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Abstract. Land subsidence affects urban areas worldwide. Sometimes it could be driven by intensive
groundwater withdrawal to assure different urban needs and functionalities. Some of these urban areas have
a long history of subsidence that covers almost a century. The aim of this paper is to present the evolution of
several urban areas affected by land subsidence, the methods used to monitor vertical displacements along
the decades in relationship to the groundwater extraction associated to the urban expansion, and the

mitigation techniques used for countering the effects of intensive groundwater withdrawal. Even the
originally applied subsidence monitoring methods (such as geometric levelling) are still very sensitive, in
terms of time consuming, covered area, and financial effort, these methods might be complemented by new
methods based on Synthetic Aperture Radar Interferometry (InSAR). InSAR methods show also a
significant progress during the last decades when considering the subsidence sensed order of magnitude.

1 Introduction

Land subsidence represents a degradation form
generated by natural or anthropogenic causes,
characterized by sinking or settling of the land surface
[1] which can affect either local or large areas [2]. One
of the anthropogenic land subsidence sources in the
urban areas is the intensive groundwater withdrawal to
assure different urban needs and functionalities, by
causing the compaction of the liable aquifer systems [3].
This comes in the context of rapid population growth
and industrial development [4]. Hence, the pumped
groundwater is used for industrial purposes, for
agricultural and green areas irrigations, for water supply,
and for underground infrastructures maintenance. As
usually this land surface degradation occurs at a slow
rate, the problem is not too often caught in the field until
a visible effect arise [5]. However, [3] underlines that
land subsidence can also occur as a sudden sinking of
different ground sections. The effects can affect
manmade infrastructures (roads, railways, bridges,
pipelines, buildings) or natural systems (wetlands,
surface drainage, river courses, and erosion) [2],[5].

The subsidence phenomena associated to groundwater
pumping were recognized at the beginning of the
previous century in the U.S.A. [2]. Among the earliest
areas that faced subsidence starting before 1920 are:
Tokyo (Japan), Mexico City (Mexico), Alabama
(U.S.A.), and Santa Clara Valley (U.S.A.) [4],[6].

Unless different methods and techniques for land
subsidence monitoring and mitigation solutions revealed
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over time, this phenomena is still present-day, bringing
new techniques and discussions in the spotlight.

2 Subsidence monitoring methods

Several methods were used over time for monitoring
land subsidence worldwide, such as precise leveling,
extensometry, GNSS measurements, and InSAR [7].
These methods can be replenish for better understanding
of the phenomena with other methods related to the
groundwater, such as piezometric measurements,
geotechnical studies, hydrogeologic studies, seismic
measurements, geology and stratigraphic data, LIDAR
data, absolute gravity, meteorological data, and other
relevant methods [8,[9],[10],[11], [12], [13], [14].

2.1. Precise levelling

The most precise method of measuring elevation
changes at land surface is the precise levelling [15]. This
consists in determining the elevation of a bench mark
network at land surface. By repeated surveys of the
network at different time intervals, it can be revealed
whether vertical movements appeared compared to the
control bench marks [4]. The control bench marks are
placed in stable areas consisting of consolidated rocks,
outside the area affected by displacements. The levelling
accuracy depends on the equipment and methods used
[15]. Hence, according to [4], the most precise leveling
method is the leveling of the first order. The first order
class I leveling is double run and requires a maximum
difference between duplicate lines of 3k"? mm, where k
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is the length of the bench mark line in kilometres [4].
The second levelling class I levelling requires a closing
less than 6k'? mm [3], and half of the amount necessary
for the first class levelling [4]. Considering the current
levelling methods, the standard kilometre error for the
precise levelling is less than 1mm/(km'?) [15],[7].

This subsidence monitoring method is still very used in
areas where bench mark networks and historical data are
available [3] and for calibrating other kind of
measurements.

One of the first monitored bench marks were placed in
San Jose, U.S.A., established in 1912 [4]. In Niigata, the
Japan Geographical Survey Institute performed first-
order level surveying in several years from 1898, but the
subsidence became visible by 1955 [16].

2.2 Borehole extensometry

Vertical borehole extensometers are used to measure the
movement or change of the vertical distance between the
bottom of the borehole and the ground surface,
considering the thickness of sediments or rocks [4],[3],
[17]. There are several types of extensometers designed
over time. Hence, first extensometers were mentioned to
be developed in Japan, in the 1930s [4], [17]. These
instruments are named single and double pipe
extensometers. The amount of compaction occurred in
the soft clays are recorded by increased protrusion of the
pipe at ground level. Because of the increased frictional
resistance along with the depth, the single pipe well
cannot be used at depths greater than 50 to 100m [4],
hence the double pipe well were designed. The double
pipe well lies in a system of two concentric pipes, only
the outer pipes having contact with the sediments and
coming under the lateral presure. Hereby, the inner pipe
can indicate the accurate amount of compaction in the
measuring point [4].

The Mexican and U.S. types of extensometers are also
mentioned in the scientific literature [4],[3],[17]. The
anchored-cable and pipe extensometers were used
successfully for different subsidence investigations by
U.S.G.S. The first U.S. extensometer used a tensioned
cable for measuring the distance variances between the
land surface and the bottom-hole anchor fixed near the
base of the pumped aquifer system [17]. After different
improvements, the equipment could record variations in
the thickness of an aquifer system in the order of 0.1 to
0.2 mm [4]. The free-pipe extensometer, uses similar
principles as the Japanese double pipe extensometer
[31.[4]. Different problems related to the compressional
forces were registered in some investigated areas,
emphasizing also the limitations of this measuring
method in certain conditions [4].

2.3 Global Navigation Satellite Systems (GNSS)
measurements

Since 1980s when U.S. Global Positioning System
(GPS), the first GNSS constellation, figured out, a new
horizontal and vertical displacement measurement
technique is available. GNSS techniques lie in the use of

at least four navigation satellites for determining
absolute (X, Y, Z) coordinates at ground surface with
respect to a global well-defined geocentric reference
system [18]. Considering reference points at ground
surface, GNSS networks can be developed in order to
survey multiple times various areas of interest.
Permanent stations having known (X, Y, Z) coordinates
can be used for Differential GNSS measurements which
allow computing the 3D position of a roving receiver [3].
By wusing current measurement technologies and
adjustments, GNSS permanent stations are capable of
providing vertical velocity measurements of about 1
mm/year, after more than 3 years of continuous
acquisition [7].

Currently, GNSS techniques are used not only for
revealing land subsidence, but also for validating other
subsidence measuring methods, such as those based on
Synthetic Aperture Radar (SAR) [19],[18].

24 Synthetic Aperture Radar

Interferometry techniques

(SAR)

2.4.1 InSAR technique

Interferometric SAR (InSAR), is a measuring technique
which became popular in the 1990s [20]. The data
acquisition is made by coherent active sensors which
have day and night operational capabilities, regardless
the weather conditions [21]. SAR interferometry is
exploting the phase difference of two acquisitions made
on the same area at different time moments, from almost
the same look angle, generating an interferogram
[22],[20]. The distance between the acquisition orbits is
a known distance named baseline [20]. The phase
interferogram includes different components such as:
topographic information, displacement information,
atmospheric effect, orbital error information, and noise
[23],[21]. By multiple processing steps the interferogram
phase can be used for generating a digital elevation
model (DEM) of the observed area [23].

Generally, the presence of the topographic distortion and
atmospheric effects in the interferometric phase does not
permit the estimation of surface deformation [21]. Other
restraints of InSAR are related to the decorrelation of the
vegetated areas, the interferogram incoherence due to the
large baseline between two acquisitions, and the
temporal decorrelation [22],[21]. However, an example
of good interferometric pair whith good coherence which
could be used for estimating land subsidence is given by
[3]. The resolution of ground displacement was in the
range +/-10mm.

2.4.2 DInSAR technique

If multiple SAR scenes acquired with the same geometry
are available for a studied area, the effects of the
topographic component can be removed and the terrain
motion component can be measured. This is also
available if an external DEM is used for subtracting the
topographic component from the interferometric phase
[21]. This technique represents the Differential SAR
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Interferometry (DInSAR). One of the limitations of this
technique is related to the still present part of the
atmospheric effect in the final result [24].

As SAR techniques developed from the InSAR to
DInSAR, multiple study cases related to the monitoring
of land subsidence were carried on by using DInSAR
[25],[26],[27].

2.4.3 Multi-temporal techniques

The evolution of SAR techniques gets to multi-temporal
InSAR (MTI) techniques which contrived on minimising
the atmospheric effect and the loss of coherence by
processing long temporal series of SAR data [24]. The
accuracy of MTT is less than a few milimetres [20]. The
two primary categories of MTI are:

- the Persistent Scatterers Interferometry (PSI) [28]
and other similar approaches; PSI consists mainly in the
identification and usage of stable natural reflectors,
characterized by reliable amplitude and coherent signal
phase over all SAR scenes [28],[24]. These are the
permanent or persistent scatterers (PSs) revealing the
displacements in the time series studied area, relatively
to a reference point [21].

- the Small Baseline Subset (SBAS) and related
methods; SBAS methods are focusing on pairs of
interferograms characterized by small spatial baselines
[29] for using more spatially dispensed information [24].
The SBAS concentrates on distributed scatterer, as they
are more sensible to temporal and volume decorrelation
than PSs [24].

3 Historical subsiding urban areas due
to groundwater pumping

3.1. Mexico City

Mexico City represents one of the oldest urban areas
affected by land subsidence due to ground water
pumping, dated the end of nineteenth century [4].

The three main geotechnical units ot the city are: (a) the
hard rock unit (volcanic); (b) the transitional unit; and
(c) the lacustrine unit [30],[31].

The first mentioned method for vertical land surface
measurements in Mexico City is the precise leveling,
which was performed in 1877 and in 1924 [4]. Since
then, new precise leveling campaigns (more than 3700
benchmarks available nowadays) and other methods for
monitoring land subsidence were used [32]. We can
mention: piezometric stations installation, extensometers
[4], InSAR, GPS analysis [31], gravimetric data [9], MTI
[30] and LiDAR [32].

In 1995, Mexico City metropolitan area consumed over
65 m’/s of water, groundwater representing the main
source (70%), the water table decreasing with values up
to 1.5m/yr [31]. Nowadays, because of the demographic
development, groundwater is still the main source, water
being pumped from deep wells. As mitigation method,
exploiting external water sources were proposed [32].

Table 1 presents subsidence values for different areas
and distinct time periods.

Table 1. Subsidence values in Mexico City (modified after [4]

and [32])
Area Time Surface Subsidence
period (km?) values
Old City (in
1973) 1891-1973 27 410 8.70 m
Whole City
(in 1973) 1952-1973 145 1t03.25m
Alameda
Central Park 1898-2008 0.2 11m
Lacustrine 19992008 1000 3t043
area cm/year

3.2. Tokyo, Japan

Tokyo is an example of urban area where subsidence and
groundwater pumping were drastically reduced in the
last forty years.

The topography of Tokyo consists of a plain area in the
eastern part and a hilly and mountainous area in the
western part. The environmental deposition comprises
alluvial and shallow marine layers, with a highly
permeable redsoil as surface deposit [4],[33].

First signs of subsidence appeared in Tokyo in 1910,
because of the high volume of groundwater used in
factories. This phenomena intesified in the next decades,
until 1970s [33]. By 1965, the head in the confined
aquifers from the eastern part of Tokyo declined to as
much as 60 m bellow sea level, considering an initial
hydraulic head was above sea level [35]. In the same
area, 80 km® of land subsided below sea level [35].
When considering the groundwater pumpage, at the
beginning of 1970s, the total volume for Tokyo was on
the order of 1500000 m3/day. The maximum cumulative
subsidence from 1918 to 1975 was of 4.59m [4].

In the 1970s, Tokyo Metropolitan Government (TMG)
started different projects for mitigating subsidence
effects [33], consisting in: (a) building reservoirs and
canals to import surface water; (b) reduction of
groundwater withdrawal for industrial and non-drinking
purposes; (c¢) use of environmental plans for rainwater
infiltration facility and for waste water for buildings
[4],[33],[34]. In 2003, after all mitigation plans were
followed out, the hydraulic head rised to 6-10 metres
below ground surface, and only a few sites still
confronted subsidence rates higher than lem/yr [33]. In
2015 the mean subsidence rate in Tokyo was almost zero
[36]. The volume of pumped groundwater decreased to
550000 m?/day in the 2000s.

The main measurement techniques used for monitoring
groundwater withdrawal and land subsidence were:
precise leveling, extensometer ~ measurements,
piezometric measurements, and InSAR [4],[36],[37].

3.3. Houston-Galveston area, U.S.A

The Houston-Galveston area has been affected by land
subsidence from the 1943, on an area of approximately
12000 km?> [4]. This was the consequence of
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groundwater withdrawal which began in 1836, and
exceeded in 1975 1.700.000 m*/day [38]. In the SE
Harris County, from 1917 to 1979, the subsidence rate
reached 3 m, and in 2001 it was 4 m [39].

The area is characterized by a complex geologic setting
with fluviatile and shallow marine depositional
environment, laterally diverse subsurface hydrological
units [4]. For monitoring the groundwater withdrawal
and the land subsidence, USGS installed in 1977 an
extensive groundwater well network, and since 1990s
first-order leveling surveys combined with GPS surveys
were conducted periodically [39],[38]. These were
combined with extensometer measurements, LIDAR
surveys, and in the last decades with InSAR technology
measurements. More studies using InNSAR, PSI, or SBAS
were conducted for covering different time intervals
after 1990s [40],[39]. It could be identified areas with
subsidence values between 20 and 50 mm/yr [40].

3.4. Bucharest, Romania

Groundwater exploitation of Bucharest city, during the
last stages of industrialisation (1970s and 1980s),
affected different areas by land subsidence. For 1981 a
flow rate of 1593 /s has been estimated. A reduction of
the use of groundwater in Bucharest followed,
decreasing to 600 /s in 2012 [41]. On a site with known
recent subsidence, the used monitoring methods started
with PSI and were completed in several studies by
SBAS, and validated by precise leveling and GNSS
measurements [42],[43],[44]. After this period of time,
different patterns were registered at land surface,
including continuation of subsidence, stabilization or
uplift [43], [44]. Starting from 1992, until nowadays
[42],[43],[44], for some specific sites were registered
maximum subsidence rates of about 15 mm/yr.

4 Discussions

During the previous century, a general trend for the
evolution of groundwater extraction, land subsidence
and the monitoring methods in urban areas, can be
drawn. Hence, the second industrial revolution (1870-
1914) represents the first stage of intensive groundwater
pumping and the appearance of land subsidence, and of
the use of precise leveling [4]. The peak of groundwater
overexploitation occurred at the end of the post war
economic boom, at the beginning of 1970s [34].
Meanwhile, the extensometers have been developped
[17]. The industrial growth conducted also to the
population increase in urban areas and to the
corresponding expansion of the water supplies needs.
Despite the end of the industrialisation era the
groundwater overexploitation and the land subsidence in
some urban areas continued until today [32]. This third
stage brought the use of GNSS monitoring and of the
InSAR techniques.

When looking where the measuring instrument is placed,
the land subsidence monitoring methods, can be
classified also from this point of view. Therefore, precise
leveling and extensometry are methods using in-situ

instruments, developed before the space technologies
era. GNSS measurements and InSAR techniques are
space technologies, the measuring instruments being
placed on-board satellites.

Each monitoring method presents advantages and
disadvantages, when considering more criteria, such as:
accuracy, financial effort, covered area, temporal
aspects, and human resources (see Table 2) [7].

Table 2. Comparison of subsidence monitoring methods
(modified after [15])

Method Accu- | Covered | Temporal Human
racy area aspects resources
Precise 3-4
. < mm
levelling Monthly/ (survey)
Extensom | _ mm | Punctual year!y 23
eter campaigns (survey)
GNSS mm survey
InSAR cm Data |
DInSAR | <cm | >100km? available (processin
every 6-46
MTI mm days g

When talking about accuracy, unless the oldest method,
precise levelling is still the most accurate subsidence
monitoring method. For the InSAR methods, an
accuracy evolution can be observed considering the
centimetre level for InNSAR to millimetre level for MTL.
On the other side, the first three methods are reaching
punctual measurements, implying more human and time
resources in comparison with the InNSAR methods which
could cover very large areas with human involvement
only for data processing. Considering the new developed
European radar satellite mission Sentinel 1, which
provides free data, InSAR techniques could involve less
financial resources than the other methods.

Best results can be obtained by combining different
monitoring techniques.

5 Conclusions

Urban  subsidence  induced by  groundwater
overexploitation continues to be a current problem
nowadays. Both in-situ and space techniques are used for
monitoring this phenomena. As classic techniques-
including here precise leveling and extensometry- which
suffered different improvements over time, the SAR
techniques developed during the last two decades are
still in the process of refinement. New SAR processing
algorithms and approaches are developed, considering
also the great amount of satellite data available today
(including free data), compared to the previous decades.
With the appearance of more monitoring techniques, the
use of combining measurements can provide more land
subsidence information, helping in understanding this
phenomena, despite the individual limitations of each
technique.
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