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Summary

In this study, three highlights of Sentinel-1 (S-1) Interfero-
metric Synthetic Aperture Radar (InSAR) over Germany are
presented to evaluate the potential and opportunities pro-
vided by this European SAR mission. Firstly, large-scale in-
terferometry across the country is presented and analyzed
against atmospheric models from ERA-Interim and GNSS
(Global Navigation Satellite System) to assess the perspective
provided by S-1 for atmospheric modeling and large-scale
displacement analysis. We then analyzed localized deforma-
tions related to anthropogenic activities at two different re-
gions using S-1 InSAR time-series analysis. In the first case
study, small-magnitude (mm/yr) displacement related to un-
derground gas storage and landfill compaction in Berlin is
investigated. Despite low rates of displacement, Persistent
Scatterer InSAR (PSI) using an extensive collection of S-1
data reflects both the long-term trend and seasonal varia-
tions related to dynamics of gas storage in the reservoir. We
estimate long-term surface uplift of up to 2 mm/yr between
October 2014 and January 2017 and seasonal variations of up
to 2 cm due to charge and discharge of the reservoir during
summer and winter periods. An old demolishing landfill NW
of Berlin was also found to be subsiding with rates as much
as 8 mm/yr. The other case study is a brown coal mining area
south of Leipzig. Time-series of S-1 data using the Small
BAseline Subset (SBAS) approach provides new insights into
mining-induced deformations in this region. Our results show
rapid subsidence of up to 4 cm/yr between October 2014 and
April 2017 in two active open-pit mining areas in the region.

Zusammenfassung

In dieser Studie werden Anwendungsbeispiele von InSAR (In-
terferometric Synthetic Aperture Radar) in Deutschland vor-
gestellt, um Méglichkeiten und Chancen der europdischen
SAR-Mission Sentinel-1 (S-1) zu bewerten. Zundchst werden
groBmapBstdbliche landesweite Interferometrie-Messungen
beschrieben und atmosphdérischen Modellen von ERA-Interim
und GNSS (Global Navigation Satellite System) gegeniiber-
gestellt, um abzuschdtzen, welche Mdglichkeiten sich fiir
atmosphdrische Modelle und Displacement-Analysen durch
S-1-Daten ergeben. AnschlieBend werden lokale, aus Senti-
nel-1-Zeitreihen (time-series analysis) erhaltene, anthropo-
gen-bedingte Deformationen in zwei Regionen analysiert. Im
ersten Regionalbeispiel (Berlin-Spandau) wurden kleinrdumige
Verschiebungen im mm-Bereich pro Jahr festgestellt (Hebun-
gen im Untergrundgasspeicher bei Spandau und Absenkungen
in einer alten Deponie, Lutoner StraBe). Die Untersuchungen
erfolgten mit der Persistent Scatterer InSAR-Methode (PSI).
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Nutzt man die zeitlich h6her aufgeldsten S-1-Zeitreihen, kén-
nen sowohl Langzeittrends als auch saisonale Verdnderungen
bestimmt werden. Es wurden langfristige Hebungen (2 mm pro
Jahr zwischen Oktober 2014 bis Januar 2017) sowie saisonale
Veriinderungen von bis zu 2 cm festgestellt (Gaseinspeiche-
rung und -entnahme in Sommer- und Winterperioden). Die
erwdhnte dltere Miilldeponie im Berliner Nordwesten zeigt
Absenkungsraten von etwa 8 mm pro Jahr (fortschreitende
Kompaktion der deponierten Massen). Im anderen Fallbeispiel
(Braunkohlenrevier siidlich von Leipzig) lassen sich zwischen
Oktober 2014 und April 2017 in zwei aktiven Abbaugebieten
mitdem Small BAseline Subset (SBAS)-Ansatz in den Sentinel-
1-Zeitreihen schnelle Absenkungen von bis zu 4 cm pro Jahr
erkennen.

Keywords: Sentinel-1, Large-scale InSAR, Deformation,
Atmosphere

1 Introduction

Since 1991, when the ERS-1 satellite was launched and
then followed by ERS-2 and Envisat, European Space
Agency (ESA) has been providing repeated SAR data for
over two decades. Although ERS and Envisat missions
were originally designed to be used mainly for oceanic
applications, they also provided spectacular opportuni-
ties for scientists to use the interferometric capability of
the system for a broad range of geophysical (Hole et al.
2007, Kumar et al. 2008, Motagh et al. 2008a, Pritchard
and Fielding 2008, Samsonov et al. 2014) and environ-
mental (Castel et al. 2000, Santoro et al. 2007, Lu and
Kwoun 2008, Xiuming et al. 2008, Millin-Chalabi et al.
2014) applications. Using SAR acquisitions, repeated ap-
proximately from the same point in space at different
times, InSAR provides the capability to derive the path-
length differences in the scale of the carrier wavelength
and below due to changes in topography (Massonnet
and Feigl 1998, Biirgmann et al. 2000). However, con-
ventional InSAR suffers from some severe limitations
when unwanted signals in the interferograms, caused by
various sources such as variations of scattering proper-
ties of earth’s surface or atmospheric conditions through
time, surpass the displacement signal (Hooper et al. 2012).
Multi-temporal interferometric methods (MTI) including
Persistent Scatter InSAR (PSI) (Ferretti et al. 2001, Hooper
et al. 2004) and Small Baseline Subset (SBAS) (Berardino
et al. 2002) present a specific class of processing that
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exploits multiple SAR images acquired over an area in
order to overcome these limitations and separate the
displacement signal from other unwanted sources. The
techniques are widely used by scientific communities to
investigate surface deformations related to a broad range
of geophysical (Hooper et al. 2007, Gourmelen et al. 2010,
Haghshenas Haghighi and Motagh 2016, Motagh et al.
2017) and engineering (Fornaro et al. 2013, Milillo et al.
2016, Emadali et al. 2017) applications.

The idea of displacement monitoring in wide areas
using standard InSAR or advanced InSAR time-series
analysis has been an interesting topic in the last years
(Motagh et al. 2008b, Motagh et al. 2010, Adam et al.
2013, Francesca et al. 2013, Raspini et al. 2015). A major
limiting factor to this purpose was the non-availability
of both spatially and temporally homogeneous SAR da-
taset in a nationwide or continental scale. The launch of
Sentinel-1A in 2014, followed by Sentinel-1B in 2016,
revolutionized the availability of SAR data by regular
acquisition from every part of the world. S-1 obtains
several frames of SAR data (250 x 250 km?) along each
observation track. Mosaicking the SAR frames provides
then the possibility to monitor even larger areas along a
specific track.

Sentinel-1 constellation is the follow-on to the former
ESA SAR missions but is specifically designed to be suita-
ble for InSAR applications and displacement monitoring.
Therefore, its imaging parameters, revisit time, spatial
resolution, scene coverage, and orbital status are opti-
mized for InSAR applications (Salvi et al. 2012).

The operational lifetime of S-1 is expected to be
20 years. With both Sentinel-1A and Sentinel-1B in or-
bit this mission currently provides more than 10 TB of
products every day. Based on its acquisition plans, SAR
images from the same orbit are acquired every 6 days
over Europe as well as some hotspots with very rapid
changes like Greenland. In other parts of the world SAR
data are acquired every 12 or 24 days.

In this study, three highlights of using S-1 InSAR over
Germany are presented. In Germany, InSAR has been
widely used in the past decades to address a variety of
geological, geophysical, and engineering applications at
local and/or regional scale, e.g. urban uplift due to geo-
thermal energy production (Lubitz et al. 2013, Heimlich
et al. 2015), monitoring tunneling processes (Liu et al.
2014), post-mining activities (Kircher et al. 2003, Weg-
muller et al. 2004, Samsonov et al. 2013), deformations
caused by subsurface mining (Wegmuller et al. 2000, Wal-
ter et al. 2009), pipeline monitoring (Werner et al. 2004),
deformations induced by oil extraction (Fuhrmann et al.
2016), and water vapor mapping (Alshawaf et al. 2012).

Different SAR sensors, especially European ERS-1/2
and Envisat, and German TerraSAR-X satellites acquired
SAR data over Germany in the last two decades. After
the launch of Sentinel-1 constellation with its 6-day re-
peat interval, however, the availability of regular SAR
data acquisition over the country has been dramatically
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Fig. 1: Coverage of Sentinel-1 SAR images using the
standard acquisition mode over Germany (highlighted by
the shaded relief map) in (a) ascending and (b) descend-
ing tracks. Along each orbit, a few frames of SAR images
are acquired which are represented by thick polygons.

increased. In total, as illustrated in Fig. 1, six ascending
and six descending orbits of S-1 cover the whole country.
Furthermore, there are some overlaps between data from
neighboring orbits. Consequently, the coverage frequen-
cy of S-1 is as short as 1 to 2 days at any part of the
country.

In the next sections of the paper, we first briefly de-
scribe InSAR processing of S-1 and InSAR time-series
approaches. Then, we present an example of a large-scale
interferogram with a short temporal baseline over Germa-
ny and evaluate it against tropospheric models provided
by ERA-Interim and GNSS. In the following sections, two
areas subject to localized displacements are investigated
using S-1 InSAR time-series analysis.

2 Sentinel-1 InSAR processing

S-1 can collect SAR images in four different modes.
StripMap (SM) and Extra Wide-swath (EW) are two modes
that are implemented for consistency of the SAR data
with those acquired by ERS and Envisat. Over the open
ocean, the data is acquired in Wave Mode (WM). None-
theless, Interferometric Wide-swath (IW) is the standard
acquisition mode of S-1 over land, which is suitable for
interferometric applications. In this mode, the data covers
a swath of 250 km with a spatial resolution of ~5 x 20 m?
in range and azimuth directions (Torres et al. 2012). To
produce such a large coverage from a single acquisition
in space, the SAR data in IW mode is acquired using the
Terrain Observation with Progressive Scan (TOPS) opera-
tion (Zan and Guarnieri 2006).

A TOPS SAR image consists of three sub-swaths with
~2 km overlap, and each sub-swath is formed from seve-
ral slightly overlapping subsets called bursts (see Fig. 2).
The sensor does not record each sub-swath continuously,
but records one burst of a specific sub-swath while the
antenna is moving along its orbit. Then the antenna is
steered so it can record one burst of another sub-swath.
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Fig. 2: Schematic illustration of Sentinel-1 TOPS mode
imaging. The SAR image is acquired in three overlapping
sub-swaths (IW1 to IW3) and each sub-swath consists of
several overlapping bursts.

As a result of steering the antenna, a Doppler variation
is present in the azimuth direction. To prevent this from
causing any phase jump between subsequent bursts, the
accuracy of coregistration between image pairs should
be in the order of 1/1000 of azimuth resolution which is
equivalent to a few centimeters on the ground (Gonzalez
et al. 2015).

Traditional coregistration approaches based on im-
age matching cannot reach such a high level of accu-
racy needed for TOPS interferometry. However, together
with orbital state vectors and terrain heights they can be
used as a first order estimation of coregistration para-
meters (Yagiie-Martinez et al. 2016). Then, in an iterative
approach, double difference interferograms in the over-
lapping areas between consecutive bursts are generated,
and the coregistration parameters are refined by spectral
diversity methods as described in Scheiber and Moreira
(2000).

After precise coregistration of S-1 image pairs, they
can be used, similar to other traditional SAR data in
StripMap mode, to produce the interferometric phase,
which can be expressed by the following equation:

AQ = goorb + wtapa + wdef + watm + ¢naise : (1]

The interferometric phase in Eq. 1 is the sum of contribu-
tions from several factors including orbital status (¢,,s),
topography (¢,,,,), surface displacement (¢,,,), atmospher-
ic artifacts (¢,.,), and noise (¢,i.)- When the interesting
parameter is displacement, all other terms should be ac-
counted for and removed from the interferometric phase.
The phase difference from orbital status is caused by
the shift in the orbital path of two SAR acquisitions.
Thanks to precise orbital state vector data of the Sen-
tinel-1 satellites in the order of a few centimeters, this
contribution can be compensated accurately (Yaglie-Mar-
tinez et al. 2016). The topographic phase contribution can
be expressed as
4z B, h

o @

Cere = Rsing’

where 4, &, R, 0, and B,,,,, are wavelength (5.6 cm for
S-1), elevation of the target pixel above reference ellip-
soid, distance between sensor and ground target, inci-
dence angle, and perpendicular baseline of the interfero-
gram, respectively. The topographic phase contribution is
proportional to the perpendicular baseline of the inter-
ferogram. Therefore, smaller perpendicular baselines are
preferred for deformation monitoring because they reduce
the residual effect that might remain in interferograms
by not completely removed topographic contributions,
e.g. due to errors in the reference DEM (4). Because S-1 is
designed to be suitable for deformation analysis, its orbit
is maintained in a way that the perpendicular baseline is
kept small in the order of 150 m (Yagiie-Martinez et al.
2016) and as a result, the sensitivity of S-1 interferograms
to inaccuracies of DEMs is low.

The interferometric phase is also affected by differ-
ences in propagation delays through troposphere or ion-
osphere in the time of SAR image acquisitions. C-band
SAR images in mid-latitudes are less susceptible to iono-
spheric effects (Hanssen 2001), and hence the major at-
mospheric contribution in S-1 interferograms in mid-la-
titudes comes from the troposphere. This effect is driven
by the changes in refractivity of the troposphere at the
time of two SAR acquisitions. The two-way slant range
delay ¢,,,, for a specific target at elevation 4, in a SAR
image can be expressed as:

6 h
w””lm = _4772- (}(())S 0 .[ (Nh}r‘dm + Nwet )dh ’ (3)
Iy

where 7, is the height of the effective tropospheric lay-
er, and Ny, and N, are refractivity corresponding to
hydrostatic and wet delays. Two different categories of
atmospheric corrections are typically applied on SAR in-
terferograms. In the first category, the atmospheric effect
is calculated and mitigated solely based on the phase in-
formation of the interferograms. For example, assuming
the tropospheric effect behaves randomly in time, it is
possible to average several interferograms from the same
area to reduce the effect (Zebker et al. 1997). Further-
more, InSAR time-series approaches such as PSI or SBAS
can also mitigate the tropospheric effects by filtering sig-
nals that are strongly correlated in space but not in time
(Ferretti et al. 2001, Berardino et al. 2002).

The other category of atmospheric mitigation methods
is based on external information, in which different
sources, such as global atmospheric models, GNSS, or
spectrometer data that provide information about the at-
mospheric condition at the time of SAR acquisition, are
used for tropospheric correction of interferograms (Be-
kaert et al. 2015).

The other undesired contributions to the interfero-
metric phase, produced by error sources such as phase
decorrelation and soil moisture, are summed up in @,
which are usually assumed to be negligible for displace-
ment applications. After removing the unwanted phase
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contributions from the interferogram, the remaining in-
terferometric phase can be attributed to displacements by

4r
Puer = _TAF , (4)

where Ar is the displacement of the target pixel in the
line-of-sight (LOS) direction that can be expressed in
terms of a 3-dimensional displacement vector by

Ar=[-cosasing sinasin® cos&][vx v, vZ]T, (5)

where a is the heading of the satellite and v, v, and v, are
displacements in east-west, south-north and vertical di-
rections, respectively. The imaging geometry of the SAR
sensor (heading and incidence angle) defines its sensi-
tivity to surface movement of the target pixel in three
dimensions. Because SAR satellites, including S-1, move
around the earth in polar orbits their heading angles are
close either to 180 (for descending tracks) or 360 (for as-
cending tracks). Therefore, their measurements are more
sensitive to displacements in vertical and east-west direc-
tions than to the north-south direction.

When S-1 interferograms are formed they can be
adopted, similar to any other InSAR datasets, in time-
series approaches. InSAR time-series approaches were
initially developed to overcome the problem of phase
decorrelation and atmospheric artifacts in conventional
InSAR using long series of SAR data. In general, time-
series methods produce a stack of interferograms, detect
coherent pixels with high signal to noise ratio, estimate
and reduce unwanted errors in the interferograms, and
finally calculate the time-series and the average rate of
displacement (Berardino et al. 2002, Ferretti et al. 2011,
Hooper 2008).

Two different kinds of coherent pixels can be found in
interferograms based on surface scattering mechanisms:
persistent scatterers (PS) and distributed scatterers (DS).
A resolution cell containing a strong scatterer that do-
minates other scatterer elements inside the pixel is called
a persistent scatterer pixel. For example, the phase of a
building inside a resolution cell will remain stable through
time and appears as a strong scatterer in a sequence of
SAR images. Such scattering is the dominant scattering
mechanism in urban areas (Osmanoglu et al. 2011). On
the other hand, a distributed scatterer refers to the case
where some scatterers are distributed homogenously in a
resolution cell. In non-urban areas and natural terrains
without dense vegetation, most of the coherent pixels are
DS rather than PS (Ferretti et al. 2011).

Depending on the type of coherent pixels, two broad
categories of InSAR time-series analysis have been de-
veloped. The first one, called persistent scatterer inter-
ferometry (PSI), produces a stack of single-master inter-
ferograms by selecting one image as the supermaster and
the rest of the images as slaves. Then, PS pixels are de-
tected in the stack of single-master interferograms based
on the behavior of amplitude or phase of the pixels in
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space and time (Ferretti et al. 2001, Hooper et al. 2004).
In the second category, called Small Baseline Subset
(SBAS), a network of multiple-master interferograms
with short temporal and spatial baselines is produced.
Then, DS pixels are selected based on interferometric
coherence (Berardino et al. 2002) or phase statistics of
the pixels (Hooper 2008). In recent years, several other
approaches have also been proposed for effectively com-
bining PSI and SBAS methods (Ferretti et al. 2011) and
increasing the number of detected scatterers for accurate
deformation mapping (Bateson et al. 2015, Esmaeili and
Motagh 2016).

In this study, we use the PSI and SBAS methods im-
plemented in StaMPS (Stanford Method for Persistent
Scatterers) (Hooper 2008, Hooper et al. 2004) for time-
series analysis of S-1 data. Having produced a stack of
single-master interferograms for PSI or multiple-master
interferograms for SBAS, an initial set of coherent pixels
is first selected in StaMPS based on the amplitude disper-
sion of the pixels. In the next step, by statistical analysis
of the phase behavior, pixels with high signal to noise
ratio are detected, for which the interferometric phase
is unwrapped in both spatial and temporal dimensions.
Finally, unwanted phase contributions are estimated and
eliminated from the time-series of displacement.

3 Large-scale Sentinel-1 processing

S-1 data in IW mode are provided by ESA as 250 km by
250 km Single Look Complex (SLC) images. While the
sensor is capable of acquiring data up to 25 minutes in
a specific orbit, corresponding to thousands of kilome-
ters, S-1 products are segmented for the aim of simplicity
into 250 km slices along a track. However, it is possible
to concatenate consecutive frames of data and produce
large-scale SLC images along the acquisition track.

ESA provides orbital data for S-1 with three different
accuracies; the orbital data attached to the SLC products,
the restituted orbit (accuracy of ~10 cm in along and
across track directions) which is available a few hours
after data acquisition, and precise orbit data (3-D accura-
cy of ~5 cm) which is available in about 20 days after the
acquisition (Yagiie-Martinez et al. 2016). The orbital data
attached to the SLC product is usually accurate enough
when processing a subset or a full frame of Sentinel-1
data. However, when several frames along the same orbit
are joined to form a large-scale SLC image, the precise
orbit is needed to improve the accuracy of coregistration,
removing the contribution from the orbital phase, and
geocoding.

After merging consecutive frames of S-1 to produce
a large-SLC image and applying the precise orbital data,
it is possible to generate large-scale interferograms as
described in the previous section. An example of such
an interferogram across Germany is shown in Fig. 3a.
This 900-km-long interferogram, formed by joining four
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consecutive frames along orbit No. 44, covers a 250-km-
wide band across the whole country in a 12-day time
span between 7 and 19 January 2016. The orbital and
topographic phases are removed by precise orbit data and
SRTM 90-meter DEM (Farr and Kobrick 2000).

Aside from some areas where the interferometric phase
is decorrelated mainly because of dense vegetation, the
quality of the interferometric phase shown in Fig. 3a is

lution of 40 km and in 15 minutes temporal intervals can
be estimated (Li et al. 2014). Tropospheric wet delay data
derived from GNSS are successfully used to correct InNSAR

displacement maps (Li et al. 2005, Houlié et al. 2016).
We applied two atmospheric phase delay corrections
estimated separately from ERA-Interim data and GNSS
products to the S-1 unwrapped interferogram illustrated
in Fig. 3b. The results in Fig. 3c-d show that the tropo-
spheric correction based on GNSS

@ data led to a better correction than
ERA-Interim. Most of the varia-
tions from -10 cm to 10 cm in the
unwrapped phase were removed
after atmospheric correction us-

S 10 ing GNSS water vapor maps.
ERA-Interim enhanced the RMS

Fig. 3: (a) 900-km long Sentinel-1 interferogram between 7 and 19 January 2016
across Germany. Areas with coherence lower than 0.2 are masked. The background
image (a) is from GoogleEarth™, (b) unwrapped phase of the interferogram, (c) and
(d) unwrapped phase corrected for atmosphere with ERA-Interim and GNSS models.

high. The interferogram is mostly dominated by fringes
in the order of one or more phase cycles over a distance
of a few hundred kilometers, which based on Eq. 4 are
equivalent to a few centimeters if they are caused by
surface deformation (Fig. 3b). Since we do not expect
such a long-wavelength displacement in the order of cen-
timeters in Germany, we attribute most of the signal to
tropospheric phase delay. To examine this hypothesis, the
interferometric phase is compared with the atmospheric
phase delays derived from the ERA-Interim global meteo-
rological model and GNSS.

The ERA-Interim is a global atmospheric model cal-
culated by European Center for Medium-Range Weather
Forecast (ECMWFEF) based on the assimilation of different
input datasets. It provides several meteorological para-
meters, including pressure, temperature, and relative hu-
midity at 6-hourly intervals at a grid of 70 km spatial
resolution and 37 vertical intervals from sea level up to
50 km (Dee et al. 2011). Atmospheric parameters provid-
ed by ERA-Interim are interpolated using a vertical and
horizontal spline interpolation and a linear interpola-
tion in time to find the atmospheric phase delay from
differences in water vapor (wet delay) and atmospheric
pressure (hydrostatic delay) at each pixel of the inter-
ferogram. The estimated phase delay can then be used to
correct the interferogram (Bekaert et al. 2015).

Although positioning is the main aim of GNSS net-
works, because of redundancy of the recorded data, it is
possible to estimate other parameters like the tropospheric
phase delay from such networks. With around 350 GNSS
stations in Germany, wet delay maps with a spatial reso-

> »  (Root Mean Square) of the inter-
o ferometric phase from 2.7 cm in
‘ ) .,  theoriginal unwrapped interfero-
:L’““’“ — gram to 2.1 cm in the corrected

interferogram (21 % reduction).
On the other hand, GNSS-based
correction significantly decreased
the RMS of the interferometric
phase to 1.3 cm in the corrected
interferogram (52 % reduction).
This is mainly because of the dense network of GNSS
permanent stations in Germany and the high temporal
resolution of atmospheric products they provide.

It is worth noting that after the tropospheric correction,
there are still some residuals left in the interferograms,
which can be mainly attributed to turbulent troposphere.
This is due to the spatial resolution of the atmospheric
models by ERA-Interim or GNSS, which are coarser than
the resolution of the S-1 interferograms. Therefore, they
are not able to completely remove the turbulent tropo-
spheric effect from the interferograms (Jolivet et al. 2011).

Another interesting point that can be inferred from our
analysis in Fig. 3, is the contribution that S-1 interfero-
grams could have in estimating atmospheric parameters
in the country scale. In recent years, a few studies have
suggested methodologies to use SAR interferometry for
atmospheric studies and assimilation into weather models
(Alshawaf et al. 2015, Pichelli et al. 2015, Mateus et al.
2016). For atmospheric studies, high spatial resolution is
the main power of InSAR, while low temporal resolution
and small coverage area, compared to other meteoro-
logical inputs, have been described as the major disad-
vantages of previous SAR missions. In a recent study,
Mateus et al. (2017) used S-1 images over the Iberian
Peninsula to derive perceptible water vapor maps and
suggested the results might be of interest for meteorolo-
gists to assimilate them into numerical weather models.
Although its temporal resolution is not as high as atmo-
spheric models, with its large coverage and moderate spa-
tial resolution, S-1 InSAR can be assimilated to improve
the spatial density of atmospheric models.
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4 Anthropogenic Ground Motion in Berlin

In this section, the performance of S-1 InSAR time-se-
ries analysis for evaluating localized displacements in an
urban area is presented. The study is done in an area
of around 10 x 10 km?, northwest of Berlin. Since 1992,
salt pillows in this area are used as natural underground
gas storage for the city of Berlin. The storage is located
north of Grunewald forest in densely populated districts
of Spandau and Charlottenburg, which makes the mon-
itoring of the reservoir important. Kampes (2005) and
Kuehn et al. (2009) used ERS-1/2 data and reported an
uplift with a maximum amount of ~5 mm/yr between
1992 and 2005 in the region. In this study, two frames of
ascending and two frames of descending S-1 data (listed
in Tab. 1) are processed over the study area to investigate
the dynamics of the reservoir in the past two years. The
area of expected displacement is relatively small in com-
parison to the overall S-1 scene size. Therefore, only a
small subset of each SAR frame that covers the study area
is processed. As the study area is mainly urbanized, PSI
was used to perform the S-1 InSAR time-series analysis.

Since the study area is small and almost flat, the
long-wavelength atmospheric phase delay appears in
the S-1 interferograms like a randomly directed ramp.
Therefore, a simple linear ramp from each unwrapped
interferogram is removed before calculating the average
velocity and time-series of displacement. Because of dif-
ferent heading and incidence angles of the data listed in
Tab. 1, interferograms produced from each dataset have
different sensitivities to horizontal and vertical surface
displacement. Assuming the expected displacement is
mainly in vertical direction, we neglect the contribution
of horizontal displacement and transform the displace-
ment from LOS to the vertical by v = LOS/cosf. The ver-
tical displacement rates derived from different datasets
are shown in Fig. 4.
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Tab. 1: Sentinel-1 SAR dataset used to investigate dis-
placements in Berlin. A/D indicates the orbit (Ascending
or Descending) and # shows the number of SAR images.
a and 0 represent the heading, and incidence angle of the
dataset in the study area.

No. Orbit A/D # Time span a(®) 0(°)

1 44 A 61 2014.11.13-2017.01.01 351 44

2 95 64 2014.10.24-2017.01.05 189 43

D
3 146 A 68 2014.10.27-2017.01.02 349 36
D

4 168 63 2014.11.10-2017.01.16 191 34

As seen in Fig. 4, most of the urban area is densely
covered by PS pixels mainly because buildings act like
artificial targets with persistent phase characteristics
through time. In the areas with dense vegetation, how-
ever, the density of detected pixels is very low. Particular-
ly no persistent pixels are detected in the forested region
of Grunewald, except for a line of pixels along the high-
way in the middle of the forest and a few isolated pixels
at the places where some buildings are located.

The results from different datasets show an area of
uplift that reaches 2 mm/yr at its peak. Comparing to the
older results from ERS-1/2 (Kampes 2005, Kuehn et al.
2009), we can infer that the rate of subsidence has de-
creased in recent years.

To better investigate the uplift signal, two 200-me-
ter-wide profiles across the uplift area are extracted from
the average rate maps (Fig. 5). The first profile follows a
12-km line across the displacement area from northwest
to southeast. The second profile is 5 km long from north-
east to southwest. A moving average filter with a radi-
us of 200 m was applied on the profiles to increase the
signal to noise ratio. Profiles derived from different data-
sets are in general agreement. The peak of displacement

Fig. 4:

(a)-(d) vertical displacement rates
obtained by PSI method from Senti-
nel-1 orbits No. 44, 95, 146 and 168,
respectively. The white dashed and
thick lines represent the locations of
profiles shown in Fig. 5. White circles
show the starting point of the pro-
files. The black square shows the lo-
cation of a localized subsidence area
shown in Fig. 6. Triangles and plus
sign show the locations of time-
series plotted in Fig. 7. Background
image is from GoogleEarth™.
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Fig. 5: (a) and (b) Profiles of average velocities along the
white dashed and solid lines in Fig. 4 derived from differ-
ent Sentinel-1 datasets.
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Fig. 6: Vertical displacement rates obtained by PSI method
from Sentinel-1 orbit No. 44 in the Egelpfuhl area, west
of Berlin. The triangle shows the location of the down-
ward-pointing triangle in Fig. 4b. Background image is
from GoogleEarth™.
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is located at ~4 to 6 km of the NW-SE profile and ~4 km
of the NE-SW profile showing about 2 mm/yr of uplift.

Our results also indicate a subsidence of ~2 mm/yr at
approximately 1 km in the NW-SE profile. To better illu-
strate this, a zoom in the area of subsidence from results
obtained using S-1 orbit No. 44 is shown in Fig. 6. The
subsidence signal with maximum velocity of 8 mm/yr
is related to a small area of about 250 x 250 m?, called
Egelpfuhl; similar results are obtained in this region us-
ing other datasets (results not shown here). This area in
Berlin was used as a landfill for demolishing waste as
well as household waste after the Second World War. In
the 2000s, the gas produced from demolishing waste in
this landfill was extracted for safety reasons and some
gardens where constructed in the area. As seen in Fig. 6,
the subsidence is localized in the former landfill area.
Therefore, we assume it is most probably related to the
settlement of the old demolishing landfill.

Some examples of displacement time-series at different
locations (see Fig. 4) are shown in Fig. 7. The time-series
(a, d, g, j) show the trend of the displacement in the uplift
area. Interestingly, with its dense temporal resolution, S-1
InSAR analysis reflects up to 2 cm of seasonal variations
in displacement. The variations are likely to be related to
charge and discharge of the storage; we observe uplift
during summer time (the period of gas injection) and sub-
sidence during winter time (the extraction period).

The time-series of displacement in the Egelpfuhl land-
fill area (b, e, h, k) show a clear trend of subsidence with
less seasonal fluctuations. To assess the accuracy, the
time-series of displacement for a stable point is also plot-
ted (c, f, i, ). This point does not show any clear trend or
meaningful variations, confirming that the trend and sea-
sonal variation signals we observed in the displacement
areas are not caused by spatially correlated artifacts. The
low RMS of the time-series for this stable point (2.5, 1.3,
2.2, and 1.4 mm corresponding to orbit No. 44, 95, 146,
and 168, respectively) indicates that the noise level in the

: : Fig. 7:
F The time-series of vertical dis-
placements at three different
locations for different orbits of
the Sentinel-1 dataset: (a-c),
(d-f), (g-i), and (j-1) show the
results from S-1 orbits No. 44,
95, 146, and 168, respectively.
Left, middle, and right panels
correspond to the uplift area, the
. subsidence area, and a stable area
! away from deformation zones
that are shown in Fig. 4 with an
upward-pointing triangle, down-
ward-pointing triangle, and plus
sign, respectively.
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time-series of the displacements is in the order of a few
millimeters (< 2.5 mm).

To evaluate the consistency of the results derived from
different S-1 datasets (Fig. 4), the discrepancy between
them is estimated and the RMS of the differences is used
as a measure of accuracy. Histograms of differences be-
tween average velocities estimated from orbits No. 95,
146, and 168 with respect to orbit No. 44 are illustrated
in Fig. 8. Small differences (RMS equal to 1.4, 1.3, and
1.3 mm/yr for orbit No. 95, 146, and 168) confirm that
the results from different datasets are in good agreement.

5 Mining-induced deformation in Leipzig

Our second case study addresses an area subject to rapid
displacement caused by open-pit mining activities near
the city of Leipzig. A total area of 200 km? south of Leip-
zig has been a major reservoir providing brown coal
for more than a century. Intense mining activities have
dramatically changed the landscape, the geological and

Tab. 2: Sentinel-1 SAR dataset used to investigate dis-
placements in the mining area south of Leipzig. A/D in-
dicates the orbit (Ascending or Descending) and # shows
the number of images. a and & represent the heading and
incidence angle of the SAR dataset, respectively.

No. Orbit A/D # Time span a(®) 6(°
1 44 A 81 2014.10.20-2017.04.07 350 40
2 168 D 75 2014.10.17-2017.04.10 190 37

p = a)l [
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Fig. 8:

Histogram of differences between
average velocities in Berlin esti-
mated from Sentinel-1 orbits

No. 95, 146, and 168 with re-
spect to orbit No. 44.

Orbit 44 - Orbit 168 (mm/yr)

the hydrological situation of the region (Birkholzer et al.
1998). During the mining activities, the groundwater lev-
el was lowered to below the mining level to make open-
pit mining possible. After the reunification of Germany,
several open-pit mines in the region were abandoned.
Followed by rising of groundwater, some were filled with
water and became lakes. There are still two major active
mines in the region, which provide coal for power plants
in the area. They were opened in the 1940s and expect-
ed to be running until the 2030s. In total they produce
20 million tons of brown coal each year. Land subsidence
is an expected phenomenon in the mining areas south of
Leipzig as a result of groundwater withdrawal (Wolkers-
dorfer and Thiem 1999). Schifer et al. (2007) used ERS2
and Envisat data in this region and reported displace-
ments in the order of £1 cm over two years.

We used a collection of S-1 images between 2014.10.17
and 2017.04.10 in ascending and descending tracks to
investigate the displacements in this area (see Tab. 2 for
details). Because the area is not urbanized and most of
coherent pixels are expected to be DS, the SBAS approach
was used and a network of small baseline interferograms
was produced for each track of data. In total, 205 and
270 small baseline interferograms were generated cor-
responding to Sentinel-1 orbit No. 44 and 168 respec-
tively. The network was inverted using the least-squares
approach and the average rate and time-series of dis-
placement were estimated.

The 12-meter TanDEM-X DEM was used in the pro-
cessing to remove the topographic phase from the in-
terferograms. The resolution and accuracy of the Tand-
DEM-X DEM used in the processing are high, but because
the DEM was produced a few years before Sentinel-1

Fig. 9:

(a) GoogleEarth™ view of the
active mining area south of
Leipzig, (b) shaded relief map

of the study area derived from
TanDEM-X 12-meter DEM,

(c) and (d) average velocity maps
in the LOS direction from the
satellite to the ground, derived
from the SBAS analysis of Sen-
tinel-1 orbits No. 44 and 168,
respectively. Downward-pointing
triangles and plus signs show
the location of the time-series
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plots in Fig. 10.
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acquisitions, any changes in topography, which is not
unexpected in active mining areas, can cause unwant-
ed phase residual in the interferograms. Based on Eq. 2,
for a Sentinel-1 interferogram in our study area with a
perpendicular baseline of 85 m and an incidence angle
of 40°, an error of ~200 m in the DEM causes a complete
phase cycle, which can be misinterpreted as 2.6 cm of
displacement. To restrain the topographic residuals only
interferograms with short perpendicular baselines (maxi-
mum 85 m) were used in the SBAS network. Furthermore,
after interferograms are unwrapped, spatially-correlated
DEM errors, that are proportional to perpendicular base-
lines, are estimated and removed from the unwrapped
interferograms.

Fig. 9a-b show the GoogleEarth™ image of the study
area and its shaded relief map, respectively. Two active
open-pit mining areas are indicated in this figure. Some
older mines that were filled with water and became lakes
are also visible in the eastern part of this figure. Fig. 9c-d
show the average LOS velocities from the S-1 time-series
analysis. Although the vegetation cover in some areas
caused low density of detected pixels, the density in the
mining areas is high except for some regions that are
most probably subject to rapid changes and thus loss of
coherence due to mining activities. While the areas away
from active mines do not show any significant displace-
ment, the two active mining areas and their surroundings
show some strong displacement signals.

The displacement rates in the mining area reach a
maximum amount of 30 mm/yr away from the satellite
at some locations. The time-series of displacement in the
main deforming region is mostly dominated by a linear
declining trend in time, as illustrated in Fig. 10. Time-
series of displacement in a non-deforming area does not
show much variation (RMS equal to 2.7 mm and 1.7 mm
for orbits No. 44 and 168, respectively), which confirms
that the magnitude of unwanted signals in the time-series
is low in comparison to cm-scale displacement signal that
we observe in the mining area.

To estimate the consistency between the two datasets,
the average velocities in Fig. 9 are first transformed from
LOS to vertical direction by neglecting the horizontal
displacement, and then are compared with each other.
Fig. 11 illustrates the histogram of differences between
the average vertical velocities. The RMS of differences
between ascending and descending results is approxi-
mately 6 mm/yr that verifies their consistency. However,
this RMS of the differences between datasets in Leipzig
is higher than those in Berlin. We attribute this to ne-
glecting the contribution of horizontal displacements.
For example, based on Eq. 5 and imaging geometries of
the S-1 dataset in Tab. 2, 10 mm/yr of displacement in
East-West direction will project on the line-of-sight as
movements equal to 6 mm/yr towards the satellite for
descending orbits and 6 mm/yr away from the satellite
for ascending orbits in our study area. When horizontal
movements are neglected, such a displacement can be
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Fig. 10: Examples of LOS displacement time-series at:
(a,b) a subsidence area (downward-pointing triangle in
Fig. 9) in the active mining region, and (c,d) a non-de-
forming area (plus sign in Fig. 9). (a,c) and (b,d) corre-
spond to results derived from S-1 orbits No. 44 and 168.

misinterpreted as 7 mm/yr of subsidence and 8 mm/yr
of uplift in descending and ascending orbits, respective-
ly. As a result, the RMS of differences between average
velocities of different datasets might increase by neglect-
ed horizontal displacements.

We take advantage of different imaging geometries
of datasets to estimate the vertical and horizontal com-
ponents of displacement. Based on Eq. 5, the sensitiv-
ity of line-of-sight measurements in our study area to
the south-north motions is only 11 %, while it is about
60 % and 80 % for east-west and vertical motions. There-
fore, we neglect the south-north component of motion
and estimate east-west and vertical displacement rates
from the two line-of-sight velocities. The results are
shown in Fig. 12. As seen in Fig. 12, the maximum amount

2000 Fig. 11:
2 Histogram of differ-
émoo ences for vertical
w

displacement rates
in Leipzig derived
from different Sen-
tinel-1 datasets.

0 ) ]
-40 -20 0 20 40
Orbit 44 - orbit 168 (mmfyr)

51.15°

-40

Fig. 12: Vertical and east-west displacement rates in ac-
tive mining area south of Leipzig. The background colors
are vertical displacement rates and arrows are horizontal
motions. For a better visualization, only 90 % of vectors
with east-west displacement larger than 1 cm/yr are
shown in this figure.
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of vertical displacement rates reaches 40 mm/yr around
active mining areas. As expected, horizontal motion in-
creases in regions with high gradients of vertical move-
ment and reaches maximum rates of 48 mm/yr at some
locations.

6 Conclusions and prospect

In this paper, some highlights of Sentinel-1 SAR inter-
ferometry in Germany were presented to evaluate the
potential and possibilities provided by this technique for
deformation monitoring and atmospheric phase delay
analysis. First, a 900-km-long Sentinel-1 interferogram
across the country was presented. Atmospheric correc-
tions revealed that most of £10 cm phase change in this
interferogram was caused by tropospheric wet delay. The
atmospheric water vapor estimated from a dense network
of GNSS measurements improved the quality of the inter-
ferogram by 52 % while ERA-Interim could improve it by
21 %. Although tropospheric phase delay is a disadvan-
tage for displacement applications, with its large spatial
coverage and high spatial density, Sentinel-1 provides
great opportunities for atmospheric studies. Future re-
search should focus on incorporating/assimilating InSAR
measurements in atmospheric models. In particular, the
major phase contribution in Sentinel-1 interferograms
with short time intervals in mid-latitudes comes from
changes in water vapor at the time of image pair acqui-
sitions. Therefore, it can produce an estimate of relative
water vapor conditions at the times of acquisitions that
can be of interest for meteorologists.

Secondly, we demonstrated the capability of S-1
time-series analysis for monitoring small-magnitude dis-
placements related to gas storage and landfill compaction
in north-western part of Berlin and cm-scale displace-
ments due to active mining in Leipzig. With its 6-day
acquisition time interval, large coverage, and moderate
spatial resolution, Sentinel-1 provides new emerging
opportunities to investigate localized displacements in
much more temporal details than currently possible with
other satellite-based SAR systems. We have observed a
maximum of ~2 mm/yr uplift during October 2014 to
January 2017, and up to 2 cm of variations due to sea-
sonal charge and discharge of the gas storage. A localized
subsidence signal of ~8 mm/yr, due to the settlement of
the old demolishing landfill and gas extraction in Egel-
pfuhl, northwest of Berlin, was also detected. For the min-
ing area in Leipzig, subsidence rates as much as 4 cm/yr
in active mining areas were found for the period between
October 2014 and April 2017.

Although we did not have access to ground truth for
validation and accuracy assessment of our InSAR time-
series results, statistical analyses of the results enabled
us to evaluate their consistency with each other and
provided a measure of accuracy that we can achieve by

254 | zfv 4/2017 142.)q.

S-1 InSAR time-series analyses. The RMS of differences
between average velocities derived from different Sen-
tinel-1 datasets was <1.4 mm/yr and 6 mm/yr for Ber-
lin and Leipzig, respectively. The maximum RMS of the
time-series of displacements at stable areas was approx.
3 mm that shows the power of Sentinel-1 InSAR time-
series analyses to detect displacements with magnitudes
of as small as a few millimeters.

With its free data policy and 20-year acquisition plan,
Sentinel-1 provides great opportunities for InSAR geo-
desy to be widely applied by both scientific and com-
mercial users to generate information for the purpose of
hazard and risk management related to natural and man-
made phenomena. In the future, developing new method-
ologies to automatically obtain the data, detecting areas
prone to a specific process, and obtaining the results from
appropriate InSAR time-series approaches can help us ex-
tract the maximum benefit from near real-time SAR data
provided by Sentinel-1. At the same time, new challenges
arise for handling of the massive datasets provided by
the mission. Sentinel-1 provides 10 TB of products daily.
With its large spatial coverage and medium resolution,
each SLC data of this sensor is in the order of a few GB.
Mosaicking these images along a specific orbit and in-
terferometric processing multiply the need for disk space
and dramatically increases the required processing loud
that can be challenging to handle. Development of inno-
vative processing chains using cloud-based systems like
ESA’s Geohazards Exploitation Platform GEP (De Luca
et al. 2015) or CODE-DE (Copernicus Data and Exploita-
tion Platform - Deutschland) (Reck et al. 2016) should be
further explored in future to deal with the huge amounts
of SAR data provided by the Sentinel-1 constellation.
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