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Abstract

The present research study assesses the accuracy of two recent freely available ASTER-GDEM ver.2,
SRTM ver.4.1 digital elevation models for parts of the lowest area on the earth on the shores of the
Dead Sea, the site located over areas with high variation in topography within the “humratessahan”
watershed, where the elevation varies between 700 m above sea level in the north east of the wa-
tershed to 210 meter below sea level. The reference elevation data used in this study are topo-
graphical points extracted from existing digital vector topographical map published by Royal Jor-
danian Geographical Center (R]JGC). However, the contour lines do not cover the whole area espe-
cially in the flat areas where elevation is less than the contour line interval. Therefore, the second
reference data created with photogrammetric techniques from stereoscopic pairs of aerial photos
had been used for the surface to surface comparison and elevation profiles assessment purpose. It
is demonstrated that the vertical accuracy of ASTER-GDEM ver.2 is 22.223 m (Root Mean Square
Error (RMSE)) against reference elevation data, while the SRTM ver.4.1 has an RMSE of 15.858 m;
the statistics results indicate that the theoretical accuracy is achievable and meets the expected
accuracy specification. Furthermore, as for its unprecedented detail, it is believed that the photo-
grammetric derived DEM offers an alternative in accessibility to high-quality elevation data with
vertical accuracy of 0.78 m (Root Mean Square Error (RMSE)).
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1. Introduction

A digital elevation model (DEM) is a three-dimensional (3D) digital representation of ground surface topology
or relief using two-dimensional (2D) raster file consisting of terrain elevations for ground positions at regularly-
spaced horizontal intervals [1] [2]. DEM-derived topographic parameters such as slope, aspect, and curvature
are the most vital and elementary data source to a variety of earth observation platforms which provide the basic
information required to characterize the topographic attributes of terrain [3]. DEM data have been becoming
more popular with the invention of Geospatial Information Systems (GIS) and spatial numerical computer-based
models [4]. DEMs have become very significant and efficient tool in geo-hazard mapping and prediction: flood
inundation mapping and modeling [5]; landslide susceptibility mapping and land subsidence mapping [6]. Re-
view of DEM applications in hydrological modeling, geomorphologic analysis, and biological applications can
be found in [7].

Currently, a variety of different methods are being used for DEMs generation. It can be interpolated from
contour lines obtained from topographic maps [8], or from irregularly spaced three-dimensional spot heights
points collected from terrestrial surveying measurements [9], digital aerial and terrestrial photogrammetry with
stereo aerial photogrammetric method using stereo data [10], optical satellite sensor images from space [11], ac-
tive airborne laser scanning technique [12], and interferometric synthetic aperture radar [13]. DEMs generated
using these techniques are available at multiple resolutions in digital format. In particular, digital aerial photo-
grammetry is a powerful tool in surface model generation and extracting of high resolution DEMs by means of
using stereo photos data. However, in many developing countries, the only sources of DEMs are the freely ones
on the web. In this study, three techniques and their results will be compared against accurate heights obtained
from topographic maps and spot heights points collected from terrestrial surveying measurements. The DEM
extracted based on digital aerial photogrammetry, the latest release of the Advanced Space-borne Thermal
Emission Reflectometer DEM (ASTER GDEMZ2) and DEMs based on the Shuttle Radar Topography Mission
(SRTM) as released by the United States Geological Survey (SRTM3 USGS version 2.1) and by the Consortium
for Spatial Information (SRTM CGIAR-CSI version 4.1).

The Shuttle Radar Topography Mission (SRTM) generated one of the most-complete high-resolution digital
topographic data sets of the world to date [14]. SRTM collected synthetic aperture radar (SAR) interferometry
(InSAR) using two antenna pairs operating in C- and X-bands, simultaneously illuminating the earth’s surface
and recording backscattered radar signals onboard the Shuttle Endeavour, which has been used by the Jet Pro-
pulsion Laboratory (JPL) to generate a near-global topography data product for earth’s surface between latitudes
60N and 57S. Since the initial release in 2003, the SRTM DEM (hereafter called SRTM) has been improved
several times, culminating most recently with Version 4. SRTM Version 4, which has a 3 arcsec (approximately
90 m x 90 m) ground resolution, is reported to have a vertical error of less than 16 m at a 90% confidence level
scale [15]. When SRTM data were released, and due to its vertical accuracy of approximately 15 m or better on
30 m geographic cells, they quickly became attractive for various applications [16].

The ASTER GDEM version 2 (GDEM2) was released globally for free of charge by National Aeronautics
and Space Administration of United States (NASA) and the Ministry of Economy, Trade and Industry of Japan
(METI) on October 2011. The ASTER GDEM covers land surfaces between 83°N and 83°S at a spatial resolu-
tion of 1 arc-second (approximately 30 m at the equator. Improvements in the GDEM2 result from acquiring
260,000 additional scenes to improve coverage. A validation study carried out by joint US-Japan ASTER
GDEM v.2 has demonstrated an absolute average vertical accuracy within —0.20 meters with reference to 18,000
geodetic control points over the CONUS, with an accuracy of 17 meters at the 95% confidence level [17]. So it
will be a practical product for many applications, such as radar interferometry, topographical analysis, hydro-
logical studies, disaster and environmental monitoring.

Numerous studies were carried out for external validation of SRTM and ASTER elevation data using various
kinds of reference data and reference DEMs [18]-[23]. Some of these studies have focused mainly on their pre-
liminary or other releases, covering different continental areas, but not the lowest point on the earth at area be-
low sea level. For this reason, the present study was undertaken to assess the vertical accuracy of ASTER
GDEM2, SRTM version 4.1 by comparing them with two reference data generated from aerial photogrammetry
and topographical maps over part of the lowest area on the earth on Dead Sea shore, Jordan.
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2. Material and Methods
2.1. Study Area

The study area is located in Western Jordan to the South-East of the Dead Sea. It extends from the Western part
of Salt city near Kufur Huda to Dead Sea shoreline covers an area of 45.9 km?. The survey are located between
E longitudes 35°36'50" to 35°42'16" and N latitudes 32°4'44" to 32°7'31". Terrain elevation varies from —210
metres below mean sea level close to the Dead Sea, earth’s lowest elevation on land, and increases towards the
east to 700 meters at west of Salt city. The relief of the study area varies from completely flat areas to moun-
tainous regions with steep slopes. This region presents great interest and has attracted attention from various
scientific research disciplines where DEMs have a significant contribution, including geological and geomor-
phological applications, land subsidence and other geophysical or environmental studies. Many dendrites Wades
are also present in the area. The flow direction of these Wades is directed from northeast to southwest (NE-SW).
Figure 1 shows the location map of the study area.

2.2. Available DEMs

Two open source DEMs with different precision and coverage were used for the study: 1) the Consultative
Group for International Agriculture Research Consortium for Spatial Information Shuttle Radar Topographic
Mission version 4.1 (CGIAR-CSI-SRTM v4.1); 2) Advanced Space-borne Thermal Emission and Reflection
Radiometer-Global Digital Elevation Model version 2 (ASTER GDEM v.2).

2.2.1. SRTM

The most recent SRTM 3-arc-second product (90 m resolution) product has been treated by Consultative Group
for International Agriculture Research Consortium for Spatial Information (CGIAR-CSI) and is available online
through the CGIAR-CSI download database [24]. The SRTM digital elevation data provided by CGIAR-CSI has
been processed to fill data voids, and to facilitate their ease of use in a variety geospatial and GIS applications.
The DEM files are available for download as 5 degree x 5 degree tiles, in geographic coordinate system-
WGS84 datum, from which tiles No. 4406 was downloaded. These files are available for download in both
Arc-Info ASCII format, and as GeoTiff. The file was uncompressed at first, then ArcGIS is used to convert it to
UTM projection and written to “geotiff” format, then the data was referenced to/UTM 36N, WGS84.

2.2.2. The ASTER GDEM V.2 Dataset

The ASTER GDEM V2 dataset is available from multiple websites (e.g. Japan Space Systems ASTER GDEM
webpage) as 1° x 1° tiles, with 30 m cell size. ASTER GDEM was downloaded on the official distribution site
(http://www.gdem.aster.ersdac.or.jp). GDEM is in a geographic coordinate system, with the World Geodetic
System 1984 (WGS84) horizontal datum and the Earth Gravitational Model 1996 (EGM96) vertical datum.

2.2.3. Reference Elevation Data
The accuracy evaluation of SRTM and ASTER height models was carried out by comparison over the study area
with two reference data sets, provided respectively by topographical map and a DSM generated by aerial stereo
pair photos.

1) Reference data extracted from topographical map

The accuracy assessment of the DEMs requires a huge number of checkpoints with high accuracy to obtain
reliable measures [25]. For the purpose, in this study, the reference elevation data used are topographical points
extracted from existing digital vector topographical map published by Royal Jordanian Geographical center
(RJIGC) in 2007, including contour lines with 10 m intervals and spot height elevation data. Contour lines were
derived from aerial photos of the study area captured on 2004, and additionally Spot height elevation data were
surveyed and modified during 2010. The data are projected in WGS 1984 (UTM). All the 430,240 points ex-
tracted from the topographical map through conversion of the contour lines into XYZ points were compared
with their corresponding points in the examined DEMs (Figure 2). However, the contour lines do not cover the
whole area. In flat areas with elevation less than 10 m, there are no contour lines. Therefore, the second refer-
ence data was used.

2) DEM generation from aerial photo stereo pairs
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Figure 1. Location of the test site plotted on photogrammetric-derived DEM.
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Figure 2. Subset of the study site and the distributions of reference points extracted from contour lines.

The digital elevation model have been developed from stereo pairs of colour aerial photographs were acquired
from the aerial photo archives at the Jordanian Royal Geographical Jordanian Centre (JRGC). These images
were acquired using a Leica RC 30 Aerial Camera Systems of focal length 153.28 at a 1:25000 nominal scale
along 2 strips with an approximate image overlap of 70% in flight. The photo negatives were scanned with a
photogrammetric precision scanner at resolution of 20 um resulting in an approximate ground pixel resolution of
0.50 m and later were compressed in a TIFF format. Each frame has associated with camera calibration report
including information relating to the focal length, lens type and acquisition date. An integrated geo-referencing
exploiting 10 ground control points was conducted in the reference system WGS84 UTM Zone 36N, which was
used for all further investigations. The images orientation and point extraction procedures were carried out using
SOCET SET software packages. The standard procedure to generate a DEM using automated stereo-correlation
process is based on fundamental steps that consist in interior orientation, exterior orientation (registration into a
defined reference system) and point extraction [11]. SOCET SET provides translators converting digital terrain
data and feature data into several standard international formats, which are DTED, ASCI DTM, ARC Grid,
DGN Post, and SDTS. Shape file format was selected for this project implementation. Figure 3 illustrates the
final resulted elevation points generated with photogrammetric SOCET SET software.

2.3. Data Preparation and Geo-Referencing

The two DEMs were converted into square tiles of identical binary data format but with different spatial coverage
(SRTM: 3 degrees x 3 degrees, ASTER: 1 degree x 1 degree) and stored in a 16 bit integer format, which is a
sufficiently precise digital representation of the elevations. In order to compare the elevation models, all DEMs
and reference data of the study sites were transformed into the same projection system—Universal Transverse
Mercator (UTM) zone 36 north. WGS 1984 was selected as both datum and spheroid. The original 90 m resolu-
tion of the SRTM was resembled to 30 m to enable comparison with the ASTER GEODEM data. A cubic con-
volution method is used for the re-sampling process with the resulting grid size of 30 x 30 m. Then, the data
were cut to create the largest rectangle possible shaped dataset by clipping SRTM and ASTER DEMs over Pho-
togrammetric DEM. Finally, no misalignment between DEMs was assured.

()



A. Al-Fugara

Figure 3. (a) The final resulted elevation points generated with photogrammetric SOCET SET software; (b) DTM as Shape
File shown in ARCGIS software; (c) 3D perspective view of the study area. DEM was draped by the mosaic image.

2.4. Validation Methods

In order to describe and compare the Accuracy of elevation values of each DEM, DEM differencing was per-
formed at first to derive elevation error maps. From a statistical point of view, the vertical accuracy of the three
elevation data was assessed by computing the differences between the DEM pixel value and the corresponding
reference elevation points. For each point, an elevation error was computed as the difference between explored
and reference data Equation (1):

Zerror = ZDEM - Zrefrence (1)

In Equation (1), Zeqor is the elevation error, Zpgy is the elevation value of the DEM being explored, and
Zretrence 1S the corresponding reference elevation point value. Positive differences represent locations where the
DEM elevation exceeded the reference elevation points; and, conversely, negative errors occur at locations
where the DEM elevation was below the reverence elevation points.

After that, a common measure of quantifying vertical accuracy in DEMs, was calculated for each DEM’s er-
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rors. among them the mean error (Meango,), Maximum error (Meangyo), Minimum error (Minimume,,) error,
standard deviation error (STD), Sample Variance (¢°), and root mean square error (RMSE) values were calcu-
lated as follows in Equations (2)-(5) [26].

Mean,,, = Z% )
STD = J_rJ 2. (Zoew r:_'\ieane”” I @3)
RMSE = Z(ZTW)Z (4)
o D (Zeror r:1\/Ileanermr )2 )

Correlation scatter plots were performed to assess the level of correlation between the DEMs values and ref-
erence elevation values. Three scatter plots were produced and correlation coefficient determined. correlation
coefficient represents the association between two variables or the degree of co-variation of the two variables or
the tendency of variable to vary together in the sense that one increases as the other increases (positive
co-variation) or in the sense that one variable increases as the other decreases (negative co-variation). Finally,
longitudinal Profiles were extracted on the DEMs using the 3-analyst extension in ArcGIS at 30 m interval,
along the longest study area dimension, and the data exported to excel for comparison, taking into account, the
profile path to pass through various elevation, slopes, and aspect. Profiles of the three DEMs were plotted and
compared.

3. Results and Discussion

Table 1 shows the summary statistics for elevation errors of ASTER-GDEM ver.2, SRTM ver.4.1, and aerial
photo-derived elevation errors over the study area. The difference of the mean value (mean elevation difference)
for the SRTM, ASTER, and aerial photogrammetric elevations are +3.7 m, —4.7 m, and +0.87 m respectively.
The difference in the maximum values (highest elevation difference) for the SRTM, ASTER, and aerial photo-
grammetric elevations are +49 m, +54 m, and +13 m respectively, where the minimum values (lowest difference)
for the SRTM, ASTER, and Aerial photogrammetric elevations are =52 m, =58 m, and —12 m respectively. The
overall absolute vertical accuracy expressed as the vertical RMSE, which is the standard measure of DEM’s ver-
tical accuracy taking into account both random and systematic errors introduced during the data generation
process. It measures the difference between the values of the DEM elevations and the values of corresponding
reference elevations. It is currently widely adopted mostly because it is a comprehensive statistic and because it
is easy to implement [27]. In this study, the RMSE of SRTM DEM in relation to a reference DEM (ASTER
DEM) was calculated. It is demonstrated that the vertical accuracy of ASTER GDEMZ2 in term of RMSE against
reference elevation is 22.223 m, while for the SRTM v4.1 DEM the RMSE is 15.858 m against reference

Table 1. The summary statistics for ASTER, SRTM, aerial photo-derived elevation over the study area.

STATISTIC TOPO-SRTM TOPO-ASTER TOPO-PHOTO DEM

Mean +4.7 (M) -3.7(m) +0.87 (m)

Standard deviation +6.349 (m) +9.897 (m) +1.358 (m)

Sample variance 40.314 (m?) 97.948 (m?) 1.844 (m?)
Minimum =52 (m) —58 (m) =12 (m)
Maximum 49 (m) 54 (m) 13 (m)
Count 430239 430239 430239

RMSE 15.858 22.223 0.78

()
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elevation. Results are in agreement with the expected theoretical values achieved in previous studies. It was
confirmed that the vertical accuracy of ASTER GDEM is 26 m (root mean square error (RMSE) against
GPS-GCPs [28] [29]. [30] have attained the same estimated accuracy of GDEM for two different regions in
western Germany and the Eastern Desert of Egypt. Further, [31] investigated the total RMSE values of GDEM
evaluated by over Istanbul are 20 m or better compared with the reference DEM generated from 1:5000 scaled
topographic maps. On other hand, SRTM mission specifications [32], SRTM was estimated to generate DEMs
with a vertical RMSE of 16 m equivalent vertical accuracy requirements for topographic data at scale 1:250,000
that meet the USA map accuracy standards [33]. Further, the statistics shows that the vertical accuracy of pho-
togrammetric DEM is RMSE of 0.78 m which is close to the previous studies reported that the vertical accuracy
of the DEM is a function of photo scale and is estimated as 1/9000th of the flying height of the aircraft carrying
the camera system [25] [34]. In this study, the average flying height of the photographs was about 4000 m and
which resulted in a vertical error of 0.55 m.

The relative vertical accuracy is expressed as the standard deviation of the vertical error [34]. It is especially
important for derivative products that make use of the local differences among adjacent elevation values, such as
slope and aspect [19] [23] [35]. The values of standard deviation of SRTM, ASTER, and aerial photo derived
DEM difference are £6.349 m, £9.897 m, and +1.35 m respectively. Standard deviation value illustrates the
spread of elevation difference values around the mean error value for each study. The statistics show that
ASTER error is more variable (wider spread) than for SRTM and aerial photo which characterized by longer
right tail data, the variance is sensitive to unusually high or low values, and smaller standard deviation and con-
sequently smaller variance and consequently smaller variability. It is generally believed that ASTER is incon-
sistent comparing to SRTM and aerial photogrammetric DEM, the higher the st.dev value, the more vertical ac-
curacy diverse from place to another and it is affected by the stack number of stereo images and slope [36].

The histograms of the differences between DEMs and the reference elevation data (Figure 4) are closely fol-
low a normal distribution. However, for the SRTM difference histogram present a positive mean error of 3.2 m
(Mean ERROR), Which is illustrated in the histograms (Figure 4(a)) with positive bias observed, indicating that
the SRTM Elevation Modem of positive errors greater than those of the negative errors (overestimated the ter-
rain elevation). A general overestimation of terrain elevation of SRTM observations were further confirmed in
many previous studies [20]-[22]. While the photogrammetric elevation model errors present a slight positive
mean error close to zero (mean error of 0.82 m). A value of St. Dev. close to zero indicates that the tails on both
sides of the mean are balance out, which is the case for a typical symmetric distribution (Figure 4(b)). The basic
statistics of errors in ASTER show a negative mean error of —4.7 m. The histograms of elevation differences
(Figure 4) present a slightly negative skew, indicating a clear negative bias for ASTER with respect to reference
elevation data, where the ASTER model underestimates the spatial distribution of terrain elevation, this underes-
timation of ASTER was noted in previous studies [22] [23] [37].

The correlation plots between reference elevation data and each of the three DEMs obtained are shown in
Figure 4(e) and Figure 4(f). As mentioned earlier, these plots are based on a selection of 430239 reference ele-
vation points. Results illustrate that SRTM v4.1 and photogrammetric elevation data elevation values are
slightly better correlated to the reference than ASTER. The correlation coefficients are 0.999, 0.985 and 0.999
for ASTER, SRTM v4.1 and GMTED2010, respectively. All stations extend the line of perfect fit, showing ex-
cellent coefficient of correlation. This could be due to the large number of used points and well distribution of
selected points.

Finally, assessment of DEM’s vertical accuracy is carry out by comparing the elevation profiles of the three
DEMs plotted using Excel sheet. The profiles have been chosen to pass through area of different elevations with
both steep and gentle slope terrains at a variety of aspects (Figure 5).

It can easily be observed that the three profiles demonstrated similar trend, but with minor different sills
(Figure 6). The SRTM profile is much closer to the photogrammetric DEM profile than those of ASTER.
Therefore, the plotted profile emphasized SRTM has an accuracy superior to ASTER GDEM2 when compared
to the photogrammetric DEM elevations profile as reference profile. ASTER profile obliviously, is lower than
DEM based photogrammetric profiles, while SRTM is generally upper than photogrammetric DEM profile, it
can be seen that the results obtained in this section further confirm the earlier finding that ASTER GDEM unde-
restimates elevation whereas SRTM overestimates. The quantity of overestimation of SRTM is less than the
quantity of underestimation of ASTER GDEM. In other words, SRTM is “closer” to the reference than ASTER

GDEM.
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Figure 5. 3D perspective view of the study area. DEM was draped by the mosaic image. Green line shown transects used for
plotting elevation profiles
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Figure 6. Profiles of the three DEMs: The red, green and blue profiles represent SRTM v4.1, photogrammetric DEM and
ASTER GDEMZ2, respectively.

4. Conclusion

The accuracies of recent near-global DEMs-SRTM V.4 and ASTER GDEM2 free available digital elevation
models were validated against a reference elevation data collected from digital cartography generated using
hypsographic and hydrographic data from a 1:50,000 topographical map produced by the SDG, and compared
with aerial photogrammetric derived DEM created with photogrammetric techniques from archive aerial photos
over the lowest area on earth, where the elevation varied between 700 m above sea level in the north east of the
watershed to —210 meter below sea level on the shores of the Dead Sea. DEM differencing frequency histo-
grams, computation of horton statistic, correlation plots, and, profiling are some of the methods employed in the
comparison. The validation results reveal a RMSE value of about 5.3 m of ASTER GDEM2 vs. reference data,
which are slightly greater than the RMSE values of SRTM (7.6 - 25.0 m); however, photogrammetric RMSE
(4.5 m) has the lowest RMSE value of (0.78). Results obtained indicate that, the overall accuracy (in terms of
RMSE) of both SRTM, and ASTER GDEM is in line with the reported official accuracy specifications [38] [39].
Furthermore, the photogrammetric DEM accuracy is consistent with the reported previous studies reported that
the vertical accuracy of the DEM is estimated as 1/9000th of the flying height [25]. The linear regression analy-
sis revealed strong correlation between the three DEMs and the reference data. The linear regression data
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showed this correlation to be highly significant for the study area. In fact the value of the slope of the regression
line was very close to 1 (0.985, 0.999 and 0.999 for ASTER GEODEM v.2, SRTM v4.1 and photogrammetric
DEM, respectively). The visual analyses of the ASTER GEODEM v.2, SRTM v4.1 plotted profiles taking pho-
togrammetric DEM based profile as reference; the results revealed that ASTER GDEM has an underestimation
of elevation (i.e. negatively biased) while SRTM has an overestimation of elevation. Results of horizontal pro-
filing showed that the elevation of ASTER GDEM was consistently lower than that of SRTM. According to the
results achieved, it is possible to state that photo-based DEM can be used for a range of environmental mapping.
Overall, the results obtained in this study indicate that the three DEM’s RMS accuracies are comparable which
encourage their use, especially when other expensive high-resolution data are not accessible.
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