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Abstract: Digital elevation model (DEM) is the most popular product for three-dimensional (3D) digital representation of bare Earth 

surface and can be produced by many techniques with different characteristics and ground sampling distances (GSD). Space-borne opti-

cal and synthetic aperture radar (SAR) imaging are two of the most preferred and modern techniques for DEM generation. Using them, 

global DEMs that cover almost entire Earth are produced with low cost and time saving processing. In this study, we aimed to assess the 

Satellite pour l'observation de la Terre-5 (SPOT-5), High Resolution Stereoscopic (HRS), the Advanced Space-borne Thermal Emission 

and Reflection Radiometer (ASTER), and the Shuttle Radar Topography Mission (SRTM) C-band global DEMs, produced with 

space-borne optical and SAR imaging. For the assessment, a reference DEM derived from 1∶1000 scaled digital photogrammetric 

maps was used. The study is performed in 100 km2 study area in Istanbul including various land classes such as open land, forest, 

built-up land, scrub and rough terrain obtained from Landsat data. The analyses were realized considering three vertical accuracy types 

as fundamental, supplemental, and consolidated, defined by national digital elevation program (NDEP) of USA. The results showed that, 

vertical accuracy of SRTM C-band DEM is better than optical models in all three accuracy types despite having the largest grid spacing. 

The result of SPOT-5 HRS DEM is very close by SRTM and superior in comparison with ASTER models. 
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1  Introduction 

The detailed three-dimensional (3D) digital representa-
tion of Earth surface has vital importance for many ap-
plications such as city planning, urban development, 
disaster monitoring and management, agriculture, for-
estry as well as Earth sciences. The digital topographic 
data of the 3D Earth surface is represented by digital 
terrain models (DTMs), digital elevation models (DEMs) 
and digital surface models (DSMs) in regular gridded ′X′, 
′Y′ planimetric coordinates and altitude Z. The informa-

tion contents of DTM and DEM are very similar and 
describe the bare Earth surface. The only difference 
between them is additional information on DTM such as 
break-lines and mass points. DSM is different from 
DTM and DEM due to determining visible surface of 
Earth including all non-terrain objects such as vegeta-
tion, forest, and man-made constructions. In these three, 
DEMs are the most common and demanded space-borne 
3D products. In fact, the primary product of space-borne 
remote sensing techniques is a DSM. Satellite systems 
can not collect data directly from bare surface of Earth 
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because of existing ground objects. The DEM is ob-
tained by removing objects that are above the ground 
surface (Jacobsen, 2003).  

The concept of DEM was introduced to literature in 
the 1950s and improved rapidly in the parallel of ad-
vances in remote sensing technologies. Although photo-
grammetry was the most common in early applications, 
today different remote sensing techniques are applied 
for DEM generation. The main techniques are 
space-borne optical stereoscopy (Li et al., 2002; Toutin, 
2002; Lee et al., 2003; Kaczynski et al., 2004; Bahu-
guna and Kulkarni, 2005; Cuartero et al., 2005; Toutin, 
2008; Radhadevi et al., 2010; Hobi and Ginzler, 2012), 
Space-borne Interferometric Synthetic Aperture Radar 
(InSAR) (Soergel et al., 2003; 2009; Sefercik and Soer-
gel, 2010) and Light Detection and Ranging (LiDAR) 
(Ma, 2005; Shan and Sampath, 2005; Yastikli et al., 
2007; Chang et al., 2010). The photogrammetry and 
LiDAR techniques are preferred for larger scale DEM 
generation offering higher ground sampling distance 
(GSD) and vertical accuracy in local up to regional cov-
erage. But wider than regional coverage they are not 
operational according to high cost and time-consuming 
processing. Space-borne techniques could not provide 
DEM data as accurate as photogrammetry and LIDAR 
up to date but they offer larger coverage depending upon 
the orbital height in between 200–2000 km. By the ad-
vantage of high altitude, low cost, and time-saving 
processing, global DEMs were generated by Satellite 
pour l'observation de la Terre-5 (SPOT-5), the Advanced 
Space-borne Thermal Emission and Reflection Radi-
ometer (ASTER), and the Shuttle Radar Topography 
Mission (SRTM). Today, these global DEMs are used in 
wide range of applications (Betts et al., 2003; Yastikli 
and Jacobsen, 2003; Dongchen et al., 2004; Bahuguna 
and Kulkarni, 2005; Maune, 2007; Gianinetto, 2009; 
Martino et al., 2009; Yastikli, 2009; Carvalho et al., 
2010; Bullard et al., 2011; DeLong et al., 2012; Heck-
mann et al., 2012; Schneider et al., 2012). At this point, 
a significant question comes into the mind; which global 
DEM is superior to others? The answer of this question 
can be obtained by quantitative assessment which is still 
very popular and essential research topic for scientific 
community (Bolstad and Stowe, 1994; Li, 1994; Baldi et 
al., 2002; Cuartero et al., 2005; Erdogan, 2007; Aguilar 
and Mills, 2008; Hohle and Hohle, 2009; Hu et al., 2009; 
Aguilar et al., 2010; Esirtgen, 2011; Zhao et al., 2011; 

Hladik and Alber, 2012; Hobi and Ginzler, 2012). In 
general, the quantitative assessment is performed con-
sidering national standards, described by national map-
ping or/and military agencies of countries. But, many 
countries could not improve their own standards up to 
date. Due to this fact, some of national standards in de-
veloped countries such as United States (US) turn into 
international standards and used commonly.  

The primary objective of this paper is to assess the 
quality of the global DEMs derived from optical and 
SAR imagery. Experiments with the data from study 
area in Istanbul, which has various land classes and 
changing terrain slope, have been performed for quality 
assessment. The vertical accuracies (fundamental, sup-
plemental, and consolidated defined by NDEP of USA) 
of global DEMs from SPOT-5 HRS, ASTER, SRTM C 
band were computed using a reference DEM derived 

from 1∶1000 scaled digital photogrammetric maps.  

2  Materials and Methods 

2.1  Study area 
Considering aforementioned US national standards, a 
suitable study area for quantitative assessment was se-
lected, land classes were determined and required num-
ber of checkpoints was employed.  

The study area occupies 10 km × 10 km including 
Gaziosmanpasa, Kucukcekmece, Esenler and Eyup dis-
tricts of Istanbul, Turkey. This area has been chosen be-
cause it contains five different land classes as open land 
(19%), forest (15%), built-up land (32%), scrub (26%), 
and rough terrain (8%) except water-covered areas. The 
study area and land classes derived from Landsat image 
can be seen in Fig. 1. 

2.2  Data and processing 
The classification has been realized in two steps by Is-
tanbul Greater Municipality Metropolitan Planning and 
Urban Design Center by using Landsat images in 2005 
that have 30 m grid spacing. In first step, for the deter-
mination of probable land classes, unsupervised classi-
fication was performed considering the available Land-
sat Geocover data in 1990 and 2000. In second step, su-
pervised classification was realized on predetermined 
land classes by using the maximum likelihood method 
(Jia and Richards, 1994). Regarding the 30 m gridded 
Landsat images and complex land class structure of the 
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Fig. 1  Study area and land classes  

 
study area, principal component analysis (Munyati, 
2004) was used for the reduction of the correlation be-
tween the imaging bands. To validate the accuracy of 
classification, 300 points were collected from the dif-
ferent land classes of final product and compared with 
IKONOS image (1 m GSD) in 2005. An overall accu-
racy of 79% was obtained as a result of the performance 
evaluation of the classification. 

Based on the objectives of the study, the global sur-
face models derived from SPOT-5 high resolution 
stereoscopic, ASTER, ASTER Global DEM (GDEM) 
and SRTM C-band data were analyzed. Table 1 shows 
the grid intervals and production methods of these 
global models. SPOT-5 HRS DEM ensures data conti-
nuity with the previous SPOT missions and provides 
images at 5-m resolution with its two high resolution 
geometrical (HRG) instruments and new stereoscopic 
capabilities with the HRS instrument. A star tracker is 
used to get attitude measurements and therefore good 
image location. The HRS instrument has two telescopes 
and acquires stereo-pairs at a 90-second interval with 
120-km swath, along the track of the satellite, with 
height-to-base (h/b) ratio of about 0.8 (Baudoin et al., 
2003). Forward and backward acquisitions can not be 
performed at the same time. As a consequence, the 
maximum scene length that can be acquired is in the 
range of 600 km (~832 km altitude × 2 × tan20°). For-
ward and backward images are obtained in the same 
panchromatic (PAN) spectral band as for HRG. The size 

of the pixels on the ground is 10 m × 10 m. However, 
the HRS instrument has been designed for a GSD of 5 m 
along the track. In a direction close to the epipolar 
planes, this along-track over-sampling allows higher 
altimetric accuracy of the DEM to be obtained (Michalis 
and Dowman, 2004). 

The ASTER is capable to along-track stereoscopy. It 
uses two telescopes in its near infrared spectral band to 
acquire data from nadir and backward views and col-
lected over a million scenes in a global coverage (North 
83º to South 83º). Up to the end of 2008, the DEMs with 
80-m grid spacing were generated by using ASTER data. 
Afterwards, combining ASTER stereo-optical imagery, 
a Global DEM (GDEM) was generated, and in early 
2009 it was allowed to the scientific usage. This DSM 
has 1 arc-second (~30 m) grid interval. Nowadays, be-
sides SPOT-5 HRS DSM, ASTER GDEM is the most 
common global space-borne optical DSM for the appli-
cations in large areas by means of lower cost (Sefercik, 
2012). In this study, quantitative assessment was per-
formed by using both ASTER and ASTER GDEM to 
determine the probable accuracy differences. 

 

Table 1  Data sets assessment 

Data set Grid interval (m) Production method 

SPOT-5 HRS DEM 20 Optical stereoscopy 

ASTER DEM 80 Optical stereoscopy 

ASTER GDEM 30 Optical stereoscopy 

SRTM C-band DEM 90 Single-pass InSAR 
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Finally, the 90-m grid spacing SRTM C-band DSM 
produced by single-pass Interferometric SAR (InSAR) 
technique was assessed in the study. SRTM had been 
launched to generate high resolution, near-global and 
homogenous DEM of the Earth at 11 days. SRTM car-
ried two different types of antennas. One of them, the 
main transmitting and receiving antenna was located at 
the cargo bay of the shuttle having a length of 12 m. The 
other one, only receiving outboard antenna was located 
at the end of a 60-m long mast. The American C-band 
operated with a wavelength of 5.6 cm and was able for 
ScanSAR mode with 225-km wide swath. The generated 
height models are available only inside the USA with 1 
arcsec spacing and outside the USA reduced to 3 arc-   
second point spacing free of charge. The C-band had 
nearly a complete coverage of Earth between 60.25° 
northern and 56° southern latitude. The 94.6% of the 
mapped area was covered at least twice and approxi-
mately 50% at least three times (Sefercik and Jacobsen, 
2006). 

For the analyses, a 3-m original gridded reference 
DEM, produced between 2007 and 2009 within the 
scope of a large scale photogrammetry project of Istan-
bul Greater Municipality, was used. Figure 2 shows the 
colorful 3D representation of reference model, called as 
′DEM1000′ in the study.  

2.3  Quantitative assessment  
The national mapping or/and military agencies in dif-
ferent countries have their own specifications and stan-

dards for quantitative assessment of 3D Earth surface 
models. US national standards are considered in this 
study. In this section, the guidelines for quantitative as-
sessment of DEMs are summarized, based on US na-
tional map accuracy standards (NMAS), American soci-
ety of photogrammetry and remote sensing (ASPRS) 
accuracy standards for large scale mapping, the national 
standards for spatial data accuracy (NSSDA), federal 
emergency management agency (FEMA) and national 
digital elevation program (NDEP). 

The NMAS defines the vertical accuracy of the pub-
lished maps as a function of the horizontal accuracy 
(Bureau of the Budged, 1947). The vertical accuracy of 
contours should be such that not more than 10% of the 
elevations tested in the error more than one-half the 
published contour interval. The vertical accuracy is re-
lated to graphic contour maps with published scale and 
contour interval. ASPRS (1990) accuracy standards for 
large scale mapping specify that the vertical accuracy 
should define as the root mean square error (RMSE) in 
elevation in terms of project′s elevation datum for 
well-defined points only. A minimum of 20 check points 
should be tested which is well distributed in project area. 
The limiting RMSE in set by the standard should not 
exceed one-third the indicated contour interval for 
well-defined points. The maps are classified within lim-
iting RMSE of twice or three times for a class 1, class 2 
and class 3, respectively. The federal geographic data 
committee (FGDC) published NSSDA in 1998 which is 
relevant to all digital forms of the digital elevation data  

 

 
 

Fig. 2  3D reference DEM (DEM1000). Exaggeration factor is 2 for better interpretation 
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(FGDC, 1998). The NSSDA tests and reports the digital 
elevation data in ground distances at 95% confidence 
level. The evaluation method of DEM includes the 
computation of RMSE of height (RMSEZ) and Accuracy 
of height (AccuracyZ) in the terms of ground distances 
(feet or meters) which computed with well-defined con-
trol points. The first two standards, NMAS (Bureau of 
the Budget, U.S., 1947) and ASPRS (1990), specify the 
vertical accuracy in a general sense based on the contour 
interval but NSSDA defines the RMSEZ and AccuracyZ 
in the terms of ground distances (Maune, 2007). FEMA 
has published the guidelines and specifications for flood 
hazard mapping patterns (FEMA, 2003). The vertical 
accuracy is to be tested separately for each major land 
cover categories (such as open terrain, weeds and crops, 
scrub and bushes, forested and build up areas) with a 
minimum of three categories based on specifications. 
The minimum of 20 check points are required for each 
major land cover categories and check points must be 
selected in flat or uniformly slopped within 5 m in all 
directions. NDEP published the guidelines for digital 
elevation data in 2004 (NDEP, 2004). These guidelines 
supplement the NSSDA standards specifically for 
LIDAR and InSAR bare Earth elevation error. The 
minimum 20 check points in each of the major land 
cover types should be used for accuracy assessment 
which is determined by an independent source of higher 
accuracy that should be at least three times more accu-
rate than the data set being tested. Reporting of quanti-
tative assessment, digital elevation data has been devel-
oped. 

The quality of a 3D model can be assessed by many 
procedures. The most common procedure is the com-
parison with a reference 3D model. For this comparison, 
test model and reference model have to be in the same 
model type (DEM-DEM, DSM-DSM, etc.). This means 
that if the reference model is a DEM like in this study, 
test models have to be DEMs. Considering this rule, 
before quantitative assessment, global DSMs were con-
verted to DEMs by filtering non-terrain 3D objects by 
using RASCOR software (Day et al., 2013). At the as-
sessment, the concept of vertical accuracy comes into 
prominence. The calculation of vertical accuracy re-
quires prerequisites. The first circumstance of a correct 
vertical quantitative assessment is the exact horizontal 
overlap of tested DEMs and the reference DEM. Ac-
cordingly, the systematic horizontal offset between ref-

erence and tested data sets were checked before quanti-
tative assessment. The main cause of horizontal offsets 
is the DEMs with national coordinate systems, influ-
enced by local datum effects. Similarly, the stereo-   
images used for DEM generation may have horizontal 
offsets because of measured ground control points 
(GCPs) in national coordinates, used in geometric cor-
rection. 

3  Results and Analyses 

The computed horizontal offsets between tested DEMs 
and reference DEM are given in Table 2. The tested 
models were shifted based on these values which give 
an idea about their horizontal geo-location accuracies. 
Considering Table 2, the calculated offsets are different 
for each model and not in the same direction. This is an 
expected situation depending on geometric corrections 
of satellite data used for DEM generation. The biggest 
horizontal offsets exist for ASTER DEM, and the hori-
zontal location accuracy of subsequently produced 
ASTER GDEM is better than that of ASTER DEM.  

According to the NDEP and FEMA instructions, the 
reference DEM, used for comparison should be three 
times more accurate than the tested data and at least 20 
test points are required for each terrain class for the as-
sessment of its vertical accuracy. If these requirements 
are provided, quantitative assessment is conducted and 
reported in 95% confidence level. Consequently, before 
the assessment, the vertical accuracy of DEM1000 was 
tested against the GCPs. For this process, 96 triangula-
tion points from a global positioning system (GPS) 
network (C1, C2 and C3 types) of Istanbul have been 
used. The results showed that the RMSEZ for DEM1000 
is 1.45 m for general study area. Subsequently, separate 
analyses have been performed for each land cover types. 
Table 3 shows the RMSEZ values of DEM1000 for pre-
determined land classes considering 96 GCPs. 
 

Table 2  Horizontal shifts between tested DEMs and reference 
DEM 

Shift 
Tested DEM Reference DEM 

X (m) Y (m) 

SPOT-5 HRS DEM DEM1000 –6.17 –4.63 

ASTER DEM DEM1000 19.59 –31.26 

ASTER GDEM DEM1000 0.43 14.55 

SRTM C-band DEM DEM1000 –0.54 –16.28 
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accuracies of medium scale maps. ASTER GDEM is 
one step ahead in comparison with ASTER DEM and 

may be used for the generation of 1∶25 000–1∶50 000 

scaled maps or related applications. However, ASTER 
DEM provides only the vertical accuracy needs of 

1∶50 000–1∶100 000 scaled maps. 

5  Conclusions 

In this study, the quantitative assessment of SPOT-5, 
ASTER, and SRTM global DEMs were investigated in 
the study area including various land classes based on 
the specifications delivered by US FEMA and NDEP. 
The validations were performed by using FVA, SVA, 
and CVA based on the land classes. Despite having the 
largest point spacing, the FVA of SRTM C-band is supe-
rior to the others. SRTM has the advantage of data col-
lection from both ascending and descending orbits and 
single-pass interferometry that eliminates the atmos-
pheric de-correlation effects. In optical models, the per-
formance of SPOT-5 HRS DEM is better than ASTER 
GDEM and ASTER DEM thanks to information content 
derived from 5 m GSD PAN image-pairs. The result of 
ASTER GDEM is better than ASTER DEM.  

Overall, the vertical accuracies of tested global mod-
els provide the expected RMSEZ level from space-borne 
data. The SRTM C-band and SPOT-5 HRS DEMs have 
FVAs that satisfy the requirements of the maps that have 
10 m contour interval. In open areas, these models may 

be used for the generation of 1∶10 000–1∶25 000 

scaled maps and similar applications that need the ver-
tical accuracies in these levels. ASTER DEMs can not 

satisfy the needs of 1∶25 000 and larger scaled maps 

and only be used for the applications that need the ver-
tical accuracies of medium scale maps. ASTER GDEM 
and ASTER DEM may be used for the generation of 

1∶25 000–1∶50 000 and 1∶50 000–1∶100 000 

scaled maps, respectively. 
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