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Space-borne Synthetic Aperture Radar interferometry [INSAR) is a well known widely used remote
sensing technique to get precise [sub-centimetric) surface deformation measurements on large areas
[thousands of km®) and high spatial density of measurenent points (hundreds per km . In this work
the recent technological advances of this technique are presented. First, a short review of the INSAR
basics is dedicated to readers who are not INSAR specialists. Then, an analysis of the improvement of
ground motion measurenent offered by multiple repeated space-borne SAR observations gathered by

;{Eﬂ;;czgz:,& erture Radar TSARY the new generation of high resolution SAR systems is given. An example obtained with the recent Ger-
l[ﬁSAR P N man TERRASAR-X system is shown and compared with the measurements obtained with the elder C-band

RADARSAT-1 systeny. Finally, a possible processing of multi-temporal analysis of SAR images that allow
extracting ground motion information also from partially coherent targets is given. In this case the core
idea is to relax the restrictive conditions imposed by the Permanent Scatterers technique. The resules
obtained in different test-sites show an increased spatial density of areal deformation trend measure-
ments, especially in extra-urban areas at the cost of missing motions with strong velocity variation.

Permanent Scatterers
Ground deformation

© 2009 Elsevier Lecl. All rights reserved.

1. Introduction

Synthetic Aperture Radar (SAR) interferometry (Bamler ane
Hartl, 1998) is based on the phase comparison of SAR images, gath-
ered simultaneously or at different times with slightly different
loolking angles from space or airborne platforms. The phase of a
SAR image contains the superposition of many terms including the
distance of the radar from the illuminated targets on the groune
The phase difference of 2 SAR images gathered at different times
contains a phase term proportional to the target motion occurring
along the sensor-target line-of-sight (LOS) direction during that
time interval. The measured phase difference shows an ambiguity
cycle of 27 that corresponds to a 2-way travel path difference of A
(the used radarwavelength). Thus, in principle, SAR interferometry
(INSAR)has the potential to detect groune surface motion phenom-
ena with the accuracy of a small fraction of the radar wavelength
(usually from 3 te 24cm) on large arcas (thousands of km? ) with
high spatial resolution (up to 1 m with the space-borne SARs of the
last generation as the German TERRASAR-X and the Italian Cosmo-
SKyMed - CSK). INSAR is thus a unique remote sensing tool for
mapping volcano dynamics, co-seismic and post-seismic deforma-

* Corresponding author.
L-mail address: prati@clet.polimi.it {C. Prati.

02541-3707/F - see front matter © 2009 Clsevier Lid. All rights reserved.
doi: 101015 jor 200910011

tion along active faults, as well as slope instability and subsidence
rhenomena of different nature.

However, apart from cycle ambiguity problems, the routine
use of INSAR is limited by the so-called temporal and geomet-
rical decorrelation, as well as to atmospheric artifacts. Temporal
decorrelation appears where the electromagnetic signature of the
targets changes with time (e.g. in presence of dense vegetation or
water basins). Geometric decorrelation is generated by the target
reflectivity variation as a function of the incidence angle. Finally,
atmoaspheric heterogeneity superimposes on each SAR acquisition
an atmaspheric phase screen [APS) that could have the same spa-
tial pattern (low-pass with typically | ki decorrelation length) and
amplitude of the surface deformation phenomenon under investi-
gation (Beauducel et al., 2000).

The Permanent Scatterers (PSs) technique (Ferretti et al., 2000,
2001; Kampes, 2006; Hooper et al, 2004; Berardino et al., 2002)
developed in late nineties, is a powerful tool that overcomes the
above said limitations of INSAR by simultaneously exploiting all
the available SAR images gathered during repeated satellite passes
(e.g. exploiting ESA, CSA, TERRASAR-X and, once available, the CSK
archives).

After a short introduction to the PS technicue, recent examples
of ground motion measurements showing the actual potential and
accuracy of this remote sensing technique are presented in Section
2.Alsoin this section the veryfirst analysis of the improvement that
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Fg 1. INSAR acquisition geometry.

can be achieved passing from the 20m? x 5 m? resolution cell of C-
band SAR systems to the recently available 3m? x 3m? resolution
X-band SARs is presented.

Finally, in the third section the results obtained by means of
an [NSAR data processing approach obtained by relaxing the strict
conditions imposed by the PS5 technique are shown together with
an analysis of what it is gained and what is lost with respect to the
PS technique.

2. INSAR and DINSAR (differential SAR interferometry)

The European Space Agency (ESA) satellites ER5-1, ERS-2 and
ENVISAT are collecting SAR data at C band (5.6cm wavelength)
since late 1991 along near polar orbits with a revisiting time of
35 days. Since 1995 the Canadian Space Agency (CSA) satellites
RADARSAT-1 and RADARSAT-2 are collecting similar data with a
revisiting time of 24 days. The Japanese Space Agency (JAXA) satel-
lites J-ERS(till 1998) and ALOS have been collecting L-band [23.6 cm
wavelength) SAR images with a revisiting time of 44 and 46 days,
respectively. More recently, the German satellite TERRASAR-X and
the Italian constellation of satellites Cosmo-SkyMed [(CSK) started
collecting SAR images at X-band (3 cm wavelength) with a revis-
iting time of 11 and up to 4 days (with 4 satellites in orbit),
respectively. An impressively huge archive of repeated SAR images
is thus available for imaging and INSAR applications covering the
entire Earth surface.

All these satellite SARs observe the same area at different times
from slightly different looldng angles since repeateed orbits do not
follow exactly the same tracl (due to the atmospheric drag, solar
wind, etc.). The distance between two orbits is called interferom-
eter baseline and its projection perpendicular to the line-of-sight
(LOS) is called perpendicular baseline (see Fig. 1).

The phase difference between two SAR images is called inter-
ferometric phase. The following expression of the interferometric
phase with respect to a selected ground reference point holds
(Ferretti et al., 2007a,b):

A Br]
Ap = A Rsing

In Eqp. (1), k is the relative ground elevation of targets referred
to a horizontal reference plane, s is the relative slant range position
of targets, d is the projection along the LOS of the relative displace-
ment of targets, B, is the perpendicular baseline, R is the SAR-target
distance, £ is the “off-nadir™ angle of the LOS, A¢ps is the differ-
ential tropospheric delay phase contribution (atmospheric phase

4w Bn 4
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screen) and A, is the phase noise that depends on temporal and
peometric decorrelation of targets.

The first two-phase terms in Eq. (1) can be computed and elim-
inated if a precise DEM is available together with precise orbital
information (baseline, sensor-target distance and off-nadir angle).
The residual phase component, the so-called differential SAR inter-
ferometric (DIMSAR) phase, is then proportional to the terrain
motion component along the LOS plus atmospheric and decorre-
lation noise:

Ady = %d | Adbaps | Ay (2]

The sensitivity of the DINSAR phase to terrain motion depends
on the SAR wavelength A since a relative displacement o = A4/2 gen-
eratesa differential phase variation Ay =27 FromEq.(2) it isalso
clear that the actual possibility of measuring the terrain motion
witha precisionofasmall fraction of the radarwavelength is mainly
limited by the atmospheric and decorrelation noise terms.

Since the incidence angle of the radar signal is usually less than
30° (for ERS the nominal figure is 23°), SAR data are usually very
sensitive to vertical displacements.

In Fig. 2 the INSAR phases showing the co-seismic deforma-
tion of the Bam (Iran) earthquake that occurred on December 26th,
2003 are shown. In this case the terrain motion is measured with a
sub-centimetre precision all over the imaged area since the decor-
relation phase noise terms are really small (due to lack of vegetation
and small baseline) as well as the atmospheric components (due to
the particular meteo conditions).

In many other situations, however, both decorrelation and
atmospheric phase noise are so strong to severely affect terrain
motion measurement. A typical example is illustrated in Fig. 3
whete the INSAR phases generated with ERS images taken in 1
day and 1 year interval respectively over the area of Ancona (Italy)
are shown. Looking at the 1 day interferogram it can be clearly
seen the phase decorrelation noise in the upper part of the image
that corresponds to the Adriatic Sea and almost ng decorrelation
in lang. However, on the 1 year interferogram (a time span that
would allow toidentify a big landslicde motion)also the in land area
is strongly affected by phase decorrelation thus preventing ground
motion measurements.

[tis interesting to note, however, that many targets that are not
affected by decorrelation noise could be present in areas showing
an apparent complete decorrelation as on the right image of Fig. 3,
but they cannot be identified since surrounced by noisy phases.
The simple visual experiment illustrated in Fig. 4 shows that up
to 10% of randomly distributed perfectly phase coherent pixels
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Fig. 2 Cxample ofco-seismicinterferogram ofthe Bam [Tran) carthquake, December
2Gth, 2003 formed with 2 ENVISAT images {about 30 km x40 km} taken before and
after the earthquake, respectively, Each color cycle corresponds to arclative ground
displacement d= /2 i.c, about 2.8 cm}. [For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article,)

cannot be identified when surrounded by totally random phase
pixels.

In general, isolated phase coherent targets can be identified
if more SAR scenes pathered over the area of interest are jointly
analyzed. Moreover, creating many interferograms, it is usually
possible to highlight problems related to spurious phase compo-

nents due to DEM errors, noise and/or atmospheric signals and
try to separate the different contributions. This is exactly the idea
which underlies the “PS technique™.

2.1. Moving from INSAR to PS

As long as a significant number and density of independent
radar-phase stable points (i.e, Permanent Scatterers) exist within
a radar scene and enough radar acquisitions have been collected,
displacement time series and range-change rates can be calculated.
Using the PS method, we can resolve surface motions at a level
of ~0.5 mm/year at about 1km from the reference point and can
resolve very small-scale features, including motions of individual
targets/structures (e.g. a bridee or a dam)], not previously recog-
nized in traditional SAR interferometry (Ferretti et al, 2007a,b;
Adam et al., 2009).

The PS approach is based on a few basic observations. There are
ground targets that maintain a coherent reflectivity to the radarin
time even when observed from different looking angles (the Perma-
nent Scatterers — PSs). The interferometric phase in correspondence
of these targets is not randomized by temporal and geometric
decorrelation phenomena. The PSs can be identified by a statistical
analysis of amplitudes and phases of a series of SAR images gath-
ered at different times from slightly different looking angles (the
larger the number of images the more reliable is the statistical anal-
ysis). Atmospheric phase artifacts show a strong spatial correlation
within every single SAR acquisition, but they are uncorrelated in
time. Conversely, the phase term due to the target motion is ust-
ally strongly correlated in time and can exhibit different degrees
of spatial correlation depending on the phenomenon at hand (e.g.

Fig. 4. Left: Random spatial distribution of phase coherent samples [ 10% ofthe total} showing a possible terrain subsidence with a Gaussian shape, Right: The image on the
left has been filled with random phase samples. Coherent pixels are still there, but they cannot be identified visually or by means of any sort of spatial filtering.

SAR chservations. [. Geodyn. (2009), doi:10.1016/.jog.2009.10.011

Please cite this article in pressas: Prati, C., et al,, Recent advances on surface ground deformation measurement by means of repeated space-borne




Ghlodel
GEOD-919:  Mo.of Fages 10

1 C Proti et ol ffowral of Geod pweaerics xax (2009) xex—xex

Table 1

Typical precision figures for PS results obtained by processing an ESA-CRS data-
set {C-band radar data} having at least 40 scenes {35-day temporal sampling) at a
distance less than 1 km from the reference PS5

Precision {10}

Casting <3m
Morthing <2m
Teight <1m

Displacement rate
Single displacement measurement

<0.5 mmjycar
<3 mm

subsidence due to water pumping, fault displacements, localized
sliding areas, collapsing buildings, etc.). Finally the topographic
phase term shows a linear behaviour with the normal baseline (as
seen from Ee. (1))

Thus, the phase terms coming from motion, atmosphere and
topography can be estimated and separated from the others in
correspondence of the PS locations by looking for their different
behaviour in space and time.

Due to the high spatial correlation of the APS, even a low density
of PS (3-4 PS/lkm? ] allows proper sampling of the atmespheric com-
ponents, On each PS sub-metre elevation accuracy (due to the wide
dispersion of the incidence angles available, usually 70 millidegrees
with respect to the reference orbit) and millimetric terrain motion
detection (due to the high phase coherence of these scatterers) can
be achieved, once APS’s are estimated and removed. In particular,
relative target LOS velocity can be estimated with accuracy often
better than 0.5 mmjyear, due to the long time span. The higher the
accuracy of the measurements, the more reliable the differentia-
tions between models of the deformation process under study, a
key issue for landslide monitoring and risk assessment.

The final results of this multi-interferogram approach are the
following:

¢ a map of the PS identified in the image and their coordinates;

¢ their average LOS velocity (in mm/year);

¢ the estimated motion component of each PS as a function of time
(it mm);

¢ the estimated Atmospheric Phase Delay along the LOS for every
acquisition date.

2.2, PS data precision

In the PS technique all the interferograms used in the process-
ing are generated with respect to a single master scene, properly
selected among all the available SAR acquisitions so that geo-
metrical and temporal decorrelation phenomena are kept to a
minimum. This strategy does not allow the exploitation of radar
targets exhibiting PS behaviour only on a sub-set of images (as it
will be discussed in Section 3), however, it allows:

(1) the exploitation of all the available SAR images (thus maximiz-
ing the temporal sampling rate of the PS motion time series);
(i) the exploitation of large baselines (thus getting precise 3D PS
positioning that is essential for estimating the atmospheric
delay);
(iii) the direct sampling of the actual PS meotion time series.

Moreover, it allows a first-order precision assessment of PS
resultsusing standard procedures, e.g. the computation of the a pos-
teriorf standard deviations of the PS velocity and elevation values.
InTable 1 the typical precision of PS results obtained processing C-
band data acquired by a multi-year ESA-ERS data-setis reported. [t
shotlld be pointed out that new high resolution X-bang sensors can
achieve actually better performance in both geo-coding accuracy
aned sensitivity to target motion, nevertheless figures are noticeable

and justify why INSAR data are gaining importance in space geode-
tic applications (Hilley et al.,, 2004; Dixon et al., 2006; Ferretti et
al., 2004; Berardino et al., 2002; Kampes, 2006; Hooperet al., 2004;
Ferretti et al., 2007a,b).

Although a thorough statistical analysis of PS measurements is
beyond the scope of this paper, it is worth pointing out that the
characterization of the precision of a PS velocity field using just
one statistical figure (e.g. the maximum standard deviation value
within the area of interest] can be misleading. Since the preci-
sion strongly depends on the distance between the PS under study
and the reference radar benchmark used in the analysis, it is actu-
ally the variogram (or the autocorrelation function) of the phase
components that can provide a more comprehensive statistical
characterization of the results.

As a rule of thumb, in any DINSAR analysis, low-frequency spa-
tial components of the deformation pattern( suchas glacial rebound
effects) are always more difficult to estimate than local features
(such as a landslide). In fact, both atmospheric effects and orbital
fringes, i.e. the main noise sources in PSINSAR analysis apart from
phase unwrapping errors, are characterized by high spatial correla-
tion, since their comrelation length typically exceeds 1 k. Locally,
spurious phase components are compensated for by the double dif-
ference computation inherent in any DINSAR analysis, but regional
signals affecting hundreds oreven thousands of square kilometres
can be difficult to discriminate without prior information. That is
the reason why PSINSAR and GPS are complementary data that can
be used in synergy tomap surface deformation phenomena. Indeed,
geodetic observations from a few permanent GPS stations within
the area of interest (a satellite frame is typically 100km x 100km
wide] can be used successfully to calibrate PS data (all PS data a
referred to a PS supposed motionless) and remeove systematic errors
in 5AR observations (e.g. orbital components).

Ifno priorinformation is available for the area under stuey, the
use of many data-sets coming from different acquisition geometries
fascending, descending orbits, parallel tracks, etc.) or even multi-
platform analyses can help clarifying the scenario and improving
the quality of the results.

2.3, The effect of resolution improvement

The ESA-ERS archive, historically, was the first one to be
exploited for PSINSAR analyses. The two ERS platforms fol-
lowed by ENVISAT, operating at C-band and sharing a 35-day
repeat-cycle, created an historical archive of SAR acquisitions
since 1991, when the ERS-1 platform was successfully launched.
Since then, an ever growing archive of SAR data with a spa-
tial resolution of about 20m x5 m became available and made
it possible the development of many algorithims ane technigues
to exploit phase information (ESA archives can be found at
http://fearth.esa.int/resourcesfcatalogues/).

RADARSAT-1 archives, launched in 1995 and still operational,
offer another source of INSAR data at C-band with a 24-day repeat-
cycle, but the availability of many aceuisition modes for the radar
sensor has reduced significantly the average number of homo-
geneous data-stacks for interferometric applications, although in
some areas (e.g. Italy) it has been carefully planned to aceuire
interferometricdata-sets since 2003, In January 2007, RADARSAT-2
was successfully launched: this should guarantee the continuation
of all the applications triggered by RADARSAT-1 data availabil-
ity and allows the acquisition of high resolution (<3 m) data at
C-band.

Common to optical sensors, the general trend of the aerospace
industry is towards SAR sensors featuring an ever increasing spa-
fial resolution and shorter temporal sampling. During the last
few years, four new SAR satellites operating at X-band have been
launched, all featuring high spatial resolution and short repeat
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Table 2
Nominal parameters values of RADARSAT-1 and TERRASAR-X data used in the com-
parison analyzed in the text,

RADARSAT-1 TERRASAR-X
Acquisition mode Standard Beam - 53 Strip-hMap - 50
Orbit Descending Descending
Incidence angle 37 200
Bandwidth 116001z 153000z
Wavelength 5.5cm 3.1cm
Pixel posting {azimuth)} 5.1m 21m
Pixel posting frange} 11.6m 0.9m
Polarization Il Tl

cycles: three belong to the dual-use Cosmo-SKyMed constella-
tion operated by the Italian Space Agency, and one is the German
TERRASAR-X. It is then reasonable to asle what will be the impact
of high resolution data on PSINSAR analyses.

Number of Images: 22
First Acquisition: 23 Dec 2006
Last Acquisition: 07 Sep 2008

Humber of Images: 22
First Acquisition: 25 Apr 2008

Last Acquisition: 14 Jan 2009

Theoretically, the X-band wavelength (A =3¢cm) is equal to
about half of the C-band (the band of the ERS, ENVISAT and
RADARSAT satellites) resulting in a greater sensitivity (approx-
imately double) to movement, that can lead to more accurate
displacementmeasurements. Moreover, the revisiting time is much
shorter (11 days for TERRASAR-X and up to 4 days for the (5K
constellation, rather than 24 or 35 days) and data are charac-
terized by higher spatial resolution (<3 m), making it capable
of highlighting details never-before visible in satellite C-band
images.

Since a Permanent Scatterer usually corresponds to a scatter-
ing center dominating the radar return of a resolution cell, the
probability that a pixel of a SAR image exhibits PS behaviour is
certainly related to the spatial resolution of the SAR data used
in the analysis. In fact, the higher the resolution, the higher the
probability that a certain scattering center can dominate the sur-

PSINSAR™ Analysis
RSAT-1 Descending Data

PSINSAR™ Analysis
TerraSAR-X Descending Data

Fig 5. Spatial distribution of the Permanent Scatterers identified in an urban area located in the Southern part of Ttaly {an acrial orthophotois used as background;. The color
scale is related to PS clevation, ranging from red [sea level) to blue {50 m). Upper image: PS obtained by processing 562 RADARSAT-1 53 [Standard Beam ] images covening
the period 2003-2007, Lower image: PS5 obtained by processing 22 T5X images acquired in Strip-ap mode from April 2008 up to January 2008, [Tor interpretation of the
references to color in this figure legend, the reader is referred to the web version ofthe article.}
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Number of Images: 22
First Acquisition: 23 Dec 2006
Last Acquisition: 07 Sep 2008

thur of Images: 22
First Acquisition: 25 Apr 2008
Last Acquisition: 14 Jan 2003

&

PSInNSAR™ Analysis
RSAT-1 Descending Data

PSINSAR™ Analysis
TerraSAR-X Descending Data

Fig.6. Average spatial distribution ofthe Permancnt Scatterers identificd in asemi-urban arcalocated inthe Southern part ofTtaly {an acrial orthophotois used as background
The color scale is related to PS elevation, ranging from red [sea level] to blue {30 m), Upper image: P53 obtained by processing 52 RADARSAT-1 33 [Standard Beam) images
covering the period 2003-2007. Lower image: PS obtained by processing 22 TSXimages acquired in Strip-hlap mode from April 2008 up to January 2009, [For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)

rounding scatterers sharing the same resolution cell. Of course,
X-band SAR interferograms over non-urban areas are more prone
to temporal decorrelation phenomena than C-baned or L-band
data, due to the increased sensitivity of phase values to any
change in scatterers distribution, but, in principle, over man-
made targets or roclky areas the spatial density of PS should
significantly increase with respect to lower resolution data-sets.
This should be expected alse due to the improved orbital sta-
bility of the newer platforms, allowing lower baseline values
compared to the satellite SAR sensors launched in the nineties
ang the shorter repeat-cycle, limiting temporal decorrelation
effects, at least for interferogram generated using two successive
acquisitions.

Apart from atmospheric effects, severe limitations to DINSAR
applications can arise from possible phase unwrapping errors.
Indeed, phase aliasing can occur maore lilkely than at C-band and

X-band results should be carefully checled for data consistency, at
l=ast in areas exhibiting low coherence values.

Inordertoassess the theoretical analysis summarized in the pre-
vious paragraphs, twia data-stacks acquired over the same area by
both RADARSAT-1 and TERRASAR-X(TSX] have been used (Table 2).
The area is in the Southern part of Italy. Here 22 TSX images
acquired in Strip-Map mode from April 2008 up to January 2009
(11 days revisiting time) have been processed and compared toa
previous PSINSAR result obtained from 22 RADARSAT-1 53 (Stan-
dared Beam) data gathered from December 2006 to September 2008
(24 days revisiting time ). In both cases, all PS exhibiting a temporal
coherence exceeding 0.85 have been selected. This threshold has
been set to limit the number of possible statistical outliers gen-
eratec by random neise to less than 10 7 (Colesanti et al., 2003)
and corresponds, in the hypothesis of phase Gaussian noise, to a
standard deviation of about 0.6 rad of the phase values.

SAR observaticns. |. Geodyn. (2009), doi:10.1016/].j0g.2009.10.011
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Fig. 7. Vertical velocity ime series of a PS obtained by combining RADARSAT and TSX data.

Two snapshots of the results are reported in Figs. 5 and 6. In
general, we measured an increased PS density by a factor of 12
that can open brand new applications to PS data, such as those
related to the monitoring of individual buildings and structures.
In particular, looking into Fig. 6, it should be noted how, passing
to high resolution SAR data, the highway crossing the area from
North to South, can now be accurately monitored by means of PS
data.

Since no prior information was available neither on the local
topography (apart from the SETM DEM used for the generation of
the differential interferograms), nor on the surface displacement
field affecting the area of interest, it was not possible to carry out
a quantitative precision assessment. Moreover, it should be noted
that the two data-setsspan two different time windows, so — atleast
in principle - the area could be affected by different displacement
fields in the two PS results.

However, the two PS data-sets have been compared by comput-
ing the difference of both average displacement rates and elevation
values of aset of PS pairs (one from the RADARSAT data-set and one
from the TSX data-set) less than 10 m apart. The standard devia-
tion of the difference between the estimated displacement rate was
4.6 mmjyearwhile for elevation valueswe obtained a dispersion of
5.6 m. While the first figure is in agreement with what should be
expected based on the time spans of the data-sets and the impact
of atmospheric components having a dispersion of 1 rad at C-band
and 1.8 rad (the ratio between the two wavelengths) at X-band, the
dispersion of the elevation values is higher than expected. This is
almost certainly due to the fact that the PS pairs used in the com-
parison could belong to different parts of a building or even to two
distinct structures. Moreover any geo-coding error would impact
more strongly the dispersion of the elevation values rather than the
average displacement rates, since the local velocity field turned out
to be smooth.

It is worth mentioning that we have not experience any par-
ticular problem in unwrapping the phase values of the X-band
datastack. This is probably due to the fact that the area is not
affected by severe displacement phenomena and the local topog-
raphy is not rough.

Finallyin Fig. 7 a vertical motion time series (LOS measure ments
have been projected on the vertical axis) obtained by combining
RADARSAT-1 and TERRASAR-X data is shown. Here a similar ver-
tical velocity estimate dispersion can be noted together with the
higher temporal sampling offered by TERRSAR-X with respect to
RADARSAT-1.

3. From point to areal motion measurements

The main drawback of the PS approach is the low spatial den-
sity of Permanent Scatterers in particular extra-urban areas where
targets remain coherent to the radar observation for a limited time
interval (from weelts to months). Where the same ground defor-
mation affects an area covered by more resolution cells and the
ground motion is strongly correlated in time, the strict condi-
tions imposed by the PS technique (i.e. long time coherence and
point-wise character of the targets) can be relaxed. Wherever the
above said conditions are verified, areal ground motion informa-
tion can be extracted also from partially coherent targets that are
not exploited by the PS technique.

3.1, Multi-master intetferograms and targets life-time

In the classical PS analysis the interferometric phase is gener-
ated by referring allimages to a commeon master acquisition. Inthe

Image Graph
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Fig. 8. Normal baseline - temporal baseline space of 81 ERS SAR images of the arca
of Dossenain the Italian Alps. Each point indicates an image whose acquisition time
with respect to the master is shown in abscissa {days) and perpendicular baseline
with respect to the master is shown in ordinate {m}. The master image has coordi-
nates [0,0% and each ofthe 83 connections indicates that an interferogram is formed
between the master and the remaining 83 Slave images.

SAR chservations. [. Geodyn. (2009), doi:10.1016/.jog.2009.10.011

Please cite this article in pressas: Prati, C., et al,, Recent advances on surface ground deformation measurement by means of repeated space-borne




G Wodel

GEOD-919;  Mo.of Fages 10
B C Proti et ol ffowmal of Geod pweaerics xax (2009) xex—xex
Images Graph Images Graph
1500 v - v v - T 1500 T
: 0.8 08
0.6 qo6
£ E
k3 o
E =
] B
5 g
@ 10.4 @ 104
o "
E E
2 2
= -
? 0.2 4 0.2
1600 H i X i i H A0 L i I i i H
1892 1884 19986 1998 2000 2002 2004 conerene 1982 1984 19586 1998 2000 2002 2004 Coherenfe

Tempaoral Baseline [years]

Tempaoral Baseline [years]

Fig. 9. Normal baseline - temporal bascline space of the same 841 ERS SAR images data-set used in Fig. 8. Left: 83 lines connect all the images in such a way that 83
interkerograms with the highest possible coherence are generated. The color of the connection lines indicates the estimated coherence of zach interferometric pair. The
minimum best coherence graph can change from pixel to pixel, Right: Some among the 3103 possible connections {i.e. higher coherence interferograms) have been added

to the minimum best coherence graph.

normal baseline-temporal baseline space this configuration can be
represented with a star graph as in Fig. 8, where each point indi-
cates one of the 84 ERS images of the area of Dossena in the Italian
Alps and each connection an interferogram.

In this frameworl, the actual coherent scatterer motion is sam-
pled at the acquisition time of all the available SAR images. OF
collrse only targets that coherently interfere with the master aceui-
sition can be exploited to get meaningful measurements. These
targets should be then almost point-wise dominant targets within
the resolution cell (in order to maintain coherence for large nor-
mal baselines) and temporally stable along the whole acquisition
time interval of the SAR images (years, in most cases). Alternative
SAR images combinations have been proposed in literature trying
to relax the conditions under which a target acts as a Permanent
Scatterer. As an example in the small baseline approach [(SBAS)
(Berarding et al.,, 2002), the entire set of available SAR images is
divided into sub-sets of images showing a very small normal base-
line thus relaxing one of the target conditions requested by the
Permanent Scatterers technique. As drawbacks of this approach
some of the available images may not be used, the resulting graph
is often disconnected thus preventing the correct motion measure-
ment without an available a priori model and the small baseline
condition does not allow a precise target 3D location in space thus
preventing a good separation of elevation, motion and atmospheric
phase components.

What is proposed here is to search for the minimum best
coherence graph connecting all the images of the data-set, with-
out imposing any pre-defined decorrelation model (temporal or
spatial), simply by maximizing the interferometric coherence. In
second instance, the minimum graph can also be increased by
adeling more connections to make the estimate more robust. Fig. 9
shows the obtained graphs for the same 84 SAR images data-set
used for generating the “star graph™ of Fig. 8. As visible in the
picture, many selected connections have small normal baselines,
but not all interferograms follow this rule. Moreover, the graph is
connected and can change from pixel to pixel.

During the generation of the time-baseline connection graph,
the coherence of all the ((N  1)N)/2 interferograms that can be
generated with N SAR images should be analyzed. From the anal-
ysis of these coherence maps it is possible to generate a map of
the average coherent life-time of the imaged scatterers. The map

is obtained by averaging the interferometric temporal baselines
weighted by the corresponding interferometric coherence, By using
data of the ESA-ERS archive that include also the so-called “tan-
dem” interferometric pairs gathered with just 1 day time interval,
the measurable scattererslife-time ranges between 1 dayand some
years (eg. 10 years for the data-set used in this example). In Fig. 10
such a scatterer's life-time map is shown referred to the area of
Dossena. The logarithmic color scale of Fig. 10 ranges from blue (1
day) to red (more than 1000 days). The red (long life-time) scat-
terers correspond to urban and exposed rocks areas (i.e. they are
good PS candidates) whereas blue scatterers remain stable just for
1 day and cannot be exploited for ground motion estimation [non-
coherent scatterers are not colored at all). In between there are
very many scatterers with a medium life-time shorter than that of
PSs, but long enough (a few months) to allow ground motion mea-
surement. Moreover, the “birth” and “death” dates of such medium
life-time scatterers belonging to a small area affected by the same
surface motion are different and by combining theirindividual life
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Fg. 10 Scatterers life-time map of an area of the [talian Alps. The logarithmic color
scale ranges from blue {1 day) and is saturated to red {more than 1000 days}. [For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
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[mm/year] dent that the number of measurement points increases by more
10 than one order of magnitude passing from PSs to partially coherent
8 targets. A detailed comparison of the estimated ground velocities
at the PSs locations has shown that they are often in good agree-
6 ment (standard deviation around 0.5 mm/year), but for some cases
i where two or more neighbouring PSs with different velocities have
—_ been averaged during the coherence estimation step of the partially
E 2 coherent targets processing.
a
§' ’ 4. Conclusions
£ z
-4 The recent technological advances of multi-temporal SAR
images signal processing together with the availability of new high
. resolution SAR sensors with ashort revisiting time can be exploited
.8 to get precise surface ground motion on a high density of measure-
10 ment points covering large areas. In particular it has been shown
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Fg 11 Average ground arcal velocity ofthe arca ofDossena measured by exploiting
the multi-master interferograms and partially coherent targets stratcgy,

interval, the measurable time interval of the areal ground motion
can be extended up to several years.

The core idea of the new technique is to jointly estimate ele-
vation and deformation trend of a given point from the complex
interferometric spatial coherence. In this way, the absolute value
of the spatial coherence acts as a weight in the estimation process
and only coherent interferograms play a role in the retrieval of the
target parameters (uncoherent ones are weighed out). Note that
the set of the actually used coherent interferograms can be differ-
ent from point to point. Moreover, the phase used in the estimate
is filtered by the coherence estimation process. This is an advan-
tage for distributed targets but can lead to errors in case of high
density point-wise targets areas whose elevation and motion are
averagecl.

As an example, the average ground areal velocity of the area
of Dassena measured by exploiting the above said multi-master
interferograms and partially coherent targets strategy is shown in
Fig. 11. As a comparison the single target average ground velocity
of the same area measured by means of the standard PS technique
is shown it Fig. 12. By comparing Figs. 11 and 12, it is quite evi-

[mm/year]
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Fig. 12. Single target average ground velocity of the arca of Dossena measured by
means of the standard PS5 technique.

that by increasing the spatial resolution by a factor of more than
10 (passing from the C-band RADARSAT-1 data to the X-baned TER-
RASAR ones), the density of measurement points achieved by the
Permanent Scatterers technique increases by a factor of more than
5. Moreover, in case of the Cosmo-SlkyMed mission, the shorter
revisiting time of this new sensors constellation would allow mon-
itoring more rapid ground deformation phenomena than in the
past.

It has also been shown that the theoretically less precise areal
measurements on a higher set of partially coherent targets can
complement the more precise point-wise scatterers time series
achievable with the PS technique.

The integration of these technigques with other independent
measurements [e.g. GPS) represents a powerful tool that can be
exploited by geologists and geophysicists for investigating many
ground deformation phenomena (Blirgmann et al., 2006).

Finally it should be pointed out that maps of the differential
travel time delay are generated as a side product of these tech-
niques. These maps could be usefully exploited to get information
on the troposphere water vapor content with unprecedented spa-
tial resolution.
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