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ARTICLE INFO ABSTRACT

Editor: Jing M. Chen Long-term excessive groundwater exploitation for agricultural, domestic and stock applications has resulted in
substantial ground subsidence in Arizona, USA, and especially in the Willcox Groundwater Basin. The land
subsidence rate of the Willcox Basin has not declined but has rather increased in recent years, posing a threat to
infrastructure, aquifer systems, and ecological environments. In this study, we first investigate the spatiotem-
poral characteristics of land subsidence in the Willcox Groundwater Basin using an interferometric synthetic
aperture radar (InSAR) time series analytical approach with L-band ALOS and C-band Sentinel-1 SAR data ac-
quired from 2006 to 2020. The overall deformation patterns are characterized by two major zones of subsidence,
with the mean subsidence rate increasing with time from 2006 to 2020. An approach based on independent
component analysis (ICA) was adopted to separate the mixed InSAR time series signal into a set of independent
signals. The application of ICA to the Willcox Basin not only revealed that two different spatiotemporal defor-
mation features exist in the basin but also filtered the residual errors in InSAR observations to enhance the
deformation time series. Integrating the InSAR deformation and groundwater level data, the response of the
aquifer skeletal system to the change in hydraulic head was quantified, and the hydromechanical properties of
the aquifer system were characterized. Historical spatiotemporal storage loss from 1990 to 2020 was also esti-
mated using InSAR measurements, hydraulic head and estimated skeletal storativity. Understanding the char-
acteristics of land surface deformation and quantifying the response of aquifer systems in the Willcox Basin and
other groundwater basins elsewhere are important in managing groundwater exploitation to sustain the me-
chanical health and integrity of aquifer systems.
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1. Introduction and Tehran, Iran (Haghshenas-Haghighi and Motagh, 2019). Over-

drafting of groundwater resources disrupts the normal periodic

Land subsidence induced by excessive exploitation of groundwater
resources is an environmental geohazard that affects many agricultural
and urban areas in the world, such as Xi’an, Beijing and the Yellow River
Delta in China (Peng et al., 2019, 2020; Chen et al., 2020; Liu et al.,
2021); California’s Central Valley and Houston in the USA (Gualandi
and Liu, 2021; Qu et al., 2015); Mexico City (Cigna and Tapete, 2021);
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groundwater balance held in aquifer systems, causing a reduction in
pore pressure and an increase in effective stress. The susceptible aquifer
skeleton and clay deposits may then consolidate or compact, leading to
surface subsidence by the rearrangement of the grains due to the stress
change in the confined aquifer system (Terzaghi, 1925, 1943). Conse-
quences associated with ground subsidence include damage to
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Fig. 1. (a) Location and extent of the Willcox Basin. The pink line represents the basin boundary. The location and drilling depth of wells are indicated by coloured
dots. The yellow triangle is the location of a GPS station. The yellow area indicates the area where sediment thickness reaches more than 800 m. The short red lines
represent earth fissures that are composed of many small segments. The inset in the bottom-left corner shows a brief overview of the study area within Arizona, and
the SAR satellite footprints are indicated by polygons with different colours. (b) Simple geologic cross-section along the green profile in (a). (c) Hydrogeological
columns with an approximate depth at P1 and P2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

infrastructure, roads and buildings, formation of earth fissures, and
increased exposure to flooding and salinization of land in coastal areas
(Peng et al., 2019, 2020; Blackwell et al., 2020). Furthermore, land
subsidence may indicate the land surface response of permanent
compaction of an aquifer system (Fetter, 2000), which can lead to a
reduction in aquifer storage capacity and groundwater stock.
Hydrological storage properties characterize the capacity of an
aquifer system to store and release groundwater. Normally, these
physical properties are determined by a combination of field sampling
and laboratory testing on aquifer material samples, which can be time-
consuming and effort-intensive (Fetter, 2000). However, studies have
shown that ground surface deformation can be an indirect measurement
of aquifer compaction, which could be combined with groundwater
level recordings to quantify aquifer properties as well as storage capacity
and to evaluate the consequences of groundwater depletion on a stressed
aquifer system (Amelung et al., 1999; Lu and Danskin, 2001).
Interferometric synthetic aperture radar (InSAR) has been estab-
lished as one of the most cost-effective techniques for measuring ground
surface deformation over large areas at a fine spatial resolution of metres
and with centimetre-level accuracy under favourable conditions. InSAR
is becoming an increasingly popular and effective geodetic technique for
mapping aquifer system compaction in groundwater basins and probing
the hydrological parameters of the underlying aquifer systems in
conjunction with groundwater level data (Chaussard et al., 2014;

Gualandi and Liu, 2021; Jiang et al., 2018; Miller and Shirzaei, 2015;
Miller et al., 2017; Motagh et al., 2017).

From the early 1900s onwards, Arizona has been experiencing sig-
nificant land subsidence (Conway, 2016; Miller and Shirzaei, 2015;
Miller et al., 2017). The Willcox Groundwater Basin has the largest
ground subsidence rate in Arizona (ADWR, 2015b). Due to groundwater
pumping far exceeding the natural mountain front recharge, ground-
water levels will likely continue to decline, resulting in continued land
subsidence (Conway, 2016). The basin currently does not have any
external sources of surface water that could supplement groundwater
use and slow this decline. There is a long-term imbalance between
aquifer inflow and outflow. It is estimated that current groundwater
production exceeds recharge by a factor of three to eight in the basin
(Conway, 2016). Long-term subsidence has led to subsidence-related
earth fissures in the basin, damaging infrastructure, such as buildings,
highways, roads, flood-control structures, gas lines, and water and sewer
lines.

Signal separation techniques, such as principal component analysis
(PCA) and independent component analysis (ICA), have been introduced
to the InSAR field to isolate geophysical signals of interest. PCA is a
technique to extract uncorrelated signals embedded in mixed data and
then concentrate them within a few principal components (PCs). In
other words, it is used to reduce data dimensionality. Earlier studies
have applied PCA to invert geodetic observations for temporal variations
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in fault slip and magmatic inflation (Kositsky and Avouac, 2010; Lin
et al., 2010), to reduce InSAR displacement time series noise (Chen
et al., 2019) and to identify sinkhole and ground motions with different
characteristics (Boni et al., 2016; Vajedian and Motagh, 2019). ICA is a
leading method for blind source separation to isolate signals without
knowing a priori information about the signal sources (Hyvarinen and
Oja, 2000; Ghosh et al., 2021). Unlike PCA, ICA primarily attempts to
decompose the multivariate signal into a set of statistically independent
components (ICs). ICA has been successfully used for error estimation
and separation in InSAR data processing (Liang et al., 2019; Maubant
et al., 2020), landslide mechanism analysis (Cohen-Waeber et al., 2018),
and hydrogeology (Chaussard and Farr, 2019; Chaussard et al., 2017).

Measuring surface deformation associated with groundwater
exploitation and understanding the responses of the aquifer system to
changes in groundwater are needed for managing groundwater re-
sources and controlling land subsidence. Therefore, in this study, the
spatiotemporal evolution of multidimensional deformation with high
accuracy is derived using the multitemporal InSAR method and ICA.
After signal separation, different deformation patterns and their mech-
anisms are also revealed. Furthermore, aquifer parameters and
groundwater storage (GWS) variations of the confined aquifer system in
the Willcox Basin are quantified by using the InSAR technique as well as
hydraulic head data.

2. Study area and datasets
2.1. Willcox Basin

The Willcox Basin, located in southeastern Arizona, covers an area of
approximately 4950 km? and is essentially a closed broad alluvial valley
basin. The mountainous area of the Willcox Basin covers approximately
1450 km?, and the valley floor covers approximately 3500 km?. The
basin measures approximately 15 km to 45 km in width and is 160 km
long (Gootee, 2012). The basin is bounded by the Aravaipa Creek Basin
to the north, the San Simon Valley Subbasin to the east, the Douglas
Basin to the south, and the Upper San Pedro Basin to the west (Fig. 1).

The Willcox Playa, located in the centre of the basin, is a large,
irregularly shaped alkali flat with approximately 130 km? of almost no
vegetation. The playa is a remnant of Pleistocene-age Lake Cochise
(Oram, 1993) and overlies the deepest part of the basin. Most surface
water and groundwater in the regional aquifer flows towards the low-
lying playa area in the closed basin.

In regard to the hydrological setting, the basin-fill materials are
generally composed of alluvial, lacustrine and volcanic rocks (Oram,
1993). The floor and sides of the Willcox Basin consist of impermeable
igneous, metamorphic and sedimentary rocks that crop out in the sur-
rounding mountains. Saturated basin-fill deposits underlie much of the
valley floor and compose the regional aquifer system. The depth to
bedrock in the Willcox Basin increases from zero at the basin margins to
over 1220 m below the land surface in the deeper, central portion of the
basin (Fig. 1). This basin’s principal water-bearing unit is an alluvial
aquifer that consists of unconsolidated strata and lacustrine deposits.
Aquifer materials in the Fort Grant Road (FGR hereinafter) district are
more permeable but much less homogeneous than those in the Kansas
Settlement (KS hereinafter) district (Towne and Freark, 2001; Richard
et al., 2000). The northern FGR district and southern KS district are the
major agricultural regions, where the majority of groundwater is pum-
ped for irrigation.

2.2. SAR interferometric datasets

In this study, C-band Sentinel-1 and L-band ALOS-1 SAR datasets
were jointly used to investigate the land deformation across the Willcox
Groundwater Basin. Fig. 1 illustrates the footprints and flight directions
of different SAR tracks. Two stacks of 117 and 88 Sentinel-1 SAR scenes
spanning from 2015 to 2020 were acquired in descending mode along
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Table 1
List of different SAR datasets used in this study.
Sentinel-1 ALOS-1
T129 T20
Band/wavelength (cm) C/5.6 C/5.6 L/23.6
Incidence angle (°) 39.3 43.9 38.7
Orbit direction Descending Ascending Ascending
Acquisition dates 2015-11-26 - 2016-10-08 - 2006-12-06 -
2020-07-14 2020-06-19 2011-02-01
Total acquisitions 117 88 14

track T129 and in ascending mode along track T20, respectively. Four-
teen SAR acquisitions from the ALOS-1 sensor were acquired from 2006
to 2011. The detailed parameters of the SAR datasets are listed in
Table 1.

2.3. Hydraulic head and GPS data

Arizona legislation in 1980 authorized the Arizona Department of
Water Resources (ADWR) to manage and regulate groundwater exploi-
tation to minimize overexploitation to eliminate overdrafts by 2025. The
ADWR Groundwater Site Inventory (GWSI) provides information related
to well location, well status, and groundwater measurements (ADWR,
2015a).

In the Willcox Basin, a total of 48 groundwater monitoring wells that
were sampled more than once in the observation period were used to
estimate the aquifer parameters. Hydraulic head observations were
recorded once per year around November. Of the 48 available obser-
vation wells, there are 39 wells with recorded drilling depths ranging
from 100 to 1356 m, which means that the exploitation of groundwater
occurs in deep confined aquifers (Fig. 1).

Only one GPS benchmark provided by the ADWR is available in the
study area. The GPS benchmark has been surveyed a few times a year
since 2016, providing in situ measurements with an accuracy of a few
centimetres (https://geodesy.noaa.gov/) (Fig. 1).

3. Methodology

Fig. 2 illustrates the major data-processing flow and steps utilized in
this study, and details on the methods are presented as follows.

3.1. InSAR time series processing

Spatiotemporal land deformation measurements over each SAR data
track were derived using the small baseline subset (SBAS) InSAR
approach based on GAMMA software (Berardino et al., 2002; Lanari
et al., 2004; Werner et al., 2000). Ascending and descending InSAR
measurements were integrated using the multidimensional small BAse-
line subset (MSBAS) method to estimate vertical and east-west defor-
mation time series over overlapping regions and were combined with
their temporal resolution (Samsonov and d’Oreye, 2017).

Sentinel-1 TOPS data require a very high coregistration accuracy
(~1073 pixels) to prevent the phase ramp caused by the Doppler
centroid shift (De Zan and Monti Guarnieri, 2006). We applied multi-
looking factors of 4 by 1 and 2 by 4 (range and azimuth, respectively) for
the Sentinel-1 and ALOS-1 datasets, respectively, to lower speckle noise
in the interferograms. The spatial samplings of interferograms were ~
15 m. Based on the coherence quality, a total of 157 interferograms were
generated from data stack T129, 149 from T20, and 33 from ALOS-1.
Then, the topographic phase component from each interferogram was
removed using a one-arc-second (~30 m) digital elevation model ob-
tained freely from the Shuttle Radar Topography Mission (SRTM).

After phase unwrapping using the extended minimum cost flow al-
gorithm (Werner et al., 2000), a linear model was used to remove the
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Fig. 2. Flowchart of

elevation-dependent phase component in every interferogram, and the
phase ramp was separated with a quadratic model. Finally, the phase
average velocity and time series at coherent targets along line-of-sight
(LOS) were retrieved by stacking and least squares solutions.

3.2. ICA decomposition

ICA, as a computational signal separation method, effectively de-
composes a mixed signal into a set of linear combinations of statistically
independent signal sources. After multitemporal InSAR inversion, the
InSAR time series signal can be decomposed into several latent signal
sources without considering any a priori information. This is achieved
under the assumption that each independent component follows a non-
Gaussian probability distribution. The relationship between the
observed mixed signals and independent sources is simply formulated
as:

Ovin = Dix1*Sin (@)
where O is the matrix of observed InSAR time series; D is described as a
mixing matrix; each column of the matrix corresponds to the coefficients
of the relative contribution of each independent source; S is the
decomposed source matrix of the original observation matrix; each row
corresponds to an independent source; [ is the number of independent
components; t is the number of SAR acquisitions; and the pixel number
at each acquisition is n. In this study, the ICA approach deployed was the
fast fixed-point algorithm for ICA (FastICA) (Hyvarinen, 1999).

This algorithm begins by whitening the observations and centering
them to produce an orthogonal mixing matrix. We centred the obser-
vations by subtracting the mean from the mixed signal matrix so that
they became zero-mean variables. FastICA enabled the centred obser-
vations by preconditioning them with PCA, which could be used as an

Accuracy assessment ‘

II: Accuracy assessment
data processing.

additional way of reducing data dimensionality and noise. Afterwards,
the mixed signals were linearly transformed to be expressed as uncor-
related variables with variance equal to 1 by whitening. The mixed
matrix preprocessed by centering and whitening was represented by W.
The problem thus turned to W = ﬁ-S, whereD is the orthogonally
adjusted mixing matrix. Then, the source matrix can be estimated by

. ~1 ~o1 - .
equation S = D W, where D  is called the unmixing matrix U. Af-
terwards, a fixed-point iteration algorithm built into FastICA was uti-
lized by maximizing spatial non-Gaussian sources to derive the source
matrix (S), mixing matrix and unmixing matrix (U).

3.3. Estimation of aquifer mechanical properties

The long-term groundwater depletion across the Willcox Basin has
caused the water table to decline to the deep confined aquifer, and no
compaction deformation is expected in the upper unconfined aquifer. In
addition, soil moisture-induced transient surface deformation (Molan
and Lu, 2020) is negligible for long-term groundwater analysis. The
relationship between the observed land subsidence variations and the
hydraulic head changes in a confined aquifer is in accordance with the
principle of effective stress and hydromechanical consolidation theory
(Galloway and Burbey, 2011; Terzaghi, 1925). Specific storage (S;) of a
confined aquifer is the amount of water per unit volume of a saturated
formation that is stored or expelled from storage due to the compress-
ibility of the aquifer system and the pore water per unit change in water
head, which is given by the following expression (Fetter, 2000; Jacob,

1950).
Ss = p,&la+np) 2

where p,, is the water density, g is the gravitational acceleration, « is the
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Fig. 3. Maps of the average deformation rate in the LOS direction across the Willcox Basin derived from (a) descending Sentinel-1 T129 spanning from 2015 to 2020,
(b) ascending Sentinel-1 T20 spanning from 2016 to 2020, and (c) ALOS-1 data spanning from 2006 to 2011. The white dots in (a) indicate the locations of 48

available observation wells. (d) 3-D display of the deformation velocity map (a).

aquifer compressibility, n is the porosity and f is the water compress-
ibility. Specific storage has a dimension of 1/L. S is composed of skeletal
compressibility Sx and water compressibility S,: Ss = Sk + Sy. In general,
in compacting aquifers, water compressibility S,, is much smaller than
skeletal compressibility Sx. Consequently, it is assumed to be negligible
(Chaussard et al., 2014; Fetter, 2000; Hoffmann et al., 2003).

The total stress o is defined as the sum of the effective stress ¢’ and
pore pressure p. Normally, the total stress in the confined aquifer re-
mains constant under natural conditions or a constant overburden load.
Then, the change in effective stress ¢’ controls land subsidence or uplift.
Hence, 4p = — Ao’ = Ahp,g, where Ah denotes the change in hydraulic
head. An increase in effective stress corresponds to the compaction of
multiple aquifer materials, regardless of low-permeability clays or high-
permeability gravels and sands. Then, aquifer compressibility is
expressed as

—Ab Ab
%= Adb,  Ahp,gb, ®
where Ab and b, represent the compaction amount and the initial
thickness of the aquifer system, respectively (Jacob, 1950).

3.3.1. Estimation of skeletal storage coefficients

Incorporating Eq. (2) with Eq. (3), the dimensionless skeletal storage
coefficient (Sg) is defined as:

Ab
S = Skbo = — 4
« = Sk m “@

The storage coefficient, also storativity, is the volume of water that a
permeable unit absorbs or releases from storage per unit surface area per
unit change in head. Skeletal storativity Sy can be characterized as a
combination of elastic (Sg.) and inelastic (Sg,) skeletal storativity,
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Fig. 4. 2-dimensional average deformation map during 2016-2020 estimated from ascending and descending Sentinel SAR data: (a) the vertical component; and (b)

the horizontal (east-west) component.

depending on whether the skeletal effective stress is greater than the
preconsolidation stress (6yqy') or the hydraulic head is lower than the
previous lowest water level (Galloway and Burbey, 2011; Hoffmann
et al., 2003). Here, the preconsolidation stress refers to the maximum
effective stress of an aquifer in the past.

See = 3—2 for o < a;m

Su = 5)
Ab
Sskv

= A_h: for ¢ >0,

where Abs and Ahs represent the elastic/seasonal changes in the vertical
displacement component and hydraulic head time series, respectively.
Aby, and Ah, represent the inelastic/long-term compaction amount and
hydraulic head drop, respectively. Elastic skeletal storage characterizes
the fluid volume increase/reduction as the groundwater level fluctuates
over an aquifer system, which corresponds to the elastic and recoverable
deformation on the surface. In contrast, inelastic skeletal storage char-
acterizes the long-term compaction and decrease in fluid volume as the
head drops, which corresponds to irreversible and inelastic deformation
of the aquifer system. Normally, the inelastic skeletal storage coefficient
can be larger than the elastic coefficient by several orders of magnitude
(Fetter, 2000). Permanent compaction of fine-grained and clay sediment
materials is considered more likely to lead to inelastic storativity.

3.3.2. Estimation of storage loss

The total volumetric variation in water in an aquifer system due to
hydraulic head decline can be estimated from InSAR measurements
(Fetter, 2000):

AV =Sy x Ah x A = Abyy X A 6)

where Abyyq is the total INSAR deformation at a specific period and A is
the aquifer area. GWS loss is equivalent to the cumulative compaction
volume of a confined aquifer system, and it can also be, according to this
formula, approximately equal to the cumulative land deformation vol-
ume estimated from InSAR measurements. To estimate the aquifer
properties across the entire basin scale, sparse values were interpolated
over a grid of 3 km x 3 km resolution using an inverse distance

algorithm.
4. Results
4.1. Spatiotemporal InSAR results

According to the aforementioned InSAR-processing method, the
spatiotemporal land deformation measurements were determined at an
unprecedented spatial resolution across the Willcox Basin. Fig. 3 shows
three average deformation rate maps in the LOS generated from
ascending and descending Sentinel-1 and ascending ALOS-1 datasets.
Two main subsidence zones were identified: the FGR land subsidence
zone in the northern Willcox playa and the KS subsidence zone in the
southern playa (Fig. 3d). The two narrow belt-shaped subsidence fea-
tures along the margin of the basin connect the FGR and KS subsidence
zones. A consistent spatial deformation pattern occurred from 2006 to
2020, while the deformation magnitude varied with time.

According to the rate maps, we observed an increasing trend of the
deformation rate at both subsidence centres from the first (2006-2011)
to the second (2016-2020) measurement periods. The ascending ALOS-
1 LOS velocity map (Fig. 3c) illustrates that the highest subsidence
occurred in the western KS subsidence zone with a maximum subsidence
rate exceeding —8 cm/year, while Fig. 3a and b shows that the greatest
subsidence occurred in the FGR subsidence zone with a maximum rate
exceeding —14 cm/year.

Additionally, to develop a better understanding of the 2-D defor-
mation characteristics, LOS displacement time series and velocity fields
were decomposed into vertical and east-west components following the
approach detailed in Section 3 by combining observations from Sentinel-
1 ascending and descending viewing geometries. The north-south
component of the displacement field is unresolvable, as both the
ALOS-1 and Sentinel-1 satellites are in near-polar orbits; hence, the LOS
geometry is insensitive to north-south motion. We could therefore
calculate displacement time series in the vertical and east-west di-
rections based on the satellite heading and LOS incidence angles for SAR
acquisitions. Fig. 4a and b illustrates the vertical and horizontal defor-
mation patterns during 2016-2020, respectively. Slight east-west
deformation was observed: the western region moved westward with a
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positive value denoted by a blue colour, and the eastern region moved
eastward with a negative value denoted by a green colour. We are pri-
marily concerned with the vertical deformation of the basin in the
following analysis.

To fully investigate the temporal evolution during the measurement
periods, time series analysis of several typical wells was performed. The
cumulative deformation at each typical observation well along the
vertical direction is illustrated in Fig. 5. The typical points we chose
were located in two different subsidence regions: well 3, well 5 and well
7 were in the upper FGR zone, and the remaining points were in the
lower KS subsidence zone. In addition, these points were located in
places possessing different spatiotemporal deformation features. For
example, well 3 was located where the ground surface subsided almost
linearly, but observations at well 7 showed subsidence with significant
seasonality.

4.2. ICA decomposition of InSAR deformation

Through the use of ICA, different spatiotemporal deformation pat-
terns of interest embedded in the InSAR land deformation time series
could be isolated without any a priori information about latent signal
sources. In this case, 117 SAR acquisitions were retained, where each
had 5,506,866 pixels. Therefore, the observed matrix of InSAR time
series O had a 117-by-5,506,866 dimension. First, PCA was explored to
reduce data dimensionality. The first three principal components
accounted for 99.18%, whereas the fourth component accounted for
only 0.12%. Based on the PCA, the first three principal components
accounting for 98%, 0.8%, and 0.4% of the data variance were retained
for the following ICA. Therefore, what the following ICA revealed was
the independent three features represented by the first three PCs.

Fig. 6 summarizes the spatial distribution of each component and the
mixing matrix time series of each retained IC, demonstrating that ICA
could identify and estimate the major spatial features and temporal
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Fig. 8. The groundwater usage types and average well depth distribution of the
observation wells in the Willcox Basin.

trends underlying the time series deformation. A score map (Fig. 6a-6¢)
shows that the pixels experienced the same time series trend, while the
mixing matrix map (Fig. 6d) shows how much this independent
component contributed at each acquisition time. By inspecting the
component map pattern and the mixing matrix time series, it is easy to
identify that IC1 and IC2 are dominated by long-term land subsidence
deformation, and IC3 represents most residual contributions, including
the residual turbulent delay and other noise. IC1 describes long-term
subsidence accompanied by seasonal rebound throughout the observa-
tion period, while IC2 displays a nearly linear deformation trend over
time with insignificant seasonal variability.

In the northern FGR subsidence region, IC1 recovers the central
deformation pattern of all deformation characteristics, while the spatial
extent of IC2 plots outside the IC1 deformation pattern. In the southern
KS subsidence region, the deformation pattern is dominated by IC2 with
nearly linear subsidence, and season-modulated long-term deformation
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mainly occurs in the area between the Cochise and Pearce communities.

4.3. Surface deformation in response to groundwater level

To investigate the correlation between groundwater level and sur-
face deformation, we collected 48 water discharge time series datasets in
the Willcox Basin. Fig. 7 illustrates the vertical deformation time series
versus changes in groundwater at eight selected typical well locations
(white dots in Fig. 3a). The trend of the InSAR time series is in accor-
dance with that of the groundwater level, producing a strong positive
correlation (>0.93) between the subsidence and groundwater level
drawdown.

In addition, groundwater in the Willcox Basin is greatly exploited for
agricultural irrigation, which accounts for 55%, and domestic and stock
uses account for the remaining 44% (Fig. 8). Fig. 8 shows that the
average hydraulic head depth, regardless of agricultural irrigation or
other usages, is greater than 300 m. This suggests that subsidence in this
basin is a result of human-induced compaction of sediments due to
massive pumping in the deep aquifer system and groundwater depletion.
Therefore, the measured InSAR deformation here is related to the
compaction of the confined system, and the upper unconfined system
does not contribute to land subsidence.

4.4. Aquifer system parameters/properties

4.4.1. Skeletal storativity

Hydraulic head levels represent the changes in groundwater level in
a confined aquifer system (Ah), and InSAR data provide the total sedi-
ment compaction (Ab) over the aquifer’s entire thickness. During the
2016-2020 period, the vertical compaction of the confined aquifer was
determined from the refined InSAR observations after using the MSBAS
and ICA methods. During the 2006-2011 period, it should be noted that
only one ascending track of the ALOS-1 SAR image was acquired, thus
the vertical compaction we used for the following analysis is the isolated
deformation component from vertical deformation transformed from
LOS deformation using the local incidence angles. Spatial storage coef-
ficient maps at two observation periods were calculated by analysing the

N T
T,

g
0 0.035!
IEREIctal Storativityll

0 15 30
e —1 41

(a) 2006-2011
=%

(b) 2015-2020

r"/;_ /

0 15 30
s km

Fig. 9. Spatial distribution of average skeletal storativity obtained from contemporaneous measurements of water level and InSAR time series during (a) 2006 to

2011 and (b) 2015 to 2020.
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77

Fig. 10. Spatial distribution of groundwater storage variations: (a) average annual storage variations from 2006 to 2011, (b) average annual storage variations from
2016 to 2020, and (c) estimated cumulative groundwater storage loss from 1990 to 2006. The unit in the maps is equivalent water thickness (EWT).

relationship between the InSAR deformation time series and contem-
poraneous groundwater level measurements at several observation wells
marked with white-filled circles using a least-squares inversion tech-
nique (Fig. 9). There was a wide variation in the estimated coefficients,
ranging from 6.0 x 10~ to 0.02 during 2006 to 2011 with an average of
0.008 and from 2.3 x 107> to 0.087 during 2015 to 2020 with an
average of 0.005. This change indicates that the storage capacity of the
confined aquifer system declined with the continuous exploitation of
groundwater and compaction of the aquifer layer.

4.4.2. Groundwater storage loss

Permanent loss of aquifer storage of groundwater due to inelastic
compaction poses a threat to groundwater availability now and in the
future even if groundwater pumping is reduced. According to Eq. (6),
the cumulative land deformation volume is approximately equivalent to
the GWS variation in a confined aquifer system. Therefore, we utilize
InSAR-derived deformation observations to estimate the spatiotemporal
GWS variations in the Willcox Basin in the past two periods (2016-2020
and 2006-2011). Fig. 10a and Fig. 10b demonstrate the average annual
GWS variations derived from the contemporaneous measurements of the
water level and InSAR velocity. The estimated annual GWS was 2.6 x
107 m®/year during 2006-2011 and 5 x 107 m®/year during
2016-2020. The USGS also estimated groundwater withdrawals in the
Willcox Basin from 1940 to 2014 (ADWR, 2018). Our estimated average
groundwater loss in our observation period was underestimated
compared with the 18 x 107 m®/year estimated by the USGS (ADWR,
2018). This could probably be explained by the following reasons: 1) the
USGS estimated the GWS in a wider range, while we only calculated the
GWS underlying the area covered by the InSAR deformation; 2) the
USGS surveyed the GWS of the entire aquifer system, including the
upper unconfined aquifer, while the contribution of the GWS derived
from InSAR was from confined aquifers and aquitards; and 3) GWS
calculated from InSAR measurements included groundwater recharge,
but that of the USGS did not.

Historical cumulative GWS depletion from 1990 to 2006 could be
determined using the historical hydraulic head below the pre-
consolidation head and the estimated skeletal storativity according to
Eq. 6 (Fig. 10c). The estimated cumulative GWS depletion was 3.7 x 108
m? from 1990 to 2006, which is consistent with that derived from the
USGS in terms of magnitude (1.4 x 10 m®). This consistency demon-
strates that the accuracy of the estimated aquifer coefficients is reliable.
Moreover, the dispersion and uncertainty are mainly related to
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interpolation errors as a result of sparse hydraulic head data.
5. Discussion
5.1. Land subsidence and earth fissures

Earth fissures are long and narrow soil tension cracks, which are
generally caused by differential land subsidence (Conway, 2016). Earth
fissures are widespread over the Willcox Basin due to long-term regional
land subsidence associated with excessive exploitation of groundwater
(Fig. 1a). Subsidence-related earth fissures are primarily found in areas
of varying alluvium thickness over the margin of the groundwater basin
or shallow bedrock near the Sulphur Hills (Figs. 1a and 3b). From the
InSAR survey, we observed that there was relatively less subsidence
along the basin margin (thinner alluvium) than along the central part of
the basin (thicker alluvium), the result of which was the uneven
compaction of different aquitard materials between the two sides of the
basin margin (Figs. 1c and 3b). In the process of differential compaction,
tension stretched the sediment until fissures developed.

5.2. PCA and ICA results

PCA was applied on the centred InSAR time series as the pre-
conditioning of ICA processing. Three principal components were ob-
tained by calculating the centred matrix eigenvalues and eigenvectors,
which allowed the obtaining of lower dimensional data and preserved as
many source signal features as possible. Fig. 11 shows the results of PCA
on the vertical InSAR deformation derived from Sentinel-1A T129
datasets across the Willcox Basin, where Fig. 11a-11c illustrates the
spatial patterns of the principal component score maps.

Despite the fact that three principal components captured major
characteristics of the input-mixed InSAR signals, including the long-term
deformation, seasonal fluctuation and noise, the contributions to each
independent component came from all three sources. However, the
decomposed signal is not in a set of statistically independent compo-
nents. For example, all three signals contain the seasonal motion
observed from the eigenvector time series (Fig. 11d). However, the re-
sults of ICA are more likely to represent independent sources since PCA
maximizes signal variance rather than statistical independence when
retrieving signal sources compared with ICA. Thus, ICA can be used to
extract low magnitude signals without requiring any a priori assump-
tions beyond the independence of the components, even when there is a
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Fig. 11. PCA of vertical InSAR deformation. (a-c) Score maps of each PC: (a)
principal components.

high level of noise (Ebmeier, 2016; Hyvarinen and Oja, 2000). Addi-
tionally, unlike PCA, ICA decomposition was carried out in orthogonal
space by utilizing centering and whitening techniques. After decompo-
sition, the sign, magnitude and serial numbers of each independent
component were ambiguous, as they were given in random order and
the number order had no particular significance.

In addition, the aforementioned ICA outcomes revealed that the two
types of spatiotemporal deformation characteristics exhibit both upper
and lower subsidence zones. In the Willcox Basin, mountain front runoff
is the primary recharge source of groundwater in the basin (Towne and
Freark, 2001). On the one hand, under the control of topography, the
runoff in each gully seeps into the local low-lying areas from the sur-
rounding watershed along the terrain (Fig. 1b). Aquifer systems of low-
lying areas can be more adequately recharged with seasonal runoff
compared with the surrounding aquifers. On the other hand, the
hydrogeological properties of aquifer systems are spatially variable,
with heterogeneous clay and sand interlayers in deformation areas on
the IC1 score map and homogeneous streaks of clay and sand units on
the IC2 deformation score map (Fig. 1c). These results might explain
why the seasonal amplitude in the IC1 score map is larger than that in
the IC2 score map.
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5.3. Effect of ICA in improving InSAR time series

Another main advantage of using ICA is improvement in the InSAR
time series, which in turn can help to refine the time series for estimating
hydrological parameters. After ICA processing, multiplying the compo-
nent score with the mixing matrix allows retrieving the corresponding
deformation time series history of each component. Therefore, the
combination of IC1 and IC2 components returns the deformation time
series, which is achieved by removing the residual noise represented by
IC3.

Here, an example is presented showing how the residual error is
corrected with the ICA method (Fig. 12). Significant turbulent delay
occurred at the acquisition of 2019/06/02, affecting the quality of the
interferograms constructed with the image acquired on this date. This
was concluded by checking all interferograms constructed with this
image, and then a similar effect was found in all of them. The original
interferogram 2019/06/02-2019/07/20 is shown in Fig. 12a, where
elevation-dependent atmospheric delay was removed. In this case, the
error is mainly caused by turbulent atmospheric delay. The interfero-
gram retrieved from time series analysis has no significant difference
compared with the original interferogram (Fig. 12b). Fig. 12 (d-e) shows
the separated IC3 score maps at acquisitions of 2019/06/02 and 2019/



M. Peng et al.

Remote Sensing of Environment 271 (2022) 112894

- % ‘ 4 N

A e (a) A, (b) g7 (c)
2 . . . e .
S i r Y [‘ Zht
-10 = i1l A |10 = = |10 et Sl =
EDeformation (cHilll | | EDeformation (eniiil | | BDeformation (CHlll

@ . (e')‘!

-
- -
.' - ” .
{ Zag |y “d
e A e
-5 5 = |-0.5 0.5 7
EDeformation (il EDeformation (CHl

Fig. 12. Examples of the interferogram 2019/06,/02-2019/07/20 before and after residual error correction using ICA. (a) Original unwrapped interferogram. (b)
Interferogram retrieved from the time series. (¢) Unwrapped interferogram reconstructed from IC1 and IC2. (d-e) IC3 components of 2019/06,/02 and 2019/07/20.

10
STD:

T O™ ~\ INSAR vs. GPS=2.2cm
v -
% 40, S INSAR-ICA vs. GPS=1.9cm
2 w_..‘i
§ -20 q.‘
S
< .30 sty
z
= J * en0t,
F40 LR
E 2
§ -50 - ¢ Vertical InSAR deformation
< ¢ Vertical InSAR deformation-1CA

-60 - * GPS

2016/10/1 2017/10/1 2018/1011 2019/10/1

Date (YYYY/MM/DD)

Fig. 13. Comparison of the vertical component of the GPS time series to the
InSAR vertical component derived from Sentinel-1 (black dots) and the sepa-
rated deformation component from IC analysis (blue dots). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

07/20, indicating a highly similar spatial pattern to the turbulent at-
mospheric delay in Fig. 12a. The magnitude of the IC3 score map on
image 2019/06/02 is more than 10 times as large as that on image

12

2019/07/20. Fig. 12c¢ shows the final corrected interferogram after
using the ICA method. This suggests that the major residual atmospheric
signal in this interferogram was successfully mitigated and that ICA can
be used as an effective method to mitigate error signals.

Additionally, the InSAR results were compared with the GPS obser-
vations to assess their accuracy. The observation period of the GPS
station was from 2016 to 2020; therefore, the accuracy assessment was
exploited only within this period, which was covered by the Sentinel-1
dataset. To further validate the accuracy of the observed deformation,
the vertical component retrieved from 2-D analysis and the one obtained
by separating deformation components from ICA were compared with
the GPS time series. As illustrated in Fig. 13, the standard deviation of
the latter is 13% lower than that of the former, indicating that the ICA
improved the monitoring accuracy. Despite this, the standard deviation
is still high, which is due to the lower accuracy (cm-level) of the GPS.

5.4. Elasticity vs. inelasticity skeletal storativity

The history of groundwater depletion across the Willcox Basin can be
generalized into five stages on the basis of the pumpage: initial exploi-
tation stage (before 1940), dramatic withdrawal stage (1940 to mid-
1960s), withdrawal peak stage (late 1960s to mid-1970s), significant
decreasing stage (early 1980s to 1990s), and increasing again stage
(after1990s) (ADWR, 2018). Historical water table time series at 32
observation wells in the Willcox Basin can be traced back to the 1990s
and even earlier, and we chose eight to display in Fig. 14.

According to the pumping history of available hydraulic data, we
next assessed whether the land subsidence observed in the Willcox Basin
was recoverable (elastic) or irrecoverable (inelastic). If the effective
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stress caused by groundwater decline exceeds the previous maximum
stress, the aquifer system may likely undergo inelastic (i.e., permanent)
compaction due to the consolidation of aquitards. The water table curves
of wells are dominated by a clearly declining trend for more than three
decades, with no signs of major recovery (Fig. 14). The preconsolidation
head, defined as the highest groundwater level in most wells during the

Groundwater level (m)  Groundwater level (m)  Groundwater level (m)

Groundwater level (m)
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Fig. 14. Historical head measurements.
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previous 1990-2020 depletion period, was the water table around the
earlier 1990s (Fig. 14). Therefore, the pumping-induced subsidence
from intensive compaction of fine-grained sand and clay-rich aquitards
during a prolonged draining process suggests that quasi-irreversible
compaction of the aquifer system has probably dominated the defor-
mation field in the Willcox Basin since the 1990s, which is indicated by
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the large number of earth fissures and cracks (Figs. la and 3b).
Furthermore, this conclusion can also be reached based on our estimated
storativity, since inelastic/irreversible deformation may arise when the
skeletal storativity exceeds 0.005 (Fetter, 2000).

Since unconsolidated sand in aquifers normally does not compact
inelastically, elastic deformation always occurs in the aquifer system
regardless of whether the hydraulic head is below the preconsolidation
head (highest head) (Smith et al., 2017). In the Willcox Basin, ICA has
revealed two deformation patterns: long-term quasi-linear compaction
and long-term compaction with season-modulated deformation, indi-
cating that seasonal pore water pressure rebound occurred during the
entire historical subsidence process. Based on InSAR time series mea-
surements, the only clear elastic deformation we could observe in this
region was the rapid response of surface deformation to seasonal vari-
ations in groundwater. In terms of surface deformation, seasonal
deformation occurred in the centre of the northern FGR subsidence re-
gion and Cochise from the separated InSAR deformation measurements
(Fig. 6a). However, we cannot conclude that seasonal elastic deforma-
tion occurred only in the area characterized by the IC1 score map. The
spatiotemporal deformation feature represented by the IC2 score map
also contains some elastic components, although at a lower amplitude
compared with the IC1 score map. Additionally, the deformation
amplitude of seasonal elastic deformation ranged from +2 cm to +6 cm,
with the elastic/inelastic ratio tending to be close to zero, which was
insignificant compared with the long-term compaction. Due to the lower
sample frequency groundwater level at this well, observable seasonal
recharge/discharge cycle information of the aquifer system could not be
captured (Fig. 14). Based on this, the calculation of elastic and inelastic
skeletal storativity was thus not distinguished in this research. If
monthly/seasonally gathered water level records are available for this
region, the map of aquifer hydrogeological properties can be further
enhanced, such as by showing the separation of elastic and inelastic
skeletal storativity.

6. Conclusions

Using the multitemporal InSAR technique and SAR data from the
ALOS-1 and Sentinel-1 satellites, we investigated and analyzed the land
deformation of the Willcox Basin in Arizona over two observation in-
tervals (2006-2011 and 2015-2020). Multisensor InSAR time series
analyses revealed two subsidence centres, FGR and KS, and showed the
underlying spatiotemporal patterns of land subsidence. Since 2006,
subsidence rates temporally increased, from a maximum of 8 cm/year to
more than 14 cm/year, while the extent of the subsidence area spatially
remained approximately the same. Subsidence was highly correlated
with groundwater level declines in the deep confined aquifer, indicating
that groundwater depletion for agricultural irrigation was the dominant
influencing factor for surface deformation.

Using ICA, InSAR time series were spatiotemporally separated
without any prior information to three independent components,
including two deformation components and one noise component. After
removing the noise, the application of ICA could improve the defor-
mation accuracy by more than 13%. The different subsidence compo-
nents unveiled different geomechanical processes around the subsidence
zones.

Our study also demonstrated that a combination of InSAR and hy-
draulic data could estimate the storage coefficients of an aquifer system
and GWS loss at a basin-wide scale. The estimated storage coefficients,
ranging from 6.0 x 10™* to 0.02 during 2006-2011 and from 2.3 x 10>
to 0.087 during 2015-2020, signify an irreversible and unrecoverable
deformation of the aquifer system in the Willcox Basin. The reduced
average storage coefficient (from 0.008 to 0.005) indicates that long-
term overdraft has already degraded the storage ability of the aquifer
system and that groundwater pumping activities are unsustainable in
the Willcox Basin.

InSAR can measure groundwater-induced surface deformation over a
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large-scale area, which can be utilized in groundwater flow models to
refine hydraulic properties. Even though setting up a groundwater flow
model is beyond the scope of this paper, the application of InSAR to
quantify aquifer system properties through groundwater modelling is a
frontier topic. We believe that the combination of this model with InSAR
measurements will better guide water resource management to assess
the mechanical health of aquifer systems across a large-scale aquifer
system (Yeh et al., 2008).
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