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Abstract Global Digital Elevation Models (DEMs) are widely employed in geoarchaeol-
ogy. Usually, their adequacy for particular landscapes is not tested. We assessed 30m-
resolution-DEMs (ASTER, SRTM, ALOS, EU-DEM, NASADEM, NEXTMap) with local preci-
sion datasets. Our results reveal considerable differences (ASTER unsuitable for the
region, NEXTMap and EU-DEM fit most closely to our reference model). This outcome
does not necessarily apply to all similar regions. It rather stresses the need for a check of
DEMs’ quality in any given study area, and it encourages the use of detailed topographic
visualisations of DEMs in absence of suitable reference data.
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1 Introduction®

Digital elevation models (DEMs) as approximate virtual representa-
tions of terrain have a wide range of applications in archaeology - for
visualizations, spatial analysis, predictive modelling etc. (cf. Conol-
ly, Lake 2006; Gillings, Haciguzeller, Lock 2020; Siart, Forbriger,
Bubenzer 2018 for an overview). Given different understandings of
‘terrain’, terminological distinctions are called for. Currently, DEM
is one of three terms used to describe representations of terrain sur-
faces through sets of heights. The other two terms, with which DEM
occasionally is confused and should therefore be delimited from, are
a Digital Surface Model (DSM) and a Digital Terrain Model (DTM).
While DSM generally designates surfaces that include trees, build-
ings, and other above-ground objects, the distinction between DTM
and DEM is not universally agreed on. DTM and DEM are sometimes
used as synonyms designating bare ground surface devoid of natu-
ral or human-made above-ground objects. Other times, DTM is the
general term for all elevation models and DEM reserved for bare
ground surface, or vice versa (Zhou 2017 as opposed to Hirt 2014).
In the past, a number of global models were named and distributed
as DEMs, although they correspond to DSMs in the terminology pre-
vailing today. For the purposes of this study, we use the DEM term
in its general sense - as any digital terrain model with elevation in-
formation. In our study area, the treeless and unbuilt character of
the landscape means that the terrain has, in most cases, only a sin-
gle surface which corresponds to the ground level.

Inrecent years, the increased availability of drones and the advanc-
es in multi-image photogrammetry have simplified the creation of de-
tailed DEMs. Elevation models based on low-altitude aerial imagery
are thus rapidly becoming a standard practice for smaller sites. For
large sites and for regional surveys the DEMs based on LIDAR-data
(Light detection and ranging) would be optimal, yet until this data be-
comes widely available, DEMs obtained with satellite remote sensing
methods continue to be the preferred choice. Their continental or glob-
al coverage and their availability at (mostly) no cost outweigh the dis-
advantage of their lower resolution. Indeed, for some applications on

1 We thank Prof. Dr. Alessandra Gilibert and Ca’ Foscari University of Venice for pur-
chasing the NEXTMap dataset used in this study. We are also grateful to our colleagues
from Yerevan - Dr. Arsen Bobokhyan for helping to organize the fieldwork, Dr. Smbat
Davtyan for information about topographic measurements and Dr. Shahen Shahinyan
for providing us with detailed information about his GPS measurements and the Arme-
nian quasi-geoid. Furthermore, Prof. Dr. Alessandra Gilibert, Michael Rummel, M.A.,
Stefan Biernath, Ausgr.-Ing. M.Sc., and two anonymous reviewers read the manuscript
and provided comments that helped to improve it, which we greatly appreciate. We al-
so extend our thanks to Emma Castle, B.A., for generously proofreading and correct-
ing the final version.
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regional scale the lower resolution is not even a disadvantage, but rath-
er a desirable necessity. Moreover, the generation of DEMs from satel-
lite data is a dynamic field and in recent years high-resolution datasets
with 10m, 5m and even 1m resolution became commercially available
for selected areas.? It can be reasonably expected that in the near fu-
ture high-precision satellite-derived DEM datasets will reach global
coverage and gradually also become available for academic research.

All the current advantages have led us to consider global or con-
tinental DEMs for our studies in the Armenian high mountains. Ad-
ditionally, the treeless character of the studied terrain, which effec-
tively eliminates the danger of vegetation bias, and the relief, which
is not particularly rough, represent a setting well within the sat-
ellite remote sensing capabilities. We were therefore all the more
surprised when the first study, conducted by our colleague Norbert
Anselm from the Freie Universitat in Berlin (Anselm 2012), contra-
dicted our expectations and raised a serious issue about the appro-
priateness of satellite-derived DEMs for the Armenian mountains.

Using the ASTER dataset, Anselm calculated viewsheds of pre-
historic stone steles distributed in groups over the subalpine land-
scapes on the Mount Aragats and on the Gegham mountains in Ar-
menia. The size of his study areas varied, the largest among them
comprised approximately 460 km?. Though his obtained results of in-
tergroup visibility were encouraging, the intragroup visibility of in-
dividual steles did not match the observations from the field. In the
best-documented example, six steles studied at the site of Karmir Sar
are 130 to 580 m distant from each other and, when erected, are ex-
pected to have been all intervisible. The computer-based analysis of
their viewshed, instead of simply confirming the overall intervisibil-
ity of the steles, concluded that out of 30 possible visibility links only
three had an uninterrupted line of sight, the remaining 27 combina-
tions were classified as invisible (Anselm 2012, fig. 5.1). These con-
tradictions casted doubts on the plausibility of the entire analysis.
After double-checking all input data, the suspicion fell on the accu-
racy of the chosen DEM. Though it was evident from the beginning
that the vertical precision of ASTER is not particularly high, its ac-
curacy in terms of surface rendering was expected to be sufficient
for reaching consistent results in a viewshed analysis.?

Intrigued by this discrepancy between the empirical observation and
the results of computer-based analysis, we decided to follow up on the
accuracy issue from Anselm’s study. We were determined to reach two

2 https://store.intermap.com/.

3 ASTER was used for similar viewshed analyses in various landscapes before and
afterwards, e.g. Bongers, Arkush, Harrower 2012; Lambers, Sauerbier 2007; Triplett
2016; Dungan et al. 2018; Marsh, Schreiber 2015.

73

magazén e-ISSN  2724-3923
2,1,2021,71-102


https://store.intermap.com/

Pavol Hnila, Julia Elicker
Quality Assessment of Digital Elevation Models in a Treeless High-Mountainous Landscape

objectives. First, to understand why ASTER failed to provide convinc-
ing results. Second, to find out whether other available DEMs based on
satellite remote sensing data did represent the local topography more
appropriately. It became imperative to assess the quality of available
DEMs and their suitability for our study area, before any other geo-
archaeological analysis and prediction modelling could be conducted.

2 Study Area and the Datasets

In general, our area of interest for geographical analysis covers the
south slope of Mount Aragats in Armenia [fig. 1] and comprises more
than 580 km?. For the comparative testing scope of this paper, we have
focused exclusively on a limited ca. 1.5 km? study area around the ar-
chaeological site Karmir Sar (also known as Tirinkatar), whose centroid
islocated at 40.42053° N, 44.14880° E (WGS 84 Datum). The median al-
titude value of the study area is 2850 m a.s.l. Its topography is character-
ized by a slightly concave high mountain meadow with two small water
streams and several small ponds, all placed on a wider mountain ridge
[fig. 2]. The area belongs to the subalpine vegetation zone, is covered by
grass and devoid of any trees or shrubs. Two deep lateral valleys delim-
it it on the east and on the west. A steep, rocky uphill slope delimits it
on the north, and a gradual downhill slope on the south.

This study area at a super-local scale was chosen as a sample for
comparisons with DEMs derived from satellite data, because here
we had high-detail geodetic data at our disposal. They were of two
kinds: a set of 17 ground control points, and a detailed contour plan.
Both are used as our reference for assessing the quality of six widely
available satellite-derived DEMs with 30 m resolution (abbreviated
here as ALOS, ASTER, EU-DEM, NEXTMap, NASADEM, SRTM). Our
attempts to include two remaining global DEMs with 30 m resolution
were not successful. All model derivations of the TanDEM-X mission,*
which was operated by the German Aerospace Center, are subject to
German legislative regulations, according to which the tiles cover-
ing Armenia are treated as sensitive information and are not public-
ly available. For the second model, Elevation 30 (also known as Ref-
erence 30) based on SPOT-5 satellite data, we did not receive sample
data before the deadline for the submission of this paper.®

4 TanDEM-X distributed for academic purposes by German aerospace center with
a small administrative fee (https://tandemx-science.dlr.de/), WorldDEM 30 dis-
tributed commercially by Airbus Intelligence (www.intelligence-airbusds.com/ge-
ostore), GLO-30 distributed at no charge by the Copernicus programme of the Euro-
pean Union (www.copernicus.eu).

5 The dataset is available commercially with a minimum order area of 500 km? on
https://www.intelligence-airbusds.com/geostore/.
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Figurel Location
of the study area Karmir Sar
on MountAragats, Armenia.
Map: J. Elicker; data: Natural

Earth, Alos DEM
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Figure2 Karmir Sar.View of the central and lower part of the study area

from the northwest. Photo: M. Rummel

2.1 Ground Control Points (GCP)

The excavation project on Karmir Sar uses 17 fixed points that are
dispersed at different elevations over the site [fig. 3]. All points were
measured in 2018 by Dr. Shahen Shahiniyan with a Leica GS10/15
GNSS rover receiver in static mode (30 minutes per point), combined
with a Leica AR10/GR10 used as a reference station. Thanks to post-
processing with base data (RINEX), the coordinates in WGS84/UTM
38N reference system were obtained with accuracy to the millime-
ter. The elevation values were converted from the ellipsoidal WGS84
height to the Baltic 1977 orthometric height using a proprietary qua-
si-geoid of Armenia (a previous version of this quasi-geoid is de-
scribed in Margaryan 2014, the update by Shahinyan 2017 used in
our case was not yet published). For purposes of this study, we round-
ed the elevation values to two decimal places.

76

magazén e-ISSN  2724-3923
2,1,2021,71-102



Pavol Hnila, Julia Elicker
Quality Assessment of Digital Elevation Models in a Treeless High-Mountainous Landscape

427500 428000

heights in
ma.s.l.
<=2841
2841 -2842
2842 - 2843
2843 - 2844
2844 - 2845
I 2845-2846
B 2846 -2847
B 2847-2848
I 2848 -2849
[ 2849 -2850
2850-2851
I 2851-2852
B 2852 -2853
B 2853-2854
I 2854 -2855
Il 2855 -2856
I 2356 -2857
Bl 2857-2858
B 2858-2859
I 2859 -2860
I 2860 - 2861
. 2861-2862
2862 - 2863

= 2863 - 2864
WGS 84 UTM 38N (EPSG 32638) = > 2864

4474000

® Ground Control Points (GCP) on reference DEM

Figure 3 Position of high-definition ground control points at the study area. Map: J. Elicker

2.2 Reference DEM (RefDEM)

Previous research has demonstrated that a DEM derived from ele-
vation contours of local topographic maps can be used as a reliable
mean to reduce errors of global DEMs (Szyputa 2019). Our reference
DEM, designated as RefDEM throughout this study, is derived from
the contour plan of the archaeological site Karmir Sar. The contour
plan, produced by geodesist Smbat Davtyan from Yerevan, has an in-
terval of one meter between individual contour lines and covers an
irregularly shaped area of circa 1.1 km?. Davtyan generated the con-
tours in AutoCAD® software® with standard settings of the create
contour lines algorithm from 1735 points measured with a laser total

6 AutoCAD® 2007 Autodesk, Inc., https://www.autodesk.com/.
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station in 2012. Thanks to the presence of a geodetic triangulation
point on site, it was possible to align the entire plan with the Arme-
nian state grid. At the time of the plan’s completion in 2012, the coor-
dinates were reported in the Gauss-Kriiger Zone 8 coordinate system
instead of Universal Transverse Mercator coordinate system used in
Armenia today. The contour plan was originally georeferenced with-
in the Pulkovo 1942 datum/Gauss-Kruger Zone 8 coordinate refer-
ence system (now deprecated) in order to obtain an overlap with lo-
cal topographical maps of the entire Aragats area.

For the purposes of this study, the georeferenced vector contour
plan was transformed into our RefDEM with a 25 m resolution. The
conversion was conducted with the GRASS implement v.to.rast.attrib-
ute” within the QGIS program? (factor 25 set as raster size for adapt-
ing to the other DEMs in the best way possible). In this way, no data
could be generated between the contour lines, so they were subse-
quently interpolated by the GRASS function r.surf.contour,® which
converted the previous patchy raster into a continuous DEM.

2.3 ALOS

The full name of this freely available DEM is ALOS Global Digital Sur-
face Model (DSM) ‘ALOS World 3D-30m’, abbreviated in AW3D30.*°
For our calculations, we have used its version 3.1 released in April
2020. ALOS is an acronym standing for Advanced Land Observing
Satellite, nicknamed ‘Daichi’ and operated from 2006 to 2011 by
the Japan Aerospace Exploration Agency. The ALOS elevation data-
set was produced primarily from the processed stereo pairs of the
PRISM (Panchromatic Remote-sensing Instrument for Stereo Map-
ping) optical instrument onboard the satellite (Tadono et al. 2016,
157-9). The spatial resolution of the originally developed 3D dataset
is approximately 5 m, but the freely distributed DEM was reduced to
a spatial resolution of approximately 30 m. In our study area, when

7 © 2003-2021 GRASS Development Team, GRASS GIS 7.6.2dev Reference Manu-
al (Authors: Original code: Michael Shapiro, U.S. Army Construction Engineering Re-
search Laboratory, GRASS 6.0 updates: Radim Blazek, ITC-irst, Trento, Italy, Stream
directions: Jaro Hofierka and Helena Mitasova, GRASS 6.3 code cleanup and label sup-
port: Brad Douglas), https://grass.osgeo.org/grass78/manuals/v.to.rast.html.

8 All basic calculations and visualizations have been conducted within the program
QGIS and its implemented functions, with the latest version at the given time: 2.18, 3.0
and 3.16 (QGIS.org, 2021. QGIS Geographic Information System. QGIS Association.
http://www.qgis.org).

9 © 2003-2021 GRASS Development Team, GRASS GIS 7.6.2dev Reference Manual
(Author: Chuck Ehlschlaeger, U.S. Army Construction Engineering Research Labora-
tory), https://grass.osgeo.org/grass78/manuals/r.surf.contour.html.

10 https://doi.org/10.5069/GI4MO2HB.
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using the projected WGS84/UTM38N coordinate reference system,
one cell along the longitude corresponds to 21.2 m, along the lati-
tude to 27.6 m.

The mask file (MSK extension) provided as a component of the
ALOS dataset is a useful tool to retrace the origin of elevation val-
ues for each individual cell. It attests that the vast majority of cells in
our study area was produced by the PRISM sensor of the ALOS sat-
ellite itself and their elevation was classified as valid (not distorted
by snow or clouds). The few void cells concentrated on the slope in
the northwest part of the study area were filled by using the SRTM1
V003 DEM [fig. 4]. The elevations in ALOS were converted from the el-
lipsoidal height, using the EGM96 geoid model (JAXA EORC 2020, 2).

427500 428000
ALOS 3.1 MSK

I ALOS 3.1
I SRTM 1V3
I ASTERV3

=]
=1
n
wy
—
<
<

!

WGS 84 UTM 38N (EPSG 32638)

Figure4 Voidfilled areas within the ALOS World 3D 3.1 version. Map: J. Elicker
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2.4 ASTER

ASTER stands for Advanced Spaceborne Thermal Emission and Re-
flection Radiometer and it was released jointly by The Ministry of
Economy, Trade, and Industry (METI) of Japan and the United States’
National Aeronautics and Space Administration (NASA).** For our cal-
culations we have used the Global Digital Elevation Model Version 3
(ASTER GDEM V3) released in August 2019. The original dataset was
created photogrammetrically from a compilation of cloud-free ASTER
stereopairs (DeWitt, Warner, Conley 2015, 182). ASTER GDEM V3
preferably used alternative DEMs to fill any voids before attempting
to close them by an interpolation (Abrams, Crippen, Fujisada 2020, 5).

To identify the source of any given elevation cell value, the AS-
TER GDEM V3 dataset includes a numerical raster file (NUM exten-
sion). Its content indicates the number and the origin of scenes (ste-
reo pairs) used to calculate the individual elevation values (Abrams et
al. 2020, 7-8, table 3). In terms of internal assessment of quality, be-
tween ten to fifteen scenes are deemed sufficient; beyond that num-
ber the elevation error diminishes only marginally (Gesch et al. 2016,
145-6, fig. 5). According to the NUM file, our study area does not con-
tain any voids filled with alternative DEMs; all cells were produced
with stacking of 18 up to 30 ASTER GDEM V3 scenes and according-
ly they not only fulfill, but also exceed the internal quality standards.

2.5 EU-DEM

The EU-DEM combines the advantages of both data acquisition tech-
niques used for satellite remote sensing - the optical stereoscopy
and radar interferometry.* It is a blend of SRTM1 V003 and ASTER
GDEM data, fused together by a weighted averaging approach and
improved through Russian topographic maps, a hydrology dataset,
proprietary high-precision elevation data and removal of artefacts
(Bashfield, Keim 2011). It should be noted that its source data does
not share the same level of detail - while the resolution of ASTER
GDEM is 30 m, the SRTM3 dataset only has a resolution of ca. 90 m;
the more precise SRTM1 dataset with 30m resolution was not free-
ly available at the time for areas outside the United States of Amer-
ica. EU-DEM is provided with 25 m resolution, yet it is not specified
in its documentation whether this improvement was achieved by sim-
ply upsampling the original lower-resolution datasets, or by enhanc-

11 https://doi.org/10.5067/ASTER/ASTGTM.003.

12 http://land.copernicus.eu/pan-european/satellite-derived-products/eu-
dem/eu-dem-vl1.1/view.
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ing them through proprietary high-precision data. For our analysis
we have used the EU-DEM V1.1 version, released in 2016.

2.6 NEXTMap

The full name of this model, produced by the Intermap company, is
NEXTMap World 30 DSM. Analogically to the EU-DEM, this model
too is a fusion of other freely available datasets, specifically SRTM3
v2.1, ASTER GDEM v2.0, GTOPO30 (for polar areas). All datasets
were void-filled, merged by a proprietary Intermap algorithm and
their elevations were corrected with high-resolution LIDAR data from
NASA'’s Ice, Cloud and Land Elevation Satellite (Intermap 2013). The
NEXTMap World 30DSM was marketed by Intermap as the “best-
available surface elevation data with a 30-meter ground sampling
distance” with a reliable and consistent global coverage (Intermap
2018). We have purchased the dataset for our area of interest in 2018,
but in the meantime it was replaced by its successor with a higher,
10 m resolution.** Though no versioning information has accompa-
nied our dataset, we assume that it was NEXTMap World 30 DSM
v2.0 released in 2013.**

2.7 SRTM

In contrast to the ASTER and ALOS DEMs, which are based on opti-
cal stereoscopy, the SRTM (Shuttle Radar Topography Mission) DEM
is based on the radar interferometry technique. The main advantage
of the radar interferometry is that its data quality does not depend
on light conditions. The interferometric synthetic aperture radar (In-
SAR) used by the mission has operated day and night, irrespective
of the cloud cover (Rabus et al. 2003, 242). In fact, though the SRTM
data covers nearly 80% of the earth’s land surface, they were collect-
ed within just 11 days - between 11th and 22nd February 2000 by
the Endeavour shuttle (Farr, Kobrick 2000; Farr et al. 2007). For our
analysis we have used SRTM1 Version 3 (also known as void-Filled
SRTM Plus, SRTM NASA V3 or SRTMGL1 V003), which has a reso-
lution of 1 arc-second (ca. 30 m) and had all of the previous voids
filled.*® It was released in 2013 (NASA JPL 2013). The ancillary NUM

13 https://store.intermap.com.

14 Only two versions are publicized in the archive of Intermap press releases at htt-
ps://www.intermap.com/pressreleases - the first version released in June 2012, the
second in August 2013.

15 https://doi.org/10.5066/F7PR7TFT.
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file provided with this SRTM dataset attests that our study area had
no voids filled with data from other sources. All its elevation values
were classified as coming from either two or three SRTM swaths (for
field coding cf. SRTM User Guide 2015).

2.8 NASADEM

NASADEM is a modernized version of the SRTM data. It was created
by reprocessing the original raw SRTM signal data with improved al-
gorithms, and by filling the voids with data from alternative sources
(Buckley et al. 2020, 1, 5). For our analysis we have used the NASA-
DEM Merged DEM Global 1 arc second Version 1 dataset, released in
February 2020.*¢ Its resolution in our area is ca. 30 m. The ancillary
NUM file provided with the NASADEM dataset attests that our study
area had no voids filled with data from alternative sources. Its eleva-
tion values were classified as coming from SRTM radar swaths - the
majority of cells from three swaths, with very few coming from just
two swaths (for coding see Buckley et al. 2020, table 2).

3  Assessment Methodology

We have used three approaches to assess the quality of tested DEMs
for geoarchaeological applications: a statistical comparison with
ground control points, a statistical comparison with a reference DEM,
and a visual assessment of the DEMs’ spatial structure (for a crit-
ical review of available assessment methods see Polidori, E1 Hage
2020). In this section we present the methods, the results are dis-
cussed in § 4.

3.1 Statistical Comparison with Ground Control Points

A common method of evaluating the quality of a DEM is to use a set
of ground control points (GCP) measured precisely, and to compare
their elevations with values at corresponding locations on the DEMs.
By calculating the Root Mean Square Error (RMSE) of these values it
is possible to statistically express the elevation discrepancies in me-
ters between any tested model and the reference dataset. Compar-
ing all tested models, the one with the lowermost RMSE value will
have the least difference to the reference dataset and should thus be
the one with the best vertical accuracy.

16 https://doi.org/10.5067/MEaSURES/NASADEM/NASADEM_HGT.001.
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RMSE became a standard for determining the accuracy of maps
(Ghilani 2017, 28) and it was frequently used by previous evalua-
tions of DEMs (cf. e.g. Saran et al. 2010, 110; Nsanziyera et al. 2018).
The advantage of the RMSE method is that, on one hand, the minus
and plus errors will not neutralize themselves, but will all get treat-
ed equally. On the other hand, the outliers will have a substantial ef-
fect on the result because their weight will be exponentiated by the
square function. The latter characteristic is a convenient method to
differentiate between the quality of DEMs, where even a single sub-
stantial outlier can cause serious difficulties during various land-
scape analyses.

For our comparison, we have used the points described in § 2.1 as
the reference dataset and computed the RMSE values (in meters) of
all tested DEMs with the following equation:

-: > |pEM,~GCP,f

RMSE =] =
1 n

where i is the ground control point number, n is the total number of
ground control points (in our case 17), GCP, is the elevation of the
ground control point, DEM, is the elevation value of the cell corre-
sponding to the position of the ground control point in the given DEM.

3.2 Statistical Comparison with the Reference DEM

While a statistical assessment with RMSE and GCPs offers a quick
and precise glimpse on the vertical accuracy of DEMs, it is limited to
a few cells that overlap with the position of GCPs, which can be mis-
leading. One or few outliers can be concentrated on a limited area,
on certain features, or on certain landscape types. The spatial dis-
tribution of errors thus plays an important role in recognizing error
patterns and accordingly, whenever possible, it is meaningful to en-
hance the assessment of DEMs’ quality over their entire area. This
can be achieved through comparisons with a reference DEM, which
is usually less precise than ground control points, yet it offers the
added benefit of being able to compare elevation cell values of the
entire models.

In order to enable comparisons between the tested DEMs and the
RefDEM, all available datasets needed to be adapted to matching pa-
rameters. We achieved this in two steps: in the first step, the RefDEM
with a 25 m resolution was generated from the vector contour plan of
the Karmir Sar site (see § 2.2) and in the second step, all raster im-

83

magazén e-ISSN  2724-3923
2,1,2021,71-102



Pavol Hnila, Julia Elicker
Quality Assessment of Digital Elevation Models in a Treeless High-Mountainous Landscape

ages from the tested DEMs have been adjusted to the same size - to
grant their correct overlay and correspondence of their cells. This
was conducted within the raster calculator inside QGIS, where each
model could be clipped to the exact same size as the RefDEM (rows:
47; columns: 57), resulting in matching position and size of all cells.*”

After adapting all datasets to matching parameters, the resulting
clipped rasters were used to calculate the difference of height val-
ues of each cell with the raster calculator: values of each individual-
ly tested DEM were subtracted from values of the RefDEM. The out-
come is either negative (RefDEM value is lower) or positive (RefDEM
value is higher). For better visualization, each cell was then classi-
fied by means of a specific color - depending on the absolute differ-
ence in height. The height differences were divided up into one-me-
ter steps, ranging between 9 and -9 m.

In addition, for the purpose of statistical evaluation, the values
(height difference in meters) of each model’s cells have been extract-
ed. This was achieved by creating sample points in the center of each
cell with the raster pixels to points algorithm in QGIS. In order to
avoid comparing distorted data from raster cells within the fringe
range of the RefDEM, the outer sample points were deleted within
a ‘buffer zone’ and not taken into consideration.*®* Subsequently, the
height difference values of each model’s cells have been extracted
by the point sampling tool from the centered vector points (n=1569).
These values were summarized within Excel and afterwards pro-
cessed with JMP software*® to determine summary statistics (median,
mean, minimum, maximum). Finally, the results were visualized as
histograms to provide a closer examination of the value distribution.

17 Previous attempts to cut the models based on a polygon showed an imperfect over-
lay of raster cells. This can be attributed to differing projections of the underlying raw
data, resulting in slight distortion of raster cells.

18 A polygon surrounding the vector contour lines was created with the implement-
ed tool concave hull (k-nearest neighbor).

19 Version JMP Statistics Pro 15 (SAS).
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3.3 Visual Assessment of the Spatial Structure

For some applications, a surface consistency and a reliable rendering
of terrain forms are more important than an absolute vertical accu-
racy, as long as an elevation offset is evenly distributed and not ran-
dom. These characteristics are referred to as a “shape and topolog-
ic quality” (Polidori, E1 Hage 2020, 3) or also known as a “relative”
or “geomorphological” accuracy (Szyputa 2019, 850). In order to as-
sess them, the previous two statistic evaluations should thus be en-
hanced by a visual assessment of the spatial structure. An addition-
al advantage of visual assessment is that it can also be done on each
DEM intrinsically, without the need for external supplementary data.
This is especially important for new field projects, where a conveni-
ent high-resolution reference dataset for comparisons rarely exists.

One of the easiest ways to gain a first impression of surface reg-
ularity, and even of the elevation difference regarding various mod-
els, is to make a cross-section. In our case, a cross section going from
northwest to southeast was created for each model with the terrain
profile tool of QGIS. After extracting the values (57 equally distribut-
ed points) along this selected line, they were visualized as line graphs
within JMP Statistics. However, this approach only gives a first im-
pression of the variation in terrain gradation for the selected mod-
els and, significantly, only in a restricted area.

A more comprehensive way to assess the spatial structure is to
meaningfully visualize all elevation values. To ensure direct, cross-
model visual comparison of elevation values and their distribution,
all raster images need to be shown with standardized settings. For
this purpose, the minimum and maximum values in the color style
were adjusted to match the range of values at the location of Karmir
Sar - with a minimum of 2840 m and a maximum of 2865 m a.s.l,,
following an elevation gain of one-meter steps. Simultaneously, the
contour lines that served as a base for producing our RefDEM were
put on top of each raster image to visualize the respective accord-
ance in terrain gradation.

An additional approach regarding the assessment of elevation val-
ues distribution and surface regularity was to depict the models as
shaded reliefs.?® Using this option, the quality of the data’s steadi-
ness and possible errors by depicting or not depicting certain land-
scape features become even more distinguishable.

20 Implemented hillshade tool in QGIS (GDAL) with standard settings and a chosen
z-factor of 0.00003.
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4 Results and Discussion

All three assessment methods revealed considerable differences in
the quality of the tested DEMs. However, it is interesting to note that
the deployed assessment methods did not produce identical quality
rankings, so a final combined assessment became necessary. We first
present the results individually for each method, before proceeding
to the combined assessment.

4.1 DEM Quality Assessment Based on Comparison
with Ground Control Points

All tested DEMs, including the RefDEM generated from the contour
plan, were compared with the GCP dataset using the methodology
described in § 3.1 (for the description of datasets see §§ 2.1-2.8). The
following Root Mean Square Errors (RMSE) have been calculated:

Table1l RMSEvalues of all tested DEMs when compared with the ground control
points dataset (GCP)

GCP A B [d D E F G H  RefDEM ALOS ASTER EU- NASADEM NEXTMap SRTM
no.  GCP  RefDEM ALOS ASTER EU-DEM NASADEM NEXTMap SRTM (A-B)*> (A-C)* (A-D)* DEM (A-F)2 (A-G)2  (A-H)
(A-E)
1 2848.06 2848.00 2851 2857  2847.81 2850 2849.04 2851  0.00  8.64 79.92  0.06 3.76 0.96 8.64
2 2848.40 2848.00 2851 2853  2847.34 2849 2849.00 2850 0.16 676 21.16 1.11 0.36 0.36 2.56
3 2851.30 2851.00 2854 2856  2851.06 2852 2852.00 2856  0.09 729 2209 0.6 0.49 049  22.09
4 2849.07 2849.00 2852 2853  2851.06 2850 2851.26 2851 0.0l  8.58 1543  3.94 0.86 4.79 3.72
5 2848.18 2848.33 2851 2848  2850.66 2851 285202 2851  0.02  7.95 0.03 6.13 7.95 14.75 7.95
6 2844.55 2844.00 2847 2848  2847.03 2847 2846.06 2846  0.30  6.00 1190 6.15 6.00 2.28 2.10
7 2849.87 2849.19 2853 2858  2850.09 2854 285142 2856  0.46  9.80 66.10  0.05 17.06 240  37.58
8 2847.86 2847.00 2850 2852  2849.08 2848 2848.13 2849 074 458 1714 148 0.02 0.07 1.30
9 2844.19 2844.00 2847 2851 2846.46 2846 2846.04 2847  0.04 790 4638 5.6 3.28 3.42 7.90
10 2842.63 2843.00 2846 2849  2845.19 2844 284362 2845  0.14 1136 40.58  6.56 1.88 0.98 5.62
11 285810 2856.00 2859 2862  2851.30 2857 285431 2858 441 081 1521 46.25 1.21 1436 0.01
12 2862.35 2861.50 2865 2870  2865.43 2862 2862.95 2864 072 7.02 5852  9.47 0.12 0.36 2.72
13 2853.30 2853.00 2856 2866  2856.17 2858 2856.54 2857  0.09 729 16129 8.23 22.09 10.50  13.69
14 285840 2858.00 2862 2861 285527 2859 2857.25 2860  0.16 12.96 676  9.81 0.36 1.32 2.56
15 2841.91 2842.00 2844 2842  2842.10 2841 284161 2842 0.0l 437 001 0.3 0.83 0.09 0.01
16 2871.04 2871.00 2869 2871  2859.98 2871 2869.04 2872 0.00 416 0.0 12229  0.00 4.00 0.92
17 2859.36 2859.00 2861 2863  2848.27 2854 285223 2856  0.13 269 13.25 123.07  28.73 50.84  11.29

Root Mean Square Error (‘Jli.‘_‘:..wu, m.:*) inmeters 0.66  2.64 582 454 2.36 2.57 2.77
T

The comparison of the RMSE values demonstrates that our RefDEM
has the lowest deviation from the high-precision GCP dataset. The
deviation value of 0.66 m is a very good result, considering the cre-
ation of the RefDEM from a base contour plan with one-meter equi-
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distance.* It is a statistical confirmation of the fact that the RefDEM,
which was produced from the most detailed dataset, comes closest
to the high-precision control points and is accordingly the best suit-
able base for comparisons requiring entire surfaces.??

The second-best result in terms of absolute vertical accuracy when
compared with the GCP is held by the NASADEM dataset: 2.36 m. The
RMSE values of ALOS, SRTM and NEXTMap came very close to each
other; they range between 2.57 and 2.77 m. Considerably worse are
the results for EU-DEM and ASTER, with values of 4.54 and 5.82 m,
respectively. While the ASTER error is due to a number of random-
ly dispersed deviations in magnitude of 5 to 7 m and a single devia-
tion in magnitude of almost 13 m, the substantial error of EU-DEM is
caused by three points with 7 to 11 m deviation (GCPs no. 11, 16, 17),
all of them close to the eastern limits of the contour plan. It looks as
if the terrain modelled by EU-DEM near the three points was already
sloping down towards the valley, though all the points are in reality
located on the ridge. We suspect that this reflects either an intrinsic
algorithm-based deformation of EU-DEM or a horizontal shift caused
by the EU-DEMs projection.

4.2 DEM Quality Assessment Based on Statistical Comparison
with the Reference DEM

Since its reliability and precision was confirmed by an assessment
based on ground control points, the RefDEM can be considered a
suitable base for visual and statistical comparisons with other DEMs
where entire surfaces are required. For evaluating the whole extent
of the study area, the deviation of height values from the RefDEM
was calculated for each cell of every tested DEM raster (following
the methodology described in § 3.2). The results were visualized in
two ways: as a comparison of difference-rasters showing the spatial
distribution of deviations [fig. 5], and as a histogram comparison of
height differences in relation to cell count [fig. 6]. Both visualization
types are interrelated and need to be mutually examined.

21 If it was not for a single outlier - the Ground Control Point no. 11 and its liminal
position on the edge of a steep slope between two raster cells - the RMSE value would
have been 0.50 m or better. This outlier is owed to the raster-creating algorithm that
interpolated a medium value in the chosen 25 m cell size in a challenging terrain. None-
theless, it is in the sense of the RMSE method to stress such deviations.

22 Since the GCP dataset is based on distinct and independent measuring method-
ology, the comparison with the RefDEM is legitimate and avoids circular reasoning.
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Figure5 Distribution of differencesin elevation between DEMs and the reference DEM
with marked sample points within the cell centers. Map: J. Elicker

In general, both visualizations of height differences show that the
majority of significant discrepancies lies within the negative range.**
This means the models in question depict higher elevation data than
the original terrain. In particular, the spatial visualization of devi-
ations allows several insights concerning the magnitudes of error
and distribution of error clusters. The ASTER data evidently shows
the largest area covered by highest deviations of -8 to <-9 m. In
this range, the NASADEM and SRTM values differ more occasional-
ly within smaller areas, which are irregularly distributed. The var-
iation of these models rather lies within a lower range from -7 to -4
m. In both cases, significant leaps in value are noticeable. Howev-
er, the NASADEM shows more spots ranging between 0 and -2 m of
height difference than the SRTM data. The ALOS model depicts rel-

23 It must be noted again that the areas outside the contour lines were ignored for
they have no correctly interpolated values and consequently cannot reflect a reliable
value in difference.
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atively widespread values between -1 to -4 m, while only limited ar-
eas show differences of -4 to -6 m or higher. The NEXTMap model as
well as the EU-DEM show widespread variations to a lesser extent
(mainly -2 to 2 m). Most of the higher difference values are still situ-
ated within a moderate scale and, in addition, more clustered in cer-
tain areas. Especially within the higher located areas in the north or
east one can still find extreme variation up to -9 m, though they on-
ly appear in single spots.

The second visualization enhances the first one by summarizing
the statistical evaluation of height differences Ifig. 6]. The histograms
show the number of cells on the y-axis while depicting the difference
of height in meters on the x-axis for each DEM. This way, one can per-
ceive how many cells are situated within a certain range or increment
of height difference (total number of included cells according to the
marked sample points in fig. 5: N = 1569). Summary statistics such
as minimum, maximum, mean and median are depicted on the right.
Ideally, a DEM of favorable quality would be expected to show a low
ranging spectrum, where the min. and max. values lie as close around
0 m of height difference as possible. Given a wider range, at least a
clustering of values around 0 m would be expected, leaving only oc-
casional cells within higher increments (negative or positive) so they
can be determined as outliers. In both cases, the mean and median val-
ue should be close to 0 m and not differ significantly from each other.

ALOS

WS04 6 4 2 0 2 4 6 B 101 MIELENDR NWASEMI0 8 6 4 2 0 2 4 6 B D12 MIGILENR
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Figure 6 Distribution of differencesin elevation accordingto cell count. Chart: J. Elicker
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The ASTER data shows the most even distribution resulting in a flat-
tened ‘curve’ with a vaguely distinguishable peak. The median and
mean (-5.66 m and -5.68 m) are almost similar in value, but are also
the ones furthest away from the ideal 0 m. The values’ range is slight-
ly less scattered (min. -20 m; max. 9 m) than others, but the num-
ber of cells for each increment are more evenly distributed across
the spectrum. Therefore, higher differences e.g. between -10 to -12
m still comprise about 105 cells.

The deviation range of the ALOS model (min. -20 m; max. 16 m)
must be considered as extremely high. However, most values (812)
have height differences ranging between -2 and -4 m, leaving a re-
markable gap to neighboring increments. Higher increments (-6 to
-20 m and 4 to 18 m) entail only a small share of cells in total. Those
can be classified as outliers and do not heavily influence the overall
impression of this model. The median (-3 m) and mean (-2.4 m) differ
slightly, which is not ideal but an acceptable result, also regarding
the values themselves.

While the mean (-1.7 m) and median (-2 m) of the NASADEM are
slightly smaller and closer to each other compared to the ones of
ALOS, a difference regarding the range is evident (min. -10 m; max.
9 m). Compared to its predecessor SRTM, a slight improvement is vis-
ible regarding both the range (min. -11 m; max. 7 m) as well as me-
dian (-3 m) and mean (-2.5 m). In both cases, the number of cells is
rather clustered without many outliers, resulting in a less significant
peak and, consequently, a higher and more evenly distributed share
of cells within the increments. Nevertheless, the well rated range of
NASADEM is only exceeded by NEXTMap (min. -7.7 m; max. 7.7 m),
which reaches the best result in this regard. Also, in terms of medi-
an (-1.8 m) and mean (-1.6 m), the model comes out considerably well.

With a rather moderate range (min. -14.7 m; max. 16.1 m), the EU-
DEM shows the best results regarding median (-0.85 m) and mean (-0.8
m). Even so, the highest increments in height difference only include
minimal numbers of cells in total and can be classified as outliers. There-
fore, the significant number is situated between -6 to 6 m and, includ-
ing median and mean, this model shows the most favorable statistics.

4.3 Visual Assessment of DEMs’ Quality

For visual comparisons focusing mainly on terrain gradation, we used
a visualization with multi-color elevation rendering and a hillshade
visualization. In addition to these two separated comparisons be-
tween the RefDEM and the tested models, a cross section was used
to depict the differences of all models simultaneously within a select-
ed area (see § 3.3 for more details). Although all tested models were
compared to the RefDEM, these three visualization methods convey
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important autonomous insights into model quality and would allow
some primary assessment even without a reference dataset.

43.1 Visualization of Terrain Profiles with a Cross-Section

The cross section follows a northwest to southeast running line [fig. 71.
Its position was chosen with the aim of cutting through areas with
the highest topographic variability. Thanks to this visualization, all
tested DEMs can be compared in a single figure.

distanee in m

Figure 7 Differences of terrain gradation between the DEMs
from a cross section going northwest to southeast. Chart: J. Elicker

In this cross-section the volatile and inconsistent character of NAS-
ADEM, SRTM and ASTER is evident, though the former two at least
range in the vicinity of the RefDEM s height level. For the most part,
ASTER depicts by far the highest values throughout its whole course.
At the same time, all other models show a little more steadiness.
While the northwestern region (between 0 and 125 m in distance) is
very closely resembled by ALOS, NEXTMap, NASADEM and SRTM, a
significant difference of more than 10 m for the two remaining mod-
els is evident. Apart from this particular spot, EU-DEM generally fol-
lows the original landscape with differences of more than 5 m in cer-
tain areas. However, ALOS follows the original course most closely,
but with a consistent gap of a few meters. Within the already above-
mentioned plain area (between 250 to 625 m distance) the data sug-
gests - besides complete irregularity in cases of ASTER, NASADEM
and SRTM - higher elevations from 5 up to 15 m for all models.
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4.3.2 Visualization of the Terrain with Multi-Color Elevation
Rendering in Discrete 1-Meter Steps

Regarding the spatial visualization with multi-color elevation ren-
dering in discrete 1-meter steps, some differences between the open
data models are already obvious at first sight [fig. 8]. Especially the
ASTER dataset seems to contain an extremely irregular and volatile
distribution of values. No natural gradation whatsoever is recogniz-
able, and a correlation with the RefDEM is scarcely apparent, with
the exceptions of the higher regions within the north as well as the
eastern peak. Nonetheless, values higher than 2861 m are exten-
sively widespread, which does not correspond to reality. The NASA-
DEM is of only slightly better quality in this regard and shows only
small differences compared to SRTM. For both models, the values of
the cells follow a smoother gradation, though they still contain some
evident leaps. Nevertheless, the models only match the RefDEM in
limited areas and those values themselves are mostly much higher
than the original landscape. This is especially evident by looking at
the plain in the middle of the northern half (originally at a height be-
tween 2850 - 2851 m a.s.l.) and, again, the eastern peak.

<= 2841
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| 1843. 2844
2844 . 1845

2845 - 1846
1846 - 2847
2847 - 1848

21848 - 2845
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Figure 8 Spatial visualization of surface regularity for the different DEMs in Karmir Sar. Map: J. Elicker
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Within the ALOS model, different topographic features are discern-
ible e.g., the two north-south depressions are indicated, and irreg-
ularities as well as volatile transitions are shown only occasionally.
The terrain is fairly coherent, particularly within the lower regions.
Nevertheless, the whole area generally seems to be depicted as high-
er than the RefDEM suggests the original terrain to be.

By far the best quality of all compared open data models is shown
by the EU-DEM. The terrain gradation is both clearly visible and
smooth, without any sudden or extreme leaps. Topographic features
are distinct and match the contour lines of the RefDEM more closely.
Even the eastern depression is clearly indicated in its entire length.
Only few differences remain in comparison to the natural terrain.
For instance, the plain is less discernible and the western depression
reaching from north to south is less pronounced than it should be.

The charged model NEXTMap World 30 is quite similar to the EU-
DEM, e.g. it also appears to misrepresent the plain and the western
depression. Only a few differences in quality between these two mod-
els can be pointed out. Especially, the accordance with the original
terrain is exceeded by the EU-DEM in some areas (like the eastern
depression). The general terrain gradation is comparable to the EU-
DEM, but with slightly higher values in total. Even though the quality
of both models seems to be comparably high, a small apparent differ-
ence to the RefDEM, and therefore to the original terrain, remains.

4.3.3 Visualization of the Models as Shaded Reliefs

Differences in terrain gradation become likewise visible when look-
ing at the visualization of the models as shaded reliefs [fig. 9]. This
hillshade view offers a more detailed impression regarding grada-
tion and continuity of the data. The volatile and unsteady character of
the ASTER, NASADEM and SRTM data stands out, while the remain-
ing ones occasionally show landscape features, which do not - or at
least not to the depicted extent - exist in reality: e.g. the distinctive
mound in the middle of the northern area (ALOS), or the extended
spaciousness of the easternmost peak (EU-DEM and NEXTMap). Nev-
ertheless, apart from the RefDEM, ALOS as well as EU-DEM show the
closest resemblance by depicting a generally flat and smoothly undu-
lating landscape. In this regard, the NEXTMap model depicts a more
irregular terrain than the previous visualization suggested. EU-DEM
shows some jittery effects that might be caused by algorithm smooth-
ing or reprojection issues.

93

magazén e-ISSN  2724-3923
2,1,2021,71-102



4475000

4474500

4475000

4474500

Pavol Hnila, Julia Elicker
Quality Assessment of Digital Elevation Models in a Treeless High-Mountainous Landscape

]

Figure9 DEMsdepicted asshaded reliefs as an additional approach
to examine surface continuity and pointoutirregularities. Map: J. Elicker

4.4 Combined Assessment

As already indicated in the introduction to this section, and corrob-
orated in its previous subsections, the various assessment methods
led to some differences in rankings. The assessment with GCP placed
NASADEM as the most accurate, followed by NEXTMap and ALOS.
According to the assessment with RefDEM the first place belongs to
EU-DEM, followed by NEXTMap and NASADEM. Finally, the visual
assessments revealed the following sequence: EU-DEM first, NEXT-
Map second, and ALOS third. What all rankings have in common is
the last position achieved by the ASTER model.

But which ranking is then most useful and which model can be rec-
ommended as the best? Evidently, each assessment method has its
advantages and limitations. The advantage of the assessment with
GCP lies in its high precision, yet it is limited by a reduced compar-
ison area. The assessment with a reference DEM uses complete ar-
eas for comparisons, yet it has lower precision and is not sufficient
for detecting surface flaws. The visual assessment does detect sur-
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face flaws, yet it does not quantify them. So, in order to understand
which DEMs do best represent a landscape, it is useful to combine
the advantages of all assessment methods. At the end, the result al-
so depends on the intended use of the models.

In consequence, the ASTER, NASADEM, and to a much lesser de-
gree also ALOS, demonstrate modelled surfaces that are uneven, dis-
torted and contain artifacts. This overrides some statistically good
results and limits the use of these models for geoarchaeological pur-
poses. In case of viewshed analyses, the randomness and the mag-
nitude of such irregularities effectively hinders the use of affected
DEMs as a reliable source. A similar conclusion applies for hydrolog-
ical applications, unless intended in a low resolution. Regarding the
NASADEM and SRTM, which are based on the same data, the more
recent NASADEM indeed obtained better results in every assessment
method for our study area. It is to be expected that NASADEM is go-
ing to replace SRTM in the near future.

For our studies on the open treeless subalpine landscape of Mount
Aragats, the combined assessment reveals that among all tested DEMs
the most suitable ones are the EU-DEM and NEXTMap. They are both
very similar in quality, and were produced with nearly identical meth-
odology, involving the proprietary algorithms of the Intergraph com-
pany (also by EU-DEM, cf. Bashfield, Keim 2011). Both EU-DEM and
NEXTMap 30 DSM are largely free of artifacts and are consequent-
ly more reliable and consistent, probably as a result of smoothing al-
gorithms, fusing with a lower resolution SRTM3 dataset (90 m), and
the removal of spikes. NEXTMap has markedly better mean eleva-
tion precision, while EU-DEM is slightly better in modelling the ter-
rain shapes. The main advantage of NEXTMap is its global coverage,
while the main advantage of EU-DEM is its availability at no cost.

4.5 Interpretations and Limitations

Our study area in high mountains is topographically very static, so
the temporal aspect of data collection does not play a crucial role.
However, there are two relevant, seasonally recurring patterns to
consider as exceptions. First, every winter season the study area is
covered by several meters of snow, so any data acquired remotely in
this period can be expected to be systematically higher than the actu-
al terrain. Second, seasonal pastoralists traditionally visit the study
area during the summer months, and they build their large tents in
the middle of it. Depending on the time of the data collection, there
could theoretically be differences of up to three or four meters in the
limited central area of the site where the tents temporarily stood.
The first recurring pattern could explain the thoroughly higher el-
evations in case of SRTM as well as NASADEM, and to a certain de-
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gree also EU-DEM and NEXTMap. All four models are based on (or
incorporate) data from the SRTM mission, which was collected in
February 2000, when our high-altitude study area was in the peak
of the winter season and must have been covered by several meters
of snow. To a certain degree, the presence of snow might be respon-
sible for the higher elevations of ALOS and ASTER, too. Though both
latter models were produced by stacking of image pairs acquired
over several years, their elevations resulted from averaging all val-
ues, presumably including the extreme winter ones. Snow surfaces
are notoriously difficult to model with optical photogrammetry due
to point alignment issues on homogeneous backgrounds.

Concerning the second recurring pattern, we examined the op-
tion that some of the irregularities in ASTER and ALOS might have
been caused by seasonal pastoralist activities. However, we conclud-
ed that this is not necessarily the case, as the irregularities in the
models do not concentrate exclusively on the central area, which is
being recurrently used by the pastoralists. The irregularities thus
must have been caused by other conditions.

What might these conditions have been? Irregularities in form of
spikes are typical for models based on optical stereoscopy and are like-
ly caused by point mismatches in the image pairs; they occur locally
as jumps between two adjacent pixels (Honickel 1999; Karkee, Stew-
ard, Aziz 2008, 294). A number of similar errors like ‘bumps’, ‘pits’,
‘mole-runs’, other geometric artifacts, and grainy anomalies (‘noise’)
have been reported for previous versions of ASTER, especially for ar-
eas with insufficient image coverage, persistent clouds or suspected
abundant snow cover (ASTER GDEM Validation Team 2009, 22-6; 2011,
18). Yet, irregular artifacts evidently persist even in the newest, third
ASTER version and in spite of sufficient imagery coverage (see §§ 2.4
and 4.3). We can only speculate about the reasons - insufficient light
conditions, differences between periods with and without snow cov-
er, reflection from the water surface of the small ponds, and missing
contrast in times with snow cover are among the most likely options.

Radar interferometry avoids some of the errors typical for optical
stereoscopy (cloud errors, snow and water reflection errors, insuffi-
cient light contrast), yet this technique is susceptible to other errors,
some of which also produce geometric artefacts or voids (failings
under high terrain steepness or rapid change in surface roughness,
specular reflection errors of water areas, deserts and other surfaces
that reflect too little microwave energy, radar shadows, radar corre-
lation and phase-unwrapping errors).?* This seems to be confirmed
in our case, where the visualizations of SRTM and NASADEM also
displayed various artifacts.

24 Rodriguez, Morris, Belz 2006; Karkee, Steward, Aziz 2008, 294; Yang, Meng, Zhang 2011.
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At last, an additional option to explain the generally higher ele-
vations of all DEMs based on satellite remote sensing methods in
our study area should be discussed. It is a possible systematic off-
set caused by using different geoids for transformation between the
ellipsoidal and the orthometric heights. Our ground control points
were transformed using the proprietary high-precision quasi-geoid
of Armenia, which yields values nearly identical to the heights used
in local topographic maps and to our RefDEM. The satellite mod-
els, on the other hand, were transformed with either EGM96 (Earth
gravitational model from 1996 used for ALOS, ASTER, NEXTMap,
NASADEM, SRTM) or EGG08 (European gravimetric geoid/quasi-
geoid from 2008 used for EU-DEM). A quick test for a trigonomet-
ric geodetic point in Tirinkatar (= our GCP no. 17 with an ellipsoidal
height = 2883.939 m) revealed that its height recorded in the Arme-
nian cadaster office is 2859.20 m, in topographic maps it is 2859.10
m;** transformed with the quasi-geoid of Armenia it is 2859.36 m,
while transformed with EGM96 it is 2861.03.2¢ We could not find out
the exact transformation value with EGGO08, but a transformation
with similar EGM2008 (Earth Gravitational Model from 2008, rec-
ommended for areas outside continental Europe) yielded an eleva-
tion value of 2860.02 m.?” This implies that if all elevation datasets
were transformed to the same vertical reference system, the ob-
served difference between the height values of our tested DEMs and
the RefDEM could be lowered by up to 2 m, thus making most data-
sets derived from satellite data comparable to the RefDEM in terms
of absolute elevations (see table 1). We did not execute these trans-
formations because we were interested in assessing the quality of
DEMs in the form in which they are distributed. However, if the ex-
pected improvement in accuracy were confirmed, it would be a re-
markable result, partly improving the impression that the vertical
accuracy of the freely available global DEMs is their grave limitation
(Schumann, Bates 2018).

5 Conclusions

Regarding the first objective formulated in the introduction sec-
tion - to understand why ASTER failed to provide convincing results
in the first landscape study (Anselm 2012) - we have reached the
following conclusion. The visual assessment provided evidence that

25 Soviet military map K-38-125-V in 1:50 000 scale from 1974.
26 Calculated online at https://geographiclib.sourceforge.io/cgi-bin/GeoidEval.

27 Recommendation from INSPIRE 2013: VI, 75. The value calculated online at htt-
ps://geographiclib.sourceforge.io/cgi-bin/GeoidEval.
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ASTER’s modelled surface of our study area is covered by abrupt
and random spikes between neighboring cells of up to 10 m in mag-
nitude. We identify these spikes as the cause of misleading results
encountered during the visibility analysis of prehistoric stone ste-
les in Karmir Sar. Any higher spike occurring between two steles, or
even a lower spike positioned close to the observer or the observed
point, inevitably interrupts the computed line of sight and the visi-
bility analysis returns a negative result. Since the spikes do not ex-
ist in the real world, they distort the digital elevation model and fal-
sify analyses based on it.

Regarding our second objective - to find out whether other avail-
able DEMs based on satellite remote sensing data did represent the
local topography more appropriately - we report a positive result.
According to all our assessment classifications, the ASTER DEM fin-
ished with the worst scores in our study area and all other tested
DEMs did better, some of them considerably. The best result in terms
of vertical accuracy was assessed by the NASADEM (RMSE of 2.36 m
against 5.82 m in case of ASTER), yet NASADEM also suffers, though
to a smaller extent than ASTER, from random spikes. When consid-
ering the surface regularity and accuracy, the best results were ob-
tained for EU-DEM and NEXTMap, whose surfaces were algorithmi-
cally smoothed and, as a consequence, are more reliable.®

To conclude, we would like to express a warning and a recommen-
dation. A warning against the uncritical use of our (and any other) re-
sults for choosing the best available DEM, even in study areas with
supposedly comparable landscape and vegetation characteristics.
Instead, we strongly recommend assessing the suitability of availa-
ble DEMs for every study area separately, with an assessment strat-
egy calibrated for the needs of the intended analysis. This may sound
self-evident, but it is rarely done for archaeological projects. In the
absence of precise reference datasets against which the DEMs could
be checked, we recommend choosing a small area (1-2 km?), zooming
in to distinctly visualize all of its pixels and then visually assessing
whether it corresponds with the expectations (see § 3.3). Preferably,
it should be an area that can be compared to one’s own empirical ex-
perience, or - if the evaluator has no prior first-hand knowledge of
the landscape - some area known to be largely even or flat.

28 E.g., the visibility analysis of the steles leads in case of using NEXTMap to 18, in
case of EU-DEM to 24, in case of refDEM to 26 positive results out of 30 possible com-
binations (in contrast to 3 positive results in case of ASTER, cf. Introduction).
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Abbreviation list

ALOS ALOS World3D30m 3.1

a.s.l above sea level

ASTER ASTERGDEMV3

DEM Digital Elevation Model

DSM Digital Surface Model

DTM Digital Terrain Model

EU-DEM EU-DEMV 1.1

EGM96 Earth Gravitational Model

GCP Ground Control Points

LIDAR Light Detection and Ranging

MSK mask file extension for ALOS

NASADEM NASA Merged DEM Global 1 arc second Version 1
NEXTMap NEXTMap World 30 DSM

RefDEM Reference DEM derived from high precision points for Karmir Sar
RINEX Receiver Independent Exchange Format

RMSE Root Mean Square Error

SRTM Shuttle Radar Topography Mission 1V003

WGS World Geodetic System
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