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Combined with the structure from motion (SfM) tech-
nique, unmanned aerial vehicles (UAVs) are power-
ful tools for generating high-resolution digital eleva-
tion models (DEMs) for application in hazard as-
sessments. During our field observations in October
2015 at Langtang Village, which was destroyed by the
Gorkha earthquake in April 2015, three different UAVs
with mounted cameras were operated to evaluate the
volume of the avalanche deposit covering the village.
This study evaluated the performance of DEMs cre-
ated from the different cameras on board those UAVs.
Multiple DEMs for the different cameras, including
Sony-a7R (PA7), Ricoh-GR (XGR), and Canon-IXUS
(EIX), were created using SfM software. All DEMs
were compared with a base DEM created from dif-
ferential global positioning system survey data, which
was obtained simultaneously with the UAV campaigns.
The results show that the elevation difference of PA7-,
XGR-, and EIX-DEMs are within +0.14 m; the stan-
dard deviations of elevation difference range from 0.33
to 0.40 m. Although there were slightly larger differ-
ences in elevation on the southwest-to-west sides of the
XGR- and EIX-DEMs, which can be attributed mainly
to the flight paths and ground control point network,
our DEMs are still of high enough quality to be used in
hazard assessments.

Keywords: unmanned aerial vehicle (UAV), digital eleva-
tion model (DEM), quality assessment
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1. Introduction

Studies adopting unmanned aerial vehicles (UAVs)
with the structure from motion (SfM) technique to gen-
erate high-resolution digital elevation models (DEMs)
and orthomosaics have increased in recent years [1-5].
UAV-based photogrammetry provides advantages such as
high mobility and cost-effectiveness compared with con-
ventional ground survey methods, less susceptibility to
weather conditions, and higher resolution compared with
satellite data. However, in high-elevation regions such as
the Himalayas, the use of UAVs with inaccessibility and
in thin air is still a significant challenge; thus, only a few
UAV studies have been performed [6-11].

On April 25, 2015, the 2015 Gorkha earthquake caused
massive avalanches and rockfalls that destroyed the village
of Langtang, a Himalayan village in Nepal [10, 12, 13].
Fujita et al. [10] conducted field observations to determine
the amount of avalanche deposits and rock debris result-
ing from these events. They estimated the deposit vol-
umes of the primary and subsequent events as 6.81+1.54 x
106 and 0.84+0.92 x 106 m?, respectively, by analyzing
the difference between DEMs obtained from satellite data
before the avalanche and helicopter- and UAV-based pho-
togrammetric survey data collected after the event. In ad-
dition, they operated multiple UAVs to collect data during
in situ observations. These data contribute not only to dis-
aster records, but also to detailed case analyses and long-
term assessments of avalanche deposits. Therefore, this
study assessed the performance of multiple DEMs created
from three cameras on board different UAVs and quan-
tified the feasibility of low-cost photogrammetry in the
high-elevation Himalayas through surveys conducted over
Langtang Village in Nepal.
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Fig. 1. Overview of the study area, Langtang Valley, Nepal. Orange and red polygons, blue circles, pink crosses, and the red
triangle denote areas for debris-covered and DEM comparison, dGPS track, ground control points, and the launch site of UAVs,
respectively. Background images are the orthoimage generated by Sony a7R (PA7) in this study. Contour lines derived from the
High Mountain Asia 8 m DEM [14]. The inset map indicates the location of study area (red square).

2. Study Site, Data and Methodology

2.1. Study Site

Field observations were conducted at Langtang Village
(28° 13°N, 85°30’E) located in Langtang Valley, Nepal
Himalayas (Fig. 1), from October 23 to 25, 2015. The
survey area was approximately 1.5 km (east to west) X
1.0 km (north to south), and the elevation ranged from
3170-3640 m above the ellipsoid. The village was de-
stroyed by snow and ice avalanches induced by the 2015
Gorkha earthquake [10, 12, 13, 15] and was covered with
large amounts of ice and rock debris. The surface of
the debris-covered area was similar to that of typical
Himalayan debris-covered glaciers. The Langtang River,
the main river in the Langtang Valley, flows from east to
west in the study area.

2.2. Differential GPS Measurement

We used a differential global positioning system (dGPS)
(GEM-1 and 2, Enabler, Inc., and R10, Nikon-Trimble Co.,
Ltd.) to obtain ground control points (GCPs) and valida-
tion data for the UAV-DEMs in the study area. Details of
the dGPS survey have been described previously by Fujita
et al. [10]. A GPS base station was set at a hill (28.215°N,
85.520°E), approximately 2.4 km east of the survey area,
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and two other receivers were used for roving in kinematic
mode with a logging interval of 1 s (Fig. 1). The geodet-
ic accuracy of the dGPS system was evaluated to be less
than 0.2 m both horizontally and vertically [9, 16]. We
placed seven orange fabric sheets (1 m x 1 m) on the debris-
covered area, which were collected using a dGPS survey
to obtain precise positions for the use of GCPs (Fig. 1).
The GPS data were post-processed using the RTKLIB GPS
software package.! The coordinates were converted to the
Universal Transverse Mercator (UTM) projection, specifi-
cally UTM zone 46N, using the WGS84 reference system
at an elevation above the ellipsoid (m; hereafter, eleva-
tions). The position of the base station was derived from
the precise point positioning service.? We then derived
a DEM (GPS-DEM hereafter) at 0.5 m resolution using
the inverse distance weighting method [10]. Subsequently,
grid cells with no GPS points were eliminated by applying
the method described by Tshering and Fujita [16].

2.3. UAV Based Photogrammetry

Three different cameras on board the three UAVs were
used for aerial photogrammetry (Table 1). A quadcopter

1. http://www.rtklib.com [Accessed December 9, 2023]

2. https://webapp.geod.nrcan.gc.ca/geod/tools-outils/ppp.php
December 9, 2023]

[Accessed
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Table 1. Cameras and UAV characteristics and SfM parameters.

Product name PA7 XGR EIX
UAV Prodrone PD4-NPL X-5 SensFly eBee
Camera Sony a7R Ricoh GR Canon IXUS 125HS
Camera weight [g] 585 245 135
Number of flights 6 2 1

Mean flight height [m] 390 251 279
Number of images 377 257 188
Image size [pixels] 7360 x 4912 4352 x 3264 4608 x 3456
Focal length [mm]* 35 28 24
GSD™ [m] 0.05 0.06 0.07
SfM parameters

Alignment accuracy High High High
Quality for dense cloud High High High
Surface type Height field Height field Height field
DEM / orthoimages

Source Mesh Mesh Mesh
DEM/ortho resolution [m] 0.50/0.09 0.50/0.12 0.50/0.15
DEM size [pixels] 7343 x 4521 6202 x 2547 4461 x 3289
Ortho image size [pixels] 40788 x 25113 25836 x 10607 11269 x 8106

“Equivalent to 35-mm film camera.
**Ground sampling distance.

Fig. 2. UAVs used in this study. (a) PD4-NPL, (b) X5, and (c) eBee.

UAYV named PD4-NPL was created for use at high eleva-
tions and is capable of approximately 15 min of flight at
cruise speeds of ~57 km - h! (Prodrone Co., Ltd., Nagoya,
Japan; Fig. 2(a)). Two fixed-wing UAVs, SkyWalker X-5
(self-made; Fig. 1(b)) and eBee (SensFly Co., Ltd., Lau-
sanne, Switzerland; Fig. 1(c)), capable of approximately
50 min and 30 min flights at cruise speeds of ~60 km - h™!
and ~36 km - h™!, respectively, were also used. PD4-NPL
and X-5 were manually piloted during take-off and land-
ing, but were flown in autopilot mode during the survey.
The eBee was fully operated in autopilot mode from take-
off to landing. All UAVs were launched from a hill located
on the eastern side of the survey area (Fig. 1), and flight
heights were set at approximately 250-390 m above the
ground level. PD4-NPL was equipped with a Sony a7R,
which has a 36.3 megapixel sensor (7360 x 4912 pixels;
PAT hereafter); X-5 was equipped with a Ricoh GR, which
has a 14.2 megapixel sensor (4352 x 3264 pixels; XGR
hereafter); and the eBee was equipped with a Canon IXUS
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125HS, which has a 16 megapixel sensor (4608 x 3456 pix-
els; EIX hereafter), respectively. The lenses of all cameras
have a fixed focal length, except for EIX, which has a focal
length between 4.3 and 21.5 mm; thus, we fixed it to be 4.3
mm. PA7 and XGR were set in time-lapse mode with a 1-s
interval whereas EIX automatically released the shutter us-
ing the UAV autopilot system. Image overlap and sidelap
for each UAV flight were set as 70% and 60%, respectively
(Fig. 3). All images were captured in JPEG format and
used for the SfM computation.

2.4. DEM and Orthoimages Creation

We utilized SfM photogrammetry software (Agisoft
Photoscan Professional Version 1.0.3) to generate three
DEMs and orthoimages following the common workflow
of SfM processes [17-20]. The key parameters used in
the software and related information are listed in Table 1.
We processed 377, 257, and 188 images acquired using
PA7, XGR, and EIX, respectively, to generate the sparse
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Fig. 3. Digital elevation models (DEMs) derived from
(a) PA7, (b) XGR, and (c) EIX, with the camera position
(black circles) indicated.

point clouds. The key and tie-point limits for the sparse
point clouds were set to 40000 and 1000, respectively, to
avoid the creation of less accurate points and reduce cal-
culation time. We manually added seven GCPs during the
process to georeference the sparse point clouds and gener-
ate dense point clouds. At each stage of the workflow, a
high-accuracy setting was selected to reduce the calcula-
tion time. All three DEMs and ortho images were then de-
rived with 0.5 m and the original resolutions, respectively
(Table 1).

The analysis domains of the generated DEMs and or-
thoimages were determined by selecting an overlapping
area for each product and ensuring that at least two im-
ages covered each location for each photogrammetric sur-
vey. We then assessed the accuracy of the photographic-
based DEMs by comparing the elevation differences with
the GPS-DEM, assuming that the GPS-DEM was accurate
throughout the analysis domain.
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3. Results

Figure 4 shows the accuracy of the three DEMs by
comparing the elevation differences with those of the
GPS-DEM. Means (dZ) and standard deviations (std dev.)
of PA7-, XGR-, and EIX-DEMs are 0.10+0.33, 0.13+0.33,
and —0.10+0.39 m, respectively. Although the UAVs and
the number of images for the DEM were different, dZ and
std dev. for the three DEMs exhibited similar values. To
evaluate the topographic effects on DEM quality, the ele-
vation differences between the three DEMs and GPS-DEM
were compared at every 25-m elevation and 5° slope inter-
val (Figs. 5(a)—(f)). The root mean square errors (RMSEs)
of the three DEMs were relatively large at lower eleva-
tions (~3250 m) downstream of the Langtang River and
decreased with increasing elevation. A similar trend is
observed in Fig. 5(b), which shows dZ and std dev. The
std dev. for each elevation band was ~+0.61 m for all DEMs
to an elevation of ~3350 m. Seventy percent of the compar-
ison data were concentrated at 3350-3425 m, where RMSE
and std dev. were small (~+0.34 m, Figs. 5(a) and (b)).
Figs. 5(d) and (e) demonstrate that the RMSE and std dev.
values increased proportionally with the slope, particu-
larly when it exceeded 25°. The RMSE values for each
DEM range from 0.27 to 0.43 m for slope angles below 25°
and reach a maximum of ~0.86 m for angles greater than
25°. Only 5% of the grids in each DEM and GPS-DEM
comparison had slope angles greater than 25°. The spa-
tial distribution of elevation differences between all three
DEMs and the GPS-DEM revealed that larger differences
(~+2.00 m) were distributed in the southern and west-
ern part of the study area, particularly for the XGR- and
EIX-DEMs (Figs. 6(a)—(c)). In addition, the EIX-DEM
showed increasing elevation differences toward its eastern
periphery.

4. Discussions

Our error evaluation results revealed larger differences
at low elevations (~3250 m), steep slopes (25°<), and in
the southern-to-western part of the comparison area. The
increased vertical distance between the UAVs and the ter-
rain surface could have caused a relatively larger RMSE
downstream of Langtang River, where the altitude is low.
In addition, studies using satellite-based DEMs have often
reported increased vertical errors in steep terrains [21,22],
as yielded by our results. The more significant differences
in elevation between the southern and western parts of the
area can be explained by the lack of photogrammetric cov-
erage owing to individual UAV flight routes and a limited
GCP network. X-5 with GR mainly flew around the debris-
covered area and did not completely cover the study area,
whereas PD4-NPL with a7R and eBee with IXUS were
operated over the entire study area (Fig. 3). In addition,
because the flying speed was uncontrollable, X-5 circled
widely around the corners with an inclined airframe atti-
tude, which could have resulted in reduced overlap in the
images around corners. The surface terrain of the western

Journal of Disaster Research Vol.19 No.5, 2024
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part is relatively complicated and is located at lower eleva-
tions, which causes greater height differences between the
UAVs and the ground. Thus, these factors induce a larger
elevation difference in the XGR-DEM. Furthermore, us-
ing nadir images from UAV-based photogrammetry could
have caused the doming error or dome effect [3], which is
common in SIM-DEM [23, 24]. The EIX-DEM showed
a positive bias in the central region and a depression in
the eastern, southern, and western peripheries (Fig. 6(c)),
suggesting that the dome error could affect the DEM qual-
ity. An adequate GCP network is one of approaches that
mitigates doming errors, as mentioned in several stud-
ies [3,23,25]. Therefore, fewer GCPs, particularly around
the western periphery, enhanced the elevation difference
in the EIX-DEMs. Dome effects potentially affect the ac-

Journal of Disaster Research Vol.19 No.5, 2024

curacy of PA7 and XGR-DEM, although this could not be
confirmed from the spatial distribution of the errors.

Understanding how changes in the number of GCPs in-
fluence the DEM accuracy is crucial for improving its re-
liability. Gindraux et al. [23] generated multiple DEMs
with varying numbers and placement of GCPs over three
glaciers in the Swiss Alps. They then compared the vertical
and horizontal accuracies of these DEMs with the results
of dGPS observations, empirically deriving the relation-
ship between the number of GCPs and the DEM accuracy
as follows:

6]

where o represents the estimated vertical error of the
DEM [m], pgep is the density of GCPs in the target

o =a+exp(—bpgep) +ec,
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Fig. 6. Spatial distribution of elevation differences for each
DEM against the GPS-DEM with (a) PA7, (b) XGR, and
(c) EIX. The background images in (a)—(c) are the orthoim-
ages generated by PA7, XGR and EIX, respectively.

area [1/km?], and a, b, and ¢ are coefficients. Gin-
draux et al. [23] set @ = 2.08, b = 0.59, and ¢ = 0.17.
As the target region and GSD differ, these three parame-
ters are expected to differ. However, if we calculate the
GCP density based on the number of GCPs in this study
and the comparison area (1.26 km?) and apply this equa-
tion, o would be +0.25 m. When the number of GCPs is
changed by +2 (5 or 9), ¢ varies by approximately —19%
to +22% depending on the number of GCPs. This means
that, using PA7 from this study as an example, changing
the number of GCPs by +2 is estimated to result in a vari-
ation in the DEM accuracy of approximately +0.27 m to
+0.40 m.

Many studies have used the UAV-SfM approach to gen-
erate DEMs with GCP, and their accuracies (RMSE and
std dev.) fell between +0.09 m to +0.40 m, despite differ-
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ences in resolution and methods of accuracy assessments
for DEMs [6,23,26-29]. The accuracies of the DEMs in
this study are equivalent to those obtained in previous stud-
ies; however, the errors are smaller than those of satellite-
based DEMs [30]. In addition, our DEMs covered the full
range of debris deposits in the study area and their quali-
ties were feasible for hazard assessment, thus fulfilling the
primary purpose of the survey.

At high elevations, such as in the Himalayas, the power
consumption of UAV is a considerable constraint owing to
the effects of cold conditions on the battery, and the dif-
ficulty of securing power sources. In addition, the power
consumption of UAV is essential for logistics and related
costs, which are not always required for operations in eas-
ily accessible areas. We utilized two types of UAVs, quad-
copter and fixed-wing UAVs, and recognized that fixed-
wing UAVs were better for comprehensive coverage be-
cause of their lower battery consumption. The X-5 with
GR and PD4-NPL with «7R, for example, are powered
by one (11.1 V, 4200 mAh, 0.31 kg) and two (22.2 V,
6000 mAh, 0.88 kg per battery) lithium-polymer batter-
ies, respectively. The battery consumption of X-5 (56 W)
was two orders of magnitude lower than that of PD4-NPL
(1066 W). Moreover, to cover the survey area, the number
of X-5 flights (twice, approximately 12 min per flight) was
one-sixth that of PD4-NPL (six times, 14 min per flight).
This difference suggests that, even if the cruise speeds of
X-5 and PD4-NPL are considered, the fixed-wing UAV
is appropriate for aerial photogrammetric surveys because
of the smaller number of flights and longer flight time;
thus, it consumes less power than the quadcopter. One of
the notable characteristics of the PD4-NPL is its camera-
mountable capacity. The a7R with a 35-mm lens weighs
585 g, which is heavier than GR (245 g) or IXUS (135 g).
The 7R can provide the highest resolution images among
the cameras used in this study and enables generation of
DEM with reputable accuracy.

5. Conclusions

We conducted field observations and analyzed multi-
ple DEMs obtained using different UAVs photogramme-
try in Langtang Valley, Nepal. The SfM approach was
used to produce three high-resolution DEMs (0.5 m). All
DEMs were compared with a DEM from a dGPS survey
conducted simultaneously with the UAV campaign. The
three DEMs (PA7, XGR, and EIX) show that the eleva-
tion differences between each DEM and GPS-DEM range
from —0.10 to +0.13 m for the mean and from 0.33 to
0.39 m for the standard deviation, respectively. The analy-
sis of elevation changes based on slope and elevation, along
with the spatial distribution, revealed that the errors were
more pronounced at lower elevations (~3250 m), steeper
slopes (>25°), and on the southern and western sides of
each DEM. The main causes of the elevation differences
were the sparse GCP network, lack of photogrammetric
coverage, and large distance between the UAVs and the
ground. The potential impact of errors must be considered
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when using the DEMs produced in this study for future re-
search. Nonetheless, our DEMs exhibited accuracies sim-
ilar to those of other studies that utilized UAV-SfM tech-
niques to generate DEMs, which are sufficient for hazard
assessments. The precise DEM and orthorectified image
data obtained and analyzed in this study are valuable disas-
ter record data and are expected to contribute to research on
long-term debris deposits and land use changes in Lantang
Village.

Data Availability
The DEMs and orthoimages generated in this study are available
online (https://doi.org/10.5281/zenodo.12799007).
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