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Nonlinear Subsidence Rate Estimation Using
Permanent Scatterers in Differential SAR
Interferometry

Alessandro Ferretti, Claudio Prati, and Fabio Rocca

Abstract—Discrete and temporarily stable natural reflectors or tandem acquisitions [3]), the local topography cannot be
permanent scatterers (PS) can be identified from long temporal se- considered as perfectly removed, especially in high base-

ries of interferometric SAR images even with baselines larger than line i ; ;
" ) X : ] ine interferograms. In fact, residual topographic phase
the so-called critical baseline. This subset of image pixels can be ex- 9 pograp P

ploited successfully for high accuracy differential measurements. contributions W'_” be proportional to the norm"’}l baseline
We discuss the use of PS in urban areas, like Pomona, CA, showing and the elevation error. Moreover, the motion of the
subsidence and absidence effects. A new approach to the estimation target projected on the line of sight (LOS) will turn into

of the atmospheric phase contributions, and the local displacement a phase curve as a function of time. A constant velocity

fie!d is proposed basgd on simple statis_tical assumptior!s. New so- model is adopted for target motion. The atmospheric
lutions are presented in order to cope with nonlinear motion of the

targets. phase screen [1], [5]-[7], [9] (APS, i.e. atmospheric

phase components) and possible phase contributions due

Index Terms—Atmospheric measurements, digital elevation to baseline errors are approximated (for each differential
model (DEM) reconstruction, geodetic measurements, interferom-

etry, phase unwrapping, radar data filtering, synthetic aperture interferogram) as a linear phase term both in range and
radar (SAR). in azimuth direction. Provided that the SNR is high

enough, elevation errors, LOS motion of each target
(with respect to a reference pixel of known maotion), and
APSs parameters can be jointly estimated minimizing
HE MAIN goal of this paper is to present an extension the temporal phase residuals. At this stage, only those
of the permanent scatterers (PS) technique recently intro- ~ pixels that are coherent enough are considered.
duced in a paper submitted for publication [1]. In that paper, itis 4) Refinement of step: The APS estimate is improved by
shown that scatterers exist that are coherent over several years. spatial smoothing of the phase residues. The joint estima-
They can be identified from a series of ERS SAR images. Atime  tion of target elevation and LOS velocity is carried out
and space analysis is then carried out to separate and identify the again. This final step allows one to identify more PSs.
different contributions to the interferometric phase of each PS.Although the results obtained with this technique were re-
Thus, relative elevation, motion, and travel path variation due earkable, two main limitations were noticed. Only small areas
the atmosphere are jointly found, and the ground motion can (iess than 5x 5 km large) could be processed. Considering

|I. INTRODUCTION

carefully measured. larger areas, too many parameters should be estimated and the
The main steps of the technique can be summarized as follaw@nar approximation of the APS becomes less accurate. This
[1], [2]. may prevent the algorithm from converging. Moreover, the al-

1) Interferogram formationGiven N+ 1 SAR images (all 90rithm does not cope with nonlinear target motion: coherent
the available ERS-1 and ERS-2 images on the sarfgatterers undergoing a complex motion (i.e., the constant ve-
track), N full-resolution interferograms are formed withloCity model is not valid) are not identified as PSs or, in other
respect to the same master image. cases, the nonlinear term of their motion is considered as part of

2) Digital Elevation Model and differential interferogramsthe atmospheric contribution. This is indeed a more subtle point
formation A reference digital elevation model (DEM) (inthat needed to be addressed. As it has been noted by R. Bamler
most cases it can be generated using the available ER%! M. VanDerkooij [8] in their independent private communi-
tandem pairs) and precise orbital data are used tdVgetcations, if the phase residues are spatially low-pass interpolated
differential interferograms. (see point 4, mentioned previously) the low wavenumber com-

3) Preliminary estimate of LOS motion, elevation error, an@onents of the motion that do not match the linear model are
atmospheric contributiarDue to the limited accuracy of 10St, since they are merged with the APS. The low phase dis-

the DEM (dependent on the number and the quality of tH€rsion with respect to the constant velocity model after APS
removal can then be misleading.
The problem is then to find a more general approach that can
Manuscript received September 6, 1999; revised March 23, 2000. This w@®pe with nonlinear motions without introducing too many pa-
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decorrelation noise) by means of a least mean square (LMS) es- TABLE |
timation, i.e. a Wiener filter, taking into account the spatio-tem- POMONA ERS Dwia SET. TRACK 170,
Lo . FRAME 2925.D IS THE NORMAL BASELINE VALUE WITH RESPECT TOTHE
poral data distribution and the correlations between the samples. MASTER ORBIT, WHILE ¢ IS THE TEMPORAL BASELINE
The target is teexploit the spatio-temporal correlation of the
APSs (i.e., the atmospheric effects should be uncorrelated in SAT | Date | b[m]|¢[day] | #
time and spatially smooth). Then, a spatio-temporal model of } iggggg;g 2‘;27 'igfg é
the d|splacem(_ant field shou!d be exploited. Th|s_W|II be squect 1 | 19920930 | 471 | 1284 | 3
of further studies. Models like thqse propqsed in [20] vylll be 1 | 19930113 | 136 | -1179 | 4
useful. Here, we present a suboptimal spatio-temporal filter for 1 | 19930428 | 828 | -1074 | 5
motion estimation that can be adopted whemapoiori informa- 1119930707 | -973 | -1004 | 6
tion is available. The filter should be applied to the unwrapped 1| 19930915 | 669 | -934 | 7
h | f the PS 1 ]19931020 | 731 | -899 | 8
phase values of the PS. 1 | 19950421 | -63 | -351 | 9
1 | 19950526 | -39 | -316 | 10
[I. UNWRAPPING ON ASPARSEGRID 1 | 19950804 | 383 | -246 |11
. . . - 1| 19950908 | -1000 | -211 |12
Phase unwrapping of a single differential interferogram (we 1 | 199510131 851 | -176 | 13
always refer to the ERS case) with a normal baseline of, say, 2 | 19951014 | 1229 | -175 |14
1000 m and a temporal baseline of three years even on a sparse 1 13351112 '50679 'ﬁé 12
grid of stable scatterers is impossible withaytriori informa- i 1992332 _};9; :106 17
tion. The task becomes feasible only'in a multi-interferogram o [ 19951223 | 433 | -105 |18
framework, where all phase data relative to the same target are 1 | 19960126 | 194 | -71 |19
jointly analyzed. Multibaseline phase unwrapping techniques 2 19960127 | 350 | -70 20
have been already applied successfully for DEM reconstruction 1| 19960405 ) 89 | -1 421
) . 2| 19960406 | 0O 0 |22
[4]. For the problem at hand, where both elevation and motion of 1 | 19960510 | 668 34 | o3
the scatterer are to be determined, a more complex approach will 2 | 19960511 | 505 35 |94
be necessary. Moreover, since the APS is alow wavenumber dis- 2 | 19960615 | -402 | 70 |25
turbance [6], [7], it can be estimated starting from a sparse grid 2 | 19960824 | 710 | 140 gG
of points [1], [5], previously selected based on their coherence. g 13322%?[ :;57’3 ;Zg 2;
I?has:_a unwrf_:lpping of. irregularly sampled data has lately 2 | 19970111 ] 66 | 280 |29
gained increasing attention [10], [12], although the proposed 2 | 19970705 | -226 | 455 | 30
techniques have been applied to single differential interfer- 2| 19970809 | 75 490 |31
ograms characterized by low normal baseline values. As 2| 19970913 | 62 | 535 |32
[l known, phase uwrapping can be performed following a 2| 19971018 ) 149 560 ) 53
we » Phe pping P 9 2 |19971122 | 395 | 595 |34
two-steps algorithm [13] 2 19971227 | 142 | 630 |35
1) estimation of the unwrapped phase differences between 2 | 19980131} -40 | 665 | 36
neighboring pixels: 2 | 19980307 | -554 | 700 | 37
) : . . 2 | 19980411 | -235 | 735 |38
2) mtegranon_ qf the gradient using one.of the known tech- 2 | 19980620 | 555 | 805 | 39
niques (minimum cost flow [11], weighted least mean 2 | 19980725 | -159 | 840 |40
squares [13], [14], branch and cut [15]). 2 | 19990116 | 41 | 1015 |41

As far as the integration step is concerned, we used a WLMS
algorithm, but other techniques can be applied as well. The key . )
point here is the reliability of the data vector, i.e., the estimation” ~decorrelation noise. _
of the phase gradient. To this end, the availability of many dif- For simplicity sake, systematic phase components due to orbit
ferential interferograms of the same area can strongly reduce ifeterminations are considered as part of the APS contribution
need ofa priori information (e.g., a model for the phase [10])_[1]. However, theirimpact on the dlff.erentlallmterferpgrams can
Differential phase data are the sum of four contributions be strongly reduced, for ERS satellites, using precise state vec-

tors [23].
D (X, 1) = Etopo (X, 1) + (X, t) +a(x, t;) +n(x, t;) It is now useful to separafe(x, ¢;) into two terms
i=1---N (2.1) A
pA ) = —v(x) -t + pvr (% 8) (2.2)
where x
X 2-D vector specifying the position of the pixel in thgyhere
image; v(x) mean velocity of target;
t time variable (more precisely is the temporal base- ) system wavelength (5.66 cm for ERS);
line of theith interferogram); pnz residual (nonlinear) motion.
Etopo Phase contribution due to DEM errors; If we denote byb; the normal baseline of th¢h interferogram,

i phase contribution due to a possible motion of thge can finally write
target in the direction of the LOS;
a  APS; Pp(x,t)=C.(x)- b +Cp(x)-t; + w(x, ;) (2.3)
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Fig. 1. Pomona, CA: multi-image reflectivity map in SAR coordinates. The test site is about2D6km wide.

Fig. 2. Three-dimensional (3-D) perspective view of the test site. Data have been resampled in UTM coordinates. The DEM has been estimateandeng four t
pairs. Estimated accuracy10 m.

between two neighboring pixels

where
C. proportional to the elevation error i
C, proportional to the mean velocity of the target; Ad(Xy, X,, 1) = (X, 1) — b (X, ;)
w(x, t;) (to be called linear phase residues; LPR) is the sum =AC. b +AC, -t + Aw;, (2.4)
of the three contributions: APS, noise, and non-
linear motion. whereAC . andAC, will be proportional to the residual eleva-

For phase unwrapping, we have to estimate the ptiiffegence tion differenceA » and the mean velocity differendevs between
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X, andx,, respectively. It should be noted that if we knéw
and Av and the condition 1000

is satisfied, we can easily unwrapp(x,., x5, t;). An estima-
tion of bothAz and Av directly from theN wrapped interfer-
ograms available is indeed possible. In fact, the problem is
find the bidimensional frequency of a complex sinusoid

(j = v/—1) sampled on an irregular grifh;, ¢;}. This can be
accomplished using one of the well known techniques deve 1500
oped in spectral analysis, though data are usually consider
uniformly sampled [16]. For the problem at hand, we used

|Aw;| <7 (2.5)

(4]
(=]
o

Normal Baseline [m]
o

equS(xT,xs,ti) _ ej(ACr‘vg-bg—I—ACU-tg-i—Awi) (26)

]
an
o
o

1993 1994 1995 1996 1997 1998 1999

simple periodogram. Some observations are now in order. Time [year]

1)

2)

Condition (2.5) implies that the phase dispersion with re- ) S ) o _
spect to the linear model be low. On the other hand, tﬁ@' 3. S_pace-_tlme distribution of the aval_labl_e data. The bldlme_nsmnal
plex sinusoid represent the phase contribution for a LOS velocity of 2

. om
root mean square (rms) values of the phase residues ag;ﬁ)g,r and a DEM error of 5 m (see text).
local phase detrending using the periodogram will be a
function of 5 A, too. Therefore, the local value of the
multi-image phase coherence

N

A | =1
= |=_ 2.7
¥ ~ (2.7)

can be adopted as|a reliability measure for each equa+
tion used for phase unwrapping. In our implementation, |
pairs withy < o are discarded, while the others are
~-weighted.
SinceAunr,, Aa, andAn are independent random vari-
ables, the residual phase variandg, is the sum of three
contributions

2 _ 2 2 2
OAw = OAMNL + OAa + O An- (28)

Nevertheless, low A, values are usually obtained for
most of the pixel 'palrs. Flr_sk” andx, were previously Fig. 4. Example of the atmospheric phase screen (APS) estimated for April

selected as locations of highly coherent targets, and thgYi996 (master image of the data set). The atmospheric phase contribution
should be only slightly affected by decorrelation noiskas been superimposed on the multi-image reflectivity map of the area. APS
(low ¢2). Then,x, and x, are close by pixels. This Standard deviation is 0.86 rad.

implies low variance of the atmospheric componAt.

For points less than 1 km apart, valuesqf, lessthan0.1 ~ 4) High values ofy imply a good estimation af\z andAwv,

rad? are common [5]. Finally, the motion of neighboring so by integratingAz, it is possible to refine the DEM on
pixels is usually correlated (see the following section). If ~ the PS set, starting from a PS of known elevation and
this hypothesis is Verifiedrim, should be low as well. motion. As far as the displacement field is concerned,

On the contrary, if the motion of the targets in the area of thoug_h the mean velocity of the targets can belobtained in-
interest is highly nonlinear and spatially uncorrelated, a  tegrating the valueAv, a more precise estimation should
higher density of PS (lower? ) is necessary and possibly take into account the nonlinear term of the motion, as will
a higher coherence level of the scatterers (lawfy). be presented in the following section.

3) If the PS density is very low, there could be large gaps We can summarize the results of this section as follows. Phase

where no PS can be identified. If the area of interest imwrapping of differential interferograms characterized by high
fragmented into several clusters of PS and no reliabjeometrical and temporal baseline is usually possible only on a
equation is available between them & ~¢), the pro- sparse grid of PS and using a multi-image approach. The math-
posed methodology should be applied to each cluster aghatical framework is easier if the constant velocity model can

a priori information (e.g., a model of the displacemenbe applied. This hypothesis is not a real constraint and the tech-
field or GPS measurements) should be used to carry ougue can cope with nonlinear target motion, provided that the
the “patching” of the clusters. PS density and coherence is high enough. Phase differences are
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Fig. 5. Pomona: estimated mean velocity field (in the direction of the line of sight) in cm/yr. Ppitrresponds to the reference pixel (supposedly stable and
of known elevation), while”; and P, show the locations of the PSs analyzed in Figs. 6 and 7.
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Fig. 6. An example of a time series relative to one of the PSs identified in théd- 7. An example of a time series relative to one of the PSs identified in the
inflating area (point”1 in Fig. 5). On the top of the picture, data compensate8ubsiding area (poin?2 in Fig. 5). On the top of the picture, data compensated
only for the estimated DEM error are reported together with the estimated lin@4ly for the estimated DEM error are reported together with the estimated linear
component of the motion. The estimated motion after APS removal reveal§@nponent of the motion. The estimated motion after APS removal reveals a
noticeable departure from the constant velocity model. noticeable departure from the constant velocity model.

unwrapped taking advantage of the estimated values of relativeights are solutions of the following system of equations [18],
velocity Av and relative elevatiom\z of each scatterers pair.[19]:
Phase data are then integrated using one of the techniques used
for unwrapping of regularly samples data and local values of
can be used as data weights. Finally, integratioefvalues
allows one to refine the reference DEM on the PS set.

ngqg - f(X, t) = I‘[;gS(X, t) (31)

whereR,, = E[¢ - ¢" ] is the data correlation matrix, and

ros = E[¢-- - (x, t)] is the crosscorrelation vector between the

data and the signal under estimation. It should be noted that

the optimum filterf is space and time variant. In fact, since
Once phase data are unwrapped, it is possible to estimatevileedeal with a sparse spatio-temporal distribution of samples,

signal component of interestx, ) (e.g.,a(x, t) or u(x, t)) ris a function of(x, ¢). On the contraryR,, is fixed once

by properly weighting the data vectgr As is well known, the the spatio-temporal data distribution is known. The key point

[ll. SPACETIME ESTIMATION
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Fig. 8. Estimated displacement field (in the direction of the line of sight) in Pomona. Four snapshots corresponding to four different timétheesamipling
interval is about 560 days) are reported: (a) June 1992—February 1994; (b) June 1992—-September 1995; (c) June 1992—May 1997; (d) June 1992-January 19

Fig. 9. Perspective view of the displacement field (in the direction of the line of sight) relative to June 1992—-January 1999. Minimum negativ20safne:
Maximum positive displacemeni:6 cm.

TABLE || component can be obtained from Kolmogorov theory [5], a sta-

COMPARISON BETWEEN THE PS TECHNIQUE AND CONVENTIONAL tistical description of the local displacement field can be a very
DIFFERENTIAL SAR INTERFEROMETRY(DINSAR) e X
difficult task to achieve.

PS Tochmique Conventional DInSAR Basically, this choice should reflect our knowledge of the
1 Baseline no limits in the ERS database very small (< 200 meters) . H :
2 | Atmospheric Artifacts strongly reduced ! no reducriorine phySICaI phenomenon weare deallng Wlth (a‘n example of math-
z DECC)Ihercnce > 0.7 on a single pixel > 0.3 on several adjacent pixels ematical modeling of a Subsiding area is given in [20]) If a
M accuracy 100 meters baseline dependent . . .
5| 4 of SAR images - 30 T model is available, parameters and expressions of the correla-

tion matrix assume a specific physical meaning (see [21] and

references therein). In general, the lack of a physical model does
for optimum filtering is the estimation of the correlation valuesiot allow an accurate estimation of the correlations and so the
While an expression of the correlation matrix of the atmospheigptimum filter can not be implemented.
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Fig. 10. Comparison with conventional DINSAR technique: location of the PSs identified in the subsiding area. (a) Differential interferogram
19930113-1997122%. = 6 m,t = 1809 day. (b) Difference between (d) and (c). (c) Pseudo-interferogram obtained interpolating the terrain deformation
measured in correspondence of the PSs (no smoothing has been performed) (d). Difference between (d) and (c): data have been low-pass fiteratibior visu
purposes.

Besides, the computational burden of this estimation tech- ¢ PS's Density in Porona
nigue is huge due to the very large number of data involved. ‘ m
Inversion of matrixR.., may be impractical even considering
only a small neighborhood around the point under estimation. If
noa priori information is available about the displacement field
of the area of interest, a possible approach that can be adopte
is the whitening of the time series of the LPR sampi¢s, ¢, ).
Once the residual phases of the PSs have been obtained (dé &, |
detrended for the estimated DEM errors and the mean velocit ¢
field), we can start looking at their temporal evolution, to check
for subsidence leakage. The mean vai(e) of the residual
phases is an estimation of the atmospheric phase contributio
of the master image ir (common to all the differential inter-
ferograms), while the low pass componentotk, ¢;) —w(x)] T : .
should be considered as an estimation of the nonlinear motiol - ; < ; ; ;
contributionyux 1. (x, ¢;). APS estimation is then carried outby ’ ** Phase Dpesonad) 7 °?
smoothing spatially the high-pass filtered LPR time series

100+

10° b

Fig. 11. PS density (cumulative) per square kilometer as a function of the
maximum phase dispersion allowed (with respect to the linear model).

a (X’ t7) = [[w (X, t)]HP_Tirne]LP_Space + [m(x)]LP_Space
(3.2) tered atmospheric component relative to the master acquisition
with obvious symbol meaning. The first term in (3.2) is theis then added back to get the APS of each differential interfer-
an estimation of the atmospheric phase contribution superiogram. To make it simple, we can carry out for each pixel a
posed on the single SAR image acquired at titneThe fil- temporal smoothing using a triangular filter and remove the low
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Fig. 12. Perspective view of the reference DEM of a small area near Pomona. For visualization purposes, the vertical axis has been magnifiece(atazemum r
elevation difference is-50 m).

7 ,M ff“** "'\a M m—«

f:.“ﬁ‘ *ﬂ‘ﬂ"ﬁ i Mu,* L

Fig. 13. Perspective view of the DEM optimized in correspondence of the PSs identified in the area shown in Fig. 12.

pass component. Phase residuals are then spatially filtered usibgut 16 x 20 km wide. Using four tandem pairs, we also

a moving average on a2 2 km window. As described in [1], determined a reference DEM (about 10 m accuracy, also limited
after estimation and removal of all the APS superimposed by building effects) of the area of interest using the technique
the data, we can finally estimate the motion of each pixel in tioé [3], [4] (Fig. 2), and the corresponding phase was removed
image and identify more PSs. from each single image using DEOS precise state vectors [23].

B. Selection of PS Candidates and APS Removal

IV. A STUDY OF SUBSIDENCE IN POMONA (CA)
. After the initial selection of the PS set (about 3 PSknere

A. The Available Data identified), phase increments between each PS and all the others

An interesting case of subsidence, already studied usilegs than 1 km apart were estimated using the periodogram tech-
differential interferometry and other techniques, is found inique. To better illustrate this kind of approach, in Fig. 3 we
Pomona [22]. The data set used is presented in Table I. gliow the temporal distribution of the takes together with their
ERS images were available. All were resampled on the samarmal baselines, referred to the master image. The range of
master acquisition (ERS2: April 6th, 1996) and 40 interferormal baselines is abott1100 m, while the maximum tem-
ograms were obtained. In Fig. 1 the incoherent average miral baseline is more than six years. IfaPS had an LOS velocity
all the data (multi-image reflectivity map) is reported. Duef, say, 2 cm/yr and a residual elevation difference of 5 m with
to the high number of looks, the radiometric quality of thisespect to a neighboring scatterer, considered as a reference, its
image is comparable to that of an optical one. The areaphase variations as a function of time and baseline would be a
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2-D phase ramp, also represented in the Fig. 3. If now we ahe different amplitude of the displacement of the uplifting
cept, temporarily, the hypothesis of constant LOS velocity aind the subsiding areas can be better appreciated. Maximum
each pixel, then using a simple periodogram (albeit with an jpositive and negative displacements aré and —20 cm,
regular sampling of the two dimensions: baselines and time), wespectively. Of course, computer animation procedures can
could estimate both the residual elevation and the LOS velocjiyovide an improved visualization of the phenomenon under
difference of the pixels. Analysis of Fig. 3 also tells us that th&tudy. Two animations relative to the estimated displacement
precision of the estimate of the vertical elevation is a good indield in Pomona since June 1992 are available on our web site
cator of the quality of the estimate of LOS velocity in that therg6].
is no particular reason why the estimation should be any better
in one rather than in the other dimension. As already mentionggl, comparison with Conventional Differential Interferometry
this operation was carried out for PS pairs with> 0.75 [see
definition (2.7)] and less than 1 km apart, thus removing the ef- It is well known that some coherence can often be found on
fects of the residual elevation with respect to the average DEWban areas even after long time interval [25]. PSs are usually
and of the LOS velocity and estimating the unwrapped phasind in urban areas, too. The reader could then be interested
values. in comparing the results that can be obtained by means of the
After phase unwrapping, time series analysis of the LPRS and the “usual” differential SAR interferometry (DINSAR)
values of each PS was carried out. The target is to identi§chniques. In Table Il, we tried to summarize advantages and
possible nonlinear motion contributions. As discussed ffawbacks of both techniques. Some observations are in order.
Section Il if we could model the spatial and the temporal 1) Using the PS technique, all the available SAR images
behavior of the phenomenon, we could implement an optimum  recorded by ERS-1 and ERS-2 can be exploited without
LMS filter. For the problem at hand, since we lacked a physical  concern for the baseline. On the contrary, only small base-
model of the phenomenon, we used the approach outlined in  lines should be selected for differential interferometry
Section Ill. For each PS, we carried out a temporal smoothing  with a consequent loss of time coverage.
of the LPRs using a triangular filter (300 days long), and we 2) Atmospheric artifacts with low spatial frequency can be
removed the low pass component. Phase residuals were then practically eliminated. It is a serious limitation of differ-
spatially filtered using a moving average on & 2 km window ential interferometry whenever the terrain deformation is
(3.2). APSs were then interpolated on the original regular grid  small and spatially smooth.
and removed from each datum. An example of estimated APS3) Single coherent pixels can be identified. This feature is
(relative to the master acquisition) is reported in Fig. 4. Rms  essential in the case of large temporal and geometric base-
values of the 41 estimated APSs range from 0.25-1.35 rad. lines, when only pointwise targets carry useful phase in-
formation.
4) A coarse DEM can be used in the PS technique since
the accurate elevation of each PS is computed. A better
After APS removal, we can finally estimate the motion of DEM would only reduce the computational time. This
each pixel in the image and identify more PSs. Both DEM errors  is not the case for differential interferometry where the
and target motion can now be estimated on a PS-by-PS basis. required DEM accuracy is inversely proportional to the

C. Displacement Field Estimation

The mean LOS velocity field is reported in Fig. 5. In this pic- normal baseline of the images used for motion detection.
ture, not only the subsidence but an inflating area is clearly vis- 5) Inour opinion, the advantages offered by the PS technique
ible (with respect to the reference poif§ shown in Fig. 5). In widely justify the need of a large number of images.

fact, an abrupt change in the velocity sign can be noted in theA visual comparison of the results achievable on Pomona
lower part of the image. The mean velocity field is only a firsivith the two techniques is shown in Fig. 10. A few images
order approximation of the local displacement vector, thougimong the available data set allow to generate usable interfero-
most of the energy (more than 90%) of the motion phase confgirams. One of the most favorable pairs (the baseline is 6 m) has
butiony in the test site is given by the linear term. Neverthelesleen selected. The time interval between the two takes is about
severe departures from a uniform motion were detected neartive years. The complex interferogram has then been filtered in
inflating area and where high subsidence velocity valiue® ( order to reduce the noise, and the resulting fringes are shown in
cm/yr) were measured. Two examples are shown in Figs. 6 afid. 10(c). For the sake of comparison, the terrain deformation
7. Unfortunately, no ground truth data were available. measured by means of the PS technique [interpolated from the
Of course, after APS removal it is possible to estimate nBS measures shown in Fig. 10(a)] has been wrapped at 2.8 cm,
only the mean LOS velocity field of the area but a displacemetfius generating the pseudo-interferogram reported in Fig. 10(d).
field as a function of time, possibly interpolating the displacérhe difference between the two interferograms is then shown in
ment maps on a regular temporal grid. The display of th&g. 10(b).
outcomes of the results is an issue of considerable importancét should be noted that even in the most favorable case for dif-
[21]. Here, we report a sequence of four spatial maps corferential interferometry (i.e., very low normal baseline values),
sponding to four time instants between June 1992 and Janutdry quality of the result is dramatically improved passing to the
1999 (Fig. 8). The nonlinear motion behavior reflects into theS technique. Of course, PS density and coherence level in a
change of shape of the contour lines. A perspective view of théferential interferogram are strictly related quantities. Infor-
displacement field of Fig. 8(d) is also depicted in Fig. 9, whemation carried by many PS can be completely lost using the
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ot 14 R where PS are is available. In Fig. 14, a group of similar targets is
highlighted and in Fig. 15, we show the distribution of their rel-
ative elevations with respect to their mean value. If we hypoth-
esize that buildings in this area have similar heights, the disper-
sion of the distribution tells us about the precision of the eleva-
tion estimate. If we suppose that phase residues due to decor-
relation noise, residual (nonlinear) motion, and residual atmo-
spheric components have rms value of less than 1 rad, we ex-
pect the elevations, estimated using the periodogram technique,
to have a dispersion of about 0.5 m [1]. This simple analysis
confirms at least the order of magnitude of the precision of the
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not necessarily reflect the height of the building, it is unlikely
Fig. 14. Multi-image reflectivity map of the area represented in Figs. 12 atBat thIS_IS true for the case under Stu_dY- In fact, if the scattering
13. The white “up-triangles” identify a group of similar targets showing a vernechanism were dominated by multibounce effects, we would

small dispersion of their relative elevations. not have such a low phase dispersion notwithstanding the high
variation of the baseline values. As shown in [1], the dimensions
2 : f of a PS are significantly smaller than the resolution cell. Thus,

it is only slightly affected by geometric decorrelation.

V. CONCLUSIONS

We have presented another application of the technique of
PSs for differential interferometry studies. The usefulness of the
gigantic data set of the ERS 1/2 images and the possibility of
going back to 1992 have been stressed again. Another remark
. is that the irregularities of the acquisitions (in this case, due to
the competition of the geodetical phase of ERS-1) have negative
] effects. This shows that a sizeable part of the operation time of a
SAR system should be devoted to acquiring data systematically
to avoid acquisition holes that weaken the entire data series.
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