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Abstract

The objective of the stly is to investigate whether the small amplitude surface deformation induced
by hydrological variations in karstic areas and atmospheric loading can be detewspaseborne
Synthetic Aperture Radar (SAR) data.

The most disturbing factor is the atmbspic noise, because the wavelengths of its time and spatial
variations are comparable to the hydgic induced deformation to baetected. Methods used to
mitigate the atmospheric noise can be divided into those using SAR data, and those with external

datasets. Both aim at removing the effects of the stratified atmosphere and the turbulent mixing noise.

In this study we use two different methods, the Common Scene Stacking (CSS) and the Global
Atmospheric Correction Online Service (GACOS). The CSS isaative method for the estimation

of the atmospheric contribution based on the fact that interferograms sharing a common scene contain
the same delay contributions. GACOS is meoeded and integrates the HREEMWF and the

GPS to generate high resolutimaps of phase delays due to atmospheric moisture. We also calculate
linear regressions between interferograms and topography to remove the effect of the stratified

atmosphere with a moving window approach.

We apply these methods on a rugged area stradiiingriuli Venezia Giulia and Veneto regions,

which hosts in its center the Cansiglio Plateau, a karst massif characterized by epigenic and hypogenic
elements typical of a mature karst system. The Cansiglio Plateau has been the subject of study in
severalkesearches that, using tiltmeters and GPS, have shown that there is a surface deformation in
correspondence of heavy rainy events. The standard deviation of the residuals between the
displacements obtained from the DINSAR d#tarrected with the combitian between the
regression and CS@nd the GPS time series are a measure of the adequacy of the cor(e®ions

mm for 6 out of 8 GPS stationgjurther, we perform the principal component analysis (PCA) across

the area to analyze and describe the medstisplacement in space and time.

The data show a previously unidentified displacement rate, consisting in a strong linear trend with
opposite sign limited to two nearby areas, which are located in a seismic area, the Alpago, north of
the Santa Croce lakand in other two areas, one neststthe Belluno municipality and one sotth
westthe Pordenone municipality. We also include the loading models provided by the EOST Loading
Service, of atmospheric, ocean and hydrological loading and found that mtiud ddéformation

signal measured by GPS, therefore also of the time series of displacement corrected with the GPS
reference, is due to ndidal atmospheric loadinghich may hide the hydrologic contributioffter

removing the atmospheric and ocean congots from the GPS and DInSAR time series, we find
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that whenever the daily rains reaches 100 mm or more there is a deformation found on both GPS and
DINnSAR time seriesThe hydrologic induced deformation occurs in all the &neare than 100000
points)unde analysis reaching8 mm,and its recovery starts after 10 d#yi$ is an isolated event.

One of the rainfall events could have induced the negative linear trend of the areaasirthe
Belluno municipality.



Chapter 1 Introduction

1.1 Motivation

The DInSAR technique is a powerful t ool for
induced bynaturaland anthropic contributions. Its ability to observe shamtl longterm permanent
deformation has been demonstrated by numerous siiildiso, 2006; Fialko et al., 2001; Lindsey

et al., 2015) Among the strerths of this techniquare itsspatial coverage as each acquisition
retrieves information simultaneously on many points ofitegedarea. The ability to create time
series makes it indispensable in monitoring areas that are difficult to access or witbymyage of
other geodetic instruments. Its limitations include the impossibility of obtaining absolute
measurements, being referred to a reference point considered fixeuhigatebns on accuracy due

to atmosphericionospheric, decorrelation, andhet types ofnoise. Theatmospheric noise in
particularmakes the observation laiw-amplitudetransientdeformation suchas ttat resulting from
hydrology, challenging. To enable such observations, efficient processing algorithmecassary

to reducehe contributions chtmospheric noise.

We focused on the reduction of atmospheric noise in order to test the DINSAR technique sensitivity
to hydrologi@lly induceddisplacemerst The reduction of atmospheric noise, if performed correctly,

will lead to relable measurements of the displacemdinat canresult fromdifferent geological
phenomena. In addition wbservingtransienthydrologicphenomenathe DINSAR technique may

be used to study for examplariations in the speed sfow-moving landslidesard interseismic

deformation.

1.2 Introduction to the DINSAR technique

The Differential Interferometric Synthetic Aperture Radar (DINSAR) analysispewserful and
widely usel technique to observe surface deformation of the Earth. This technique reliesuse the

of two or more SAR acquisitions taken by satellite platforms which orbit around the Earth with a
specific revisit time. It is an active method which uses imputéesdectromagnetic waves the
microwave spectrum and captures the reflection of timepalses, also called echoes, so it is able to
work in day and night conditions and in all weather conditibos.a review we refr to Rosen et al.
(2000) In contrast to acquisitions in the optical to infrared bandnieeowaves penetratclouds

and therefore produce data also in days in which optical acquisitions are not usable.

In Real Aperture Radar (RAR), the ground spatial resolution in azimuth directiorglythe travel

direction of the satellite, is directly proportional to thstahce between the satellite and the ground



and inversely proportional to the antenna langilaby et al., 1986)Since satellites orbit at an
altitude of 800 km, or in the order of several hundreds of km, with an antenna length of 10 meters,
this determines a low ground spatial resolution (tens of kilometers) in the azimuth direction. To
improve the azimuth ground spatial resolution the Syntigierture Radar (SAR) approach is now
commonly used, thatombines radar echoes from multiple positions along the satellite flight path to
simulatea verya large antenna lengtth the order of a footprint of a real aperture antenna (i.e., tens
of kilometes). The use of synthetic aperture allows one to achieseground spatial resoluticof

the order of the antenna hddingth (i.e., severaheter$ (Fletcher et al., 2007)

SAR atellites typically fly on repeatnearpolar orbisand, due to Earthos rot
cover the entire globe. Depending on the ochdracteristis, satelliteshave a specific revisit time

(e.g. 12 days for SentinellA). The revisit time is the time span in which a satellite passes over the
same area byttossiblyat aslightly different positionn orbit because it ishallengingto follow the

same pathresulting in some variability in the repeat orbits from cycleye (+f 100 meters for
Sentinell). This difference in thepeat orbitss called spatial baseline, while the revisit time is called
temporal baseline. We have 2 types of orlagsending orbits, from South to North, alebcending

orbits, from North to South.
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Figure1-1. Aseending and descending orbits. Image reproduced from the ESA SAR GuidB@msduced from
Fletcher et al., 2007 opyright: European Space AgenciSA

The Radar system, compei$ of a transmitter andntennacapable of emitting and receivingdar

pulses, is a tool capable of measuring the distance between the satellite and the scatterers on the
surface. The deformation of the ground is projected orLithe of Sight (LOS) of the satellite in
different ways based oriew directions(corresponding t@ascending or descendiogbits). Thus,a
generalthreedimensional deformatiosignal is manifesteds a scalar LOS displacemenivhich

indicates if the scagter moved away or toward the satel(Pepe, 2018)
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Figurel-2. Radar satellite system configuratig®eproduced from Pepe, 2018)censed under CC BY 3.0

The acquisition configuration used for interferometric applications is the Across track/ Along track

which involves image acquisition in the ground range direction (atrags) and in the azimuth

direction (alongtrack)

Slant range
Figure1-3. A SAR system from a satellite. Image reproduced from the ESA SAR Guid@Rapsduced from
Fletcher et al., 2007 opyright: European Space AgencgSA

The satellite then captures images over the same area but at different times, given by the temporal

baseline, and with different view angles, vy the spatial baseline.

Focusing of the radar data in range and azimuth prodiiiegie Look Complex (SLC) image. Every

pixel of the SLC imageontains the amplitude and the phase information of the electromagnetic wave
7



backscattered bglementaryscatterersvithin the respective pixel§Vhile the amplitude depends on

the roughness of the terrain, since flat surfaces will reflect away the incoming radiation, the phase is
related to the distance between the satellite and the scatterers, i.e. thaseedfthe coherent sum

of the contributions from all scatterers in the pifRbsen et al., 2000Y he signal starts its path from

the satellite, reaches the ground and is reflected back to the satellhedtwtoavel). The different
distances bieveen the satellite and the scatterers on the scene lead to different delays. Since the signal
is sinusoidal, the delay is equivalent to a phase ch#stbat is then proportional to the travel path

divided by the transmitted wavelength

The phase chae forthewo-way travel distance is the foll owi

and R the range:
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Figurel-4. Represetation of a sinusoidal wave, graphical illustration of the phase, and phase evolution along the range
path. Modified Image reproduced from the ESA SAR GuidelfReproduced from Fletcher et al., 200€ppyright:
European Space Agene¥SA

Due to this periodioature of the electromagnetic wayishe travel path toward different scatterers
differs by an integer multiple of the wavelength it will intreaduhe same phase change. Thus, with
a single SAR image, the phase change is a measure of the last fraction ofteeyttvavel that is
smaller than the wavelength and it is not useful information because it will rgndargfrom one
pixel to anothefFletcher et al., 2007)

If two of those complex images are properly combined it is possible to obtain a third image, the
interferogram, whose phase is the interferometric p{Regee, 2018)The interferogram is computed

by a multiplication, pixel by pixel, between the complex values representing amplitude and phase of
the impuke of the master image, i.e. the first imageseras reference, and the complex conjugate

of the slave image, i.e. the second image. Thus, the resulting amplitude is the amplitude of the master
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image multiplied by that of the slave image, and the pltadled interferometric phase, is the phase
difference between the first and the second in{&tgtcher et al., 2007)he interferometric phase
is related to two main factors: the topographic phase, thus to the spatial basdlthe, @eformation

phase, in which also the atmospheric variation is included.

l

Figure1-5. Differential SAR interferometry imaging geome{Reproduced from Pepe, 2018)censed under CC BY
3.0

Considering the illustration of Figed-5, the phase difference of the return signal from a displaced
pixel, observed by two satellite passages is given in the following. Heris the phase change,

andi are the ranges from the acquiring satellite to the scattering pixel in the original and displaced
position,i Hs the range from the second acquisition to the original position of the pixel, b is the length
of the baseline between the two satellite acquisitidns, the displacement vector, withad the
projection ofd along the range direction, the anglaes the Look angle, anid is the angle of the

baseline respect to the horizontal.
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The first term,e —oi "Q&e | , is the topographic phasand it is due to the different

positions of the satellite in the two acquisitions. It is purely geometric depending only by the
perpendiculabaseline, b, and by two angles, the look ahgénd the angle of the baseline relative

to the horizontdl . Itis called flat earth contribution and it can be estimated using a Digital Elevation
Model (DEM). Once the topographic phase has been estimated, it can be removed (flattened
interferogram) from the interferometric phase resulting in the differential indgriEm that
represents the information of what is changed on the scene between the first and the second image
(deformation, atmospheric and ionospheric conditions). After the compensation of the topographic

component, it is possible to obtain also therfiet®@metric coherence, which is a quality indicator. It



is a normalized value whose high values indicate a good signal to noise ratio and then a stationary

behavior in time of the scatterers.

In differential SAR interferometry (DINSAR) the deformation phasalled differential phase, is an
angle ranging from © to + °~ which contains the information on the deformation that occurred
between two acquisitions. The differential phase is represented by interferometric fringes related to

the deformation with:

- —a . ¢* ©a - 1-3

Wheree is the differential phase and is the deformation along the LOS, i.e, the extra path
traveled by the electromagnetic wave between the first and thendseomage. Thus the
interferometric fringes of 2describe a halvavelength movement. The phase ranging from to

+ " is called wrapped phase and is expressed in radians. With specific algorithms of phase unwrapping
(Chen & Zebker, 2000, 2001, 200Ris possibé to convert the fringes into a cumulated phase change

on the map, which is then converted into centimeters depending on the Radar wavElengital

range difference may correspond to many multiples of the wavelength, but only the fraction of the
wavekngth can be represented by the phase difference. A simple way to estimate the range difference
from the interferogram is to count the fringes along a path, numbering the successive fringes, and

multiplying by the halwavelength(Massonnet & Feigl, 1998; Rosen et al., 2000)

Due to intrinsic limitations of the phasawrapping algorithms, and because ofribed to evaluate
the phase "ambiguity”, nametlie number of cycles 2given by the interferogram flattening, it is
possible to obtain only the deformatiwiith respect ta reference point considered fixed (i.e. zero

deformation).
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Figure1-6. The figure shows the range clgg along a profile along the ground in terms of true, wrapped and

unwrapped phase range change, with wrapped (circles), relative unwrapped (squares) and absolute signals (triangles).
The difference between relative and absolute unwrapped signals igantofnke wrapped signal is relative to the

c y ¢ | e(Repfodu@d from Massonnet & Feigl, 1998rense number: 5558720746041
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Chapter 2 Sources of noise IDINSAR time series

2.1 General considerationson noise sources

The reliability of DINSAR time series dependstba robustness in the calculated Line of sight (LOS)
ground velocity. The measure could be corrupted by different sources of noise which are more
limiting for smallamplitude and lowate signals compared to largeplitude rapid displacement
caused by g. earthquakes or volcanic unréBarbot et al., 2023; Javed et al., 2022; Meyer et al.,
2015) The correction of the noise assumes an important role especially in time series of displacement.
In fact, if the object of the study is a transient deformation, i.e. a deformation that is not permanent
but is recovered over time, it is not possible to use the velocity, and therefore the measure of the

deformation in every acquisition date must be asrate as possible.
Thedominantsources of noise are orbital errors, ionospheric noise and atmospheric noise.

Orbital errors are wrong estimations of the position of the satellite at the time of the acquisition. Those
errors lead to an erroneous estimatibthe distance between the satellite and the scattering ground
elementandcan be reduced with satellite precise orbital informationirSsatellite interferometry,
precise orbital information is essential to obtain useful results. The European $eacy feleases

this orbital information every 20 day®recise Orbit Determination Servicgge ESA Sentinel 1
Technical Documentation  https://sentinel.esa.int/web/sentinel/technpaides/sentinel-
sar/pod/productsequirements)This implies that saliée interferometry cannot be used in real time

at its highest precision and this is an intrinsic limitation that must be taken into account.

Requirements of Orbital Products

Category Latency ‘ Orbit Accuracy
NRT Predicted (AUX_PREOI 30 minutes 1 m (2DRMS 1sigma)
NRT (AUX_RESORB) 180 minutes 10 cm (2D RMS-digma)

NTC (AUX_POEORB) 20 days 5 cm (3D RMS-digma)

Table2-1. Sentinell Copernicus POD Orbital Files Requirements (https://sentinel.esa.irdémébgl/technical
guides/sentinel-sar/pod/productsequirements).

The ionospheric noise is due to the interaction between the ionosphere, composed of free electrons,
ions and neutral particles, and the electromagnetic s{gral Zhang et al2022) This interaction
determines a delay in the electromagnetic signal path especially for the longer waveldvaytd)(L

used by radar satellite platforms. For shorter wavelengiba(@ and Xband) the influence of the

12



ionosphere is limitedLi et al., 2019)pnd it is more severe near poles and equator than at mid latitude
(Massonnet & Feigl, 1998)

Atmospheric noise is caused by variation of the refractivity in the atmosphere and affects the velocity
of the wave propagation, thus the travel path of the electromagnetic wave emittesl datellite
platform. This is the most important noise because it can overprint the displacemenZsigket.

et al.(1997)have shown that 20% of variation in relative humidity can lead to 10 cm arn@sge.

The atmospheric noise consists of three compor{enét al., 2019) a shortscale component (few
kilometer wavelength) related to turbulence in the troposphere, ast@ig component (tens of
kilometers wavelength) caused by lateral variations of temperature, pressure and humidity content
and a topography component to which changes in temperature, pressure and relative humidity as a

function of the height are attributed.

At the local scale (f@ kilometers) the atmospheric noise can be divided in two parts: the vertical

stratification, that is related to topography, and the turbulence.

2.2 Vertical stratification delay

Theoretically, the vertical stratification delay at each pixel of an interfenogould be calculated by
integrating the differential vertical refractivity profile as a function of height using the following

eguation:
0 F,F' Q 0 "QAQ 0 "QAQ N QAQ 2-1

wherep andq are two targets at different altitudég andhg. Y0 "Q is the refractivity

difference between times andt2 at heighth comprised in the intervahp,hd.

Since the vertical refractivity profile of every pixel is impractical to obtain, a linear or exponential
form is usedDavis et al., 1991; Li et al., 2018) model the average profile of wet refractivity.
This model can be replaced by an enegirmodel derived from four data sources:

1. atmospheric delay from ground meteorological station observations or GPS network
observations;

2. atmospheric delay from satellitmsed measurements (MODIS and MERIS data);

3. tropospheric delay from numerical weathsvdels (e.g. NH3D, WRF, ERA Interim)

4. atmospheric delay from the phase of ftlmformed regions of the interferogram.

13



All the four data sources present critical problems. Meteorological and GPS stations can be used
only if the network is sufficiently dens®ODIS and MERIS satellites are sensitive to clouds and
grids with semi transparent clouds or shadows projected by clouds should be excluded. The
numerical weather models are sensitive to the initial conditions of the atmosphere and they need
boundary valug to improve the reliability of the height dependence. Phase observations from non

deformed interferogram areas are only available ifaeiormed regions are detected.

Simplifying, since there is a linear decreasing relationship between the differemtapheric
phase and the elevati¢haylor & Peltzer, 2006)one approach uses a linear model depending on
topographidneight, to calculate the vertical stratified atmospheric dilagt al., 2019) In the

thesis work | will pursue this approach.

2.3 Tropospheric turbulence delay

Turbulence give rise to a multscale mixng of water vapor in the atmosphere.€Maatercontent is
highly variable both spatially and temporally. This variabiptgcludegshe possibilityof descriting
the water contendelay through deterministic models and the correction of turbulent sost# a
considerable challenge.

In Li et al. (2022) the authors give a good example of this kind of delaiyg two SAR acquisitions

from the Sentinel 1 mission with a time span of 12 days (F&xijein which the effect of the surface
deformation can be ignored. They calculate the vertical stratified atmospheric phase through a linear
function between thiaterferometric phase and the elevation, then they subtract it from the differential
interferogram. In this way they obtain the turbulent atmospheric delay (F2eirevhich is the
dominant delay with values ranging frebto 5 rad. The figure shows theea of study, the observed
phase difference between the two acquisitidhe,atmospheric delay calculated from the linear

topography dependence, and the residual delay, interpreted to be equal to the turbulence delay.

14
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Figure2-1. (a) Study area marked with blue rectangle. (b) The corresponding differential interferometric phase
(Reproduced from Li et al., 2022)icensed under CC BYC-ND 4.0
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Figure2-2. Estimation of atmospheric delay. (a) Stratified @pheric phase. (b) Turbulent atmospheric phase
(Reproduced from Li et al., 2022)icensed under CC BXC-ND 4.0
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Chapter 3 Atmospheric correction strategies

As already mentioned, it is well established that the vertical stratification of the atmosphere is
modeled with a linear function between phasetapdgraphy(Li et al., 2019, 2022)but it must be
taken into account that s not possible to find a unique value of correction for the entire

interferogram because of lateral variasan the stratified moisture content

Some empirical methods evaluate the relationship between elevation and phase taking into account
the spatihvariability of topography and atmospheric properties. These methods use Gaussian filters
of various sizes on different spatial scales, wavelet transform on different spatial frequencies and
power law model{BéjarPizarro et al., 2013; Bekaert et al., 2015; Lin et al., 2010; Shirzaei &
Birgmann, 2012)

All of these methods are considered empirical as they have only had positive feedback in specific

areas. Thus, simplifying, a limefunction is used for vertical stratification correct{bnet al., 2019)

For the turbulent part of the atmosphere, several authors have made great efforts in the past to correct

associated phaseldgs, as illustrated below.

These methods include spatial/temporal filters, statistics, stochastic models, and models that use

external data.

3.1 Spatial/temporal filters

Permanent Scatterer (RBSAR and Small Baseline Subset (SBAS) InS@BRrardino et al., 2002)

are two methods for eating displacement time series. WhileIRSAR relies on the use of a single
master image to create interferograms, regardless of the spatial baseline, SBAS uses a different
approach that involves creating small subsets of maktee couples, determindxy spatial and

temporal baseline thresholds, bounded to a single super master.

PSInSAR involves the use of permanent scattevehich are scatténg points that have a stable
behavior over time and, therefore, show a high value of coherence betweesntidfequisitions.

The stability is defined by the amplitude deviation of the pixels in time, which is quantified through
average and standard deviatiGrretti et al. (2000, 2001had found that the amplitude stability
corresponded also to a phase stabilityese PS mostly fall into urban areas, as the return signal is
stronger and more stable from roads, buildings, and in general civil or industrial infrastructure. Other
stable scatterers could though also come frameropping rock, bare of vegetation. The choice of

stable scatterers allows to use a large number of interferometric pairs, notwithstanding long baseline
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separations. The method comes at the expense of reduced density of scatterers, especially in non

urbanareas, because the high coherence at long baselines is not guaranteed.

SBAS, using smaller spatial baselines and creating +#oalkied interferograms, is able to obtain
coherent scatterers even in extirban areas at the cost of a reduced time resolutiomegetated

areas. This is due to the fact that the algorithm sets a threshold on the coherence of the returned
signals, which ivegetatedreas depends on the seasonal change of vegetation, and some acquisitions

may be rejected.
Both of these methodgoply an atmospheric correction to the time series.

In PSInSAR the total tropospheric delay is first reduced by taking the phase difference in neighboring
pixels in each interferogrartt.is assumed that the atmospheric phaseghly correlated in spacn
distances of up to a few km, but can be uncorrelated at different time steps, whereas the deformation
signal is steady in time, but can be uncorrelated in space. The technique selects pixels which have a
stable amplitude return signa, with high coheeenf the returned signalhese pixels are used for

the estimate of the atmospheric phase. A density4>PE/km2 is sufficient to define a grid of
atmospheric phase on the PS, which is then interpolated to calculate the correction for the remainder
pixels. The deformation signal is then modeled and separated from the interferometric phase which
includes theatmospheric delay and the random noise. Assuming that the unmodeled deformation is
correlated in temporal domaas opposed tthe tropospheric delagnd random noise, in the slave
images a higipass filter in time is used to separate these noise delays from the unnsidatid
statecrustal movement. Then the tropospheric delay and the random noise can be separated with a
low-pass filter in space coidering that the tropospheric noise is correlated in the spatial domain but

not the random nois&or details and an example we refeCmlesanti et al(2003)

The classical SBAS methd@erardino et al., 2002glies on the use of unwrapped interferograms,

an estimate of errors in the topographic phase correction, and the filtering of atmospheric phase
artifacts. Theanalysis considers N+1 Sar acquisitions, acquired at N+1 times, for which at least one
interferogram per image is available, leading to a number of M interferograms, with M <= N*(N+1)/2.

The phase difference for a pixel with coordinates (x,r) in azimathdxrange r, at times and & is:

<. T . ©
1 ¢ ah — Q0o hh Q0 hoh 3-1

With'Q 0y il the cumulative LOS deformation at timeg  with respect to the reference time
0 . In the above equiah possible phase changes due to atmospheric noise and topographic
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correction errors have not been quantified. Another assumption is that the phase change represents
the unwrapped phase, and calibrated respect to a reference pixel. The array of N yflasavn

values for a pixel is defined as « 0 B 0 ,andthe array of known phase differences

by 1« A< .Furthertwo index vectors are defined, containing the times of the master
and slave images for each of the M interferograms, s6QR4t “Or I8 HOY and’0O

"@ B @ and the phase differences are given by

7 « 0 « 0 ,forwlmXa 3-2
The phase differences are represented in matuitiplication form as
O ] o 3-3
The solution of the equation system can be obtained in a least squares sense, in\éabktkinatigh
. 00 07 -« 34
In the case though, that several subsets (for instgnmiethe entire set of images can be used for the

analysis, it can occur th&<N and the matrix cannot be inverted as shown above. In this case a
SingularValue Decompositiofis proposed, as

5 YYo 35

with U a M square matrix, V an N by M matrix, and S an M diagonal matrix, with the square
eigenvalues of the matrix =. The estimate of the phases in least square sense ancconttigon
minimum norm is given by 1| F1# vwith {| obtained from the inverse of the noall
elements o086.For details the reader is referredrardino et al(2002) The original paper discusses
some modifications that account for artifacts due to abtgniges in velocity, or simplifications in

case of smooth time variations of velocity.

SBAS removes th vertical stratification delay according to Li et @022)andthen the residual
phase is determined using the Single Value Decomposition algorithm for all acquisitions. At this
point the same method in FEBAS is used, therefore spatial kpass filter andemporal highpass

filter are used to extract the turbulence component from the residual phase.

These filtering methods present some problems as a Gaussian distribution of turbulent signals does
not apply to many situations. Moreover, the filtering and itee af the window depend on the choice

made by the useAccording to(Berardino et al., 2002tmospheric artifacts must be reduced through
filtering operation on the output of the SVD proceddree proposed filtering approach is used in
analogous way as is done for the PS, andssdban the observation/assumption that the atmospheric

phase has high spatial correlation, and low temporal correlation.
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3.2 External datasets for atmospheric phase corrections

Some techniques of tropospheric delay correction models incorporate exterrsdtddtam which
the phase delays can be estimated. These include those from numerical weatherdirexdels,

observations and those that use GPS stations.

Among the numerical weather models it is possible to cite the ECMWA&NRBKsis (ERA}Interim
model fom the European Centre fglediumRange Weather Foreca$ESCMWF, Doin et al., 2009;
Jolivet et al., 2011and the Weather Research and Forecasting model (WRF).

These weather models suffer from coarse temporal and spatial resolution. ECMAfaIRES
(ERA)-Interim, for example, provides results gvérhours and has 0.75° horizontal resolution. Since
atmospheric conditions can change rapidly, a higher frequency in time of the results is needed. Also,
0.75° of horizontal resolution is not enough to correct the local variations of the phase delay.
Furthermore, the products are often released with a latency of several months.

Models from direct observation such as National Aeronautics and Space Adminidttatierate
Resolution I maging Spectroradi omeder (MODI S)
Imaging Spectrometer (MERIS) provide high spatial resolution maps and good agreement with
radiosondes and GPS, but they suffer from cloud coverage and there is a gap in time between these

products and the radar acquisition (i.e. Sentinel 1 and ALOS 2).

Models from tropospheric delay interpolated from those estimated at GPS stations provide good time
frequency estimation of water vapor content invahther conditions. They are also capable of
capturing tropospheric turbulence on a local scale. Thatiitertropospheric decomposition (ITD)

(Yu et al.,, 2017; Yu, Li, & Penna, 2018ads to greater improvements comparedotioer

methodsbut there is a great dependency on the density and the geometry of the GPS network.

In the last few gars a more advanced model has been developed. The GACOS (Generic Atmospheric
Correction Online Service), proposed Yu et al. (2018) is a new approach that proposes the
integration and improvement of some methods already used in order to limit their problems and

improve the accuracy of atmospheric correction.

3.3The Generic Atmospheric Correction Online Srvice

The Generic Atmospheric Correction Online Service (GACOSH ifreely available service
(http://www.gacos.net/) based ammodel that aims to be globally available and operative in near real
time and is described in detail(¥u, Li, Penna, et al., 2018)o0 do this, GACOS integrates the High
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Resolution European Centre for Mediiange Wether Forecasts (HREECMWF) andthe
continuous GPS tropospheric delay estimates using an Iterative Tropospheric Decomposition (ITD)
model. The HREECMWEF is a numerical weather model with global 0.125° x 0.125° horizontal
resolution, 137 levels of verticedsolution, 4 forecast runs per day (one every 6 hours) and a latency
of 5-10 hours. The measurements of the zenith total tropospheric delay (ZTD) are taken from the GPS
continuous measurements with high accuracy. The integrated model is based on aéppridazh
described irfYu et al., 2017and extended to take advantage of the high spatial resolution of ECMWF
and the samplingate and high quality of the tropospheric delay estimated by GPS.

The ZTD of the ECMWF and GPS integrated delays at location k are defined as
YO 'YQ Yo - 3-6
where T represents the turbulent comporeni the station coordinate vector in the local topocentric

coordinate system, S represents the stratifiedpoment correlated with height h, andepresents

the remaining unmodeled residual errors, unmodeled stratified and turbulent signals included.
The stratified componeng is modeled through an exponential function as:

Y 00Q

© Ny ~ T[
Y 0Q ho L~)

Y bQ n >

S is defined by the exponential function with coefficibnlhis the height anto is the stratified delay

a sea levelG andE represent the GPS and HREEMWF calculated delays, respectively. Piis a
weight matrix, depending on the different quality of the GPS and HRE8SWF ZTDs. Relative
weight to one or the other depends on the density of the GPS sttimtisne difference between

the SAR acquisitions and the ECMWF, and the resolution of the ECMWF grid compared to the

density of the GPS stations.

The turbulent parf, is given by, the next equation, wherandi are indices of the user and reference
location, for which pair a weight is calculated, dependent on the distance between the user and
reference locatiody, :

.. R0

Y 0 Yo hoO 3-8

B nNQ
The parametepi is again the weighting function as in the previous equation.

It is important to note that there is a maximum distance in which the calculated delay from the model
is applicable, which is estimated to be 150km echthe decorrelation distance. Inside this range the
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estimation of the exponential coefficients, which are estimated in a least squares algorithm, will lead
to small residuals which could be handled by the inverse distance weighting (IDW) interpolation use
for the turbulent part. Moreover, using smaller distances leads to discontinuities due to insufficient
GPS stations.

In S, the ZTDs used are from the GPS stations at positi¢iYmand ECMWF nodes at position n

("Y). They are cross valated resulting in their relative weights (the weight matijix P

The matrix is defined taking into account that the quality and the sampling rate of the GPS ZTD are
higher compared to the ECMWF ZTD. The latter can count on a higher spatial resolutiorfend

distribution.

As mentioned above, the same matrix, in combination with the horizontal distance from the user to
reference location (g, is used to calculate the weightithat must be assigned at each turbulent
delay at the user location (Tx u and i are used for user and reference locations.

To model the turbulent part, a modified IDW is used to include GPS and ECMWEF data. In the first
iteration T, is computed starting with the residual, between the ZTD and the stratified component,

S, containing all the turbulent component.

Tt

| T [T
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At this point, from he ZTD the new values of the turbulent component are subtracted, per reference
location, obtaining new exponential coefficients which will be used in the next iteration. This process
i's repeateotonerge.i | b and L

With the final values of the exportéd coefficients, the stratified delay per pixel considered)3gh
calculated and added to the interpolation between the turbulent components and the residuals to obtain

the ZTD for the considered pixel.

Using this integrated model will lead to a betenluction of the standard deviation and RMS values
between corrected INSAR LOS displacement and GPS (~1cm). However, there is a high dependency
on the station density and the network geometry of the GPS and strong changes in topography.

The model has beerimplemented into an online service named GACOS (http7/ceg
research.ncl.ac.uk/v2/gacos/) in which the user can select the area and the time of interest to

automatically generate correction maps.
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Analyzing interferograms in Pakista@laved et al., 2022)ad found thathe GACOS correction
introduced unwanted errors, instead of removing atmospheric ertach, were particularly severe

when moving from the basin area to higher altitudes. In my study area, in NE ltaly, | test the
performance of the GACOS correction,itas important to know whether the corrections are valid,
and are not introducing errors due to poor coverage of the GPS stations or insufficient modeling

capabilities of the weather model in the Alpine mountainous areas.

3.4 Statistical approach to reduceatmospheric noise

The stacking technique &trozzi et al(2000)is based on the random naun the time domain of
the turbulent atmospheric phase. Assuming that the displacement phase increases linearly associatec
to crustal deformation, and the other terms are random, averaging the interferometric phases could

lead to reducing the random terms

This method uses two interferograms, with acquisition dategst that share a common sceng. (t

The differential phase in each interferogram could be expressed as follows:

7

Yo Yty I 1 - Ye Yt 11 - 3-10

5¢

Where |is the turbulent atmospheric phase on @iade  is the differential phas&t is the

ground deformation phase between the ith and (i+1)th time epochs,isitite noise.

Adding the equations and ignoring the noise:
Yo i Yte 11 - 3-11

If there are N SAR images acquired at the corresponding time epoglis t=(i):

(9] ) ~

Yo & Yti | - - -hBhH 3-12
According to the linear deformation:
Ye 0o o | - 3-13

This method ignores the turbulent atmosphere in the first and last SAR image and the average

deformation velocity v is computed as:
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0 ———— 3-14
T 0O 0O
and the correspondingelocity estimation error is:
S’/d‘) T= I/‘IU ‘p ” 3-15
0

where_is the wavelength andrepresents the phase error of each interferogram.

The ratio between the displacement signal and the atmospheric noise improves because the
displacement increments linearly wdithe atmospheric component increments with the square root

of the number of SAR images.

This method is simple to implement but there are still some atmospheric artifacts in this technique.
Moreover, under the assumption of a constant displaceraenbve time, it is not possible to

retrieve information on the temporal dynamic variation of the displacement.

For the scope of my study, that aims at testing whether the hydrologic signal of a karstic area can be

retrieved also in SAR observations, this apphoig not feasible.

Better results can be achieved with the Common Stacking Scene prop@sgdaifyeyeva & Fialko,
2015)

3.5Common stackng scene method for atmospheric noise reduction

The common scene stackififymofyeyeva & Fialko, 2015 an iterative procedure based the
same starting point of the traditional stacking, i.e. interferograms that share a common scene
necessarily contain the same atmospheric delays due to propagation effects.

The differential phas¥e in each interferogram can be expressed as follows:

(9]

Yo v Vtr 1 1 - Ve Yte |1 - 3-16

=

wherg iis the atmospheric contribution on the dat¥t is the deformation phase ands the error

(e.g. incorect DEM, antenna noise, etc.).

If the deformation occurs at constant rate and the interferograms have equal time span, by
differencing the two interferogram¥s  Ye 5 , itis possible to estimate the atmospheric phase

delay on the shared date.

)

Yo i Yo i Yty Yt ¢ I - 317

With equal time span and constant deformation:
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If more than two interferograms that share a common scene are combined, the accuracy of the
atmospheric contribution uncorrelated in time is improved. If there are N SAR images, represented
by the averaging stencil in Figugel, the larger the aperture of the stencil the greater the accuracy

of the atmospheric phase estimation for each acquisition date. With N SAR images:

| EX Ve Ye
o CU
3-19
. P v e .
| E+&- 0O QY Ye
° CU

To minimize the temporal decorrelation, thet expression in the equation uses interferograms from

the nearest acquisition dates. The size of the catalog and the assumption that the deformation rate is
constant represent the limit of N but if there are enough SAR acquisitions with regular snéedal

good radar coherence, this method would be gXgthofyeyeva & Fialko, 2015)

The iterative procedure starts by making an ingstimate of the atmospheric contributipn,by
subtracting and averaging all the interferograms centered on each acquisition, creating an atmospheric

phase map for each date. Then, the Atmospheric Noise Coefficient (ANC) is calculated:

566 pBY R 3-20

wherg @ isthe atmospheric phase delay at the pixeh the datg and| 0 B |

is the mean value of the atmospheti@ge taken over alll pixels."Y  represents the RMS value

of the phase screen with the highest amount of noise and is used to normalize the ANC value. The
ANC is a measure of the amount of atmospheric noise at each SAR acquisition. It allavistie ra
acquisitions according to the magnitude of atmospheric contribution. In the next iteration, starting
from the noisiest date and using the atmospheric phase estimates previously calcuiated,
recalculated for each scene. The accuracy decreasasltthe ends of the catalog, where shorter

and/or onesided averaging stencils need to be used.

Since the deformation could be different from a regular linear variation, or the time spans of the
interferograms are not equal, there is another procedumdlda. In this case the time series are

generated with respect to a reference pixel assumed to have zero velocity. The tectonic signal is
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estimated by fitting a smoothing spline to the time series and it is subtracted from the interferograms

prior to thecalculation of the atmospheric delay.

This process is repeated iteratively until convergence and improves the separate estimates of time
dependent deformation and the atmospheric contributions for each acquisition date. Then the
atmospheric phase maps aébtracted from the original interferogram and the time series are

computed.

-0 o 0 o 0 0 0-0
—> time
‘pl--‘\’ (pl 3 ¢| 2 ¢i 1 4) ¢-~l q)lo? ¢103 q’u{“
Figure3-1. Averaging stencil for estimation of atmospheric phase delays. The more pairs connected to the central

acquisition dée, ti, the better the estimate of the atmospheric contributiofReproduced from Tymofyeyeva &
Fialko, 2015) License numbe5558720489840
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Chapter 4 Study area the karstic Cansiglio massif and surrounding
areas of NE Italy

Considering that the aim of the doctoral project is to identify the signal otsutédiormation induced
by hydrology, a study area was chosen that could be a good test bed for atmospheric correction
algorithms. Moreover, the study area should host several GPS stations to further proof the adequacy

of these corrections.

Finally, it wasnecessary to have an area with heterogeneous topography, variable weather conditions

and in which the hydrologinduced deformation had already been seen.

The choice fell on an area straddling the Veneto region and Friuli Venezia Gigliag4-1) at the
center of which there is the Cansiglio Plateau that has been the subject of study in se@aVibs
et al., 2015; Grillo et al., 2018; Serpelloni et al., 2018 Cansiglio Plateau is a massive carbonate

area in whose karst channels the overpressure of water induce a surface deformation.

This area is located in the eastern Southalpine chain, which is a south vergemdftbiclist bet
(Burrato et al., 2008; Castellarin, Nicolich, et al., 2006)is separated to the North, from the
Austroalpine domai, by the Periadriatic Lineament, to the West by the Giudicarie System and to the
East it extends up to the western part of Slovenia. The external front to the South involves the Veneto

Friuli piedmont plain.

This sector is the result of a polyphasic coesgional tectonics. A mesdpine phase (Eocene) in

which a ENEWSW compression produced thrust geometries-iB & NW.SE direction, interpreted

as the external front of the Dinaric chain. The second phase, the Neoalpine phase, started in the middle
Miocene and continued in the Quaternary, is responsible for the formation of thrusts verg8at to S
(Doglioni & Bosellini, 1987)

In this area the South front consists of the Montello thrust, the Cansiglio thrust and the Peolcenigo
Maniago thrust. North athe Montello and Cansiglio thrusts, there are the BasSaldobbiadene
thrust and the Belluno thrudtigure4-2).

In particular, the compressional regime in Serravallian time formed the Belluno thrust system, while
in late TortoniaAMessinian determinethe formation of Bassardaldobbiadene and Cansiglio
Maniago thrust¢Caputo et al., 2010; Castellarin, Vai, et al., 2006} compressional phase in late
PliocenePleistocene leads to the activatiof the Montello thrust and the reactivation of Cansiglio

and PolcenigaManiago thrusts.
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This sector is affected by high seismicity, due to compressional dynamic linked to the thrusts fronts,
with magnitude of historical eventso{Galadini et al., 205; Poli et al., 2008)This dynamic is also
responsible of the vertical mavent along these structures producing uplifted landscape. The
Montello plateau, for example, is suspended up to 150 m above the Venetian plane, carved on
conglomerates and sandad affected by intense karstic erosion. This area is also the site of an
underground gastorage facility that operates in the anticline at the hanging wall of the thrust, named

Collalto Stoccaggio Https://www.edisonstoccaggio.it/it/attiviimpianti/i-nostrrimpianti/campe

collalto)).

At the center of the area there is the Cansiglio Plateau which is a karst massif characterized by
epigenic and hypamic elements typical of a mature karst system. There are in fact hundreds of
identified caves, some of which are hundreds of meters deep (i.e. Bus de la Genziana and Abisso del

Col de la Rizza, ifrigure 4-3), and sinkholes.

The outcropping rocks are maircompose of carbonates. The southeastern slope of the Cansiglio
Plateau is characterized by a thick succession of Cretaceous peritidal carbonates, while the central
west part is characterized from slope breccia deposits all capped by basinal margteatDevoti

et al., 2015; Grillo et al., 2018)

The average height of the plateau is 1000m and is bordered to the southwest and soutlggasalby re
thrust faults. The Bassaivaldobbiadene thrust limits the north portion. The Caneva line thrust
faulting, visible inFigure4-3, resulted in a relatively wide asymmetric anticline (Cansiglio Anticline)

in the hanging wall, with steep dipping beasanthe main fault. The area is considered a medium
high seismic risk with a strong seismic event occurred in 1936 with magnitude of 6.2 but the Cansiglio
Plateau has very few seismic evemitisleast from 2012 to 201@robably because it is a rigid block

with little seismicity(Grillo et al., 2018)

There are three main springs (Santissima, Gorgazzo and Molinetto) coming out of shglicCan
Plateau, draining most of thhechargevater. Two of them (Santissima and Molinetto) form the river

Livenza that flows down from the southeastern slope.

The average annual precipitation is about 1800mm but there is no surface runoff due to tioe prese

of dolines, sinkholes and conduits with prevailing vertical development.

The rugged topography of the study area varies from sea level, to the south where there are the plains
of Veneto and Friuli Venezia Giulia, and 2200m to the north. There areab@R$ stations (green
dots in fig.4-1), two of which are located on the Cansiglio Plateau (i.e. CANV, TAMB) also used in

the studies of hydrological deformation. There is a tilt meter station in the natural cave Bus de la
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Genziana installed by the Uniwsdtly of Trieste which has operatesince 2005and there are probes
to monitor the water level of the springs and a hydrometric station to monitor the river Livenza. There
aretwo weather stationin Tramederand in Volpago deMontello(location in Figue 41) managed

by Arpa Venetolittp://arpa.veneto.XAwhich collect, with hourly sampling, the rainfall, atmospheric

pressure and air temperature.

Apart from the main urban areas, the area is mostly vegetatedgiittimitypical landscape of the

carbonate massifs is predominantly barren with low vegetation.
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Figure4-2. Simplified Tectonic map of the eastern Southern Alps. MT: Montello thrust; CA: Cansiglio thrust; PM:
PolcenigeManiago thrust(Reproduced from Caputo et al., 201lGrensenumber: 5558241266015
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Chapter5Def or mati on of the Earthoés sul

The Earthoés surface i s def oresmsuces a different spatials | y
scales, from global to local, and with a wide range of temporal scales, including multi year trends,
yearly and seasonal variations, and dowfasbeventdike an earthquake or a landslidene

important, continuouslyavyr yi ng def ormation is due to the el
the tidal stresses, and the tidal and non tidal loading effects through ocean and atniDspigeee

al., 2002; Melchior, 1966)

The tidal components depend on the relative p
rotation,which cause variation in the gravitational field acting on the Earth. This category

includes Earth tide, Ocean tide, atmospheric tide, Pole tide. These components have the strongest
amplitudes in the diurnal and semidiurnal periods. Due to the jpedbdnge in the gravitational

potential field, the solid earth deforms, while the flujdis and waterundergo a redistribution on

t he Ear t hos apsriodicfoadingthatdetannss ithe surface. Thus we can speak of-body

force tides for those forces that deform the surface and of loading tides for the effect of the pressure

variation adng on the surfacé-arrell, 1972)

The nontidal loading, also called environmental load{idpos et al., 2018)is the deformation
generated by mass changes oing in the atmosphere, oceans, glaciers, lakes, rivers and surface
hydrology. Nontidal loading does not have a clear periodicity and it may generate relevant
deformations with amplitudes up to several millimetresroa wide frequency band, from sdaily

to monthly and even yearly temporal scales.

These tidal effects and ndidal loading have been studied extensivuelthe past yeardirstly with
gravimeters and tiltmete(Braitenberg, Q18; Braitenberg et al., 2018, 2023; Sun et al., 2023)
Tidal and nortidal loading has been also studieccorrectGNSSobservationsmost of the recent
GNSS elaboration software benefited fraththese studies, incorporatitigal and loading
correctons which allowed to obtain the extraordinary precision achieved by the actual GNSS

observations

The GNSS observations are only affected by the deformation produced on the surface while the
gravimeters and tiltmeters are also $ivesto thegravitatioral potential fieldchanges induced by

the tidal components.
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Love and Shida numbers are used to describe the elastic deformatiortaftthia response to the
tidal gravitational potential s, whil espohsetoe nu
surface mass loadin@lartens et al., 2016; Melchior, 196&jrom the Lovenumberswe calculate

t he Gr een@arellfl@/whichabowtopr edi ct t he el astsurfacer e s p «
to a point load appliedn the surface. Part of the deformation of the soil is therefore given by
hydrological, atmospheric and oceanic +#imal loading. The studies dflos et al.(2018) used

models to estimate and subtract the environmental loadings from the vertical component of the GPS

time series globally, showing that the size of these loadings canI2ac.

5.1 Hydrological deformation

Hydrology induces various deformati phenomena according to the geological structures under
consideration. There are effects of uplift and subsidence, as well as extensional and compressive
phenomena. These deformations arostly transient due to the transient nature of the hydraulic
head, but vary from zone to zo(@rillo et al., 2018; Lesparre et al., 2017; Laegergne et al.,

2009) For example, among the various factors th
is the one related to water storage. Water storage refers to water contained in snowpacks, soil and

underground.

It wasshown(van Dam et al., 2001hatthe vertical deformation caused by the loading of continental
long wavelength water storagaries usually betweedland15 mm in continentatlimatic regions

but in some areas evepto 30mm (tropical and monsoon zones, Canada, Alaska). To calcukate th
deformationyan Dam et al. (2001) usedglobal water storage model wittsjgatialresolutionof 1°

and a monthlytemporal resolutionin addition, thehydrologic model is forced by estimated
precipitation, downwelling radiation and nearface atmodperic conditions. The parameters have
been estimated by the global maps of biome t{fpashe et al., 200&nd soil texture while the limits
are estimated by the International Satellite Land Surface Climat&laggct, the Global Historical

Climatology Network precipitation records and the Climate Prediction Center.

The modeldid not consider contributions die extractionof anthropic water andf the superficial

hydrological variations, as those due to rigiesscharge

Albeit the limitations of thehydrologic models in terms of spatial, temporal resolusiothe
application to the geodetic tinseries wasonsidered reliableandseveralspatial patternsof the
deformations and theiemporalevolution werdairly well reproduced (van Dam et al., 20@E)gure
5-1).
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VERTICAL DISPLACEMENT RANGE
caused by total stored water/snow
Maximum - Minimum (1994-98)
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Figure5-1. Maximum range in vertical crustal displacement during 4 years {1998) due to changes in total
continental water storagéReproduced from vand et al., 2001)License number: 5558720286927

Precipitation can alseesult inhorizontaldisplacementdn a study conducted in California with GPS

(Kim et al., 2021xhe horizontal transient strain was measured. An area between the San Andreas
Fault and the Sierra Nevada shows extensional dilation, while along the Easteomn{@afhear

Zone there is contraction during drought periods. This behaviour is reversed during rainy periods. In
California the same authors show that this horizontal deformation causes transient stress changes and

has a potential influence on seismicity.

The link between hydrological load and seismicity was also studied in Italy in the Southern Apennines
(D6 Agost i nousirgiGPSaneasyurenirislagd)an accurate location of the earthquakes that
struck Irpinia in 1980. This is a tectonically active karst area. The study showkettietheshallow
poroelastic strairassociated with the recharge l@&rst aquiferamay have in modulating théeep

seismicity.
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Karst aquifers are made by chemicabfuble bedrock. In these aquifénerainwater andhe waters

from themelted snow infiltratethe ground through fractures and conduits, rapidly reaching deeper
levels undergroundlhe combination of such fast water transfer, and the presence of afzedgan
drainage system leads to localized accumulation of large volumes of thatteray significantly

change the state of stress in the crust. The combination of high multiannual recharge of the aquifer
and intense rainy season creates stress conditiahfattour the nucleation and propagation of large
seismic events, as well as modulating the seism(Bitgitenberg, 2000; Hainzl et al., 2006; Husen

et al., 2007; Jacob et al., 2010)

Another karst area where the hydrological effect has been observeddadisecalKarst Plateau,
straddling Italy and Sloveni@raitenberg et al., 2019ere GNSSwas used to monitor the surface,

and two tiltmeters within the cave system. The Reka River is the largest input sourcer af tete

Karst system which has large voids subjected to large fluctuations of water (greater than 100 m)
during flood events. These fluctuations cause overpressure in the cormmertaidsreaching 1 MPa.
Another mechanism for overpressure in the Fealsmic area was proposed togemerated by fault

wave behavioyrfurther the overpressubas been proposed to propagate through the crust creating

observable deformatiairough tiltmetergRossi et al., 2021)

5.2 Ocean loading

Ocean loadingncludes bottiidal loading (OTL) and notidal loading (NTOL).

The OTL effect is given by a periodic redistribution of ocean water caused by tidal forces. This
redistribution produces a variation of the pressure given by the water column that deforms the surface

and is distributed on regional and global sc@Martens et al., 2016)

The effect of the OTL was studied to correct the time series of(BGB&y etal., 2002)but also to
understand the influence on radar dafa et d., 2020) The deformation affects large areas (~100

400 km) and can deform the surface by more thanni@lose to the coasind in extreme cases
(Baker, 1984) Therefore, studies involving large areas such as those conducted for example to
measure the integeismic tectonic strain, which is a long wavelength deformation signal, must take

into accaint the effect of OTL.

NTOL induces changes in oceanic bottom preséwae Dam et al., 1997, 2012and is driven by
atmospheric cinglation, increased or decreased levels of ocean water, and changes in atmospheric
pressure. This effect is especially noticeable near the coast and can reach 5 siovppakkvertical

deformation(van Dam et al., 1997)
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5.3 Atmospheric loading effect

Also for the atmosphere there are two loading effects, the tidal and thelabloading.

The tidal loading is driven by the gravitational potential and leads to a mass redistribution. This
redstribution has two consequences: an attraction component due to Newtonian attractive forces,
especially important for gravimetric observations, and a loading comp@iéigel & Wziontek,

2009) For the SAR observations only the loading component is relevant.

The nontidal component is controlled by atmospheric circulation and the deformation can reach 20
mm for the vertical component and 3 mm for the horizontal compogigtrov & Boy, 2004; van

Dam & Wahr, 1987)There are differences in the behaviour of the atmosphere loading in function of
latitude. The displacements for |datitude stations are characterized by annual andasmual
signals, while at mid latitude the pressure variation has periodd @fdays(Petrov & Boy, 2004)
(Figure5-3 and 54).

The effect of tidal and netidal loading of the atmosphere affettar ge ar eas of t he

(van Dam & Herring, 1994and is therefore seen as a long wavelength signal.

35



10 -

5

mm

0

-5 4

]

M 'h

2000

2001 2002
year

1071 5

102
103
10
108
1078
107

mme

C

W]

L] ey L | L | "
107 106 105 10
rad g1

2003

mne

ol M

-2

mm

2000 2001 2002

year

2003

102 ol
105

10
105 -
106 -
107 -
108

W,

{“ﬁ‘(ﬂw. _

T L e R T "
107 10% 105 104

rad s

Figure5-2. Modelleddisplacemeninduced by atmospheric pressure on vertical (a) and north (b) components for a GPS
station at midlatitude. (c) verticand (d) north power spectrum displacemefReproduced from Petrov & Boy, 2004)

License number: 55

58710688256

36



7.5 : : : ! ' ' ' ’ :
1 a i 0.50 -
5.0 1 - .
2.5 —‘ ' " 025
| E
£ 0.0- :M | £ 0.00
J | [
25 r| 0.25 -
50 T 0.50
=7.b- T i T I ' ; ' ' '
2000 2001 2002 2000 2001 2002 2003
year year
-IGCI . T ol ul . 1 . 1@'3 l T R B Y| :
- : | g
hes // I'H T E 10 / \n .
2 7 i 14 0 i
1023/ | ST gy i
o 1094 f\jb“‘""'wﬂrﬁm’*. S : 4 :
E -g = 106 -
E 104 - E -
107 4 -
10-5 -'J I ; H
10 4 " - 10°
107 1, N : 109 -+ R a—— —
107 106 104 104 107 106 103 104
rad 571 rad s

Figure5-3. Modelled displacement induced by atmospheric pressure on vertical (a) and north (b) components for a GPS
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5.4 Models for loading effect correction

The EOST (Ecole et Observatoire desciences de la Terrd)oading Service (http://loading.u
strasbg.fr/displ_all.phpproduces 3D surface displacement models induced by the global circulation

of surface geophysical fluids (atmosphere, oceans and hydrology).

The Service offers global displanent maps and time series for specific sites calculated, in €enter
of-Mass and Centesf-Figure, based on different models. The loading estimates andlimetres

for the North, East and Up components.
Here is a list of the time series for specific sites
For the atmospheric loading correction there are 3 models

1 Atmospheric loading estimated from surface pressure from the European Centre for Medium
range Weather Forecasts (ECMWF) operational model with 3 lemapsoral resolutionThis
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model is calculaad assuming an inverted baromel&) ocean response to pressure forcing
(for description of the IB effect, see next paragraphs)

1 Atmospheric loading estimated from surface pressure from ECMWF operational model with
3 hourstemporal resolutionassuming @ynamic ocean response to pressure and winds from
Toulouse Unstructured Grid Ocean model (TU@&Pwith 3 hours of time sampling and
0.25° resolution;

1 Atmospheric loading estimated from surface pressure from ERA interim (ECMWF
Reanalysis) model with 6 hauof time sampling, assuming an inverted barometer ocean

response to pressure forcing.

For the nortidal oceanic loading correction there are 3 models:

1 Nontidal ocean loading estimated from ECCOL1 (Estimating the Circulation and Climate of
the Ocean) oceabottom pressure with 12 hours of time sampling and about 1° resolution;
1 Nontidal ocean loading estimated from ECCO2 ocean bottom pressure with 1 day sampling
and 0.25%patialresolution;
1 Nontidal ocean loading estimated from GLORYS2v3 (Global Oceaan&¥sis and
Simulation) ocean bottom pressure with 1 day sampling and §p2&ialresolution.
The inverted barometer (IB) hypothesis means that atmospheric pressure variations are fully
compensated by the static sea height variations and this modeifisdvat periods exceeding a few
weeks. But for higher frequencies the dynamic ocean response cannot be neglected and it is
mandatory to account for the dynamic changes okaéace heights. The TUGA is a barotropic
ocean model which means that cam$pressure surfaces in the ocean are also cordtasity
surfaces so that the pressure gradient depends only on therfaeze slope and does not change with
depth(Mémin et al., 2020)TUGO-m partially includes noitidal oceanic loading but it is not forced

by heat and freshwater fluxes.

ECCO and GLORYS are both baroclinic models, meaning the density of ocean laysisdepe
pressure and temperature, therefore the pressure gradient changes with depth, and they are forced by

wind, heat and freshwater fluxes. Both are designed for modelling long timescales oceanic variability.

Thus it is possible to use ECMWEF in combipativith ECCO or GLORYS to take into account both

nonttidal atmospheric and ocean loading.

ECMWEF in combination with TUG®n is sufficient to model loadingfect of short and long period
(Mémin et al., 2020)
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For the hydrologic loading correction there are five models:

T

Hydrology loading (soil moisture and snow) estimated from ERA Interim (ECMWF
Reanalysis) model with 6 houigie sampling

Hydrology loading (soil moisture, snow and canopy water) estimated from GLDAN/Noah
model with 3 hours time sampling and 0.25° resolution

Hydrology loading (soil moisture and snow) estimated from MER&#A model with one
hour time sampling an@d.50°x0.67° resolution

Hydrology loading estimated from MERRA2 model with one hour time sampling and
0.50°x0.625° resolution

Hydrology loading estimated from NASA GSFC iterated global moscons with one month

time sampling and 1° resolution

The EOST servicalso provides global displacement maps at 0.5° resolution.

For the atmospheric loading displacement there are three models:

T

Atmospheric loading modelled using ECMWF surface pressure, assuming an inverted
barometer ocean response

Atmospheric (ECMWF) and duced oceanic (TUG@) loading

Atmospheric (ERA interim) loading, assuming an inverted barometer ocedmatl§ time

samples with air tides removed by adjusting a mean monthly model

For oceanic loading displacement there are two models:

T

Non-tidal oceanloading using ECCO ocean general circulation model with 12 hours time
sampling
Nonttidal ocean loading using ECCO2 ocean model with 0.25° resolution and one day time

sampling

For hydrologic loading there are two models:

T
1

Continental hydrology (ERA Interinipading with 6 hours time sampling
Continental hydrology loading modelled from GLDAS/Noah.

Since the displacement time series are not provided for all the GPS stations in the study area, we used

the global displacement maps. Moreover, for the atmospleailtrlg, the ECMWEF in combination

with TUGO-m displacement maps are available until December 2017 and ERA interim until August
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2019. For nottidal ocean loading, ECCO files are not available. Finally, for the hydrology loading,
GLDAS/Noah are available uhibecember 2016 and the ERA interim until August 2019.

Thus, for this study we used thiobal displacement mapd atmospheric, oceanic and hydrologic

loadingat 0.5° resolutiomsing

1 Atmospheric loading modelled using ECMWF surface pressure, assumimgvemed
barometer ocean resporfse the atmospheric loading;

1 Nontidal ocean loading using ECCO2 ocean model with 0.25° resolution and one day time
sampling for the oceanic loading;

1 Continental hydrology (ERA Interim) loading with 6 hours time samionghe hydrologic

loading.

5.5The Cansiglio study area

GPS, tiltmeters, divers to monitor the water level, temperature and conductivity of the springs, a
hydrometric station for the level of the river Livenza and a weather station were also used to monitor
the deformation of the Cansiglio Plate@evoti et al., 2015; Grillo et al., 2018)duced by heavy

rainfall events.

The Cansiglio Plateau ismaature karst system characterized by great permeability and rapid runoff
through large channels and caves. The water penetrates the massif through these channels anc
fractures, mostly with vertical development, and flows out at the foot of the Platea3 fsprings

which form the river Livenza that descends into the plain.

Thus the water enters the karst system quickly and produces an extensional transient deformation that
is then recovered over time. The tiltmeter signal is associated to the two syghmingsonfirms that

the deformation measured by tiltmeters is induced mainly by incoming rainwater drained by the karst
conduct systemGrillo et al (2018) presented model that justified the signal of the diver and the

titmeter to the variation of the rains and the river Livenza.

The deformation induced by hydrology was also measured by the GPS installed on the plateau and it
hasbeen showr{Devoti et al.,2015)that the horizontal movement of the stations after the rains is
towards the southeast, orthogonal to the main direction of the fractures (FRjurEhe deformation

was interpreted as due to the increased pressure induced by the filling ofefadtdact the
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deformation is related to rainfall events characterized by a fast deformafaagss) up to about 15

mm followed by slow rebound that lasts a few weeks.

The water then fills the seertical fractures producing an increase in lateralguresand an elastic

opening of the fractures followed by their closure after the drainage of the water.
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Figure5-4. Map of the Cansiglio Plateau from Devoti et &015) The Plateau is bordered by the Cansiglio Thrust
Sysem (C.T.S.). The four letter words represent the GPS stations used in the study. Red and blue arrows represent the
displacements measured after two rain events. See the original publication for details. License number: 5558250019377

Also (Serpelloni et al., 2018tudied this area, reporting that vertical movement is associated with
hydrological loading phenomena whierizontal extensionatompressional movement, which acts

in the normal direction to fractures and is controlled by hydrostatic pressure, correlates with
cumulative precipitation curves. The displacement was analyzed using the variational Bayesian
Indepenient Component Analysis method modified and tested on GPS position time series and each
independent component is described by a mix of Gaussian functions. | refer to the work of Serpelloni
et al., (2018) for details on the algorithms. The sum of these independent components allows to
reconstruct the time series of displacement. Two of these independent componenisashamaial

signal common to the GPS stations considered. Since the annual signals, mostly on the vertical

component, are given by loading effects, predictive models have been used to calculate the vertical
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deformation given by hydrological loading. Thgzedictive models are provided by the service
http://loading.ustrasbg.fr/ which delivers global griddeeD3displacement values for atmospheric
induced displacements, and hydrological and-tded oceanic loading obtained from several global
models.Sudce def ormation is calculated using Gree
symmetric, norrotating, elastic and isotropic Earth. The displacement is provided in the center of
figure reference frame with a spatial resolution of 0.5° in longiarelatitude. The displacement
induced by hydrological loading estimated using the HRArim (European Centre for Medium

Range Weather Forecasts, ECMWF reanalysis) model and using the Global Land Data Assimilation
System (GLDAS)/Noah model was used tonpare the independent components. Good correlation
was found between the common annual components derived from GPS and the common annual

components from the models especially for the vertical component.

As for the horizontal movement, one of the ICA comgats was similar to the CANV displacement
time series that had been associated with aingimced movement bfpevoti et al., 2015and later
had been recognized to affect a much larger region interpreted as a precipithiioed signal
(Serpelloni et al., 2018)
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Chapter 6 Sentinel 1 data processing

6.1 Sentinel 1 mission

In this project, data from the Sentinel 1 SAR mission was usednl&s#n is part of the Copernicus
programme of the European Union and the European Space Agency (ESA) for satellite Earth

Observation.

The mission is composed of the constellation of two satellites, Sehfnaind Sentinel B,
continuing the @and SAR E&rth Observation heritage of ERSERS2 and Envisat missions. The

main objectivesof the Sentinel missiorare: monitoring the extent of Arctic se= extent,
surveillance of the marine environment, monitoring tandace for motion risks, mapping ofésts,

water and soil management, mapping to support humanitarian aid and crisis situations. The mission
started in 2014 with the launch of the Sentib&l In 2016, the Sentinel 1B was launched and it
remained operational until December 2021, after widcie to premature failure it became

inoperational.

SentineflA and B are a pair of twin satellites with 180 orbital phasing difference and a revisit time
of 6 days (12 for a single satellite). They opera&lzand (5.4cm) Radar, which uses the Synthetic
Aperture Radar (SAR) acquisition to reach the required resolution along azimuth. The acquisition is
operated in different modes, according to whether the scene is on land, ocean, or requires special
attention. The technical description of the Sentinel Limisis publishethy ESA presently in web

online form, rather than in a publication, in particular as the Sentinel 1 high level User guide, and the
more technical Sentinel 1 Technical guide. Presently it seems that the form of web publishing on the
ESA sik is the official reference. We therefore reference in the following to the specific web content
in the summary of the mission. The images used for this project were acquired in Interferometric
Wide (W, https://sentinels.copernicus.eu/web/sentinel{gaeles/sentinell-sar/acquisition
modes/interferometriwvide-swath) swath mode with 250 km swath and 5 m x 20 m spatial resolution
(single look), divided into three stdwaths. Each sudwath image consists of a series of bursts which

are merged together tmeate a continuous image.

The acquisition is made with the Terrain Observation with Progressive Scans SAR (TOPSAR,
https://sentinels.copernicus.eu/web/sentinel/techigjaales/sentinel-sar/products
algorithms/levell-algorithms/topsaprocessing) techque which consists in acquiring data divided
in bursts by switching the antenna beam between multiple adjaceswaiiiis enhancing radiometric
performance by reducing the scalloping effect. This technique allows to obtain homogeneous imaging
throughout he swath.
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The images used are the Produ&LC (Single Look Complex) which are peaborated and geo
referenced in SAR geometry (range and azimuth coordinates). Each image pixel is represented by a
complex magnitude value containing both amplitude arg@mformatior{fFletcher et al., 2007)

The images are freely available from the ESA data distributionlitgs(//scihub.copernicus.gu/

6.2 GMTSAR software

GMTSAR is an open sourcefsware based on GMT (Global Mapping Tool). It wakasedn 2011

at the University of California and over time has been developed with the help of many people who
have gradually implemented and perfected algoritt@asdwell et al., 2011, 201&lgorithmshave

also been updated for the new space missions that have occurred over time. In fact, in addition to
ERS, ENVISAT and ALOS, they are now also available for the Sertin@ksion.

Thedocumentation, whicks available from the University of Californi&an Diego web site of the
software, explains the basics of INSAR and the steps to be taken to complete the processing from raw
SAR data. Further documentation is found in the GIT repository of GMTSAR
(https://github.com/gmtsar/gmtsar).

GMTSAR relies on prase orbital information to achieve a proper focus of the images, to transform
the Digital Elevation Model (DEM) from geographic to radar coordinates and remove the topography
contribution from the phase delays, to proper align the images and to coerpbiage of the repeat
image considering the interferometric baseline. The system uses GMT for therobpkocessing,

which is an open source collection of programs for regridding, filtering and trend removal.
Thewhole processing splitinto three mairblocks:

1. preprocessing blockdata is downloaded and converted from the native format into a generic
format;

2. processing blockfocus and the alignment of the images, removal of the topography
contribution and the calculation of the interferograms

3. postprocessing blockfiltering the interferograms and constract of the interferometric
products fnhaps and grids of spatial variationspbfase, coherence, phase gradient and line

of-sight displacement)

Below there is a list of the main products created by GKR.
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Name.PRM Ascii file generated by the gmcessing which contains all the information
needed to focus and align a SLC image (repeat images) with a master (or reference) image.
Name.LED Ascii file generated by the gueocessing containing the orbitaformation

Name.raw Raw signal data

Name.SLC File contains the focused SLC image

trans.dat File contains the mapping between range, azimuth coordinates and longitude,
latitude, topography coordinates.

topo_ra.grd Grid of range, azimuth, and topography

prase. grd Grid of range, azimuth and interf
corr.grd Grid of range, azimuth and interferometric coherendg (0

xphase.grd Grid of range, azimuth and phase gradient in the range direction in units of radians
per pixel

yphase.grd Gd of range, azimuth and phase gradient in the azimuth direction in units of
radians per pixel

mask.grd Grid of range, azimuth and NaN or 1. NaN (Not A Number) signifies data should
be masked

unwrap.grd Grid of unwrapped interferometric phase in radians

The interferometric products can be transformed from radar to geographic coordinates, getting the

suffix _ll.grd, using the geocoding algorithm.

Figure6-1 shows the design of the GMTSAR processing and preprocessors.

45



ERS2_preproc ENVI_preproc ALOS_preproc

C-code, csh C-code, csh C-code

*PRM
* raw
trans.dat

GMTSAR GMTSAR
C-code csh- GMT
libgmt
libnetcdf

display software
Preview

Google Earth
nvciew, matlab,
oL,. . .

Figure6-1. Design of GMTSAR and preprocessdreproduced fronthe online GMTSAR description
(https:/topex.ucsd.edu/gmtsar/tar/fGMTSAR_2ND_TEX.pdf).

GMTSAR is designed also fahe processing of repeated SAR acquisitions over the s2grass$
processing and to form a time series of deformation from a stack of images relying on the use of
precise orbital information, which allow a spixel accuracy. Figuré-2 shows the flow diagram of

the 2pass processing starting with raw SAR and orbitad.datthe figure the steps for creating the

geocoded grids of the interferometric product are shown.
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ref CEDS rep . CEOS dem grd
PrEprocess
ref PRM rep.PRM
ref raw rep.raw
Jocus
ref SLOC rep.SLCO demZiopophase

align

rep SLC

filerfers topo_ra.grd

real.grd
imag.grd

Jilter sraphu

amp.grd  unwrap_grd
phase.grd  xphase. grd
corr.grd  yphase.grd

peocode

amp_ll.grd unwrap_1l.grd
phase_llgrd  xphase_[l.grd
core_11.grd yphase_Il.grd

Figure6-2. Flow diagram of Zpbass processing. The processing begins with raw SAR and orbital dateg dgiitgl
elevation grid. The processing ends with the geocoded grids of the interferometric product. Regdroduttezlonline
GMTSAR guide (https://topex.ucsd.edu/gmtsar/tar/f GMTSAR_2ND_TEX.pdf).

The 2pass processing steps are:

a r w0 N E

Process the raw SAR datad orbital information to create the ag@arameter file (PRM)

Focus each image to create two SLC images

Align the repeat image to the reference image

Transform the digital elevation model from geographic coordinates to radar coordinates
Interferethee f er ence and repeat SLCO6s using the t
and to remove the topographic phase from the repeat image prior the calculation of the phase
difference

Filter and decimate the real and imaginary components of the intedercand compute
standard products of amplitude, phase and coherence. Also in this step it is possible to

compute the unwrapped phase
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7. Geocode all the products

For the stacking of images and time series calculation, in GMTSAR the SBAS method is found among
the available scripts. The most crucial issue is related to the geometrical alignment of a large stack of
images and the topographic phase mo#&&jure 63). This alignment is problematic when the
perpendiculabaseline defined as thelistance between twacquisition spots perpendicular to the
satellite viewing directiofis greater than the critical baselifidne latter ishe spatial length between

two acquisitions at which there is complete decorrelamidepends on the size of the ground range
resoltion cell, on the radar frequency and on the distance between the satellite and thenaityet

problem arises from the temporal decorrelation which occurs when the surface of the earth changes

between the acquisitions because of vegetation, snavther surface disturbances.

~ range known phase
Ny from DEM
?1}6\
I/ %
master SLC

slave(s) SLC

- time

Figure6-3. Schematic diagram of a stack of SAR images and a topographic phase image. (Refrociuitedonline
the GMTSAR guide (https://topex.ucsd.edu/gmtsar/tar/fGMTSAR_2NEX.pdf).

To overcome the spatial decorrelation, the maximum spatial baseline between the reference and
repeat images must be less than the critical baseline, while temporal decorrelation is reduced setting
a maximum distance in time. To align properlyta# images, GMTSAR uses a two steps approach.

First a supermaster, whichan acquisition thdies in the barycenter of a spatial vs temporal baseline

plot, like the red dot in Figure-8, is defined and is used as a reference to align the images nearby
the master in baseline vs. time space. Once these images are aligned, it is possible to use them a
surrogate masters to align the other images. Once the alignment is done, any pair of images can be

used to construct an interferogram.
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Figure6-4 Plot of spatial baseline versus temporal baseline of the acquisition used in this project. The red dotsrepresent
the reference image used for the alignment. The grey lines connect the acguasiioapresent thénterferometric
couples createdpased on the maximum values of spatial and temporal baselines chosen.

At this point it is necessary to create the interferometric pairs (reference and repeat images), based on
the maximum values of spatial and temporal liasg chosen, and calculate the interferograms. After

this step the interferograare filtered and decimated to obtain the standard products. The wrapped
interferograms, whi €h, vaarleu eusn wraanpgpee df ruosm n+g" tthoe
C.W.Chen and H.A. Zebker, following the theory published in Chen and Zeki@0;20012002)

A value of the pixels coherence is needed to perform the unwrapping, and the minimum coherence

value is set by the user.

Once the unwrapped interferograms arewaled, it is possible to use the routine which applies the

SBAS algorithm (see chapt&.1) to create the displacement time series. The products are a
displacement file, in mm, for each acquisition date and a single mean velocity file, in mm/yr. The
mearnvelocity is calculated from interpolation of the displacement values over the entire time interval

considered.

Among the various algorithms implemented also the @Ig§8rithm is presentwhich follows the
method of Tymofyeyeva andrialko(2015) Additional useful scripts, as the one necessary for
applying the GACOS atmospheric correction, which are user contributions, are availablegion the
hub platform (https://github.com/gmtsar/gmtsar).

GMTSAR is a product with continuous updates for which, however, a certain degree of familiarity
with Linux is needed.
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Below is a brief summary of the processing of the Senfirgdta used in this Phyoject.

6.3DINSAR Data processing used in the Cansiglio area

The data processing steps of this project are slightly different from those native to GMTSAR. In fact,
some scripts and programs have been created for the automatic selection of the superaggster im
for the automatic compilation of the text files necessary for the algorithms of GMTSAR, for the

choice of the reference point of the interferograms and for the atmospheric corrections.

The design of the codes aims at an automatization of the pragessns, once the initial parameters
have been defined’he automatization was particularly necessary to carry out the large amount of
tests necessary to compare the different elaborations carried out with the algorithms of atmospheric

correction and to bable to identify the best correction approach.

In Figure6-5 a simplified workflow of the various processing steps is shown.
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Figure6-5. Simplified workflow of theentireprocessinglone in this thesis

It is possible to split the entire processing flow that was performed in this thesis into four main blocks:
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1. preprocessing block in which the preparation of the directories that will be used by GMTSAR
takes place, the download of the data, the choice cfupermaster and the alignment of the
images;

2. processing block in which interferometric pairs are created and interferograms calculated;

3. ablock of atmospheric corrections in which corrections on interferograms are applied;

4. SBAS block where interferogramseaused to obtain the time series of displacement (i.e. the
files related to displacement for each acquisition) and the mean velocity file.

Each of these blocks contain some scripts that are not connected to each other. They need argument:
and text filesm which they can import the information they need. The larger the number of images,
the greater the number of information contained in the text files. Compiling these files takes a lot of
time and errors can be made. To prevent errors and save timesao$grtiograms have been written

that completely automates the process starting from an initial configuration file. In the following the

detailed processing is explained.

It is first necessary to know which track passes on the area of interest. Fomutleanycefer to the

site of the Sentinel Data Hub (https://scihub.copernicus.eu/dhus/) .

Once the orbit is known, it is necessary to prepare the directories that will contain the files
downloaded from the ESA site (https://scihub.copernicus.eu/dhus/) ror tire Alaska Satellite

Facility site (ttps://vertex.daac.asf.alaska.gdu/

Precise orbits can be found at ESA (https:// gc.sentinell.eo.esa.int/aux_poeorb/)

These files include raw radar data, data ahoquisition information, and orbital data. For this study,
precise orbital data were used to obtain the most precise measurements possible. The precise orbits
are available with 20 days latency respect to the sensing day of the satellite, and hava@uoaby

of 5 cm (https://sentinel.esa.int/web/sentinel/techroeadies/sentinel-sar/pod/products

requirements).

After the downloading step, there is the mandatory choice of the reference acquisition (supermaster),
needed for the alignment step. Tst end, a Matlab program has been created that finds the
supermaster to be used by calculating the barycenter between the spatial and temporal baseline of

acquisitions.

Then interferometric pairs are created based on the maximum choice of the spatahpohl
baseline. The choice of these values is crucial in the results that will be obtained. The spatial baseline

must have a lower value than the critical baseline to avoid the geometric decorrelation. The time
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baseline must take into account seasomalations that are present during the study time. In fact,
using a very large period would lead to a decorrelation given for example by the different snow cover
that is present between the summer and winter, as well as by the different vegetativeistate. Us

too short period would limit the interferograms created and SBAS takes advantage of data
redundancy. The redundancy of the data makes it possible to obtain relatively solid results from SBAS
by incurring as little as possible in decorrelation and thiotaining consistent points even in aon

urban areas. It is therefore necessary to take into account that there is a compromise between the
maximum value of the time baseline and having a good amount of interferograms to be used by SBAS

to calculate theme series.

The wrapped interferogram are then filtered and decimated. The filter has a 400 m wavelength and

the decimation factor used are 1 in range and 2 in azimuth (default values of the automatic process).

The filtered interferograms are thus unwragppeising Snaphu code. The minimum coherence value

used to perform the unwrapping is set to 0.1.

Before applying atmospheric corrections, it is necessary to refer the interferograms created to the
same reference point. The choice of the reference poinbjiscsive but must be oriented towards a

pixel that shows stability over time and that is present throughout the time interval. To this end, it is
possible to create a stack of interferograms and analyze the values of amplitude and coherence of the

pixels.Alternatively, as in the case of this study, the reference point has been arbitrarily chosen.
The choice of reference point has been carefully evaluated and will be discussed in the next chapters.

Once the interferograms have been referenced to the sderence point, the atmospheric
corrections can be applied. Figuées shows the workflow for the different approaches to the

atmospheric corrections used in this project.
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Figure6-6. Workflow for the atmosieric correction used in this thesis. The regression or the GACOS correction are
used on top of different combinations of SBAS and CSS.

The CSS method is integrated in the SBAS workflow, and can be applied or poiviging the
requested parametesuchasthe number of iterations to be performed by the CSS. On top of this
processing the atmospheric correction is used in form of applying the GACOS product, or through

the regression analysis with the topography.

GACOS is not implemented in GMTSAR scripasd the scripts for applying the GACOS correction
are retrievable among those of wuser contributions from the github platform

(https://github.com/esrivas17/gacos_correction_for GMTSAR).

To perform the correction with GACOS, first it is necessary to dowiniloa correction maps of the

area under consideration, taking into account the day and time at which the acquisitions were made.
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Secondly, correction maps must be referred to the same reference point as for interferograms. Once
this is done, the interferogms are corrected using correction maps that are created for each

interferometric pair.
The corrected interferograms can be used to create the displacement time series using SBAS.

As already mentioned, the SBAS algorithm containduhetionto apply theCSS correction. CSS

can therefore either be used on interferograms to which the GACOS correction has been applied, or,
as in the case of some elaborations carried out in this project, after the vertical atmospheric
stratification delay correction is estted through a linear regression with topography.

At the end of the process, the results@astituted bya displacement file in radar coordinates for
each acquisition date and a velocity file. In the case of the use of CSS, an atmospheric coreection fil
is obtained for each acquisition in radar coordinates.

Among the algorithms available in GMTSAR there is a@soutine that can be employedransform

the.grd files from radar coordinates to geographical coordinates.

6.3.1Time and area of acquisitions, BAS parameters used, reference point for
DINSAR

As mentioned above, data from ESAOGs Sentinel
marked with red dotted line iAgure 6-7, is covered by three tracks. Ttracks44 and the 117 are
ascendingvhile the 95 is descending. Tirack 44 was chosen tperformthe processing, and the
study area falls completely into the first of the threeswhths.The analysis was conducted over a
two-year period (fron8 January 2018 to 3 January 2020). During time, both satellites (A and B)

of the Sentinel 1 mission were operational and acquired 118 imagesake of completeness, 3
acquisitionsare missing from the catalog. The dates of the missing acquisitions are: 25/07/2018,
02/02/2019 and 11/11/2019
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Figure6-7. Available frame orbits (blue squares) for the selected area of interest marked with red dashed line. The
numbers represent the track identification number. The arrows show the flying diredtierastending (top left) and
descending (bottom right) acquisition geometry. The orthogonal arrow shows the side looking view.

6.3.2Definition of SBAS parameters

For the use of the routine SBAS it is necessary to first create a series of interferometrithgairs.
values of 200 meters for the space baseline and 90 days for the time baseline have been chosen.

The choice of these values was made taking into account the maximum variation of the orbit of the
satellites and the seasonal variation of the area unxaenieation. The 200 meter space baseline
between the maststave pairs (refereneepeat) allows to have the maximum number of pairs
available since the satellites Sentinel 1 A and B never exce&06th compared to the central orbit

(https://sentinels.copernicus.eu/web/sentinel/missions/setisatiellitedescription/orbi The

choice of days for the temporal baseline depends on the seastatadvaf the snow cover and the
different vegetation In this way, and with these parameters, for tomsideredperiod, 1506

interferometric pairs were created.

All 1506 interferograms were selected to build the time series. Although in some of these
interferograms atmospheric noise is clearly visible, or they are very noisy leading to a considerable

reduction of coherent points, it was chosen not to remove them for two reasons. The first is to test the
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capabilities of atmospheric correction algorithmvijch is one of the goals of this project, and the
second is to avoid a choice that would have been subjegtsethe hydrologic signals, target of the
study, are frequently associated to rainfall events, meaning periods when the atmospheric noise is
expected to be large in terms of amplitude.example of an unwrapped phase image for the pair of

the ascending track 44, for the pair 2289/2018265 (Year Day of Year) is seen in Figu@8.

The map is given in satellite coordinates, where azimutlorgahe track, range direction is along

the look direction. For an ascending track azimuth is towards Ndet$t, and Range towards North

East. The units along Azimuth and Range is in pixels.
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Figure6-8. Unwrapped interferogram in which the atmospheric noise is evident. The interferogram is one of the 1506
interferograms used to create the deformation time series. It corresponds to the paB2a088265, with the name
indicating year and day of yeaf the chosen acquisitions.

57



6.4 Reference point for theDINSAR couples

One of the goals of this project is to test the capabilities of atmospheric correction algorithms. In
order to quantify the accuracy of these corrections, it was decided to compare thertinie tseries

of the GPS stations present in the study area.

While GPS time series give absolute movements in the reference frame, DINSAR time series are
relative to a reference point considered fixed (motionless). This means that it is not posgieteiyo di
compare the two measurements. If a point where a GPS is present is used as a reference point, the
DInSAR time series can be corrected using the GPS time series chosen as the reference point, making
the radar time series absolute in the same referflame. In this way it is then possible to compare

the other GPS stations present in the study area with the movement of scatterers obtained by the
DInSAR processing. This is just a method of comparing DINSAR to GPS and is not considered as a
calibration Although later we will talk about DINSAR time series correction, the only operation that

is done is to add the time series of the GPS chosen as a reference point to the time series of all points

in the radar results.

There are two other differences beténeéSAR and GPSroducts, which should be taken into account
when performing comparison$he first is that the SAR measurements@avidedin the satellite

LOS direction, while GPS result in the vertical and horizontal components. The second concerns the
samplingratethat in the case of SAR is given by tlisittime of satellites (six days for Sentinel 1

A and B) while the GPS acquire continuously and in the Nevada database have been downloaded

with daily sampling.

Foraccountinghe firstdifference it i s possi ble to project the
by knowing the angles of incidence of the Radar pulse on the scattering points of the area of interest
and calculating the direction cosines. Depending on the location, differeesamil be obtained

with which to project the GPS time series. Alternatively, with the use of ascending and descending
geometries of the SAR satellites, it is possible to obtain verticaddum) and horizontal (eastest)
deformation maps and comparertht the GPS time series in the same directions. Inhegs only

one ascending orbit was used to create a prot@gplysis so the GPS time series were projected

into the satellitebds LOS.

For the second difference, relating to different time samgplit is necessary to have the same
samplingtiming in order to be able to compare time series. To this end, it is possible to interpolate

with a moving windown timethe GPS data and obtain a measurement for each DINSAR acquisition.
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6.4.1Nevada GPS time saes, years and station availability, atmospheric
corrections

The GPS time series are provided by the Nevada Geodetic Labo(Blewyitt et al., 2018,
http://geodesy.unr.edulysing the nomenclature ofthetda bas e, t he At env3o0o fi

solution in the EU reference frame were chosen.

In Chapter 4 the position of the GPS stations in the study area has already been presented. Table 1

gives the names, geographical coordinates and altitude abavevel for each station.

Name Longitude Latitude Altitude (m)
TAMB 12,396 46,06 1118
CANV 12,435 46,008 966
PORD 12,661 45,957 82
VITT 12,301 45,993 195
MT11 12,303 46,092 1479
BLO1 12,203 46,137 454
BARC 12,564 46,193 528
BRSE 12,084 46,1 381
MGRD 12,015 45,975 1375
PAS2 11,902 46,193 1419
MTO6 12,136 45,831 230
SUSE 12,209 45,857 222
VAL7 11,998 45,898 299

Table6-1. GPS stations used in this study. Names, geographical coordinates and altitude above sea level for each
station are found.

Of fundamental importance are the correctiapglied during the processing phase of the time series
especially regarding the corrections of the various tidal anedidahcomponents. On the Nevada
Geodetic Laboratory site (http://geodesy.unr.edu/gps/ngl.acn.txt) it is possible to view the various

parts of the processing and in Fig@® an extract of the applied corrections is presented.
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Figure6-9. Corrections applied on raw GPS data by the Nevada Geodetic Laboratory processing.
(http://geodesy.unedu/gps/ngl.acn.txt).

The table in Figures-9 shows that besides the tropospheric, ionospheric and lithospheric plate

movement corrections, terrestrial, polar and oceanic tidal corrections are performed.

No corrections are made for the rtahal atmosphec, oceanic and hydrological loading. This implies
that to observe only one of these components, the hydrological one in the case of this study, it is

necessary to remove the other components.

To understand the incidence of these different correction coemps, in Figuré-10 as an example,
the time series of the atmospheric, hydrologic and ocean loading for the location of station MTO6 is

shown. The time series of deformation of the components up, north and east are those of the models
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produced from the @ST service. As already mentioned in Chapter 5.3, these models have a
resolution of 0.5° and different time sampling according to the prpaducare published for a
selection of GNSS stationshave seetthat the difference between tdesplacemenof aresolution

cell and the displacement calculated on a station in the resolution cell is minimal. Since not all GNSS
points are available, and we need the correction also for the SAR scatterers, | used the grid cell

displacement for all station points anétterers that fall in the cell.
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Figure6-10. Up (top), north (center) and east (bottom) components of deformation patterns dudidalnoadingsat
station MTO6 In red the model of atmospheric loadiinggreen the oceanic and in magenta the hydrological retrieved
from the EOST calculation service. The values refer to the first date of the time series.

Among the three GPS directions, the vertical reaches the highest values, exceeding 10 mm. This value
is reached by the atmospheric component that showartiestvariations in the time series. Ocean
loading is the one with th@mallervariatiors compared tahe other loadings. This is probably due to
the fact that there is a considerable distance betweenarea and the Adriatic sea, or the
Mediterranean in general. The hydrological loading showeaentseasonality in the north and up

components, with a peak to peak amplitude of about 5 mm.

If, together with the loading models, the GPS time serigsi{€6-11) is also displayed, the incidence

of loading on the signal measured by the GPS can be understood. Atmospheric loddang is
dominanteffect especially in the vertical componemt winter almost the entire deformation
measuredcan be ascribetb the atmospheric loadingonsidering a scaling factor between the
modelled and observed displacemé@ime scaling factor between the modelled loading and the GNSS
observed displacement may be due to different terrain responses not considered in tlegl mode

loading.It can be noted that the vertical scale is much greater than the two horizontal scales.
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Figure6-11. Up (top), north (center) and east (bottom) variations of the GPS station MT06 (in blusfandation
patterns due to netidal loading calculated by EOST. The valaes relativeto the first date of the time series.

6.4.2Choice of GPS reference point foDINSAR
To choose which GPS to use as a reference point it is necessary to take intossseaahfactors:

1. The completeness of the GPS time series in the study period
2. The distance from the nearest coherent point present Raiti@results

3. The distance between the GPS chosen as the reference point and the aapalyr bd

As for the complainess of the GPS time series, it is sufficient to analyze the time series of the GPS
present in the study area. It is important that the time series of the reference GPS is complete so that

it is possible to correct the radar time series of all the pdihislack of data in the GPS time series
would in fact lead to a necorrection.

Figure6-12 shows theavailability of GPSdatain the study area for the entire period under analysis.
Each bar represents the time series of the GPS stations, whose nashesvaren the right. Shaded

areas represent the lack of data, hence jumps in time series. It can be seen that some stations lack
many days of data, with MT0O6 being a very virtuous station, with very little interrugtoissing

three dates: 17/01/2019, @8d 10/03/2019
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Figure6-12. Continuity of availability of GPS data. Each bar represents the time series of the GPS stations, whose
names are shown on the right. Shaded areas represent lack of datgadpsicéme series.

It is clear that the stations BARC, BL0O1, PAS2, MT11 and VALY, although to a lesser extent, are

completely unusable since most of the data are missing.

PORD, BRSE and VITT are available until July 2019 net of a few pregapsespeially for BRSE
and VITT.

CANYV presents gapof a few months at the beginning of the time series but remains relatively
continuous until the end of the period.

TAMB and MGRD instead have shdadrm scatteredjapsand one more marked for TAMB in
August/Sepember 2019.

MTO06 and SUSE are the two stations with the least interruptions, especially MT06. SUSE presents a
few weeksgapbetween July and August 2018.

It is worth noting that, as well as the lack of data, even incorrect processing of GPS data would aff

the correction applied to INSAR results. Thus, imperfect noise correction or the presence of abnormal
peaks, caused by, for example, instrument maintenance or other natural causes that do not express the
real deformation of the surface, would affee tomparison with INSAR data or, more importantly,

on their correction in case these anomalies were present in the time series of the reference GPS. Ever
if they were of natural origin, they could be typically local phenomena adversely affecting the

compaison with the INSAR results.
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An example is the TAMB statiotfior which thenorth, east and upomponents are shown in Figure

6-13, where in early February the up component reaches the value of 100 mm. It is easy to think that
the peak is present becausenof perfect raw data correction. In addition, there are clearly visible
time jumps at this scale as for example between August and September 2018, October 2018 and
between August and September 2019, as shovigure 6-13. Partly these correlate with strg

rainfall.

It is not the goal of this project to correct GPS data but given the presence of these anomalies on the
TAMB station it is not excluded that they may also be present in other time series, including that of

the reference GPS station.
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Figure6-13. Time series of the GPS station TAMB, which presents several peaks, whiplolaablydue to errors in
the acquisition and do not represent real station movements.

As mentioned in Chapter 6.3.1, considg the different time sampling between GPS and InSAR
data, it is necessary to perform an interpolatiaih a moving window on GPS time series in order

to obtain data with the same sampling of radar acquisitions. This procedure would also minimize
theseanomalies, although it would not completely remove them. In addition, depending on the time
window used to perform the interpolation, it would also be possible to partially reconstrtiotehe
series eveln sectionswvith gaps This reconstruction allosws to analyze longer time seri@&me
example of theseinterpolations are givelor the stations MT06 and PORIe latter until July 2019
presents an almost complete time series, and TAMB that, despite having numgapguare

interspersed with real tha
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As for the distance between the GPS and their nearest coherent points, a further passage is necessar

as there is no prior information on the spatial arrangement of the points.
In this regard, there are two options:

1. Afirst processing with GMTSAR is prmed and the velocity file is analyzed by calculating
the distance between the GPS stations and the points obtained with radar processing
2. An unwrap stack is performed and the distance between the points and the GPS stations is

calculated.

The velocity fle produced by the SBAS algorithm contains, in addition to the velocity value,
information about the spatial arrangement of points that remain consistent until the end of the process.
It is then possible to plot the position of these points and GPSwstéigures-14). It is also possible

to calculate the distance in metdetween the GPS stations and their nearest points as shown in Table
2.

Coherent scatterers and GPS stations
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Figure6-14. The green dots represent the SAR scatterersdhained consistent from the beginning to the end of

radar SBAS processing (2018 and 2019). The black points, with their names, represent the GPS stations in the study
area.
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Station distance [m]

TAMB 1416
CANV 479
PORD 28
VITT 28
MT11 2314
BLO1 11
BARC 28
BRSE 111
MGRD 4603
PAS2 13331
MTO6 429
SUSE 1841
VALY 99

Table6-2. Distance between GRfations and the nearest coherent SAR scatterer. In the left column are the names of
the GPS stations in the study area. In the right column is the distance in meters.

The distance between the points plays a fundamental role. Generally it is possifettiatghe
greater the distance, the greater the difference in movement between the points. This is not always
true as two relatively close points may move differently due to different local conditions, as the

presence of a fault.
Without prior informatio on local conditions, a compromisetherefore necessary

Taking only distance into account, PORD, VITT, BLO1 and BARC would be perfect for correcting
SAR deformation time series. However, it is also necessary to take into account the completeness of
thetime series and from Figu6el2 it can be deduced that these stations cannot be used as a reference
point due to the lack of data.

MTO06 and SUSE have the most complete time series but the closest point to SUSE is 1800 m away
while that of MT0O6 about 400nMTO06 therefore represents a good compromise.

Last but not least, there is the question of the distance between the GPS and the area | want to analyze
If the goal, as in this project, is to analyze deformation in thearea of Cansiglio Plateau, itmot

possible to use the stations CANV and TAMB since they fall in that area. In fact, using these stations
as a reference point to correct the time setiesSAR displacements are relative to the station which

is moving with that is object of the studihe movement of the reference station though is not sensed

by INSAR, because by definition all movement is relative to this sta¥l®06 is several kilometers

from the area of interest and is therefore far enough to evaluate the SAR results and canpare th
with the time series of other GPS stations.

The choice fell therefore on the station MTOG6.
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6.4.3Reference station MT06
MTO6 presents only 2 timgapsin the entire time series, one of one day and the other of two days.

Given the need to add the entire tinegiss of the station MTO06 to the displacement time series in
order to obtain absolute radar data in the same GPS reference @gatgmann et al., 2000an
interpolationof the mean calculatealith a window of five days is made obtaining a value for every
SAR acquisition, therefore 118 time markbe tempaal size of the window is chosen arbithaand

acts like a lowpass filter which also attenuates the noise in the GPS time det@polated time
series values wemreferencedo the study start date, thus subtracting the value of the first date to the

entire time series.

This interpolation also solves the problem of missing values in the reference GPS series. In fact, if it
lacked a data exactly in the same day of an acquisition, the interpolation would guarantee however to
have a value for that day.

Before performing interpolation it is necessary to project the components up, north and east of the
GPS into the satellite LOS direction. The operation is a sum of the three components multiplied by

the respective angle:
00 Y 0D Yz 00 Yzt 00 Y zf 6-1
With U b anda which are the up, north and east direction cosine, respectively.

Once the time series in LOS of the datehas been obtained, interpolatiohthe mean performed

with themovingwindow can be carried out.

What is obtained is then a time series with a number of values equal to the satellite acquisitions as
shown in Figurés-15 for the GPS reference statiMT06.
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Figure6-15. The time series of the GPS MTO06 station along LOS at the sampling points of the SAR. Result of LOS
projection of the satellite and interpolation with a moving window of five days.

Once he projected and interpolated time series is obtained, it is possible to correct the displacement
time series by adding these values to all the points. In this way the reference point will acquire the
values of the reference GPS station which is transfaoehe other SAR solutions, making them
comparable with the other GPS stations present in the study area after being projected and interpolated

as in the case of the GPS reference station.

6.5 Regression analysis oDINSAR and topography

A linear regressiobetween the unwrapped phases and the topography was performed to correct the

atmospheric noise related to vertical stratification.

As mentioned in Chapter 3, it is not possible to find a single atmospheric phase correction value for

the entire interferogim due to the lateral variation of topography.

This problem can be seen by using an interferogram and calculating regression in areas with different
altitudes. For example, in Figuré-16, the altitude of the study area is shown in color scale while the
colored squares incledopographically different areas (plain in green, mountain in red, mixed areas

in yellow and blue).
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Figure6-16. The colored squares represent areas at different altitudes in whetidmpthe regression. In green an
area in the plain. In red a zone in the mountains. In yellow and blue mixed zones. The color scale represents the altitude.

If linear regression is calculated in each of these areas, the values of the coefficientdepandiag
on the topography of the area (Fig6r&7).
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Figure6-17. Linear regression between topography and unwrapped phase (radians). The different colours of the
regression lines correspond to the diferareas analyzed (plain in green, mountain in red, mixed areas in yellow and
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blue). The coefficients calculated for the four areas are shown gtfovetercept [radians}?2: slope [radians/m].
are the errors of the coefficient p1 and p2. r*2 is the coefficient of determination.

The area in the mountains correlates positively while the areaptaind@ardly correlates, and maybe

has a slight negative correlati This is the typicatffect of atmospheric stratification. The two mixed
areas (yellow and blue) correlate positively but differently from the mountainous area. This shows
that the different atmospheric effect between plain and mountain affects linear regression making it
clea that doing this across the area would negatively affect the correction of atmospheric noise related

to topography.

Therefore, a Pythoacript was devejoed, to perform the linear regression with a moving window
between the grid of the unwrapped phasethadyrid of the topography, calculating the coefficients

useful for the correction and then obtaining the residuals of the regression.
To estimate the topography ph&se )a simple linear model is used:

. O 0N 6-2
whereow ando are the coefficients, the intercept and the slope respectively.

In order to obtain the residudts )it is sufficient to subtract the topograpbgrrelated component

of the unwrappeghasge ) from the observed phage ):
. . . 6_3

The regression parametec® and cl are obtained by least square regression in a raHing
di mensional window (a fiboxcaro window along r
input arrays. The window size, which covers a different numberrofelements along the two array
dimensions is chosen to cover an approximately rectarrggkographical region (resulting in a
range:azimuth aspect ratio of 3.9 with the data decimation we are using). No regression is computed

along the edges of the input arrays, where the window size would escape the array domain.

If the center element of ¢hwindow is NaN in any of the two arrays (most likely in the unwrapped

phase, due to the pixel being discarded or masked ) that window is skipped.

Figure 618 shows the correction for one unwrapped grid as exa#geobserve spatial variations
of the corections and of the regression parameters moving from mountain to plain, but we also
observe variation in the plgiwhere variations in togpaphyareless relevant. In this particular
snapshot, it shows that differemeather conditionsr humidity condiions were preseitetween

eastern and western sectofghe lowland. In general terms, the intercept is negative with a greater
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absolute value in higher topography, and the slope is mostly negative. The exact pattern may though
change from one acquisiticcoupleto the next.
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Figure6-18. Correction applied to an unwrapped interferogram. Top left: the topography. Top right: the grid of one of
the unwrapped interferograms used in this projectl@ 3anuar®018); Center left: the intercept calculated (coefficient
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c0); Center right: the); Center right: the slope calculated (coefficient c1); Bottom left: the calculated correction; Bottom
right: the corrected unwrapped interferogram.

In addition to the coeftients, the program also provides the gridssafue, pvalue, cl std err@and

c0 std error The averagé’iis also calculatedThervalueis the Pearson correlation coefficient and

the saiare ofrvalueis equal to the coefficient of determination. Thalueis used for a hypothesis

test whose null hypothesis is that the slope is zerogWiad Testwith t-distribution of the test
statistic. Thestd errorsare the standard error of the estimated coefficient (slope and intercept) under
the assumption aksidual normality. Alltesev al ues can be obtained fro
in Python.Before applying the correction on the unwrapped phase, the regression value obtained at
the reference point is also calculated and removed, so that the refpoamicealue is returned to

Zero.

Three different values of "window half width" were used to evaluate which was the best in the final
results: 500, 1000 and 2000. In geographic coordinates, considering a latitude of about 46°, a 500
unit window correspond® a rectangle with a side length of abokin®x 3 km. Using a window of

1000 or 2000 units doubles or quadruples these values.
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Chapter 7 Optimization of atmospheric correction in the study area

A total of twenty calculations were performed usihg tifferent atmospheric correction algorithms
presented in the previous chaptéiise SBAS algorithm for the creation of time series deformation
was used for all calculation®\ first processing(named Original)was performed without any
correction so at have a starting point from which to observe the improvement in subsequent tests.
Threeprocessingrocedurs were madeespectivelyusing one, two and three iterations of the CSS
algorithm(named CSS1/2/3Dne processing test was done using the GAQ@8sphere correction
(named GACOS)Three calculations were made using linear regression with windows of 500, 1000
and 2000 unitdnamed Regression_500/1000/2000he atmospheric corrections with GACOS
(named GACOS_CSS1/2/aphd from the regressiomgerethen used in conjunction with CSS using
one (e.g. Regression_500 CSS1jtwo (e.g. Regression_1000_CSS2and three (e.g.
Regression_2000_CSSigrations for a total of 12 elaborations. The elaborations, the parameters
used and the points of the study apétained are summarized in Tafld. The number of points
varies between calculations due to the different window with which the topography regression was
performed. In fact, a larger window is equivalent to a narrowing of the area and therefore lera smal

number of final corrected points.

Name Time limit (days)Baseline limit (m)Scene Interferograms CSSGACORegressionEdgewidth Half size windowWindow ratio Points

css1 f 90 i 200 "118" 1506 127 0o " o " o T 0 i 0 "11395¢

CSS2 i 90 r 200 "18” 1506 2" 0 " o " o T 0 i 0 "11395¢

CcSss3 i 90 i 200 "128" 106 3" 0 " o " o T 0 i 0 "11395¢
GACOS f 90 i 200 "18" 1506 0" 17 o " o 7 0 f 0 "11395¢
GACOS _Css1 90 i 200 "118" 1506 127 17 o " o T 0 f 0 "11395¢
GACOS_CSs2 90 r 200 "18” 1506 2" 1" o " o T 0 i 0 "11395¢
GACOS_CSS3 90 i 200 "118” 106 37 17 o 7 o T 0 f 0 "11395¢
Original f 90 i 200 "18" 1506 0" 0o " o " o 7 0 f 0 "11395¢
Regression_1000 ~ 90 i 200 "118" 1506 0" 0o 7 1 " 5 7 1000 386  10903¢
Regression_1000_CSS1 90 i 200 "118” 106 1" 0 " 1 " 5 7 1000 3.86 109039
Regression_1000_CSS2 90 i 200 "18" 106 27 0o 7 1 7 5 7 1000 3.86  10903¢
Regression_1000_CS'S3 90 f 200 "118" 106 3" 0 " 1 "~ 5 7 1000 3.86 109039
Regression_2000 ~ 90 i 200 "128" 1506 0" 0o 7 1 " 5 7 2000 386 101156
Regression_2000_CSS1 90 r 200 "128” 1506 1" 0 " 1 "~ 5 T 2000 3.86 101156
Regression_2000_CSS2 90 i 200 "118” 106 2" 0 " 1 "~ 5 7 2000 3.86 101156
Regression_2000_CS'S3 90 f 200 "118" 106 3" 0 " 1 "~ 5 7 2000 3.86 101156
Regression_500 ~ 90 i 200 "18" 1506 0" 0o 7 1 " 5 7 500 386 111693
Regression_500_ CS51 90 r 200 "118” 1506 1" 0 " 1 " 5 T 500 3.86 111692
Regression_500_ CS52 90 i 200 "118" 106 27 0o 7 1 " 5 7 500 386 111693
Regression_500 CS53 90 f 200 "118" 106 3" 0 " 1 " 5 7T 500 386 111693

Table7-1. Table of theprocessingerformed with different algorithms. Name: the name of the elaborations; Time limit:
the temporal baseline utilized in SBAS algorittBaseline limit: the spatial baseline utilized in SBAS algorithm;

Scene: the number of the acquisitions; Interferogram; the number of the generated interferograms; CSS: the number of
CSS iterations utilized in combination with SBAS (zero means CSS idilim¢d); GACOS: logical value for GACOS

(zero means GACOS is not utilized); Regression: logical value for the regression; Edgewith: number eXeloded

for the regression; Half size window: half number of unit for range coordinate of the movingwised for the

regression; Window ratio: ratio between range and azimuth units; Points: number of points obtained in the results
(including those not coherent).
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The processing results and parameters used were collectimtaistructures using th&latlab

software. Each structure then contains the coordinates of the points and their time series displacement,
the grid of average velocity, the time series of corrections made with CSS, the table with the
acquisition dates and the table with the cosine directotse GPS area. Moreover, the structures
contain the parameters of the elaboration (track, start and end date of the study, study area coordinates.
the reference GPS and its coordinates, the date of the supermaster used, the time and space baselin
usedto run SBAS, the number of total interferograms, the number of acquisitions, the number of
iterations made with CSS) so that each structure can be analyzed separately and contains all the usefu

data.

7.1 Correlation coefficients

In order to evaluate the perfnance of the atmospheric correction algorithms, correlation coefficients
have been calculated between the stack of displacement r@geltthe entire study aremnd the
topography, performing the calculation for each acquisition date and creatinte eséries of
correlation coefficients. In this way, it is possible to assess how thedime series residues are
correlated with topography and then assess whether the vertical stratification delay has been removed

correctly.
The standard deviation anttetmean of these coefficients were also calculated.

In Figure 7-1 the coefficients of five elaborations are shown. From above are the coefficients of

processing carried out without the use of atmospheric corrections (named Original), using one
iteration ofCSS (CSS1), using GACOS, using the combination of GACOS and CSS with one iteration

(GACOS_CsSS1) and, last, of the processing carried out with the regression (with the window of 1000
units) in combination with one iteration of CSS (named Regression_10&1)C&alues of 1 and

1 indicate positive correlation andnegative correlatiorrespectively. Zero value indicates no

correlation.
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Correlation coefficients in time between original displacement or residuals and topography

Original
Standard dev 0 352 Mean -0.46

A A A 'y
0
-1
Jan 2018 Apr2018 Jul 201 8 Oct 2018 Jan 2019 Apr2019 Jul 201 9 Oct 2019 an 2020
CSS1
4 Standard dev 0.06 Mean -0.716
I I I
0
P — -+ —t— ; — ——
Jan 2018 Apr2018 Jul 2018 Oct 2018 Jan 2019 Apr2019 Jul 2019 Oct 2019 Jan 2020
GACOS
4 Standard dev 0.183 Mean -0.12
I I I I I I I
0 VN A\ ~ A, LS A A
~~ "~ VN = V4 N VvV NP A W w4 Ve
| | | | | | |
-1
Jan 2018 Apr2018 Jul 2018 Oct 2018 Jan 2019 Apr2019 Jul 2019 Oct 2019 Jan 2020
GACOS_Css1
4 Standard dev 0.054 Mean -0.202
I
0
4 | | | | | | |
Jan 2018 Apr2018 Jul 2018 Oct 2018 Jan 2019 Apr2019 Jul 2019 Oct 2019 Jan 2020
Regression_1000_CSS1
4 Standard dev 0.026 Mean -0.097
I
0
4 | | | | | | |
Jan 2018 Apr2018 Jul 2018 Oct 2018 Jan 2019 Apr2019 Jul 2019 Oct 2019 Jan 2020

Time

Figure7-1. Correlation coefficients of the displacement results with toguty over the study area, for each time step
whenthe phase is available. From top to bottom the displacenmém original SAR elaboratiomnd moving
downwards the different combinations of corrections that have been applied: CSS with one itefZiOg, Ghe
combination of GACOS and CSS, and the combination of regression with topography am@nGBstitle:Standard
deviationand Mearof the correlation coefficient.

Processing carried out without the use of atmospheric corrections (Original,htmp$ &ighly
correlated values with topography that vary during the study period. The alternation between
correlation and anticorrelation reflects the change in wadgor content in different periods.
Processing performed using an iteration of CSS1 skstilva high anticorrelation value. The effect

of the alternation vanishes (std 0)0But the residuals remain highly correlated with the topography
as also shows the calculated avera@e7(6). The residuals using GACOS show alternation in
various acqisitions with values significantly lower than the first processing (std 0.183
demonstrating the ability of GACOS tpartly remove the atmospheric component related to
topography. A better result is achieved by combining GACOS with CSS. The standattbdasia
lower (0.054), second only to the result obtained with regression in combination with CSS. The latter

shows the lowest standard deviation and mean values of the five examples.

As for the other elaborations, some examples are shown since thestgkeaiations are those
obtained using the different algorithms. In fact, as Figur@s, 7-3 and 7-4 show, the different

iterations of CSS and the different regression windows lead to very similar results.

Figure7-2 shows the coefficients calculated foocessing using one, two and three iterations of CSS

in relation to processing without atmospheric corrections.

75



Correlation coefficients in time between original displacement or residuals and topography
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Figure7-2. Correlation coefficients of the displacement results with topography oveutheasea, for each time step
at which the displacement is available. From top to bottom the displacement of the original SAR elaboration, and
moving downwards the corrections resulting from CSS with one to three iter&ionise title: Standard deviatiand
Mean of the correlation coefficient

The mean values in Figufg2 indicates a slight decrease in correlation with topography as the
number of iterations in the CSS increases while the standard deviation increases slightly. The
correlation with thedpography therefore remains high in all the three elaborations even if an increase

of the iterations favors the decrease of it.

Regarding the use of GACOS in combination with CSS, the coefficients are shBignra7-3.
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Correlation coefficients in time between original displacement or residuals and topography
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Figure7-3. From top to bottom the correlation coefficients of the original displacement, and moving downwards the
different combinations of corrections have been applied: CSS with one to three iterations in combination with GACOS.
On thetitle: Standard deviation and Mean of the correlation coefficient

For the correction in combination with GACOS, the increase in number of CSS iterations leads to a
slightly lower average but also to an increase in the standard deviation doubling beteesardo

three iterations. The worsening is especially visible in the period between July and October 2018 and
between October 2019 and the end of the time series.

Finally, Figure7-4 presents the coefficients for processing with the topography regression wi

different window sizes in combination with one iteration of CSS.
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Correlation coefficients in time between original displacement or residuals and topography
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Figure7-4. Correlation coefficients of the displacement results with topography over the study area, for each time step
whenthe displaement is available. From top to bottom the correlation coefficient of the original displacement in time,
and moving downwards the different combinations of corrections have been applied: CSS with one iteration in
combination with the regression with topaghy for different moving window size®n the title: Standard deviation

and Mean of the correlation coefficient.

The coefficients are very similar between the three calculations. The variation of the standard
deviation is practically zero (0.006) and ihtaree cases the absence of correlation of the residuals
with the topography it is clearly visible ,with values close to zero.

It therefore follows that the use of CSS alone is not enough and that the increase in iterations leads to
better results only inen used separately. GACOS manages to remove much of the correlation with
topography but the best result is achieved by combining it with CSS. The lowest correlation is
obtained by linear regression with topography in combination with CSS. Independentlyhie

choice of the window size, all three calculations have values close to zero.

7.2 Standard deviation

As next step, the standard deviation of the redgdbetween the SAR time series of displacement of
the points closest to the GPSs and the time sefilse GPS stations was calculated, in order to

evaluate quantitatively which is the processing that leads to a time series closest to the GPS data.

Due to the presence ghpswithin the GPS time series, it was not possible to compare the entire
study peiod for all stations. The standard deviation was then calculated only over the period in which

the GPS data of each station are present to obtain values that were as real as possible.
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To do this, time gaps equal to or greater than 30 days have beeniedeatifl the previous or
subsequent time period has been selected based on the time position of the gap. If the gap is presen
in the first half of the study period (January 2018 to January 2019) the useful data are those after the
gap. Conversely, if theap is present after the period between January 2019 and January 2020, the
useful data are those preceding the gap. It was also checked that there was not a gap equal to or greate
than 2 days within the 10 days from the end of the gap or from the begofrimgtime series. The

time series were then interpolated with the same method used for the GPS reference station MT06
and referred to the first useful date.

The BARC station is not present as it does not present data during the study period.

In addition stations whose distance from the nearest point obtained by SAR processing 8koeeds
have not been taken into account. This is the case of stations PAS2 and MGRD whose nearest points
are located about 13 km and 4.5 km distant, respectively. Suchdggtaices make comparison

useless.

Table7-2 summarizes the periods under consideration for each GPS station.

Station  From To Total (year, month, day
TAMB 08-01-201807-08-2019 1y 6mo 30d
CANV 21-03-201829-12-2019 1y 9mo 8d
PORD 08-01-201826-06-2019 1y 5mo 18d
VITT 14-01-201802-07-2019 1y 5mo 18d
MT11 01-08-201929-12-2019 4mo 28d
BLO1 14-01-201819-06-2018 5mo 5d
BRSE 01-02-201804-12-2018 10mo 3d
SUSE 08-01-201829-12-2019 1y 11mo 21d
VAL7 24-08-201802-07-2019 10mo 8d

Table7-2. GPS station name and period and length of available data used for the comparisoetodht SAR
scatterer.

Once the standard deviat®between SAR scatterer and GPS station time series were calculated, it
was possible to create a ranking of the best calculation approach and calculate the difference between
the one that shows the lowestlues and the others for each GPS station. TaBIehows the best

five elaborations.
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GPS First Second Third Fourth Fifth std_First Second-FirstThird-First Fourth-First Fifth-First

TAMB GACOS_CSS2 GACOS_CSS1 Regression_500_CSSRegression_500_ CSS2 GACOS_CSS3 5,45 0,02 0,03 0,03 0,04
CANV Regression_1000_CS3$3egression_500_CS3egression_1000_CSS2egression_500_CSIRegression_1000_CSS12,63 0,01 0,01 0,05 0,06
PORD GACOS_CSS1 GACOS_CSS2 GACOS_CSS3 Regression_1000_CS®&egression_1000_CSS23,4 0,1 0,42 0,54 0,54
VITT Regression_1000_CS&egression_1000_CSSRegression_500_CSFRegression_1000_CSSFBegression_500_CS524,65 0,03 0,05 0,13 0,15
MT11 Regression_2000_CSSegression_500_CSSRegression_500_CSSRegression_500_CS33 Regression_500 2,61 0,03 0,05 0,15 0,22
BLO1 Regression_500 Regression_1000_CSSRegression_500_CSRegression_1000_CSS2egression_500_CS32 2,68 0,06 0,07 0,08 0,11
BRSE  Regression_500 Regression_1000_CS$egression_500_ CS51 GACOS_CSS1 Regression_1000 CSS23,82 0,02 0,04 0,06 0,2
SUSE CSS3 CSS2 Regression_2000_CS®egression_2000_CS&egression_2000_CSS24,04 0,08 0,08 0,09 0,1
VAL7 Regression_1000_CS®egression_1000_CS&agression_1000_CSJ3egression_500_CSSRegression_500_CS324,24 0,02 0,08 0,17 0,22

Table7-3. Standard deviation between the GPS station and the nearest SAR scatterer. The SAR time series have been
comected with different methods of atmosphere corrections, as explained above. The values@i®aad 2000

indicate the size in pixels of the window used for regression with topography. CSS1, CSS2 and CSS3 indicate the
number of iterations used withSS. The standard deviations are expressed inlmthe last four columns there are the

di fference of the standard deviation values between th

From the calculation of the standard deviattas possible to observe that the processing carried out
with the regression in combination with CSS shdhe lowest deviations for most GPS stations. In

the cases of CANV, VITT and VALY the first five positions are all occupied by these elaborations.
From the differences in standard deviation between the processing that shows the lowest value and
the others that follow, it can be noted that for the CANV station the differences are minimal reaching
the value of 0.06 mm between the first and the fifthecWiTT and VAL7 show slightly higher
differential values and absolute values around 4 mm. This may be due to the lack of some data in the
time series that interpolation failed to correctdaeto atmospheric noise that the algorithms failed

to correct.

Processing with GACOS in combination with CSS is better for TAMB and PORD stations. For
TAMB, the difference with the other processing approaches is really minimal but the standard
deviation remaingenerallyhigher than the other stations perhaps becausabanomalous peak at

the beginning of the GPS time series shown in Fi§ut& The distance of 1.4 km between the station

and the nearest point could also play a role. For PORD, the differences are larger and in processing
using GACOS in combinationitih CSS it is possible to observe an increase in the standard deviation
as the iterations increase. However, processing using regression with 1000 pixel window in

combination with CSS shows relatively close values.

For MT11, BLO1, BRSE and SUSE the diffeces between the processing approaches are practically
zero. For SUSE, whose absolute values of standard deviation are among the thighestessing
with CSSonly appearsn first position Again, the distance to the nearest point (1.8 km) may have

played a key role.

Summarizing, in all stations, among the top five positions, always appears at least one processing
carried out with the regression in combination with CSS. This indicates that the values chosen for the
size of the window with which to perfm the regression can be considered good, especially with

regard to the use of the 1000 and 500 units window.
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However, the differential between standard deviations shows low values especially for some stations.
Absolute values range from about 5.5 mm fog TAMB station to 2.6 mm for the CANV, MT11
and BLO1 stations.

The distance, even of several kilometers, between the GPS stations and their nearest points could play
arole in the values of standard deviation except for MT11 which despite having aalaftar km

from the nearest point, shows a value of 2.6 about mm.

We note the absence in top 5 rankings of a processing carried out using only GACOS correction, that
is obviously not able to completely correct atmospheric noise. The combination witre&33d

better results especially for PORD. As for TAMB, the anomaly at the beginning of the time series
and the distance with the nearest point may have played a fundamental role given also the standard

deviation value that is the highest of all the staianalyzed.

Given theoutcomes presentead Table 7-3, linear regression was chosen as the best processing
approach using the 1000 unit window, in combination with iteration of CSS (named
Regression_1000_CSS1). In fact, this processing is among ttepnegsent in the best five results
along with those made with window 1000 and two iterations of CSS, window 500 with one and two

iterations of CSS. It also has slightly lower values than the others.

Obviously the processing carried out without applyingagpheric corrections is not present in the

five best results. However, in Tallel it is possible to appreciate the improvement achieved by using

it as a reference and comparing it to Regression_1000_ CSS1. The standard deviation of SAR to GPS
is in the ader of 15 mm, which reduces to about 5 or 3 mm, after the atmospheric correctamupeoc

developed in this thesis.

GPS std Original std Regression_1000_CS$Ratio

TAMB 15,54 5,55 2,8
CANV 13,75 2,69 51
PORD 11,99 3,94 3

VITT 11,88 4,65 2,6
MT11 15,73 3,08 51
BLO1 14,28 2,74 5,2
BRSE 14,79 3,84 3,9
SUSE 6,27 4,26 1,5
VAL7 10,36 4,24 2,4

Table7-4. The standard deviation of SAR to GPS with and without the atmospheric anrétiues in mm. The
correction procedure reduces the standard deviations from about 15 mm to 3 to 5 mm.

Calculating the ratio of the standard deviation values, obtained for each GPS station, of the processing

without making atmospheric corrections (Onigl) and those using linear regression with 1000 units
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window in combination with an iteration of CSS (Regression_1000_CSS1), there is a visible decrease
in values. The ratio indicates an improvement about 2.5 times to 5.2 except for the SUSE station
whichis about 1.5 times. As already mentioned, probably the distance from the nearest point caused
the increase of absolute standard deviation. Considering that the value of the original processing
standard deviation has the lowest value among all stati@entit one below 10, atmospheric noise

may not be very | arge, so the atmospheric cor

much.

7.3 Final residuals between atmospheric correcte®INSAR and GPS

To visually appreciate the differences thaisedetween the different algorithms of atmospheric
correction, in Figure7-5 the results of four elaborations are represented, superimposed to the

elaboration without effecting any atmospheric correction, related to the TAMB GPS station.

In addition, theGPS time series is shown, projected along the LOS of the satellite.
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Figure7-5. Comparison between the original displacement time series in LOS direction from SAR, and the time series
after the atmospheruorrections are applied, compared to the nearest GPS station (TAMB). The value Std dev is the
standard deviation between the atmospheric corrected SAR time series and the GPS. The corrections are as explained in
the following. CSS1: one iteration of CSSAGOS: the GACOS correction; GACOS_CSS1: the combined GACOS

and CSS1 correction; Regression_1000_CSS1: the combined regression with topography and the CSS1.

The results of the processing carried out without atmospheric corrections, present in all faair graph

of Figure 75 as a reference (in cyan), show very high deformation values that reach almost 50 mm.
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The difference with the GPS time series, in red, is definitely remarkable. With regard to the GPS time
series, the large peaks at the beginning of the senes observed in Figu6el3 for station TAMB
acquire significantly smaller values due to the interpolation carried out.

In the upper left of Figuré-5 it is possible tappreciate the effect of CSS with an iteration that exerts

a sharp decrease in #esing of the original SAR data, but the result remains constantly shifted
throughout the time. In the upper right of Figidr®g the time series of the processing performed using
GACOS shows a reduction of this shift, but the scattering is greater agmatessing with CSS.
Probably GACOS is not able to completely reduce the effect of the turbulence at local level and this

is why the residual reaches very large values.

A much better result is achieved by using the combination of GACOS with CSS wiiter@tien,
shown in the lower left of Figuré-5. The peaks are reduced and the shift is also reduced bringing
the standard deviation to the best value among the proposed results.

Using linear regression with the 1000 unit window in combination with C88one iteration, shown
in the lower right of Figur&-5, a slightly higher standard deviation value is obtained but it is still a
remarkable result when compared to processing without atmospheric correction.

Another example, for the VITT station, is shoimrFigure7-6.

Comparison between original displacement, residuals and GPS VITT
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Figure7-6. Comparison between the original displacement time series in LOS direction from SAR, and the time series
after the atmospheric corrections are applied, compared to the nearesta@HS(VITT). The value Std dev is the
standard deviation between the atmospheric corrected SAR time series and the GPS. The corrections are as explained in
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the following. CSS1: one iteration of CSS; GACOS: the GACOS correction; GACOS_CSS1: the coBhiOs
and CSS1 correction; Regression_1000_CSS1: the combined regression with topography and the CSS1.

For the VITT station the four elaborations show an improvement over the one without corrections.
This station is less noisy compared to TAMB, as thgial processing shows especially between
January and April 2018 and between October 2018 and April\2A&8all the processingrocedures

show a good overlap with the time series of the GPS station. In the period between April 2018 and
October 2018, hower, there is a greater difference than the GPS station and the algorithms are not
able to perfectly correct the noise shown in the original processing. CSS is still able to remove most
of the noise even where GACOS falils.

As a last example the CANV statiags shown in figur&@-7.

Comparison between original displacement, residuals and GPS CANV
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Figure7-7. Comparison between the original displacement time series in LOS direction from SAR, and the time series
after the atmospheric corrections are applied, compared te#nest GPS station (CANV). The value Std dev is the

standard deviation between the atmospheric corrected SAR time series and the GPS. The corrections are as explained in
the following. CSS1: one iteration of CSS; GACOS: the GACOS correction; GACOS_C8&Sbnbined GACOS

and CSS1 correction; Regression_1000_CSS1: the combined regression with topography and the CSS1.

For the station CANV, as shown in Figuf€, CSS is able to remove almost all the noise both used
individually, in the upper left, and in cdmmation with regression, in the lower right. Regression
seems to favor the correction by bringing the standard deviation below 3 mm. GACOS, in the upper
right, is not able to attenuate the noise like for the other elaborations and indeed worsengitime situa

with a peak that goes beyond the 40mm between July 2018 and January 2019.
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It is worth noting that CSS bases its estimation of atmospheric noise on the difference between
interferometric pairs that share a common date. As mention€hapter3, the acuracy of the
estimate decreases towards the ends dfrtieeseries Among the stations shown by example, VITT
shows a marginal noise at the beginning of the time series and CSS used individually can perform a
good correction. TAMB instead has more nasé it is possible to notice a constant shift in the time
series. As for CANV, instead, the time series begins in March 2018 and then the previous data were
deleted by referring the others to the first useful date.

The original SAR time series and the wais approaches of correcting them is shown in Figt8e

in a single plot.

Comparison between original displacement, residuals and GPS CANV
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Figure7-8. Comparison between the original displacement time series in LOS direction from SAR, and the time series
after the diffeent approaches of atmospheric corrections are applied, compared to the nearest GPS station (CANV). For
the codes of the different approaches see caption of Figire 7

Figure7-8 shows the time series of the original processing and the ones made usingliZg8&ally

and in combination with regression. The missing GPS dates, shaded in grey, acquire the value given
by the interpolation showing a straight line if the tigagexceeds the window used for the regression,
which is five days. It is worth notintpat the GPS time series is shown only to give a reference as the
initial values of the series do not correspond to the actual movement. The original series instead can
give indications on the amount of atmospheric noise as values that are far fromiggest she
presence of noise. This is the case of the first four dates of the time series, shaded in gray, in which
the processing carried out with the sole use of CSS fails to correct the noise shown by the original
series, resulting in an overlap of theries. From the fifth date, however, there is a marked difference
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between the two time series. In general, however, there is a significant difference with7Figure
CSS here shows a shift that remains constant over time that is created at the begitharigne
series. CSS in combination with regression instead manages to remove that signal shown by the

original processing keeping close to the GPS time series.

From this it can be deduced that CSS does an excellent job in the correction of the atdsiatye

The constant shift is given by a not perfect correction at the beginning of the time series but
eliminating the first dates the result improves. GACOS, on the other hand, fails to correct the turbulent
component, shown by the large peaks thaiaia in the time series, but probably manages to correct

part of the stratified one, obtaining better results thanks to the help of CSS.

The use of regression helps to correct, at least partially, the initial atmospheric noise that CSS cannot

remove returimg good results towards the ends of the time series.
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Chapter 8 Observed atmospheric loading

In chapter5.4 the EOST calculation service of atmospheric, hydrologic and oceanic loading was
mentioned, and in Figur@-10 the three components (up,rttoand east) of the time series of the
reference station MT06 and the ntitial loading (atmospheric, oceanic and hydrologiced)s

shown Hereg | discuss the loading effects in major detail.

To better observe the impact that the loading components habve @eformation measured by the
GPS, in Figure-1 the time series of the reference station MTO6 projected in LOS and interpolated
are shown. The interpolation was done with a-fiag window regardless of the sampling of the time
series that for atmosphc loading is 3 hours, for the oceanic is daily, and for the hydrological loading
is 6 hours.

MTO06
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A 'rl ""“ =“ . “\ “/ "\(‘ [\/\j
I \/ v ; v

- . | v A
i WS :

1 <:'_

Displacement [mm]
(5]

| | | | | | |
-20
Apr 2018 Jul 2018 Oct 2018 Jan 2019 Apr 2019 Jul 2019 Oct 2019

Time

Figure8-1. Time series of GPS reference station MT06 projected to LOS, deformation patterns dutidalnon
loadings. In red the model of atmospheric loading, in green the oceanic and in magenta the hydrological loading
retrieved from the EOST calculation service.

Among the three loading components, the atmospheric one determines the largest deformation with
values up to 8 mm. The time series is very irregular regardless of the season. The oceanic component,
however, has a very limited effect on the deformation, given the distance from the coast, but still
reaches 2 mm amplitude. The hydrological loading shosesaonality at least as far as there is data
(August 2019) reaching 5 mm displacement. The highest values are reached between September anc
November. However, we note a growth from April while the minimum values are reached at the end

of the winter period.

87



The displacement signal measured by the GPS contains the deformation induced bytith@ non
loading components in addition to the tectonic one. In order to observe a specific component, the
others must therefore wemovedeven if the signal measured the GPS also contains unmodeled
deformations. In fact, the loading models have a resolution of 0.5° and it is therefore not possible to

remove the local components.

Figure8-2 shows the time series of the MT06 station to which the atmospheric and doeaimg

components have been removed. The series is compared to the hydrological model.

MTO06 with atmospheric and ocean loading removed
I I I
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Figure8-2. Time series of GPS reference station MTO06 projected to LOS corrected with the EOST calculation service
for atmospheric and ocean loading (GPS in the figure). The hydrological loading is shown in red.

The GPS time series of MT06 corrected for atmospheric and oceanic loading is very variable in time
and there is little resemblance with the time series ofytielogical loading (in red). Net of tectonic
deformation, differences can also be given by local components not visibleginlaéydrological
time-series and not completely removed from atmospheric and oceanic models. In the corrected series
of GPS here is a seasonality with the minimum peaks between April and July, very marked in 2019.
This seasonality seems to be sligftlgne-shifted with respect to the seasonality of the hydrological
loading. The trend of the series is similar if the period betwéuly 2018 and January 2019 is
considered and between July 2019 and the end of August 2019, when the time series of the
hydrological model ends. In fact, net of a vertical shift, given by the period before July 2018 and the

peak between April and July 29, both series show a linear increase in values.
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Even by removing atmospheric and oceanic loading patterns, it is difficult to observe the hydrological
loadingcomponeneitherdue tothe presence @ftectoniccomponent, or due to natlequateness of
the hydrologic componentThe principal component analysis was then calculated to better observe

the individual components.

89



Chapter 9 Principal Component Analysis (PCA) of theDInSar time
series

In order to represent the DINSAR data spmee variability in compact form, the Principal
Component Analysis (PCAHannachi et al., 2007; I. Jolliffe, 199@)as performed, with which
Empirical orthogonal functions (EOF) are calculatétle PCA is perforrad across the area to
analyze and describe tlobdserveddisplacements in time. PCA is a technique commonly used in
meteorology and climatology but has also been used for the analysis of deformation, and in particular
in the analysis of cgeismic crustal eformation(Neha & Pasari, 2022)

Several variations of conventional PCA have been developed, as described for instdlitfe endo
Cadima(2016) but conventional PCA has been used in this project.

The PCA is a method that allows to decompose the time series of displacement in its main components
of spatial and timeariallity, reducing the amount of information to represent the data, and allowing
to analyze the temporal variation of regions which share a similar time variation. These principal

components are ordered in terms of their relative contribution to signal variance

From the PCA we obtain spatial patterns (EOFs, Empirical orthogonal functions), which are sorted
according to the amount of variance in the dataset they describe, and the PCs (principal components)
which are the temporal modes that must be multiplied thié EOFs to reproduce the time variation

of each EOF. The sum of these multiplications reconstructs the time series of displacement of each

point on the map.

The total number of PCs are equal to the number of INSAR acquisitions in time, in our cadee118.
first six PCs and EOFs were analyzed since they reconstruct almost perfectly the time series
displacement (99% using the correction of the GPS station MT06 and 88.4% without the
correction). Here the correction of the LOS displacements with the @&#$MT06 means that we
normalize the LOS movements, which are relative to the reference point collocated on station MTO6,
with the station movement of MT06 projected onto LOS. We had introduced this procedure to be able
to make the coherence analysigte LOS movements with the closest GPS station. With the MT06
correction, the first P@epresents 98% of variance ofthe time series and the second component
2.1%. If the correction is noapplied that is the PCA analysis is made on the time seri¢O&
displacements relative to the reference points, of which the movement is unknown, the first
component represents 39.6% while the second component represents. 24.4&/6ollowingwe
use the term Acorrectedo SAR,atiownMEOS is addesl torthe v e me
SAR reference point, and Auncorrectedo, when
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PCs and EOFs calculated in the two cases are very similar, with the second EOF and PC in the GPS
corrected case being almost the sawné¢he first EOF and PC of the uncorrected case. Given that the
first PC in the corrected case takes 97% of the amplitude, shows that the movement imposed by the
station MTO6 is greater than the relative variability calculated respect to the referertcel po@

through the INSAR analysis.

The first principal mode explains most of the measured signal in the corrected and uncorrected case.
The other modes explain the residual variance that represents smaller fluctuations in the data set basec
on their percetage weight. We now present the results in detail showing the maps and time variations

of the PCs and corresponding EOFs.

9.1 PCA analysis of the LOS displacements corrected with GPS station MT06

The first six PCs are shown in Figuel, the corresponding EQFor the SAR pixek for which a

continuous time variation is available, are shown in Fige2e
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Figure9-1. First six PCs of the PCA analysis applied on the LOS time series corrected with the movahe@Rb
station MT06. These six PCs explain 99.7% of the entire displacement. Next to every PC number there is the relative
percentage.

The PC1 shows a behavior very similar to that of the GPS station MTO06. It repres8¢isndihe

time variability of he LOSsignal The high correlation with the time series of MT06 stems from the

fact that the entire displacement time series has been corrected with the MTO6 time series in order to
compare the displacement series to the GPS. It also shows that tive reatbility in time of all
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the SAR reflectors is smaller than the movement of MT06, and therefore only marginally influences

the time variation of PC1.

The PC2 shows iaearlinear trend of247units/yr over the tweyear period of time considered. With

a decreasing linear variation, where the EOF are positive, the linear velocity will produce a decrease
of the LOS values, and where the EOF are negative, the velocity will produce an increase in LOS.
Considering that we are looking at the ascending LO&galwith the convention that negative LOS
values point East and down, the EOF values that are positive correspond to a velocity toward East
and down, whereas the negative EOF values correspond to a movement towards West and up.
Observing the EOF map, wartobserve that the largest values of EOF 2 are limited to the area north

of the Santa Croce lake, and the sign of the EOFs are opposite on the eastern and western side of the
valley. The western side is therefore moving down and East, the westernsaleérig up and West.

Given that we are only observiagpng LOS component, the movement is the projection of the real
velocity along the LOS direction, and can therefore either be with a prevalent vertical or horizontal
direction.

The PC3 shows a yearly vation as well as the PC6, but the maxima and mirarephase shifted

by a few months. The maxima of PC3 are on days 10 to 25 July, and the miniri®aaluary,
whereas theninimaof PC6 are on 18 September or 5 November, anththémalocated at 21a 24

april. The combination of both represent a seasonal variation, as is found for rainfall and hydrologic

level variations.

Corresponding to each PC,kigure9-2 and following the spatial pattern of the EOFs is shown. The
PC1 signal is present on ttviole map rather homogeneously, confirming the fact that the amplitude

of the imposed movement of MTO6 is rather strong compared to the relative variability of the LOS
across the maps. The values are all negative, and vary beve@hand-6 10° m. The distribution

seems quite homogeneous, and it is difficult to discern patterns suggesting a geologic correlation.
That all scatter points have the same negative sign, means that the time variation of the PC1 is found
on all scatterers, but with reverssign. The amplitude of the movement is in the order of several

mm.
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Figure9-2. Representation of the first EORiode. Each dot shows the position of pixel for which a coherent time
variation of the SAR tira series is availabl®&lack dots represent the perneainGPS sites in the arelaOS time series
corrected with the movement of the GPS station MT06

As for the successive EOFs 2 to 6, a different colormap is used to highlight the signals for each map

andthey can be seen Figures9-3to 9-7.
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Figure9-3. Representation of the second EOF2 mode. Each dot shows the position of pixels for which a coherent time
variation of the SAR time series is availableeTEOF value is close to zero over the entire map, except for tte area
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north of the Santa Croce lgksouthwest of PORD and norttvest of BLO1 Here the values have opposite sigDS
time series corrected with the movement of the GPS station MT06

The vdues of EOFZFigure 93), related to the linear signal of PC2, is very noticeable to the north
and northwest of MT11, that is north of the Santa Croce lake. The different color indicates an opposite
movement with the same trend. It is possible to noticthér a smalpositive area southwest of

PORDand northwest of BLO1 Here again a downward and/or eastern movement is found.

As for the area north of MT11, the values are positive so the negative trend of PC2 remains
unchanged. This highlights a movemantay from the satellite. The same applies to the small area
to the southwest of PORBNd northwest of BLO1 To the nortkeast of MT11, the values are

negative, outlining an opposite trend.
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Figure9-4. Representation of the third EOF3 mode. Each dot shows the position of pixels for which a coherent time
variation of the SAR time series is available. PC3 has a yearly variation, which is maximum rfQRilyme series
corrected with the movement of the G§t&tion MT06

In EOF3, related to PC3, we still notice relatively high values in the area north ancasirtbf

MT11. In the north, however, the signal is not so marked. Over the map the amplitudes vary between
-0.02 and + 0.02 m. It is difficult to disrn a coherent geological signals, rather there are patches that
show coherent values, as for instance at CANV, with moderately positive values. The southern and
eastern foot of the Cansiglio has generally negative values, with the exception of CANYth&ein

EOF3 a yearly variation, this observation could be related thatst water budget of the Cansiglio
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body. A opposite variation is found on the western flank of the Cansiglio, extending in a linear line

south and north of MT11. An extended negapuaéch is also observed in the plane, NEE of SUSE.

Figure9-5. Representation of the fourth EOF4 mode. Each dot shows the position of pixels for which a coherent time
variation of the SAR time series igallable.LOS time series corrected with the movement of the GPS station MT06

The values of the fourth mode, seen through the EBigdire 95), are practically zero on the whole
area except for the small localized area southwest of PORD, also ideintié&d2, and an isolated

spot southwest of MT11.
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