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Presentation

The collection Booklets of Research, Development & Innovation of Canal de Isabel II Gestión S.A. are a part
of the company’s knowledge management strategy and of its R & D & I Plan.
These Booklets represent an element for diffusion of projects and initiatives developed and promoted by
the company, and aim at innovation in areas related to the water services in an urban environment.
They deal with the problems tackled by each project as well as the results obtained. The aim of publishing
these Booklets is to share experience and knowledge with the entire water industry sector, with the
scientific community and with all those who work in the fields of research and innovation. With these
publications what it is hoped is contribute the improvement and efficiency in water management and, as a
result, make it possible to offer a better service to the citizens.
The titles published in the series to date are shown in the following table.
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Development of a validation, estimation and prediction of hourly consumption by sector, for the
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sensing techniques
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Project title

Research on measuring techniques for subsidence related to groundwater exploitation

Research line

Environmental integration and sustainability

Areas at
Canal de Isabel II
Gestión involved

Subdirección I+D+i, Departamento de Programación del Abastecimiento

External participation

Aim and justification
of the Project

Contribution to
the state of the art

e-Geos, Telespazio Ibérica, Instituto de Geomáica IdG (Barcelona), Instituto Geológico
de Cataluña IGC (Barcelona), Fundación Agustín de Betancourt (Madrid).
Verification of the applicability and precision of remote sensing techniques, specifically
radar interferometry (IFSAR), for measuring groundwater subsidence in the region of
Madrid. Contrasting with other procedures and development of a methodology for
monitoring potential ground deformation related to the exploitation of groundwater.
Monitoring of artificial recharge tests. Evaluation of potential subsidence phenomena
in areas of the Community of Madrid that are affected by groundwater exploitation of
Canal de Isabel II Gestión.

The precision and sensitivity of IFSAR as a remote detection technique for ground
movement in the aquifer of Madrid has been examined. The magnitude of this
movement, relative to the extraction and recovery cycles as well as the artificial
recharge tests, has been evaluated.

Analysis of the historical period from 1992-2010 in order to evaluate the evolution of
ground movement in the past, applying remote sensing techniques to historical data.

Summary of the
Project development
and outstanding
milestones

Monitoring of the artificial recharge tests carried out between 2011 and 2013 in order
to supervise present movements, not only with IFSAR, but also other ground
movement control techniques (GPS, extensometry, and topographic levelling).
Comparative study of the different detection techniques for ground subsidence. The
interferometry technique was compared with the other methods in order to evaluate
their precision and suitability for an operating surveillance service.
Proposal of a methodology for monitoring ground movements in the affected areas of
the entire exploited aquifer, including concrete suggestions regarding objectives,
means and costs.

Summary of
the results obtained

Research Lines open
for continuing the
work

Comparison of the results obtained with IFSAR, GPS and traditional topographic and
geotechnical techniques during the artificial recharge tests.
Maps of subsidence in the areas close to Canal de Isabel II’s well-fields from 1992 to
2010, and their correlation with piezometric levels and groundwater extraction.
Application of interferometry techniques to other purposes such as monitoring critical
structures, change detection, or evaluation of water volume in the form of snow.
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OBJETIVES

There were three main objectives to be pursued within the project presented in this document:

 Verification of the applicability and precision of interferometry radar techniques (IFSAR) in order to
measure subsidence phenomena related to groundwater exploitation in the field of action of Canal de
Isabel II Gestión. Comparison with other traditional topographic and geotechnical methods as well as
innovative techniques with GPS satellites.

 Evaluation of potential subsidence phenomena in areas of the Community of Madrid that are affected by
groundwater exploitation through Canal de Isabel II Gestión, firstly, during the historical period from 1992
to 2010 using the IFSAR technique, and secondly, during the artificial recharge tests carried out between
March 2011 and February 2013, using several kinds of measuring methods.

 Development of a methodology for monitoring potential ground movements related to the exploitation or
artificial recharge of the groundwater layer.

BACKGROUND
Subsidence is defined as the slow, gradual sinking of the ground surface originated by subterranean cavities
produced by such factors as mining, oil or gas extraction, subterranean construction, or a drop in the level of
the water table due to groundwater exploitation. The opposite phenomenon is called ground uplift.
In the supply system of Canal de Isabel II Gestión groundwater is considered a strategic resource to be used
almost exclusively either in situations of water shortage or as a preventive means to avoid such shortages. The
exploitation of this resource became greater in 1992, due to the period of drought at that time (1992-1993).
Since then, owing to new periods of shortage, various extraction cycles have been carried out, alternating with
periods of inactivity to allow the water table to return to its natural level. Since 1992, some 440 cubic
hectometres of groundwater have been extracted.
In the years from 2010 to 2013, Canal de Isabel II Gestión carried out pilot tests to artificially recharge the
Tertiary Detritic Aquifer of Madrid with water coming from the general supply system, in order to try out
techniques that might contribute to improve the groundwater management and help the aquifer’s natural
recovery between extraction cycles.
Canal de Isabel II Gestión · 11
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During that period, there was no evidence of infrastructural damage nor were there any appreciable ground
movements caused by the company's extraction operations. However, the possibility that subsidence
phenomena could have taken place during the period of intensive extraction should not be ruled out.
Moreover, the artificial recharge tests might have introduced new stress in the ground, which is why the area
of influence must be monitored.
This project came about as a response to a requirement by the Confederación Hidrográfica del Tajo saying that
precise measuring must be carried out in order to detect possible ground movements caused by the aquifer
injections.
Besides fulfilling this requirement, the opportunity was used to try out innovative techniques to control ground
deformation, so that not only could the recharge tests be monitored, but also the consequences of the
different groundwater exploitation cycles since 1992 could be reconstructed.
This retrospective analysis for the period from 1992 to 2010 was applied to the entire scope of groundwater
exploitation by Canal de Isabel II Gestión. Monitoring the recharge tests focussed on the well-field of
Fuencarral, mainly on the experimental plot close to well FE-1R, where those tests were carried out between
March 2011 and February 2013.
For measuring ground uplift or subsidence several traditional topographic and geotechnical methods can be
used, such as precision levellings, extensometers, direct or inverted pendulums, clinometers, etc., as well as
more recent techniques, such as remote sensing or global positioning systems (GPS or DGPS).
Among the remote sensing methods, one technique that turned out to be especially successful in this kind of
situation is IFSAR (Interferometric Synthetic Aperture Radar), with different variants of radar image analysis
procedure. This advantage of this system is that it offers the possibility of analysing what happened in the past,
as there are available satellite radar images on file that date back as far as 1992.

IFSAR PRINCIPLES
The Interferometric Synthetic Aperture Radar (IFSAR or InSAR) is a very effective technique to help control
ground movements in case of subsidence, landslides or earthquakes, and to observe volcanic activity. IFSAR
measures ground movement with millimetric precision, processing data obtained from satellites in orbit at 600
kilometres above the surface of the Earth.
The main principle at the heart of this technique is that the phase difference between two SAR images, taken at
different moments in time but from a similar angle, relates to the topography of the scene as well as to its
movements. The phase of the backscattered (reflected) signal depends on the distance between the radar
antenna and the object, the characteristics of the transmission media, and the observed object itself

Canal de Isabel II Gestión · 12
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FIGURE 1. INTERFEROMETRIC DATA ACQUISITION MODEL

R2
R1

Area subject to deformation

Interferometric data acquisition model. If the scene’s topography is known, it is possible to eliminate this component of the
phase signal and observe potential movements of the defined elements.

In general, measuring can be carried out in scattered places that must be identified during the processing
phase and correspond to the objects on the ground with backscatter radar properties that are stable in time.
These places are called Persistent Scatterers (PS), and are generally located in areas with no farming and little
vegetation or in built-up areas, and in particular match structures that are either man-made or natural, such as
buildings, boulders, etc. In order to identify the PSs, a large series of data acquisitions must be analyzed,
increasing the number of processed images and thus allowing for more reliable statistics and more precise
results.
In those places where the number of natural PSs is low, due to the characteristics of the ground surface,
artificial reflectors may be installed, metal devices in the form of a trihedron called Corner Reflectors (CR) with
good radar signal reflection properties.
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FIGURE 2. ARTIFICIAL CORNER REFLECTOR (CR) MODEL

Model of artificial Corner Reflector (CR), installed on Fuencarral well-field

The result is a layer of points that can be imported into a GIS environment that processes the PSs, the
geographic coordinates, the average velocities of movement in the analyzed period as well as the total distance
of movement for each point at each moment of data acquisition, in comparison to a specific image used as a
point of origin (usually the first image of the period).
During this project, the following images from the files of the European Space Agency (ESA) were processed: 50
images from the ERS satellite (from April 1992 to November 2000), and 31 images from the ENVISAT satellite
(from August 2003 to September 2010). For monitoring the recharge tests, 61 high resolution images from the
COSMO-SkyMed (CSK) satellite were obtained, taken between May 20, 2011 and February 26, 2013. For this
purpose, 10 artificial corner reflectors (CRs) were installed at different places on the Fuencarral well-field.
Besides the interferometry techniques for monitoring the recharge tests, the following devices were used:

 GPS: satellite-based Global Positioning System. A permanent measuring station was installed at well FE-1R,
equipped with a GPS for geodesic purposes, a GPRS communication set, and telemetric sensors for
ongoing remote observation.
This station registered data continuously from March 8, 2012 to July 31, 2013.
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 Extensometer. An extensometer was installed at the well FE-1R, consisting of three bars at different
depths: one at 12.7 metres, serving as a reference point for deformations close to the surface; one second
at 31.7 metres directly beneath the water level; and the third one at 65.7 metres as the point of maximum
depth.

 Levellings: Four levelling campaigns were carried out on the following dates: February 16, 2012; July 5,
2012; November 25, 2012; and July 24, 2013. The itinerary was 4,960 lineal metres long, with doublelevelling and data collection at rods located next to the CRs.

FIGURE 3. GPS ANTENA HOLDER

Holder of GPS antenna at the well FE-1R
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RESULTS

The IFSAR processing led to the conclusion that the observed ground deformation in the extraction area of
Canal de Isabel II Gestión can be clearly related to the extraction and recovery cycles since 1992, with
subsidence and uplift, respectively, of a variation up to ±30 millimetres.
The deformations show a behavior that seems to be almost elastic, with very little variation between the
periods of extraction and recovery.

FIGURE 4. MAPS OF GROUND MOVEMENT AROUND THE WELL-FIELDS

Legend:
Displacement
LOS (mm)

a)

b)

Maps of ground movement around the well-fields
Dates: (a) April 19, 1992 to October 24, 1995; and (b) August 5, 2003 to January 11, 2005

The results of the interpretation of the PSP-IFSAR processing that was carried out within the geological and
hydrogeological context of the aquifer in the area of wells operated by Canal de Isabel II Gestión are described
in detail in this document.
A statistical analysis has shown a strong correlation both in space and in time between the movements
measured with the IFSAR techniques and the piezometric levels registered at the well-fields. This correlation
becomes weaker as the distance from the extraction area grows.
For each drop of 10 metres in the piezometric column, subsidence of around 4 millimetres were registered
during the period of ERS data, and of around 7 millimetres during that of ENVISAT, within a 1,000 metre radius
around the extraction site.

Canal de Isabel II Gestión · 16

Research on measuring techniques for subsidence related to groundwater exploitation
Executive Summary

PSP FA-1 ERS

PSP FA-1 ENVISAT

Nivel piezométrico
(msnm)
Piezometric
Level (msnm)
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400
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-75
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450
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-50

01/01/2000
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-25
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550

31/12/1996

0
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600

31/12/1994

25
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650

31/12/1992

50

01/01/1992

Desplazamiento (mm)
Displacement
(mm)

FIGURE 5. TEMPORAL EVOLUTION OF GROUND MOVEMENT, PSP-IFSAR TECHNIQUE

PIEZOMETER
Piezómetro FA-1

Temporal evolution of ground movement measured with the PSP-IFSAR technique on top of piezometric level,
readings at well FA-1

During monitoring of the recharge tests from March 2011 to July 2013, all the techniques used for measuring
ground movement, according to their respective limitations and degrees of precision, led to practically identical
results.
Taking into account the volume of water injected, the artificial recharges caused very little variations of the
water table, less than 15 metres, and thus their influence on the subsidence is hardly noticeable and lies within
the accepted margins of error of the instruments used for detection.
Since the end of 2012, when all the water measuring points around the Fuencarral well-field showed a general
drop in the piezometric levels, a correlation can be observed with the homogeneous, generalized ground
deformation in the area of study. The method of optical levelling does not show the same kind of drop because
the reference point itself lies within the area affected by this subsidence.
During that time, the deformation measured by means of GPS or IFSAR shows a correlation with the
piezometric variations of around 0.35 millimetres per metre, similar to that of the first historical period (ERS
data) within a distance of 1,000 metres.
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Comparison of vertical movements in well FE-1R, obtained by different techniques, and their relationship with
piezometric levels
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FIGURE 6. COMPARISON OF VERTICAL MOVEMENT IN WELL FE-1R
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CONCLUSIONS

The following conclusions can be drawn from the above:

 The results obtained by the PSP-IFSAR technique in the analysis of the historical period from 1992 to 2010
show great consistency, both in space and in time, regarding the groundwater extraction and recovery
cycles, as well as a strong correlation with the observed piezometric levels.

 A comparison of the results obtained by this technique with those gathered with other methods such as
topographic levelling and especially GPS from 2011 to 2013 have confirmed both the validity and the
precision of these measurements.

 The PSP-IFSAR technique is appropriate for a monitoring service of ground movements related to the
groundwater exploitation in the field of action of Canal de Isabel II Gestión. This methodology is able to
provide detailed information on thousands of measurements per square kilometre with subcentimetric
precision, as well as the possibility of monthly or quarterly updates.

 The IFSAR measurements may be complemented by a GPS station with geodesic precision, which could be
used to obtain continuous information on ground movements and to serve as an absolute reference and
calibration for the interferometric measurements.

 Both subsidence and uplift phenomena could be observed in the area surrounding the well-fields,
associated with the groundwater exploitation and recovery cycles, reaching maximums of +30 millimetres.

 The area most heavily affected by the operations of extraction and recharge has a radius of approximately
2 kilometres and shows movements that are practically homogeneous, while further away the movements
clearly decrease according to the distance from the origin, and basically become unnoticeable at a distance
of approximately 8 to 10 kilometres.

 Taking into account the volume of water applied during the testing at the Fuencarral wells, the artificial
recharges caused very little variations of the water table, and thus their influence on the subsidence is
hardly noticeable and lies within the accepted margins of error of the instruments used for detection.
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2.1. BACKGROUND

The main water resources used by Canal de Isabel II Gestión for supplying the Community of Madrid are the
surface water of the rivers coming from the Guadarrama mountain range: Lozoya, Jarama, Guadalix,
Manzanares, Guadarrama-Aulencia, Alberche and Sorbe. These rivers, under normal hydrological
circumstances, provide a sufficient volume of water of good quality to satisfy the population's needs.
For this reason, groundwater is considered a strategic resource to be used almost exclusively either in
situations of water shortage or as a preventive means to avoid those shortages.
The main reserve used for water supply in times of shortages or droughts is a Tertiary Detritic Aquifer with a
surface of 2,500 square kilometres and renewable resources of 130 to 150 cubic hectometres per year. Canal
de Isabel II Gestión uses a network of 75 wells on this aquifer with depths that vary between 350 and 700
metres. Their supply capacity lies around 90 cubic hectometres per year of drought, with a recovery period of
two to four years for each year of extraction. Besides this usage by Canal de Isabel II Gestión, the aquifer is also
being used by housing developments, industries, some towns and agriculture, adding up to a total extraction of
approximately 54 cubic hectometres each year, according to the Consejería de Medio Ambiente de la
Comunidad de Madrid (Environmental Department of the Community of Madrid). Another smaller limestone
aquifer in the area of Torrelaguna may supply a water volume of 5 to 12 cubic hectometres per year without
affecting the minimum flow of the Jarama river.
The intensive exploitation of groundwater by Canal de Isabel II first started in the year 1992 during a period of
serious drought (1992-1993). Since then, originated by new shortage periods, various extraction campaigns
have been carried out: in 1995, 1999-2000, 2002 and 2005-2006, as well as to a lesser extent in 2010-2011. The
total amount of water extracted since 1992 adds up to approximately 440 cubic hectometres.
The increase in both frequency and severity of the droughts over the last few years has prevented the aquifer’s
natural recharge cycle from completing itself, so it has not been able to recover completely. In times of
abundant surface volumes, an alternative to the natural recovery of groundwater reserves could be the
injection of surplus water resources into the aquifer. In the years from 2010 to 2013, Canal de Isabel II Gestión
carried out pilot tests to artificially recharge the Tertiary Detritic Aquifer of Madrid with water coming from the
general supply system, in order to try out techniques that could contribute to improve groundwater
management.
This project came about as a response to a requirement by the Confederación Hidrográfica del Tajo saying that
precise measuring must be carried out in order to detect possible ground movements caused by the aquifer
injections.
Besides fulfilling this requirement, the opportunity was used to try out innovative techniques to control ground
deformation, so that not only could the recharge tests be monitored, but also the consequences of the
different groundwater exploitation cycles since 1992 could be reconstructed.
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2.2. SUBSIDENCE AND GROUND MOVEMENT

Subsidence is defined as the slow, gradual sinking of the ground surface originated by subterranean cavities
produced by such factors as mining, oil or gas extraction, subterranean construction or a drop in the level of
the water table due to groundwater exploitation. The opposite phenomenon is called ground uplift.
Although there was no evidence of infrastructural damage caused by the extraction operations carried out by
Canal de Isabel II during the indicated period, it cannot be ruled out that there might have been some
movement of this kind. Moreover, the artificial recharge tests might have introduced new stress in the ground,
which is why the area of influence must be monitored.
For measuring ground uplift or subsidence several traditional topographic and geotechnical methods can be
used, such as precision levellings, extensometers, direct or inverted pendulums, clinometers, etc., as well as
more recent techniques, such as global positioning systems (GPS or DGPS) or remote sensing.
In order to analyze the historical evolution in previous years, the only possible method is remote sensing, using
available satellite images already on file. One of the methods that can be used under these circumstances is
IFSAR (Interferometric Synthetic Aperture Radar), with different variants of radar image analysis procedure.
This project has mainly consisted of using these techniques, applying them to the specific case of the
Community of Madrid, and checking their suitability and precision by comparing the results between the
different methods.
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There were three main objectives to be pursued within the project presented in this document:

 Verification of the applicability and precision of interferometry radar techniques (IFSAR) in order to
measure subsidence phenomena related to groundwater exploitation in the field of action of Canal de
Isabel II Gestión. Comparison with other traditional topographic and geotechnical methods as well as the
innovative techniques with GPS satellites.

 Evaluation of potential subsidence phenomena in areas of the Community of Madrid that are affected by
groundwater exploitation of Canal de Isabel II Gestión, firstly during the historical period from 1992 to
2010, using the IFSAR technique, and secondly during the artificial recharge tests carried out between
March 2011 and February 2013, using several kinds of measuring methods.

 Development of a methodology for monitoring potential ground movements related to the exploitation or
artificial recharge of the groundwater layer.

The ground movement originated by the company's activity (exploitation and natural recharge) in the aquifers
of the well-fields of Fuencarral, Canal Bajo, Canal Alto and Goloso was monitored during the historical period
from 1992 to 2010, using the IFSAR technique, as well as the movement caused by the artificial recharge tests
carried out at the Fuencarral well-field between March 2011 and February 2013.
During this second period the monitoring was carried out not only applying the IFSAR technique, but also other
ground movement control methods (GPS, topographic levelling and extensometry).
The simultaneous employment of both direct observation and measuring techniques, remote sensing and
global positioning systems, makes it possible to compare their precision and sensitivity with each other, in
order to validate the results obtained for the historical period, and thus establish a methodology for
monitoring possible ground movements related to groundwater exploitation in the future.
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FIGURE 7. LOCATION MAP OF THE GROUNDWATER EXTRACTION POINTS USED BY CANAL DE ISABEL II
GESTIÓN
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4.1. GROUND MOVEMENT MEASURING TECHNIQUES

In order to evaluate the historical evolution of ground movements in the past, the only possibility is to apply
remote sensing techniques to data on file. Therefore, the movements originated by Canal de Isabel II Gestión’s
activity (exploitation and natural recharge) in the aquifers of the well-fields of Fuencarral, Canal Bajo, Canal
Alto and Goloso with a total extension of 100 square kilometres at the watershed between the Manzanares
and Jarama rivers, were monitored during the period from 1992 to 2010 using remote sensing techniques. In
this particular study a technique called PSP-IFSAR (Persistent Scatterer Pairs–Interferometric Synthetic
Aperture Radar) was applied to medium resolution satellite images from ERS and ENVISAT on file. The ^ΖƐ
(European Space Agency) files include SAR data from the ERS satellite from 1992 to 2000, and from the
ENVISAT satellite from 2003 to 2010.

Figure 8 [Annex 9.4., document 9] shows the location of both Madrid’s Tertiary Detritic Aquifer and the area of
this study with the well-fields of Fuencarral, Canal Bajo, Canal Alto and Goloso at the watershed between the
Manzanares and Jarama rivers.

In the years from 2011 to 2013, the company carried out pilot tests to artificially recharge the aquifer, which
were monitored in order to detect possible stress induced in the ground in the area surrounding the recharge
point, well FE-1R, located in the Fuencarral well-field.

For measuring the stress induced, subsidence or uplift, several traditional topographic and geotechnical
methods were used, such as precision levellings and extensometers, as well as more recent techniques, such as
remote sensing (IFSAR applied to COSMO-SkyMed satellite images) or global positioning system (GPS and
DGPS).

Figure 9 shows the infrastructures of the recharge station at FE-1R: recharge well FE-1R, exploitation well FE-1bis, and control piezometers.
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FIGURE 8. LOCATION OF THE TERTIARY DETRITIC AQUIFER IN THE PROVINCE OF MADRID
Legend
Quaternary
Tertiary Carbonated
Tertiary Evaporitic
Tertiary Detritic
Cretaceous Carbonated
Cretaceous Detritic
Metamorphic Rocks
Igneous Rocks

North zone of groundwater abstraction
(Manzanares-Jarama)

Tertiary Detritic Aquifer in the province of Madrid. The purple area labelled number 1 shows the region of infrastructures for
groundwater collection at the Manzanares and Jarama rivers

Canal de Isabel II Gestión · 28

Research on techniques for measuring subsidence related to the exploitation of aquifers
Methodology

FIGURE 9. ARTIFICIAL RECHARGE STATION FE-1 R

Piezometers monitoring
Well exploitation (FE-1 bis)

Recharge well (FE-1R)

Piezometers monitoring

Legend
Recharge Station FE-1 R
Main facilities

4.2. IFSAR PRINCIPLES

The Interferometric Synthetic Aperture Radar (IFSAR or InSAR) is a very effective technique to help control
ground movements in case of subsidence, landslides or earthquakes, and to monitor volcanic activity.
IFSAR measures ground movement, with millimetric precision, processing data obtained from satellites in orbit
at 600 kilometres above the surface of the Earth.
The main principle at the heart of this technique is that the phase difference between two SAR images, taken
at different moments in time but from a similar angle, relates to the topography of the scene as well as to its
movements. In reality, the backscattered signal (the SAR image) is consistent in its amplitude as well as its
phase. The signal amplitude depends on the wavelength of the transmitted signal as well as the geometry and
physical characteristics of the observed scene, while the backscattered signal phase depends on the distance
between the radar antenna and the object, as well as the characteristics of the transmission media and the
observed object.
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Figure 10 shows an example of both the amplitude and the phase of a signal associated with a radar image.
Even though the image of the amplitude (left) presents significant differences compared to an optical image,
the characteristics of the original scene can still be clearly recognized: an urban area (coloured white) in the top
left corner, a body of water (coloured black) in the centre, and the effects of foreshortening and layover
associated with topographic forms (where the mountains seem to “bend” towards the sensor). On the other
hand, the phase image of one single SAR image (right) seems to contain nothing but noise.

FIGURE 10. EXAMPLE OF SIGNAL AMPLITUDE (A) AND SIGNAL PHASE (B) OF A SAR IMAGE

a) Amplitude of SAR image

b) Phase of SAR Image

The amplitude image (a) contains recognizable topographic elements such as an urban area top left and a body of water in
the centre. However, the phase image (b) shows only noise.

The situation changes drastically if we consider the phase difference between two SAR images, i.e. the
interferogram. If we observe the same object from two slightly different points of view, assuming that neither
the characteristics of the transmission medium nor the properties of the observed scene undergo any changes,
then the phase difference relates exclusively to the movement of the observed object. In this case, the phase
difference shown in Figure 11 is heavily correlated with the scene’s acquired topography, and the
interferogram looks like contour lines. The colour transition from red to blue is called "interferometric fringe”
o
and represents a phase cycle, i.e., a signal phase rotation of 360 . The distance between the two antennas at
the two moments of capture is called “interferometric baseline”. This parameter has an influence on the
sensitivity regarding the topography: if the baseline is zero, the interferometer is “blind”, because the phase
difference is zero; however, if the component of the orthogonal baseline increases towards the direction of the
radar observation, the interferometer becomes more and more sensitive to the topography, and the
interferometric fringe’s frequency increases proportionally. In any case, the baseline length has to be shorter
than the so-called “critical baseline value”, because with any value higher than that the interferometric fringes
become undistinguishable and the measured phase would be useless.
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FIGURE 11. INTERFEROMETRIC DATA ACQUISITION MODEL (A), AND SAR PHASE INTERFEROGRAM (B)

a)

b)

Interferometric data acquisition model (a) and example of SAR phase interferogram (b) for the SAR amplitude image shown
in Figure 10 above. The topographic features are clearly visible in the phase interferogram

If the observed scene’s topography is known, that component may be eliminated from the SAR image, and if
the interferometric baseline is zero, the topographic contribution is also zero. In both cases, however, it is
possible to analyze the interferogram if the topographic component is eliminated, so that the differences
between two images originated by the object's movement can be measured.
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FIGURE 12. INTERFEROMETRIC DATA ACQUISITION MODEL

R2
R1

Area subject to deformation

If the scene’s topography is known, it is possible to eliminate this component of the phase signal and observe potential
movements of the defined elements

The interferometry technique is able to measure the projection of the movement along the LOS (line of sight)
of the sensor (see Figure 13).

FIGURE 13. LINE OF SIGHT (LOS)

Flight direction

Line of sight
Hillside to be analyzed
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The line of sight (Figure 14) can be represented by three components: north, east and height
FIGURE 14. COMPONENTS OF THE LINE OF SIGHT

With the satellite systems available today, it is possible to carry out an interferometric analysis with two
complementary geometries (up/down, and left/right) and to discriminate between the movement’s east (E)
and height (H) components, while at the same time the system does not consider the north component (N). For
each observation geometry, the cosines of the three components are provided.
For a better understanding of the interferometric measurements, Figures 15 and 16 show an example of
ground movement in the presence a of sloping ground surface.

FIGURE 15. INTERFEROMETRIC MEASUREMENT WITH GROUND MOVEMENT AND AN ASCENDING
ACQUISITION GEOMETRY

Low component of ground
movement along the line of sight

Downslope movement

The red line represents the component of ground movement measured with the PSP-IFSAR technique with an ascending
acquisition geometry
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FIGURE 16. INTERFEROMETRIC MEASUREMENT WITH GROUND MOVEMENT AND A DESCENDING
ACQUISITION GEOMETRY

High component of ground
movement along the line of sight

LOS
Downslope movement

The red line represents the component of ground movement measured with the PSP-IFSAR technique with a
descending acquisition geometry

The examples of the figures above show the same movement measured with two different geometries:
ascending and descending. In Figure 15, the component of the ground movement along the LOS indicates that
the measuring point is moving towards the sensor: in this case, the movement is considered to be positive.
However, in Figure 16, the component of the ground movement along the LOS indicates that the measuring
point is moving away from the sensor: in this case, the movement is considered to be negative. The
combination of both measurements makes it possible to reconstruct the horizontal (east) and vertical (height)
components of the movement.
In the case of vertical movements, as in subsidence phenomena, one observation geometry will be enough to
reconstruct the vector of movement.

4.2.1. Potential and limitations of IFSAR
Interferometric SAR of satellites that periodically orbit Earth uses the phase difference between data
acquisitions to analyze the information on the topography of the observed scene and its changes over time.
The measurements of ground movements have a precision that is a fraction of the radar wavelength, which
means that, taking into account that the X-band wavelength of SAR signals is approximately 3 cm, the precision
is millimetrical.
The extraction of this information, however, is a complex job. The reality is that changes in the geometric and
physical characteristics of the object do exist on the same level of radar wavelength, and they produce phase
variations that go beyond the contribution, due to the distance between the radar and the object, and
therefore cause a phase decorrelation.
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Changes in the characteristics of the transmission media, i.e., different atmospheric conditions from one
acquisition to the next, produce phase delays that affect the estimated distance between radar and object.
o
Besides, the phase information is cyclical, i.e., the measurements can only take place within one cycle or 360 ,
so an appropriate number of cycles has to be added to the measured phase, in order to reconstruct the correct
absolute phase difference and thus recover the information on the movement.
In general, measuring can be carried out in scattered places that must be identified during the processing
phase and correspond to the objects on the ground with backscatter radar properties that are stable in time.
These places are called “persistent scatterers” (PSs) and are generally located in areas with no farming and little
vegetation or in built-up areas, and particularly match structures that are either man-made or natural, such as
buildings, boulders, etc. In order to identify the PSs, a large series of data acquisitions must be analyzed,
increasing the number of processed images and thus allowing for more reliable statistics and more precise
results.

FIGURE 17. INTERFEROMETRIC DATA ACQUISITION MODEL WITH ATMOSPHERIC CHANGES

Changes in the atmospheric conditions between one capture and the next introduce phase delays that affect the
topographic and movement measurements

In those places where the number of natural PSs is low, due to the characteristics of the ground surface,
artificial reflectors may be installed, metal devices in the form of a trihedron called “corner reflectors” (CR) with
good radar signal reflection properties. The CRs must be installed with the correct orientation so that they
receive and reflect the satellite SAR signal efficiently. This applies both to the planimetric orientation and the
vertical one. As far as the planimetry is concerned, the CR needs to be aligned perpendicularly to the path of
the satellite, while the vertical position depends on the SAR signal’s angle of incidence.
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In general, artificial reflectors may be used for different purposes: to guarantee the measurements in critical
areas with no natural PSs; to make possible the association between the measured movements and the ground
control points; and to allow comparisons, validations and/or calibrations with other techniques. Besides, if the
size of the CR is suitable, the level of noise will be lower than that of natural reflectors, making more precise
measurements possible. Due to this and to the fact that CRs only serve to complement the natural PSs, it is not
necessary to create a very tight mesh. Usually, if the amount of available interferometric images is fairly large,
and if there are structures such as small buildings on the ground, it will be possible to carry out the
measurements without installing any additional artificial reflectors.

Figure 18 shows a typical spatial distribution of Persistent Scatterers.

FIGURE 18. EXAMPLE OF SPATIAL DISTRIBUTION OF PSS (RED DOTS)

Spatial distribution of PSs (red dots) placed on top of an optical image. The PSs are urban areas, train tracks, roads,
buildings and infrastructures. No such features can be found on grown fields, vegetation areas and bodies of water
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FIGURE 19. MODEL OF ARTIFICIAL CORNER REFLECTOR (CR), INSTALLED ON FUENCARRAL WELL-FIELD

4.2.2. PSP-IFSAR technology

With the aim of recovering information on ground movements, other contributions to the phase have to be
1
identified and eliminated from the signal. The company e-GEOS has developed an advanced approach to the
identification of permanent measuring points or Persistent Scatterer Pairs (PSP), called PSP-IFSAR,
characterized by original solutions to overcome the main limitations that traditionally prejudiced the precision
of the ground movement measurements.
What follows is a short description of the Persistent Scatterer Technique and, in particular, the PSP-IFSAR
adopted by e-GEOS.
Interferometric SAR measures the phase difference between two backscatter signals from the same object.

1

e-GEOS is the commercial name of one of the leading international companies in the geospatial business, which offers a complete
range of products and services for the observation of Earth and in the field of geospatial applications based on two optical and radar
satellites, as well as on aerial reconnaissance.
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As has been explained above, this phase can be divided into several components: the radar wavelength λ, the
object’s movement between the two data acquisitions δ, the coefficient related to the difference between the
two acquisition geometries cq, the object’s elevation h, the phase delay caused by atmospheric conditions φa,
and the noise of the phase measurement φn. The interferometric phase φ can be expressed as the sum of the
different components:

φ=

4π

λ

δ + cq h + φ a + φ n

The measurement of the ground deformations δ with SAR data is a complex task that requires the
identification of points where the noise component is insignificant, as is always the case with the PSs, as well as
the separation of the information on ground movements from the rest of the phase signal’s components. In
this context, e-GEOS has developed an advanced approach to the identification of Persistent Scatterer Pairs,
called “PSP-IFSAR”. The key advantage of the PSP-IFSAR technology is its capacity to detect PSs and measure
their movements at the same time.
The traditional PS methods required previous identification of possible PS (candidates), based on the SAR signal
amplitude, and the later recovery of various phase signal components that corresponded to the reduced
amount of measuring points. In this approach, in order to calibrate the data regarding both the radiometry and
particularly the phase, it is essential to eliminate the phase’s orbital and atmospheric contributions, not only to
improve the analysis, but also to identify all possible PSs. Generally speaking, the orbital and atmospheric
contributions to the phase for all the points of the image must be estimated according to global or local
adjustments or interpolations (applying models), based on the estimated phase delays for a selected group of
preliminary points resulting from an analysis of the amplitude backscatter.
With these methods, during the preliminary processing, the results are sensitive to the density of the obtained
measurements (for example, it is possible to not have any previous measurements in large areas because the
PSs are scarce or weak). Moreover, these methods need to apply a model of atmospheric artefacts and
historical deformation, or the running of consecutive improvements.
The new PSP-IFSAR technology overcomes all of these problems by using the phase difference between pairs of
related points (arcs). Comparing the SAR signal of any given point with the signals of other points nearby
eliminates the necessity to carry out a preliminary calibration procedure for the amplitude and phase data. In
particular, it will no longer be necessary to eliminate the atmospheric and orbital contributions, nor in general
to eliminate all the other correlated spatial disturbances, because these would affect in a similar way the
signals of two points that are close to each other.
The processing of arcs instead of individual points could be computationally highly demanding, but it would not
be necessary to explore every possible pair of measuring points. The PSP-IFSAR technology is based on an
efficient intelligent algorithm that is able to select the smallest group of necessary arcs to identify the points
that must be observed, i.e. all the PSs.
After identifying the PSs, it is necessary to reconstruct the movement of each point, beginning with the
measurements of the difference of each pair of points. In order to do this, a method has been implemented
that obtains the phase and integrates the finite differences in a reliable and stable way.
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These innovative solutions make it possible for the PSP-IFSAR technique to provide results that are more
reliable and more precise.
In order to quantify this reliability, a quality index is applied. This index is called “coherence” and indicates the
relationship between the average movement and the model used to select the PSs. If ij is a pair of PSs, Bk and tk
are the spatial and temporal interferometric baselines associated with the pair k, pij are the parameters of the
model related to the pair of points ij, N is the number of SAR images and m() the movement model, then the
coherence of each arc that connects a pair of PS is calculated in the following way:

Γij =

1
N

N

∑e

(

(

j φijk −m Bk ,tk , pij

))

k =1

Only those pairs that show a coherence above a certain threshold are taken into account. The coherence of
each point is calculated as the average coherence of the incident arcs. If Sp is the group of incident arcs at the
point p, and Mp is the number of incident arcs, then the coherence of p is calculated as follows:

Γp =

1
Mp

∑Γ

ij∈Sk

ij

The coherence is a normalized value between 0 and 1. If the result is close to 1, the measured phase matches
the model used for the procedure, and therefore the measurement is reliable. On the other hand, it is possible
to obtain values that show a low coherence (but always above the minimum threshold selected for the
processing), due to the marked non-linearity in the movement’s temporal evolution. This does not necessarily
mean that the measurement will be less precise, but that it does not match the model. The applied redundant
phase approach [Annex 9.4., document 15] is able to recover the non-linearity, which is not present in the
adopted model, and to reconstruct the correct information on the movement.
It must be pointed out that all persistent scatterer techniques are able to provide measurements of
movements relative to a reference date (on the temporal level) and a reference point (on the spatial level). All
the images that belong to the interferometric package are co-registered with respect to a main image, in order
to be able to compare the corresponding phase information point by point. In general, the movement that
corresponds to the first acquisition date (d0) is considered to be zero, i.e., the first image is usually taken as
reference. Similarly, the interferometric phase is determined up to an additive constant due to electronic
delay, orbital data and temporal precision. This constant is inseparable from the atmospheric delay of phase φa
and is included in this component. In order to resolve these uncertain factors, the measurements have to be
linked to a reference point that must be selected among the PSs that are most reliable. The external
information on stability or the evolution of ground movement can be used to identify that reference point and
to provide information on the absolute movement. If there is no external information available, usually a
reference point is chosen that minimizes the movement in the analyzed area, i.e., the majority of the observed
PSs are presumed to be stable.
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At each acquisition date, apart from the information on movement, the average PS velocity is provided, in
order to characterize the stability of the analyzed area with only one layer. The average PS velocity is obtained
with a linear regression of the temporal evolution of the PS movement. Here, N is the number of SAR
acquisitions, [t0, ..., tn-1] is the vector of the acquisition dates, and [d0, ..., dn-1] is the vector of the movement
measurements associated with each acquisition date. Then, the average PS velocity PS v can be obtained by
applying the following system of equations:

1
 d0 
 t0




1  v   d 1 
 t1
   q  =   

  

d 

t
1
 N −1 

 N −1

4.2.3. PSP-IFSAR Products

The resulting product is a shape of points (in ESRI® format, which can be imported into a GIS environment) that
contains the PSs extracted by the PSP-IFSAR processing. Additionally, the data are supplied in Google Earth®
format (KML), so that they may be displayed without the necessity of a specific GIS program.
For each detected and measured PS, the following information is provided:
• PS position: the position of each PS identified within the AOI (area of interest), in a coordinate system with
reference ellipsoid WGS84.
The measurements of the PS positions are relative; the absolute position can be obtained by aligning the
identified PS on available maps, orthophotographies, etc. If that information is not available, orthoimages
from Google Earth® may be used as absolute reference.
• Average PS velocity in the analyzed period: average PS velocity in mm/year, calculated for the time interval
between the first image acquisition and the last one. The average PS velocity is measured along the sensor’s
LOS (line of sight) and using as reference another PS considered to be stable. This information provides an
indication about the stability or average movement velocity of specific points.
• Temporal evolution of PS movement: PS movement in mm, using as reference a specific SAR image that
serves as origin. This is done for each acquisition date (image taken) during the analyzed period.

The PS movements are measured along the sensor’s LOS (as was explained in the chapter above, see 4.2. IFSAR
PRINCIPLES), using as reference another PS considered to be stable as well as a specific date (among the
acquisition dates). This information makes it possible to monitor the evolution of each PS during the reference
period, which is important for identifying early alarms and possible critical events.
The average PS velocity sums up in one single value the movement tendency during the observed period. It is
obtained with a linear regression of the temporal PS evolution, as was explained in the chapter above.
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4.2.4. Corner Reflectors

In order to monitor the recharge tests, a total number of 10 artificial reflectors or CRs (Corner Reflectors) were
installed on the Fuencarral well-field, as shown in Figure 20.

FIGURE 20. LOCATIONS OF CRS, CORNER REFLECTORS

This configuration takes into account the fact that the CRs had to be located within the facilities of Canal de
Isabel II Gestión, in order to guarantee their integrity while the project lasted, and to make possible later
comparisons with the results of traditional techniques.
The CRs’ basis is stable and homogeneous, using the same point of reference as in the phase of topographic
levelling, as described further down.
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Three different types of CR were used, with the following definitive combination on the facilities:

•

4 CRs with a 70 cm width at wells FE-1R, FC-2 bis, FA-3 bis, and FX-4.

•

5 CRs with a 50 cm width at wells PF-7, FB-2 bis, FX-3 bis, FU-3 bis, and FA-1.

•

1 CR with a 50 cm width and fastening wheel at well FDP-1.

The 70 cm CRs are the oldest ones, initially designed for monitoring with ERS and EVISAT sensors. Nowadays, a
width of 50 cm is enough to ensure identification by COSMO-SkyMed with a HIMAGE configuration (3 meters
resolution). The 50 cm CR with fastening wheel is a modern version of the same device.

Figures 21 and 22 show examples of the employed CR types.

FIGURE 21. CORNER REFLECTOR TYPES EMPLOYED

Corner Reflector (CR) 70 cm

Corner Reflector (CR) with fastening wheel, 50 cm
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FIGURE 22. CORNER REFLECTOR LOCATION AT WELL FE-1R

Validation of visibility
The visibility validation was carried out in order to confirm the presence of the installed CRs on the acquired
SAR images. This meant the identification of the backscatter signal for each CR on the COSMO-SkyMed images
acquired on dates after the CRs’ installation. The results of the visibility analysis for the CRs is summarized in
Table 1. The first column indicates the identification of the well where each CR was installed. The second and
third columns show the CR positions in geographic coordinates in relation to ellipsoid WGS84. The fourth and
fifth columns indicate the CR positions on the radar image. And the last column shows the values of the radar
cross section.

TABLE 1. CRS VISIBILITY ANALYSIS RESULTS
Well

Longitude

Latitude

Distance (px)

Azimuth (px)

RCS (db)

FE-1R

-3.726586

40.526447

13383

7046

23.9

PF-7

-3.715297

40.529347

12960

6792

16.8

FDP-1 bis

-3.730044

40.521850

13477

7336

18.9

FC-2 bis

-3.731775

40.518011

13519

7568

23.

FB-2 bis

-3.733425

40.513700

13545

7826

21.2

FA-3 bis

-3.731883

40.510136

13455

8016

25.6

FA-1

-3.740164

40.510183

13777

8080

19.2

FX-4

-3.721483

40.504158

13014

8272

25.0

FX-3 bis

-3.728881

40.503533

13279

8367

19.1

FU-3 bis

-3.729156

40.498278

13243

8668

19.0
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FIGURE 23. IMAGES OF RADAR AMPLITUDE BEFORE (LEFT) AND AFTER (RIGHT ) CR INSTALLATION. THE RED
ARROW INDICATES THE LOCATION OF THE CR CLOSE TO WELL FE-1R

4.3. GPS TECHNIQUE

4.3.1. Description

El GPS (Global Positioning System) is a satellite navigation system managed by the United States Department of
Defense. Its technique allows for different levels of precision for the positioning, depending on the equipment
employed (receiver and antenna) and the way to process the data. The highest precision is achieved by
permanent geodesic receivers, based on a double frequency (L1 and L2) and differential data processing. Such
a configuration achieves subcentimetric precision for three-dimensional localizations.
GPS works through a network of satellites that orbit Earth with synchronized paths in order to cover the entire
surface of the planet. When the users want to determine their position, the receiver employed automatically
localizes at least three satellites that send signals indicating the identification and time of day of each one.
Based on these signals, the GPS device synchronizes its clock and calculates the time it takes the three signals
to get to it, as well as the distance between itself and the satellites. Based on these distances, the position of
the device in relation to the three satellites can be established. Knowing the satellites’ coordinates, due to the
signals they send out, it is possible to obtain the absolute position or real coordinates of the point of
measurement. At the same time, the accuracy of the GPS clock is extremely high, similar to that of the atomic
clocks on board the satellites.
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4.3.2. Data processing methodology
The software used for this project is BERNESE v. 5.0. This software is widely used all over the world and
especially in Europe when it comes to working with high precision, as is the case of maintaining reference
systems of geodynamic applications. In general, all the models implemented are regularly updated by a team
from the University of Berne (Switzerland), which is why this tool can be considered scientifically to be state of
the art.
The processing is based on daily data groups. After continuous processing, controlled by an automatic program
that covers the entire process from downloading the data to the checking of each item, the results in terms of
three-dimensional positioning are achieved.

4.3.3. Approach of analysis and network design
The so-called “fiducial approach” was applied to the data processing of the MADR station. This approach is
based on the use of reference data acquired at GPS stations at the same time as the observation takes place. A
reference GPS station is a place with known coordinates that is continuously monitored and preferably belongs
to an international network (EUREF, IGS, etc,).
The Iberian Peninsula is widely covered by EUREF and IGS stations, which is why designing a reference network
for the purpose of this project is an easy task.

FIGURE 24. IBERIAN CONTRIBUTION TO THE EUREF AND IGS NETWORKS

In the context of the fiducial approach, the reference stations have the specific purpose of maintaining the
connection with the ground reference system, which is of major importance for the GPS data processing. The
reference stations check all the satellite measurements and form a solid local reference, obtaining in real time
the coordinates for one given point whose values were already previously known with precision. They compare
the results and use them for permanently calculating all system errors. Accordingly, corrections are applied to
each station that is being observed, recalculating its position.
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The coordinates of at least three stations are usually kept steady during the entire process to guarantee the
adjustment to the ground reference framework and avoid rotation of the network and minimize its
deformation.
The analyzed network is made up of the MADR station, a permanent GPS station located at well FE-1R of Canal
de Isabel II Gestión, and three EUREF/IGS control stations: ACOR, CANT, and ALAC.

4.3.4. Model and parameter estimate
In order to guarantee the best positioning results, the IGS products used are those associated with the
satellites’ GPS orbit and the parameters of the rotation axis (pole position and line of position (LOP)). Today,
these products have a margin of error of 2.5 cm, 30 µas and 10 µas, respectively.
Finally, the IGS and ERP orbits were used, maintaining them steady during the process, but allowing for
reduction and reformatting for the developed model within the software.
In order to eliminate the ionosphere noise, only double-difference observations were used, based on a linear
combination of the carrying phases L1 and L2, called L3. The basic principle for forming the double-difference is
the maximum number of independent observations for each given baseline between each pair of stations. The
phase and code observations are used in each station to find and eliminate cycle skips.
The initial ambiguity is calculated and then eliminated from the design matrix, using the so-called “Quasi-IonoFree” approach (QIF) [Annex 9.4., document 6].
To deal with the troposphere component, its dry part can be modelled applying the Saastamoinen model, and
its humid part can be estimated using the Niell Mapping Function for its projection in the direction of the
zenith. For each day and each station, a troposphere parameter estimate is given every two hours.
The three-dimensional positions are estimated for each station beyond the three reference stations. Finally,
the calculated positions are “naturally” placed within the ground reference framework offered by the orbits
and the three fixed stations on the planet’s surface.

4.3.5. Main quality controls of the results
The quality controls of the results, mainly the station coordinates, are carried out in several steps:
•

∆ between the estimated coordinates and ITRF solutions, if possible

•

RMS/χ of the group

•

Repeatability of daily estimate on a, for example, weekly basis

2
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4.3.6. Implemented facilities
A permanent GPS station was installed at well FE-1R. Its GPS name is MADR. It is equipped with a geodesic GPS
system, GPRS communication devices and telemetry sensors for remote monitoring of the station’s status. The
data processing has been carried out by e-GEOS at their control centre in Rome (Italy) where the MADR data
are regularly downloaded and filed. En la tabla 2 se detallan los equipos instalados en el pozo FE-1R de Canal
de Isabel II Gestión, y en las figuras 25 y 26 se muestran unas imágenes de estos equipos y la instalación.
The main purpose of this facility is permanent monitoring, with respect to positioning, changes of position in
time (velocity) and variations of velocity, for 16 months. The station’s GPS receiver and antenna allow for high
data precision (at millimetric level) while, at the same time, fulfilling the standards and recommendations of
the international scientific community and using state of the art parameters and models.
Table 2 shows a list of equipment installed at Canal de Isabel II Gestión’s well FE-1R, while Figures 25 and 26
show some images of the equipment and the facilities.

TABLE 2. LIST OF ELEMENTS INSTALLED FOR GPS MONITORING
Pos

Description

1

Leica GPS receiver GNSS 1200+ with Siemens modem MC75

2

Leica GPS antenna AR-10

3

Coaxial cable RG213/U for GPS antenna

4

Gewiss BOX (IP65) with double fan and temperature sensor

5

Elettromax telemetry system

6

GPRS Modem GT 863 – PY for telemetry

7

Automatic battery charger ELSY SM2 24 V/15 A

8

Voltage reducer RM Italy RT10 In 20-30 V/Out 13.5 V

9

Protocol converter Moxa NPort 5110

10

CTA srl single phase transformer EN61558-2-6

11

Complete set: electric panel, differential and relay

12

Digital clock MEMO DW

13

100 Ah/12 V battery Elsy Power LFP 12100 XXU

14

Metal frame for installation of GPS antenna
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FIGURE 25. IP 65 BOX WITH GPS SYSTEM (INSIDE VIEW)

FIGURE 26. HOLDER OF GPS ANTENNA
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4.4. EXTENSOMETRY

An extensometer is a sensor that measures deformation on the basis of the piezoresistive effect, a property of
certain materials to change the nominal value of their resistance when a certain strain is applied and they
deform in the direction of the mechanical axes. A train that deforms the extensometer causes a variation of the
electric resistance. This may be due to the change in length, in section or in resistivity. The extensometer
carries out a direct reading of the longitudinal deformation of a certain part of the analyzed material. The unit
represented expresses the change in length in comparison to the initial length.
In this project, a bar extensometer with extensometric sensor head was applied to detect and evaluate possible
upward and downward movements of the ground as consequences of the charge and discharge cycles of the
aquifer below.
The location of the extensometer and the depth of its bars were based on geological information obtained
through several previous drillings on the experimental plot, on data gathered during the recharge tests
between May 1, 2011 and December 30, 2011, and on the geometric configuration of the elements found on
the plot.
The extensometer was installed at well FE-1R with three bars at different depths: one at 12.7 metres serving as
a reference point for deformations close to the surface; one at 31.7 metres directly beneath the water level;
and the third one at 65.7 metres as the point of maximum depth (see Figures 27 and 28).
• Depth 12.7 meters: reference point for deformations close to the surface, approximately 1 to 5 meters
above the first layer of sand.
• Depth 31.7 meters: in layer of relatively fine material, just below water level (less than 700 meters above
sea level).
• Depth 65.7 meters: maximum depth for this extensometer (683 to 675 meters above sea level). In layer of
material with a higher percentage of clay.
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FIGURE 27. LOCATION SKETCH FOR THE THREE EXTENSOMETRIC BARS, ACCORDING TO THE MATERIAL
FOUND IN PREVIOUS DRILLINGS
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FIGURE 28. FINAL DEPTHS OF EXTENSOMETER BARS

Alternation of sandy
tuff and tuffy sand
12.7 m

31.7 m

65.7 m

Each one of the bar extensometers with potentiometric head is made up of the following elements:


Head element



Intermediate bar



Ground bolt anchors



Flexible polyethylene hose



Complete sensor head



Potentiometer
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FIGURE 29. INSTALLED EXTENSOMETER COMPONENTS

General view of
the site with
drilling
machinery

Pushrod appliance
installed, and
hose injection

Installation of
the extensometric
sensor head

Potentiometer

Installation
completed
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4.5. LEVELLING

The purpose of levelling is to obtain a precise altitude above sea level for a series of fixed signals, materialized
with steel rods and located next to the Corner Reflectors within the facilities of the well-field of Fuencarral,
namely the installations FE-1R, FPD-1 bis, FC-2 bis, FB-2 bis, FA-3 bis, FA-1, and FX4. The comparison of values
obtained through the fixed signals at different moments in time serves as a measurement of ground
movement. In order to establish these, an arbitrary value is chosen for one point, the one furthest away from
the point of the artificial recharge, and then the altitude for each one of the other signals is calculated.
Four levelling campaigns were carried out on the following dates: February 16, 2012; July 5, 2012; November
25, 2012; and July 24, 2013.
The itinerary of each campaign was 4,960 lineal metres long, and the method applied was double-levelling. For
measuring the rods altitude, the LEICA digital level DNA 03 with bar code sight was used. For measuring the
prism altitudes and targets located on the piezometers of station FE-1R (PF-13 and PF-4), the LEICA Total
Station TCRP 1203 was used, equipped with laser measurement.

FIGURE 30. EXAMPLE OF DETAIL WITH CR AND ASSOCIATED LEVELLING ROD
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The historical analysis to evaluate the possible subsidence phenomena in areas of the Community of Madrid
affected by groundwater exploitation through Canal de Isabel II Gestión from 1992 to 2010 was carried out by
applying the PSP-IFSAR technique to data on file supplied by the European Space Agency (ESA).
Interferometric SAR measures the phase difference between two backscatter signals from the same object,
processing data acquired from satellites in orbit at 600 kilometres above the planet’s surface. The main
principle underlying this technique is that the phase difference between two SAR images, taken at different
moments in time but from a similar angle, relates to the topography of the scene as well as to its movements.
This very effective technique is able to measure slow movements of the ground surface caused by subsidence,
landslides, seismic and volcanic phenomena. Measurements can be carried out on all structures whose
electromagnetic reflection properties are stable in time, the so-called “Persistent Scatterers” (PSs). Normally,
these are either artificial or natural structures in areas with little vegetation.
All the Persistent Scatterer techniques are able to provide measurements of movements relative to a reference
date (on the temporal level) and a reference point (on the spatial level).
• All the images that belong to the interferometric package are co-registered with respect to a main image, in
order to be able to compare the corresponding phase information point by point. In general, the movement
that corresponds to the main image is considered to be zero, i.e., the first image is taken as reference.
• Similarly, the interferometric phase is determined up to an additive constant due to electronic delay, orbital
data and temporal precision. This constant is inseparable from the atmospheric phase delay and is included
in this component. In order to resolve these uncertain factors, the measurements have to be linked to a
reference point that must be selected among the PSs that are most reliable. The external information on
stability or the evolution of ground movement can be used to identify that reference point and to provide
information on the absolute movement.

The Persistent Scatterer Interferometry technology was developed by the company e-GEOS and registered
under the name PSP-IFSAR. The key advantage of this technique is its capacity to detect PSs and measure their
movements at the same time, and to carry out these measurements on a large scale, which makes it totally
unique at the international level.
In this phase of the project, the PSP-IFSAR technique was applied to medium resolution SAR data (from the ERS
and ENVISAT satellites) from the period from 1992 until 2010, specifically from April 1992 until October 2000 in
the case of ERS, and from August 2003 until September 2010 in that of ENVISAT. In order to produce results
both reliable and precise, only historical series of at least 30 images were used. For this reason the two
selected data groups share the same angle of incidence, but have different acquisition geometries: descending
in the case of ERS, and ascending in that of ENVISAT.
The final result, associated with the historical analysis using PSP-IFSAR, consists of two groups of
measurements, one for ERS data and one for ENVISAT data. Each group of measurements includes the PS
positions, the average velocities in millimetres per year for the period from the first SAR acquisition date to the
last one, and the PS movement in millimetres for each acquisition date within the analyzed period.
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5.1.

ERS PROCESSING

5.1.1.

ERS data

The images in the ERS data group belong to an orbit with descending configuration and cover an area of
approximately 100 km by 100 km, with its centre above the city of Madrid. Figure 31 shows the window of the
ERS data group in the analyzed area.

FIGURE 31. ERS WINDOW TRACE (RED BOX) AND REFERENCE POINT (WHITE TARGET)

5.1.2.

Processing of ERS data

For this processing a total of 50 images were used from between April 19, 1992 and November 22, 2000. The
total number of PSs detected was 1,326,220, scattered throughout the entire area.
Before carrying out the process, a point of reference and an image of reference must be defined. The image
selected as reference was the one from January 7, 1998, and the point of reference was the one indicated in
Figure 31 above. This point was chosen because of the properties of the ground and the level of noise
associated with interferometric measurements, according to geological indications. (The area of study contains
a large number of granite rocks from the Guadarrama mountain range and there is no evidence of recent
tectonic activity [Annex 9.4., document 10]. For this reason, taking into account that there is no vertical
movement at all, it is possible to use the points of this unit as zero reference for the IFSAR processing.)

Canal de Isabel II Gestión · 56

Research on techniques for measuring subsidence related to the exploitation of aquifers
Historical anaylisis

It should be pointed out that the IFSAR technique is able to provide only the measurements of relative
movement. If the historical movement of a specific PS is known from previous information, this point can be
used as reference in order to estimate the absolute movement. The quality of absolute measurements
depends on the validity of the previous knowledge of that reference, while the quality of relative
measurements depends exclusively on the interferometric interpretation, i.e., it does not depend on the
chosen point of reference.

5.1.3.

ERS results

This section presents the results of the PSP-IFSAR analysis applied to the ERS data group. The average velocity
of the identified PSs in the area of study sums up in one single value the movement tendency during the
observed period (Figure 32).

FIGURE 32. AVERAGE PS VELOCITY DURING 1992-2000, OBTAINED THROUGH PROCESSING DATA PSP-IFSAR
FROM ERS SAR

A detailed analysis of the area of study, the well-field at Fuencarral, will be presented in the following section.
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5.1.4.

The Fuencarral Well-field

The monitored area contains basically two kinds of surface: half the area is covered by vegetation (“Monte de
El Pardo”), while the rest is used for farming. Under such conditions, the only detectable PSs are man-made
structures. Indeed, some PSs were detected near wells FA-1, FA-3 bis, FX-4, and FC-2 bis, while none at all were
detected near wells FPD-1 bis and FE-1R (see Figure 33).
The result of the average PS velocity analysis during the period covered by the ERS images from 1992 until 2000
reveals some significant ground movements in the well-field of Fuencarral. In this area and period, the result
shows mainly negative velocities (orange, yellow and light green dots). The average PS velocity in the ERS
analysis varies between 1 and 7 millimetres per year.

FIGURE 33. AVERAGE PS VELOCITIES IN THE PERIOD FROM 1992 TO 2000 ON THE FUENCARRAL WELL-FIELD
(YELLOW POLYGON)

As examples, Figure 34 shows the temporal evolution of some PSs in the period from 1992 to 2000 for points
close to wells FA-1, FX-4, FA-3 bis, and FC-2 bis.
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FIGURE 34. TEMPORAL PSS EVOLUTION IN THE PERIOD FROM 1992 TO 2000 AT POINTS CLOSE TO WELLS
FA-1, FX-4, FA-3 BIS, AND FC-2 BIS
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5.2.

ENVISAT PROCESSING

5.2.1.

ENVISAT data

The images in the ENVISAT data group belong to an orbit with ascending configuration and cover an area of
approximately 100 km by 100 km, with its centre above the city of Madrid. Figure 35 shows the window of the
ENVISAT data group in the analyzed area.

FIGURE 35. ENVISAT WINDOW TRACE (RED BOX) AND REFERENCE POINT (WHITE TARGET)

5.2.2.

Processing of ENVISAT data

For this processing a total of 31 images were used from between August 5, 2003 and September 7, 2010. The
total number of PSs detected was 1,333,419, scattered through the entire area.

In this case, the image selected as reference was the one from June 5, 2007, and the point of reference was the
PS with code csDfRg120C18. This point was chosen because of the properties of the ground and the level of
noise associated with interferometric measurements, according to geological indications.
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5.2.3.

ENVISAT Results

This section presents the results of the PSP-IFSAR analysis applied to the ENVISAT data group. Figure 36 shows
the average PS velocities measured in the area covered by the ENVISAT window. The average velocity of the
identified PSs in the area of study sums up in one single value the movement tendency during the observed
period.

FIGURE 36. AVERAGE PS VELOCITIES FROM 2003 UNTIL 2010, OBTAINED BY PSP-IFSAR PROCESSING OF
ENVISAT SAR DATA

A detailed analysis of the area of the Fuencarral well-field will be presented in the following section.

5.2.4.

The Fuencarral Well-field

The PSs detected in this area were near wells FA-1, FA-3 bis, FX-4, and FC-2 bis, while none at all were detected
near wells FPD-1 bis and FE-1R.

The result of the average PS velocity analysis during the period covered by the ENVISAT images from 2003 to
2010 reveals some significant ground movements in the well-field of Fuencarral, with mostly positive velocities
(dark green and blue spots in Figure 37). The average PS velocity in the ENVISAT analysis varies between 1 and
5 millimetres per year.
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FIGURE 37. AVERAGE PS VELOCITIES IN THE PERIOD FROM 2003 TO 2010 ON THE FUENCARRAL WELL-FIELD
(YELLOW POLYGON)

As examples, Figure 38 shows the temporal evolution of some PSs in the period from 2003 to 2010 for points
close to wells FA-1, FX-4, FA-3 bis, and FC-2 bis.
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FIGURE 38. TEMPORAL PSS EVOLUTION IN THE PERIOD FROM 2003 TO 2010, AT POINTS CLOSE TO WELLS
FA-1, FX-4, FA-3 BIS, AND FC-2 BIS
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5.3.

PS code: csDfRg0E6EE5
Average velocity: 1.6 mm/year, Coherence: 0.78

GEOLOGICAL-HIDROGEOLOGICAL INTERPRETATION

In order to verify the applicability of the PSP-IFSAR technique to monitoring possible subsidence or uplift
related to groundwater exploitation by Canal de Isabel II Gestión, an interpretation of the PSP-IFSAR processing
was undertaken in the geological and hydrogeological context.
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5.3.1.

Geological and Hydrogeological context

The area of study is the so-called “Madrid Basin”, of granitic composition and Palaeozoic origin, whose
northern limits border the Guadarrama mountain range. The specific extraction points that are objects of this
study are located in the "Madrid Unit" that belongs to the Early Miocene/Middle Miocene (see Figure 39).
FIGURE 39. SIMPLIFIED GEOLOGICAL MAP OF THE COMMUNITY OF MADRID WITH LOCATION OF WATER
POINTS OF INTEREST

LEGEND

MINISTRY OF THE ENVIRONMENT
Study area
CUATERNARY
MOUNTAIN

TERTIARY BASE
Detrital Unit Superior 2
Detrital Unit Superior Edge
Clay Transition Unit 1
Clay Transition Unit 2

Water points of interest in the Community of Madrid [Annex 9.4, document 2]

This unit is characterized by siliceous sands with grain sizes of sometimes more than 2 mm. The sands usually
have a silt-clay matrix in variable proportions. Frequently there are round intrusions of conglomerates. The
underlying “Tuff Unit” is characterized by a similar lithology, but with smaller grain sizes: fine sand, silt and
clay.
From the geological and hydrogeological point of view, these units are porous, unconsolidated, highly
anisotropic and heterogeneous, and show an average thickness of 1,500 m. The more permeable levels are
made up of round sand and gravel intrusions, located among other clay, silt and clayey sand compounds that
are less permeable [Annex 9.4, document 11]. Due to these geological, hydrogeological and geotechnical
characteristics of the Madrid aquifer, the area of study is likely to compact itself, because of water extraction.
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5.3.2.

Analysis of the temporal and spatial evolution of groundwater levels

The information on the groundwater use in the region of Madrid was taken from Canal de Isabel II Gestión’s
own data, as well as the Community of Madrid's regional authorities. Furthermore, the inventories and
measurements of the Confederación Hidrográfica del Tajo were taken into account [Annex 9.4., document 5].
Both, the monthly piezometric evolution of wells and piezometers, and the more relevant construction
characteristics of the water points – drilling depth, piping depth and admission zone – were analyzed.
The following results can be emphasized:
 In general, the evolution of water levels is similar for all wells. The smallest differences were observed
during recovery periods (between 10 and 20 metres).
 The less deep aquifer zones, above the wells’ admission levels, reach higher levels, and fewer oscillations
can be observed.
 In the period of study from March 1992 to December 2011 there were five extraction cycles and five
recovery cycles (see Table 3), which were all reflected in all the company's wells.

TABLE 3. CHARACTERISTICS OF THE FIVE EXTRACTION AND RECOVERY CYCLES
IN THE CANAL DE ISABEL II GESTIÓN’S WELLS, FROM MARCH 1992 TO DECEMBER 2011

Cycle

Start of
extraction

End of
extraction

Start of
recovery

End of
recovery

Cycle duration
(months)

Extraction 1/
Recovery 1

March 1992

September 1993
October 1993

October 1993
November 1993

February 1995

- / 16 to 17

Extraction 2/
Recovery 2

March 1995

December 1995
January 1996

January 1996
February 1996

January 1999
February 1999

10 to 11 /
47 to 49

Extraction 3/
Recovery 3

February 1999
March 1999

February 2000
April 2000

March 2000
May. 2000

January 2002
February 2002

11 to 14 /
21 to 24

Extraction 4/
Recovery 4

February 2002
March 2002

October 2002
December 2002

November 2002
January 2003

February 2005
March 2005

8 to 11 /
24 to 28

Extraction 5/
Recovery 5

March 2005
April 2005

October 2006
November 2006

November 2006
December 2006

November 2009
-

19 to 21 /
35 to 36 (60)
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As an example, Figure 40 shows the evolution of the piezometric level of two of Canal de Isabel II Gestión’s
wells during the period of study.

FIGURE 40. EVOLUTION OF WATER LEVELS AT WELLS FA-1 Y CA-5
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5.3.3.
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Deformation velocity maps

Figure 41 shows the maps of velocities and average velocity that resulted from the PSP-IFSAR analysis for the
ERS period (1992 to 2000) and ENVISAT period (2003 to 2010), described in an earlier chapter. As region of
study an area of 24 by 19 kilometres was chosen, in which a zone of specific interest of 14 by 6 kilometres,
running from NE to SW, was marked (see red box), which includes all the water points and whose data will be
the object of a geostatistical analysis. In order to create the velocity map, each group’s first image was used as
zero reference, so that the ERS images use the picture from April 19, 1992 as reference, while the ENVISAT
reference is the image from August 5, 2003.
During the ERS period (see Figure 41, left), the areas with lower velocities (fall) are in the western part of the
city of Madrid, Tres Cantos, Alcobendas and San Sebastián de los Reyes; the area around the wells of Canal de
Isabel II Gestión also shows lower velocities, and the rest of the city of Madrid shows mostly positive velocities
(rise). During the ENVISAT period, the area of the company’s wells shows mostly positive velocities (rise).
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FIGURE 41. AVERAGE VELOCITY MAP FOR LOS (LINE OF SIGHT) MOVEMENTS
ERS PERIOD 1992 TO 2000 (LEFT) AND ENVISAT PERIOD 2003 TO 2010 (RIGHT)
ERS 1992-2000
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ENVISAT 2003-2010

< - 10
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0 to 3

Even though these velocity maps do indicate some tendencies, their hydrogeological interpretation is difficult
because the calculated velocities are only average values over the course of time, between the taking of the
first image and the last one, and therefore possible oscillations between the extreme images remain hidden. In
this study, the evolution of the magnitude of the oscillations is interesting because the exploitation of the
aquifer over the course of time is carried out through consecutive cycles of extraction and recovery that are
long enough to allow the observation of possible deformations, both negative (fall) and positive (rise) ones.
This means that a cyclical reaction of the ground can be expected, and this cannot be represented in this kind
of general map.
Thus the analysis of the ways the ground reacts to the exploitation of the wells must be carried out by studying
the direct value of the maps of line of sight (LOS) movements, taking into account the extraction cycles of the
company’s wells, and especially the beginning and end of each cycle.
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5.3.4.

Analysis of the spatial and temporal correlation between deformations and piezometric levels

5.3.4.1. Creation of LOS movement maps
In order to select days for creating line of sight (LOS) movement maps, the decision was taken to carry out the
interpretation of the ground movement depending on the periods where a stronger reaction can be expected.
On the basis of the data on drops of the piezometric level at well FA-1 (see blue line in Figure 42), the dates for
which satellite images are available, are indicated (green triangles) and some dates were selected for creating
LOS movement maps.

FIGURE 42. LEVEL DROPS AT WELL FA-1, DATES WITH SATELLITE IMAGES, AND SELECTED DATES FOR THE
CREATION OF LOS MOVEMENT MAPS
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Based on Figure 42, the following table was created to indicate for each selected date the corresponding state
within the extraction/recovery cycle.
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TABLE 4. DATES FOR THE CREATION OF MOVEMENT MAPS
Image type

Date

Observations

ERS

31/10/1993

Extraction period from January 1992 to December 1993

ERS

24/10/1995

Extraction period from December 1994 to December 1996

ERS

09/10/1996

Start of recovery period

ERS

14/10/1998

End of recovery period

ERS

03/11/1999

Extraction period from February 1999 to April 2000

ENVISAT

11/01/2005

End of recovery period

ENVISAT

25/07/2006

End of extraction period from December 2004 to December 2006

ENVISAT

07/10/2008

Middle of recovery period

ENVISAT

07/09/2010

Recovery period after short extraction period from December 2009 to April 2010

5.3.4.2. LOS (Line Of Sight) movement maps
Figures 43 to 46 show maps of the accumulated deformation for the ERS and ENVISAT periods, according to the
dates indicated in Table 4.
Five dates were selected for the ERS period. The reference date for the ERS images, April 19, 1992, falls into an
extraction period that went on for another 20 months. In the first deformation map (Figure 44 a.), generalized
negative movements (drop) between –10 and –30 mm can be observed at the end of an extraction period.
In the following maps that also match extraction periods (Figure 44 b. and e.), the negative movements are
stronger than –30 mm.
The movement maps that correspond to recovery periods (Figure 44 c. and d.) show that the ground recovers
after the well area’s second extraction period. The areas that show more constant relative deformations in the
course of time are the extreme northwest, which is part of the mountain range, and to a smaller degree the
south and southeast, both closer to the city area. In the city area with a very high density of deformation
measurement points, a spatial progress of the deformations can clearly be observed, which define the possible
scope of the influence of the extractions on surface deformation.
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FIGURE 43. DROPS ON THE MAPS OF ACCUMULATED LOS MOVEMENT, ERS PERIOD
(1992 TO 2000, ZERO REFERENCE DATE APRIL 19, 1992)
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FIGURE 44. MAPS OF ACCUMULATED LOS MOVEMENT. ERS PERIOD
(1992 TO 2000, ZERO REFERENCE DATE APRIL 19, 1992)
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Four dates were selected for the ENVISAT period. The reference date for the ENVISAT images, August 5, 2003,
falls into the middle of a recovery period where the levels reached are not yet quite stationary.
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In the first deformation map (Figure 46. a.), corresponding to the end of the above mentioned recovery period,
the deformations to be observed are positive (rise) and measure about 30 mm. At the end of the following
extraction period, however (Figure 46. b), the deformations went into a negative direction (drop), with the
biggest drops (more than –30 mm) being located around the central well area. During this final extraction
period, an area running from the centre towards the south-southeast can be observed, where the deformation
is stronger than the one seen in the ERS period. The evolution of this area in the entire ENVISAT period seems
to show a deformation that lags behind in time. The maps in Figure 46. c. and d. show the way in which the
ground recovers from the extraction period. The recovery in the central area is faster and more similar to that
of recovery period number 4 (Figure 46. a.), while in the areas further away from the centre, especially in the
east, but also to a minor degree in the extreme southwest, the recovery is clearly different.

FIGURE 45. DROPS ON THE MAPS OF ACCUMULATED LOS MOVEMENT.
ENVISAT PERIOD (2003 TO 2010; ZERO MOVEMENT REFERENCE DATE AUGUST 5, 2003)

150

(b)

100

50

(c)

(d)

0

(a)

FA-1

Periodos de
referencia
Reference
periods

Mapas de deformaciones
Deformation
maps

Canal de Isabel II Gestión · 72

31/12/2012

01/01/2012

31/12/2010

31/12/2009

31/12/2008

01/01/2008

31/12/2006

31/12/2005

31/12/2004

01/01/2004

31/12/2002

31/12/2001

31/12/2000

01/01/2000

31/12/1998

31/12/1997

31/12/1996

01/01/1996

31/12/1994

31/12/1993

31/12/1992

-50

01/01/1992

Lowering of groundwater level (compared to December 2010) m

200

Periodos
de referencia
seleccionados
Selected
reference
periods

Research on techniques for measuring subsidence related to the exploitation of aquifers
Historical anaylisis

FIGURE 46. MAPS OF ACCUMULATED LOS MOVEMENT ENVISAT PERIOD
(2003 TO 2010; ZERO MOVEMENT REFERENCE DATE AUGUST 5, 2003)
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In general, the LOS movement maps of ERS and ENVISAT images for periods related to extraction and recovery
cycles show a great temporal and spatial coincidence, as during extraction cycles the negative movements
increase in the area of study and around it, while on the other hand during recovery cycles the movements
decrease, only to show a new increase during the next extraction cycle.

5.3.5.

General statistics map (Standard Deviation of Movements)

In order to complement the representativity of the maps in a period with several cycles and movement in
opposite directions, it is necessary to introduce a parameter that indicates the magnitude of the variability of
the deformations, both in the upward and the downward direction, in order to quickly distinguish unusual
changes in areas with general tendencies. This can be achieved through the standard deviation maps of each
point.

Figure 47 shows the standard deviation maps that result from the periods corresponding to the ERS and
ENVISAT images (1992 to 2000 and 2003 to 2010, respectively). Both maps indicate clearly that the areas with a
higher continuity of points with larger standard deviations (>20 mm) are located around the well-field of Canal
de Isabel II Gestión at Fuencarral, the Universidad Autónoma, and the western part of Alcobendas. In the
direction of the city of Madrid and in a northwest-southeast direction, the standard deviation decreases.

Comparing both maps, it becomes clear that the standard deviation for the ERS period lies at 15 to 20 mm
around the water points at Fuencarral as well as in the area of Pozuelo de Alarcón and Alcobendas, However,
the standard deviation for the ENVISAT period reaches up to over 20 mm at the points close to the same wells,
and to between 15 and 20 mm in the surrounding areas.
FIGURE 47. STANDARD DEVIATION MAP FOR MOVEMENTS IN THE PERIODS OF ERS AND ENVISAT IMAGES
ENVISAT 2003-2010

ERS 1992–2000

Standard Deviation
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5.3.6.

Cross Correlation between piezometric levels and LOS movements

In order to quantify and characterize the relationship between LOS movements and piezometric water levels
from a spatial (geostatistical) point of view, a statistical cross-correlation evaluation was carried out.
For the ERS period (1992 to 2000), the date November 11, 1999 was selected, which falls into an extraction
period. In this analysis, only data from the wells was used, because the amount of data was larger and the
depths of entry and the reactions to extraction were more similar here.
For the ENVISAT period (2003 to 2010), the date September 7, 2010 was selected, which falls into a recovery
period. In this way, even though the type of image is different, it is possible to compare the correlations
obtained between the two extreme hydrogeological conditions, extraction on the one hand and recovery on
the other.
The geostatistical characterization of both the deformations and the water level depths was carried out
through the geostatistical analysis module of ArcView 9.3, a software program that supplies the following
products: interpolated surface values and surface tendencies (Kriging).
In general, the data are anisotropic, do not present the same tendencies in a north-south or east-west
direction, and define surface tendencies that show maximum and minimum gradient directions that define the
anisotropy ellipse.
Figure 48 presents the deformation and piezometric depth surfaces obtained through interpolation (Kriging).It
shows clearly that the date of November 3, 1999 falls into an extraction period with maximum depths around
the points G-I, CA-4, and CA-5 (Figure 48. a.), and that the accumulated LOS deformation was highest on this
date (Figure 48. b.).
The majority of the water points that define a surface strip with a very high variation are located to the southsoutheast of this area, with an orientation towards the city centre of Madrid, similar to the one observed on
the maps of LOS movement and the maps of standard deviation. There is a good spatial correspondence with
the maximum LOS movement values obtained for the same date, as these maximum values are obtained
precisely around the aforementioned wells in the centre of the area, as well as around well CB-6 (Figure 48. b.).
For the date September 7, 2010, which falls into a period of recovery, both the water level depths and the LOS
movements on the surface are smoother. The maximum distribution of depth values can be observed around
the points of the date before mentioned, CA-3, G1, CA-4, and CA-5, as well as another point further to the
north, CA-2 (Figure 48.c.). For this date, the depth configuration is symmetrical and forms an elongated
depression in a north-south direction, parallel to the orientation of the main rivers (Jarama and Manzanares),
with depth values that are less negative, showing the region’s recovery. As far as deformation is concerned, the
movements also change generally towards positive values (rise) in the entire specific area of the study. This
uplift is quite pronounced especially around the extraction points in the above-mentioned centre of the area
and wells CB-4, CB9, and CB8, (Figure 48.d.), where the surface movements change from totally negative to
positive.
The anisotropic directions in the two periods are different: during the extraction period the variation effect is
stronger in a northwest-southeast direction, while during the recovery period variability is higher in a northsouth direction.
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FIGURE 48. SURFACES THAT RESULT FROM THE INTERPOLATION WITH THE SIMPLE KRIGING METHOD
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5.3.7.

Evolution of deformation at points close to the extraction wells

The interferometry technique turns out to be useful for reconstructing the evolution of the deformations, even
if these are not linear.
Figure 49 shows the pronounced cause-and-effect relationship that exists between the evolution of water
levels in the extraction wells and the cyclical non-linear movements over the course of time. The image
indicates the temporal evolution of ground movements measured with the PSP-IFSAR technique, based on data
from the ERS mission (green triangles, 1992 to 2000) and the ENVISAT mission (blue circles, 2003 to 2010),
placed on top of the readings of piezometric levels at well FA-1. The temporal evolution of deformations shown
runs approximately parallel to the evolution of water levels. During the same periods, high piezometric levels
(recovery period) match positive movements (uplift) of the ground, while low piezometric levels match
negative movements (subsidence). It should be pointed out that the zero position for movement (indicated by
a circle) corresponds to the first image of each series, but not necessarily to the same one in both of them,
even though in both cases their piezometric level lies about 550 metres above sea level.

PSP FA-1 ERS

PSP FA-1 ENVISAT
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FIGURE 49. TEMPORAL EVOLUTION OF GROUND MOVEMENT MEASURED WITH THE PSP-IFSAR TECHNIQUE
ON TOP OF PIEZOMETRIC READINGS AT WELL FA-1
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5.3.8.

Correlation between piezometry and movements in the surroundings of the extraction points

The correlation between piezometry and ground movements was studied during the periods with available
IFSAR information (ERS and ENVISAT), taking as reference the piezometers PF-1 (depth 50 m) and PF-3 (depth
300 m), located close to well FE-1R. Even though the IFSAR data go back as far as 1992, the piezometry
readings only start on February 7, 1997.
The movement data were treated with ArcGis software. Starting with the reference piezometer, consecutive
buffers of a 500 m radius were established, identifying the PSs within the search radius. With the group of
points found inside each buffer, the arithmetic average movement was calculated.
In this way, a strong correlation between the ground movements and the deep piezometry (300 m) was found,
but this was not the case with PF-1. With increasing distance from the point of origin, this correlation becomes
weaker. Figures 50 and 51 show this relationship for both the ERS (1997 to 2000) and ENVISAT (2003 to 2010)
periods in the 500 m buffer around piezometer PF-3.
Figure 52 indicates the regression line of the correlation movements/piezometer for the period from 2003 to
2010, in the 500 m buffer around the piezometer.
2

The correlation coefficient obtained is quite high: R = 0,919. The regression line’s slope is 0.7 (mm/m), which
indicates that a drop of 100 m in the piezometric level corresponds to subsidence of some 70 mm in a radius of
500 metres. For the ERS period, the slope is smaller: 0.4 mm/m.

FIGURE 50. MOVEMENTS MEASURED WITH PSP-IFSAR IN A 500 M RADIUS AROUND THE PIEZOMETER PF-3,
AND PIEZOMETRIC LEVELS. ERS PERIOD (1997 TO 2000)
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FIGURE 51. MOVEMENTS MEASURED WITH PSP-IFSAR IN A 500 M RADIUS AROUND THE PIEZOMETER PF-3,
AND PIEZOMETRIC LEVELS. ENVISAT PERIOD (2003 TO 2010)
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Both the regression line slope and the correlation coefficient decrease, when the distance to the piezometer
increases, as is shown in Figures 53 and 54.
The area most heavily affected by the extraction and recovery, up to a 2 km radius, shows movements that are
practically homogeneous, while in the area further away the ground movements decrease clearly with the
increase of distance to PF-3. The decrease of the correlation coefficients indicates that at a distance of 5 or 6
kilometres other causes start to appear, which influence the observed movements, independently of the
groundwater exploitation by Canal de Isabel II Gestión.

FIGURE 53. VARIATION OF THE CORRELATION BETWEEN MOVEMENTS AND PIEZOMETRY WITH INCREASING
DISTANCE FROM ORIGIN. ERS PERIOD (1997 TO 2000)
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FIGURE 54. VARIATION OF THE CORRELATION BETWEEN MOVEMENTS AND PIEZOMETRY WITH INCREASING
DISTANCE FROM ORIGIN. ENVISAT PERIOD (2003 TO 2010)
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CONCLUSIONS

In spite of the anisotropy of the materials that make up the Tertiary Detritic Aquifer of Madrid, which has been
observed in several drillings, and even though the hydrogeological behaviour of these materials is very
different at great depths, especially between the more superficial materials and the Tertiary ones exploited by
the wells of Canal de Isabel II Gestión, the reaction of water levels in deep wells and the ground deformations
measured on the surface seem to be quite similar along various kilometres.
It is thus possible to state the following:
1.

From a hydrogeological point of view, the response of different wells during the various extraction and
recovery cycles is very similar and homogeneous.

2.

Close to the extraction area of Canal de Isabel II Gestión, the relationship between ground deformation
and water level variation is obvious.

3.

From a temporal point of view, this relationship is not linear, but is related to the cycles of extraction and
recovery since 1992, which has led to subsidence and ground uplift, respectively, with variations of up to
±30 mm.
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4.

From a spatial point of view, the movement distribution has been analyzed through different kinds of
maps:
 No clear movement patterns could be distinguished concerning the average velocity.
 Regarding the line of sight (LOS) movements, a gradient towards the city of Madrid was found.
 The maps of standard deviation have helped to better define certain areas and radiuses with different
tendencies and variations, which could already have been anticipated when looking at the movement
maps.

5.

The geostatistical analysis confirms and quantifies the tendencies already observed in the previous maps.
By interpolation of piezometric level depths and LOS movements on two specific dates (November 3, 1999,
and September 7, 2010), representing an intense extraction cycle and a recovery cycle, respectively, the
following results were observed and confirmed:
 A high variability of movements towards the south-southeast of the study area.
 The deformation effects around the wells of Canal de Isabel II Gestión (especially wells CA-3, G1, CA-4,
and CA-5).
 The degree of correlation between these two variables is different for each of the two analyzed dates
(one for extraction and one for recovery). There is a strong correlation on the extraction date, and a
weak one on the recovery date.

6.

During the extraction cycles, the most noticeable deformations were located within a radius of
approximately 4 to 5 km from point FE-1R, and more defined during the ENVISAT period. Outside this
radius and during the recovery periods, other possible processes can be identified that cause subsidence,
because the geological conditions are different.

7.

From the point of view of deformation, the medium behaves in a way that could almost be called
“elastic”, with very few variations between extraction and recovery cycles, related to the lithologic
variations and geomechanical characteristics of the materials.

8.

There is a strong correlation between deep piezometry and ground movements, especially if the
extraction and pumping periods are separated. Even in the global period, however, the tendency of both
variables is similar.

9.

The area most heavily affected by the extraction and recovery, i.e., the area within a 2 km radius, shows
movements that are practically homogeneous, while in the area further away the ground movements
decrease clearly with the increase of distance from the origin.

10. The regression line slopes of the piezometry/movement series decrease clearly as the distance from the
origin increases.
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In the years from 2011 to 2013, Canal de Isabel II Gestión carried out pilot tests to artificially recharge the
aquifer. These were monitored in order to control possible stress introduced into the ground, subsidence or
ground uplift in the area surrounding the artificial recharge point, well FE-1R, located in the Fuencarral wellfield. Several traditional topographical and geotechnical techniques were employed, such as precision levellings
and extensometers, as well as others such as remote sensors (IFSAR applied to COSMO-SkyMed satellite
images) and satellite GPS and DGPS.

6.1.

COSMO-SKYMED PROCESSING

6.1.1.

COSMO-SkyMed data

The monitoring of ground movements was carried out by applying the PSP-IFSAR technique to high precision
SAR data from COSMO-SkyMed (CSK) for the period May 2011 to February 2013, above the city of Madrid and
the surrounding area.
The images in the COSMO-SkyMed data group belong to an orbit with descending configuration and cover an
area of approximately 40 km by 40 km, with its centre above the city of Madrid. This area is smaller than that
covered by the ERS and ENVISAT images used to analyze the historical period.
For this processing a total of 61 images were used from between May 20, 2011, and February 26, 2013. The
total number of PSs detected was 5,394,162, with a coherence threshold of 0.65 and an average density of
3,334 PSs/square kilometre.
Before carrying out such a process, a point of reference and an image of reference must be defined. In this
case, the image selected as reference was the one from December 30, 2011, and the point of reference was
the PS with code csDfRh003D64.
For establishing the most adequate point of origin, two criteria were taken into account: it should have a high
degree of coherence (noise level below 0.8) and be located in an area as unchanging as possible, like those of
granite plinth. Within the COSMO-SkyMed framework, the northern limit includes granite outcrops of the
plinth, which are ideal for establishing the point of origin.
Figure 55 shows the position of the reference point for this processing: (X_UTM: 434117.5; Y_UTM: 4497657.7
ED50 area 30), as well as the COSMO-SkyMed trace frame.
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FIGURE 55. COSMO-SKYMED TRACE FRAME (RED BOX), AREA OF INTEREST (GREEN CIRCLE) AND
REFERENCE POINT (WHITE TARGET)

6.1.2.

COSMO-SkyMed results

This section presents the results of the PSP-IFSAR analysis applied to the COSMO-SkyMet data group. Figure 56
represents the measured average PS velocities in the area covered by the COSMO-SkyMed trace during the
period from May 2011 to February 2013.
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FIGURE 56. AVERAGE PS VELOCITIES IN THE PERIOD FROM MAY 2011 TO FEBRUARY 2013,
OBTAINED BY PSP-IFSAR PROCESSING OF THE COSMO-SKYMED SAR DATA

In the area of interest no significant ground movements were found. All that could be detected were a few red
points corresponding to movements with a velocity of more than 5 cm/year in the southeast and northwest of
the city.

City of Madrid
In this section some details regarding the city of Madrid will be included, illustrated by Figures 57 and 58, in
order to emphasize the PSP-IFSAR technology’s capacity to monitor the city’s buildings and infrastructures in
detail, when applied to COSMO-SkyMed SAR data. The three-dimensional view allows one to appreciate the
capacity to correct PS localizations and the possibility of detecting differential deformation within the very
same structure.
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FIGURE 57. AVERAGE PS VELOCITIES IN THE PERIOD FROM MAY 2011 TO FEBRUARY 2013 IN THE AREA OF
THE ROYAL PALACE

FIGURE 58. AVERAGE PS VELOCITIES IN THE PERIOD FROM MAY 2011 TO FEBRUARY 2013 IN THE AREA OF
THE SANTIAGO BERNABÉU FOOTBALL STADIUM AND SOME SKYSCRAPERS

Canal de Isabel II Gestión Wells
The monitored area contains basically two kinds of surface: half the area is covered by vegetation (“Monte de
El Pardo”), while the rest is used for farming. Applying the PSP-IFSAR technology to the COSMO-SkyMed data,
PSs could be detected on every notable structure in the area of interest, as well as on some parts of arid
ground. With the ERS data, no PS was detected in arid areas.
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FIGURE 59. MOVEMENT MAP IN THE PERIOD FROM MAY 2011 TO FEBRUARY 2013
FOR THE WELLS OF CANAL DE ISABEL II GESTIÓN

Displacement (mm)

The Fuencarral well-field
Figure 60 shows a global vision of the Fuencarral well-field (yellow polygon) and the average PS velocities
obtained.
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FIGURE 60. AVERAGE PS VELOCITIES IN THE PERIOD FROM MAY 2011 TO FEBRUARY 2013
IN THE FUENCARRAL WELL-FIELD (YELLOW POLYGON)

Figures 61 and 62 show the average velocity map at the experimental plot FE-1R and the temporal evolution of
the movement of some of the detected PSs and the Corner Reflector located on the plot.
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FIGURE 61. AVERAGE PS VELOCITIES IN THE PERIOD FROM MAY 2011 TO FEBRUARY 2013 IN AREA AROUND
WELL FE-1R, AND TEMPORAL EVOLUTION OF SEVERAL PSS
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FIGURE 62. TEMPORAL EVOLUTION OF CR IN AREA OF FE-1R IN THE PERIOD FROM FEBRUARY 2012 TO
FEBRUARY 2013
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Geological-Hydrogeological interpretation

The geological-hydrogeological interpretation of the data will permit a spatial and temporal analysis of the
deformations measured at the points close to the experimental plot in the period from May 2011 to February
2013. The study consists of an analysis of the spatial and temporal correlation between the movements and
the piezometric levels at those points.
Specifically, the following steps were taken:
• Analysis of the temporal and spatial evolution of groundwater levels.
• Map of LOS movements for several dates during the COSMO-SkyMed period.
• Analysis of the temporal series of LOS movements and the temporal series of the piezometric level
variations.
In order to achieve more continuity regarding the monitored deformation in the historical study of the ERS
(1992 to 2000) and ENVISAT (2003 to 2010) images, the same area of study was selected, an area of 24 by 19
kilometres, in order to create the maps of average velocities and general LOS movements. Using the same area
makes it possible to check whether the same tendencies that had been observed in the historical period can be
noticed in a general context, or whether there are changes in shorter periods.
Also, in order to separate the observed tendencies from the recharge activities, a sequence of LOS movement
maps was created that show the evolution of movements in a limited radius of 2 kilometres around well FE-1R,
and to identify possible external influences on the artificial recharge point beyond the 2 km radius.
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6.1.4.

Analysis of the temporal and spatial evolution of groundwater levels

The artificial recharge tests at the Fuencarral well were carried out during three cycles: from March 16, 2011 to
July 13, 2011, from September 2, 2011 to January 3, 2012, and from March 8, 2012 to July 6, 2012, with
recovery periods in between of approximately one month each, and finishing with a longer period of extraction
that lasted about six months, starting on November 20, 2012.
The period of study (May 2011 to February 2013) falls into a general period of recovery for the aquifer that had
started in November/December 2006, according to the wells’ historical piezometry at different distances from
the artificial recharge point FE-1R (see Figure 63).

FIGURE 63. EVOLUTION OF MEASURED HISTORICAL LEVELS AT THE WELLS OF CANAL DE ISABEL II GESTIÓN,
IN THE AREA OF THE FUENCARRAL WELLS AND SURROUNDINGS
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However, that recovery period in the wells of Canal de Isabel II Gestión was interrupted in some of them by
extractions that were carried out during one, two or three months. These extractions took place during two
periods, from December 2009 to February 2010, and from April to September 2011, as can be observed in
Figure 63, leading to a level drop in wells CB-13, CB-14, CB-15, CA-4, CA-5, and G-1. These drops had a
magnitude that was generally inferior to one half or one third of that of other historical extraction periods at
these wells. The second extraction period matches the time when the recharge tests were being carried out,
and so the two effects disguise each other with respect to the possible correlation of ground movement and
measured water level. This is why, in order to separate these effects, the LOS deformation maps are created at
certain times according to the extractions observed at different wells of FE-1R, as indicated in Figure 63.
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6.1.5.

LOS movement maps

In the LOS movement maps included in Figure 64, obtained from COSMO-SkyMed images in the period from
May 2011 to February 2013, the same deformation characteristics can be observed that were already seen in
the historical period on images from ERS and ENVISAT processed with PSP-IFSAR. A decreasing subsidence
gradient can be observed in a northwest-southeast direction, towards the city of Madrid. Depending on the
dates, this gradient is more or less intense, with a very high intensity in August 2011, June 2012, and February
2013. There are areas of intense subsidence in the city areas of Pozuelo de Alarcón, Complutense University
Campus, Mirasierra, Fuencarral and Autonomous University Campus.

FIGURE 64. MAPS OF MOVEMENTS ON THE EXPERIMENTAL PLOT FE-1R SINCE THE BEGINNING OF THE
ARTIFICIAL RECHARGE PHASE
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Using this detailed deformation analysis it is not easy to establish a pattern of the relationship between
deformation and recharge within a 2 km radius around the recharge point. No clear correlation can be
observed between the artificial recharge periods and a decreasing amount of subsidence points or, on the
other hand, between recovery periods and an increasing amount of subsidence points. This second scale of
analysis is more detailed and covers a smaller area. The dates for beginning, middle and end of the period for
the artificial recharges were selected according to dates with available satellite images. It can be observed that
within a 2 km radius, the density of PSP-IFSAR measuring points is smaller than in other areas, because the area
of study is not one of urban development.

6.1.6.

Correlation between piezometry and movements in the surroundings of the injection point

Just as in the analysis for the period from 1992 to 2010, the object of study is the correlation between
piezometry and ground movements. The water table was established by readings from the piezometer PF-6
located on the same plot as the recharge well, at a depth of 300 metres.
Around well FE-1R, 500 m buffers were established up to a radius of 4 km, and then 1,000 m buffers up to a
radius of 10 km. Based on the movement data measured with the PSP-IFSAR technique for the points of each
one of these rings, the average movement for each zone was calculated and then compared to the piezometric
variations.
Figure 65 shows that a certain tendency towards correlation exists, even though it is very faint. The correlation
coefficient between piezometry and movements at different distances from well FE-1R is very low and never
goes beyond 0.27, which means that the relationship between the two is practically non-existent.
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FIGURE 65. MOVEMENTS MEASURED IN A 500 M AND 2000 M RADIUS AROUND THE PIEZOMETER PF-6,
AND PIEZOMETRIC LEVELS

Displacement to 2000 m

Analysing the ground movements at different distances from the injection point, their amplitude seems to
decrease as the distance increases, but the relationship between the movements and the piezometric series is
practically non-existent, as was indicated by the correlation coefficients.
In the historical analysis, the correlation between the deformations measured with PSP-IFSAR and the
piezometric evolutions was very strong. In that case, the analysis was applied to longer periods that lasted
several years and under hydrogeological conditions that were quite different, including extractions and
recovery cycles that occur practically at the same time in all wells, causing water level variations in the aquifer
of more than 100 metres during several months.
However, in this recent study of the possible effects of the artificial recharges, the recharge injection itself has
a very localized effect and has a shorter duration, presenting level variations of no more than 15 metres
(maximum value, measured at the well closest to the injection). The corresponding effects both on
deformation and water level are disguised by other circumstances that occur at the same time, for example,
the aquifer’s overall natural dynamic, or simultaneous extractions at other wells. On a smaller scale, a
homogeneous behaviour can only be observed in the area directly surrounding the experimental plot, when
extractions take place in the majority of wells within a 2 km radius, as has been the case since January 2013.
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6.1.7.

Conclusions on geological and hydrogeological aspects

 The deformations measured using COSMO-SkyMed images from May 2011 to February 2013 show a
gradient that runs from northwest to southeast with a subsidence that lies between –10 and –5 mm in the
well area of Fuencarral, decreasing towards the southeast until it ends up changing its direction in the city
centre of Madrid. The gradient is interrupted by subsidence points from other areas beyond the object of
this study, close to the artificial recharge point. These other areas represent the main and major subsidence
tendencies during the general inspection and are located in Pozuelo de Alarcón, Complutense University
Campus, Mirasierra, Fuencarral and Autonomous University Campus.

 A more detailed analysis has not revealed any correlation between the artificial recharges and the absence
or decrease in subsidence in the IFSAR results, in a 2 km radius around the recharge point. Thus it is difficult
to establish areas with a pattern that could correlate the deformation with the artificial recharge, due to
the lack of spatial continuity regarding the interferometric measuring points, and to the activity in other
wells, both within or beyond the 2 km radius.
Subsidence (< –10 mm) can be observed during the artificial recharge periods, especially at the IFSAR
measuring points associated with other wells nearby and to the southeast of the recharge point, for
example FX-3 bis, FU-3 bis, and FA-3 bis. The intense subsidence beyond the 2 km radius, in the city areas
surrounding the area of study, to the northeast, is found to be related to some wells with piezometric levels
affected by extraction, such as CB-13, CB-14, CB-15, G-I, CA-5, and CA-4.

 In relation to the historical cycles of extraction and recovery, the analyzed period from May 2011 to
February 2013 falls into a recovery period, even though temporary extraction effects can be noticed at
several wells during certain periods with a duration of one, to two months, which is why the ground
deformation caused by the recharge during the same period might be hidden.

 It is impossible to establish a direct correlation between the artificial recharge and the decrease in
subsidence, just as it is between the end of the recharge and the increase in subsidence within a 2 km
radius around the recharge point, due to the observation of other influences that are directly related to the
activity at other wells beyond the analyzed radius. From October 2012 to January 2013 a general drop of
the piezometric levels at all water points could be observed, which is correlated with a generalized
homogeneous deformation in the area of study.
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6.2.

LEVELLING

The main purpose of levelling is to obtain the precise altitude above sea level for a series of fixed signals,
materialized with steel rods and located next to the corner reflectors within the facilities of Canal de Isabel II
Gestión, namely the installations called FE-1R, FPD-1 bis, FC-2 bis, FB-2 bis, FA-3 bis, FA-1, and FX4. The
comparison of altitude values obtained through the fixed signals at different moments in time serves as a
measurement of ground movement.
In order to establish the altitudes, an arbitrary value is chosen for one point, the one furthest away from the
point of the artificial recharge, and then the altitude for each of the other signals is calculated.
Four levelling campaigns were carried out on the following dates: February 16, 2012; July 5, 2012; November
25, 2012; and July 24, 2013.
Table 5 includes the movements measured through levelling during the monitored period. It must be pointed
out that the measurements refer to the date of the first levelling in February 2012 and to a selected reference
point. In this case, the selected point is the one on site FX-4, furthest away from the recharge point (distance:
2.5 km). Comparing the results to the PSP-IFSAR data, it is possible to evaluate the capacity of this technique to
detect even millimetric changes.

TABLE 5. RELATIVE MOVEMENTS AT FX-4 MEASURED THROUGH LEVELLING
Differences with regard to FX-4 (mm)
Facilities

16 February 2012

05 July 2012

25 November 2012

24 July 2013

FE-1R

0.0

-3.4

3.4

1.6

FPD-1

0.0

-5.0

1.1

-1.1

FC-2B

0.0

-2.3

3.9

4.7

FB-2B

0.0

0.0

5.1

7.7

FA-3

0.0

-3.3

1.7

4.9

FA-1

0.0

-1.5

6.8

12.0

FX-4

0.0

0.0

0.0

0.0

Extensometer

0.0

0.0

10.6

0.7

Prism

0.0

-1.4

8.4

2.6

Piezometer 1

0.0

-2.4

4.4

2.6

Piezometer 2

0.0

-3.4

9.4

7.6
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Figure 66 shows the temporal evolution of movements for each of the points measured with a digital level. An
increase can be observed for the second and third levelling, while a downward tendency appears at the end of
year 2012.

FIGURE 66. TEMPORAL EVOLUTION OF THE POINTS MEASURED THROUGH LEVELLING
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GPS TECHNIQUE

GPS (Global Positioning System) is a satellite navigation system that establishes the exact position of an object.
In this project, this technique has been used to observe a permanent GPS station installed in March 2012 on
the experimental site FE-1R of Canal de Isabel II Gestión.
The main purpose of this facility is the permanent monitoring of the positioning, the changes of position in
time (velocity) and the velocity variations, for 16 months. The station’s GPS receiver and antenna allow for a
high data precision (at millimetric level) while at the same time fulfilling the standards and recommendations
of the international scientific community and using state of the art parameters and models.
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The receiver gathered data until July 31, 2013, which means a continuous monitoring for a total of 16 months
had been carried out, with daily processing of data sessions from four stations, three of these (ACOR, CANT,
and ALAC) belonging to the EUREF network, and the other one being the experimental Madrid station.
Figure 67 shows the temporal evolution of the GPS data with regard to three directions north, east and vertical,
applying a moving average filter (30 days) to the deformation values of well FE-1R.

FIGURE 67. MOVEMENTS MEASURED WITH GPS IN THE DIRECTIONS NORTH, EAST AND VERTICAL
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The GPS series shows differing behavioural patterns. From March to May 2012, the variations were close to
zero. Starting in May, however, when the artificial recharge period had already finished, positive vertical
movements begin to be detected (ground uplift) and last until mid-June, when the ground starts to sink again,
even though not homogeneously, as there are still some positive vertical leaps. In mid-September, the
movement becomes stable at approximately zero (+5 mm), while in November 2012 once again a marked
tendency to fall starts. A strong movement is detected around the turn of the year 2012/2013. The same
movement appears also in the interferometric analysis and is heavily correlated with the piezometric level
measurements on site.
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Correlation between Piezometry and Movements in the Surroundings of the Recharge Point
The piezometric series taken into account are those of wells FE-1R, FC-2, and FE-1 bis. Due to the injection
taking place at FE1-R, the piezometric level of this well is increased unrealistically because of the pumping
effect itself. Well FE-1 bis is considered to be more suitable because it is only a few metres away from the
injection well FE-1R and presents more realistic piezometric levels.
Figure 68 shows the evolution of this well’s piezometric level in relation to the ground movements measured
with GPS and with topographic levelling.
The GPS movement starting at the end of 2012 matches a pronounced decrease of the piezometric level at this
2
point. There is a strong correlation between the two series, with the coefficient being R = 0.93. The regression
line slope is 0.35 mm/m, which is similar to the one established for the first historical period for a distance of a
thousand metres. If the extraction period observed since the end of 2012 were disregarded, the correlation
2
would be a lot smaller, only R = 0.54, which means that for small variations of the piezometric level and
therefore small movements, the level of noise is considerably higher.

GPS Displacements

Levelling
Leveling
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FIGURE 68. MOVEMENTS MEASURED WITH GPS, IN RELATION TO THE PIEZOMETRIC LEVEL, IN WELL FE-1 BIS
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6.4.

EXTENSOMETRY

An extensometer is a sensor that measures deformation. It carries out a direct reading of the longitudinal
deformation of a certain part of the analyzed material.
In this project, a bar extensometer with extensometric sensor head was applied to detect and evaluate possible
upward and downward movements of the ground as consequences of the charge and discharge cycles of the
aquifer below.
The extensometer was installed at well FE-1R with three bars at different depths: one at 12.7 metres serving as
a reference point for deformations close to the surface; one at 31.7 metres directly beneath the water level;
and the third one at 65.7 metres as the point of maximum depth. The location of the extensometer and the
depth of its bars were based on geological information obtained through several previous drillings on the
experimental plot, on data gathered during the recharge tests between May 1, 2011 and December 30, 2011,
and on the geometric configuration of the elements found on the plot. The extensometric measurements used
for this study cover the period from March 2012 to July 2013. Figure 69 shows the differential movements that
occurred.

FIGURE 69. MOVEMENTS MEASURED WITH EXTENSOMETRY AT 3 DIFFERENT DEPTHS
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The figure above shows that the ground moves in a homogeneous manner, in the same direction and with the
same magnitude between 12.7 and 65.7 metres deep, behaving as if it were one single block. Looking back at
the drilling column of its location (see Figure 27), it can be seen that there are significant stretches of sands and
gravels containing few fine materials. From the geotechnical point of view, the absence of important deposits
of clay alone causes the entire column to have little capacity to consolidate at the place where the
extensometer is installed. This interpretation is coherent with the observation of the historical period in which
the deformation measured with interferometry showed that in the area of study the ground deformation is
usually quite homogeneous, and the ground moves up or down as if it were one single block, even over large
extensions, in spite of little local variations.

The three extensometer bars show various phases, one of shortening until mid-May 2012, only to come back
later and lengthen again until the original position is reached, and then to keep on lengthening until the end of
September, when it reaches its peak; at this point a new shortening phase starts that lasts until the end of
November, followed by another lengthening until June 2013.
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This chapter presents a comparison between the results obtained from the PSP-IFSAR analysis of high
resolution SAR images from the COSMO-SkyMed mission, and the data gathered on-site via GPS, high precision
levelling, and extensometry, in the period from May 2011 to July 2013, although the length of time during
which information on all the techniques was simultaneously available is actually shorter than this.
In order to compare the different measuring techniques for ground movement, it must be taken into account
that GPS measuring, topographic levelling and extensometry are applied to certain times and places, and that
the first two measure the ground surface, while the third measures the subsoil. On the other hand,
interferometry is usually employed to detect tendencies over large extensions of ground.
To make such a comparison possible, common points and/or, in the case of interferometry, nearby points were
selected, so that the different techniques could be correlated with each other point by point. It should also be
mentioned that each technique uses a fixed point of reference (zero):
• For the levelling, the zero reference is well FX-4, at a distance of 2.5 km from the artificial recharge point.
• For the interferometry, the point of reference is a geologically stable region to the north of the analyzed
area.
• The GPS uses the geodesic bases of the Spanish Geographic Institute (IGN), so its reference is the official
geodesic system (ETRS89).
• In extensometry, the zero reference is the place where the extensometer is located on the surface.
In spite of these differences regarding the references for each technique, the comparison is useful because the
resulting temporal series of each technique is able to show general tendencies that are similar to each other
and, knowing beforehand the hydrogeological and geological conditions, to offer an interpretation of the
reactions on the ground.
The comparison of PSP-IFSAR data with levelling measurements helps to evaluate the radar’s capacity to detect
small deformations of only a few millimetres in relatively short periods of time (a few months). The comparison
of the same data with GPS and extensometer information helps to evaluate its capacity to monitor larger
deformation gradients. It should also be pointed out that, even though levelling, GPS and PSP-IFSAR all
measure the same phenomena of surface movements, the comparison with extensometry should be made
from a qualitative point of view, because it is possible that the measured phenomena are different ones.
In order to carry out a quantitative analysis of optical levelling and PSP-IFSAR, a common point of reference
was established at well FX-4. For the comparison of the other techniques, the measured points of reference on
the surface of the experimental plot FE-1R were chosen.
The data used for the PSP-IFSAR analysis were 61 SAR images from the COSMO-SkyMed mission between May
2011 and February 2013. It must be remembered that for our comparison only those results were used that
matched the periods with available on-site data, i.e., from February 16, 2012 to July 24, 2013 for levelling, from
March 8, 2012 to July 31, 2013 for GPS, and from March 2012 to July 2013 for the extensometer.
The points used for levelling were at the same locations as the CRs.
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7.1.

COMPARISON OF PSP-IFSAR AND LEVELLING

Before carrying out the comparison, the data were transformed to give them a common temporal and spatial
reference. The selected reference point is the CR located at site FX-4. The date of reference is the first levelling
carried out on February 16, 2012. The orientation of the measured PSP-IFSAR movements was transformed
from LOS to vertical.
The comparison itself consisted of a calculation of the absolute differences for the four levelling campaigns,
and the deformation velocities for the entire period as well as two partial ones:
• period of subsidence (February to May)
• period of uplift (May to November)

These periods matched those of the levelling campaigns.

The optical levelling data obtained are insufficient for monitoring the recharge cycles. Also, the detected
movements are too small, compared to the tools’ margins of error.

For each well, Figures 70 to 75 show the vertical movement measured with the PSP-IFSAR technique within the
natural PSs series (blue line), the temporal series of CRs or artificial PSs (green diamonds), and the
corresponding levelling measurements (red circles). The analysis of the temporal series leads to a global
average standard deviation for all CRs of 2.4 mm, while for the STP-PSs (average of temporal series/persistent
scatterers) it is 2.1 mm. Even though these figures give an idea of the method’s sensitivity, Figures 70 to 75 also
show that in some cases the series present leaps of up to 10 mm from one image to the next, i.e., although
there may be peaks in the measurements, the tendency shown is still correct.
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FIGURE 70. EVOLUTION FOR POINTS MEASURED WITH LEVELLING AND PSP-IFSAR AT WELL FE-1R
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FIGURE 71. EVOLUTION FOR POINTS MEASURED WITH LEVELLING AND PSP-IFSAR AT WELL FPD-1
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FIGURE 72. EVOLUTION FOR POINTS MEASURED WITH LEVELLING AND PSP-IFSAR AT WELL FC-2 BIS
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FIGURE 73. EVOLUTION FOR POINTS MEASURED WITH LEVELLING AND PSP-IFSAR AT WELL FB-2 BIS
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FIGURE 74. EVOLUTION FOR POINTS MEASURED WITH LEVELLING AND PSP-IFSAR AT WELL FA-3 BIS
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FIGURE 75. EVOLUTION FOR POINTS MEASURED WITH LEVELLING AND PSP-IFSAR AT WELL FA-1
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Table 6 shows the direct comparison between the values gathered by levelling and its corresponding CR and
STP-PS values. As for the CRs, the differences range from 2.7 to 9.6 mm. The highest difference, 9.6 mm, was
observed at well FA-1 and is probably due to a sporadic movement of the CR for unknown causes. Except for
that one CR, the differences range from 2.4 to –2.7 mm, with an average of –0.1 mm and a standard deviation
of 1.77 mm. The correlation coefficient between the two series is 0.8.
Applying the same analysis to the STP-PSs, the differences range from a maximum of 10.0 mm to a minimum of
–5.8 mm. Here, the biggest difference was observed at well FPD-1 bis and is probably due to the fact the CR
itself has moved for some reason (a blow, manipulation, etc.). Leaving aside this exception, the average error
amounts to 0.7 mm and the standard deviation is 4.9 mm. Here, the correlation coefficient is 0.4.
On a global level, the results of the analysis show that the magnitude of error is about as large as that of the
measured movements. This is caused by the fact that the magnitude of the movements during the period of
comparison was very close to the sensitivity of the interferometry technique. Nevertheless, as far as the CRs
are concerned, there is a strong correlation with the levelling results.

TABLE 6. DIRECT COMPARISON BETWEEN THE LEVELLING VALUES AND THE CORRESPONDING CR AND STP-PS
VALUES

Well

FE-1R

FPD-1

FC-2

FA-3

FA-1

FX-4

Date

Levelling
(mm)

CRs
(mm)

STP-PS
(mm)

Difference
CRs Levelling

Difference PS
Levelling

05/07/2012

-3.4

-2.6

3.9

0.9

7.3

25/11/2012

-1.7

-2.6

-1.1

-0.9

0.5

05/07/2012

-5.0

-3.5

5.0

1.5

10.0

25/11/2012

-4.0

-6.7

1.3

-2.7

5.3

05/07/2012

-2.3

0.1

4.4

2.4

6.7

25/11/2012

-1.3

-3.2

1.3

-1.9

2.5

05/07/2012

-3.3

-4.6

-1.5

-1.4

1.8

25/11/2012

-3.4

-1.8

-2.7

1.6

0.7

05/07/2012

-1.5

8.0

-3.7

9.6

-2.1

25/11/2012

1.7

5.0

-4.1

3.3

-5.8

05/07/2012

0.0

-5.6

-5.6

25/11/2012

-5.1

-3.8

1.3
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Finally, an analysis was made of the deformation velocities, calculated in millimetres per month for each period
(February to November, February to July, and July to November), separately for each technique.
Tables 7 and 8 show the results obtained for the CRs and the corresponding STP-PSs, respectively. In this case,
no correlation can be observed between the two techniques, in spite of a certain relationship that seems to
exist between some of the levelling and PSP-IFSAR values. Once again, the reason for this is the fact that the
observed deformations are so small that they are at the threshold of the technique's capacity (approximately 2
to 3 mm/year).

TABLE 7. ESTIMATED VELOCITIES BASED ON LEVELLING AND PSP-IFSAR DATA AT CRS, AND DIFFERENCES
BETWEEN THE TWO FOR EACH PERIOD AND EACH WELL

Well

FE-1R

FPD-1

FC-2

FA-3

FA-1

FX-4

Period

Levelling
(mm/month)

CRs
(mm/month)

Difference
(mm/month)

February - November

-0.2

-0.3

-0.1

February - July

0.0

-0.2

-0.2

July - November

0.4

0.3

-0.1

February - November

-0.4

-1.1

-0.7

February - July

-1.1

-0.3

0.8

July - November

0.2

-0.8

-1.0

February -November

-0.1

-0.3

-0.1

February - July

-0.5

0.4

0.9

July - November

0.2

-0.9

-1.2

February -November

-0.4

-0.7

-0.3

February - July

-0.7

-0.9

-0.2

July - November

0.0

0.0

0.0

February -November

0.2

1.1

0.9

February - July

-0.3

2.9

3.3

July - November

0.7

-0.7

-1.4

February -November

-0.5

0.5

February - July

0.0

0.0

July - November

-1.1

1.1
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TABLE 8. ESTIMATED VELOCITIES BASED ON LEVELLING AND PSP-IFSAR DATA AT STP-PSS, AND DIFFERENCES
BETWEEN THE TWO FOR EACH PERIOD AND EACH WELL

Well

FE-1R

FPD-1

FC-2

FA-3

FA-1

FX-4

7.2.

Period

Levelling
(mm/month)

STP-Ps
(mm/month)

Difference
(mm/ month)

February - November

-0.2

0.0

0.1

February - July

-0.7

1.0

1.7

July - November

0.4

-0.3

-0.7

February - November

-0.4

0.0

0.4

February - July

-1.1

1.5

2.6

July - November

0.2

-1.2

-1.4

February -November

-0.1

0.3

0.4

February - July

-0.5

1.0

1.5

July - November

0.2

-0.5

-0.7

February -November

-0.4

0.2

0.5

February - July

-0.7

0.4

1.1

July - November

0.0

-0.7

-0.6

February -November

0.2

0.2

0.0

February - July

-0.3

-0.4

-0.1

July - November

0.7

-0.1

-0.8

February -November

-0.5

-0.4

0.2

February - July

0.0

0.4

0.4

July - November

-1.1

0.4

1.4

COMPARISON OF PSP-IFSAR AND GPS

Before carrying out the comparison, the data were transformed to standardize them. In this case, taking into
account that GPS measurements are absolute values, the PSP-IFSAR data maintain the global reference point
for this technique (see chapter 6.1), but their orientation was transformed from LOS to vertical.
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Figure 76 shows the temporal series obtained by applying a moving average filter to the vertical deformation
values measured with GPS (red line), and the PSP-IFSAR values (blue diamonds). It can be observed that both
techniques show a subsidence of up to –25 mm in the final part of the measured period. On the other hand,
the movements observed by GPS during the first period (March 2012 to October 2012) cannot be seen in the
PSP-IFSAR series because their magnitude is once more close to the limits of capability of the technique. The
correlation coefficient between the PSP-IFSAR and the GPS series is 0.82. The period of this correlation is from
April 2012 to March 2013.

FIGURE 76. EVOLUTION FOR POINTS MEASURED WITH GPS AND PSP-IFSAR AT WELL FE-1R
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7.3.

COMPARISON OF PSP-IFSAR AND EXTENSOMETRY

In this section, the average PS values of well FE-1R obtained in the section above are compared to the values
measured by the extensometer at the bar closest to the surface.
Figure 77 shows the temporal evolution obtained at that bar, placed on top of the average PSs and the CR of
well FE-1R. Once again, as in the case of levelling, the graph shows a deformation magnitude that has the same
size as the variability of the PSP-IFSAR series.
Therefore the existence of a correlation between the deformations measured with the extensometer
(amplitude less than 10 mm) and the movements measured with PSP-IFSAR cannot be confirmed.

FIGURE 77. EVOLUTION OF THE POINT MEASURED WITH EXTENSOMETRY, OF THE ESTIMATED AVERAGE
PS ON FE-1R, AND OF THE CR LOCATED AT THE SAME WELL
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7.4.

ANALYSIS AND APPLICABILITY OF THE TECHNIQUES STUDIED

This chapter has presented the results of the comparison between the deformation measurements carried out
with the PSP-IFSAR technique, four levelling campaigns, GPS and extensometer. The main objective of this
comparison is the evaluation of the precision of the PSP measurements by contrasting the on-site
measurements one by one with the other methods.
On a general level, Figure 78 shows the comparison of vertical movements at well FE-1R obtained with four
different techniques: PSP-IFSAR, levelling, GPS, and piezometry.
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FIGURE 78. COMPARISON OF VERTICAL MOVEMENTS AT WELL FE-1R OBTAINED WITH DIFFERENT
TECHNIQUES
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The results of the comparison show that the PSP values match those of levelling and extensometry. Specifically,
in the case of levelling the results are as follows:
• In absolute terms, the differences vary between –2.7 and 2.4 mm for the CRs, and between –5.8 and 10 mm
for the PSs, i.e., the magnitude has the same size as the measured movements. The standard deviation of
these differences is 1.7 mm and 4 mm, respectively.
• In terms of velocity, even though the differences are slightly smaller, they still correspond to the magnitude
of the deformations.
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The results obtained are compatible with the expected margin of error. In fact, both the optical levelling and
the interferometric SAR are very precise when it comes to the reconstruction of ground movement. Optical
levelling achieves a precision range of 1 to 2 mm, taking into account the real length of the levelling path. The
INSAR technique offers a precision of within only a few millimetres for each of the acquisition dates.
Taking into account the contributions of both techniques, the results regarding homologous points and CRs
confirm the validity of the measurements that were carried out.
The analysis of the last period with available data (October 2012 to February 2013), shows that both the GPS
and the PSP data indicate a deformation (subsidence) that reaches 25 mm. The method of optical levelling does
not show the same kind of drop because the reference point lies within the area affected by this subsidence.
The average velocity during this period registered by GPS is –4.5 mm/month, while the estimated velocity
based on PSP data is –4.1 mm/month. In this case, both techniques refer to the same phenomenon, and the
difference between the two results is only 0.4 mm/month.
One of the main conclusions to be drawn from these results is that the magnitude of the majority of the
deformations that occurred in the period of comparison is close to the sensitivity threshold of the PSP
technique (very few millimetres), i.e., the possible error has the same magnitude as the average movement. In
any case, two important aspects can be highlighted. On one hand, the comparison between the results of
levelling and those of the CRs shows a strong correlation between the two techniques. In this context, one can
hope that the movements’ possible increase in magnitude should at the very least be detected on the artificial
reflectors. And on the other hand, the PSP technique has been able to detect the deformation’s acceleration
during the last period of the comparative analysis.
From the methodological point of view, the results have proven the suitability of combining several techniques
in order to obtain a precise view of the monitored phenomenon. And GPS, extensometry and levelling have
been shown to be capable of detecting even millimetric deformations.
Measurements with these techniques, with a good spatial distribution, make it possible to monitor the
deformations with millimetric precision and, at the same time, can be used for calibrating the PSP-IFSAR
technique and correcting systematic effects that are caused by different factors, such as atmosphere, phase
skips, etc. In this sense, it would have been useful to have a larger temporal sampling on the two levelling lines,
in order to achieve a better calibration of the PSP data. On the other hand, unlike other specific measurements,
the high sampling capacity offered by the PSP-IFSAR technique makes it possible to monitor the spatial
behaviour of the deformations; perhaps not with the magnitudes observed during the period of the
comparative study, but certainly in the case of higher magnitudes in the future.
This will be of great advantage for understanding deformation and its spatial scope.
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8.1.

MEASUREMENT TECHNIQUES

The analysis and cross comparison with different measurement techniques have proven the capacity of each
one of them to detect ground movement during the entire life cycle of this project.
The results obtained by the PSP-IFSAR technique in the analysis of the historical period from 1992 to 2010
show a large consistency both in space and in time regarding the groundwater extraction and recovery cycles,
as well as a strong correlation with the observed piezometric levels. The comparison of the results gathered
with this technique from 2011 to 2013 with other types of methods, like topographic levelling and especially
GPS, have confirmed its suitability to detect ground movements related to groundwater exploitation in the
field of action of Canal de Isabel II Gestión.
As far as monitoring is concerned, the GPS technique allows us to observe a single point continuously.
PSP-IFSAR makes it possible to observe frequently (on average three times per month) thousands of points per
square kilometre in a very extensive area (about 1,600 square kilometres, within the standard framework of
the COSMO-SkyMed satellite), including the city of Madrid; optical levelling is able to observe sporadically
several points around the area of interest; and extensometry allows us to obtain data from a single point with
any frequency desired, including permanent data reading if a telemetry system is installed. Optical levelling is
nominally the most precise of the mentioned techniques, but its application frequency may be insufficient if it
is necessary to follow the alternating cycles of subsidence and uplift; however, it is suitable for verifying
interferometric measurements, even though it is necessary to choose a reference point far enough away to not
be affected by the measured movements, which, however, might affect the precision.
All the techniques used in this study have a precision that, if only one measurement is considered, varies
between a few millimetres and 1 centimetre, although the capacity of all of them to monitor the movement
tendency is around approximately 1 millimetre per year. All the techniques, depending on their limitations and
precision, obtained the same movement values.
When aiming to propose a monitoring system, it is important to identify the main characteristics of each
method and its relevance to the monitoring service. It must be remembered that some techniques need an
opening or configuration phase on the ground, prior to starting the system, in particular:



Radar interferometry (PSP-IFSAR) does not need any preparation on the field. The minimum time needed
to start monitoring is four months, if the acquisition frequency is eight per month (COSMO-SkyMed
constellation). Another possibility consists of using images on file, if available, in order to study past
episodes, something that is impossible with any other of the techniques studied.



Prior to using corner reflectors (CRs), a topographical study must be carried out to select their exact
location on the field, a satellite image acquisition geometry analysis is necessary, and the equipment must
be bought and installed. The minimum time needed to start monitoring is the same as for the PSP-IFSAR
technique.



In order to use a GPS, a study to find the best location must be carried out, the GPS device must be
acquired and installed, and the rest of the equipment such as antenna, power supply, remote control,
data collection and data storage must be set up. Also, at least one year of initial data acquisitions is
necessary prior to starting the monitoring, in order to filter the signal’s non-essential component.
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Levelling makes a definition of a levelling line necessary, depending on the characteristics of the area and
of the analyzed phenomena. The minimum time before being able to start is the time necessary to carry
out two measuring campaigns (for example, three months).



Extensometry requires a previous study to find the location and to define the bar depth, as well as the
acquisition of the sensor and the installation of the equipment. The minimum time after finishing the
installation is a few weeks, in order to carry out reference measurements.

Table 9 summarizes the main characteristics of each technique.

TABLE 9. CHARACTERISTICS OF EACH ANALYZED TECHNIQUE
Interferometry
PSP-IFSAR

Corner reflector

GPS

Optical
Levelling

Extensometry

Precision

< 4 mm

< 2 mm

< 1 cm

< 1 mm

n/a

Sampling
interval

3 measurements
per month on
average,
possibility of 8
measurements per
month

3 measurements
per month on
average,
possibility of 8
measurements
per month

Continuous

1 measurement
every 3 months

2 measurements
per month, or
continuous with
telemetry system

Spatial
coverage

Global coverage

Few points

One single
point

Few points

One single point
with various
depths

At least 30 images

Location study,
geometry
analysis, and CR
installation

Location study,
planning, and
antenna
installation

Location study
and acquisition
planning

Location study,
definition of tool
characteristics,
and installation

Requirements

Canal de Isabel II Gestión · 120

Research on techniques for measuring subsidence related to the exploitation of aquifers
Conclusions

8.2.

RESULTS OBTAINED

The measurements carried out with the different methods described in this study have led to the following
conclusions concerning the ground movements observed during the various phases of their evolution:

• A strong correlation between deep piezometry (300 m) and vertical ground movements could be
established. However, for medium and superficial piezometry no correlation could be observed, because
these piezometers do not capture water table variations.
• During the historical periods studied, the relationship between vertical movements and piezometric level
variations in the vicinity of the wells shows values between 4 and 7 mm per 10 m. It has also been
confirmed that at the present time this relationship shows values in the same range.
• The area most heavily affected by extraction and recharge, i.e., the area within a 2 km radius, shows
movements that are practically homogeneous, while in the area further away the ground movements
clearly decrease with the increase of distance from the origin.
• The correlation between movements and piezometric level variations also weakens as the distance
increases, decreasing from 0.97 in the vicinity of the well-fields to less than 0.75 at a distance of 7 km and
further away. This indicates that other causes for movement apart from the aquifer exploitation do exist.
• It has been observed that variations of the water table of less than 15 m do not have any influence on
subsidence phenomena, because the correlation is very weak.
• Taking into account the volume of water injected, the artificial recharges caused very little variations of the
water table, and in view of the statement above, their influence on the subsidence is hardly noticeable and
lies within the precision limits of the instruments used for detection.
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8.3.

METHODOLOGICAL PROPOSAL

All the techniques implemented have proven to be effective as measurements of ground movement and have
provided similar results, especially when the size of movement is significant.
The PSP-IFSAR technique has a big advantage over the remaining methods because it is able to provide a very
high density of measurements, with a level of precision similar to that of those other methods, but with no
requirements at all concerning installation or moving around of devices, materials or personnel. Besides, this
technique provides the following:



Systematic collection of data, and updates of the ground deformation measurements.



High precision of ground deformation measurements.



High density of data on the area of interest.



High reliability of gathered data due to independence from climatic or light conditions (day/night).



No risk of on-site damage to measuring tools because of remote data acquisition.



High redundancy concerning availability of measurements because of the existence of 4 satellite
constellations, so that 4 measurements could be carried out every 16 days.



Good cost-efficiency relationship because there is no maintenance cost and no expense for on-site
drilling, and also because the SAR analysis makes the supervision of the area of interest and its
surroundings possible, providing control over an extensive area, necessary due to the activities at the
aquifer.

Taking all this into account, the conclusion drawn is that the PSP-IFSAR technique is suitable for a monitoring
service of ground movements related to the aquifer exploitation. The update frequency for movement maps
can be adapted according to the necessities of monitoring and the analyzed phenomena. In general, a quarterly
update should be enough, but the possibility exists to increase the frequency up to one update per week.
Since the employment and integration of several techniques at the same time provides more reliable results
that go beyond the quality limitations of each technique on its own, an integrated solution could consist of the
combination of various methods.
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8.3.1.

PSP-IFSAR technique

This method is able to provide detailed information using thousands of measurements per square kilometre in
an area as big as 1,600 square kilometres within a standard COSMO-SkyMed framework. It turned out to be
very effective for the analyzed wells, whenever a generalized intense extraction took place during long periods
in different well-fields. In such a situation, the deformation caused is very large and pronounced, and the
radius of influence reaches even the city areas nearby. Under normal circumstances, monitoring with a
quarterly frequency is enough, but it is possible to consider updates with a higher frequency, if these should be
necessary.

8.3.2.

Use of Corner Reflectors

Applying the PSP-IFSAR technique to corner reflectors (CRs) makes an exact association between the
measurement and the observed object on the ground possible. These kinds of measurements are useful for the
purpose of cross comparison with other techniques. Their installation should be considered, especially if the
area of study is characterized by high vegetation and few significant structures, or if a low density of natural
PSs can be expected.

8.3.3.

GPS Technique

This control system allows continuous access to the data on ground movement, and the current measurement
data is updated periodically. It provides:

a. An absolute reference system for PSP-IFSAR measurements.
b. Separation from the horizontal movement component.
c. Cross comparison among the different techniques.

8.3.4.

Levelling campaigns

This measurement system offers high precision, but might cost more, due to the necessity of frequent
measuring campaigns on the ground. However, it is important to take into account that levelling may be
planned periodically in order to verify the measurements obtained with interferometry and GPS. In any case, a
set-up should be designed that includes a reference point at a distance far enough away, so that it is not
influenced by the exploitation of the studied wells.
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8.3.5.

Extensometry

The experience of this project indicates that, in order to obtain useful extensometer measurements, it is
necessary to increase its installation depth, to reach the level where piezometric oscillations can be registered.
With measurements at different depths, the extensometer could provide an improvement in the
characterization of the movements of an entire lithologic column. However, the installation of one or several
extensometers at the required depth could also entail high costs, while each one of them would only supply
information on one single point (one point per extensometer, if several are installed).
The information provided by the piezometers has turned out to be very useful when analyzing the correlations
between variables that are expected to interact, as is the case between water table variations and ground
movements on the surface or deeper down. This is why maintaining a good network of piezometers is
recommended in the surroundings of those wells that are considered to be of high priority, either because they
are closer to city areas, or because of their significance for exploitation.
Additionally, during the monitoring of the effect of injections (2011 to 2013), it was noticed that the artificial
recharge well was surrounded by wells with extraction activity, especially in the northeastern and southsoutheastern sectors (the well-fields of El Goloso, Canal Alto, and Canal Bajo), which is why it was not possible
to establish a general deformation pattern around the injection point. For this reason, if in the future it is
desired to monitor some other artificial recharge experience, the proposal is to isolate recharge activity as
much as possible, in order to avoid interferences from surrounding extraction wells, at least within a radius of 8
to 10 kilometres.
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