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Abstract
In space-borne remote sensing, one of the most significant tasks is the three-dimensional (3D) surface modelling performance
of optical and synthetic aperture radar (SAR) satellite missions. In this study, the quality of Sentinel-1A (S-1A) and Advanced
Land Observing Satellite (ALOS) World 3D 30 m (AW3D30) Digital Surface Models (DSMs) was comprehensively analysed.
In addition, 1 arcsec Shuttle Radar Topography Mission (SRTM) C-band DSM was validated for better interpretation of the
results. A project area including various land cover classes was selected in Istanbul, where a reference airborne laser scanning
DSM is available. Optimal S-1A interferometric wide (IW) swath SAR pairs were determined and a 15 m gridded DSM was
generated by interferometric processing. AW3D30 and SRTM DSMs were obtained from JAXA and NASA. In the analysis,
the absolute and relative vertical accuracies of the DSMs were validated for all land cover classes with a model-to-model
comparison to the reference. In addition, the influence of terrain tilt was investigated using a threshold terrain inclination of
tan−1 0.1 (5.7°). Height differences from the reference were visualized by colour-coded height error maps. Vertical profiles and
contour lines showed the morphologic character of the DSMs. The results demonstrated that the absolute vertical accuracies
and morphologic details of AW3D30 are superior to those of S-1A and SRTM.
Keywords Sentinel-1A · AW3D30 · SRTM · Airborne laser scanning · Digital surface model · Quality
Zusammenfassung
Validierung eines Digitalen Oberflächenmodells von Sentinel-1A und AW3D30 für die Metropolregion Istanbul, Türkei Bei
der weltraumgestützten Fernerkundung ist die dreidimensionale (3D) Oberflächenmodellierung aus Daten von Satellitenmissionen mit optischem Aufnahmesystem oder synthetischer Apertur (SAR) eine wichtige Aufgabe. In dieser Studie wurde
die Qualität eines digitalen 3D-Oberflächenmodells (DOM) aus Daten des Sentinel-1A (S-1A) und das Advanced Land
Observing Satellite (ALOS) World 3D 30 m (AW3D30) umfassend analysiert. Darüber hinaus wurde ein 1-BogensekundenShuttle-Radar-Topography-Mission (SRTM) C-Band DSM zur besseren Interpretation der Ergebnisse herangezogen. Als
Projektgebiet diente ein Ausschnitt Istanbuls mit verschiedenen Landbedeckungsklassen, in dem ein DOM aus Laserscannerdaten verfügbar war. Optimale S-1A Interferometric Wide (IW) Streifen-SAR-Paare wurden bestimmt, und ein 15 m
Raster-DOM durch interferometrische Verarbeitung erzeugt. AW3D30- und SRTM-DOM wurden von der JAXA und der
NASA bezogen. Die Analyse enthält eine Validierung der absoluten und relativen vertikalen Genauigkeiten der DOM für
alle Landbedeckungsklassen, erstellt mit einem Modell-zu-Modell-Vergleich mit der Referenz. Zusätzlich wurde der Einfluss
der Geländeneigung mit einem Schwellenwert von tan−1 0.1 (5.7°) untersucht. Höhenunterschiede zur Referenz wurden
durch farbcodierte Höhenfehlerkarten visualisiert. Vertikale Profile und Konturlinien zeigten den morphologischen Charakter
der DOM. Die Ergebnisse zeigen, dass die absoluten vertikalen Genauigkeiten und morphologischen Details von AW3D30
denjenigen von S-1A und SRTM überlegen sind.

B
1

2

Umut Gunes Sefercik
sefercik@beun.edu.tr
Department of Geomatics Engineering, Bulent Ecevit
University, Incivez St., 67100 Zonguldak, Turkey
IMP-BIMTAS, Istanbul Metropolitan Municipality,
Mesrutiyet St., 34430 Istanbul, Turkey

3

Institute of Photogrammetry and Geoinformation, Leibniz
University Hannover, Nienburger St., 30167 Hannover,
Germany

123

PFG – Journal of Photogrammetry, Remote Sensing and Geoinformation Science

1 Introduction
Space-borne data acquisition is performed according to passive and active sensing principles. Passive sensing is sun
dependent and operates with optical sensors, while active
systems use their own illumination and operate with radar or
laser technologies. Object interpretation is simpler in optical
space images from high performance digital cameras, which
provide high spatial, spectral and radiometric resolutions;
however, sun-dependent systems are only operational during daylight and require cloud-free conditions. In contrast to
space-borne optical imaging, synthetic aperture radar (SAR)
technologies are independent of weather conditions due to the
longer wavelength penetration of clouds. With these advantages, SAR systems allow rapid mapping (Dell’Acqua and
Gamba 2010; Chen et al. 2010; Gan et al. 2012; Zhang et al.
2012).
In this study, SAR and optical satellite data from Sentinel1A (S-1A), SRTM and ALOS PRISM are analysed. In the
literature, data from these satellites are used in varying
applications, such as global urban mapping with millimetre internal accuracy by applying InSAR analysis to S-1A
images, which can be obtained within a shorter observation
time frame (Rucci et al. 2012; Jacob and Ban 2015); generating a global 30 m mesh of three-dimensional (3D) models;
and validation using ground control points (Tadono et al.
2016; Santillan and Makinano-Santillan 2016). The missions
are capable of providing digital surface models (DSMs) that
include points of the visible surface. DSMs are among the
most demanded space-borne remote sensing products and are
utilized for several applications, such as creating perspective
views and relief maps and generating ortho-images, as well
as disaster monitoring and management, geographic information systems, agriculture, forestry and hydrology (Fraser
2003; Ranganath et al. 2007; Christie et al. 2009; LópezQuiroz et al. 2009; Font et al. 2010; Schmidt and Persson
2003; Stereńczak and Kozak 2011; Jain and Singh 2005).
S-1A data are completely free and available through Copernicus, which is the new name of the Global Monitoring for
Environment and Security programme (GMES) of the European Space Agency (ESA), since 2014. AW3D30 and SRTM
C-band DSMs have also been freely available since 2016
and late 2014, respectively, through the Japan Aerospace
Exploration Agency (JAXA) and United States National
Aeronautics and Space Administration (NASA). AW3D30,
as well as the SRTM C-band DSM, is available with 1 arcsec grid spacing, on average, corresponding to approximately
27 m in the project area.
One of the most significant inquiries about S-1A and
AW3D30 is their performance in 3D world modelling. We
contribute to this issue by performing model-to-model validation in relation to a 5 m gridded airborne laser scanning
(ALS) DSM. In the literature, due to the novelty of the
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data sets, detailed analyses of S-1A together with AW3D30
and SRTM in relation to precise reference data are missing.
Hu et al. (2017) investigated some global DSMs in Hubei
Province, China, while Nikolakopoulos and Kyriou (2015)
analysed an S-1A DSM in Greece, but neither addressed
precise reference data or difficult built-up areas (Hu et al.
2017; Nikolakopoulos and Kyriou 2015). Takaku et al. (2014)
described the generation of AW3D30, and Tadono et al.
(2016) validated the accuracy of AW3D30 DSM in relation to
90 m SRTM DSM which is as not as accurate as AW3D30 as
shown below (Takaku et al. 2014; Tadono et al. 2016). Jacobsen (2016a, b) analysed AW3D30 in some test areas resulting
in a higher absolute vertical accuracy than SRTM. We aim
to fill the gap in the literature by performing a comprehensive accuracy analysis of S-1A, SRTM and AW3D30 DSM,
including detailed statistical and visual approaches based on
precise ALS references in varied land cover classes.
This paper is organized as follows: the project area and
data used are explained in Sect. 2, DSM generation and the
validation methodologies are given in Sect. 3, and results are
presented in Sect. 4, followed by the discussion and conclusions in Sects. 5 and 6.

2 Project Area and Data Used
One of the main targets of the space-borne satellite missions
is global urban mapping (Jacob and Ban 2015). Urban areas
include several difficult features, such as dense buildings
with varied heights and narrow streets, which are the problematic components of an interpolation-based raster DSM.
According to land cover classes, the National Digital Elevation Program (NDEP) of the United States defines the
vertical accuracy of DSM using three different accuracy
types: fundamental vertical accuracy (FVA), supplemental
vertical accuracy (SVA), and consolidated vertical accuracy
(CVA). FVA is calculated based on results in open areas. In
this case, the FVA of a DSM is identical for both the digital elevation model (DEM) and digital terrain model (DTM),
which only represent the 3D bare topography. SVA represents the vertical accuracy of DSM of other individual land
cover classes, and CVA is the arithmetic mean of all the classifications included in the study area (Sefercik et al. 2015),
which means that to intrinsically estimate the DSM quality,
FVA is insufficient and the performances in other land cover
classes have to be considered. In terms of these concepts, a
22.5 km × 25 km urban dominant project area is preferred in
Istanbul, Turkey that includes the four major terrain classes of
open, built-up, forest and water. It has a hilly to mountainous
topography, with elevations of up to 335 m above sea level,
which is important for determining the influence of the terrain slope on the vertical accuracies of the DSMs. Figure 1
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Fig. 1 Project area on a
Sentinel-1A IW master image

shows the project area in the master S-1A interferometric
wide (IW) swath SAR image.
In interferometric DSM generation, considering the baseline estimation parameters and image characteristics, the
most suitable InSAR-pair has to be handled to achieve the
best quality DSM. In this study, we were able to analyse several InSAR-pairs of S-1A because it is free. Table 1 includes
the details of the selected S-1A master and slave IW swath
InSAR-pair. The Sentinel-1 IW image geometry is different
from those of previous SAR missions and provides a 250 km
swath width. An IW image consists of three sub-IW images,
named IW-1, IW-2, and IW-3, and each IW image has nine
bursts, which are achieved by the novel Terrain Observation
by Progressive Scans (TOPS) method (De Zan and Monti
Guarnieri 2006; Yague-Martinez et al. 2016). This means that
one Sentinel-1 IW image contains 27 bursts. To establish a
whole IW image, these bursts are combined with a de-burst
technique. Used master and slave InSAR-pair had only one
period (12 days) temporal baseline and was obtained in summer season. The azimuth and range resolutions, polarization
modes, and pass directions of the images are equal. In addition, the incidence angles of the IW swaths are approximately
39° for both.
In addition to the general difference between synthetic
aperture radar (SAR) and optical imaging, the height determination by interferometry of InSAR and matching of optical
images are also fundamentally different. Sentinel-1 InSAR

uses the wave structure of the C-band with a 5.5 cm wavelength, requiring a small base to avoid de-correlation. The
data set used has a baseline of approximately 86 m.
Reversing the standard deviation of height (σ Z ) based on
the optical images of ALOS-PRISM, which are panchromatic
images with wavelengths from 0.51 to 0.77 μm, and based
on geometric optics, the simple geometric relation can be
expressed by Eq. (1) (Jacobsen 2007):
σ Z  Spx ×

h
,
b

(1)

where S px is the standard deviation of the x-parallax (px 
the difference of corresponding image positions in the base
direction), h is the flying height above the ground, and b
is the imaging base, which is the distance between projection centres in space. This equation indicates that with a large
base, SZ becomes smaller. ALOS PRISM utilizes along-track
stereo-imaging with a 35 km swath. PRISM has forward,
backward and nadir cameras. The linear dependency of σ Z
on the height to base relation, as shown by the above formula, is bound by the fact that image pairs with a smaller
base are more similar, reducing S px . Nevertheless, the combination of the forward and backward cameras of PRISM has
a height to base relation of 1.0, corresponding to a very large
angle of convergence. At least for open areas, this is optimal;
for mountainous and built-up areas, the combination of the
inclined cameras and the nadir cameras avoids some prob-
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Table 1 Characteristics of the
Sentinel-1A master and slave
InSAR-pair that are used

Characteristics

S-1A_IW master image

S-1A_IW slave image

Sensor ID

SAR-C

SAR-C

Sensor mode

Interferometric wide

Interferometric wide

Start (d-m-y)/time (h:m:s)

05-JUL-2016/04:13:54.037

17-JUL-2016/04:13:59.145

End (d-m-y)/time (h:m.s)

05-JUL-2016/04:14:21.010

17-JUL-2016/04:14:25.263

Polarization channel and mode

VH + VV (dual)

VH + VV (dual)

Pass direction

Descending

Descending

Incidence angle of IW swath

38.987°

38.907°

Resolution—slant range

9.318 m

9.318 m

Resolution—ground range

14.836 m

14.836 m

Resolution—azimuth

13.888 m

13.889 m

Scene size

185 km × 250 km

185 km × 250 km

Fig. 2 Imaging geometries of
S-1A (left) and ALOS PRISM
(right)

lems. However, it needs to be noted that AW3D30 does not
use only one image triplet, instead all of the available cloud
free triplets are considered—in the project area, an average
of 5 PRISM triplets is used for any point height. The different
imaging configurations of S-1A and ALOS PRISM are presented in Fig. 2. S-1A uses repeat-pass InSAR with a 250 km
swath width.
The data used in the project were accessed free of charge
from the websites of the producers. S-1A IW images were
obtained from the Copernicus open access hub of the ESA.
AW3D30 DSM was obtained from JAXA, and SRTM, also
with 1-arcsec point spacing (~ 27 m in project area) Cband DSM, was acquired from the United States Geological
Survey (USGS) Earth Explorer, which is supported by the
National Aeronautics and Space Administration (NASA).
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3 Methodology
3.1 Generation of DSM with S-1A InSAR
S-1A DSM was generated by applying interferometric processing steps in the Sentinel Application Platform (SNAP)
and was improved by ESA for S-1A data processing. Table 2
shows the baseline estimation parameters of the selected
InSAR-pair. In this table, the normal baseline and 2π ambiguity height are the most important parameters. The normal
baseline is the distance between two corresponding positions
of the S-1A SAR antenna in repeat-pass interferometry and
is perpendicular to the master and slave orbits, which are
computed with the given orbital parameters. For a satisfying interferometric DSM, the normal baseline is important.
An optimal value maximizes the signal-to-noise ratio (SNR)
(Bamler 2006; Ferretti et al. 2007). For the latest SAR mis-
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Table 2 Baseline parameters of the Sentinel-1A InSAR-pair used
Baseline parameters

Values

Normal baseline

− 86.2 m

Critical baseline

6448.5 m

2π ambiguity height
Range shift
Azimuth shift
Doppler centroid difference
(critical: − 486.486)

180.5 m
6.8 pixels
− 1817.8 pixels
− 25.7 Hz

sions, such as TerraSAR-X and Cosmo-SkyMed, the normal
baseline should be between approximately 50 and 500 m for
the InSAR-pairs. The height difference of an interferometric fringe (2π cycle) is inversely proportional to the normal
baseline (Gatelli et al. 2009). Defining and delineating small
changes in height become more difficult with a larger baseline.
The interferometric workflow used in SNAP for S-1A
DSM generation is given in Fig. 3. The IW mode captures
three sub-swaths by the Terrain Observation with Progressive
Scans (TOPS) method. In TOPS, the electronically rotated
beam scans from backward to forward in the azimuth direction, steering the range of ScanSAR. TOPS has the same
coverage and resolution as ScanSAR, with a nearly uniform
SNR and Distributed Target Ambiguity Ratio (DTAR) (De
Zan and Monti Guarnieri 2006).
As the first step of the interferometric process, the
master and slave images of S-1A were co-registered. By
co-registration, the master and slave images were identified
and the IW swaths, available as three (IW1 + IW2 + IW3) per

image, were imported individually. Our study area is completely covered by IW1, which is why only TOPSAR-Split
of IW1 was co-registered. If the whole S-1A image needs to
be handled, the IWs should be de-bursted and merged into
one IW. After selecting the IWs, the information of the satellite orbit during the acquisition was automatically applied.
Orbit information is given in two ways, as precise and restituted. The next step in co-registration is back-geocoding,
for which a coarse DSM is needed. In the interferometric
processing workflow, a coarse DSM can be used for varied
purposes, such as facilitating phase unwrapping by removing
as much of the low resolution topographic phase as possible
and calibrating the interferogram phase by providing a height
template for a fitting process (Seymour and Cumming 1997).
During InSAR processing, SRTM was used as a coarse DSM
provided by SNAP. In interferogram generation, the phase of
each SAR image pixel depends on the difference between
the orbit paths of the two SAR scenes to the considered resolution cell. The phase was estimated using Eq. (2) and the
Flat-Earth effect was determined and eliminated via interferogram flattening (Eq. 3) (Veci 2016). After interferogram
generation and flattening, TOPS were de-burst and filtered by
the Goldstein algorithm, as shown by Eqs. (4) and (5) (Goldstein and Werner 1998). Filtering is based on the concept
of multiplying the Fourier spectrum of a small interferogram
patch by its smoothed absolute value to the power of an exponent α, where α is the adaptive filter parameter, u and v are
2
the frequency variables,Z (u, v) is the Fourier spectrum, σu,v
is the effective bandwidths, and ρ is the slant range.

Fig. 3 Interferometric DSM generation workflow
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ϕ  ϕflat + ϕelevation + ϕdisplacement
+ ϕatmosphere + ϕnoise ,

ϕflat  −

(2)

4π Bn S
,
λ R tan θ

(3)

H (u, v)  |Z (u, v)|α ,
⎧
⎨

Z (u, v)  ex p −
⎩

u2
σu2

(4)
−

2uv
σu σv

u2
σu2

+

2(1 − ρ 2 )

⎫
⎬
⎭

.

(5)

Filtering was followed by phase unwrapping by the Snaphu software developed by Stanford University (Chen and

Table 3 Selected parameters for
interferometric processing in
SNAP

3.2 Terrain Classification
To assess the influence of land cover on the quality of the
tested DSMs, the project area was classified into four groups,

Processing step

Parameter

Preferred value

S-1A TOPS co-registration

Sub-swath

IW-1

Polarization

VV

Interferogram formation

Orbit state vectors

Sentinel precise

DSM

SRTM 3 arcsec

DSM resampling method

Bilinear interpolation

Degree of ‘Flat-Earth’ polynomial

5

Number of ‘Flat-Earth’
Estimation points

501

Include coherence estimation

Applied

Orbit interpolation degree

3

Square pixel

Applied

TOPS de-burst

Polarization

VV

Goldstein phase filtering

Adaptive filter exponent in (0,1]

1

FFT size

64

Window size

3

Snaphu export

Use coherence mask

Applied

Coherence threshold in [0,1]

0.35

Statistical-cost mode

TOPO

Initial Mode

Minimum cost flow

Number of tile rows

30

Number of tile columns

30

Number of processors

8

Row overlap

0

Column overlap

0

Tile cost threshold

500

Snaphu import

Read unwrapped phase

Unwrapped_*.hdr

Phase to elevation

DSM

SRTM 3 arcsecond

DSM resampling

Bilinear interpolation

DSM

SRTM 3 arcsecond

Range Doppler terrain correction
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Zebker 2000). The Snaphu export was used in SNAP to visualize the unwrapped phase. The conversion of unwrapped
phase to elevation and geocoding, Range Doppler orthorectification process was performed. This process utilizes
the orbit state vector information in the metadata or external
precise orbit, radar timing annotations, and slant to ground
the range conversion parameters together with the reference
DSM data to derive precise geolocation information. The
parameters, applied during the interferometric processing
steps, are presented in Table 3.

Image resampling

Bilinear Interpolation

Pixel spacing (m)

15

Map projection

UTM in WGS84
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Fig. 4 Land cover classes in the project area: a open area (4.56%), b built-up area (55.69%), c forest (28.85%), and d water bodies (10.90%)

open area, built-up area, forest and water bodies, by vectorization and classification of Google Earth data. As shown in
Fig. 4, the dominating class is the built-up area, which covered 55.69% of the area. Water bodies covering 10.90% of
the area were not used in the accuracy analysis.

3.3 Location Correction of DSMs
In most cases, DSMs may have X, Y and Z shifts that are
caused by orientation uncertainties and geodetic datum problems. These shifts have to be analysed and corrected before
use and analysis. A horizontal shift influences the height by
DZ  DL × tangent (terrain inclination), with DZ as the vertical difference and DL as the horizontal shift. The analysed
height models were completely overlapped, allowing a determination and correction of the shift values (Jacobsen 2005).
By use of the program DEMSHIFT (digital elevation model
shifting), generated by Leibniz University Hannover, S-1A,
SRTM and AW3D30 DSMs were shifted to the reference
ALS DSM by area-based cross-correlation. Due to the high
number of corresponding points, the shifts listed in Table 4
were determined using the standard deviations in X and Y
(SX and SY) over the range of 1 up to 2 cm. The considered
shifts were not very large; nevertheless, they were checked
and corrected.

3.4 Accuracy Analysis
Accuracy analysis of DSM was performed by comparison
with a reference height model or a group of reference height
points. All the factors that influence accuracy have to be con-

Table 4 Horizontal shifts of the analysed DSMs in relation to airborne
laser scanner references
Reference
DSM

Shifted DSM

X (m)

ALS (5 m)

S-1A

Y (m)

− 1.90

1.24

AW3D30

1.40

− 1.36

SRTM

6.74

− 0.97

sidered, e.g. terrain inclination and land cover classes. The
Greater Municipality of Istanbul performed laser scan flights
in 2012 and 2013, covering 5400 km2 with 16 points/m2 .
The ALS reference DSM that was used, which has a 5 m
grid spacing, is a reduced set of the data from these flights,
covering the whole project area with an absolute vertical accuracy of approx. 15 cm (Sefercik et al. 2017). The
program DEMANAL (digital elevation model analysis), by
Leibniz University Hannover, was used to determine several
accuracy metrics and dependencies as well as the root-meansquare height differences (RMSZ) and standard deviation of
the height discrepancies (SZ). For normally distributed discrepancies, the SZ (Eq. 6) has a 68% probability level. The
terrain inclination was limited, so the standard deviation of
the Euclidean distance (shortest distance of a point to the
reference height model) was only slightly below SZ.

n
2
i1 (Z i − μ)
,
(6)
SZ 
n−1
where n is the number of compared points, μ is the bias
(arithmetic mean of the height differences) and Z is the
height differences between the analysed and reference models. In addition to SZ, the normalized median absolute
deviation (NMAD) was used as another accuracy indicator.
NMAD is the derivative of the median absolute deviation
(MAD), which is a robust measure of the variability of a
univariate sample of quantitative data. MAD and NMAD
were calculated by Eqs. (7) and (8), where x̃ j is the
median of the univariate data set of the height discrepancies
(Z1 , Z2 , Z3 , . . . Zn ) and x̃i is the median of the absolute values of the height discrepancies from x̃ j . MAD was
normalized by multiplication with factor 1.4826 to generate
NMAD. In case of normally distributed height discrepancies, NMAD is identical to SZ, but in reality and not under
the same accuracy conditions, such as those caused by different terrain inclinations and larger discrepancies and, in most
cases, NMAD is smaller than SZ. The normal distribution
based on NMAD fits the real frequency distribution well, in
the normal distribution based on SZ (Fig. 7).
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MAD  x̃i Z i − x̃ j (Z j )

(7)

NMAD  1.4826 × MAD.

(8)

SZ and NMAD of all classes were computed with and
without the influence of the terrain slope using a slope threshold of tan−1 0.1 (5.7°). For the analysis, a threshold of DZ 
50 m was used to avoid the influence of blunders. The amount
of these points was in the range of 0.1–0.2% (Table 5). For
the visualization of height discrepancies, colour-coded height
error maps (HEMs) were generated according to Eq. (9)
(Fig. 11):
HEM  DSMreference − DSManalyzed .

(9)

The relative vertical accuracy is another accuracy indicator and shows the interior consistency of a DSM in relation
to the neighbouring points. The relative vertical accuracies
of S-1A, AW3D30 and SRTM were calculated according to
Eq. (10), where D represents the distance groups and Dl and
Du are the lower and upper distance limits. In this study,
for each point, the distance ranges up to point spacing time
10 was used; therefore, the distance groups vary from the
5 m to 50 m based on the 5 m gridded ALS reference. nz
indicates the number of point combinations in the distance
group. A factor of multiplication of 2 with nz was used for
the normalization of the relative vertical accuracy to SZ. If
the height differences of the neighboured points were independent, corresponding to the error propagation, the relative
SZ was larger than SZ by the square root of 2.0, which is
respected by 2 × nz:

Relative vertical accuracy 

(Dz i − Dz j )2
,
(2 × nz)

Dl < D < Du .

(10)
The morphologic quality was determined by profiles
through the DSMs (Fig. 9). It was also possible to determine
the morphologic quality using contour lines, which include
similar information to the profiles (Fig. 10).

4 Results
4.1 Generated DSMs
The reference ALS DSM and tested S-1A, AW3D30, and
SRTM DSMs are shown in Fig. 5. In Fig. 5a, the level of
detail of the reference ALS model is obvious in a randomly
selected urban area.
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4.2 DSM Accuracy
Table 5 shows the vertical accuracies of the analysed DSMs
in relation to the reference ALS DSM including the influence of terrain tilt. Figure 6 gives a quick overview of the
achieved accuracy numbers. As is well known, water surfaces
are error sources for space-borne imagery due to their unrealistic height values. Mainly, stagnant water surfaces cause a
mirror effect in SAR imaging. This situation can be clearly
seen in the height error maps of the InSAR data (Fig. 11).
The whole area excluding the water surfaces is named the
“no water area”, with a coverage of 89.10%. Open areas are
generally the most reliable land class because they do not
temporally change (Sefercik et al. 2015). In addition, the vertical accuracy of open areas was also identical for both the
DEM and DTM. In open areas, the absolute vertical accuracies of S-1A, AW3D30 and SRTM based on SZ were 5.56,
5.35 and 5.90 m, respectively. These values for uninclined
open areas were 5.07, 4.89 and 5.36 m, respectively. Considering NMAD, for all the terrain tilts, the results were 3.46,
2.54 and 3.85 m, while they were 3.22, 1.98 and 3.41 m for
uninclined areas, respectively.
The frequency distributions of the height discrepancies
with overlaid normal distributions based on SZ and on
NMAD are shown in Fig. 7. For all the evaluated DSMs, the
minimum and maximum frequency, SZ and NMAD values
were between ± 24 m. Depending on the grid intervals, the
number of points in the S-1A representation was four times
greater than those of AW3D30 and SRTM. All the models
have a symmetric structure that has a normal distribution.
The dense part of the height differences was located between
± 12 m for all the models. The frequency of AW3D30 had a
clear peak at zero.
The relative vertical accuracies of the validated DSMs
are shown in Fig. 8. The values were between 3.5 and
6.5 m for the no-water area and built-up area, which is
the dominant layer, representing 55.69% of the area. The
open and forest areas had similar trends, and the relative
vertical accuracies were between 2.5 and 5.5 m. The vertical profiles, which explain the accuracy characteristics of
Table 5 and Fig. 6, are given in Fig. 9. The selected section (p–p ) for vertical profile analysis was 1600 m long
and included the three terrain classes of open, built-up and
forest. The objects in the selected section had orthometric
heights from 0 to 150 m. The buildings had sudden height
changes, which can clearly be seen in the reference ALS
profile.
As in the profiles, the contour lines in Fig. 10 show the
morphologic details with a 50 m contour interval. The ALS
contours even show contours around buildings, which is not
possible with the resolution of the other height models. For
visual representation of the height errors in comparison with
those in the ALS reference DSM, the generated HEMs of
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Fig. 5 DSMs used: reference ALS DSM (a), S-1A DSM (b), AW3D30 DSM (c), and SRTM DSM (d)

Table 5 Accuracy numbers of the analysed DSMs (α  terrain slope)
Ref. DSM

ALS (5 m)

Tested DSM

S-1A (15 m)

Land class

SZ (m)

NMAD (m)

Excluded points
DZ > 50 m (%)

SZ all terrain
tilts

SZ α
< tan−1 0.1

NMAD
all-terrain
tilts

89.10

5.64

5.25

4.60

3.60

0.09

4.56

5.56

5.07

3.46

3.22

0.13

Built-up

55.69

6.03

5.45

4.83

3.78

0.06

Forest

28.85

5.05

5.54

4.31

3.67

0.14

No-water area

89.10

6.28

5.43

4.56

3.07

0.19

No-water area
Open

AW3D30
(30 m)

Ratio (%)

Open
Built-up
Forest
SRTM (30 m) No-water area
Open

NMAD α
< tan−1 0.1

4.56

5.35

4.89

2.54

1.98

0.15

55.69

6.68

5.77

5.05

3.66

0.08

28.85

5.66

4.63

4.28

2.43

0.07

89.10

6.19

5.59

5.23

3.95

0.10

4.56

5.90

5.36

3.85

3.41

0.14

Built-up

55.69

6.49

5.39

5.61

3.95

0.06

Forest

28.85

5.78

5.06

6.00

4.11

0.14
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Fig. 6 Vertical accuracies (m)

Fig. 7 Frequency distribution of
the height discrepancies with
overlaid normal distributions
based on SZ and NMAD

all the models are given in Fig. 11. In the HEMs, the red
(mainly stagnant water areas) and purple (dense built-up
areas) colours observed in the scale are the most error-prone
regions, as represented by the ± 15–21 m absolute vertical
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accuracies. The dominant green regions are in agreement
with the reference ALS model, with an absolute vertical accuracy between ± 3 m. The water surfaces were masked as black
in the HEMs.
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Fig. 8 Relative accuracy as a
function of the point distance up
to 50 m

Fig. 9 Vertical profiles of the
reference DSM and the tested
DSMs

5 Discussion
An important finding of this study is that AW3D30 DSM
is more successful than S-1A DSM. The sequence of the
absolute vertical accuracy is AW3D30 > S1A > SRTM in
comparison with the ALS reference DSM (Sefercik et al.
2015). AW3D30 has as additional file that includes the number of used stacks (the number of ALOS PRISM image
combinations). In the study area, an average of five stacks
per object point was used, but the variation of the num-

ber of stacks was too limited, so no dependency of the
AW3D30 accuracy on the number of stacks was observed.
The influence of approximately 3 years between the acquisition dates of the S-1A and the reference ALS data should
also be considered in the fast developing Istanbul metropolitan area.
The study area is dominated by built-up areas, which are
difficult to be described by DSMs that have 15 m and 27 m
point spacing. In the open area, there is a clear sequence
of accuracy, with the best results generated by AW3D30,
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Fig. 10 Contour lines of a
sub-area with a 50 m contour
interval

Fig. 11 HEMs of the no-water area with the colour scale of differences compared to ALS

followed by S-1A DSM (Table 5). The results for the whole
area are negatively impacted by the water surfaces, which do
not have realistic height values, so the water surfaces were
excluded from the analysis. For the no-water area (89.10%),
S-1A DSM shows partially better results than AW3D30. With
one exception, SRTM is less accurate—this may have been
caused by changes in the fast developing city of Istanbul since
2000 and the 30 m × 20 m ground sampling distance (GSD)
of the satellite.
The ground control point (GCP)-based absolute vertical
accuracy results of S-1A, AW3D30 and SRTM DSMs presented in Nikolakopoulos and Kyriou (2015) and Santillan
and Makinano-Santillan (2016) are slightly larger than our
findings. In Nikolakopoulos and Kyriou (2015), the absolute vertical accuracies of S-1A and AW3D30 are very close
and presented as approx. 7.8 m. In Santillan and MakinanoSantillan (2016), the absolute vertical accuracies of AW3D30
and SRTM were estimated as approx. 5.68 and 8.28 m,
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respectively. In comparison with these GCP-based studies, the model-to-model-based validation approach is more
realistic because it includes all of the pixels of the evaluated DSMs in the absolute vertical accuracy assessment.
In Hu et al. (2017), a model-to-model-based validation was
performed for AW3D30 and SRTM DSMs. In that study,
1:50,000-scaled Chinese basic geographic information products were utilized as the reference data, and the absolute
vertical accuracies were separately achieved for plain, hilly
and mountainous regions. The results for AW3D30 DSM
were 2.3, 9.9 and 18.9 m for the plain, hilly and mountainous
regions, respectively, while they were 1.7, 11.3 and 21.3 m
for SRTM 3. These results also show the better performance
of AW3D30 compared to SRTM.
In Istanbul Metropolitan Area, our research group has
also previous findings with varied optical and SAR DSMs
based on model-to-model comparison approaches utilizing
reference DSMs. In Sefercik and Soergel (2010), the qual-
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ities of high-resolution IKONOS (1 m) and TerraSAR-X
Spotlight (1 m) DSMs are validated based on comparison
with a photogrammetric reference DSM in building dominant
Historical Peninsula of Istanbul where the vertical absolute
accuracies are determined as 7.04 and 7.09 m, respectively.
In Sefercik (2012), the vertical absolute accuracy of ASTER
GDEM (30 m) was detected as 6.07 m in the whole city
area. In Sefercik et al. (2013), a Worldview-2 DSM is generated (3 m) and assessed based on photogrammetric and ALS
reference DSMs in the Northern part of Istanbul and FVAs
are obtained as 1.57 m and 0.9 m, respectively. In Yastikli
et al. (2014), SPOT-5 HRS (20 m), ASTER (80 m), ASTER
GDEM (30 m) and SRTM C-band (90 m) DSMs were compared in a part of Istanbul and the FVAs were achieved as
4.25, 6.65, 5.33, and 3.69 m, respectively, in comparison with
photogrammetric reference DSM. In Sefercik et al. (2015),
the high-resolution TerraSAR-X and Cosmo-SkyMed Spotlight DSMs are compared utilizing a reference ALS DSM
in a dense built-up area and FVAs are determined as 8.04
and 8.51 m, respectively (Sefercik and Soergel 2010; Sefercik 2012; Sefercik et al. 2013; Yastikli et al. 2014; Sefercik
and Yastikli 2016). All these results in our previous studies demonstrate that the vertical absolute accuracies of S-1A
and AW3D30 DSMs are not worse than IKONOS, ASTER
GDEM and next-generation SAR satellites TerraSAR-X and
Cosmo-SkyMed for Istanbul study area.
Considering all the frequency distributions (Fig. 7), the
overlaid normal distribution based on NMAD fits the frequency distribution better than the normal distribution based
on SZ, which means that NMAD describes the accuracy better than SZ. All the frequency distributions have a positive
kurtosis—the frequency distribution in the centre is higher
than the normal distribution—with values between 1.7 and
2.5, which may be explained by the mixture of groups with
different accuracies. All the frequency distributions have a
positive skewness, with values between 0.12 and 0.48, which
means that the frequency distribution is not completely symmetric.
The relative accuracy of S-1A (Fig. 8) is better than those
of the other DSMs and is distinct from the absolute accuracies shown in Table 5 and Fig. 6. AW3D30 DSM has
the highest absolute accuracy (Table 5), but not the highest relative accuracy. As shown in Fig. 9, AW3D30 is better
following buildings, but with 27 m average point spacing, it
cannot provide information on the building details, leading
to larger discrepancies in neighbourhoods. By contrast, as
SRTM and S-1A smooth the height model, similar discrepancies are observed in the neighbourhood, causing a higher
relative accuracy. In the built-up area and in the forest area,
neighboured points are correlated as points with a distance of
50 m, which can be explained by the roughness of the DSM.
The vertical profiles (Fig. 9) explain the accuracy characteristics of Table 5 and Fig. 6. ALS DSM shows the visible

surface, including the buildings and forest. AW3D30 only
has 1 arcsec point spacing, corresponding to approximately
27 m, but it is based on DSMs from ALOS PRISM, which
have a 2.5 m GSD. With a 2.5 m GSD, the buildings can
also be described, but the point spacing of the free of charge
version is reduced against the commercial version of AW3D,
which has 10 m point spacing. Nevertheless, with 27 m point
spacing, building groups can be described, as shown in Fig. 9.
Regarding the contour lines of a sub-area with a 50 m
contour interval (Fig. 10), the AW3D30 contours fit the
ALS details better than S-1A, while the SRTM contours
are slightly smoother. The reason for this situation is the
originally higher GSD of AW3D30 in comparison with the
interferometric width swath S-1A images. S-1A DSM is generated by C-band (5.5 cm wavelength) radar images, which
have a 14.8 m ground resolution. S-1A is more modern than
the SRTM C-band radar (5.6 cm wavelength), which has a
ground resolution of 30 m × 20 m. Nevertheless, the 15 m
spacing of S-1A DSM shows a very similar behaviour to that
of SRTM DSM, which has 1 arcsec point spacing, corresponding to 27 m in the study area.
In the HEMs (Fig. 11), the red spots in the upper, slightly
left part seem to be similar to those in S-1A and the
SRTM DSM, while there are fewer, sharper and clearer red
spots in AW3D30. Additionally, the most erroneous purple
regions, which correspond to built-up areas, are less frequently observed in AW3D30, which means that although
it has a 1-arcsec (27 m) grid spacing, the representation ability of AW3D30 is better than that of S-1A because of the
2.5 m ALOS Prism images.

6 Conclusion
For the study area, which is dominated by built-up areas of
the city of Istanbul, a height model was generated with a
Sentinel-1A interferometric wide swath radar image combination, which had a 1 period (12 days) temporal baseline.
With an SAR ground resolution of 14.8 m from using the
ESA toolkit SNAP, a digital surface model with 15 m point
spacing was generated. For comparison, the free of charge
available DSMs from AW3D30 and SRTM, which have 1 arcsec point spacing, on average, corresponding to 27 m in the
study area, were utilized. As a reference, an airborne laser
scanner DSM with 5 m point spacing was used.
The NMAD values for the whole area and for the different land cover classes indicate the high accuracy potential
of all the sensors used. The standard deviations are clearly
larger than those of NMAD, which is caused by the larger
percentage of large height discrepancies, as shown by the
frequency distributions. These larger discrepancies may be
caused by buildings, which cannot be described precisely by
DSMs, which have 15 and 27 m point spacing. As is common,

123

PFG – Journal of Photogrammetry, Remote Sensing and Geoinformation Science

the accuracy values for all the terrain inclinations combined
are not as good as for terrain with up to a 5.7° inclination. To
avoid accuracy loss due to the influence of the water surfaces,
they were artificially fixed to Z  0.0 m, and the results are
shown for the no-water areas and the other three land cover
classes. For open area, accuracy usually increases, as it was
also the case here.
Although they had a 14.8 m ground range resolution, satisfying results were achieved from Sentinel-1A data in this
difficult city area, which has a rolling up to partially mountainous topography. Sentinel-1A DSM is better than SRTM
DSM, which is based on a larger ground range resolution and
not the actual due to data acquisition in the year 2000. Of
course, with the 2.5 m GSD of ALOS PRISM, higher accuracy and morphologic details were obtained for AW3D30
DSM, but it must be noted that AW3D30 is based on images
that were taken over 5 years.
Acknowledgements Thanks are going to ESA, JAXA, and NASA for
providing Sentinel-1, ALOS, and SRTM data for analysis.
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