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Mexico City subsidence measured by INSAR
time series: Joint analysis using PS and SBAS

approaches

Y. Yan, M.P. Doin, P. Lopez-Quiroz, F. Tupin, B. Fruneau,Pihel, E. Trouvé

Abstract

In multi-temporal INSAR processing, both the Permanentt&a (PS) and Small BAseline Subset
(SBAS) approaches are optimized to obtain ground displacémates with a nominal accuracy of
millimeters per year. In this paper, we investigate how gingl both approaches to Mexico City subsi-
dence validates the INSAR time series results and bringpleonentary information to the subsidence
pattern. We apply the PS approach (Gamma-IPTA chain) and-dmoa SBAS approach on 38 ENVISAT
images from November 2002 to March 2007 to map the Mexico 8itysidence. The subsidence rate
maps obtained by both approaches are compared quantifadind analyzed at different steps of the
PS processing. The inter-comparison is done separatelipfepass (LP) and high-pass (HP) filtered
difference maps to take the complementarity of both apgresat different scales into account. The
inter-comparison shows that the differential subsidenap obtained by the SBAS approach describes the
local features associated with urban constructions amdstrfictures, while the PS approach quantitatively

characterizes the motion of individual targets. The latiearmation, once related to the type of building
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foundations, should be essential to quantify the relatiwpdrtance of surface loads, surface drying and

drying due to aquifer over-exploitation, in subsoil comjiat.

Index Terms

INSAR time series, subsidence, SBAS, PS, joint analysis

. INTRODUCTION

Differential interferometry, using the phase differenetvieen two radar images taken at two different
dates combined with a digital elevation model (DEM), pr@&é measurement of the ground displacement
with a pluri-centimetre accuracy [1] [2]. This techniqueshieen successfully applied to the monitoring of
landslides, earthquake deformations, volcanic actwitied urban subsidence. Its limitations result from
DEM errors, atmospheric propagation delays of the radareveand decorrelation due to the increase of
the temporal and spatial baseline between satellite paseesvercome these difficulties and produce
long time series of ground motion, the Permanent Scatt@®®) &énd the Small BAseline Subset (SBAS)
approaches have been developed.

Permanent Scatterer Interferometry (PSI) [3] [4] [5] digtiishes itself from other SAR interferometric
processing by the use of a single master image to generasela it differential interferograms without
limitations in temporal or spatial baselines. PS cand&latdich a priori carry reliable phase information
across the interferogram stack, are selected based onbheliscattering properties. On these points,
the PS approach adopts essentially a model-based, tempowahpping strategy. Accordingly, a priori
information on the displacement is necessary, from whictefardhation model can be established. In
general, the average linear displacement velocity and tBM [@rror are considered as the two major
parameters of 2D linear regression of the wrapped phasesrysoral unwrapping is performed on local
phase differences, the PS approach includes schemesdoaitetén space relative displacement rates and
DEM errors.

The SBAS approach [6] [7] [8] [9] increases the spatial cagerover which one extracts reliable phase
delay time series, especially outside urban areas, byddkim speckle properties of most targets in SAR
images into account. To maximize coherence, interferogram computed only for image pairs separated
by small temporal and spatial baselines. Interferogranmm Boredundant network linking between images
in the temporal and spatial baseline space. Decorrelatisenn the interferograms is partly removed by

range filtering of the non-overlapping part of the spectrurd by applying a spatial filter, thus reducing
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the interferogram spatial resolution. Interferograms then spatially unwrapped. The inversion of the
whole set of interferograms by Singular Value Decomposi{®VD) provides phase delay time series.
These two approaches are applied here to a data set centeted dexico City basin, a large, flat,
endoreic basin (at 2240 m elevation) surrounded by volcamiins. Its subsoil is classically divided into
three main geotechnical zones: Foothills Zone (1), TramsiZone (lI) and Lake Zone (lll) (Figure 1).
The foothills subsoil consists of heterogeneous volcastid deposits and lava. In contrast, the lake zone
subsoil corresponds to highly compressible lacustringsclin between, the transition zone is mainly
defined by sand and gravel alluvial deposits, intercalatéd wolcanic materials and clay lenses. The
Mexico City subsidence, which is characterized by a wideiapaxtent, very large rate (reaching 38
cmlyr), and extreme subsidence gradients (variation ofoup5t cm/yr in 200 m), is due to drying and
compaction of the low permeability clay layers, driven byepexploitation of the underlying aquifers.
Local differential subsidence gradients threaten thegititie of the structure and infrastructure, whereas
global subsidence produces tilts in the drainage netwodkiarwater reservoirs, and changes the flood
patterns during the rainy season. Accurate charactesizati Mexico City subsidence rate at different

scales is therefore of great importance.
[Fig. 1 about here.]

However, the application of multi-temporal interferonyein this area is very difficult. Coherence is
lost due to vegetation cover, soil occupation changes aaddlief of the volcanic chains outside the
city make the application of multi-temporal interferonyettery challenging. Previous INSAR studies of
Mexico City subsidence include the computation of ERS, JERE ENVISAT interferograms [10] [11]
[12] [13], and a PS time series analysis based on 23 ENVISAdgis from January 2004 to July 2006,
focused on the western part of Mexico D.F. [14]. In this papexr focus on the measurement of Mexico
City subsidence using a data set of 38 ENVISAT images fromeXder 2002 to March 2007. INSAR
time series analysis is performed on this data set using aatiodified SBAS approach dedicated to
Mexico City subsidence specificity [15] [16] and the PS appioof Gamma-IPTA [17] [18]. The inter-
comparison between these two approaches is realized infingtly to validate subsidence maps and their
given uncertainties, and secondly to benefit from their dempntarity for characterization of subsidence
rate at different scales. The available ground truth data fefv continuous GPS measurements [13] [14]
and numerous levelling data spread across the basin doawuit tee mm/yr accuracy necessary to validate
INSAR time series analysis. In section Il, we describe th@iegtion of the PS Gamma IPTA chain to the

Mexico City data set, and analyze briefly the results. A seoesynthetic tests, carried out to quantify
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uncertainties associated with temporal unwrapping, @aéily in the presence of nonlinear motion are
presented in section Ill. In section IV, we describe briefljnadified SBAS approach [16] to solve the
specific problem of spatial unwrapping on Mexico City. Int&atV, we present a quantitative comparison
between the PS and SBAS approaches and investigate thearaemthry information provided by both

approaches to the characterization of Mexico City subsidefinally, conclusions and open problems

are addressed in section VI.

Il. PS PROCESSING

[Fig. 2 about here.]

We describe here the application of the Gamma-IPTA chairhéoENVISAT Mexico City data set
(Figure 2). First, we produce a stack of SLC (Single Look Cxpradar images coregistered to the
same master image, chosen in the middle of the temporal atihlspaseline space. PS candidates are
then identified based on the temporal variability and thensity of the backscattered echo. The mean
intensity @) and the standard deviation) of each pixel, and the overall mean intensi#) (of all the
pixels are calculated. A pixel is considered as a PS caraifliitsatisfies simultaneously two following

empirical criteria:
1

where D, is the intensity dispersion index.

13.2x 10* pixels are selected, the vast majority in the flat basin evéy the city and a few on human
made structures on the lower parts of the volcano flanks saodiag the basin. The wrapped differential
phase of PS candidates on the multi-temporal data stackeisdbmputed using an interpolated SRTM
DEM (Figure 1) [19] and the DELFT precise orbit data [20]. Tirenvrapped differential phase delay
for a point target in interferograrh can be expressed as:

47 Bk 4
k L k k k k k
(25 = — h—|——] —|—(25 —|—(b —|—(b —|—(b . 2
\ Rsinf A v atmo orb nl noise ( )

where the first term corresponds to the DEM erfgrthe second term corresponds to the linear displace-

ment ratep, ¢F,,.., is the atmospheric phase delay,, is the residual orbital error phasg,; corresponds

atmo

to the nonlinear ground motion anff ... is related to the decorrelation noise, which is assumed to be

oise

low on PS candidates. The phase of the topographic errcgs/énearly with the perpendicular baseline

BY, with a proportionality coefficient depending on the wawejeh of the radar carrier signa, the
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radar to ground distance?, and the incidence anglé, The linear displacement phase is written as a

function of the temporal baselin@”. In order to extract the displacement time series from thapyped

differential phasey”, the PS software starts with a local unwrapping in th&, (Bﬁ) space of the phase

differencesy” between nearby PS candidates. This leads to increments h &Eor and displacement

rate ¢v, oh), that are then integrated through space to get a glahal)(solution. The phase residuum,

ok ., is also obtained after spatial integration assuming thatiecalsy”, . differences remain included

in the [, 7] interval. As the phase residuum includes the residuatalrtriend, atmospheric delay, and

nonlinear motion, their progressive filtering leads to a enaccurate solution of displacement time series

by iterations. The Gamma IPTA chain proposes seven iteratieps, but only the first three steps were

successively applied to our data set. These are descrilbed:be

1)

2)

3)

First temporal unwrapping. An initial estimation of thisglacement rate (Figure 3 (a)) and height
correction (Figure 3 (b)) is obtained on PS candidates tiit@u2D linear regression on the wrapped
differential phase as a function of the perpendicular iaselnd of the time interval of the temporal
series. During the first step, only 34 interferograms whosgendicular baseline is smaller than
800 m are used. Each interferogram is divided ihta 1 km? wide patches. The regression is
performed on the phase of each PS in a given patch with respéoe patch reference phase, the
phase difference at short distance including only smaltrdmutions frome,,, @atme and possibly
vni- The phase standard deviation of the regressigris given as an assessment of the quality
of the modeled {v, Jh) and reflects the point decorrelation noise, plus othergemot taken into
account in the regression. We kegép4 x 10* points with o below the threshold of 1.1 radians.
This threshold is chosen on the basis of synthetic testsribesicin section lll. Beginning with
the global reference point, the patch reference points aveapped by connecting each point to
others in a propagating way. The local velocity and heigfiedince, together with residual phase
difference, are also propagated across the interferograinederenced to the global reference point.
The velocity map presents the same pattern and amplitudeaasliérived from levelling [21].

[Fig. 3 about here.]
In the second step, the velocity and DEM error are re-egéichfor the unwrapped phases of the
25 interferograms identified as being correctly unwrappetheé first step. Note that in this second
regression without unwrapping, single patch processirapied to avoid patch errors. About 8%
of pixels with large phase standard deviation are masked.

In the third step, temporal unwrapping (as in step 1) isragarformed only to refine the solution
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obtained in step 2, therefore allowing only a limited vaaatof 0.5 cm/yr for the velocity and
of 3 m for the DEM error. For accuracy, 37 interferograms asedu After this step, 30 residual
interferograms are qualitatively considered as corregtiwrapped based on the visualization of

the residue.

The later steps proposed in the Gamma-IPTA chain have naot dpplied with success to our data
set. In step 4, the application of spatial unwrapping dodsappear to really improve the 7 residual
interferograms, which are incorrectly unwrapped at stegdtBpugh the visual appreciation of unwrapping
quality on a sparse and noisy set of data points is quite stilge The next steps, 5 and 6, include
successive corrections of the residual orbit ramp and thesptheric phase screen associated with changes
in water vapour stratification. The first is done by optimigthe baselines such that the deviations between
modeled and differential phases are minimal in the leasapusense. The second is obtained by linear
regression between phase and elevation for each residedleimgram. However, there is only a very
small number of PS outside the deformation area, and theatilins are dissymetric: they are almost
entirely located on the western side of Mexico City on thetlgeslopes of the mountains. Estimation
of residual ramp and stratified atmospheric contributionsstable ground is thus not possible here.
Furthermore, as the residual orbital contribution may b@med onto the estimated velocity field and
DEM error map (Figure 3), removing the velocity and DEM ercannot help the residual orbital ramp
correction. As residual orbital ramps still remain in theapl time series, it appears inappropriate to
apply the last correction step, which consists of smootltingthe turbulent atmospheric phase screen
by a weighted temporal filter. Although the Gamma-IPTA cheduld not be applied in its entirety, the
subsidence map obtained will be compared and discussedegect to that obtained using the SBAS
processing.

The Gamma-IPTA chain was applied using different pararadbefore selecting the run that gives
the best results, evaluated from both visualization of teleaity field, residual interferograms, and the
comparison with the SBAS subsidence rate field (see belog.fifst problem encountered derived from
aliasing of the phase values sampled at acquisition datirsgdhhe temporal unwrapping step. As temporal
sampling isit =35 days or a multiple of 35 days, the phase can be exactly lgcadjlisted With%’fvo Xt
or 47”(@0 + ﬁ) x t. There is thus an ambiguity in the retrieved velocity thabants to 29.3 cm/yr. In
order to reduce the impact of aliasing, we chose a globateeée point in an area subsiding at a velocity
of 20 cm/yr and limited the interval of adjustment for veloes in the first temporal unwrapping step to

+8 cm/yr. The second problem was to set the width of patchedl smaugh to reduce the relative phase
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noise between reference points of neighbouring patchele Wiiting the number of patches to shorten
the integration path. A patch width of 1 km appeared to yie@ddjresults. Finally, the threshold on the
phase standard deviation was set to the optimum value irr ¢odavoid erroneous estimated velocities
(that could propagate through the reference point netwavkjle keeping the maximum number of PS

candidates. Synthetic tests (section Ill) show that a Hulelsat 1.1 radians is appropriate.

I11. ANALYSIS OF THE TEMPORAL UNWRAPPING STEP USING SIMULATED DAX

A particularity of Mexico City subsidence is the very highbsidence rates, reaching 35 cm/yr in the
line of sight (LOS) direction, and the high subsidence gratsi across lithological boundaries between
lacustrine deposits and volcanoes flanks. Furthermonget-®uiroz et al. (2009) showed that subsidence
is almost perfectly linear in time. These two charactersstinake temporal unwrapping a priori more
robust than spatial unwrapping to reconstruct the spatigpbral subsidence evolution. However, temporal
unwrapping may fail due to phase noise (decorrelation, sprneric phase screen and residual orbital
trend) and deviation from the assumed linear model. In thidien, we use synthetic phase data sets
to test the effect of nonlinear motion and noise. We consiynthetic time series of phase differences
between two point$*, wrap them, and then adjust the synthetic wrapped phasesrbgdal, s,

expressed as:
BY
Rsinf

5Pk = 4%(5@’“ + 6h ) (3)

where §®* is the modeled phase difference between two pointsis the incremental ground velocity
between two points andh is the contribution associated with relative DEM error bedw two points.

Both jv anddh are estimated by maximizing the norm of complex coherence

13N
1= Z (0t —0®") (4)
k=1

where N is the number of SAR data (N=38).

The simulation is performed for synthetic data sets withmaise and with an added Gaussian noise.
In each case, we have three assumptions for the temporahaion behaviour: (a) linear deformation
(b) linear deformation with added acceleration (c) lineafodmation with added periodic deformation.
The dates7, and the perpendicular baselin&i, are given by the 38 acquisitions of Mexico City. The
wrapped phase differences are constructed from an inpotiel(10 cm/yr) and an input DEM error
(5 m). The tested values of the acceleration and the peridkdeoperiodic deformation are based on the

results of the SBAS approach.
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(a) As expected, in the case of linear deformation and withdded noise, the retrieved coherence peak
reaches 1.0 at 10 cm/yr and 5 m. As soon as Gaussian noisedd add the noise level increases,
the maximum coherence decreases and the coherence of agcpadks increases. However, as long
aso remains lower than 1.1 radians, the retrieved velocity aBd/Berror remain at 10+/-0.1 cm/yr
and 5+/-1 m with a few exceptions (Figures 4 (a) and (c)).

(b) In the case with an acceleration of 0.5 cr/ythe input velocity is the average velocity (10 cm/yr)
during the acquisition period. Without noise, we obsena the highest coherence peak is wide and
divided into three. The maximum coherence occurs at 9.6 rcamy 5.6 m with a coherence value
equal to 0.64. Two secondary peaks are seated at 8.7 cnBym 4nd 11 cm/yr, 3 m respectively.
When different Gaussian noise levels are taken into ac¢dbetmain peak remains, with a few
exceptions, at 9.6+/-0.1 cm/yr and 5.6+/-1 m as long &smains smaller than 1.1 radians (Figures 4
(b) and (d)). However, at the chosen velocity of 9.6 cm/yg anwrapping error always occurs during
the temporal unwrapping procedure (see the example in &igur

(c) In the case of inter-annual deformation (represented byusoid of period 2 years), without noise,
three coherence peaks (at 10 cm/yr, 8.5 cm/yr and 11.5 crappar instead of one. As long as
the sinusoid amplitude remains lower than 0.6 cm, the maak pemains at 10 cm/yr. However,
when the sinusoid amplitude exceeds 0.6 cm, the coheremmemes maximum at 8.5 cm/yr with
a value larger than 0.6. Applying a threshold @rat 1.1 radians does not exclude all points with
inter-annual deformation larger than 0.6 cm, resulting ivtapping errors on points considered as

reliable.
[Fig. 4 about here.]
[Fig. 5 about here.]

Although, according to Figure 4, PS candidates withalue lower than 1.0 radians carry reliable phase
information. However, we took 1.1 radians as thehreshold for PS candidate elimination during the
PS processing present in the previous section. This thigstes chosen on the basis of a compromise
between the PS point quality and the spatial coverage.

To quantify the effect of the Gaussian noise level on thegraege of selected PS and the percentage of
errors (retrieved wrong velocity and DEM error values), veefprm statistics on 1000 synthetic data sets
at each noise level without and with acceleration. Resuéislesplayed in Figure 6. Without acceleration,

as long as the noise level remains lower than 0.4 cm, all sitedIPS candidates have a phase standard
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deviation, o, lower than 1.1 radians and the retrieved velocity is alwaysect. When the noise level
reaches 0.7 cm and above, only few PS candidates haatue lower than 1.1 radians, but@0of them
have wrong retrieved velocity values. The percentage of&(PS candidates that are selected but present
wrong velocity values) is about 3% at a noise level of 0.6 cnalbove. Because PS candidates have
statistically low D, values and thus low phase noise (see gray filled triangle dnrgi6), we conclude
that the chance of retrieving a wrong velocity value fronestdd PS should be low for the case of linear
deformation. However, when acceleration is included, tbhelper of selected PS candidates decreases
drastically even for low noise levels (0.2 - 0.5 cm). For edisvels of 0.4 cm or above, 3% of the PS
candidates have both a phase standard deviation lower thamadians and a velocity value outside the
9.3~ 10 cm/yr range (9.6 cm/yr is the velocity value retrievedhwiit added noise). Out of these, most
haveo value larger than 1 radians. For the case of nonlinear motielocity errors are not randomly
located but present clusters, as shown in Figures 4 (a) gnd (b

We conclude from the synthetic tests that the probabilitplathining erroneous velocities on selected
PS candidates is very low. However, a large proportion ofd?§ets presenting relative nonlinear motion
(of amplitude above 0.6 cm) will be discarded based on theialues obtained during the temporal

unwrapping step. Some may be kept, but present one unwigepiar with a high probability.

[Fig. 6 about here.]

IV. SBAS PROCESSING

The ENVISAT Mexico City data set was also processed with aifile@tiSBAS approach dedicated to
Mexico City subsidence specificity. This approach, degigpecifically to solve the unwrapping problem
in areas of large and relatively stable deformation, is @xjeld in detail in [16]. Here, we just outline the
main characteristics. Firstly, 72 differential interfgrams are constructed with perpendicular baselines
less than 500 m and temporal baseline less than 9 monthse Bheall baselines allow a maximization
of the spatial coherence and a reduction of the signal estsalcwith DEM errors. Filtering, unwrapping,
correction of stratified atmospheric delays and residuaitalrtrend, and inversion of interferograms are
performed in three successive iterations.

In the first iteration, the raw differential interferograrsith a multi-looking of 1:5 in range and
azimuth direction respectively) are adaptively filterethgshe Goldstein filter that damps the spectrum
in the Fourier domain [22] and are unwrapped spatially byltench-cut algorithm of ROI-PAC [23].

Some could not be unwrapped correctly due to high deformdtinge rates. Nevertheless, the stratified
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atmospheric delay and the residual orbital contributioa jmintly estimated by linear adjustment to
the differential phase outside the deformation area, detside the flat portion of the basin. Then, a
SVD inversion allows an examination of the closure of theurathnt interferometric network and a
guantification and identification of unwrapping errors.

The next two iterations repeat the previously describedgutare, but with a "guide” to the unwrapping
step. [16] pick the 5 best interferograms with high signahtise ratio and no phase unwrapping error,
and stack them to represent an average deformation ratesdtloalled deformation model hereafter).
An adaptative filter is applied to the stack to reduce noiges @eformation "model” is then scaled by
least squares adjustment to each interferogram unwrappée iprevious iteration. Residual orbital ramp
and stratified atmospheric delays are also estimated frenuttivrapped interferograms obtained in the
previous iteration. All these terms are removed from the differential wrapped interferograms. The
resulting residual interferograms present a limited numdfefringes, including turbulent atmospheric
patterns, the deformation that does not follow the "modealid noise. After spatial filtering, they are
unwrapped by SNAPHU [24]. A new inversion allows an examorabf closure errors and a quantification
of unwrapping errors. The latter decreases significanthis Tunwrapping "guide” is repeated twice
to refine the "model” scaling, the estimation of stratifiednaspheric delay and the residual orbital
contribution in the first step. A further mask is applied teeifierograms in which the residual phase
exceeds 4 radians. [16] verify that the interferometrictesysmis-closure drops at each iteration.

Finally, a set of 71 unwrapped interferograms is obtainadcsssfully corrected from stratified atmo-
spheric delay and orbital residual contribution, and withhase reference equal to zero outside the flat
basin, masked in noisy areas. After inversion, the phasgydehe series in general show a remarkably
linear subsidence through time. However, in some areashanegligible acceleration or deceleration
occurs. Furthermore, for some pixels, the matrix for ini@rshas a rank deficiency, i.e. at least one
critical link in the interferometric network is missing. these cases, the acquisition data set is split into
two or more independent image groups. Since a non negligitieleration or deceleration is observed in
some areas, one additional constraint, stating that theeptaries as a quadratic polynomial in time and
linearly with perpendicular baseline, is then added to tesigh matrix with a sufficiently small weight
so that it only fixes the offsets between phase delay timeseaf independent image groups.

The average ground motion rate is shown in Figure 7 (a), armbenon the root mean square (RMS)
mis-closure maps of the inconsistencieg,;s in the interferometric network is shown in Figure 7
(b). The uncertainty of the subsidence velocity is equal . fim/yr, for pixels without unwrapping

error (i.e. forprars values lower than 0.35 radians) and for which the interfexim set is complete.
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This standard deviation value is computed from the linegrassion of phase versus time, assuming
an independent Gaussian distribution for phase errorght8filarger uncertainties are expected if fewer
images or interferograms are available for a given pointteNaso, that due to the slight adaptative
filtering applied to X5 looks interferograms, the solution can be considered gslagzed in space,
and thus cannot quantitatively provide the subsidencecitglof an individual target that could subside

differently from its neighbors.

[Fig. 7 about here.]

V. JOINT ANALYSIS OF PSAND SBAS APPROACHES

The PS and SBAS approaches are applied to the same data sétalMws a detailed and quantitative
comparison between subsidence velocity maps built frorh lapiproaches. The first aim is to validate
the results obtained by each of the two approaches and tasdisehether the uncertainty claimed is
compatible with their inter-comparison. The second aino isighlight their complementarity in measuring
Mexico City subsidence at different scales.

The displacement rate estimated by the first three stepsed?$happroach is compared to the average
velocity obtained by the SBAS approach. Note that, becatiseagcuracies in the relative positioning
of PS and SBAS velocity maps in ground geometry, we need tteeghem by applying a subpixel
shift that maximizes their cross correlation. This stepnipadrtant as the lateral variation in subsidence
velocity is extremely large in Mexico City. The SBAS velgcit PS locations is calculated by bilinear
interpolation using the available grid points around thep@®it (4 grid points in most cases, less in a
few cases). Finally, to analyze in detail the dispersionhef PS-SBAS results, we use three additional
parameters, the PS phase standard deviadiothhe map of nonlinear deformation derived from the SBAS
analysis,,,;, and the SBAS RMS mis-closureprrg. Out of the12.3 x 10* PSs, for which we also
have a SBAS value at PS step 1,3.Bave as between 1.0 and 1.1 radians (selected PS with possible
unreliable phase value), &6are in areas with nonlinear deformation greater than 1.Binadand 1.%
have aprys greater than 0.35 radians (with a possible unwrapping &mwan SBAS). Unreliable results

might thus be expected in these three cases.

A. Global comparison

The PS velocity map at step 1 and the average SBAS velocity ahdhe same scale are shown

respectively in Figure 3 (a) and in Figure 7 (a). The velooiigp obtained by the SBAS analysis extends
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beyond the limit of urban areas and of the valley, wider tHandrea covered by the PS approach. The
same velocity pattern is observed, emphasizing the geagraément between both approaches. A strong
difference appears only on a small number of PS patches atepSls To quantify the difference, the
velocity estimated at the PS step 1 is plotted in Figure 8 ¢4 function of the SBAS average velocity.
This plot first shows the very good agreement, with pointgredd on the liney = x. However, points
located away from this line with parallel trends mark largeveapping errors at PS step 1. A few points
with a PS-SBAS difference of abodt 29 cm/yr correspond to the aliasing problem. The dispersion
the PS-SBAS velocity difference is not correlated with ti&eghase standard deviation, (Figure 8 (b)),
because all points with above 1.1 radians have been discarded (as shown in sedjiohhé same plots
are shown in Figures 8 (c) and (d) for PS step 2, for which tHecity is estimated by linear regression
using only well unwrapped interferograms. A few points widlhge PS-SBAS differences havevalues
larger than 1 radian. All linear trends parallel to the line- = have disappeared, except for the aliasing
trend. This step is therefore very efficient to mask areah Veitge unwrapping errors. Aliasing errors
cannot be detected and remain in all PS steps.

Let us now analyze quantitatively the distribution of thenaéning points presenting large differences,
at step 3, knowing that large unwrapping errors have beenireied. Apart from the aliasing problem,
only 143 points ¢ 0.14%) present differences larger than 2.5 cm/yr. These may septédsolated points
unseen by the SBAS approach due to spatial regularizatibns& subsidence rate strongly differs from
the neighbouring pixels. Some of these points may be exgdiy larges values (10 for o larger than
1.0 radian) and/or large,,; (24% with ¢,,; > 1.3 radians) and/or largerass (19% with prars > 0.35
radians), these proportions being clearly larger thanéniormal’ PS population. Finally, only 85 points
(less than 1/1000) remain, for which one may suspect thagtehey specific subsidence information as
isolated points. Most of these points have larger PS subs&leelocity than that measured by the SBAS
approach, which could represent isolated buildings sidigithster due to their weight. Possible strong
differential uplift with respect to the surrounding pavereas could affect isolated buildings rigidly
anchored by piles in the hard layer ("Capa dura”), does npeapin the PS-SBAS difference maps,

although SBAS interferograms were spatially filtered.
[Fig. 8 about here.]

Now we focus on the 'normal’ PS population which displays erade PS-SBAS differences, lower
than 2 cm/yr. After the removal of a velocity ramp due to residorbital trends in the PS interferograms

(see next subsection), the distributions of PS-SBAS vslalifference are similar at PS steps 1, 2 and 3,
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with a standard deviation of 1.7, 1.6 and 1.6 mm/yr respeltiSimilar cross-comparison values have
been obtained in a different area by [25]. To further analyme moderate PS-SBAS differences, it is
interesting to map them both with some spatial smoothing-ff@ass maps) and at a local scale (high-
pass maps). The PS approach can retrieve punctual deformaiih accuracy, but may not propagate
the solution well spatially, whereas the SBAS approach, wuslight adaptative spatial filtering, may
not recover punctual deformation. The difference maps asdyaed in the next subsections after the

application of a low-pass and a high-pass filter.

B. Comparison of low-pass subsidence maps

The low-pass (LP) filtered difference maps are obtained leyaying the PS-SBAS velocity difference
in 450 m wide sliding windows (Figure 9). Distributions of ld#ference maps are provided in Figure 10.
For PS step 1, the LP difference map (Figure 9 (a)) displayS\aS¥ ramp of+5 mm/yr, which arises
from residual orbital trends in the interferograms usedaPS approach. The residual ramp is estimated
and removed from the LP velocity difference map. The detend® map is shown in Figure 9 (bj{p
= 1.2 mml/yr, Figure 10 (a)), with a narrower color scale thapbasizes the differences. A small PS
unwrapping error affects the NW part of the map, bounded bgtplaoundaries, in the form of a staircase.
At PS step 2 (Figure 9 (c)), the LP map after ramp correctigreaps only marginally better constrained
and without patch errorso(,r = 1.1 mml/yr, Figure 10 (b)). At PS step 3, temporal unwrappieg
introduces a few patch errors, visible in the LP map in the N@vher in form of a small SE-NW
trending band bounded by staircase limits (Figure 9 {d)» = 1.1 mm/yr, Figure 10 (c)). At steps 1
and 3, the spatial integration of temporal unwrapping testhius seems to produce small errors of the
order of 2 mm/yr, mainly outside the city. Features commoth®three PS-SBAS difference maps can
be considered robust. In particular, we note that the coetpaverage subsidence velocity in the main
subsident area is about 1 to 2 mm/yr lower for the PS apprdaah for the SBAS approach. However,
the filtering used here to compute the LP maps is based on desimgving average that may produce

offsets if isolated points present large SBAS-PS diffeesnc
[Fig. 9 about here.]

[Fig. 10 about here.]
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C. Comparison of high-pass subsidence maps

High-pass (HP) SBAS-PS difference maps are obtained by vimgdhe LP maps described above
simply from the raw difference maps. The HP difference magpldyed for PS step 3 in Figure 11,
shows that, in stable areas with null or low subsidence rétesvariability is small. By contrast, in the
areas where the subsidence is large, as in Mexico City cehtevariability is significantly larger. The
histograms of HP difference maps are represented in Fighiforlthe first three PS steps. They show
very similar distributions for the three steps, with standddeviations ¢ p) of 1.1 mm/yr. The standard
deviation decreases further (0.8 mm/yr) within areas viitle Isubsidence (less than 2 cm/yr), well within
the uncertainties given by both the PS and SBAS approachéd, i no unwrapping error occurs. On
the contrary, in areas with subsidence rates larger than/¢rctine standard deviation reaches 2.4 mm/yr
(Figure 10 (d)). These statistics were performed exclugimigts witho > 1.0 radian,y,; > 1.3 radians
andyrars > 0.35 radians. Therefore, we can explain part of this variabiifya slightly heterogeneous
deformation behaviour depending on the characteristioafls and buildings. As mentioned above, the
SBAS approach provides a spatially filtered measurementdbes not take into account the possible
point-like displacement and building height of individuatgets.

In conclusion, we find that the amplitude of HP PS-SBAS dewest is surprinsingly small, given
the urban nature of the area of interest (elevated railwayoads, skyscrapers, etc...), the variability
of underground basement (none, pilars, floating shafjsand the variability of the time elapsed since
construction (Aztec pre-consolidation, hispanic timegent constructions, none). The good agreement
between both approaches gives us confidence in the intatipreobf local features using not only the PS

measurements, but also the SBAS motion map.

[Fig. 11 about here.]

D. Effect of Nonlinear motion

In the literature, nonlinear deformation is retrieved gsihe PS approach by applying specific filters
[3] [26] [27]. However, our simulated tests of the PS unwiapgpstep, presented in section lll, indicate
that, due to the assumption of a linear deformation model,ntbnlinear contribution will increase the
apparent noise estimation, thevalue, thus increasing the chances of the pixel being eje@igure 6).
Furthermore, in the case of non negligeable nonlinear dedtion (i.e., larger than: 0.6 cm), either
in form of interannual fluctuations or of acceleration/decation, the retrieved velocity differs from the

prescribed average velocity during the study period, arldeest one unwrapping error occurs (Figure 5),
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with the effect of linearizing the phase delay evolutionhatiime.

Note that the assumption of all PS approaches is that n@rlimetion between neighbouring points is
small enough to limit these effects. The success of retrgewvionlinear motion should thus depend on its
lateral gradients and on the distance between PS candialadetheir reference point. To test the ability
of the present PS study, with 1 km wide patches, to recovelimear motion, we compare the amplitude
of nonlinear motion derived using the SBAS approagh; and the PS phase standard deviatien,
obtained during the first temporal unwrapping step. A zoonmmaps ofc andy,,; (Figure 12) shows
that the phase standard deviatiar) (s large where the nonlinear residug,() is also large. A few PS
patches also present large phase standard deviation utitte nonlinear motion: this might be due to
phase noise on the patch reference points. Statistics ealues as a function ap,,; are displayed in
Figure 13. At lowy,,; values, the phase noise peaks at 0.55 radians, which musbttypical of the
phase noise for PS candidates selected on the basis ofdheid| values and without the contribution
of nonlinear motion. As soon as,; reaches 1.5 radians, one obtains statistically lasgealues, around
0.8 radians. For a nonlinear motion with an amplitude latan- 3 radians (i.e..~ 1.4 cm), most PS
o values are above 1.1 radians. We conclude that the presean&sis fails to retrieve the nonlinear

subsidence temporal behaviour in the Mexico Basin, wheietlie strongest.
[Fig. 12 about here.]

[Fig. 13 about here.]

E. Combination of PS and SBAS results

The spatial regularization performed in the SBAS approashlts in a far broader coverage of the
Mexico Valley and of the volcanoes flanks, outside the malvanrareas, than that obtained with the
PS approach. It allows residual orbital trends and strdtifiBnospheric effect to be separated from the
deformation signal and thus provides a relatively stableremce against which subsidence is measured.
Even within the urban areas, the target density from whidbsgience information is retrieved is far
larger with the SBAS approach than using the PS approacls. giiovides a continuous description of
the subsidence field. The PS approach could not be appliegvevere due to the limited PS point
density, especially outside the urban areas. The failurth@fcorrection of residual orbital trends and
stratified atmospheric effect limits the accuracy of the B8ved subsidence field at large scales and of
the referencing to non deforming areas. However, in urbaasarthe PS approach captures the punctual

height and deformation of single object, relevant for maniiig possible differential motion between
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structures and pavements at a local scale, while takingdntmunt the point target height contribution
to the phase. We thus consider local measurements of subsid®y the PS approach as particularly
accurate.

In order to combine the PS and SBAS results, we assume thabtiieuous subsidence field obtained
with the SBAS approach can serve as a reference for the deswdraidence features against which
relative PS local subsidence rates can be studied. The LPSSB&red subsidence map is computed
by adjusting quadratic polynomial surfaces to sliding vawdg, iteratively removing outliers. We thus
expect this surface to adjust to the most populated smowtrlying subsidence pattern. The HP residual
SBAS subsidence map is displayed in Figure 14 for the NW amdeceoarts of the studied area. High
HP velocities contour the two volcanoes outcropping in thg the Pefion de los Banos (close to the
airport) and the Pefon de los Marques (close to cierro destieelia). They are also found preferentially
in areas with clear nonlinear motion. The large amplitudd1Bf features in the vegetated areas in the
East of the Figure is not well constrained due to strong detaion noise. Besides these features, the
HP SBAS subsidence map shows interesting signals, somg bleiarly aligned with the roads and block

geometry, while others appear to reflect single structures.
[Fig. 14 about here.]

The HP PS subsidence map is obtained after correction ofetsidual orbital ramp and removal of
the LP SBAS map. The discontinuous nature of PS measurerestribt allow linear features apparent
in the HP SBAS map to be distinguished. We display in Figurea Xamparison between SBAS and PS
HP subsidence rates in a small area centered on a lineardasigerved in the SBAS HP map. Other PS
results in the same area were previously described by [1.lifiear feature appears to follow an aerial
portion on subway line 4 between stations Morelos and Talisrharge relative uplift rates characterize
the subway stations Morelos (1.7 and 2.1 cm/yr for SBAS andrB§pectively) and Consulado (2.0
and 2.1 cm/yr for SBAS and PS, respectively), but smalleiftuggtes are also apparent at Canal del
Norte, Bondojito, and Talisman stations. The agreemenwvdm PS and SBAS maps is striking, but
not perfect. Isolated velocity anomalies appear corraetifieved by the SBAS approach, but attenuated.
The PS sampling seems biased towards structures presegititige uplift or subsidence, with an under-
representation of the pixels with ’background’ velocitylugs: The latter may have on average darker
backscattering properties. To conclude, the PS-SBAS HPpadson allows a qualitative validation of
the HP SBAS map, which is useful for interpretation of loagdsidence pattern, while local PS velocities

are better constrained and localized, but subject to s@ardauneven sampling.
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[Fig. 15 about here.]

VI. CONCLUSIONS

In this paper, the results of the two main multi-temporal ARSprocessing approaches are obtained
to measure Mexico City subsidence, characterized by vegly Bubsidence rates and large deformation
gradients. Moreover, their common features and discreparare analyzed and discussed, in order to
validate the results from both approaches, verify theiimodal nominal uncertainties and investigate the
complementarity of both approaches for characterizatfosubsidence at different scales.

Our first observation is the very good agreement found beivlee used PS approach and the SBAS
approach, with differences statistically close to the m@himm/yr uncertainty. The LP difference maps
between the SBAS and PS velocity fields show an agreemenhingad.2 mm/yr. The HP filtered
difference maps also yield an excellent agreement outbieesuibsident area reaching 0.8 mm/yr. More
surprisingly, within subsiding areas, the local differeecamount to 2.4 mm/yr, a value interestingly
small given that part of this difference may come from caostrgtion misfits and approximations in
the interpolation of SBAS values on PS points. The validafioovided here is credible because both
approaches adopt completely different data processiatpgies: their possible error sources, that are not
taken into account in the nominal uncertainty calculaticary be considered as independent.

The claimed norminal uncertainties of both approacheshéendrder of mm/yr, have been verified
through the inter-comparison in this application. This irwath uncertainty is given from the standard
deviation of the phase versus time, once unwrapped, affgliyiag various corrections, and assuming
independent random phase noise around the assumed liredr tn this study, we identify the main
error source as coming from the unwrapping step. Becausergé Isubsidence gradients and temporal
decorrelation, spatial unwrapping of small baseline fetegrams is particularly difficult in the SBAS
approach. The problem was solved by using a regional sulsédield to 'guide’ unwrapping and by
applying a LP filter to wrapped interferograms. However, tapping may still fail, if and where the
regional subsidence field is not accurate enough, or if andrevithere exists large local differential
subsidence. On the other hand, the PS temporal uwrappiategyris a priori well suited to study
Mexico City subsidence, which evolves mostly linearly imé&. However, it is hindered by the large
spatial extent of the subsident area, the small but nongibtginonlinear motion in certain parts of the
city, and by the low PS density outside the urban area.

Both approaches appear to complement each other: the SB#Baah gives a continuous description

of the subsidence rate patterns and temporal behaviouowtithinearity assumption, while the PS
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approach allows a quantitative discussion of the subs&lelieparity at small scales between various
man-made structures. The combination of PS and SBAS suizsdmeasurements shows that, despite
the very large subsidence rate (up to 38 cmlyr) affectingMlexico City basin, the local differential
motions are quite limited, reaching a few cm/yr of excesssildnce or uplift, on individual targets
or along linear structures (e.g., roads, subways, tramwdaysletailed comparison between differential
subsidence and both the history of settlement (from prpahmig to recent constructions) and the type of
foundations should be useful to quantify where and why catipa occurs. The limited amplitude of
local differential motions suggests that the main factantaling compaction is the deep consolidation
by progressive depressurization of the clay layers abaveaduifer, surface consolidation associated with
the urban load being only secondary. Consequently, the icatibn of these two approaches [28] [27]
appears promising in multi-temporal INSAR processingnfnwhich a more detailed measurement and a

wide range of applications can be expected in the future.
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1. (b) Zoom on nonlinear deformation detected by the SBASa@ah. (a) and (b) correspond
to the same area. The areas with the highest nonlinear dafiorm(red to yellow in (b))
correspond to areas with highvalues (in greenin (a)). . .. ... ... ... .. ....
PS phase standard deviatiof) &s a function of the amplitude of the nonlinear motign;|
computed by the SBAS approach. Each PS is shown by a dot. Tdigtoaind color map
represents the PS density with a log10 scale and is evalbgt€thussian statistics.

HP filtered subsidence velocity map obtained using the SBAproach, surperimposed
on the radar amplitude map. The figure is drawn in radar gagméhe black rectangle
delimits the area depicted in Figure 12. Note that the cobalessaturates towards large
positive (excess subsidence) or negative (relative yipidtocities. . . . . . . ... ... ..
Comparison of HP filtered subsidence velocity maps obthising the SBAS (a) and PS
(b) approaches, surperimposed on the radar backscattditiadapmap. The subway station
locations are slightly offset towards the West in order mottask the velocity field. This
figure can be compared to Figure 11 in[14]. . . . . . . . . . . ... ...
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FIGURES 23
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Fig. 1. Shaded SRTM elevation relief around Mexico City ®gllThe ENVISAT frame is contoured by the white rectangle.
The limits of the geotechnical zones are displayed in blatdné |: bedrock, Zone II: Alluvial deposits, Zone IlI: ladtise
deposits) [29].
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FIGURES 24
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Fig. 2. Perpendicular baseline of the 37 computed integfars relative to the master date (2004-12-31), versusisitiqa
time.
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FIGURES 25

20
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(b)

Fig. 3. (a) LOS linear deformation velocity (a colour cycepresents 15 cm/yr) and (b) Elevation correction (a colgatec
represents 20 m) estimated at PS step 1. They are superidnposthe radar backscatter amplitude map.
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FIGURES 26

Without acceleration With acceleration
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Fig. 4. (a) (b): Distribution of retrieved DEM error and veity that maximize coherence without and with acceleration
(0.5 cm/yP). (c) (d): Residual phase standard deviation as a functfoie retrieved velocity without and with acceleration.
Different colours represent different Gaussian noisel$eaelded to the synthetic phase series. Each point corrdspgonone

of the 1000 random tests.
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FIGURES 27
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Fig. 5. (a) Example of a constructed phase time series béfotgdack) and reconstructed after (in red) temporal unywiag.
The best coherencey (= 0.58) during unwrapping is obtained with a velocity of 9.54 cm/@hoosing this velocity produces
an unwrapping error around May, 2006. (b) Residual obtaaféer linear adjustment to the input phase time series @kl
or to the unwrapped output phase time series (in red). Ththsiia phase time series is built with a velocity of 10 cmém,
acceleration of 0.5 cm/yrand a Gaussian noise of 0.3 cm.
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FIGURES 28
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Fig. 6. (a) Percentage of PS candidates with a phase staddwaiation,o, below the threshold of 1.1 radians as a function
of the Gaussian noise level. (b) Percentage of PS candigetesnting both a phase standard deviatigrhelow the threshold
of 1.1 radians and a wrong velocity value, as a function of SS@un noise level. Synthetic tests (1000 random tests pse no
level) are performed without (solid lines) and with accatem (dashed lines). The filled triangle in panel (a) cqroesls to
the noise distribution of the PS candidates in areas withouatinear motion.
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FIGURES 29
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Fig. 7. (a) Average LOS ground displacement rate estimayethd SBAS approach. A colour cycle represents 15 cm/yr. To
be compared with Figure 3 (a). (b) Zoom on the RMS mis-closnap of the SBAS approachpisas), in the area located by
the black rectangle in (a). Some unwrapping errors may haeared in orange areas withgars > 0.35 radians.
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FIGURES 30
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Fig. 8. (a) (c) Velocity estimated by the PS approach as atifum®f SBAS average velocity. (b) (d) Difference between
velocities estimated by PS and SBAS approaches as a funatiB®$ phase standard deviation. (a) (b) at PS step 1. (c) (d) at
PS step 2.
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FIGURES 31
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Fig. 9. LP difference maps between PS and SBAS velocity fi@iat PS step 15.,=3.3 mm/yr. (b) at PS step 1, with
removal of the residual orbit ramp,, =1.2 mm/yr. (c) at PS step 2, with removal of the residual tadinp, o, p=1.1 mm/yr.
(d) at PS step 3, with removal of the residual orbit rampp=1.1 mm/yr. A colour cycle represents 1 cm/yr in (a) and 0.3yem
in (b-d).

August 24, 2012 DRAFT



FIGURES
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Fig. 10.

(PS-SBAS) velocity difference in cm/yr

(PS-SBAS) velocity difference in cm/yr

32

(a, b, ¢) : Normalized histograms of PS-SBAS diffees of HP (continuous lines) or LP (dashed lines) filteregsna

at PS steps 1, 2, 3 respectively. (d) Normalized histograSastep 3 of HP filtered difference map, separating pointstéot
outside (withv > 2 cm/yr) or inside (withv < 2 cm/yr) the main subsiding area.
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FIGURES 33

0 (cmlyr)

Fig. 11. HP difference map between PS and SBAS velocity fielB& step 3z p=1.1 mml/yr. A colour cycle represents
1 cmlyr.
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FIGURES 34
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Fig. 12. (a) Zoom on the PS phase standard deviation defingugdemporal unwrapping at PS step 1. (b) Zoom on nonlinear
deformation detected by the SBAS approach. (a) and (b) sjporel to the same area. The areas with the highest nonlinear
deformation (red to yellow in (b)) correspond to areas withho values (in green in (a)).
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FIGURES 35
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Fig. 13. PS phase standard deviatier) &s a function of the amplitude of the nonlinear motign,) computed by the SBAS
approach. Each PS is shown by a dot. The background color epepsents the PS density with a log10 scale and is evaluated
by Gaussian statistics.
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FIGURES 36

Subsidenco

Fig. 14. HP filtered subsidence velocity map obtained usiegSBAS approach, surperimposed on the radar amplitude map.
The figure is drawn in radar geometry. The black rectanglenitsl the area depicted in Figure 12. Note that the colorescal

saturates towards large positive (excess subsidence)gatives (relative uplift) velocities.
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FIGURES 37

Fig. 15. Comparison of HP filtered subsidence velocity mdpained using the SBAS (a) and PS (b) approaches, surpesadpo
on the radar backscatter amplitude map. The subway stai@ations are slightly offset towards the West in order nantsk
the velocity field. This figure can be compared to Figure 11141
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