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Land subsidence is probably one of the most evident environmental effects of groundwater pumping. Globally, freshwater
demand is the leading cause of this phenomenon. Land subsidence induced by aquifer system drainage can reach total
values of up to 14.5 m. The spatial extension of this phenomenon is usually extensive and is often difficult to define
clearly. Aquifer compaction contributes to many socio-economic effects and high infrastructure-related damage costs.
Currently, many methods are used to analyze aquifer compaction. These include the fundamental relationship between
groundwater head and groundwater flow direction, water pressure and aquifer matrix compressibility. Such solutions
enable satisfactory modelling results. However, further research is needed to allow more efficient modelling of aquifer
compaction. Recently, satellite radar interferometry (INSAR) has contributed to significant progress in monitoring and
determining the spatio-temporal land subsidence distributions worldwide. Therefore, implementation of this approach can
pave the way to the development of more efficient aquifer compaction models.

This entry presents a comprehensive review of models used to predict land surface displacements caused by rock mass
drainage, as well as (2) recent advances and (3) a summary of INSAR implementation over recent years to support the
aquifer compaction modelling process. Therefore, the study presented would be of benefit to readers who are interested
in the topic of interaction between the human population and the hydrogeological system in different regions. The
research presented allows readers to better understand the factors, developments and effects of groundwater drainage
and thus facilitate large - scale risk assessment and preventive planning.
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| 1. Introduction

Land subsidence is one of the most important environmental effects of groundwater pumping LZRBIIBIENT The proper
assessment of the origin, mechanism and impact of this process is a common problem. Globally, the growing demand for
fresh water is one of the leading causes of this phenomenon &, This is the result of the rapid population growth observed
since the 1950s 8], Fresh water for industrial purposes is usually supplied by direct pumping of water from aquifer
systems, which have not been contaminated by external factors. This results in the compaction of compressible aquifers
(L0 prainage-induced land subsidence values may reach up to 14.5 m 1. Compacting aquifers contribute to many
social and economic disadvantages 2. The most severe of these include damage to the surface and underground
infrastructure and increased risk of flooding in coastal cities [L3I(141(15],

One of the first documented land subsidence certificates linked to “unspecified geomechanical underground processes”
dates back to 1926. It is attributed to W.E. Pratt and D.W. Johnson 1€ U.S. geologists conducting ground surface
transformation studies induced by oil production in the Goose Creek field in Baytown, Texas. Since then, significant
progress has been made in the recognition of the physics of the phenomenon under investigation . Basic
hydrogeological and geomechanical concepts have been developed for the aquifer compaction process. In addition, the
measurement capacity of land surface displacement has been improved. It is, therefore, possible to determine aquifer
compaction more precisely. These activities were crucial in defining models for exploring past and predicting future land
surface drainage-induced displacements. Finally, based on the findings of models implemented in this way, initiatives have
also been applied to reduce and reverse the environmental and anthropogenic impacts of groundwater pumping L7,

Many approaches have been used for the analysis and simulation of aquifer compaction. These include the fundamental
relationship between the groundwater head and groundwater flow direction and water pressure and aquifer compaction.
Progress in compaction modelling has mainly been related to the development of computer technologies and intensive
work on numerical algorithms. These have been carried out since the 1970s. The results of these works have made it
possible to solve complex mathematical dependencies that describe the process of rock mass compaction with respect to
drainage . Given this, the numerical solutions developed so far that have been used on a large scale have made it



possible to obtain satisfactory modelling results. However, due to the significant parameterization of the theoretical models
commonly used today, the work is often time-consuming and complicated. It is, therefore, noted that further research is
needed to allow more efficient modelling of the drainage-induced displacement of the land surface 18I,

The implementation of Interferometric Synthetic Aperture Radar (InSAR) seems to be one of the most promising
approaches in this regard. The rapid development of this ground monitoring technology over the last 10 years has
contributed to significant progress in the monitoring of drainage-related land surface movements in many countries across
the world L1129 The use of computational groundwater flow simulation models, combined with INSAR results, enables a
much broader approach to the assessment of water hazards 22121221 cyrrently, both techniques are widely used to help
understand the phenomenon of aquifer compaction linked to groundwater withdrawal. The implementation of INSAR in the
process of creating prediction models makes it possible to determine more effectively structural boundaries of aquifer
systems, the spatio-temporal distribution of ground surface displacements, and the hydrogeological heterogeneity of the
aquifer system, as well as the values of storage coefficients and hydraulic conductivity. These studies are based on the
use of advanced satellite differential radar interferometry (A-DINSAR) techniques. A-DINSAR technigues assume the
processing of multiple interferograms generated from large datasets of radar images 23124l Sych techniques can be
applied in order to collect time-series of land surface movements over wide areas with millimetre accuracy 231261271 For
example, the use of wide-area INSAR survey processed with the Small Baseline Subset (SBAS) and Persistent Scatter
(PS) InSAR method made it possible to analyse deformation at geothermal exploitation sites and its relationship with
energy production in the area of the eastern Trans-Mexican Volcanic Belt 28], and to detect ground millimetric movements
in Ravenna and Ferrara, Italy 22, The substantial improvement in A-DINSAR techniques witnessed over the last few years
is primarily linked to the development of advanced computational algorithms B9, However, it is also the result of increased
possibilities for the acquisition of radar images by new satellite missions. The Sentinel mission and the Open Source Data
Sharing Policy of the European Space Agency are particularly noteworthy B2,

2. Groundwater Withdrawal-Induced Land Subsidence as a Global
Problem

Land subsidence is one of the most common geomechanical and geotechnical consequences of pumping groundwater.
The use of groundwater resources for private and industrial purposes has, in many cases, led to significant depletion,
continuous deformations of the land surface and, consequently, to social and economic repercussions BABUEAES] severe
aquifer system compaction due to its drainage is observed in many urban areas worldwide (Figure 1). The problem is,
however, especially critical in the large coastal cities of South-East Asia. Coastal cities are usually located on the loose,
unconsolidated alluvial deposits. The degree of compaction of such deposits is considerable. Given the steadily
increasing average level of the world's oceans, the coastal areas, which are affected by natural compaction due to, e.g.,
the consolidation process of river deltas and additional exposure to the phenomenon of drainage-induced aquifer
compaction, are particularly prone to increased risk of flooding ( 22). The problem of rapid and severe aquifer compaction
is also present in large centres such as Los Angeles B3l Mexico (24), New Orleans B2, Ho Chi Minh B8, Teheran B4,
Bangkok 28 and Beijing BY. Increased demand for fresh groundwater resources due to an increase in population and
arable land density is also a particular challenge in desert and semi-desert areas 49, Excessive water exploitation has led
not only to a significant lowering of the groundwater head and the occurrence of drainage-induced land subsidence, but
also to the inflow of saltwater into the land and thus salinization of large areas of land “142 |n all the cases described,
the compaction of the aquifer system causes serious damage to the surface and underground infrastructure. It is
estimated that the total cost of repairs for this type of damage exceeds tens of billions of Euro and, in many cases, it is
impossible to make accurate estimates [El32],
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Figure 1. Main areas of the world where anthropogenic land subsidence has been induced by over-exploitation of
groundwater (blue dots; source of data 143N vellow stars indicate coastal areas that are prone to the increased risk of
flooding. Note, these are mainly located in densely populated areas of South-East Asia (source of data [El44]),

Ground surface movements resulting from rock mass drainage can range from a few centimetres to several meters L1,
The spatial extension of this phenomenon is usually extensive (even on a regional scale) and, in many cases, difficult to
determine precisely. The maximum recorded value of this subsidence is 14.5 m. It is caused by the pumping of water in
the geothermal field of Wairakei in New Zealand 845, However, land subsidence of up to 10 m is also observed in
several other parts of the world, including San Joaquin Valley, California #2 and Mexico City, Mexico B4l46] The spatial
range of the phenomenon can be extensive and can reach up to approximately 13,500 km2 in the San Joaquin Valley 42,

China is currently the country with the largest cumulative area (approximately 80,000 km2) of drainage-induced land
subsidence [E21[471(48](49]

The issues related to ground surface movements induced by rock mass drainage are becoming increasingly important in
terms of global climate change. Between 1960 and 2010, the estimated global consumption of groundwater increased by
more than twice, and in 2010 it was approx. 2000 km3/year B3], At present, extensive usage of water resources, including
groundwater, is reported primarily in India, Pakistan, China, U.S., Mexico, Southern Europe, Northern Iran and the Nile
Delta. Over 90% of the world's agricultural areas are in these places 23], By the end of 2099, further water consumption is
expected in many parts of the world. This growth will be particularly strong in central Africa, South-East Asia, the western
U.S., Mexico and central South America. Water consumption is increasing primarily due to rapid population growth and
industrial activity in developing countries as well as climate changes, e.g., more frequent and longer drought periods.
Given the above, the risk of intensification associated with the drainage-induced land subsidence is expected to increase
over this century ©3!,

| 3. Geomechanics of Aquifer Response to Groundwater Withdrawal

As a diffuse medium, the groundwater system responds to changes in external and internal boundary fluxes (recharge
and discharge) by changing its storage properties and hydraulic pressure. However, these changes have an impact on the
flow of water within the aquifer. The depletion of groundwater is one of the factors most used to determine the
sustainability of groundwater resources. Over-exploited aquifers are usually depleted. As a result, there is a long-term
decrease in groundwater storage and hydraulic pressure in aquifers 4. Depending on whether the environmental,
economic and social consequences of groundwater depletion are acceptable or not, the use of groundwater may be
considered sustainable or unbalanced [B31(58],

The mechanism by which the aquifer deforms as a consequence of a change in the groundwater head is well recognized.
The disturbance of the natural groundwater flow system, e.g., by introducing of a well that pumps water out of this system,
disrupts the hydrostatic balance of the aquifer system. It spreads in the space of this mass as a function of time, forming a
cone of depression. Within a depression cone, a decrease in hydrostatic pressure is observed (Figure 2).
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Figure 2. Schematic vertical cross-section of the groundwater system containing relatively coarse- (aquifers) and fine-
grained (aquitard) deposits; (A) original hydrodynamic equilibrium; (B) disruption of the initial hydrodynamic balance as a
consequence of groundwater pumping; lowering of the groundwater table and compaction of the compressible aquifer
resulting in land subsidence.

| 4. Simulation of Land Subsidence Due to Groundwater Withdrawal

Various methods of modelling the land displacements induced by rock mass drainage can be distinguished in the
literature. In 1984, Poland made one of the first attempts to classify these methods 4. He classified the methods into
three basic categories: theoretical methods (1); semi-theoretical methods (2); and empirical methods (3). Since then, this
classification has also been referenced by other researchers and presented in different review articles. Methods (1), (2)
and (3) are relatively well presented in other articles and have been used by many researchers. In this article, therefore,
we focus only on describing the most important assumptions of these methods and on updating the case studies in which
these methods were used. However, given the many disadvantages associated with the use of methods (1), (2) and (3),
as well as the rapid development of computational algorithms based on artificial intelligence (Al), several new attempts to
model land surface displacement have been identified in the literature in recent years. A distinction can be made between
methods based on the function of influence and Al. Therefore, we decided that Poland's classification would be updated
and extended with two categories: methods using influence functions (4); and methods based on Al (5).

5. INSAR as a Supportive Tool for Groundwater Withdrawal-Related
Subsidence Prediction Models

To manage groundwater and to prevent or reduce land subsidence, it is essential to have an aquifer deformation model
that makes it possible to predict the land subsidence that will occur due to changes in the groundwater system. The
starting point for the development of a deformation model, at any location, is the availability of land surface displacement
rates that could be nowadays achieved primarily with the use of InSAR. The most significant parameters used in
modelling approaches can be derived from InSAR data to improve groundwater models. This can be done by the proper
processing and interpretation of such information. The solution, therefore, allows the groundwater manager to consider
different scenarios that result in changes in the groundwater head, and then to use the predicted changes to determine
the corresponding subsidence rates.

INSAR is increasingly used in hydrogeology due to its high accuracy in measuring ground surface displacement, wide-
area coverage and cost-effectiveness. The use of INSAR in hydrogeological research allows for a much broader approach
to water hazard assessment. The rapid development of this measurement technology over the last dozen years has
improved the possibilities of mapping, monitoring and simulation of groundwater flow in the compacted aquifer system 21,
Quantitative observations of land surface displacements and estimates of hydrogeological parameters obtained from
INSAR data are very useful in constructing regional hydrogeological models of groundwater flow and land surface
displacements 58 Many studies carried out over the last three decades have indicated that surface displacement
associated with the deformation of the aquifer system are not only common but can also be reliably measured and
described in spatio-temporal terms [4][11][18][59][60](61][58][62]

Due to the considerable amount of research conducted on the use of INSAR in hydrogeological studies, only the most
crucial examples are presented 58l These aim at determining the following:

« structural boundaries of aquifer systems (e.g., tectonic faults);



« the spatio-temporal distribution of land surface displacements and hydrogeological heterogeneity of aquifer system;

values of storage coefficients and hydraulic conductivity of the aquifer system.

| 6. Conclusion

As groundwater demand increases globally, more reservoirs are experiencing land surface displacement, making it
essential that to be able to accurately model the impacts of groundwater depletion and develop effective management
strategies for the reduction or prevention of land subsidence. INSAR data is being acquired on a global scale, and the
acquisition of such data is increasing to map groundwater systems. The integration of modelling approaches with INSAR
data sets therefore provides a new way of obtaining accurate models of aquifer compaction driven by changes in
groundwater systems.
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