Discontinuous GBSAR deformation monitoring
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Abstract

This paper is focused on deformation monitoring using the Ground-Based SAR (GBSAR)
technique and a particular data acquisition configuration, which is called discontinuous
GBSAR (D-GBSAR). In the most commonly used GBSAR configuration, the radar is left
installed in situ, acquiring data periodically, e.g. every few minutes. Deformations are
estimated by processing sets of GBSAR images acquired during several weeks or months,
without moving the system. By contrast, in the D-GBSAR the radar is installed and
dismounted at each measurement campaign, revisiting a given site periodically. This
configuration is useful to monitor slow deformation phenomena. This paper outlines the D-
GBSAR data processing and analysis procedure implemented by the authors. This is followed
by a discussion of some specific aspects of D-GBSAR monitoring, which concern the density
of the deformation measurements, the phase unwrapping, and the estimation of the atmospheric
effects. Two successful examples of D-GBSAR deformation monitoring are analysed and
discussed: one concerns an urban area, while the second one involves a rural area where the

deformation monitoring requires the use of artificial corner reflectors.
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1. Introduction

Ground-Based SAR (GBSAR) interferometry is a radar-based terrestrial remote sensing

technique (Tarchi et al., 1999), which can be used for digital elevation model generation or
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deformation monitoring (Monserrat et al.,, 2014). This paper is focused on the latter
application. GBSAR deformation monitoring can be performed using two types of acquisition
modes: the continuous (C-GBSAR) and the discontinuous (D-GBSAR). In the C-GBSAR the
radar is left installed in situ, acquiring data periodically, with a period that typically ranges
from a few minutes to a few hours. This is the most commonly used configuration, which can
provide a near real-time deformation monitoring (Casagli et al., 2003; Tarchi et al., 2003a;
Tarchi et al., 2005) and which offers the best performances in terms of density, precision and
reliability of deformation measurements (Monserrat et al., 2014). The most relevant C-GBSAR
applications include slope monitoring in open pit mines for operational early warning systems
(Noon et al., 2007; Mecatti et al., 2010; Farina et al., 2012); slope instability monitoring related
to rockslides (Tarchi et al., 2005), landslides (Tarchi et al., 2003b; Luzi et al., 2006; Barla et
al., 2010) or volcanoes (Casagli et al. 2010); urban monitoring (Pieraccini et al., 2004; Pipia et
al., 2013); structure monitoring (Tarchi et al., 1997); dam monitoring (Tarchi et al., 1999); dike
monitoring (Monserrat, 2012); and glacier monitoring (Noferini et al., 2009; Strozzi et al.,
2012).

In the D-GBSAR configuration the radar is installed and dismounted at each campaign,
revisiting a given site periodically, e.g. monthly, yearly, etc. depending on the kinematics of
the deformation phenomenon at hand and the monitoring requirements. This configuration,
which is useful to monitor slow deformation phenomena, is usually adopted by many other
deformation monitoring techniques. Its main advantage is the reduced monitoring cost by using
the same instrument over several sites. Its drawbacks include a more complex data processing
and, generally speaking, reduced density, precision and reliability of deformation
measurements. In the literature there are only a few works that describe D-GBSAR
applications, e.g. see Noferini et al. (2008), Luzi et al. (2010) and Wujanz et al. (2013).

The paper starts with a discussion of the specific aspects of the D-GBSAR processing chain

implemented by the authors. This is followed by the description of a D-GBSAR deformation



monitoring of an urban area: the village of Barbera de la Conca (Catalonia, Spain). Then a
more complex example is illustrated, which concerns a rural area close to the village of Canillo
(Andorra). In this case the monitoring was performed using artificial Corner Reflectors (CRs).
Both case studies were monitored using a Ku-band GBSAR: the IBIS-L by IDS Spa

(www.idscorporation.com). Finally, the conclusions summarize the main results of this work.

2. D-GBSAR data processing and analysis

This section outlines the D-GBSAR data processing procedure implemented by the authors. It
has several points in common with the processing chain used with C-GBSAR data. In addition,
both processing chains share common tools with the procedure to process satellite-based SAR
interferometric data. The flow chart of D-GBSAR data processing and analysis procedure is
shown in Figure 1, see Monserrat (2012) and Monserrat et al. (2014). The flow chart assumes
that N images are acquired, typically at N different campaigns. These images are firstly
focused and co-registered. This is followed by the generation of N-1 interferograms and the
associated coherence images. Using these images or, alternatively, the so-called Dispersion of
Amplitude (the ratio between the standard deviation and the mean of image amplitudes, see
Ferretti et al, (2001)), a pixel selection is performed, which aims at separating the pixels that
contain information (deformation measurements) from those that are dominated by noise and
do not carry any information and hence need to be rejected. A spatial phase unwrapping is
performed on the selected pixels for the N-1 interferograms using an implementation of the
Minimum Cost Flow method (Costantini, 1998). The resulting phases are then integrated to
obtain a set of phases, which are temporally ordered, in correspondence to the N images. An
Atmospheric Phase Screen (APS) estimation follows, which makes use of known stable areas
located in the observed scene. It is worth noting that the geometry and distribution of these
areas strongly influences the quality of the APS estimates. Finally, the APS-cleaned phases are

converted in Line-Of-Sight (LOS) displacements and geocoded, obtaining the two main



GBSAR products: the geocoded accumulated deformation maps and the geocoded deformation

time series. Some specific aspects of D-GBSAR are briefly discussed below.

Density of the deformation measurements. A major difference between C-GBSAR and
D-GBSAR concerns the density of the available measurements. Even though this depends
on the physical (dielectric) and geometric characteristics of the observed scene, the D-
GBSAR data are usually much less dense than the C-GBSAR ones: in the worst cases a
complete lack of measurements can occur. This limitation is similar to the one of satellite-
based repeat-pass SAR interferometry, especially in X-band. This is illustrated in Figure 2,
which compares the measurement density of Ku-band C-GBSAR and D-GBSAR. These
results refer to the Canillo (Andorra) case study, which is discussed later in this paper. The
D-GBSAR deformation measurements are very sparse: they cover few parts of the main
street and the set of buildings located at the bottom right of the image. As it is discussed
later, the measurement density is insufficient to cover the deformation area of interest and,
for this reason, artificial CRs were deployed. By contrast, the C-GBSAR measurements
offer a quite dense coverage, even on the forested and vegetated areas. The irregular
measurement density visible in Figure 2 is mainly due to the lack of radar visibility of some
parts of the scene.

Phase unwrapping. This operation is critical in D-GBSAR applications for two main
reasons. Firstly, the risk of unwrapping errors due to deformation grows with the time
separation between GBSAR acquisitions (Monserrat et al., 2014): this requires a proper
adjustment of the observation time interval. A non-interferometric approach to overcome
this limitation has been recently proposed by Crosetto et al. (2013). A phase unwrapping
procedure based on terrestrial laser scanner data is described in Wujanz et al. (2013). The
second reason is related to the low measurement density, which characterizes D-GBSAR: a
lower density implies greater distances between measurement pixels, which in turn makes

more difficult the phase unwrapping.
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Figure 1. Flow chart of D-GBSAR data processing and analysis procedure used in this work.
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Figure 2. Comparison of the measurement density of Ku-band C-GBSAR, with time separation between image

acquisitions of hours (right), and D-GBSAR, with time separation of some weeks (left). The red points correspond

to 15 CRs. Depicted scene: “Forn de Canillo” landslide.

APS and repositioning effects. The APS estimation represents a key step to properly
derive the deformations. Note that the atmospheric effects, especially when combined with
a low measurement density, can cause phase unwrapping errors. In addition, the D-GBSAR
data may contain an additional phase component due to errors in the repositioning of the
radar between different campaigns (Monserrat et al., 2014). These errors are usually non
negligible, especially if “light positioning” is performed, e.g. by simply materializing the
GBSAR location using some marks. Note that this is necessary in many practical cases, e.g.
where a concrete base or any other precise mechanical positioning structure cannot be
employed. The phase component due to repositioning errors is usually treated together with

the APS because it has similar low spatial frequency characteristics.



3. First case study: urban area

This section describes the D-GBSAR deformation monitoring of an urban area: the village of
Barbera de la Conca (Catalonia, Spain). This village has experienced deformations since 2011

that have caused cracks in the church and several buildings. Four D-GBSAR campaigns were

Figure 3. Photograph of the measured scene, Barbera de la Conca in the first case study, taken from the radar
viewpoint. The radar with its two antennas is visible in the foreground.

performed (14/11/11, 19/12/11, 08/05/12 and 20/03/13), covering a total observation period of
about 16 months. The radar was installed outside the village at an average distance of 500 m,
see a photograph of the imaged scene in Figure 3. The data analysis was based on 10 SAR
images for each campaign, from which four coherently averaged images were derived. A first
important characteristic of this site concerns the measurement density: as it can be observed in
Figure 4, over the observed scene there is a dense set of measurements, which cover a great

number of buildings and structures. This was checked after the second campaign, proving the



Figure 4. Displacement maps of Barbera de la Conca between the first campaign (14/11/2011) and the campaigns
of 19/12/2011 (a), 08/05/2012 (b) and 20/03/2013 (c). The blue polygons on the top indicate the stable areas.

feasibility of D-GBSAR monitoring without deploying CRs. A second key characteristic is a

favourable geometry to estimate the APS: the deformation area is surrounded by stable areas,



see Figure 4a. Between the first two campaigns the displacements are imperceptible, see Figure
4a. However, from the third campaign they are clearly visible, see Figures 4b and 4c, and
include two main deformation areas: the one in yellow to red colours, which indicate
deformation values toward the radar up to 14.6 mm, and the one in light blue to blue colours,
which indicates deformation values away from the radar up to -8.9 mm. These two areas are
characterized by opposite slope aspects. Figure 5 shows the estimated deformation time series
for a set of pixels moving toward the radar: it is perceptible that the deformations are stronger

up to May 2012, while they reduce sensibly between May 2012 and March 2013.
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Figure 5. Estimated deformation time series for a set of pixels from the most active deformation area in Barbera
de la Conca.

4. Second case study: rural area

This section describes the monitoring of the “Forn de Canillo” landslide, located near the
village of Canillo (Andorra). The area of interest, seen from the radar viewpoint, is shown in
Figure 6. As it is discussed in a previous section, see Figure 2, the D-GBSAR measurement
density in this area is insufficient to cover the deformation phenomenon of interest. For this
reason, 15 artificial CRs (Figure 7) were installed at each of the three D-GBSAR campaigns,
which were carried out the 29/09/2009, 21/10/2009 and 25/11/2009. In this case we used a

“light repositioning” based on marks painted on stones, walls, etc. The set of CRs is sufficient



to appropriately sample the deformation area of interest. However, the geometry and
distribution of the measurements is weaker than in the previous case study and this influenced
both the phase unwrapping and the APS estimation.

The D-GBSAR deformation map, which refers to the total observed period of 57 days, is
shown in Figure 8. All movements observed in this scene are towards the radar. The maximum
displacements value is 14 mm but, as shown in Figure 9, the CRs show a wide range of
displacements, from almost zero to 14 mm. Carrying out a geomorphologic analysis and
considering the displacements of the CRs, three different deformation areas were identified, see
Figure 8 (Luzi et al., 2010). The area at the top was not moving between the first two
campaigns and had moderate displacements in the following period. The strongest movements
occur in the mid area. Note that there is a green point in this area which, most probably, is
located out of the landslide body. Finally, the bottom area, which has lower slope values,

shows slower displacements.

Figure 6. Photograph of the measured scene in the second case study, taken from the radar viewpoint. The blue
circle highlights the main area of interest, which is located between 1000 and 1600 m from the radar.



Figure 7. One of the 15 CRs deployed in the second case study, the “Forn de Canillo” landslide. The Corner
Reflectors were installed and removed at each of the three measurement campaigns.

Figure 8. Displacement map of the “Forn de Canillo” landslide between the first (29/09/2009) and the last
(25/11/2009) campaigns. The blue circles indicate three different deformation areas identified in the observed
landslide.
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Figure 9. Estimated deformation time series for the 15 CRs deployed in the second case study, the “Forn de
Canillo” landslide.

Conclusions

In this paper the deformation monitoring based on the discontinuous GBSAR (D-GBSAR)
configuration has been addressed. This represents an acquisition mode that is useful to monitor
slow deformation phenomena and that has been rarely described in the literature. It offers the
advantage of reduced monitoring costs by using the same instrument over several sites.
However, it requires a more complex data processing and, generally speaking, yields reduced
measurement density, precision and reliability. The entire D-GBSAR data processing
procedure implemented by the authors has been outlined, and the specific aspects of D-
GBSAR have been discussed including: (i) the density of the deformation measurements,
which can be a limiting factor for many D-GBSAR applications; (ii) the phase unwrapping,
which can be critical for both the time separation between GBSAR acquisitions and the low
measurement density of D-GBSAR measurements; and (iii) the atmospheric effects that are, in
general, stronger in D-GBSAR than in the C-GBSAR data.

Two successful examples of D-GBSAR deformation monitoring have been described: the first

case study concerns an urban area, while the second one involves a rural area. Both case



studies were monitored using a Ku-band GBSAR. The main outcomes of these case studies

are:

e The urban case study represents a positive deformation monitoring example, which was
derived in a fully remote mode, positioning the radar at a distance of 0.5 km. This aspect
can be relevant for several applications, where the accessibility to the area of interest is
difficult or impossible.

e A key characteristic of the urban case study is the high density of deformation
measurements, which is sufficient to cover a great number of buildings and structures.

e A second fundamental characteristic of the urban case study is the favourable geometry to
estimate the APS: the stable areas surround the deformation areas. This allowed us to
properly separate the deformation and atmospheric phase components and hence correctly
estimate the deformations.

e The rural case study represents a more complex deformation monitoring example:
deformation measurements are not available in the main area of interest and 15 artificial
CRs were installed to overcome this lack of measurements.

e It is worth noting that the monitoring was performed by installing and removing both the
radar and the CRs at each of the three D-GBSAR campaigns. This represents the least
invasive monitoring configuration.

e In both case studies, the obtained deformation maps and time series illustrate how a rich
spatial and temporal description of a given deformation phenomenon can be obtained using
D-GBSAR. In the urban case study, two main deformation areas have been found, while in

the rural case study three parts of the monitored landslides have been identified.
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