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Abstract—Land subsidence is a natural or anthropogenic pro-
cess triggering the settlement of the Earth’s surface. When this
phenomenon is induced by groundwater withdrawal, compaction
of unconsolidated sediments causes land displacement. Differential
interferometric synthetic aperture radar (DInSAR) is widely used
nowadays to monitor subsidence over extensive areas. However,
validation of DInSAR measurements with in-situ techniques is lack-
ing in many case studies, reducing the reliability of further analyses.
The aim of this article is to propose a systematic methodology to
validate DInSAR measurements with in-situ techniques to obtain
reliable subsidence measurements. The article provides a literature
review of the most common approaches to validate DInSAR mea-
surements and a description of the proposed systematic method-
ology, which is supported by a MATLAB open-source code. The
methodology allows the analysis of both DInSAR-based velocity
and displacement time series. We propose a set of statistics to assess
the accuracy of the DInSAR estimates. For this purpose, RMSE
parameters have been normalized with the range and the average
of the in-situ deformation values. Moreover, combining these nor-
malized parameters with the Pearson correlation coefficient (R2), a
classification scheme is recommended for accepting/rejecting the
DInSAR data for further analyses. This methodology has been
applied in three study areas characterized by very well-documented
subsidence processes: The Alto Guadalentín Valley and Murcia
City in Spain, and San Luis Potosí in Mexico.

Index Terms—Accuracy, differential interferometric synthetic
aperture radar (DInSAR), land subsidence, validation.
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I. INTRODUCTION

LAND subsidence is a natural (e.g., tectonic, earthquakes,
diagenesis, oxidation of organic soils, and collapse of

cavities in carbonate rocks) or anthropogenic (e.g., extraction
of fluids and mining) process related to a gradual settlement
of the surface [1], [2]. When this phenomenon is induced by
groundwater withdrawal, land deformation is caused by the
compaction of unconsolidated sediments of basin-fill detrital
aquifers or aquitards, due to the increment of effective stress
and the gradual reduction of the soil voids [3], [4]. Since the
last century, land subsidence has become a major geologi-
cal hazard impacting many areas worldwide as a result of a
growing population and an increasing water demand [5]–[14].
Several geodetic high-precision techniques [e.g., Global Nav-
igation Satellite Systems (GNSS) positioning, leveling, and
extensometers] have been applied for the monitoring of land
subsidence and the identification of temporal and spatial pat-
terns. Nevertheless, only differential interferometric synthetic
aperture radar (DInSAR) is able to map land subsidence with
an extensive spatial coverage (>10 000 km2) and high density
of measurement points and high accuracy (∼5 mm) depending
on the characteristics of the ground [15]–[17], which leads
to a better understanding of the phenomenon [13], [18]–[20].
Table I summarizes some characteristics of the most used tech-
niques for measuring surface displacements caused by land
subsidence [4], [21], [22].

Monitoring approaches that require in-situ instrumentation,
such as leveling or GNSS, exhibit several limitations. They
are point-based measurements providing spatially sparse obser-
vations, and they are very time-consuming, exhibiting a high
relative cost for each measurement point [22]. As a result,
they hinder the discovery of new subsidence areas out of the
instrumented site. For this reason, DInSAR proves to be a
great monitoring technique to complement sparse measurements
[20], [23]. However, deformation rates and displacement time
series obtained with advanced DInSAR (A-DInSAR) can differ
from in-situ monitoring data. The quality of A-DInSAR results
depends on several factors, such as the processing routine and
phase unwrapping (PU) improving; hence, they need to be
compared and validated with ground truth data (if it is available)
before further analysis.
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TABLE I
SUMMARY OF FEATURES OF THE MOST USED TECHNIQUES FOR MEASURING

LAND SUBSIDENCE (ADAPTED FROM [4], [21], [25], [26])

Debbabi et al. [24] stated that “verification and validation aim
at providing a significant level of confidence in the reliability of
a system” and defined validation as “the process of determining
the degree to which a model and its associated data provide an
accurate representation of the real world from the perspective
of the model’s intended use.” A review of previous monitoring
land subsidence research using DInSAR technology does not
provide a standardized criterion for many of the validation steps.
For instance, optimal values of the statistical validation outputs
as well as buffer sizes (area that is within a specific distance from
the in-situ measurement point and in which the DInSAR mea-
surement points will be selected) may differ notably between
cases if a criterion is not established.

As a first clear example, in Mexico City, several studies have
analyzed historical spatial patterns of subsidence. Osmanoglu
et al. [27] measured a maximum deformation rate of −30
cm/year with ENVISAT acquisitions; validation with contin-
uous GNSS (CGNSS) yielded an RMSE of 0.69 cm/year, a
maximum difference (Max-e) of 0.83 cm/year, and a minimum
difference (Min-e) of 0.42 cm/year. Cigna and Tapete [28]
found similar results with peaks of −38.7 cm/year for vertical
velocities based on Sentinel-1(S-a) images and using a Small
BAseline Subset (SBAS) processing. Validation was carried out
using information from CGNSS stations, and their results for
maximum and minimum velocity differences were 4.3 and 0.1
cm/year. Furthermore, the validation of the time series revealed
mean values of 0.8 cm, standard deviation (SD) of 0.5 cm, and
RMSE value of 0.9 cm. It is worth to mention that the most
important difference between the maximum deformation rates
obtained from the two studies in Mexico City is due to the periods
analyzed in the two abovementioned researches, since they are
different: the acquisitions performed by Osmanoglu et al. cover
a time span from 2004 to 2006, whereas those made by Cigna and
Tapete cover from 2014 to 2020. Beijing is another city affected
by considerable sinking. Chen et al. [29] and Zhou et al. [30]
investigated land subsidence in the Beijing Plain for two periods:
2011 to 2015 and 2003 to 2015, respectively, using ENVISAT
and RADARSAT-2 sensors processed with SBAS algorithm,
obtaining maximum velocity values of −14 cm/year. For the
validation, time series of DInSAR monitoring points [persistent
scatterers (PS)] contained in buffers of 150 m radius around
leveling measurements resulted into a mean error of 0.4 cm.
Murcia is a city in Southeastern Spain with a slow subsidence
rate induced by groundwater overexploitation, which has been
monitored with an extensometer network since 2001 and with

DInSAR techniques since 1995 [31]. A cumulative deformation
up to −10 cm was measured using the coherent pixels technique
(CPT) and the stable point network (SPN) algorithms to process
DInSAR data acquired by ERS and ENVISAT satellites. The
validation was performed using data from extensometers and
PS time series contained within 150 and 200 m radius areas,
obtaining a difference between both accumulative deformations
with a mean value of 0.62 cm and a SD of 0.34 cm. Two years
later, Herrera et al. [9] measured a maximum deformation rate
of −3.5 cm/year by exploiting TerraSAR-X data with the CPT
technique. Comparing those results with the same extensometer
network and a buffer of 30 m radius, the difference between
both geodetic techniques yielded a mean difference (MD) value
of 0.83 cm and a SD of 0.15 cm. Table II summarizes statistical
validation results for different sinking cities and land subsidence
areas around the world [8]–[10], [27]–[30], [32]–[34], [35]–[44],
[45].

It is obvious that a systematic and standardized method-
ology has not been developed yet, and it is required for the
DInSAR-users’ community working on land subsidence areas
to validate and to perform a quality assessment of the resulting
datasets. This article aims to develop and evaluate a systematic
methodology to assess the differences between DInSAR and
other in-situ techniques observations. In addition, a new open
source code called ValInSAR is presented. This article is also
intended to recommend validation strategies for any land subsi-
dence product.

The rest of this article is organized as follows. Section II
describes geodetic techniques (e.g., DInSAR, GNSS, leveling,
and extensometers) to monitor land subsidence, which are used
here to test the proposed methodology. Section III details step-
by-step the validation methodology proposed in this article,
which is supported by a MATLAB code (ValInSAR). Section IV
describes the data for three study areas where the proposed
approach has been tested, and Section V presents the validation
results for all case studies. Finally, in Section VI, we discuss the
results and recommend accuracy values, summarizing the main
conclusions in Section VII.

II. TECHNIQUES FOR LAND SUBSIDENCE MONITORING

A. SAR Interferometry

DInSAR is a geodetic technique developed in the 90s [46]–
[48]. Since 1991, owing to the launch of the ERS-1 satel-
lite, InSAR has been commonly acknowledged as a powerful
technique with high resolution, wide spatial coverage, day and
night, and weather independent to monitor and measure ground
deformations [39]–[41]. DInSAR generates an interferogram
using two complex SAR images, acquired by two different
antennas or by a same sensor in two consecutive passes, to
measure ground surface displacement [42]. The displacement is
commonly encoded in the interferometric phase, i.e., the phase
difference between two acquisitions, but other components are
also part of the interferometric phase, shown as follows [19],
[42]–[44]:

Δϕ = Δϕflat +Δϕdef +Δϕtopo +Δϕatm +Δϕnoise (1)
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TABLE II
STATISTICAL VALIDATION RESULTS FOR DIFFERENT SINKING CITIES AND LAND SUBSIDENCE AREAS AROUND THE WORLD

rms: root mean square; SD: standard deviation; Mean: mean absolute error; Max and Min: maximum and minimum errors, respectively; R2: Pearson correlation coefficient; PSI:
persistent scatterer interferometry; SBAS: small baseline interferometry; CPT: coherent pixels technique; SPN: stable point network; CGNSS: continuous Global Navigation
Satellite System; GNSS: Global Navigation Satellite System; v: velocity, t: time series. ∗The 24 PS closer to the extensometer have been averaged for comparison purposes.

where Δϕ is the total interferometric phase, Δϕflat is the flat-
earth component due to the range distance difference between
pixels, Δϕdef is the relative displacement, Δϕtopo is the topo-
graphic component, Δϕatm is a phase component related to the
atmospheric phase screen [43], [44], and Δϕnoise comprises
all error sources due to different decorrelation sources [55].
However, conventional DInSAR based on a single pair of images
does not solve the uncertainty associated with temporal decor-
relation and atmospheric delay. To overcome these limitations,
a number of A-DInSAR approaches has been developed in the
past years, allowing to retrieve the temporal evolution of surface
displacements by properly combining sequences of differential
SAR interferograms [56]. Broadly, there are two main categories
based on the criteria to create the interferogram network and to
select the measurement points in the interferograms. They are
commonly referred to as PS InSAR (PSI) [57]–[60] and small
baselines (SB) [61]–[66]; additionally, there are also hybrid
approaches [67], [68]. PSI methods select all the interferometric
pairs with a single common reference SAR image (single master)
without imposing any constraint on the temporal and spatial
baseline. They work at full resolution and limit the interfer-
ometric processing only to those targets that contain a single
dominant or PS which behaves consistently over a long period

of time. Since PSs correspond mainly to man-made structures,
outcrops, or single rocks, they are more suitable for monitoring
urban areas. SB methods use a short temporal and small spatial
baseline configuration for which a denser interferogram network
is created by linking multiple SAR images (multimaster). They
allow the analysis of distributed scatterers (DSs). This requires a
spatial average within a two-dimensional (2-D) window, usually
named multilook, which allows reducing noise at the expense
of a resolution loss. DSs are associated with debris areas and
noncultivated land with scarce vegetation, agricultural areas, and
bare soil (desert and rock surfaces). A comparison of different
A-DInSAR algorithms can be found in [69]–[71].

Nowadays, worldwide researchers are working on techniques
to improve the estimation of land displacement and atmospheric
phase. Combining PS and SBAS algorithms has allowed the
development of a PS–DS method called SqueeSAR [71]. In this
approach, the major challenge is the DS selection. Since DSs
are commonly distributed over natural land covers and not in
urban areas, these points are more easily affected by temporal
and spatial decorrelation, which entail a signal-to-noise ratio
(SNR) lower than for PS [72]. In order to increase the SNR, the
usual strategy consists in identifying DS associated with a spatial
neighborhood with similar backscattering behavior denoted as
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statistically homogeneous pixels (SHP) [73]. This identification
is carried out by applying statistical tests on the amplitude time
series of the current pixel and all the neighbors included in a
vicinity window. Those pixels with similar cumulative prob-
ability distribution are lumped together as brothers, i.e., they
form a family of SHPs. If the size of the SHP family is high
enough, it is possible to increase the SNR, and these DSs are
processed together with the rest of PS applying methods as phase
link or phase triangulation algorithm with the aim of calculating
accurately the interferometric phase required for displacement
estimation [71].

A good quality displacement time series estimation relies on
a high density of PS and/or DS [71]. In order to overcome
this limitation, artificial corner reflectors (CRs) are employed
in some study areas affected by subsidence and landslides [45],
[69], [74]. A CR is an artificial reflector that provides a good SNR
and is stable in spatiotemporal terms [75]. Consequently, this
point target is capable to behave as a PS with a high coherence
and be used also as a reference point to improve the phase
measurement accuracy [45], [76]. However, this strategy has also
some limitations. Depending on the accessibility of the study
area, it may be difficult to install and maintain CRs, since it is
strongly necessary to guarantee the CR integrity over the whole
monitoring period [69], [77]. In addition, some approaches have
focused on the improvement of PU for enhancing the accuracy in
monitoring the Earth’s surface deformation. Yu et al. [78] pro-
posed a multibaseline InSAR PU methodology improvement,
called MTDA, which demonstrated overcoming the limitations
of conventional DInSAR methods, offering advantages such as
not needing an external DEM and hence avoiding the DEM
height errors.

Furthermore, in areas where it is not likely to compare the
InSAR results with another geodetic technique (e.g., landslides
monitoring), it is possible to evaluate the reliability of the
measurements by the mean of SD of the deformation rate. In that
case, the SD indicates the inner precision of the rate [79]. On
the basis of these findings, for study areas in which these novel
methods have not been applied and in which there is available
data retrieved from other techniques to compare and validate
the DInSAR results, it is necessary to establish a systematic
validation methodology in order to evaluate its reliability.

B. Global Navigation Satellite System

GNSS is a space-based radio positioning system that includes
one or more satellite constellations, and provides continuously
3-D position [80]. This technique is a highly precise (1–2 mm),
continuous, and all-weather tool exploited by scientists and
engineers due to its large number of applications and potentials
[81].

Continuously operating reference stations (CORS) are sta-
tionary GNSS receivers collecting GNSS data continuously
from visible satellites to obtain the temporal evolution of their
3-D coordinates [16]. Receiver independent exchange format
(RINEX) is the fundamental data of CORS. These files contain
dual-frequency carrier phase and pseudorange measurements.
This format can be understood independently of the source

receiver, and it can be processed using any software [16], [82].
Usually, GNSS CORS stations and CGNSS stations provide
continuous recordings that show the behavior of the subsidence
over the years. This technology can reach a very high temporal
resolution by setting the sampling interval and the observation
time using permanent GNSS antennas and receivers to monitor
single points [23].

In order to improve the monitoring precision and accuracy,
during field procedures, one common strategy is the setting up
of the antenna over some benchmark. This benchmark consists of
a pillar upon which a GNSS receiver is set, or some marks on the
ground, in which a tripod has to be used for the purpose of reduc-
ing centering errors [16]. Since absolute positioning by GNSS
is not enough to perform a suitable survey because of satellite
ephemerides, clock errors, and delays in signal paths through the
atmosphere, a set of different methods (static, dynamic, and real
time) are used to improve the elevation accuracy and to elimi-
nate selective availability errors. Therefore, differential GNSS
technique has been widely deployed in subsidence surveys over
the years. However, these methodologies require the installation
of a large number of mark points, time investment, deployment
brigades, and high operating costs [83].

C. Leveling

Leveling is a method used for an accurate determination of
height difference between two points [84]. Precise leveling is
used during the consecutive times to determine the benchmark
elevation over time. Once a monitoring network has been de-
ployed and surveyed, repeat surveys at later dates indicate if
any movement or changes in the benchmarks has occurred and
provide a measure of this deformation [4]. This technique is
particularly used to cover small lengths (10 km or less) in order to
conduct an economical and precise survey campaign. However,
the application of this methodology depends on the equipment,
personal availability, and/or the existence of benchmarks located
on pavement or rock (no movement). It is particularly applicable
to small study areas to avoid the implementation of extensive
benchmark arrangements and costly and time-consuming cam-
paigns.

D. Borehole Extensometers

Borehole extensometers constitute a geotechnical instrumen-
tation, also known as compaction recorders, used to measure
vertical movement or change in the thickness of sediments or
rocks along boreholes [85]. If the subsurface mark is set below
the base of the compacting aquifer system, the extensometer can
be used as a stable reference for other local geodetic surveys [4].
This technique guarantees accurate measurements with millime-
ter resolution (0.01–0.1 mm) at a local level, and the deformation
record generated by the borehole extensometer provides data to
determine the aquifer behavior through stress–strain analysis.
The data recorded by borehole extensometers have been widely
used in subsidence research, for which multiple extensometers
that incorporate markers anchored to the formation borehole
are exploited to monitor ground deformation [4], [83]. The
main disadvantage is related with the construction cost of the
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Fig. 1. Flowchart used in the validation methodology by the MATLAB application (ValInSAR code).

borehole, which can be very expensive in the case of very thick
layers.

III. VALIDATION METHODOLOGY: MATLAB CODE

In this section, we describe the proposed approach and the
associated validation tool. It is important to highlight that this
validation methodology is suitable for areas affected by land
subsidence with no relevant horizontal deformations. Fig. 1
shows the flowchart to perform the validation process using the
developed ValInSAR code. ValInSAR requires a preprocessing
stage when the user must prepare the input data. After this stage,
ValInSAR can be launched and it performs the validation in three
steps, which are depicted in Fig. 1.

A. Preprocessing

1) Geocoding Analysis: The preprocessing step is aimed at
assessing the consistency of geocoded datasets from different
monitoring techniques. In particular, all the monitoring data
must be projected in the same geographic coordinate system,
and the measuring points must be overlaid on an accurate base
map. Previous authors observed geocoding shifts by overlaying
the DInSAR data on orthorectified aerial photographs [86], [87].
The identification of the radar targets on the ground is a difficult
task, and residual errors (up to 10–20 m) can be observed even
after the correction of the geocoding shifts [87]. If available,
visible objects in the radar satellite imagery, as CRs on the
ground, designed to reflect the incoming radar signals to the
satellite, can be used as control points for the geocoding analysis
[75].

2) Selection of PS for Comparison: The intercomparison
between in-situ and DInSAR data requires a careful selection of
the values to be compared. There may be many PSs available near
a ground benchmark but only those exhibiting a behavior similar
to the in-situ benchmark should be selected. Following two
strategies can be followed in this case to select the representative
PS:

a) Method 1: Select the most representative PSs of the
benchmark. In this case, we must ensure that the PSs
are located on the same surface element as the bench-
mark. For example, if a GNSS receiver is placed on
the roof of a building, only those PSs placed on the
same roof should be considered for comparative purposes,
discarding those placed in the facade or on the ground
surface near the building. This selection method is very
time consuming and strongly depends on the accuracy of
the geocoding of DInSAR data. Moreover, this method
cannot be directly applied when DS are used instead
of PS.

b) Method 2: Average the PS values contained within a buffer
area around the benchmark ( Fig. 2). This method smooths
potential deviations in the estimation of the displacement
of the surrounding PSs, and it can be automatized. A key
issue of this approach is the definition of the optimal size
of the buffer area. Small buffer areas lead to a lack of PSs,
whereas large buffer areas may lead to big deviations in
the estimation of the average deformation. An alternative
approach consists in the selection of a predetermined
number of points close to the benchmark, which entails
buffer areas of different size for each benchmark.
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Fig. 2. (a) Distribution of PS/DS around the in-situ benchmark A and equispaced buffer rings. (b) Dispersion analysis for different buffer sizes in order to find
the optimal value.

It should be mentioned that for both methods, a coher-
ence threshold may be applied to refine the PS selection pro-
cess and ensure the best quality of the estimation of the dis-
placements. Furthermore, the validation performed in method
2 can be applied by averaging the time series for different
levels of coherence (e.g., 0.7, 0.8, and 0.9), as performed
in [88].

3) Buffer Size Selection Criteria: Buffers are generated by
creating a circular area centered around a specific benchmark.
For instance, a GNSS location is marked as point A in Fig. 2(a),
and the radius of the circle is gradually increased in intervals until
the points selected within the buffer exhibit a noticeable change
in the data values with respect to the preceding buffer sizes. For
each buffer size, the SD of the DInSAR velocity is calculated
using all PSs located inside each buffer. Plotting the SD of the
deformation rate versus the buffer size is useful to identify the
radius values for which the dispersion is stabilized [Fig. 2(b)].
The change in the trend of the SD is caused by the inclusion
of PS with different subsidence patterns (with higher or lower
deformation rate) inside the buffer, which triggers an increase
of the dispersion values. It is to be noted that the buffer sizes
selected (e.g., 50, 100, and 150 m) will depend on the DInSAR
results resolution and on the target measurements density. It is
not suitable to choose a 50 m buffer size if there are not any
PS/DS within it.

4) Moving Average for High-Frequency Time Series: Con-
tinuous monitoring records, with daily or even hourly mea-
surements, provide data with a very high temporal density.
DInSAR end-users can use the original (i.e., the whole time
series) data to perform the validation. Alternatively, the data
can be preprocessed by a moving average window to smooth
out short-term oscillations caused by noisy measurements and
better highlight the general trends.

Moving average is a statistical indicator applied to time series.
This adjustment allows a better visualization of the general
trend by smoothing the noise. Regarding DInSAR validation,
moving average can be very useful for CGNSS station datasets,
since this indicator estimates an average value for each GNSS
measurement (on a daily basis in most cases).

B. Step 1: Ingestion

1) File Selection and Observation Points: To perform the
validation and to automatize the process, a code named ValIn-
SAR has been programmed in Matlab©. This tool requires,
as input information, the temporal series of land subsidence
for each of the different sources of information considered in
the preprocessing stage (i.e., DInSAR, leveling, GNSS, or any
other). This information must be collected into an Excel file in
which a different sheet is used for each data source. Focusing
on a specific data source (and its specific sheet), a couple of
columns are required for each observation point: the first column
corresponds to the observation date, and the second corresponds
to the value of the surface movement (a positive value means
upward movement). In the case of satellite data sources, the
incidence angle is also required to transform the movement
in the line of sight to the vertical direction. Each source can
have several observation points, and consequently each sheet
corresponding to a particular technology will have a number
of pairs of columns equal to the number of observation points.
The name of each observation point must remain constant for
all data sources in order to correctly identify data for the same
observation point provided by different data sources.

2) Exploring the Data: First, the application requires the
selection of the two data sources that are going to be compared.
The code allows the comparison of any kind of data sources.



3656 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

Fig. 3. (a) Decomposition of LOS displacements (dasc-LOS and ddes-LOS) into east–west (dE-W) and up–down (dvert) components. (b) Relationship between
LOS displacements (dLOS) and land subsidence vertical displacements (dtotal).

Hence, it is possible to compare one DInSAR dataset versus
GNSS, topographical leveling, or extensometers, but also two
DInSAR datasets derived from different satellites (observing the
same study area during a similar time span) can be compared. In
the latter case, the first input DInSAR source will be considered
as the true technology for the statistical computations.

Once the two data sources have been selected, the code
checks whether there are common observation points with a
common time frame of observation. The code will exclude those
observation points that do not meet this condition, and in the
case that no comparable data are found within both datasets, the
comparison process will stop.

C. Step 2: Processing

1) Source Selection: Projection Process: DInSAR provides
displacements along the LOS of the satellite. The combination
of LOS displacements measured from ascending (dasc-LOS) and
descending (ddes-LOS) orbits allows the calculation of east–west
(dE-W) and the up–down (dvert) components of the displace-
ments [Fig. 3(a)]. It is worth noting that due to the polar orbiting
geometry of SAR satellites, they have much larger uncertainties
in the north–south direction than in the east–west direction.
For more details about the projection process, we refer to Notti
et al. [89] and Tomás et al. [90].

Unfortunately, in many cases, the processing of both datasets
(i.e., ascending and descending) is not available. Therefore,
only the projection of the total displacement along the LOS of
the satellite in either ascending or descending pass is known
[Fig. 3(a)]. In these cases, only the vertical component of defor-
mation (dtotal) can be calculated by assuming that no significant

horizontal deformations occur. This hypothesis is valid for most
of the subsiding areas in which the subsidence is regional and so
widespread that regional-scale lateral (horizontal) strains are not
significant (rarely as large as 2 ppm). However, lateral deforma-
tions can be large in certain locations, e.g., near pumping wells,
or near the boundaries of hydrogeological units with contrasting
hydraulic and mechanical properties [4].

Therefore, the vertical component of displacement (i.e., sub-
sidence) can be calculated from the LOS component as follows
[Fig. 3(b)]:

dvertical = dLOS / cosθ (2)

where θ is the incidence angle. For this projection, the angle
can be adopted as an average value for the whole study area,
which implies assuming differences between 2° and 3° that
introduce very small errors in the estimation of the projection of
the DInSAR measurements.

The satellites used for DInSAR applications use different
frequency bands (i.e., L, C, and X) and geometries. There-
fore, a unified projection procedure cannot be applied to all of
them. Table III shows the acquisition geometry of known active
SAR satellites that could be used for monitoring subsidence
nowadays. These values have been derived from the technical
specifications provided by exploitation companies or spatial
agencies. Obviously, these parameters must be refined when a
specific processing is used.

2) Velocity Validation: ValInSAR will compute the mean
velocity for the common observation period for each source,
and it will create a figure by representing the mean velocity
from the first source versus the mean velocity from the second
source for all observation points (Fig. 1). A perfect coherence
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TABLE III
OPERATIVE SATELLITES: GEOMETRICAL PARAMETERS USED FOR THE

APPLICATION OF (2)

between data from both technologies would mean that all pairs
of mean velocities were placed in the 1:1 line. ValInSAR also
includes in the same figure the identity line and the linear trend
obtained using the observed data.

Deformation rate (v) is the change in deformation (ΔD) of a
point with respect to time (Δt) and can be computed as the slope
of a deformation times series for a defined time interval

v =
ΔD

Δt
=

D1 −D2

t1 − t2
(3)

where D1 and D2 are the accumulated displacements of the time
series in times t1 and t2, respectively.

It is worth noting that the velocity computed using (3) differs
from that calculated initially during the DInSAR processing
by many algorithms. The latest is usually obtained by fitting
a linear model to the phase of the interferograms, and thus
it does not consider the potential contribution of nonlinear
deformation in the calculation of the velocity. In those cases,
major displacements do not follow a linear trend, the velocity
does not accurately represent the underlying phenomenon and
thus it is recommended to perform the validation by means of the
whole time series instead of in terms of velocity. In other words,
nonlinear displacement trends are better validated using the time
series, whereas linear displacement rates can be validated using
both, the velocity and the time series.

Velocity comparison between in-situ time series (v1) and
DInSAR projected time series (v2) is performed by calculating
the deformation rate defined in (3) for the common time period of
both time series under comparison. To this aim, the least squares
method has been used to determine the line of best fit for the set of
data of the common temporal period. The fitting is performed for
the DInSAR displacements projected data (DInSAR−projected)
and the ground displacement data (Dground) separately. As a
result, the equations of both least squares regression lines are
obtained

Dground = v1 · t+ b1 (4)

DInSAR−projected = v2 · t+ b2 (5)

where t is time, and b1 and b2 are the y-intercepts of both lines.
Finally, once (4) and (5) have been fitted and the velocities

(v1) and (v2) obtained, they can be compared, and the corre-
sponding statistics can be computed. Fig. 4 summarizes the
abovedescribed procedure.

Fig. 4. Deformation rate computation from time series.

Fig. 5. Translation of the DInSAR time series for statistical comparison.

3) Deformation Time-Series Validation: Deformation time
series is one of the products that can be obtained from SAR
images processing due to the revisit of observations. For in-
stance, Sentinel-1 is a constellation of two satellites with a
12-day repeat-pass orbit each, offering a 6-day repeat cycle
when combined. Moreover, CSK has a 16-day repeat cycle and
ENVISAT was a sensor with a temporal resolution of 35 days.

GNSS time series present a higher frequency, when using
permanent or CGNSS stations, compared to DInSAR. There are
daily or almost daily data for most of the study areas. On the
opposite, for leveling, the frequency of available data depends on
the field campaign periodicity, and since the leveling campaigns
are time and funds consuming, this technology usually provides
data with much lower revisit frequencies.

For this comparison, the average DInSAR-measured displace-
ment of the PSs located around the GNSS stations is used. For the
GNSS, a 15-day moving average of displacement measurements
is recommended to reduce the receiver noise and smooth the
values. To overlay both time series in the vertical axis, the
first deformation value of the most recent time series should
be translated over to the one extending back further in time, as
it can be seen in Fig. 5.

On the next step, ValInSAR analyzes the time series of
land subsidence for the common observation points from the
two different sources (each location independently). First, the
application identifies the time series with the highest number
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of observations within the common period of observation. The
densest time series is used to obtain interpolated data in dates that
coincide in both time series. As a result, both time series will
account for land subsidence measurements in the same dates,
and the comparison will be done correctly.

4) Statistical Parameters: The following statistical parame-
ters are obtained by ValInSAR to compare two different datasets
of land subsidence measurements in terms of velocity and time
series:

a) MD: It is also called mean absolute error. This is the
mean of the absolute difference between DInSAR and
ground-based measurements for the whole common pe-
riod covered by both time series

MD = MAE =
|ŷn − yn|

N
(6)

where ŷn is the nth in-situ measured value and yn is
the nth DInSAR measured value, being N the number of
observations.

b) SD: The SD of the differences between DInSAR data and
ground-based data is a measure of the amount of variation
or dispersion of the differences.

c) Max-e: This is the maximum absolute difference between
DInSAR and ground-based measurements for the whole
common period covered by both time series.

d) Min-e: This is the minimum absolute difference between
DInSAR and ground-based measurements for the whole
common period covered by both time series.

e) RMSE (root-mean-square error): This is a typical measure
to characterize the difference between values measured
by DInSAR and the values observed in situ derived from
ground-based instruments (e.g., GNSS, leveling, etc.) for
the whole common period covered. The RMSE represents
the square root of the second sample moment of the differ-
ences between DInSAR values and ground-based values or
the quadratic mean of these differences. RMSE is always
nonnegative, a lower RMSE is better than a higher one,
indicating a value equal to 0 a perfect fit between both
datasets.

The RMSE obtained from in situ deformation values ŷn and
DInSAR data yn, is computed for N different observations as

RMSE =

√√√√ N∑
n=1

(ŷn − yn)
2

N
. (7)

1) NRMSE1: This is a normalized measurement of RMSE. In
this case, the conventional RMSE is divided by the range of
the in-situ observations. RMSE is computed for N different
observations, and then it is divided by the subtraction of
the maximum value of the in-situ observations ŷnmax and
the minimum value of the in-situ observations ŷnmin, as

NRMSE1 =
1

ŷnmax − ŷnmin

√√√√ N∑
n=1

(ŷn − yn)
2

N
. (8)

2) NRMSE2: Alternatively, to NRMSE1, ValInSAR obtains
a second normalized measurements of RMSE. In this

case, the normalization is done dividing the RMSE by the
average value ŷnmean of the in-situ observations (GNSS,
leveling, extensometer, etc.) as

NRMSE2 =
RSME
ŷnmean

=
1

ŷnmean

√√√√ N∑
n=1

(ŷn − yn)
2

N
. (9)

3) R2: R-squared is the Pearson correlation coefficient used to
evaluate the correlation between the two datasets. Values
close to 1 indicate high linear correlation between both
sets of data, and values near to 0 low correlation. In order
to obtain confident conclusions from the R2 parameter,
this must be analyzed jointly with the values of the slope
(a) and the y-intercept (b) of the line calculated by the
method of least squares fitted to the pairs of data: i.e., in
situ and DInSAR projected data. The meaning of all these
parameters is summarized in Table AI.

It is worth noting that the subscripts v and t will be used
hereinafter to refer to the statistical parameters obtained in the
validation of the velocity and the time series, respectively.

IV. DATA AND TEST SITES

The ValInSAR code and the proposed methodology have
been tested in three test sites in order to assess them in areas
representing different deformation rates, land cover types (i.e.,
urban and rural areas), and using different SAR sensors (i.e.,
ENVISAT, CSK, and Sentinel-1 data).

A. Alto Guadalentín Aquifer

The Alto Guadalentín aquifer is an intramontane sedimentary
basin located in Murcia province (SE Spain). This tectonic
depression has an average annual precipitation of 250 mm, and
less than 150 mm in dry years [8], [11], [91]. Since 1960,
this fertile basin has experienced an increase of the ground-
water exploitation, triggering a water level depletion and a
continuous deformation (even though the aquifer was declared
temporally overexploited in 1987) [8], [11]. Land subsidence
in the Alto Guadalentín has been studied during the past two
decades taking advantage of different geodetic techniques and
is well documented. In this article, we used GNSS and leveling
datasets to validate DInSAR observations from ENVISAT, CSK,
and Sentinel-1 satellites. The ENVISAT dataset was processed
using DORIS interferometric software [8], whereas CSK and
Sentinel-1 images were processed using CPT [36]. Table IV
summarizes the main information about the dates of the obser-
vations for the different available dataset used in the validation
process.

Four leveling lines deployed by the National Geographic
Institute of Spain (IGN) converge on the valley. In this case
study, we focused on leveling line 10 426 (from Lorca to Tébar)
that crosses transversally the 13 km subsiding basin, close to
the highest subsidence rate area. In particular, we use the stretch
from the node of Lorca to the benchmark 10 426/15 located
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TABLE IV
SUMMARY OF THE INFORMATION OF THE DINSAR AND OTHERS IN-SITU

TECHNIQUES DATASETS USED IN THE ALTO GUADALENTÍN AQUIFER

Fig. 6. DInSAR data and in-situ measurements for test site locations. (a) Alto
Guadalentín Valley, Spain. (b) Murcia, Spain. (c) San Luis Potosí Valley, Mexico.

over a stable area near the southwestern limit of the basin. The
orthometric height of the 16 benchmarks of this stretch was
measured by the IGN in March 2005 with the exception of the
Lorca node (August–September 2004).

The two leveling campaigns were carried out with a LEICA
SRINTER 100 digital level, using two barcode leveling staffs
and leveling once in each direction with a kilometric error of 3.5
mm and a maximum tolerance in the closure error of each ring of
5 mm. Leveling campaigns guarantee the determination of the
vertical component in the benchmarks with an accuracy better
than 5 mm (nominal SAR accuracy in time series). Results were
calculated using the altitude difference between two benchmarks
using a least squares adjustment.

Additionally, the Alto Guadalentín valley is monitored by
three GNSS permanent stations [Fig. 6(a)>] [8], [92]. ORCA,

LORC, and LRCA stations are integrated in the IBERRED
and are processed by the IGN using Bernese 5.2 software
[93]. Postprocessing methodology is based on the phase dou-
ble differencing equations using International GNSS Service
(IGS) precise ephemerides. Daily coordinates are automatically
calculated each week using daily RINEX files with a delay of 15
days in order to use the IGS precise ephemerides. Output results
are translated to local topocentric coordinates (north, east, and
elevation) to facilitate the interpretation.

B. Murcia

Murcia city is a metropolitan area located in the Vega Media of
the Segura river basin in the eastern part of the Betic Cordillera
(SE Spain) [34], [44]. Since the 1990s, the groundwater extrac-
tion and soil consolidation from the upper gravel of the deep
aquifer have caused moderate to severe damages at buildings
and in other urban structures [31], [49]. In this study area,
land subsidence has been monitored between 1995 and 2005
using images from ERS and ENVISAT sensors and processed
by the SPN and CPT techniques. DInSAR results revealed a
velocity deformation of up to −5 mm/year in this period [9].
In this study area, data from 15 in-situ borehole extensometers,
gathered from February 2001 to March 2007, were employed
to perform the DInSAR validation [Fig. 6(b)]. From the 15
borehole extensometers, 5 of them are of incremental type and 10
are rod type extensometers [v13, v14, and v17 in Fig. 7(c)] [94].
Rod extensometers were anchored at a depth between 10 and
20 m, whereas incremental extensometers supply deformation
measurements at 1 m in depth interval [44].

C. San Luis Potosí Valley

The San Luis Potosí valley is a tectonic basin consisting
of a graben and horst system, located in the Mexican Central
Plateau physiographic province [95], [96]. Semiarid climate is
predominant in this study area with a mean annual rainfall of 378
mm and a mean annual potential evaporation of 2038.7 mm [97].
From 1970, when groundwater exploitation began, piezometric
levels in wells decreased up to 0.9 m per year causing differential
compaction of sediments and consequently land subsidence and
ground fracturing that became visible in the early 1990s [96],
[98]. In recent studies, DInSAR has measured deformation rates
up to −4.2 cm/year in the center of the valley [6]. In this
article, CGNSS observations and GNSS benchmarks were used
to perform the DInSAR data validation. This in-situ dataset was
compared with Sentinel-1 observations from October 2014 to
November 2019.

CGNSS time series provided by the Nevada Geodetic Labo-
ratory (NGL) were employed in the San Luis Potosí valley. Two
stations called TNSL and ISLP were integrated into the NGL
network [Fig. 6(c)]. This network takes raw GPS data from more
than 17 000 stations around the world and processes this data
using GYPSY OASIS II from the Jet Propulsion Laboratory,
under license by the California Institute of Technology [99].
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Fig. 7. Dispersion analysis for different buffer size in order to find the optimal value, the dotted line indicates the optimal buffer size. (a) Results for CSK dataset
in Alto Guadalentín Aquifer. (b) Results for Sentinel-1 dataset in Alto Guadalentín Aquifer. (c) Results for ENVISAT dataset in Murcia. (d) Results for Sentinel-1
dataset in San Luis Potosí.

TABLE V
DENSITY OF POINTS FOR EACH BUFFER SIZE

V. RESULTS

In this section, the results of the validation process of the three
study areas are used to illustrate the proposed methodology, and
the performance of the code are described in detail.

A. Definition of Buffer Areas

The dispersion analysis was performed for CSK and
Sentinel-1 sensors in the Alto Guadalentín aquifer, as shown
in Fig. 7. The optimal buffer size for CSK is in the range from
50 to 150 m [Fig 7(a)]. For Sentinel-1, values fluctuate between
100 and 150 m because this sensor has a lower spatial resolution
than CSK, and hence for buffers smaller than 100 m in several
zones there is no PSs [Fig. 7(b)] as shows the PS density in

Table V. For the ENVISAT dataset in Murcia, stable dispersion
values are found in a range from 100 to 150 m approximately
[Fig. 7(c)] and for Sentinel-1 observations in San Luis Potosí
the optimal size can reach the 400 m value [Fig. 7(d)].

B. Velocity Validation

In the Alto Guadalentín, two leveling campaigns (2005 and
2016) were compared with DInSAR observations. Buffers were
built around each leveling benchmark using a geographical
information system to extract the nearest PS information from
each of the DInSAR sensors. Depending on the density of points
from DInSAR, the size of the buffers was selected; thus, for
Sentinel-1, a 100 m buffer was set; for CSK, a 50 m buffer
was required because of the high point density (Table V); and
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Fig. 8. Correlation plot and statistics values (cm/year) for the velocity validation. (a) Leveling benchmark vs. ENVISAT for Alto Guadalentín Aquifer. (b) CSK
vs. continuous GNSS for Alto Guadalentín Aquifer. (c) Extensometers vs. ENVISAT for Murcia. (d) Continuous GNSS vs. Sentinel-1 for San Luis Potosí Valley.
Continued lines represent the 1:1 line and dotted lines parallel to the 1:1 line represent the ± 1 cm error.

for ENVISAT, a 200 m buffer was set due to the poor density.
Then, the mean deformation values were calculated for each
buffer dataset. This average DInSAR data was projected along
the vertical direction using the satellite incidence angles in order
to compare the deformation with the leveling data.

Fig. 8(a) shows the correlation between leveling and EN-
VISAT velocity results obtained by the ValInSAR code. This
validation displays a very good statistical fit for both datasets
with an RMSEv value of 0.876 cm/year, an MDv discrepancy of
0.556± 0.71cm/year, and an Rv

2 value of 0.998. These statistical
results suggest a good agreement between both technologies
and represent a first approach to the reliability of DInSAR data
validation.

Since the CGNSS measurements are available from 2011, it
was not possible to validate the ENVISAT data in Guadalentín
Valley because there is not a temporal data overlap. Therefore,
the only possible validation in this study area is between GNSS
and CSK and Sentinel-1 sensors. A 15-day moving average was
applied to the GNSS dataset to smooth high-frequency noisy
signal. Buffers were built around the three GNSS locations
(LORC, LRCA, and ORCA) with sizes of 100 m for Sentinel-1
and 50 m for CSK. Statistical results and correlation plots for
CSK and GNSS comparison from ValInSAR results are shown in
Fig 8(b), with an RMSEv value of 0.624 cm/year, a discrepancy
meanv of 0.620 ± 0.091 cm/year, and an Rv

2 value of 0.994 as
shown in the table inserted in Fig. 8(b).

Fig. 8(c) shows the velocity correlation between EN-
VISAT observations and 15 extensometers in Murcia, with an
overlapping period of 4 years (2001–2005), installed at 10–20
m below the surface [34]. At first sight, the plot exhibits points
spread for a short range of deformation values (0.0094 to −0.53
cm/year). Based on the dispersion analysis in Fig 7(c), a 150 m
buffer was selected to perform the validation process. The top
table in Fig. 8(c) presents the statistical results for comparison
of deformation rate with an RMSEv value of 0.252 cm/year, a
discrepancy MDv of 0.474 ± 0.151 cm/year, and an Rv

2 value of
0.098.

For San Luis Potosí valley, the velocity comparison chart that
resulted from ValInSAR is shown in Fig. 8(d). In this case, a
buffer of 150 m around the two available GNSS stations was
selected, based on the SD analysis of the deformation rate as
shown in Fig. 7(d). The plot between GNSS data and Sentinel-1
observations shows a good agreement between both techniques,
which have an overlapping period of 5 years (2014–2019).
Statistics for this test site provide an RMSEv value of 0.070
cm/year, a discrepancy MDv of 0.096 ± 0.052 cm/year, and an
Rv

2 value of 1.

C. Time-Series Validation

Fig. 9 shows the correlation between each GNSS station
located in the Alto Guadalentín (LORC, LRCA, and ORCA)
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Fig. 9. Time-series validation for the comparison between DInSAR multisensor observations and GNSS stations in the Alto Guadalentín aquifer. (a) LRCA
station with CSK observations. (b) LORC station with CSK observations. (c) ORCA station with CSK observations. (d) LRCA station with Sentinel-1 observations.
(e) LORC station with Sentinel-1 observations. (f) ORCA station with Sentinel-1 observations.

with both CSK and Sentinel-1 time series [Fig. 9(a)–(c), and
9(d)–(f), respectively). Table VI shows the statistic results for
each station using ValInSAR. All of them provide good Rt

2

values (0.997, 0.999, and 0.775). Despite the good agreement
between both technologies, Sentinel-1 deformation results are
more dispersed than CSK ones. This phenomenon is caused
by the Sentinel-1 shorter observation period (1.74 years) and
because this time series is more fluctuating than the CSK time
series, hence providing noisier measurements. This effect can
be observed in the statistical results (Table V) and time series
[Fig. 9(d)] for Sentinel-1 validation, with the higher NRMSE1t
near a value of 0.443 for LRCA station.

For Murcia, the time series of 15 extensometers were used
for validation. Deformation statistic results are summarized
in Table VI, which shows that not all of them report a good
correlation between both techniques. Extensometers with
RMSEt higher than 1 cm exhibit the worst Rt

2 values and the
Max-et (i.e., V-8 has an RMSEt value of 1.01 cm, a Max-et
discrepancy of 2.14 cm, and an Rt

2 of 0.035). Similarly, it occurs
for Ei-1, V-1, and V-6 extensometers. Furthermore, time-series
comparison between ENVISAT observations and V-3 and V-15
extensometers, shown in Fig. 10(a) and (b), suggests a good

agreement. This is supported by statistics results (Table V) with
Rt

2 values of 0.976 and 0.916, respectively.
Time-series correlation plots between GNSS and Sentinel-1

observations obtained from ValInSAR in San Luis Potosí Valley
are shown in Fig. 10(c) (TNSL station) and (d) (ISLP station).
For both CGNSS, there is a good correspondence between the
datasets regarding the deformation trend. TNSL exhibits good
statistical results (Table V) with an Rt

2 value of 0.731. On the
contrary, ISLP station has a low Rt

2 value of 0.019. Despite the
ISLP GNSS station is located in a stable area, the time series
shows a seasonal deformation behavior which is not present in
the DInSAR observation.

VI. DISCUSSION

The quality of the results strongly depends on the temporal
overlap between the two different time series used for the valida-
tion. As it can be seen in the Alto Guadalentín case, ENVISAT
provides better statistical results for the velocity because the
leveling timeline (2005–2016) has a longer temporal overlap
with the ENVISAT (5.3 years) than with CSK (4.5 years) or
Sentinel-1 (1.16 years). Changes in subsidence trends during
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TABLE VI
DISPLACEMENTS STATISTICS RESULTS OBTAINED WITH VALINSAR FOR ALL TESTED AREA AND VALIDATION BETWEEN DINSAR OBSERVATIONS AND IN-SITU

TECHNIQUES

The definition of the statistical parameters is described in Section C4. σ is the standard deviation of the validated DInSAR datasets.

the last decade may have also affected the validation results.
The observation period of ENVISAT, previous to CSK and
Sentinel-1, corresponds to a time when the land subsidence
magnitudes were larger than in recent times. Consequently,
they have measured greater velocity deformation rates, and the
absolute value of the phenomenon may affect the validation
results.

Murcia validation has the results with the highest dispersion.
In this study area, the in-situ data used for the comparison comes
from two types of extensometers. It is important to emphasize
that rod extensometers have more limitations than incremental
extensometers. Despite both of them have a limited range of
measurement that varies from 100 to 150 mm, rod extensometers
calculate displacement based on a fix point. Typically, this point
is the down-hole anchor. It is important to properly fix this
point in order to avoid relative and not absolute displacement
values. Furthermore, if the down-hole anchor is not deep enough,
rod extensometers measure displacements for the superficial
layers (between the down-hole anchor and the surface), being
unable to measure the deeper layer deformation. In Table VI,
extensometers marked with “V” letter correspond to rod type.
Based on statistic results, these extensometers show the highest

maximum discrepancy values (max-e) for deformation compar-
ison (e.g., v-8 extensometer has a max-et value of 2.14 cm with
an Rt

2 of 0.035, V-5 has a max-et of 2.5 cm, and an Rt
2 value

of 0.006). These discrepancies can be explained by the fact that
the extensometers were installed at a maximum depth of 15 m,
being able only to measure the upper aquifer deformation in
areas where soft soil thickness is greater and deeper than 20 m
below the surface. The DInSAR observation on the other hand
is capable of measuring the absolute displacement values for the
complete aquifer system [34].

The dispersion analysis reveals that there is not an optimal
standard buffer size for all the validations. Contrarily, the crite-
rion for the optimal size must be understood as the size when
there is a change in pattern of the SD of the displacement values
versus the distance to the benchmark center. This means that
the buffer would include points with a different deformation
behavior compared with the center of the punctual target. We
consider that an optimal value for the buffer could be determined
when there is a change of the slope of the dispersion versus
buffer size greater than 5%, with a minimum of 50 m and
a maximum of 400 m. It is important to emphasize that the
buffer size also depends on the subsidence spatial distribution
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Fig. 10. Time-series validation for the comparison between DInSAR observations and in-situ techniques. (a) V-3 extensometer with Envisat observations in
Murcia. (b) V-15 extensometer with ENVISAT observations in Murcia. (c) TNSL station with Sentinel-1 observations in San Luis Potosí. (d) ISLP station with
Sentinel-1 observations in San Luis Potosí.

Fig. 11. Thresholds proposed for DInSAR validation using velocity values.
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Fig. 12. Accuracy thresholds proposed for DInSAR validation using displacement time series. Letters from A to F correspond to the scatterplots in Fig. 13.

around each in-situ point. If the point is on an area where a
high proportion of PSs exhibit a similar velocity of deformation,
the SD remains stable toward higher buffer sizes. This can be
clearly seen in Fig. 7(b) for ORCA station in Alto Guadalentín.
This GNSS is located in the center of the maximum subsidence
area and the point targets around this station have a similar
displacement rate. For this reason, in Fig. 7(a), the dispersion
does not show an abrupt and large increase; contrarily, the SD
values remain almost constant while the buffer size is increasing.
That is not the case for LORC and LRCA stations, which are
located on the border of two different velocity deformation areas
and PSs rate values are more heterogeneous. For LORC and
LRCA, the SD analysis in Fig. 7(a) reveals that the dispersion
rapidly increases when compared to the ORCA dispersion plot.
It is worth noting that land subsidence is strongly controlled
by the subsurface structure and lithology complexity, and there-
fore important spatial changes in subsidence patterns can occur
even at short distances from the benchmark. Therefore, it is of
paramount importance to have a good geological knowledge
of the area when buffer distances are analyzed. For further
investigations, it would be interesting to analyze additional study
areas trying to identify a relationship between the SD fluctuation
for buffer sizes and all factors involved (e.g., different sensors,
spatial resolution, processing algorithm, subsurface lithology,
study area features, scale and evolution of the subsidence,
etc.).

A. Recommended Accuracies

In this section, we propose several thresholds for the different
statistical parameters calculated by ValInSAR (Section III-C-4)

which can be used to discriminate whether DInSAR measure-
ments are reliable or not.

In the validation process, two different RMSEs are calcu-
lated. RMSE represents the SD of the (residual) discrepan-
cies between two different datasets. The RMSEv (Fig. 8) is
useful to estimate velocity discrepancies, whereas the RMSEt

refers to the error determined for displacement time se-
ries. Even if RMSEv and RMSEt are not comparable, they
are both dependent on the magnitude of measured displace-
ments. For example, Guadalentín valley has the largest dis-
placements compared with other test sites, and therefore a
higher RMSE could be accepted as a good agreement. This
would not be applicable to areas with smaller subsidence
displacements.

Results obtained with ValInSAR code (Table VI) reveal the
strong influence of the magnitude of land subsidence for the
RMSEt and MDt estimation. Therefore, we conclude that they
may be useful to compare results from different sensors or in-situ
techniques for the same study area, but not to compare results
between different study areas. In order to do so, other statistics
that normalize RMSE results can be used alternatively, such as
the NRMSE1 and NRMSE2.

The NRMSE1 is the RMSE normalized using the dynamic
range of the in-situ deformation values, whereas the NRMSE2 is
the RMSE normalized using the average of the in-situ deforma-
tion values. In this article, NRMSE1 is generally recommended
to assess the accuracy of DInSAR measurements, and the use
the NRMSE2 is preferable in those cases in which the range of
the in-situ deformation values is close to zero.

In order to establish accuracy estimators for the validation of
velocity and time series, R2 and NRMSE1 have been combined
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Fig. 13. Correlation plot for time-series validation due to accuracy categorization in Fig 12. (a) Correlation between LORC station and CSK observations in
Alto Guadalentín. (b) Correlation between LRCA station and Sentinel-1 observations in Alto Guadalentín. (c) Correlation between TNSL station and Sentinel-1
in San Luis Potosí. (d) Correlation between Ei-6 extensometer and ENVISAT observations in Murcia. (e) Correlation between Ei-1 extensometer and ENVISAT
observations in Murcia. (f) Correlation between extensometer and ENVISAT observations in Murcia. Continued lines represent the 1:1 line, and dotted lines parallel
to the 1:1 line represent the ±1 cm error.

in a classification scheme proposed in Fig. 11. The scheme
presents four categories. The “High Accuracy” category in green
color corresponds to R2 values greater than 0.8 and NRMSE1
values less than 0.3. A second category in yellow color is referred
to as “Good Accuracy” and is characterized by validation results
with an R2 between 0.8 and 0.4 and NRMSE1 error values less
than 0.3, or for results with R2 higher than 0.8 and NRMSE1
between 0.3 and 0.6. The third category, named as “Reasonable
Accuracy,” corresponds to R2 values between 0.8 and 0.4 and
NRMSE1 values between 0.3 and 0.6. The last category, called
“Inaccurate,” refers to validation results with very low R2 and/or
high NRMSE1 values.

Fig. 11 shows a high accuracy in the velocity validation results
for GNSS and DInSAR in Alto Guadalentín using CSK obser-
vations, as well as between leveling benchmark and ENVISAT
measurements. The velocity comparison between GNSS and
Sentinel-1 observations in San Luis Potosí also exhibits a high
accuracy. However, it is important to take into account that
when the Rv

2 coefficient considers a small sample size it can
lead to inconsistences in the acceptance of a linear dependence
[100]. An in-depth analysis of the San Luis Potosí validation
can be useful to illustrate the limitations of an Rv

2 value cal-
culated for a small sample. As it is shown in Fig. 8(d) that
the ISLP station displays an apparent good agreement because
the discrepancy is near to zero. However, the ISLP station is
located in a stable area with small deformation values. As a

result, the velocity analysis cannot capture the discrepancies
observed when analyzing the time series between Sentinel-1 and
ISLP station [Fig. 10(d)]. Fig. 12 shows the proposed scheme
for analyzing the accuracy of DInSAR time series. We observe
the best results for Alto Guadalentín, TNSL station in San Luis
Potosí, and two extensometers in Murcia. In Fig. 13, we analyze
several examples of the proposed categorization to illustrate
the election of the boundary values among different classes
or categories. Fig. 13(a) reveals a high accuracy with good Rt

2

and NRMSE1t values for LRCA station, which corresponds to
the highest accuracy category in Fig. 12. On the other hand,
Fig. 13(e) and (d) shows scatterplots with a weak relationship
for some extensometers in Murcia, as well as a low Rt

2 coefficient
and high NRMSE1t, corresponding to the inaccurate category in
Fig. 12.

VII. CONCLUSION

In this article, we propose a validation methodology for
land subsidence monitoring data obtained by DInSAR obser-
vations, which is suitable for areas affected by land subsidence
with no relevant horizontal deformations. For this purpose, a
code called ValInSAR has been developed in MATLAB. The
main advantage of this code is the automation of the process
and the establishment of a clear protocol to validate DInSAR
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data. We also propose a criterion to accept or reject the DIn-
SAR data for further analysis based on statistics computed by
ValInSAR.

By preparing all the available information in an Excel tem-
plate (find this file in the appendix download link), ValInSAR
will take only few seconds to compute velocity correlation
graphs and time-series validation plots and to estimate and save
several statistics values for velocity and displacement time se-
ries. This code has been tested in three land subsidence affected
areas: The Alto Guadalentín aquifer, Murcia city, and San Luis
Potosí valley. The sites have been monitored with different SAR
sensors (ENVISAT, CSK, and Sentinel-1) and in all three study
areas there were different in-situ datasets available to perform
the validation.

It is important to emphasize that the proposed validation
methodology is suitable for areas affected by land subsidence
assuming that no horizontal deformations occur. Nevertheless,
being an open source code, it can be modified for different user
requirements, as horizontal displacement calculation for further
investigations. All the DInSAR observations are projected to
the vertical component in order to perform a comparison with
in-situ techniques in areas where the deformation is mainly
vertical.

During the preprocessing, several key aspects can be high-
lighted. First, the selection of DInSAR points for the validation
will depend on the SAR sensor resolution. In most of the cases,
there will not be a PS on the in-situ point to compare; thus,
an average value of PSs contained within a buffer area must
be chosen. Second, the SD analysis suggests that there is not
an absolute value for the optimal buffer size. This means that
it will depend on the spatial distribution of land subsidence
around the in-situ point. In places such as Mexico City with
a homogeneous subsidence following a regional pattern, it is
possible to select buffers with larger size (see Table 2 in [38]).
This is not advisable in areas with structurally controlled dif-
ferential subsidence. For these areas, smaller buffer sizes are
preferred to maintain a smaller dispersion around the in-situ
point.

ValInSAR provides several statistics, like MD, SD of the error,
correlation coefficient, or the RMSE of the discrepancies for
velocity and time-series validation. All these parameters are very
useful to assess DInSAR performance from different sensors
against different in-situ techniques for the same study area. How-
ever, these parameters are not useful to make relative compar-
isons between DInSAR results obtained in different study areas,
since they are dependent on the subsidence magnitude of each
study area. In order to overcome this limitation, in this article,
we propose a set of statistics to assess the DInSAR accuracy. For
this purpose, RMSE parameters have been normalized with the
dynamic range and the average of the in-situ deformation values
to obtain NRMSE1 and NMRSE2. Moreover, combining these
NRMSEs with R2 coefficient, a classification scheme has been
proposed. By applying the accuracy parameters categorization
in the test sites, it was possible to determine whether the val-
idation results from each area show DInSAR reliable data or
not.

APPENDIX

ValInSAR open source code can be found and downloaded
in.1

TABLE VII
INTERPRETATION OF R-SQUARED, A AND B PARAMETERS (y = a · x+ b)
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