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Subsidence is a hazard that affects wide areas in the world causing important economic costs annually. The
City of Murcia (SE Spain) is affected by this phenomenon since the 90s. In this work, ground subsidence
caused by aquifer overexploitation is remotely monitored with Persistent Scatterer Interferometry (PSI). In
particular, the so-called Coherent Pixels Technique (CPT) has been applied to SAR images from ERS and
ENVISAT satellites. The CPT displacement time series corresponding to the 1993-1995 period have been used
to calibrate a proposed one-dimensional subsidence model. Hence, the CPT time series have been

ls(zﬁ:g;fc'e successfully used to retrieve physical parameters of the soil. Then the model has been used to predict the
DInSAR deformations for the period 1993-2007. The comparison between the predictions of the model and the
Model actual subsidence time series for the 1995-2007 period provides an average absolute difference of 3.2 +
Extensometer 2.5 mm. Despite the simplicity of the adopted 1D model, these results show the usefulness of the CPT derived

displacement information to calibrate and validate numerical models of ground subsidence due to aquifer

overexploitation, which can be used to predict the aquifer's response for future piezometric falls.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ground subsidence induced by excessive exploitation of aquifers
is a hazard affecting our society. This phenomenon is manifested at
ground surface as millimetric to metric vertical displacements
during periods that may last years, usually over wide areas. The
problem of settlement is a critical issue for urban areas as it can lead
to damages in human infrastructures causing important economic
losses. It is estimated that there are over 150 cities in the world with
serious problems of subsidence due to excessive groundwater
withdrawal (Hu et al., 2004). Some well-known examples of
subsidence around the world include the Po Valley (Italy), Mexico
DC, Antelope, Santa Clara and San Joaquin Valleys (USA), Bangkok
(Thailand) or Shanghai (China). In the metropolitan area of Murcia
City (SE Spain) subsidence has occurred as a result of excessive
pumping of groundwater, generating damages over 50 million euros
and a significant social impact after the 1992-1995 drought period
(Martinez et al., 2004).
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Over the last decades Differential SAR Interferometry (DInSAR) has
become an important remote sensing tool for detecting and monitor-
ing ground surface displacements at a low cost with a millimetric
precision. The simplest DInSAR technique was based on a single
interferogram generated from a pair of SAR images (Rosen et al., 2000)
and was applied to analyze subsidence due to ground water extraction
in Galloway et al. (1998), Hoffmann et al. (2003) and Hoffman (2003).
A remarkable improvement in the quality of the DInSAR results is
given by a family of algorithms named Persistent Scatterer Interfer-
ometry (PSI) that are based on the simultaneous processing of
multiple interferograms derived from a large set of SAR images
(Ferretti et al., 2000; Berardino et al., 2002; Mora et al., 2003; Arnaud
et al,, 2003; Werner et al., 2003; Hooper et al., 2004). Subsidence
monitoring applications of PSI can be found, for instance, in Ferretti
et al. (2004), Tomas et al. (2005), Casu et al. (2006), Zerbini et al.
(2007), Bell et al. (2008) and Herrera et al. (2009).

Diverse approaches have been proposed in the literature to predict
land subsidence in order to care for societies affected by this
phenomenon. These approaches can be classified following the Xu
et al. (2008) criterion that divides subsidence prediction approaches
into five categories: (a) Statistical method, as influence function, Gray
theory and regression analysis; (b) one-dimensional numerical
model; (c) quasi three-dimensional seepage model; (d) three-
dimensional seepage, and (e) three-dimensional fully coupled models.
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Fig. 1. Geological setting of the study area (based on Montenat (1977) and Aragén et al. (2004)). Piezometric levels for boreholes (1 to 5) and multipiezometers are shown in Figs. 2 and 3
respectively.
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Fig. 2. Piezometric level temporal evolution at selected well points (see location in Fig. 1).

Statistical methods use simple relationships among subsidence
and other factors (Gray theory model), water withdrawal volume or
piezometric level (regression analysis method), or simply establish
temporal trends of subsidence along time (influential functions).
One-dimensional numerical method considers that piezometric
level changes affecting aquifer and aquitard consolidation occur
only in vertical direction. This method allows computing subsidence
just at a point using only vertical soil parameters. Quasi three-
dimensional seepage and three-dimensional seepage models use
Terzaghi's one-dimensional consolidation equation (Terzaghi and
Frohlich, 1936) in order to compute subsidence. The difference
between these two methods is due to the water flow seepage
considered for aquifer and aquitard. The quasi three-dimensional
seepage model considers that seepage in aquifer is horizontal and
vertical for the aquitard, whereas the three-dimensional seepage
model assumes that water flow develops in three dimensions.
Finally, a three-dimensional fully coupled model simulates 3D water
flow computing subsidence by means of Biot's 3D consolidation
theory (Biot, 1941).

The selection of the most convenient model for predicting
subsidence depends on several complex factors and on the local
geological conditions, which can vary from place to place (Hu et al.,
2002).

Subsidence prediction applications using these methods can be
found for instance in Gambolati (1975), Helm (1975), Helm (1976),
Gambolati et al. (1991), Monjoie et al. (1992), Mizumura (1994),
Shearer (1998), Gambolati et al. (2001), Larson et al. (2001), Hu et al.
(2002), Chen et al. (2003), Zhou et al. (2003), Don et al. (2005),
Ferronato et al. (2007), Shi et al. (2007), Shi et al. (2008), Xue et al.
(2008) and Wu et al. (2009).

In this paper, we focus our analysis on the subsidence occurring in
Murcia City (SE Spain) by using the PSI method named Coherent Pixel
Technique (CPT) (Mora et al., 2003; Blanco et al, 2008) and by
employing images from the SAR sensors onboard of ERS and ENVISAT
satellites. Previous works have already demonstrated and validated
with in situ data the application of different PSI techniques, including
CPT, in this area (Tomas et al., 2005; Herrera et al., 2008; Tomas,
2009). The present work is devoted to formulate a simple subsidence
model and to apply it to this scenario as a prediction tool. The model
will be both calibrated and validated using interferometry-derived

data time series in different periods, thus showing its potential for
predicting future conditions.

The paper is organized as follows. Section 2 describes the
geographical and geological setting of the study area. Subsidence
data obtained from interferometry are presented and briefly com-
mented in Section 3. Then, Section 4 is devoted to present the
proposed model for subsidence prediction, including its formulation,
constants calibration, and validation with the available time series of
data. The main conclusions are summarized in Section 5.

2. Geographical and geological setting

The Vega Media of the Segura River (VMSR) is located in the
Eastern sector of the Betic Cordillera, in the so-called Bajo Segura
basin (Montenat, 1977; Fig. 1). The nature of the materials
outcropping along the boundaries of the valley varies depending on
the site (Fig. 1C). The Southern border of the VMSR consists of rocks of
the basin basement (Permian to Triassic in age). Meanwhile, the
Northern border consists of sedimentary rocks (Upper Miocene to
Pliocene) deposited in the basin (marls, sandstones and conglomer-
ates). The materials found in the valley are recent (Holocene at
ground surface, Pleistocene to Pliocene at some depth) sediments
deposited by the Segura and Guadalentin rivers.

These recent sediments are very compressible and the most
problematic from a geotechnical point of view. Rodriguez Jurado et al.
(2000) and Mulas et al. (2003) made a geotechnical characterization
of all these materials for the VMSR. Their models show that the same
sedimentary rocks outcropping at the valley borders are also found at
some depth within the valley and are characterized by low to
negligible compressibility. Above them, the recent, surficial sediments
are characterized by moderate to high compressibility.

The VMSR is also part of the so-called “Guadalentin-Segura
Quaternary aquifer System No. 47” (IGME, 1986). This aquifer is
characterized by two units (Cerén and Pulido, 1996; Aragén et al.,
2004): a surface unit that consists on a semiconfined aquifer or
aquitard formed by silty clays and clayey silts with sand intercalations
(Fig. 1D), and a second one, or “deep aquifer”, consisting on a
multilayer aquifer composed of fine sand and gravels confined by silts
and clay layers. The water table of the surface unit is found a few
meters below ground surface. Due to the high fine content of
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sediments, this aquifer is characterized by low hydraulic conductivity,
so it is scarcely exploited. Consequently, water level shows small
seasonal changes of a few meters maximum (Fig. 2).

In this case horizontal and vertical hydraulic conductivities of the
second unit vary typically between 10-100 m/day and 1-50 m/day
(Aragodn et al., 2004). This second unit has several levels of gravels
of hydrological interest. The most exploited is that which is located
at the top of this unit, about 20 m below the surface (Fig. 1D). Its
piezometric level is found a few meters below the ground surface
and shows significant variations over time due to overexploitation
in drought periods (Fig. 2). This was especially noticeable during
the period 1992-1995, where peak values of piezometric level
decline reached —15m (Fig. 2). As a consequence, widespread
subsidence affected the VMSR, causing damage to structures and a
great public concern (Mulas et al., 2003; Martinez et al., 2004).
Tomas et al. (2005, 2006), Tomas, (2009) and Herrera et al. (2008,
2009) measured such ground subsidence in the metropolitan area
of Murcia during this drought period by means of differential SAR
interferometry, detecting maximum displacements of 12 cm in the
zone. Other layers of gravels of interest from a hydrological point of
view are found at greater depths of this unit, but little is known
about them.

36
34

"
32

30 P12

1 | I |
7/2/06 10/10/06 1/18/07 4/28/07 8/6/07
36 -

Piezometric level (m a.s.l.)

34

32

30

Piezometric level (m a.s.l.)

P45
28 T T T 1

7/2/06 10/10/06 118107 4/28/07 8/6/07
36

34_

32

30

Piezometric level (m a.s.l.)

P78
28 T T T 1

7/2/06 10/10/06 1/18/07 4/28/07 8/6/07
36

34_

32

30

Piezometric level (m a.s.l.)

P1112
28 1 | I |

712106 10/10/06 1/18/07 4/28/07 8/6/07
Date

Mulas et al. (2003) proposed a model to characterize and simulate
the subsidence occurred due to the 1992-1995 drought. According to
this model, subsidence occurs when water is pumped from the
topmost layer of gravels of the deep aquifer. A vertical gradient is
created that causes a downward flow of ground water from the upper
aquifer (surface unit) towards the gravel layer causing a water table
decline. Consequently, pore pressure in the superficial aquifer falls
and the aquifer suffers a consolidation process.

The excess pore pressure dissipation rate is a key question for
subsidence computation. Permeability laboratory tests taken under
five undisturbed silty and clayey samples show very low and variable
permeability values (from 8.20x 107 !! to 6.24x10~8m/s). As a
consequence, a slow consolidation process is expected. In this sense,
the multipiezometers installed in Murcia City by the Confederacién
Hidrografica del Segura (CHS, 2007) in order to measure the aquitard
and aquifer layer piezometric level (Fig. 3) show very similar response
of both layers probably due to the existence of sand layers that favour
water drainage (Fig. 3). Fig. 4 shows the lithological description of the
hydrogeological boreholes drilled for multipiezometer installation.
Although the lithological description of this type of boreholes is not
very detailed, several sand layers intercalated (P78 in Fig. 4) or
immediately over the gravels (P45 and P1112 in Fig. 4) have been
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Fig. 3. Temporal evolution of piezometric level and installation scheme of multilevel piezometers of the city of Murcia. See lithological column and location of multilevel piezometer

boreholes in Figs. 4 and 1 respectively.
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Fig. 4. Lithological columns of multilevel piezometers. See temporal evolution of
piezometric level in Fig. 3.

recognized. Moreover, P12 and P1112 boreholes are composed by
“silts with sands” that provide higher values of permeability to the
clayey aquitard.

3. Subsidence data

In this work, ground subsidence measurements were obtained
with a PSI technique called Coherent Pixels Technique (CPT). A
detailed description of the technique can be found in Mora et al.
(2003) and Blanco et al. (2008) but a summary is included here for the
sake of completeness.

3.1. Methodology overview

The differential interferometric phase (Aij,) obtained by com-
bining two complex SAR images can be expressed as (Hanssen, 2001):

Al1’int = Alpflat + AlJr’topo + Alpmov + ALL’atmos + All‘noise (1)

where Ay is the flat-earth component related to range distance
differences in the absence of topography, Ayipe is the topographic
phase, Aoy is the phase contribution due to ground changes occurring
between the two SAR image acquisitions, measured along the satellite
Line of Sight (LOS), Afraumoes is the phase component due to atmospheric
artifacts, and Arise includes the residual noise sources. The first two
terms in Eq. (1) can be expressed analytically. In particular, Aiq,; is
easily known, and Aysop, can be computed from an external DEM.

The CPT algorithm (Mora et al,, 2003) assumes that the phase
component linked to deformation (Ayr,e,) can be divided into two
new phase terms, one due to linear deformation (A¢sjinear), i.e.
deformation at a constant rate over the whole period, and another
due to non-linear deformation (A¢ion-tinear). Consequently, the
application of CPT is divided into two main steps corresponding to
the extraction of both linear and non-linear deformation terms. The
retrieval of the linear term includes the estimation of both the mean
velocity of deformation and the DEM error. This estimation is carried
out by adjusting a model function only over those pixels of the scene
that show good interferometric coherence over time. Then, the non-
linear term is extracted by applying a cascade of space-time filters to
remove the contribution of atmospheric artifacts and to identify the
low and high-resolution components of the non-linear deformation.
Atmospheric isolation is possible, up to some extent, due to the
different behavior of atmospheric artifacts in time and space when
compared to the non-linear deformation contribution.

A couple of additional comments about the CPT processing are in
order. First, the combined use of images from different sensors (ERS

and ENVISAT) is possible through the computation of different
subsets of interferograms generated among images of the same
sensor (without crossed interferograms) and by linking the
deformation results under a singular value decomposition approach,
as explained in Blanco et al. (2005, 2008). Second, the absence of
valid images during some periods (e.g. years 1994 and 2001) is
solved both by increasing the maximum allowed temporal baseline
of the interferograms (e.g. 3 years) in order to connect acquisitions
before and after the data gaps, and by enlarging the time window
used in the temporal filter in the presence of data gaps. In this way,
despite the absence of measurement data at some time intervals, the
whole time series is constructed consistently. This approach is valid
under the assumption of a mostly linear deformation, as the one
observed in Murcia.

3.2. Dataset and processing details

The SAR dataset analyzed in this work consists of a total of 81
images from ERS-1 (6 images), ERS-2 (56 images) and ENVISAT-ASAR
(19 images), acquired from April 1993 to March 2007. A list of the
images is shown in Table 1. A crop of about 10 x 10 km was extracted
for processing, corresponding to the urban area of Murcia. Among all
the total amount of possible interferograms formed by pairs of SAR
images, only 185 interferograms have been selected for the CPT
processing by means of a Delauney triangulation in the 3D space
formed by the spatial baselines, temporal baselines and Doppler
centroid differences. This selection has been restricted to those

Table 1
ERS and ENVISAT-SAR SLC data used for the analyzed period 1993-2007.

Nr. Date Sensor Nr. Date Sensor
1 19930414 ersl 42 20011117 ers2
2 19930623 ersl 43 20020406 ers2
3 19931110 ersl 44 20020824 ers2
4 19950721 ersl 45 20021102 ers2
5 19950826 ers2 46 20021207 ers2
6 19950930 ers2 47 20030322 envi
7 19951104 ers2 48 20030809 ers2
8 19960706 ers2 49 20031018 envi
9 19961019 ers2 50 20031122 ers2
10 19970412 ers2 51 20040306 envi
11 19970517 ers2 52 20040515 envi
12 19970726 ers2 53 20040724 ers2
13 19970830 ers2 54 20040828 ers2
14 19971004 ers2 55 20041002 ers2
15 19971108 ers2 56 20041106 ers2
16 19980117 ers2 57 20041211 ers2
17 19980328 ers2 58 20050115 envi
18 19980711 ers2 59 20050219 envi
19 19980919 ers2 60 20050326 envi
20 19981128 ers2 61 20050430 envi
21 19990313 ers2 62 20050604 envi
22 19990522 ers2 63 20050604 ers2
23 19990730 ersl 64 20050709 ers2
24 19990731 ers2 65 20050813 envi
25 19990903 ersl 66 20050813 ers2
26 19990904 ers2 67 20050917 envi
27 19991009 ers2 68 20051126 envi
28 19991113 ers2 69 20051126 ers2
29 19991218 ers2 70 20051231 envi
30 20000122 ers2 71 20060311 ers2
31 20000226 ers2 72 20060415 envi
32 20000401 ers2 73 20060624 envi
33 20000506 ers2 74 20060624 ers2
34 20000610 ers2 75 20060729 ers2
35 20000715 ers2 76 20061007 envi
36 20000819 ers2 77 20061111 ers2
37 20001028 ers2 78 20070331 envi
38 20001202 ers2 79 20061111 ers2
39 20010106 ers2 80 20070331 envi
40 20010908 ers2 81 20070331 envi
41 20011013 ers2
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interferograms with spatial and temporal baselines smaller than
250 m and 1000 days, respectively, and Doppler centroid differences
below 800 Hz. The external DEM used to cancel out the topographic
component of the interferometric phase has a resolution of
25 mx 25 m and belongs to the cartographic numeric database E20
from IGN (National Cartographical Service of Spain). The selection of
pixels where ground deformation information will be available has
been performed using a multilayer coherence criterion consisting on
selecting only those pixels where coherence is above a certain
threshold for most of the interferograms (in this case 0.6, 0.5 and 0.4
respectively for at least 40% of the interferograms set). Among other
advantages, this multilayer approach enables the computation of
subsidence for low quality pixels because they take benefit of those
with higher quality previously processed (Blanco et al., 2006, 2008).
Coherence computation implies a spatial averaging of the interfero-
grams, also known as multi-looking, that degrades the original
resolution of the SAR images. In this work, a multi-look operation of
15 pixels in azimuth by 3 pixels in range has been used, thus
providing a final resolution of 60 mx 60 m on ground.

3.3. DInSAR processing results and validation

Fig. 5 shows the total deformation (LOS displacement) map of the
City of Murcia obtained for the period 1993-2007 superimposed on an

eters §

L o™ W e %

aerial image. An average density of 76 coherent pixels per square
kilometer has been obtained.

As it can be seen, subsidence is higher in the South and East of the
city, with values greater than 5 cm for the whole period, whereas to
the North a more stable situation is observed.

Before using the subsidence estimates for other purposes, they
have been validated by comparing them against in situ extensometer
measurements. From February 2001 to March 2007, fifteen extens-
ometers (5 incremental and 10 rod extensometers) with a monitoring
depth of about 15 m provided subsidence measurements. All rod
extensometers were anchored at depths of 10 and 15 m. Incremental
extensometers provide deformation measurements at intervals of
1 m. Both types of extensometers provide measurements with
0.1 mm accuracy.

The CPT accuracy has been assessed by comparing the retrieved
deformations from the SAR data analysis with those available from the
extensometer network measurements projected along the Line of
Sight. In order to ease the comparison, LOS-projected extensometer
time series have been interpolated within the interval common to the
SAR images, i.e. from 2000 to 2007. The comparison with the
extensometers has been done calculating two quality parameters:
(1) the mean and standard deviation of the absolute difference
between CPT and LOS-projected extensometer deformation time
series (4.54+4.1 mm), and (2) the mean and standard deviation of the

Subsidence (m)
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Fig. 5. LOS-projected subsidence map of the City of Murcia obtained by means of CPT technique corresponding to 1993-2007 period.
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Fig. 6. A) LOS-projected subsidence and piezometric data used for the calibration and prediction. B) Strain-stress curve and graphical construction for anelastic coefficient

computation.

difference between CPT and LOS-projected extensometer deformation
time series (— 2.6 +4.7 mm). These values are in agreement with the
ones obtained by other authors in similar experiments (see Strozzi et
al. (2001), Hanssen (2003), Colesanti et al. (2003), Casu et al. (2006),
Crosetto et al. (2008), and Herrera et al. (2009)).

4. Subsidence computation

In this paper, a one-dimensional model has been used for
modeling subsidence due to piezometric level changes. This model
assumes that deformations are directly caused by vertical effective
stress changes derived from piezometric level changes and that
aquitard pore pressure equilibrates instantaneously with the piezo-
metric level changes of the gravels layer. Notice that the assumption
of an instantaneous propagation of the pressure decline within the
aquifer-aquitard column implies that no consolidation occurs when
the piezometric level is stable. As it was verified in Section 2, this
assumption can be accepted for this case of study.

Murcia City covers several square kilometers, being the considered
depth of the study area about 15 m. Available data are insufficient to
build a full three-dimensional flow and subsidence analysis. This is the

principal reason why several one-dimensional analyses have been
chosen instead of a global model of the aquifer-aquitard system.

Next subsections show: a) the model calibration process for
aquitard deformation parameters computation using DInSAR data
corresponding to 1993-95 period; b) the implementation of the
model for subsidence history prediction at several wells and; c) the
validation of the subsidence predictions comparing model subsidence
estimates and 1995-2007 DInSAR data.

4.1. Model calibration

The evaluation of ground settlement is a common task in
geotechnical engineering. In this case, settlement is evaluated by
considering three kinds of parameters: (i) thickness of potentially
deformable soil, (ii) variation of stress state, and (iii) a modulus
relating the two previous parameters. We consider that changes in
stress state are due to variations in water table position. Consequent-
ly, this relationship can be written as:

& = Ah x Sy x D = Ah x S (2)
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where 6 is the subsidence (m), D is the deformable soil thickness (m),
Ah is the piezometric level decrease (m), Sy is the specific storage
coefficient of the aquitard (m™"'), and Sy is the storage coefficient
(dimensionless) of the aquitard. Sy or Sg represents the deformability
of the aquitard and varies with the stress state. It adopts a different
value depending on the piezometric level (H) and its position above or
below the maximum recorded piezometric decline (Hp). Therefore, Hp,
is equivalent to the well-known soil preconsolidation stress used in
geotechnical engineering that represents the maximum effective
stress suffered by soil. This value separates the elastic recoverable
deformations from the unelastic, unrecoverable, deformations:

Sk = {Ske if H>H,

Sy if H<H, - 3)

Notice that the definition of specific elastic storage implies that
water is incompressible. This statement is valid for unconsolidated
alluvial aquifer systems where typically storage coefficient is higher
than storage coefficient owing to the compressibility of the pore
pressure (Galloway and Hoffmann, 2007).

Aquitard anelastic storage coefficients Sy, have been computed
using piezometric series for 24 available wells where DInSAR
retrieved deformations are also known (Figs. 6 and 7). These data
allow us to draw stress—strain curves that represent the relationship
between piezometric level changes and aquitard deformations (Figs. 6
and 7). The graphical methodology proposed by Riley (1969) has been
used to compute anelastic storage coefficients (Fig. 6B and Table 2)
and, therefore, to calibrate the model. This methodology has been
used by several authors (Hoffman, 2003; Hoffmann et al., 2003;
Bubey, 2003; Tomads et al., 2006; Galloway and Hoffmann, 2007;
Zhang et al., 2007a,b) and consists in determining the slope of the
branch of the stress-strain curve (elastic or anelastic):

_AD

Sl(_ E

(4)

where AD is the subsidence caused by a Ah piezometric level
decrease.

Table 2

27

The 1993-95 piezometric fall is the first maximum known
decrease occurred in the VMSR. As a consequence, the storage
coefficient calculated for this period is considered to be anelastic. This
assumption is justified because this piezometric level drop reduces
significantly pore pressure, thus producing the maximum effective
stress increase in the aquitard history.

The computed anelastic storage coefficients (Syy) for the available
wells of the City of Murcia vary from 4.900x 10~ * to 3.058 x 10~ 3,
with an average value of 1.513x 10724 0.680x 10~ > (Table 2).

The elastic storage coefficient (Ske) has been computed as a
percentage of anelastic storage coefficient (Sy,). For this purpose the
ratio between the swelling index (Cs) - slope of the oedometric
unloading-reloading branch - and the compression index (C.) - slope
of the oedometric virgin compression branch -, Cs/C,, that are com-
parable to Sy and Sy, parameters, has been obtained from 139
oedometric tests performed following the UNE 103-405-94 (UNE,
1994) procedure. The estimated C,/C, ratio is 15%. Computed values
for anelastic and elastic storage coefficients for the Murcia City are
shown in Table 2 and vary from 7.350x 10~ > to 4.587 x 10~ 4, with an
average value of 2.269x 1074+ 1.020x10™%,

4.2. Model implementation

Once the Sy, and the S, have been computed for each well, the
next step consists in the extrapolation of the data to the rest of the
piezometric level time series in order to verify the consistency of the
model. Therefore, this extrapolation is equivalent to a prediction of
future scenarios, but with the key advantage of data being available to
validate predictions. Due to the hydrogeological simplicity of
subsiding aquitard, for this task a one-dimensional method has been
applied.

First, the preconsolidation piezometric level (H,) has to be
established in order to distinguish elastic from anelastic deformations
due to piezometric level changes. This piezometric level has been
determined as the minimum piezometric level corresponding to
seasonal fluctuations. Table 2 shows the H, values determined for
every available well. The model assumes that the whole deformable
soil column at every well has the same H;, value. This assumption is in

Anelastic (Sy,) and elastic (Sy.) storage coefficients, preconsolidation piezometric level (Hp) and errors of the model for 1995-2007 period. CP: Coherent pixel.

Well CP-well distance (m) Skv Ske Hp (m as.l.) £+ 0 (mm) le] £ Jo] (mm) Maximum series error (mm)
H-1 75.64 1.743x 1073 2.615x10% 37 0.1+2.6 20+1.7 6.3
H-2 10.16 1.319%x10° 3 1.978x10~ 4 36 0.7 £3.0 21423 8.7
H-4 65.19 1.002x 103 1.503x 10~ 4 37 30+34 39423 83
H-6 40.56 1.903x 1073 2.855x10% 35 —3.2+43 43433 144
H-7 31.82 1.835x 1073 2.753x10~ 4 36 3.1+43 43+3.1 11.3
H-8 17.51 9570x10 4 1.435x10~4 37 56+33 56+3.3 114
H-11 4591 1.538x 103 2.308x10~ 4 36 0.1+42 35423 10.0
H-16 20.59 1.539x 1073 2.308x10~ 4 37 —06+23 1.8+1.5 5.7
H-19 46.19 1.113x1073 1.669x10~ 4 36 18435 33423 104
H-20 30.63 1.462x10~3 2.194x10~ 4 37 —04+25 21+£15 5.7
H-21 41.31 2.982x1073 4473%x10~4 35 —1.7+£29 24423 13.0
H-25 36.49 1.358% 10> 2.037x10% 37 06+3.2 25420 7.9
H-26 62.79 1.077x10~3 1.616x10~4 37 25+6.2 57+3.6 13.7
H-27 46.13 1.201x10~3 1.802x10~ 4 39 27+£29 3.0+2.6 8.4
H-33 47.68 4900x10* 7.35%x107> 40 26+49 3.8+4.0 154
H-34 24.68 1.968x 10> 2952x10~ 4 37 14421 20+1.6 7.5
H-38 70.83 1.457x10~3 2.186x10~ 4 35 —0.9+3.8 3.6+1.7 6.3
H-39 102.87 2.380x103 3.571x10~* 36 —1.1+4.1 36423 8.2
H-42 29.12 7.69x10"4 1.154x10~ 4 35 —1.74£55 51426 11.9
H-44 20.24 1.013x10~3 1.520x 10~ 4 35 02+1.8 14412 4.7
H-45 43.97 1.035x10~3 1.553x10~ 4 36 23+28 28+23 93
H-46 39.08 6.410x10~* 9.620x10> 39 35433 38+29 83
H-55 29.07 3.058x10 3 4587x10~4 36 —0.54£3.7 31+22 8.6
IGME179 47.64 2461x103 3.691x10 4 39 0.1+6.9 5.6+4.0 16.9
Average 42.75 1.513x10~3 2269x10~* 37 0.8+3.6 34425 9.7
Minimum 10.16 4900x10 4 7.350x 10> - —32 14 47
Maximum 102.87 3.058x10 3 4587x10~4 - 5.6 5.7 16.9
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Fig. 8. Model prediction results. Dashed line: piezometric level. Continuous line: DInSAR deformation. Dotted line: modeled subsidence.
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agreement with the preconsolidation values calculated by Tomas et al.
(2007) that demonstrate that close to the ground surface, the soil is
highly overconsolidated above the water table and normally consol-
idated below this level.

Taking into account the parameters calculated for each well in the
previous section, subsidence has been estimated using expression (2).
Subsidence evolution (6(t)) has been computed between 1993 and
2007 as the sum of the partial deformations (&;) calculated for each
piezometric change (Ah;).

Notice that Eq. (2) assumes the instantaneous equilibration of the
heads in the aquitard with the head in the lower aquifer. This
assumption is a reasonable simplification for thin aquitards (Leighton
and Phillinps, 2003; Galloway and Hoffmann, 2007). Fig. 8 shows the
results of the subsidence prediction obtained using the proposed
formulation.

4.3. Model validation

The model previously defined has been used to simulate
subsidence in the period 1993-2007 where SAR images are available.
Fig. 8 shows the modeling results at the location of several wells.
These results have been employed for testing the self-consistency of
the model.

The average difference between DInSAR and modeling time series
and its deviation has been defined as a quality indicator of the fit
between both series. The absolute error corresponds to the average
absolute difference between the same time series data. Table 2 shows
the comparison between the modeling and actual DInSAR data.

Taking into account the 24 wells analyzed in this work, the average
error of the model for the period 1995-2007 is 0.8 4 3.6 mm, with
extreme values of —3.2 and 5.6 mm (Table 2). This error is computed
as the average of the differences between predicted subsidence values
and DInSAR subsidence values for each date of the analyzed temporal
series. The average absolute error, computed using the absolute
differences between the model deformations and the DInSAR
subsidence data, is 3.4+2.5mm with extreme (maximum and
minimum) values of 5.7 and 1.4 mm respectively for all the wells
population. These results are similar to those obtained by Herrera
et al. (2009) that computed average values of the absolute difference
between their numerical model and DInSAR time series of displace-
ment of 5.544.7 mm.

5. Conclusions

In this work, the joint use of subsidence time series obtained by
differential SAR interferometry and piezometric data for 1993-1997
period has provided aquifer system soil deformation parameters in
the Murcia City. Obtained parameters are anelastic (Sx,) and elastic
(Ske) storage coefficients. These soil parameters have been used for a
simply subsidence forecast. The used subsidence prediction model
considers soil thickness and piezometric level changes as conditioning
and triggering subsidence factors, respectively and has permitted to
simulate subsidence evolution between 1993 and 2007. Obtained
results projected along LOS have been validated by comparison with
DInSAR 1995-2007 period measurements of the displacement. The
average values of the absolute differences between model and DInSAR
time series of deformation for 24 wells in the City of Murcia are 3.2 +
2.5 mm. These results demonstrate that PSI DInSAR techniques are a
useful tool to study scenarios with subsidence induced by piezometric
level changes related to aquifer overexploitation providing soil
deformation modulus that can be used for subsidence prediction.
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