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Abstract—We present a new differential synthetic aperture key limitation, in this case, is that data pairs used to generate dif-
radar (SAR) interferometry algorithm for monitoring the tem-  ferential interferograms must be acquired from relatively close
poral evolution of surface deformations. The presented technique tracks (the spatial separation between orbits is referred to as

is based on an appropriate combination of differential interfer- - - .
ograms produced by data pairs characterized by a small orbital baseling in order to reduce both spatial decorrelation and to-

separation (baseline) in order to limit the spatial decorrelation Pography errors. In practical cases, as for the European Remote
phenomena. The application of the singular value decomposition Sensing (ERS) satellites ERS-1 and ERS-2 sensors, the avail-
method allows us to easily “link” independent SAR acquisition able acquisitions are generally distributed in small baseline (SB)

datasets, separated by large baselines, thus increasing the Obser'subsets, separated by large “baselines”; accordingly, only one

vation temporal sampling rate. The availability of both spatial and def tion ti es f h subset b iIv obtained
temporal information in the processed data is used to identify and @€'0rmation ime Series lor eéach SUbSEt can be easily obtaine

filter out atmospheric phase artifacts. We present results obtained [11], [12]. Since these results are typically poorly sampled in
on the data acquired from 1992 to 2000 by the European Remote time and not directly linkable to those computed from other sub-
Sensing satellites and relative to the Campi Flegrei caldera and sets, the limitation to exploit all the available acquisitions for the
to the city of Naples, ltaly that demonstrate the capability of ~yaneration of an overall deformation time-series is evident.
the proposed approach to follow the dynamics of the detected . e .
deformations. Some advances in this field have been recently introduced at
the expense of the processed area coverage. First of all, it has
been demonstrated that small man-made features remain very
correlated over time [14], [15], although interferograms over
these areas only show pointwise information. Moreover, a new

|. INTRODUCTION solution for maximizing the number of acquisitions used has

IFFERENTIAL synthetic aperture radar interferometr)peen proposed, and the teqhnique s referrgd o as permgnent
(DIFSAR) is a relatively new technique that has been Suégatterers (PS) [16], [17]. This appr'oach implies the generatlon,
cessfully used for generating large-scale surface deformat?’c\mh respectto a common (master) image, of a DIFSAR interfer-

maps on a dense grid (the displacement field being measuP&iam for each available acquisition even if the exploited data
pair is characterized by a large baseline (even larger than the

in the radar line of sight) and with a centimeter-to-millimete' itical baseline 11 d theref ffected by baseline d
accuracy [1]. While the DIFSAR approach has been appli&&' ical baseline [1]) and, therefore, affected by baseline decor-

several times to the analysis of a single deformation episor éation phenomena. Itis evident that, in this case, the use of all

[2]-[7], the interest of the scientific community is now pro-t e available data acquisitions is accomplished, but at the ex-

gressively moving toward the study of the temporal evolutidhtNse of ”’?“'“.‘ged p|?<el density; indeed, only those targets that
of the detected deformations. and some results have alre é{)lblt sufficiently high coherence values, even at large spatial
been presented in the Iiteratur,e [8][13] aselines (i.e., the PS targets), are considered, and their den-

An effective way to study the temporal behavior of the d(—}s-ity may t.)e in some cases rather low; this often happens, for

tected phenomena is the generation of time-series that allowd'fganee. In nonurban areas.

to follow the evolution of the monitored deformations; to do this, his work proposes anew DIFSA_‘R app_roac_:h for the evalua-

the information available from each data pair must be prope n Of the earth’s surface deformatiemolution it extends.the

related to those included in the other acquisitions via the gen ‘Ehr.“‘?‘_‘e presented n [11] and [12] to th? case of .mullt|ple SB

ation of an appropriate sequence of DIFSAR interferograms. qU|S|t.|on subser via an easy and effectlvg co'mb|.nat|on of all
the available SB interferograms. The combination is based on
a minimum-norm criterion of the velocity deformation, easily
obtained in our case via the application of the singular value de-
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related to the use of small baseline interferograms that limit thiee deformations at timesy and¢p with respect to the instant
baseline decorrelation phenomena. We further remark that egr assumed as a reference. As a consequence, we have that
approach is easily implemented as a postprocessing step applié@, -, r) = 0, and therefore itis natural to identifi(t,, z, ),
to the set of DIFSAR interferograms that may be generated wigth : = 1,..., N, as the wanted deformation time series and
already available interferometric data processing tools. to assumep (¢;,x,r) as the associated phase component; thus
The proposed combination technique relies on the use @dft;, z,r) = 4nd (t;,z,r) /.
unwrapped DIFSAR interferograms, with the unwrapping A few additional remarks on (2) are in order. First of all, we
operation implemented via a two-step processing procedumete that in the equation the decorrelation phenomena have been
extending the sparse-grid approach presented in [18]. Motetally neglected as well as possible phase artifacts caused by
over, in spite of the limited influence of possible errors in thehanges in the atmosphere refraction index between the acqui-
removal of the topographic phase contribution, an estimate sifions and/or due to a nonprecise removal of the topographic
the topography error is included in our processing algorithphase component; these assumptions allow us to simplify the
to increase its robustness. Additionally, an atmospheric phasesented analysis without losing the rationale of the discussion
artifacts filtering operation is carried out on the computeand will be removed in Section Il
space-time deformation measurements following the lines ofMoreover, we have also implicitly assumed that the phase
the solution developed for the PS technique [16], [17]; in owignal is unwrapped and calibrated with respect to one pixel
case, the filtering operation takes benefit from the high spati@hose deformation is known (typically a high coherent pixel
density of the imaged pixels. located in a nondeforming zone). A further feature of the pro-
We present results obtained on the data acquired from 198&sed technique implies a pixel-by-pixel temporal analysis; ac-
to 2000 by the ERS satellites and relative to the Campi Flegeirdingly, the dependence of (2) on the r) variables is not
caldera and to the city of Naples, Italy that demonstrate the @xplicitly mentioned hereafter. A discussion on the consequence
pability of the proposed approach to follow the dynamics of thaf this pixel-by-pixel analysis is provided at the end of the sec-
detected deformations. tion.
The paper is organized as follows. Section Il explains the ra-Let
tionale of the technique that links the interferograms computed T
from separate data subsets. Section Ill describes the overall data ¢ =[p(t1),....¢(tn)] 3)
processing procedure. Section 1V is dedicated to the preser‘gg-
tion of the obtained results. Conclusions and further devel
ments are addressed in Section V.

one the vector of théV unknown phase values associated with
l%e deformation of the considered pixel and

8¢" = [6¢n,...,0bm] 4

Let us start our analysis by considering + 1 SAR im- be the vector of thd/ (known) values of the computed DIFSAR

ages relative to the same area and acquired at the ordé’pgarferograms. Equation (4) identifies the following two index
times (o, - .., £x). We also assume that each acquisition ma{fFctors:

interfere with at least another image; this implies that each

; [O9% IS = [IS1,...,1Sy] IE =[IE,,...,IE 5
SB subset is composed by a minimum of two acquisitions. [15: u] (11, m] ©)
Based on the above hypothesis, we conclude that the numégiresponding to the acquisition time-indexes associated with
of possible differential interferograms, say, satisfies the the image pairs used for the interferogram generation. Note also

II. PROBLEM FORMULATION?

following inequality (we have implicitly assumed odd): that we assume the mastdEj and slave IS) images to be
hronologically ordered, i.elE; > IS;,Vj = 1,..., M. In
N +1 N+1 c g y ) j jr V] ) )
+ <M<N <—+> (1) other words we have that

Let us now briefly summarize the main characteristics of the ¢ = ¢(tm,;) — d(t1s;), Vi=1,....,M. (6)
DIFSAR interferograms considered and clarify the key issues&!:cordingly the expression (6) defines a systeribéquations
the investigated problem. Accordingly, we consider the gene{th unknO\;vns that may be organized in the following matrix
j-interferogram computed, in the pixel of azimuth and rangr%presentation [11]-[13];
coordinates#, r), from the SAR acquisitions at timeg and '
t 4; this, following the topographic phase component removal Ad = 6¢ @)
[1], is given by

A being anM x N matrix whereVj = 1,..., M we have

6j(@,r) =d(ts,x, 1) — Pp(ta,z.r) A(4,18;) = —1if IS; # 0, A(4,IE;) = +1 and zero other-
~ 4_7T [d(tg,z,7) — d(ta,z,7)] ) wise. For instance, if¢p1 = ¢4 — ¢ anddps = ¢p3 — ¢y, then
A ’ A would have the following form:
wherein A is the transmitted signal central wavelength, and 0 -1 0 41
d(tp,z,r)andd (t4,z,r) are the line-of-sight (LOS) cumula- AL 0 0 41 0 ®

1The main contribution to the formulation of this section has been provided
by G. Fornaro.
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Expression (8) highlights tha is an incidence-like matrix, di- A (’p
rectly depending on the set of interferograms generated from the
available data. Due to this characteristic, if all the acquisitions
belong to a single SB subset, it turns out that> N, andA

is an N-rank matrix. Accordingly, the system of (7) is a well-
(M = N) or an overdeterminedy{ > N) system, and its so-
lution can be obtained, in general, in the LS sense as [19]

$=A*6¢ with A# = (ATA) ™' AT, (9)

Unfortunately, as pointed out in Section I, the availability of an >
entire dataset belonging to a single SB subset is typically un- fo f L6 ls
common; therefore, in order to increase the temporal sampli o . -
. . 1Ig. 1. Pictorial comparison between the minimum-norm phase (dashed
rate of the deformation signal, we must face the case of data Eé‘) and the minimum-norm velocity (continuous line) deformations. Two SB
longing to different subsets. Clearly, we might still refer to theubsets, identified by dots and crosses, are considered in this example.
formulation in (7), but it is easily recognized that in this case
A exhibits a rank deficiency, and therefoA€” A is a singular may introduce large discontinuities in the cumulative deforma-
matrix in (9). For instance, if we assume to facelifferent SB  tions obtained, thus leading to a physically meaningless result;
subsets, the rank &k willbe N — L + 1, and the system will a pictorial example is shown in Fig. 1.
have infinite solutions (we assuméd < M; similar arguments  In order to guarantee a physically sound solution, we manip-
apply to the other case). ulate the equation system in (7) in such a way to replace the
A simple solution for inverting the system in (7) is providedinknowns with the mean phase velocity between time-adjacent
by the SVD method [19], [20]. This allows us to evaluate thacquisitions. Accordingly, the new unknowns become
pseudoinverse of the matriX that gives the minimum-norm
LS solution of the system of (7). 2T = [vl - 1 e UN = N — N1 (14)
In particular, by using the SVD decomposition, we decom- t1 —to IN —tN-1
poseA as follows [20]:

and in place of (6) we have
A =USVT (10) IEj

Z (tk - tkfl)vk = (5¢j7 VJ = 17 cee 7M (15)

where U is an orthogonald x M matrix whose first/V S
=15;

columns, called the left-singular vectors Af, are the eigen-
vectors of AA™; V is an orthogonalV x M matrix whose that, organized in a matrix form, finally leads to the expression
columns, the right-singular vectors Af, are the eigenvectors of

ATA, andS is theM x M matrix whose entries (the singular Bv = §¢. (16)
valuess;) are the square root of the corresponding eigenvalues . i )

of the M x M matrix AAT. Being generalfMl > N, M — N Note that the matriB is again anM x N matrix; hqwever,
eigenvalues are zero: moreover, due to the singular nature’¥§; Nave now that the generig, ) element will beB (j, k) =

A, there ard. — 1 additional null eigenvalues. In summary wek+1—trforIS; +1 < k < I,Ej'/v_j =1,...,M,andB (j,k) = .
have 0 elsewhere. Of course, in this case the SVD decomposition

is applied to the matriB, and the minimum-norm constraint
S = diag(o1,...,0n-1+1,0,...,0). (11) for the velocity vectow does not imply the presence of large
) ) ] o o discontinuities in the final solution (see the continuous line in
The estimatep in the LS sense with minimum norm is finally rig 1) obviously, an additional integration step is necessary to

obtained as follows: achieve the final solutiomn.

é = A+6p with AT = VS+UT (12) As an additional remark we note that we have considered a

minimum-norm deformation velocity hypothesis for linking the

where St = diag(1/o1,...,1/on_111,0,...,0). Accord- different subsets information without using any further knowl-
ingly, we have [20] edge on the investigated deformation. It should be also pointed
] out that even the presence of a discrete deformation event con-

N—L+1 ¢ T : ; ;

é= Z o¢ Wi (13) centrated in a few temporal points (i.e., an earthquake or a vol-

N P o " canic event) would be detected, provided that all the interfer-

ograms are properly unwrapped and calibrated with respect to
whereu; andv; are the column vectors df andV, respec- gne pixel whose deformation is known, as already stated.
tively. Moreover, any available additional time-model information
This solution is characterized by a minimum-norm constraighy|d be easily encompassed in the presented formulation. For

on the phase signal and, accordingly, on the detected deforatance, if the model parameter vectoexhibits a linear rela-
tion [see (2)]. As a consequence, the method forces the Sociﬁnship with the velocity vectoy, i.e.,

tion, in accordance with the starting equation system (7), to be
as close to zero as possible. Unfortunately, this solution method v = Mp an
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where the columns d¥ describe the vector componentswf to reconsider, in a more realistic scenario, the DIFSAR phase
then by substitution in (16) we have expression in (2); accordingly, let us rewrite the interferometric
signal as follows:

BMp = 6. (18)
5¢] (3:,7“) :d)(tB"/x"/T) - ¢(tA7x7T)
Since the considered model is typically based on a few param- ~ am [d(tp,2,7) —d(ta,z,r)] + dr B jAz
eters (i.e.cardinality [p] < N), it generally leads to a simpli- A o o A rsind
fication of the inversion of the system (18). In particular, for a + [fatm (B, 2, 7) — Patm (ta, 2, 7)]
smooth temporal model, the system (18) turns out to be gener- + Anj, Vi=1,....,.M (24)

ally nonsingular, thus allowing us to compute the solution via _ - _
the left inverse matrix. For example, by assuming a cubic baherein three additional phase components, with re-

havior for the time variation of the phase signal, for the genef®ect to (2), are present. The second one, i.e., the term
j-component we have (4m /X)(B.jAz/rsind), accounts for possible phase artifacts

caused, within the DIFSAR phase generation process, by an
error Az in the knowledge of the scene topography; note that
the impact of these artifacts depends on the orbit separation
componentB ; (usually referred to as perpendicular baseline

with v, a, andAa being three unknown parameters accounting simply baseline) as well as on the sensor target distance
for the mean velocity, the mean acceleration, and mean accelg{g on the look anglé.

ation variation, respectively. In this case, we have thatthe termrhe  third  term  in  (24), represented by

—_

(ﬁ(tz) = ﬁ-(ti — t0)+ —a'(ti — t0)2+ %Aaw(ti — t0)3 (19)

N

p in (17) is trivially obtained from the expression [batm (15, %,7) — Patm (ta,2,7)], accounts for possible
atmospheric inhomogeneities between the acquisitions at
p’ =[v,a,Aa] (20) timest, andtp, and it is often referred to as atmospheric
phase component.
while M is Finally, the termAn ; accounts for phase contributions caused
) by the baseline and temporal decorrelation phenomena and by
1 % % the thermal noise effects.
Mo |1 tatty—2to (*z—fg();—_<:1)—t0>3 (21) In addition to the above considerations, in a real case, only
e ' the restriction to the =, w) interval of the interferometric
1 tN+fN2—1*2t0 (tN*étEf);:(f;Vr—ll)*to)a phase (wrapped phase) is directly measurable from the regis-

tered image pairs; therefore, since (16) relies on the availability

An easy extension of this model to pixel groups, or even to ti§é unwrapped signals, a retrieval operation must be carried
whole available area, would allow us to benefit from the irPut on the wrapped data. It is important to underline that the
troduction of three-dimensional (3-D) space—-time deformatidthwrapping operation is applied to each DIFSAR phase pattern
models. As a matter of fact, to relate the information betwedtit only involves those pixels that exhibit an estimated coher-

two pixels, letting ence value higher than an assumed threshold; this hypothesis
allows us to exclude the pixels strongly affected by noise that,
Bivi =8¢, Bovo=6p, ... Brvi =6¢ therefore, carry out no significant phase information and may

have a negative impact on the performance of the unwrapping
n Procedure. In particular, we have implemented the approach
presented in [18] that is suitable for such a kind of sparsely
coherent data. Pixels occurring in low coherence areas are just
“filled in” via an interpolation step (implemented via a Delauny
triangulation) starting from data located in high coherent
unwrapped pixels. Note that our technique is independent
of the phase-unwrapping algorithm used; accordingly, other
choices could be possible.

The overall processing is implemented following the block
o diagram of Fig. 2. After the phase-unwrapping step, we jointly
v =Mp (23) estimate a temporal low-pass (LP) component of the defor-

mation signal and possible topographic artifacts via the least

whereM andp are the space-time model and parameter of thg,ares solution of the following system of equations derived
deformation. Along these lines, 3-D space—time phase-unwragpy, (18):

ping algorithms could be also investigated.

be theK systems associated to thepixels, we may reason o
the following space—time extended problem:

Bv = 6¢ (22)
with B = diag [B,Bs,...,Bg], ¥7 = [vf,vg...../vﬁ],

space-time deformation model is easily introduced as

[BM, c|p. = 6¢ (25)
[ll. PROCESSINGALGORITHM :
wherein
Before going into the details of the algorithm implementing

the SVD-based approach discussed in Section |1, it is importantc” = [(47/A\)(Byi1/rsind), ..., (47 /A)(BLy/rsind))
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; . LP temporal deformation
Unwrapping of
WappIS and residual topography

DIFSAR > :
Interferograms estimates

v

Residual Unwrapping of Deformation estimate +
topography and LP | residual phase via the SVD approach Time
component removal component ~  sequence
deformation

v

Spatial LP and
> Temporal HP
filtering

LP temporal
deformation
component

Fig. 2. Block diagram of the implemented algorithm.

andp? = [pT, Az], and whereirp and Az are related to the operation is derived from the PS approach discussed in [16] and
LP component of the unwrapped signal (in reality, we typicallji 7], which is based on the observation that the atmospheric
consider, for sake of simplicity, its truncation to the first-ordesignal phase component is characterized by a high spatial cor-
term) and to the topography artifacts, respectively. Even if tlelation but exhibits a significantly low temporal correlation.
need for the estimation of the topographic factor in (24) Accordingly, the undesired atmospheric phase component is
could appear irrelevant due the hypothesis of low baseline stimated as follows: first of all, we remove the LP component
terferograms, we remark that the amplitude of local topographo€the deformation signal already estimated via (25); following
artifacts may significantly exceed the expected digital elevatidhis step, the atmospheric phase component is detected as the
model (DEM) accuracy, thus causing a remarkable degradati@sult of the cascade of a lowpass filtering step, performed in
of the produced DIFSAR fringes the two-dimensional (2-D) spatial domain (i.e., azimuth and

Following this operation, the estimated LP phase patterrenge), and a highpass filtering operation with respect to the
and topographic artifacts are subtracted modutd¥®@m each time variable. Note that in our case the 2-D spatial filtering
inputinterferogram, thus typically leading to a fringe rate reduoperation relies on the overall estimated phase signal and not
tion. Accordingly, a new unwrapping step can be applied to thaly on a limited set of permanent scatters.
residual-wrapped phase patterns, the retrieval operation bein@nce the atmospheric phase component has been evaluated,
significantly simplified (an effective phase noise filtering caii is finally subtracted from the estimated phase signal; the con-
be also easily performed at this stage due to the reduced fringgsion into a displacement signal is eventually achieved via the
rate). By adding back the subtracted LP phase component, mveltiplication by the correction factor/4r; see (24).
finally achieve a refined unwrapped DIFSAR phase pattern.

At this stage, the SVD-based inversion discussed in the pre-
vious section can be finally applied. Accordingly, an estimate
of the deformation velocity vector is achieved for each investi- The validation of this approach has been carried out by using
gated pixel, and, following a trivial integration step, a measuran ERS-1/ERS-2 dataset composed by 44 acquisitions acquired,
ment of the phase signal(t;, z, ) is finally availablev¢; with  from June 8, 1992 until September 28, 2000, on a descending
1 =1,...,N; see (24). However, in view of (24), it is evidentorbit (track 36 and frame 2781; see Table |) and distributed
that the results obtained do not only account for the wanted diethree small baseline subsets; the 70 DIFSAR interferograms
formation signali (¢;, «, ) but also for the decorrelation effectsused in this study are characterized by a (perpendicular) base-
and for possible atmospheric artifacts. line value smaller than 130 m. The test site, located in southern

As far as the decorrelation phenomena are concerned, May, includes the active caldera of Campi Flegrei and the city
remark that they are significantly mitigated by the complesf Naples (see Fig. 3). The overall analysis has been carried out
multilook operation [21] carried out within the DIFSARon DIFSAR products obtained following a complex multilook
interferograms generation process and by the coherence-drigperation with four looks in the range direction and 20 in the
pixel selection. On the contrary, the presence of an atmosphexaimuth one; hence, the pixel dimension is abouk830 m in
phase component represents a critical issue because it rmaynuth and range directions, respectively; moreover, the coher-
significantly reduce the accuracy of the detected deformatioasce threshold has been fixed to 0.25. We remark that the pixel
and, in some case, completely mask them out (see [22]-[24])mensions have been chosen rather large in order to map sig-
Therefore, in order to mitigate the effect of these atmospheridicantly wide areas without drastically expanding the overall
artifacts, a filtering operation must be performed on the outpamount of data; moreover, the large number of complex looks
of the SVD-based procedure. In this case, the applied filteriagso allows us to reduce the phase noise.

IV. RESULTS
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TABLE |

ERS-1/ERS-2 BrA USED. THE DIFFERENT &
SB SUBSETS AREHIGHLIGHTED g
|
= [}
5 =, € 5 2
Z K 5 < 8 —~ =
s s s = %2
v
ERS1 4690 8 6 1992 0 1
ERS1 6694 26 10 1992 -124 1
ERS1 7195 30 11 1992 159 1
ERS1 8197 8 2 1993 -544 2
ERS1 8698 15 3 1993 -119 1
ERS1 9700 24 5 1993 -518 2
ERS1 10201 28 6 1993 -591 2
ERS1 10702 2 8 1993 -118 1
ERS1 11203 6 9 1993 31 1
ERS1 12205 15 11 1993 -58 1
ERS1 19563 12 4 1995 -525 2
ERS1 21066 26 7 1995 -149 1
ERS2 1393 27 7 1995 -185 1
ERS2 1894 31 8 1995 -555 2
ERS2 2395 5 10 1995 473 1
ERS2 3397 14 12 1995 19 1
ERS1 24072 21 2 1996 420 1
ERSI1 25074 1 5 1996 400 1
ERS2 5401 2 5 1996 310 1
ERS2 6904 15 8 1996 -546 2
ERS2 7906 24 10 1996 371 1
ERS2 8908 2 1 1997 -387 2
ERS2 9409 6 2 1997 -99 1
ERS2 10411 17 4 1997 215 1
ERS2 10912 22 5 1997 -429 2
ERS2 11914 31 7 1997 -392 2
ERS2 13417 13 11 1997 -529 2
ERS2 13918 18 12 1997 -471 2
ERS2 15922 7 5 1998 153 1
ERS2 16924 16 7 1998 -1064 3
ERS2 17926 24 9 1998 -69 1
ERS2 18928 3 12 1998 -642 2
ERS2 20431 18 3 1999 -250 1
ERS2 21934 1 7 1999 -177 1
ERS2 22435 5 8 1999 -191 1
ERS2 22936 9 9 1999 -972 3
ERS2 23437 14 10 1999 -617 2
ERS2 24439 23 12 1999 -474 2
ERS2 24940 27 1 2000 -430 2
ERS?2 25441 2 3 2000 986 3 Fig. 4. False-color map of the detected topography errors superimposed on the
ERS2 26944 15 6 2000 497 2 SAR image amplitude of the investigated area.
ERS2 27445 20 7 2000 -929 3
ERS2 27946 24 8 2000 164 1
ERS2 28447 28 9 2000 -257 1

Inthe results presented, the topographic phase component
been removed by using a DEM provided by the Italian Arm
whose nominal height accuracy is of about 10-20 m, and t
ERS-1/ERS-2 precise orbit state vectors computed by the Te
nical University of Delft. In this case, despite the expected a
curacy, significant topography artifacts have been detected (4
Fig. 4), thus making the refined topography phase removal o
eration a relevant step. Note also that the approach is appl
to pixels exhibiting an estimated coherence value higher th .
the selected threshold in at least 30% of the computed interf o
ograms. This assumption is consistent with the chosen strategy
of maximizing the spatial information. Fig. 5. False-color map of the measured deformation rms superimposed on

In Order to prOVIde an overa” plcture Of the detected deformﬁlﬂ SAR image amplitude of the inVeStigated area. The temporal evolution of
he deformations in the selected points identified by A, B, and C are shown in

tion, we present in Fig- 5 the false-color map representi-ng tbﬁs. 6(a)—(c), respectively. In points A and D, GPS measurements carried out
root-mean-square (rms) value of the computed deformation, f@March and September 2000 were available to us [25].
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T ofe . ' @3 of A (relative to D) give 4.14 cm of displacement whereas the
s —SE ¢ @y, 3 corresponding SAR measurements result in 4.05 cm; the good
E :;2: s o 3 agreement between the two different types of data is evident.
$ _nf °°o%®69° 3 Let us now consider the deformations occurring in the
= -25E 3 Vomero area; in this case, the presence of a deformation effect
1992 1984 1996 1998 2000 2002 o . A
Year was originally revealed by SAR techniques [10], but again our
= oF o " ‘ P technique aIIo_ws us not only to _identif)_/ t_his d_eformation but
= ope O g 3 also to track its temporal evolution; this is evident when we
3 ‘25 © ®009 000500 o0 3 consider Fig. 6(b), wherein the evolution of the deformation
5 :;;_ o 3 for a point (marked by B in Fig. 5) located in the area of
S sk 3 maximum deformation of this zone is presented. Note that in
1992 1984 B e TR 2000 292 this case no geodetic measurements are available, and therefore
= 3F i ; d - 3 no comparison was possible.
= 9 Finally, we have considered a point in the downtown area of
£ of ¢ wwaw® © IOV XOBPS B (00 O W WD . the city (marked by C in Fig. 5) that is supposed to be signifi-
g :; j j cantly stable. This hypothesis is fully confirmed by our obser-
a sk | vations clearly showing [see Fig. 6(c)] that no deformation can
1992 1884 1686 1988 2000 2002

Sfsar be detected in this zone during the investigated time interval.
As a final remark, we note that the presented technique has
been also recently applied to study the deformations occurring

Fig. 6. Time-series deformation measured in (a) point A, (b) point B, and (Qt the Vesuvius volcano [26]

point C of Fig. 5.

each investigated pixel, superimposed on the grayscale repre-
sentation of the SAR image amplitude. Note that this rms repre-
sentation is visually effective and allows us to provide, for each This paper describes an innovative technique for investigating
pixel of the investigated area, an integral information (with resurface deformations via the differential interferometric SAR
spect to time) of the detected deformation whose amount heehnique. This approach is based on the use of a large number
comes more significant as we move from green areas (stabfeSAR acquisitions distributed in small baseline subsets; it al-
zones) to red ones (highly deforming zones); obviously, arelasys the easy combination of DIFSAR interferograms com-
where the measurement accuracy is affected by decorrelatned via standard processing techniques and computation of
noise have been excluded from the false-color map. a time sequence of deformation.

Fig. 5 clearly shows that a significant deformation pattern is Key features of the proposed technique are the large number
present in two areas that can be easily identified: the larg@$tuseful SAR data acquisitions that allows an increase of the
one, on the left-hand side, represents the Campi Flegrei caldéeayporal sampling rate of the monitoring, and the high degree
while the one on the right side, significantly smaller, is located if spatial coverage over the area of interest, related to the use of
the Vomero zone, a densely populated quarter within the city &hall baseline interferograms only.

Naples. In order to demonstrate the capability of the proposedThe technique we present is applied pixel by pixel to all
approach to follow the temporal evolution of the detected d#he areas exhibiting a sufficiently high coherence degree and
formation, some examples are provided in the following. Fig.i6 robust with respect to possible errors of the DEM used in
presents the chronological sequence of the computed deforitie derivation of the differential interferograms. Moreover, the
tions for a point (marked by A in Fig. 5) located in the area divailability of both time and space information allows us to
maximum subsidence/uplift of the Campi Flegrei caldera. Nogdfectively remove the atmospheric artifacts in the results via
that the observed deformations are characterized by a ratagproper space—time filtering operation. More sophisticated,
continuous subsidence phenomenon from 1992 until the begin- even optimal, atmospheric filtering techniques could be
ning of 2000, when a change of the deformation trend occureluded in the processing algorithm and can be the object of
resulting in an uplift phase. These results are confirmed by gdorther developments.

detic measurements carried out by the researchers of the OsSince it is based on a simple inversion of a linear model, itis
servatorio Vesuviano (OV), which is the institution in charge dhtrinsically plausible to introduce ampriori knowledge about
monitoring the deformations occurring in the area. In this cagée temporal behavior of the deformation into the technique,
due to the availability of differential global positioning systenas pointed out in Section Il. Moreover, an easy extension of
(GPS) measurements performed during the uplift crisis of tiieis model to pixel groups, or even to the whole available areas,
year 2000 (these data have a height accuracy of about 1 cm [2&])pws us to benefit from the introduction of 3-D space-time
it was possible to perform a comparison between the SAR i@eformation models.

sults and the geodetic measurements carried out in March ands a final remark, we underline that the proposed technique
September 2000 in the points A and D of Fig. 5, the latter beimgnot suitable, at the present stage, for detecting local deforma-
located outside the highly deforming zone. The results obtaintoins on a small spatial scale as, for example, in the case of small
by projecting, in the radar line of site, the GPS deformatiormiildings suffering a structural stress; however, the extension of

V. CONCLUSION AND FUTURE DEVELOPMENTS
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our approach to the detection and monitoring of such local deg16] A. Ferretti, C. Prati, and F. Rocca, “Permanent scatterers in SAR inter-
formation seems rather simple, and preliminary results on these

issues look very promising [27].
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