profile retrieved from the MERIT DEM is
always lesser than the canopy height of the study region (refer
to figure 2b), and the accuracies obtained are well within the
specification of the MERIT DEM. Moreover, this site's
inaccuracies are significantly lesser than the test site falling in
the mountainous topography. MERIT DEM, during its
generation, utilized the canopy heights from the ICESat
mission to reduce the tree-height bias. Earlier investigations
done to validate the canopy heights from the ICESat mission
reported inaccuracies ranging between 3 to 12 m [72-77], this
confirms that the inaccuracies from (earlier) ICESat mission
might have propagated in MERIT DEM.

MERIT DEM, considered the best effort in global DEMs to
date, was appreciated for its qualities and used as a source to
derive a global dataset comprising different geomorphometric
features, namely Geomorpho90m, conceptualized and
developed by Amatulli et al. [15]. Similarly, MERIT Hydro - a
global flow direction map at 3-arc seconds was conceptualized
and developed by Yamazaki et al. [14] by considering MERIT
DEM and water body data sets. It is appreciated by the
researchers due to its improved accuracy compared to other



Earth Sciences 2023; 12(5): 166-175 172

open-access DEMs by researchers like Uuemaa et al. [4] and
Chai et al. [78]. However, its spatial resolution may be a
limitation for regional-level applications. Along with
improving the spatial resolution, the future version of MERIT
DEM can include a tree-height bias removal method in its
algorithm by wusing the canopy heights from the
high-resolution lidar data sets available from the ICESat-2
mission.

5. Conclusion

Most geoscientific applications need accurate digital
models representing the topography of the Earth’s surface.
Even though space-borne open-access DEMs are available
for the scientific fraternity, they are qualified as DSMs rather
than bare-earth models. The need for bare-earth topography
is eminent for earth sciences, especially for the applications
related to hydrology and disaster-related themes. MERIT
DEM is an effort towards representing a bare-earth model.
Validation is an essential and scientific process to record the
accuracy of a model. This research has validated the MERIT
DEM's performance in terms of a bare-earth model.
Ground-reflected geolocated photons from the ICESat-2
lidar mission are qualified data sources that can act as
reference elevation values. Elevation values from MERIT
DEM and ICESat-2 photons were compared in forest regions
to check the reliability of the tree-height bias removal
algorithm of the former. The two test sites, one located in the
mountainous topography and the other in relatively flat
terrain, were used to check the performance of the MERIT
DEM.

Accuracy quantifiers like RMSE and MAE computed
between the elevations retrieved from MERIT DEM and
ICESat-2 ground reflected photons for the two study areas
were reported. The inaccuracies obtained in this research were
well within the accuracy specifications of the MERIT DEM.
The reasons for the inaccuracies in the MERIT DEM were
also studied and attributed to the usage of tree heights from the
coarse resolution lidar data obtained from the ICESat
(predecessor version of ICESat-2). Moreover, the visual
analytics using the profile diagrams in this research confirm
the successful implementation of MERIT DEM's tree-height
removal algorithm since the elevations from the MERIT DEM
are always lesser than the canopy height of the test sites.
However, MAE resulted in a positive bias suggesting further
improvement in the algorithm's performance to qualify as a
true bare-earth model.

This research proves the significance of validating
bare-earth models using the ground-reflected photons from
the high-resolution and highly accurate ICESat-2 lidar data.
During the generation of MERIT DEM, related error removal
algorithms were included to reduce speckle noise, stripe noise,
absolute bias, and tree height bias. In this research, we have
vested our interest in assessing the tree-height bias only,
which is a limitation. The scope of future research can include
a comprehensive assessment of MERIT DEM's accuracy by
including all the major vertical height error removal

algorithms.
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