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Abstract
Satellite radar interferometry can be used to spatially
monitor small vertical ground deformations. When millimeter
accuracy is required, the differential interferometry technique
is hampered by the ambiguity with atmospheric artifacts. It is
also often difficult to obtain a precise evaluation of the
kinematic evolution of ground deformations from a set of
time, randomly distributed interferograms. We present the
results of a least-squares approach coupled with a temporal
filtering and applied to a large data set over the City of
Paris. The mean deformation rate and a map of areas
affected by time, non-linear deformation events are pre-
sented. We show that this approach, which provides a
chronologically ordered set of phase screens, allows the
retrieval of the kinematic parameters of ground deformations
as low as 1 to 2 mm per year. Subsiding areas have been
detected, and their evolution in time has been quantified.
Such an approach can be useful to fully characterize the
kinematic evolution of ground deformations in major cities
or desertic areas where large areas have a high degree of
coherence and where millimeter accuracy is often required.

Introduction
Satellite radar interferometry has provided a new tool for
monitoring slow-rate ground deformations in a wide range
of geophysical applications (see Massonnet and Feigl, 1998
for a review). Ground motion hazards such as subsidence,
uplift, landslides, or earthquakes can be monitored with an
unsurpassed spatial coverage from remote sensing radar
observations. The differential interferometry technique
(D-InSAR) has been successfully applied to study ground
deformations in major cities such as Napoli (Tesauro et al.,
2000), Mexico (Carnec et al., 2000; Strozzi et al., 2001),
Bologna (Wegmüller et al., 1999), Las Vegas (Amelung et al.,
1999; Hoffmann et al., 2001) or Prato (Raucoules et al., 2002).
New insights are also revealed by the more advanced Perma-
nent Scatterers Method (Ferretti et al., 2000). Ancient quar-
ries, mining activities, underground construction, water,
or geothermal fluids extraction can result in subtle surface
deformations. The information concerning the ground
stability in densely urbanized areas is therefore a valuable
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tool for land use planning and natural or anthropogenic risk
assessment.

When considering ground deformations as low as a few
millimeters per year, a problem commonly faced with the
D-InSAR technique is the ambiguity with atmospheric artifacts,
which can be as high as one fringe (equivalent to 3 cm of
vertical deformation) in single ERS interferograms. Another
drawback is the restricted number of interferograms which
can be derived from a set of images to characterize ground
deformations. Indeed, only interferograms with sufficiently
low perpendicular baseline values can be used to preserve
the coherence level. This results most of the time in an
uneven temporal distribution of the differential interfero-
grams from which it is difficult to obtain a synoptic view of
the kinematic parameters of ground deformations.

We present a modified version of a least squares
inversion method first proposed by Usai et al. (1999, 2003)
and also used by Lundgren et al. (2001) and which over-
comes these limitations. The algorithm is applied to the City
of Paris. The aim of this approach is to provide a chronolog-
ically ordered sequence of phase screens from a set of time,
randomly-distributed interferograms. We will see that the
least squares inversion method, coupled with a temporal
filtering which uses the time uncorrelated nature of the
atmospheric features, strongly improves the sensitivity of
the D-InSAR technique and allows the monitoring of ground
deformations as low as 1 to 2 mm per year. We also present
the derivation of a mean deformation rate map and the auto-
matic detection of areas affected by time, non-linear defor-
mation events. The deformation history of each coherent
pixel can be derived from this approach, similarly to what is
obtained with the Permanent Scatterers Approach in large
coherent areas (Ferretti et al., 2000). We will see that this
analysis confirms the conclusions obtained in a restricted
area by Fruneau and Sarti (2000) and Le Mouelic et al. (2002)
from classical differential interferometry, and allows the
monitoring of much subtle ground deformations (up to 1
to 2 mm/year) than what was previously shown in these
studies.

Description of the Data Set
The input data set consists of 30 ERS-1 and ERS-2 images
covering the period 1992–2000. The characteristics of the
data set are given in Table 1. The last column of this table
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describes the relevant interferometric combinations which
will be used later in this study. Figure 1 shows the mean
radar amplitude image of the test site. This area is densely
urbanized, and it therefore provides a high degree of coher-
ence due to the geometric and radiometric stability of the
constructions.

Data Processing Steps for the Least Squares Inversion Method
Image Coregistration and Computation of the Interferograms
ERS Single Look Complex images are first co-registered at
a sub-pixel level to a master reference image. The reference
image should preferably be an image having a median per-
pendicular baseline value with respect to the set of images
so as to minimize distortions errors which could hamper the
co-registration process. The image number “15350” was
consequently taken as reference. This process raised the
question of a possible loss of coherence due to errors in the
co-registration with the master image of both images of the
interferometric pair. This question was taken into considera-
tion by testing the least favorable case (image 4118, 29 April
1992, B� � �1037 m; and image 4829, 23 March 1996, B�

� �1061 m with respect to the 15350 master image). No
significant loss of coherence was observed for this interfero-
metric pair. It therefore legitimizes the use of a single refer-
ence image for the co-registration of the whole set of images.

We have automatically produced the entire set of 241
interferometric combinations which have perpendicular
baseline (B�) values shorter than 200 m. This baseline limit

is chosen to avoid geometric decorrelation and minimize
residual topographic artifacts. Orbital fringes are removed
automatically by finding their frequency using a Fast Fourier
Transform (FFT) computation. This technique gives accurate
results in flat areas such as the Paris site. The topographic
component of the phase has been removed using a Digital
Elevation Model (DEM) provided by the French National
Geographic Institute (IGN) with a 50 m resolution and a
dh � 2.5 m vertical accuracy. Interferograms have been
geocoded with a 25 m pixel size. An adaptive filter (Goldstein
and Werner, 1998) has been applied to improve the signal to
noise ratio of the interferograms.

The phase error induced by DEM inaccuracy is equal to
2� dh Bp/10000, where Bp is the perpendicular baseline. The
highest perpendicular baseline which has been used in our
study is 197 m, corresponding to a topography phase error of
less than a twentieth of a fringe. Possible errors introduced by
the DEM are therefore negligible.

Unwrapping and Normalizing the Interferograms
Among the 241 combinations which have been produced,
we have kept M � 87 interferograms whose coherence level
is high enough (�0.4) on the area to be studied. These
87 interferometric pairs are given in the last column of
Table 1. We have automatically unwrapped these interfero-
grams using the minimum cost flow (Costantini, 1998) and
Delaunay triangulation method (Marshall and Eppstein,
1992; Rosen and Costantini, 1999) implemented in the
GAMMA software (Werner et al., 2002). Each unwrapped

TABLE 1. CHARACTERISTICS OF THE ERS IMAGES USED IN THIS STUDY. THE LAST COLUMN DESCRIBES THE INTERFEROMETRIC COMBINATIONS WHICH WILL BE

USED AS INPUT IN THE LEAST SQUARES INVERSION DISCUSSED IN A LATER SECTION. PERPENDICULAR BASELINES IN METERS AND TIME SPAN IN DAYS ARE

RESPECTIVELY INDICATED IN BRACKETS FOR EACH PAIR

Orbit No. Date B�(m) Combined as First Image with Orbits Number:

4619 06/03/1992 48 15350 (48,2124), 19859 (103, 2439), 20494 (197, 1073), 21362 (41, 2544), 21496
(43, 1178), 28877(109, 3069), 3326 (53, 1284), 8837 (119,1669), 9839 (51, 1739)

5621 08/12/1992 �583 13847 (23, 1949), 22865 (110, 2579), 23366 (60, 2614), 16853 (53, 2159)
6122 09/16/1992 492 12344 (59, 1809), 22364 (88, 2509), 24001 (43, 1248), 26372 (36, 2789), 28376 (39, 2929)

20494 06/16/1995 �149 14348 (61, 946), 14849 (7, 981), 15350 (149, 1016), 19859 (84, 1331), 21362 (156, 1436),
8837 (78, 561)

21496 08/25/1995 5 never used first in an interferogram
3326 12/09/1995 101 15350 (101, 840), 19859 (167, 1155), 21362 (94, 1260), 25871 (122, 1575), 28877(56, 

1785), 8837 (172, 385), 9839 (104, 465)
24001 02/16/1996 535 12344 (102, 561), 26372 (7, 1541), 28376 (4, 1681)
25504 05/31/1996 �336 14849 (180, 631), 17855(84, 841), 22865 (137, 1191)
7835 10/19/1996 551 26372 (23, 1295), 28376 (20, 1435)
8837 12/28/1996 �71 14348 (139, 385), 14849 (85, 420), 15350 (71, 455), 19859 (6, 875), 21362 (78, 875), 

9839 (68, 70), 17354 (38, 595)
9839 03/08/1997 �21 14849 (153, 350), 15350 (21, 385), 17354 (106, 525), 19859 (44, 700), 21362 (10, 805), 

28877 (160, 1330)
12344 08/30/1997 433 22364 (29, 700), 26372 (95, 980), 28376 (98, 1120), 29378 (51, 1190)
13346 11/08/1997 �333 17855 (87, 315), 22865 (140, 665)
13847 12/13/1997 �606 16853 (76, 210), 17855 (186, 280) , 22865 (133, 630), 23366 (37, 665)
14348 01/17/1998 �210 14849 (54, 35), 19859 (145, 385), 17354 (101, 210)
14849 02/21/1998 �156 15350 (156, 35), 19859 (91, 350), 21362 (163, 455), 17354 (47, 175)
15350 03/28/1998 0 19859 (65, 315), 21362 (7, 420), 28877 (157, 945), 17354 (109, 140)
16853 07/11/1998 �530 17855 (110, 70), 22865 (57, 420), 23366 (113, 455)
17354 08/15/1998 �109 19859 (44, 175), 21362 (116, 280)
17855 09/19/1998 �420 22865 (53, 350)
19859 02/06/1999 �65 21362 (74, 105)
21362 05/22/1999 9 28877 (150, 525)
22364 07/31/1999 404 never used first
22865 09/04/1999 �473 23366 (170, 35)
23366 10/09/1999 �643 never used first
25871 04/01/2000 223 28877 (66, 210), 29378 (159, 245)
26372 05/06/2000 528 28376 (3, 140) , 29378 (146, 210)
28376 09/23/2000 531 29378 (149, 70)
28877 10/28/2000 157 never used first
29378 12/02/2000 382 never used first
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Figure 1. Mean amplitude image of the study area (the
City of Paris, France).

interferogram has been multiplied by the factor �/4� cos i
(where � � 5.6 cm is the radar wavelength and i � 23° the
incidence angle) to convert the phase values into equivalent
vertical deformation values in centimeters.

The resulting unwrapped phase values are randomly
shifted by an unknown, pixel-independent, constant value due
to the 2� radians phase ambiguity, therefore, the unwrapped
interferograms have to be normalized. Lundgren et al. (2001)
selected a fixed point far from the subsidence pattern in their
study area and forced the corresponding phase values to zero.
Instead of selecting an arbitrary fixed point, we decided to
correct each unwrapped interferogram by using a second-order
polynomial fit to the data. This polynomial fit accounts for the
unknown constant value and has a lower sensitivity to small-
scale atmospheric artifacts which could affect any point
chosen as a reference. It also corrects any residual linked to
orbital fringes. It should be noted that this fit could also
eliminate a parabolic ground deformation affecting the whole
area (such as the one studied in Carnec et al., 2000). A simple
visual analysis of single interferograms is used to evaluate the
possibility of such a deformation to occur which was not the
case in our study.

Computation of the Mean Deformation Rate
At this stage, each unwrapped interferogram, once normal-
ized by the method described above, can be translated in
ground deformation rate by taking into account its time
span. This can be used to compute a mean deformation rate
map. The case of time, non-linear events will be discussed
in a later stage. A simple arithmetic averaging of deforma-
tion screens normalized by their time span would give a
higher weight to the pairs having the shortest time spans.
These pairs have also the lowest signal (deformation) to

noise (mainly atmospheric artifacts) ratio. We therefore used
a weighted averaging method which optimizes the contri-
bution of interferograms in terms of signal to noise ratio.
In this approach, the estimated mean deformation rate is
obtained by a least squares optimization. Assuming that the
temporal evolution of the deformations is a constant v, the
estimated value v̂ is given by, �h � v̂�t, where �h and �t
are vectors of M rows containing respectively the unwrapped
phase values converted into vertical deformation in centime-
ter and the interferogram time spans. v̂ is therefore given by:

(1)

where M � 87 is the number of interferograms used, �ti is
the time span of interferogram i and �hi, its unwrapped
phase value converted into vertical deformation in centime-
ter. The combination of the whole set of interferograms in
a mean deformation rate allows the elimination of residual
atmospheric features (Figure 2). We see that deformation
patterns as small as 1 to 2 mm per year can easily be distin-
guished (arrow “a” corresponding to the “Grand Palais” area,
and arrow “c” corresponding to the “Montmartre” area).
These deformation patterns, whose kinematic evolution will
be discussed later, had never been observed previously from

v̂ � �tt�h � (�tt�t)�1 �
a

M�1

i�0
�ti � �hi

a
M�1

i�0
�ti

2

Figure 2. Mean deformation rate V̂ computed from Equa-
tion 1 on the set of 87 interferograms and displayed in
gray levels from �0.3 cm/yr (black) to 0.2 cm/yr
(white). Arrow “a” indicates a mean subsidence event
of �3 mm/yr in the Grand Palais area during the period
1992–2000. Arrow “b” corresponds to the Saint-Lazare
area studied in Fruneau and Sarti (2000) and Le Mouelic
et al. (2002). Up and down deformations tends to com-
pensate during the 1992–2000 period in this area. Arrow
“c” corresponds to a subsidence of �2 mm/yr around
the Montmartre area. The temporal profiles of these areas
will be shown in Figure 3.
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remote sensing data. The subsidence event in the Grand
Palais area is confirmed by ground truth studies which will
be explained in the discussion section.

An important issue is the quantification of the residual
atmospheric noise level in the mean deformation map pro-
duced from Equation 1. Indeed, some images appear several
times in the selected interferometric combinations used as
input. For example, the scene 4619 is used in eight interfer-
ograms, whereas the scene 7835 is used only in two inter-
ferograms. This raised the question of a possible over-
representation of the atmospheric phase contribution of such
multiple scenes. It should first be noted that the most-used
image appears only eight times on a total of 87 input inter-
ferograms. This indicates qualitatively that an averaging
effect is obtained. In order to quantify this averaging effect,
we have performed several simulations using a random value
for the atmospheric components of each phase screen on a
pixel-by-pixel basis. For this test, the deformation compo-
nent is supposed to be zero and the atmospheric component
(therefore corresponding to �hi in Equation 1) is a random
Gaussian value centered on zero and with a 1-sigma width
of 3 cm. This corresponds to a rather high value for atmos-
pheric artifacts according to Williams et al. (1998). A set
of 200 independent draws have been performed using Equa-
tion 1. The standard deviation value of these 200 draws
gives an estimation of a residual atmospheric component
which is equivalent to less than 0.5 mm per year. This is
well below the 1 to 2 mm per year deformation features that
where highlighted in Figure 2.

The mean deformation rate given by Equation 1 is a
powerful tool for quantifying time linear deformations. On
the other hand, a time, non-linear deformation such as the
one observed by Fruneau and Sarti (2000) and Le Mouélic
et al. (2002) in the south of the Saint-Lazare area (downwards,
and then upwards, deformations) tends to compensate on
this image (arrow “b” in Figure 2). The least squares inver-
sion and temporal filtering, which will now be explained,
will permit a deeper analysis of the kinematic evolution of
these areas during the period 1992 to 2000.

Least Squares Inversion: Computation of a Deformation Screen 
for Each Date
The next step of the process is the least squares inversion of
the system of normalized unwrapped interferograms. The
procedure is described in details in Usai et al. (1999) and in
Lundgren et al. (2001). It corresponds to the inversion, on a
pixel by pixel basis, of the system Y � AX where Y is a
vector containing the set of M � 87 unwrapped interfero-
grams, A is a N � M matrix filled with values of 0, 1 and �1
and X a vector containing the set of phases of the N � 30
dates (the chronologically ordered phase screens). For the
input interferogram number k (corresponding to the differ-
ence of two phase screens at dates i and j), the values of A
on row k are all zero except at columns i and j, where they
are �1 and �1. The solution of this linear system is given
by the matrix equation:

(2)

where the first date in X (taken as the reference phase screen)
and the first column of A have not been considered. The
inversion is possible only if the determinant of the matrix
AtA is different from zero. A determinant equals to zero
would indicate that clusters of interferograms in the input
data set are disconnected (no common date). This is due to
the fact that some dates appear only once, often because low
baseline values, which are needed to preserve the coherence
level, are not always available. In this case, the link between
clusters of interferograms can be artificially reintroduced by

X � (AtA)�1AtY

generating flat or interpolated interferograms on periods as
short as possible (Usai et al., 1999). In our case, the whole
set of interferograms was connected. The result of the inver-
sion is a set of N � 1 � 29 chronologically ordered phase
screens from which the automatic detection of non-linear
deformation events can be performed.

Automatic Detection of Non-Linear Deformations
The automatic discrimination between atmospheric features
and time, non-linear events is a problem of importance.
Nevertheless, it is possible to derive automatically the areas
affected by time, non-uniform deformations by using the
elements described previously. Indeed, the mean deforma-
tion rate computed from Equation 1 (and shown in Figure 2)
can be used to evaluate the amount of expected linear defor-
mation for each date. When this contribution is subtracted
from a phase screen (the output of the least square inversion),
two contributions remain: the atmospheric contribution of
the given date, and the deviations from the linear deforma-
tion model. Atmospheric features are totally independent
from one phase screen to the next, whereas ground deforma-
tions are spatially at the same location. The quadratic mean
of the phase screens, from which the linear deformation
model (evaluated by Equation 1) has been previously sub-
tracted, therefore allows for the detection of the areas affected
by time, non-uniform deformation events. This is shown in
Figure 3 which displays the result of Equation 3:

(3)sNL � A  
1
N a

N�1

i�0
(di � v̂ � �ti)

2

Figure 3. Standard deviation (in cm) from the linear
deformation model obtained by applying Equation 3.
This image emphasizes areas affected by time, non-
linear ground deformation (in white). As expected, the
Saint-Lazare area (arrow “b”) appears clearly in the
center of this image. Areas having a mean coherence
value lower than 0.7 have been set to zero in order to
facilitate the interpretation.
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where 	NL represents the standard deviation from a linear
deformation model, N is the number of dates, di corre-
sponds to the deformation value of the ith phase screen, v̂ is
the mean deformation rate computed from Equation 1 and
�ti is the time interval between the date i and the reference
date.

Figure 3 clearly indicates that the area south of the
Saint-Lazare railway station (arrow “b”) and also to a lesser
extent the Grand Palais area (arrow “a”) are affected by
time, non-linear deformations on the period studied. This is
consistent with the conclusions made by Fruneau and Sarti
(2000) and Le Mouélic et al. (2002) from classical interfer-
ometry for the Saint-Lazare area. If the quantitative signifi-
cation of the result given by Equation 2 is not obvious,
the qualitative information provided on the nature of the
deformations is relevant for the following discussion. The
temporal deformation profiles, which will now be dis-
cussed, will allow the quantification of the non-linear
behavior.

Application of a Temporal Filtering and Derivation of Temporal Series
The deformations monitored by Lundgren et al. (2001) on
the Campi Flegrei caldera with the least squares inversion
method have an amplitude of approximately 20 cm. There-
fore, atmospheric features, which have a typical amplitude
of one-third of a fringe (corresponding to a vertical defor-
mation of 1 cm) in a single interferogram (Williams et al.,
1998; Goldstein, 1995), do not hamper the interpretation of
the deformation patterns in their chronologically-ordered
sequence of phase screens. In our case, the maximum ampli-
tude of the deformation patterns is lower than 2 cm (in the
south of the Saint-Lazare area), and the continuous move-
ments which we want to emphasize are as low as few milli-
meters per year. Therefore, the atmospheric components of
the chronologically-ordered phase screens of Paris limits the
conclusion which can be made from the direct output of the
least squares inversion method.

We have used the physical property of the atmospheric
component to bypass this problem. Indeed, excepted for
areas with very steep relief (Delacourt, 1998), atmospheric
features are totally uncorrelated in time, and are therefore,
completely different from one date to the next. On the con-
trary, ground deformation signatures are correlated in time.
Therefore, using a temporal filter on a pixel-by-pixel basis
reduces the atmospheric noise without degrading the infor-
mation regarding slow rate ground deformations. We have
used a Lee filter (Lee, 1980) in the temporal dimension to
improve the reduction of the residual atmospheric artifacts
in the chronologically-ordered sequence of phase screens.
The Lee filter smoothes additive image noise by generating
statistics in a local neighborhood and comparing them to
the expected values. Figure 4 displays the result for three
temporal profiles of the deformations occurring in the Grand
Palais area (Figure 4a), south of the Saint-Lazare railway
station (Figure 4b: time, non-linear evolution) and Montmartre
area (Figure 4c: time linear).

Plus symbols in Figure 4 correspond to the direct output
of the least squares inversion method. Asterisks correspond
to the values filtered using the Lee filter with a window of
5 pixels (in time) to reduce the atmospheric component.
This width of 5 pixels in low enough to preserve seasonal
variations if any are present. Figures 4a and 4c show that a
significant improvement is obtained for time regular ground
deformations. In the case of strong time, non-linear deforma-
tions, and in particular in the case of a significant ground
deformation occurring in less than the 35 days time sample
frequency, the temporal filter would tend to widen the time
interval during which the deformation occurs. We have used
Figure 3 to detect such time, non-linear events, and a visual

analysis of the unfiltered chronologically-ordered sequence
of phase screens to derive the exact dates of the discontinu-
ities. The strongest discontinuity (uplift) was found in the
Saint-Lazare area during the summer 1998. This uplift also
appears in the unfiltered deformation profile of Figure 4b.
The Lee temporal filtering in Figure 4b has been applied
separately in two parts (16 June 1995 to 11 July 1998, and
15 August 1998 to 2 December 2000) to preserve this
discontinuity.

Plate 1 shows a set of representative deformation phase
screens (in chronological order) which have been produced
by the least squares inversion and the temporal Lee filtering.
Such a sequence could be used to produce an animated
sequence showing the evolution of the deformation. One
cycle of color represents a vertical deformation of 1.5 cm in
these images. This sequence clearly shows the time evolu-
tion of the deformation in the south of the St-Lazare area
(subsidence, and then uplift). The small residual subsidence
feature still observed south of the Saint Lazare railway
station in the last phase screen seems to indicate that the
uplift observed by Le Mouelic et al. (2002) do not fully
compensate the subsidence observed by Fruneau and Sarti
(2000). This question was left unanswered at the time of
these studies. The sequence also reveals the millimetric
deformations in the Grand Palais and Montmartre areas
which mostly appear in the last phase screens due to their
low deformation rate.

Figure 4. Temporal deformation profiles obtained after the
least squares inversion and temporal filtering: (a) Grand
Palais subsiding area. (b) Saint-Lazare-Condorcet area. 
(c) Montmartre area. These areas correspond to the
arrows in Figure 2. The temporal filtering allows a signi-
ficant reduction of the atmospheric contribution.

(a)

(b)

(c)
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Plate 1. Set of representative phase screens (with respect to the 03 June 1992) obtained after
the least squares inversion and the temporal Lee filtering performed on five dates. One cycle of
color represents a deformation of 1.5 cm in these images. The mean amplitude image has been
used as background.
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Figure 6. Comparison of the standard deviation of the
first phase screen obtained by the least square inversion
with the standard deviation estimated from the mean
coherence using the Cramer-Rao bound (Equation 4).
The correlation between the two parameters shows that
the accuracy of the result of the least square inversion
is mainly controlled by the coherence level.

Discussion
Effect of a Weighting by the Coherence Level in the Least Squares
Computation
Some interferograms have a lower degree of coherence than
others, due to large perpendicular baseline values and/or
surface changes (humidity or vegetation changes). Figure 5
shows the mean coherence on the area which has been
computed by averaging the set of 87 individual coherence
images. The mean coherence is displayed in gray levels
between 0 (black) and 1 (white). As expected, water and
vegetated areas appear as low values in this image, whereas
urbanized areas appear in high values.

We have tested the coherence level as a weighting factor
for each interferogram in the least-squares inversion process.
This test showed that in the case of Paris, the improvement
is not significant enough (lower than 2 mm) to allow a better
interpretation of the temporal profiles.

Standard Deviation of the Results
As a result of the least squares inversion, the standard devia-
tion of each pixel with respect to the input data set is also
obtained. In order to evaluate the link between this standard
deviation and the coherence level, we have compared the
spatial variations of the standard deviation of each phase
screen with the expected standard deviation due to a coher-
ence loss which is approximated by the Cramer-Rao bound
(Zebker and Villasenor, 1992) given by:

(4)

where NL corresponds to the number of looks and 
 to the
coherence level. In our case, the mean coherence was esti-
mated using 5 � 5 pixels windows on interferograms previ-

s� �
112NL

 
11 � r2

r
ously filtered by an adaptive filter (Goldstein and Werner,
1998). The actual value of NL is therefore not known, but it
is the same for each pixel in all phase screens. Figure 6
shows that the standard deviation after the least squares
inversion is linearly correlated to the standard deviation
inferred from the mean coherence level. This confirms that
the mean coherence level is the driving factor controlling
the accuracy of the result.

Origin of the Observed Deformations
The Saint-Lazare-Condorcet area corresponds to the location
of an important underground construction site. This under-
ground work was required to lower temporally the piezomet-
ric level by intensively pumping the underground water.
The variations of the underground water level are most
probable at the origin of the observed deformation in this
area.

The Grand Palais and Montmartre deformations had
never been observed before at this global scale and during
this period. The Grand Palais is a major element of Paris
heritage. It has been affected by subsidence since its con-
struction between 1897 and 1900 for the World Fair. The
present geological context results from the presence of an
old river arm which induces poor soil conditions in the
southern part of the site (containing silts, loose sands, and
weathered limestone) compared to the northern part (made
of dense fine to coarse sands and slightly weathered lime-
stone). In addition, the masonry structures of the Grand
Palais are supported by driven wooden piles on the south-
ern part, whereas the columns are supported by spread
masonry footings in the northern part. Driven wooden piles
were rotten due to their exposure to oxidizing free air dur-
ing a lowering of the water table. As a result, structural
disorders and differential settlements have occurred since
1910. The total settlements are estimated to be around 10 to
15 centimeters, and up to 5 cm between 1972 and 2001. A
global remedial works has been started at the end of 2001 to
consolidate the foundation and the structure of the building.
Our study shows that the Grand Palais is located in a globally
unstable area for which relative stability was observed during

Figure 5. Mean coherence image of the set of 87 inter-
ferograms used in this study displayed in gray levels
between 0 (black) and 1 (white).
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1992–1996, whereas about 2.5 cm of subsidence occurred
between 1996 and the end of year 2000. Such information
contributes to the overall comprehension of the phenome-
non and could be integrated in a global monitoring strategy
for the conservation of the building. We plan in future works
to perform a more detailed comparison with other InSAR and
geodetic data covering this area.

Conclusion
A least squares approach coupled with a temporal filtering
has been used for monitoring small ground deformations
from a set of 30 ERS images of the City of Paris. A method
for computing the mean deformation rate and a map of areas
affected by time, non-linear deformation events has also
been presented. The aim of this approach is to provide a
chronologically-ordered sequence of phase screens showing
the kinematic evolution of the deformation patterns. The
advantage of this method compared to the analysis of single
interferograms is to allow a subsequent reduction of the
atmospheric artifacts by using temporal filtering. Deforma-
tion features as low as 1 to 2 mm per year can easily be
identified with this method. Subsiding areas have been
detected in the Grand Palais and Montmartre areas. As a
result, a synoptic view of Paris main ground deformations in
the period 1992–2000 has been obtained. Such an approach
provides important information concerning land use plan-
ning and natural (or anthropogenic) risk assessment in
densely urbanized areas. This approach could also be useful
to detect and quantify deformations associated with slow
active faults in semi-desert areas when a millimetric accu-
racy is required.
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