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Abstract: With the launch of Sentinel-1 in 2014, a new era
of openly accessible spaceborne radar imagery was begun,
and its potential has been demonstrated throughout all
fields of applications. However, while interferometric
approaches to detect surface deformations are continu-
ously being published, only a few studies address the deri-
vation of digital elevation models (DEMs) from Sentinel-1
data. This is mainly because of the narrow orbital tube,
which was primarily designed for subsidence measure-
ments using differential interferometry. Nonetheless, the
technical conditions are provided for successful applica-
tions involving DEM generation. These are outlined in the
first part of this article with a focus on potential error
sources and the impact of the most important constraints,
namely, temporal and perpendicular baselines. The second
part evaluates 21 studies on this topic, their aims, and how
they dealt with error sources and the necessity of validation.
These studies are then discussed based on the main chal-
lenges and potentials including how these can be tackled in
the future to lay a solid foundation for scientific discourse.

Keywords: Sentinel-1, earth observation, remote sensing,
digital elevation models, digital surface models, radar
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1 Introduction

Among all data sources of geospatial information and
analysis, digital elevation models (DEMs) hold a special
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role. They represent the continuous variations of the
Earth’s topography, primarily stored within cells of a
regular raster grid, and are the main input for a large
variety of applications, including geomorphologic map-
ping of landforms [1], numeric modeling of hydrologic
runoff processes [2], viewshed and visibility computa-
tions [3], and many other forms of spatial analyses incor-
porating three or more dimensions [4,5].

Initially assessed through labor-intensive field sur-
veys and analog photogrammetry [6], the term “digital
terrain model” (DTM) was introduced by Miller and
Laflamme in 1958 [7] to describe the topographic height
of the Earth’s surface. But with the development and
utilization of airborne and satellite sensors, new methods
for the consistent measurement of larger areas arose [8].
Digital photogrammetry makes use of images captured
from multiple acquisition positions to exploit changes
in the offset of object features for the derivation of eleva-
tion information [9,10]. As image features are recognized
from image contrasts by mostly automatic matching tech-
niques [11,12], this technique measures the height of the
Earth’s surface including potentially protruding objects,
such as vegetation (e.g., forest canopies, crops) and arti-
ficial objects (e.g., urban areas and infrastructures). For
such data, the term of digital surface models (DSMs)
was created, which henceforth allowed the distinction
between digitally derived ground and object heights. Two
popular examples for globally computed DSMs, which
were retrieved from photogrammetric processing, are the
ASTER Global Digital Elevation Model (GDEM, processed
from 1.2 million ASTER images acquired between 2001
and 2007 [13]) and the ALOS Global Digital Surface Model
“ALOS World 3D 30m” (AW3D30, processed from around
three million scenes of ALOS PRISM acquired between
2006 and 2011 [14]). Both are openly available at a spa-
tial resolution of around 30 m [15,16]. With the invention
of LiDAR and point-cloud processing techniques, both
DTMs and DSMs can be derived from one data source
alone since the beginning of the twenty-first century
[17,18].

8 Open Access. © 2021 Andreas Braun, published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0

International License.


https://doi.org/10.1515/geo-2020-0246
mailto:an.braun@uni-tuebingen.de

DE GRUYTER DEM generation with openly available Sentinel-1 data =—— 533

As an alternative to airborne measurements and optical
imagery, spaceborne synthetic aperture radar (SAR) sen-
sors are employed to measure the Earth’s elevation. The
use of this side-looking system for the retrieval of height
information has already been acknowledged since the
1970s [19]; however, its capabilities for topographic map-
ping based on stereoscopic methods applied to the ampli-
tude, also called radargrammetry, yield images that are
reportedly limited [20-22]. Moreover, its full potential
lies in the exploitation of the phase information, which

allows the measuring of topographic variation using
radar interferometry (InSAR, [23-27]). The most promi- the entire mission was primarily designed for differential
nent example is the Shuttle Radar Topography Mission radar interferometry (DInSAR; Figure 1c) to measure sur-
(SRTM) conducted within 11 days in 2000 to produce a face deformations between two or more acquisitions, which
nearly global DEM at the spatial resolution of 30 m [28]. It imposes limits upon its capabilities to derive DEMs [39,40].
is freely available [29] and has been used in countless Accordingly, studies on the derivation of absolute eleva-
studies throughout a wide range of disciplines [30,31]. tions or object heights are rare and often characterized by
In 2016, a DEM of global coverage with a spatial resolu- exaggerated expectations. Based on their expected life time
tion of 12.5m based on products acquired by the two of up to 10 years, and the already ongoing development of
radar satellites TerraSAR-X and TanDEM-X between 2011 their successors, Sentinel-1C and Sentinel-1D, we currently
and 2015 was released by the German Aerospace Center anticipate many more years of continued acquisitions, thus
(DLR, [32,33]). As of now, it is the most up to date, justifying the evaluation of the present situation and the
detailed, and globally available DEM. It has been opened discussion of upcoming research needs and goals.
for free scientific use at a reduced spatial resolution of Therefore, the aim of this study is to provide an over-
90 m since 2019 [34]. One reason for the high vertical view of the generation of DEMs with openly available
accuracies of both datasets (root-mean-square error (RMSE):  Sentinel-1 data. Basic theories and concepts are outlined
SRTM <8 m [35] and TanDEM-X <1.4m [36]) lies in the in Section 2.1, accompanied by a showcase example
multitude of input acquisitions, which allowed the cov- to underline the impact of different parameters on the
erage of each part of the Earth several times and under quality of the derived DEM, followed by a presentation
different acquisition geometries and flight directions [37],

of open software packages and training resources (Section
and in case of TanDEM-X, data were captured at different 2.2). Based on this background, a systematic literature

parts of the season [32] to minimize errors resulting from
seasonality and geometric distortions.
With the launch of Sentinel-1 by the European Space
Agency (ESA) in 2014, a new and unprecedented period
of openly available radar data were initiated within the
Copernicus Programme, delivering an amount exceeding
12 TB of data per day [38]. This C-band radar mission,
currently consisting of Sentinel-1A (S1A) and Sentinel-1B
(S1B), acquires products in intervals of up to 6 days at a
spatial resolution of 5 x 20 m (single look complex (SLC)),
which can be used for interferometric analyses. However,
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Figure 1: InSAR principles (adapted from Reference [197]). (a) INSAR geometry; (b) waves in detail; (c) DInSAR principle
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review is conducted to summarize existing studies, their
aims, technical approaches, and the reported problems
and limitations with respect to the retrieval of accurate
surface heights. The article ends with a discussion of
the gathered findings and identified research gaps, and
an outlook on future challenges to shape the future
development of techniques and applications based on
the Sentinel-1 data.

2 Sentinel-1 interferometry

2.1 InSAR principles and parameters
2.1.1 Theoretic framework

The basic idea behind synthetic aperture radar interfero-
metry (InSAR) is the combination of information pro-
vided by two different radar images, which have a known
distance, the perpendicular baseline (Figure 1a). Based
on the positions of both satellites and their perpendicular
baseline, three-dimensional information of the Earth’s
surface can be retrieved by the different path lengths of
the radar echo signals from a surface as received by both
antennas [41,42]. In the case of SRTM, these images were
acquired at the same time (¢, = t,) by two antennas, which
were separated by a mast of 60 m length; this is also
referred to as bistatic or single-pass interferometry. As
the scattering mechanisms of the Earth’s surface rarely
do change within the time of data acquisition and the
perpendicular baseline is constant, the retrieved signals
are largely coherent (in-phase, Figure 1b), and the acqui-
sition geometry can be precisely resolved for the topo-
graphic variations in the observed area [41]. The same
bistatic principle is applied in the TanDEM-X mission,
which consists of a constellation of two similar but indepen-
dent satellites, which simultaneously acquire images within
a helix-shaped orbit [32]. During its operation, their distance
was changed in various phases to systematically analyze the
impact of the perpendicular baseline on the retrieved infor-
mation [43].

However, most radar satellites operate in a mono-
static mode, which means that they do not have a tandem
configuration, but utilize images acquired by the same
antenna, but at two different times (t; < t,). This approach
is known as repeat-pass interferometry and is limited by
the revisit rate of a satellite, which is defined at the
interval at which the sensor recurs to the same position
after orbiting the Earth [24]. For the Sentinel-1 satellite
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mission, this period is 12 days for each of the two satel-
lites, but as they have the same configuration and a sys-
tematic offset, the revisit time can be reduced to 6 days
when the images of S1A and S1B are combined. Repeat-
pass interferometry enables the measuring of elevations
based on the same principles as single-pass InSAR but is
unavoidably susceptible to a number of error sources
originating from potentially different conditions at the
time of the acquisitions. These include receiver phase
instabilities, incorrect estimates of the perpendicular base-
line, atmospheric differences, as well as changes in altitude
or land cover between the first and the second image [44].
While atmospheric and sensor-specific factors introduce
patterns that can be easily misinterpreted as topographic
variation [45], the problem of phase decorrelation leads to
bad interferometric data quality in general, mostly over
vegetated areas, which cannot be restored [24,46]. Short
wavelengths are particularly prone to temporal decorrela-
tion, such as those transmitted and received by the C-band
of Sentinel-1 (5.405GHz, corresponds to around 5.5cm).
This will be exemplified in the following sections.

2.1.2 Main processing steps

In the following, the derivation of DEMs from InSAR
is briefly explained. However, as the well-established
development of approaches for topographic mapping
dates back into the 1980s, only the most important pro-
cessing steps are explained, and the reader is advised
to consult the given references for more detailed descrip-
tions and mathematical elaborations. In turn, the pre-
sented methods and their parameters are calculated based
on the data listed in Table 1 and illustrated by the maps
shown in Figure 4.

In accord with the slant-looking geometry of every
SAR measurement, signals transmitted by the antenna
return to the sensor at different temporal delays, based
on the distance R of the objects on the Earth’s surface to
the satellite [44]. As this signal propagates in a sinusoidal
nature (Figure 2), the measured delay 7 is equivalent to a
phase change ¢ between the transmitted and the received
signal [47]. As indicated in equation 1, ¢ is proportional
to the two-way travel distance 2R divided by the trans-
mitted wavelength A.

2n m
= —.2R = —-R. 1
=7 2 1
Due to differences regarding the spatial resolution
of Sentinel-1 SLC products (5 x 20m) and the scale

of the wavelength (5.55cm), the phase change between
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Table 1: Datasets used in this study to illustrate the effect of different parameters

Type Date b_temp b_perp ID

Reference (dsc) 02.07.2019 -— - S1B_IW_SLC__1SDV_20190702T032447_20190702T032514_016949_01FE47_69C5
Secondary Al 26.06.2019 6 146 S1A_IW_SLC__1SDV_20190626T032532_20190626T032559_027845_0324BF_8232
Secondary A2 14.06.2019 18 149 S1A_IW_SLC__1SDV_20190614T032531_20190614T032558_027670_031F87_5878
Secondary A3 08.06.2019 24 151 S1B_IW_SLC__1SDV_20190608T032445_20190608T032512_016599_01F3E2_AB78
Secondary A4 09.05.2019 54 168 S1A_IW_SLC__1SDV_20190509T032529_20190509T032556_027145_030F54_2BEA
Secondary A5 28.03.2019 96 144 S1B_IW_SLC__1SDV_20190328T032442_20190328T032517_015549_01D251_6DB4
Secondary B1 20.06.2019 12 67 S1B_IW_SLC__1SDV_20190620T032446_20190620T032513_016774_01F91A_EEA8
Secondary B2 02.06.2019 30 27 S1A_IW_SLC__1SDV_20190602T032530_20190602T032557_027495_031A40_BDE2
Reference (asc) 02.07.2019 -— - S1A_IW_SLC__1SDV_20190702T151801_20190702T151829_027940_032792_1314
Secondary C1 26.06.2019 6 52 S1B_IW_SLC__1SDV_20190626T151735_20190626T151802_016869_01FBDB_E7BA

b_temp = temporal baseline; b_perp = perpendicular baseline.

neighboring pixels, representing only the last fraction of
2R, looks random at first (Figure 3, left). However, when
cross-multiplying the phase of the first image with the
complex conjugate of the second image in a pixel-by-
pixel manner, an interferogram is retrieved, which con-
sists of phase variations ¢ as a result of topography ¢po,
the Earth’s curvature @g,, surface deformation between
both acquisitions @g;s,, atmospheric contributions ¢,y,, and
system-induced noise @pqse (equation 2) [48] under the
given acquisition geometry (Figure 3, right; Figure 4c) [25].

¢ = thopo T Ppae godisp T Gatm t Proiser (2)

A mathematical description of this process, including
the subtraction of the flat-earth phase g, component
(interferogram flattening), is given in previous studies
[22,44,47]. However, the formation of an interferogram
relies on the accurate stacking of the first (reference)
and the second (secondary) images, so that the phase
difference is calculated for the correct pixel pairs. This
can be achieved at sub-pixel accuracy by methods of
coregistration, which are based on cross-correlation and
spectral diversity approaches [49-51]. This grants that the
information of both images refers to the same object at the
ground and that no errors are introduced at an early stage.
As presented by Hanssen [24], the main reasons for
noise induced in interferograms are as follows:
¢ Changes of scattering mechanisms between both images
(temporal decorrelation).

¢ Changes in the incidence angle between both acquisi-
tions (baseline decorrelation).

¢ Penetration of the radar wave into mediums (volume
decorrelation).

e Thermal noise and other antenna-related sources of
bias.

¢ Additional processing-induced errors, such as low co-
registration quality.

To estimate the quality of the interferogram throughout
the image, the local coherence y is calculated between
the reference and the secondary image. It is a cross-cor-
relation measure based on a defined window size as
demonstrated in equation 3 and serves as a spatial indi-
cator of the reliability and robustness of the later pro-
ducts derived from the interferogram [42,52]. In this
equation, the amplitude of each pixel of the interfero-
gram |v| is proportional to the product of the amplitudes
of the reference |u;| and the secondary image |u,|, and E is
the expected value of the random variable x [47,53].

E[uuy] E[v]
- = ;o lyl < 1L 3
JEIwrR VEMwm 107 ®

The coherence ranges between O and 1, where large
values indicate a high correlation between the reference
and the secondary image, which is the case over urban
areas and bare soils, while low values occur in areas of
vegetation and other rapidly changing surfaces (Figure
4d). It helps to decide whether an area produces coherent
(in-phase, Figure 1b) scattering. Although there is no uni-
versal threshold above which the phase information is
considered usable, values between 0.1 and 0.4 are often
used as a pragmatic solution to mask out noisy parts from
the interferogram and to avoid errors becoming introduced
during later steps [54,55]. However, it is important for
the subsequent unwrapping of the interferogram that the
remaining parts are still connected.

Although isolated patches of high coherence can be
technically unwrapped correctly, the result for the full
scene fails if they are not sufficiently connected over
the entire image [24]. This is especially valid for the

Y
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Figure 2: Amplitude and phase of a radar wave (adapted from Reference [197]).

derivation of digital surfaces, which form a continuum
within the scene [56,57].

As shown in Figure 4c, each color cycle in the inter-
ferogram represents one phase difference between the
reference and the secondary image. These patterns are
also called fringes, where each fringe has a distance of
2n radians with respect to the employed wavelength of
the system. With respect to equation 2 and the examples
presented in Table 1 (Al), the amount of topographic
height variations @, represented by this 2m cycle is
dependent on the wavelength A (5.55cm), the perpendi-
cular baseline bye;, (-153 m), the range distance between
the sensor and the Earth R (845 km), and the incidence
angle 6 (39°) as demonstrated in equation 4a [24,27]. If
this equation is solved for the given example, one fringe
cycle H,, represents 147.7 m of topographic difference
(equation 4b), which is also known as the height ambi-
guity [48]. For the mapping of topography, smaller height

ambiguities allow a more precise description of terrain
features.

41t bperp
Pore ™ "L R sing e
_ A-Rsinf  0.055- 8.45E5- sin(39)
72 bpep 2. -153 (4b)
= 147.7 m.

To convert this cyclic measure (also called the prin-
cipal or wrapped phase) into a continuous measure, a
wide range of phase unwrapping approaches have been
proposed [58,59], and these integrate the phase at a
pixel-by-pixel level over the entire image along closed
paths, considering that phase differences greater than
the principal interval of m cannot occur [47,60]. The result
is a full phase representation of topographic variations
as shown in Figure 4e. However, as mentioned earlier,
this process is prone to errors induced by complex

Figure 3: Combination of two complex phase products to an interferogram.
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Figure 4: Steps of DEM generation with Sentinel-1: (a) Sentinel-2 image from 02.07.2019 (for visual reference), (b) Sentinel-1 image from
02.07.2019, (c) interferogram from 26.06.19 and 02.07.2019, (d) coherence image, (e) unwrapped interferogram, and (f) hillshade of the
derived DEM. The extent is shown in Figure Al. This figure shows the modified Copernicus data.

topographies, phase noise in areas of low coherence,
as well as by atmospheric artifacts [24,48,56]. Smaller
amounts of noise can be tackled by specialized phase fil-
ters [61-65], but especially in interferograms with larger
patches of low coherence, errors can be introduced in
the form of phase jumps or entire trends superimposing
the actual topographically induced phase variation [22].

Furthermore, based on the relative nature of InSAR mea-
surements and the unavailability of a priori information
about the terrain, it is worth mentioning that no ultimate
solution to phase unwrapping exists, and it is always an
approximation [44,60].

In a final step, the unwrapped phase is geocoded and
translated into a geophysical unit, which represents the
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height of the calculated surface over the spherical Earth
[24]. This can be done by integrating the height of either
surveyed reference points or extracted from an external
DEM [66], but across-track approaches also exist, which
are independent of a reference [67]. Finally, the retrieved
heights are referenced to an ellipsoid (e.g., WGS84), pro-
jected into a coordinate reference system based on either
geographical or UTM coordinates, and resampled to a
uniform pixel spacing [22,66,68]. A potential result is
shown as a hillshade representation in Figure 4f.

2.1.3 Impact of temporal baseline

As described in the previous sections, one major reason
for phase decorrelation is the change of scattering mechan-
isms between the acquisition of the reference and the
secondary image. Currently, Sentinel-1 is a mission
employing two satellites, which allow the generation of
repeat-pass interferograms with a temporal baseline of
6 days under best conditions. However, as land surfaces
can rapidly change, this period is not ideal compared to
the bistatic missions of SRTM and TanDEM-X. Given that
the wavelength of Sentinel-1is comparably short, vegeta-
tion areas are especially likely to lose their coherent scat-
tering properties within a couple of seconds [54,69].
Therefore, it is impossible to retrieve reliable phase infor-
mation on the height of forest stands or agricultural fields
based on a single Sentinel-1 image pair [70]. These short-
comings were addressed in previous times when the tem-
poral baseline between acquisitions of ERS-1 and ERS-2
was systematically reduced to 1 day [71] or images of ERS
and ENVISAT of the same day were combined for DEM
generation [72-74]. Yet, the limitations of volume decorr-
elation and increased sensitivity to tropospheric distur-
bance and water vapor persist for C-band systems [75,76].

To illustrate the impact of the temporal baseline on
the quality of interferometric analyses, five interfero-
grams were computed for one reference image (July 2,
2019) and secondary images acquired with a separation
of 6 days (A1), 18 days (A2), 24 days (A3), 54 days (A4),
and 96 days (A5) (Table 1). For reasons of consistency, all
image pairs have a similar perpendicular baseline (dis-
cussed in Section 2.1.4).

As shown in Figure 5, a loss of coherence is observed
with growing temporal baseline. On average, an exten-
sion of the temporal baseline from 6 to 18 days leads to a
decrease of coherence of —19.2%. To put this observation
into an environmental perspective, coherence was ana-
lyzed with respect to the main land cover classes in
the area as retrieved from the Corine Land Cover 2018
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dataset [77]. The largest relative decrease is observed
for the nonforest vegetation areas (-30.6% from 6 to 18
days and -56.1 from 6 to 96 days), while urban areas are
comparably robust at a high level (above 0.5). In turn,
agricultural areas and water bodies already have low
coherence values for very short temporal baselines and
show a smaller relative decrease of only —20% over the
entire period. The figure underlines that InSAR quality is
highly sensitive to temporal decorrelation over natural
surfaces, especially over areas of vegetation and water
areas. While this relationship can be effectively exploited
for multitemporal land cover mapping [78,79], the cap-
abilities of Sentinel-1 for topographic mapping are severely
limited in densely vegetated areas.

To visually underline the findings of Figure 5, the
coherence products of different baselines, as well as the
interferograms resulting from these combinations, are
compared in Figure 6. It shows the city of Erzincan,
Turkey, which is surrounded by agricultural and natural
plains and framed by the Esence Mountains in the north
and the Mercan Mountains in the south. Height differ-
ences between the city and the ridges in the selected
extent are up to 1,000 m. The figure illustrates that the
fringes are well aligned with the topographic conditions
of the mountains and that the interferogram forms a con-
sistent pattern in the plains. However, with increasing
temporal baseline, these patterns suffer from decorrela-
tion, caused by phenological changes due to the crop
growth in the agricultural areas and seasonal changes
over natural vegetation. This decorrelation strongly affects
the interferogram quality, indicated by a higher amount
of phase noise and less pronounced fringes. Most impor-
tantly, the different parts of the interferogram are no
longer connected, which will lead to severe errors in
the subsequent unwrapping, which relies on the steady
integration of the continuous phase signal [60]. The
results of the 6-day baseline image pair are presented
in Section 2.1.4.

2.1.4 Impact of perpendicular baseline

From the perspective of the acquisition geometry, two
points are crucial for the reliable retrieval of topographic
information. First, the position of the satellites during
the time of image acquisition must be known precisely.
For Sentinel-1, this is granted by the provision of precise
(or restituted) orbit information by the Copernicus
Precise Orbit Determination (POD) Service [80]. These
have an accuracy of 10cm and are provided within
a couple of days after image acquisition for non-time
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Figure 5: Loss of coherence of selected land cover classes for the investigated temporal baselines (shown Table 1).

critical products [81]. Their high accuracy was also reported
for combinations of S1A and S1B to facilitate the use of
6-day temporal baseline pairs [82]. Second, the perpen-
dicular baseline (Figure 1a) of the repeat-pass acquisition
should be between 150 and 400 m to allow a precise
description of topographic variations by the observed
fringes [59]. However, as reported in Section 1, the orbital
tube of Sentinel-1 was designed for differential interfero-
metry, which requires small perpendicular baselines [83].

For the majority of image pairs within intervals of 6 or
12 days, perpendicular baselines are below 150 m and
even smaller than 25m in most of all cases [84]. A
detailed evaluation of perpendicular baseline lengths
with respect to the different orbits of S1A and S1B
is given in the Sentinel-1 performance report of 2019
[85]. Referring to equation 4, perpendicular baselines
between 25 and 50 m generate fringes with height ambi-
guities of 500 and 1,000 m of altitude. Interferograms of
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Figure 6: Coherence (top) and interferograms (bottom) for selected temporal baselines (shown in Table 1). For reasons of visualization, the
interferograms are combined with a hillshade representation retrieved from the SRTM data. The extent is shown in Figure Al. This figure

shows the modified Copernicus data.

such narrow perpendicular baselines are therefore less
sensitive to the topographical contribution of the phase
@Propo and more suitable for the derivation of surface
displacements between two passes [40]. The term of
the critical baseline B. was introduced by Zebker and Vil-
lasenor [46] as the upper limit of the perpendicular base-
line above which the phase becomes completely decorre-
lated. It is dependent on the wavelength A, the range
distance R, the incidence angle 6, the inclination of the
slope a, and the range resolution Ry, and computed as
shown in equation 5 (valid for flat terrains):

A R

Bo= --.— 8
¢ 2 R -cos¥0-a)

(5)

For Sentinel-1 (incidence angles between 29° and 46°),
the critical baseline roughly ranges between approxi-
mately 5 and 10 km. Accordingly, it is not a limiting factor
for topographic mapping under the acquisition geometries
defined for S1A and S1B. This is also supported by the
performance report, which denotes the maximum loss of

coherence due to the length of the perpendicular baseline
below 5% [85]. However, perpendicular baselines below
50 m are a problem for the retrieval of DEMs from Sentinel-
1. It should be mentioned in this context that other C-band
constellations employed significantly larger perpendicular
baselines: ERS-1/ERS-2: 75-400 m [71,86-89]; ERS/ENVISAT:
1,650-2,050 m [72,90-93]; and Radarsat: 100-1,400 m [94,95],
and also that the TerraSAR-X/TanDEM-X constellation allowed
perpendicular baselines of up to 4 km [32,96].

The role of the perpendicular baseline for Sentinel-1
InSAR applications is illustrated in Figure 7. As also indi-
cated by equation 4, the height difference is represented
by one phase cycle increases with smaller perpendicular
baselines. Accordingly, short baseline image pairs are
less sensitive to elevation differences. The consequences
on the quality of the derived DEM are displayed in the
row at the bottom of Figure 7, which clearly indicates the
loss of elevation information for smaller perpendicular
baselines and the increasing amount of phase noise.
This is also indicated by the drastically increasing RMSEs
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Figure 7: Interferograms (top) and hillshades of the derived DEMs (bottom) for selected perpendicular baselines (shown in Table 1). For
reasons of visualization, the interferograms are combined with a hillshade representation retrieved from SRTM data. The extent is shown in

Figure Al. This figure shows the modified Copernicus data.

of the derived elevations, which were calculated in com-
parison with the available SRTM heights.

2.1.5 Impact of other factors

Besides the temporal and perpendicular baselines, which
are largely a matter of the selection of suitable images,
there are geometric and topographic factors at the land-
scape scale, which also have an obvious impact on the
quality of InSAR measurements. To demonstrate these
effects, two profile lines were drawn across the study
area as shown in Figure Al (Supplementary data), one in

azimuth direction across the valley (profile A, 40 km) and
one in the range direction across the slopes of the Esence
mountains in the north (profile B, 30 km). Elevations
of the S1 DEM were extracted and analyzed for their dif-
ferences to the reference SRTM heights. As shown by
cross profile A (Figure 8, top left), there is a systematic
overestimation of the overall elevation in the more level
terrain (blue), while there is an underestimation of the
heights of the mountain ridges (red). This is a typical sign
for unwrapping errors accumulating across the image,
slopes are especially underestimated then due to noise
[97] and foreshortening [41]. A similar effect was reported
by Singh et al. who created a DEM from ERS tandem pairs
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Figure 8: Impact of selected parameters on the height error (compared with SRTM). Top left: SRTM heights (red) vs S1 DEM heights (blue)
along profile A (shown in Figure Al); top right to bottom left: height error in relation to coherence, local incidence angle, and slope for the

pixels along profile B (shown in Figure Al).

(temporal baseline of one day) for parts of the Swiss Alps
and also observed that the underestimation of slopes led
to a “smoothened” topography in comparison with a
higher resolution reference DEM [98].

Another reason can be orbital ramps, which are
introduced by inaccurate coregistration and insufficient
quality of orbit information [23,99]. One way to deal with
these kinds of systematic errors is to model the overall
spatial phase trend in the data by linear regression or
polynomial approximation and remove it from the data
before [86] or after unwrapping [43]. The impact of
orbital errors on Sentinel-1 interferometry is comparably
small because of the provision of precise orbit informa-
tion [81] and high coregistration accuracy achieved through
enhanced spectral diversity (ESD) coregistration, which cor-
rects for the azimuth-dependent Doppler variation within
the bursts [100]. Even if Sentinel-1 data can be processed
with very high accuracies, already small azimuth offsets
of a few centimeters can produce a phase ramp in the azi-
muth direction [101,102]. Together with the aforementioned
slope underestimation, this explains most of the differences
between SRTM and S1 elevations as observed along with
profile A (Figure 8, top left).

But there are also effects in the range direction,
which are discussed briefly in the following. It was
already denoted in the study by Madsen et al. that height
errors are strongly correlated with terrain modulation,
especially with steep slopes [23]. Accordingly, the steep-
ness of slopes is not only potentially underestimated over
the entire image as mentioned earlier but also can lead to
local height errors in extreme terrain. This effect is visible
in Figure 8 (top right), where height errors are compared
for all pixels along profile B in an aggregated form. The
box plot shows that height errors, as the difference
between the SRTM, are comparably small over slopes
between 0 and 40°, but drastically increase for slopes
above this value. The plot shows that underestimations
of up to 150 m occur at all pixels along the profile, but
with significantly higher interquartile ranges for slopes
above 40°. Accordingly, in the investigated case study,
the overall elevation estimates are good, but predomi-
nantly inaccurate for local extremes. This relationship
between slope gradient and height errors was systemati-
cally analyzed and proven by Zhang et al. who compared
a DEM derived from ENVISAT interferometry with the
near-globally available SRTM [103].
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To put these findings into another perspective, the
second plot (Figure 8, bottom left) shows the height error
in relation to the local incidence angle. This variable is
different from the overall slope because it takes into con-
sideration both the looking geometry of the sensor and
the alignment of the landforms with respect to the flight
direction of the satellite. As a consequence of the side-
looking acquisition principle of spaceborne SAR sensors,
geometric distortions occur in the image, often summar-
ized as foreshortening, layover, and shadow [104]. Rea-
sonably, these not only affect the retrieval of backscatter
intensity but also result in errors in interferometric
approaches, such as presented by Eineder and Holzner
who demonstrate systematic effects for InSAR DEMs in
areas of radar shadow [105]. In addition, Singh et al.
and Breidenbach et al. report larger error rates for InSAR
height estimates in areas facing away from the sensor
[98,106]. This effect is also shown in the box plot, which
confirms larger relative height errors for pixels with inci-
dence angles below 30° and above 75°. The “optimal
incidence angle for SAR images over alpine terrain”
[105] of 45° shows the lowest error rates, furthermore
underlining the local sensitivity of InSAR DEMs toward
terrain aspects with respect to the satellite’s position.
While the shadow areas are simply voids in the retrieved
radar image, they cause phase jumps during the unwrap-
ping, which, when untreated, cause false elevation estimates
[22]. Different approaches are presented to overcome these
voids in the phase image by finding optimum unwrapping
paths [60], for example, by using coherence as a measure
to connect the surrounding unwrapping paths [107], by
restoring the phase in shadow areas using smooth phase
gradients [108], or by the combination of interferograms of
multiple looking directions and aspects [109,110].

Finally, sufficiently high coherence is required for
accurate height estimates, which can strongly vary over
the entire image. For instance, decorrelation can occur
through variations in land cover and scattering mecha-
nisms as discussed in Section 2.1.3, but also results from
the aforementioned shadow or layover effects [97]. An
extensive analysis of terrain effects on DEMs retrieved
from ERS data is provided by Zebker et al. [111]. Unsur-
prisingly, InSAR height errors primarily occur in pixels
with coherence smaller than 0.2 and continually decrease
with higher coherence in our study as well (Figure 8,
bottom right).

Another important source of error are atmospheric
effects. Although the retrieved backscatter intensity of
radar sensors is significantly less affected than the optical
data, heterogenous refractivity distributions in the atmo-
sphere can cause an inconsistent signal delay within an
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image [24]. This was already investigated by Goldstein in
1995 who identified patterns in an interferogram, which
were not correlated with topographic features and could
therefore be attributed to water vapor and turbulence in
the troposphere [75]. However, their impact becomes
visibly more obvious in DInSAR approaches where the
topographic phase ¢p, is already removed [112]. Espe-
cially time-series approaches based on many interfero-
grams allow to systematically screen for atmospheric
effects that can then be subtracted from the analysis
[47]. As removing the topographic phase is not possible
within the scope of DEM generation, its contribution
has to be assumed negligible [27] or targeted by more
advanced methods, such as weather models, data fusion,
or multi-baseline approaches [57,113-115].

Luckily, the unknown delay of tropospheric effects is
independent of the wavelength, but inversely propor-
tional to the length of the perpendicular baseline, so
that it is minimized for configurations above 100 m as
suggested in Section 2.1.4 [116]. However, the radar signal
also undergoes a phase advance in the ionospheric layer
of the atmosphere, leading to additional distortion, espe-
cially in the mid-latitudes [117]. Its effect on C-band Sen-
tinel-1 data is lower than for long-wavelength systems,
such as ALOS-2 (0.034 vs 0.13 ionospheric induced phase
[118]), but especially for DInSAR approaches, it should
not be neglected, where Gomba et al. propose a split
spectrum-based approach for Sentinel-1 TOPS data [119].

2.2 Open software, tools, and tutorials

Of all the existing spaceborne SAR missions, Sentinel-1
stood out since the beginning because its data were made
openly available to the public via the Copernicus Open
Access Hub [120]. Although the data of historic missions,
such as ERS or ENVISAT, become progressively released
as well [121], it was a constituted aim of the Copernicus
Programme to provide unrestricted access to every citizen
throughout the world and to foster science, economic
growth, and decision-making the European Union [122].
Since then, the annual amount of data provided and
downloaded by users is continuously growing: in the
year 2019, over 128 million downloads (70 PiB) were
registered, which is double the amount of 2018 and
20 times the volume of 2015 [123]. The operation acquisi-
tion of the Earth’s surface is clearly defined in observa-
tion scenarios, which aim at exploitations of the S1 duty
cycle and allowing users to integrate future acquisitions
in their planning [38]. Until June 2020, each land surface



544 —— Andreas Braun

-180 -150 -120 -90 -60 -30

DE GRUYTER

30 60 90 120 150 180

Sentinel_l Level 1 SLC Data Coverage Copemicus Sentinel-1A and Sentinel-1B data,

Legend
2014-2020 No. Observations
Current: 31 May 2020 <
Il 2-25
Map shows the total of Sentinel-1 SLC product Wl 26 - 50
global coverage. ? (1)1‘ _1 8(5)0
Sentinel-1 data are open access and can be 251 - 500
downloaded using the ASF Data Search portal [ 501 - 1000
I > 1000

[https://search.asf.alaska.edu]

Figure 9: Global coverage of Sentinel-1 SLC products as of May 2020. Obtained from https://asf.alaska.edu and kindly provided by the

Alaska Satellite Facility [198].

of the Earth was captured hundreds of times, with
regional differences as shown in Figure 9. It shows the
priority of the European Union and its surrounding seas,
selected islands, and Greenland for the monitoring of
sea-ice and iceberg monitoring as defined in the Sentinel
High-Level Operations Plan (HLOP [124]).

Besides the actual open availability of data from the
Copernicus Open Access Hub [120], the SNAP software
[125] is continuously being developed by the order of
ESA to assist all users in the exploitation of the products
provided within the Copernicus Programme. By the end
of 2019, it was downloaded over 500,000 times [126],
making it the most actively used open-source software
in the domain of remote sensing. It not only allows basic
operations of SAR preprocessing and analysis but also
provides all necessary tools to generate DEMs from nearly
all spaceborne sensors, which are currently accessible by
the public. A workflow on the derivation of DEMs from
Sentinel-1 SLC image pairs is demonstrated in Figure 10
for a study site shown in the Appendix (Figure Al). The
basic steps include TOPS Split, which reduces the SLC

data to one sub-swath and a selected number of bursts
[102], then coregistration by Back Geocoding and ESD
[100], and interferogram formation (including removal
of the flat-Earth phase @gy). The phase unwrapping
is conducted outside SNAP by independently licensed
tool snaphu (statistical-cost network-flow algorithm for
phase unwrapping [127]) followed by the import of
the unwrapped phase back into SNAP where it is trans-
lated into metric units based on an external reference
DEM [66] and geocoded using Range Doppler terrain cor-
rection [68]. A tutorial on this process has been provided,
including a number of potential error sources and limita-
tions as discussed in this study [128].

A python-based implementation of these steps is also
facilitated within the openly available tool GITASAR [129].
There are a number of additional open packages for radar
processing, but these focus on polarimetry (PolSARpro-
BIO [130]; OTB [131]), differential interferometry (ISCE
[132]; LiCSBAS [133]; StaMPS [134]), or the exploitation
of large data cubes (pyroSAR [135], OpenDataCube [136])
and do not include DEM generation in particular.
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Operation in SNAP

import image 1 import image 2

S1 TOPS Split S1 TOPS Split

Apply Orbit File Apply Orbit File

InSAR Stack
Overview

View > Tool Windows >
Radar > InSAR Stack

Optional: Gives information

about temporal and
perpendicular baseline

l
:

Back Geocoding

Enhanced Spectral Diversity

Interferogram Formation

S1 TOPS Deburst

l

Multi-looking

l

Goldstein Phase Filter

A

snaphu export

}

unwrapping

Figure 10: Workflow for the
modules are marked green.

Besides the already mentioned tutorial provided by
ESA [128], which is currently the most comprehensive,
there are further open resources on DEM generation

snaphu import

Phase to Elevation

Terrain Correction

— 545

Location and comments

File > Import SAR Sensors > Sentinel-1
Select .zip file or extract and select .manifest

Radar > Sentinel-1 TOPS > S1 TOPS Split
Select VV polarization, Sub-Swath and bursts

Radar > Apply Orbit File
Select VV polarization, Sub-Swath and bursts

Radar > Coregistration > S1 TOPS Coregistration > S1 BG
Use SRTM 1Sec (Auto Download) or external DEM

Radar > Coregistration > S1 TOPS Coregistration > S1 ESD
Required when more than one burst is selected during
TOPS Split

Radar > Interferometric > Products > Interferogram Form.
Subtract flat-earth phase, include coherence estimation

Radar > Sentinel-1 TOPS > S1 TOPS Deburst

Radar > SAR Utilities > Multilooking
Optional, but can reduce noise in fringe patterns

Radar > Interferometric > Filtering > Goldstein Phase Filter
Optional, but can reduce noise in fringe patterns

Radar > Interferometric > Unwrapping > snaphu export
Prepares data for unwrapping in snaphu

snaphu is not an official part of SNAP, the exported files
are unwrapped with snaphu via the command line

Radar > Interferometric > Unwrapping > snaphu import
Select the unwrapped phase produced by snaphu (green
line) and a reference product in SNAP (dashed line)

Radar > Interferometric > Products > Phase to Elevation
Use SRTM 1Sec (Auto Download) or external DEM

Radar > Geometric > Terrain Correction > Range Doppler TC
Use SRTM 1Sec (Auto Download) or external DEM

DEM generation from Sentinel-1 SLC data in SNAP. Optional operators are outlined in light blue, and external

with Sentinel-1 data: the ASF provides a short, but tech-
nically complete list of instructions for the processing of
an S1 InSAR DEM in SNAP [137]. It briefly discusses the
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aspect of perpendicular baseline, but does not provide
practical recommendations or further theoretical back-
ground information. Two tutorials on DEM generation
using Matlab and Python (including scripts and sample
data) are provided by the SAR-EDU initiative, but they are
not based on Sentinel-1 products as input data, which
are of the special structure due to the TOPS acquisition
mode [138]. Geymen introduced the workflow of DEM gene-
ration with two ERS images and included the source
code to execute it in the DORIS software package [139].
The article comes with a clear technical description, a
thorough methodological discussion and includes relevant
literature references for further reading. A similar approach
was followed by Crosetto who described and discussed the
processing chain to derive a DEM from ascending and des-
cending ERS images with a focus on quality assessment and
height calibration [57]. In a similar way, the mathematical
foundations are well outlined and illustrated by many
examples in a guide written by Richards, but also mainly
without references to specific software packages or practical
instructions [66]. Concludingly, the challenges to generate
DEMs from InSAR image pairs are well discussed and
presented in the scientific discourse but, except for the
tutorial published by ESA [128], only a few openly avail-
able resources deal with the practical implications for
the use of Sentinel-1 data.

3 State of research

3.1 Literature review

To get an impression about the current state of research,
a systematic review was conducted to identify all articles

Table 2: Criteria for the literature review

DE GRUYTER
Table 3: Summary of the literature review
Portal Results Usable Not usable
WoS 52 8 44
arXiv 6 1 5
Google Scholar 43 12 31
101 21 80

Bold values are the sum of the lines.

published until October 2020 related to this topic. To
cover the majority of peer-reviewed scientific contribu-
tions, Web of Science (WoS) was selected as a first source
and searched according to the criteria given in Table 2. As
a platform for the exchange of innovative concepts before
peer-reviewed publication, arXiv was also searched for
results. To find additional conference contributions or
gray literature, Google Scholar was searched, which offers
a broader, less scientific range of results. This allows the
depiction of the status of current ideas and research
beyond those of officially published works.

To include both adjectives (topographic) and nouns
(topography) as wells as both singular (elevation) and
plural (elevations) spellings, asterisks were used for the
search. The results of the first survey are presented in
Table 3. In total, 101 studies matched the criteria, of
which the highest number was found in WoS (n = 52).
However, only 14% of these met the criteria defined in
Table 2. In contrast, the proportion of usable studies was
28% for Google Scholar and 17% for arXiv. The suitability
of the studies was evaluated independently by two per-
sons, initially screening the abstracts and then deter-
mining if the study fulfilled the criteria. Articles that
were not published in English were translated by native
speakers before the review. In cases where these two
evaluators did not come to the same conclusions or

Data base

Web of Science (WoS), Google Scholar

Search terms e Title: Sentinel-1 AND height

e Sentinel-1 AND (Digital Elevation Model OR Digital Surface Model OR Digital Terrain Model)
e Sentinel-1 AND (Interferometry OR InSAR)

e Surface detection
Inclusion criteria

Articles, reports, and presentations (since 2013) dealing with

¢ The extraction of elevations of terrain
¢ The extraction of elevations of distinct surfaces
¢ The extraction of heights of single objects from radar interferometry using Sentinel-1 data

Exclusion criteria e Sentinel-1 was not used

e Studies following a differential InSAR approach
e Studies using Sentinel-1 for the estimation of vegetation heights based on statistical regression

e Studies on ocean wave heights
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were not sure about the suitability of the work, a third
reviewer made the final decision. The reasons for drop-
ping unsuitable papers were because the study was based
on DInSAR (23.8%), the study focused on ocean heights
(18.8%), object heights were retrieved by regression (37.5%),
or other topics were covered containing the search terms
within a different approach (37.5%).

3.2 Current studies on elevation extraction
3.2.1 Aims and data sources

As some studies were duplicate listings by both WoS and
Google Scholar, the total number of papers relevant for
this review was 21. A summary of all studies is given in
Table 4. Most of these aim at the estimation of local or
regional topography based on a pair of Sentinel-1 pro-
ducts, similar to the examples shown in Section 2. They
are distributed over different continents, altitudes, and
ecosystems: Northwestern Turkey [140,141], the Kavir
Desert [142], and the cities of Tehran [143,144] and Jam
[144] in Iran, the Cameron Highlands in Malaysia [145],
the island of Mykonos, Greece [146], the Tonk district in
India [147], and the municipality of Semarang, Indonesia
[148]. To increase the quality of the elevation estimates,
seven to eight images were used in studies on Ksiromero,
Greece [149], Tsukuba, Japan [150], and the island of
Ischia, Italy [151]. A study on the Greek islands of Mykonos
and Lesbos takes a special role because 21 and 25 image
products were combined to generate DEMs [152].

Three studies explicitly target the retrieval of surface
heights of natural and man-made structures, which can
be considered a special challenge because they are not
part of the observed topography but rather have their
own limited extent within the setting. These studies use
different quantities of input images and deal with the
estimation of canopy heights of the Tundi forest reserve,
India [153] (n = 2), the surfaces of two glaciers (Videma
and Frias) in Argentina [154] (n = 8 per glacier), and also
building heights in the city of Larisa, Greece [155] (n = 6).

The third group of studies uses images of multiple
dates to assess elevation changes related to geomorpho-
logic processes. While this is usually done with differen-
tial interferometry (exclusion criterion for this review),
three studies derived DSMs for pre and post landslide
situations to calculate volume differences for the Hitardalur
Valley, Iceland [156], and the landslides of Moira [157] and
Panagopoula [158] in Greece. A fourth study investigated the
movement of dunes around the city of Ardestan, Iran [159].
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The study by Yang et al. [160] has a special role
because of its experimental character. It does not aim at
the construction of a DSM alone, but investigates if and
how radar images of different pixel spacings can be com-
bined to achieve a DSM at high spatial resolution. It was
tested in the Kavir Desert in Iran based on o a 6 day image
pair in a stripmap mode.

3.2.2 Methods and outcomes

This section presents the contents of the studies (Table 4)
in greater detail and reflect their approaches with respect
to the principles and aspects of InSAR elevation extrac-
tion as outlined in Section 2.1. This section summarizes
the current efforts and shortcomings in DEM generation
from Sentinel-1 data to stimulate joint discussions on
how to shape this field in the future. To grant an objective
view on these studies, emphasis will be placed on the
impact of different parameters and the reported form of
validation of results as major indicators for transparent
and good scientific practice.

Articles that were published by the same authors are
evaluated together to embrace them as parts of a larger
research aim, which was split into different aspects.

Against this background, Nikolakopoulos and Kyriou
were among the first to approach the potential of Sentinel-1
data for the mapping of topographic heights of the Greek
islands of Mykonos [146] and Lesbos [152] in 2015, shortly
after the launch of Sentinel-1 in late 2014. In both studies,
their approach was based on a series of interferograms,
which were systematically divided into two groups of
small (nine image pairs [bperp: 175-350 m]) and large
(21 image pairs [bperp: 175-1,225 m]) perpendicular base-
lines to analyze the effect of this parameter on the DEM
quality for Mykonos. For the island of Lesbos, results
gained from ascending (nine image pairs) and descending
(14 image pairs) orbits were compared to analyze the
impact of look direction on the final result. For both
islands, image pairs of perpendicular baselines larger
than 175m (up to 1,225m) are reported, so that all of
them fulfill the quality criteria suggested by the scientific
literature as outlined in Section 2.1.4. Neither the inter-
ferograms falls below the minimum baseline of 150 m nor
exceeds the critical baseline of around 5 km. The actual
method of combining elevations derived from the dif-
ferent pairs into a single result is not described in the
studies, but it is referred to in a previous article by Chous-
siafis et al. [161], which proposes a form of mosaicking
where elevation values at single pixels are combined
based on weights derived from a height accuracy map,
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which is produced along each DEM. This height accuracy
map is computed based on an external reference DEM
and allows the determination of the quality of a local
height estimation. After selection of a threshold value,
which was reported to lie around the vertical accuracy
of the reference DEM, height pixels that exceed this
threshold value are masked out and only pixels remaining
from other interferograms are then used to compute a
final height value weighted by coherence and baseline.
The authors report that this method produces DEMs with
significantly higher similarity to the reference DEM com-
pared to the standard averaging methods. The authors’
studies evaluated in this article are based on this method
and reference it in their methods section; yet, short dis-
cussions on the principles underlying the mosaicking
process would increase transparency and help readers
understand how the DEMs were generated in each
respective study. After computation of DEMs of the two
islands, the studies propose various forms of validation:
(a) visual comparison with reference DEMs, (b) statistical
comparison with reference DEMs, and (c) the evaluation
of the derived heights against measured ground control
points (GCPs). Splitting the accuracy assessment into sev-
eral parts is advisable because each of them addresses
different aspects: visual comparison helps to evaluate the
overall data quality and search for artifacts (e.g., gener-
ated during the unwrapping process) and systematic
errors, such as underlying ramps or general trends (e.g.,
underestimation of high values, like demonstrated in
Figure 8). This was done by comparing color-coded ele-
vation maps and cross-profiles from the generated
DEMs of Mykonos and Lesbos with reference DEMs.
The authors used data of different spatial resolutions
obtained from SRTM (30 m), ALOS PRISM (2.5m), and
the Hellenic Cadastre authority (5m), and also DEMs
derived from contour lines topographic maps (7.5m).
This allowed obtaining a more objective and scale-inde-
pendent view of the results without being limited to only
one reference dataset, although they conclude that in
most cases, reference data of the highest resolution and
the lowest vertical accuracy should be preferred. In a
second step, descriptive statistics on the elevation values
of the produced and reference DEMs are compared. This
does not give detailed insights on the local accuracy of
the results, but does enable checking if the DEMs fall
within the same value ranges as the reference data
(minimum and maximum) and for an overall offset of
the values (median). For example, the S1 DEMs produced
for both Mykonos and Lesbos have higher maximum
values (392 and 970 m) compared to their reference data-
sets (360 and 940 m), indicating potential overestimation
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of the highest peaks. For a more robust analysis of these
indications, GCPs of certified elevation were used for the
computation of the RMSE as a more specific accuracy
measure, which compares the difference of the produced
DEM elevations to that measured at the GCPs. As shown
in Table 4, depending on the reference DEM, the RMSE
lies between 5 and 22 m for Mykonos and between 10 and
85 for Lesbos, but it has to be noted that the overall
number of GCPs is not reported in the articles, but is
considerably lower for Mykonos (~19) than for Lesbos
(>100), based on a visual inspection of the presented
GCP maps. As a second measure, the average difference
(AD) was calculated for Mykonos between the S1 InSAR
DEM as well as both the Hellenic Cadastre reference DEM
(-3.2m) and the available GCPs (-19.5 m). With respect
to their study design, the studies found no difference
in accuracy between the short and long perpendicular
baseline groups of Sentinel-1 image pairs because both
groups lie within the critical baseline of around 5 km. In
addition, DEM mosaics computed from ascending and
descending tracks led to similar accuracies, so that no
benefit regarding the looking direction could be identi-
fied for this area as well.

In a later study, the authors applied the same meth-
odology of mosaicking of Sentinel-1 derived elevations to
characterize natural karst depressions in limestones of
the Ionian geotectonic zone in Western Greece [149].
Besides the elevation model generated using eight Sen-
tinel-1 products, openly available data of SRTM, ASTER
GDEM, ALOS GDEM (all 30 m), and a DEM were generated
from contour lines of a topographic map (20 m), as well
an orthomosaic generated by photogrammetric proces-
sing of aerial images by the Hellenic Cadastre (5m). Of
all elevation products, the Sentinel-1 DEM showed the
largest RMSE 38.9 m based on the elevation information
of 38 GCPs collected in the field, which is high compared
with the openly available DEMs (8—-22 m) and the Hellenic
Cadastre (2.4 m). In addition, the suitability of the Sen-
tinel-1 DEM for the automated detection of karst features
was determined with an identification rate of 69%, which
lies above those of ALOS (66%) and the Greek Cadastre
(22%), but below those of SRTM (73%) or the one derived
from the topographic map (89%). The authors assume
that the automated detection of karst features is sensitive
to the scale of the input DEM, and therefore, products of
higher resolution partly result in the lower quality. Yet,
the DEM from Sentinel-1 data resulted in similar results
as other freely available elevation products.

The method of mosaicking several Sentinel-1 DEMs
was also applied by this group of authors to an area in
the northern Peloponnese, which is reported as being
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especially susceptible to landslides, and DSMs of dif-
ferent dates could be used for the estimation of surface
changes [158]. This study does not analyze a special land-
slide event but can be seen as a preparatory work for the
development of a monitoring strategy based on freely
available InSAR data. Eleven Sentinel-1 products were
used to generate a DEM as proposed by Choussiafis
et al. [161], and outcomes were visually and statistically
compared with a reference DEM of the Hellenic Cadastre
(5m), an unknown number of GCPs, and a DEM gener-
ated from a series of TerraSAR-X Spotlight products with
a spatial resolution of 1 m. All three DEMs were statisti-
cally validated against the GCPs (but not against each
other), reporting an AD of 9.1 m and an RMSE of 14.7 m
for the Sentinel-1 DEM. The authors conclude that neither
the Sentinel-1 nor TerraSAR-X DEMs provide the neces-
sary accuracy to detect and measure small-scaled land-
slides in this area. This study was continued by Kyriou
and Nikolakopoulos in 2018 [157] who undertook exten-
sive surveys in the area with Global Navigation Satellite
System (GNSS) measurements and flight campaigns of
unmanned aerial vehicles (UAV) to measure topographic
heights of the Moira landslide in January 2016 and had
an extent of 300 m by 330 m. A total number of 30 inter-
ferograms were computed with perpendicular baselines
between 97 and 172m of which 15 describe the surface
before the landslide event and 15 afterward. The study
does not give information on how these 15 interferograms
were merged to one final DSM. As the authors coincide
with the previously presented studies, it is assumed that
the same method of mosaicking was undertaken, but still,
this is a drawback because it prevents reproducibility of
the results. The elevation profiles of the pre-landslide and
post-landslide DEMs were compared along three different
transects, clearly showing a reduction of surface heights
between 5 and 30 m, varying along the distance between
the landslide crown at the top and the accumulation zone
at the bottom. Unfortunately, thousands of GNSS measure-
ments, which were collected along tracks in the study area
after the landslide, were used only to estimate the volume
of the displaced material by comparing them with the
heights of the Hellenic Cadastre and not for the validation
of the post-landslide DEM of Sentinel-1. Yet, the authors
conclude from this assessment that the difference of sur-
face heights retrieved by the two S1 DEMs are overesti-
mated and do not provide a reliable estimation of the
actual displacement.

The second group of articles by Ghannadi et al. who
tested the interferometric capabilities of Sentinel-1 for
different locations in Iran is presented later. Large parts
of their study areas are characterized by sparse vegetation
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cover, so that the impact of temporal decorrelation is
low compared to other studies. The first article targeted
the derivation of surface topography around the city of
Tehran based on a single image pair with a temporal
baseline of 72 days [142,143]. No information is given
on the perpendicular baseline, but the large distance of
the fringes in the interferogram presented in this study
indicates a baseline smaller than 100 m (comparable to
that of the shortest perpendicular baseline shown in
Figure 7). The results were validated against two sets of
height reference points extracted from a DEM with a spa-
tial resolution of 1 m (source not specified): the standard
deviations (StDs) between both datasets were 1.26 m (flat
areas, based on 138,761 reference points) and 10.32m
(mountainous areas, based on 78,196 reference points),
with large proportions of errors smaller than 10 m, but
outliers reaching up to 20 m.

To tackle these outliers more effectively, the findings
of Ghannadi et al. were refined in another study in Iran
[144]. It uses two image pairs of different regions around
the cities of Tehran and Jam with temporal baselines of
180 and 24 days, respectively. It is not justified in the
article why these image pairs were selected, yet perpen-
dicular baselines are not presented. The approach of the
study is of rather experimental nature and analyzed how
DEM accuracies change after the application of a median
filter and a two-dimensional Kalman filter [162]. They
also used a reference DEM generated by photogrammetric
processing of GeoEye-2 image products with a spatial
resolution of 1 m and a vertical accuracy of 0.5 m. Presumably,
the same reference DEM was used in the studies mentioned
earlier as well although its accuracy is not evaluated at a
greater detail. Findings of both regions show that the
RMSE of 24.3 m (Tehran) and 20.7 m (Jam) can be reduced
slightly by the median filters (23.1m and 20.4 m, respec-
tively) and even more so by the proposed 2D Kalman filter
(20.1m and 18.5m, respectively). The same is reported
for the mean absolute error (MAE), which also slightly
decreases after postprocessing. However, the authors con-
clude that the effect of filtering on the DEM quality is mostly
limited to outliers, and it can be assumed that image pairs
with more suitable temporal baselines (6—-12 days) and
larger perpendicular baselines can provide DEMs with lower
error rates in general.

A similar study design has been presented by Atalay
and Sefercik who estimate topography based on a single
pair of Sentinel-1 images with a temporal baseline of
12 days in Zonguldak in Turkey [140] and validate the
results based on a reference DSM with a spatial resolution
of 10 m provided by local authorities. They performed a
co-registration of the elevation models to minimize
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systematic errors between both datasets to correct for
horizontal shifts. This step resulted in horizontal shifts
of 39.4m and -23.8 m in x and y directions, which were
corrected before the accuracy assessment. Afterward,
they compared the StD and the normalized median abso-
lute deviation (NMAD) between the reference DEM and
the S1 DEM. The calculated StD was 4.2m on the flat
terrain and 5.2 m for the entire area. To put these values
into perspective, StD was also assessed between the refer-
ence DEM and the AW3D30 model, attributing similar
error rates (StDs of 4.0 and 5.5m). The calculated NMAD
was 3.8 m (flat) and 4.0 m (entire area) for Sentinel-1, and
3.2m (flat) and 4.7 m (entire area) for AW3D30. Finally,
the morphologic quality of the DSMs was assessed by
visual comparison of color-coded contour levels. The
authors conclude that Sentinel-1 data can deliver DEMs
of similar quality compared to AW3D30, but the latter is
more precise on flat terrain in the study area.

The comparison of DSMs from SRTM, AW3D30, and a
Sentinel-1 image pair (beemp = 12 days, bperp, = 86 m) was
extended by Sefercik et al. for the metropolitan area of
Istanbul [141]. A reference DSM with a spatial resolution
of 5 m was used to calculate StD and NMAD of the height
difference for different surface types. The study showed
that StD of Sentinel-1 (5.6 m) is lower than that of SRTM
(6.2m) and AW3D30 (6.3 m) over the entire area (water
bodies excluded), but especially AW3D30 performs better
on flat terrain (4.9 m). With respect to different types of
land cover, open areas were found to have the lowest
NMAD (3.5m), followed by forest (4.3m) and built-up
areas (3.8 m) for the Sentinel-1 DSM. Additional height
error maps, contour lines, and cross sections were pre-
sented to illustrate the differences between the datasets.
Especially the profile cross sections showed that some
heights of building blocks were visible in the AW3D30
because it derived from a product with initially 5 m spa-
tial resolution, while SRTM and Sentinel-1 were of com-
parably poor quality over the urban area.

Ahmadabadi et al. used a Sentinel-1 image pair sepa-
rated by 12 days and a perpendicular baseline of 77 m to
create a DEM of dunes near the city of Ardestan in the
Iranian desert. It was validated against 110 GCPs with
height information and achieved an overall agreement
of R? = 0.73, an RMSE of 2.42m, and an MAE of 2.1m.
They used it to estimate the direction and the horizontal
movement of sand dunes based on a reference DEM and
additional Sentinel-2 data, which were in line with the
wind directions of a nearby meteorologic station. The
detected horizontal displacements of the dunes showed
an RMSE of 4.7m and were found to be more frequent
with increasing elevation, although this could also be
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attributed to a computational bias. The authors conclude
that the looking direction of the satellites should be taken
into consideration for future studies to increase accuracy.

In contrast to the sparsely vegetated areas, which
were presented in the previous studies, Mohammadi
et al. present a study based on an image pair of the
Cameroon Highlands in Malaysia. which is characterized
by dense forests, farmlands. and orchards and altitude
differences of more than 1,000 m [145]. These challenging
conditions, combined with a very large temporal baseline
of 602 days, led to an entirely decorrelated interferogram
without any fringe patterns as shown in the figures of the
article. The unwrapped phase is therefore characterized
by a strong ramp in the azimuth direction superimposing
any topographically induced phase variations. As indi-
cated by the graphical workflow, the topographic phase
removal was applied to the data, and hence, the topo-
graphic phase estimation based on the SRTM data was
then wrongfully interpreted as the actual output DEM.
Accordingly, the accuracy assessment led to a coefficient
of determination R? of 0.996 and a standard error of 1.9 m,
which was basically just the SRTM data validated against
itself at a resampled spatial resolution of 10 m. The
authors conclude that the method was highly effective,
but based on the presented data sources and the outlined
workflow, the results clearly underlie false conclusions
and were based on technically incorrect processing.

A short study was presented by Soni et al. who used a
12-day image pair to derive elevations in the district of
Tonk, India [147]. No information on the perpendicular
baseline is given, and the quality of the resulting DEM
was only visually validated and discussed based on the
coherence layer, which was reported low for croplands
and water bodies. The authors suggest addressing this
issue by combining images of S1A and S1B to reduce
the temporal baseline to 6 days.

While the previously evaluated studies did not pre-
sent or discuss the role of perpendicular baseline, all the
following studies placed more emphasis on the selection
of suitable image pairs with favorable configurations.
Sunu et al. found an image pair separated by 18 days
but with a perpendicular baseline of 146 m, which comes
close to the ideal value range suggested in the previous
studies mentioned in Section 2.1.4. Their study area is the
region around Semarang, the capital of Central Java pro-
vince in Indonesia. Altitudes roughly range between 0
and 500 m, and large parts of the study area are covered
by swampy forests and cultivations. Therefore, the fringes
in the interferogram are visible, but are interrupted by low
coherence areas at several points. Their phase information
could not be unwrapped correctly leading to artifacts in
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the final DEM. Validated against 137 GCPs with elevation
information, the AD was 38.7 m and reached values up to
206 m. Also, the RMSE of 52.3 m is comparably high, and
according to the authors, the largest errors are concen-
trated in swamp areas and dense vegetation, while the
AD was lowest over urban areas.

Similar challenges were reported by Ullo et al. who
generated a DEM of the island of Ischia, Italy, in the
context of an earthquake event, which was also assessed
by differential interferometry (DInSAR). Hence, they
used four different image pairs of varying look directions
(ascending and descending), temporal baselines (612
days), and perpendicular baselines (between 7 and
108 m). They carefully discuss the potential impact of
different error sources (atmospheric noise, temporal dec-
orrelation, look angle, and surface orientation) and also
underlining that pairs with the largest perpendicular
baseline and highest coherence should bring the most
promising results for topographic mapping. The resulting
DEM contained smaller errors in the areas of dense for-
ests, but according to the authors, the overall elevation
patterns and value ranges were in accordance with those
official topographic maps. No statistical evaluation based
on independent reference data has been carried out for
the generated DEM. Similar to the study by Mohammadi
et al. [145], the information content of the topographic
phase, which was estimated for the estimation of displa-
cement of the study, was partly misinterpreted within the
scope of DEM generation.

To study the impacts of the perpendicular baseline
on DEM generation, Nonaka et al. analyzed six interfer-
ograms of Sentinel-1 image pairs of the city of Tsukuba,
Japan [150]. Perpendicular baselines ranged between
46 and 137 m with temporal baselines between 6 and
24 days. They derived the height ambiguities for these
pairs according to equation 4a and confirmed that larger
height ambiguities caused by shorter perpendicular base-
lines lead to lower DEM accuracies. These were assessed
by using a quantity of 61 height reference points and were
reported the lowest (RMSE of 6.3 to 7.7 m) for the pairs
with perpendicular baselines larger than 100 m and
reached 31m for the pair with 72m and 24 days. The
study furthermore showed that errors were larger for
reference points collected over parking lots and roads
than those from other ground surfaces. As the temporal
baselines were not constant through the image pairs, the
interpretability of the results is limited.

While the previous study intentionally limited the
GCPs to ground surfaces, Letsios et al. tested the capabili-
ties of Sentinel-1 interferometry for building height esti-
mations in Larisa, Greece [155]. Six image pairs with
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temporal baselines between 6 and 28 days and perpendi-
cular baselines between 114-171 m were used to generate
individual DSMs, which were stacked and averaged in a
second step to form a final urban DSM. Validation was
based on 35 elevation measures collected at rooftops to
obtain the topographic height including the surface of
the building objects. Absolute errors ranged between
0.01 and 4.2m and resulted in a mean average error
(MAE) of 1.69 m. The authors conclude that the results
can be useful at the block level, but the spatial resolu-
tion of Sentinel-1 is not sufficient to reliably predict
single building heights. Also, the difference between
the ground height and the object height is not assessed
in this study.

Kumar and Krishna also investigated the interfero-
metric potential for the retrieval of canopy heights of
the Tundi forest reserve (India) comparing image pairs
from Radarsat-1 and Sentinel-1. Their comparability was
limited because of the different polarization (HH and VV),
direction (ascending and descending), temporal baseline
(24 and 12 days), and perpendicular baseline (491 and
90 m). After interferometric retrieval of surface heights,
including the forest canopy, ground heights have been
assigned to each forest area based on the nearest avail-
able vegetation gap to derive the local height of each
forest stand. Different accuracy measures were calculated
based on 11 height measurements collected in the field,
each consisting of an average of 25 trees: R? between
measured and predicted tree height was found to be
0.89 for both sensors, and RMSE (1.3 m) and MAE (1.34)
were slightly lower for the Sentinel-1 canopy model,
despite visually reported noise within dense forest areas
caused by phase decorrelation. These low measures must
be interpreted with care because of the low number of
reference points (n = 11) and the long time between the
Radarsat-1 DSM from 2004 and the Sentinel-1 DSM from
2017 which includes an expected height increase of around
4m according to the authors. This is underlined by a
comparably low R’ between both DSMs of only 0.48.
Still, the use of forest gaps to determine the difference
between ground and surface heights was proven to be
effective in this study and expected to be more efficient
when more image pairs were combined.

A study on glacier heights in contrast to terrain
heights was proposed by Ortone Lois for two glaciers in
the Los Glaciares National Park in Argentina, with alti-
tude differences of over 2,000 m [154]. Four Sentinel-1
image pairs of different years were used for each of
them, with temporal baselines between 6 and 24 days
and perpendicular baselines between 24 and 180 m. No
statistical accuracy assessment was conducted, but the
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impact of rainfall events on the phase information as well
as the loss of coherence with the increasing temporal
baseline was presented in the study. The quality of
results was furthermore assessed by visual inspection of
hillshade representations of Sentinel-1 DSMs compared
to the SRTM data. The author concludes that the impact
of vegetation, steep slopes, and moving ice masses was
severely degrading the phase quality, and pairs with per-
pendicular baselines below 70 m were not usable in
this case.

An approach comparing DSMs of three different
acquisition periods was pursued by Dabiri et al. who
used 6 day image pairs at perpendicular baselines between
110 and 159 m to assess the volume changes of a landslide
in the Hitardalur Valley, Iceland [156]. As this event
exceeded the maximum detectable displacement (half
the size of the wavelength) and included non-coherent
surface changes, a DInSAR approach was no longer
applicable [24]. After masking the landslide area,
volumes of 7, 12, and 109 million m3 were estimated by
the three different post-event DSMs. To put these large
variations into perspective, the ArcticDEM (2 m) [163] was
used to validate the DEM areas outside the landslide
event. Besides a statistical comparison, the vertical accu-
racy of the three post-landslide DSMs was assessed by
the RMSE, while their horizontal accuracy was tested
for autocorrelation by Moran’s I index. It was applied to
the difference image between the S1 DSM and the ArcticDEM

18
16
14
12

10

number of studies

DE GRUYTER

and tests for local homogeneity within a kernel of eight
neighboring pixels [164]. Results show that the DEM cal-
culated from the ascending data with a perpendicular
baseline of 134 m has the lowest RMSE (30 m compared
to 37 and 41 m), but the DEM with a perpendicular base-
line of 142 m produced the best volume estimation (7
million cubic meters, also confirmed by independent
literature [165]), and has the highest Moran's I (0.97).
The authors conclude that besides the factor of the per-
pendicular baseline, which has been carefully selected in
the study, temporal decorrelation and weather conditions
have a significant impact on the quality of the results,
and therefore, the suitability of Sentinel-1 for landslide
volume estimation has to be further investigated.

The last study presented in this work by Yang et al. is
of an experimental nature and tested the hypothesis
regarding if Sentinel-1 products could be combined with
images of higher resolution to generate interferograms
with higher details for DEM generation [160]. Their test
was based on an image pair acquired in a stripmap mode
(5 m spatial resolution) with a temporal baseline of 6 days
acquired over the Kavir Desert in Iran, of which one was
downsampled to 10 and 25m for testing reasons. In a
second step, an interferogram was computed using a
compressive sensing approach developed by the author
based on the product of high resolution (5m) and each
of the lower resolution images (10 and 25 m). The filtered
and unwrapped phases were then compared to the high-
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Figure 11: Overview of the study area. Extents and profiles used for demonstration in Section 2.1. This figure shows the modified

Copernicus data.
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resolution outcome by the relative RMSE, resulting in a
relative phase difference of —28.7 (10 m) and -25.1 (25 m).
No conversion to metric elevations was carried out, but
the authors conclude that this method is suitable to
increase the spatial resolution and degree of detail of
interferograms. Yet, it remains unclear why the relative
RMSE used for the quality assessment is negative and
given in the decibel unit. Accordingly, generating inter-
ferograms from both stripmap and TOPS products should
be further investigated.

Figure 11 presents a short summary of the literature
review: around one half of the 21 analyzed studies dealt
with the analysis of a single image pair, while the others
used more advanced approaches. Most of the studies
underlined the importance of short temporal baselines,
but only half of them explicitly worked with pairs of sui-
table perpendicular baseline. It is unclear if the others
simply did not mention this parameter or if they were
not aware of its impact. Sixty-eight percent of all studies
used SNAP for the data processing, which is not sur-
prising, because it is the main software provided by
ESA when making use of their satellite constellations.
Besides this, ERDAS and Matlab were used as commercial
alternatives. Half of all studies used field measurements
of heights to validate their DSMs, which is considered
the most precise validation, but collecting such data is
time consuming, and many studies only used less than
50 GCPs for the calculation of specific error measures.
Accordingly, these points were not necessarily represen-
tative of the entire study area. In cases where the field
data were not available, validation has been conducted
based on a reference DEM of higher resolution. This
approach allows a considerably larger number of values
for statistical comparison, but the accuracy metrics can
be biased by the quality of the reference DEM. An advan-
tage of this approach is that it allows the identification
of the spatial distribution of errors, for instance, in rela-
tion to different types of land cover or with respect to
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topographic characteristics (e.g., larger errors at slopes).
Based on either point-wise measurements or a reference
DEM, most studies were able to conduct a statistical accu-
racy assessment. RMSE and MAE were the most popular
measures because they are resolved in the same unit as
the investigated DEM (m), but also the coefficient of
determination R? was frequently used to quantify the
overall agreement. Only few studies distinctively sepa-
rated horizontal and vertical accuracy or checked for spa-
tial autocorrelation with Moran’s I. Finally, the main
reported reason for low quality was temporal decorrela-
tion, causing noise in interferograms because of low
coherence. But it is obvious that some studies were
not fully exploiting the potential range of the imaging
geometry by selecting pairs with higher perpendicular
baselines.

3.3 Experiences from the user perspective

This section is not based on published research, but
shall give insights into the current debates, approaches,
and problems of the user community of Sentinel-1 data.
With over 7,100 users, 4,000-6,000 daily page views at
average and 150-400 monthly posts, the user forum of
the Scientific Toolbox Exploitation Platform (STEP) [166]
hosted by the European Space Agency is considered a
representative snapshot. In particular, the challenges of
DEM generation with Sentinel-1 data, which are not
reported in official studies shall be revealed.

To obtain an objective impression of the current
status of the community, several hundred posts from 93
topics on DEM generation with Sentinel-1 data were iden-
tified via the forum’s search function and categorized
regarding the content of the discussions and the main
reasons why the approaches failed or did not produce
the desired results. They are summarized in Figure 12,

main reasons for struggles or failed attempts

m expectations
u technical (workflow)
m decorrelation

processing requirements

Figure 12: Results of the systematic evaluation of posts and topics related to DEM generation with Sentinel-1 data in the SNAP user forum.



556 —— Andreas Braun

as percentages because some of the forum posts could be
of several categories and also include both content dis-
cussions (left) and error analysis (right). Unsurprisingly,
the most frequent topic is the handling of the software
itself (24.2%), dealing with the tools outlined in Figure
10, their order within the workflow, their implications,
and the underlying parameters. The second most fre-
quent topic was summarized under “method develop-
ment,” such as any approach going beyond this standard
procedure, for example, by averaging DEMs of different
interferograms, masking out low coherence areas or com-
bining ascending and descending data (22.5%). The third
point of equal importance was the selection of suitable
images as input for the DEM generation (20.0%), indi-
cating that the roles of perpendicular and temporal base-
lines are increasingly being considered in the study
design. Other frequent topics dealt with the unwrapping
process conducted outside the SNAP software based on
the snaphu tool (see Figure 10), which brings its chal-
lenges (14.2%), ways of validating the generated result
based on reference DEMs or field measurements (10.8%),
and the specifications of the Sentinel-1 IW SLC products
that consists of three sub-swaths and nine bursts, which
have to be handled during the processing as outlined in
Section 2.2. Accordingly, the forum serves as a platform
for both the information on the correct processing steps
and parameter settings and also for the exchange of
ideas, strategies, and new methods, which emerge from
the basic principles. Moreover, a closer look at these dis-
cussions also reveals the need for a concise description of
the workflow tailored to Sentinel-1 data and the role of all
involved parameters as presented in Section 2.1. Also
note that, the users who are actively seeking help in the
forum often lack clear guidance, for example, by lecturers
or advisors or the exchange of expertise with colleagues.

Looking at the reasons why users struggle with DEM
generation based on Sentinel-1 data or why they are
not satisfied with the results, exaggerated expectations
are the most frequent cause for their dissatisfaction (37.7%).
This might be caused by the fact that SRTM is known to
be derived from the radar data, and the free availability of
Sentinel-1 data raises hopes to achieve something similar
at higher quality. Although the spatial resolution of
Sentinel-1 SLC data is 5 by 20 m in theory, the level of
detail of the produced DEM is mostly lower than the one
of freely available datasets, such as SRTM, ASTER GDEM,
or AW3D30 (all around 30 m). The main reasons for this
are phase decorrelation in vegetated areas, low fringe
densities due to small height ambiguities (see Figure 7),
or geometric effects (layover and shadow) in areas of
extreme topography (see Figure 8). As many of the use
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cases are conducted within scientific theses, these overly
high expectations were observed to be triggered by super-
visors with no radar background who urged their students
to produce higher quality DEMs compared to those glob-
ally available. In the end, only a few cases discussed in
this forum could be considered successful in revealing
land forms and height measurements, which can be
used for subsequent tasks. The second leading reason
for users struggling with this task is a lack of technical
knowledge on the workflow and its components (32.0%).
This again underlines the need for a clear and critical
documentation of the processing as provided in this
study. A third point, closely related to exaggerated expec-
tations, is the role of the temporal phase decorrelation,
leading to noisy interferograms without reliable infor-
mation. However, it was frequently observed that the
processing is continued even when the interferogram
was obviously not suitable for height extraction, leading
to artifacts during the filtering and randomly generated
ramps after the unwrapping process. Again, a clear visual
inspection and evaluation of the intermediate products
checking for their correctness and integrity, such as
demonstrated in Figure 4, has not always been conducted.
Only a very small fraction of cases reported limitations
(RAM or CPU) related to computationally intensive proces-
sing (3.3%).

These points confirm that the technical requirements
of DEM generation with Sentinel-1 data with openly avail-
able software are widely given, but problems mostly
occur based on little technical understanding or missing
awareness of error sources.

4 Discussion

This section summarizes the most important points pre-
sented in this study and discuss them with respect to
ongoing research and against current developments.

4.1 Minimum requirements and practice
recommendations

It was confirmed in the example from Section 2.1 and the
case studies evaluated in Section 3.2 that there are two
points largely affecting the quality of the desired out-
come: the first is temporal decorrelation, caused by the
changing scattering mechanisms of surfaces between the
first and the second image acquisition. The observed
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phase decorrelation leads to noise in the interferogram,
which then produces irregular height values after the
unwrapping process. Although different computational
solutions based on the statistical improvement of the
phase image [167] or multitemporal approaches [168]
have been proposed to overcome low coherence areas,
the most effective method is to keep the temporal base-
line as short as possible. With Sentinel-1A and 1B in orbit,
the shortest repeat cycle of a track is 6 days for large parts
of Europe and 12 days for the rest of the world [124]. Yet,
as shown in many studies and demonstrated in Figure 5,
temporal decorrelation of C-band radar data remains
a problem, especially in areas with dense vegetation,
where the factor of volume decorrelation additionally
increases this phenomenon [169]. Currently, no solutions
are provided to tackle this issue for image pairs separated
by 6 or even 12 days. At least the effect of lower vegetation
can be reduced by selecting images from the dry period,
especially in the study areas with pronounced season-
ality [170].

One way to address smaller segments of low coher-
ence, such as that caused by water bodies, is to mask
them before the unwrapping step, so that smaller areas
of phase decorrelation can be compensated and will only
lead to locally false height estimates. But these areas
should neither dominate the image nor separate seg-
ments with good coherence because the subsequent
cost-based unwrapping process will no longer be able
to bypass these noisy parts, and will generate faulty
results or arbitrary trends [127,171]. As shown in the
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literature review, if a certain density of vegetation is
exceeded, results will become unusable regardless of
the temporal baseline [145,148,151]. Accordingly, studies
on forest areas based on repeat-pass Sentinel-1 imagery
are not feasible with classic InSAR approaches. This
is also supported by the evaluation of failed attempts
reported in the SNAP user forum (Figure 12).

The second most important factor is the height ambi-
guity, which expresses the amount of topographic change
represented by one fringe in the interferogram. It can be
controlled by the selection of image pairs with large per-
pendicular baselines. As shown in Figure 7, a higher den-
sity of phase cycles allows a more precise description of
height variations, which is achieved by selecting image
pairs separated by at least 100 m or even better 150 m. As
outlined in Section 2.1.4, these image pairs are not always
easy to find because the orbital tube of Sentinel-1 was
mainly designed to facilitate DInSAR approaches of dis-
placement mapping where short perpendicular baselines
are more favorable [84].

To assist the selection of suitable image pairs, the
Alaska Satellite Facility provides a useful online tool,
which enables the filtering of Sentinel-1 products [172],
so that image pairs that fulfill the basic requirements for
DEM generation can be identified. The plot on the bottom
right of Figure 13 shows all available Sentinel-1 products
belonging to the selected track (here: path 123) with the
red point at O days and O m as the reference product, as it
was used in this study (Table 1). All potential secondary
images are located based on their temporal (x-axis) and
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perpendicular baselines (y-axis). The exact values are
given at the bottom right of the figure.

To minimize the effect of atmospheric disturbances of
the phase signal, it is furthermore advisable to carefully
check the weather conditions of the image acquisition
days, especially as rain, snow, and wind cause a loss
of coherence. Accordingly, images from the dry season
should be preferred [59]. It was also found that the
increased water vapor content on very hot days degrades
the quality of the phase, so images acquired during night
time could also be an alternative [173]. As stated in Sec-
tion 2.1.5, the impact of atmospheric disturbances in
single-pair interferograms is hard to estimate because
unlike in DInSAR approaches, they are superimposed
by the topographic phase component and cannot be esti-
mated based on systematic time-series analyses of phase
anomalies [113]. Yet, according to Zebker et al., their
impact can reach up to 100 m of height difference [116].
A straightforward way of removing atmospheric distur-
bance for DEM generation is the simulation of ¢, with
the Generic Atmospheric Correction Online Service for
InSAR (GACOS [174]), which allows the estimation of
the spatial pattern of tropospheric impact based on the
weather forecast data, DEMs, and tropospheric delay as
measured by a global network of GPS stations. It pro-
duces maps of zenith total tropospheric delay for any
selectable date and acquisition time, which can be added
to or subtracted from any calculated interferogram. How-
ever, its compatibility with interferograms calculated in
SNAP has not been demonstrated yet.
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Finally, users who are interested in special parts of
the study area (e.g., glacier tongues, landslide areas,
or moving dunes) should carefully select the flight direc-
tion of the satellite with respect to the right-looking
acquisition geometry of Sentinel-1 satellites, because
either the ascending or the descending track might be
more favorable for the mapping of an area of interest in
mountainous terrain. The effect of flight direction on the
degree and spatial distribution of usable information for
DEM generation has been systematically investigated by
Eineder who proposes a solution to overcome errors in
shadow areas for the later phase unwrapping step and
names incidence angles near 45° as ideal for DEM gen-
eration [175]. Also, methods to combine ascending and
descending passes have been proposed [71,110,176], but
not yet demonstrated with Sentinel-1 data. To illustrate
the impact of look direction on the interferometric quality
of an acquisition, two coherence maps generated from
image pairs of ascending and descending orbits are com-
pared as presented in Table 1 (A1 and C1) and as a color
composite in Figure 14. Both have a temporal baseline of
6 days to grant equal conditions regarding temporal dec-
orrelation. This figure shows that coherence is equally
high (white) and low (black) on flat terrain, but signifi-
cantly differs for slopes facing toward the northwest and
southeast. It was already demonstrated in Section 2.1.4
that slopes facing southeast lead to noise in the hillshade
representation (Figure 7, descending data, Al). Accord-
ingly, these slopes are yellow in Figure 14, indicating a
largely higher coherence in the ascending data (C1).

Figure 14: Coherence of an ascending (yellow) and descending (blue) image pair of the study area (both scaled between 0 and 1).
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Generally, very large and very small local incidence
angles lead to the largest RMSE estimates (Figure 8), so
that a suitable satellite orbit (determining both incidence
angle and look direction) should be carefully decided in
advance.

Concludingly, with higher awareness of the pre-
sented requirements and limitations, the quality of inter-
ferometric DEMs retrieved from Sentinel-1 can be increased,
and false expectations as reported in Figure 12 can be
avoided.

4.2 Suggestions on good scientific practice

The evaluation of existing studies has shown that there is
currently no agreed-upon code of conduct, which frames
how InSAR-based height derivation is reported in a trans-
parent and scientific way. This section, therefore, sug-
gests a number of standards, which should be included
to make the presented work repeatable and understand-
able in terms of quality assurance. This list is not meant
to be exhaustive for this field of study, but rather intends
to place a foundation for new discourse and extension.
1. Product IDs: The easiest and most transparent way
to document input data is to list the product IDs as
given in the metadata under Abstracted metadata)\
PRODUCT. This entry is unique and contains informa-
tion on the mission, acquisition mode, acquisition
date, and time, plus several other notations that help
to characterize the data [177]. Furthermore, it facilitates
quick access to the data in the official data hub [120]
for an identical reproduction of the study, and the
checking of the properties of image pairs in the ASF
baseline tool [172].

2. Image dates and perpendicular baselines: As the first
point seems obvious, it was shown in the literature
survey that not all studies have provided information
on the acquisition dates, which do not only have an
impact on the temporal baseline but also if the pairs
were selected based on climatic conditions as suggested
in Section 4.1. Furthermore, the aspect of the perpendi-
cular baseline was ignored or not reported to the readers
in half of the examined studies (Figure 11). As these
factors were found to be most limiting for the quality,
which can be expected from such analyses, they should
be clearly communicated in all scientific studies.

3. Preprocessing steps: Regardless of the software used,
the TOPS format of Sentinel-1 requires some necessary
steps as outlined in Figure 10. Accordingly, the selec-
tion of polarization, sub-swaths, and bursts should
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be given in any study, as well as the coregistration
parameters of both the back geocoding (reference
DEM) and ESD (registration width and cross-correla-
tion threshold) operators. As multi-looking and filtering
are optional, their usage for image enhancement
should be documented as well as the parameters
used during the unwrapping process, especially the
initialization of the network by either a minimum
spanning tree algorithm or a minimum cost flow algo-
rithm [127]. An example for a clear declaration of all
these steps is given by Sefercik et al. [141] who demon-
strate how this helps to make the data preparation
transparent and repeatable.

4. Interferogram and coherence: If a study deals with
the derivation of height features from interferometric
pairs, it is advisable to show the resulting interfero-
gram in the area of interest, as well as the coherence
layer. This not only helps to clarify the information
content of the data but also highlights areas of poten-
tial errors. As these can propagate in the subsequent
unwrapping step, it is also suggested to show the
unwrapped phase before its translation to metric
heights. As the visual inspection of the phase quality
is a crucial part of interferometric processing, it is not
advised to fully automate these tasks, because this
prevents the identification of error sources [24,44,178].

5. Reference DEM: First, during the processing, a refer-
ence DEM is required for both back geocoding and
range Doppler terrain correction. While the first step
enables the precise coregistration of the reference and
the secondary product, the latter is responsible for the
precise geolocation of the derived DEM. Accordingly,
the quality of the reference DEM has a strong impact
on the InSAR results as well, and artifacts in the refer-
ence DEM can potentially introduce additional errors.
Openly accessible DEMs, such as SRTM or AW3D30 at
30 m spatial resolution, are largely free of errors, but
their quality should be checked for the respective
study area, for example, by a systematic comparison
and check [179]. Second, whenever a reference DEM is
used to assess the accuracy of a generated InSAR DEM,
it has to be made sure that the quality of the validation
data is at least three times greater than the elevations
being evaluated [4,178]. Only then it is granted that
the accuracy measures are reliable. For DEMs derived
from Sentinel-1, this would require a reference DEM
with a spatial resolution of 3 m, which at least partially
covers the produced result.

6. Accuracy assessment: Most of the evaluated studies
have performed a statistical or visual validation.
However, many of them also agree that only a
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combination of measures will really reveal if the gen-
erated DEM is precise and useful. MAE and RMSE
are the most used approaches because their computa-
tions are based on a reference DEM or GPS points,
which are straightforward and give a measure of devia-
tion in meters, which is easy to interpret. However, they
do not reveal the presence of systematic errors,
spatial patterns, or atmospheric artifacts in the data.
Therefore, it is advisable to also provide maps of the
result to visualize the final product, especially hill-
shade representations that can highlight noisy areas
and regular patterns much better than color-coded
elevations [180] and best when compared with those
of a reference DEM of higher quality [1]. In addition,
Podobnikar presents a number of approaches for the
visual check for errors in interferograms [181].

7. Purpose: Finally, the success of a proposed approach
to generate a DEM from Sentinel-1 data should always
be measured by the question of it is both correct and
useful. While the first measure refers to the statistical
accuracy, the second is of a rather qualitative nature
and linked to the purpose of DEM generation. A
dataset is only considered useful if it delivers the infor-
mation required for a specific task [182]. For example,
an R? of 0.98 assessed by 1,000 reference points col-
lected over the entire image is meaningless if the
purpose is to estimate tree heights where the inves-
tigated forest areas suffer from phase decorrelation.
Furthermore, it should be always evaluated if the
generated DEM outperforms the currently available
datasets for the desired purpose (e.g., spatial resolu-
tion, temporal validity, or higher vertical accuracy).
Accordingly, the authors are encouraged to discuss
their results based on both quantitative and qualita-
tive criteria.

4.3 Open points and outlook

This study showed that it is possible to generate DEMs
based on Sentinel-1 radar interferometry, given that basic
requirements are met, most importantly the length of
temporal and perpendicular baselines. While the first
baseline controls the expected amount of temporal dec-
orrelation over natural surfaces, the second determines
the amount of height, which is represented by the one-
phase cycle. If these things are considered in advance as
outlined in Section 2.1 and implemented as suggested in
Section 4.1, the technical conditions are fulfilled to gen-
erate DEMs at a spatial resolution of nearly 10 m, which
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exceed the detail provided by openly available DEMs,
such as SRTM, ASTER, and AW3D30. However, from the
perspective of the study site, this approach is condemned
to fail in areas with large and dense vegetation cover,
because the current repeat cycle of 6 days and the wave-
length of around 5cm are too sensitive to the altering
scattering mechanisms of shrubs, cropland, forest cano-
pies, and wetlands. Systematic investigations on the loss
of coherence are shown in Figure 5, and more extensive
studies are presented by Jacob et al. and Mestre-Quereda
et al. [78,183]. As suggested in Section 4.2, the authors of
future studies on this topic are encouraged to discuss the
impact of different parameters in general, and specifically,
for their study area and target information (topographic
height vs surface height), as this has been found to be a
clear shortcoming in the presented literature review.

The most striking open points with respect to data
processing identified in this study are briefly as follows:
First, ways to reduce atmospheric impacts are only pro-
vided in DInSAR studies where the effect of topography is
excluded [174,184], not for the purpose of DEM genera-
tion. Workflows to directly integrate tropospheric delay
maps from GACOS [174] or TRAIN [185] would certainly
increase the accuracy in latitudes with generally high
water vapor contents.

Second, only few studies investigated the impact of
horizontal inaccuracies occurring in different steps over
the workflow. Ahmadabadi et al. underlined the necessity
to coregister radar images with optical sensors for the
best exploitation of information [159]. Also Dabiri et al.
performed a spatial adjustment of the pre- and post-land-
slide DEM to avoid misinterpretations of false volume
changes caused by horizontal shifts [156]. Atalay and
Sefercik performed registration of the generated DEM
with the reference DEM to reduce the impact of geometric
effects caused by the side-looking SAR geometry [140].
Accordingly, any study that creates DEMs of several dates
or merges them with other data in subsequent analysis
steps, should make sure that errors resulting from mis-
registration are minimized [186].

Thirdly, instead of single-pair approaches, methods
to merge images of multiple dates, incidence angles, and
look directions, should be brought into focus by the
future study. Methods of merging image parts with high
accuracies can be based on coherence estimates [94] or
height accuracy maps, as already proposed for Sentinel-1
data by Nikolakopoulos and Kyriou [152,157,158]. Again,
openly accessible and standardized workflows are to be
developed to fully exploit the current database with hun-
dreds of Sentinel-1 products of most parts of the Earth
(Figure 9).
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One point that makes the comparison of the pre-
sented studies difficult is the variety of accuracy mea-
sures (Table 4). One reason for this is the heterogeneity
of reference data, which come at different spatial resolu-
tions (in terms of DEMs) and in different numbers (GCPs
collected in the field). As these reference data mostly
follow unequal distributions, Willmott and Matsuura
argue that the RMSE is not suitable for many environ-
mental studies [187]. They suggest the MAE as a more
natural measure, which is unambiguous and less sensi-
tive to the distributions of the error magnitudes.

As mentioned in many studies and supported in
Section 4.2, single accuracy measures are often not suffi-
cient to reveal if the data are both accurate and free
of errors. For this reason, Hohle and Hohle suggest
checking for various types of errors [178]: RMSE, non-
normal error distributions (skewness, kurtosis, and out-
liers by histogram comparisons, quantiles median, and
NMAD), and statistical tests for significance (null hypoth-
esis: no difference between the reference and InSAR
DEM). To add to this, the impact of the sample size and
distribution is discussed as initially proposed by Story
and Congalton in 1986 and 2001 [188,189]. Besides these
aspects, Liu and Jezek propose a way to assess the aniso-
tropy of errors in DEMs based on directional variograms
and Fourier analysis [190] as a more systematic approach
to assess shortcomings caused by the side-looking geo-
metry of the SAR system. An even more comprehensive
list and comparison of uncertainty measures for DEM
data and the role of statistical significance are presented
by Wechsler, and Wechsler and Kroll [191,192]. It is the
responsibility of the authors to identify those which are
the most meaningful, robust, and honest for the respec-
tive study.

Future research could investigate, which approaches
of interferogram stacking, as suggested by Ferretti et al.
[59], are the most applicable for Sentinel-1 TOPS data.
This addresses the question concerning which forms
of merging (masking, averaging, or weighting) lead to
the best quality with respect to low coherence areas,
but also whether single or multi-baseline approaches
are the most promising [114]. Undoubtedly, the full
potential of the magnitude of openly accessible Sen-
tinel-1 products is currently not completely exploited.
First steps in this direction were proposed by Crosetto
et al. who indicate the tomographic capabilities of Sen-
tinel-1 data for urban height detection based on 61 image
products [193]. Currently, the orbital tube of Sentinel-1 is
too narrow for effective application of SAR tomography,
but first approaches have been developed [194] in case this
will change for future missions. Hence, it was proposed
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by Giudici et al. to reduce the repeat cycle of the mission
with the upcoming Sentinel-1C and D or even design it
as a tandem mission with a larger perpendicular base-
line [195].

With Sentinel-1, we have entered the Big InSAR Data
Era, as postulated by Minh et al., which brings a new
quality to the analyses with respect to data availability,
acquisition, and continuity [196]. The intention of this
study was to clarify its capabilities regarding DEM gene-
ration, which are limited by certain parameters, thus
relying on creativity and awareness of error sources if
new and successful approaches will be developed in
the future.
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Figure Al: Overview on the study area (Section 2.1).
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