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Abstract

Intensive groundwater withdrawal is one of the main causes leading to land subsidence in the natural and urban
environments. The overexploitation of groundwater in urban areas comes mainly in the context of rapid urbanization,
expansion of industrial and agricultural activities, and in some cases, climatic changes. Sustainable urban planning and
detection of potential hazards involve the use of adequate instruments such as the continuous monitoring of land
subsidence. The satellite remote sensing Synthetic Aperture Radar Interferometry (InSAR) techniques offer the
opportunity for early detection and continuous monitoring of land subsidence for wide areas, including urban centres.
Considering various aspects, a review of scientific contributions where urban subsidence due to the intensive
groundwater withdrawal for agricultural purposes is monitored based on InSAR techniques, is presented. As land
subsidence in urban areas has a direct impact on the quality of life, the review is completed with demographic indicators
assessment, followed by analysis on the dynamics of the population in some urban areas affected by land subsidence.
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INTRODUCTION

One of the main degradation forms affecting
land surface and having a variety of effects on
the natural and anthropogenic environments is
represented by land subsidence (Ahmad et al.,
2017; Bawden et al., 2003; Burkett et al., 2003;
Sneed et al., 2014; Bitelli et al., 2015). As a
result of various natural or anthropogenic factors
(Orellana et al., 2022), this phenomenon is
characterized by sinking or settling of the land
surface (Allaby, 2013).

Intensive groundwater withdrawal is one of the
anthropogenic factors leading to subsidence in
urban areas (Galloway & Burbey, 2011). This
comes in the context of rapid urbanization and
industrial development (Poland, 1984; Ruiz-
Constan et al., 2016), leading to the progressive
use of groundwater resources in industry,
various urban needs and activities, and
agriculture (Ezquerro et al., 2020).

Globally, agriculture is using almost 70% of all
groundwater withdrawals, reaching in some
developing countries up to 95% (Meza-
Gastelum et al., 2022). Unless in many cases the
groundwater  withdrawal for agricultural
purposes is not the main cause of land
subsidence in wurban environment, this
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phenomenon was or it is still present in
significant urban centres. Some urban areas may
be prone to subsidence due to the presence of
some  geological and  hydrogeological
particularities as well as climatic aspects
(Ahmad et al., 2022).

As the land subsidence due to groundwater
withdrawal is often a slow process not
prominent until its effects are visible (Orellana
et al., 2022), measuring and monitoring of this
phenomenon is necessary for a sustainable urban
planning and for the disclosure of potential
hazards (Chen et al., 2016). In this context,
various methods and techniques are being used
for measuring land subsidence (Galloway &
Burbey, 2011), since the beginning of the 20"
century, when the subsidence phenomena due to
groundwater withdrawal was identified in
U.S.A. (USGS, 2017).

Precise levelling and extensometry are the most
accurate subsidence monitoring methods,
reaching sub-millimetre accuracies (Radutu &
Gogu, 2018). Following the technological
evolution, since the 1980s, the GNSS techniques
started to be used, reaching millimetre accuracy
(Bitelli et al,, 2015). In the last decades,
considering different constraints of each of these
methods (Karila et al., 2013), the evolution of
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the remote sensing techniques and of the radar
satellite missions, the Synthetic Aperture Radar
Interferometry (InSAR) techniques started to be
used successfully for the continuous land
subsidence monitoring and for early detection
over wide areas (Raucoules et al., 2007). The
complementarity use of different monitoring
methods may have the best results.

In this context, the paper presents an analysis of
urban areas worldwide, where InSAR
techniques are used for monitoring land
subsidence due to groundwater withdrawal for
agriculture purposes. Different aspects, such as
benefits, limitations, particularities  are
highlighted, considering this type of specific
area of interest.

As human resources are vital for the
development of each economic sector including
agriculture and at the same time land subsidence
in urban areas can have a great impact on the
quality of life, some demographic characteristics
are highlighted having in mind the dynamics of
the population for two urban centres from Spain.

MATERIALS AND METHODS

Scientific contributions investigating urban
subsidence due to the groundwater pumping for
agriculture purposes are analysed.

Different parameters are taken into account,
such as history, monitoring methods, geology,
climatic ~ conditions and  demographic
characteristics.

This section presents the InSAR techniques
applied for monitoring different areas affected
by subsidence, followed by the description of
the demographic indicators.

InSAR techniques for monitoring urban
subsidence due to groundwater pumping for
agriculture

InSAR techniques became popular at the
beginning of 1990s when the ERS-1 (European
Remote-Sensing  Satellite-1) mission was
launched (ESA, 2023), providing data with
enough high spatial and temporal resolution for
generating interferograms. The displacements
are encoded in the phase difference between the
two coregistered SAR images used for
computing the interferogram (Galloway &
Hoffman, 2006) along the Line of Sight (LOS)
of the satellite (Colesanti & Wasowski, 2006).
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The day and night operational capabilities
regardless the weather conditions of InSAR
techniques (Ferretti et al., 2007), the ability to
measure the subsidence with a relative low cost
and to perform precise ground monitoring
(Chaabani & Deffontaines, 2020) are some of
the advantages of these techniques, addressing
the limitations of the classical methods.

Two classes of InSAR techniques are being used
over time:

. the conventional approach, using single
interferometric ~ processing, known  as
conventional InSAR (Bamler & Hartl, 1998),
and

. the differential approach, or
conventional DInSAR (Crossetto et al., 2016;
Ruiz-Constan et al., 2015), when multiple SAR
scenes with the same geometry are used over the
same study area at different time moments
(Ferreti et al., 2007). As DInSAR technique
might be affected by atmospheric influences and
temporal and spatial decorrelations when
measuring ground displacements (Chaabani &
Deffontaines, 2020; Chen et al., 2016; Cianflone
et al, 2022), more advanced DInSAR
techniques are being developed, named the
Multi-Temporal  Interferometry  techniques
(MTI) or  Advanced-Differential SAR
Interferometry techniques (A-DInSAR), such as
Persistent-Scaterrer  Interferometry  (PSI)
(Ferretti et al., 2001; Crossetto et al., 2016;
Espiritu et al., 2022) and Small Baseline
Intereferometry (SBAS) (Berardino et al.,

2002).
Further, to compensate some of the MTI
techniques’ limitations,  the  temporal

decorellation on vegetated or bare soil areas
(Galloway & Burbey, 2011), new MTI
techniques from the PSI and SBAS families, or
combinations of the two techniques were
proposed, such as Wavelet Based InSAR
(WabInSAR) (Miller & Shirzaei, 2015),
Parallel Small Baseline Subset (P-SBAS)
(Cigna & Tapete, 2022; Orellana, et al., 2022),
SqueeSAR (Ezquerro et al., 2020), Coherence
Pixel Technique (CPT) (Ezquerro et al., 2020),
StaMPS-MTI (Ruiz-Constan et al., 2016).

Demographic assessment

Human beings have a powerful effect on the
environment quantified in demographic factors
regarded as one of the primarily global drivers
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of human-induced environmental change, in
addition to biophysical, economic, socio-
political, technological factors (Boberg, 2005).
Demographics variability and effects on the
environment are emphasised by the population
growth and the natural increase rate, information
which can be used in many ways to discover the
generalities of a particular population.

The natural increase rate in the total population
refers to the difference between the number birth
rate and the death rate occurring in a year,
divided by the mid-year population of that year,
multiplied by a factor (usually 1,000)
(Dumitrache & Erdeli, 2009). For birth rate
evaluation it is considered the number of people
born in a population in a given amount of time,
while the death rate is represented by the number
of deaths, per year, varying, due to differences
in living standards and economic conditions.
The natural increase rate indicator is determined
for Murcia and Madrid, two regions from Spain
where groundwater usage is contributing
significantly to Spanish agricultural and
regional development.

RESULTS AND DISCUSSIONS

The current review, based on an extensive
scientific literature inquiry on the urban areas
affected by land subsidence due to groundwater
withdrawal for agriculture, are taking into
consideration different aspects, considering the
domain of interest. Therefore climate, geology,
hydrogeology, InSAR monitoring techniques,
satellite SAR missions, management of
hydrological resources, demographic dynamics,
or urbanisation might give a glimpse on where
and how overexploitation of groundwater
resources for agriculture purposes might affect
urban areas.

History of groundwater
agriculture in urban areas
First half of 20" century

pumping for

L]
U.S.A.
Looking on the history aspect, groundwater
pumping for agriculture has enabled the San
Joaquin Valley of California, U.S.A. to become
one of the world’s most productive agricultural
regions (Galloway & Riley, 1999).

For Santa Clara Valley, Coachella Valley, San
Joaquin Valley, California, agriculture was the
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predominant activity in the first half of the 20%
century, with a rapid urban and industrial
development after the World War II (Galloway
& Hoffman, 2006; Sneed et al., 2014; Galloway
& Riley, 1999), and the extraction rate of
groundwater continuing to increase (Schmidt &
Burgman, 2003). Same situation is specific for
Phoenix, Arizona (Miller & Shirzaei, 2015).
Therefore, since 1970s, the water in many wells
declined from 15 m (Sneed et al., 2014) up to 90
m in the deep confined aquifers, while large
areas from these regions were affected by land
subsidence reaching up to 8§ m subsidence
(Galloway & Riley, 1999). For Santa Clara
Valley, the decrease of rainfalls in the first part
of the 20" century contributed to the increase of
groundwater needs for agriculture (Schmidt &
Burgman, 2003).

As a consequence of the water increase demand,
the necessity to preserve the groundwater
resources and to prevent severe damages,
various measures were taken in the U.S.A. Thus,
in the Coachella Valley, California, in 1949
water from Colorado River started to be
imported, a recovery of the groundwater levels
being registered until 1970. However, since late
1970s, the water demand increased leading to
the increase of groundwater pumping (Sneed et
al.,, 2014). As a consequence, the subsidence
process continued until today, in the 2000s, in
Palm Desert a 4 cm/year subsidence being
registered (Sneed et al., 2014).

The import of surface-water has been used also
in Santa Clara valley for supplementing the
water demand and to recharge the declining
groundwater system (Galloway & Hoffmann,
2006). Favourable rainfalls contributed to the
recovery, so that in the 1990s InSAR
measurements indicated up to 6.4 mm/year
uplift North to Sunnyvale (Schmidt & Burgman,
2003). Unless highly urbanised, these areas are
still major agriculture regions in the U.S.A,
relying heavily on the groundwater resources.
Therefore, in San Joaquin Valley, a long-term
land subsidence is present, due to the
compaction of fine-grained aquitard layers
within the aquifer system, reaching in the 2000s
up to 25 cm/year subsidence (Liu et al., 2019).
As a consequence, aqueducts, levees, bridges
and roads are at risk of damage (NASA, 2017),
potentially affecting the quality of life of the
population from the region.
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China
Found on a different continent, land-subsidence
due to groundwater over-exploitation is present
in Beijing, China, since 1935 (Chen et al., 2016).
As groundwater is the main water source for
industry, agriculture and domestic use in the
area, and considering the great impact of the
land subsidence, more than 25 studies on this
subject are available for Beijing (Hu et al., 2019;
Bai et al., 2022). Nowadays, the values of land-
subsidence are greater than 10 cm/year (Chen et
al., 2016).

e Second half of 20" century
Mexico
Unless land-subsidence due to groundwater
extraction was observed in Mexico City since
1920, it was in the 1980s when subsidence
started to be observed and monitored in other
cities from central Mexico, such as Morelia or
Celaya (Suarez et al., 2018), where agriculture
is one of the important activities for which
groundwater exploitation is necessary (Cigna et
al., 2022; Chaussard et al., 2014). In the
Metropolitan Area of Morelia, 47% of the
groundwater wells are for agriculture, the yearly
subsidence rate between 2014 and 2021
reaching up to 9 cm. Celaya, Silao and Leon
cities are characterised by a rapid, local-scale
subsidence due to groundwater withdrawal for
agriculture, reaching up to 8 cm/year from a
SAR subsidence monitoring conducted between
2007 and 2011 (Chaussard et al., 2014).
Spain
Alto Guadalentin Basin from Southeast Spain, is
a fertile basin cultivated since the Arabic ages
(800 B.C.), agriculture being traditionally the
most important economic activity in the area
(Ezquerro et al., 2017). However, in the 1960s
the agricultural development involved the use of

groundwater  resources, helping to the
revitalization of this economic sector in the
1980s, but leading to temporally

overexploitation in 1987 (Boni et al., 2015;
Ezquerro et al., 2017). After this moment, the
transfer of water resources from Tajo River and
Segura River helped the recovery of the aquifer
system, but the droughts periods from 1990 to
1995 and from 2005 to 2007 led again to the
intensive use of groundwater resources (Boni et
al., 2015). Unless urban and touristic activities
progressively entered the economic activity,
agriculture still has an important impact over
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groundwater resources, studies using SAR data
revealing a continuous deformation pattern with
greatest values in Europe, higher than 10
cm/year (Gonzales & Fernandez, 2011). This
dynamics comes in the context of continuous
increase of population, in Lorca and Puerto
Lumbreras cities reaching more than 100,000
inhabitants in 2012, an increase of almost 50%
from 1960. Land subsidence and the increase of
population  make the structures and
infrastructures from the area vulnerable,
considering also the important geological risk of
the region (Ezquerro et al., 2017).

City of Murcia, found in the neighbouring of
Alto Guadalentin valley, is also part of the
South-Eastern regions of Spain known and
being monitored due to the over-exploitation of
groundwater for domestic, agricultural and
industrial needs (Rigo et al., 2013). The drought
period from the 1990s led to the groundwater
overexploitation that generated land-subsidence
accompanied by damages to over 150 buildings
and other structures. During the drought period
from 2004 to 2008, new wells were drilled for
maintaining water supply for population and
agriculture needs (Tessitore et al., 2016).
Unless not having the same importance as in
Alto Guadalentin Basin, agriculture and
groundwater pumping for agriculture are present
also in the Metropolitan area of Madrid, 32% of
the land-use from this region being arable for
annual crops (Copernicus, 2018). Agriculture is
more important here for the smaller
municipalities, correlation coefficients between
displacements and piezometric time series
having values higher than 85% for all the wells,
for a cumulated value of subsidence over almost
20 years of 8 cm (Ezquerro et al., 2014).
Montellano, Spain, is another town where land
subsidence is present due to intensive
exploitation of groundwater for agricultural and
urban purposes, the particularity of this area
being that aquifer was not exploited before
1990s the use of water from river being more
common.

The changes in agricultural practices from non-
irrigated to irrigated land and the severe
droughts since 1990s favoured intensive
groundwater exploitation and a cumulated value
of 33 mm subsidence for almost 20 years, since
1992 (Ruiz-Constan et al., 2016).
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Italy

The economic boom of Italy after the World
War II led to extensive exploitation of
groundwater for agricultural and industrial use
in the Plain of Po River Delta, making it a
historically land-subsidence affected area
(Solari et al., 2018). This resulted in a territory
very difficult to be managed, as large areas were
part of the land reclamation projects from the
end of 19" century, when the territory was
largely increased for usable crop production
(Corbau et al., 2019). Unless this is a poorly
urbanised area, this is an example of successful
policies applied since the 1950s, as subsidence
was estimated to 300 mm/year in the period
from 1950 to 1957. Therefore, since 1960,
anthropogenic withdrawals were suspended and
other specific works have been done, leading to
the decrease of land subsidence to values of 4.5
mm/year nowadays (Fabris et al., 2022), which
are mainly related to the natural consolidation of
the compressible Holocene deposits (Corbau et
al., 2019).

In Gioia Tauro Plain, an important urban
industrialised and coastal agricultural area from
the Southern part of Italy, the groundwater
pumping for agricultural purposes is present
since the 1970s. A significant drop of the
piezometric level of the shallow aquifer was
registered between that period and 2021
(Cianflone et al., 2021). Unless the main towns
of the plain (Gioia Tauro, Rosarno, Nicotera,
Taurianova, and Citanova) are stable, an
increasing subsidence rate of up to -Smm/year
was observed in the town of Polistena
(Cianflone et al., 2022). The farming system
from the area with hundreds of individual small
plots, despite the public water supply network,
leads to the presence of uncontrolled drilled
water wells (Raspini et al., 2012). Another
particularity of the area is related to the land use
changes in the last two decades, with intensive
and ongoing kiwifruit farming, requiring a high-
water supply, almost doubled, compared to the
previous citrus and olive crops (Cianflone et al.,
2022).

Part of the Firenze-Prato-Pistoia plain, Pistoia is
a city with instability phenomena documented
since the 1960s (Ceccatelli, 2020). From the
early 1990s, Ezquerro et al. (2020), states that
land subsidence is occurring in the Firenze-
Prato-Pistoia  basin, due to intensive
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groundwater withdrawal for agriculture. More
specifically, Pistoia is known for the tree nursery
activities, and the presence of soft sediments
subsiding due to groundwater withdrawal (Del
Soldato et al., 2018), the maximum deformation
measured during 2014-2018 being of 1.7
cm/year (Ezquerro et al., 2020).

Using SAR interferometry, severe land
subsidence was detected in the last two decades
in the Sele and Volturno Plain, being stated that
land subsidence is present due to groundwater
overexploitation for agricultural use, inducing
coastal inundation (Solari et al., 2018). The plain
is characterised by an increased concentration of
infrastructure and inhabited areas, such as
Castelvolturno, Mondragone, or Capua cities,
with known farming, agricultural and cheese
production activities (Matano et al., 2018).
Turkey

Konya Plain, with its urban areas Konya, Ismil,
Cumra, Hotamis, or Eregli, it is a known area in
Turkey for intensive groundwater pumping for
covering the agricultural, urban and industrial
needs (Calo et al., 2017). The rapid groundwater
withdrawal and vertical displacements have
been observed during the last 3-4 decades, with
an intensification of the groundwater pumping
in the last years (Ustun et al., 2018), in the
context of an increase of irrigated land, for crops
as sugar beet and corn. Water needs for
irrigation led to uncontrolled groundwater
withdrawal, and as a consequence of
groundwater withdrawal, sinkholes appeared,
leading to damages to infrastructures and of
some villages. Vertical deformation of up to 10
cm during 8 years of monitoring were detected
in the area (Calo et al., 2017).

Iran
At the Iran country level, 90% of the
groundwater consumption is used for

agricultural purposes (Haghshenas Haghighi &
Motagh, 2021). The old and inefficient farming
methods are one of the factors prone to higher
need for groundwater (Pirouzi & Eslami, 2017).
Shariar area, situated in the west of Tehran plain,
faced over-exploitation of  groundwater
resources few years after the construction of a
dam in the area in the 1960 (Khodapanah et al.,
2011). In the Kerman Province, subsidence due
to extensive groundwater withdrawal is present
since the 1980s (Toufigh et al., 2004). As
agricultural regions are spread all over the
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country, many urban areas, or neighbouring of
urban areas are affected by land subsidence,
such as Tehran city (Pirouzi & Eslami, 2017),
Neyshabour City (Dehghani et al., 2009),
Rafsanjan and Anar cities situated in the Iran’s
center of Pistachio plantation, Mashhad city
(Haghshenas Haghighi & Motagh, 2021),
Ardabil, Khalilabad, and Araloyebozorg
(Ghorbani et al., 2022), Ashkane city (Rafiei et
al., 2022). In many areas affected by land
subsidence, the vertical displacements have
values higher than 10 cm/year, which can lead
in the near future to significant economic losses
such as structural damage and high maintenance
costs for roads, railways, dikes, pipelines, and
buildings (Rajabi Baniani et al., 2020). Several
roads located in the agricultural area to the
southwest of Tehran are already affected by land
subsidence (Haghshenas Haghighi & Motagh,
2021), while field research in the city of
Ashkhane and neighbouring areas showed the
presence of damages such as cracks in the walls
(Rafiei et al., 2022).
Philippines
Subsidence due to groundwater withdrawal in
East Asia has as one of the main cause the
expanding of coastal aquaculture and the
presence large crops of rice, especially for
Manila Bay, where the biggest crops of rice
across the East Asia are found. Subsidence due
to groundwater use is known since 1965
(Rodolfo & Siringan, 2006). The Metropolitan
Manila, including Manila, Caloocan, Malabon,
Navotas and Valenzuela cities, is affected by
land subsidence with rates between 1 and 2 cm/
year, studies showing that subsidence is the
cause of floods worsening in the recent years.
This comes in the context of an area exposed to
multiple natural hazards, such as earthquakes,
landslides, volcano eruptions, and typhoons,
endangering buildings, houses and underground
facilities (Espiritu et al., 2022).

e The 21% century
Pakistan
Pakistan has at the moment the highest speed of
urbanization in South Asia. As an example, the
urban area of Lahore city doubled between years
1999 to 2011 (Ahmad et al., 2021). As the only
source of water for the city, due to the
uncontrolled urbanization, the intensive
groundwater extraction led to land subsidence
(Farhat et al., 2018; Hussain et al., 2022), with
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values up to 11 cm/year (Ahmad et al., 2022).
Although the highest rate of groundwater
pumping is for the domestic use, agriculture still
has an important role and impact in the
groundwater balance of Lahore city, 23% of the
discharge being for agricultural purposes, more
than for the industrial and commercial use
(Ahmad et al., 2022). Field surveys confirmed
the results of the InSAR analyses, damages of
buildings and other infrastructures taking place
in areas affected by subsidence (Ahmad et al.,
2022; Hussain et al., 2022). In the actual context,
for a sustainable development, proper strategies
of urban planning considering the land use and
land cover classes, including agricultural lands,
should be developed (Farhat et al., 2018).

Chile

Found in a vulnerable area with the most
seismically active subduction zones in the
world, the Metropolitan Area of Santiago de
Chile is affected by ground instability due to
natural factors and anthropic factors, such as the
groundwater overexploitation. As a result of
climate changes and influenced by the intensive
agriculture, Paine city, part of Grater Santiago,
experienced in the recent years more noticeable
deformations, considering the exploitation and
compaction of the aquifer (Orellana et al., 2022).
Tunisia

Situated in North Africa, Tunisia is one of the
Mediterranean countries which relies on deep
aquifers for fulfilling the water needs for
agriculture, domestic use and industry, as
surface waters are scarce and irregular
(Mokadem et al., 2018). Since the 1960s, a
significant agricultural and industrial boom was
registered in the coastal northern Tunisia.
Therefore, the groundwater exploitation speed
from the unconfined aquifer increased from 280
/s in 1971, to 600 I/s in 1999 (Charef et al.,
2012).

As a consequence, in the last two decades land
subsidence is producing in Tunis City and the
Mornag plain with values up to 19 mm/ year,
leading to numerous failures of buildings,
considering also the highly compressive
deposits from the area. Also, due to agricultural
and industrial activities, in the peri-urban area of
Mornag plain, drinking water resources is under
substantial pressure (Chaabani & Deffontaines,
2020).
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Indonesia

Indonesia is one of the countries with rapid
increasing of population in urban areas,
followed by increasing of water and land needs,
considering mainly the industrial needs,
followed by the agricultural and housing
activities, causing land subsidence (Sidiq et al.,
2019). Groundwater exploitation is documented
in Indonesia since the first half of 20" century,
and it could be revealed the massive increase of
groundwater  exploitation  since 1970,
concomitantly with the manufacturing industry
development, and the massive urbanisation,
consequently. Due to industrial pumpers, the
total groundwater abstractions in Bandung basin
grew from 18% to 83% during 1950-1990 time
period (Braadbaart & Braadbaart, 1997).
However, the presence of land subsidence is
mentioned since year 2000, when the GPS
surveys started to be used for ground motion
monitoring (Abidin et al., 2009). As for the
SAR monitoring, from 2007 to 2011, for two
agricultural areas from Bandung, the land
subsidence rate was as high as 5 cm/year (Sidiq
et al., 2019). Similar values are registered for
two other urban areas, Blanakan and Pekalongan
cities, where agriculture has a significant impact
on groundwater withdrawal (Chaussard et al.,
2013).

SAR techniques and SAR data used for land
subsidence monitoring

The capability of SBAS technique of improving
conventional InSAR  monitoring  over
agricultural areas (Galloway & Burbey, 2011) is
proved by the high number of scientific
contributions where SBAS (Chaussard et al.,
2013; Sidiq et al., 2019; Chaabani &
Deffontaines, 2020; Chen et al., 2016; Calo et
al., 2017; Haghighi & Motagh, 2021; Dehghani
et al., 2009; Farr & Liu, 2015; Cianflone et al.,
2022; Ezquerro et al., 2017) is used as SAR
processing technique for subsidence monitoring
in the urban areas where agricultural activities
have a great importance. This is highlighted in
Figure 1, where a statistic of the SAR
monitoring techniques is made, considering the
consulted scientific contributions available on
the topic of this paper. Thus, in 36% of the
contributions, the SBAS techniques is used,
followed by the PSI technique (Baniani et al.,
2021; Fabris et al., 2022; Ezquerro et al., 2014;
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Espiritu et al., 2022; Ahmad et al., 2022; Boni et
al., 2015) with 21% and other InSAR (Galloway
& Hoffmann, 2006; Sneed et al., 2014) and A-
DInSAR techniques such as P-SBAS (Orellana
et al., 2022; Cigna & Tapete, 2022), DInSAR
(Liu et al., 2019; Rafiei et al., 2022), InNSAR-SB
(Chaussard et al., 2014), LiCSBAS (Ghorbani et
al.,, 2022), WabInSAR (Miller & Shirzaei,
2015), SqueeSAR (Ezquerro et al., 2020), or
STAMPS-MTI (Ruiz-Constan et al., 2016). If
we take into consideration all the techniques
which are part of the SBAS family, more than
half of the scientific contributions are using an
approach based on SBAS technique.

3%

= SBAS = P-SBAS LiCSBAS

= InSAR-SB = PSI DInSAR

= SqueeSAR = SPN = STAMPS-MTI
= WabInSAR = InSAR

Figure 1. SAR monitoring techniques used in the
scientific contributions

Figure 2 presents a statistics on the data sets used
in the scientific contributions on the topic of this
paper, considering the past and actual launched
SAR missions. The figure highlights at a first
sight the high number of studies using data from
European SAR missions.

This comes in the context of free and open
access of the European SAR missions, starting
with ERS 1& 2 in the 1990s, the ENVISAT
ASAR in the 2000s and the actual European
SAR mission, Sentinel-1 mission since 2014.
Therefore, almost 80% of the used SAR data are
from European missions: the greatest percentage
is registered for Sentinel-1 data sets, with 35%,
followed by ENVISAT datasets with 24%, and
ERS 1&2 with 19%. Other data sets are from the
TerraSAR-X mission which was available
during the gap period between the retirement of
ENVISAT mission in 2012 and the launch of
Sentinel-1 in 2014 (Romero, et al., 2020), from
ALOS PALSAR and CosmoSkyMed.
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Figure 2. SAR data sets from different SAR missions
used in the scientific contributions

Datasets from the different SAR missions covers
time intervals starting with the 1990s until the
present day. Figure 3 presents the percentages of
datasets used in each decade from 1990s,
followed by the 2000s and all the datasets since
2010s.
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Figure 3. Percentages of SAR data sets used for land
subsidence monitoring in different countries

Looking on the graph, the highest percentages of
datasets from the 1990s and from the 2000s are
used for urban areas from Spain and U.S.A, both
countries with long history on groundwater
pumping for agricultural activities. For the time
interval covering the last decade, Italy has the
highest percentage of SAR datasets used for
land subsidence monitoring, followed by Iran,
one of the countries with high land subsidence
problems nowadays. The lack of studies
covering the 1990s in some countries where land
subsidence is present for more than half of a
century, might be explained by the use of other
land subsidence monitoring methods, such as
precise levelling or GNSS surveillance.

Different numbers of SAR data sets are used in
in the consulted scientific contributions for the
land subsidence monitoring, the maximum

number of data sets from different missions
being three. Therefore, Figure 4 presents the
percentages of scientific contributions which
used data sets from one, two or three SAR
missions for land subsidence monitoring.

Most contributions used a SAR data set from a
single SAR mission (65%), followed by
contributions where data sets from two SAR
missions were used (31%). Only 4% of
contributions used data sets from three SAR
missions.

4%

= 1 Dataset =2 Datasets =3 Data Sets

Figure 4. Percentages of scientific contributions using
data sets from one or more SAR missions

As for the land subsidence measured using SAR
techniques, there were registered values
between 1.4 cm/year in Lahore City, Pakistan
(Ahmad et al., 2022) and 25 cm/year in San
Joaquin, U.S.A. (Liu et al., 2019).

Figure 5 presents the percentages of urban areas
from different countries affected by land
subsidence due to groundwater withdrawal for
agricultural purposes, considering different
deformation intervals. It includes areas with
land subsidence rates: under 5 cm/year, between
5 and 10 cm/year, between 10 and 20 cm/year
and higher than 20 cm/year.

Urban areas where land subsidence has values
lower than 5 cm/year are present in Tunisia,
Philippines, Iran, U.S.A., Italy and Spain. On the
other side, as mentioned above, in U.S.A. is
registered also the highest subsidence rate,
higher than 20 cm/year. Displacement values
between 5 and 10 cm/year are measured by
InSAR techniques in Indonesia, Mexic, and
Spain, while displacements values between 10-
20 cm/year are measured in urban areas from
China, Chile, Turkey, Iran, Pakistan, U.S.A.,
and Spain.
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Figure 5. Percentages of urban areas affected by land
subsidence due to groundwater withdrawal for
agricultural activities, considering different intervals of
displacements

Climatic, hydrogeological, geological aspects
of the studied areas

Most urban areas affected by land subsidence
due to groundwater withdrawal for agricultural
purposes are located in arid and semi-arid
regions worldwide, from Western U.S.A.,
Mexico, Middle East, Southern Asia, North
Africa, or Mediterranean basin. As rivers and
surface water sources are poor or unavailable in
some periods of the year in the arid and semi-
arid regions, groundwater is the main water
source (Pirouzi & Eslami, 2017; Espiritu et al.,
2022; Cigna et al., 2022; Ustun et al., 2010;
Baniani et al., 2021; Dehghani et al., 2009;
Haghighi & Motagh, 2021), or the only water
source (Ahmad et al., 2022).

In many cases, severe droughts (Ruiz-Constan et
al., 2016; Tessitore et al., 2016; Boni et al.,
2015) and climatic changes (Ahmad et al., 2022)
contributed to the groundwater overexploitation,
unless the anthropic factors are the most
pregnant.

The presence of the alluvial compressible
deposits with variable thicknesses (Galloway &
Hoffmann, 2006; Ahmad et al., 2022; Baniani et
al., 2021; Ghorbani et al., 2022; Calo et al.,
2017; Chen et al., 2016; Chaussard et al., 2013)
and of aquifer systems with highly compressible
fine-grained interbeds (Fabris et al., 2022;
Dehghani et al., 2009; Chaussard et al., 2014;
Chaabani & Deffontaines, 2020) are also part of
the factors that favour the occurrence of land
subsidence when important quantities of
groundwater are pumped.
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Demographic indicator assessment for
Murcia and Madrid regions

Spain is between the most arid countries in
Europe having a massive hydrogeological
potential, groundwater usage development
contributing significantly to Spanish agricultural
and regional development. Spain’s current total
water use is distributed between irrigation
(67%), urban needs and industry (14%) and
independent industrial use and cooling (19%)
(Llmas & Garrido, 2007). As a consequence on
the difficulties in the planning and control of
groundwater use, ecological and socio-
economic impacts arisen.

The Regulation for the Public Water Domain
says that “an aquifer is overexploited when the
continuation of existing uses is in immediate
threat as a consequence of abstraction being
greater or very close to the mean annual volume
of renewable resources, or when it may produce
a serious water quality deterioration”. This is
due to the dramatic increase usage of
groundwater by thousands of individual farmers,
industries in different regions with very limited
public involvement.

Comprehensive research on groundwater use
and resources in Spain are introduced in the
Groundwater White Book (MIE & MOPTM,
1995), the Water White Book (MMA, 2000) and
the book by Llamas et al. (2001).

Based on other related research (Richey et al.,
2015) which employ satellite measurement of
Earth’s gravity, it is proved that a third of big
groundwater basins are in distress endangering
water security and resilience at regional level. In
densely populated areas from arid and semi-arid
regions, this problem is intensified by climate
change and rapid increase of population (Bejar-
Pizarro et al., 2017).

With regard to the social analysis of the
groundwater monitoring, focusing on the
evolution of demographic indicators, two
regions in Spain are laid out, adjoining Urban
Atlas (Copernicus, 2018) statistical figures.
Murcia is located in the southeast of the Iberian
peninsula, at the very centre of the peninsular
Mediterranean arc with a semiarid climate,
which determines a high rate of erosion, has a
total surface of 11,314 km? (2.2% of the Spanish
surface). The region has an increasingly
population number in the period from 2006 to
2018 (Figure 6), having decreasing features in
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2013, continued by a rise to 2018. The rural area
takes up to 83% of the regional territory with
36% of Murcia's population living there (RDP,
2010).
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Figure 6. Total population number in Murcia region,
Data source: Spanish Institute of Statistics (INE, 2023)

The economic crisis occurred in Spain since
2008, led to unemployment, which causes
changes in the demographic trend (Moya Ortega
& Garcia Marin, 2015). The highest percentage
of the natural increase rate is registered in 2008
(Figure 7), determined by highest birth rate in
the analysed time series (2006-2018). The
natural increase rate and birth rate values of the
data series are decreasing from 2008, while the
death rate was continually increasing (Figure 7).
The population employed in agriculture has
increased from 1999 to 2006. The region
presents great agricultural potential, one of the
most intensive in Europe, with crops such as
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almond tree and cereals in dry lands, and
vegetables as potatoes, cabbage and pepper,
irrigated fruit trees such as the lemon tree,
orange tree, peach and plum tree (Andrade-
Limas et al., 2007), due to the favourable
environmental conditions in the area, such as
high temperatures all over the year, and fertile
soils. Lately, Murcia has become one of the
main producers of fruits and vegetables in Spain.
As the region covers 4.3% of the Spanish
population, having the power of the country’s
export for between 20 and 30%, in this segment,
it consequently incur a considerable part of its
economic productivity to the agricultural sector
(Murcia Today, 2017).

CHS is the Segura River Basin Authority in the
Region of Murcia, in charge of the general
management of water resources, including the
aquifers in the Basin (Mamais et al., 2020). As
Murcia Region is one of the most water-stressed
regions in the Mediterranean basin with frequent
extreme meteorological events, such as multi-
annual droughts (Calatrava & Martinez-
Granados, 2017), the structural water deficit is
the biggest challenge faced by CHS in the area.
As a consequence, the various water users in the
basin through a long history, gained a strong
expertise in water culture, aiming at balancing
groundwater use for both drinking and irrigation
purposes (Mamais et al., 2020).

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

year

= DR

BR

Figure 7. NIR, DR, BR evolution in Murcia region during 2006 and 2018
Data source: Spanish Institute of Statistics (INE, 2023)

Construction of illegal wells and of canals,
followed by illegal groundwater use, have
become an increasing phenomenon in the
region, due to the implementation of a restrictive
policy in terms of access to groundwater and an
increasing agricultural cultivation. The high rate
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of illegal groundwater abstraction is explained
by the huge profits that encourage farmers to

expand their farmland despite ineffective
controls by public authorities. As a
consequence, river basin authorities are

continuously under both, political and economic
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pressure, which involve restrictions on their
efforts to deal with illegal water use and aquifer
exploitation (WWF, 2006).

Another Spanish urban area to be mentioned, is
Madrid, as one of the best documented Spanish
example (De Stefano et al., 2015), where
groundwater is a critical resource to prevent
failures in the urban supply system, especially
during droughts.

Madrid, the most populated region in Spain,
generates 17% of the country’s gross domestic
product and is the second most important
industrial centre of the country, currently
ranking second among the cities of the European
Union behind Berlin, and the third place among
the largest urban agglomeration in Europe,
behind Ile-de-France, and Greater London.
Madrid’s population has experienced growth
since 2008 due to significant number of foreign
immigrants settling in the city (Observatorio
Economico, 2010) due to the strength of
Madrid’s economy, the main economic hub and
decision making centre in Spain.

During the demographic data series assessment
(Figure 8), the highest number of the population
in 2010 starts to decrease, recording the lowest
people number in 2015, followed by an
increased trend in the number of populations till
2018.
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Figure 8. Total population number in Madrid during
2006 and 2018. Data source: Spanish Institute of
Statistics (INE, 2023)

The natural increase rate has positive values
during the analysed period, given the highest
birth rate than the death rate. The birth rate is
slightly decreasing since 2006, while the death
rate has an annually increasing rate until 2018.
Based on this, the natural increase rate register
decreasing values frequency, the lowest value
being recorded in 2018 (Figure 9).

Concerning the monitoring availability of
several European urban regions which can

increase  groundwater  development and
management solutions, the Copernicus Land
Monitoring  Service step into  action

(Copernicus, 2023). It provides geographical
information on land cover/land use and on
variables related to vegetation state and the
water cycle.
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Figure 9. NIR, DR, BR evolution in Madrid region during 2006 and 2018
Data source: Spanish Institute of Statistics (INE, 2023)

It supports applications in a variety of domains,
such as spatial planning, forest management,
water management and agriculture.

Urban Atlas is focused on FUAs (Functional
Urban Area), which include core cities and their
commuting zones, providing reliable, inter-
comparable, high-resolution land use maps for
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2006, 2012, and 2018 (Copernicus, 2023). In
total, the Urban Atlas includes 27 land cover
classes, of which 17 are urban classes and 10 are
rural classes.

The agriculture segment of Murcia and Madrid
regions (Figure 10), determined from Urban
Atlas classes (within the three available
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databases, in 2006, 2012 and 2018) cover nearly
76% of the total functional urban area, including
arable land, herbaceous vegetation associations,
pastures, permanent crops (vineyards, fruit trees,
olive groves), open space with little vegetation,
wetlands. No major changes are registered
between the different time periods. Looking
only at the surface occupied by arable, pastures
and permanent crops, the percent is around 40%
for Murcia and 44% for Madrid, with a higher
percent of permanent crops for Murcia (24%)
and of arable land for Madrid (33%).
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Figure 10. The evolution of Urban Atlas agriculture land
class in 2006, 2012 and 2018 for Murcia and Madrid,
including arable land, herbaceous vegetation, pastures,
permanent crops, open space with little vegetation,
wetlands. Data source: Urban Atlas (Copernicus, 2018)

CONCLUSIONS

Land subsidence is mainly caused by human
activities, as highlighted in the present review,
mainly due to groundwater pumping for
anthropogenic activities.

Groundwater withdrawal for agricultural
purposes in urban areas, is encountered mainly
in arid and semiarid regions, where surface
waters are very limited. Considering also the
presence of the alluvial compressible deposits
and of aquifer systems with highly compressible
fine-grained interbeds, these areas are prone to
the occurrence of land subsidence. The major
impacts of land subsidence include direct
damages with the loss of functionality and/or
integrity of the structures such as buildings,
roads, subways and underground utility
networks (infrastructures). The most usual
indirect effects are related to changes in relative
surface and groundwater levels. In this context,
a method of continuous monitoring of
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subsidence is of great importance. InSAR
techniques represent a feasible subsidence
monitoring method for urban areas with
agricultural activities. From the consulted
scientific literature, it could be noticed that the
techniques from SBAS family are the most
suitable for subsidence monitoring in urban
areas with agricultural activities, as some InNSAR
limitations related to vegetation are mitigated.
For the still remaining limitations, a
combination between an InSAR technique and
an in-situ technique is the most feasible
monitoring approach.

In order to manage land subsidence’s both
consequences and exposed elements, there is a
need to have human component assessment,
through demographic indicators evaluation.
Following a statistical data evaluation, during
2006 —2018, Murcia and Madrid regions present
a positive natural increase rate due to a balanced
population change (the birth rate higher than the
death rate).

Both land subsidence monitoring and
demographic indicators evaluation represent
valuable instruments for decision making for
urban planning, in the context of sustainable
development.
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