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Abstract

Aquifer-systems have become a strategic source of fresh water in the present climatic conditions, especially
under stress in arid regions like the Iberian Mediterranean Arc. Understanding the behavior of groundwater
reservoirs is crucial to their well-management and mitigation of adverse consequences of overexploitation. In
this work, we use space geodetic measurements from satellite interferometric synthetic aperture radar
(InSAR) and Global Positioning System (GPS) data, covering the period 2011 —2017, to predict and validate the
ground surface displacement over the fastest subsiding basin due to groundwater withdrawal in Europe (>10
cm/year). The 2D decomposition of InSAR displacements from Cosmo-SkyMed and Sentinel-1 satellites allows
us to detect horizontal deformation towards the basin center, with a maximum displacement of 1.5 cm/year.
InSAR results were introduced in a newly developed methodology for aquifer system management to estimate
unknown pumping rates for the 2012 — 2017 period. This study illustrates how the combination of InSAR data,
groundwater flow and deformation models can be used to improve the aquifer-systems sustainable
management.
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1 Introduction

Land subsidence due to groundwater withdrawal is the response of an aquifer-system to the
decrease of pore pressure (Terzaghi, 1925) and one of the main geological hazards involving flat
areas with unconsolidated sediments worldwide (Motagh et al.,, 2008; Zhang et al., 2014;
Chaussard et al., 2014a; Minderhoud et al., 2015). The consequences of this phenomenom are
even more acute in areas affected by both subsidence and sea level rise problems (Erkens et al.,
2015; Vousdoukas et al., 2017). These areas are usually densely populated, dedicated to
agricultural uses and crossed by several infrastructures, making them especially vulnerable to
surface deformation (Tomas et al., 2011; Raspini et al., 2013). Therefore, this issue has taken
more relevance in a global climate change context with predicted intensive water resource
scarcity, when aquifer-systems become a strategical resource of fresh water during dry seasons
(EU, 2017; Wada et al., 2014). Unmanaged exploitation of groundwater reservoirs has led to
reservoir depletion, saline intrusion and land subsidence, generating important social and
economic impact (Hu et al., 2009; Ge et al., 2014; Alfarrah et al., 2018). In order to prevent major
problems authorities in charge and water management entities are starting to increase their
interest in displacement monitoring methodologies.

The Alto Guadalentin basin is located in the Mediterranean SE coast of Spain, a vulnerable area
very prone to dry periods. The Spanish Mediterranean Arc has suffered three important
droughts between 1990 and 2012 (CHS, 2014), and is nowadays being affected by a strong dry
period lasting more than four years. The Spanish Meteorological State Agency carries out the
monthly update of meteorological drought publishing the maps and reports
(http://www.mapama.gob.es). Growing agricultural activities since 1960s increased the
pressure over hydrological resources and led the aquifer-system management authorities to
declare it as partially overexploited, supervise and regulate its use in order to stabilize the
piezometric levels (CHS, 2006). Intensive overexploitation of the aquifer-system generated a
severe subsidence previously studied by several authors using different SAR datasets covering
the period 1992-2012 (Gonzalez et al., 2011; Rigo et al., 2013; Boni et al., 2015). Subsidence
rates, the highest one measured in Europe related to groundwater withdrawal, show a slight
decay from -12 cm/year in the ERS 1/2 data (1992-2000) to -10 cm/year in the Cosmo-SkyMed
data (2011-2012) (Boni et al., 2015). These radar results are supported by the Global Navigation
Satellite System (GNSS) permanent stationslocated in the deformed area. Continuously
declining groundwater levels since the early 1960s, have been partially stabilized in the last
years, opening up new horizons in the aquifer-system management.

Subsiding areas have been usually monitored using surveying techniques as leveling and
borehole extensometers (Riley, 1969; Teatini et al., 2006) and GNSS (Chen et al., 2016a; Del
Soldato et al, 2018). Synthetic Aperture Radar (SAR) satellites were the next advance in surface
deformations monitoring, increasing the coverage and measurements density with high
accuracy (Massonet et al., 1998). These measurements are referred to the Line of Sight (LOS) of
the satellite and need to be projected in order to compare them with other measurements. In
order to better understand the three dimensional deformation field generated by complex
phenomena such as landslides, earthquakes and groundwater-related subsidence the LOS
displacement field can be decompose into vertical and horizontal (East-West) components when
two satellite acquisition geometries are available (Bejar-Pizarro et al., 2017a ; Hu et al., 2012;
Miller et al., 2015).

We reviewed 113 papers on land subsidence due to groundwater withdrawal, finding that 43
(i.e 38.1%) focused on the detection and monitoring of the phenomenon (e.g. Motagh et al.,
2008; Righini et al., 2011; Chaussard et al., 2014a; Solari et al., 2018) and 38 (i.e. 33.6%) on the
correlation of detected subsidence with groundwater changes (e.g. Amelung et al., 1999; Tomas
et al.,, 2010; Abidin et al., 2013). Aquifer-system state can be easily estimated at discrete



locations using direct information from piezometers. Usually that information is used to
generate groundwater flow models to perform estimations of the global groundwater levels and
compare the water change results with the measured land subsidence (Bozzano et al., 2015).
The relationship between piezometric changes (i.e. effective stress) and surface deformations
(i.e. strain) was analyzed to derive the skeletal storage coefficient that is used to estimate
aquifer-system deformation in 13 works (e.g. Hoffman et al., 2001; Zhang et al., 2014; Ezquerro
et al., 2014; Miller et al., 2015; Boni et al., 2016). Other authors use the skeletal storage (Sk)
coefficient in groundwater flow models (Subsidence and Aquifer-System Compaction, SUB, and
Subsidence and Aquifer-System Compaction for Water-Table Aquifers, SWT, MODFLOW
Packages) to calculate aquifer-system deformation (Hoffmann et al, 2003; Harbaugh, 2005;
Leake et al., 2007; Densmore et al. 2018). In these works, Skis derived from geotechnical tests
whereas deformation measurements (Interferometric Synthetic Aperture Radar, GNSS, leveling
and extensometers) are used to validate the estimated deformation with the model. Other
works (7) use geo-mechanical models and piezometric data to calculate the deformational
behavior (Herrera et al., 2009; Tessitore et al. 2016; Ochoa-Gonzalez et al., 2018). Chaussard et
al. (2014b) exploits InSAR data to calibrate skeletal storage in a MODFLOW model in the 1995-
2001 period, then local hydraulic head changes are calculated with InSAR data from 2006 to
2011. Chen et al. (2016b) performs the same analysis without using a MODFLOW model. Béjar-
Pizarro et al. (2017b) use the same approach than the previous work to derive for the first time
spatially continuous evolution of groundwater levels and aquifer-system storage. In this
framework, we propose a new methodology to improve aquifer-system modelling using satellite
and geodetic measurements. Multi-sensor InSAR is applied to map and monitor vertical and
horizontal displacement of an aquifer-system, which are validated with GNSS data. InSAR data
covering the period 2012-2017, 3D geology and the known boundary conditions of the aquifer-
system are used to generate groundwater flow and deformation models capable of simulating
the response of the aquifer-system. The combination of InSAR data covering the period 2012-
2017 with the previously generated models allows us to estimate the pumping rates in this
period.

2 Study Area

The Alto Guadalentin area is a sedimentary basin located in the southern part of the Spanish
Mediterranean Arc. The climate of the area is characterized by scarce rainfalls, with an average
annual of 250 mm and less than 150 mm in alternate dry years. The basin has not permanent
watercourses but is regularly affected by extreme flash flood events in the main Guadalentin,
Nogalte, Torrecilla and Béjar streams (Fig. 1). The continuous increase of the populations of the
basin reached 107000 habitants in 2012 with a slow decreasing trend since then (data from
annual census, Spanish Statistical Office).
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Figure 1: Alto Guadalentin study area showing the coverage of the different monitoring
techniques. Top left-hand corner map represents the location of the Alto Guadalentin basin in
the Murcia province, SE coast of Spain.

The orogenic tectonic depression of the Alto Guadalentin exhibits a horst and graben structure
bounded to the north by the active Alhama de Murcia fault (Masana et al., 2004). Paleozoic pre-
orogenic metamorphic basement reaches maximum depths of 1000 m below land surface and
is covered by sedimentary materials accumulated during the basin formation. These sediments
are constituted from bottom to top by Miocene marls with conglomerates and sandstones. Due
to the horst and graben pattern of the bedrock, the accumulated thickness of these layers ranges
from 300 to 900 m. The overlaying layers are composed by sand and gravel lenses embedded in
a clay and sand matrix from the Plio-Quaternary that present a classical alluvial fan configuration
(Cerdn et al.,, 1996). Recent studies (Boni et al.,, 2015) have revealed the existence of an
important layer of fine grained sediments in the upper part of the Plio-Quaternary materials
(Ceron, 1995) clearly correlated with the magnitude of the subsidence rate in the basin. In 2015,
a new borehole drilled SW of the ORCA GNSS station (Fig. 1) allowed obtaining unaltered
samples at different depths. Samples at 63 and 84 m depth showed granulometric curves with
more than 98 and 65% of silt and clay fine-grained sediments, respectively. Samples at 222 m
depth revealed only a 13% of fine-grained materials. Data obtained at 290 m depth returned to
the high percentage of silts and clays (72%).

The most productive layer of the Alto Guadalentin Aquifer-system is linked to the Plio-
Quaternary sediments, with the deep marls acting as low permeability seal (IGME, 1985). The
upper part of the aquifer-system is unconfined, while deeper areas have a semi-confined
behavior. Aquifer-system recharge is strongly dependent of rainfall and irrigation returns, due
to the absence of permanent watercourses or positive transferences from other aquifer-
systems. Recharge problems and the intensive use of underground water for agricultural
purposes since 1960s led to a decline in the aquifer-system levels near 200 m in 50 years. Most



of the groundwater depletion occurred before the declaration of the aquifer-system as
temporally overexploited in 1988. However, levels continued slowly decreasing in the following
years due to pumping pressure and a long period of low rainfall years affecting this area and
other basins that supply it during water scarcity periods through Tajo-Segura diversion (built in
1979).

Previous studies have established a relationship between groundwater changes and
displacements on this aquifer-system (Gonzalez et al., 2011). Using SAR images from 1992 to
2012 a continuous deformation pattern closely related with the thickness of a low and very low
permeability silts and clays layer was revealed (Boni et al., 2015). Later works presented a
hydrogeological model that reproduced the groundwater evolution during the last 52 years and
whose results were used to state a numerical relationship between land subsidence, water
change and compressible sediments thickness (Ezquerro et al., 2017).

In order to improve previous results, during last years a complete monitoring system has been
designed and implemented. A new GNSS permanent station near the maximum subsidence area
was added to the two previously existing and a line belonging to the national high precision
levelling network crossing the basin was reobserved. Remote sensing data over the basin were
updated completing the Cosmo-SkyMed constellation dataset from 2011 to 2016 and first data
from new Sentinel-1 constellation were processed assuring the continuity of the time-series
during the following decade.

As presented, the study area is an important region with an historical agricultural dependence
of groundwater resources. In this framework the combination of hydrogeological and surface
deformation solutions are becoming an important factor to improve the groundwater
management and reduce geological risks over vulnerable structures and infrastructures.

3 Methodology
3.1 Monitoring System
3.1.1 InSAR datasets and processing

Land subsidence evolution over the Guadalentin basin was measured using two different SAR
images datasets from Sentinel-1 (C-band) and Cosmo-SkyMed (X-band) satellites. Sentinel-1
package is composed by forty Interferometric Wide Swath (IW) images acquired from October
2014 to July 2016 in descending orbit (track 8) (Supp. data lists of images). High temporal
resolution of Sentinel-1 satellite (hereinafter referred to as S-1) allows regular image acquisition
with a time span of 12 days (Torres et al., 2012). Maximum time span of 84 days was registered
during the first five months of satellite operation. Cosmo-SkyMed (hereinafter referred to as
CSK) dataset consists of 115 Stripmap-Himage (STR-HIMAGE) acquired from June 2011 to
December 2016 in ascending orbit direction. Due to extremely high temporal resolution of CSK
constellation (maximum time gap of 4 days) (Covello et al., 2010) a regular 16 days image gap
has been selected in order to reduce processing machine-time costs. Spatial distribution and
temporal evolution of the studied phenomenon make unnecessary the processing of the
complete catalogue and the selected gap between images is short enough to reduce temporal
decorrelation.

SAR images were processed using the Coherent Pixels Technique (CPT) developed by the Remote
Sensing Laboratory (RSLab) at Universitat Politecnica de Catalunya (UPC) (Mora et al., 2003;
Blanco-Sanchez et al., 2008; Confourto et al., 2017) and updated to S-1 TOPS acquisition system
(Centolanza et al., 2017). This interferometry chain is divided into two main steps. PRISAR
processing generates the co-registered images, interferograms, coherence maps and differential
interferograms. SUBSOFT module is responsible for the processing of the Advanced DInSAR
products, the estimation of linear and non-linear deformation components and results
geocoding. Specific processing data of S-1 and CSK are summarized in Table 1.



Table 1: DInSAR processing parameters.

Satellite S-1 CSK Constellation
Number of images 37 114

Initial date 30/10/2014 02/06/2011
Final date 03/07/2016 05/12/2016
Number of interferograms 206 323
Covered Area (km2) 625 676

Max. temporal baseline 192 269

(days)

Max. spatial baseline (m) 185 488
Multilook (Az x Rg) 3x11 5x5
Number of DS 206.530 422.458

Due to the agricultural predominance of the processed area and the absence of good scatters
out of the urban areas, a Small Baselines approach was selected. The maximum temporal
baselines are 192 days (S-1) and 269 days (CSK) allowing a low temporal decorrelation in the
interferograms. Maximum perpendicular baselines range from 185 m in S-1 to 488 m in CSK.
Two of the CSK images were discarded and eliminated from the interferogram network due to
their extreme temporal/perpendicular position out of the selected ranges. Based on these
conditions, 206 and 323 interferograms were generated for S-1 and CSK datasets, respectively,
using a multilook designed to generate a near-squared pixel with good resolution for the studied
problem (3x11, about 45 m with S-1 and 5x5, 25 m with CSK).

To estimate accurate Advanced DInSAR products (Line of Sight, LOS, velocities and time series),
pixels with a good quality should be selected. In this study we have used the Distributed Scatters
approach (hereinafter DS), using 0.35 (S-1) and 0.40 (CSK) coherence thresholds in the initial
coherent pixels candidate selection. This kind of approach fits especially well with S-1
characteristics, allowing the detection of a good point density in agricultural areas. It also
improves the response of CSK data in agricultural areas, but, as clearly seen in Fig. 3, DS density
is still lower than S-1 in non-urban areas. Seeds of both datasets (i.e. reference points) are
located in the stable mountainous areas that surround the basin (Fig. 1). The processing of SAR
data from the S-1 descending track, covering an area of 625 km?, produced 206530 DS, while
the processing of CSK ascending track data, covering an area of 676 km?, produced 422458 DS.
In both cases, the coherent pixels were mainly concentrated over urban and not vegetated
areas.

Different SAR geometries (ascending and descending orbits) allow decomposing the LOS
displacements into up-down and east-west components, while north-south component remains
unknown due to the quasi-polar orbits of SAR satellites (Raspini et al, 2012; Notti et al., 2014).
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Since our InSAR results cover the same temporal period with two different satellite viewing
geometries, ascending CSK and descending S-1, there exist the possibility of calculating the
above mentioned components. Due to the different spatial resolution of both satellites and
results, LOS displacement rates from ascending and descending datasets were interpolated
using the inverse distance weighted (IDW) method (with power 1, search radius 100 m, and
three points minimum) into a final resolution of 5 m raster layer. The interpolated ascending
and descending velocities were used to calculate the up-down (Vi) and east-west (Vgy)
components of the velocity with the following formulas (Notti et al, 2014):
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Where a is the incidence angle and y is the LOS azimuth. Subscripts a and d refer to ascending
and descending parameters, respectively.

Analysis of the decomposed movements at the GNSS permanent stations were carried out using
the velocities of the 80 m surrounding DSs to reduce the influence of the CSK/S-1 DS density
differences and the misrepresentation of a single DS.

3.1.2 GNSS

Murcia province is monitored by two GNSS permanent stations networks managed by different
departments of the Murcia Region. Due to the important seismic activity of the Lorca area in the
context of the Iberian Peninsula, two permanent station (Fig. 1) belonging to the MERISTEMUM
(LORC, http://gps.medioambiente.carm.es/) and REGAM (LRCA,
http://sitmurcia.carm.es/web/sitmurcia/lorca) networks were installed by the regional
authorities (Fig. 1). Taking into account previous subsidence studies in the area (Rigo et al., 2013;
Boni et al., 2015), LRCA GNSS station is located in a low deformation area and LORC station is on
a medium subsidence area (Fig. 1).

A new GNSS permanent station (ORCA) was installed by the Spanish Geological Survey (IGME)
near the maximum subsidence area. LORC data used in this study range from April 2011 to
September 2017 and LRCA data range from December 2012 to September 2017. First data from
the new station (ORCA) were received on 18™ February 2016, finishing in September 2017. The
stations are collecting 30 seconds rate data and daily RINEX files are being downloaded from the
receivers to Spanish National Geographic Institute (Instituto Geografico Nacional de Espafia or
IGN) data center.

ORCA, LORC and LRCA (Fig. 1) GNSS stations are integrated in the IBERRED project, which
consists on a network covering all the country and processed by the IGN using Bernese 5.2
software (Dach et al., 2015). Most of stations of IBERRED network in Spain (about 300 stations)
are also being processed by IGN for the “EUREF Dense Velocity Project” for EUREF organization
(http://www.epncb.oma.be/_densification/). Post-processing methodology is based on the
phase double differencing equations (Leick, 1995) using International GNSS Service (IGS) precise
ephemerides (Daw et al., 2009). Daily coordinates are automatically calculated each week using



daily RINEX files with a delay of 15 days in order to use the IGS precise ephemerides. Output
results are translated to local topocentric coordinates (north, east, elevation) to facilitate the
interpretation.

Additionally, to complete the data of the study area, three campaign stations were established
along the basin (GNSS1, GNSS2 and GNSS3) (Fig. 1). To assure the spatial-temporal stability of
these stations, three concrete structures with 5/8" bolts were built. The campaign stations were
observed with GPS double-frequency receivers in two campaigns developed on January 2016
and May 2017. Each station was observed at least two days with observations of at least 12
hours per day and a rate data of 15 seconds. The daily RINEX files collected were processed using
Bernesse 5.2 code software (Dach et al., 2015) using a same methodology described above.

3.1.3 Surveying

Leveling is a precise and simple methods widely used to monitor subsidence (USGS, 1969; Teatini
et al., 2005; Liu et al., 2013). Nowadays, this technique is often expensive and time consuming,
exhibiting a high relative cost per benchmark and a low density of information (Tomas et al.,
2014). For example, the surveying campaign in Lorca basin lasted 5-days for measuring 19 points
(Fig. 1).

One of the nodes from the high precision leveling network of Spain (Red Espafiola de Nivelacion
de Alta Precision REDNAP) is located near Lorca city center. Four leveling lines deployed by the
IGN converge on it. We focused on levelling line 10426 (from Lorca to Tébar) that crosses
transversally the 13 km subsiding basin near to highest subsidence rate area. In particular, we
use the stretch from the node of Lorca to the benchmark 10426/15 located over a stable area
near the southwestern limit of the basin (Leveling benchmarks in Fig. 1). The orthometric height
of the 16 benchmarks of this stretch was measured in March 2005 excepting Lorca node (August-
September 2004) by the IGN.

On January 2016 a new measurement campaign was developed along the 13 km from Lorca
node to 10426/15 benchmark. As a result of the road improvement works near the leveling line,
six of the original benchmarks were destroyed. In order to repair the network for future
campaigns the lost benchmarks were replaced and the original density was increased, especially
over the highest subsidence area, installing nine new leveling benchmarks. Another
measurement campaign was carried out on May 2017. The two levelling campaigns were
measured with a LEICA SRINTER 100 digital level, using two barcode levelling staffs and levelling
once in each direction with a kilometric error of 3.5 mm and a maximum tolerance in the closure
error of each ring of 5 mm. Levelling campaign guarantee the determination of the vertical
component in the benchmarks with an accuracy higher than of 5 mm (nominal SAR accuracy in
time series). Results are calculated using the altitude difference between two benchmarks using
a least squares adjustment.

3.1.4 Validation methodology

In order to validate InSAR displacement we use data gathered from different geodetic
techniques acquired in different temporal periods. Due to the heterogeneity of the available in
situ data we propose three different validation/comparison strategies. The first approach
corresponds to the full validation, achieved when continuous GNSS stations Time Series are
available to validate InSAR Time Series for the same period. The results from this comparison
are the root mean squared error (RMSE) and the relative error, which is the percentage of RMSE
with respect to the accumulated deformation. The second approach corresponds to the trend
validation and refers to the comparison of displacement velocities measured with geodetic
techniques (GNSS and Leveling) with InSAR velocities for the same period. In this case the results
are the velocity error and the relative error of the velocity (%). This approach is useful when
INSAR processing only provides the displacement velocity result. The third approach correspond
to a trend comparison. In this case we also compare velocities, like in the previous approach,
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but these velocities do not correspond to the same monitoring period. This approach is used
when only historical and sparse data is available for the comparison with InSAR results.

3.2 Aquifer-system and deformation modeling using InSAR data

The proposed methodology to improve aquifer-system modeling based on InSAR data (Fig. 2) is
divided into two main parts that require two different periods of data (Period 1 and 2).

The first part is based on the generation of a groundwater flow and deformation models. InSAR
data (Period 1) is combined with geological data to improve the 3D geological model of the
aquifer-system, by considering the spatial extent and thickness of compressible soils. This layer
is combined with the boundary conditions (Period 1) of the aquifer-system to derive a
groundwater flow model that allows estimating the spatial and temporal evolution of
groundwater levels (Period 1). These results, together with the improved geology and InSAR
data are used to elaborate a deformation model. This deformation model is then used to
estimate subsidence in different temporal periods (Period 1).

In the Alto Guadalentin case study, INSAR data from the period 1992 to 2012 (Partial Period 1)
was used to improve the 3D geology of the aquifer-system (Boni et al. 2015). Then the boundary
conditions available for the period 1960 to 2012 (Complete Period 1) and the improved 3D
geology were used to generate a MODFLOW groundwater model for the period 1960-2012
(Complete Period 1) (Ezquerro et al. 2017). Groundwater numerical model was developed suing
MODFLOW-2005 with the ModelMuse interface, both developed by the USGS (Winston, 2009).
According with the input data, model time step of one year was specify. The model has three
convertible layers divided in 100m grid cells. First includes the compressible fine-grained Plio-
Quaternary materials. Second layer is formed by coarse-grained Plio- Quaternary sediments,
representing the main aquifer layer. Third comprises Miocene low permeability material. UCODE
2014 (Poeter et al.,, 2014) and graphical interface ModelMate (Banta, 2011) were used to
calibrate the model. The estimated groundwater evolution combined with InSAR data and the
3D Geology was used to propose a deformation model (Ezquerro et al. 2017). Empirical
deformation models using linear and non-linear regressions were calculated. The quality of the
models to replicate the observed data was assessed using coefficient of determination (r2).
Most accurate model was used to estimate the deformation of the aquifer-system in the period
1960 — 2012 (Complete Period 1) when subsidence measurements were not available.
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Figure 2: Flowchart used to generate the groundwater management system of the basin.

The second part takes advantage of the previously generated models and updated InSAR data
(Period 2) to calculate groundwater evolution in this period and predict unknown pumping rates
(Period 2). In order to do so, the available pumping rates (Period 1) are used to estimate
groundwater evolution in period 2, which is then used to estimate deformation in this same
period. The comparison of the estimated deformation in period 2 with the updated InSAR
deformation allows calibrating the unknown pumping rates (Period 2).

In this case study, the groundwater model has been updated using the known boundary
conditions for the period 2013 — 2017, calculated consistent with the formulation applied in
1961-2012 period. Infiltration is a variable percentage of rainfall (data provided by the Spanish
Meteorological Agency (AEMET), Supplementary 1) between 10% in the dry years and 20% in
the rainy ones using a quadratic regression curve adjusted in the 1961 to 1993 (Ezquerro et al.,
2017). Lateral streams contribution use the rainfall/recharge ratio calculated for 1960 (IGME,
1994). In order to estimate groundwater evolution for the period (2013 — 2017), unknown
pumping rates are assumed to be similar to those used in the first part of the methodology,
where a constant extraction rate of 43 hm?3/year was introduced for the period 2005 to 2012
based on CHS (2006).

The deformation model has also been updated taking into account recent improvements in the
spatial definition of the 3D geology (Béjar-Pizarro et al., 2016), and the previously used data: the
estimated groundwater evolution (1960 — 2012) and the InSAR data (1992 - 2012)
(Supplementary 1 & 2, respectively). We use this model to estimate deformation in the period
2013 -2017 using the previously estimated groundwater evolution for this period. The
comparison of this deformation results (uncalibrated) with the CSK InSAR data available for the
same period is used to perform back analysis and calibrate the unknown pumping rates. After
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several iterations, the calibrated pumping rates generate a groundwater flow and a deformation
result compliant with the CSK InNSAR measurements.

4 Results
4.1 InSAR monitoring

Figures 3A and 3B show InSAR maps of LOS deformation rates derived from CSK and S-1
processing, respectively. We used +1 cm/year as the stability threshold based on the standard
deviation values estimated for all the DS in a stable area. Previous InSAR studies over this area
revealed that radar noise over this area is usually high and stability thresholds around *1
cm/year are consistently used (Boni et al., 2015).
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Figure 3: LOS displacement velocity in the study area for the CSK (A) and S-1 (B) datasets.

Both datasets show a similar deformation pattern with the maximum deformation area located
in the northern area of the basin, near the ORCA GNSS permanent station. The maximum
deformation rates detected by S-1 (November 2014 — July 2016) and by CSK (June 2011 —
December 2016) were -7.5 and -8.2 cm/year, respectively. Note that both results are in LOS and
should be translated into vertical displacements in order to be correctly compared. Finally, it is
worth mentioning that both compared periods cover different temporal period.

Taking into account the incidence angle of both image datasets, between 37.54° and 39.08°
(medium-east side of the second swath in descending orbit direction, ESA S-1 IW User guide,
2018) in S-1A data and 43.16° in CSK, vertical displacements were calculated with maximum
rates of -9.7 and -11.1 cm/year for S-1A and CSK, respectively.

S-1 and CSK time series of four representative areas of the Guadalentin Valley are plotted in
Figure 4C-F): A) the maximum deformation area, B) the local maximum of the southern part of
the basin, C) the linking area with the Bajo Guadalentin basin in the north and D) a stable area
in the NE range. It is worth noting that only the common time period between S-1 and CSK time
series ranging from October 2014 to September 2016 is plotted in Figure 4A-D.
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Figure 4: CSK and S-1 time series during the common time span. A) CSK/S-1 TS in the maximum
subsidence area. B) CSK/S-1 TS in the SW local maximum. C) CSK/S-1 TS in the Alto-Bajo
Guadalentin linking area. D) CSK/S-1 TS in an stable area lacated in the W ranges. All the data
are projected along vertical direction assuming only vertical deformations.

Consistent with the spatial analysis, S-1 accumulated deformation is lower than that derived
from CSK data. Maximum and linking areas are located in the central-east side of the basin
where the difference is higher, meanwhile local maximum area is centered and both series are
closer. Stable area displacements are under the stability threshold. S-1 time series present a high
instability especially in the areas with low deformation due to the short processed time-span.

4.2 GNSS monitoring

Continuous displacement of three permanent GNSS stations were used to calculate 15 days
moving average displacements to obtain more stable GNSS series. Deformation results are
presented in Fig. 5, showing a general subsiding trend with higher rates towards the center of
the basin in agreement with InSAR results. Average subsidence velocity of LRCA, the nearest
GNSS to the basin border, is -2.75 cm/year, increasing to -7.46 cm/year in the LORC GNSS located
1.2 km towards the maximum deformation area. Over this area, deformation in ORCA is -8.42
cm/year. This time series is only 1.5 years length and, therefore, its results are still slightly
unstable.
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Figure 5: GNSS permanent stations time series.

Subsidence was also observed in the first results of the GNSS campaigns (Tab. 2). All the
observed benchmarks located in the basin area present this subsiding pattern, with higher rates
in the areas near the subsidence maximum (GNSS2) and slight deformations in the remote ones
(GNSS1 and GNSS3).

Table 2: GNSS campaigns results.

GNSS Benchmark GNSS Campaign Feb 2016-May 2017
H (m msl) V Vert (cm/year)
GNSS1 350.863 -0.5
GNSS2 344.083 -3.8
GNSS3 320.134 -0.1

4.3 Surveying monitoring

The leveling campaign along line 10426 presented in this work and developed in 2016 was
compared with that performed by the Spanish National Geographical Institute (IGN) in 2005.
Calculated elevations and displacements are showed in Table 5.

Elevations are expressed in meters above mean sea level (msl) and the absence of readings in
some benchmarks of the 2005 line means that: the benchmarks were destroyed and replaced
(integer kms); or they are new benchmarks for densification of the leveling line in the most
subsiding area (medium kms). Benchmarks in km 3 and 4, located in the nearest area to the
maximum deformation area show the highest deformation rates, near -10 cm/year, in
agreement with InSAR and GNSS measurements.

4.4 Multi-technique comparison and validation

In order to compare both SAR processing and additional data from levelling and GNSS
measurements, the different satellites bands and acquisition geometries must be taken into
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account. This fact implies that incidence angles are different and LOS displacements should be
projected onto the vertical direction. Figure 6 represents the extent of the deformation areas.
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Figure 6: Spatial comparison of the CSK and S-1 vertical deformations. CSK surfaces are
represented as poligons and S-1 surfaces as lines allowing to visually compare both
deformation patterns.

Spatially, areas between the -3 and -7 cm/year thresholds in S-1 are similar to that defined by
CSK results, but deformed areas between the stability threshold (i.e. +1 cm/year) and -3 cm/year
threshold and the maximum subsidence area (>-7 cm/year), increase the difference between
them as is shown in Table 3. This difference is higher in the western side of the subsidence bowl
while both areas fit well in the eastern side.

Table 3: Deformed areas in CSK and S-1 results.

Subsidence interval (cm/year) CSK Deformed Area | S-1 Deformed Area | Difference (km?)
(km?) (km?)

<=7 11 4 7

-7 to -5 17 14 3

-5to-3 31 27 4

-3to-1 71 53 18
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Figure 7: LOS displacement decomposition into Vertical (A) and E-W (B) movements. Points
and arrows represent the GNSS permanent stations vertical and horizontal movements,
respectively.

Decomposed movements (Fig. 7) revealed an intense vertical ground surface deformation with
a maximum value of -9.7 cm/year in the central area of the basin and a good spatial correlation
with the GNSS measurements. Total area under the subsidence threshold (+1 cm/year) is around
60 km?. In the area that shows the highest differences between S-1 and CSK LOS displacements,
a maximum horizontal eastward displacement of 1.5 cm/year was detected.

Comparison of the GNSS and InSAR time series was performed using the average time series of
the DS located 200 m around the GNSS station, and the 15 days moving average displacements
of the GNSS series (Fig. 8). Taking into account that CSK and S-1 are able to detect only a 77%
and 71% of the vertical displacement, respectively, due to their incidence angles, InSAR vertical
displacements are calculated to allow their comparison with the GNSS measurements. During
the analysis the horizontal components were also taken into account to compare the results
obtained from both techniques.
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Figure 8: GNSS, CSK and S-1 time series at the ORCA (A), LORC (B) and LRCA (C) GNSS
permanent stations.

ORCA station shows the higher GNSS velocities detected, -8.42 cm/year, meanwhile S-1 and CSK
velocities at that point are around that velocity, i.e. -7.39 and -9.89 cm/year, respectively.
Displacement components calculated in previous section were also compared with GNSS ones,
observing a perfect match in vertical velocities (-8.60 cm/year). East-west velocities (Tab. 4) are
higher in the SAR results (1.12 cm/year towards E) than GNSS (0.38 cm/year), but confirms a
horizontal movement trend in the area (Fig. 8). Note that the common time period at this station
is short and velocities can change slightly with longer datasets.

LORC station time series are longer, showing a good fit between CSK and GNSS displacements (-
7.94 and -7.46 cm/year, respectively), especially in the first period. In 2014 both time series
became to present slightly different trends with higher rates in CSK and lower in S-1 (-5.47
cm/year), with respect to ORCA. During this period decomposed vertical velocity (-6.61 cm/year)
is near the GNSS (-6.99 cm/year). The SAR horizontal east-west velocities are around 1.28
cm/year, despite they are over the 0.61 cm/year of the GNSS, the trend towards east is clear.

LRCA station is located near the border of the basin and reveals the lower GNSS velocity (-2.75
cm/year). According with the data of the other stations, S-1 and CSK show velocities around this
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value (-1.22 and -3.40 cm/year, respectively) and better accuracy in the vertical decomposed
component (-2.23 cm/year). In this case, east-west GNSS movement is 0.68 cm/year and SAR
calculated decreases up to 1.21 cm/year.

Table 4: InSAR-GNSS horizontal components of displacement at the GNSS permanent stations.
N: norwards; E: eastwards; and U: upwards components of displacement. Note that three
displacement values (i.e. vertical and LOS displacements measured from S-1 and CSK) are

provided for the upwards (U) component.

GNSS (cm/year) SAR (cm/year) Difference (cm/year)
LRCA [N |-0.58 - -
E |0.67 1.21 0.54
u|-2.75 -2.23;-1.22;-3.40 0.52; 1.53; -0.65

LORC |N |-0.39

E |0.61 1.28 0.67

U|-7.46 -6.61; -5.47;,-7.94 0.85; 1.99; -0.48
ORCA |N |0.13 - -

E |0.38 1.12 0.74

U|-842 -8.60; -7.39; -9.89 -0.18; 1.03; -1.47

SAR-GNSS comparison results show that deformation trends are consistent in all the dataset but
the acquisition geometry and the possibility of distortion due to horizontal displacements should
be taken into account in the cross-validation. Difference between GNSS and decomposed SAR
velocities is below 1 cm/year, in the accuracy range of the SAR results defined in section 4.1.

Leveling campaign of January 2016 allows the calculation of the historical deformation trend
from 2005 to 2016. First six years of that period (2005-2011) are out of the data period of this
work (2011-2016 for the longest time series) and the displacement behavior during it should be
analyzed. Vertical projected CSK velocities were used instead of decomposed vertical
component to take advantage of the long CSK data period.

Figure 9 and Table 5 show that the measured benchmarks are in the same ranges than CSK and
GNSS deformation. In order to improve the results, 100 m average displacements of the CSK
points were calculated at each benchmark. Results from km 9, 10, 12 and 13 located in the
southern part of the basin, and Node in the northern, are under the stability threshold either in
CSK or in Leveling. Benchmarks km 1, 3, 4 and 6 displacement rates are in the same range but
slightly higher in the leveling results than in CSK and GNSS. The deviation in the results will be
evaluated in section 5 with the definition of validation degrees.
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GNSS campaign measurements in the recently built benchmarks (Fig. 9 and Tab. 2) make
possible the comparison and valuation of different techniques in order to optimize the
monitoring network. GNSS1 and GNSS3 results are in the stable range meanwhile GNSS2
subsidence, 3 km towards the most depressed area, is significantly higher (-3.8 cm/year). All the
areas show deformation rates slightly lower than CSK results. Taking into account that May 2017
GNSS and leveling campaigns are out of the sensing period of continuous GNSS stations and
INSAR, their results are not compared with them. Updating of GNSS and InSAR processing and
ongoing campaigns will probe the effectiveness of the monitoring techniques based on episodic
campaigns.
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Figure 9: Spatial analysis including CSK, leveling and GNSS results.
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Table 5: Leveling benchmarks cumulated displacement. CSK, leveling and GNSS (permanent
and campaign) comparison results. Notice the existence of benchmarks with no information
due to their renewal or replacement.

V leveling 2011-2016 V 2011-2016 V Difference
AH 2005- (cm/year) AH/year | SAR (cm/year) | GNSS (LORC) Leveling - SAR
2016 (m msl) | (2005-2016) (cm/year) (cm/year)
km 13 - 0.23 - -
km12 |-0.021 -0.20 0.22 - 0.44
km 11 - - - —
km 10 |-0.041 -0.38 0.36 - 0.74
km9 |-0.082 -0.76 0.16 - 0.92
km 8 - - - -
km 7 - - - -
km 6 -0.822 -7.64 -5.25 - 2.39
km 5.5 - - - -
km 5 - - - -
km 4.5 - - - -
km 4 -1.124 -10.45 -7.66 - 2.79
km 3.5 - - - —
km 3 -1.064 -9.89 -7.95 -7.46 1.94
km 2.5 - - - -
km 2 -0.473 -4.40 - - -
km 1 -0.246 -2.29 -1.57 - 0.72
km 0.5 - - - -
Node -0.086 -0.80 -0.36 - 0.44

Continuous data from three GNSS permanent stations grant a perfect reference point to validate
the different techniques. ORCA, LORC and LRCA stations trends and velocities show a good
correlation for both CSK and S-1 periods. The trend similarity improves considering the vertical
component of the movement (Fig. 7). GNSS horizontal displacements also confirm that, although
slower, the eastward deformation trends toward the center of the subsidence are consistent.
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Both results highlight the good performance of InSAR. Ground deformation measurements
based on episodic campaigns (GNSS and leveling) show the highest divergences. In this case the
temporal overlap and scarcity of measurements must be taken into account. The observed
divergences illustrate the problem of combining sparse temporal data (leveling, three
measurements in 13 years; GNSS campaigns, two measurements in 1.5 years), semi-continuous
measurements (CSK, one image each 15 days; S-1, one image each 12 days) and continuous data
(GNSS, one day repeatability), especially in cases of non-linear movements.

Table 6: Validation results from full and trend approaches.

Full Validation Trend Validation
Period (years) | RMSE (cm) Rel. Error (%) |V Error (cm/year) | Rel. V Error (%)

LRCA

S1 1.7 1.27 30.2 1.16 46.1
CSK | 4.0 1.73 16.5 0.77 22.7
LORC

S1 1.7 1.48 12.7 1.36 19.5
CSK|5.5 1.41 35 0.60 7.5
ORCA

S1 |03 0.49 18.6 2.35 22.8
CSK | 0.8 1.12 15.4 1.28 12.2

Full and trend validation approaches were achieved using information from LORC, LRCA and
ORCA GNSS stations and InSAR CSK and S-1 data (Tab. 6). Highest RMSE (1.12 - 1.73 cm) are
recorded in all the stations for the CSK period in contrast to the percentage error which is lower
(3.5—-16.5%) than S1 (12.7 — 30.2%). This fact introduces the key effect of the evaluated period
length. Long periods over 2 years present more stable results either in GNSS or InSAR time series
that reduce the relative error. On the other side, short periods (e.g., ORCA) can be affected by
punctual trends, distorting the results. Other significant parameter is the relative displacement
of the areas; areas with low displacements, near the stability range, are affected by larger
relative errors meanwhile highly deformed areas show better results. All this effects are
observed in Table 6. LRCA is affected by slight subsidence (around -2.4 cm/year), showing the
highest relative error (30.2%) in S1 period (below 2 years). LORC, with high deformation rates
(around -7 cm/year) and longer periods, is characterized by lower relative error results (until
3.5%). ORCA station is located in the highest deformation area (around -9 cm/year), but the
extremely short measurement period (below 3 months) increases the relative error (between
15.4 and 18.6%). In spite of LRCA-S1 data, full validation results show cumulated errors below
18.6% of total deformation with better correlation in long periods. Trend validation evaluates
the trend divergence of data and same conditioning factors than full validation can be observed.
Mean velocity trends show that periods over 2 years have errors below 1 cm/year (InSAR
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stability threshold). Shorter periods mean velocity errors are near this threshold (except the
extremely ORCA-S1 period) reinforcing the full validation interpretation.

Trend comparison includes the comparison of mean velocities from GNSS stations series, INSAR
data and leveling campaigns (Table 6) without considering the temporal span. Subsidence
velocities derived from leveling measurement (2005-2016) are consistently higher (between
0.44 and 2.79 cm/year) than the CSK results (2011-2016). This divergence can be explained with
the data provided by Boni et al. (2015) where LORC station in the 2007-2009 period had an
average velocity of -10.4 cm/year, a velocity decreasing trend also confirmed with the 2011-
2016 LORC station data previously presented (-7.46 cm/year). In spite of the mentioned
problems, leveling measurements are coherent with the subsidence rates measured with
ENVISAT and GNSS permanent stations in the 2003-2010 period.

Leveling and GNSS campaigns developed in 2017 are out of the SAR coverage, preventing the
correct comparison of the results of the different techniques. New ongoing campaigns and the
extension of the S-1 dataset will allow to improve the analysis of the monitoring system
performance and valuate the continuity of the different techniques.

4.5 Upgraded groundwater model

In order to upgrade the empirical formulation, the improved spatial definition of the
compressible soils thickness (Bejar-Pizarro et al., 2016) has been introduced in the models,
calculating several linear and non-linear empirical models to find the best fit. This updated
formulation, obtained from the stress-strain relationship in the period 1992-2010, shows a
strong relation between deformation, groundwater changes and compressible thickness. ERS
1/2 data (Fig. 10A) shows a good fit (R?>= 0.863) to an X=0.982-Y regression line (observed-
calculated plot). Calculated and observed results also show a good fitting in the deformation-
water change plot. ENVISAT results (Fig. 10B) present a better fit (R>=0.966) to the X=1.02-Y
regression line with similar results in the other plot. For both datasets the relationship shown in
(7) provides the optimal relationship among the three considered variables:

INSAR displacement = a x Water Change x Compressible Thickness (7)
with a-values of 0.3 and 0.2 for the ERS 1/2 and ENVISAT, respectively.

This new deformation model is used to estimate surface displacements in the period 2012-2016
using the groundwater results derived for this period.
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Figure 10: A) Observed and calculated deformation vs. groundwater change in the ERS 1/2
period (1992-2000). B) Observed and calculated deformation vs. groundwater change in the
ENVISAT period (2003-2010). In A and B the small plot shows the observed/calculated
regression line and R,

Since real pumped volume is unavailable, in the first groundwater model calculation
(uncalibrated) for 2012-2016 period we use continuous extraction rates of 43 hm3 from latest
available data in the 1960-2012 model. Model results revealed a groundwater level decrease of
67 m (Fig. 11A) with maximum values in the northern area. Predicted surface displacements (Fig.
11C) from calculated water changes generates maximum deformation of more than 1 m with a
general deformation over 30 cm (red points, Fig. 11C) covering large areas of the basin.

Taking into account that observed CSK displacement data for the 2012-2016 period (Fig. 3) show
maximum displacements of 41 cm with displacements over 30 cm limited to a small area in the
basin center, medium-high extraction rates of this model and scarcity of rainfall generated a
high decrease of the groundwater that led to an overrated deformation. This mismatch suggests
a change in the boundary conditions with respect to the previous periods, which can only be
related to pumping rates.
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Figure 11: A) 2012-2016 Groundwater level difference obtained using the uncalibrated
pumping pressure. B) 2012-2016 groundwater level difference obtained using SAR
deformation to calibrate the extracted water. C) Accumulated deformation values calculated
using groundwater changes modeled with uncalibrated pumping rates. D) Accumulated
deformation values calculated using groundwater changes modeled with the calibrated
pumping rates.

After that, new groundwater model calculations were carried out calibrating the pumping rates
in order to obtain groundwater levels and deformation results in agreement with the satellite
and piezometric measurements. Several pumping rates were introduced to groundwater model
using different estimations based on maximum/minimum extraction/rainfall time series.
Selected results minimize the difference between the groundwater level and deformation model
results and piezometric and InSAR data. Final pumping rates show volumes in the range of
previous periods, between 22.6 to 34.6 hm3 and, also inversely correlated with the yearly
accumulated rainfall. In opposition to the uncalibrated model results, the calibrated model
piezometry shows a slight groundwater level decrease, below 12 m, distributed over the basin
center (Fig. 11B). Calculated displacements generate a subsidence pattern near the CSK results
with a maximum deformation of 37 cm (Fig. 11D).

5 Discussion

The Alto Guadalentin basin is being affected by a complex subsidence phenomenon caused by
the consolidation of the alternation of the aquifer-system layers, which exhibit different
mechanical behaviors, due to the temporal change of groundwater levels. The multi-technique
approach presented in this work allows taking advantage of the best characteristic of each
monitoring technique, but generates slight divergences in the results that should be analyzed
and discussed.
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Spatial differences between CSK and S-1 results are located near the Lorca city area, in the west
border of the basin. The main difference between both sides of the basin is due to the proximity
to the near ranges and the concentration of higher deformable sediments thickness toward that
area. That generates high deformation velocities and gradients making the area prone to tensile
stresses deriving in horizontal displacements (Feifei et al., 2014). Another portion with
horizontal deformations is located in the linking area between the Alto and Bajo Guadalentin
basins, here the deformation results are close to the stability threshold and slight changes in the
deformation rates have high influence in the results.

S-1 and CSK results present slight differences, which could be attributable to the distinct satellite
band, geometry acquisition and the processed time-span period, but both can be used for
advanced analysis. Spatial location of the divergence between CSK (ascending) and S-1
(descending) results led to the conclusion that small horizontal displacements could be
happening, affecting the results. Horizontal deformation towards east in this area was observed
by Fernandez et al. (2018) by means of GNSS campaigns (0.5 - 0.9 cm/year) and S-1 data (1.0 -
1.5 cm/year), and is confirmed in this work when the vertical and E-W components of the
displacement are calculated (0.7 - 1.5 cm/year). Vertical movements are consistently measured
around -8.5 —-9.0 cm/year in both Fernandez et al., 2018 and current works with all the applied
techniques. The significant E-W component in the eastern side of the basin fits with the area
were differences between S-1 and CSK, and deformation gradient were higher, suggesting that
lateral stresses could be playing an important role in this area. Our results agree with the vertical
and horizontal deformation field calculated by Fernandez et al. (2018) with GNSS showing the
west side of the basin affected by the strongest horizontal movements toward the deformation
maximum. On the other hand, our InSAR results suggest a concentration of horizontal
displacement in the western side of the basin meanwhile previous InSAR works (Fernandez et
al., 2018) locate this eastward movement in the basin center.
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Figure 12: Piezometric measurements and modeled groundwater levels at the available points.

Validation of the calibrated extractions should be done using the limited piezometric data
available for the 2012-2017 period. Groundwater data (Fig. 12) show a near stable level
between 60 and 150 m msl validating the stable trends calculated with the calibrated model.

The importance of the monitoring system deployed in the basin is related to the further use of
the results obtained. The inclusion of the InSAR data, validated in the previous analysis, as a
reference layer able to improve the management possibilities of the aquifer-system highlights
the progress of the technique.

The new 2012-2017 monitoring period required to update the groundwater model to cover it.
The lack of pumping ratios led to use extrapolated data from 1960-2012 period. These
uncalibrated water extractions (216.5 hm?) generate a declining groundwater level, exacerbated
by the unfavorable climatic conditions, that result in an estimated surface deformation
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extending over a large area with extreme accumulated subsidence above 1 m. Comparing the
deformation results with CSK displacements and piezometric stable data, different pumping
ratios were proposed. Final calibrated pumping rates present a lower extraction volume (145.9
hm3) with rational extractions related to the available surficial water that generate slow changes
in the groundwater levels, following the trends showed by the piezometric data (Fig. 12).
Maximum estimated deformation for the calibrated results is around -37 cm in a small area of
the basin center showing a good agreement with the deformations measured by CSK (R?=0.84).

The lack of extraction data made the comparison between piezometric data and groundwater
model output the only available validation. Aquifer-system levels have remained near-stable
during the last 5 year in the available piezometers, as seen in figure 12. Model results (calibrated
extractions) for the same period show the same near-stable trends supporting its better
performance during the 2012-2016 period than those from uncalibrated extractions. Water
depth differences are an inherit problem from previous model results, calibrated with scarce
piezometric information in the last period (see Ezquerro et al., 2017 for more information). In
spite of these problems, the results probe the proficiency of the methodology to use InSAR
displacements as an input data to derive groundwater information. New data will allow the
future improvement of the complete model.

6 Conclusions

Sustainable and efficient aquifer-systems management in arid areas is one of the most
important challenge in groundwater field. Difficulties in knowledge of the groundwater masses
health due to sparse and expensive methods like piezometric wells are now supported by new
INSAR high density measurements and coupled deformation models.

We have used satellite and geodetic techniques to improve the monitoring of a basin affected
by the largest land subsidence due to groundwater extraction in Europe. INSAR measurements
from CSK and Sentinel-1 satellites confirmed that the subsidence trend described in previous
studies (-10 —-12 cm/year), continues slightly attenuated, in the present (-8 —-9 cm/year). Using
ascending (CSK) and descending (S-1) satellite geometries allowed to decompose the
deformation field (Up-Down, E-W) showing a slow but clear horizontal deformation towards the
basin center in its western side. Continuous data from GNSS stations has confirmed the
existence of that trend. These data were also used to validate the vertical deformation results
obtaining good correlation with RMSE around 1.5 cm. relative errors that only reach 3 — 30% of
it. Analysis of the displacement velocities present comparison results in the stability range of the
processing (x1 cm/year).

In order to improve the well-management of aquifer-systems and increase the value of InSAR
data for this process, a new methodology was proposed and developed in the Alto Guadalentin
basin. Groundwater flow and deformation models generated for the 1960 — 2012 period, have
been updated with the latest geological and meteorological information to cover the new 2012
— 2017 InSAR sensing period. Unknown pumping rates of the new period have been calibrated
using INSAR deformation, improving a 32% the extracted volumes and demonstrating the good
performance of the system.

The results achieved in this study confirms the capability of INSAR measurements to monitor
vertical and horizontal surface displacements. They also indicate the high value of this
technique, coupled with groundwater flow and geo-mechanical models to generate advanced
products of paramount importance for aquifer-systems water management, geohazards
monitoring and urban planning.
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Supplementary figure 1. Groundwater model structure and 950 2013-2017 rainfall data
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Supplementary figure 2. E-W and N-S Cross-sections of the groundwater model. Layer 1 includes
the compressible fine-grained Plio-Quaternary materials. Layer 2 is formed by coarse-grained
Plio- Quaternary sediments, representing the main aquifer layer. Layer 3 comprises Miocene low
permeability material
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Supplementary figure 3. ERS LOS results (1992-2000)
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Supplementary figure 4. ENVISAT LOS results (2003-2010)
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