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Space techniques based on GPS and SAR interferometry allow measuring millimetric ground
deformations. Achieving such accuracy means removing atmospheric anomalies that
frequently affect volcanic areas by modeling the tropospheric delays. Due to the prominent
orography and the high spatial and temporal variability of weather conditions, the active volcano
Mt. Etna (italy) is particularly suitable to carry out research aimed at estimating and filtering
atmospheric effects on GPS and DINSAR ground deformation measurements. The aim of this
work is to improve the accuracy of the ground deformation measurements by modeling the
tropospheric delays at Mt. Etna volcano. To this end, data from the monitoring network of 29
GPS permanent stations and MODIS multispectral satellite data series are used to reproduce
the tropospheric delays affecting interferograms. A tomography algorithm has been developed
to reproduce the wet refractivity field over Mt. Etna in 3D, starting from the slant tropospheric
delays calculated by GPS in all the stations of the network. The developed algorithm has been
tested on a synthetic atmospheric anomaly. The test confirms the capability of the software to
faithfully reconstruct the simulated anomaly. With the aim of applying this algorithm to real
cases, we introduce the water vapor content measured by the MODIS instrument on board
Terra and Aqua satellites. The use of such data, although limited by cloud cover, provides a
two-fold benefit: it improves the tomographic resolution and adds feedback for the GPS wet
delay measurements. A cross-comparison between GPS and MODIS water vapor
measurements for the first time shows a far agreement between those indirect
measurements on an entire year of data (2015). The tomography algorithm was applied on
selected real cases to correct the Sentinel-1 DINSAR interferograms acquired over Mt. Etna
during 2015. Indeed, the corrected interferograms show that the differential path delay reaches
0.1 m (.e. 3 C-band fringes) in ground deformation, demonstrating how the atmospheric
anomaly affects precision and reliability of DINSAR space-based techniques. The real cases
show that the tomography is often able to capture the atmospheric effect at the large scale and
correct interferograms, although in limited areas. Furthermore, the introduction of MODIS data
significantly improves by ~80% voxel resolution at the critical layer (1,000 m). Further
improvements will be suitable for monitoring active volcanoes worldwide.
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INTRODUCTION

Measurements of ground displacements play a key role for
understanding geophysical processes, especially in active
volcanic areas. In volcano geodesy, the global positioning
system (GPS) is widely used for this purpose in
combination with the differential interferometry synthetic
aperture radar (DInSAR) technique. The interferograms are
obtained through the difference between two SAR images
acquired in two different periods with the same viewing
geometry. Expressed in values of phase rotation of the
backscattered radar wave, they are the measurement of the
differential path delays in the line of sight (LOS), imaged
according to a grid related to the sampling frequency (Ulabay
etal., 1981; Massonnet et al., 1993). The differential phase can
be estimated with an accuracy of a few degrees; therefore,
DInSAR can measure differential propagation delay with
millimetric accuracy as in the case of the C-band synthetic
aperture radars of the European Sentinel-1 satellites. Changes
in the delays can be due to ground deformation, changes in the
path delay in the troposphere, or other causes. When using
DInSAR to measure ground deformations, the tropospheric
delay is in general the most significant effect and the most
difficult to correct (Zebker et al., 1997; Delacourt et al., 1998;
Williams et al., 1998). It is an integrated function of pressure,
temperature, and humidity along the ray path. In the domain
of X-band, C-band, L-band, and GPS signals, it does not
depend on the frequency. GPS has amply demonstrated to
be applicable to measure the integrated amount of water vapor
in the atmosphere (Bevis et al., 1992; Tregoning et al., 1998;
Gradinarsky and Jarlemark, 2004; Nilsson and Elgered, 2007;
Champollion et al., 2009; Notarpietro et al., 2011; Chen and
Liu, 2014; Benevides et al., 2015b; Benevides et al., 2016).
Yuval et al. (2015) propose the use of dense regional GPS
networks for extracting tropospheric zenith delays and
ionospheric total electron content maps in order to
produce tropospheric and ionospheric correction maps,
respectively, for InSAR images. By measuring the
integrated amount of water vapor in several directions
from a number of locations in a local GPS network, it is
possible to estimate the 3-D structure of the atmospheric
water vapor by applying a tomographic method. This
technique is known as GPS tomography (e.g., Flores et al,,
2001; Champollion et al., 2009). Different works have
described GPS tomography experiments aimed at sounding
the atmosphere in time, that is, 4-D tomography (Flores et al.,
2000; Perler et al., 2011; Benevides et al., 2018). Others have
considered additional measurements (e.g., remote sensing
data from different types of satellites or different
constellations) to enhance the accuracy of the tomography
(e.g., Benevides et al., 2015a; Heublein et al., 2019; Zhao et al,,
2019). The orography of the studied area plays a key role in the
resolution capabilities of the technique (Flores et al., 2001).

Here, we focus on the case of Mt. Etna volcano (Italy). This
high volcano (more than 3,300 m a.s.l.) has a prominent and
complex topography. With the Mediterranean Sea to the east and
exposed to dominant winds from/on the west, it has varying
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microclimates on its different flanks. Several studies have been
carried out on Mt. Etna to estimate and correct the tropospheric
delay in SAR interferograms, using various approaches: 1)
empirical data to predict atmospheric conditions through
numerical models (Delacourt et al., 1998; Webley et al., 2004),
2) use of the relation between InSAR phase and elevation
(Beauducel et al., 2000), 3) use of the tropospheric delays
derived from GPS analysis (Wadge et al., 2002; Aranzulla and
Puglisi, 2015).

In this work, for the first time, an entire year of GPS
tropospheric delays has been combined with integrated
water vapor contents measured with MODIS instruments on
board Terra and Aqua satellites in order to calculate the
tropospheric spatial and temporal variability delay. The use
of MODIS data in the tomographic modeling of the
troposphere has proved to be fruitful by Benevides et al,
2015a. However, in this study, we expand this approach in
very harsh experimental conditions dominated by the
prominent topography of Mt. Etna. The Earth Observation
(EO) data are the only ones that can be systematically used for
water vapor content measurements over Mt. Etna. Following
Kdmpfer (2012), operational techniques for water vapor
retrievals include ground-based instruments (microwave
radiometer, Sun photometer, Lidar, and FTIR spectrometer),
in situ methods (radiosonde and airborne instruments), and
remote sensing (IR, and visible and microwave sensors). This
last technique allows global coverage, but no retrievals can be
obtained during cloudy and rainy weather (for visible and IR
sensors) or over land (for microwave sensors). During a series
of weather conditions, it was recognized that the coverage by
terrestrial measurements is insufficient to correctly
characterize the three-dimensional water vapor field (Bernot
et al, 2014). Moreover, in the case of Mt. Etna, in situ
radiosonde data are not available, and the closest daily
soundings are performed at Trapani, 220 km to the west of
Mt. Etna (Wadge et al., 2002).

The fact that the SAR satellites are side-looking radar makes
the need for accurate tropospheric tomography more critical than
the case of radar systems measuring at nadir where the lateral
heterogeneities require only along track correction. In DInSAR,
the radar observes the scene through an off-nadir angle ranging
between 20° and 40°, depending on the satellite system used.
Starting from the previous studies (Bonforte et al., 2001; Bruno
et al., 2007; Aranzulla and Puglisi, 2015), we propose a refined
method to obtain an accurate tomography of the lower
troposphere, specifically tied to the delays measured by the
network of permanent GPS stations deployed around Mt.
Etna. We use an algorithm commonly used in tomography
based on linear regularized least squares (RLS) (Tarantola,
2005) to which we add an adaptive step to tune the algorithm
automatically and verify the tomography outcomes with
DInSAR data.

In the following, we first present the method to obtain the 3-D
refractivity field, and then the GPS analysis data and the MODIS
integration to obtain the tropospheric delay along any line of
sight, followed by the result and the comparison with Sentinel-1A
interferograms, from May to November 2015.
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THEORETICAL BACKGROUND AND
METHODS

The Refractivity

The refractive index # is a dimensionless complex number that
characterizes the velocity of light through a material. It is the
factor by which the speed of the radiation is reduced, at a given
wavelength, with respect to its speed in the vacuum. Its real part
corresponds to the propagation delay through the material, and
its imaginary part corresponds to the amount of absorption loss.
Its value depends on the frequency of the considered wave. For
the atmosphere, the highest values of n are reached for waves
between 50 and 70 GHz, and it remains almost constant for waves
below 20 GHz (Karmakar, 2017; Balal and Pinhasi, 2019). In the
domain of space geodetic instruments (below 20 GHz), the
refractivity index can then be considered frequency
independent. The absorption does not significantly affect the
propagation delay in GPS and DInSAR, and it can be neglected
(Curlander and McDonough, 1991; Hofmann-Wellenhof et al.,
2001). The refractive index 7 in the atmosphere assumes values
very close to 1; thus, it is usually replaced by the so-called
refractivity N which represents the departure of the refractive
index » from unity, expressed in parts per million:

N=10(n-1) (1)

In the neutral atmosphere (i.e., excluding the effects of charged
particles), the real part of the refractivity N is a function of
temperatures and densities of atmospheric gases (Debye, 1929;
Essen and Froome, 1951). The refractivity applied to GPS signal
has the following expression (Rueger, 2002a; Rueger, 2002b;
Healy, 2011):

P
T

Pw
T

N =k ke kBN, @)
where p, is the total pressure of dry air (expressed in [hPa]), T
the atmospheric temperature (expressed in [K]), p,, the partial
pressure of water vapor (expressed in [hPa]), and k;, k,, and k;
the empirical constants determined in the literature by
laboratory measurements (Thayer, 1974; Hill et al, 1982;
Bevis et al., 1994; Rueger 2002a; Rueger, 2002b). For k, and
ks, we use the numerical values of 71.2952 K/hPa and 375463
K’/hPa, respectively (Rueger 2002a). The value of k; =
77.6904 K/hPa was computed assuming the worst 2015 level
of carbon dioxide concentration of 400 ppm. N, and N,, are
named hydrostatic refractivity and wet refractivity, respectively.
The hydrostatic refractivity Nj, depends only on the total density
of dry air, while the wet refractivity N,, depends on the partial
pressure of water vapor and the temperature. As the liquid water
droplets are very small (usually below 1 mm) compared to the
GPS wavelength (about 20 cm), their contribution to the
refractivity can be neglected even during heavy rains

(Solheim et al., 1999).

The Slant Path Delay

The optical path of an electromagnetic (EM) microwave in a
neutral heterogeneous medium, in the absence of free charges,
like the troposphere, is obtained from Maxwell equations
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considering the spatial component of the wave (Helmholtz’s
equation), which vyields the Eikonal equation (Nilsson et al.,
2013). The solution of the Eikonal equation therefore
corresponds to a geometric description of the propagation of
the wave. The slant path delay (SPD) is the difference between the
travel time of a signal from a satellite to a ground-based receiver
and the travel time that would occur if there were no atmosphere
affecting the signal propagation (Bevis et al, 1992; Hofmann-
Wellenhof et al., 2001). Considering that we can express the
delays in terms of variations in path length by dividing them for
the EM velocity, the SPD can be formulated as the following:

SPD = J [n(s)—1lds+ [S-G] (3)
where s is the actual path of the EM wave through the atmosphere
and n is the atmospheric refractive index, S is the geometric
length of the actual propagation path of the ray (Fermat principle
path), and G is the geometric length of the straight path of the ray
(vacuum path). The first term is due to the slowing effect, and the
second term is due to bending, which for an elevation angle
greater than 15° can be neglected (Ichikawa et al, 1995;
Hofmann-Wellenhof et al., 2001). We can use the straight ray
path and a linear inversion, which simplifies the tomographic
problem. Combining the Egs. 1-3, the SPD can be expressed with
the following equation:

SPD = 10*61 Nds = 10*61 (N + N, )ds =SDD + SWD  (4)

where SDD and SWD are “slant dry delay” and “slant wet delay,”
respectively. The SWD is caused by tropospheric water vapor along
the ray path, and SDD (larger than the SWD) by all other
atmospheric constituents (Rocken et al., 1995). The SDD can be
accurately modeled by using the pressure and temperature at the
ground level and the altitude of the ground (Hopfield, 1969). The
SWD is much more variable in time and space and is therefore
complicated to model accurately. For these reasons, here we
assume that we can estimate the SDD, and thus we consider the
SWD observables only to compute the wet refractivity tomography.

The Tomography Algorithm

The algorithm to calculate the tomography consists of different
steps summarized in the block diagram of Figure 1. The first step
is the tomographic geometry setup. Three key elements are
considered: the GPS satellites, the receivers on the Earth
surface, and the volume of the atmosphere whose refractivity
we aim to investigate. The tomographic volume is discretized into
a number of boxes (voxel parameterization) in which the
refractivity is considered constant. According to Eq. 4, the i-th
wet refractivity delay amount along the ray of the
satellite-receiver pair can be described by linear combination
of the crossed voxels refractivity.

SWD; =107 )" A;(N,); (5)
j=1

where SWD; is the wet delay of the i-th receiver—satellite pair, 71,0,
is the number of voxels, A;; is the length of the i-th ray in the j-th
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FIGURE 1 | (A) Block diagram of the processing chain. In yellow, the blocks with external data; in violet, the processing blocks; in green, the blocks with calculated
parameters from GPS and the block of final inversion for tomography calculation. (B) Zoom of the “damping choice” block: flow diagram of the algorithm to estimate a
damping factor for a robust tomography. The damping factor followed an iterative process: for each iteration, we selected the best damping factor (by L-curve) to
reconstruct a randomly perturbed model where real measured noise was added. The single L-curve was calculated in a fixed set of 10 damping values. At the end

of the process, the damping factor used for the real data inversion was the median of the ones obtained from the iterations.
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voxel, and (N,,); represents the wet refractivity value of the j-th
voxel. Summarizing the entire system of equations in a matrix
form, the following can be written:

SWD = 10"°AN,, (6)

Although the number of rays crossing the voxels exceeds the
number of unknowns, the linear system in Eq. 6 is usually
underdetermined. This is so because, for example, a voxel in
the grid may not be crossed and thus be undetermined. Then, we
introduce a regularization process, namely, damped least squares
approach (Tarantola, 2005), that minimizes the following cost
function:

|SWD - 10AN,|” + y[10N, | @

Minimizing the first term of the cost function (7) gives the
model that better fits the data in the least-squares sense. The
regularization term, although introducing biases in solutions,
penalizes large solution values; reduces variance, the mean
square error; and helps improve the prediction accuracy.

The “damping-factor” y controls the reduction of variance
against an increase of bias (Tarantola, 2005). The damped least
square has a closed form solution given by:

10°N,, = (ATA +yI)'ATSWD (8)

Where I is the identity matrix.

The most important part in the data inversion algorithm is the
choice of the best damping factor that balances solution variance
and bias, given the available data.

The “damping-factor” is usually set empirically, by running a
series of single iteration inversions aimed at exploring a wide
range of damping values, and plotting data misfit vs. model
variance L-curve method (Tarantola, 2005; Hirahara, 2000).

To make this choice robust to data changes, a Monte Carlo
sampling was introduced in the inversion algorithm (see
Figure 1B). In particular, for an inversion, 100 synthetic cases
are produced at first. Each case consists of a new model generated
from the actual a priori model by randomly selecting half of the
voxels and modifying the refractivity by superimposing random
values whose standard deviation is 10% of their a priori
refractivity values (hence, simulating sparse anomalies, difficult
to retrieve). For each of the new models, new GPS data are
simulated. The simulated data are then added with a Gaussian
noise with standard deviation of the same order of magnitude as
the associated uncertainties of current measurements. The best
damping factor for each synthetic case is retrieved as the
coefficient with the minimum residual norm and the
minimum norm of refractivity model which corresponds to
the point with maximum curvature on the L-curve (Hirahara,
2000; Tarantola, 2005). The final damping factor is chosen as the
median of the best factors retrieved from the synthetic cases. This
choice allows us to avoid extreme scattered solutions and make
solutions robust against changes in data, either GPS network
configuration and/or measurement uncertainties, as shown in
Aranzulla and Puglisi, 2015.

The N,, refractivity values were finally selected by the method
of Toomey and Foulger (1989) and for the Mt. Etna test site
(Aranzulla and Puglisi, 2015).

The Atmospheric Model

The atmospheric a priori model we use is divided into layers
where atmospheric refractivity varies only with the altitude. In
ideal experimental conditions, we can initialize the tomographic
model, by computing the refractivity at an arbitrary altitude using
the atmospheric measurements of weather balloons, through Eq.
2. In the case of Mt. Etna, the radiosonde data performed in
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Reference Frame (ITRF).

FIGURE 2 | (A) The permanent GPS stations over Mt. Etna volcano. 1,000 m contour lines are shown. (B) IGS stations included in the International Terrestrial

Trapani station are therefore not suitable to describe the actual
atmosphere around the volcano, which is located too far away.
To overcome this problem, we used two strategies, depending
on the data availability for the studied period. For this study, we
use the NCEP GFS 0.25° global forecast grid historical archive
(NOAA http://dx.doi.org/10.5065/D65D8PWK). In particular,
we extract the parameters of Eq. 2 relevant to the 26 physical
levels of the NCEP GFS grids, and compute the refractivity at
each altitude by averaging the values of adjacent pixels within
the investigation volume. However, if NCEP GFS grids are not
available, the model is able to predict T, p; and p,, at any
altitude, and then compute the refractivity profile for the a priori
model of atmospheric refractivity, starting from the
atmospheric measurements of pressure (p,), temperature
(Tp), and relative humidity (H,) at the ground level
(Saastamoinen 1972a; Saastamoinen, 1972b). Since we cannot
exactly know p,, at a defined elevation, we estimated a variation
range for that value. Since the highest value of p,, at each height

corresponds to the saturated water vapor pressure, we can
consider the two extreme cases: the first, called dry condition
(which estimates the hydrostatic refractivity Nj,) and the second,
called saturated condition (which estimates the Ny, + Ny ¢saturated)
term of refractivity). Thus, it is possible to calculate the
refractivity and consequently the propagation velocity
corresponding to different heights from sea level, for the two
limit conditions: dry and saturated. Consequently, we are able to
evaluate whether or not the refractivity tomography results are
physically acceptable solutions.

The Global Positioning System

Measurements

Since 2000, a continuous GPS array has operated to monitor the
ground deformations of Mt. Etna volcano (Palano et al., 2010).
The actual array consists of 42 stations that provide a dense
coverage of the volcano (Figure 2).
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Among the whole GPS array, we used a subset of 29 stations
where a full data archive is available for the studied period (2015).
The stations are equipped with low-multipath choke-ring
antennas, and we apply elevation-dependent corrections for the
antenna phase centers (Schmid et al., 2005). We processed the GPS
data using the GAMIT package developed by the Massachusetts
Institute of Technology (Herring et al., 2010). This software uses
double-differenced GPS phase observations to estimate for each
observing span (in our case 24 h) a single set of station coordinates
and orbital parameters together with piecewise linear models of
zenith tropospheric delay (ZTD) and gradients at each station.
Standard models for precession, nutation, Earth rotation, and solid
Earth and ocean tides are applied (IERS Conventions). The
motions of the GPS satellites are taken from the Final Orbits of
the International GNSS Service (https://www.igs.org/), which
typically have an accuracy of ~2cm. We processed our data
with the data from six surrounding IGS stations (Figure 2),
used as reference stations to tie our network to the
International Terrestrial Reference Frame (ITRF). Although
GAMIT’s output separately provides dry and wet tropospheric
delay, caused by the high spatial and temporal variability, only the
wet component is important for our purposes (Figure 1A). Zenith
wet delay (ZWD) is estimated during the GPS processing by
assuming a 2-h interval and interpolated through time by a
spline approach. Then, the delay along the line of sight between
the station and the satellite, slant wet delay (SWD), is computed by
properly mapping the zenith wet delay (ZWD) through the so-
called Vienna Mapping Function 1 (VMFI1) which improves the
quality of GPS solutions (Boehm et al, 2006). This estimation
process is overall summarized as “Vienna MF” in Figure 1A. We
included only data with elevation angle above 15° in order to
minimize multipath effects and errors in the mapping functions
because, at such elevation, the ray bending effect is negligible. The
first-order ionospheric delay is removed by forming the
“ionosphere-free” combination of the L1 and L2 phases. After
estimating station coordinates and atmospheric parameters from
the modeling of the double-differenced phase, GAMIT can
produce residuals for the undifferenced phases by estimating
clock corrections that the double-difference observations cancel
(Alber, et al, 2000). Although the undifferenced post-fit phase
residuals and SWD are suitable for atmospheric tomography, we
chose to use only the SWD data in order to have a more reliable
and stable estimation of the atmospheric effect to EM signal.

Moderate Resolution Imaging

Spectroradiometer Data and Integration

The MODIS (Moderate Resolution Imaging Spectroradiometer)
instruments operate on board the Aqua and Terra satellites. The
sensors collect data in 36 spectral bands within the range
04-144um and at different spatial resolutions (2 bands at
250 m, 5 bands at 500 m and 29 bands at 1km). The satellites
are operated by NASA (https://modis.gsfc.nasa.gov/) and cover the
entire Earth every 1-2 days; in particular, the Mt. Etna area is
covered two times per day, so these data are particularly suitable for
the aim of this study. NASA web services disseminate MODIS data
at different levels of processing as well as derived products for land,
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FIGURE 3 | IPWV map acquired by the MODIS on August 22, 2015 at
01:10 UTC. The red box indicates the area defined to perform the comparison
between MODIS and GPS IPWV. White pixels correspond to no data (clouds).

ocean, and atmospheric applications. The MODIS has the
appropriate absorption bands to retrieve water vapor content in
the atmospheric column (Spinetti 2004 and Buongiorno, 2007).
Here, we use the IPWV (integrated precipitable water vapor)
product of the multispectral EO data series that is stored and
delivered at 5 km pixel resolution. Figure 3 shows one of MODIS
IPWYV related to a night passage of the Aqua satellite for the day
August 22, 2015.

In order to add these IPWYV as observable in our tomographic
model of Mt. Etna (Figure 1A), we must first verify that they are
consistent with the IPWV values estimated from the processing of
our GPS data. The ZWD is directly proportional to Precipitable
Water Vapor by a factor calculated during GPS processing (Bevis
et al,, 1994). The comparison has been performed for the entire
year 2015 considering GPS and MODIS-retrieved water vapor
data at the same time as satellites pass. In particular, 612 Terra
and Aqua satellite acquisitions (both diurnal and nocturnal) were
employed in the comparison, and 33 stations of the overall
network were considered for GPS measurements.

The comparison was made by averaging the measurements within
a considered common area (box in Figure 3). The averages result
from all the pixels falling in the box for MODIS data and from all
acquisitions by the GPS stations within the same box. Figure 4 shows
the comparison results. MODIS data overestimate the GPS ones by
~7%, and the resulting Pearson correlation is equal to 0.91.
Considering these differences, it can be stated that the IPWV
measurements derived by MODIS data are usable as input for the
tomographic model. Finally, it is worth to note that only the clear sky
condition enables obtaining reliable IPWV measurements.

We used the daily IPWV data from the MODIS as input for
model of Eq. 6 together with SWD from GPS measurements
gathered every epoch throughout the day. The SWD was retrieved
every 2 h, and we considered the values interpolated by spline. In
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FIGURE 4 | Scatterplot of IPWV comparison between MODIS and GPS
of one year of data (2015).

particular, we considered the mean value of the interpolated SWD
in the range +15 min around the considered time of MODIS
acquisition.

Sentinel-1A DINnSAR Image
We performed a DInSAR analysis of C-band Sentinel-1-A data
referring to selected images acquired between 18 May and
November 26, 2015. These data are acquired from the Sentinel-
1A satellite operating under the Copernicus program of the
European Space Agency (ESA) available from https://scihub.
copernicus.eu/dhus/. The processed images were acquired in
TopSAR (Terrain Observation with Progressive Scans SAR)
Interferometric Wide (IW) mode (VV polarization; vertical
transmit and receive polarization), along the descending orbit.
The Sentinel-1A data were processed by GAMMA software
(Wegmiiller et al,, 2015), using a spectral diversity method, and a
procedure able to co-register the image pairs with extremely high
precision (<0.01 pixel). The interferograms were produced by
applying a two-pass DInSAR processing and multi-looking pixels
(5 x 1 in range and in azimuth) in order to maintain the full ground
resolution (11 x 13 m). The topographic phase was removed from the
interferograms by using the SRTM V4 digital elevation model (DEM)
generated by Shuttle Radar Topography Mission (SRTM) with three
arc-second ground resolution (about 90 m) (Jarvis et al,, 2008).

RESULTS AND DISCUSSION

The results are divided into two parts. The first subsection
concerns the synthetic tests aimed at evaluating if the problem
formulation is correct and if the implemented code is suitable to

Mt. Etna Volcano Water Vapor Tomography

map the refractivity field. In the second subsection, results of
selected test cases of 2015 are reported and discussed. Following
the results obtained in Aranzulla and Puglisi (2015), the
tomographies are computed by using a tomography volume of
54 x 54 x 10 km?, equally spaced in 7 x 7 x 5 voxels centered on
the summit craters of Mt. Etna. The tomographic volume setup is
shown in Figure 5. We set the lower layer at 1,000 m, rather than
2,000 m as in Aranzulla and Puglisi (2015), in order to maximize
the benefit of the use of MODIS data for improving the
information about the lowermost layer of the atmosphere
(i.e., that with the highest expected water vapor content). We
kept the same order of the tomographic matrix used in Aranzulla
and Puglisi (2015) (7 x 7 x 5 voxels) because it has proven to be
suitable for studying the atmosphere over Mt. Etna with a GPS
network composed by 30-40 stations.

The Synthetic Test

For applying the method described in The Tomography
Algorithm, we first need to compute the test’s tomography and
evaluate the quality of the results. The test has been carried out by
using GPS data only, by following the same approach adopted to
test a previous tomographic tool implemented by Aranzulla and
Puglisi (2015). Because water vapor circulates in the form of
bubbles or masses in the atmosphere, we assumed a bubble
anomaly structure (i.e., a discretized volume having a shape
similar to a bubble), in which the wet refractivity varies by
25% from the surrounding space, with respect to the
maximum allowed range (peak to peak value) of the modified
layer. Starting from the position of satellites, GPS receivers and
the refractivity field containing the “anomaly” (Nerturved), for the
i-th ray, we computed the theoretical slant wet delay
(SWD,erturvea) by using Eq. 5 and then, to simulate actual
data, adding the noise according to the following equation:

SWD,gisy = SWDjerturbed + no0ise (%, no) 9)

We added a normally distributed random noise of 10% within
20, that is, about twice the typical GAMIT SWD error magnitude.
The SWD,,,;s, represents the perturbed and noised slant wet delay
value of the ith ray inside the tomography volume. Coming from
Nperturveds SWD,,0i5, contains the effect of the set perturbation.

Figure 6 shows the tomography results of the bubble structure
synthetic test obtained, assuming the GPS array geometry of
October 8, 2014 (28 operational stations). By adopting the
approach described in Aranzulla and Puglisi (2015), the
damping factor value is 18,400, and the spread function (SF)
threshold above which the results are valid is 0.8. Figure 6A
shows the values of the wet refractivity field (tomography) for all
the voxels, while Figure 6B shows the matrices of the assumed
perturbation model (bubble) and the tomographic results.
Figure 6 allows comparing the tests performed in a synoptic
way. The result of the tomography is consistent with the assumed
model, that is, the tomography reveals the right perturbations in
the right place. The expected (modeled) and estimated
(tomographic) values of the refractivity are coincident at the
layers 1,000, 5,000, and 7,000 m. Robust conclusions cannot be
drawn at the highest and lowest layers. Indeed, at the layer
1,000m, only one result is acceptable within the fixed
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FIGURE 5 | 3D Tomographic model 3-D setup; the volume size of 54 x 54 x 10 kmis equally spacedin 7 x 7 x 5 voxels centered on Mt. Etna’s summit craters: (A) whole
volcano (red dots represent GPS stations); (B) layers on the eastern flank; (C) layers on the northeastemn flank; (D) Nadir view. The blue dots represent the voxel centers.

thresholds. The statistical reliability of remaining voxels is too
low, even though the results are close to the expected model (blue
line in Figure 6A). At layer 9,000 m, the estimated anomalies are
small as expected (because at that elevation, the temperature is
extremely low and the troposphere contains almost no water), but
too close to the associated uncertainties, thus preventing any
statistical assessment at this elevation.

The Actual Tests

The outcomes of the previous section allow us to apply the
tomography in real cases of Sentinel-1 interferograms. It is
worth noting that for each interferogram, we have to use two
tomographies. Five test cases have been selected from the
interferograms produced over Mt. Etna by using C-band
Sentinel-1A data. Due to the topography of Mt. Etna, the
atmospheric artefacts on the interferogram in general have a
concentric pattern and high-frequency local perturbation in the
north-northeastern flank of the volcano. To select the actual case,
we processed all Sentinel-1A available data for 2015 and then
identified, by visual inspection criterion, the interferograms with
the most evident atmospheric artefacts (Table 1). With reference
to the flowchart of Figure 1, starting from the GAMIT GPS ZWD
and gradients output, the GPS receiver and satellite positions, the
IPWV MODIS data, and the global numerical weather prediction
model computed by the U.S. National Weather Service (NWS), we
set the tomography volume and computed the A matrix of Eq. 6.
Table 1 shows the selected test cases together with GPS at the time
of Sentinel-1A passes, the IPWV MODIS data, and the available
GPS receiver data. The tomographies were computed considering
only the nocturnal acquisitions of the MODIS, as the closest in
time to the Sentinel-1A acquisition time. The cloudy sky of 21
October and 26 November compromised the possibility to
measure the water vapor content from MODIS data, excluding

cloudy areas as observables. This is why the damping factor y of
Eq. 7 is different for those two cases (see Table 1). As previously
mentioned, the SF and y thresholds govern the selection of the
representative voxels. The last column of Table 1 represents the
percentage of the resolved voxels where the 21 October and 26
November cases show the effect of the lack of MODIS data clearly.
Figure 7 shows the tomography results of the actual test cases with
the corresponding parameters in Table 1, where it is evident that
the number of resolved voxels, and hence the covered area, is
greater for 17 July and 22 August. The availability of the retrieved
MODIS data also allows computing the voxel refractivities of the
western flank of the volcano, especially in the lower layers where
the highest contribution of water vapor is expected.

The number of resolved voxels is statistically greater with the
introduction of MODIS data (18 May, 17 July and 22 August) as
shown in Table 1, which demonstrates how the addition of the
MODIS improves the overall resolution of the tomography. Indeed,
the average of the total resolved voxels ranges from 37.1% without
MODIS data (cloudy weather conditions) to 45% with MODIS data
(clear sky weather conditions), with an increase of 7.9%. In
particular, in the lowest layer (1,000 m), the resolved voxel
percentage increases on average by 10.2%, from 12.2% without
MODIS data to 22.4% with MODIS data. This percentage represents
an improvement of about 80% in resolving the voxels of the lowest
layer (1,000 m) in relation to the use of GPS data only (Figure 8).

In order to use the results of tomographies to correct SAR
interferograms, it is necessary to calculate the Sentinel-1A line of
sight (LOS) delay stored during the whole transition period of the
radar signals in the troposphere. To this end, we implemented a
specific routine in the tomographic tool, able to compute the LOS
delay by Eq. 5 using the obtained refractivity results. As the LOS
cannot be calculated without knowing the refractivity value of all
the voxels of the investigated volume, it is important to properly
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FIGURE 6 | (A) Wet refractivity field vs. voxel, ranked according to the position of the voxel in the matrix (B). Dashed black lines represent the physical constraints for the
tomographic solution (saturation at the different elevations). The blue line is the wet refractivity starting model. The green points are the numeric resullts of all the voxels in which
it is possible to calculate a refractivity value. The red points represent the refractivity values of the voxels considered to be acceptable according to the fixed thresholds
(damping and SF), that is, the result of the tomography. (B) tomography results: the first row refers to the reference model, and the second row is the reconstructed
tomography. The voxels are numbered from lower to upper layer and from south to north, in cardinal numbers. The tomography images show only the voxels over the SF
threshold, the others are blank. Results are plotted according to the color scale on the right. The considered volume refers to the model shown in Figure 5.

set the refractivity values for the unresolved voxels, which were set
to the starting values, corresponding to the NCEP grid
parameters. Figure 9 shows the wet delay LOS maps referred
to Sentinel-1A descending orbit actual cases, computed by using
the tomography results.

Finally, we used those wet delay LOS map results of Figure 9 to
correct the atmospheric effects in the real SAR interferograms. To
do so, such results were converted in four simulated
interferograms of differential delay (DInDelay) by adopting a
differential approach and by using 18 May as the reference date.
Figure 10 shows in the second row the resulting phase of

simulated interferograms (DInDelay) together with the
corresponding real Sentinel-1A interferograms shown in the
first row. In the end, we corrected the phase interferograms by
applying the DInDelay to the Sentinel-1A interferograms (third
row in Figure 10).

Results shown in Figure 10 allow drawing several observations
about the suitability of the proposed tomographic model to correct
the DInSAR data and making suggestions for future developments.
Besides the differences in the spatial resolution between the
Sentinel-1A data and the tomography, due to the intrinsic
differences in the pixel sizes in the two datasets, overall, the
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TABLE 1 | Selected test cases (UTC hour ranges from 05:04 to 05:06 acquisition time of Sentinel-1A).

Date MODIS acquisition MODIS cloud GPS available Damping factor Total resolved Resolved voxels
time (UTC) coverage(%) stations voxels layer 1,000 m
May 18, 2015 (reference) 01:10 0 23 3,300 116/245 (47.3%) 11/49 (22.4%)
Jul 17, 2015 01:35 0 29 3,300 112/245 (45.7%) 13/49 (26.5%)
Aug 22, 2015 01:10 0 27 3,300 103/245 (42.0%) 9/49 (18.3%)
Oct 21, 2015 00:35 95 23 5,200 88/245 (35.9%) 5/49 (10.2%)
Nov 26, 2015 01:10 100 26 5,200 94/245 (38.4%) 7/49 (14.2%)

DInDelay shows the same fringes pattern of the SAR
interferograms. It confirms that at the first order, the selected
SAR interferograms contain significant atmospheric contributions
as we supposed.

The corrected interferograms (third row of Figure 10) show
two notable characteristics. 1) The pattern of the fringes often
mimics the boundary of the voxels (“boxiness”); this is
particularly evident in the south-eastern (along the coast line),
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FIGURE 8 | Resolved Voxels Statistics. In the upper histogram, the
averaged percentage of the resolved voxels are plotted, for the different layers
(1,000 m, 3,000 m, 5,000 m, 7,000 m, and 9,000 m) and the whole set of the
tomographies; the “clear sky” values refer to the 18 May, 17 July, and 22
August tomographies; the “cloudy” values refer to the 21 October and 26
November tomographies; “all set” values refer to all tomographies. In the lower
histogram, the relative difference between “clear sky” (GPS + MODIS) and
“cloudy” (GPS) vs. “cloudy” (GPS) tomographies, for the different layers
(1,000 m, 3,000 m, 5,000 m, 7,000 m, and 9,000 m) and the whole set of the
tomographies.

western and north-western flanks of the volcano. This effect,
which prevents the analysis of subtle “small” features such as local
faults, is somewhat expected due to the large dimension of the
voxels, and might be overcome in the future by reducing the voxel
dimensions. 2) There remains an evident spatial high-frequency
perturbation in the right and upper-right part of 18 May-21
October and 18 May-26 November (corresponding to the eastern
and northeastern flanks of the volcano). This characteristic
indicates that only in these parts of the SAR interferograms
are the corrections not appropriate. This was somewhat
expected as strong turbulence of the lower atmosphere is often
visible in the interferograms of these parts of the volcano. It is
worth noting that also MODIS data showed the cloudy weather
conditions on those dates (Table 1). This characteristic was not
captured by the atmospheric tomography probably because the
spatial resolution of our tomography is too poor compared to the
small scale of this phenomenon. Just as for the “boxiness,” the
high-frequency perturbation can be properly estimated by the

Mt. Etna Volcano Water Vapor Tomography

reduction of the voxel dimensions to improve the effectiveness of
the tomographic correction.

Besides the high-frequency residuals in the eastern and
northeastern flanks of the volcano, the application of the
atmospheric correction mostly reduces the number of
concentric fringes in the corrected interferograms of 18
May-17 July, 18 May-21 October, and 18 May-26 November.
The most successful correction is visible in the images relevant to
18 May-21 October. While the original SAR interferogram shows
the highest number of fringes (about three fringes) of
deformation at the top of the volcano, the DInDelay mimics
the pattern of the experimental fringes well, and the corrected
interferograms show values varying by about one fringe,
especially in the western and southwestern flanks. Only in the
southeastern flank do we observe a voxel-shaped anomaly, likely
produced by the poor estimation of the atmospheric anomalies in
some voxels due to poor GPS network geometry in this area.
Indeed, the same voxel-shaped anomaly is observed in the
corrected interferograms of 18 May-17 July and 18 May-26
November. The latter shows a residual in the western flank,
indicating an approach of the ground surface to the radar sensor
which cannot be associated either to the inflation or to the
spreading of the volcano, both phenomena often observed in
this flank (Bonforte et al, 2008). Indeed, by independently
processing the GPS time series for the same period, with
GIPSY 6.4 software (https://gipsy-oasis.jpl.nasa.gov/),
cannot observe any significant deformation consistent with
these residuals (Figure 11). The maximum deformation in
LOS among all the stations is in fact less than 1cm and is
recorded at the ECHR station. Thus, the residuals might be
related to turbulent atmosphere that cannot be modeled by
the tomography.

It is worth noting that for all actual cases, except for the 18
May-22 August pair, the slope of the Sentinel-1A experimental
fringes is consistent with the slope of the fringes of the model. The
inconsistency relevant to the 18 May-22 August pair might be
due to non-modeled atmosphere conditions or to pitfalls in the
tomographic inversion. Indeed, we noticed that it includes the
tomography with the highest refractivity at the 3,000 m layer
(Figure 7) due possibly to inaccurate NCEP parameters on 22
August or to fast changes in the lower atmosphere that the time
delay between SAR and the MODIS passes cannot take into
account.

we

CONCLUSION

One of the sources of uncertainty in measuring deformation by
using satellite platforms (GPS and SAR) is the effect of the lower
atmosphere in the propagation of the EM signals, mainly due to
tropospheric water vapor contents. We implemented a new
algorithm to perform a 3-D tomography of the wet refractivity
by integrating data from GPS, MODIS, and weather models. This
algorithm is an improvement on the step forward from a previous
tool derived from the seismic tomography (Aranzulla and Puglisi,
2015). The algorithm has been tested and applied to Mt. Etna 2015
test cases. The study shows that by using GPS IPWYV alone, the wet
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refractivity tomography results in about 37% of resolved voxels.  lower atmosphere is the possibility to estimate the LOS travel time
Adding MODIS IPWYV data increases on average the number of  of the SAR signals. To this end, the tomographic tools have been
resolved voxels by about 8%. In the lower critical layer (1,000 m),  updated with a routine able to compute the LOS delay.

the resolved voxels improve by about 80% in relation to the use of We tested the model by assuming a bubble-shaped anomaly at
GPS data only. Introducing the GRIB file from NOAA global  the lower atmosphere. The simulation shows that the results are
forecast analysis has allowed us to initialize the tomographic  consistent with the expected values. Furthermore, the tool has been
computation with reliable atmospheric conditions and assign the  applied to real Sentinel-1A interferograms during 2015, for which
wet refractivity values in the remaining unresolved voxel. One of the ~ we computed the relevant tomographies, the corresponding wet
main advantages of the availability of a tomographic model of the ~ delays, and the simulated interferograms (DInDelay). The real
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refer to Figure 2.

cases show that often, although in limited areas, the tomography is
able to capture the atmospheric effect at the large scale and correct
the Sentinel-1A interferograms. This work proves that the
proposed method can be used to correct atmospheric effects in
areas with prominent topography and on interferograms with
severe atmospheric artefacts, even in cloudy conditions. Future
studies will allow us to overcome the main limit of the method (e.g.,
reduction of the voxel dimensions) and to improve its effectiveness,
also by including other GNSS constellation data.

Further improvements will be suitable for monitoring active
volcanoes worldwide where a local GPS network is operating.
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