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Abstract

The quantitative model of the Earth is provided by optical and radar space-borne remote sensing global digital elevation models
(GDEMs). GDEMs are fundamental for many geo-spatial analysis and demanded by several applications that need topographical
data. Recently released ALOS World 3D 30 m (AW3D30) and 1 arc-second (~30 m) Shuttle Radar Topography Mission
(SRTM) C-band GDEMs have the advantages of high quality and free availability from JAXA and NASA and much in demand
in scientific community. In this paper, we comprehensively analyzed the discontinuities between AW3D30 and SRTM C-band
GDEMs in country-scale calculating and interpreting the influence of terrain inclination and land cover classes. The coherence
between two GDEMs was estimated by absolute horizontal and vertical accuracy analysis in the basis of model-to-model
validation approaches. During the analysis, standard deviation and normalized median absolute deviation of height differences
between GDEMs were utilized as the main coherence indicators. The frequency distribution of height differences and the
incoherent outliers were presented by error distribution graphics and height error maps, respectively. The results clearly dem-

onstrated the significance of ascending and descending orbits, terrain inclination, and land cover on the discontinuities.
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Introduction

Three-dimensional (3D) digital cartographic representation of
the Earth surface is depicted by Digital Elevation Models
(DEM). DEM is an indispensable product for large variety
of disciplines such as mapping, 3D city planning, forestry,
disaster monitoring and management, and agriculture, as well
as Earth sciences. Formerly, DEMs were generated for local
up to regional scale due to the limitations of ground surveying
and photogrammetry. The main reasons of the limitations are
high cost and time consuming processing in wider than re-
gional areas. With the improvements in space-borne remote
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sensing technologies, DEM acquisition is possible not only in
regional scale but also in global scale. Global DEMs
(GDEMs) make possible to work on countries and continents
and used in wide range of applications (Gianinetto 2009;
Martino et al. 2009; Carvalho et al. 2010; Bullard et al.
2011; DeLong et al. 2012; Heckmann et al. 2012; Schneider
et al. 2012; Sefercik et al. 2018). Space-borne GDEMs are
derived by two main techniques as optical stereoscopy (Li
et al. 2002; Toutin 2002; Lee et al. 2003; Kaczynski et al.
2004; Bahuguna and Kulkarni 2005; Cuartero et al. 2005;
Toutin 2008; Radhadevi et al. 2010; Hobi and Ginzler 2012)
and interferometric synthetic aperture radar (InSAR) (Soergel
et al. 2003, 2009; Sefercik and Soergel 2010). In this paper,
Advanced Land Observing Satellite (ALOS) World 3D 30 m
(AW3D30) and 1 arc-second Shuttle Radar Topography
Mission (SRTM) C-band, recently released optical stereo-
scopic and InNSAR GDEMs by Japan Aerospace Exploration
Agency (JAXA) and US National Aeronautics Space
Administration (NASA), were comprehensively analyzed.
When using a DEM, the quality is the most significant fact
which has a vital importance on the results. A low quality
model may cause misleading interpretations and depending
decision mechanism. Because of that, the assessment of
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space-borne DEM qualities is very essential research topic for
scientific community (Aguilar et al. 2010; Zhao et al. 2011,
Hladik and Alber 2012; Hobi and Ginzler 2012). In the quality
assessment of a DEM, many parameters should be considered.
For instance, the absolute geolocation accuracy of space-
borne DEMs cannot be as high as aerial DEMs or ground
survey DEMs but they offer larger coverage depending upon
the orbital height, low cost, and time-saving processing. That
is why the comparison of DEMs which are provided by the
similar acquisition technique (aerial or space-borne) is more
sensible.

The primary objective of this paper is to demonstrate the
country-scale discontinuities of commonly used AW3D30
and SRTM C-band GDEMs which are the most actual optical
and SAR imagery. To show the coherence level of the
GDEMs in different land cover classes and inclined terrain,
Turkey was preferred as a convenient study area with its
mountainous and multi-class topography. Turkey is located
on four Universal Transverse Mercator (UTM) zones as 35—
38, that is why mosaics of the GDEMs were produced by
completing required transformations in these zones. In discon-
tinuity analysis work flow, systematic horizontal offsets be-
tween GDEMs were estimated and eliminated by area-based
cross correlation, absolute vertical standard deviations (o)
and normalized median absolute deviations (NMAD) of
height differences were calculated, frequency distribution of
height differences between GDEMs was graphed, and height
error maps which visualize the discontinuities were generated.

The paper was organized as follows: the topographic char-
acteristics of the study area were given in the “Study area”
section. Imaging geometries of ALOS and SRTM missions
are presented in the “Imaging geometries of the satellites”
section and analyzing methodology is described in the
“Methodology” section. Results are given in the “Results”
section followed by the conclusions.

Study area

Turkey is a transcontinental country in Eurasia represented
with four UTM zones (35-38). The country has a rolling to-
pography and the highest point is Ararat Mountain with
5137 m. The study area and its slope map are shown in Fig.
la and b.

Imaging geometries of the satellites

SRTM was flown on board the space shuttle endeavor in
February 2000 and its duration was 11 days in space.
Endeavor (SRTM) was placed on a 233-km orbit height with
an inclination of 57°. SRTM was a joint project between
NASA, the National Imagery and Mapping Agency (NIMA),
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and the German Aerospace Center (DLR). The Italian Space
Agency was cooperating with DLR. The aim of SRTM was to
produce a homogenous, high-resolution GDEM for 80% of the
Earth’s land surface between 60° northern and 56° southern
latitudes except pole zones. Based on the mission, height values
with a spacing of 1 arc-second (~30 m) and 3 arc-second (~
90 m) have been generated. During the mission, two different
antennas were installed on board the shuttle. The main antenna
length was 12 m and located in cargo bay and it acted as trans-
mitter and receiver. The second one was an outboard antenna or
slave antenna fixed at the end of 60 m long mast and was only a
receiver. The 5.6-cm wavelength (\) C-band had capability for
ScanSAR mode where the antenna beam is electronically
steered towards different elevation angles in a repeated stepwise
fashion. Thus, four narrow but overlapping sub-swath were
imaged quasi simultaneously to form a 225 km wide swath
(Bamler 1999). With C-band 119.51 million km* were imaged
corresponding to 99.97% of the target area. The C-band has
nearly a complete coverage and 94.6% of the mapped area is
covered at least twice and approximately 50% at least three
times. Because of the radar layover distortion in very steep
areas, gaps are available in 0.15% of the final DEM (Sefercik
and Jacobsen 2006).

SRTM used the first space-borne single-pass InNSAR which
is the study of interference patterns accomplished by combining
two sets of signals achieved in a single-pass. A suite of sensors
is responsible for measuring and controlling the proper align-
ment of the secondary antenna with respect to the main antenna
and the attitude and position of the interferometric system in
orbit. A star tracker measured the orientation of the interfero-
metric system in orbit, which was supported by an inertial ref-
erence unit consisting of three axis gyros. An optical tracker of
the secondary antenna which is a video camera and LED targets
allowed a relative 3-axis measurement of the boom antennas.
Additionally, two GPS antennas, one on the main antenna struc-
ture the other one on the secondary, provided 0.8 m orbital
position accuracy determination and furthermore, a time refer-
ence for the radar with an accuracy of 100 ps. The data acqui-
sition by SRTM is based on the direction perpendicular to the
orbit and the distance. The determination of the location based
on distances is causing some radar distortions in inclined ter-
rain. Layover mixes the radar signals and there is no possibility
of a correct reconstruction in such steep parts. Shadows, due to
higher incidence angle of SAR, cause areas with no informa-
tion. The compression of the information by foreshortening is
reducing the information in these parts.

ALOS was built by JAXA and launched on January 24,
2006 from Tanegashima Space Center, Japan. The satellite has
three basic components for data acquisition. These are pan-
chromatic remote sensing instrument for stereo mapping
(PRISM), advanced visible and near infrared radiometer- type
two (AVNIR-II), and phased array type L-band synthetic ap-
erture radar (PALSAR). For the acquisition of stereoscopic
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Fig. 1 The study area (a) and its slope map (b).

image, PRISM has three independent telescopes for nadir
(70 km swath), forward, and backward (35 km swath per
each) views. The triplet telescopes are used for push-broom
scanning and each consists of three mirrors and several
charged couple device (CCD) detectors. With 2.5 m ALOS
prism images acquired between 2006 and 2011, AW3D30
GDEM was generated. With the advantage of 2.5 m spatial
resolution stereo prism imagery, the topographic estimation
performance of AW3D30 is higher than other similar grid
DEMSs such as Sentinel-1A and SRTM C-band (Sefercik
et al. 2018). As other optical DEMs, AW3D30 has also prob-
lems of the gray value distribution in the forest areas
(Buyuksalih and Jacobsen 2005). In the forest, due to low
correlations, the problems are occurred in image matching.
Inclined topography and shadow areas also cause misidentifi-
cations. Figure 2 presents the imaging geometries of SRTM
and ALOS Prism missions.

45°E

b

Okm 125km 375km 625km

As mentioned, SRTM uses two antennas at different loca-
tions to measure the difference in range to the surface in single
pass. The phase difference between two different antennas can
be calculated by Eq. 1 or 2:

A =—(a27/N)(r1—72) (1)
A¢p = —(a2m/N)(Bsin(0—«)) (2)

In Eq. 1, A is the radar wavelength (5.6 cm for C-band), 7,
and r, are the radar ranges between antennas and the observ-
ing object, o =2 for standard repeat-track interferometry and
« =1 when the signal is transmitted out of one antenna and
simultaneously received through two different antennas sepa-
rated in elevation, such as in the case of SRTM. In Eq. 2, B is
the baseline separating the antennas and 6 is the radar look
angle. The specifications of the missions and GDEMs are
presented in Table 1.
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Fig. 2 SRTM and ALOS Prism
imaging geometries

Rx = received signal
Tx = transmitted signal

Methodology

The applied methodology is given in the following work flow
(Fig. 3). Due to country-scale analysis, 48 tiles were deter-
mined considering the huge amount of data. The tiles were
analyzed separately and the results were combined. The area
was classified into four groups regarding the land cover and
terrain slope (Fig. 4). The groups were open areas, forest,
water, and inclined areas. The horizontal and vertical coher-
ency analyses were realized separately for each group. The
study area was classified by raster-vector transformation of
raster Turkey maps obtained from governmental offices and
the geolocation accuracies of these maps are under one pixel
which is sufficient for our analysis. In addition, we tested the
geolocation accuracies of the maps by matching coastal lines.

For analyzing the discontinuities of AW3D30 and SRTM,
some pre-processing steps need to be applied. First, the verti-
cal datum has to be fixed as either the geoid or ellipsoid, and
geoid undulations have to be calculated if required. Second,
the coordinate systems of the DEMs must be the same and the
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horizontal offsets which occur due to horizontal geolocation
errors of both models must be compensated. The main rule of
a correct vertical accuracy assessment is 100% horizontal
overlap of compared DEMs. A horizontal shift influences
the height by Eq. 3. In the equation, DZ is the vertical error,
DL is the horizontal shift, and « is the terrain slope.

DZ = DL X tan(«) (3)

In the study, the common coordinate system and the datum
were Universal Transverse Mercator (UTM) and World
Geodetic System 1984 (WGS84), and the geoid undulations
were calculated based on orthometric heights. The horizontal
geolocation errors were determined by area-based matching
using cross-correlation (Baltsavias et al. 2008; Alobeid et al.
2010) and eliminated by horizontal shifting. Table 2 shows the
estimated and eliminated horizontal geolocation errors in X
and Y directions in each zone separately. In the analysis,
SRTM was used as the master (reference) DEM and
AW3D30 was preferred as slave. This choice is not significant

Table 1 Specifications of the

missions and GDEMs Specification Mission
SRTM ALOS
Made in USA/Germany Japan
Launch date 11.02.2000 24.01.2006
Sensor/band C-band Prism
Spatial resolution of images 20 mx 30 m (Az*x Rg) 2.5 m

GDEM resolution
Coverage

Datum

Raw data acquisition date
Version and version date

1 arc-second (~27 m) 1 arc-second (~27 m)

Global (except pole zones) Global (except pole zones)

UTM WGS84 UTM WGS84
2000 20062011
V4/2015 1.1/2017
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Fig. 3 Methodology of the study
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and only changes the direction of the errors and not the mag-
nitude. As can be seen in Table 2, horizontal errors are around

one pixel (30 m) in Yand one third of a pixel in X direction.

In model-to-model DEM vertical accuracy analysis, root
mean square error (RMSE) and the standard deviation of
height discrepancies (RMSZ or o) are used (Egs. 4-7). In as
the equations, 7 is the number of pixels (comparison points).

In this study, o that estimates the vertical accuracy with a

68% probability level was used as the main evaluation criteria.

RMSZ =

-
ASCII data pre-
processing
\
s
Determination of 48
sub-frames
\
e
Land cover
classification
\
s
Coordinate
transformation for all
zones
N\

Generation of height
error maps

If the arithmetic mean of the height discrepancies is given

2. AZ;

i=1

M:

n

(5)

Fig. 4 Land cover classes and inclined terrain: a open and uninclined, b inclined areas, ¢ forest, d water
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Table 2  Estimated and eliminated horizontal geolocation errors (y is
the average)

Master DEM Slave DEM Zone (°)  AX(m) AY(m)
SRTM (30 m)  AW3D30 (30 m) 35 30.44 -31.34
36 10.30 —31.58
37 3.64 —32.53
38 2.75 —30.42
n 11.78 -31.47

The o of the height differences between SRTM and
AW3D30 is equal to

07> = RMSZ*—i? (6)

Or,

07 =

In addition to o, the normalized median absolute deviation
(NMAD) of the height discrepancies was used as the second
absolute vertical accuracy metric. NMAD is the derivative of me-
dian absolute deviation (MAD), which is a robust measure of the
variability of a univariate sample of quantitative data. MAD and

NMAD are calculated by Egs. 8 and 9, where )A(; is the median of

the univariate data set of height discrepancies (AZ;, AZ,, . . ..., AZ,)
and X; is the median of height discrepancies from )A(;

MAD = ¥,[[az=X;(a2))|| (8)
NMAD = 1.4826 x (MAD) (9)

In the case of normally distributed height discrepancies
between compared DEMs, NMAD is identical to o, and have
68% probability level. In abnormal distribution, the NMAD is
bigger than o, although a robust estimator, NMAD, is not as
sensitive in regard to o for the determination of minor outliers
in a large data set (Hellerstein 2008).

Fig. 5 Mosaicked SRTM and
AW3D30 DEMs
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Table 3 Estimated absolute

vertical geolocation errors in land Master DEM Slave DEM Land cover class oz (m) NMAD (m)
cover classes
SRTM (30 m) AW3D30 (30 m) Open 3.55 2.50
Forest 4.62 3.18
Water 4.07 2.50
Inclined 4.39 3.06

As for visual validations, color-coded height error maps of
SRTM and AW3D30 were generated by calculating the dif-
ferential models with Eq. 10. The height error scales were
prepared for + 12 m which was detected as the maximum
height difference between SRTM and AW3D30 after the elim-
ination of systematic bias.

Height Error Map = DEM sprp—DEM sw3p30 (10)

Results

One arc-second mosaicked SRTM and AW3D30 Turkey
GDEMs are illustrated in Fig. 5. As expected, depending up
on the country scale, the GDEMs look similar which demon-
strates that the topographic representation capabilities of ana-
lyzed GDEMs are not considerably different. However, in
country scale, it is impossible to recognize the height differ-
ences under hundred meters in visual way that’s why numer-
ical results will be more helpful to interpret the coherency
between two GDEMs. Tables 3, 4, 5, and 6 present the esti-
mated absolute vertical geolocation errors between two
GDEMs. In the tables, the influence of land cover and terrain
inclination on the coherence are clearly seen.

The effect of land cover classes on the vertical accuracy is
defined by three different accuracy types as fundamental ver-
tical accuracy, supplemental vertical accuracy, and consolidat-
ed vertical accuracy. Fundamental vertical accuracy is calcu-
lated based on the results in open areas which represent the
bare topography. In normal case, it is the most reliable way to
understand the accuracy level of a DEM in first impression
due to comparing 100% same topography with a reference
model without non-terrain objects such as buildings and for-
est. On the other hand, fundamental vertical accuracy is an
insufficient indicator to assess the performance of a DEM
derived by remotely sensed data. For a space-borne raster

DEM, main challenges are caused by built-up areas with sud-
denly changed elevations and narrow streets and forest cov-
ered areas. For GDEMs, the problems in built-up areas are not
as significant as in forest due to large grid intervals as in
SRTM and AW3D30. In 30-m grid, single buildings and nar-
row streets cannot be represented and determined as smoother
that is why sudden elevation changes are automatically
eliminated.

Supplemental vertical accuracy represents the vertical ac-
curacy of a DEM calculating average mean of vertical accu-
racies of land cover classes of the study area except open
areas. Supplemental vertical accuracy helps to validate the
3D non-terrain object description potential of a space-borne
DEM. Finally, consolidated vertical accuracy is the arithmetic
mean of all specified land cover classes in the study area
(Sefercik et al. 2015).

As shown in Table 3, in the open areas, the coherency is in
the highest level and around 3.5 m as o and 2.5 m as NMAD
and these values also correspond to fundamental vertical ac-
curacy in Table 4. In the other land cover classes, the coher-
ence decreases between 4 and 4.5 m as o, and 3 and 3.5 m as
NMAD which correspond to supplemental vertical accuracy
in Table 4. Comparing fundamental vertical accuracy and sup-
plemental vertical accuracy, it is clear that SRTM and
AW3D30 GDEMs have difficulties to describe the non-open
topographies. Nevertheless, the height differences are under
5 m which indicates a well coherence between GDEMs.

As mentioned before, in Turkey, a mountainous topogra-
phy is dominant and the orthometric elevation reaches up to
5137 m. In Table 5, the considerable influence of terrain in-
clination is presented by calculating the coherence in nearly
flat areas (slope <~6°). In uninclined topographies, the co-
herency arises to 2.6 m as oz and 2.1 m as NMAD in open
areas correspond fundamental vertical accuracy in Table 6. In
the uninclined areas in other land cover classes, the coherence
is between 3 and 4 m as o7 and 2.5 and 3 m which correspond
to supplemental vertical accuracy in Table 6. When, the results
of inclined and uninclined areas are compared (please check

Table 4 Estimated absolute

vertical geolocation errors as Master DEM Slave DEM Coherence indicator 0z (m) NMAD (m)

vertical accuracy, supplemental

vertical accuracy, and SRTM (30 m) AW3D30 (30 m) Fundamental vertical accuracy 3.55 2.50

consolidated vertical accuracy Supplemental vertical accuracy 4.36 2.91
Consolidated vertical accuracy 4.16 2.81
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Table 5 Effect of terrain inclination in land cover classes

Master DEM Slave DEM Land cover class oz (m) slope < tan"! 0.1 NMAD (m) slope < tan ! 0.1
SRTM (30 m) AW3D30 (30 m) Open 2.60 2.13

Forest 4.14 3.10

Water 347 2.66

Table 6  Effect of terrain inclination as fundamental vertical accuracy, supplemental vertical accuracy, and consolidated vertical accuracy

Master DEM Slave DEM Land cover class oz (m) slope < tan ! 0.1 NMAD (m) slope < tan 1 0.1
SRTM (30 m) AW3D30 (30 m) Fundamental vertical accuracy 2.60 2.13

Supplemental vertical accuracy 3.80 2.88

Consolidated vertical accuracy 3.40 2.63
Table 3 for inclined areas and consolidated vertical accuracy The frequency distribution of height differences between

in Table 6), the influence of terrain inclination is ~1 mas o0,  SRTM and AW3D30 GDEMs is an important indicator for
and ~0.5 m as NMAD which means terrain slope has more ~ homogenous coherency. In Figs. 6 and 7, the distribution be-

influence on NMAD. tween SRTM and AW3D30 is shown for land cover classes
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Fig. 7 Frequency distribution of height differences based on o, and NMAD in uninclined parts (slope < tan '0.1)

and inclined regions respectively. In case of normally distrib-
uted height discrepancies, NMAD is identical to o, in fact in
reality and not under the same accuracy conditions, such as
those caused by different terrain inclinations and larger dis-
crepancies, in most cases, NMAD is smaller than o,. As a
consequence, NMAD is continuously smaller than o, both
in Figs. 6 and 7 which indicates a normal distribution. In
Figs. 6 and 7, the peaks of height differences are around zero
which means full coherence. In addition, the distributions are
symmetric which is also another indicator of a normal distri-
bution. Another significant point is + 12 m limit of height
differences which means the level of outliers. As stated in
other words, all of the pixels in raster SRTM and AW3D30
GDEMs have < 12 m height difference which demonstrates a
good coherence.

Figure 8 shows the height error map of SRTM and AW3D30
GDEM on Turkey. In the height error map, the location of

Okm 125km 375km 625km

Fig. 8 Height error maps of SRTM and AW3D30 GDEMs

coherent and incoherent parts is clearly presented by +12 m
color scale. The coherence is high in light and low in dark parts.
Generated height error map exhibits the problems of GDEMs in
inclined and forest regions. Almost all of dark parts are located in
the mountains and the dense forests of Turkey. To determine the
effect of land cover and terrain inclination, the classified height
error maps are presented in Fig. 9.

If the height error map is examined in detail, the inverse
coherence in sequential vertical lines can be noticed. In contrast
to optical imaging, SAR acquires space-borne data using ascend-
ing (south to north) and descending (north to south) passes in
near-polar orbits. In ascending and descending passes, amount of
acquired data is different depending on sun-light and darkness. In
darkness, the solar panels cannot generate power that is why
more data is acquired in sunlight. The height error map demon-
strates the effect of ascending and descending orbits on the topo-
graphic description potential of SAR data clearly. Line by line,

oo mowowo oo
NO MNUL NONW NON
P b 1 I‘T‘T
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Fig. 9 Classified height error
maps of SRTM and AW3D30
GDEMs

the height differences between SRTM and AW3D30 GDEMs
reverse as red tones and green tones.

In classified height error maps, the influence of forest and
inclined topographies is clear. Particularly, inclined areas are
the main cause of low coherency. Although the grid spacing of
AW3D30 GDEM is approx. 30 m, it was generated from ALOS
Prism imagery with 2.5 m ground sampling distance (GSD) that
is why the description of the topography is more detailed than
SRTM GDEM, derived from 30 m x 20 m (azimuth x range)
GSD C-band SAR imagery (Sefercik et al. 2018). This situation
is the main cause of low coherency in inclined and forest regions.

Conclusions

SRTM and AW3D30 are two of the most demanded GDEMs in
land-related applications. In this study, discontinuities between
equal gridded SRTM and AW3D30 GDEMs were comprehen-
sively investigated by means of visual and quantitative analysis
in country scale. Regarding the challenges of space-borne remote

@ Springer

sensing imaging geometries, the study area which has a moun-
tainous topography and dense forest coverage was preferred. In
this manner, coherence between GDEMs in hard conditions was
determined. In horizontal geolocation analysis, offsets between
GDEMs were estimated by areal based cross correlation and
eliminated by horizontal shifting. After 100% horizontal overlap-
ping, vertical coherence level between GDEMs was calculated
by means of standard deviation and normalized median absolute
deviation of pixel height differences. The results demonstrated
that the coherence of SRTM and AW3D30 is <1 pixel (30 m) in
horizontal direction and + 12 m in height. The influence of land
cover and terrain inclination was visualized by error distribution
graphics and height error maps. In the frequency distribution of
height differences graphics, a normal and symmetric distribution
was specified. Effect of ascending and descending flying orbits
(aspects) on SAR imaging was clearly demonstrated.

Overall, in open and uninclined areas, the coherence of
SRTM and AW3D30 GDEMs is high and any of them can be
utilized in the applications. However, in forest and inclined re-
gions, scientific and commercial users should be very careful in
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preferring the correct GDEM. Although freely achieved in equal
grid spacing, the topographic description potentials of GDEMs
are different due to 2.5 m GSD ALOS Prism and 30 m x 20 m C-
band images. Larger GSD causes smoothing effect on SRTM
GDEM that is why AW3D30 will be more useful in the applica-
tions conducted in forest and inclined topographies.
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