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ABSTRACT

The work proposed in this paper shows advanced
Persistent Scatter Interferometry (PSI) processing based
on the use of the Non-Local Interferometric SAR (NL-
INSAR) filtering for improving landslides monitoring
applications. The rationale is to enhance the
interferometric phase quality, preserving the full-
resolution of SAR images, in order to detect both
distributed and deterministic scatterers, with the
objective of increasing the density of final PSI products.
Moreover, since SAR systems are only sensitive to
detect displacements in the line-of-sight (LOS)
direction, the importance of projecting PSI displacement
products along the steepest gradient of the terrain slope
is put forward. Two TerraSAR-X data sets acquired in
ascending mode corresponding to the period from April
to November 2011, and from August to November
2013, respectively, over the area of El Portalet (Central
Spanish Pyrenees), are employed for this purpose.

1. INTRODUCTION

The accurate monitoring of active landslides represents
one of the most interesting applications in Differential
SAR Interferometry (DINSAR). The characterization of
active slopes has been traditionally addressed through
the employment of geotechnical techniques, such as
inclinometers,  extensometers, piezometers,  or
Differential Global Positioning System (DGPS)
networks. Despite providing very accurate information,
these in-field devices generally collect scarce
measurements in terms of coverage compared with
DInSAR products. Moreover, they require the in-situ
installation of instrumentation over the slopes, which
can be a difficult task when the area of interest is not
sufficiently serviced. The improvements in DINSAR
and, especially, in Persistent Scatterer Interferometry
(PSI) [1-6], have demonstrated some competitive
advantages compared with these traditional geotechnical
techniques for landslide monitoring applications.
Landslide instabilities typically occur in natural
environments largely affected by temporal decorrelation

dynamics.

There are two main classical approaches to detect
persistent scatterers. The former is based on exploiting
the interferometric coherence information along the
multi-temporal set of interferograms. The latter is based
on the SAR images’ amplitude behavior along the
temporal axis through the computation of the amplitude
dispersion index (DA). The choice of the pixel selection
approach depends on the nature of the area of interest.
On the one hand, the coherence stability approach
requires performing a multi-look of the interferograms,
which allows a significant reduction of the signal-to-
noise ratio (SNR), but also leads to a reduction of the
spatial resolution. This option is more suited over
natural environments with predominance of distributed
scatters. Contrarily, the amplitude dispersion approach
preserves the full-resolution of SAR images presenting
a good performance in the detection of deterministic
point-like scatterers, especially over urban environments
with predominance of man-made structures.

Hence there is a clear limitation when the PSI
processing requires the exploitation of both types of
scatterers, distributed and deterministic ones. In this
context, different de-noising filtering strategies,
typically employed in image processing applications to
reduce additive Gaussian noise, have been adapted for
INSAR and DInSAR applications, showing an excellent
performance for multiplicative speckle noise [6,8-10].
The rationale is to improve the interferometric phase
quality, without losing resolution in order to detect both
types of scatterers.

The work proposed in this paper shows an advanced PSI
processing based on the use of the Non-Local
Interferometric SAR (NL-InSAR) filtering technique
presented in [10] for landslide monitoring applications.
The PSI processing carried out in this work has been
addressed employing the SPN technique, the advanced
PSI processing chain developed by the company
Altamira-Information [4]. This methodology allows the
number of looks pixel-by-pixel, to be varied as it
depends on the number of similar patches found in a
search window around the pixel under analysis,

phenomena [7] in which DInSAR performance preserving the resolution over point-like scatterers and
generally decreases. This fact leads to a poor number of averaging homogenous regions with predominance of
reliable measurement data and compromises the distributed scatterers [10]. In addition, adaptive coherent
performance of PSI techniques. This issue is especially threshold selection criteria are also employed to select
important in these types of applications where the optimum INSAR pairs to improve the detection of
improving the density of persistent scatters as much as coherent scatterers in long-term stacks of data. The
possible is a key factor for reaching a better combination of the two solutions is extremely important
understanding of the extension of the landslide and to improve the final density of measurement points in
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highly decorrelated environments and, therefore,
provides more valuable short and long-term solstion
over active slopes.

Finally, since SAR systems are only sensitive te th
detection of displacements in the line-of-sight @O
direction, the importance of projecting final PSI
displacement products along the steepest gradfeheo
terrain slope is put forward.

2. TEST SITE AND DATA SET
2.1 Geological settings of El Portalet

The test site area selected to evaluate the imprents
proposed in this paper corresponds to the landefids
Portalet, located in the upper part of the Gall&jeer
basin (Central Spanish Pyrenees). This area and
surroundings are characterized by a high density of
landslides, which have been reactivated due to the
constant erosion of the Géllego River as well andmu
activity [11]. In fact, this is the concrete casktle
landslides of El Portalet area, which were reattiddy

the excavation work carried out to build a parkarga

at the bottom of the slope during summer 2004. The
area of interest is affected by three main roto-
translational landslides (referred to as A-B-C ig.R).

The red line represents the contour of a localeslid
located over the parking area, which shows thedrigh
displacements.

Figure 1. General overview of El Portalet landskde

El Portalet landslide area is located on a southwes
facing hillside of Petrasos Peak, which is 500 mglo
and 700 m wide and covers 0.35%im about 12° slope
angle [12]. The moving mass also involves intense
weathering slates and shales forming high plagticit
deposits from the Devonian and Carboniferous age
rocks [12]. These geomechanical features are prone
develop the typical morphologies which characterize
unstable slopes, where landslides normally occomes
external features that define typical landslide aare
include clearly defined main scarps, hummocky serfa
topography, high density of surface cracks, streants
pools generated in the landslide limits. The ingens
rainfalls and the strong topographic gradientsnisify

the slope mass movement activity in the whole yalle

2.2 Previous works carried out

As commented above, the excavation work carried out
to build the car park located at the foot of thiésiie
during summer 2004 provoked a local rupture. Tagt f

has motivated an exhaustive monitoring of the area
employing several surveying techniques, such as®)GP
extensometers, inclinometers and Ground-Based SAR
(GB-SAR), jointly with extensive geological
interpretation works, during the last decade.

In this framework, seven total station measurement
campaigns were performed from December 2004 to
March 2005. Furthermore, several inclinometric
readings were carried out between May and October
2005. Before the breakage of the inclinometers
installed, the displacement magnitude and extengfon
an underground rupture surface were detected and
measured in the area. Following the stabilization
intervention in the slope, five precise DGPS campsi
were carried out in the area from May 2006 to Q97
indicating a deceleration process in the slopethig
stage, GB-SAR measurements were planned in order to
monitor the car park landslide while the DGPS
campaigns continued. Extra DGPS campaigns carried
out until October 2011 completed the whole peridéd o
measurements from May 2006 to October 2011 [12].

In order to complete these in-field measurements,
several advanced PSI studies using space-borne SAR
data were carried out. A multi-frequency study with
different satellites was performed by Altamira-
Information using C-band data acquired with ERS and
ENVISAT satellites (2001-2007), L-band data from
ALOS-PALSAR (2007-2011), and X-band data
provided by the TerraSAR-X satellite (2008) [13].
Results from these PSI studies reinforced the wmfea
developing a filtering criterion to increase the
measurement point density. Some modeling works have
been also carried out in this area. In this context
recent study based on a 2D viscoplastic constéutiv
model [14] has served to validate the extensionthed
displacement patterns retrieved by means of ground-
based and satellite PSI techniques.

2.3 Data set

The new generation of X-band space-borne sensors
(such as TerraSAR-X and COSMO-SkyMed), allow for
a significant improvement in the monitoring captiet
over man-made structures, such as buildings, bsidge
railways and highways, but also over natural stable
reflectors, such as rocky areas or bare surfadas. i$
strongly related with their high spatial resolutidsut
also with the shorter revisit time, thus improvitige
temporal and spatial sampling for geo-hazard
assessment applications, such as landslide margtori
applications.

To continue with the monitoring of El Portalet ¢adr
out during the last years, two TerraSAR-X data sets
acquired in ascending mode, with the objective of
maximizing the sensor sensitivity to the displaceine
(as it will be explained in Section 5), have been
selected. The fast temporal decorrelation phenomeno
present at X-band over this type of natural envitent



represents a perfect test site to demonstrateghefibs scatterers [1,3]. The point density depends onldahd

of using NL-InSAR for PSI purposes. The first da& cover (urban, vegetated, arid, etc.), but valuesewéral

is composed of 13 TerraSAR-X images acquired during thousands of measurement pixels per square kilamete
the period corresponding from April 2011 to Novembe are typically obtained. As will be shown in the
2011. The second one is composed of 8 TerraSAR-X following Section, the number of high-quality pigdbr
images acquired during the period from August to the SPN processing can be improved by applying
November 2013. advanced adaptive filtering techniques.

In order to improve the PSI performance 7 Artificia As seen in Eq.1 the evolution of the differential
Corner Reflectors (ACR) for radar satellite were interferometric phase along the temporal stack is
installed in September 2010. In 2013, an inte i directly related to the ground displacement produce
of the ACR network, adding 11 new ACRs, was carried but there are other artifacts that may compromiee t
out in the main slope of El Portalet. Finally, an reliability of the displacement estimation proce€s
Automatic Inclinometer System (AIS) [15-17] was the one hand, as seen above, the real height ctabée
installed in a new borehole in August 2013. DGP8rov  points considered for the PSI processing can diftem

the new ACRs installed and over other interestioigts what it is indicated by the DEM depending on its
of the landslide have been collected to date. accuracy. This height error has a negative impact f

PSI purposes and must be accordingly estimated and
3. THE SPN TECHNIQUE compensated for. On the other hand, the impachef t

APS must be also considered. The variability of the
atmospheric artifacts during the temporal axis also
affects the differential phase. Due to the atmosphe
changing conditions, the delay that occurs when an
electromagnetic wave passes through the different
layers of the atmosphere is variable from one image
another, but also within the same image depending o
” the location. These effects must be estimated and
@air, eXpression: compensated for in order to obtain a precise
measurement of the actual displacement. The common
4 approach to compensate APS consists of taking
TP T Paps t Proise 1) advantage of their particular temporal and spatial
frequency behavior. This problem is typically adced
where g, refers to the phase term corresponding to the through a low pass filtering process [7], whichoals
height inaccuracies of the DEM employed in the aIIow_s the c_an_celatlon of the dlff_erent offsetsvimsn
the differential interferograms available.

The SPN consists of a pixel-by-pixel process taimbt
the linear and non-linear components of displacemen
but also the topographic error and the APS. Th& fir
block of the SPN is based on adjusting a linear ehod
based solution to the differential interferograms
available, taking into account the different teroighe
differential phase equation seen in Eq. (1). This
estimation is performed pixel-by-pixel without the
employment of any spatial interpolation. As a rgsal
reliable mean annual deformation rate and a topdagca
DEM error are obtained for the persistent scatserer
available. At this stage, the so-called model cehee

[3] is defined in order to measure the quality bé t
solutions. The model coherence ranges in the iaterv
[0,1], reaching high values when the linear model
perfectly fits the data. Otherwise, it tends toveatd
zero when the model adjustment is poor. With this
function it is possible to discard noisy pixels doea
bad adjustment.

Once the linear estimation step is finished, th& $°
able to provide time series related with the terapor
evolution of the total displacement. For this pu@ahe
linear model obtained previously, and the APS
estimated through spatiotemporal filtering techeigu

PSI is an evolution of DINSAR that allows a relabl
estimation of the displacement componggi, present

in differential interferograms phagg; to be performed
making use of a multi-temporal stack of SAR imaies
order to overcome the limitations of classical DARS
The use of a stack of interferograms allows for the
estimation of the different components presenthia t

Pdif = PepEM T Paispt T Paprs T Prnoise
_4m B,

= — ey +
A Rsin @, PEM

differential interferogram generatiogpgy), o accounts

for the LOS displacementgyps accounts for the
atmospheric artifacts phase term afdse [7] accounts

for the phase component containing the decorrelatio
terms (such as the spatial and temporal ones) mirese
the differential interferograms.

Several advanced PSI processing chains have been
developed over the last decade in order to estimate
surface displacements with extremely high accufaey

5]. The work presented in this paper has beenezhrri
out using the SPN, which stands for the advancdd PS
technique developed and developing by the company
Altamira-Information since 2002 [4].

In order to perform precise estimations, only those
pixels that are not affected by decorrelation arst f
detected. The reliability of any PSI processinditeégue

is compromised by the phase quality of the diffeéedn
interferograms available. Mainly due to temporal
decorrelation phenomena [7], only a limited numbgr
them fulfill the phase quality requirements to dbta
reliable displacement map estimations. For thisaea
prior to the application of any PSI technique, an
adequate selection of reliable high-quality pixel
candidates is mandatory, i.e., the so-called pergis



are removed from the original differential
interferograms leading to the so-called phase vesid
which will only contain the non-linear component of
displacement. The rationale is to re-order these
differential residues along the temporal axis tdaob
the absolute non-linear displacement per image to
subsequently add them to the linear model estimated
the previous step. Time series are typically emgdbotp
identify non-linear patterns and identify possible
accelerations. The accuracy of the process is tgutth

5 mm. This value depends on the satellite, the mumb
of images and on the quality of the measurememttpoi
Time series can be optionally filtered in ordereduce

the possible remaining noise and ease the intatpet

of the final results.

4. NL-INSAR FILTERING

NL-INSAR filtering consists of a probabilistic silafity
criterion based on both the intensities and the
interferometric phases that surround two given hpgc
[10]. Nonlocal filter uses the concept of local
redundancy for estimating, pixel-by-pixel, the szen
components preserving the resolution of the imagés
methodology allows for the consideration of pixgiat

are far apart rather than restricting the simiiaels that
belong to a local neighborhood, such as boxcaariiilg
(see Fig. 2).

One pixel is assumed to come from the same statisti
population as the given pixel if the patches that
surround both pixels present a high similarity noeas
[10]. The filtered pixel is obtained by a weighted
combination of pixel values, which can be far apart
inside the search window (see Fig. 2(c)). The wisigh
are computed using the maximum likelihood estimator
(WMLE) and are iteratively refined by comparing
patches of previous estimates and patches of thy no
image [10].

Fig.3 illustrates the benefits of applying NL-InSAR
filtering to improve the quality of differential
interferograms.  Fig.3(a) shows the  original
interferogram at full-resolution, while Fig.3(b)}(c
shows the resulting differential interferogram afte
applying a 5x5 boxcar window and a NL-INSAR
filtering (using a patch window of 5 pixels andemsch
window of 20 pixels), respectively. Notice the qtyabf
NL-INSAR filtering, which smooths the noise oveeth
homogeneous regions while maintaining the resalutio
over the deterministic point-like scatterers.

Under this approach the number of looks varies from
one pixel to another as it depends on the number of
similar patches found in the search window arourel t
pixel under analysis. The sizes of the patch amdcke
window are set as a trade-off for having one laokhie
ACRs present in the scene, but also to ensure énoug
noise reduction over the homogeneous areas. Ttis fa
is illustrated in Fig.4, which shows the differentmber

of looks obtained in 3 different land covers. Netfww

= AL s

@ (b) ©
Figure 2. Comparison between (a) full-resolutidm), (
boxcar, and (c) adaptive NL-InSAR filtering.

the number of looks is larger over the bare sugaife
the area studied, while the ACR has only 1 lookijtas
should be, since it is a deterministic point-likatserer.
Once the interferograms are filtered, PSI procgssn
totally equivalent, being no different with respéztthe
classical approaches.

5. DOWN-SLOPE HYPOTHESIS

SAR systems only have sensitivity in the LOS diact
and hence, the displacement maps obtained by noéans
PSI techniques are generally referred to the skamge
plane. For the current polar-orbiting SAR spaceabor
sensors, the look direction is either east or wkst,
ascending or descending orbits, respectively. R t
reason, SAR sensors are only sensitive to movements
along slopes facing either east or west, and almost
insensitive to movements in north or south direwio
This aspect should be taken into account when pignn
the SAR acquisitions.

In the context of landslide applications, the more
realistic assumption about the displacement divadt
based on considering that it is produced along the
steepest gradient of the slope. Computing the ptage

of measured displacement in the LOS direction is
mandatory in order to ensure reliable results.

For the study case presented in this paper thendiszp
mode resulted more suited since the projectionofact
between the displacement and LOS directions was
lower compared with the one provided by the
descending mode. The ascending mode was therefore
finally selected in order to maximize the perceatad
displacement detected by the space-borne sensor.
Another factor to take into account in these typés
applications is related with the interpretation PRSI
results. Over flat areas this fact does not repiteary
difficulty since the displacements are typically
addressed as negative departing from the sensor (fo
subsidence phenomena) and positive approaching the
radar (for uplift phenomena). On the contrary, when
facing areas with steep topography, as in the ptese
case, the interpretation of the final results bee®more
complex. If the slope of the mountain is facing the
satellite, any land movement along the down-slope
direction will be towards the satellite. Contrayilhe
same displacement will be detected as moving away
from the SAR sensor if the slope is opposite.

Finally, due to this particular acquisition georgetr
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Fig.3. (a) Full-resolution interferogram. Filtereidterferogram after applying (b) a 5x5 boxcar windand (c)
adaptive NL-InSAR filtering.

= 1look: ACR
= 70-100 looks: Road
= 200 -300 looks: Bare Soil

(d)

Fig.4. Different number of looks obtained in 3 @iént land covers. (a) Optical image correspondimghe parking
area of El Portalet. (a) SAR Reflectivity imagehaf area indicated with a blue square in (a). Thgtavcircle indicates
the location of an ACR. (c) Different number ofds@btained over the bare soil, the road and th&RA@ailable
within the selected area. (d) Zoom of the areadattid with a blue square in (c).

(b)

SAR geometrical distortions should be also takdn in  vectors may be related through a scalar product
account when planning the acquisitions and,
furthermore, in the final interpretation of the =
displacement results. These are the foreshortetiieg, [Vio] =[Voran| (e05@) 3)
layover and the shadowing [7].
Under the argument described above, the measured n n
displacements in the LOS direction are rarely t&al r cos(0t) = lLos * lround (4)
ones, but a projection of them. Following a vector
notation, both velocities may be expressed peinga the angle formed by both unitary vectors.
mathematically as follows When the ground displacements produced over the
affected area are expected to be in the verticattion
over flat areas, as typically occur with subsidence
. (2) uplift phenomena in urban scenariaslirectly becomes
|-le.,,.d the incidence angle. Contrarily, in landslide moriitg
applications the problem becomes more complex since
the real ground displacement of each spatial guasta
topographic dependence related with the local slope
each position. As seen above, the more realistic
assumption of the displacement direction with no a
priori knowledge consists of considering that the
displacement is produced along the steepest gitagien
the terrain slope. This information may be directly
derived employing an accurate DEM of the illumimhte

where

Vios = |VLOS| ‘luos

VGround = |VGround
whereVg,,ung accounts for the ground velocity vector,
i.e, the real ground displacement, aMios the
measured velocity vector, which is a projectiontlo#
previous one in the LOS direction. The magnitudes
[Vios| and Yerouna| account for the magnitude of the
displacements, and the unitary vecthess andigrouno

are related with the displacement directions. Sithee
former is a projection of the latter the intensifyboth



area, and the angle may hence be obtained through
Eq.4. Fig. 5 shows the acquisition geometry under t
down-slope displacement assumption described m thi
Section.

Once the displacement vectors are accordingly piege
they can be geocoded in map coordinates and be
visualized using a virtual globe viewer or a
Geographical Information System (GIS) software.
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Figure 5. Acquisition geometry under down-slope
displacement assumption.

6. RESULTS AND DISCUSSION

This Section presents the final accumulated
displacement maps over the area of El Portalet by
means of the NL-InSAR filtering technique presented
Section 4. Furthermore, the importance of projectin
down-slope the final PSI results, as stated iniSed,

is also put forward.

Fig.6 shows a comparison of accumulated
displacements in the LOS corresponding to the 2013
TerraSARX data set using the full-resolution DA
approach (see Fig.6a), the coherence stabilityocsmbr
using a 5x5 boxcar window (see Fig.6b), and after
applying the NL-InSAR filtering technique proposed
Section 4 (see Fig.6c). To ensure a fair comparison
equivalent thresholds over the three methodolduges
been established in order to provide the same
requirements in terms of phase standard devia#en.
expected, all approaches retrieve almost identical
displacement trends except for the increase inlgixe
density. Specifically, PSI results based on NL-IFRSA
filtering show an outstanding improvement (roughly
threefold increase) in the detection of persistent
scatterers (bare soil, roads, rocks) compared with
classical PSI approaches. As seen in Section 4, thi
advanced adaptive filtering technique allows thimtjo
detection and exploration of point-like and disttiéd
scatterers, thus benefiting final PSI results. ltsimbe
pointed out that the availability of ACRs in theearof
interest, presented in Section 2, has allowed the
maximization of the filter response.

The increase in terms of pixel density showed kg th
NL-INSAR approach, represents a key factor in the
characterization of the landslides available inatesa of
study. This enhancement allows for the increasthén
density of measurements allowing an improvement in
determining the extension and dynamics of the
landslide.

As stated in Section 5, prior to the interpretatifrthe
displacements results retrieved, PSI products shbel
projected assuming a down-slope displacement model.
Fig.7 shows the final accumulated down-slope
displacement results over the area of El Portatanf
the two TerraSAR-X data sets available. These t®sul
reveal several slope instabilities occurred in Bit&let
area during the monitoring period. Notice that the
results corresponding to both periods are in catamre
since they show similar displacement patterns. As
expected, some instabilities may be noticed inAhB,

and C landslide areas described in Fig.1. Main
displacement points up to 30 cm (from April to
November 2011) and up to 10 cm (from August to
November 2013) may be identified at the toe of
landslide B (see Fig.8). This region correspondsh&o
local slide, which is occurring over the parkingarAs
commented in Section 2, this region is exhibitihg t
larger displacements of the area during the lasrsye
(red contour area represented in Fig.1), howewsal |
and distributed displacement patterns may also be
appreciated in landslides areas A and C for botlogs.
These are clearly identified after applying the dew
slope projection factor.

These conclusions are coherent with the previosidte
obtained through the in-filed campaigns and DINSAR
results presented in [11-13].

Finally, the displacement maps obtained during 2011
show a high agreement with the conclusions extdacte
from the DGPS campaigns presented in Section 2, as
illustrated in Fig.8.

This figure shows a comparison between the down-
slope PSI results (points) presented in Fig.7 drel t
displacements vectors retrieved through the DGPS
campaigns carried out during 2011 (red arrows)h t
parking area. A good correlation in terms of spatia
extension and magnitudes may be appreciated, thus
validating the down-slope displacement assumption
proposed in the paper. Furthermore, notice how the
location of main scarps of the landslide area,rdefiby
geomorphological interpretation (black line andnya
polygon in Fig.8), are in agreement with the PSI
displacements detected.
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Figure 6. PSI Displacement results in the LOS diogcusing a (a) full-resolution PSI processingeafapplying (b)
5x5 boxcar window, and after applying (c) NL-InSARRsults correspond to the 2013 data set desciib&ection 2.

22/08/2013
R T

(b)

Figure 7. NL-InSAR down-slope accumulated displar#mresults over the area of El
Portalet from the 2011 and 2013 TerraSAR-X data pegsented in Section 2.
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Figure 8. Comparison between the down-slope
accumulated PSI results (points) presented in Fagur
and the displacements vectors retrieved through the
DGPS campaigns carried out during 2011 (red arrows)
in the parking area.

CONCLUSIONS

In this paper advanced PSI improvements to enhance
the displacement retrieval process over natural
environments with different land covers have been
presented. On the one hand, the employment of the N
INSAR filtering technique presented in [10] has rbee
proposed in order to enhance the number of reliable
high-quality pixels and its quality during the PSI

processing. In this framework, a comparison with th
so-called classical approaches has been propo&td. P
results by means of NL-INSAR have demonstrated the
improvement of both the density and quality of
displacement estimations. This is a key factor in
landslide monitoring applications, which normallgcar

in natural environments largely affected by tempora
decorrelation phenomena, which are typically
characterized by a poor number of persistent seaste
detected. On the other hand, the application ddwan-
slope displacement assumption has been proposed to
achieve a correct understanding of the displacesnent
The final displacement results obtained over two
TerraSAR-X data sets, have presented similar
displacement patterns, showing a high level of
agreement with the previous field and PSI results
presented over the area of interest. Finally, DGPS
measurements  coinciding with the data set
corresponding to 2011 have been presented in ¢oder
validate the final PSI displacement results obtine
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