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Abstract: Correct use of multi-temporal Interferometric Synthetic Aperture Radar (InSAR) datasets
to complement geodetic surveying for geo-hazard applications requires rigorous assessment of their
precision and accuracy. Published inter-comparisons are mostly limited to ground displacement
estimates obtained from different algorithms belonging to the same family of INSAR approaches,
either Persistent Scatterer Interferometry (PSI) or Small BAseline Subset (SBAS); and accuracy as-
sessments are mainly focused on vertical displacements or based on few Global Navigation Satellite
System (GNSS) or geodetic leveling points. To fill this demonstration gap, two years of Sentinel-1
SAR ascending and descending mode data are processed with both PSI and SBAS consolidated
algorithms to extract vertical and horizontal displacement velocity datasets, whose accuracy is then
assessed against a wealth of contextual geodetic data. These include permanent GNSS records,
static GNSS benchmark repositioning, and geodetic leveling monitoring data that the National
Institute of Statistics, Geography, and Informatics (INEGI) of Mexico collected in 2014—2016 in the
Aguascalientes Valley, where structurally-controlled land subsidence exhibits fast vertical rates (up
to —150 mm/year) and a non-negligible east-west component (up to 30 mm/year). Despite the
temporal constraint of the data selected, the PSI-SBAS inter-comparison reveals standard deviation
of 6 mm/year and 4 mm/year for the vertical and east-west rate differences, respectively, thus
reassuring about the similarity between the two types of InNSAR outputs. Accuracy assessment
shows that the standard deviations in vertical velocity differences are 9—10 mm/year against GNSS
benchmarks, and 8 mm/year against leveling data. Relative errors are below 20% for any locations
subsiding faster than —15 mm/year. Differences in east-west velocity estimates against GNSS are on
average —0.1 mm/year for PSI and +0.2 mm/year for SBAS, with standard deviations of 8 mm/year.
When discrepancies are found between InNSAR and geodetic data, these mostly occur at benchmarks
located in proximity to the main normal faults, thus falling within the same SBAS ground pixel or
closer to the same PSI target, regardless of whether they are in the footwall or hanging wall of the
fault. Establishing new benchmarks at higher distances from the fault traces or exploiting higher
resolution SAR scenes and/or InNSAR datasets may improve the detection of the benchmarks and
thus consolidate the statistics of the INSAR accuracy assessments.

Keywords: InSAR; GNSS; leveling; Sentinel-1; ground deformation; land subsidence; validation;
PSI-SBAS inter-comparison; accuracy; Mexico

1. Introduction

Monitoring land changes and deformation is of paramount importance to understand
solid Earth’s processes, especially those that are caused or exacerbated by anthropogenic
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activities and currently represent global challenges (e.g., [1,2]). Among the various sur-
veying methods, two-pass and multi-temporal Interferometric Synthetic Aperture Radar
(InNSAR) techniques started to be exploited in the 1990s [3,4]. These techniques are now
well-established and increasingly used by the geoscience community for scientific applica-
tions, as well as more operational tasks, such as monitoring and mapping services at a local
to continental scale (e.g., [5-10]). They are also exploited by practitioners and professionals
(civil protections, topographers/surveyors, geographers, engineers, oil and gas companies;
e.g., [11,12]), with the aim to complement traditional methods based on geodetic surveying.

For a correct use of INSAR datasets, their quality must be assessed through the rigorous
analysis of their precision and accuracy. The first is typically identified in terms of the
standard error of the displacement estimates with respect to the linear model or the
displacement velocity standard error. It depends on the quality of the scatterers (e.g.,
their coherence) and the number of available observations (e.g., [13-15]). On the other
hand, accuracy indicates the systematic errors of INSAR estimates against the true values
(or external independent measurements). It is usually evaluated by comparing InSAR
products with independent geodetic monitoring data that are used as reference. As such,
accuracy can inform about the capability of InNSAR to provide reliable estimates on the
deformation process under investigation.

Some studies analyzed the quality of Sentinel-1 InSAR-derived ground datasets and
found evidence of achievable sub-centimeter accuracy for single displacement records in
the time series, and sub-millimeter accuracy for annual displacement rates. These studies
were based on tailored experimental setups with controlled displacements at artificial
corner reflectors (e.g., [16,17]), investigation field sites monitored with continuous Global
Navigation Satellite System (GNSS) stations (e.g., [18,19]), static GNSS surveying (e.g., [20]),
or also using more extended geodetic leveling networks (e.g., [21]). By means of GNSS
data, it was shown that the accuracy of Sentinel-1 InSAR time series against continuous
monitoring records projected along the satellite Line-Of-Sight (LOS) is less than 8 mm [18]
or even 5 mm [22], and that INSAR-derived vertical displacement velocities can differ by
only a few millimeters per year against GNSS, even at fast subsiding sites [23].

Beyond the above cited papers, it is still rare to find in the literature studies where the
accuracy of InNSAR estimates is addressed. This work aims to contribute to the discussion
in this field, to provide further evidence on the reliability of INSAR-derived displacement
velocity estimates, as well as key limitations that should be accounted for when using these
methods and datasets for land deformation monitoring. To achieve this goal, we selected
the Aguascalientes Valley in central Mexico (Figure 1), an 80 km-long tectonic graben
delimited by a system of N-S oriented normal faults [24]. Its unconfined aquifer system,
which is formed by alluvial and fluvial graben-fill sediments, compacts as an effect of
groundwater exploitation and piezometric level decline [25]. Surface faulting and fractures
have developed in areas of greater differential settlement, inducing damage to urban
infrastructure in both the capital city Aguascalientes and other towns and villages built
across the valley, e.g., Jestis Maria and San Francisco de los Romo [26]. The widespread and
well-marked land subsidence pattern and the range of deformation rates involved (reaching
—150 mm/year along the vertical and £ 30 mm/year along the east-west direction [27]),
provide an ideal setting for such an analysis.

Recent studies have used continuous GNSS data recorded at the two permanent
stations that are deployed within the Aguascalientes Valley to understand the long-term
behavior of the land subsidence process [28,29], and validate INSAR-derived estimates
of vertical displacements and displacement rates [27,30]. Records at these stations have
shown land subsidence rates as high as “90 mm/year, with significant trend variations
in the medium and long-term [31]. Observed differences in the vertical rates estimated
via Sentinel-1 INSAR and GNSS in 2015-2020 at these two stations were of only 0.1 and
0.5 mm/year [27], and at each epoch across the time series they were sub-centimetric [30].
However, such figures were based on a single or maximum two validation points only,
in line with approaches used in other areas of interest worldwide. An improved under-
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standing of the accuracy of INSAR estimates could be achieved by using an extended
number of quality control points across the valley, also involving a wider range of vertical
displacement rate values, not only within the main subsidence area, but also at its margins
and beyond.

Geodetic Stations

A
Y

GNSS Permanent
GNSS Monitoring
Levelling

102°45'W

102°30'W 102°15'W 102°0'W 102°20'W 102°15'W

22°0'N

&
7. N ;
o4

: 4 . ¥ SRy
= il A :
RINCONIDE[ROMOS L% o- Wiz

21°55'N

21°50'N

A2 A1

102°30'W 102°15'W 102°0'W 102°20'W T 102°15W

Figure 1. Location of geodetic stations in Aguascalientes state (a) and in Aguascalientes city in detail (b). The study area is

near the geographic centre of Mexico, 340 km north-west from Mexico City. Red lines in the maps are the trace of faults
detected up to 2015 [32], and green lines are the footprints of subswaths 1 and 2 of the Sentinel-1 IW beam mode images
acquired along ascending and descending orbits.

Geodetic data acquired by the National Institute of Statistics, Geography, and Infor-
matics (INEGI) of Mexico over the last decades in Aguascalientes provide an exceptional
dataset to trial such an assessment and validate INSAR-derived displacement velocities.
Among its duties, INEGI is responsible for regulating and coordinating the national system
of statistical and geographical information and for collecting and disseminating informa-
tion about the territory. Its departments in charge of establishing and maintaining the
geodetic reference frames regularly carry out precise geodetic leveling and GNSS surveys
to densify the geodetic networks that provide the georeference base to support cartography,
cadastral, and engineering projects. The maintenance of the reference frames includes
geodetic surveys at network benchmarks to monitor ground deformation processes that
affect the consistency of the networks. Some years ago, INEGI also started trialing INSAR
methods to monitor land subsidence affecting major cities in central Mexico (e.g., [29,33]),
towards embedding the technique into their geodetic methods to monitor deformation
across the country.

A high-level comparison between the findings from the 1985-2004 traditional to-
pographic surveys and Global Positioning System (GPS), and 20062015 static GNSS
surveying on one side [33,34] and the 2015-2020 Sentinel-1 InSAR analysis on the other
confirmed the agreement between the rates that were observed at a few locations across
the valley [27]. However, the different time periods of the geodetic and InNSAR datasets did
not enable a rigorous quantitative comparison, given the marked non-linear deformation
behavior that was recorded within the subsiding area and the temporally varying rates
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over the different years. Moreover, none of these studies on Aguascalientes assessed the
quality and accuracy of the derived east-west displacement field map, which can be easily
generated when InSAR output datasets from two viewing geometries, one in ascending
and one in descending mode, are combined.

Beyond the Aguascalientes experimental test, the present research aims to bring in a
contribution to the wider field of INSAR science and Sentinel-1 based investigations, given
that until today, only a limited set of studies have attempted the analysis of the accuracy of
InSAR-derived horizontal displacements (e.g., [16,35,36]). This lack of published studies
persists, although the Sentinel-1 pre-defined observation scenario and rich data archive
in both viewing modes (ascending and descending) covering a large proportion of the
landmass [37] have boosted the opportunity for scientists and geodesists to generate
east-west displacement rate products at different locations in the world where contextual
geodetic data may be available for validation.

To contribute to addressing these knowledge gaps, in this paper, the accuracy of
both the vertical and east-west displacement maps obtained from multi-temporal INSAR
analysis are assessed using precise displacement records from long-term GNSS surveys
at two permanent stations and tens of benchmarks, and from geodetic leveling on more
than two hundred benchmarks deployed across the Aguascalientes Valley (Figure 1). To
the best of our knowledge, this is the first time that an accuracy assessment has been done
for the east-west displacement field, at least with such an extended number of validation
points and data.

Both a low-pass and a full-resolution InNSAR processing approaches were used to trial
the assessment on two different spatial scales. Moreover, an inter-comparison between
the output datasets from the low-pass and full-resolution InNSAR analysis was carried out
to verify the consistency between the output datasets and to understand any impact on
the dataset quality due to the selected processing method. The drawbacks of the spatial
resolution of INSAR datasets in relation to ground deformation rates that are rapidly
varying in space are discussed. This is a key aspect of concern in faulted basins such as the
Aguascalientes Valley, where the subsidence pattern is structurally controlled and shows
significant horizontal gradients.

2. Materials and Methods
2.1. SAR Data and Multi-Temporal InSAR Processing

Two stacks of C-band Sentinel-1 SAR data were used for this research. The scenes were
acquired with 5.405 GHz center frequency (i.e., 5.547 cm wavelength, A) in right-looking
mode, using the Interferometric Wide (IW) imaging mode. This is based on the Terrain
Observation with Progressive Scans (TOPS) approach and uses LOS incidence angles (6)
varying from 31° (near range) to 46° (far range), i.e., ~39° at scene center. IW imagery is
characterized by 250 km swath width, and 2.3 m pixel spacing in slant range and 14.1 m in
azimuth, i.e., 5 m ground range and 20 m azimuth single-look resolution [38].

The two IW stacks that were used span the first two years of the Sentinel-1 mission
from the beginning of operations until October 2016, and in particular include: 24 scenes
acquired along descending track 114 in 25 October 2014-20 September 2016, and 22 acquired
along ascending track 151 in 16 October 2014-29 October 2016 (Figure 1). Both were
characterized by nominal site revisit of 12 days and VV single polarization, as per the
predefined observation scenario over central Mexico during the operations ramp-up phase
of Sentinel-1A, which began in late 2014 and lasted until October 2016 [39]. Despite the
availability of a much longer series of Sentinel-1A and Sentinel-1B data acquired over the
area of interest until today, the temporal coverage of the two stacks for this study was
selected to match the period covered by the GNSS benchmark surveying and geodetic
leveling. This was an important requirement to allow a fair and robust comparison and
accuracy assessment (see Section 3.4), given that significant temporal variations were
recorded in the surface deformation trend over the last decades from recent InSAR studies
as well as at the permanent GNSS stations deployed within the valley [27,30,31].



Remote Sens. 2021, 13, 4800

50f 28

The multi-temporal InNSAR processing of the input stacks followed two main ap-
proaches, to gather a first low-pass assessment based on the Small BAseline Subset (SBAS)
method [40] at medium resolution and then a spatially enhanced estimation based on
the Persistent Scatterer Interferometry (PSI) approach [41]. The latter aimed to bring the
analysis to the local scale and depict sharp velocity gradients where the displacement field
changes very rapidly in space, for instance near and at the main faults.

The SBAS analysis exploited the Parallel-SBAS (P-SBAS) workflow by [22,42] and
was run within ESA’s Geohazards Thematic Exploitation Platform (Geohazards TEP, also
known as GEP) [43]. Image co-registration was implemented at single burst level and by
guaranteeing accuracy in the order of 1/1000 of the azimuth pixel size. Interferograms
were formed using short temporal baseline pairs, while the narrow orbital tube addressed
the small perpendicular baseline requirement. Phase noise was reduced via 20 by 5 multi-
looking in the range and azimuth directions, thus resulting in ~80-90 m ground pixels.
Topographic phase components were subtracted from the interferograms based on the
30 m resolution Shuttle Radar Topography Mission (SRTM) digital surface model [44].
Studies conducted at other locations [23,45] proved the suitability of the above technical
parameter settings in the GEP for land subsidence investigations. The workflow described
in [22] was then followed to mosaic the burst interferograms to the sub-swaths and,
afterwards, to the complete extent of the scene, carry out noise-filtering, select optimized
triangular networks of interferograms, identify coherent targets, and estimate their LOS
displacement rates (V] og) and time series.

PSI processing was performed using the Stanford Method for Persistent Scatterers
(StaMPS) software [46], while the steps of applying orbits, subswath splitting, coregistration,
and interferogram formation of ascending and descending stacks were conducted in the
Sentinel Application Platform (SNAP) v.8.0 using the SITBX - ESA Sentinel-1 Toolbox [47].
The data for PSI processing was prepared using an amplitude dispersion index threshold
of 0.42 [41], and for the phase noise estimation for the pixels in the interferograms a filter
grid size of 30 m was applied. After the selection of the Persistent Scatterers (PS), the
resampling of interferograms for phase unwrapping was done using a grid spacing size
of 40 pixels in the input parameters to avoid phase unwrapping errors due to phase over-
smoothing in pixels along the trace of the faults. Interferograms were corrected for spatially
correlated look angle errors [48] and for linear tropospheric corrections, computed using the
Toolbox for Reducing Atmospheric InNSAR Noise (TRAIN; [49]) before phase unwrapping.
Spatial (3D) phase unwrapping was performed using statistical models for cost functions
in SNAPHU (Statistical-cost, Network-flow Algorithm for Phase Unwrapping; [50]).

The four output datasets (namely, two from the SBAS and two from the PSI anal-
ysis) were referenced to the same location in the eastern sector of the city (+21.854° N,
—102.254° E; WGS84 datum), i.e., to the east of the Oriente fault, a zone that was typically
adopted as reference in other InSAR studies, e.g., [51].

Separately for the SBAS and PSI results, the LOS displacement rates from the ascending
and descending mode analysis were combined to estimate the vertical or up (Vy;) and
the east-west (V) deformation fields, under the assumption of negligible north-south
deformation rates (Vy), i.e., Viy = 0. The latter was a generally suitable assumption, as the
V recorded at the two above mentioned permanent GNSS stations in Aguascalientes was
an order of magnitude lower than V; and typically limited to ~2 mm/year in 2000—2020.
The combination approach followed the workflow used for past studies in Aguascalientes
and other Mexican cities [23,27,52], and is briefly recalled here for convenience of the
readers (Figure 2). The Vipg from the ascending and descending mode results at each
target i (V4; and Vp;, respectively) were used to estimate its Vy;; and Vp; as follows:

Ep,Va. —Ex Vp,

Vu — Dl Al Al Dl (1)
' EpUa, — E4Up,
Uy, Vp, — Up. Vy,

VE J— Al Dl Dl Al (2)

a Ep,Uys; — Ea,Up;
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where E; and U; are the E-W and vertical directional cosines of the Sentinel-1 IW LOS at
the position of target i in the ascending (A) and descending (D) mode, respectively. These
can be computed as: E; = —coswa;sinf;, and U; = cosf;, where «; is the heading angle of the
satellite flight direction (Figure 2a,b). Their values will depend on the relative location of
the target within the image footprint and its distance from the near and far range. Within
the investigated area, the values of U4; range between +0.73 and +0.77, and Up; between
+0.72 and +0.76, depending on the local value of 8, whereas E4; values range between
—0.62 and —0.67 and Ep, between +0.64 and +0.68, mostly controlled by the 6, as the cosine
of the heading angles are very similar in the two geometries (but with opposite sign).

(+) cos(0;)

sin(a ;)sin(0;)

iShe
7)

£
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Figure 2. Orientation of the satellite Line-Of-Sight (LOS) in (a) the horizontal plane and (b) 3D, and (c) projection of the

-
velocity vector V along the LOS. The sketches refer to a descending orbit and the right-looking acquisition geometry. LOS

orientation is according to the established assumption of negative displacement values indicating movements away from

the sensor. Directional cosines refer to a unit vector 1 (with length = 1). Notation: &, heading angle; 8, incidence angle.

At locations where targets were identified from only one viewing mode, either ascend-
ing or descending, a simplified approach was used to estimate the Vy;, under the additional
assumption that Vg = 0:

_ Vios,
Uros;

Vi, ®)
The latter is the most common formula used in InSAR studies to derive vertical
displacement rates based on LOS estimates, though it may introduce large errors in areas

where horizontal rates are not negligible [35,53].

2.2. GNSS Benchmark Monitoring and Data Processing

The two permanent GNSS stations in Aguascalientes city are INEG (+21.856° N,
—102.284° E; Figure 3a), one of the National Active Geodetic Network (RGNA) stations
operated by INEGI, and UAGU (+21.919° N, —102.315° E), a more recent station whose data
is provided by the Trans-boundary, Land and Atmosphere Long-term Observational and
Collaborative Network (TLALOCNet; [54]) operated by the Servicio de Geodesia Satelital
(SGS) at the Instituto de Geofisica — Universidad Nacional Auténoma de México (UNAM)
in collaboration with UNAVCO Inc. INEG station has provided relevant information about
subsidence rates and its variability in time since its establishment in 1993 [33,34,55], and
coordinate time series of both stations have been used as the most confidence geodetic
data source to verify INSAR derived subsidence rates in Aguascalientes city. For a broader
vision of the subsidence, prior to the implementation of INSAR techniques, a network of
geodetic stations (Figure 3b,c) was established in the city, where periodic dual-frequency
GPS repositioning campaigns have been performed since 2003 [34]; in the fall of 2006, the
repositioning was extended adding new stations along the valley. In May 2016, the old GPS
dual frequency receivers at INEG and the ones used for benchmark repositioning were
replaced with new Leica G514 GNSS multifrequency equipment that offers an accuracy for
static surveying of 3 mm + 0.5 ppm in horizontal and 5 mm + 0.5 ppm (root mean square)
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in vertical. Static surveys at benchmarks were performed acquiring 2-3 h of observations;
the length of the baselines formed from benchmarks to the permanent stations, INEG and
UAGU, ranges between 1 and 50 km. GNSS measurements at the 82 benchmarks were
suspended in fall 2016; the data used for this study are from survey campaigns that overlap
with Sentinel-1 data availability, carried out in September 2014, January 2015, June 2015,
October 2015, January 2016, June 2016, and October 2016. Benchmark distribution and the
location of permanent stations are shown in Figure 1.

Figure 3. (a) INEG permanent station monument; (b) typical benchmark for GNSS and leveling
network stations, and (c) monitoring benchmark surveying using geodetic GNSS receivers.

Previous calculations of subsidence rates at geodetic benchmarks were performed
differentially post-processing the GNSS data in different International Terrestrial Reference
Frame (ITRF) realizations using vendors software. For this study, data from static surveys
were reprocessed in ITRF2014 [56], along with INEG, UAGU, and four other permanent
GNSSS stations (the nearest to the study area) using the software suite GAMIT/GLOBK
v.10.71 [57]. Results from GAMIT/GLOBK differential processing showed accuracy im-
provement in north and east velocities for the monitoring benchmarks. In GAMIT/GLOBK,
the velocities for INEG and UAGU were computed using daily data only for common
periods of surveys at benchmarks, and its previous velocities from time series, for the
period September 2014-October 2016, were affected by the antenna model change in May
2016; thus, harnessing all the data available for the period 2014—2016 and the quickness
of the Precise Point Positioning (PPP) method [58,59], INEG and UAGU velocities for the
period of interest were also calculated from PPP daily solutions using GPSPACE, developed
by the Canadian Geodetic Survey (CGS).

Strategies for GNSS data processing included the use of satellite precise orbits [60],
Earth orientation parameters, receiver and satellite clock corrections, absolute phase center
variation models for receiver and satellite antennas [61-63], ocean and Earth tidal loadings,
and corrections for atmospheric effects [64,65]. The accuracy of static GNSS surveys greatly
depends on factors as positioning time, baseline length, and survey conditions, providing
sub-centimeter to centimeter order accuracy in north and east, and height accuracies from
2 to 4 times the horizontal accuracy, depending also on processing procedures. Uncertainty
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of velocity estimates is reduced proportionally to the number of available measurements;
mean 1 sigma uncertainties for east, north, and up velocities at the benchmarks, that
account for at least five measurements, were 2.8, 2.6, and 11.3 mm/year respectively, while
uncertainties for INEG and UAGU velocities were 0.2 and 0.3 mm/year in east, 0.1 and
0.2 mm/year in north, and 0.5 and 1.1 mm/year in height. In order to get only local
horizontal velocities at GNSS permanent stations and benchmarks, comparable to InNSAR
north and east velocities, the plate velocity rates at each GNSS station in both components
was subtracted from the GNSS velocity rates derived from coordinates time series. Plate
velocity rates were computed using the ITRF2014 plate motion model [66].

2.3. Geodetic Leveling

In addition to repeated GNSS measurements, INEGI also performed yearly geodetic
leveling surveys to monitor the vertical component of the deformation. Precise leveling
surveys started in 2006 over some leveling lines across the city. The leveling surveys are
performed using automatic digital levels and invar rods (Figure 4) and observing the
standards for first order-class II procedures established in the Methodological Guide of the
Vertical Geodetic Network [67], which consider double run survey of leveling lines.

Figure 4. Equipment used by INEGI to perform the geodetic leveling surveys: (a) Leica DNAO3
automatic digital level, (b) level rod with invar bar-code, and (c) benchmark leveling.

The procedures before (instrument collimation), during (double run, alternated back
and forward lectures, etc.), and after (orthometric correction and least squares adjustment)
the measurements minimize the main sources of errors such as rod temperature and
curvature and refraction errors as well as other systematic errors. The tolerance error for
first order-class Il survey of a section of 2 km (maximum) line length is 4 mm+/K, and for an
entire leveling line is 5 mm+/K, where K is the length in kilometer units. Considering these
tolerances and that in the leveling lines used for this study there are 1.5 benchmarks per km
in average, this leads to estimated errors for benchmark heights of 2 mm as a maximum.
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Leveling height velocities used for INSAR comparison at the location of the 202 benchmarks
were estimated from surveys carried out during 2015 and 2016 using Leica DNAO3 electronic
digital levels and rods provided with invar bar code that allows a resolution of 0.01 mm in
electronic height measurements, and offers a height accuracy of 0.3 mm (standard deviation)
per 1 km double run measurements. The heights of leveling benchmarks of the vertical
geodetic network are referred to the North American Vertical Datum of 1988 (NAVDSS); for
this study, the heights are propagated in the adjustment from benchmarks located outside
the area affected by subsidence, where stability was verified through previous leveling
surveys. The location of leveling benchmarks is shown in Figure 1. Fifteen of the leveled
benchmarks also account for GNSS repositioning for the period September 2014-October
2016, yet the SBAS and PSI targets cover only ten of these benchmarks.

3. Results
3.1. Coverage of InSAR Outputs and Target Visibility

The fact that Aguascalientes state is located in a semi-arid region of Mexico may be
considered as an advantage to apply INSAR methods. However, there are agriculture areas,
mainly at the north of the valley, where interferograms are affected by low coherence;
although scarce and small, there are also permanent vegetation areas where identification
of reflective targets is limited.

The results after the multi-temporal INSAR processing show that within the state
boundary (~5628 km?), the density of the retrieved coherent targets from the low-pass
analysis with the SBAS method is on average 55 targets/km? for each dataset, ascending
and descending. These average figures account for not only the fact that sparse target
networks are found in rural areas, but also that very dense target distributions are obtained
within the capital city Aguascalientes, other towns, and bare lands within the state. In
these zones, up to ~130 targets/km? are retrieved (hence the maximum density that can be
achieved with the ~90 m ground resolution of the output datasets). The PSI method enables
the enhancement of the output targets density up to 790 PS/km? on average across the state
boundary. Maximum PS densities are achieved within the city, with up to 2696 PS/ km?,
while in general, the densities are ~740 PS/km? within the valley and in the rural regions.

Regarding the geodetic benchmarks, the permanent stations (INEG and UAGU) are
located over the roof of buildings with suitable reflectivity conditions for INSAR methods.
This setup guarantees their coverage with results from both the SBAS and PSI analyses.
Similarly, most of the geodetic stations used for GNSS monitoring surveys are covered
as well, because they are located in urban areas and, usually, the sites chosen to establish
GNSS stations are free from nearing objects that may obstruct or affect the signal emitted
by GNSS satellites (e.g., trees and water bodies). Some GNSS stations in agriculture areas,
where no targets were obtained in the SBAS processing, were discarded for the subsequent
comparative analysis. On the other hand, even though the establishment of leveling
benchmarks was not limited to sites away from trees, all of them were next to or along
roads or streets whose reflective conditions were suitable for INSAR methods.

3.2. Observed Displacement Field

Minimum and maximum V] pg observed within the state with the SBAS analysis
were —99 and +19 mm/year for the ascending dataset and —93 and +28 mm/year for
the descending one. After the combination of the two datasets and the estimation of the
vertical and east-west displacement rates (see Section 2.1), the observed minimum and
maximum rates were —139 and +30 mm/year for the Vi; and —30 and +27 mm/year for
the Vg (Figure 5).
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Figure 5. SBAS results: displacement velocity in 2014—2016 along the (a) vertical Vi; and (b) east-west VE directions.

The Vips observed within the state with the PSI method ranged between
—113 and +40 mm/year for the ascending dataset and between —103 and +48 mm/year
for the descending one. The combined dataset revealed minimum and maximum rates of
—141 and +46 mm/year for the V{; and —64 and +68 mm/year for the Vr (Figure 6).
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Figure 6. PSI results: displacement velocity in 2014—2016 along the (a) vertical V{; and (b) east-west
Vg directions. Vg larger than 0.03 m/year are dispersed outside the subsidence area.

Both the SBAS and PSI output datasets clearly depict the land deformation pattern that
affects the whole Aguascalientes Valley and is well-known from past InNSAR investigations
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with SAR imagery from the ERS-1/2 [27], ENVISAT [27,28,33], ALOS-1 [51], TerraSAR-
X [28,33], RADARSAT-2 [68], and Sentinel-1 [27,29,30] missions. The alluvium within the
north-south trending graben rapidly compacts as a consequence of the overexploitation of
groundwater resources from the Ojocaliente-Aguascalientes-Encarnacion interstate aquifer
in excess of recharge from rainfall [69]. The subsidence of the valley floor became apparent
in the 1980s, associated with ground faulting and fissuring in zones of sharp spatial changes
in the vertical deformation regime [26]. Two north-south elongated bands affected by east-
west deformation towards the maximum subsidence locations (approximately, the center
of the valley) were clearly detected in 2014—2016, confirming what was already detected
in 2003—2008 by INEGI via static GNSS surveying [28] and, more recently, via 2015—2020
InSAR analysis [27].

Outside the main subsidence area, some atmospheric effects are visible in both the
SBAS and PSI output datasets (Figures 5 and 6). These are mostly observed in the ascending
mode results, showing some areas with +5 to +10 mm/year displacement towards the
satellite sensor. The two main factors that could play a role in this are on one hand, the
limited number of input scenes in both viewing modes (i.e., 24 and 22), making atmospheric
phase removal more challenging during the multi-temporal image processing and, on the
other hand, the acquisition time of the Sentinel-1 data. In particular, images depicting
Aguascalientes are acquired along descending orbits at ~12:40 UTC (i.e., at dawn, 7:40 a.m.
local time), and along ascending orbits at ~01:00 UTC (i.e., at dusk, 8:00 p.m. local time),
thus making the latter potentially more affected by ionospheric effects (e.g., [70]).

GNSS data show Vy; between —99 and +8 mm/year, with the highest negative ve-
locities recorded in the north-western part of Aguascalientes city, then decreasing to
—50 mm/year or less when moving towards the south-western sector (Figure 7a). To
the east of the Oriente fault, Vy; values are limited to the range £8 mm/year. Evidence
from geodetic leveling is consistent with both the INSAR and GNSS observations, with the
vertical rates observed in the surveyed area between —97 and +8 mm/year (Figure 7b).
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Figure 7. Height velocities (V) from geodetic data: (a) at the GNSS benchmarks and permanent
stations and (b) at the leveling benchmarks; both plotted over PSI-derived vertical velocities.
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The map of horizontal displacement rates retrieved using GNSS (Figure 8a) shows that
the direction of most of them points towards the nearest maximum sinking areas. Displace-
ment rates appeared most significant along the east-west direction, with recorded Vg reach-
ing —22 and +27 mm/year (Figure 8b). The negative peaks (displacements towards the
west) were found in proximity to the Oriente fault where significant motion was recorded
towards the center of the valley, generally with rates between —12 and —15 mm/year, and
the minimum reached at benchmark FG19A. The positive peaks (displacements towards
the east) were recorded close to the cluster of faults bounding the western sector of the
city, namely San Marcos, Del Valle II - Pirules, Primo Verdad, and Colinas del Rio faults.
In their proximity, movements were typically between +9 and +19 mm/year, while +27
mm/year was reached at benchmark FG24 near Crena fault.
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Figure 8. Horizontal velocities from GNSS data at the benchmarks and permanent stations:
(a) horizontal velocity vector [VE V] plotted over PSI-derived vertical velocities and (b) only east-
west velocities (Vi) plotted over PSI-derived east-west velocities.

North-south displacement rates were limited to the 18 mm/year range, with most
benchmarks recording less than £5 mm/year, and only a few exhibiting higher rates
(Figure 8a). These were in proximity to Crena (FG24 and FG24B, with Vy of +10 and
+18 mm/year, respectively), Del Valle II - Pirules (FG18, with +12 mm/year), and Vicente
Guerro (FG28A, with +12 mm/year) faults, as well as at benchmarks FG25 (+18 mm/year)
and FG22C (+17 mm/year) which were close to the Jardines-Lindavista fault in the southern
sector, and to the Oriente fault at benchmarks FG09 and FG09A (see benchmark locations in
Figure 1b). Negative Vy were less frequent and were only recorded at benchmark FG21A
near San Marcos fault (—18 mm/year) and FG26 at the hanging wall of the Oriente fault
(—12 mm/year).
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3.3. PSI-SBAS Inter-Comparison

Figure 9 shows the results of the PSI and SBAS comparison for the whole area of

interest. The relative differences in the vertical and east-west velocity estimates provided
by the two methods, AV; and AVE, were computed as follows:
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_21°50N

21°40'N

AVy, = Vu_seas; — Vu_psi, 4)

AVE, = VE_spas, — VE_psi, 5)
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Figure 9. Differences between SBAS and PSI velocities. (a) PSI-SBAS differences in up (AVy;) direction
and (b) SBAS-PSI differences in east-west (AVE) direction.

The summary statistics from the comparison are reported in Table 1. Throughout

the investigated area, the differences were within the —42 to +56 mm/year range for the
vertical rates and —47 to +30 mm/year for the east-west rates, though the majority of the
area showed differences in the range £5 mm/year.

Table 1. PSI-SBAS inter-comparison: observed difference in vertical AVy; and east-west AVE velocity estimated from the PSI
and SBAS InSAR analyses. The size indicates the number of targets used for comparison, which depends on the coverage of
the output datasets. Notation: min., minimum; max., maximum; ave., average; stdv., standard deviation; RMSE, root mean

square error.

Sample SBAS vs. PSI AVy (m/Year) SBAS vs. PSI AVg (m/Year)
Size Min. Max. Ave. Stdwv. RMSE Size Min. Max. Ave. Stdv. RMSE
GNSS 59 —0.0289  +0.0148  —0.0039 0.0060 0.0071 53 —0.0147  +0.0111  —0.0012 0.0042 0.0043
benchmarks
All targets 128,772 —0.0425  +0.0555  —0.0003 0.0062 0.0063 75546  —0.0471  +0.0298  —0.0004 0.0039 0.0039
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The highest differences were found mainly outside the valley and the main subsidence
area, and appeared spatially correlated with the areas that were found most affected by
partly uncompensated atmospheric phase components (see Section 3.2). As these were
mostly outside the region that is covered by the geodetic data (see Figure 1), they should
not notably affect the assessment when performing the comparison at the benchmark
locations or when estimating accuracy (see Section 3.4).

Point-wise analysis at the 2 permanent GNSS stations and 62 GNSS benchmarks
(Figure 10) revealed a very good agreement between the results retrieved using the two
image processing methods and independent analyses with PSI and SBAS. The linear re-
gression in Figure 10a shows an almost perfect match between the PSI and SBAS estimates
of the vertical rates, with a regression approaching the 1:1 line and a determination co-
efficient R? of ~0.96. Despite a slightly lower R?, the east-west rates also compare well
and do not deviate much from the 1:1 line (Figure 10b). In this case, however, the range
of values used for the comparison is limited to 20 mm/year, with respect to the wider
representation of rates that is provided by the vertical velocity field (up to —100 mm/year).
The observed distributions of AVy; and AVE are centered on 0 (Figure 10c,d), and generally
do not highlight any correlation between the two variables (Figure 10e).
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Figure 10. Comparison of the displacement velocity along the (a) vertical Vi; and (b) east-west Vg direction as estimated
from the SBAS and PSI InSAR analyses at the 2 permanent GNSS stations and 62 GNSS benchmarks, and distribution of
their observed differences: (¢) AV and (d) AVE, respectively. The latter are also inter-compared in (e).

Only a few targets exhibited higher differences for both AVy; and AVE, such as the
targets at benchmark FG15A where AV = —29 mm/year and AV = —15 mm/year, and
at benchmark FG09A where AV; = —19 mm/year and AVE = —6 mm/year (Figure 10e).
These differences are probably related with the close proximity of the two benchmarks
to the trace of the Oriente fault, indeed FG15A and FG09A are 15 m and 5 m off the
trace, respectively (see Figures 1b and 7). Similarly, AVy; = +15 mm/year was observed at
benchmark FGO8A, located 3 m off the trace of the San Cayetano-Miravalle fault.

The most plausible reason for the occurrence of larger differences near the faults and
fissures that are mapped within the valley might be linked to the difference in spatial
resolution of the PSI and SBAS output datasets (i.e., ~30 m for the PSI output, and ~90 m
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for SBAS), hence in the exact ground location that is sampled by the two methods. In
particular, the PSI and SBAS output targets may encompass different proportions of land,
part belonging to the hanging wall and part to the footwall of these faults. Given that it is
along the faults where the highest differences in rates occur (see Figures 5 and 6), in these
zones, the PSI and SBAS output targets may span ground deforming at different vertical
and east-west rates and likely highlight higher differences during the inter-comparison.

By extending the inter-comparison to the full set of targets (Figure 11), the statistics
further consolidated around an optimal match between the outputs from the two pro-
cessing methods. The regression lines in Figure 11a,b deviate from the 1:1 line a bit more
than what is observed from the limited sample of 64 targets at the GNSS stations and
benchmarks only, though the data clouds reach maximum density at the 1:1 line, indi-
cating an overall very high match between the PSI and SBAS outputs across the whole
processed area. Similarly, histograms in Figure 11c,d and the comparison between AVy;
and AVE in Figure 11e confirm the remarkable match between the results from the dif-
ferent processing methods. Average differences between the rates estimated via SBAS
and PSI analyses along both the vertical and east-west directions were sub-millimetric,
i.e.,, on average —0.3 and —0.4 mm/year, respectively (Table 1). Similarly, the Root Mean
Square Error (RMSE) improved from 7.0 to 6.3 mm/year for the vertical rates, and from
4.3 to 3.9 mm/year for the east-west rates.
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Figure 11. Comparison of the displacement velocity along the (a) vertical Vi; and (b) east-west Vr direction as estimated
from the SBAS and PSI InSAR analyses for the whole investigated area (i.e., 128,772 samples for Vi, and 75,546 for V), and
distribution of their observed differences: (c) AVy; and (d) AV, respectively. The latter are also inter-compared in (e) for

the 75,546 samples for which both Vi and V are available. The colors in (a), (b), and (e) indicate the scatter density, on a

relative scale from 0 (minimum) to 1 (maximum); the scatterplots were created using scatplot.m.

3.4. Accuracy of InSAR Displacement Velocity

Provided that the exact and ‘“true values’ of the deformation occurring across the
valley cannot be measured by any survey or method (even the most advanced or accurate),
the data gathered through the GNSS or geodetic leveling surveys can provide the best
available accepted values that can be used as ‘reference’. Therefore, the differences AVy;
and AVE between the vertical and east-west velocities recorded by the reference dataset
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(from either GNSS or geodetic leveling) and those estimated via the INSAR analysis enable
an assessment of the estimation errors (hence the inaccuracy) of the PSI and SBAS output
datasets, and can therefore be used as a proxy to understand the accuracy of the Sentinel-1
InSAR datasets. These were computed as follows:

AVy, = Vu onss; — Vu_msar,  or  AVy, = Vu_rev, — Vu_msar, (6)

AVE, = VE_gNss; — VE_InsAr, )

Vertical displacement velocity estimated using INSAR methods was found generally
in agreement with geodetic observations. In Figure 12, the Vi; at 10 benchmarks that
were surveyed using both GNSS repositioning (V; estimated from height time series)
and geodetic leveling (V; based on two measurements with over 1 year-long difference,
between April 2015 and October 2016) were compared with the estimates provided by
InSAR using the PSI and SBAS methods. Very high match between the observations
was found, with some discrepancies (e.g., at benchmarks FG09A and JM409) that can be
explained by the proximity of the benchmarks to the main faults, as discussed in Section 3.3,
as well as in more detail later in this section.
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Figure 12. Displacement velocity along the vertical Vy; direction estimated at 10 benchmarks that were surveyed using both
GNSS and geodetic leveling: (a) location map onto PSI-derived V; and (b) comparison plot. The benchmarks are sorted in
(b) according to their Vy; estimated via leveling.

Tables 2 and 3 summarize the key statistics obtained from the comparison of geodetic
and InSAR estimates at the whole sets of surveyed points across the valley. The results
highlight that, on average, the INSAR-derived V; differed from GNSS data by +4 mm/year
(PSI) and +8 mm/year (SBAS), with a standard deviation of 9 and 10 mm/year, respectively.
The associated RMSE was around 10 mm/year for the PSI dataset and 13 mm/year for
SBAS. Similarly, the comparison with geodetic leveling data showed average differences
of —3 mm/year for the PSI results and less than +1 mm/year for the SBAS results, both
with a standard deviation ~8 mm/year. In both cases, the RMSE was ~8 mm/year. When
comparing east-west displacement rates Vg, average differences were sub-millimetric for
both the PSI and SBAS results, in particular, —0.1 and +0.2 mm/year, respectively, both with
a standard deviation of ~8 mm/year. Using both methods, the RMSE was ~8 mm/year.



Remote Sens. 2021, 13, 4800 17 of 28

Table 2. Difference in vertical velocity AVy; estimated from the PSI and SBAS InSAR analyses with respect to that recorded
with GNSS (permanent stations and benchmark surveying) and geodetic leveling. The size indicates the number of

benchmarks used for comparison.

InSAR GNSS vs. InSAR AVy; (m/Year) Leveling vs. InNSAR AVy; (m/year)

Method g, Min. Max. Ave.  Stdv. RMSE  Size  Min. Max. Ave.  Stdv. RMSE
PSI 62 —00186 +0.0327 +0.0039 00092 0.0099 172  —0.0195 +0.0200 —0.0034 0.0077  0.0084
SBAS 61  —00136 +0.0355 +0.0081 00102 0.0130 145  —0.0250 +0.0251 +0.0005 0.0077  0.0077

Table 3. Difference in east-west velocity AVE estimated from the PSI and SBAS InSAR analyses with respect to that
recorded with GNSS (permanent stations and benchmark surveying). The size indicates the number of benchmarks used

for comparison.

GNSS vs. InSAR AVEg (m/Year)

InSAR Method
Size Min. Max. Ave. Stdv. RMSE
PSI 62 -0.0177 +0.0194 —0.0001 0.0080 0.0079
SBAS 53 —0.0149 +0.0229 +0.0002 0.0076 0.0076

The scatterplots and histograms in Figures 13 and 14 provide a detailed overview of
the comparisons and allow the identification of the level of fit of the INSAR estimates with
the monitoring data from the GNSS surveys. The regression lines for the V; from both PSI
and SBAS are characterized by slopes and R? of ~0.9 (Figures 13a and 14a), though slightly
higher values were observed for the PSI analysis, likely due to the better spatial resolution
of the PSI output dataset. On the other hand, the goodness of fit of the linear regression for
the Vg estimates was lower than that for Vi, and the associated R? dropped to 0.3 for the
PSI analysis (Figure 13b), and 0.4 for SBAS (Figure 14b). Histograms in Figure 13d,g and
Figure 14d,g show that the differences were mostly concentrated around 0, with a limited
spread towards higher values (either negative or positive).
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Figure 13. Comparison of the displacement velocity along the (a) vertical Vi; and (b) east-west Vg direction as estimated
from the PSI InNSAR analyses and recorded at the permanent GNSS stations and GNSS benchmarks. The observed differences
AVyr and AVE were further investigated through (c) inter-comparison, (d,g) analysis of the respective histograms, and
(e,fh,i) their distribution in relation to GNSS records.
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Figure 14. Comparison of the displacement velocity along the (a) vertical Vi; and (b) east-west Vg direction as estimated
from the SBAS InSAR analyses and recorded at the permanent GNSS stations and GNSS benchmarks. The observed
differences AV and AVE are further investigated through (c) inter-comparison, (d,g) analysis of the respective histograms,
and (e,f,h,i) their distribution in relation to GNSS records.

While there is no particular evidence of correlation between AVy; with the magnitude
of the Vy estimated with the GNSS, i.e., Vi; gnss (Figures 13e and 14e), it appears that AVE
grew with increasing Vr_gnss for both the PSI and SBAS results (Figures 13h and 14h), with
R? of ~0.63. This suggests that higher differences between InSAR and GNSS estimates of the
east-west velocity were found for locations displacing faster. The observed discrepancies
were also relatively moderate, with respect to the magnitude of the estimated rates. Indeed,
the linear relationships indicated that AV = 0.675x Vg gnss — 0.07 mm/year for the PSI
dataset, and AV = 0.627x Vg gnss + 0.3 mm/year for the SBAS dataset. This means that,
for instance, at a location moving at —25 mm/year Vg, around —17 mm/year velocity
difference is expected between PSI and GNSS, and —15 mm/year between SBAS and GNSS.
These correspond to relative errors (i.e., AVE/VE gnss) of 68% and 61%, respectively. More
generally, for east-west displacement rates exceeding £10 mm/year, the relative errors
typically are around 67 —68% for PSI, and 60—66% for SBAS.
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No apparent trend or correlation could be observed when comparing AV; with AVE
(Figures 13c and 14c), or any of these against the displacement rates that were recorded
along the north-south direction Vi using GNSS (Figures 13f,i and 14f,i). Nevertheless, at
some benchmarks, there appeared to be a slight relationship between the occurrence of
faster Viy and higher AV; and/or AV, indicating that higher errors in the estimation of
the vertical and east-west displacement rates occur when the north-south displacement
component is not negligible (hence, the assumption made during the ascending and
descending outputs combination is not valid; see Section 2.1). For instance, at benchmark
FG21A (located 7 m off the trace of San Marcos fault) where Vy = —18 mm/year, the
values of AVy; and AVE from the SBAS analysis were respectively +14 and —11 mm/year
(Figure 14£,i), and from the PSI analysis they are +2 and —14 mm/year (Figure 13f,i).
Similarly, at benchmark FG26 (located in the hanging wall of the Oriente fault, 10 m off
its trace), where Vy = —12 mm/year, the values of AV; and AVE from the SBAS analysis
were respectively +11 and —10 mm/year (Figure 14f,i), and from the PSI analysis they
were +13 and —6 mm/year (Figure 13f,i). In any case, the distribution of the data in the
scatterplots did not allow for a robust regression analysis to determine a good mathematical
relationship between errors in the vertical or east-west rates with the north-south rates.

To quantify the magnitude of the contribution to the observed AVy; and AVE that was
made by the Vy = 0 assumption, the GNSS measurements were used to run a simulation.

=
The GNSS velocity vector V [VE Vi V] at each benchmark i was first projected onto the
Sentinel-1 LOS in the ascending and descending mode, by using the local values of the
LOS directional cosines E;, N; and U; (e.g., [52]; see also Figure 2c):

Vios; = EiVE, + NiVn, + UiV, 8

The two LOS projected values of the GNSS vector were then used to re-calculate Vy;
and Vg by exploiting Equations (1) and (2), under the Vi = 0 assumption (as they were the
values that InNSAR could estimate by neglecting V). The differences between the Vi; and
VE measured with GNSS and their re-calculated values were then compared to the values of
V at each benchmark (Figure 15). The data suggest that the errors made when Vy is omit-
ted were approximately AVy; = 0.1603 x Vy mm/year and AV =0.0044 x Vy mm/year.
These indicate that, for Vi in the range of £18 mm/year (as observed in Aguascalientes;
see Section 3.2), the expected magnitude of this contribution is no more than +3 mm/year
for Vi; and £0.1 mm/year for Vg.
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Figure 15. Estimated magnitude of the contribution to the observed velocity differences (a) AVy; and
(b) AV that is made by the Vi = 0 assumption.

Improved accuracy statistics were found when the V{; from the InNSAR analysis was
compared with the geodetic leveling data (Figure 16). For both the PSI and SBAS methods,
an improvement in the R? was observed, reaching respectively 0.95 and 0.96. The linear
regressions matched well with the 1:1 line (Figure 16a,d), and the residuals showed a
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Vu_psi (m/year)

distribution centered around 0 (Figure 16b,e) with limited deviation from the average
values, as shown by the respective statistics in Table 2.
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Figure 16. Comparison of the displacement velocity along the vertical Vy; direction as recorded at the geodetic leveling
benchmarks and estimated from the InSAR analysis with the (a—c) PSI and (d—f) SBAS methods: (a,d) velocity scat-
terplots, (b,e) distribution of the observed differences AVy;, and (c,f) their correlation with the vertical velocity at the

leveling benchmarks.

Differently from what was observed in the framework of the comparison with the
GNSS data, there seems to be some correlation between the vertical velocities estimated
via leveling V{; 10, and the amount of difference observed against them when using
INnSAR methods (Figure 16¢,f). The data suggest that higher discrepancies between In-
SAR and leveling estimates were found for locations subsiding faster. The linear rela-
tionships indicate that AVy; = 0.196 X Vi1 1 + 1.6 mm/year for the PSI dataset and
AV =0.218 X Vi 1y + 6.7 mm/year for the SBAS dataset. This means that at a location
subsiding at —100 mm/year, around —18 mm/year velocity difference is expected between
PSI and leveling, and —15 mm/year between SBAS and leveling. These correspond to
relative errors (i.e., AV/Vy Lep) of 18% and 15%, respectively. More generally, for locations
subsiding faster than —15 mm/year, the relative errors are below 20% for both PSI and
SBAS. For targets subsiding faster than —50 mm/year, the relative errors typically are
expected to be around 16-19% for PSI, and 8-17% for SBAS.

4. Discussion

The statistics illustrated in Section 3 reassure both on the similarity in the output
datasets from the SBAS and PSI analyses (despite the intrinsic different properties and
processing steps of the two methods), and on the accuracy of INSAR datasets against
geodetic measurements.

It is worth considering first the suitability of geodetic velocities to assess the qual-
ity of InNSAR outputs, in relation to the accuracy that characterizes the estimates that
are used as ‘reference’ for the comparison. On one hand, there is no doubt that the
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data from leveling and permanent GNSS stations have a suitable accuracy to act as ref-
erence, given that these showed maximum 2 mm heights errors from the leveling sur-
vey, and up to 0.5 and 1.1 mm/year V7 uncertainties for the two permanent stations (see
Sections 2.2 and 2.3). The same applies to east-west and north-south velocities estimated
from GNSS repeated measurements at the benchmarks, which showed less than 3 mm/year
for Vi and Vy (see Section 2.2). However, this might not be the case for vertical velocities
at benchmarks with a limited number of measurements used for the estimation (i.e., 5-7),
resulting in accuracy of more than 10 mm/year (see Section 2.2). This aspect should be
accounted for when the findings are used to establish the quality of the two InSAR output
datasets and their relative errors.

The standard deviation values that were found from the PSI-SBAS inter-comparison
and InSAR-geodetic data comparison reflect the discrepancies between the results obtained
by the different methods and, as such, can be used as performance indicators for both
assessments. The PSI-SBAS inter-comparison revealed a standard deviation of 6 mm/year
for the vertical rates Vi; and 4 mm/year for the east-west rates Vi (Table 1). Past InNSAR
method inter-comparisons, for instance [21], found standard deviations between 0.6 and
1.9 mm/year when assessing different PSI products generated by different providers using
the same input ERS-1/2 and ENVISAT SAR data for a coal mining site affected by ground
subsidence. Similarly, standard deviations of 1.1 mm/year were observed on average
when comparing Sentinel-1 PS and distributed scatterers datasets generated by different
providers in [71].

Although the indicators found in Aguascalientes seem to reveal a lower match be-
tween the results, these might be explained by (i) the fact that a low-pass (SBAS) and a
point-wise (PSI) method are inter-compared in this study; (ii) the presence of some uncom-
pensated atmospheric signals due to the relatively small number of input scenes processed;
(iif) the limited length of the time series (e.g., 2 years for Aguascalientes, against 12 years
in the work by [21]); and also (iv) the much wider range of displacement rates that are
involved (up to —140 mm/year in Aguascalientes, against —20 mm/year in [21], and less
in [71]), thus enlarging the value range used for comparison (and, potentially, the estima-
tion differences). By restricting the range of displacement velocity values inter-compared
in Aguascalientes to the same width examined in [21] (i.e., up to —20 mm/year V;), the
standard deviation for the differences in the vertical rates drops by only 0.3 mm/year,
suggesting that the first three factors probably play a major control on the statistics found.
Among them, the number of scenes and the length of the time series could likely be the
main drivers for the observed differences in accuracy. Indeed, these two factors are known
for controlling the quality of the InNSAR output datasets (e.g., [14,72]) and their ability to
capture long-term deformation signals.

The accuracies found for the vertical rates estimated with PSI and SBAS (Table 2) were
in the order of 9—10 mm/year against whole GNSS data, and below 8 mm/year against the
leveling data. By referring only to the more accurate vertical rates from the two permanent
GNSS stations, the accuracy improved to 6 mm/year for PSI and 7 mm/year for SBAS.
The findings are consistent with observations by [21], who found standard deviations of
PSI-derived vertical rates of up to 7 mm/year against leveling data. For the east-west rates,
the accuracies against whole GNSS data were around 8 mm/year for both PSI and SBAS
(Table 3), while when the comparison was limited to the two permanent stations, they
dropped to 1 and 2 mm/year, respectively. In areas affected by north-south displacement,
only up to =3 mm/year vertical and +0.1 mm/year east-west velocity differences between
InSAR and GNSS were due to the assumption of null north-south velocities that is used
during the ascending and descending dataset combination (see Section 2.1).

A large portion of the discrepancies found between InNSAR estimates and geodetic data
can be explained by the location of the benchmarks and their proximity to the faults. In
many cases, benchmarks are deployed in pairs, one to each side of the fault trace, because
they were originally established to monitor the behavior of the faults. Given their proximity,
they often fall within the same SBAS ground pixel or closer to the same PSI target, hence
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are associated with the same displacement rate value from the InNSAR analysis, regardless
of whether they are in the footwall or hanging wall of the fault.

This is observed, for instance, at benchmarks FG15 and FG15A, which are located
across the Oriente fault, but fall within the same SBAS pixel that shows —33 mm/year
Vy and —9 mm/year Vg. However, these rates should more likely be associated to the
hanging wall only (hence, benchmark FG15), while the benchmark in the footwall should
be associated with rates of the nearby pixels not crossed by the fault. As a result, the
AV and AVE from the SBAS analysis are +36 mm/year and —3 mm/year for the FG15A
benchmark (Figure 14c).

This mismatch happens at some other locations across the study area because single In-
SAR pixels are crossed by the fault traces, meaning that their ground footprint encompasses
parts of both the footwall and hanging wall of the faults; hence the estimates combine
deformation information from both blocks, and sometimes include GNSS benchmarks
established on both sides of the faults. The same also occurs in relation to the PSI output
dataset (Figure 13c), though with less frequency thanks to the nine times improved spatial
resolution of the PSI output with respect to that of SBAS.

For instance, benchmarks FG23A (footwall) and FG23B (hanging wall) fall within
the same SBAS ground pixel (Figure 17), and both are associated with —11 mm/year
Vu (which, probably, should have been referred to the hanging wall only). As a result,
the AV for FG23A is +16 mm/year. When looking at the PSI dataset, even if these
benchmarks do not fall within the same ground pixel, the AV is +15 mm/year at FG23A,
because the Vy; estimated via PSI at that location is —9 mm/year (still, quite similar to
that provided by the SBAS dataset). Likewise, AVy; of +11 and +12 mm/year are found at
benchmarks FG26 (hanging wall) and FG26A (footwall) from the SBAS analysis. However,
the discrepancy from the PSI decreases to only +4 mm/year for FG26A, owing to the
improved spatial sampling of the ground deformation pattern that the PSI dataset can
provide at the local scale.
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Figure 17. Location of pairs of monitoring benchmarks F23A —F23B and FG26—FG26A with respect
to the Oriente fault trace and grid coverages of SBAS (~90 m blue squares) and PSI up velocities
(1 arcsecond pixels, i.e., ~30 m).

The discrepancies found at these benchmarks could be mitigated by following two
approaches. On one hand, a solution could be to further develop and extend the geodetic
network by establishing some new benchmarks at higher distances from the fault traces.
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This would assist in preventing spatial sampling issues that can affect areas where ground
deformation varies very rapidly in space.

On the other hand, the exploitation of INSAR datasets with improved spatial resolution
should further assist in addressing the sampling bias. This could be achieved by using point-
wise and full resolution InNSAR processing approaches (e.g., PSI, or SBAS at full-resolution;
e.g., [73]), and/or SAR data with enhanced spatial resolution (e.g., COSMO-SkyMed data in
StripMap HIMAGE mode with 3 m ground resolution; e.g., [74]). A better spatial resolution
of the InSAR dataset used for the comparison would also enable the use of all (or almost all)
the benchmarks of the existing network, thus consolidating the statistics based on a larger
set of validation points. These are research directions that will be explored in the future.

5. Conclusions

The reliability of InNSAR techniques, either based on PSI or SBAS approaches, has
already been demonstrated in the literature, and their currently increasing implemen-
tation in operational workflows suggests that INSAR can today be considered a well-
established method for ground deformation applications and surveying. However, pub-
lished inter-comparisons are mostly limited to comparisons between deformation estimates
obtained from different algorithms but belonging to the same family of INSAR approaches
(i.e., either PSI or SBAS) and accuracy assessments are mainly focused on vertical dis-
placement velocities only, or based on few GNSS, GPS, or geodetic leveling points (albeit
continuous in time).

The experiment in the Aguascalientes Valley attempts to fill this demonstration gap
through an accuracy assessment between both vertical and horizontal displacement esti-
mates from InSAR processing of the same Sentinel-1 datasets (2014—2016) using (i) both
PSI and SBAS consolidated techniques, on one side, and (ii) a wealth of contextual GNSS
benchmark and geodetic leveling monitoring network records, on the other. These were
made available by INEGI across a wide urbanized area where land subsidence is known
for exhibiting a non-negligible horizontal component, alongside the vertical one. Not many
studies have relied on such spatially distributed GNSS and geodetic samples, thus INEGI's
data are exceptional in this respect and were ideal to run such experiment.

Despite the constraint due to the 2 year-long temporal interval of observation (and
therefore a number of selected input SAR data limited to 24 and 22 scenes for the descending
and ascending geometries, respectively) and the intrinsic differences in the processing ap-
proaches and spatial resolutions of their outputs, the PSI-SBAS inter-comparison reassures
about the similarity between the two InNSAR outputs (standard deviation of 6 mm/year
and 4 mm/year for the vertical and east-west rate differences, respectively).

The evidence resulting from the comparison of INSAR datasets with permanent and
static GNSS and leveling complies with published statistical analyses relying on fewer
numbers of GNSS and/or geodetic points, but longer records. Differences in vertical
velocity estimates were on average +4 mm/year for PSI and +8 mm/year for SBAS if
assessed against GNSS, or —3 mm/year for PSI and less than +1 mm/year for SBAS if
assessed against geodetic leveling. Standard deviations were around 9—10 mm/year
against GNSS benchmarks, and 8 mm/year against leveling data. Relative errors are
expected to be below 20% at locations subsiding faster than —15 mm/year. Differences in
east-west velocity estimates against GNSS data were on average —0.1 mm/year for PSI
and +0.2 mm/year for SBAS, with standard deviations of 8 mm/year. On the other hand,
relative errors might reach over 60%. Only limited proportions of these differences are due
to the assumption of null north-south velocities (3 mm/year vertical and +0.1 mm/year
east-west differences when north-south rates reach £18 mm/year), whilst the majority
can be explained by the proximity of the geodetic benchmarks to the fault traces and their
association with pixels spanning both the footwall and the hanging wall of the faults, hence
different deformation behaviors.

Accounting for the above-mentioned limitations that are intrinsic to the data used in
the experiment, the obtained statistics can be considered as a ‘lower bound’ of accuracy
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that can only be improved, should longer time series of GNSS benchmark surveying and
geodetic leveling data be collected in parallel to Sentinel-1 regular acquisitions. In such a
circumstance, it is envisaged that displacement rate estimates will improve in quality, and
atmospheric effects will also be removed more effectively during the INSAR processing.
On the other side, the statistics achieved in the current data setting not only confirm the
accuracy of the SBAS and PSI outputs generated by means of consolidated processing
techniques and algorithms, but also highlight the benefit of relying on ground monitoring
network data that are collected according to standard and reproducible procedures and
protocols by a public body in charge of geodetic surveying, such as INEGI in Mexico.

The present experiment therefore provides a quantitative demonstration that INSAR
outputs, processed with either SBAS or PSI approaches, can be exploited in a reliable way
not only for purposes of applied research, but also as part of an operational workflow
for institutional scopes, in support of and for integration of monitoring networks that are
already established and deployed across a territory, where land subsidence is a pressing
issue for local population and urban environment.
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