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Abstract

he advent of remote sensing satellites has significantly transformed geoscientific approaches to
T investigating geophysical phenomena on Earth’s surface, enabling more systematic and compre-
hensive mapping of regions that would otherwise be challenging or costly to survey. Over the past
few decades, radar interferometry has emerged as a valuable tool for measuring surface deforma-
tion, aiding research across various scientific fields such as geology and glaciology. The inherently
relative nature of Synthetic Aperture Radar (SAR) interferometry makes it particularly effective for
measuring motion gradients. However, certain limitations related to accuracy and sensitivity must
be taken into account. This work aims to explore methodologies for deriving strain measurements
from SAR interferometry and to assess their accuracy within specific applications.

In scenarios where deformation patterns exhibit displacements several times the radar wavelength
over localized areas (e.g., earthquakes, ice movement), a local linear approximation of the defor-
mation phase can be utilized. This approach enables the modeling of the gradient tensor without
the need for phase unwrapping. By leveraging different radar Line of Sight (LoS) measurements,
it is possible to resolve the various components of the tensor, thus distinguishing between different
types of motion (compression/extension, shear, rotation, and tilting). This methodology is applied
to glacier flow, separating the strain-related components of the gradient tensor from those associ-
ated with rotation. Additionally, supported by appropriate geophysical models, this estimation of
the local gradient tensor can be applied to determine the slip distribution of an earthquake using
SAR interferometry. Although derivative analysis can be hindered by a low signal-to-noise ratio,
this technique offers the advantage of avoiding the spatial phase unwrapping issues that can lead
to erroneous interpretations. The method is tested on a real case study, with results discussed and
compared to traditional approaches. Another model-based application examined in this study is the
characterization of glacier grounding zones. These areas are characterized by a narrow band of
dense interferometric fringes generated by the uplift motion of sea tides, which displace the floating
portion of the glacier, thus identifying where the ice is no longer grounded. By applying a mechan-
ical model, this motion is directly modeled in the wrapped phase, allowing for the retrieval of the
parameters of interest.

Furthermore, the study of strain accumulation over large areas (e.g., inter- or post-seismic mo-
tions) is another critical task supported by SAR interferometry. To accurately identify and understand
tectonic processes occurring beneath the Earth’s surface, precise relative displacement measurements
(1-2 mm/year) over large distances (100-300 km) are necessary. Meeting these requirements poses
significant challenges, as systematic errors—such as those related to acquisition geometry and at-
mospheric delays—become more pronounced over greater distances. Although the new generation
of SAR satellites offers centimeter-level accuracy in satellite position knowledge, atmospheric delays
must be mitigated to meet these stringent requirements. If mitigation is not feasible, integration with
Global Navigation Satellite System (GNSS) measurements is required. This work investigates an ap-
proach that begins with an error analysis of the measurements and, based on this analysis, defines an
optimal merging strategy using error covariance. Moreover, this framework enables cross-validation
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between GNSS and interferometric deformation rates, verifying the computed error margins of In-
SAR and providing a performance evaluation of the InSAR/GNSS integrated product.



Zusammenfassung

As Aufkommen von Fernerkundungssatelliten hat geowissenschaftliche Ansétze zur Untersu-
D chung geophysikalischer Phdnomene an der Erdoberflache erheblich veréndert und eine syste-
matischere und umfassendere Kartierung von Regionen ermdglicht, die sonst schwer oder kostspie-
lig zu vermessen wéren. In den letzten Jahrzehnten hat sich die Radarinterferometrie als wertvolles
Werkzeug zur Messung von Oberflachendeformationen etabliert und unterstiitzt die Forschung in
verschiedenen wissenschaftlichen Bereichen wie Geologie und Glaziologie. Die grundsétzlich relati-
ve Natur der synthetischen Apertur-Radar-Interferometrie (SAR) macht sie besonders geeignet zur
Messung von Bewegungsgradienten. Allerdings miissen bestimmte Einschrinkungen hinsichtlich der
Genauigkeit und Empfindlichkeit beriicksichtigt werden. Diese Arbeit zielt darauf ab, Methoden zur
Ableitung von Dehnungsmessungen aus der SAR-Interferometrie zu untersuchen und deren Genau-
igkeit in spezifischen Anwendungen zu bewerten.

In Szenarien, in denen Deformationsmuster Verschiebungen aufweisen, die mehrere Radarwellen-
langen iiber lokalisierte Gebiete hinweg betragen (z. B. Erdbeben, Eisbewegungen), kann eine lokale
lineare Approximation der Deformationsphase genutzt werden. Dieser Ansatz ermdglicht die Model-
lierung des Gradiententensors, ohne dass eine Phasenentfaltung erforderlich ist. Durch die Nutzung
unterschiedlicher Radar-Sichtlinienmessungen (Line of Sight, LoS) ist es moglich, die verschiedenen
Komponenten des Tensors aufzulésen und so zwischen unterschiedlichen Bewegungsarten (Kom-
pression/Extension, Scherung, Rotation und Neigung) zu unterscheiden. Diese Methodik wird auf
Gletscherbewegungen angewendet, um die dehnungsbezogenen Komponenten des Gradiententen-
sors von denen zu trennen, die mit der Rotation assoziiert sind. Unterstiitzt durch geeignete geophy-
sikalische Modelle kann diese Schétzung des lokalen Gradiententensors zudem auf die Bestimmung
der Schlupfverteilung eines Erdbebens mittels SAR-Interferometrie angewendet werden. Obwohl die
Analyse von Ableitungen durch ein niedriges Signal-Rausch-Verhiltnis beeintrachtigt werden kann,
bietet diese Technik den Vorteil, die rdumliche Phasenentfaltung zu vermeiden, die zu fehlerhaften
Interpretationen fiihren kann. Die Methode wird an einer realen Fallstudie getestet, deren Ergebnisse
diskutiert und mit traditionellen Ansatzen verglichen werden. Eine weitere modellbasierte Anwen-
dung, die in dieser Arbeit untersucht wird, ist die Charakterisierung der Gletscher-Grundungszonen.
Diese Bereiche zeichnen sich durch ein schmales Band dichter interferometrischer Streifen aus, die
durch die Hebungsbewegung von Gezeiten entstehen und die schwimmende Gletscherfront verschie-
ben, wodurch festgestellt wird, wo das Eis nicht mehr verankert ist. Durch die Anwendung eines
mechanischen Modells wird diese Bewegung direkt in der gewickelten Phase modelliert, was die
Bestimmung der interessierenden Parameter erméglicht.

Dariiber hinaus ist die Untersuchung der Dehnungsakkumulation {iber grof3e Gebiete (z. B. inter-
oder postseismische Bewegungen) eine weitere wichtige Aufgabe, die durch SAR-Interferometrie un-
terstiitzt wird. Um tektonische Prozesse, die unter der Erdoberflache ablaufen, prazise zu erkennen
und zu verstehen, sind genaue relative Verschiebungsmessungen (1-2 mm/Jahr) iiber gro3e Distan-
zen (100-300 km) erforderlich. Die Erfiillung dieser Anforderungen stellt grof3e Herausforderungen
dar, da systematische Fehler — wie solche, die mit der Aufnahmekonstellation und atmosphérischen



Verzogerungen zusammenhéngen — {iber grof3ere Entfernungen starker ins Gewicht fallen. Obwohl
die neue Generation von SAR-Satelliten eine Zentimeter-genaue Kenntnis der Satellitenposition bie-
tet, miissen atmosphérische Verzogerungen minimiert werden, um diese strengen Anforderungen
zu erfiillen. Ist eine Minderung nicht moglich, ist eine Integration mit Global Navigation Satellite
System (GNSS)-Messungen erforderlich. Diese Arbeit untersucht einen Ansatz, der mit einer Feh-
leranalyse der Messungen beginnt und basierend auf dieser Analyse eine optimale Fusionsstrategie
unter Verwendung der Fehlerkovarianz definiert. Zudem ermoglicht dieser Rahmen die Kreuzvalidie-
rung zwischen GNSS- und interferometrischen Deformationsraten, um die berechneten Fehlermar-
gen von InSAR zu {iberpriifen und eine Leistungsbewertung des integrierten InSAR /GNSS-Produkts
vorzunehmen.
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Introduction

1.1 Motivation

Spaceborne Synthetic Aperture Radar interferometry allows a synoptic mapping of Earth defor-
mation phenomena without the deployment of any in-situ instrumentation. This opens the doors to
a global view of the Earth dynamics including areas typically difficult to survey due to their remote
location as well as large extension. This work investigates the capabilities of InSAR in surveying
ground deformation from the point of view of the scales of the deformation pattern to be measured.
The performance of InSAR in measuring deformations is limited by error sources that reduce both
precision and accuracy of the interferometric phase, hence limiting its application in different con-
texts. The point of view of this work is to model the two cases in spatially correlated errors and
spatially uncorrelated errors. The first, such like atmospheric distortions or systematic orbit errors
increase their effect with the distance, while the latter are independent from the scale. Figure 1.1
shows how the different applications are differently influenced by the two groups depending on their
spatial extension.

The larger the observation pattern to be observed are the more the spatially correlated distortions
will play a role in the final accuracy of the measurements. Error sources like atmospheric distortions
increase their power with the distance degrading the sensitivity of one order of magnitude from the
scale of some kilometers to hundreds of kilometers. Unfortunately some applications, such like the
study of tectonic motions, have very challenging requirements in order to be able to detect very slow
secular deformations. The investigation of the achievable accuracies and the potential synergies
with other techniques is therefore an important topic in order to support the scientific work aimed
to study the earth dynamics.

1.2 Scope

This thesis investigates the capabilities and performance of Synthetic Aperture Radar (SAR) in
measuring strain, with a specific focus on tectonic deformation, seismic events, and glacier dynamics.

1.3 Thesis structure

This is a cumulative dissertation. It gathers the findings of the author in measuring strain us-
ing SAR interferometry presented in four peer-reviewed papers and one conference papers (see the
Appendix). The thesis is structured as follows.

Fundamentals and state of the art
This chapter provides a general description of Synthetic Aperture Radar Interferometry from the
point of view of this study. An overview of the different error sources is given distinguishing between
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Figure1.1: InSAR scales, applications and limitations

different characteristics in space and time domain. Finally the state of the art is discussed in the light
of the different limitations of the technique.

Modeling local deformation using the wrapped interferometric phase

The use of InSAR in the analysis of strong local Earth surface deformations such like glaciers
flow or earthquakes is often limited by the technical difficulty of resolving phase ambiguities. The
presence of a very high fringe frequency and the possibility of losing spatial continuity, due to lack of
coherence could in fact seriously limit the capabilities of the phase unwrapping algorithms. Chapter
3 investigates the possibility of avoiding phase unwrapping for a set of very specific applications. In
particular, the possibility of modeling the physics of the motion in terms of wrapped phase is studied.
Practical case studies are shown measuring glaciers strain/rotation, grounding line positioning and
earthquakes source modeling.

This part refers to the journal papers in Appendixes A and B : A. Parizzi and W. Abdel Jaber,
"Estimating Strain and Rotation From Wrapped SAR Interferograms," in IEEE Geoscience and Remote
Sensing Letters, vol. 15, no. 9, pp. 1367-1371, Sept. 2018, A. Parizzi, "Inversion of the Slip Distribution
of an Earthquake From InSAR Phase Gradients: Examples Using Izmit Case Study," in IEEE Geoscience
and Remote Sensing Letters, vol. 16, no. 11, pp. 1726-1730, Nov. 2019 and the Conference paper
in Appendix E A. Parizzi, "Potential of an Automatic Grounding Zone Characterization Using Wrapped
InSAR Phase," IGARSS 2020 - 2020 IEEE International Geoscience and Remote Sensing Symposium,
2020, pp. 802-805

Accuracy of the large-scale deformation measurements using InSAR

Chapter 4 discusses the performance of InSAR in measuring large scale deformation patterns.
Particular emphasis is given to the impact of tropospheric corrections applied on the data. A general
error model is provided and used for validation using GNSS data in different test sites around the
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world. A description of the improved performance using tropospheric models is given considering a
variety of different test sites.

This part refers to the journal paper in Appendix D : Parizzi, A., Brcic R. and De Zan E (2021).
InSAR Performance for Large-Scale Deformation Measurement. IEEE Transactions on Geoscience and
Remote Sensing, 59(10):8510-8520.

Calibration of the InSAR deformation measurements using GNSS

Exploiting the error model studied in Chapter 4, Chapter 5 describes the development of an algo-
rithm aimed to provide an optimal combination of InSAR and GNSS measurements. The basic idea
is to exploit the error spectral characteristic of the the two techniques in order to merge them in
the best way. The principle of the algorithm is described also providing some verification using nu-
merical simulations. Then practical examples are presented using real data in different applications
context.

This part refers to the journal paper in Appendix C : Alessandro Parizzi, Fernando Rodriguez Gonza-
lez and Ramon Brcic (2021). A Covariance-Based Approach to Merging InSAR and GNSS Displacement
Rate Measurements. Remote Sensing.

Conclusion

This thesis has investigated the capability of InSAR in detecting ground deformation from the
point of view of the motion spatial scale. Due to the inherent relativity of interferometry, this is a
very significant point of view since the performance are strongly related to the distance of the relative
measurement. Therefore when for local deformations atmospheric effects are almost negligible on
the other side for large deformation patterns they can be considered as the main limiting factor. In
order to tackle this aspect the impact of tropospheric corrections has been evaluated as well as the
integration with GNSS. The general validation approach shows the achievable performance in the
different scenarios also supporting the evaluations for future missions






2 Fundamentals and state of the art

This chapter provides the reader with fundamentals about the use of SAR interferometry for the
measurements of ground displacement.

Moreover, the main error sources that limit the precision of the InSAR measurements are presented
and discussed.

2.1 Synthetic Aperture Radar Interferometry InSAR

The digital processing of SAR images includes a large number of steps before being able to form
a so called SAR interferogram. The data, after the acquisition needs to be focused algorithmically
compensating the phase effect of the synthetic aperture and integrating along the aperture. This
improves the resolution along the moving direction of the sensor (19) providing the equivalent of
having a large antenna along the flight direction. As output, the focusing procedure provides a
full resolution SAR image (single look complex, SL.C) sampled on a raster in general different from
acquisition to acquisition. However in order to guarantee the generation of an interference figure,
the two raster must be precisely aligned. This operation is done estimating, in a space varying
fashion, the difference between the two point grids using the state vectors information as well as
the shifts estimated by cross-correlating patches of images. Defined mapping between the two raster
one image (secondary) is then re-sampled on the raster of the other (reference). After this operation
two equally sampled complex matrices are available to form a SAR interferogram. A generic pixel
ps, located in the sample line position (I, s) can be written a as a complex phasor:

ps1 =Ael? 2.1)

where A is the amplitude of the backscattered signal that depends typically on the type of target
and ¢ its phase that depends on the travelled path r and from the electromagnetic properties of the
reflecting target.

4m

¢s,l = _Tr + ¢scat (22)

being A the carrier wavelength and ¢, ,; the phase related to the electromagnetic properties of
the target.

The radar signal is characterized by a certain bandwidth B,, modulated on a carrier frequency
fo >> B,,. By demodulating the received signal using two carriers at /2 phase difference it is
possible to reconstruct the phase in modulo 27. Since the bandwidth is much smaller than the carrier
the corresponding resolution of the sensor does not allow to spatially follow the phase variation
which will "turn" several cycles between one resolution cell to the others.

"m
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Figure 2.1: Geometric intepretation of the wavenumber shift effect

SAR interferometry allows to exploit this phase information by observing its relative spatial varia-
tion between two SAR acquisitions. Supposing to have two images presenting some delays variations
in the order of the wavelength it will be possible to observe the spatial patterns of such variations by
forming a complex interferogram i at the position s,l by multiplying an image (secondary) for the
complex conjugate of a reference acquisition.

iy = o5t = AAe? (2.3)

The resulting interferometric phase ¢; = ¢,— ¢, is still ambiguous, however its smoother variation
allows a reconstruction, through spatial integration, of the original phase w.r.t. a reference point.
Therefore it is possible to observe that the information retrieved by interferometric phase is inherently
relative since it needs a referencing both w.r.t. the temporal and spatial domains. For the temporal
domain the reference is an entire acquisition, for the spatial is a point that can be located everywhere
in the image.

2.1.1 Interferometric phase: wavenumber shift and fringe frequency

In view of the next chapter it is worth to spend some words in discussing SAR interferometry
from the point of view of the signal spectrum. As said in the previous section interferometric phase
is able to track a spatial variation of the propagation delay between the two images. In frequency
domain this corresponds to a different projection of the reflectivity spectrum onto the radar line of
sight direction. In order to give a more intuitive explanation Figure 2.1 recalls the description in (?
). Figure 2.1 shows how a given harmonic in ground range direction is de facto differently mapped
in two different geometries (LoSs).

This change on the geometry can be generated from different reasons, different view angles as
in Figure 2.1 or for a change in the geometry of the surface itself related to ground deformation
occurring between the two acquisitions. Nonetheless in practice is the illumination of a different
portion of the ground reflectivity spectrum by the radar pulse. That means that even if the two SAR
acquisitions share the same carrier frequency f, and bandwidth B,, the information contained in
the two frequencies band is slightly misaligned. Due to this shift there will be part of the acquired
spectrum not common to both acquisitions that will only generate noise since it will not interfere.
Knowing the amount of occurred shift it is possible to perform a spectral filtering aimed to maximize
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Figure 2.2: Fringe pattern from a glacier deformation. The decorrelation effect is observable where
the variation is stronger

the coherence of the interferogram (38). Since the bandwidth of the signals is limited, the extreme
consequence of such effect is the shift of the whole bandwidth, that leads to total de-correlation.
In space domain this corresponds to a spatial phase variation that cannot be followed by the given
resolution.

The relevant aspect for this dissertation is to have an idea of how the fringe patterns are generated.
Fringe patterns are in fact generated when the scene is observed by slightly different geometries, but
also when the observed scene is deformed between the two acquisitions. In general we can state
that the wave-number shift occurring between the two SAR acquisition is exactly described by the
fringe patterns that we see since they are its direct consequence. Therefore having the local fringe
frequency defined as:

10¢ 2 A6
Yy _z2_=2Y 2.4
o= 5 ar A tan(0) 24
In case of topography the variation A6 is approximated by the ratio between normal baseline B,,
and range distance r; leading to the well known expression:

_2_ B
A ritan(9)

After these considerations is again evident the inherent relative nature of the interferometric mea-
surements that do not observe directly the motion or the topography profile itself but only their
spatial variation. In practice, given a certain patch of pixels, its absolute motion is not directly mea-
sured by the inteferometric phase. Nonetheless it is possible to carry out a very precise measurement
of its "“internal’” motion gradient independently whether it is due to a deformation or a rigid rotation.

The decomposition of the motion in this sense is formally discussed in the next Chapter.

fe (2.5)

2.1.2 Interferometric phase: models and parameters estimation

As seen in the previous sections the interferometric phase is able to map changes in the delay
between two different SAR acquisitions. Such changes can be related to different causes and are
observed all integrated into the measured interferometric phase. Therefore an important issue in
exploiting the interferometric measurements is the capability of separating the different components
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of the delay. Moreover, depending on the application, some of them could be object of interest and
others are undesired and thus considered as noise.

Then in order to be able to estimate parameters it is necessary to formulate analytical models that
can be use to estimate unknowns and separating them from other undesired effects. A typical exam-
ple is the separation between topography and deformation. As seen previously these two observables
are related to two different changes between reference and secondary acquisition. The first is visible
if a difference in the acquisition geometry is present the second if the scene is changing. The models
used to parametrize this case is the following:

B
Ap = %(d(é, £) + rosi’;IOH) +n (2.6)

where d(&, t) is the deformation model function of a set of parameters £ depending on its complex-
ity, H is the topography projected onto phase according to the normal baseline B,, which accounts
for the difference in geometry and n is the phase noise. Now having available a set of interfero-
grams having different time and B,, differences it is possible to separate the topography H from the
of parameters £. The accuracy of this estimate is related to the domain sampling if we consider
the variance of the estimator but also to the degree of orthogonality of the domains if we estimate
multiple parameters using different domains. In the case of the pair topography and deformation
this will result in having well sampled measurements on t and B,, but also having < an> minimized.

This case is of course a simplification, since many other effects typically are over imposed and
not all of them can be separated exploiting their projection on different domains. This means that
the only way to get rid of some additional delays is to compensate them using external information,
applying educated filtering procedures or simply being able to account for their effects in terms
of performance degradation. In the next Section an overview is proposed briefly discussing some
undesired effects and their impact on the interferometric measurements.

2.2 Limitationsininterferometric phase precision

The application of SAR interferometry to perform displacement measurements can be affected by
a large number of limitations. As already mentioned before it is worth to notice that such noise
sources have different nature and can affect differently depending on the application. In particular
for the purpose of this dissertation it is necessary to divide them in two macro-groups, the spatially
uncorrelated errors and the spatially correlated errors.

The first can be mitigated through some spatial average basically trading precision with a spatial
resolution reduction. The latter are characterized by spatially varying patterns often spectral over-
lapped to the deformation patterns to be measured. Their spatial correlation makes them not too
critical for application aimed to measure deformation patterns on a small spatial scale, however in-
creasing the scale, or to say it in other words, increasing the distance from the reference point, such
errors increase drastically their power hence limiting the observability of the deformation signal.

Since also temporal stacks of interferograms are discussed it is worth to spend some words about
the temporal characteristics of these noise sources. In general, it is possible to state that almost all
of them are uncorrelated in time nonetheless some exceptions are present. In case of tropospheric
delays we can in fact have some seasonality due to the periodical changes in the physical quantities
that determine the refraction index, therefore especially in case of stratification with the topography
such delays can repeat themselves with a certain correlation through the different years. Another
example is given by the frequency drift of the radar oscillator: this can happen slowly in time (as in
the case of Envisat-ASAR) hence generating spatial phase ramps that increase their slope with the
time. The table 2.1 is aimed to give a general overview of the noise sources, more details will be
discussed in the following sections.
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Error Sources Characteristics
ERROR SOURCE SPACE TIME
System SNR uncorrelated uncorrelated
Temporal Decorrelation uncorrelated uncorrelated
Troposphere Turbulence correlated uncorrelated
Troposphere Stratification correlated seasonal
Ionosphere correlated uncorrelated
Solid Earth Tides correlated uncorrelated
Clock Drifts correlated uncorrelated /drifts
Soil /Vegetation Effects correlated seasonal /drifts

Table 2.1: Errors Resume

2.21 Temporal decorrelation

The reflectivity of the ground is changing gradually in time. This leads to a loss of correlation
between the radar echoes and a consequent increasing of the noise. A valid physical model that can
encompass all the characteristics of the decorrelating interferometric phase is still missing. However
a simple way to describe at least its temporal behavior is to model it as a stationary process described
by three parameters: a starting coherence y,, a long-term coherence y., and a time constant 7 to
describe the transition (80):

1(0) = (ro—7Yoo)e ™ +7oo(t > 0) @.7)

This model catches also the long term coherence component that is able to strongly improve the
performance since it contains information of the deformation signal also at large time spans. This
contribution is in C and X band typically present only on urbanized areas. However in lower fre-
quencies InSAR residual coherence of 0.2 — 0.3 have been observed also on bare soils.

2.2.2 Atmosphericeffects

The velocity of radar pulses can vary with the variability of refractive index of the medium. Since
SAR missions are typically located between 500 and 800 km, in spaceborne SAR the transmitted
pulse crosses almost the whole Earth atmosphere hence accumulating space variant phase screen
generated by this variability. Such patterns are generally low-pass in space but can affect interfer-
ometric measurements with relative errors that can reach tens of centimeters at large distance. At
the moment the additive atmospheric delay can be considered the main source of error in measur-
ing large scale deformation using InSAR. Since its spatial spectrum is very much overlapped to the
deformation signal spectrum it is difficult to find a clean way to remove it without affecting also
the signal to be measured. However the term "atmospheric delay™ is rather generic and some more
precise specifications have to be done discussing this topic.

2.2.2.1 Ionospheric distortions

Ionosphere is located in a band between 50 and 1000 km above the sea level, even thought its
maximum concentration extends from 150 to 500 km. Since it acts pretty far away from the ground
during the synthetic aperture the sensor collects pulses that travels through different ionospheric
states hence forming phase screens inside the raw data. This can be problematic also for SAR pro-
cessing triggering de-focusing or pixel-shifts (71). In extreme conditions such distortions can gen-
erate coherence losses that can be avoided only through a precise co-registration. In particular the
impact of ionosphere on SAR interferometric phase, apart from some constants like the speed of light
and K = 40.28 m>/s2, depends strongly on the carrier frequency f, and the electron concentration
(TEC) that the radar pulses travel into (71).
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Figure 2.3: Split-Spectrum performance graphics from (42). The picture shows the performance
in different bandwidth scenarios. The assumed multi-look corresponds to the number of pixels
necessary to cover an area of 1 km?
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The carrier frequency is determined by the mission design, making L-band sensors strongly more
affected than C or X-band. The electron concentration can vary with the latitude the time of the day
and with the years according to the solar cycle. Based on these basic remarks it is possible to state
that the mission design can be carried out in order to minimize such impact, for example prefer-
ring short wavelengths, adjusting mission start with solar minimums and avoiding the acquisitions
in hours having maximum TEC concentration. Nonetheless, this could not be enough if the target
is the measurement of very large scale motions such like tectonic deformations. Major effects have
been shown for instance, also in C-band mission like Sentinel (43). Therefore, compensation ap-
proaches have been developed in order to further reduce the ionosphere-induced phase error. At the
moment the more common approach is the so called Split-Spectrum. This method exploits exactly
the strong dependence with the frequency of the ionospheric delay to separate its contribution from
the other signal components (42). Such diversity is obtained by using the range bandwidth forming
two interferograms at "lower" and "higher" frequencies. Subtracting them all the other components
but the ionospheric one are deleted hence obtaining an estimation of the ionospheric phase screen.
The improvement in performance has been derived in (42) showing the residual error in meters of

such compensation.
Ctepo = || S VI 2.9)
defo" 96nBw \N v ’

Where Bw is the bandwidth N is the number of independent samples and y is the coherence. Equa-
tion 2.9 shows that the capability of mitigating the ionospheric delays in deformation measurements
depends basically on the bandwidth and the number of looks only. Therefore fixing a performance
target in terms of accuracy and resolution (N of looks) it is possible to derive in first approximation
how much bandwidth is necessary (see Figure 2.3) to keep this disturbance at the same level as the
other error sources.
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2.2.2.2 Troposheric distortions

Even though they can be both considered as atmospheric effects, tropospheric related distortions
differ radically from the ionospheric ones at least from the point of view of the geoscientist that
want to perform deformation measurements using InSAR. The first big difference is related to their
independence from the carrier frequency. In fact, in the range of radio-frequencies where the SAR
instruments are operated, the delay triggered by the troposphere is the same. Hence the additive de-
lay measured in meters for a given tropospheric situation is the same independently from the sensor
carrier frequency. The second difference is related to the position of the troposphere with respect to
the platform and the ground. The great majority of the delay is generated in the lower 2 km of the
pulse path. This means that its effect does not vary too much along the synthetic aperture as it hap-
pens for ionosphere, hence avoiding the related co-registration problems. Therefore it is possible to
state that the tropospheric delay is almost perfectly imaged by the SAR processing hence generating
full resolution phase screen over imposed to the deformation pattern to be observed. The effect on
the phase is generated only by the change in the refraction index of the troposphere according to
its state in terms of temperature, pressure and humidity. The so-called scaled up refractivity N is
modeled as:

Py e e
N=ki—+ky=+ky,— 2.10
177 27 272 ( )

where k; = 0.776KPa™ !, k, = 0.716KPa~! and k; = 3.75 x 10°K?Pa™! are constants derived
from laboratory measurements, T is the absolute temperature in Kelvin (K), P, is the partial pressure
of dry air in Pascal (Pa) and e the partial pressure of water vapor in Pascal. The spatial variability
of these parameters is related to different factors such like the weather conditions but also the to-
pography since the troposphere tend to be less dense increasing the altitude. As mentioned before,
SAR interferometry provides maps of this variation at a resolution not available for other specific
instruments, therefore a full compensation through external data is not possible. Moreover, its in-
dependence from the wavelength does not allow techniques such like the Split-Spectrum for the
ionosphere. Therefore its mitigation is possible only using low-res meteorological model or through
tailored spatio-temporal filters. The latter is general not well suited if the objective is the large
scale motion measurements since they could remove part of the deformation signal, the first will be
discussed in more details in Chapter 4.

2.2.2.3 Topography related distortions

The tropospheric distortion stems from the delay accumulated by the radar pulse in traveling
through the troposphere. This implies a dependency on the acquisition geometry. Let us assume
a simple model where the troposphere is a constant layer enveloping the first few kilometers from
the earth surface and no further variation related to physical parameters variation is present. Given
that it is easy to notice that the LoS variation along the swath can already generate path variations
and consequently differential delay variations referring to Equation 2.10. The eventual presence of
topography triggers further changes in the traveled path further distorting the differential delay pat-
tern. Therefore even in this oversimplified scenario a complex differential phase pattern is present.
Such pattern is not necessarily to be considered low-pass but it is strongly correlated with topogra-
phy profile and the acquisition geometry. The mitigation of this delay component can exploit this
correlation. In application scenario a data-driven approach, that estimates this component through
a phase-height correlation, has provided good performance nonetheless, as previously mentioned, if
the target is the observation of large scale tectonic signals as well as volcanic deformation such an
approach could lead to biased estimations and consequent misdetection between motion and tro-
pospheric delay. Therefore it should be limited to the measurement of local deformation: for large
scale motion detection the use of external models is preferable (15).

Another important feature of of topography related tropospheric distortions is its behavior in time.
Troposphere physical parameters are subject to seasonal variations along the year. Since the spatial
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TROPOSPHERE

Figure 2.4: Schematic showing the dependence with topography and acquisition geometry

variation pattern of the phase is mainly geometry driven, it is easy to imagine that the generated
phase patterns could appear pretty similar in shape although variable in intensity due to such sea-
sonality. From a multi-interferogram perspective this could generate seasonal biases correlated with
the geometry such like ramps as well as more high pass topography related patterns. The pre-
compensation of the delay using models could help at least to detangle this temporal correlation
allowing to keep the hypothesis of temporal whiteness of the tropospheric delay.

2.2.2.4 Turbulence related distortions

The model used for explanation reasons in Section 2.2.2.3 is handy to use but in some way over-
simplified. In fact it is well known that troposphere can have local variation due to clouds or variable
temperature/pressure. Therefore we have also to consider such variations if we want to list an error
budget for the interferometric phase. The spatial scale of such variation can vary a lot being also
completely overlapped to the deformation signal to be observed. The use of external models, in these
cases, can help only up to the resolution of the meteorological data typically in the range of the tens
of kilometers as it will be discussed in more details in Chapter 4.

Having available a set of interferograms it is possible to exploit the statistical properties in space
and time domain of deformation and tropospheric signal. The first presents a correlation in both
domains nonetheless the latter is completely uncorrelated in time. Therefore it possible to design
spatio-temporal filters capable to provide some separation between the two components. However
this capability is limited in accuracy since it introduces a temporal correlated error that can bias the
estimation of secular trends especially at large scales where the power of the tropospheric noise is
higher. Hence, when possible, an apriori mitigation of the noise using weather model is preferable
for such cases.

2.2.3 Solid Earth Tides

The deformation of the Earth surface related to the interaction with the gravitational forces of both
the Sun and the Moon is known as Solid Earth Tides (SET). Such deformation can reach reach more
than 40 cm. This is a quite remarkable number if compared to the radar wavelength nonetheless,
it has to be taken in account that SET related deformation patterns develop on scale of hundreds
of kilometers. The dimension of spaceborne radar swaths and the relative nature of interferometry
reduces its impact on the measurements since only its projection on the variable LoS is visible. This
effects in case of big swaths can anyway reach the centimeter level and necessitates a compensation
in order not to be mixed with tectonic movements. However geodesists are able to precisely model
the SET displacements, therefore a model-based correction of the interferometric phase is possible
in order to meet the accuracy requirements (95), (15), (44) and (106).
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2.2.4 Orbitaccuracy

The precise knowledge of the platform position during the acquisition is of key importance in
SAR interferometry. This information is in fact used to geometrically simulate a synthetic phase
used to compensate flat earth and topography in SAR interferograms. Therefore errors in the state
vectors knowledge leads to an inaccurate flattening of the interferograms and consequently to the
generation of residual spurious ramps in the observed interferometric phase. Such ramps are of
course particularly dangerous in measuring large-scale deformation patterns reducing the accuracy
of the measurements.

Given the errors in horizontal and vertical direction in the plane perpendicular to the flight direc-
tion ey and ey, the measured spurious ramp between near and far range will be:

4n ) )
¢ramp = T(EH(Slnefar _Slnenear) - EV(COSQfar - Cosenear)) (2.11)

in the past generation of SAR missions (ERS, Radarsat-1 ,JERS) such error source was pretty im-
portant and it could be a showstopper for the measurement of the the large-scale deformation.
Nowadays missions like Sentinel-1 are characterized by a very precise state vector knowledge (83)
therefore the related phase errors can be considered negligible in comparison with other sources like
troposphere or ionosphere.

2.2.5 Clockdrift

The accurate measurements of large scale phase patterns indeed depends on the stability of the
on-board clock. Small fluctuations of the central frequency of the oscillator between reference and
secondary acquisitions may in fact drive to residual phase ramps in range direction. Such fluctuations
can be random in time leading to a degradation in the phase accuracy. Nonetheless when the clock
central frequency is characterized by a drift in time the consequences for the performance, especially
of time series, can be pretty serious (70).In general we can write that the clock-related phase error
is:

Pramp = 4§5fAR (2.12)

where 61 is the frequency difference between the two SAR acquisitions and AR is the range differ-
ence between two points. Also in this case the new generation of SAR missions are equipped with
hardware able to avoid this to be the performance bottleneck (65).

2.2.6 Soil and vegetation effects

It has been observed that when InSAR bases its measurements on distributed targets a further
and considerable noise source can occur (5). Distributed targets are not characterized by man-made
features like PSs but they are obtained by averaging a conjunct of radar resolution cells each of them
containing more than one phase center. This operation can lead to phase inconsistencies (22) (109)
(23) due to presence of different phase centers evolving independently. The mixing of the different
mechanisms results in biased time series. In (5) is shown how the possibility to rely on long-term
stable areas mitigates this effects since the phase estimation, "“guided"” by the stable targets is able
to dump the other seasonal effects like soil moisture or vegetation growth that trigger the drift. The
effect on the final velocity estimation for the time series can be of several mm/y in C band or bigger
if we increase the wavelength. Such orders of magnitude can not be considered negligible in the
final error-budget. Therefore nowadays the scholars are particularly pushed to find solutions in this
direction. At the moment there is no well defined solution, being carefully in phase estimation is for
sure a good norm, however in many cases this is not enough and unwanted biased spots shall be
masked. Model based de-biasing using physical models are still in study (21).
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2.3 State of the art of spaceborne InSAR for deformation measurements

As discussed in the previous sections spaceborne SAR interferometry is a powerful instrument to
measure earth surface deformation. Several scientific and commercial applications benefit of such
measurements. Nonetheless the accuracy performance can be an issue in some cases. Therefore a
deep knowledge of the measurements performance is needed in order to fully exploit the capabilities
of the technique. In the Section 2.2 a brief introduction to the limiting factors have been given
observing that not all of them can be easily overcome. Therefore in the last 30 years a lot of research
work has been carried out in order to find technical solutions to improving the applicability of the
technique. The main problems can be coarsely resumed in three bullets:

* limited temporal coherence of the radar targets
e 2D and 3D phase unwrapping

* atmosphere or other low pass effects

The first two points were tackled since the beginning, the latter became more evident as soon
as the accuracy requirements were pushed to the millimeter level. Nowadays having missions with
wide swath capabilities, the issue is even more important, since clocks accuracy and orbit knowledge
has been improved to a point that cannot be considered limiting factors anymore.

The limitations derived from the vanishing correlation of the radar targets were studied since the
early nineties in particular in (108) temporal and geometrical decorrelation were studied and quan-
tified providing physical models. In (38) a filter to mitigate geometric decorrelation was proposed
reducing the amount of non-interfering bandwidth. Deformation measurements require to be able
to retrieve valuable interferometric information for long time spans, in order to form phase time
series. Therefore the temporal decorrelation in particular plays a major limiting role. A the end of
the nineties a first solution was proposed to overcome this problem (35). The PSInSAR technique
limits the interferometric analysis on stable targets that are able to guarantee phase stability on long
time spans. The identification of such targets is not trivial and involves several steps that exploits
all the SLC information including backscatter amplitude in order to progressively identify the tar-
gets that can be safely unwrapped. The main idea of this approach is that once a stable target is
identified its capability to interfere is guaranteed in all the interferometric pairs in the time series.
Such targets are often man-made features (roofs,buildings corners,...) (82) that provides an ideal
backscatter mechanism also allowing to use the information in a single look fashion. However these
man-made features are limited to urban areas and very difficult to find in vegetated areas. Therefore
the so called Small Baseline (SBAS) approach was introduced (9). Complementary to the PSInSAR
approach, SBAS focus the attention on decorrelating targets generating all the possible coherent
interferogram combinations and estimating the interferometric phase integrating through the gen-
erated interferograms network. The idea is to be able to "“follow™ the vanishing coherence until is
present hence providing a stacking approach that is no longer based on a single reference image like
in PSInSAR but on several coherent interferometric pairs. This includes a spatial multilooking that
reduces the resolution but allows to cover areas where no man-made features are present. After these
achievements the InSAR community started to move towards a more systematic and operational use
of the InSAR measurements, therefore several others processing approaches were developed on this
line (75),(101), (1), (52). The need of unification between persistent targets interferometry and
decorrelating targets interferometry found its theoretical basis in studies that tried to exploit the
information of all the the possible combinations of images of a given stack (47) (20) (48) (33) (79).
This more comprehensive approach to InSAR phase estimation become quickly the state of the art of
the processing chains (33) (2) (81). The new generation of SAR satellite constellations are able to
provide fast revisit time and very long time series due to the mission continuity. This technological
breakthrough posed new issues in the InSAR phase estimation in particular regarding the possibility
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of generating huge time series (4) and their accuracy (5). The handling of the moisture/vegetation
(22) (109) (23) phase biases is at the moment not completely solved and represents the cutting edge
of the research in this field.

The second bullet is about the phase unwrapping. The difficulty in solving this problem is already
well known from other fields (39). Nonetheless the problem is of crucial importance for the ex-
ploitation of the InSAR data since it allows to solve the ambiguities of the phase in order to properly
integrate phase gradients and reconstruct the unwrapped phase w.r.t. a reference point and image.
Therefore a lot of literature was produced on the topic since the beginning of the development of In-
SAR technology (41). During the nineties the focus was on the 2D phase unwrapping since the main
driver was the generation of DEMs using a single interferometric pair. Many different approaches
were developed following also the experience in other fields like MRI. In specific, InSAR has partic-
ular requirements in order to cope with its particular data characteristics, such like space varying
SNR or variable ground resolution. Some techniques were specifically developed for InSAR data
like the Minimum Cost Flow (MCF) (18) or SNAPHU (14) and they are still some of the most used
approaches. The increasing importance of the interferometric time series pushed the research to find
solutions that consider also the information from different inteferograms in order to unwrap them
jointly rather than separately (34). For deformation time series the solution of the problem in 3D
is necessary in order to provide meaningful measurements. A formalization of the problem in three
dimension was provided in (53). Phase unwrapping, due to its high non-linearity, remains open in
general hence forcing the researchers to find tailored solutions depending on the problem.

New missions like Sentinel-1 are able to provide very large swaths (250 km). Future SAR missions
are aimed to further enlarge the radar swaths (92) (76). The measurement of large-scale deformation
is the DInSAR application that takes much advantage from this new generations of sensors since
they are able to capture tectonic deformation on regional scale. Nevertheless, since the magnitude
of the relative error increases with distance (91)(45)(50), the performance of relative deformation
measurements between very distant points may not achieve the required accuracy (104). It is well
known that interferometry works well for applications such as infrastructure monitoring or urban
subsidence since they involve relatively short scales (0.1-20 km). The removal of the lowpass spatial
frequencies of the estimated deformation signal by filtering or detrending, often applied in these
cases, is for the measurements of the large scale deformation patterns not applicable. However,
the rising scientific interest in using InSAR to measure this kind of deformation (54) pushes in the
direction of the preservation of all the spatial wavelengths of the deformation and a proper treatment
and knowledge of the error bars at such distances.

Since the firsts spaceborne radar experiments, atmosphere has been recognized as one of the main
error sources (91). The main problem stems from its spatial characteristic that prevents complete sep-
aration from the deformation signal. Temporal filtering, even if it improves the time series quality is
also not a general solution since the temporal high-pass signal derived from earthquakes or slow-slip
events could be lost. Therefore, the use of external information to reconstruct and compensate the
unwanted delay in the interferograms (24) has been taken in consideration. Considering the avail-
able information it was clear that it was not possible to have corrections at the same metric resolution
of the InSAR data, nonetheless it has been shown that even kilometer resolutions are already able
to strongly mitigate the noise. At the beginning GNSS stations or other remote sensing instruments
such as MODIS or MERIS were typically used (68)(72)(67). The correction of tropospheric stratifica-
tion was successful using both model-based and data-driven approaches (26)(66)(15). Then, in the
past decade, the use of Numerical Weather Prediction (NWP) became a valuable tool for systematic
correction of both SAR group and phase delays, hence improving the performance and capabilities
of the techniques (56)(28)(55)(16)(8).

The ionosphere can also generate huge errors at low frequency (L-band, P-band) SAR (71). In

C-band its effect is less severe even though exceptions have been reported (43). In such cases, com-
pensation using the split spectrum technique can reduce the error to the level of the troposphere so
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that it is no longer the limiting factor (42). The effect of Solid Earth Tides (SETs) involves scales
much larger than the SAR swath, however, their projection onto the SAR Line of Sight (LoS) along
the swath can generate centimeter-level phase ramps. Therefore, SETs can be compensated using
the IERS 2010 convention (27)(44). Finally, SAR missions are characterized by very stable oscilla-
tors (65) and very good orbit knowledge (107)(83). Hence it is possible to conclude that as long
as the tropospheric correction accuracy will remain in the order of centimeters the troposphere will
be the limiting factor for the measurement of the large scale deformation patterns. Therefore the
knowledge of its impact as well as the capability to mitigate it is of primary importance for these
applications.



3 Modelinglocal deformation usingthewrapped
interferometric phase

This chapter aims to discuss a general framework that allows the direct interpretation of the wrapped
DInSAR phase in terms of surface strain S and rotation R components. The methodology should
allow to address applications that shows very concentrated patterns of interferometric fringes and
therefore very likely to be prone to spatial unwrapping errors.

The idea is to allow a geophysical interpretation of the interferometric fringe patterns in order to
support geoscientists in modeling particular deformation phenomena.

This chapter summarizes the journal papers in Appendixes A and B : A. Parizzi and W. Abdel Jaber;
"Estimating Strain and Rotation From Wrapped SAR Interferograms," in IEEE Geoscience and Remote
Sensing Letters, vol. 15, no. 9, pp. 1367-1371, Sept. 2018, A. Parizzi, "Inversion of the Slip Distribution
of an Earthquake From InSAR Phase Gradients: Examples Using Izmit Case Study," in IEEE Geoscience
and Remote Sensing Letters, vol. 16, no. 11, pp. 1726-1730, Nov. 2019 and the Conference paper
in Appendix E A. Parizzi, "Potential of an Automatic Grounding Zone Characterization Using Wrapped
InSAR Phase," IGARSS 2020 - 2020 IEEE International Geoscience and Remote Sensing Symposium,
2020, pp. 802-805

3.1 Phase gradients interpretation in terms of strain and rotation

Interferometric measurements can be directly related to the spatial gradients of the motion (30)
(94) (97) (37). In this Chapter this property is exploited for the reconstruction of strain and rota-
tion tensor as well as its interpretation into physically relevant observables, in order to tackle some
particular DInSAR applications.

Considering a SAR interferogram, where all the topographic components have been compensated
and neglecting the atmospheric delay, the expression of the absolute interferometric phase will be:

¢ = 4_715 .S (3.1)
A
where A is the wavelength. Being (e, n,v) the reference system oriented in accordance with the
local east, the local north and the geodetic vertical, the change in radar range can be written as
the projection of the displacement vector 6 = [8,,6,,0,] on the sensing direction of the radar s.
Deriving with respect to the two horizontal dimensions, the displacement gradients observed in the
sensing direction of the radar can be written as:

%(5 s)=w".s= i@gb (3.2)
4
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Equation (3.2) is a vector providing the derivatives of 6 - s w.r.t. the north and the east directions.
¥ is defined as the gradient tensor ! and represents the derivatives of &.

U= U, Uy | Uy (3.3)

Since a single SAR interferometric pair is not able to provide resolution/sampling in the third
dimension (7), it is not possible to perform derivative measurements along the v axis. Therefore the
third column of the gradient tensor can not be observed. Now in order to retrieve the six observable
components of ¥ at least three diverse interferometric measurements are needed. The inversion
results then to be completely analogous to the inversion of the 3D displacement vector (105) (46)
and (6) from a geometric point of view. Therefore all the considerations regarding the performance
with diverse acquisition geometries are valid also for the inversion of Equation (3.2).

¥ represents the first order Taylor approximation of the displacement field and it contains the
information about all the relative movements of the portion of surface which it represents. The
gradient tensor can be then decomposed in its symmetrical and anti-symmetrical parts. Those are
respectively the strain S and rotation R components (25).
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Since the derivatives w.r.t. the v direction (u,,,u,,,u,,) are missing (see Equation (3.3)), only
the 2 x 2 upper part of S and R tensors can be properly characterized. Consequently the third line
and the third column of S and R end up being the same. This in practice means that even if the
sensor is sensitive to the gradients of the vertical motion, it is not possible to distinguish weather
it is generated by a rotation or a deformation. In other words to resolve between a vertical tilt
(rotation) and a vertical extension/compression (strain). It is worth mentioning that according to
the theory (25) some assumptions could be made allowing the observation of more components of ¥
or reducing the set of equations needed and also improving the estimation accuracy. For instance, in
the specific case of ice flows, assuming ice to be incompressible allows us to impose the first invariant
of the strain tensor Is = Tr(S) = 0 deriving consequently also u,, (Michel and Rignot) and (25). In
other cases it is possible to set S = 0, then the problem reduces to a rotation only estimation (69).

3.1.1 Phase Gradients estimation

It is now necessary to discuss how the gradient measurements V¢ can be estimated from the com-
plex interferograms. The interferogram is a complex number z(r,a) = A(r, a) exp ( jo(r, a)) where A
is the product of master and slave reflectivity, (r,a) are the range and azimuth coordinates in radar
geometry and ¢ is the interferometric phase as in Equation (3.1). Since in the application discussed
here, the interferometric phase varies by several wavelengths within the scale of the deformation
pattern, it is possible to perform a local linear approximation of the deformation phase. Hence at
a given point (rgy,ay) the phase of the interferogram z can be substituted by its first order Taylor
approximation:

For the sake of simplicity, the notation u;; = 06,/0j will be used to identify the derivatives from now on.
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Z%Aexp(j%r(aais(r—ro)+%(a—ao))+¢o) (3.5)

where 6, = 0 - s is the projection of the displacement vector along the line of sight. Equation
(3.5) shows how the problem is basically the estimation of the main local fringe frequency of the
interferogram. The problem can be solved in different ways with varying performance. Typically the
periodogram estimator is used (60), however this estimator assumes flat spectrum which is not the
case for the interferograms. Moreover in the case of very strong fringe patterns, such an estimator
does not take into account the spectral shift effect (38), hence reducing the estimation performance.
In such a case the ML approach proposed in (49) would be more suitable.

3.1.2 Variance and covariance of the gradient measurements

In order to fully exploit the gradients in parameters inversion a description of the measurements
accuracy is also necessary. As a consequence of the problem statement in Equations 3.2 and 3.5, the
gradients’ accuracy is hence seen as a scaling of the accuracy of the local fringe frequency estimation.
This in the case of SAR interferograms can be in general a difficult task. The movement-induced
wavenumber shift (38) triggers a degradation of the accuracy reducing the common band between
the two acquisitions. In this case a ML approach for the fringe frequency estimation is indicated
(49). The general case expression of the accuracy can be computed only numerically. However if
the fringe rate is not too high, as mentioned before, it is possible to approximate the interferogram
as a complex sinusoid using the periodogam estimator. Then the performance can be computed in
close form properly rescaling the expression in (60).

2 __6(-7) A2
A yN(N2-1)16n2p2

(3.6)

Where 7y is the interferometric coherence N the number of samples in the derivative direction and
p the resolution in the derivative direction.

Another important topic are the effects of additive delays a generated by the propagation of the
signal trough the atmosphere. Such delays generate spatially correlated patterns in the interfer-
ometric phase strongly varying according to the season, the time of the day and the atmospheric
conditions. However their behavior can be statistically described by a covariance function Cf if we
assume at least the local stationarity of the process (50). Supposing known the covariance func-
tion of the atmospheric related delays Cf it is possible to derive the description of gradient errors.
The variance can be calculated supposing to perform a linear regression of the phase subjected to a
spatially correlated noise.

, 22 phiCL(pli—jD)
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The covariance function of delay gradient C aA w.r.t. a given direction [ can be computed consid-
ering Fourier transform properties:

o (3.7)

2,9
@ a1z
It is worth to notice that the high-pass effect of the derivative operator drops the spatial correlation
forcing the covariance function to be almost impulsive in the direction where the derivative is applied.
This means that an eventual isotropic behavior of Cg) (r,a) (62) will not be preserved in C aA(r, a).

(3.8)
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3.2 Application: strain and rotation of a glacier flow

As first application of the proposed framework, the estimation of the surface strain and rotation of
the Darwin Glacier has been investigated. Darwin Glacier (79°53’S 159°00E) is an outlet glacier of
the Transantarctic Mountains draining ice from the East Antarctic Ice Sheet into the Ross Ice Shelf.

SAR interferomgrams from different acquisition geometries have been formed and the phase gra-
dients estimated. The results have been geocoded in order to be able to merge them on a common
grid. A local transformation based on orbital information must hence be established between the
geographic reference system used in the previous section and the radar coordinates. Let T be the

rotation matrix representing such a transformation. V¢ and 6‘;, the phase gradients and their co-
variance matrix calculated in radar geometry, can be recomputed in the local reference system as:

V=TTV
¢ ~¢ (3.9)
C;=T'CyT

In Equation (3.2) the direct problem that links the phase gradients measurements with the gra-
dient tensor ¥ has been defined. Let us now suppose that in a general case we have N gradient
measurements in N different geometries. Cy j is the covariance matrix relative to the k" acquisition
geometry, ¥ can be inverted in the Least Square sense by minimizing the figure of merit M w.r.t.
each u;;:

—1 Ak T
M= (S0~ ) i) G
k=0 (3.10)

(3£ 9 —90s)" -5,

The strain S and rotation R components have been firstly estimated using all three available ge-
ometries. The same inversion has been subsequently performed with two geometries only assuming
the ice is flowing parallel to the glacier surface. A comparison of the two approaches is then shown
in Figure 3.1 (c).

3.2.1 Inversion using three acquisition geometries

The framework proposed in the previous sections can support glaciological studies aimed at mea-
suring and resolving the strain and rotation components of an ice flow. As previously mentioned,
three different acquisition geometries are needed in order to be able to retrieve the six elements of ¥.
Currently SAR missions observe a given area on the Earth with ascending and descending geometries
only. In cases where SAR footprints from different tracks overlap, a third and a fourth geometries
may be available for the inversion. Nevertheless such a configuration has proved to be ill conditioned
(6). Hence left looking or squinted acquisitions have to be used in order to achieve a sufficient inver-
sion accuracy (105) (6). For this experiment three TerraSAR-X stripmap interferometric pairs have
been acquired in ascending right-looking and descending right/left-looking. The temporal distribu-
tion of the acquisitions used is optimal since they have the minimal temporal baseline between the
interferometric acquisitions, 11 days between the pairs and 1 day between the different geometries.
Therefore the observed motion can be assumed to be the same.

The components of the gradient tensor ¥ have then been inverted w.r.t. the geographic directions
N/S and E/W and the tensors S and R have been computed as shown in Equation (3.4). In order
to have a more intuitive measurement unit the strain is displayed in [cm/km] . Results are shown
in Figure 3.1 (a).

The results in Figure 3.1 shows the deformation/rotation effects that can be related to the lateral
drag of the ice flowing downbhill.
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Figure3.1: Separation of the estimated gradient tensorin strain and rotation components. (a) shear
component (S ,) estimated using three LoSs, (b) rotation component (R ,) estimated using three
LoSs.

3.2.2 Inversion using two acquisition geometries assuming surface parallel flow

Unfortunately no SAR mission currently performs observation campaigns in left or squinted geom-
etry on a regular basis. It is hence worth discussing some assumptions that allow the removal of two
of the six equations in (3.10). The idea is to exploit the information provided by an external DEM
by assuming that ice flows parallel to the surface (58) (64). The topography profile is approximated
with the plane tangent to the DEM and the displacement is imposed to lie on that plane. This can be
done by fitting a plane to the DEM samples surrounding the area of interest. The plane can be fully
characterized by its normal ny,. It is then possible to set § - n, = 0 and differentiate w.r.t. e, n :

V(6 -np)=%"-n,=0 (3.11)

Since the topography slope is assumed constant in the estimation window it is possible to extract
two more equations to retrieve the six parameters. For the sake of completeness it has to be noted
that now the equation system depends also on the quality of external data. This means that a covari-
ance matrix C4 pgy has to be derived from the DEM error map to characterize the error of the two
equations coming from (3.11). The ascending/descending right-looking TerraSAR-X have been used
for this experiment. The TanDEM-X DEM used for the interferometric processing has also been used
to determine the local perpendicular to the topography. A comparison of the 3 and 2 LoSs inversions
is given in Figure 3.2 (a) (b) and (c). The results look spatially smooth except for an area that is
decorrelated ,probably due to the lack of backscatter intensity. The results obtained with the two
approaches agree very well as can be seen from the difference plot (Figure 3.1-c). Moreover this can
be taken, at least for this specific case, as an evidence of the correctness of the surface parallel flow
assumption also used in other studies (64).

3.3 Application: earthquake source modeling using wrapped InSAR phase

This problem of phase unwrapping errors has a particular negative impact in applications working
with the geophysical modeling of a single interferometric pair. A possible solution, where a modeling
of tectonic fault is carried out using directly the wrapped interferometric phase, has been proposed
in (32) and (36). This avoid of course the phase unwrapping but it has the drawback of having
non-gaussian distributed misfits (32). Therefore the inversion of the system implies the choice of
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Figure 3.2: Shear estimation using 3 geometries and 2 geometries assuming surface parallel flow
using TanDEM-X DEM. (a) shear component (S; ) estimated using three LoSs, (b) shear compo-
nent (S 5) estimated using two LoSs and DEM. (c) difference between the two estimations.
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the proper ambiguity band that fits the model making anyway the problem similar to a phase un-
wrapping. The idea of using phase gradients to interpret geophysical phenomena was hence often
considered (94) (97). This should extend the spatial range of exploitation of the SAR interferograms
since it permits to include also isolated spots of coherent phase. However, the interpretation of a
phenomena using its derivatives has the drawback of filtering its high-pass component only (94) (3)
. This results in a significant reduction of the SNR since small scales of natural phenomena contain
in general less signal. Nonetheless in case of strong motions compared to the radar wavelength, the
gradients SNR is acceptable and such information can be important especially in areas that can not
be reached due to the unwrapping errors.

The model proposed by Okada in (78) describes the earth surface motion generated by a seismic
event both in terms of displacement and displacement gradients (gradient tensor). Fixed the geome-
try of the fault the gradient tensor ¥ derived from Okada model can be linearized w.r.t. the vector of
slips & occurring on the fault plane. Inverting an equation system it should be possible to estimate &
from the estimated gradients. Knowing the local SAR geometry from the state vectors information,
it is possible to locally rotate the tensor provided by the model into radar geometry using a proper
rotation matrix T.

o) =T"¥ ()T (3.12)

In the measurements reference system it is possible to write a system of equation that equates
model and measurements to be inverted retrieving the vector of parameters & minimizing the figure
of merit M:

N-1 Ap r \T 4
;ZOI (3.13)
(5296 -0u(6)"s.)

The equation system is written in general for N measurement’s geometries and C 4 ;. is the covari-
ance matrix of the gradients of the k" geometry.

3.3.1 Izmittestcase

The Mw 7.6 Izmit earthquake occurred on the 17th August 1999 and it was the product of the right
lateral strike-slip movement of a part the North Anatolian fault (12). Because of the E/W orientation
of the fault the co-seismic displacement was very well captured by ERS 1-2 SAR interferogram that
shows a dense pattern of azimuth oriented interferometric fringes. The high fringe density and the
temporal decorrelation (35 days interferograms) make the phase unwrapping procedure particularly
prone to errors. Therefore this case study fits very well for the investigation of a phase unwrapping-
free approach. Although previous works showed the complexity of the fault (103) (12), a simplified
source geometry (single fault segment) has been used as in (36). As a reference result for the inverted
slip and its residual phase the reader can refer to the study in (12).

The modeled fault has been divided in patches of 5 x 4 km along the strike and dip direction
respectively. The inversion imposes also a laplacian as regularization (V2£ = 0) to control the
smoothness of the estimated slips on the fault plane (57). In order to better discuss the feature of
the gradient based inversion of the slip distribution the same inversion has been carried out also
using the unwrapped phase.

3.3.1.1 Gradient Solution

The computation of the interferometric phase gradients has been performed starting from the SLCs
In order to preserve the information no multi-looking was applied in forming the interferogram. The
LoS projected component of the gradient tensor has been carried out estimating the local fringe
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frequency using a periodogram. The estimation window used was about 5 x 5 km sampled at a
finer grid. The estimated range and azimuth fringe frequencies are scaled to range and azimuth
LoS deformation gradients as in Equation(3.5). The direct problem is calculated using Okada model
and locally rotating the derived tensor ¥(&) into radar geometry, as described in Section 3.3. The
inversion has been performed in Least Square sense forcing the vector £ > 0.

Slip Distribution Slip Distribution
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Figure3.3: Results comparison. In (a) wrapped residual interferogram and slip distribution overthe
fault plane for the gradient solution. In (b) wrapped residual interferogram and slip distribution
over the fault plane for the unwrapped phase solution. The re-shaded area is aimed to highlight
the area closer to the fault where the unwrapping errors are more likely to occur.

3.3.1.2 Unwrapped Phase Solution

In order to compare the previously derived results the inversion has been also carried out using the
unwrapped interferometric phase. A coherence mask having threshold 0.18 has been over imposed
in order to keep the phase error in a reasonable range. The extracted points have been unwrapped
using a sparse grid Minimum Cost Flow (MCF) (18). Due to the fact that the whole scene is crossed
by the tectonic fault, critical unwrapping errors have been avoided unwrapping the scene in two
separate “tiles”: one covering the area north to the fault the other covering the south area. Two ref-
erence points have set close to the north-west corner of the interferogram and the south-west corner
respectively. In this case the direct problem is designed describing the projection of the displace-
ment generated by the Okada model in LoS calibrated to the displacement generated by the Okada
model in LoS in the reference point. The absolute phases of the two tiles have been jointly inverted
obtaining a parameter vector § é comparable to the one obtained using the gradients (&, ).

3.3.1.3 Discussion of the results
In order to fairly compare the results obtained the residuals displayed in wrapped interferometric
phase have been used. The modeled phase corresponding to the inverted results has been computed,
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wrapped and used to compensate the original interferogram. In this way it is possible to visually eval-
uate the capability of the inverted models to explain the interferometric measurement. Unwrapped
phase provides a higher sensitivity to deformation, as expected from the theory. This is visible far
away from the fault (highlighted in green in Figure 3.3 ) where the interferometric phase is better
compensated by the model derived from unwrapped phase. However, close to the fault (highlighted
in red in Figure 3.3), the solution obtained using gradients is considerably better. Here the deforma-
tion pattern generates strong phase gradients that compromise the success of the phase unwrapping.
However, the gradients measurements are able to provide an ambiguity-free information that can be
more easily inverted in a least square sense despite their noisy nature.

Both inversions have been almost identically regularized so that the two inverted slip distribution
§, and & present the same spatial smoothness (57). The two slip distributions &, &, present
a similar spatial pattern although shifted on the fault plane along the dip direction. This can be
interpreted considering the relation between the depth of the slip and the scale of the corresponding
surface deformation (the deeper is the motion the more low-pass is the surface deformation) (96).
Therefore since the gradients measurements are limited in observing the high-pass part of the motion
the maximum observable depth results also to be limited accordingly.

3.4 Application: groundingline positionretrieval usingwrapped InSAR phase

The characterization of the transition from floating to grounded ice is a very important information
for glaciologists. Its behavior and evolution supports the understanding of the dynamic processes of
the ice sheets. A systematic monitoring is therefore necessary to support scientists working in this
field.

Since many years researchers deploy instrumentation to derive measurements to locating and un-
derstanding the temporal evolution of the ice-sea boundary(99) (98) . The use of Synthetic Aperture
Radar Interferometry (90) has been proved since its beginning to be a powerful instrument to mon-
itor of these areas (40). Its strong sensitivity to vertical displacements allows a clear identification
of the transition highlighting the ice deformation due to the tidal cycle. In (86) and (87) the poten-
tial of interferometry for the study of grounding areas has been shown identifying their position and
measuring their movements. Over many years the coverage and the systematic of the interferometric
measurements has been increased reaching a global maps of the Grounding Lines (89) of Antarctica
and Greenland.

However, the interferometric data, are typically used to identify the grounding area manually
marking the position of the Grounding Line (GL) directly on the computed interferograms. In this
Section an approach that shall be able to identify and measure the Grounding Zone (GZ) in a more
automatic fashion is proposed, relying, as for the previous applications, on the wrapped interfero-
metric phase as measure of the deformation gradient. InSAR data can be then used analogously to
the tiltmeter measurement also avoiding to unwrap the phase. The study exploits the physical model
proposed in (51) and used in (86) and (87) but using the phase gradients instead of the absolute
phase. The gradient information is used both to identify and follow the geometry of the GZ and to
estimate the model parameters, hence addressing two big issues of this application: the robustness
of the unwrapping in presence of intense motion that could be rather difficult the identification of
the coastline path that allows to identify where to perform the model fitting.

The methodology is first briefly described in Section 3.4.1, then two test cases using ERS Tandem
pairs and Sentinel-1 A/B are examined.

3.4.1 Methodology

The model proposed in (51) describes the displacement due to the tide cycle of the floating ice
w.r.t the grounded ice.
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Figure 3.4: Schematic of the proposed method. In (a) the identification of the maximum gradient
is shown, in (b) an example of the model fitting.
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where A is the tide displacement?, f3 is a shape factor describing the width of the bending area,
H is the Hinge Line (HL) position along the axis u. The idea of the proposed algorithm is to be able
to spatially follow the direction of the grounding zone on the wrapped SAR interferogram and char-
acterize it fitting the physical model in Equation 3.14. As previously mentioned in Section 3.4 the
approach is based on the spatial gradients of the interferometric phase V¢ that are computed esti-
mating the main fringe frequency window-wise on the complex SAR interferogram. Being (x, y) the
range and azimuth coordinates in radar geometry, the interferogram is a complex number z(x, y).
Considering the interferometric phase varying by several wavelengths within the scale of the defor-
mation pattern, it is possible to perform a local linear approximation of the deformation phase as
shown in Equation 3.5.

The deformation gradient provides basically two information: the amplitude T' = ||§55(u)|| and
the angle n = ZV§,. 7, represents the direction of maximum slope and 3 + 1 identifies the local
direction of the GZ path. Given then the coordinates p =[x, yo] of a point lying in the Grounding
Zone it is possible to identify the positions of the direction u having n(p). This is basically the line
having slope tan(n(p)) and passing through p. -

u, — {x,y}: (y —yo) — tan(n(xo,yo))(x —xo) =0 (3.15)

The gradient data can be then re-sampled along the the direction u knowing n(p) as shown in
Figure 3.4 (a) and the gradient amplitude T can be fitted using the model Figure 3.4 (b). The model
expression to fit ' can be computed deriving Equation 3.14 w.r.t. direction u as in Equation 3.16.
The inversion of the GZ parameters can be hence performed using Equation 3.16 and the estimated
gradients bypassing the 2D phase unwrapping (18)

2For the sake of simplicity we can suppose to have it alreadz projected onto the radar LoS
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Indeed the procedure move the unwrapping problem into a single dimension and implicitly solve
the phase ambiguities along the rotated geometry with the support of a model. The inversion derives
first the position of the Hinge Line (H in Equations 3.14 and 3.16) and f that provide a characteri-
zation of the GZ. f3 is a shape factor that describes the curve determining the width of the GZ. This is
visible from the analytic expression of the distance W4, between the HL and the maximum of the
deformation gradient that identify the peak of the GZ see Figure 3.4 (b).

T
14

peak — @ (3.17)

Based on the previous analysis the proposed approach starts computing the phase gradients maps
from the complex interferogram. Then a small set of points,roughly lying inside the GZ, have to
be selected as start. From each point the maximum gradient direction is computed and the input
gradient data re-sampled onto such direction. Finally the model is fitted in the gradient amplitude
data retrieving HL positions and shape factors of the GZ.

3.4.2 Results

Real data experiments have been carried out in order to assess in practice the capabilities of the
proposed methodology. The technique has been tested first on ’single’ interferograms relying on the
ERS-Tandem data (1 day temporal baseline only) to removing the effects of the horizontal motion
related to the ice flow. Using such data the results have been also quantitatively compared with
results available from the MEaSURES data-sets deriving some statistics. In order to avoid a loss
of generality, also the use of ’double-difference’ interferograms (89) has been tested verifying the
potential use of the technique with the Sentinel-1 A/B mission. The same test site has been selected
for the Sentinel-1 and ERS-Tandem data. This allowed a comparison between results with more than
23 years difference, see Table 3.1.

Finally using more than two months of Sentinel-1 acquisitions the systematic generation of Ground-
ing Zones measurements has been tested. A time series of the hinge line position has been computed
using 4 independent double difference interferograms in Queen Maud Land test area.

3.4.2.1 Princess Raghild Coast test-site: inter-comparison with MEaSURES data set

A quantitative comparison of the derived measurements with existing products is necessary in
order to verify the trustworthiness of the estimated positions. The selected area is part of the Princess
Raghild Coast in Antarctica. The same ERS Tandem data used to generate the MEaSUREs product
have been then processed. The HL positions have been calculated using the proposed approach. As
already visible from the overview Figure 3.5 (a) the positions are very similar nonetheless the result
has been compared with MEaSUREs computing the local distance of each extracted point from the
reference product. The local distance between the two product has been calculated computing for
each point of the distance from the slope that fits the three closest points of the other product.
Proceeding in this way it was possible to collect a vector of local distances to be used to derive some
statistics.

The histogram and the statistics of the differences are plotted in Figure 3.5 (b) and resumed in
Table 3.2. The deviation of the position is about 115 m but drops to 82 m if robustly computed using
MAD. Such numbers are compatible with accuracies measured in (89). A not negligible bias (> 150
m) is however detectable between the different position. Looking more in detail to Figure 3.5 (a) is
visible that the proposed method positions are located systematically more in the inland. This could
be related to a different definition of the position between the MEaSURESs product and the model
used in this study (that identifies the HL).
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Test Site Mission  Acquisitions Date

A) Princess Raghild Coast

ERS 2 APR 1996

ERS 3 APR 1996
B) Queen Maud Land

ERS 5 APR 1996

ERS 6 APR 1996

Sentinel-1 23 OCT 2019
Sentinel-1 29 OCT 2019
Sentinel-1 04 NOV 2019
Sentinel-1 10 NOV 2019
Sentinel-1 16 NOV 2019
Sentinel-1 22 NOV 2019
Sentinel-1 28 NOV 2019
Sentinel-1 04 DEC 2019
Sentinel-1 10 DEC 2019
Sentinel-1 16 DEC 2019
Sentinel-1 22 DEC 2019
Sentinel-1 28 DEC 2019

Table 3.1: Test Data-Sets
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Figure 3.5: Result of the comparison on the second test site, extracted products (MEaSUREs inred ,
this study in blue) (a) and the histogram and the statistics of the local distances (b).
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Distance from MEaSURES [m]

Mean 177.7
Median 165.9
Std. Dew. 114.9
MAD 82.4
5% 16.0
95 % 402.9

Table 3.2: Comparison with MEaSURES Statistics
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Figure3.6: The overview of the whole processed area showing both the HL positions and the W,
distance color-coded. The map is derived from the 5-6 April 1996 ERS-Tandem interferogram.

3.4.2.2 Queen Maud Land test site: results using ERS-Tandem and Sentinel-1 A/B Double Differ-
ences time series

The analysis of the second test site is interesting due to the complex geometry of the grounding
zone that follows the coastline in narrow gulfs and peninsulas. The method has been first applied
on a ERS Tandem pair acquired in April 1996. Figure 3.6 shows a the result of the estimation
displaying the retrieved positions of the HL and the distance between HL and maximum gradient
point color-coded. This information can compactly show a model-based characterization of the GZ
since it displays position and dimension of the GZ.

However nowadays the Sentinel-1 mission is able to provide interferometric data on regular basis
with a global coverage. This is therefore the most suitable sensor to address the problem of Ground-
ing Zones monitoring using InSAR. The 6 days revisit time does not allow to neglect the ice motion
in particular in proximity of glaciers. Therefore, the use of interferometric double differences has
to be considered as the baseline approach to study the border between grounded and floating ice
with InSAR (89). The double difference technique subtracts two interferograms of the same area
with the aim of deleting the horizontal motion due to the glacier flow that is assumed to be stable
in time. The approach can be extended to gradients having two interferograms w.r.t a master image
temporally located in the middle of the three acquisitions. Given that it would be possible to delete
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Distance [m] 1996-GZ Width [m] 2019-GZ Width [m]

Mean 196.3 980.4 1048.3
Median 133.2 821.3 972.5

Table 3.3: 1996-2019 Comparison Statistics

(0

Figure 3.7: Cradient Amplitude maps for the Sentinel-1 data set (a) the first interferogram (b) the
second interferogram (c) the double difference.

the constant horizontal motion component simply adding the gradients vector retrieved from the
two interferograms.

Voaa =Vo_1+ Ve, (3.18)

where ¢_; and ¢, represent the two interferograms. For the sake of clarity it is worth to specify
that the model in Equation 3.16 could not properly describe the double difference data. The esti-
mation can be performed assuming H and f to be the same between the two interferogram, and
measuring in A the ’double difference’ of the tides. This could be considered reasonable at least for
B in Sentinel since the acquisitions are separated only by 6 days. In any case also more complex
scenarios can be encompassed by Equation 3.16 simply modeling the double difference gradient as
the sum of two different gradients, of course the number of estimated parameters increases and the
over-fitting shall be avoided performing an appropriate model selection.

It is now interesting to compare the results from ERS and Sentinel missions since they have been
acquired with more than 23 years time difference. For this comparison the acquisitions of 10-16 and
22 November 2019 has been considered. Using the same method as in Section 3.4.2.1 the distance
between the two estimated HL has been computed and analyzed. The results show that he measured
distances are rather small close to the sensitivity of the technique. However looking closer an average
advance of the hinge line associated with an enlargement of the GZ, see Table 3.3.

Moreover the six-days coverage performed by Sentinel-1 mission over the Antarctica allowed to
build up relatively easily an acquisitions time series over the selected test site. In total 12 acqui-
sitions have been interferometrically processed allowing the computation of 4 independent double
difference interferograms. The results show, as expected (88)(74), a wide spatial variability of the
HL position due to the different tide conditions. Notwithstanding the position measured in 1996 by
ERS data seems to be systematically located more inland showing a slow advancing of the ice sheet.
Even thought this work is only aimed to the development of an efficient algorithm for grounding
zone measurement it is worth to mention that these test measurement are in agreement with the re-
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Figure 3.8: Results of the ERS Tandem Sentinel-1 comparison. (a) Distance histogram (b) Wheak
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Figure 3.9: Extracted Hinge Lines profiles time series. (a) Overview and (b) zoom.

sults published in (63) which reported an average advance of 6.3 m/yr for the area of Queen Maud
Land.

3.5 Conclusions

In this chapter, an approach to interpret wrapped SAR interferograms has been discussed. A
general rationale for modeling the wrapped InSAR phase has been provided, followed by three pos-
sible applications. Although the application to earthquake source modeling may have limited utility,
it could be valuable for handling measurements particularly prone to unwrapping errors. This is
especially relevant when dense and isolated fringe patterns are present, causing difficulties for un-
wrapping algorithms in spatially integrating the phase. Conversely, for the other two applications,
direct interpretation of the wrapped phase is more advantageous than using the unwrapped phase.
In the case of strain-rotation resolution, this is because these observables are inherently differential
and do not require the integration operation performed by phase unwrapping. For grounding zone
characterization, the proposed approach significantly reduces the complexity of phase unwrapping
by reducing its dimensionality to 1D and using a supporting physical model for the operation.






4 Accuracy of the large-scale deformation
measurements using InSAR

The atmosphere has always been recognized as one of the main error sources in interferometric mea-
surements. The main problem stems from its spatial characteristic that prevents complete separation
from the deformation signal by spatial filtering. Temporal filtering, even if it improves the time series
quality is also not a general solution. This is due to nonlinear deformation, uncompensated seasonal
effects and irregular sampling due to snow cover. The performance of the estimated deformation
rates are still limited by the atmospheric delay.

Starting from this basis, this chapter first investigates the interferometric performance at large
distances as well as the impact of the ECMWF ERA-5 NWP when used to correct the InSAR phase.

This chapter summarizes the journal paper in Appendix D : Parizzi, A., Brcic R. and De Zan E
(2021). InSAR Performance for Large-Scale Deformation Measurement. IEEE Transactions on Geo-
science and Remote Sensing, 59(10):8510-8520.

4.1 InSAR phase tropospheric correction using external data

In order to preserve all the information contained in the interferometric phase, external data are
necessary to reconstruct and compensate the unwanted delay in the interferograms (24). GNSS
stations or other remote sensing instruments such as MODIS or MERIS are typically used despite
the different resolutions (68)(72)(67). The correction of topography-related delays was success-
ful using both model-based and data-driven approaches (26)(66)(15). In the past decade, the use
of Numerical Weather Prediction (NWP) became a valuable tool for systematic correction of both
SAR group and phase delays, hence improving the performance and capabilities of the techniques
(56)(28)(55)(16)(8). The approach used exploits such information to compute the refraction in-
dexes in the volume crossed by the radar pulses. It is worth to recall Equation 2.10 that models the
refractive index N in dependence of meteorological parameters.

Pd e e
N=ki—+ky=+ky,— 1
17 thep tRag (4.1

where k; = 0.776KPa™}, k, = 0.716KPa~! and k; = 3.75 x 10°K?Pa™! are constants derived
from laboratory measurements, T is the absolute temperature in Kelvin (K), P, is the partial pressure
of dry air in Pascal (Pa) and e the partial pressure of water vapor in Pascal. Such physical quantities
are provided by the NWP via simulation at a certain spatial and temporal resolution and can be
used to compute the delay difference due to the change in the refraction index. In this study the
ECMWF ERA-5 data are used. The data are sampled on a 31 km grid in space and distributed on
137 heights levels with a temporal sampling of 1 hour. The data are properly interpolated in the 4
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Figure 4.1: Representation of Equation 4.2. Where € = 2, —%, is the NWP error in zenith direction
and p,, is the posting of the NWP data

dimensions, the refractive index computed and the additional delay derived taking in account the
acquisition geometry and the path of the radar pulse through the tropospheric layer. For more details
the work of (15) is suggested, in this work the attention is focused on the study of the performance
improvements in measuring large scale deformation signals.

4.2 Amathematical model forthe errorsinInSAR large scale measurements
after tropospheric corrections

The use of NWP for mitigating the tropospheric signal in the interferometric phase is limited both
in accuracy, due to the limitations of the model itself, and in resolution. The best sampling available
is 9 km in the case of ECMWF products (31 km for the data used in this work), several orders of
magnitude larger than the SAR resolution, even after interferometric multi-looking. The accuracy of
NWP can be strongly site dependent since it depends on data availability and the fit of the model to
actual tropospheric conditions. The quantity € = z, —%, can be defined as the error between the real
zenith delay z, and the modeled delay %,. This is assumed to be a Gaussian process in time and space
with mean u,, variance ag and spatial correlation function A. The interferometric error between
two points A and B for reference acquisition r and secondary acquisition s is

ha hp
e H e H
- (er,B - es,B)

¢e = (er,A - es,A) (4-2)

cos 6, cos 65

where 6 is the local incidence angle. The effect of the altered path delay due to topography is
taken in to account using the exponential mapping function as in (11) with h, and hy the height of
the points w.r.t to the ellipsoid and H, the so called height of the atmosphere, typically fixed to 7 km.
Assuming the error is first-order stationary, the mean interferometric phase error is E[¢.] = 0 even
if the residual error has non-zero mean, u, 7 0 as visible from Equation 4.2. This is a consequence
of the inherent differential nature of the interferometric measurements and allows to neglect the
absolute error of the NWP focusing the attention only on its variance. Assuming the atmosphere and
the error are temporally uncorrelated, the interferometric phase error power is
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g T
E[¢2]:20_26 7 cos”Oy+e " cosOp
€ € cos? 6, cos2 O (4.3)
4N(A,B) i
_— ¢ H
cos 6, cos O

Where A is a correlation function that A(A = B) = 0? and A(A,B) — 0 at large distance. The
residual error in the interferometric phase between points A and B described in Equation 4.3 is a
parametrization of the sample variograms that can be calculated from data. Equation 4.3 approaches
0 as the distance d — 0 and is o< o? as d — oo. That means that at large distances (= 40-50 km) the
interferometric measurements become limited by the accuracy of the models used for the correction,
as verified in Section 4.3.1.

In order to study the troposphere induced error and its mitigation through the use of NWB short
time interferograms are generated from every acquisition with the next one. This approach should
prevent bias due to a common reference as well as eventual seasonality present in the tropospheric
delay ! and the impact of deformation. The latter point requires clarification. The fast revisit time
of the Sentinel-1 mission allows temporal baselines of 6,12 or in worse case, 24 days. Since the
residual error, including effects such as tropospheric turbulence, are assessed to be on the order of
centimeters, deformation rates of several tens of cm/y would be necessary in order to produce effects
comparable to those from the troposphere. Such rates occur due to landslides or in mining areas that
are typically restricted in time and space. It follows that variograms computed by averaging over the
scene should not be strongly impacted by such rapid deformation types. The projection of tectonic
plate motion onto the range varying LoS is a large-scale effect that could seriously bias variogram
estimation. Such movements are mainly horizontal and can reach 6-7 cm/y. Projection onto the
LoS (30° to 45° at near and far range respectively for Sentinel-1), combined with the previously
mentioned revisit times, shows its impact to be negligible. The eventual presence of seismic events
in the time series should be assessed and co-seismic interferometric pairs avoided when estimating
the variograms. After this brief clarification the temporal characteristic of the troposphere-related
phase shall be discussed. In this study the tropospheric error is considered temporally uncorrelated.
This hypothesis should hold at least for the troposphere-corrected phase since all seasonal effects
are included in the NWP and are hence compensated. The interferometric phase variogram between
acquisitions n and m, T, ,, is then the sum of the two variograms of the errors in acquisition n and
m, T, and T},

Ton(d) = E[ ((¢n(A) = ¢u(B) = ($(A) — 6 (B))’]
=T, +T,

4.4)

where ¢ is the phase at points A and B and d is the distance between the points.

By averaging the set of short time baseline variograms ' = ]E[F], it is possible to derive the average
behavior of the residual interferometric phase error.

Assuming the troposphere is the main source of error at large distances (= 40-50 km), one can
now derive its impact on deformation rate measurements. The variogram of the linear deformation
rate estimates is obtained by scaling T by the linear regression formula (29),

1 A% T(d)

216> Mo
where the factor 1/2 accounts for the common reference acquisition, M is the number of acquisitions
and o2 is the spread of the temporal sampling o2 = >, t2/M — (3, t;/M)?

1Seasonality should be removed by the tropospheric models but could be still present in the non-corrected interfero-
grams used to compute the performance gain
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4.3 Impact NWP Tropospheric Correction

Section 4.2 proposed a model to evaluate the effects related with the spatially correlated noise.
Variograms are a convenient way to characterize this component. By comparing the interferometric
phase variograms before and after the correction, it should be possible to observe the performance
gain at different scales. Since the data used for compensation are not provided at the same resolution
of the interferograms, a significant reduction of the tropospheric contribution can only be expected
at scales larger than the NWP model resolution. Here, ECMWF ERA-5 data are used with a spatial
gridding of 30 km. Figure 4.2 shows an example of variogram behavior before and after correction
using a long stripe of mosaicked Sentinel-1 interferograms, see also Section 4.3.1 and (44). Although
the spread of the gain is large at all scales, the temporal average of the variograms clearly shows
the considerable gain due to the NWP correction that increases at large scales (= 40-50 km). This
is particularly important in tectonic strain applications where high relative accuracy is required at
such distances.
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Figure 4.2: Single variograms, I; 4+ I’ ; (thin orange lines), and their mean, T (bold red line) ()
without and (b) with NWP corrections.

Figure 4.3 shows an example of the impact of NWP corrections on the deformation rate estimates
at different scales when varying the length of the time series. It is interesting to note how the typical
1 mm/y accuracy requirement is achieved after 4 years with the corrected dataset, while almost 8
years are required if no correction is applied.

4.3.1 Cross-Validation GNSS/ERA-5 tropospheric corrections using InSAR data

In Section 4.2 was pointed out that increasing the distance between two points the accuracy ends
up to be limited by the accuracy of the external models use to correct the interferometric phases. In
this Section is presented an experiment aimed to validate this hypothesis.

Equation 4.2 models the residual tropospheric error in NWP corrected interferograms. The vari-
ance of the error is obtained by expanding

2

] (4.6)

ha

E[¢€2] = ]E[((er,A - ESA)i - (er,B - es,B)

cos 0,

hp
e H

cos Og

The temporal correlation of the reference and secondary acquisitions errors can be considered 0
everywhere since they are separated by at least 6 days E[eres] = 0. On the other hand a spatial cor-
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Figure 4.3: Variograms of the deformation rate estimates with the length of the time series color-
coded and assuming a 12 day revisit time, (a) without tropospheric corrections and (b) with tropo-
spheric corrections.

relation E[eAe B:I = A(A, B) exists for both reference and secondary acquisitions, leading to Equation
4.3.

According to this model, the spatial correlation function at large distances should tend to O
A(oc0) = 0 therefore the error variance in such a regime should only depend on the accuracy of
the tropospheric corrections used. Moreover, since this verification experiment is performed on a
large area characterized by flat or slightly varying topography, the exponential term can be consid-
ered constant and hence absorbed by the measurement error.

= <+ £ 4.7
cos26, cos20y “4.7)

E[(ﬁ?] 202 202

In order to verify this, a study was carried out using Sentinel-1 interferograms with very long
azimuth extension over Germany. The unwrapped phases from multiple slices were mosaicked al-
lowing variograms at scales of up to 300 km. The variogram samples were chosen along (almost)
iso-range lines in order that the incidence angle not vary and the measurements projected onto the
zenith direction. In this way, the effects of incidence angle could be factored out.

Analogously to (17), the zenith path delay predicted by ERA-5 was compared to GNSS based esti-
mates. Since the NWP model accuracy varies with geographic location, a subset of 9 GNSS stations
in Germany were used. The difference between the GNSS and ERA-5 ZPDs should approximate the
NWP error, given the GNSS values represent the true delay. This comparison was performed for
ascending and descending geometries at local solar times of 18:00 and 06:00 respectively. Statistics
were calculated over one year of data for each geometry.

In an ERA-5 corrected interferogram the error between two points separated by a distance d should
approach the saturation value cr% = 4&\2 in Equation 4.7 since A(d) — O for large d and 6, = 63 =0
at zenith. Hence, it is sufficient to confirm that the variograms saturate on average at the value
452. The results in Figure 4.4 show an estimate of 4(/7\3 along with the variograms for ascending
and descending geometries. It is interesting to note that the performance for these two geometries
are comparable at 300 km. One would expect better performance for the descending pass, made in
the morning when the atmosphere contains less energy. This is partially true considering mid-scales
from 50-80 km where stronger turbulence due to more atmospheric power for the ascending pass
leads to a larger average power and spread around the average. However, once the distance reaches
the scale of the NWP model, one is limited by the error of the NWP model independently of the time
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Figure 4.4: In (a) and (b) the standard deviation of the ECMWF ERAS and GNSS ZPD differences
are shown for each station for ascending (18:00) and descending (06:00) passes respectively. The
estimated variograms saturate at the values expected due to NWP model error for both (c) ascend-
ing and (d) descending passes(this corresponds to the variogram in Figure 4.2 computed in zenith
direction).

of day.

An important implication of this is that a global analysis of ERA-5/GNSS deviations could provide a
lower bound for the achievable accuracy in measuring large scale displacement using NWP corrected
InSAR phase.

4.3.2 Amore global view for the predicted performance

It should be noted that the accuracy of the correction has been demonstrated to vary considerably
worldwide (17)(15) therefore, in order to comprehensively evaluate correction performance, 146
Sentinel-1 stacks have been processed over various regions of the world. Each of these stacks spans at
least 4 years and contains up to 200 acquisitions. As described in Section 4.2, only short time baseline
interferograms were used to ensure the troposphere signal dominates. The average variogram I' was
also calculated at different scales. A measure of the gain provided by the correction is provided by
the metric:

Tor(d
Ggp(d) = 10log;, (f‘CLEd;) (4.8)
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the ratio, in decibels, of the average variograms with and without the correction.
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Figure 4.5: Variogram ratios, G4g(d), for (a) the German Ground Motion Service and (b) all other
stacks. Every line corresponds to Gqp(d) for a single stack. The ascending stacks are depicted in
blue and the descending in red.

Figure 4.5 shows G45(d) for stacks from the German Ground Motion Service separately from all
others.

An evaluation of the performance at large distances was also performed. The average variograms
before and after corrections were fitted using typical variogram models (exponential, gaussian and
spherical) hence reducing the variance of the variogram estimate. Using this information together
with temporal sampling information and Equation 4.5, the performance in measuring the deforma-
tion rates at 150 km was estimated with and without the tropospheric corrections. Figure 4.6 shows
the histograms of the accuracies in mm/y with the German Ground Motion Service shown separately
from all others.

Figures 4.5, 4.6 and 4.7 show a significant gain is attained when the tropospheric delay is cor-
rected. As already pointed out in (17) the gain is region dependent. A very high gain is achieved
where the model accuracy is also very good such as in Europe or the U.S. In only one of the 146 stacks,
located in Indonesia, were the corrections found to slightly worsen the performance at medium scale
and is clearly visible in Figure 4.6.

In Figure 4.5, a smaller but non-negligible gain is also observable at short scales (< 10 km). This
value can vary from O up to 3-4 dB depending on the test site. The tropospheric models can correct
stratification effects at scales smaller that he models resolution since the topography, available at the
reference DEM resolution, can be used to project the models to phase errors (15). Therefore such a
gain can only be attributed to the compensation of tropospheric stratification since the resolution of
the correction model is much coarser than the topographic variation. For the sake of completeness
what discussed in Section 4.2 shall be recalled. In case of tropospheric corrected phase can be
considered more or less uncorrelated in time due to the corrections that should remove a good part
of the seasonal effects that trigger correlation. On the other side for the uncorrected phases some
correlation could be present making the evaluation of the phase error optimistic. Therefore the
performance computed in terms of gain between corrected and non corrected interferograms shall
be more precisely considered as a lower bound of the achievable improvement.

To conclude the Section it is worth to notice that the mitigation of tropospheric effects and the
evaluation of their performance on a global scale is a very important aspect in developing error
models for missions that allow (100) or will allow (92) (76) systematic interferometric processing
on a global scale, in order to be able to provide an assessment of the high level products performance.
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Figure 4.6: Expected performance at 150 km before (red) and after (blue) the tropospheric correc-
tions. The German Ground Motion Service only (a) and all other available datasets (b).

4.4 Measurements accuracy model validation using GNSS

Knowledge of displacement rate precision is of central importance in geophysical studies of large-
scale tectonic movements where the precision requirements are often very high (104). In Section 4.2
it has been shown how the residual tropospheric noise can be characterized from short time baseline
interferograms and how this can be translated into displacement rate accuracy. This approach in-
volves assumptions about the residual error, i.e. that short time baseline interferograms characterize
the error, that could be questioned. For the sake of completeness, the behavior of the displacement
rate as described in Equation 4.5 must be verified in practice.

Consider N locations where two displacement rates vy, (in LoS) and v (in x, y,2) are obtained
from InSAR and GNSS respectively. With s as the LoS vector, the difference between the two velocities
at position i, A, is

A;=Vpi— V(8= 8;+ Vyes +1; (4.9)

where v, is the velocity of the reference point used in InSAR processing, §; represents spatially
varying residual atmospheric zero-mean error from InSAR processing and n; is random error. The
quantity A; is obtained in practice by selecting a set of InSAR measurements located within a radius
of a few hundred meters around the GNSS stations. In order to reduce the influence of clutter, the
interferometric measurements are averaged. In this way the random noise component n; can be
considered almost completely due to GNSS.

To use Equation (4.9), a statistical description of the vector A is required, i.e. the covariance
matrix R of the difference measurements. Three terms can be distinguished: 1) random noise from
the GNSS measurements O'é’i obtained by projecting the variance of the (x, y,z) components of
the velocities onto the LoS, 2) random noise from the InSAR measurements 0%’ ;» and 3) spatially
correlated noise due to residual atmospheric effects. The full covariance matrix is:

R= diag(oé,o, ...O'é’N_l) + diag(a%,o, ...O'%’N_l) +C; (4.10)

The first two terms are diagonal matrices since they represent the spatially uncorrelated errors of
the independent GNSS and InSAR measurements, respectively. The last term, Cs, representing resid-
ual atmospheric error, still has to be found (31). It can be determined from the average variogram
I, (d) according to Equation 4.5.
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Figure4.7: The performance at150 km before (left column) and after (right column) the corrections.
Europe and the Middle East (top row), North and South America (middle row), and Asia (bottom
row).
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Figure 4.8: Graphical visualization of Equation 4.9.

Given a full statistical characterization of the GNSS/InSAR differences, and assuming the GNSS
accuracies to be correct, we can now verify if I}, actually represents the variogram of the velocity
error. First, from the vector A of N differences between GNSS and InSAR velocities, we compute all
(N2 — N)/2 unique pairwise differences between the elements. Their mean is expected to be zero
according to Equation 4.9 and their variance is

oA, ) =E[(A; —A)*]1=0f + ag,j +1,(d; ;) (4.11)

The scales at which T, can be verified by this method clearly depend on the spatial distribution
of GNSS stations, with the range of scales being set by the smallest and largest distances between
stations. It is worth to notice that for this study the GNSS measurements are assumed to be spatially
uncorrelated. This could not be true in general (84), however known the spatial behaviour of the
GNSS measurements Equation 4.10 could be corrected adding an appropriate covariance matrix in
order to take it in account.

A statistic defined as the standardized difference

A=A

T,;=——=%
O-A(l)])

i.j (4.12)

should follow a standard normal distribution if the error description is correct. To test the validity
of the variance model in Equation 4.11, a y-test can be performed on T. The confidence region at

significance level a for the true 0% is

<or< (4.13)

where the number of degrees of freedom is N —1 and O:\% is the sample variance of T. The validation
approach will focus on analyzing the distribution of T and the confidence interval for o .

4.41 Cross-Validation ofthe German Ground Deformation Service Dataset using GNSS Sta-
tions

The cross-validation scheme was performed on the German deformation map. The dataset in-
cludes 41 stacks acquired in both ascending and descending geometry. This region was chosen due
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to easy and open access to a very dense GNSS network from Nevada Geodetic Laboratories (77; 10)
with all stacks containing sufficient GNSS stations.

The confidence intervals for o at 5% significance level are shown in Figure 4.9(a). Of course,
the dependence on the number of GNSS stations, shown in Figure 4.9(b), is strong. However, for
almost all stacks the confidence intervals include o+ = 1 indicating acceptance of the null hypothesis
H, : o =1 versus the alternative H; : o # 1.
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Figure 4.9: Results of the INSAR/GNSS velocities cross-validation: (a) the number of GNSS stations
presentin each stack, (b) the confidence intervals where the black line denotes o = 1.(c) p-values
for each stack where the black lines denote significance levels of 5% and 10%.

The p-values are shown in Figure 4.9(c), the null hypothesis is rejected for only 2 stacks at 5%
significance. Figure 4.10 shows the distribution of T pooled over all stacks, along with the nominal
standard normal distribution under the null. The pooled value of &1 is 1.03, showing very good
agreement between the model and GNSS data 4.10(b).

Figure 4.10(a) displays the error variogram from InSAR data compared to all possible pairwise
differences (A; — A j)z in order to show the fit of the variogram model at various scales. Since the
accuracy of GNSS measurements also play a role, the GNSS error contribution is included as per
Equation 4.11.
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Figure 4.10: In (a) comparison between variograms (blue line) and all pairwise differences (A; —
AJ-)2 (red dots) for an ascending stack of the German Ground Motion Service. In order to highlight
the plausible area for the measurements the dashed blue lines correspond to (30°)? variograms
and the bold one to 0. The green dots correspond to the pairwise differences after averaging over
2 km bins, as in Equation 4.11. In (b) histogram of the pooled vectors T using NGL GNSS results
(blue) compared to the nominal N (0, 1) distribution (red).
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4.5 Conclusions

This chapter discussed the potential and the limitations of InSAR for large-scale displacement
measurements. In general we can conclude that the measurement of large-scale displacement sig-
nals precludes spatial filtering since all displacement components must be preserved in the final
product. Therefore, in order to provide sufficient accuracy at large scales, tropospheric corrections
are recommended. In Section 4.3.1 a lower bound on the interferometric phase accuracy at large
distance was outlined and related to the accuracy of the models used for the corrections. This gives
some further prospective on the potentiality of the techniques in measuring tectonic movements,
since as NWP models are continuously being improved, follow-on effects for InSAR can be expected.
It has been observed that the performance may be site dependent but the target of 1 mm/y at 100
km is achievable in 5 years given good weather models (in Europe or the US) or in general where
the errors are small due to reduced atmospheric delay, i.e. over the Tibetan Plateau. In order to
evaluate them short time baseline variograms have been proved to allow a reasonable evaluation
of displacement rate performance providing valuable error estimates to users. Such information
shall be included in the product since residual tropospheric noise is the main limiting factor at large
distances.






5 CalibrationoftheInSAR deformation mea-
surements using GNSS

Based on the derivations of the Chapter 4 an optimal combination of InSAR and GNSS techniques is
designed taking in account the spectral properties of their errors. Only the InSAR/GNSS differences,
which can be statistically characterized, are estimated and used to compensate the original InSAR
measurements. The error is then propagated from the data to the results, allowing full description
of the output uncertainty.

This chapter summarizes the journal paper in Appendix C : Alessandro Parizzi, Fernando Rodriguez
Gongalez and Ramon Brcic (2021). A Covariance-Based Approach to Merging InSAR and GNSS Displace-
ment Rate Measurements. Remote Sensing.

5.1 Algorithm description

In Section 4.4 the statistical properties of the GNSS/InSAR offsets have been estimated in order
to be able to perform a cross-validation between the two measurements. Now starting from what
has been previously assessed, the developed framework is used to establish an algorithm that is able
to optimally combine the InSAR and GNSS measurements. In order to do that the statistical char-
acterization of the two set of measurements is considered. Analogously as in Section 4.4 let us then
consider N locations in the processed area of interest, where two deformation rate measurements vp,
and v are performed using InSAR and GNSS, respectively. Recalling Equation 4.9 the InSAR/GNSS
difference is defined as:

Ai = VD,i —Zg,i-i = 5(ri5 ai) + vref + n(ri> ai)’ (51)

The implicit hypothesis behind this definition is that the spatially correlated noise, basically related
to the residual atmospheric delay, is present in the interferometric measurement only. As previously
pointed out this cannot be considered in general true, but it has to be considered as an assumption
of this framework. Nonetheless known the statistic characterization of the spatially correlated error
in GNSS measurements, it could be easily integrated in the problem statement of Equation 5.1. The
proposed algorithm is aimed to extract, through the subtraction of the two velocities, the parameters
6(r,a) and v,..s, which have to be estimated in order to properly merge the data. Figure 5.1 displays
an overview of the steps of the proposed approach. In the first step, the error statistics are derived
and the covariance matrix R is computed, see Sections 4.1 and 4.4. The reference point velocity
Vref s then estimated and subtracted from the offset vector A in order to obtain a 0-mean error
screen. Finally, the residual error screen is interpolated at each InNSAR measurement point, exploiting
knowledge of the error statistics (102).
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Figure 5.1: Flow chart of the proposed method.

5.1.1 Estimation of the Reference Point Motion

Equation (5.1) shows how A can be seen as an observation of v,,; with superimposed random
and colored noise. Since the noise statistics of A exhibit stationary behavior, the derivation of the
reference point velocity can be carried out by averaging the observed A. Therefore, according to
the considerations in Section 4.1 and 4.4, V,..; can be found by taking into account the computed
covariance matrix R in Equation 4.10:

Veer = @R 'u")Tu"RTA, (5.2)

where u is a vector of ones that maps, one to one, the measurements A with the unknown scalar
Vrer. The estimated V,..; represents the motion of the reference point in its local LoS and has to be
added to the InSAR velocities in order to make them absolute.

5.1.2 Estimation of the 0-Mean Calibration Screen

In the previous Section 5.1.1, the overall offset between InSAR and GNSS deformation rates was
estimated while accounting for the covariance matrix. Now, the space-variant error screen between
the GNSS and InSAR velocities can be estimated by performing a covariance-based interpolation
(Kriging) of the residual offsets A = A—7V,,¢. A set of coefficients ¢ that, combined with the vector
A, allows the reconstruction of 6(r,a) everywhere must be estimated.

s(ra)=c'a, (5.3)

According to theory, this can be obtained by imposing the condition that the interpolation/prediction
error be uncorrelated:
€n = 5(rn)an)_5(rn>an) (5-4)

with the data A, (85). Substituting Equation (5.3) into Equation (5.4) and imposing the uncorre-
latedness condition with A, gives:

c=R"'p, (5.5)
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where p = E[6(r,a)A,] is the vector representing the correlation between the data vector A, and
the error screen 6 at the current position.

5.1.3 Accuracy of the calibrated product

In order to allow a complete usability of the calibrated/merged product, its performance in terms
of accuracy shall also be described. The final result is obtained by compensating the InSAR veloc-
ities for the estimated v,,; and 5 (r,a). The reference point deformation rate is a bias added to all
points. Its error is therefore a constant value in the final product. Its contribution can be derived by
computing the variance of the linear system inversion:

O'% = (uR 'u")™t (5.6)

The error of the estimated & will be space variant. The variance and covariance of the estimated
error screen 6(r,a) can be derived as in (85).

E[e2]=E[(6(rn, an) —c"A0)*1=T(0)—p, "R 'p, (5.7)

where I'(0) represents the original error due to the spatially correlated signal, and the second part
of the equation represents a "mitigation factor" that reduces such variance according to the distance
from the GNSS data. Analogously, the covariance is:

Elee,]= F(dm,n)—p_mTR_l&. (5.8)

Some conclusions concerning the final product can now be drawn. The result provides absolute
measurements that can be characterized by a variance directly derived from the applied methodology.
It still contains a residual spatial correlation, though mitigated by the removal of 5 (r,a). However,
this residual error is no longer stationary. Its covariance depends on the two considered points, as
highlighted by Equation (5.8). A variogram or covariance representation of the error as for the input
InSAR velocities is hence no longer possible, but must must to be computed locally, accounting for
the position (r, a) with respect to the GNSS stations. This is anyway not particularly demanding from
an implementation point of view, since the amount of information that have to be saved, in order to
reconstruct the error covariance, is relatively small. The covariance matrix R is in general not too
big since it is N x N, the rest can be easily computed on the fly.

5.2 Simulations

Simulations were performed to understand and quantify the effects of the spatial distribution
(density) and the quality of the GNSS measurements in different processing scenarios.

A set of randomly distributed points with zero deformation was simulated over a surface of
175 x 250 km? (Sentinel-1 slice size) in order to represent the InSAR measurements. Random noise
(clutter) and spatially correlated noise (atmospheric residuals) were added to the points. For the
generation of spatially correlated noise, an exponential covariance I'(d) = Uiex p(—d/L,) was used.
A reduced set of GNSS zero-deformation data were also simulated at random positions within the
scene. According to the model only random noise was added to the simulated GNSS velocities.
For the sake of simplicity, positions were uniformly distributed within the scene. Of course, a regular
sampling is desirable, but it cannot be considered as a realistic requirement.

The simulations were performed while varying the two main parameters, the number of reference
GNSS measurements, and their accuracy. Two different scenarios were tested with low and high
atmospheric residual power Ui. In the first scenario, oi = 2 mm?/y?; for the Sentinel-1 mission,
this is comparable to having a long time series of T,;; ~ 3 y in the case of applied atmospheric cor-
rections (44). In the second scenario, O'i =9 mm?/y?, representing the case of a short time series of
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T,ps ~ 1y (44). A realistic correlation length, according to real data, was used for the simulations—
L.orr = 60 km in both cases. This comes from direct experience with the data. We observed that the
average variograms after tropospheric corrections exhibited values of 40-100 km when fitted with
an exponential model. An example of the simulation framework is shown in Figure 5.2.

Observing the simulation results in Figure 5.3 and 5.4 it can be concluded that, due to the spatial
correlation of the error, higher densities of GNSS measurements improves the estimation of 6 since
it provides a better sampling of the error field, but does not help much in retrieving the absolute
velocity v,.¢, due to the “data redundancy” introduced by the spatial covariance.

5.2.1 Performancein RetrievingV,

The accuracy of V,..; is that of the mean computed from a set of correlated samples. The level of
dependence of the given dataset is controlled by the spatial density of the latter and the correlation
length L., ,, of the superimposed noise. We observed that it is logical to expect that, given a L.,,,,
increasing the number of data improves estimation of V,..; up to a certain level, since as the density of
measurements increases, so to does the amount of correlation between measurement, hence limiting
its impact on final performance. In a typical scenario ( Ty, ~ 3y, ai =2 mm?/y?), the accuracy
can easily be brought below 1 mm/y, even with a limited set of GNSS stations (Figure 5.3).

5.2.2 Performance in Retrieving 5

Evaluating the performance of §isnota simple task. The most natural way would be to compare
the variograms of the results before and after application of the technique. This approach would
deliver a deeper insight into the achieved gain, since it would be possible to show this as a function
of the scale. However, as mentioned in Section 5.1.3, the error of the merged results is no longer
stationary making a variogram representation questionable. In order to avoid this issue, a simpler
but more robust approach was followed. The performances were evaluated in terms of mean square
error (MSE) in dB, over the whole scene. In practice, the mean power of the residual deformation
signal after removal of the estimated error screen § from the measured rates Vineas 1S

MSEdB = 10Log10(E[(Vmeas_g)2])- (59)

The results displayed in Figure 5.4a,b show that, in both cases, the performance cannot improve
beyond a certain level by improving the quality of the GNSS measurements only. An improvement
in GNSS coverage is also necessary in order to better compensate the higher wave-numbers of the
error screen.

5.3 Real dataresults

For the study, two Sentinel-1A/B datasets covering the northern part of the Netherlands (two
stacks, ascending and descending) and the junction between the North Anatolian Fault and East
Anatolian Fault (three stacks, descending) were used. The interferograms were computed, corrected
for tropospheric delays using ECMWF ERA-5 (ECMWF Re-Analysis) data (44) and processed using
the PSInSAR technique (35). In order to preserve all wave-numbers of the deformation signal, no
spatial high-pass filtering or polynomial detrending was performed on the final data. The technique
described above was applied to the estimated deformation rates.

For the reference measurements, the GNSS data processed by Nevada Geodetic Laboratories (77;
10) were used. The correspondence GNSS/PSs for the calculation of vector A was implemented by
averaging all of the PS rates within a radius of 250 m from the GNSS station.

A further elucidation needs to be made. The reference system that describes SAR geometry (state
vectors) does not account for continental drift making plate movement visible in the interferometric
measurements, projected along the LoS. The GNSS data used for the calibration must therefore
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Figure5.2: The Figure shows an example of the framework used for the simulations. The simulated
motion is O over the entire scene. In (a), the simulated spatially correlated noise is depicted. In (b),
the dense Synthetic Aperture Radar Interferometry (InSAR) measurements and the coarse Global
Navigation Satellite System (GNSS; large dots, atmosphere-free) are depicted. In (c), the measured
offsets INSAR/GNSS (A) are depicted. In (d), the estimated error screen to be removed from (b) is
depicted. In (e), the final results obtained by calibrating (b) with (d) are depicted. In (f), the esti-
mated error for the merged product is depicted.
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5.3 Real data results 53

Track Orbit Acquisitions Time [years] GNSS Stations

088 ASCE 140 3.4 47
037 DESCE 122 3.0 37

Table 5.1: Netherlands Dataset.

also not being continental drift compensated in order to make the two data-sets “compatible”. After
merging (also adding v, ), the data contains continental drift that could dominant the visualization.
Therefore, plate movement was compensated using the model in (93) to show movement relative to
a specific plate (Eurasian). The removed motion is basically an overall offset of several mm/y, plus a
light ramp due to the LoS projection of the horizontal motion. This is generally not necessary since
it is only a representation issue, but it facilitates the interpretation of the results.

5.3.1 Netherlands Datasets

The systematic generation of deformation maps on a national scale using SAR interferometry has
become more feasible, as missions like Sentinel-1 provide global coverage on a regular basis. Often,
these kinds of services must be combined with existing geodetic measurements in order to make them
integrated and comparable (59). In this work, a typical example is provided where InSAR velocities
covering a large area—acquired in descending and ascending passes—are combined with a consistent
number of GNSS-derived velocities. The considered datasets are two Sentinel-1A/B stacks covering
the northern part of the Netherlands. The area includes many examples of man-induced subsidences,
such as in Groeningen (61). The details of the dataset are described by Table 5.1. Observing the raw
result of the PSI-processing, some spatially correlated deformation signals are visible when observing
between £4 mm/y. Since no large-scale deformation phenomena are expected in this area, such
patterns must therefore be related to the residual atmospheric signal. In the area of interest, a
considerably high number of GNSS data are available (see Table 5.1). The previously described
methodology was applied to the data using the available GNSS measurements (77). The results in
Figures 5.5 and 5.6 show how the technique permits the further reduction of the residual atmospheric
error and the relation of every single PS measurement to the Eurasian plate only.

5.3.2 North Anatolian Fault Dataset

Applications related to the measurement of tectonic movements are the most challenging for In-
SAR. The requirement of an accuracy of 1 mm/y at more that 100 km (< 10 nstrain) pushes the
technique to its limits (104). Notwithstanding, it has been demonstrated that, since actual SAR mis-
sions have very strict requirements about oscillators stability (? ) and very good orbit knowledge
(107; 83), such numbers can be considered achievable. The major limitation is atmospheric effects.
If the interferometric time series is not long enough, integration with other data would be necessary
in order to fulfill the requirements at very large distances. Moreover, the possibility of referencing the
measurements to standard reference systems (e.g. Eurasian Plate, etc.) would extend the usability
of the final results.

The technique must then also be demonstrated on an appropriate example for tectonics. The North
Anatolian Fault was chosen, as it is a typical case study investigated by many geo-scientists using SAR
interferometry (13; 54). The area of interest is covered by a Sentinel-1A/B stripe extending for more
than 600 km in the along-track direction, see Table 5.2. In order to make the processing feasible,
the stripe was divided into three frames. The three frames were processed independently using
the PSInSAR technique. The area is tectonically very active, hence in order to be able to catch the
deformation signal it is very important to preserve all tspatial frequencies of the meaasured pattern.
Figure 5.7 displays the results together with a mapping of the main path of the North and East
Anatolian Fault (dashed white line).
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(b)

Figure5.5: Results for the ascending Netherlands stack (a) before and (b) after performing merging
with GNSS data. In (b), the GNSS stations used are displayed with black—white circles.
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Figure5.6: Results for the descending Netherlands stack, showing (a) before and (b) after perform-
ing merging with GNSS data. In (b), the GNSS stations used are displayed with black—white circles.
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(@)

Figure 5.7: Results for the North Anatolian Fault (a) before and (b) after performing merging with
GNSSdata. In (b), the GNSS stations used are displayed with black—white circles and the fault lines
are displayed using a white dashed line.
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Track Orbit Acquisitions Time [years] GNSS Stations

123/2 DESCE 134 3.3 5
123/3 DESCE 134 3.3 9
123/4 DESCE 134 3.3 4

Table 5.2: North Anatolian Fault Dataset.

5.4 Conclusions

The results show how the technique is able to both remove dependence on the reference point
and mitigate residual atmospheric errors present in the final InSAR results under a set of relatively
straightforward assumptions.

The method was studied on both simulated and real data. Simulations show that even with a
reduced set of GNSS stations it is possible to retrieve the absolute motion with good accuracy. On the
other hand, the capability of the approach to mitigate residual atmospheric errors depends both
on the GNSS station density and the spatial correlation of the errors. In order to provide some
numbers, the error was modeled as an AR(1) process with a correlation length of 60 km and variable
overall variance. Two real test cases were then processed to demonstrate the approach by trying
to address applications that should benefit from the technique. The extension of the approach to
time series would also be interesting, merging InSAR phases with continuous GNSS measurements.
The approach could be conceptually equivalent, since the deformation rates are just a scaling of the
single-phase measurements, but the spatial covariance of each interferogram would be needed.

In general, it is possible to conclude that the developed method helps to increase, when neces-
sary, the accuracy of InSAR over large distances (44). The final product has the spatial coverage of
InSAR, and is an optimal combination of InSAR and GNSS information based on the knowledge of
the error statistics. All the spatial frequencies of the deformation signal are preserved moreover a
characterization of the final product error is allowed.






6 Conclusion and future developments

Observing surface strain on Earth is a crucial topic in various branches of geoscience. Its behavior
can be in fact related, inverting mathematical models, to processes happening below the surface
that cannot be directly observed and measured. Therefore, measuring strain and understanding its
precision are fundamental for developing and solving inverse problems that model internal processes.

The relative nature of interferometry makes InSAR measurements particularly suitable for this
task. However, depending on the scale and intensity of surface deformation, the technique can face
inherent limitations. Thus, a thorough understanding of measurement performance is essential, and
in extreme cases, exploring approaches to mitigate these limitations is necessary.

This dissertation is aimed to explore these issues using the scale of the observed phenomena as
the independent variable. Referring to Figure 1.1 it can be concluded that various deformation
phenomena have been considered based on their spatial scale, with a focus on InSAR’s ability to
detect them. Additionally, several ad-hoc solutions have been proposed to address limitations that
could impede the accurate detection of deformation patterns.

In Chapter 3 the case of very strong deformation patterns on a relatively small spatial scales has
been presented. In this situation the difficulty in the phase unwrapping procedure can be a show-
stopper in retrieving information from the radar data. For this case a framework that allows the
interpretation of the wrapped SAR interferograms directly has been presented together with three
different examples of potential applications. In particular:

* for earthquake source modeling, the direct interpretation of phase gradients in terms of strain
tensor projection has been investigated. Although this approach is sub-optimal, as it disregards
information in the low-pass component of the deformation phase, it can be useful in certain
areas to avoid artifacts related to unwrapping errors..

* for resolving strain and rotation in glacier flow, the proposed interpretation is highly effec-
tive, as these observables are inherently differential and do not require the integration process
involved in phase unwrapping

» for grounding zone characterization, gradient interpretation significantly simplifies the un-
wrapping process by reducing its dimensionality to 1D and exploiting a physical model to
support the operation.

In Chapters 4 and 5, a dual situation has been investigated. In case of mild deformations spanned
over large areas primary challenge is the technique’s ability to detect the deformation. Atmospheric
effects (troposphere and/or ionosphere) and other systematic biases (orbit accuracies, clocks, dielec-
tric effects...) can significantly reduce the accuracy of InSAR measurements, thereby limiting their



60 Chapter 6. Conclusion and future developments

applicability. Specifically, the measurement of tectonic strain requires extremely high precision, typ-
ically on the order of centimeters over hundreds of kilometers on a single interferogram. Achieving
this level of accuracy often necessitates external corrections for some of these systematic biases.

In Chapter 4 the performance of InSAR, following the correction of certain systematic biases, has
been investigated. This study includes a modeling phase and tests conducted across numerous test
sites worldwide, as well as a validation exercise. The modeling provides the tools to define confidence
interval for the InSAR results based on the scale of the observed motion. The testing and validation
phases aid in predicting the expected InSAR performance for future missions, taking into account
the accuracy of the applied corrections.

In Chapter 5,an approach has been proposed for integrating InSAR and GNSS measurements. This
integration is frequently employed in geophysical studies as it combines the high spatial resolution of
InSAR measurements with the accuracy of GNSS data. In alignment with the objectives of this study,
an algorithm has been developed to optimize this fusion by leveraging the error characterization of
the measurements.

Further investigations and developments are recommended. Additional efforts should focus on
improving the semi-automatic detection of the grounding line and its operationalization. Utilizing
previous results as a-priori information, the algorithm could enable a fully automatic approach, fa-
cilitating the systematic application to the extensive Sentinel data acquired in polar regions.

A better understanding of performance degradation due to topography-troposphere interaction
(stratification) is also desirable. Although several studies have shown that ECMWF corrections sig-
nificantly reduce this effect, a physical model that accurately describes InSAR phase precision in
these cases is still needed.

Finally, extending the GNSS-InSAR integration to interferogram time series appears feasible, pro-
vided that GNSS time series with error descriptions are available.
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Summary This letter aims to discuss a general framework that allows the direct interpretation of
the wrapped differential synthetic aperture radar interferometry phase in terms of surface
strain S and rotation R components. The methodology is demonstrated showing the estimation
of strain and rotation components of a glacier flow using three TerraSAR-X interferometric
geometries (ascending right-looking, descending right-looking, and descending left-looking).
Finally, since the leftlooking geometry can be difficult to obtain on a regular basis, the surface
parallel flow assumption is extended to the phase gradients inversion in order to reduce the
amount of necessary geometries from three to two.
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Estimating Strain and Rotation From
Wrapped SAR Interferograms

Alessandro Parizzi

Abstract—This letter aims to discuss a general framework
that allows the direct interpretation of the wrapped differ-
ential synthetic aperture radar interferometry phase in terms
of surface strain S and rotation R components. The method-
ology is demonstrated showing the estimation of strain and
rotation components of a glacier flow using three TerraSAR-X
interferometric geometries (ascending right-looking, descending
right-looking, and descending left-looking). Finally, since the left-
looking geometry can be difficult to obtain on a regular basis,
the surface parallel flow assumption is extended to the phase
gradients inversion in order to reduce the amount of necessary
geometries from three to two.

Index Terms— Differential synthetic aperture radar interfer-
ometry (DInSAR), frequency estimation, glaciers flow, gradient
tensor, rotation, strain.

I. INTRODUCTION AND MOTIVATION

NTERFEROMETRIC measurements can be directly related

to the spatial gradients of the motion [1]-[4]. The idea is
to exploit this property to resolve between strains and rotation
components without the need to unwrap the interferometric
phase. This letter deals first with the theoretical framework:
the direct problem is described showing the link between the
gradient tensor and the interferometric phase gradients. The
inversion is then discussed in the general case of N available
geometries. In Section III, it is shown how the interfero-
metric measurements, necessary for the problem inversion,
can be obtained by estimating the local fringe frequency,
avoiding therefore phase unwrapping [5]. Finally, the method
is tested on Darwin Glacier (Antarctica). Strain and rotation
components are inverted in two scenarios: first using three
interferometric lines of sight (LoSs), then using two LoSs
and assuming surface parallel flow. The study of a glacier
flow has been used as test case for the methodology since the
measurement of strains is a relevant topic for glaciology [6].
However, the use of the interferometric phase in glaciological
applications is limited by the large amount of motion that
makes phase unwrapping very challenging. Therefore, such
measurements are presently computed mainly using correla-
tion techniques [7]. This letter proposes a methodology that,
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by relying on more than one acquisition geometry, exploits
directly interferometric phase avoiding the phase unwrap-
ping. Furthermore, improving also significantly the estimation
accuracy. This is due to the inherent frequency-bandwidth
gain. Such gain can be computed from cross correlation and
interferometric phase accuracy expressions (62, and c3).
Being fo the central frequency of the sensor and B the signal
bandwidth, such ratio is (o5/05) = (12 f5/B?) [8] assum-
ing the measurements resolution the same. The aforementioned
accuracy ratio is considerable, 50 dB for Sentinel IW mode.
For PALSAR-2 Stripmap mode between 34 and 43 dB and
about 47 dB in the specific case of the TerraSAR-X Stripmap
used for this letter.

II. GRADIENT TENSOR FROM INTERFEROMETRIC
SYNTHETIC APERTURE RADAR MEASUREMENTS

Considering a synthetic aperture radar (SAR) interferogram,
where all the topographic components have been compensated,
and neglecting the atmospheric delay, the expression of the
absolute interferometric phase will be
4
¢ = 7 -8 (1)
where 1 is the wavelength and (e, n, v) is the reference system
oriented in accordance with the local east, the local north, and
the geodetic vertical. The change in radar range can be written
as the projection of the displacement vector § = [J,, dy, Jy ]
on the sensing direction of the radar s. In order to be able to
separate the strain and rotation components, the gradient tensor
W has to be estimated [9]. The gradient tensor W! represents
the derivatives of §

Uee Uen|Uep
Unpp |[Uny | - (2)

Upn [Upp

v —
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Since a single SAR interferometric pair is not able to pro-
vide resolution/sampling in the third dimension [10], it is not
possible to perform derivative measurements along the v-axis.
Therefore, the third column of the gradient tensor cannot be
observed. Hence, the displacement gradients observed in the
sensing direction of the radar can be written as

VGE-5) =W .5 = iw. 3)
4

IFor the sake of simplicity, the notation u;; = 9;/0j will be used to
identify the derivatives from now on.
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Equation (3) is a vector providing the derivatives of §-s with
respect to the north and the east directions. Hence, to retrieve
the six components of W, at least three diverse interferometric
measurements are needed.

A. Problem Inversion

In (3), the direct problem that links the phase gradients
measurements with the gradient tensor ¥ has been defined.
Let us now suppose that in a general case we have N
gradient measurements in N different geometries. Cy x is the
covariance matrix relative to the kth acquisition geometry,
W can be inverted in the least square sense by minimizing
the figure of merit M with respect to each u;;

N-1 ik T
~ T —1
M= 3 (%0 - v s) i)

i =
X (ﬁVQék — W (u)" 'Sk) )

The inversion is completely analogous to the inversion of
the 3-D displacement vector [11]-[13]. Therefore, all the con-
siderations regarding the performance with diverse acquisition
geometries are valid also for the inversion of (3).

B. Separation Between Strain and Rotation Components

W represents the first-order Taylor approximation of the
displacement field and it contains the information about all
the relative movements of the portion of surface which it
represents. The gradient tensor can be then decomposed in
its symmetrical and antisymmetrical parts. Those are, respec-
tively, the strain S and rotation R components [9]

r " Uen + Une Upe
ee — | 5
2 2
s 1 v’ Upe + Uen u Uon
= 5( + )= s nn )
Upe Upn 0
- 2 2
r 0 Uen — Une |  Upe
1 u u 2 u2
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R=3¥—")= > R
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Since the derivatives with respect to o-direction

(Uep, Unp, Upy) are missing [see (2)], only the 2 x 2
upper part of § and R tensors can be properly characterized.
Consequently, the third line and the third column of S and R
end up being basically the same. This in practice means that
even if the sensor is sensitive to the gradients of the vertical
motion, it is not possible to resolve between a vertical tilt
and a vertical extension/compression. It is worth mentioning
that according to the theory [9], some assumptions could
be made allowing the observation of more components of
W or reducing the set of equations needed and also improving
the estimation accuracy. For instance, assuming that the ice
is incompressible allows us to impose the first invariant of
the strain tensor Is = Tr(S) = 0 deriving consequently
also uy, [7], [9]. Setting S = 0, the problem reduces to a
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rotation only estimation [14]. However, this letter is mainly
methodological; therefore, the aim is to present the problem
in a general fashion. Case-specific considerations are left for
application studies.

III. PHASE GRADIENTS ESTIMATION AVOIDING
PHASE UNWRAPPING

In Section II, the general framework of the estimation of the
strain and rotation components was outlined. It is now nec-
essary to discuss how the gradient measurements %¢k can be
estimated from the complex interferograms. The interferogram
is a complex number z(r,a) = A(r,a)exp (jo(r,a)), where
A is the product of master and slave reflectivity, (r, a) are the
range and azimuth coordinates in radar geometry, and ¢ is the
interferometric phase as in (1). Since in the case of glacier
flow the interferometric phase varies by several wavelengths
within the scale of the deformation pattern, it is possible to
perform a local linear approximation of the deformation phase.
Hence, at a given point (rg, ap), the interferogram z can be
substituted by its first-order Taylor approximation

4z (86 a9,

7~ Aexp <j— (—S(r —r0) + —(a — ao)) +¢0> (6)
A \ or da

where d; = & - s is the projection of the displacement

vector along the LoS. Equation (6) shows how the problem is
basically the estimation of the main local fringe frequency of
the interferogram. The problem can be solved in different ways
with varying performance. Typically, the periodogram estima-
tor is used [15]; however, this estimator assumes flat spectrum
which is not the case for the interferograms. Moreover, in the
case of very strong fringe patterns, such an estimator does not
take into account the spectral shift effect [16], hence reducing
the estimation performance. In such a case, the maximum
likelihood approach proposed in [17] would be more suitable.
In order to preserve the original interferometric information,
the estimation of the main fringe frequency has to be per-
formed directly from the single-look interferogram in radar
geometry. This does not match with the direct problem stated
in (3). A local transformation based on orbital information
must hence be established between the geographic reference
system used in Section II and the radar coordinates. Let T be

the rotation matrix representing such a transformation. %qﬁ and
Cy, the phase gradients and their covariance matrix calculated
in radar geometry, can be recomputed in the local reference
system as
Ve =TTV
Ca=T"CyT. @)

Fig. 1 shows an example of gradient estimation from a
single-look interferogram for Darwin Glacier in Antarctica.
Fig. 1(a) and (b) basically represents two of the six equa-
tions in (4) measured with respect to the radar coordinates

(Vo in (7).

IV. STRAIN AND ROTATION OF ICE FLOW: EXAMPLE
OF DARWIN GLACIER

As an illustration of the application of the proposed
method, the estimation of the surface strain and rotation of
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Fig. 1.
gradients. (b) Range gradients.

Fig. 2. Overview of the study area. The descending right-looking interfero-
gram (April 20, 2017-May 01, 2017), the footprints of the three geometries,
and the grounding line [18].

the Darwin Glacier has been investigated. Darwin Glacier
(79°53’S 159°00'E) is an outlet glacier of the Transantarctic
Mountains draining ice from the East Antarctic Ice Sheet into
the Ross Ice Shelf. It flows in the east direction with a velocity
of several tens of meters per year [11] between the Britannia
Range and the Darwin Mountains to the south and the Cook
Mountains to the north (see Fig. 2). The analysis focuses
on the overlapping area of the three acquisition geometries
covering the midsection of the glacier, including the junction
with its tributaries Hatherton and Touchdown Glacier. Both
tributaries feature a slower ice flow as can be seen from the
descending right-looking interferogram in Fig. 2. The strain S

Authorized licensed use limited to: Deutsches Zentrum fuer Luft- und Raumfahrt. Downloaded on December 23,2021 at 10:16:38 UTC from IEEE Xplore. Restrictions apply.

Estimated gradients in radar geometry for the descending right-looking data set. The area of interest is highlighted by the dashed line. (a) Azimuth

and rotation R components have been first estimated using
all three available geometries. The same inversion has been
subsequently performed with two geometries only assuming
the ice is flowing parallel to the glacier surface. A comparison
of the two approaches follows at the end of this Section.

A. Inversion Using Three Acquisition Geometries

The framework proposed in Section II can support glacio-
logical studies aimed at measuring and resolving the strain
and rotation components of an ice flow. As previously men-
tioned, three different acquisition geometries are needed in
order to be able to retrieve the six elements of W. Cur-
rently, SAR missions observe a given area on the Earth with
ascending and descending geometries only. In cases where
SAR footprints from different tracks strongly overlap, a third
geometry is available for the inversion, nevertheless such a
configuration has proved to be ill conditioned [13]. Hence,
left-looking or squinted acquisitions have to be used in order
to achieve a sufficient inversion accuracy [11], [13]. For this
experiment, three TerraSAR-X Stripmap interferometric pairs
have been acquired in ascending right-looking and descending
right/left-looking (coverage is shown in Fig. 2). Acquisitions
dates and geometries are summarized in Table I. The temporal
distribution of the acquisitions is optimal since they have
the minimal temporal baseline between the interferometric
acquisitions, 11 days between the pairs and 1 day between
the different geometries. Therefore, the observed motion can
be assumed to be the same. Given the high latitude, the acqui-
sitions result in high geometrical diversity providing good
conditioning for the inverse problem. The TanDEM-X digital
elevation model (DEM) [19] with posting of 0.8 arcsec in
latitude and 0.4 arcsec in longitude was also available and has
been used for coregistration and topographic phase removal.
After the interferometric processing, the LoS gradients were
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Sen Difference

()

Separation of the estimated gradient tensor in strain and rotation components. (a) Shear component (S 2) estimated using three LoSs. (b) Rotation

component (R} ) estimated using three LoSs. (c) Shear component (S} 2) estimated using two LoSs and assuming surface parallel flow. (d) Difference map

between (a) and (c) (S?{“ZOS - S12’L2°S).

TABLE I
DARWIN GLACIER TERRASAR-X ACQUISITIONS

Orbit Look Dir.  0;pc Date

ASCE right 28° 19-APR-2017
DESCE right 31° 20-APR-2017
DESCE left 46° 21-APR-2017

ASCE right 28° 30-APR-2017
DESCE right 31° 01-MAY-2017
DESCE left 46° 02-MAY-2017

computed using estimation windows of about 180 m x 180
m sampled on a 90 m x 90 m raster (half a window
overlap). As previously discussed, three LoSs are sufficient
for a constraint-free inversion of the problem in (3). The
components of the gradient tensor ¥ have then been inverted
with respect to the geographic directions N/S and E/W,
and the tensors § and R have been computed as shown
in (5). In order to have a more intuitive measurement unit,
the strain is displayed in [cm/km] and the rotation in [arcsec]
(1 arcsec &~ 0.0002°). Results are shown in Fig. 3.

B. Inversion Using Two Acquisition Geometries
Assuming Surface Parallel Flow

Unfortunately, no SAR mission currently performs obser-
vation campaigns in left or squinted geometry on a regular

basis. It is hence worth discussing some assumptions that
allow the removal of two of the six equations in (4). The idea
is to exploit the information provided by an external DEM
by assuming that ice flows parallel to the surface [20], [21].
The topography profile is approximated with the plane tangent
to the DEM and the displacement is imposed to lie on that
plane. This can be done by fitting a plane to the DEM
samples surrounding the area of interest. The plane can be
fully characterized by its normal np. It is then possible to set
d - np = 0 and differentiate with respect to e, n

V@ -np)=¥" -np=0. ®)

Since the topography slope is assumed constant in the
estimation window, it is possible to extract two more equations
to retrieve the six parameters. For the sake of completeness,
it has to be noted that now the equation system depends
also on the quality of external data. This means that a
covariance matrix Cy pgm has to be derived from the DEM
error map to characterize the error of the two equations
coming from (8). The ascending/descending right-looking
TerraSAR-X data described in Table I have been used for
this experiment. The TanDEM-X DEM used for the interfer-
ometric processing has also been used to determine the local
perpendicular to the topography. A comparison of the three
and two LoSs inversions is given in Fig. 3(a), (¢), and (d).
The results look spatially smooth except for an area that
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is decorrelated, probably due to the lack of backscatter
intensity. The results obtained with the two approaches
agree very well as can be seen from the difference plot
[see Fig. 3(d)].

V. CONCLUSION

The presented methodology extracts LoS-projected gra-
dients information from wrapped SAR interferograms and
inverts the observable part of the gradient tensor. From this
description of the motion, it is then possible to resolve between
the gradient related to the surface deformation (strain) and
the gradient representing a change in the orientation only
(rotation). Since the measurements have no resolution along
the vertical direction, no information about the gradients of the
vertical motion is directly available. Hence, even if the vertical
motion is very well captured by SAR interferometry, it will
never be possible (without models/assumptions) to determine
whether such movement is triggered by tilting or vertical
deformation (compressions/extensions) of the observed sur-
face. The framework has been tested using three interfero-
metric geometries estimating the deformation of glacier flow.
Moreover, the surface parallel flow assumption used in previ-
ous publications [20], [21] has been extended to the case of
gradients tensor estimation. The results show good agreement
between the two inversions; however, more glaciology-related
assumptions should be discussed and tested in a more applica-
tive context. Future work should also consider a validation
campaign using in situ measurements.
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Summary This letter investigates the estimation of the slip distribution of a seismic event using the
information provided by interferometric phase gradients. Even if the technique is expected to
be suboptimal when compared with an estimation using the unwrapped interferometric phase,
such an approach would permit to avoid the solution of phase ambiguities also including the
parts of the interferogram that could not be reached by the phase unwrapping otherwise. This
specifically addresses the cases where the motion gradients are so strong that particular areas
have to be masked out due to unwrapping errors. Aim of this letter is to propose a possible way
to include such areas modeling the motion with phase gradients. The rationale of this letter
relies on the description of the coseismic motion given by the Okada model that provides both
the 3-D surface displacement and the gradient tensor information. Based on the latter, this
letter defines an inversion strategy that uses the information extracted by the phase gradients,
hence avoiding phase unwrapping. This technique is tested on real test sites and compared
with the results obtained using the absolute phase.
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Inversion of the Slip Distribution of an Earthquake
From InSAR Phase Gradients: Examples Using
Izmit Case Study

Alessandro Parizzi

Abstract—This letter investigates the estimation of the slip
distribution of a seismic event using the information provided by
interferometric phase gradients. Even if the technique is expected
to be suboptimal when compared with an estimation using
the unwrapped interferometric phase, such an approach would
permit to avoid the solution of phase ambiguities also including
the parts of the interferogram that could not be reached by the
phase unwrapping otherwise. This specifically addresses the cases
where the motion gradients are so strong that particular areas
have to be masked out due to unwrapping errors. Aim of this
letter is to propose a possible way to include such areas modeling
the motion with phase gradients. The rationale of this letter relies
on the description of the coseismic motion given by the Okada
model that provides both the 3-D surface displacement and
the gradient tensor information. Based on the latter, this letter
defines an inversion strategy that uses the information extracted
by the phase gradients, hence avoiding phase unwrapping. This
technique is tested on real test sites and compared with the results
obtained using the absolute phase.

Index Terms— Differential SAR interferometry, fault modeling,
frequency estimation, gradient tensor.

I. INTRODUCTION

HE phase unwrapping is the main limitation factor for

the exploitation of the repeat-pass interferometry. The
presence of noise and the strong deformation gradients can,
in fact, lead to a wrong interpretation of the phase ambiguities
and, consequently, the generation of errors that propagates
in space. Such errors are particularly hard to handle since
they cannot be reduced by spatial averaging. This problem
is an issue in applications working with the geophysical
modeling of a single interferometric pair. A possible solution,
where a modeling of tectonic fault is carried out by directly
using the wrapped interferometric phase, has been proposed
in [1] and [2]. This avoids, of course, the phase unwrapping,
but it has the drawback of having non-Gaussian distributed
misfits [1]. Therefore, the inversion of the system implies
the choice of the proper ambiguity band that fits the model,
making the problem anyway similar to a phase unwrapping.
The idea of using the phase gradients to interpret the geo-
physical phenomena was, hence, often considered [3], [4].
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This should extend the spatial range of exploitation of the
SAR interferograms since it permits to include also isolated
spots of the coherent phase. However, the interpretation of a
phenomena using its derivatives has the drawback of filtering
its high-pass component only [3]. This results in a significant
reduction of the SNR since small scales of natural phenomena
contain, in general, less signal. Nonetheless, in case of strong
motions compared to the radar wavelength, the gradients SNR
is acceptable, and such information can be important, espe-
cially in areas that cannot be reached due to the unwrapping
errors.

Ali and Feigl [5] modeled the displacement induced by
volcanic activity using interferometric phase gradients. This
letter investigates the use of phase gradients also for fault
slip distribution inversion. The aim is to keep a method-
ological point of view, focusing the attention mainly on the
remote sensing aspects. In Sections II and III, the problem
is defined from the radar measurement point of view, and in
Section IV, it is then applied to real data. In order to discuss
the methodology, a particular example has been chosen. The
ERS interferogram of the Izmit earthquake is a typical case,
where the phase unwrapping can critically influence the results
[2], and hence, it has been analyzed in this letter. The approach
has been applied to the data, and the results are compared with
the results obtained using the absolute phase, discussing them
in the light of the theoretical expectations.

II. INSAR PHASE GRADIENTS’ MEASUREMENTS

The key feature of the technique is the possibility of estimat-
ing phase gradients directly from the wrapped interferometric
phase. The problem can be seen in different ways. The point of
view of this letter is to see the deformation gradients as propor-
tional to the main local fringe frequency since the frequency
is, by definition, the derivative of the phase. The gradient mea-
surements 6(15/( can be, hence, estimated from the single-look
complex data performing a frequency estimation. Multilooking
and subsampling are anyhow implicit in the fringe frequency
estimation since the computation is done windowwise. Never-
theless, this allows theoretically identifying the gradients that
would not be any more visible at the multilooked interferogram
level due to the resolution reduction. Being (7, a) the range
and azimuth coordinates in radar geometry, the interferogram
is a complex number z(r, @). Considering the interferometric
phase varying by several wavelengths within the scale of the

1545-598X © 2019 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted,
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deformation pattern, it is possible to perform a local linear
approximation of the deformation phase. Hence, in a given
point (rg, a), the phase of the interferogram z = Ae/? can
be substituted by its first-order Taylor approximation

pr T <a—‘5s(r o+ - ao)> th ()
A\ or da

where A is the product of master and slave reflectivity and
Jds = 875 is the projection of the displacement vector & along
the line of sight (LoS) s. It is worth to point out that the
complexity of the deformation patterns could require a local
adapting of the dimension of the estimation window in order
to make the first-order Taylor approximation reasonable [5].
The optimal estimation of the phase gradients is, in general,
not trivial since the complex SAR interferograms cannot be
considered simply as an ideal complex sinusoid. For very
high gradients, the effect of the wavenumber shift has to be
taken into account as in [6]. However, for moderate gradients,
the approximation holds and periodogram can be used [7].

III. PROBLEM INVERSION USING GRADIENT TENSOR

Being (e, n, v) the reference system oriented in accordance
with the local east, the local north, and the geodetic vertical,
the change in radar range can be written as the projection of the
displacement vector on the sensing direction of the radar s.
The gradient tensor W represents the derivatives of §

Uee Uen O
V= up Uy O . (2)
Uyve Uyn 0

Radar echoes measure the projection of ¥ on the LoS at the
earth’s surface only; therefore, in order to satisfy the equilib-
rium equations, ¥ has no contributions in the column of the
derivatives along the v-axis [8]. For the sake of simplicity,
the notation has been shortened to u;; = 06;/0j. Hence,
the displacement gradients observed in the sensing direction
of the radar can be written as [9]

V(©ETs) =wls = iw. 3)
4

The model proposed by Okada [10] describes the earth’s
surface motion generated by a seismic event both in terms
of displacement and deformation (gradient tensor). Fixed the
geometry of the fault, the gradient tensor W derived from the
Okada model can be linearized with respect to the vector of
slips & to be estimated. Knowing the local SAR geometry from
the state vectors’ information, it possible to locally rotate the
tensor provided by the model into radar geometry using a
proper rotation matrix T

0F) =T ¥ @®T. )
In the measurements’ reference system, it is possible to

write a system of equations that equate the model and mea-
surements to be inverted, retrieving the vector of parameters

1727
& that are minimizing the figure of merit M

N—1 Ak T
M= Ve —0u8)s c;

é (471_ ¢ k(&) k) d.k

x (j—k% -~ ek@)Tsk). (5)
(4

The equation system is written in general for N measure-
ment’s geometries, and Cy is the covariance matrix of the
gradients of the kth geometry. Supposing that we know the
statistical properties of the interferometric phase uncertainties
(noise, atmosphere, and so on), it is possible to derive the
covariance as the covariance of the derivative. It is worth
to notice that the high-pass effect of the derivative operator
drops the spatial correlation forcing the covariance function
to be almost impulsive in the direction in which the derivative
is applied. This means that an eventual isotropic behavior of
the interferometric phase covariance function [11] will not be
preserved in the gradients’ covariance.

IV. SLIP DISTRIBUTION INVERSION USING IZMIT
EARTHQUAKE INTERFEROGRAM

The Mw 7.6 Izmit earthquake occurred on August 17, 1999,
and it was the product of the right lateral strike-slip movement
of a part the North Anatolian Fault [12]. Because of the
E/W orientation of the fault, the coseismic displacement was
very well captured by the ERS 1-2 SAR interferogram that
shows a dense pattern of the azimuth-oriented interferometric
fringes. The high fringe density and the temporal decorrelation
(35-day interferograms) make the phase unwrapping procedure
particularly prone to errors. Therefore, this case study fits
very well for the investigation of a phase unwrapping-free
approach. Although previous works showed the complexity
of the fault [12], [13], a simplified source geometry (single
fault segment) has been used, as in [2] (see Fig. 1). This is
related to the scope of this letter that is aimed to focus more on
methodological aspects. As a reference result for the inverted
slip and its residual phase, the reader can refer to the study
in [12].

The modeled fault has been divided in patches of 5 x 4 km
along the strike and dip direction, respectively. The inversion
imposes also a Laplacian as regularization (V2§ = 0) to
control the smoothness of the estimated slips on the fault
plane [14]. In order to better discuss the feature of the gradient-
based inversion of the slip distribution, the same inversion has
been carried out also using the unwrapped phase.

A. Gradient Solution

The computation of the interferometric phase gradients
has been performed starting from the SLCs. In order to
preserve the information, no multilooking was applied in
forming the interferogram. The LoS-projected component of
the gradient tensor has been carried out, estimating the local
fringe frequency using a periodogram. The estimation win-
dows used was about 5 x 5 km, sampled at a finer grid. The
estimated range and azimuth fringe frequencies are scaled to
the range and azimuth LoS deformation gradients, as in (1).
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Latitude =40.73°
Longitude = 30.11°

strike=90°

(a) (b)

Fig. 1. Izmit earthquake displacement and geometry of the problem. (a) 35-day ERS interferogram. Black dashed line: position of the fault used in the
modeling. (b) Fault geometry used for the inversion (in detail).
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Fig. 2. Results of the gradient-based inversion. (a) and (d) Measured LoS gradients in range and azimuth, respectively. (b) and (e) Gradients modeled by the
inverted slip distribution in range and azimuth, respectively. (c) and (f) Residual LoS gradients obtained, compensating the measurements with the derived
model.

The direct problem is calculated using the Okada model and B. Unwrapped Phase Solution

locally rotating the derived tensor W (&) into radar geometry, In order to compare the previously derived results, the inver-
as described in Section III. The inversion has been performed sion has been also carried out using the unwrapped inter-
in the least square sense, forcing the vector & > 0. The ferometric phase. A coherence mask having 0.18 threshold
measured, modeled, and residual gradients in the range and has been over imposed in order to keep the phase error in a
azimuth direction are shown in Fig. 2. reasonable range. The extracted points have been unwrapped
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Results comparison. (a) Wrapped residual interferogram and slip distribution over the fault plane for the gradient solution. (b) Wrapped residual

interferogram and slip distribution over the fault plane for the unwrapped phase solution. The reshaded area is aimed to highlight the area closer to the fault,

where the unwrapping errors are more likely to occur.

using a sparse grid minimum cost flow (MCF) [15]. Due to
the fact that the whole scene is crossed by the tectonic fault,
critical unwrapping errors have been avoided unwrapping the
scene in two separate “tiles”: one covering the area north
of the fault and the other covering the southern area. Two
reference points have set close to the northwest corner of the
interferogram and the southwest corner, respectively. In this
case, the direct problem is designed, describing the projection
of the displacement generated by the Okada model in LoS
calibrated to the displacement generated by the Okada model
in LoS in the reference point. The absolute phases of the two
tiles have been jointly inverted, obtaining a parameter vector
&4 comparable to the one obtained using the gradients (§,).

C. Discussion

In order to fairly compare the obtained results, the residuals
displayed in the wrapped interferometric phase have been
used. The modeled phase corresponding to the inverted results
has been computed, wrapped, and used to compensate for the
original interferogram. In this way, it is possible to visually
evaluate the capability of the inverted models to explain
the interferometric measurement. Unwrapped phase provides
higher sensitivity to deformation, as expected from the theory.
This is visible far away from the fault (highlighted in green
dots in Fig. 3), where the interferometric phase is better

compensated by the model derived from the unwrapped phase.
However, close to the fault (highlighted in red dots in Fig. 3),
the solution obtained using gradients is considerably better.
Here, the deformation pattern generates strong phase gradi-
ents that compromise the success of the phase unwrapping.
However, the gradients’ measurements are able to provide an
ambiguity-free information that can be more easily inverted in
a least square sense despite their noisy nature.

Both inversions have been almost identically regularized so
that the two inverted slip distributions, &4 and & », present the
same spatial smoothness [14]. The two slip distributions, §4
&, present a similar spatial pattern although shifted on the
fault plane along the dip direction. This can be interpreted,
considering the relation between the depth of the slip and the
scale of the corresponding surface deformation (the deeper
the motion is, the more low pass the surface deformation is)
[8]. Therefore, since the gradients’ measurements are limited
in observing the high-pass part of the motion, the maximum
observable depth results are also to be limited accordingly.

V. CONCLUSION

This letter has discussed and shown the possibility of using
the interferometric phase gradients in slip distribution inver-
sion. Although the use of such measurements is inherently sub-
optimum, their robustness to unwrapping error is an interesting
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feature that helps in fully exploiting the interferometric phase
information. In line with the theory, the results discussed in
this letter show how the absolute interferometric phase is
performing, in general, better. However, this statement has
been proven to be true only in the case of a correct solution
of the phase ambiguities, as it happened far away from the
fault, where the motion gradients are small (see Fig. 3). The
unwrapping errors due to high fringe rate in the proximity of
the fault lead to an underestimation of the motion in this area
and, consequently, to a different interpretation of the motion in
terms of the fault slip (see Fig. 3). The gradient-based solution,
on the other side, proved to be more robust, being able to
better compensate the interferometric phase close to the fault.
Therefore, one could think of a synergistic use of phase gradi-
ents that can help mitigating the unwrapping-related problems.
Some possible applications include the integration with cross
correlation (the shifts catching the low pass part of the motion,
the gradients the high pass one), the improvement of the
data coverage (including areas where the phase unwrapping
is bound to fail), or the estimation of an a priori solution that
can be used to properly unwrap the interferogram.
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Abstract: This paper deals with the integration of deformation rates derived from Synthetic Aperture
Radar Interferometry (InNSAR) and Global Navigation Satellite System (GNSS) data. The proposed
approach relies on knowledge of the variance/covariance of both InNSAR and GNSS measurements so
that they may be combined accounting for the spectral properties of their errors, hence preserving
all spatial frequencies of the deformation detected by the two techniques. The variance/covariance
description of the output product is also provided. A performance analysis is carried out on realistic
simulated scenarios in order to show the boundaries of the technique. The proposed approach is
finally applied to real data. Five Sentinel-1A /B stacks acquired over two different areas of interest
are processed and discussed. The first example is a merged deformation map of the northern part
of the Netherlands for both ascending and descending geometries. The second example shows the
deformation at the junction between the North and East Anatolian Fault using three consecutive
descending stacks.
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1. Introduction and Motivation

Synthetic Aperture Radar Interferometry (InNSAR) deformation rate measurements support a wide
range of applications in the fields of geology, geophysics, and geohazards [1]. Since the nature of the
interferometric measurements is inherently relative, the additive delays—like those of the troposphere
and ionosphere—make the accuracy of such measurements strongly dependent on the distance [2—4].
Hence, InNSAR performance varies according to the particular application. Typically, interferometry
works well for applications such as infrastructure monitoring or urban subsidence, since they involve
relatively short scales (10-20 km). However, there is also scientific interest in using INSAR to measure
the strain accumulation of tectonic faults. This type of study requires very accurate measurements
(1 mm/year at distances larger than 100 km) [5].

The new generation of Synthetic Aperture Radar (SAR) sensors—like Sentinel-1—provides
systematically acquired data with a swath width of 250 km [6]; future missions plan to further extend
this to 350 km [7]. Due to the atmospheric errors at such scales, the requirement of 1 mm/y could be a
challenging goal for INSAR, especially if the available time series have a reduced observation time [8].
Therefore, in order to fully exploit the coverage capabilities of these missions, we are motivated to
develop techniques that merge interferometric deformation rates with other geodetic measurements,
not only to improve the performance of applications particularly affected by atmospheric effects
(e.g., inter-seismic deformations), but also to remove the reference point, hence facilitating an easier
integration with the other geometries or techniques.

The best candidate for this integration with SAR interferometry are the deformation rates
estimated using a Global Navigation Satellite System (GNSS). This is due firstly to their well-known
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complementarity where INSAR coverage is combined with GNSS accuracy. Indeed, there is a long
tradition of research in this area as evidenced by studies performed by geo-scientists; for example,
in supporting interferometric phase unwrapping [9,10]. Combining INSAR and GNSS deformation
rates has also been studied in order to calibrate the InNSAR-estimated velocities [11-13], and to help the
limited geometric sensitivity of the SAR system in measuring deformation [14-16]. The integration
of InSAR with other instrumentation such as active transponders has been investigated in order
to design optimal geodetic networks that enhance the spatial distribution of the deformation
measurements [17-19].

However, it is important to highlight that the main argument of this work is not to claim the
complementary InNSAR/GNSS—which is well known, as previously mentioned—but rather to discuss
the use of their error statistics in the combination, as well as its propagation through to the final
product. In [8], the effect of the correction of the interferometric phase for tropospheric delays and
solid earth tides using external models was shown. After such corrections, the mean variograms of the
interferometric measurements error show a stationary behavior that can be well approximated by a
covariance function. An optimal combination of the two measurement techniques is hence possible,
since the spectral properties of their own errors can be taken into account. Moreover, no assumptions
about the displacement pattern characteristics [19] and GNSS measurement density are necessary as
in [11] and the data need not be filtered. Only the INSAR/GNSS differences, which can be statistically
characterized, are estimated and used to compensate the original INSAR measurements. The error can
then be propagated from the data to the results, allowing full characterization of the output uncertainty.

The measurement of strain accumulation along hundreds of kilometers is a potential application
for this framework. The integration of INSAR and GNSS does not remove any deformation component,
but performs a weighted merging of the different spatial frequencies of the deformation detected by
the two techniques according to their reliability. Moreover, the mathematical modeling, often applied
on final measurements, requires a proper weighting of the different input data [20]. Other possible
applications include the INSAR-based National Ground Motion Services [21]. Such projects are often
required to provide a product that merges the InNSAR-derived results and the results derived by
the GNSS networks already deployed on the territory. Since these products are part of a Service,
a consistent description and traceability of the uncertainties is strictly required.

In Section 2 the proposed methodology is described, separating the capability of retrieving the
absolute motion from the calibration of the residual atmospheric errors. An analytical description of
the error of the merged product is also provided. In Section 3, simulations are performed in order to
provide reference numbers in terms of coverage and quality versus performance. Finally, the results
of using real data in significant test cases are presented and discussed. The first example covers the
northern part of the Netherlands and demonstrates merging on a large scale in order to provide a
consistent product like those in national ground motion services. The second example is aimed at
addressing geophysical applications, and shows the calibration of interferometric measurements over
North Anatolian Fault to the Eurasian plate.

2. Methodology

Let us consider N locations in the processed area of interest, where two deformation rate
measurements vp and vg are performed using INSAR and GNSS, respectively. With s as the radar line
of sight (LoS) it is possible to state the problem modeling the difference between the two velocities at
the ith position A; as follows:

A; =op; —vE s = 6(ri, ;) + Vyep +n(ri,a;), 1)

where v, is the velocity of the reference point used in INSAR processing, 4(r;, a;) is a space-variant
error screen in the interferometric data, and n(r;,4;) is the random error. The implicit hypothesis
behind this definition is that the spatially correlated noise, basically related to the residual atmospheric
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delay, is present in the interferometric measurement only. This characteristic allows extraction, through
the subtraction of the two velocities, of the parameters 6(r,4) and v,, fr which have to be estimated
in order to properly merge the data. It is worth noticing that this operation can also be seen as a
calibration of the InNSAR data: it exploits GNSS reference rates so that the interferometric measurement
is no longer relative to the reference point while also removing residual systematic effects. Figure 1
displays an overview of the steps of the proposed approach. In the first step, the error statistics are
derived and the covariance matrix R is computed. The reference point velocity v, is then estimated
and subtracted from the offset vector A. Finally, the residual error screen is interpolated at each INSAR
measurement point, exploiting knowledge of the error statistics.

DINnSAR —

GNss !

é '@“ef

\

MERGED

Figure 1. Flow chart of the proposed method.
2.1. Error Description of the Input Data

A proper handling of the relation defined in Equation (1) requires a statistical description of the
vector A. Therefore, the covariance matrix R of the difference measurements has to be derived. It is
possible to distinguish between three contributions: The random noise of the GNSS measurements (féi
obtained by projecting the variance of the different components of the estimated rates onto the radar
LoS, the random noise of the INSAR measurements (7,23,1-, and spatially correlated noise due to residual
atmospheric effects. The full covariance matrix can be defined as:

R = E[AAT] = diag(c2 ), .04 y_1)+

+ diag(0 g, -0 n-1) + Ca-

(2)

The first two contributions are diagonal matrices, since they represent the spatially uncorrelated
errors of the independent GNSS and InSAR measurement processes, respectively. On the other hand,
the derivation of the covariance matrix C, that represents the residual atmospheric error is particularly
interesting [22]. A covariance function I'(d) representing the residual error has to be robustly estimated
and evaluated at the N positions where the A; are located; with di/j as the distance between the ith and
the jth measurement, this is:

Cu(i,j) = I'(d;). 3)
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The first two components of Equation (2) can be estimated using the supplied accuracy of the
GNSS data and the interferometric temporal coherences, respectively. However, estimation of C,
requires a more detailed discussion.

2.2. Estimation of the Residual Atmospheric Error Covariance Matrix

The covariance of the residual atmospheric error can be estimated from interferograms where
the residual atmospheric delay is the dominant measured delay. The fast revisit time of the Sentinel-1
mission allows the computation of short time interferograms with temporal baselines 6t down to 6
days. Following the approach in [8], the short temporal baseline interferograms are used to compute
variograms merely representing the residual atmospheric errors. Since such errors are expected to be
on the order of magnitude of a centimeter, deformation rates of several tens of cm/y are necessary
in order to bias the estimation of atmospheric errors. Such rates can be reached in landslides or
mining areas that are typically restricted in coverage. Since the variograms are computed by averaging
many different measurements over the whole scene, the effect of such areas should not strongly
impact the estimation. It should be noted that since variogram estimation requires the unwrapped
phase, this step must be performed at the end of the processing. At this stage, areas of very high
deformation are apparent and can eventually be masked out. The effect of solid earth tides has
been corrected in the interferometric phase using models [8]. However, the projection of tectonic
plate motion onto the line of sight is a large-scale effect whose spatial characteristics cause a bias in
variogram estimation. Such movements are mainly horizontal and can reach 6-7 cm/y. How large the
horizontal motion must be in order to be comparable with the troposphere in a short temporal baseline
interferogram can be easily estimated. For a 1 cm gradient along the radar swath, a horizontal motion
of 1/(sin(Onear) — sin(0¢,,)) is necessary where 6y, is the incidence angle at near range and 6, the
incidence angle at far range, leading to a horizontal motion of ~ 5 cm or 152 cm/Yy for a revisit time of
12 days. Therefore, keeping the maximum ¢ < 30 days should result in negligible impact. It should
be mentioned that the eventual presence of seismic events in the time series should also be assessed,
and co-seismic interferometric pairs not be used to generate the variograms.

Given that such interferograms are almost deformation-free, it is possible to assume that the
average of the variograms E[V] is a good estimator 14 (the"symbol indicates an estimated parameter)
of the covariance characteristics of the residual atmospheric delays. Since velocity estimation implies
a linear regression on the phase, a scaling factor accounting for acquisitions’ time span and number
must be applied to convert the single-phase measurement accuracy into deformation rate accuracy:

A% V(@) M
16 2 MYyt — (Tpk)?

?ra te (d ) (4)

where d is the distance, A the radar wavelength, t; the acquisition times, and M the number of
interferograms used for the linear regression. The analysis in [8] showed that if atmospheric phase
corrections based on European Centre for Medium-Range Weather Forecasts (ECMWEF) models are
performed [23,24], the residual atmospheric effects after processing are well-modeled as stationary.

the (d) can then be fitted using a covariance model in order to compute the model parameters,
converted to f(d ), and to estimate the covariance matrix C, in Equation (3). In this study,
the exponential covariance model was used, as seen in Figure 2.
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Figure 2. Examples of an exponential fitting of the deformation rate variograms. The black
dots represent the estimated variogram and the bold red line represents the estimated model.
The variograms in (a) and (b) refer to the stacks 123/2 and 123/3 of the North Anatolian Fault
data set respectively , see Section 4.2.

2.3. Estimation of the Reference Point Motion

Equation (1) shows how A can be seen as an observation of v,.y with superimposed random
and colored noise. Since the noise statistics of A exhibit stationary behavior, the derivation of the
reference point velocity can be carried out by averaging the observed A. Therefore, according to the
considerations in the previous Section 2.1, 7,5 can be found by taking into account the computed
covariance matrix R:

77ref = (ERilﬂT)ilETRilé 5)

where u is a unitary vector that maps, one to one, the measurements A with the unknown scalar v,, £
The estimated v, represents the motion of the reference point in its local LoS and has to be added to
the InSAR velocities in order to make them absolute.

2.4. Estimation of the 0-Mean Calibration Screen

In the previous Section 2.3, the overall offset between INSAR and GNSS deformation rates was
estimated while accounting for the covariance matrix. Now, the space-variant error screen between the
GNSS and InSAR velocities can be estimated by performing a covariance-based interpolation (Kriging)
of the residual offsets Ay = A — T, 7. Aset of coefficients ¢ that, combined with the vector A, allows
the reconstruction of §(r,a) everywhere must be estimated.

5(r,a) = cTAg (6)

According to theory, this can be obtained by imposing the condition that the
interpolation/prediction error be uncorrelated:

o~

€n = 5(711/ an) - 5(7'11/ an) (7)

with the data Ag [25]. Substituting Equation (6) into Equation (7) and imposing the uncorrelatedness
condition with Ay gives:
c=R"p, (8)
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where p = E[d(r,a)A] is the vector representing the correlation between the data vector Ay and the
error screen § at the current position.

2.5. Variance and Covariance of the Results

To enhance usability, the error of the final product should be characterized. The final result is
obtained by compensating the InSAR velocities for the estimated v, and 6(r, a). The reference point
deformation rate is a bias added to all points. Its error is therefore a constant value in the final product.
Its contribution can be derived by computing the variance of the linear system inversion:

o3, = @R "), ©)

Uref

The error of the estimated & will be space variant. The variance and covariance of the estimated

-~

error screen 6(r,a) can be derived as in [25].
Eles] = E[(d(rn,an) — ¢ 89)*] = T(0) — pu R pu (10)

where I'(0) represents the original error due to the spatially correlated signal, and the second part of
the equation represents a “mitigation factor” that reduces such variance according to the distance from
the GNSS data. Analogously, the covariance is:

Elenem] = T(dpn) — pimTRflpl. (11)

Some conclusions concerning the final product can now be drawn. It provides absolute
measurements that can be characterized by a variance directly derived from the applied methodology.
It still contains a residual spatial correlation, though mitigated by the removal of 3(r, ). However,
this residual error is no longer stationary. Its covariance depends on the two considered points, as
highlighted by Equation (11). The variogram or covariance representation of the error—as for the
input InSAR velocities—is hence no longer possible, but must must to be computed locally, accounting

for the position (r,a) with respect to the GNSS stations.

3. Simulations

Simulations were performed in order to assess the validity of the method and evaluate its
performance. The scope of these simulations is to understand and quantify the effects of the spatial
distribution (density) and the quality of the GNSS measurements in different processing scenarios,
and to provide some numbers that summarize the achievable accuracies in the retrieval of 7, £ and 5.

A set of randomly distributed points with zero deformation was simulated over a surface of
175 x 250 km? (Sentinel-1 slice size) in order to represent the INSAR measurements. Random noise
(clutter) and spatially correlated noise (atmospheric residuals) were added to the points. For the
generation of spatially correlated noise, an exponential covariance I'(d) = oZexp(—d/L.) was used.
A reduced set of GNSS zero-deformation data were also simulated at random positions within the
scene. According to the model only random noise was added to the simulated GNSS velocities. For the
sake of simplicity, positions were uniformly distributed within the scene. The reconstruction depends
on how well the available samples are able to represent the error spectrum. In practice, the more
high-pass the error, the more samples will be needed. Of course, a regular sampling is desirable. If the
data are concentrated in an area, the re-construction will be good in this area. When moving away
from data points, the estimator will extrapolate.

The simulations were performed while varying the two main parameters, the number of reference
GNSS measurements, and their accuracy. Two different scenarios were tested with low and high
atmospheric residual power ¢2. In the first scenario, 02 = 2 mm? /y?; for the Sentinel-1 mission, this is
comparable to having a long time series of T,,s ~ 3 y in the case of applied atmospheric corrections [8].
In the second scenario, ¢ = 9 mm?/y?, representing the case of a short time series of Ty, ~ 1y [8].
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A realistic correlation length, according to real data, was used for the simulations—Ly» = 60 km in
both cases. This comes from direct experience with the data. We observed that the average variograms
after tropospheric corrections exhibited values of 40-100 km when fitted with an exponential model.
An example of the simulation framework is shown in Figure 3.

Observing the simulation results in Figures 4 and 5 it can be concluded that, due to the spatial
correlation of the error, higher densities of GNSS measurements improves the estimation of ¢ since it
provides a better sampling of the error field, but does not help much in retrieving the absolute velocity
Ure, due to the “data redundancy” introduced by the spatial covariance.
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Figure 3. The Figure shows an example of the framework used for the simulations. The simulated
motion is 0 over the entire scene. In (a), the simulated spatially correlated noise is depicted. In (b),
the dense Synthetic Aperture Radar Interferometry (InNSAR) measurements and the coarse Global
Navigation Satellite System (GNSS; large dots, atmosphere-free) are depicted. In (c), the measured
offsets INSAR/GNSS (4) are depicted. In (d), the estimated error screen to be removed from (b) is
depicted. In (e), the final results obtained by calibrating (b) with (d) are depicted. In (f), the estimated
error for the merged product is depicted.
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Figure 4. Performance simulations in retrieving 0,,s carried out with different atmospheric noise sills:
(@2 =2 mmz/y2 and (b) 02 = 9 mm2/y2.
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Figure 5. Performance simulations in retrieving 6 carried out with different atmospheric noise sills:
(@) 02 = 2mm?/y? and (b) 07 = 9 mm?/y>.

3.1. Performance in Retrieving vy, %

The accuracy of U, is that of the mean computed from a set of correlated samples. The level of
dependence of the given dataset is controlled by the spatial density of the latter and the correlation
length Lo of the superimposed noise. We observed that it is logical to expect that, given a Leor,
increasing the number of data improves estimation of v, up to a certain level, since as the density of
measurements increases, so to does the amount of correlation between measurement, hence limiting
its impact on final performance. In a typical scenario ( Tyys = 3y, 02 = 2 mm?/y?), the accuracy can
easily be brought below 1 mm/y, even with a limited set of GNSS stations (Figure 4).

3.2. Performance in Retrieving 5

Evaluating the performance of disnota simple task. The most natural way would be to compare
the variograms of the results before and after application of the technique. This approach would
deliver a deeper insight into the achieved gain, since it would be possible to show this as a function of
the scale. However, as mentioned in Section 2.5, the error of the merged results is no longer stationary
making a variogram representation questionable. In order to avoid this issue, a simpler but more
robust approach was followed. The performances were evaluated in terms of mean square error (MSE)
in dB, over the whole scene. In practice, the mean power of the residual deformation signal after
removal of the estimated error screen & from the measured rates Umeas 1S:

MSE,5 = 10Log1o (E[(vms - 3)2}). (12)

The results displayed in Figure 5a,b show that, in both cases, the performance cannot improve
beyond a certain level by improving the quality of the GNSS measurements only. An improvement
in GNSS coverage is also necessary in order to better compensate the higher wave-numbers of the
eITOor screen.
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4. Results

For the study, two Sentinel-1A /B datasets covering the northern part of the Netherlands (two
stacks, ascending and descending) and the junction between the North Anatolian Fault and East
Anatolian Fault (three stacks, descending) were used. The interferograms were computed, corrected
for tropospheric delays using ECMWEF ERA-5 (ECMWEF Re-Analysis) data [8] and processed using the
PSInSAR technique [26]. In order to preserve all wave-numbers of the deformation signal, no spatial
high-pass filtering or polynomial detrending was performed on the final data. The technique described
above was applied to the estimated deformation rates. As visible in Figures 6-11, the method is
able to retrieve the absolute motion while also mitigating the undesired residual atmospheric error,
hence displaying all available spectral components in the deformation signal. Figures 7a, 9a, and 11a
show that the residual zero-mean error Ay is quite small, varying between 2 mm/y. This can already
be considered as a kind of validation of the INSAR data, whose accuracy is close to 1 mm/y.

For the reference measurements, the GNSS data processed by Nevada Geodetic Laboratories [27,28]
were used. The correspondence GNSS/PSs for the calculation of vector A was implemented by
averaging all of the PS rates within a radius of 250 m from the GNSS station.

A further elucidation needs to be made. The reference system that describes SAR geometry (state
vectors) does not account for continental drift making plate movement visible in the interferometric
measurements, projected along the LoS. The GNSS data used for the calibration are also not continental
drift compensated. Hence, the two data-sets can be considered “compatible”. After merging (also
adding v,,), the data contains continental drift that could dominant the visualialization. Therefore,
plate movement was compensated using the model in [29] to show movement relative to a specific
plate (Eurasian). The removed motion is basically an overall offset of several mm/y, plus a light ramp
due to the LoS projection of the horizontal motion. This is generally not necessary since it is only a
representation issue, but it facilitates the interpretation of the results. For the sake of completeness, the
removed model is also shown in Figures 7b, 9b, and 11b.

4.1. Netherlands Datasets

The systematic generation of deformation maps on a national scale using SAR interferometry
has become more feasible, as missions like Sentinel-1 provide global coverage on a regular basis.
Often, these kinds of services must be combined with existing geodetic measurements in order to
make them integrated and comparable [21]. In this work, a typical example is provided where INSAR
velocities covering a large area—acquired in descending and ascending passes—are combined with a
consistent number of GNSS-derived velocities. The considered datasets are two Sentinel-1A /B stacks
covering the northern part of the Netherlands. The area includes many examples of man-induced
subsidences, such as in Groeningen [30]. The details of the dataset are described by Table 1. Observing
the raw result of the PSI-processing, some spatially correlated deformation signals are visible when
observing between +4 mm/y. Since no large-scale deformation phenomena are expected in this area,
such patterns must therefore be related to the residual atmospheric signal. In the area of interest,
a considerably high number of GNSS data are available (see Table 1). The previously described
methodology was applied to the data using the available GNSS measurements [27]. The results in
Figures 6 and 8 show how the technique permits the further reduction of the residual atmospheric
error and the relation of every single PS measurement to the Eurasian plate only. Further information
about the measured Ay and the removed continental drift model is also available in Figures 7 and 9.
Since the ascending/descending data are now absolute, it would be possible to combine them directly
using the error description provided in Equations (9)—(11).
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Table 1. Netherlands Dataset.

Track  Orbit  Acquisitions Time [years] GNSS Stations

088 ASCE 140 3.4 47
037  DESCE 122 3.0 37

(b)

Figure 6. Results for the ascending Holland stack (a) before and (b) after performing merging with
GNSS data. In (b), the GNSS stations used are displayed with black—white circles.
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(b)

Figure 7. Results for the ascending Holland stack, showing the measured and color-coded Ay in (a)
and the removed continental drift screen in (b).
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(b)

Figure 8. Results for the descending Holland stack, showing (a) before and (b) after performing
merging with GNSS data. In (b), the GNSS stations used are displayed with black-white circles.
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[mm/y] .

(b)

Figure 9. Results for the descending Holland stack, showing (a) the measured and color-coded Ay and
(b) the removed continental drift screen.
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(b)

Figure 10. Results for the North Anatolian Fault (a) before and (b) after performing merging with
GNSS data. In (b), the GNSS stations used are displayed with black-white circles and the fault lines
are displayed using a white dashed line.
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(b)

Figure 11. Results for the North Anatolian Fault, showing (a) the measured and color-coded Ag and (b)
the removed continental drift screen.

4.2. North Anatolian Fault Dataset

Applications related to the measurement of tectonic movements are the most challenging for
InSAR. The requirement of an accuracy of 1 mm/y at more that 100 km (<10 nstrain) pushes the
technique to its limits [5]. Notwithstanding, it has been demonstrated that, since actual SAR missions
are characterized by very stable oscillators [31] and very good orbit knowledge [32,33], such numbers
can be considered achievable. The major limitation is atmospheric effects. If the interferometric
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time series is not long enough, integration with other data would be necessary in order to fulfill the
requirements at very large distances. Moreover, the possibility of referencing the measurements to
standard reference systems (e.g., Eurasian Plate, etc.) would extend the usability of the final results.

The technique must then also be demonstrated on an appropriate example for tectonics. The North
Anatolian Fault was chosen, as it is a typical case study investigated by many geo-scientists using
SAR interferometry [34,35]. The area of interest is covered by a Sentinel-1A /B stripe extending for
more than 600 km in the along-track direction, see Table 2. In order to make the processing feasible,
the stripe was divided into three frames. The three frames were processed independently using the
PSInSAR technique. The area is very tectonically active and it is very important to preserve all scales
of the measured deformation signal. Figure 10 displays the results together with a mapping of the
main path of the North and East Anatolian Fault (dashed white line).

Table 2. North Anatolian Fault Dataset.

Track  Orbit  Acquisitions Time [years] GNSS Stations

123/2 DESCE 134 3.3 5
123/3 DESCE 134 33 9
123/4 DESCE 134 3.3 4

5. Conclusions

The results show how the technique is able to both remove dependence on the reference point and
mitigate residual atmospheric errors present in the final INSAR results. The described methodology
works under some straightforward assumptions on the input data that have to be considered:

e The GNSS/InSAR time series must overlapped in space and time,
e the 3D GNSS velocities and their variances are known, and
e the motion of the GNSS station should be representative of the motion of the area.

The method was studied on both simulated and real data. Simulations show that even with a
reduced set of GNSS stations it is possible to retrieve the absolute motion with good accuracy. On the
other hand, the capability of the approach to mitigate residual atmospheric errors depends both on
the GNSS station density and the spatial correlation of the errors. In order to provide some numbers,
the error was modeled as an AR(1) process with a correlation length of 60 km and variable overall
variance. Such numbers were used because they match with the experiments. Two real test cases were
then processed to demonstrate the approach by trying to address applications that should benefit from
the technique. The results are promising and open the door to an accurate cross-validation between
GNSS/InSAR. The extension of the approach to time series would also be interesting, merging INSAR
phases with continuous GNSS measurements. The approach could be conceptually equivalent, since the
deformation rates are just a scaling of the single-phase measurements, but the spatial covariance of
each interferogram would be needed.

For the sake of precision, it is noted that estimation of v,,y is also generally possible using only
InSAR data. The key parameter to be considered here is indeed the length of the time series T,p;.
Theoretically speaking, with a long time series, it is possible to robustly estimate the motion of the
reference point by comparing the interferometric deformation rates with the rates estimated from
group delays, using co-registration shifts or the PS positions [36,37]. Moreover, if T, is large enough,
the residual atmospheric effects are also sufficiently small to fulfill even the strict requirements [8]
set by applications aimed at measuring tectonic movements [5]. Notwithstanding, if T, is not large
enough to fulfill the accuracy requirements at large distances, then merging with GNSS is necessary.

In general, it is possible to conclude that the developed method helps to increase, when necessary,
the accuracy of InNSAR over large distances [8]. The final product has the spatial coverage of InSAR,
and is an optimal combination of INSAR and GNSS information based on the knowledge of the error
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statistics. This preserves all scales of the deformation signal and also allows characterization of the
final product error.
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Abbreviations

The following abbreviations are used in this manuscript:

SAR

Synthetic Aperture Radar

InSAR Synthetic Aperture Radar Interferometry

PS
PSI
LoS

Persistent Scatterer
Persistent Scatterers Interferometry
Line of Sight

GNSS Global Navigation Satellite System
ECMWEF  European Centre for Medium-Range Weather Forecasts

ERA

ECMWEF Re-Analysis
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InSAR Performance for Large-Scale
Deformation Measurement

Alessandro Parizzi

Abstract— This article deals with the analysis of InSAR perfor-
mance for large-scale deformation measurement. The study eval-
uates the use of models, especially numerical weather prediction
reanalysis, to mitigate disturbances in SAR interferograms. The
impact of such corrections is evaluated by analyzing short-time
baseline phase variograms in order to derive a lower bound for
the interferometric accuracy, especially at large distances. The
variance is then propagated from single interferograms to defor-
mation rates. Finally, using GNSS measurements, the predicted
error bars are validated on a large Sentinel-1 data set.

Index Terms— Deformation, GNSS, InSAR, numerical weather
prediction (NWP), performance.

I. INTRODUCTION

HE Sentinel-1 mission [1] systematically provides SAR

data suitable for interferometric applications with a
swath width of 250 km. Future SAR satellites will further
extend this to even larger swaths [2], [3]. The measure-
ment of tectonic movements particularly benefits from the
large-scale deformation measurements that SAR interferome-
try provides. Nevertheless, since the magnitude of the relative
error increases with distance [4]-[6], the performance of
relative deformation measurements between very distant points
may not achieve the required accuracy for tectonic applica-
tions [7]. Typically, interferometry works well for applications
such as infrastructure monitoring or urban subsidence since
they involve relatively short scales (10-20 km). It is then
common practice to remove the low-pass spatial frequencies
of the estimated deformation signal by filtering or detrending.
This is appropriate if the application is not the measurement of
large-scale deformation. However, the rising scientific interest
in using InSAR to measure this kind of deformation [8]
requires preservation of all the spatial wavelengths of the
deformation and proper treatment and knowledge of the error
bars at such distances.

The atmosphere has always been recognized as one of
the main error sources in interferometric measurements [4].
The main problem stems from its spatial characteristic that
prevents complete separation from the deformation signal
by spatial filtering. Temporal filtering, even if it improves
the time series quality, is also not a general solution. This
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is due to nonlinear deformation, uncompensated seasonal
effects, and irregular sampling due to snow cover. The per-
formance of the estimated deformation rates is still limited
by the atmospheric delay. Therefore, external information is
necessary to reconstruct and compensate for the unwanted
delay in the interferograms [9]. Information from GNSS
stations or other remote sensing instruments, such as MODIS
or MERIS, are typically used despite the different reso-
lutions [10]-[12]. The correction of tropospheric stratifica-
tion was successful using both model-based and data-driven
approaches [13]-[15]. In the past decade, the use of numer-
ical weather prediction (NWP) became a valuable tool for
systematic correction of both SAR group and phase delays,
hence improving the performance and capabilities of the
techniques [16]-[20].

Starting from this basis, this article first investigates interfer-
ometric performance at large distances when ECMWF ERA-
5 NWP data were used for the corrections. Then, based
on a simple theoretical model, a possible error description
is provided and its validity is demonstrated on real data.
Before going further, a brief discussion of other error sources
affecting the measurements at long distances, and how they
were considered, is warranted.

The ionosphere can generate huge errors at low frequency
(L-band and P-band) SAR [21]. In C-band, its effect is
less severe even though exceptions have been reported [22].
In such cases, compensation using the split spectrum technique
can reduce the error to the level of the troposphere so that
it is no longer the limiting factor [23]. Here, ionospheric
effects have been corrected using CODE models in order
to mitigate larger scale ionospheric effects [24]. The effect
of solid earth tides (SETs) involves scales much larger than
the SAR swath; however, their projection onto the SAR line
of sight (LoS) along the swath can generate centimeter-level
phase ramps. Therefore, SETs were compensated using the
IERS 2010 convention [24], [25]. Finally, SAR missions are
characterized by very stable oscillators [26] and very good
orbit knowledge [27], [28]. This study does not consider the
uncertainties related to the residuals of ionosphere and SET
corrections nor the accuracy of the state vectors. Instead, it is
implicitly assumed that the residual error of signals related
to the ionosphere, SETs, and orbit state vectors is negligible
compared with the tropospheric signal that becomes the lim-
iting factor for interferometric performance at large distance,
as verified in the Appendix. Violation of this assumption leads
to an underestimation of the tropospheric component. Hence,
this study is intended to outline the bound for the improvement
related to tropospheric corrections.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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II. INTERFEROMETRIC PERFORMANCE MODELING WITH
TROPOSPHERIC CORRECTION

The use of NWP for mitigating the tropospheric signal in
the interferometric phase is limited both in accuracy, due to
the limitations of the model itself, and in resolution. The best
sampling available is 9 km in the case of ECMWF products,
several orders of magnitude larger than the SAR resolution,
even after interferometric multilooking. The accuracy of NWP
can be strongly site dependent since it depends on data
availability and the fit of the model to actual tropospheric
conditions. For the ECMWF products considered here, there
is a strong dependence of accuracy on latitude [29]. However,
it should be pointed out that since the interferograms are
intrinsically relative, the impact of model bias in the simulated
interferometric phase is limited. More important is the variance
of the error between the real zenith delay z, and the modeled
delay Z; € = z; — Z;. This can be seen as a Gaussian process
in time and space with mean ., variance o2, and spatial
correlation function A. The interferometric error between two
points A and B for reference acquisition » and secondary
acquisition s is

g hp
e " e "

¢E - (fr,A - es,A) - (Gr,B - 65,3)— (1)
cos O, cosOp

where @ is the local incidence angle. The effect of the
altered path delay due to topography is considered using the
exponential mapping function as in [30] with k4 and hp
the height of the points with respect to the ellipsoid and
H the so-called height of the atmosphere, typically fixed
to 7 km. Assuming that the error is first-order stationary,
the mean interferometric phase error is E[¢.] = 0 even if the
residual error has nonzero mean, u. # 0 as visible from (1).
Assuming that the atmosphere and the error are temporally
uncorrelated, the interferometric phase error power is

2hp _ 2y
i cos>fy + e~ cos’Op

E[¢?] = 2025
[¢E] Oc cos2 04 cos? Op

_ 4A(A, B) _h};;hA (2)
cos @4 cosOp
where A is a correlation function that A(A = B) = o?

and A(A, B) — 0 at large distance. The residual error in
the interferometric phase between points A and B described
in (2) is a parameterization of the sample variograms that
can be calculated from data. Equation (2) approaches 0 as
the distance d — 0 and is « o2 as d — oo. This means
that at large distances (>40-50 km), the interferometric
measurements become limited by the accuracy of the models
used for the correction, as verified in the Appendix.

In order to study the troposphere-induced error and its
mitigation through the use of NWP, short-time interferograms
are generated from every acquisition with the next. This
approach should prevent bias due to a common reference
as well as eventual seasonality present in the tropospheric
delay' and the impact of deformation. The latter point requires

!'Seasonality should be removed by the tropospheric models but could be still
present in the noncorrected interferograms used to compute the performance
gain.
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clarification. The fast revisit time of the Sentinel-1 mission
allows temporal baselines of 6, 12, or, in worse case, 24 days.
Since the residual error, including effects such as tropospheric
turbulence, is assessed to be on the order of centimeters,
deformation rates of several tens of cm/y would be necessary
in order to produce effects comparable to those from the
troposphere. Such rates occur due to landslides or in mining
areas that are typically restricted in time and space. It follows
that variograms computed by averaging over the scene should
not be strongly impacted by such rapid deformation types.
The projection of tectonic plate motion onto the range varying
LoS is a large-scale effect that could seriously bias variogram
estimation. Such movements are mainly horizontal and can
reach 6 and 7 cm/y. Projection onto the LoS (30° to 45° at
near and far range, respectively, for Sentinel-1), combined with
the previously mentioned revisit times, shows its impact to be
negligible. The eventual presence of seismic events in the time
series should be assessed and coseismic interferometric pairs
avoided when estimating the variograms.

The tropospheric error is considered temporally uncorre-
lated. This hypothesis should hold at least for the troposphere
corrected phase since all seasonal effects are included in the
NWP and are hence compensated. The interferometric phase
variogram between acquisitions n and m, I, ,,, is then the sum
of the two variograms of the errors in acquisition n and m, I,
and [,

Lo (d) = EL(($a(A) = ¢u(B)) — ($n(A) — ¢ (B)))’]

where ¢ is the phase at points A and B and d is the distance
between the points.

By averaging the set of short-time baseline variograms
I = E[I'], it is possible to derive the average behavior of the
residual interferometric phase error. Performing this experi-
ment before and after the NWP correction allows an analysis
of the impact of the corrections at different scales. The inter-
ferometric data and NWP models have different resolutions,
and hence, different behavior is expected at different scales.
Fig. 1 shows an example of variogram behavior before and
after correction using a long stripe of mosaicked Sentinel-1
interferograms (see also the Appendix and [24]). Although the
spread of the gain is large at all scales, the temporal average of
the variograms clearly shows the considerable gain due to the
NWP correction that increases at large scales (>40-50 km).
This is particularly important in tectonic strain applications
where high relative accuracy is required at large scales.

Assuming that the troposphere is the main source of error at
large distances (>40-50 km), one can now derive its impact on
deformation rate measurements. The variogram of the linear
deformation rate estimates is obtained by scaling T' by the
linear regression formula [31]

1 22 T@)

Ty(d) = =
@ 21672 Mo}

“

where the factor 1/2 accounts for the common reference
acquisition, M is the number of acquisitions, and atz is the
spread of the temporal sampling 6> = >, t7/M — (>, t;/ M)*.



8512
Not Corrected
1000.0 T T
4100.0
= 100.0 =
b= 100 =
o Q
2 5
100 o
® £
g 10 §
[ >
i 3
o 1.0 (=
40.1
01 1 1
10 100
Distance [km]
(@)
Fig. 1.
Accuracy without Corrections
T T 11
5
2 10.0F -
€
‘g‘ —
O @
-— ©
©
S 1.0f + =
‘© —
©
>
(]
3
S 0.1f .
n
1 i 1
10 100

Distance [km]
(a)

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 59, NO. 10, OCTOBER 2021

Corrected
1000.0 T T
4100.0
= 100.0f =
2 {100 3
(o] [0)]
2 5
100 o
® £
=, 2,
[} >
8 s
o 1.0 (=)
0.1 :

100
Distance [km]

10

(b)

Single variograms, I'; + I';4; (thin orange lines), and their mean, T (bold red line). (a) Without and (b) with NWP corrections.

Accuracy with Corrections

—
— o
o o
T T
1

T [years]

Std-dev defo rate [mm/year]
©

100
Distance [km]
(b)

Fig. 2. Variograms of the deformation rate estimates with the length of the time series color-coded and assuming a 12-day revisit time. (a) Without tropospheric

corrections. (b) With tropospheric corrections.

Fig. 2 shows an example of the impact of NWP corrections
on the deformation rate estimates at different scales when
varying the length of the time series. It is interesting to note
how the typical 1-mm/y accuracy requirement is achieved
after four years with the corrected data set, while almost
eight years are required if no correction is applied. In this
section, the rationale of the study has been briefly described
accompanied by examples. In Section III, this approach is
extended to a larger set of data worldwide to analyze and
validate what has just been presented.

III. PERFORMANCE OF THE NWP
TROPOSPHERIC CORRECTION

Section II demonstrated how compensation of the
tropospheric delay reduced the spatially correlated noise.
Variograms are a convenient way to characterize this

noise component. By comparing the interferometric phase
variograms before and after the correction, it should be
possible to observe the gain at different scales. Since the
data used for compensation are not provided at the same
resolution of the interferograms, a significant reduction of the
tropospheric contribution can only be expected at scales larger
than the NWP model resolution. Here, ECMWF ERA-5 data
are used with a spatial gridding of 30 km. It should be noted
that the accuracy of the correction has been demonstrated to
vary considerably worldwide [15], [29].

In order to comprehensively evaluate correction perfor-
mance, 146 Sentinel-1 stacks? have been processed over
various regions of the world. Each of these stacks spans at least
four years and contains up to 200 acquisitions. As described in

2A “stack” is a set of interferometrically compatible SAR acquisitions
coregistered to a common reference.
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Fig. 4. Expected performance at 150 km before (red) and after (blue) the tropospheric corrections. (a) German Ground Motion Service only. (b) All other

available data sets.

Section II, only short-time baseline interferograms were used

to ensure that the troposphere signal dominates. The average

variogram T" was also calculated at different scales. A measure

of the gain provided by the correction is provided by the metric

1—‘corr(d)

Gas (d) 1010g10 < Fraw (d) )

the ratio, in decibels, of the average variograms with and
without the correction.

Fig. 3 shows Ggg(d) for stacks from the German Ground
Motion Service separately from all others.

An evaluation of the performance at large distances was
also performed. The average variograms before and after
corrections were fitted using typical variogram models (expo-
nential, Gaussian, and spherical), hence reducing the variance
of the variogram estimate. Using this information together
with temporal sampling information and (4), the performance

S)

in measuring the deformation rates at 150 km was estimated
with and without the tropospheric corrections. Fig. 4 shows
the histograms of the accuracies in mm/y with the German
Ground Motion Service shown separately from all others.

Mitigation of tropospheric effects and the correct character-
ization of their spatial characteristics are critical in developing
error models for missions that allow [1] or will allow [2], [3]
systematic interferometric processing on a global scale.

Figs. 3-5 show that a significant gain is attained when the
tropospheric delay is corrected. As already pointed out in [29],
the gain is region dependent. A very high gain is achieved
where the model accuracy is also very good, such as in Europe
or USA. Only one of the 146 stacks, located in Indonesia, was
the corrections found to slightly worsen the performance at
medium scale and is clearly visible in Fig. 4.

In Fig. 3, a smaller but nonnegligible gain is also observable
at short scales (<10 km). This value can vary from 0 up to
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Fig. 5. Performance at 150 km (a), (c), and (e) before and (b), (d), and (f) after the corrections. (Top row) Europe and the Middle East, (Middle row) North

and South America, and (Bottom row) Asia.

3-4 dB depending on the test site, as visible in Fig. 6. The
tropospheric models can correct stratification effects at scales
smaller than the models’ resolution since the topography,
available at the reference DEM resolution, can be used to
project the models to phase errors [15]. Therefore, such a gain
can only be attributed to the compensation of tropospheric
stratification since the resolution of the correction model is
much coarser than the topographic variation.

IV. ACCURACY OF INSAR VELOCITIES
AND VALIDATION

Knowledge of displacement rate precision is of central
importance in geophysical studies of large-scale tectonic
movements where the precision requirements are often very
high [7]. In Section II, it has been shown how the residual

tropospheric noise can be characterized from short-time
baseline interferograms and how this can be translated into
displacement rate accuracy. This approach involves assump-
tions about the residual error, i.e., the short-time baseline
interferograms characterize the error, that could be questioned.
For the sake of completeness, the behavior of the displacement
rate as described in (4) must be verified in practice.

This was achieved by cross validation with GNSS measure-
ments using the rationale developed in [32] for integrating
GNSS and InSAR measurements. Consider N locations where
two displacement rates vp (in LoS) and p; (in x, y, z) are
obtained from InSAR and GNSS, respectively. With s as
the LoS vector, the difference between the two velocities at
position i, A;, is

A =vp; — Qg,ii =0; + Vpep +1; (6)
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where vr is the velocity of the reference point used in InSAR
processing, d; represents spatially varying residual atmospheric
zero-mean error from InSAR processing, and n; is the random
error. The quantity A; is obtained in practice by selecting a
set of InNSAR measurements located within a radius of a few
hundred meters around the GNSS stations. In order to reduce
the influence of clutter, the interferometric measurements are
averaged. In this way, the random noise component n; can be
considered almost completely due to GNSS.

To use ((6)), a statistical description of the vector A is
required, i.e., the covariance matrix R of the difference mea-
surements. Three terms can be distinguished: 1) random noise
from the GNSS measurements 5(2;,1' obtained by projecting the
variance of the (x, y, z) components of the velocities onto the
LoS; 2) random noise from the InSAR measurements af),i;
and 3) spatially correlated noise due to residual atmospheric

effects. The full covariance matrix is

R = diag (U'é,o’ . .aé’N_l) + diag (012),0, . .a,%,N_l) + Cs.

N

The first two terms are diagonal matrices since they repre-
sent the spatially uncorrelated errors of the independent GNSS
and InSAR measurements, respectively. The last term, Cs,
representing residual atmospheric error, still has to be found
[33]. It can be determined from the average variogram I cor (d)
according to (4).

Given a full statistical characterization of the GNSS/InSAR
differences and assuming the GNSS accuracies to be correct,
we can now verify whether I', actually represents the vari-
ogram of the velocity error. First, from the vector A of N
differences between GNSS and InSAR velocities, we compute
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all (N> — N)/2 unique pairwise differences between the
elements. Their mean is expected to be zero according to (6)
and their variance is

oxG, ) =El(Ai — Al =05, +o,;+Tudij). (8

The scales at which I, can be verified by this method
clearly depend on the spatial distribution of GNSS stations,
with the range of scales being set by the smallest and largest
distances between the stations.

A statistic defined as the standardized difference
A —A;

OA (la J )

should follow a standard normal distribution if the error
description is correct. To test the validity of the variance model
in (8), a y2-test can be performed on 7. The confidence region

at significance level o for the true o7 is

T,,; = )

T < (10)

where the number of degrees of freedom is N — 1 and JA% is
the sample variance of 7. The validation approach will focus
on analyzing the distribution of T and the confidence interval
for or.

A. Cross Validation of the German Ground Deformation
Service Data Set Using GNSS Stations

The cross-validation scheme was performed on the German
deformation map. The data set includes 41 stacks acquired in
both ascending and descending geometries. This region was
chosen due to easy and open access to a very dense GNSS
network from Nevada Geodetic Laboratories [34], [35] with
all stacks containing sufficient GNSS stations.

The confidence intervals for o7 at 5% significance level are
shown in Fig. 7(a). Of course, the dependence on the number
of GNSS stations, shown in Fig. 7(b), is strong. However,
for almost all stacks, the confidence intervals include o7 = 1
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Fig. 8. Histogram of the pooled vectors T using NGL GNSS results (blue)

compared to the nominal N (0, 1) distribution (red).

indicating acceptance of the null hypothesis Hy : o = 1
versus the alternative H, or # 1. Fig. 8 shows the
distribution of T pooled over all stacks, along with the nominal
standard normal distribution under the null. The pooled value
of o7 is 1.03, showing very good agreement between the
model and GNSS data.

Fig. 9(a) shows the error variogram from InSAR data
compared to all possible pairwise differences (A; — A;)? in
order to show the fit of the variogram model at various scales.
Since the accuracy of GNSS measurements also plays a role,
the GNSS error contribution is included as per (8). The power
of the GNSS contribution can be close to that of the InNSAR
one, especially at smaller scales where GNSS may distort the
validation. For this purpose, a special validation was designed.

B. Validation at Local Scales for the German
Deformation Map

Given that there is only limited large-scale deformation
over German territory, the experiment was repeated using a
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dots correspond to the pairwise differences after averaging over 2-km bins, as in (8). The variograms are shown (a), including the GNSS error component as
in Section IV-A and (b) using the zero-velocity synthetic network as in Section IV-B.
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network of synthetic GNSS having no motion generated on a
0.1° x 0.1° grid. The well-known large-scale deformation due
to mining, gas extraction, and so forth were excluded. Since
continental drift can generate ramps over range, the motion of
the Eurasian plate was also removed from the InSAR velocities
[36]. It is noted that since the motion model is constant over
the whole plate, residual effects may be present. However,
since the analysis is on relatively small scales (<45 km), it is
assumed that such effects are also small.

Confidence intervals for o7 are shown in Fig. 10 for each
stack. The intervals are much smaller than in Fig. 7 since
the amount of available data is much larger. In general,
the confidence intervals lie close to the null value o7 = 1,
but the agreement is not as great as previously. This may
be related to the hypothesis of zero motion failing or other
residual effects. Fig. 11 shows the histogram of T pooled
over all stacks, the pooled value of ¢ is 1.15. The variogram
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Fig. 11.  Histogram of the pooled vectors T using synthetic GNSS sta-

tions (blue) compared to the nominal N (0, 1) distribution (red).

of the pairwise differences is also shown for a single stack
in Fig. 9, in Fig. 9(a) using real and in Fig. 9(b) synthetic
GNSS data.

V. CONCLUSION

This study discussed the potential and the limitations of
InSAR for large-scale displacement measurements. The main
concluding points are as follows.

1) The measurement of large-scale displacement signals
precludes spatial filtering since all displacement compo-
nents must be preserved in the final product. In order to
provide sufficient accuracy at large scales, tropospheric
corrections are recommended.

2) Performance may be site dependent, but the target of 1
mm/y at 100 km is achievable in five years given good
weather models (in Europe or USA) or in general where



8518
ZPD GNSS/ERA-5 Std. Dev. [mm]
30]
25
20
155
L — 0.87.cm
5|
ol l I
ffmj gope heug leij pots sass warm wtzr wtzz
(a
1000.0 T '
4100.0
% 100.0f %
s 410.0 =
o
2 3.0 cm? 2
2 10.0F o
s £
= 10 s
o) >
8 2
o 1.0F [
40.1
0.1 ! L
10 100

Distance [km]
(©)

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 59, NO. 10, OCTOBER 2021

ZPD GNSS/ERA-5 Std. Dev. [mm]

25|

20|

pots sass warm wtzr wtzz

ffmj gope heug leij

(®)

g p——— e

4100.0
> 100.0f -
o

: {100 3
2 [4}]
2 2.5 cm?2 g
BT — :
2 {10 &
o 1.0F o

40.1
0.1 3 .

10 100
Distance [km]

(C)

Fig. 12. Standard deviation of the ECMWF ERA5 and GNSS ZPD differences is shown for each station for (a) ascending (18:00) and (b) descending (06:00)
passes, respectively. The estimated variograms saturate at the values expected due to NWP model error for both (c¢) ascending and (d) descending passes (this

corresponds to the variogram in Fig. 1 computed in the zenith direction).

the errors are small due to reduced atmospheric delay,
i.e., over the Tibetan Plateau.

3) Short-time baseline variograms allow a reasonable eval-
uation of displacement rate performance providing valu-
able error bars to users. Such measurements must be
included in the product since residual tropospheric noise
is the main limiting factor at large distances.

4) In the Appendix, a lower bound on the interferomet-
ric phase accuracy at large distance was outlined and
related to the accuracy of the models used for the
corrections. Finally, as NWP models are continuously
being improved, follow-on effects for InSAR can be
expected.

Future work shall address the correction of tropospheric
stratification in more detail. In this study, the problem has
been only partially discussed since the focus was more on
large scales. The designed framework does not allow for a
quantitative validation as the one carried out for Germany
since a dense network of GNSS installed both on ridges and

valleys would be needed. Therefore, a different approach must
be implemented.

APPENDIX
VERIFYING THE LOWER BOUND ON CORRECTED
PHASE ACCURACY
Equation (1) models the residual tropospheric error in NWP
corrected interferograms. The variance of the error is obtained
by expanding
2

ha hp

e e H
- ex,A) - (Er,B - ex,B)
Ccos

E[¢}] =E

(€r,4
" cosOp

Y

The temporal correlation of the reference and secondary
acquisitions errors can be considered 0 everywhere since they
are separated by at least six days E[¢,¢;] = 0. On the other
hand, a spatial correlation E[ese5] = A(A, B) exists for both
reference and secondary acquisitions, leading to (2).
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According to this model, the spatial correlation function at
large distances should tend to 0 A(oco) = 0, and therefore,
the error variance in such a regime should only depend on
the accuracy of the tropospheric corrections used. Moreover,
since this verification experiment is performed on a large
area characterized by flat or slightly varying topography,
the exponential term can be considered constant and hence
absorbed by the measurement error

202 202
E[¢?] = =< 4 _~7¢ 12
[¢6] cos2 0y + cos2 Op (12)

In order to verify this, a study was carried out using
Sentinel-1 interferograms with very long azimuth extension
over Germany. The unwrapped phases from multiple slices
were mosaicked allowing variograms at scales of up to
300 km. The variogram samples were chosen along (almost)
isorange lines in order that the incidence angle not varies and
the measurements projected onto the zenith direction. In this
way, the effects of incidence angle could be factored out.

Analogously to [29], the zenith path delay predicted by
ERA-5 was compared to GNSS-based estimates. Since the
NWP model accuracy varies with geographic location, a subset
of nine GNSS stations in Germany were used. The difference
between the GNSS and ERA-5 ZPDs should approximate
the NWP error, given that the GNSS values represent the
true delay. This comparison was performed for ascending and
descending geometries at the local solar times of 18:00 and
06:00, respectively. Statistics were calculated over one year of
data for each geometry.

In an ERA-5 corrected interferogram, the error between
two points separated by a distance d should approach the
saturation value o’% = 402 in (12) since A(d) — 0 for
large d and 64 = 0 = 0 at zenith. Hence, it is sufficient to
confirm that the variograms saturate on average at the value
402. The results in Fig. 12 show an estimate of 402 along
with the variograms for ascending and descending geometries.
It is interesting to note that the performance of these two
geometries is comparable at 300 km. One would expect better
performance for the descending pass, made in the morning
when the atmosphere contains less energy. This is partially
true considering midscales from 50 to 80 km where stronger
turbulence due to more atmospheric power for the ascending
pass leads to a larger average power and spread around the
average. However, once the distance reaches the scale of the
NWP model, one is limited by the error of the NWP model
independently of the time of day.

An important implication of this is that a global analysis
of ERA-5/GNSS deviations could provide a lower bound for
the achievable accuracy in measuring large-scale displacement
using InSAR.
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ABSTRACT

The work deals with the identification and the characteriza-
tion of the grounding zone area using InSAR data. The idea
is to point towards a methodology that minimizes the role of
the operator and provides results with performance that can
be mathematically described using input parameters. The ap-
proach uses the information of the interferometric phase gra-
dient to follow the path of the grounding zone and fit them
using a physical model that describes the ice bending. The
approach is tested on more than 300 km grounding zone com-
paring also the results with existing products.

Index Terms— InSAR; Deformation Measurements;
Cryosphere; Grounding Line

1. INTRODUCTION

The characterization of the transition from floating to grounded
ice is a very important information for glaciologists. Its be-
havior and evolution supports the understanding of the dy-
namic processes of the ice sheets. A systematic monitoring is
therefore necessary to support scientists working in this field.

Since many years researchers deploy instrumentation to
derive measurements in order to locate and understand the
temporal evolution of the ice-sea boundary[1] [2] . The rise
of the remote sensing satellites gave the perspective of a more
systematic and global mapping of areas that would be anyway
difficult and expensive to survey. The strong sensitivity of
InSAR to vertical displacements allows a clear identification
of the transition highlighting the ice deformation due to the
tidal cycle. In [3] the potential of interferometry for the study
of grounding areas has been shown identifying their position
and measuring their movements. Over many years the cov-
erage and the systematic of the interferometric measurements
has been increased reaching a global maps of the Grounding
Lines (GL)[4].

However the interferometric data are typically used to
identify the grounding area manually marking the position of
the Grounding Line directly on the computed interferograms.
This work studies an approach that is able to identify and
measure the Grounding Zone (GZ) in a more automatic fash-
ion. Since the wrapped interferometric phase is inherently

978-1-7281-6374-1/20/$31.00 ©2020 IEEE 802

Fig. 1: Schematic of the Grounding Area displaying phase
and phase gradient profile. H is the position of the hinge Line,
G of the Grounding Line and M is the maximum of the gradi-
ent.

a measure of the deformation gradient InSAR data can be
used analogously to the tiltmeter measurement also avoiding
the phase unwrapping that could harm the robustness of the
approach. The study relies on the physical model proposed
in [5] and applied in [6] but using the phase gradients instead
of the absolute phase. The gradient information allows both
to follow the geometry of the GZ and to estimate the model
parameters.

2. METHODOLOGY

The model proposed in [5] describes the displacement due to
the tide cycle of the floating ice w.r.t the grounded ice. The
idea of the proposed algorithm is to be able to spatially follow
the grounding zone on the wrapped SAR interferogram and
characterize it fitting the physical model in [5]. As previously
mentioned in Section 1 the approach is based on the spa-
tial gradients of the interferometric phase ﬁgb that are com-
puted estimating the main fringe frequency window-wise on
the complex SAR interferogram. Being (r, a) the range and
azimuth coordinates in radar geometry, the interferogram is
a complex number z(r,a). Considering the interferometric
phase varying by several wavelengths within the scale of the
deformation pattern, it is possible to perform a local linear ap-
proximation of the deformation phase. Hence in a given point
(ro,ap) the phase ¢ of the interferogram z = Ae’? can be
substituted by its first order Taylor approximation:

IGARSS 2020
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where A is the product of master and slave reflectivity and
ds = 87 s is the projection of the displacement vector & along
the line of sight s (LoS). Equation 1 shows how, under the lin-
ear approximation hypothesis, the deformation gradients are
basically a scaling of the interferogram fringe frequencies [7].
Therefore the gradient measurements V6, can be hence esti-
mated from the single look complex data performing a fre-
quency estimation [8], [9]. Multi-looking and sub-sampling
are anyhow implicit in the fringe frequency estimation since
the computation is done window-wise. This allows theoreti-
cally identifying gradients that would not any more visible at
the multi-looked interferogram level due the resolution reduc-
tion .

The deformation gradient provides basically two informa-
tion the amplitude I' = Hﬁés(u) H and the angle ) = /V4,.
7, represents the direction of maximum slope and % + 7 iden-
tifies the local direction of the GZ path. The gradient data can
be hence re-sampled along the direction u defined as the di-
rection rotated by 7 w.r.t. the reference axes. Now exploiting
the model in [5] it is possible to model the data as follows:

_ 90, (u) 28A

IR =
ou 1+e-

—sin(B(u — H))e PuH) vy > H
(@)

where A is tide the displacement, J is a shape factor de-
scribing the width of the bending area, H is the hinge line
position along the axis u. The inversion of the GZ parameters
can be hence performed bypassing the phase unwrapping ! by
fitting in Equation 2 the estimated gradient I".

GZ. (3 is a shape factor that describes the curve determining
the width of the GZ. This is visible from the analytic expres-
sion of the distance W),., between the HL and the maximum
of the deformation gradient that identify the center of the GZ
see Figure 1.

™

Wpeak = @ (3)

Iterating the described steps on the gradient map the
fringe belt can be followed estimating the parameters of the
GZ as in Figure 3.

Gradient Amplitude Crop

. S, A atan —
™ 2 5 £

Grounding Line Model Fitting

Gradient Magnitude [cyc!

Rotated Profile [pix]

Fig. 3: Model fitting in the gradients map

3. RESULTS

Real data experiments have been carried out in order to test
the potential automation of the procedure. Two test sites have
been selected testing both qualitatively and quantitatively the
accuracy of the estimated positions. Two ERS Tandem pairs
(1 day temporal baseline) and one Sentinel one Double Dif-

Gradient Amplitude Gradient Angle

ferences [4] over the Antarctica have been processed and the
described algorithm have been applied on the computed inter-
ferograms. A semi-automatic implementation has been tested

0 200 400 600 800 1000 1200 0 200
]

30 40 50 60 70 80 90 100 844 220 135 045 045 135 226 34

Fig. 2: Estimated Phase gradients displayed in terms of Am-
plitude and Angle.

The inversion derives first the position of the so called
Hinge Line (HL) and 3 that provide a characterization of the

IFor the sake of precision it would be rather to say that the procedure
implicitly solve the phase ambiguities supported by the model
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in order to verify the described approach. An a-priori has been
defined over the interferogram. Starting from that the algo-
rithm finds the gradient direction for each point intersecting
the a-priori, interpolates the gradient along such line and fits
the model to the gradient amplitude retrieving the estimated
position for the HL (black dots). The vector of the ”‘raw’”
retrieved positions is finally geocoded.

3.1. Schirmacher Area using ERS-Tandem

In the first test site considered it is possible to notice a quite
complex geometry of the grounding line that follows the
coastline in all gulfs and peninsulas. Figure 4 shows a the
result of the estimation displaying the retrieved positions of
the HL and the distance between HL and maximum gradient
point color-coded. This information can compactly show
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a model-based characterization of the GZ since it displays
position and dimension of the GZ.

Wieak

[m] 2600

Fig. 4: The overview of the whole processed area showing
both the HL positions and the W), distance color-coded.

3.2. Inter-comparison with MEaSURES data set

However a quantitative comparison of the derived product
with existing products is necessary in order to verify the trust-
worthiness of the estimated positions. Therefore another area
of interest in the Princess Raghild Coast has been selected.
The same ERS Tandem data used to generate the MEaSURESs
product have been processed . The HL position has been then
calculated using the same strategy described for the first test
site. As already visible from the overview Figure 5 the po-
sitions are very similar nonetheless the result has been com-
pared with MEaSUREs computing the local distance of each
extracted point from the reference product. The local distance
between the two product has been calculated computing for
each point of the distance from the slope that fits the three
closest points of the other product. Proceeding in this way it
was possible to collect a vector of local distances to be used
to derive some statistics. The histogram and the statistics of
the differences are plotted in Figure 5. The deviation of the
position is about 115 m but drops to 82 m if robustly com-
puted using MAD. Such numbers are compatible with accu-
racies measured in [4]. A not negligible bias (> 150m) is
however detectable between the different position. Looking
more in detail to Figure 5 is visible that the proposed method
positions are located systematically more in the inland. This
should probably be related to a different definition of the po-
sition between the MEaSURESs (GL) product and the model
used in this study (HL), see Figure 1.
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® This Study HL
o MEaSURES GL

Fig. 5: Result of the comparison on the second test site, ex-
tracted products (MEaSURE:s in red , this study in blue) and
the histogram and the statistics of the local distances.

3.3. Schirmacher Area using Sentinel-1 Double Differ-
ences

Nowadays the Sentinel-1 mission is able provide interfero-
metric data on regular basis with a global coverage. There-
fore this is the most suitable sensor to address the problem
of Grounding Zones monitoring using InSAR. However the
6 days revisit time does not allow to neglect the ice motion
specially in proximity of Glaciers. Therefore, in this case, the
use of interferometric double differences have to be consid-
ered [4]. The approach can be extended to gradients having
two interferograms w.r.t a master image temporally located in
the middle of the three acquisitions. Given that it would be
possible to delete the constant horizontal motion component
simply adding the gradients vector retrieved from the tow in-
terferograms.

Voas = Vo1 + Ve @)

where ¢_; and ¢, represent the two interferograms. The
results of the extracted map are shown in Figure 6, the derived
Hinge Line position is shown in Figure 7

4. CONCLUSIONS

The proposed method shows potential in characterizing the
GZ using directly wrapped SAR interferograms pointing to-
wards a more automatic approach. The implementation de-
veloped in this work starts from a coarse a-priori roughly
derived by the gradient map.Starting from that the relations
between the physics of the problem and the measurement ap-
proach (InSAR) are used to derive a fine mapping of the HL
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Fig. 6: Interfeograms (left) and double differences (right)
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Fig. 7: Hinge Line derived from Sentinel-1 double differ-
ences, plotted over the Ice Velocity map [10].

and a measurements of the GZ width. This requires consis-
tently less effort than the typical manual mapping using the
fringe belt: for a single interferogram only few benchmarks
roughly located in the fringe belt are necessary. This work
is focused on the investigation of a general a approach us-
ing InSAR data. In order to do that the model in [5] [6] has
been used. The choice is mainly related to its easy analytic
expression, nonetheless other more sophisticated models can
be ”‘plugged” into this framework [11]. Since most of the
problems could derive from the nature of real data also dif-
ferent test sites and data have been considered analyzing the
retrieved results. Moreover a quantitative comparison with
existing GL products has been also carried out. In the pro-
posed test sites more than 300 km GZ have been processed
showing besides a good agreement with the MEaSURESs data
set. Finally the method has been applied also to Sentinel-1
data extending it for the use of double differences.
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