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The groundwater in Tucson, Arizona, is a major source for water supply to human residential areas and
agricultural use, and the groundwater extraction causes ground deformation responding to aquifer-sys-
tem compaction. Using multi-temporal C-band and L-band SAR images from ERS/ENVISAT and ALOS
PALSAR satellites, we mapped the ground displacement in Tucson. The InSAR-derived ground displace-
ment based on small baseline subset technique (SBAS) is compared to compaction from extensometers,
land subsidence from GPS survey, and groundwater elevation at wells. Tucson is characterized by slow
and relatively small subsidence over areas with upper stratigraphic till early 2000s when the ground-
water had been extremely depleted and by uplifts in areas where the water level has been recently recov-
ered into the slight increase of water table because of recharge into the aquifer. Our multi-sensor SBAS
InSAR-derived vertical displacements enabled to monitor the temporal variability in the spatial extent
and magnitude of the ground deformation, suggesting that recent ground subsidence is slowing down
and the ground motion in places is stable. Our results can provide scientific basis for sound management
of ground water pumping and recharge over the study area.
� 2015 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by Elsevier

B.V. All rights reserved.
1. Introduction

The groundwater is a major source for supplying drinking water
to residents in arid lands, irrigating plants for agriculture, and
flowing into lakes or rivers. The rain water, snowmelt, and inflow
from upper watershed leads into the recharge of groundwater,
and the discharge is made by natural flow and human demands
for industrial, municipal, and agricultural purposes. Natural condi-
tion is balancing between recharge and discharge, but the balance
has been threatened by extreme consumption of groundwater for
developing arid areas of Phoenix and Nevada in the United
States, Libya, and India. The groundwater depletion caused the
disappearance of a crucial water resource as well as the aquifer-
system compaction and ground subsidence. More than 80 percent
of the identified subsidence in the United States is caused by
human activities on subsurface water (Galloway et al., 2000). To
conserve the groundwater and circumvent more rapid
consumption from the subsurface, the elaborate resource manage-
ment and intensive governmental efforts are required.

In Tucson, Arizona, the groundwater has been a critical resource
for urban and rural communities, and the rapid urbanization and
growing population has been heavily dependent on groundwater
because of the lack of surface water. The excessive consumption
of groundwater led to the decrease of water table as much as
14 m between 1989 and 2005, and the declined water level before
1989 was much bigger than this number (Carruth et al., 2007). The
groundwater pumping in excess of natural recharge was the major
cause of aquifer-system compaction and associated land subsi-
dence in Tucson area (Pool and Anderson, 2008). Since the
Arizona’s 1980 Groundwater Management Act, the temporal varia-
tions of groundwater table, soil compaction, and land subsidence
have been monitored by gauges in wells, borehole extensometers,
and annual GPS survey at multiple stations (Carruth et al., 2007;
Pool and Anderson, 2008). These methods provide a good precision
of measurement on subsurface condition, but each has limitation
in detecting land-surface motion over large areas associated with
groundwater depletion. For example, the water level at wells is
not highly correlated with surface deformation in many cases,
and the extensometers cannot measure the compaction occurring
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Table 1
SAR images used for ERS, ENVISAT, and ALOS SBAS processing.

Mission Date Path Direction Incidence Mission Date Path Direction Incidence
Angle (�) Angle (�)

ERS 1993/06/22 456 Descending 23.2711 ENVISAT 2006/06/23 456 Descending 22.7884
ERS 1993/11/09 456 Descending 23.2711 ENVISAT 2006/11/10 456 Descending 22.7884
ERS 1996/01/11 456 Descending 23.2711 ENVISAT 2007/02/23 456 Descending 22.7884
ERS 1996/01/12 456 Descending 23.2711 ENVISAT 2007/06/08 456 Descending 22.7884
ERS 1996/04/25 456 Descending 23.2711 ENVISAT 2007/08/17 456 Descending 22.7884
ERS 1996/04/26 456 Descending 23.2711 ENVISAT 2007/10/26 456 Descending 22.7884
ERS 1996/11/22 456 Descending 23.2711 ENVISAT 2008/02/08 456 Descending 22.7884
ERS 1997/01/31 456 Descending 23.2711 ENVISAT 2008/05/23 456 Descending 22.7884
ERS 1997/03/07 456 Descending 23.2711 ENVISAT 2008/09/05 456 Descending 22.7884
ERS 1997/08/29 456 Descending 23.2711 ENVISAT 2009/04/03 456 Descending 22.7884
ERS 1999/10/08 456 Descending 23.2711 ENVISAT 2009/07/17 456 Descending 22.7884
ERS 1999/11/12 456 Descending 23.2711 ENVISAT 2009/09/25 456 Descending 22.7884
ERS 2000/01/21 456 Descending 23.2711 ENVISAT 2010/02/12 456 Descending 22.7884
ERS 2000/07/14 456 Descending 23.2711 ENVISAT 2010/04/23 456 Descending 22.7884
ERS 2000/08/18 456 Descending 23.2711 ENVISAT 2010/05/28 456 Descending 22.7884
ERS 2000/09/22 456 Descending 23.2711 ENVISAT 2010/09/10 456 Descending 22.7884
ERS 2002/04/05 456 Descending 23.2711 ALOS 2009/10/17 203 Ascending 38.7249
ENVISAT 2004/01/30 456 Descending 22.7884 ALOS 2009/12/02 203 Ascending 38.7249
ENVISAT 2004/04/09 456 Descending 22.7884 ALOS 2010/01/17 203 Ascending 38.7249
ENVISAT 2004/05/14 456 Descending 22.7884 ALOS 2010/04/19 203 Ascending 38.7249
ENVISAT 2004/07/23 456 Descending 22.7884 ALOS 2010/06/04 203 Ascending 38.7249
ENVISAT 2004/11/05 456 Descending 22.7884 ALOS 2010/12/05 203 Ascending 38.7249
ENVISAT 2004/12/10 456 Descending 22.7884 ALOS 2011/01/20 203 Ascending 38.7249
ENVISAT 2006/03/10 456 Descending 22.7884 ALOS 2011/03/07 203 Ascending 38.7249
ENVISAT 2006/04/14 456 Descending 22.7884
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below the anchor depth of the devices. The annual GPS survey in
sparse stations, which is labor-intensive, does not measure the sur-
face displacement with high accuracy like continuous GPS. In con-
trast, the spatially detailed images of ground displacements
generated from SAR interferometry (InSAR) can help to monitor
the ground subsidence in Tucson.

The InSAR is an invaluable tool for measuring displacements
over a large area with high accuracy of sub-centimeter and high
spatial resolution of 30 m after spatial averaging and geocoding.
The InSAR processing for detecting displacements after removing
topographic and orbital error phases and reducing as much atmo-
spheric artifact as possible is particularly called the differential
InSAR (DInSAR). The DInSAR has been used for detecting horizontal
and vertical displacements caused by catastrophic natural disas-
ters of earthquakes and volcanoes, anthropologic deformation
caused by mining and oil/gas extraction, and deformation induced
by melting of permafrost (Hanssen, 2001; Tong et al., 2010; Lu,
2007; Samsonov et al., 2011).

In particular, the DInSAR was used for measuring the surface
displacements related to aquifer system compaction and uplift
accompanying groundwater discharge and recharge (Lu and
Danskin, 2001; Galloway and Hoffmann, 2007). Several researchers
(Galloway et al., 1998; Hoffmann and Zebker, 2003) mapped aqui-
fer-system compaction and subsidence in the Antelope Valley,
California, by integrating DInSAR, GPS, and extensometers, and
successfully estimated the groundwater flow, storage change, and
compaction over large areas. The water decline and clay thickness
map in Las Vegas Valley was analyzed with subsidence map based
on DInSAR, GPS, and leveling (Amelung et al., 1999; Bell et al.,
2002) and inelastic and elastic deformation caused by seasonal
variation was detected by DInSAR time-series analysis. Schmidt
and Burgmann (2003) used the DInSAR for measuring surface sub-
sidence by groundwater extraction in Santa Clara Valley, California
and found the Silver Creek Fault to disrupt the groundwater flow
and cause steep displacement gradients. The recent advance in
the DInSAR technology can improve the accuracy of surface defor-
mation measurements. The small baseline subset (SBAS) algorithm
exploiting multi differential interferograms of small baselines
could be used to enhance the understanding of the underlying
deformation process in the groundwater-withdrawn region with
dense temporal interval (Berardino et al., 2002). The advantage of
SBAS technique is that it could minimize the atmospheric phase
in InSAR pairs, capture the pattern of deformation in time and
space, and estimate non-linear time series of deformation during
a long time span by analyzing DInSAR pairs with short perpendicu-
lar baselines (Berardino et al., 2002; Lanari et al., 2004; Samsonov
et al., 2011).

In this paper, the SBAS InSAR technology was applied for detect-
ing ground subsidence in Tucson, caused by groundwater deple-
tion. Using sufficient SAR data archive from early 1990s to 2011,
the spatial extent and magnitude of surface deformation in
Tucson has been estimated. Our study utilized ERS-1/2, ENVISAT,
and ALOS PALSAR, and the results of multi-sensor SBAS InSAR pro-
cessing are analyzed in spatio-temporal scale with supplementary
data from gauges, extensometers, and GPS survey.
2. Methodology

Standard DInSAR processing with small perpendicular baselines
is required before performing SBAS InSAR processing. The N inter-
ferograms are generated from M SAR images, which are coregis-
tered on a common master image, by multiplying master
complex image with a conjugate of slave complex SAR data. To
avoid spatial decorrelation, a small orbital separation should be
selected for further time-series analysis. Moreover, the threshold
of temporal baselines based on radar frequency and coherence
should be considered to prevent temporal decorrelation. The inter-
ferometric phase of each interferogram is composed of a phase
component caused by deformation, topography, orbital error,
atmosphere, and random noise term, respectively. The phase com-
ponents but deformation are reduced by using digital elevation
model (DEM), least-square fitted 2nd order polynomial, and
noise-suppressing filters. Because topography provided by DEM
sources has relative error terms and atmospheric phase is not easy
to be removed from a single InSAR pair, the deformation phase
cannot be reliably obtained. If there is no phase unwrapping error,

the observed interferometric phase /k
ifgs of kth differential



Fig. 1. Tucson metropolitan area located in Pima county, Arizona.

Fig. 2. Generalized geological map in Tucson metropolitan area. The geological composition consists of upper, middle, and lower stratigraphic units. The area with upper
stratigraphic unit is subject to ground deformation.
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interferogram consists of deformation /k
def , topographic /k

topo,

atmospheric /k
atm, and noise /k

noise,

/k
ifgs ¼ /k

def þ /k
topo þ /k

atm þ /k
noise ð1Þ

In Eq. (1), both topographic phase and atmospheric phase terms are
related to errors and residuals in DInSAR processing. The residual
topographic phase term is estimated as (Berardino et al., 2002;
Samsonov, 2010),

/k
topo ¼

B? � Dz
R � sinh

ð2Þ

where R is the line-of-sight distance between satellites and tar-
gets, h is incidence angles, B? is perpendicular baselines, and Dz
is topographic error term. The atmospheric phase can be classi-
fied into turbulent mixing and vertical stratification
contributions (Hanssen, 2001). The turbulent contributions are
considered as a random phase both in space and time while
the vertical stratification contribution is correlated with eleva-
tion (López-Quiroz et al., 2009). Removing the effect of vertical
stratification is a relatively easy step by using a linear correla-
tion between interferometric phase from each interferogram
and elevation from DEM, but the turbulent contribution,
assumed as random, can be reduced by computing a least square
solution from many interferograms acquired under favorable
conditions less influenced by spatial and temporal decorrelation
(Samsonov et al., 2013). The key feature of SBAS InSAR is that
it can reduce the random atmospheric phase from many InSAR
pairs as well as estimating topographic error terms related to
the perpendicular baseline. Additionally, ionospheric effects can
induce the azimuthal image and Doppler Centroid distortion on
low frequency (L-band) radar system (Franz et al., 2006), but



Fig. 3. Diagram of perpendicular and temporal baseline of InSAR pairs ((a) ERS and ENVISAT InSAR pairs; red circles and lines are 29 ERS pairs, and blue circles and lines are
134 ENVISAT pairs. And, dashed black line represents simulated temporary InSAR pair to fill up data gap. (b) ALOS PALSAR InSAR pairs). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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the artifacts due to ionosphere were negligible in our used L-
band SAR images.

To integrate the InSAR pairs from multi-sensor, additional pro-
cess is needed to correct the effect of the different wavelengths. As
proposed by a previous study (Pepe et al., 2005), ERS and ENVISAT
SAR sensors have different center frequency (5.30 GHz for ERS-1/2
and 5.33 GHz for ENVISAT ASAR) and it is difficult to generate
interferogram from ERS/ENVISAR pairs. Instead, the ENVISAT
InSAR pairs can be integrated into SBAS algorithm, by multiplying
the correction term (kENVISAT=kERS, kERS = 5.656 cm and
kENVISAT = 5.624 cm) with unwrapped interferometric phases. If
the track of ENVISAT and ERS is identical, the incidence angle of
ERS and ENVISAT is similar in most cases (Table 1).

The fundamental equation for SBAS can be expressed as the fol-
lowing form,

Bv ¼ Uifgs ð3Þ
where B matrix has dimensions of N by M � 1 (N and M are the
numbers of interferograms and SAR images, respectively), Uifgs

(N � 1) is a vector of observed interferometric phase /k
ifgs, and v vec-

tor consists of M � 1 mean velocities between time-adjacent acqui-
sitions to be calculated. The v vector is unknown as,

vT ¼ m1 ¼
/inc

1

t2 � t1
� � � mk ¼

/inc
k

tkþ1 � tk
� � � mM�1 ¼

/inc
M�1

tM � tM�1

 !
ð4Þ

where /inc
k is an incremental phase from tk (acquisition date of kth

SAR data) to tk+1 (acquisition date of k + 1th SAR data). In B matrix,
if a kth interferogram spans the time represented by the column n,

then the bk
n term is equal to the time interval between the conse-

quent images, otherwise zero (Berardino et al., 2002; Samsonov,
2010). In order to correct the topographic error, a perpendicular
baseline of each interferogram should be attached to the right side



Fig. 4. ERS-1/2 differential interferogram ((a) 1993.06.22–1996.01.11, (b) 1993.06.22–1997.03.07), ENVISAT differential interferogram ((c) 2004.01.30–2004.07.23, (d)
2004.01.30–2006.06.23), ALOS PALSAR differential interferogram ((e) 2009.10.17–2011.03.07, (f) 2009.12.02–2011.03.07).
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of the B matrix. Additionally, in low coherence areas, which do not
have consistent scattering between acquisition dates, the interfero-
metric phase is set to zero, and the phase value should be excluded
for SBAS analysis.

For example, if we assume that four SAR images are acquired at
time of t1; . . . ; t4 five interferograms are generated from intervals
t2 � t1, t3 � t1, t3 � t2, t4 � t2, t4 � t3, and the interferometric phase
at a pixel of a particular pair (here, InSAR pair between t2–t3) is
zero due to low coherence, which could be improperly estimated
as non-deformation, the SBAS equation can be formulated as
(Uifgs ¼ TBm ¼ ~Bm (5)),

/1�2
ifgs

/1�3
ifgs

/2�3
ifgs

/2�4
ifgs

/3�4
ifgs

0
BBBBBBBB@

1
CCCCCCCCA
¼

1 0 0 0 0
0 1 0 0 0
0 0 0 0 0
0 0 0 1 0
0 0 0 0 1

0
BBBBBB@

1
CCCCCCA

t2� t1 0 0 B1�2
?

t2� t1 t3� t2 0 B1�3
?

0 t3� t2 0 B2�3
?

0 t3� t2 t4� t3 B2�4
?

0 0 t4� t3 B3�4
?

0
BBBBBBB@

1
CCCCCCCA

v1

v2

v3
Dz

R�sinh

0
BBB@

1
CCCA

ð5Þ
If pixels of all interferograms have high coherence and their
phase unwrapping is properly performed, T matrix will be same
as I (N � N) identity matrix. When interferometric phase of kth
interferogram is set to zero due to low coherence, k� k diagonal
term of T matrix will be zero. Due to the introduction of T trans-
formation matrix, changing the size of design matrix B is not
needed for pixels of all interferograms. Another problem of ~B
(N �M) matrix is a rank deficiency, because critical links of
InSAR networks are often missing (i.e. unlinked InSAR pairs in
Fig. 3) due to low coherence of many pairs. In addition, the images
might be divided to separate networks due to the baseline config-
uration. The combination of all available interferograms is based
on a minimum norm criterion of the velocity deformation
(Berardino et al., 2002). The SVD (Singular Value Decomposition)
inversion of ~B matrix enables to solve Eq. (5) and obtain the
unknown v vector, but the incremental phase delay of v vector is
set to zero by SVD, which biases the subsidence temporal behavior
and subsidence rate (López-Quiroz et al., 2009). The solution for
the problem is using Tikhonov regularization (Tikhonov and
Arsenin, 1977) or low-pass filtering in the time domain



Fig. 5. Time-series of (accumulated) vertical deformations from ERS/ENVISAT SBAS InSAR processing of (a) 1993.11.09, (b) 1996.11.22, (c) 1999.10.08, (d) 2000.08.18, (e)
2004.12.10, (f) 2007.10.26, (g) 2008.09.05, and (h) 2010.09.10.
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(Samsonov and d’Oreye, 2012). Another solution is considering the
quadratic behavior of the incremental phase delay and adding con-
strains to design matrix ~B. The solution supposes that deformation
increases or decreases with second order polynomials in time.
Additionally, applying Gaussian filter in time to estimated incre-
mental phase smoothes deformation with avoiding the effect of



Fig. 6. Time-series of (accumulated) vertical deformations from ALOS SBAS InSAR processing of (a) 2009.12.02, (b) 2010.01.17, (c) 2010.06.04, and (d) 2011.03.07.
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rank-deficiency and residual atmospheric error. We added the fol-
lowing constrain to the inversion as proposed by previous study
(López-Quiroz et al., 2009),

Xm

k¼1

/inc
k ¼ aðtm � t1Þ þ bðtm � t1Þ2 þ c ð6Þ

where a; b; c are constants describing the quadratic behavior of
incremental phase terms of v vector at time of m. After this con-
straint is added to Eq. (5), the matrix system becomes Uc

ifgs ¼ Bcvc
/1
ifgs

..

.

/N
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..
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0
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ð7Þ
where the weight c is a scaling factor for the additional matrix of Bc

(ðN þM � 1Þ � ðM þ 3Þ), and the factor should be small enough so
as not to affect the inversion of the major design matrix ~B. The
inversion of BT
c Bc calculates the incremental phase delay included

in v vector and its integration results in the cumulative deformation
phase at particular time.
3. Study area and data processing

3.1. Characteristics of study region

Our study region is Tucson city in Arizona of southwest USA
(Fig. 1). The city’s elevation ranges from 600 to 1300 m, and most
residential areas in downtown are located between 800 m and
900 m at a relatively flat area contrary to mountains in the west
(Tucson mountains) and north (Santa Catalina mountains). The



Fig. 7. Linear vertical deformation rate (cm/yr) estimated from (a) ERS/ENVISAT and (b) ALOS SBAS processing. The red-colored region represents ground subsidence due to
groundwater extraction. The contour means the iso-lines of groundwater level changes measured in wells. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Santa Cruz River, which flew along the west side of the Tucson, was
a perennial river, but now a dry river bed for most of the year
except flooding by seasonal rains. Since the Santa Cruz River
became dry and the surface water had been gradually vanished,
the city has been dependent on the pumping of groundwater for
residential use and agricultural irrigation. Consequently, the water
level measured in wells has been dramatically dropped as much as
30 m since 1900s. The land subsidence and earth fissure occurred
in Tucson and southern Arizona and damaged the roads and civil-
ian properties, but the phenomenon is depending on the geological
condition. The aquifer-compaction and land subsidence are asso-
ciated with many parameters including soil composition, clay
thickness, and soil consolidation. The groundwater withdrawal in
dry lands does not necessarily mean ground subsidence, because
regions with over-consolidated and incompressible soil, or rela-
tively thin aggregate clay thickness are less sensitive to the
variation of water table in aquifer. Furthermore, in areas with thick
aquitards, the subsidence is often delayed after water table is
decreased (Galloway and Hoffmann, 2007). The geological
composition in Tucson can be grouped into three stratigraphic
units (lower, middle, and upper) and stream-channel alluvium
(Fig. 2). The lower stratigraphic unit consists of conglomerate,
sandstone, mudstone, and gypsiferous mudstone. The middle
stratigraphic unit consists of clayey silt, mudstone, and gravel con-
glomerate. The upper stratigraphic unit consists of gravel, clayey
silt, and thin surficial alluvial deposits (Carruth et al., 2007).
Among those stratigraphic units, the upper stratigraphic unit is
more subject to land subsidence by groundwater extraction and,
therefore, the Tucson regions with upper stratigraphic unit have
been more exposed to land subsidence. To recover the ground-
water storage and stop water level declines during the last several
decades, the Central Arizona Project pumped significant artificial



Fig. 8. 10-year interval groundwater level changes measured at wells of (a) 1980s–1990s, (b) 1990s–2000s, and (c) 2000s–2010s, and 30-year water level changes of (d)
1980s–2010s. The red and blue colored dots mean the increase and decrease of water level at wells. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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recharge into the aquifer. As a result, the recent groundwater with-
drawal has been decreased, and the water level in many wells indi-
cates the increase of water table (Pool, 2005; Carruth et al., 2007).
3.2. SBAS data processing

For this study, 17 ERS-1/2, 24 ENVISAT ASAR, and 8 ALOS
PALSAR images (listed in Table 1), covering the Tucson metropoli-
tan area (Fig. 1), were utilized. ERS-1/2 images including two ERS-
1/2 tandem pairs of January, 11, 1996–January, 12, 1996 and April,
25, 1996–April, 26, 1996 were acquired from 1993 to 2002.
ENVISAT ASAR images are obtained between 2004 and 2010.
Both ERS and ENVISAT ASAR images are from the same descending
track of 456 (Table 1), meaning a similar radar geometry, but ERS/
ENVISAT InSAR pair cannot be generated due to the difference in
center frequency. There is no temporal overlap of ERS and
ENVISAT SAR data, causing a data gap between 2002 and 2004.
The ALOS PALSAR images were acquired from ascending track,
and the ALOS images covers a relatively short time period from late
2009 to 2011 in contrast to C-band sensors.

For SBAS processing, ERS and ENVISAT InSAR pairs with
perpendicular baselines smaller than 500 m are generated.
Furthermore, InSAR pairs with a good coherence should be selected
for reliable DInSAR processing including phase unwrapping
(Fig. 3(a) and (b)). 28 ALOS InSAR pairs (Fig. 3(b)) are also created
from all 8 SAR images, because L-band InSAR pairs in Tucson are
less influenced by temporal and spatial decorrelation related to a
large perpendicular baseline and a long time interval (Sandwell
et al., 2008).
1-arcsec national elevation dataset (NED) was used to remove
topographic contributions in DInSAR processing of ERS, ENVISAT
and ALOS pairs. The precise orbit information of ERS and
ENVISAT is provided by Delft institute for earth-oriented space
research (DEOS). However, several InSAR pairs of ERS, ENVISAT,
and ALOS are deteriorated by orbital error fringes, which are then
removed by 2nd order polynomial estimation in range and
azimuth direction. From the figures (Fig. 4) of ERS, ENVISAT, and
ALOS differential interferograms, one can recognize that there
are only few phase variations in ALOS InSAR images
(Fig. 4(e) and (f)), as the L-band sensor (wavelength of �24 cm)
is less sensitive to slow-developing deformation by groundwater
extraction in Tucson (i.e. 2.2 (C-band) and 0.53 (L-band) radian
change according to 1 cm line-of-sight change) (Luo et al., 2014).
Also, it is recognizable that C-band interferograms of Fig. 4(a–d)
shows obvious signatures of ground subsidence in downtown of
Tucson, but other generated interferograms, not included in
Fig. 4, are deteriorated by atmospheric artifacts, particularly
turbulent contributions that do not correlate in time. In contrast,
the effects of vertical stratification were negligible due to the flat
terrain of our study area and their correction was not applied.
For example, Fig. 4(c) spans a short period, but many areas in the
interferogram contain atmospheric artifacts. Phase unwrapping
after smoothing interferograms was applied by minimum cost flow
(MCF) algorithm.

One problem in integrating ERS and ENVISAT to SBAS algorithm
in our dataset is a data gap between the two groups of InSAR pairs
(Fig. 3(a)), and the gap causes a rank deficiency in SBAS processing
owing to missing a critical link. To solve the problem, the linear
deformation rate is estimated from each ERS and ENVISAT SBAS



Fig. 9. (a) Land subsidence monitoring and extensometer stations installed in Tucson, and (b) Ellipsoid height changes measured in monitoring stations from 1998 to 2005;
red and blue arrows represent subsidence and uplift at the sites, and the length of arrows expresses the amount of the ellipsoid height change. Green arrows represent the
change of compactions, which were measured in the extensometers from October, 2005 to September, 2012. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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processing, and simulated temporary interferogram between the
gap is generated from averaging two linear deformation rates:
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The temporary interferogram is plotted as a dashed black line in
Fig. 3(a). After SBAS processing from ERS/ENVISAT and ALOS, all
outputs are filtered by Gaussian filter in time domain to suppress
still-remaining atmospheric phase. Only 8 and 4 selected deforma-
tion maps are shown in Figs. 5 and 6, respectively. The selected
SBAS InSAR-derived deformation maps are shown in Figs. 5–7.
Forty time-series of vertical displacements corresponding to each
ERS and ENVISAT acquisition date are generated (Fig. 5), and the
number of C-band time-series is equal to M (number of SLC data)-
1. Seven time-series of vertical displacement corresponding to
ALOS acquisition date is then created (Fig. 6). A linear deformation
rate (Fig. 7) is also estimated from C-band and L-band SBAS process-
ing. Note that the C-band deformation rate is calculated from 1993
to 2010, and the L-band deformation rate is from late 2009 to 2011.
Because ALOS PALSAR data span relatively short period and their
sensitivity to small deformation was low compared to C-band data-
set, we did not integrate the 2 results but tried to assess them sepa-
rately. Additionally, due to the same reason, we focused on
analyzing C-band results more than L-band time-series products.
4. Results and discussion

The water level in the subsurface has been monitored at wells
densely located in Tucson (operated by USGS Water Resources of
Arizona). Because many wells were installed before 1980s, a



(a) (b)

(c) (d)

Fig. 10. Monthly compaction (blue dots) from October, 2005 to September 2012, and subsidence (red circles) estimated from ERS/ENVISAT and ALOS SBAS processing at
monitoring stations of (a) WR53, (b) X419, (c) XAVIER, and (d) 23CBA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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long-term monitoring related to groundwater extraction has been
possible (i.e. Fig. 8; 10-year interval groundwater level). The
groundwater level from 1980s to 1990s (Fig. 8(a)) was dramatically
dropped as much as 25 m, and the region of groundwater with-
drawal was concentrated on a major residential area in Tucson.
The amount of groundwater extraction was gradually reduced dur-
ing 1990s (Fig. 8(b)), and the water level during 2000s (Fig. 8(c))
was recovered into a slight increase as a result of an artificial
recharge into the aquifer-system. For 30 years between 1980s
and 2010s (Fig. 8(d)), most of water decline occurred during the
first 10 years: the maximum water decline exceeded 25 m, and
most parts except the southern area had water level decrease of
approximately 12 m.

The annual GPS survey campaign was conducted in multiple
sites (red crosses in Fig. 9(a)), and the extensometers (blue crosses)
measured the compaction of aquifer-system. The GPS-survey tech-
nique primarily estimated the vertical deformation from measured
ellipsoid heights, and the increased compaction measured by
extensometers implies downward land surface motion between
land surface and the depth at which the bottom of the extensome-
ter is anchored (Carruth et al., 2007). The extensometer data was
acquired from USGS monitoring sites, and the annual GPS survey
data is from previous USGS report (Pool and Anderson, 2008;
Carruth et al., 2007). The green arrows (Fig. 9(b)) describe the com-
paction at the extensometer monitoring sites, and the length of
arrows describes the amount of compaction from October, 2005
to September, 2012. Although there is a small number of exten-
someters, the region affected by large groundwater extraction indi-
cates large compaction possibly leading to ground subsidence. The
vertical deformation measured from annual GPS survey varies
among station locations, and the maximum subsidence between
1998 and 2005 reached 9.14 cm (Fig. 9(b)).

From the results of ERS/ENVISAT SBAS processing (Fig. 5), a
noticeable land subsidence occurred in the center of Tucson city,
around Davis Monthan Air Force Base, and near the Tucson inter-
national airport. The deformation maps show the cumulative land
surface motion with respect to the acquisition date of the first SAR
image (June, 22, 1993). The vertical deformation in the center of
Tucson city is about 14–20 cm during 17-year period from 1993
to 2010, and the maximum subsidence of 24 cm occurred in the
northern area of Tucson international airport. ALOS SBAS InSAR
processing (Fig. 6) has allowed us to obtain time-series of vertical
deformation from the first ALOS acquisition date (October, 17,
2009). The pattern of accumulated subsidence from ALOS InSAR
pairs is different from that of ERS/ENVISAR processing due to the
difference in the time-span and sensitivity to small subsidence.
The linear deformation rates are calculated from the SBAS results
derived from the 2 datasets separately, ERS/ENVISAT (Fig. 7(a))
indicate the maximum subsidence rate of 1.6 cm/year during
17 years, and ALOS SBAS processed results (Fig. 7(b)) delineate slo-
wed maximum subsidence rate of 0.6 cm/year between 2009 and
2011 (Note that The PALSAR products in Figs. 6 and 7 are noisier
than the ERS/ENVISAT results due to narrower color range).

When the compaction from extensometers and time-series of
subsidence from SBAS processing are compared (Fig. 10), the
ERS/ENVISAT and ALOS results of land subsidence from 2006 to
2011 have general agreement at stations of WR53 and X419,
though both show difference between estimated deformation
and compaction at XAVIER and 23CBA. When we focus on the
ERS/ENVISAT SBAS InSAR-derived deformation (Fig. 10) in time-



Fig. 11. Vertical displacements from ERS/ENVISAT (black squares) and ALOS (red dots) SBAS processing, and GPS ellipsoid height change (blue diamonds) from 1999 to 2005
at stations of (a) B7A, (b) WR56A, (c) WR142, (d) X419, (e) C45, (f) MAGNETIC, (g) WR53, and (h) WR52. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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series, the subsidence in WR53 is about 0.8 cm with the com-
paction of 0.5 cm, and the vertical surface motion and compaction
has a similar amount. Based on only the extensometer measure-
ments, it is hard to determine the accuracy of SBAS InSAR process-
ing (RMSE (Root Mean Square Error) 0.37 ± 0.11 cm). When
considering the characteristics of the extensometers that cannot
measure the subsurface change below the bottom of the device,
the comparison is within a category of general agreement. The
vertical displacements from ERS/ENVISAT and ALOS SBAS InSAR
processing and ellipsoid height change since 1998 (Pool and
Anderson, 2008) are compared (Fig. 11). The accuracy of vertical
measurement using GPS technology (error bars in Fig. 11) is
assumed to be 2.032 cm (Carruth et al., 2007). In most monitoring
stations, the results from GPS survey and SBAS InSAR show a simi-
lar pattern over time, and the SBAS-derived deformations are
within the uncertainties of GPS measurements. Also, though
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ALOS pairs span only a short time period, the results from both
ERS/ENVISAT and ALOS SBAS InSAR processing are in a good agree-
ment. In sites of B7A, WR56A, WR142, X419, and C45, both of GPS
and SBAS InSAR-derived deformation describes the ground subsi-
dence due to the groundwater extraction. However, in some places
of MAGNETIC, WR53, and WR52, the ground was in uplift and it
could be attributed to rebounding of ground surface after ground-
water recovery.

The temporal groundwater elevation measured at wells was
also compared with ERS/ENVISAT SBAS-processed vertical dis-
placement (Fig. 12). The pattern of groundwater elevation change
was observed in most wells of Tucson. The groundwater level
was declining until 2003, and an artificial recharge and reduced
consumption of groundwater brought out the recent increase of
water table. At station WR56A, the ground subsidence was about
15 cm during observation period. The surface is still subsiding after
2003 despite less rapidity. The continuous subsidence implies that
the subsidence could be affected by delayed compaction and
inelastic behavior, while the deformation is not recovered but per-
manent. In WR52, the land surface with increased groundwater
level is in uplift. It indicates that the displacement in the location
is elastic, while the increase of groundwater caused a recovery of
subsurface.

The contour deformation map (Fig 13(a))) delineates several
major subsidized regions affected by groundwater extraction. A,
B, and D regions are near the center of Tucson city, C is close to
Davis Monthan Air Force Base, and E region is around the northern
part in Tucson International Airport. A and B regions have the sub-
sidence of about 14 cm, and C and D areas are affected by 4 cm
subsidence. E regions have the maximum subsidence exceeding
20 cm during 17-year span. When comparing the contours of
water level changes and linear deformation map (Fig. 7), and the
subsidence map (Fig. 14(a)), A and B regions are close to the areas
of maximum water level changes (up to 24 m) since 1980s. C and
D areas are overlapped with a region of relatively small water
level change (up to 10 m). Because the change of groundwater
and surface motion is correlated, the result explains that the
groundwater level change caused the ground deformation in A,
B, C, and D. On the other hand, other areas with large water level
change do not have a significant subsidence. The reasonable
assumption is that clay thickness is not sufficient for sensitive
response to the change of aquifer-system in the subsurface, or a
soil layer is over-consolidated and incompressible and the surface
Fig. 12. Time-series vertical deformation (red circles and lines) from ERS/ENVISAT SBAS p
WR52. (For interpretation of the references to colour in this figure legend, the reader is
is very stabilized. E region with maximum subsidence is another
exception, because the groundwater level change is not highly
correlated with subsidence. The E region in Figs. 8(d) and 9(b) is
in the mix of increase and decrease of groundwater level, and
the change of aquifer-system may not be a major cause of large
subsidence. Possibly, the human construction of roads, buildings,
and airport can cause a large vertical deformation in E region,
but, currently, it is not clear which factors mostly affected the ver-
tical deformation in E area.

One of great advantages of SBAS InSAR processing is that it
could estimate vertical deformation between two particular acqui-
sition dates. The difference of cumulative deformations of two par-
ticular dates can delineate temporal evolution of subsidized areas
in Tucson. Images in Fig. 13(b)–(g) are generated from the differ-
ence of deformation maps (Fig. 5) with about three-year interval,
estimated from ERS/ENVISAT SBAS InSAR processing. Red-colored
regions in Fig. 13(b)–(g) mean ground subsidence, and dark red
color is approximated as maximum subsidence. Between 1996
and 1999, B and E region shows maximum subsidence exceeding
1.6 cm. During the span of 1999 and 2002, the maximum subsi-
dence (dark red) of B and E embraces the largest area in Tucson.
Between 2004 and 2007 (Fig. 13(f)), the subsidence rate of A and
B is slowed down, but the C region has enlarged subsidence area
since 1999. The recent observation (Fig. 13(g)) indicates a slowing
subsidence in most regions of Tucson. The subsidence in A region is
almost disappeared, and B region shows only a small subsidence
less than 1 cm. The C region near Davis Monthan Air Force Base
shows still growing subsidized region from 1999 to 2010. The sub-
sidence area in E region between 2007 and 2010 is much smaller
than the areas during other periods. Due to the similar time span,
the Fig. 13(g) is well fitted to the result from ALOS SBAS InSAR pro-
cessing in Fig. 7(b), characterizing a major subsidence in B, C, and E
region. The profile along the lines of a–a’, b–b’, c–c’, and d–d’ in
Fig. 13(c) characterizes the features of slowing-down subsidence
in Tucson (Fig. 14). The B and E region shows the most prominent
subsidence (�5 cm) of 3-year interval from 1993 to 2010. In most
regions, the subsidence between 1996 and 1999 is most significant
and the displacement from 2007 to 2010 is less than that from
other 3-year periods. However, the subsidence of C region was
recently developed between 2007 and 2010 in contrary to other
regions. The images in Fig. 14 attest that the subsidence in most
areas is gradually slowing down due to the recharge of
groundwater.
rocessing and groundwater elevation (blue dots and lines) measured in WR56A and
referred to the web version of this article.)



Fig. 13. (a) Contour in a plain view of ERS/ENVISAT SBAS InSAR-derived vertical deformation during 17-year span (A, B, C, D, and E regions are mostly affected by ground
subsidence), and 3-year interval ERS/ENVISAT SBAS InSAR-derived vertical deformation of (b) 1993.11.09–1996.11.22, (c) 1996.11.22–1999. 11.12, (d) 1999.11.12–
2002.04.05, (e) 2002.04.05–2004.12.10, (f) 2004.12.10–2007.10.26, and (g) 2007.10.26–2010.09.10.
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(c) (d)

Fig. 14. 3-year interval vertical displacements along the profiles of (a) a–a0 , (b) b–b0 , (c) c–c0 , and (d) d–d0 in Fig. 13(c).
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5. Conclusion

Our multi-sensor SBAS InSAR processing delineated a long-term
development of the vertical deformation from 1993 to 2011,
though ALOS InSAR pairs covered a relatively short time period
between late 2009 and 2011. Most analyses focused on products
from ERS/ENVISAT SBAS processing due to a longer time-span
and high sensitivity to small and slow-developing subsidence.
Although there is no a ‘‘real’’ ground-truth reference in our interest
area, the compaction from extensometer the ellipsoid height
changes measured by the annual GPS survey show a similar pat-
tern with land subsidence estimated from SBAS processing in spite
of differences in certain stations. The 3-year interval maps of ver-
tical deformation reveal the characteristics of subsidence, which
had occurred in Tucson. The subsidence during mid- and late-
1990s was significant around the large groundwater-withdrawal
areas, but our results imply that the recent subsidence in most
areas of Tucson is slowing down and is about to cease, based on
the estimation between 2007 and 2010. The halting subsidence is
attributed to an intense effort to conserve groundwater, because
Tucson is recharging groundwater supplies by running part of its
share of Central Arizona Project (CAP) water into various open por-
tions of local rivers to seep into their aquifer (Pool and Anderson,
2008). However, the human activities and still-progressing
groundwater extraction can be critical for the turn-around of cur-
rent ceasing subsidence and future development of deformation.
Our study has demonstrated that the SBAS InSAR processing is
valuable for estimating slow subsidence caused by spatio-temporal
responses of aquifer system. However, in this study, we assumed
that groundwater withdrawal is the most dominant factor in the
subsidence of Tucson. Moreover, the human activities (i.e. con-
structing buildings and airports) except groundwater use and other
natural factors were not elaborately considered, but the future
study should focus on unraveling more parameters, which are
related with ground motions. Additionally, the future dense tem-
poral and high-resolution SAR observations from Sentinel-1,
TerraSAR-X, and ALOS-2 PALSAR-2 will help to obtain more precise
measurements and find more robust relationship among ground
deformation in Tucson, groundwater extraction, and other
parameters.
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