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Preface

This volume of “Quaderni di Geofisica” collects the proceedings of the mid-term meeting of the
GNV coordinated project “Development and application of remote sensing methods for the monitoring
of active italian volcanoes” held on 24 and 25 January 2002 at Istituto Nazionale di Geofisica e
Vulcanologia in Catania. The project was supported by Dipartimento di Protezione Civile in the frame
of the GNV Program 2000-2003.

This research acted as a joint project between Research Institutes and Universities with the aim
of improving the application of remote sensing techniques for the study of volcanoes and their activi-
ty that, in recent years, had significantly grown thanks to the availability of new sensors and new tech-
niques for data processing. Remote sensing, by its nature, represents an advantageous method to
observe, in safety and over large and often inaccessible areas, dangerous natural phenomena such as
volcanic eruptions. Various surveying techniques have been experimented using both passive (optical)
as well as active (radar) sensors which operate above the scene at high (satellites) and low (planes and
helicopters) altitudes. A number of these techniques are very suitable for a systematic surveillance of
volcanoes having the capability of detecting phenomena directly or indirectly linked with their dynam-
ics. This applications include the observation of altimetric variations and ground temperature as a con-
sequence of intrusions of magmatic masses, morphological changes caused or induced by eruptive
activity, mapping of erupted products spread over the land surface and/or in the atmosphere, and con-
centration of the some gas (SO, and CO,) continuously emitted by volcanic plumes. The key point in
the application of remote sensing for surveillance of active volcanoes lies in the time required to elab-
orate and interpret the data acquired by remote sensors. In this project we devised a number of remote
sensing methods, among those already experimented by the scientific community, allowing the results
to be available in a time span compatible with the requirements for monitoring precursor phenomena
and eruptive events. The project described below is developed following five thematic Tasks aimed
respectively to: the application of SAR Interferometry to ground deformation studies; the application
of DTM to volcanology, the remote sensing of thermal anomalies from active volcanoes, the monitor-
ing of eruptive clouds and the study of volcanic-plume’s gas by mean of remote sensing techniques.
The activities were performed by 104 scientists and technicians, organized in 15 Research Units from
Italy but also France, UK and USA.

I am grateful to all colleagues who provided time and energy in this project, and which exposed
their result in the project mid-term meeting: V. Achilli, P. Baldi, S. Borgstrom, P. Briole, M.F.
Buongiorno, S. Costanzo, G. Di Massa, M. Fabris, F. Guglielmino, R. Lanari, V. Lombardo, P.
Lundgren, M. Marsella, F. Mazzarini, G. Nunnari, C. Prati, G. Puglisi, S. Pugnaghi.

Special thanks are expressed to the GNV Evaluation Committee: Domenico Giardini of ETH
Zurich, Gudmundur Sigvaldasson of NVO Rejkjavik, and Marjorie Wilson of Leeds University; to the
GNV Director: Paolo Gasparini; and to the INGV President Enzo Boschi, for all their support and valu-
able contributions to the project direction.

I am appreciate of the help given by INGV Sezione di Catania staff for the organizing of the
meeting and, in particular, to Francesco Guglielmino and Maria Marsella for their editorial support and
assistance for this vulume.

Mauro Coltelli
Project Scientific Coordinator
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Geodetical/SAR monitoring of Campi
Flegrei caldera: the 2000 uplift event

Borgstrom S.!, Aquino L.!, Berardino P2,
Del Gaudio C.!, De Martino P.!, Fornaro G.%,
Galluzzo D.!, Guarino S.2, Lanari R.2, Ricco C.!,
Sansosti E.2, Siniscalchi V.!, Ricciardi G.P.!

stituto Nazionale di Geofisica e Vulcanologia
Osservatorio Vesuviano
Via Diocleziano 328, 1-80124 Napoli, Italy

stituto per il Rilevamento Elettromagnetico
dell’ Ambiente - Consiglio Nazionale delle Ricerche
Via Diocleziano 328, 1-80124 Napoli, Italy

Abstract

Campi Flegrei is a restless caldera locat-
ed at the western end of the Bay of Naples
(Italy). Besides the geodetic surveillance per-
formed by the IN.G.V. - Osservatorio
Vesuviano via GPS and high precision leveling,
a systematic monitoring of Campi Flegrei area
has been recently started based on the use of
SAR Interferometry (InSAR) techniques.

We present in the following the results
achieved by performing a comparative analysis

between geodetic and SAR measurements, in
order to investigate the inflation event occurring
from early spring to summer 2000. Our goal is
to highlight the potential of integrating IFSAR,
GPS and leveling data for ground deformation
monitoring applications.

1. Introduction

Campi Flegrei is a nested caldera which is
located at the western end of the Bay of Naples
(Italy) and it is the result of two major collapses
[Orsi et al., 1996]: the outer rim was formed
37,000 years ago and is related to the
Campanian Ignimbrite eruption, whereas the
inner caldera was formed 12,000 years ago and
is associated with the Neapolitan Yellow Tuff
eruption [Di Vito et al., 1999].

The Campi Flegrei magmatic system is
still active and has a long deformation history,
as testified in the recent past by the bradyseis-
mic crises of 1969-72 (maximum uplift of about
170 cm) and 1982-84 (maximum uplift of about
180 cm) [Orsi et al., 1999]. From January 1985
the area is undergoing a slow but continuous
subsidence phase, with small inflation events
recorded only in 1989, 1994 and, more recently,
in the first months of 2000.

The space-temporal monitoring of ground

CAMPI FLEGREI

GEODETIC

NETWORKS

W

14* 14 14" 16

Figure 1 GPS and leveling networks at Campi Flegrei.

9



Development and application of remote sensing methods for the monitoring of active Italian volcanoes

deformations in Campi Flegrei area is carried
out in a systematic way by the LN.G.V. -
Osservatorio Vesuviano with geodetic surveil-
lance networks operating both continuously and
with periodic measurements, whose repetition
frequency is a function of the dynamics of the
area. At present, the leveling network includes
320 benchmarks on about 120 km of leveling
line; moreover, there is also a GPS network of 35
3D vertices (yearly measured), eight of which
equipped with continuously recording instru-
ments (fig.1). The geodetic surveillance system
is completed by a continuous tiltmetric network,
tide gauge and gravimetric networks [[.LN.G.V. -
Osservatorio Vesuviano Internal Report, 2002].

Such a composite surveillance system
may allow a geodetic control with centimetric
and/or subcentimetric accuracies but provides an
information related to the networks geometry
only, thus avoiding to highlight possible migra-
tions of the deformation field outside these ones.
Moreover, considering the repeat time of the
field measurements, they may be not sensitive to
temporal changes in the deformation signal.

Therefore, it is fully understandable the
need to thicken the data sampling both in space
and in time, in order to guarantee a suitable level
of surveillance in a highly populated volcanic
area. In this context remote sensing techniques
and in particular spaceborne differential SAR
interferometry (DInSAR) may provide an
important contribution [Gabriel et al., 1989,
Massonnet et al., 1993], allowing to carry out
spatially dense measurements of the investiga-
ted deformation field with, at present, a nearly
one month repeat time. In contrast, DInSAR is
limited with respect to GPS because it provides
only one component of deformation: the displa-
cement component projected into the radar line
of sight. This limitation can be greatly relieved
by using DInSAR data from more than one
satellite track (ascending and descending) such
that the two images look from nearly opposite
directions and any changes in shape of the
deformation reflect differences in the vertical
versus horizontal deformation [Lundgren et al.,
2001].

Based on the above considerations, it is
evident the importance of an effective integra-
tion between the information available from
geodetic and DInSAR measurements: we pre-
sent in this work a first attempt to achieve this
integration. In particular we focus on the Campi
Flegrei uplift phenomenon occurred during
2000, that interrupted the caldera’s recent trend

of subsidence. In this case several SAR data
sets, acquired by the ERS-2 satellite of the
European Space Agency (ESA), were available
as well as continuous GPS and leveling measu-
rements. The occurrence of this event during a
period of increased geodetic observations
allows us to compare these different data sets.

The implications of this integrated
approach in civil protection scenarios are also
finally addressed.

2. The 2000 Inflation Event

Following the bradyseismic crises of
1969-72 and 1982-84, the Campi Flegrei calde-
ra has been characterized by a slow but conti-
nuous subsidence phase, with small inflation
events recorded only in 1989, 1994 and, more
recently, in the first months of 2000; in particu-
lar, the 2000 uplift event was initially pointed
out by a clear length variation of some GPS
baselines [Achilli et al., 2001]. This episode
represents, therefore, an interesting case study
for analysing and comparing distinct sets of
geodetic and IFSAR data.

2.1. GPS data

As stated before, the GPS data from the
continuous stations pointed out relevant chan-
ges! of the displacement vectors between March
and August 2000.

In particular, during this period the 3D
vertex located at the Accademia Aeronautica of
Pozzuoli (ACAE), near the maximum deforma-
tion area, was interested by a planimetric displa-
cement of about 2 cm in the ENE direction, with
an uplift of about 4 cm. Also the 3D vertices of
BAIA and IPPO (Ippodromo di Agnano) were
interested by planimetric displacements.

2.2. Leveling data

As a consequence of the changes recor-
ded by the GPS continuous network, leveling
measurements were monthly carried out along
the coast line (see fig.1), starting from May
2000. The results from these measurements are
shown in fig.3.

They confirmed the deformation pheno-
menon, highlighting a ground uplift of 3.8 cm in
the maximum deformation area (Pozzuoli - C.so
Umberto), in the period from September 1999
until August 2000.

However, we must remark that such a
value is not representative of the whole defor-

'Data were processed by Bernese software (vers.4.2) and the GPS network was included in the ITRF’97 reference system.
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Figure 2 Time series, between March and August 2000, of daily coordinate variations (in north, east
and up directions) and their rms errors for ACAE, BAIA and IPPO stations relative to QUAR (see fig.1
for their location).
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Figure 4 DInSAR results. (a) Deformation map obtained from the descending ERS-2 acquisitions of
March and August 2000. (b) Temporal evolution of the observed DInSAR displacements, in the time
interval June 1992-September 2000, for a point close to the location of a GPS station. (¢) Comparison
of GPS measurements (ACAE site), projected along the radar line of sight (LOS) and DInSAR dis-
placements in the time interval March-August 2000; measurements are referred to the peripheral area

of Quarto which is stable.

mation of 2000, as it takes into account also the
subsidence still acting during the last months of
1999.

2.3. DInSAR data

In order to have a “spatially dense pictu-
re” of the phenomenon detected by the geodetic
networks, spaceborne IFSAR data, acquired by
the ERS-2 sensor, were processed. In particular,
the interferometric data processing was carried
out by applying the algorithm recently proposed
by [Berardino et al., 2001 and 2002] that allows
both the production of spatially dense deforma-
tion maps and the reconstruction of deformation
time-series for each coherent pixel of the ima-
ged scene. We remark that the availability of
both spatial and temporal information is crucial
to identify and filter atmospheric phase artefacts
which could be present in the interferograms
[Goldstein, 1995].

The produced deformation map, referred
to the period March to August 2000, is shown in
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fig.4a and clearly shows a ground deformation
pattern of more than 4 cm in Pozzuoli area. We
further remark that the considered
March/August IFSAR data pair is part of a 44
images data set, available at IREA-CNR, produ-
ced by the ERS-1 and ERS-2 systems from
descending orbits and spanning the time interval
from June 1992 until the end of September
2000. By processing the overall IFSAR data set
it is possible to investigate not only the single
2000 event but also the complete temporal evo-
lution of the bradyseismic phenomenon in the
period 1992-2000. To clarify this point we plot-
ted in fig.4b the temporal evolution of the defor-
mation for a point close to the ACAE GPS sta-
tion, located in the maximum deformation area.
This plot clearly shows the inversion of the
deformation, from subsidence to uplift, after the
end of 1999 with a significant inflation from
March to August 2000. A comparison between
the GPS measurements, projected into the radar
line of sight (LOS), and the DInSAR result is
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also shown in fig.4c, clearly showing the good
agreement between the two measurements.

3. Discussion and Conclusions

Ground deformations measurement in
Campi Flegrei area represents a key issue for
two main reasons: first of all because during
inflation events ground deformations precede
the renewal of seismic activity, as confirmed
also during the 2000 deformation event. In this
particular case different seismic events were
recorded on July 2™ 2000, while ground defor-
mations appear already on March [Osservatorio
Vesuviano Internal Report, 2000]. Secondly,
these measurements are fundamental for the
precise definition of the deformation field acting
in the area: the use in the recent past of geodetic
techniques such as EDM and nowadays GPS
has allowed to point out the presence of an hori-
zontal component of ground motion, supported
by a difference in the deformation pattern from
ascending and descending interferograms. In
this regard, the availability for the next future of
a good interferometric data set from both ascen-
ding and descending orbits, will be the key point
for the understanding of the dynamics acting in
the area, besides allowing a source modelling.

Based on the presented geodetic/SAR
study, some relevant points can be stressed; first
of all we note that the comparative analysis bet-
ween classical geodetic and DInSAR data
shows clear agreement between these observa-
tions in both space and time. The main limita-
tions toward achieving the most exacting com-
parisons were generally due to the poorer tem-
poral sampling of the complete geodetic net-
works (i.e. leveling and GPS), or the poor spa-
tial coverage of the GPS continuous sites versus
the less complete component coverage of the
SAR data. Future work in which we will inclu-
de ascending interferograms should reduce this
discrepancy. Moreover, the positive results from
a combined monitoring, applying classical and
IFSAR techniques during a deformation event
in an active volcanic area, should open a new
way toward an innovative monitoring methodo-
logy and an optimization of the surveillance
system; this is obviously a relevant issue in civil
protection scenarios.

As a final remark, we want to stress that
this integrated geodetic/SAR analysis can be
successfully used to investigate other areas;
indeed, it has been already applied to study the
Vesuvio volcano deformations and also in this
case a peculiar deformation pattern was detected
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[Lanari et al., 2002].
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Application of differential SAR interferome-
try for studying eruptive event of
22 July 1998 at Mt. Etna
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Tstituto Nazionale di Geofisica e Vulcanologia, Sezione
di Catania, Piazza Roma 2,95123 Catania

Dipartimento di Scienze Geologiche,
Sezione di Geofisica, Universita degli studi di Catania,
C.so Italia 2, 95129 Catania

Abstract

One of the main objectives of the project
“Development and application of remote sens-
ing methods for the monitoring of active Italian
volcanoes” is directed to an operational use of
differential interferometry as a tool for volcano
monitoring. A first step to achieve this goal is to
test commercial software in order to evaluate
the most suitable for the project purposes. For
testing software, SAR images collected by
ERS2 from May 98 to August 98, before and
after the strong eruptive event occurred on 22

July 98 at Voragine crater of Etna, have been
selected. The explosive event was classified
sub-plinian producing a 12 km high eruptive
column and lapilli fell on land as far as 70 km
south-eastward along the dispersal axis. Pre,
post and across event image pairs have been
processed. In particular the pair 13 May 98-22
July 98, 22 July 98-26 August 98, 13 May 98-26
August 98 are used for testing respectively pre,
post and across event. In first analysis, the
fringes in the differential products show a posi-
tive elevation trend in the summit area of the
volcano. In particular, an increased of about 1,5
fringes in the period pre-event, and a decrement
of 1 fringe in the period post-event is observed.
This result is agreement whit field of deforma-
tion expected in such kind of event, confirming
that the interferometric processing tool used id
suitable for the purpose of the project.

Introduction

A vigorous explosive eruption was pro-
duced by Voragine Crater of Etna on 22 July
1998. A 10 km high eruptive column above the
crater rim formed at the eruptive climax
between 16.48 and 17.14 GMT (Fig.1) [Aloisi et
al., 2002] and the ash cloud expanded radial

Tremor overall amplitude

Firefountain Tephra fallout
14000 ¥

Arbitrary unit

/

T2 730 740 7501800 5.0 820 830 840 851 801 1911 821 831 B4

T.ocal time
)

Figure 1 Photograph of the 22 July 1998 paroxysmal event at Voragine crater, and plot of tremor

amplitude.
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because of the low speed wind. Lapilli fell as far
as 12 km south-eastward along the dispersal
axis.

Coarse ash fell in the distal zone after
about 2 hours from the beginning of the erup-
tion, in a wide area along the coastline compris-
es between Giarre to the north and Siracusa at
about 100 km from the vent to the south (Fig.2).

The huge quantity of juvenile molten
material fallen inside the crater caused its com-
plete filling, followed by a large overflow which
formed a 1 km long rootless lava flow running
in the valley between NEC and BN.

Fieldwork measurements, grainsize
analyses and calculation of the physical param-
eters allowed to characterize the eruption that
result subplinian in magnitude in spite of the
low yolume of material erupted (about 1 x
10 m the fallout + 2 x 10 m the proximal
deposit) [Andronico et al., in prep].

SAR Interferometry Processing

The selection of the images was per-
formed by inspecting the ERS archives with the
DESCW software. In table 1 are listed all the
image that were scheduled to be acquired over
the Etna area. It is noteworthy that the 22 July

98 pass occurred at 21.16, thus few hours after
the end of the eruptive event (see Fig.1).

These images were coupled forming the
three interferometric pairs (IP1, IP2, IP3) listed
in Table 2 with the associated values for the
temporal baseline, perpendicular baseline and
height of ambiguity. Tablel

Pre, post and across event image pairs
have been processed. In particular the pair 13
May 98-22 July 98, 22 July 98-26 August 98, 13
May 98-26 August 98 are used for testing
respectively pre, post and across event.

The data processing was performed using
the Image processing tools developed by
Atlantis (EarthView InSar v. 1.2). The proce-
dure used for the generation of interferometric
products relevant to the selected image pairs is
called two pass interferometry, this approach
seeks to exploit all the external information
available for a site, in particular, the topography
through a digital elevation model.

As source of the topographic information,
a photogrammetric DEM, whith a measured
accuracy in the order of 10 m has been consid-
ered.

This philosophy comes into play at four
steps of the processing:

1. The two radar images must be coregistered
with a precision of a fraction of a pixel. The
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Figure 2 Distal (a) and proximal (b) pyroclastic deposits of the 22 July 1998 eruptive event.
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Date of acquisition 13/05/98 22/07/98 26/08/98

Sensor ERS2 ERS2 ERS2

Orbit 16015 17017 17518

Trak 129 129 129

Frame 747 747 747
Table 1
Image Pair IP1 1IP2 IP3
Date 13/05/98-22/07/98 | 22/07/98-26/08/98 | 13/05/98-26/08/98
Temporal baseline 70 days 35 days 105 days
Perpendicular Baseline length (m) -310 78 -232
Height of ambiguity (m/cy) 30 136 38

Table 2

DEM and the orbits predict a deformation
grid, which is compared with a sparse grid
obtained from local correlations on actual
images.

2. One of the radar images must be registered in
absolute geographic coordinates. A radar
image is simulated whose amplitude depends
on the local topographic slope, which is then
correlated with the observed image.

3. the topographic contribution is eliminate by
subtracting the fringe pattern calculated from
the DEM. The advantage of this approach is
that it removes many unwanted fringes, lea-
ving only those related to the signal of inte-
rest and/or errors in the DEM .

4. the interferogram is projected into an ortho-
gonal geographic coordinate system, so that
users need not work in the distorted radar
geometry. The software developed according
to these principles runs automatically in most
cases, starting from the SLC radar data and
the DEM.

Comparison of Results and Discussion

A preliminary rough analysis, of the inter-
ferograms has been performed. A positive eleva-
tion trend in the summit area of the volcano
results this analysis. In particular, an increase of
about 3 fringes in the period pre-event, a decre-
ment of 1.5 fringe in the short period post-event
(Fig.6), and a general uplift in the long period
(13/05/98-26/08/98) is observed.

The existence of three GPS benchmarks
around the summit crater area, belonging to the
Mt. Etna GPS network, permits to consider data
for wvalidating the SAR measurements.
Unfortunately, these GPS stations were not con-
tinuously running at this epoch, because the set
up of the permanent GPS network on Mt. Etna
was not finished, but the estimation of the strain
tensor around the Summit Crater area for a time
interval crossing the paroxysmal event it is
allowed.

The principal ellipse strain axis, reported
in Fig. 7, show an agreement with a strain pat-

Figure 3 (a) Iterferometric pair 13 May 98-22 July 98; an increase of about 3 fringes in the period pre-
event is observed. (b) The interferogram pair georeferenced. In this display the low coherence zone is

masked out.
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Figure 4 (a) Iterferometric pair 22 July 98-26 August 98; a decrement of 1.5 fringe in the short peri-
od post-event is observed. (b) The interferogram pair georeferenced. In this display the low coherence
zone is masked out.

Figure 5 (a) Iterferometric pair 13 May 98-26 August 98; a general uplift in the long period is
observed. (b) The interferogram pair georeferenced. In this display the low coherence zone is masked
out.

Cumulative deformation

N

mag-98 giu-98 lug-58 ago-98
Time

Figure 6 Cumulative deformation plot.
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Figure 7 Ellipse strain axes from GPS data.
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Figure 8 Synthetic displacement field.

tern produced by an axis-symmetric pressure
source, centered beneath the summit craters
[Bonaccorso and Davis, 1999].

By assuming the existence of a magmatic
source at depth of about 1.5 km from a reference
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level located of about 2500 m a.s.l., it is possi-
ble to produce the synthetic displacement field
reported in Fig. 8.

The corresponding magma withdrawal is
estimated in the order of 0.5 10 m'.
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Remarks and Plans for Future Works

* The study the deformation pattern asso-
ciated to the Mt. Etna paroxysmal event of 22
July 1998, shows a positive elevation trend in
the summit area of the volcano. In particular, an
increase in the period pre-event, a decrement in
the short period post-event, and a general uplift
in the long period is observed.

* The computed SAR image for this model
reproduces the main characteristic features
of real SAR interferogram

* Using an SAR interferogram, is possible to
construct detailed models otherwise impossi-
ble using only conventional spatially sparse
geodetic data

* A method for the non-linear inversion of
ground deformation data using Simulated
Annealing techniques and SAR images have
been proposed (co-operation whit RU-
UNICT)

References

Aloisi, M., D’Agostino, M., Dean, K. G, Mostaccio,
A., Neri, G., (2002). Satellite analysis and
PUFF simulation of the eruptive cloud gene-
rated by the Mount Etna paroxysm of 22 July
1998. J. Geophys. Res., 107(B12) ECV 9/1-
ECV 9/12.

Bonaccorso, A., Davis, M., (1999). Models of
ground deformation from vertical volcanic
conduits with application to eruptions of
Mount. St. Helens and Mount Etna, J.
Geophys. Res., 104, 10531-10542.

Andronico, D. , Coltelli, M., Del Carlo, P. , (in prep).
Tephra fallout from the smaller documented
Subplinian eruption occurred at Mt. Etna on
22 July 1998.

20



Development and application of remote sensing methods for the monitoring of active Italian volcanoes

Report on observations and modeling of
coupled magma chamber inflation and flank
motion on Mt. Etna volcano

P. Lundgren!, P. Berardino?, M. Coltelli3,
G. Fornaro?, R. Lanari?, G. Puglisi®,
E. Sansosti’, and M. Tesauro?

!Jet Propulsion Laboratory
California Institute of Technology, Pasadena, CA

2IREA — CNR, Napoli, Italy

3Istituto Nazionale di Geofisica e Vulcanologia
Catania, Italy

Abstract

Volcanoes deform dynamically due to
changes in both their magmatic system and due
to instability of their edifice. We analyze
European Remote Sensing (ERS) satellite diffe-
rential interferometric synthetic aperture radar
(InSAR) data (1993-1996) for Mt. Etna span-
ning its quiescence from 1993 through the ini-
tiation of renewed eruptive activity in late 1995.
We use SAR data from both ascending and
descending ERS satellite tracks. Comparison of
independent interferograms covering the first
two years of the inflationary period shows a pat-
tern consistent with inflation of the volcano.
Longer term interferograms spanning 1993 to
1999 confirm the inflation pattern from 1993 to
1995 and show that atmospheric effects in many
of these interferograms are minimal. Joint
inversion of interferograms from ascending and
descending satellite tracks require both inflation
from a spheroidal magmatic source located
beneath the summit at 5 km below sea level, and
displacement of the east flank of Etna along a
basal decollement. Both sources of deformation
were contemporaneous within the resolution of
our data and suggest that inflation of the central
magma chamber acted to trigger slip of Etna’s
eastern flank.

Mt. Etna is one of the most studied volca-
noes in the world. Its high level of activity and
its complex structure make it an important site
for studying the effects of volcanic activity on
structural instabilities of the volcano. In this
report we synthesize results that were initially
observed and reported by Lanari et al. [1998]
and have been more thoroughly investigated by
Lundgren et al. [2002]. We use synthetic aper-
ture radar (SAR) interferometry (InSAR)
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[Rosen et al., 2000] to measure surface dis-
placements to an accuracy of a couple of cen-
timeters with a SAR scene that more than cov-
ers the entire volcano. This SAR data comes
from the European Space Agency’s ERS-1 and
ERS-2 satellites. InNSAR has the capability to
observe deformation that is both broad (entire
volcano inflaiton/deflation) and detailed (sub-
centimeter radar line of sight displacements
along a creeping fault). We will show that in
during the period 1993-1995 (and beyond) both
inflation of the volcano and motion of the fault-
bounded eastern flank of Mt. Etna occurred.

SAR interferometry provides a relative
displacement map of the surface as projected
into the radar line-of-sight (LOS). This assumes
reasonably small orbit separations (order 100
m), good knowledge of the satellite orbits, and a
digital elevation model (DEM); factors that can
reduce the quality of these displacement maps
include decorrelation (due to changes in the
radar back scatter) and atmospheric noise
[Massonnet et al., 1995; Delacourt et al., 1998;
Beauducel et al., 2000; Rosen et al., 2000]. The
latter is the most difficult to understand since for
a volcano the height of Etna (3300m) with a

Figure 1. Unwrapped, geocoded SAR interfe-
rograms for approximately two-year time sepa-
rations from ascending satellite tracks. Color
wheel is set to 2.8 cm per cycle of range displa-
cement. Background image is the radar back-
scatter amplitude image from the reference
image. (a) 1993/08/08-1995/04/18 interfero-

gram. (b) 1993/07/04-1995/05/24. (c)
1993/07/04-1995/08/01.  (d)  1993/07/04-
1995/08/02.
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Figure 2. Unwrapped, geocoded SAR interfe- Figure 3. Ascending (g, ¢) and descending (b,
rograms for approximately two-year time sepa- d) track InSAR data. Each represent six-year
rations from descending satellite tracks. Color independent interferograms.

wheel and background image is the same as in
Plate 1. (a) 1993/06/06-1995/07/05. (b)
1993/07/30-1995/10/01.  (b)  1993/07/11-
1995/09/12. (d) 1993/05/21-1995/08/27.

Mt. Etna Volcano
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Figure 4. Joint inversion results for the topographically corrected elastic half space model. Left
column: Data. Top, descending interferogram range displacements for 1993/06/06-1995/09/12.
Bottom, ascending interferogram range displacements for 1993/08/08-1995/10/10. (b) Residual.
Central column: Model. Right column: Three-dimensional views of the source model.

22



Development and application of remote sensing methods for the monitoring of active Italian volcanoes

concentric shape the radar path delay due to
topography in the presence of a layered tropo-
sphere and small inflation/deflation patterns due
to a point source at several kilometers depth are
similar in the vertical component.

Figures 1 and 2 show ascending and
descending interferograms for the 1993-1995
time period. Additionally, two more interfero-
grams (one for each ascending and descending
satellite track acquisition) are shown in Figure
4. These InSAR data show a similarity between
members of each satellite (ascending or descen-
ding) track (actually different tracks for the
descending group) but a significantly different
shape between the two groups. Such a differen-
ce would be expected for a pressurized magma
chamber source, whereas for a layer atmosphe-
ric model the effect would be independent of the
azimuthal component of the LOS.

In fact analysis of ERS data spanning
from 1993-1999 over independent SAR acquisi-
tions (Figure 3) demonstrates that the differen-
ces in the shape of the deformation between the
ascending and descending data observed from
1993 to 1995 were dominated by surface defor-
mation and not atmospheric effects. Numerical
solutions for a single magmatic pressure source
do not adequately fit both the ascending and
descending fringe patterns (Figure 4). The
answer lies in considering deformation from
two dislocations that simulate movement of a
portion of the eastern flank of Etna lying above
the spheroidal magma chamber centered at 5 km
depth. While a more detailed explanation (and
justification) for this interpretation can be found
in Lundgren et al. [2002], these observations
and relatively simple model have several impor-
tant implications:

Both ascending and descending interfero-
grams are needed to better constrain the source
of deformation.

Atmospheric effects are not as big a pro-
blem as previously thought (although still
poorly defined and requiring redundant InSAR
data).

During the 1993 to 1995 period (and
beyond) Mt. Etna experienced both inflation
and structural motion.

Clearly more data will help us to better
understand the connection and dynamics
between magma movement and volcano struc-
tural instabilities for future hazard mitigation.
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Abstract

The main goal of this paper is to show
how satellite SAR data can be exploited to get
surface deformation measurements of an active
volcano like Mt. Etna. In particular it is shown
that small baseline SAR interferograms are suit-
able for an accurate imaging of ground defor-
mations with mainly continuous patterns in
space. The Mt. Etna deformation occurred dur-
ing the eruptive event of the July 2001 is shown
as a nice and interesting result of this technique
applied to ERS-2 data. However, whenever
small ground deformations are limited to isolat-
ed points or concentrated across lines (e.g.
active faults) a more sophisticated analysis
should be carried out by means of the
Permanent Scatterers (PS) technique. The slip of
the eastern flank of Mt. Etna observed by ERS-
1 and ERS-2 satellites in 40 repeated passes
from 1995 to 2000, is used to show the PS tech-
nique potential.

1. Introduction

Differential SAR interferometry (DIN-
SAR) has been widely and successfully used
during the last 10 years for monitoring land
motion of large areas with centimetric accuracy
[Massonnet et al. 1995] [Hanssen 2000]. Most
of the results have been achieved thanks to the
impressive amount of SAR images provided by
the two ESA satellites ERS-1 (1991-2000) and
ERS-2 (since 1995). The precise orbit and atti-
tude control of ERS-1 and ERS-2 are at the
basis of the successful generation of thousands
of interferograms and land motion maps.

At the beginning of 2001, ERS-2 plat-
form attitude control had problems. As a conse-
quence, the generation of SAR interferograms
became impossible. A back-up attitude control
system has been then activated and tuned by the
ESA-ESRIN and ESOC staff, and in June 2001,
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the interferometric capability of ERS-2 (in gyro-

less mode) has been practically recovered.

The first ERS-2 SAR interferometric test
in gyro-less mode has been carried out at Polimi
in cooperation with T.R.E. on Mt. Etna using 3
images taken in June, July and August 2001.
Notwithstanding the residual attitude problems,
clear (and impressive) surface deformation
maps of the Etna volcano connected to the erup-
tive event of the July 2001 have been deter-
mined. The achieved results are presented in the
next section. They clearly show the capability of
DINSAR to monitor extended ground deforma-
tion when the following requirements are met:
(i) ground and orbital conditions allow high

coherence on wide areas;

(i1)the interferometric signal due to the ground
deformation is much larger than that due to
atmospheric changes.

In 1999, to overcome these limiting fac-
tors of DINSAR (lack of spatially extended
coherence and atmospheric artifacts), an alter-
native processing of SAR images, the
Permanent Scatterers Technique (PST), has
been developed, tested and validated at Polimi.
The theoretical principle behind the PST will be
briefly summarized in the third section without
entering the technical details that can be found
in [Ferretti et al. 2000] [Ferretti et al. 2001]. In
the framework of the GNV project on the
“DEVELOPMENT AND APPLICATION OF
REMOTE SENSING METHODS FOR THE
MONITORING OF ACTIVE ITALIAN VOL-
CANOES?”, the PST has been used to measure
the average Line Of Sight (LOS) ground defor-
mation that affected the eastern flank of Mt.
Etna in the 5 years period from 1995 to 2000.
The results achieved along two N-S sections
crossing the eastern flank of Mt. Etna are ana-
lyzed in the third section.

2. Etna Deformation occurred during the
July 2001 Eruption

Two SAR images obtained from the ERS-

2 acquisitions in gyro-less mode on 11 July - 15

August 2001 over the Mt. Etna have been used

to get a differential interferogram across the

eruptive event of July 2001.

The following digital signal processing
steps have been carried out:

1 Precise estimation of the attitude of the satel-
lite (Doppler centroid) for each image and
phase preserving focusing.

2 Common band filtering both in azimuth and
slant range [Gatelli et al. 1994].
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Figure 1 Left: differential interferogram generated with the two ERS-2 SAR images taken on July
11 and August 15, 2001 (SAR coordinates: range, azimuth). A deformation fringe pattern is clearly
visible close to the main faults that cross Mt. Etna and on the Valle del Bove (lower part of the map).
Each fringe corresponds to a ground displacement of 2.8cm along the SAR LOS (about 23 deg. off-
nadir). Right: Contour lines of Mt. Etna DEM (SAR coordinates).

ETNA

frerential Intérferogram

Figure 2 Geocoded differential interferogram generated with the two ERS-2 SAR images taken on
July 11 and August 15, 2001. Each fringe corresponds to a ground displacement of 2.8cm along the
SAR LOS (about 23 deg. off-nadir). The contour lines of Mt. Etna DEM are shown in black.
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3 Sub-pixel registration of the images.

4 Generation of differential interferograms
using an available Digital Elevation Model
(vertical accuracy better than 7m.- courtesy
of Institut de Physique du Globe de Paris).

5 Compensation of different atmospheric pro-
files with the elevation. Local measurements
of pressure, temperature and humidity have
been exploited for this sake [Bonforte et al.
2001].

6 Data geocoding.

The differential interferogram is shown in
figure 1. Here, a deformation fringe pattern is
clearly visible close to the main faults that cross
Mt. Etna (including the Pernicana fault that is
one of the sites to be monitored in the frame-
work of the GNV project). Each fringe corre-
sponds to a ground displacement of 2.8cm along
the SAR Line Of Sight (about 23 deg. off-nadir).

The deformation map generated with
these ERS-2 SAR images have been then geo-
coded in order to facilitate its geophysical inter-
pretation and a comparison with independent
ground measurements carried out by the volca-
nologists of the INGV in Catania. The geocoded

differential interferogram is shown in figure 2.

3. The Average Velocity of the Mt. Etna
Eastern Flank measured with the PST

The ground deformation analysis carried
out by means of the Permanent Scatterers
Technique (PST) is conceptually different from
that carried out by means of DINSAR and offers
many advantages that will be briefly discussed
here.

The very basic PST principle can be sum-
marized as follows where ERS, ENVISAT or
RADARSAT missions are considered as data
sources:

1 Isolated targets that maintain their coherence
during the monitoring time interval
(Permanent Scatterers) can be identified
from a statistical analysis of at least 15 com-
plex SAR images. The requested baseline
limit is 15 to 20 times greater than for DIN-
SAR, thus making all the archived SAR
images exploitable and minimizing the mon-
itoring sampling interval. Moreover, coher-

Figure 3 Profiles AA’ and BB’ crossing the eastern flank of Mt. Etna from South to North along which

the average PS velocity has been computed.
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Figure 4 Average LOS PS velocities along the profile AA’. The dispersion of LOS velocities is in
the order of 1 mm/year; no averaging of neighboring PS has been carried out. The effects of the non
uniform distribution of the PS along the transept contribute to the residual dispersion. Rapid ground
velocity variations identify several active faults.
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Figure 5 Average LOS PS velocities along the profile BB’. The large ground velocity variation on
the right part of the profile corresponds to the slipping of the Pernicana fault. The dispersion of LOS
velocities along the profile BB’ looks higher than in profile AA’. This is just a visual impression con-
nected to the position of the PS as clearly shown in figure 3; again, no averaging of neighboring PS
has been carried out.

ence estimation is done in time with no need DINSAR analysis.

of spatial averaging as for DINSAR, thus 2 The relative elevation of the PSs can be
making possible the identification of isolated measured with accuracy better than 1 meter
coherent targets that would result invisible to thanks to the large baseline dispersion. As a
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consequence no reference DEM is needed.
3 Finally, isolated target motion and atmos-

pheric artifacts can be separated by means of

a joint space-time data analysis.

The PST has been used to monitor Mt.

Etna deformations during the 5 years period of
relative low volcanic activity from April 1995 to
December 2000. 40 ERS images have been used
with normal baselines ranging from -1056 to
+1109 meters with respect to the reference orbit.
The quality of the information of this data set is
shown in the following examples. In figure 3
two profiles AA’ and BB’ crossing the eastern
flank of Mt. Etna from South to North are
shown. Figures 4 and 5 show the average Line
of Sight velocity of more than 300 PS identified
along the two profiles AA’ and BB’. The accu-
racy of the velocity values (computed independ-
ently one from the other) can be appreciated
from these plots where the vertical scale is
expressed in millimeters per year. From a geo-
physical point of view, these plots clearly show
the presence of many active faults splitting the
Etna eastern flank in blocks with different slip-
ping velocities. The PS results are currently
object of analysis by volcalogists in Catania
(GNV) and Paris (IPGP).

Conclusions

Despite its potentialities, conventional
Differential SAR Interferometry (DINSAR)
analysis is not the solution for a routine moni-
toring of surface deformation phenomena by
means of satellite repeat-pass observations.
Atmospheric effects and phase decorrelation
strongly limit the use of this technology as a
standard geodetic tool. Whenever the SNR is
not very high (as in co-seismic displacement
fields and ground deformations due to erup-
tions) only in a multi-image framework it is pos-
sible to separate motion components from clut-
ter and noise and to identify radar targets where
reliable displacement information can be recov-
ered.

To this end, the ESA-ERS archive repre-
sents a unique dataset to study slow geophysical
phenomena and to test different multi-temporal
data analysis algorithms. This archive is still
underused and its value underestimated by the
scientific community. We think that all attempts
to extract information from this huge dataset
should be fostered and promoted. The ESA
acquisition policy chosen for the ERS mission
was a success: building a consistent and coher-
ent archive will be in the future a “must” for any
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SAR mission dedicated to Civil Protection and
monitoring applications. In order to pass from
an academic research activity to an operational
tool for ground deformation monitoring, any
DINSAR analysis should deal with two essen-
tials issues: (a) high precision and reliability of
the measurements: the processing chain should
permit a reliable error analysis, also from a
mathematical point of view (robust theoretical
framework); (b) high data geocoding precision.
The first point implies that final users should be
provided with data as well as quality controls.
The second point addresses the importance of
the integration of EO data in GIS packages, now
becoming a standard working tool for many user
groups.

The necessity to deal with SAR data char-
acterized by lower stability platforms pushed
toward the development of new processing
strategies that significantly improved the quali-
ty of the results both for standard DINSAR
analyses and the PS approach.

Its seems indeed that, in the future, inter-
ferometric data (ERS-2, ENVISAT,
RADARSAT and ALOS) will play a key-role
for geodetic measurements and will become a
standard tool for monitoring the 3 components
of the surface motion. In fact, all three compo-
nents of the motion are measurable (and not
only LOS data) if 230 and 45 o ascending and
descending orbit data are available. For absolute
motion measurements, synergistic strategies
with GPS and GALILEO data can be easily
envisaged and are likely to be applied in many
fields. Hopefully, volcanologists, geophysicists
as well as Civil Protection authorities will be
provided with powerful Decision Support
Systems that will help in identifying the best
actions to be undertaken.
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Abstract

The inversion problem dealt with is the
identification of the parameters of a magma-fil-
led dike which causes observable changes in
ground deformation data. It is supposed that
ground deformation data are measured by using
the SAR (Synthetic Aperture Radar)
Interferometry technique. The inversion
approach, which is carried out by a systematic
search technique based on the Simulated
Annealing (SA) optimization algorithm, guaran-
tees a high degree of accuracy. The results given
in the paper are supported by experiments car-
ried out using an interactive software tool deve-
loped ad hoc, which allows both direct and
inverse modeling of SAR interferometric data
related to the opening of a crack at the begin-
ning and throughout a volcanic activity episode.

Introduction

SAR interferometry is currently one of
the most powerful techniques for observation of
the earth’s surface in particular for topographi-
cal measurement of vast geographical areas
[Massonnet and Ribaute, 1993], [Gabriel et. al,
1989],[Curlander and McDonough, 1991],
[McCloy, 1995] and small surface changes of a
surface over a pre-defined time interval
(Differential Radar Interferometry). SAR sys-
tems record both amplitude and phase of the
back scattered radar echoes. If two SAR images
from slightly different viewing angles are con-
sidered (interferometric pair) their difference
(interferometric fringes) can be usefully exploit-
ed to generate Digital Elevation Maps (DEMs),
measuring shifts in tectonic plates, movement of
glaciers and so on. Recently SAR interferome-
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try was considered also to monitor ground
deformation in volcanic active areas [Coltelli et
al., 1996], [Lanari et al., 1996], [Briole et al.,
1999] SAR interferometry allows to integrate
the techniques traditionally considered to meas-
ure ground deformations in volcanic areas such
as EDM (Electronic Distance Measuring) or
GPS (Global Positioning System) techniques.
The inversion problem considered in this
paper consists of identifying the geometric and
cinematic parameters of a magma-filled dike,
which will be indicated as the source, by observ-
ing the changes it causes in SAR interferometric
images. Analysis of the mathematical model
conceived by Okada [Okada, 1985] show that
the inversion problem is an extremely nonlinear
one. Hence the inversion solution cannot be
obtained only in terms of optimisation
approaches. In this paper it is shown that in spite
of the high degree of non-linearity the inverse
problem can be unambiguously solved and an
appreciable degree of accuracy can be obtained
by using a randomised optimisation algorithms
such the Simulated Annealing (SA) algorithm.

Direct Modelling

Generation of SAR synthetic data

The model refers to Mt. Etna volcano
(Sicily — Italy), where a number of eruptions
have been originated by in dikes opening from a
certain depth toward the surface. These phe-
nomena are accompanied by ground deforma-
tions and anomalies in the magnetic and gravity
fields. The considered geophysical phenomena
may be observed when a crack opens up due to
the intrusion of magma. Compared to the real
situation, the Okada source model, subsequent-
ly described, is of course greatly simplified.

The Okada model

This model gives the analytical expres-
sion of the surface displacements, strains and
tilts due to inclined shear and tensile faults in a
half-space. In this section, only the tensile com-
ponents of the deformations are given, in order
to illustrate the level of complexity of the direct
model.

Let O(X,Y,Z) be a Cartesian coordinate
system representing the traditional UTM system
where X and Y represent the East and North
directions respectively, while Z represents the
vertical direction. Let us consider a dislocation
according to the Okada model, having the geo-
metric parameters represented in Fig. 1 whose
symbols are described in Tab. I.
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Variable | Symbol | Units of Measure Ranges
Strike o Degrees [0,360]
Dip ) Degrees [0,90]
Length L Meters [1000,7000]
Width W Meters [1000,5000]
Opening U3 Meters [1,5]
Longitude |  Xb Meters [-10000,10000]
Latitude Yb Meters [-10000,1000]
Depth Zb Meters [-1000,-7000]

Table I Variables, related symbols, unit of measures and ranges considered for the simulation experi-
ments carried out in this paper.

Figure 1 The Okada dislocation Model. Figure 2 The deformation vector U and its components

The point B, having coordinates

(Xg, Yy,Zy), lies on the plane , parallel to the u,[ ¢ _2

plane XY. The side L (Length) of dislocation is R Y e I;sin 6]

supposed to lay on the wt, plane being the point U [ —dg & £ i

B one of its Vert'ices, while the side w (Width) “ = o0 | R® +§)—Sin5{R(R+n)—tan" q?}—ll sin 6}

is a segment laying on the plane m,, inclined by Ul s . e

an angle referred as Dip with respect to m; and u, == T_Sy 1 +cosé{7—5q ~tan” —}—15 sinzé]

orthogonal to L. [ RR+E R+ R
Moreover, let us consider a further refer-

ence system o(x,),z) having the x, y axis on the where

m, plane and the z axes orthogonal to . In this i ]

reference system, x is parallel to L, while y is p =ycosd +dsind

parallel to W. g=ysind —dcosd

The components of the movement caused
by a tensile dislocation (tensile fault) relative to <
a generic point on the plane XY referred to the d =1sind —q cosd
o(x,y,z) system were obtained by Okada, are 2 =2 s 2 g2 ~2 . T2
represented by the following relations (see also R =8"+n"+q =5 +y +d
Fig. 2). XZ =§2+C]2

y =mncosd +¢gsind

being

31



Development and application of remote sensing methods for the monitoring of active Italian volcanoes

U s1n5
Atu [0085 R+d] COS(‘S5
u
R
T -1 +n]
u sind
-In(R I
A+ [cosé R+d nl +77)} cosd
u
4 )L+ucosc3[(R+d)_lnR+n sm5]
A 2 _177(X+qcosc3)+X(R+X)sin6
" A+pcosd E(R +X)cosd
if ,cosd = 0, and
oM &q
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3 2()\,+u) R+ d (R+d) ( 77)
[, =-_H" 4
A+UuUR+d
u  &sind
15=_ =
A+u R+d
if cosd = 0.

In these equations, (X, y, z) and (§, m, q)
are coordinates of appropriate reference sys-
tems; R, d and appropriate scalar quantities; the
symbol “||”” represents Chinnery’s notation. The
other symbols are explained in Tab. 1. Let us
indicate by Pi be a generic point on a regular a
grid defined in the XY plane as shown in Fig. 2.
Moreover, let us indicate with u, u e u the
components of the deformation referred to the
o(x,),z) coordinate system measured at the point
Pi due to a tensile dislocation. These compo-
nents can be easily be referred to the O(X,Y,2)
coordinate system according to the following
transformation formulas:

Uy=usino-u,coso
Uy=u,coso+u, sino

U, =u,

where o is the Strike angle.

Then, let U be the deformation vector
having U,, U,, and U, as components. We need
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to project this vector along the direction of the
satellite view to be able to generate an synthetic
interferogram. So, let p be the vector of the
direction cosines that defines the satellite view
angle with respect to the O(X,Y,Z). reference
system. Hence the searched projection is

U,=pU=pUy+p,Uy+p,U

The quantity Up must be scaled into the
interval 0-2m to calculate the traditional fringes
that characterise an interferogram, by using the
relation

— 2 U
Up =Tfrac(7p)

where A is the principal wave length emit-
ted by the satellite antenna, that is 28*10 m in
the case of ERS-2, and frac() is the fractionary
part. Examples of synthetic interferograms are
reported in the following figures 3 a) and b).

Inverse Modelling

The Simulated Annealing (SA) algorithm
is currently one of the most powerful optimisa-
tion techniques available. S. A. has been suc-
cessfully applied to geophysical inversion prob-
lems, e. g. the inversion of seismic waveforms
(e. g., [Sen and Stoffa, 1991], [Scherbaum et al.,
1994] ). It is inspired by the optimization
process of crystalline structures during the cool-
ing down of a melt. If the liquid cools down
slowly the crystals will develop an (almost) per-
fect structure corresponding to an (almost)
absolute energetic minimum. The structures will
become less perfect and thus richer in energy if
the cooling is faster. The reason for this resides
in the fact that, following concepts of statistical
mechanics, the particles may escape a certain
energy level with a probability which increases
with temperature. Temporary less perfect struc-
tures are possible. If the cooling process is slow,
particles will have more probability to escape
local minima and to approach the global one. In
turn, fast cooling will «frozen» the particles at
the places just where they are since the proba-
bility of escaping a certain energy level
becomes low. In our optimization with S. A. the
particles of the melt correspond to the models
which are fluctuating randomly within a certain
model space.

In this study the observation grid is
assumed to consist of a mesh of 21x21 stations,
spaced at a distance of 1000 m, covering a
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Figure 3a Synthetic interferogram generated by using a tensile dislocation Okada model having the
following parameters: Strike = 162°, Dip = 17° Length = 1823m, Width = 1052 m, Opening = 3.82

m, Xb = - 2459 m, Yb=4047 m, Zb = -5361 m.

-10000.00 <B000.00 -2000.00

2000.00 600000  10000.00

Figure 3b Synthetic interferogram generated by using a tensile dislocation Okada model having the
following parameters: Strike = 337°, Dip = 52° Length = 2098 m, Width = 3737 m, Opening = 4.76

m, Xb =- 1612 m, Yb=3729 m, Zb = -4814 m.

region of 20x20 km. The origin of the reference
system is assumed to be in the centre of the grid.

The considered cost function Fit is given
by the following expression

Fit=1—§ le(i,j)_U(i,j)
Nglat e
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where N is the number of points of the grid (i.e.
in the considered case N=21x21=441), i is the
index of the row position in the grid (i=1..N), j
is the direction index (X — j=1,Y — j=2,Z —
j=3), UR and UC are the actual and computed
deformation respectively.

Several trials were performed in order to
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set the free parameters of the SA algorithm. The
performance indexes considered to assess the
accuracy of the implemented inversion scheme
are given by the following relations, where j is
the parameter index (j=1..8):

. Mean Error E u

M
gy =yl -]

where V(7 is the generic j* variable of
the ith real model, ¥ is the corresponding cal-
culated variable and M is the number of models
(M=300).

. Mean Absolute Error £ )

) 1 & o o
) — ,7) _ 17 G.g)
B =r2 pain =i

. Root Mean Squared Error E,
M
Eéi) =% EE/I(?[‘/) _V(S/}/')]
. Mean Percent Absolute Error E 0

. 1 M o o
() = (i.)) _ 7.0
E{ =100 T ar Zl |VR y

where R is the range in which the vari-
able ;" is defined.

. Standard deviation of errors _,

where E/ is the i error of the j* vari-
able, while E? is the mean value of the j* vari-
able.

. Index of agreement d
M

AL
Sl -]

M
ZI[VR(W) _ Vc(j)l"' |Vc<z,1> _VR(j)|]
=

d(f) 1=

where V% and V' are, respectively, the
mean values of the j calculated variable and the
Jj™ real one.

Numerical Results

The values obtained for the considered
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performance indexes, referring to the inversion
of about 300 models, that where chosen in order
to represent the whole space of parameters, are
reported in the following Tab. II

Parameter | Ey Ex Er E., OF d
8] 3421 17.0 | 22.874 |14.736 | 22.616 |0.987
d 0.75 44 5.867 [4.937] 5818 |0.987
L 66.21 | 359.5 |452.358 [5.993 | 447.486 | 0.982
W 32.98| 279.9 |345.664 | 6.999 | 344.087 [ 0.977
u3 0.047] 0.28 0.355 |7.223| 0352 [0.975
Xb -35.41245.13 [331.324|2.451329.419 | 0.997
Yb -29.11224.82 [297.090 | 2.248 | 295.654 | 0.997
Zb 28.0 | 378.3 1470.535[6.307 |469.701 | 0.981

Table II Performance indexes.

It can be seen that all the model parame-
ter are estimated with an average error E% that
is lower that 10% in case of free-noise data. In
more detail the source coordinates Xa and Xb
are obtained with lower that 3% while for Zb the
average error reaches 7%. The L, W and U3
parameters are estimated with E% around 7%
while the Strike and Deep angles are both esti-
mated with E% of about 5%. Moreover, it has
been estimated that when the test data are cor-
rupted with a gaussian type noise up to 30% the
coordinates Xa and Xb are obtained with E,,
lower that 5% while for Zb, L and W the aver-
age error reaches about 10%. Finally the Strike
and Deep angles are both estimated with E, of
about 15%

Conclusions

This paper has proposed a method for the
nonlinear inversion SAR interferometric data by
using a SA optimisation algorithm. More specif-
ically, it has dealt with the inversion of ground
deformation data relating to magma-filled dikes
in volcanic areas. Situations of this kind are very
frequent in areas like that of Mt. Etna. To guar-
antee a sufficient set of data for the study, the
data was synthesised using models proposed by
Okada. The results presented are essentially as
follows. It was first experimentally demonstrat-
ed that the inversion procedure using SA can be
unambiguously solved. As regards the degree of
accuracy, the results obtained confirm the relia-
bility of SA in determining the most important
parameters of the model, i.e., the source coordi-
nates and orientation, even in the presence of
noise-affected data.
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Abstract

A number of methods based on data
acquired by means of remote sensing systems
are now available for the generation of Digital
Elevation Models (DEM) over large areas.
These include satellite SAR interferometry, air-
borne laser scanning, aerial photogrammetry as
well as spaceborne optical and radar stereo
option. Among these techniques, Digital
Photogrammetry represents one of the most
powerful tool for acquiring, through semiauto-
matic procedure, a large amount of 3D points
for the generation of high spatial resolution
DEM and the relative rectified images.

In digital photogrammetry in fact , the
processing of the images is obtained with
matching procedures which are based on well
defined shape comparison techniques or on the
grey level distribution in the corresponding
zones of the images [Kraus 1994; Heipke 1995].
The capability of the correlation algorithms to
work at sub-pixel level affects the final preci-
sion of digital products, together with the qual-
ity of the image, the presence of shadows and
the morphology of the surface

In volcanic areas, digital photogrammetry
techniques were experimented only recently,
showing remarkable potentialities [Achilli et al.,
1998; Baldi et al., 2000, 2002], such as the pos-
sibility to accurately describe morphological
features of ground surfaces, to study gravitative
instability phenomena induced by volcanic
activity and to detect and map areas involved in
crustal deformations phenomena.

The objectives of the work is to describe
the photogrammetric digital procedure applied
to high resolution images acquired over the
Vulcano Island, to discuss the quality of the
results obtained and to perform a comparative
analysis using multitemporal DEM.

Low altitude photogrammetric data over
the Vulcano Island have been acquired several
time during the last 30 years: the data analyzed
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in this work derive from the 1971, 1983, 1993,
1996, 2001 surveys. For the first two datasets
DEM derived from images at 1:10000 scale
were available while the 1:5000 images
acquired in 1993, 1996 and 2001 were fully
processed within this work and used for a
detailed analysis of the main crater area.

The work is in press on Annals of
Geophysics.
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Abstract

A morphometric analysis of a high reso-
lution digital terrain model (DTM) has been per-
formed in order to define morphological fea-
tures and classify landforms of “La Fossa” Cone
of Vulcano Island (Aeolian Arc, Italy). The dig-
ital model with a grid size of 1X1m has been
obtained by means of an automatic digital pro-
cessing of digitized airborne stereo images.
Maps of the four more important morphometric
parameters (slope angle, aspect of terrain, pro-
file curvature and plan curvature) have been
extracted and analyzed. The visual interpreta-
tion of morphometric maps aided by a lithology
map [Keller, 1980] and vegetation boundaries
map, derived from aerial photos, a classification
of landform based on terrain elemental units has
been performed and graphically represented as a
Terrain Units Map. Terrain units represent geo-
morphologically different units characterized by
a predominance of certain surface processes and
therefore certain landforms. Starting from mor-
phometric parameters a Morphometric Units
Map has been generated, and used to perform a
study about the identification of terrain instable
sectors. By an authomatic procedure in which
morphometric parameters were the input vari-
ables, a terrain classification based on morpho-
metric units has been derived. The classification
process consisted on two steps, the classifica-
tion of each slope factor into a few significant
classes, stored into a single layer, and the
sequentially overlaying of all the layers allow-
ing to obtain homogeneous domains. The use of
of high resolution DTMs in terrain analysis
allows to perform very detailed morphometric
alalysis to derive terrain units and slope surface
boundaries maps.

Introduction
As a sub discipline of geomorphology,

geomorphometry deals with the qualitative and
quantitative description and measurement of
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ground surface relief. The study of landforms
and patterns by numerical methods has a large
spectrum of applications, from hydrology
[Beven and Moore, 1992], tectonics and geo-
morphology [Onorati et al. 1992] to oceanogra-
phy, climatology and geohazard assessment
[Carrara et al. 1991; Pike, 1988]; other applica-
tions concern land-use planning, civil engineer-
ing, trafficability maps for military operations
deriving and energy resources evaluation
[Elliott et al. 1991]. Quantitative terrain study
has been recently revolutioned by the availabil-
ity of digital terrain modelling and Geographic
Information System (GIS) instruments for topo-
graphic analysis and display. The landform
numerical description consists on the parametri-
sation of a ground surface model by morphome-
tric parameters [Pike, 1993], that is “a set of
measurements that describe topographic form
well enough to distinguish topographically dis-
parate landscapes” [Pike, 1988]. This concept
has been taken further within the field of geo-
morphometry [Beven and Kirkby, 1979; Moore
et al. 1991], whose basic assumption is that
there is a close relationship between surface
processes and surface characteristics, that can
be expressed as topographic parameters.
Combination of topographic parameters, trough
a relief classification process, define topograph-
ic units, that is areas with a predominance of
certain surface processes and therefore also
landforms. In literature [Florinsky, 1998] exists
exhaustive lists of variables and parameters that
are commonly used for geomorphological dif-
ferent purposes, but a systematic parametriza-
tion of relief altimetric and planimetric variation
has been suggested by Evans [1972, 1980], by
taking the five more important parameters that
may be defined for any two-dimensional contin-
uous surface: elevation, slope, aspect, profile
curvature and plan curvature. Morphometric
parameters maps together with the maps of
other important slope-stability factors (litholo-
gy, tectonic structure, land-use, land-cover,
clima condition, vegetation, etc.) may be the
imput variables in landform stability analysis,
the base study for any further landslide disaster
management project and for hazard mapping.
The base of relief analysis is the raw ele-
vation data, which may be collected in a variety
of ways. In the past all topographic data were
collected by surveyors using instruments such
as the level, theodolite and more recently EDM;
today, the same data may be collected by remote
sensors on airborne or spaceborne platforms
(Photogrammetry, Laser Scanning, SAR) and
GPS receivers. Automatic processing of data
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allows to obtain a Digital Terrain Model (DTM),
whose quality principally depends on density of
acquired height points and on data acquisition
system. The availability of digital elevation
models has provided geomorphologists with
new tools for quantitatively analysing topogra-
phy (for an exhaustive bibliography see [Pike,
1993]) by computer manipulation of DTMs, by
automating manual classifications [Dikau et al.
1990] or by devising new ones [Pike, 1988;
Evans, 1980].

Morphometric Parameters

In geomorphometry all parameters,
defined as secondary point parameters
[http://rbonk.host.sk/prj/thesis/node23.html],
are derived from elevation field (primary field),
in what they represent the 1% and 2" order dif-
ferentials of that primary field in the XY and
orthogonal planes. Elevation belongs to the pri-
mary point parameters, whose characteristic is
to express the distance from a given point to
important area, line, or point; in the case of ele-
vation, the base area is the Geoid, defined as
equipotential surface of Earth’s gravitational
field, and elevation is the level of gravitational
energy of earth’s surface points as well.
According to that statement, all morphometric
parameters derived from elevation (H) have
their physical interpretation as characteristics of
Earth’s gravitational field and their expressions
on earth’s surface. They are attributes of every
point on Earth’s surface and can be defined as
changes of primary positional parameter in var-
ious directions within differentially small sur-
rounding area of given point. Slope is the most
important measure under which geomorphic
agents work, and it determines the horizontal
component of gravity which drives water and
materials downward.

Slope angle o in a point A (Fig.1) is the
angle between the plane tangent to the topo-
graphic surface at the point and horizontal
plane, parallel to Geoid surface. Slope is classi-
fied as a vector which has a quantity (Gradient)
and a direction (Aspect). The value of the gradi-
ent determines velocity of surface gravitational
processes, and its spatial changes determine the
acceleration and deceleration of processes. If
slope gradient is defined as the maximum rate of
change in altitude, aspect is the compass direc-
tion of this maximum rate of change (Fig.1),
defined by degree of exposition of terrain
against from certain direction acted processes,
such as wind, solar radiation, wave motion
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Gradient

Figure 1 Slope components [slope gradient
can be express in percent or in degrees].

[Minar, 1998]. Because of changing direction of
acted processes, this parameter is usually
expressed by Aspect of Terrain to world’s sides,
ranging from 0 to 360°.

Curvature, or Laplacian (scalar), is anoth-
er important parameter in slope dynamic analy-
sis; it expresses diverging and converging mate-
rial (rate of erosion and deposition) or water
flow [http://www.lapgis.chs.nihon-u.ac.jp/noga-
mi/measures.html]. Flow divergence or conver-
gence depends on the direction of flowlines
downslope; flowlines are imaginal lines on the
terrain oriented in every point in the direction of
maximal slope. Flowline curvature in gradient
direction (Profile Curvature, Fig.2) reflects the
change in slope angle and thus controls the
change of velocity of mass flowing down along
the slope curve. Profile curvature is responsible
of deceleration of gravitational flows, in case of
concave flowlines form, and of acceleration in
case of convex flowlines form. Flowline curva-
ture in the gradient perpendicular direction
(Fig.2) reflects the change in aspect angle and
influences the divergence/convergence of gravi-
tational flows. It is responsible of divergence, in
case of convex flowlines form, and of conver-
gence, in case of concave flowlines form
[Peschier, 1996]. This curvature usually is
measured in the horizontal plane as the curva-
ture of contours and is called Plan Curvature
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Figure 2 Geometric forms of slope.
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Figure 3 Nine possibile landforms obtained by combining the concepts of profile and plan curvature.

[Zevenbergen and Thorne, 1987; Moore et al.
1991].

Krcho [1973, 1991] introduced, for the
study of flow divergence/convergence, the more
appropriate concept of Tangential Curvature,
measured in the normal plane in the direction
perpendicular to gradient, that is the direction of
tangent to contour at a given point. By combin-
ing the concepts of Profile and Plan Curvature it
is possible to obtain all the nine possible land-
forms (Fig.3), with the exception of the hori-
zontal plane on which no flowlines can be
defined and so curvature values are zero.

Landform Units Classification

In literature all major approaches repre-

senting landform treat this surface as com-
posed of smaller units
[http://www.geovista.psu.edu/sites/geo-
comp99/Gc99/067/gc_067.htm], defined by
portions of land surface containing a set of
ground conditions which differ from the adja-
cent units across definable boundaries
[Hansen, 1984]. In general there is no single
agreed-upon the criterious to establish the
nature and the characters of landform units, but
essentially three classification criterious are
the more adopted by authors. Speight [1977]
mades units boundaries reflecting geomorpho-
logical and geological differences, by manual-
ly defining “Terrain units”; the main drawback
of the method is that it is intrinsically subjec-
tive, thus different investigators often classify
a region in a different way.
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Figure 4 Shaded Relief Representation of “La Fossa” Cone’s 1996 DTM.

Mark and Ellen [1995] supporte an
approach in which DTM’s grid-cells become the
terrain-unit of reference; the limitation of the
method is that units boundaries do not bear any
relation to geomorphological, lithological or
environmental boundaries. Chung et al. [1995]
adopt an authomatic terrain classification tech-
nique which consists on the extraction by DTM
of elemental units (“Unique Condition Units”,
UCU) that represent an aggregation of pixels
that  exhibit homogeneous  properties
[http://rbonk.host.sk/prj/thesis/node23.html].
The method is performed with the iterative clus-
ter analysis, that groups images pixels into
unique categories according to values of a coef-
ficient of similarity and allows to obtain a single
output map in which the number, size and nature
of UCU are strictly dependent on the criteria
used in classifying the input factors.

The main drawback of the method lies in
the fact that the full objectivity of the technique,
it being the result of an automated overlay algo-
rithm, is inherent with the subjectivity in factors
classification [Carrara and Guzzetti, 1995].

Study area
Aecolian volcanic arc, located in the

Thyrrenian Sea (Italy) approximately 15 miles
to the NE of Sicily, is built on the Sicilian-
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Calabrian northern continental slope, which
grades northward down to the south-east
Tyrrhenian bathyal plain [Kokelaar P. and
Romagnoli C., 1995].

The arc has a continental crust basement
[Calanchi et al. 1995], 16-18km thick, and it is
located along a very active fault system [Neri et
al. 1991] that trend mainly NE-SW, NW-SE and
E-W [Capaldi et al. 1978, Fabbri et al. 1980,
1982]. The archipelago is constituted from
seven islands, four of which, Alicudi, Filicudi,
Panarea ¢ Stromboli, with Sisifo, Enarete, Eolo,
Lamentini, Alcione and Palinuro seamounts,
form a semi-arc structure alongated W-E with a
7000km? areal development and a 200km linear
development. Salina, Lipari and Vulcano form
the central aeolian septor, alongated NNW-SSE
[Amore et al. 1996]. The Vulcano Mount’s base
is at a depth of 1000m; the island is about 450m
high above m.s.l. with an area of 22km?’
Morphologically Vulcano can be divided into
four main structural units: Southvulcano, Lentia
mountains, Fossa of Vulcano and Vulcanello
peninsula. Fossa of Vulcano is the active crater
of the island which rises from sea level up to
390m forming a steep cone. It’s activity, whose
last experienced eruptive process in 1888-1890,
is characterized by eruptions separated by long
intervals of low activity. The systematical mon-
itoring of the volcano procesess, allowed the
observation of a persisting fumarolic activity
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Figure 5 a) Slope Angle Map and b) Contour Lines Map of “La Fossa” Cone’s 1996 DTM.

with variation of chemical composition, low
seismic activity and opening of new fractures
[Barberi et al. 1991]. The most conspicuous
petrological feature of Vulcano is the potassic
character, already present in the most unfrac-
tionated magmas (shoshonitic-basalts) of
Southvulcano and mantained over rhyolitic
lavas formed the Lentia mountain group and
over recent activity of La Fossa Cone [Keller,
1980]. Morphodynamic evolution of Fossa
Cone is deeply controlled by the simultaneous
actions of exogenous and endogenous (e.g.
high-temperature fluids circulation) factors. The
data analysed in this paper were collected over
the Vulcano Island by mean of aerial pho-
togrammetry surveys in 1983 and 1996, before
and after the 1988 landslide which affected the
northeastern side of the volcanic cone producing
a small tsunami in the harbour area [Tinti et al.
1999]. This event was due to the dinamically
unstable conditions of the volcano [Rasa and
Villari, 1991].

Nature of Used Terrain Data

Morphometric analysis of the terrain sub-
aereal surface of “La Fossa” Cone of Vulcano
Island has been performed starting from an high
resolution Digital Terrain Model having a 1X1m
grid size (Fig.4).

Elevation data have been derived by an
aerophotogrammetric survey performed in
September 1996. An accurate GPS control net-
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work was esteblished in the area positioning on
the ground 22 specially designed aerial targets,
used as Ground Control Points [Baldi et al.
2000]. The stereo images, acquired at a scale of
1:5000 [Achilli et al. 1997], where digitalized at
a resolution of 1000dpi, corresponding to a
ground pixel size of about 12 cm; a 1-meter grid
DTM of “La Fossa” Cone has been obtained by
the authomatic correlation module of Helava
System [ DPW 710] [ Muller et al. 1995].

DTM elaboration

Starting from terrain surface grid and by
an authomatic method has been possible to
extract the four main morphometric attributes
maps: slope angle, aspect of terrain, plan and
profile curvatures. They depict terrain morpho-
logic characteristic and allow to perform, by
their interpretation, a detailed analysis of topo-
graphic surface planimentric and altimentric
variations. Classified digital maps of morpho-
metric parameters of “La Fossa” Cone were pre-
pared. In Slope Angle Map image pixels have
been grouped in nine classes of ten degrees
each. Comparing slope angle map with a tradi-
tional contour map (Fig.5 a, b), it is clear that
the slope angle visualization map offers an over-
all view of the slope angle trend over the study
area and of its spatial variations.

In Aspect of Terrain Map image pixels
have been grouped in twelve classes of thirty
degrees each (Fig. 6).
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Figure 6 Aspect of Terrain Map of “La Fossa” Cone’s 1996 DTM.
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Figure 7 Profile Curvature Map of “La Fossa” Cone’s 1996 DTM.
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Figure 8 Traverse section of ESE flank of “La Fossa” Cone: the terrain surface slope angle change

correspond to a lithologic boudary.

Aspect of terrain map allows to define crest
and drainage lines with the aim to made considera-
tions about gravitative processes directions. In
Profile Curvature Map image pixels have been
grouped in three classes corresponding to concave
(jellow areas), convex (red areas) or linear (blue
areas) slope surface forms in the gradient direction
(Fig.7).

Profile curvature map allows to localize the
boundaries between slope surface sectors with con-
cave or convex forms, that can be linked to geolog-
ic or geomorphologic boudaries. This is the case of

ESE flank of “La Fossa” Cone, where the passage
from convex profile curvature to linear profile cur-
vature (300m m.s.l) corresponds to the lithologic
boundary between the upper Pyroclastic doposits
of the recent eruptions of Fossa di Vulcano and the
lower “Fossa Rossa” ash-tuffs (Fig.8).

In cases of the slope surface submitted to
mass movements erosive processes, the boundaries
between concave forms and convex forms corre-
spond to erosion/deposition morphologic
boudaries.

In the Plan Curvature Map image pixels
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Figure 10 Lithology Map of “La Fossa” Cone extract by digitalizing Geologic Map of Vulcano Island
[Keller, 1970].
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Figure 11 Terrain Units Map of “La Fossa” Cone’s 1996 DTM.

have been grouped in three classes, respectively Terrain Units Map

corresponding to concave (green areas), convex

(red areas) or planar (jellow areas) slope forms in The terrain units boudaries have been
the gradient perpendicular direction (Fig.9). Plan extracted by a visual interpretation of morpho-
curvature parameter map allows to obtain drainage metric parameters maps: the extracted bound-
lines, which corresponds to concave slope surface. aries have been modified integrating the infor-
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mations with lithology (Fig. 10), vegetation
boundaries (extracted from the digital ortopho-
to), and morphological features visible on the

DTM.

The obtained Terrain Units Map evi-

tures prevail (Fig. 11); these informations sup-
port the terrain analysis in acting morphodinam-
ic processes evidencing and mapping.

The different terrain units defined in the

denced sectors where different topographic fea-

terrain units map are listed in Tab.1:

Location

Morphometric characteristics

Note

limited
crater rims

| | Summit area

by

Area formed by sectors with ditferent aspect of terrain; low slope
angles, ranging from 0 to 25 locally reaching 50°/75% (N sector
of the area, where a steep scarp boards the ndge wvalley south
flank and SW sector of the actually active crater area, where two
breaks on slope border a steep scarp), complete lack of
vegetative cover and very simple drainage network.

SE aspect of terrain; intermediate slope angles ranging from 25°
to 507, complete lack of vegetative cover; complete lack of linear
erosional processes.

Aspect of terrain ranging from WSW to S; low slope angles
ranging from 0° to 25%; presence of vegetative cover; complete
lack of drainage network.

Area probably interested by
the presence of blocks.

Aspect of terrain ranging from N'W to SW; slope angles ranging
from 25% to 50° in the upper sector and from 0° to 25 in the
lower sector; lack of vegetative cover in the upper sector and
presence of vegetative cover in the lower sector; low intensity
linear processes due to elementar rill channels with a drainage
pattern from paraller to radial and not hierachically arranged.

Aspect of terrain ranging from N to E; high slope angles ranging
from 507 to 75°; complete lack of vegetative cover.

Slope sector affected by
wave erosion and gravitative
down slope processes.

Aspect of terrain ranging from N to ENE; intermediate slope
angles, ranging from 25° to 50°, in the southern sector and by
high slope angles, ranging from 50° to 75° in the northern
sector; complete lack of vegetative cover; high density channels
inflow with a drainage pattern from parallel to radial and
drainage lines seldom hierarchically arranged; presence of
several discontinuous steep scarps boardering the landslide
sector.

Slope sector affected by high
intensity  areal  processes
caused by mass-movements
such as rock falls and rock
slides. The landslide sector
seems Inserted n a flank
delimited by structural
discontinuities, interested by
water erosion In raining
times, that trascend the Fossa
cone zone.

Aspect of terrain ranging from NNW to ENE: slope angles
ranging from 25% to 507 in the upper sector and from 0 to 25% in
the lower sector; presence of vegetative cover; high sinuosity and
high density drainage lines with a good hierarchic arrangement.

Aspect of terrain ranging from NNW to WNW; slope angles
ranging from 25° to 507 presence of vegetative cover;
intermediate linear processes due to drainage channels seldom
hierarchically arranged.

Aspect of terrain ranging from N to WNW. high slope angles
ranging from 50° to 75°; poor vegetative cover; intermediate
drainage density; rill channels have a drammage pattern from
parallel to radial and seldom hierarchically arranged. Presence of
several steep scarps assoclated with the Forgia Vecchia crater
rims.

Aspect of terrain ranging from WNW to NNE: slope angles
ranging from 23° to 50°; poor vegetative cover; very simple and
poor drainage network.

Low slope angles ranging from 0° to 257,

Sectors of human
mnsediaments.

Aspect of terrain ranging from NNE to NNW; intermediate slope
angles ranging from 25° to 507 lack of vegetative cover; linear
erosional processes.
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13

Aspect of terrain ranging from WSW to S; low slope angles,
ranging from 0 to 25° in the middle-lower sector, and
intermediate slope angles, ranging from 25° to 50°, in the upper
sector; complete lack of vegetative cover, eccept for limited
zones; very high density rill channels with a drainage pattern
from parallel to radial and seldom hierarchically arranged.
Presence of a steep scarp coincident with the lower boundary of
Palizzi lava flow.

14

Aspect of terrain ranging from SSE to ESE; low slope angles
ranging from 0 to 25°; presence of vegetative cover; elementar
rill channels with a radial and not hierarchic pattern.

15

Aspect of terrain ranging from ESE to NNE: low slope angles,
ranging from 0 to 25% in the middle-lower sector, and
intermediate slope angles, ranging from 25° to 50°, in the upper
sector; vegetative cover prevailing in the middle sector; rill
channels, with a drainage pattern from parallel to radial and
seldom hierarchically arranged, in the middle sector (80- 160m
m.s.1).

Drainage density is higher
than observed in (14).

16

Gorge of Rio
Grande

Aspect of terrain ranging from WSW to NNE; high slope angles
ranging from 25° to 50°, locally reaching 75°; presence of
vegetative cover.

17

Aspect of terrain ranging from SW to NNE; low slope angles
ranging from 07 to 25°; presence of vegetative cover.

Unique Condition Units Map

The Unique Condition Units boudaries
can be extracted by an authomatic classification
procedure based on an iterative cluster analysis
in which morphometric attributes are the input
parameters. This unsupervised classification
method may be adopted to perform landform
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monitoring studies, to the eveluation of the pres-
ence of potentially unstable sites. This objective
may be achieved by comparing dedicated
Unique Condition Units Maps obtained from a
temporal series of DTMs: this comparison
allows us to evaluate if a particular sector of the
study area has varied its morphometric class as
a consequence, for example, of an instability

Figure 12 Shaded Relief Representation of “La Fossa” Cone’s 1983 DTM.
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Figure 13 Unique Condition Units Maps of “La Fossa” Cone’s a]1983 DTM and b] 1996 DTM.

process (e.g. landslide). In this way it is possible prevalence of specific morphometric character-
to assume if other sectors of the area, with the istics and therefore more likely to be interested
same initial morphometric characteristics, might by different morphological processes.
be affected by the same instability process. Such The generation of such supervised classi-
final considerations must be supported by dif- fication is strongly influenced by the operator. It
ferent nature data regarding lithology, structural allowed us to obtain a classification map
features, rocks geotechnical and site geophysi- (Terrain Units Map) in which sector’s boudaries
cal characteristics. have similar geomorphological, geological or
A morphometric analysis of a 1983 DTM structural characteristics. The unsupervised
of “La Fossa” Cone has been performed in order classification procedure, that allows to obtain
to obtain morphometric parameter maps and to the Unique Condition Units Map, is character-
study morphometric features of NE flank of “La ized by a nearly total objectivity, except for
Fossa” Cone before the 1988 landslide (Fig.12). what concern the selection of input parameters.
Finally, Unique-Conditions-Units Maps The comparison of UCU maps derived from
from 1983 and 1996 data of “La Fossa” cone DTMs acquired in various epochs may support
have been generated starting from morphomet- the identification of potentially instable sites.
ric parameters maps, with the aim to support The procedure described in this paper to per-
the study on the identification of terrain insta- form detailed morphometric analysis results to
ble sectors (Fig.13). be very adapted in remote and difficult access

areas, where the performance of traditional field
surveys are greately limited.
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Abstract

Short-wave infrared (SWIR) channels
acquired by airborne and spaceborne sensors
hav allow the characterization of the thermal
structure of lava. In this study we assumed the
Crisp and Baloga model [1990] to be suitable
for Etnean lavas. Thus, we have applied the
dual-band technique to retrieve the temperature
of the crust, the temperature of the hot cracks
and the extension of their relative radiating
areas. This work also wants to compare solu-
tions obtained by different sensor datasets. The
comparison between spaceborne and airborne
sensors allowed us to validate the dual-band
technique and suggests further instrumental
improvements for next sensors generation. In
particular SWIR and TIR channels with a good
dynamic range are necessary to solve the dual-
band equation system in three components (tri-
ple-band) as we observed by means of MIVIS
data.

Introduction

The thermal model proposed by Crisp
and Baloga [1990] for active lava flows consid-
ers the thermal flux as a function of the frac-
tional area of two thermally distinct radiant sur-
faces. Within this model, the larger surface area
corresponds to the cooler crust of the flow and
the other, much smaller area to fractures in the
crust. These cracks are at much higher tempera-
tures then the crust and are closer to the temper-
ature of the molten or plastic flow interior.
Interior temperatures for active lava flows are
typically about a factor 2-4 higher than that of
the crust. Issuing from this model, we use the
dual-band technique to retrieve the crust tem-
perature and the hot cracks fractional area for
Etnean active lava flows, using satellite short-
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wave infrared (SWIR) imagery.

The INGV Remote Sensing Group carries
out researches based on optical imaging systems
to study active volcanic areas since 1992. The
Remote Sensing Group participated to several
airborne campaigns with image spectrometers to
acquire data on interesting volcanic and tectoni-
cally active areas [Salvi et al 1992, Bogliolo et
al., 1996, Buongiorno et al., 1999].

In this work we investigate thermal prop-
erties of active lava flows by analyzing and
comparing LANDSAT TM data set acquired
over Mt. Etna between 1984 and 2001 and air-
borne imaging spectrometer data acquired on
Etna during 1996 and 2001 airborne campaigns.
In particular the 2001 eruptive event of Mt. Etna
gave the opportunity to acquire contemporane-
ously a large number of optical sensor data both
from satellite (ASTER, LANDSAT ETM+,
MODIS, HYPERION) and aircraft (MIVIS)
useful to compare the sensor performances and
validate remote sensing algorithm used to ana-
lyze the thermal features of active lava flows.
Finally the hyperspectral data were used to
define the requirements to observe volcanic
phenomena that could be used to develop the
next generation of satellite sensors.

1. Sub-Pixel Temperature Retrieval

The spectral radiance detected by the sen-
sor is related to the kinetic temperature T by
means of the Planck function:

RN = e Cl
AS mt (exp(C2/AT) - 1)

Eq. 1)

where ¢ is the spectral emissivity, esti-
mated by means of sample spectra, A is the
wavelength, Tc is the crust temperature, and the
constants C1 and C2 have values 3.74151 E-16
[W m?] and 1.4388 E-2 [m K], respectively. If
the target is thermically homogeneous at the
scale of the pixel (e.g. the fluid portion of a lava
flow at the vent) temperature can be retrieved
directly from the Planck equation (fig. la). If
two distinct temperatures, T, and T, character-
ized by strongly different values (fig. 1b), repre-
sent a radiant pixel, the radiance detected by the
sensor in one band would be an average, weight-
ed by the fractional area, of the two radiances
related to the different temperatures:

RA=1 RM +(1-f)RA Eq. 2)

where R, A is the total radiance detectby
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Figure 1 Flying path of the MIVIS sensor installed on a CASA aircraft over across Mount Etna dur-
ing the July 2002 eruptive event.
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the sensor at the wavelength A, R, A and R A are
the radiances associated to the hlgher (Th) and
lower (T ) temperature contribution, and f, is the
fractional area of the hot component. Following
the Crisp and Baloga [1990] thermal model, we
assume the energy flux of the Etnean lava flows
as a function of the fractional area of two ther-
mally distinct radiant surfaces. The largest sur-
face corresponds to the coolest crust of the flow,
whilst the much smaller area is related to the hot
fractures in the crust (figlb). The dual band
technique allows the calculation of the crust
temperature (T ) and the fractional area (f}) of
the lava flow hot cracks. This method requires
the availability of a sensor with two bands with-
in the short wave infrared (SWIR) region of the
spectrum (fig. 1c) to calculate the ‘sub-pixel’
temperature of the lower and hot fractions
[Dozier, J., 1981; Matson, M. and Dozier J.,
1981, Wan Z., Dozier J., 1989]. The dual band
equation system can be summarized as follow:

A=1f RA)+(1-

- fh) R(:)\'Z

f)RXA,  Eq.3)

Tot 1

R, A

Tot™ 2

=f RA)+(1

A, and A, indicate the wavelengths of the two
bands.

In this system, T, T,, and f, represent the
three unknown quantities. We assume a value
for one of these quantities a priori in order to

solve the equation system. The relatively con-

stant inner-core temperature along the whole
length of the flow as well as the low heat capac-
ity and very low thermal diffusivity values for
Etna lavas suggest that we assume T, as bound-
ary condition. Measurements of solidus temper-
atures [BGVN 24:06, 06/99; BGVN 21:07,
07/96; Calvari et al., 1994, Archambault &
Tanguy, 1976; Gauthier, 1973] permit us to
assume T, equal to 1080°C.

2. Hot-Cracks Frequency Distribution

Dual-band technique has been successful-
ly applied by several authors [Dozier, J, 1981;
Pieri et al., 1990, Oppenheimer, C, 1991;
Oppenheimer et al., C, 1993; Harris et al., 1999;
Flynn et al., 2001; Wright et al., 2001] to esti-
mate the surface thermal structure of aa and
pohoehoe [Flynn et al, 1994] lava-flows.
Following Rothery et al. [1988], Oppenheimer
[1991], Flynn et al. [1994], Harris et al. [1998],
we apply this two components model using
Landsat Thematic Mapper (TM) Bands 5 (1.55-
1.75 wm) and 7 (2.08-2.35 um) to solve a sys-
tem of simultaneous equations 3).

When the dual band system equation is
performed on a lava flow, a logarithmic distri-
bution is obtained by plotting f, versus T . This
trend is observed for a time series of Landsat
TM images, when the statistics of the dual band
solution highlighted a common behavior for

MIVIS010720
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00 0.005 0,008 0007 1008
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Figure 2 Geocoded RGB (54,28,13) MIVIS bands; average pixel size is 8x8 m.

53



Development and application of remote sensing methods for the monitoring of active Italian volcanoes
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Figure 3 a) Principal components transformation on the MIVIS thermal infrared bands and integrat-
ed temperature mapping of the lava flows. b) Crust temperature distribution retrieved by using the
dual-band technique. ¢) Energy flux calculated for the radiant pixels.
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Figure 4 Energy flux contribution of the distinct active lava flows on 29" July 2001.

many distinct eruptive events (fig. 3). This rela-
tionship has been supported thanks to the use of
a high resolution imaging spectrometer charac-
terized by a wide dynamic range of 15 bits
(DAIS 7915) and 12 bits (MIVIS). Such fea-
tures permit an extended analysis on a large
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number of unsaturated samples and return
results statistically significant. Fig.2 shows a
typical trend for a lava-flow imaged by the
MIVIS sensor. Some consideration can be
drown:

1. The non-saturated pixels are not randomly
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Crust Temp. (Cels )
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Figure 5 Effective recorded surface according to different pixel-sizes due to topographic variations.

distributed, but mainly fall into a well-deter- tribution.

mined field. The shape of this particular fracture dis-
2. This field seems to vary within a narrow tribution is probably related to fluid mechanical

range for crust temperature values less than aspects of flow emplacement that affect flow

200 C° velocity and flow heat loss and thus the rate of
3. for temperature values greater than 200 C° formation of the surface crust. Here, we use fre-

the pixels distribution tends to bow toward quency distribution analyses to compare differ-

higher values of the fractional area ent instruments potentialities.

4. no points occur below an hypothetical oblique
line delimiting the lower-left area of the dis-

Figure 5 Effective recorded surface according to different pixel-sizes due to topographic variations.
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Sensar Spatial Spec.Channels | Spec.Coverage Spec. Details
Resolution
ASTER 15 0.52-11.65 Bands lower limit | upper limit
# wum wm
VIS =15 1 0.52 0.60
2 0.63 0.69
3 0.76 0.86
B 0.76 0.86
SWIR = 30 4 1.60 1.70
2.145 2.185
6 2.185 2.235
7 2.235 2.285
8 2.295 2.365
9 2.360 2.243
TIR =90 10 8.125 8.475
11 8.475 8.825
12 8.925 9.275
13 10.250 10.950
14 10.950 11.650
Landsat ETM+ 8 0.45-12.50 Bands lower limit | upper limit
= pm pm
VIS =30 1 0.45 0.52
VIS =30 2 0.53 0.61
VIS =30 3 0.63 0.69
NIR = 30 4 0.78 0.90
SWIR =30 5 1.55 1.75
TIR =90 6 10.40 12.50
SWIR = 30 7 2.09 2.35
NIR = 30 8 0.52 0.90
MIVIS DoFA 102 0.43-12.70 um Bands Lower edge | Upper edge | Bandwidth
= pm pm pm
01-28 0.43 (.83 0.02
21-28 1.15 1.55 0.05
29-92 1.983 2.478 0.009
93-102 8.18 12.7 0.34-0.54

Table 1 a) MIVIS sensor technical details and b) related spectral range.

3. Multi-Sensors Comparison

MIVIS sensor is equipped with 72 bands
into the range 1.175 w — 2.473 u that are poten-
tial input in the dual band calculation, and a spa-
tial resolution between 3 and 12 m according to
the flight altitude (table 1). It has been tested
that band at 1.525 w and 2.188 wu are the most
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performing channels in the dual-band algorithm,
therefore they have been chosen for the temper-
ature calculation. These bands were also select-
ed as close as possible to the corresponding two
SWIR bands of the Landsat TM and ASTER
(1.65 w and 2.22 u respectively) to allow a
multi-sensor comparison of the retrieved param-
eters (table 2). The number of radiant pixels
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available to perform the dual band system equa-
tion, and thus the calculation of T and f,, is larg-
er for MIVIS. This is due to its better spatial res-
olution (Landsat TM is 30 m) and its dynamic
range (12 bits versus Landsat TM’s 8 bits).
Thus, the logarithmic trend observed from the
Landsat imagery (fig. 3) is much more evident
in the plot derived from MIVIS images (fig. 2).
On July 29" also ASTER sensor acquired over
Mount Etna. The plot T, vs. f, derived from
ASTER data is shown in fig 4. ASTER 8 bits
encoding explains why T and f exhibit a range
of solutions considerable restricted than MIVIS
one (fig 5).
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Abstract

An open-ended coaxial probe is designed
for making permittivity measurements on vol-
canic ash. Reference liquids such as water and
methanol are used for calibrating the probe,
whose input admittance is related to the com-
plex permittivity by Marcuvitz integral. The
reflection coefficient of the probe in the pres-
ence of volcanic ash samples from Etna vol-
cano, Italy, is measured from 1 to 15 GHz and
subsequently processed to retrieve the complex
permittivity of the material under test.

Introduction

The interest for sensing volcanic activity
phenomena has increased in the last years as a
result of several violent eruptions. Detection of
volcanic ash clouds has become an imperative
for aviation industry, which suffered high eco-
nomic costs for repair of equipments damaged
by powerful eruptions. Two kinds of remote
sensing applications are actually employed for
hazard mitigation of volcanic ash. One method
senses eruption columns and clouds by meteor-
ological radar systems [Harris et al. 1983],
while the other is based on the use of imaging
radars for mapping volcanic deposits on the
ground [Delene et al. 1996]. A large amount of
dielectric data is crucial on a wide range of
wavelengths and volcanic ash compositions in
order to develop new models and reconstruction
algorithms.

In this paper, a method is presented to
perform complex permittivity measurements on
volcanic ash in a wide microwave frequency
band. An open-ended sensor is constructed from
a length of semirigid 50 Q coaxial line termi-
nated by a large-diameter conductor flange. A
proper calibration technique is applied which
uses two calibration standards (short and open
circuits) together with a reference liquid in order
to improve accuracy [Nyshadham et al. 1992].
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Measurements of the complex reflection coeffi-
cient are performed through a network analyser
with the open-ended probe placed against the
material under test. Marcuvitz integral for the
probe input admittance [Misra et al. 1990] is
then applied to retrieve the complex permittivi-
ty on ash samples of Etna volcano at microwave
frequencies.

Open-ended coaxial probe

Let us consider the geometry in fig.1,
where the open-ended coaxial probe is placed in
contact with the material under test. Due to
device imperfections, the true reflection coeffi-
cient at the reference plane differs from the
measured one. It is computed from the knowl-
edge of S-parameters (S, , S,,, S,,, S,,) relevant
to the equivalent two port network, which in
turns are derived from the measured reflection
coefficients S, in the presence of three standard
loads by means of the formula [Nyshadham et
al. 1992]:

B S, -8,
S21512 + S22(Si - Sn) ’

=123 (1)

i

where the terms I, are the known reflection
coefficients at the reference plane.

Network calibrations are usually per-
formed by short, open and matched termina-
tions. However, this latter condition is very dif-
ficult to realize with open-ended sensors, which
are calibrated by using good reference liquids
such as water and methanol. The dielectric prop-
erties of these substances are described by the
Cole Cole equation [Nyshadham et al. 1992]:

E;, — &y

& = )

£+ ——
1+ (jor)"™

where ¢_ and ¢_are the optical and static permit-
tivity, respectively, T is the relaxation time and o
the distribution parameter. Cole Cole parame-
ters are tabulated for various reference liquids as
a function of temperature. A relationship exists
between the dielectric properties of the material
under test and the input admittance of the coax-
ial line, as given by Marcuvitz formula [Misra et
al. 1990]:

Y=G+jB 3)
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In the above expressions, a and b are the
inner and outer radii of the coaxial line, k_ is the
free-space propagation constant, Y the charac-
teristic admittance of the probe, € and ¢ denote
the permittivity of the material under test and
the dielectric inside the line, respectively.

Once completed the calibration procedure
with short, open and reference liquid termina-
tions, the complex reflection coefficient S, can
be measured in the presence of the material
under test. The true reflection coefficient I',, at
the reference plane (fig.1) is computed from eq.
(1) as:

SM - S11

FM =
S8, + 8,08y, =S))

The probe admittance is then obtained by
the expression:

1-T
v =1, -
1+,

This latter quantity is finally inserted into
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Figure 1 Open-ended coaxial probe geometry.
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eq. (3) for retrieving the unknown complex per-
mittivity €.

Experimental Results

In order to make permittivity measure-
ments on volcanic ash, an open-ended probe of
length L=28cm has been realized from a 50 Q
coaxial line type RS-RG402 with dimensions
a=0.046 cm, b=0.1492 cm and inner dielectric
of constant £.=1.9910. The open-ended sensor
is terminated in a conductor flange of diameter
d=3cm (fig.2), which is used to simulate the
infinite plane assumption in Marcuvitz formula
(3). The correct behaviour of the probe has been
tested on water by using methanol as reference
liquid. Measurements have been performed on
this substance from 1 to 12 GHz and results are
shown in figs. 3-4, where the retrieved complex
permittivity of water is in good agreement with
that given by Cole Cole expression (2). Volcanic
ash dielectric data are obtained from the test
setup illustrated in fig.5, where compressed ash
from Etna volcano are placed against the probe

|
!
| Material under test

MMeasurement plane
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Figure 2 Open-ended sensor terminated with the conductor flange.
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Figure 4 Imaginary part of water permittivity (Methanol as reference liquid).
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Figure 5 Measurement setup for pulverized
volcanic ash.

into a plexiglass box. The coaxial probe meas-
urement procedure is then applied to obtain the
real and imaginary parts of the complex per-
mitttivity, which are reported under figs.6-7.

Conclusions

Dielectric characterization of volcanic ash
is performed by an open-ended coaxial cable
technique. Complex permittivity data are
retrieved from reflection coefficient measure-
ments on pulverized ash from Etna volcano
placed in contact with the open-ended sensor.
Measurement uncertainties are significantly
reduced by an accurate calibration procedure

8
f [GHz]

10 12 14

Figure 6 Real part of Etna volcano ash permittivity (Water as reference liquid).

25¢

15

05

Imag [g]

05+

-1.5

oL

-25

8
f[GHz]

Figure 7 Imaginary part of Etna volcano ash permittivity (Water as reference liquid).
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using a reference liquid as standard with open
and short circuits.
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Abstract

This paper focuses on three eruptive
events of the Mt. Etna volcano: July 22nd 1998,
April 26th 2000 and the recent eruption of July-
August 2001. Such eruptions may be a severe
threat to aircraft safety, as in the April 2000
event. From the AVHRR visible images the
height of the top of the clouds is estimated,
using geometrical methods, knowing both
NOAA satellite and Sun positions. The results
are then compared with information derived
from radio-sounding data etc.. The volcanic ash
particles with diameters of 1-10 micron are not
detectable by aircraft radar but they may be
remotely sensed using thermal infrared data.
The well-known algorithm, based on the
AVHRR channel 4 and channel 5 brightness
temperatures difference [Prata, 1989; Schneider
et al. 1994], is here applied to highlight the ash
clouds of Mt. Etna volcano. Even though it was

typically used to detect and follow the volcanic
clouds of stratospheric eruptions, here it is suc-
cesfully tested for tropospheric plume too.
Some good results of this technique are present-
ed together with some basic problems. This
work points out that it could be useful to prepare
a procedure to monitor Mt. Etna eruption clouds
analysing TIR data. Such a procedure should
automatically alert (in real time, using the new
Meteosat Second Generation satellite) and indi-
cate the cloud direction on the basis of atmos-
pheric radio-sounded and/or predicted data.

1. Introduction

Volcanic ash has various sizes, and differ-
ent times of residence in atmosphere, mostly
depending on particle diameter and altitude
reached by the ashes after the eruption. The time
of residence of larger particles (radius greater
than 100 micron) may be very short (minutes,
usually less than an hour), but ashes with radius
lower than 10 micron can travel hundreds of
kilometres before falling down. Volcanic fallout
causes a long list of problems: respiratory prob-
lems (for both people and animals), damage to
vegetation, agricultural and industrial activities,
transport and tourism. In particular, volcanic
clouds are a severe threat to aircraft security
[Mayberry, 1998]. Very big particles (up to
some centimetres) can damage the aircraft struc-
ture (windows, wings, ailerons, e.g. the wind-
shields in the April 2000 event) but small parti-
cles (less than 10 micron) may be extremely
dangerous too. In fact, volcanic fine ash clouds

Figure 1 22.07.1998 eruption: AVHRR channel 2 (1a, left) and BTD (1b, right).
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can not be detected [Barker, 1990] by aircraft
radar (so they are totally undetectable during
night or in low visibility flights) and they are
often undistinguishable from meteorological
ones. Flying inside these clouds causes loss of
power and rapid engine stop, due to volcanic ash
structure. Volcanic ashes, differently of the
sand, are generally described as glassy, with an
amorphous disordered structure, and their melt-
ing point is low enough that even during the
short time they are in hot turbine section melting
can take place. High operational temperature of
turbo engines tends to create an accumulation of
melted ceramic-like deposit on the turbine sur-
faces, causing airflow reduction, compressor
stall and then engine stop [Barker, 1990].

The international airport of Catania
(Italy) provided traffic for more than four mil-
lions of passengers during year 2000 [SAC,
2002]; it is very close to the top of Mt. Etna vol-
cano (about 30 km) and ash falling down during
eruptive events is always dangerous (e.g. the
airport was closed for many days during
July/August 2001 eruption). The eruptions of
Mt. Etna represent a serious problems for the
whole air traffic above the Eastern-Central
Mediterranean Sea too. This area, crossed by
many air routes, is usually the portion interested
by the volcanic ash clouds with small particle
sizes; in fact, due to the general circulation, the
typical wind direction at the volcano top is from
North-Northeast.

Ground observations are not sufficient to
organically monitor volcanic clouds, and they
are exposed to the same problems as aircraft
ones (night flights, meteorological clouds);
instead, satellite observations represent an use-
ful tool to track ash movements and to prevent
planes encountering hazardous particles. A spe-
cific procedure, which uses different informa-
tion, should be prepared. This procedure will
have to be an integrated system to take into
account: the dimensions of volcanic particulate
matter, the altitude of the volcanic cloud, the
forecasted dynamic of atmosphere, data from
all the available satellites above area and, of
course, the different air routes and their alti-
tudes.

In this paper the algorithm based on the
channel 4 and channel 5 of the Advanced Very
High Resolution Radiometer (AVHRR, aboard
NOAA polar orbiting satellites) brightness tem-
perature difference is used. This method, previ-
ously tested only on stratospheric eruptions, is
here verified for the typically tropospheric
eruptions of Mt. Etna volcano. This work
focuses on volcanic particles with diameters of
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few (1-10) micron only [Watson and
Oppenheimer, 2000]. Analysing the Thermal
Infrared (TIR) data, related to the three afore-
mentioned Mt. Etna eruptions, some positive
results and some problems connected with the
volcanic cloud detection are reported. Other
informations, derived from sun-satellite relative
positions and from atmospheric radio-sounding
data, are also included.

2. Procedure

Schneider et al. [Schneider et al. 1994],
on the basis of the works of Prata [Prata, 1989],
developed a procedure to detect volcanic ash
clouds from AVHRR-TIR data [NOAA, 2000].
The proposed algorithm allows to identify vol-
canic clouds and to discriminate them from
meteorological ones.

Starting from AVHRR raw data, the visi-
ble (VIS; channel 1: 0.58-0.68 wm) and the near
infrared (NIR; channel 2: 0.725-1.0 wm) cali-
brated images (percent albedo), are obtained
using a linear relationship determined prior to
launch [Lauritson et al. 1979]. The infrared
AVHRR data (channel 3: 1.58-1.64 um; chan-
nel 4: 10.3-11.3 um; channel 5: 11.5-12.5 um)
are converted to radiances with a linear rela-
tionship based on the measurements associated
with cold space (at about 3 K) and with an
onboard black-body (at about 300 K)
[Lauritson et al. 1979; NOAA, 2000]; using the
inverse Planck function the radiances are then
converted to brightness temperatures. Finally,
using the Terascan software package
[SeaSpace, 2002] and satellite tracking infor-
mation, images may be rectified, registered and
Earth-located.

Schneider et al. state that AVHRR chan-
nel 4 minus channel 5 Brightness Temperature
Difference (BTD) can be used to detect the vol-
canic clouds. In fact, eruptive clouds present a
negative BTD [Prata, 1989; Schneider et al.
1994; Wen and Rose, 1993; Wen and Rose,
1994; Schneider et al. 1999], while meteorolog-
ical clouds, as most of the earth’s surfaces
(water, land, snow, etc..), generally have posi-
tive BTD [Yamanouchi et al. 1989].

Due to the larger refractive index for sil-
icates in the channel 4 region than in the chan-
nel 5 region, volcanic clouds absorption of
energy from the underlying surface is greater in
the channel 4 than in the channel 5 [Schneider
et al. 1994] and this results in a negative BTD.
It can be derived from the following simplified
radiative transfer equation:
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L =e™BT)+(l1-¢ ™)B(T) (1)

where L. is radiance at the sensor, T, is the
cloud optical thickness, u=1/cos(0) and 6 is the
viewing angle, T and T_ are surface and cloud
temperatures.

For transparent meteorological clouds,
equation (1) gives a positive BTD; for opaque
meteorological clouds the radiance measured at
the sensor is the cloud emission only and this
results again in a positive BTD [Schneider et al.
1994]. For volcanic clouds, the magnitude of the
negative brightness temperature difference
depends on the optical thickness of the cloud,
the amount of water, volcanic ash and sulfuric
acid in the cloud, the size of the particles, their
size distribution and the temperature contrast
between the cloud and the underlying surface
(meteorological clouds, land or water) [Prata,
1989; Wen and Rose, 1994]. In great stratos-
pheric eruptions, opaque volcanic clouds can
have positive BTD [Schneider et al. 1994;
Krotkov, 1999; Kerdiles and Diaz, 1996;
Holasek and Rose, 1991], which inhibits dis-
crimination.

Studied Cases
In this paper images related to three erup-
tive events are presented: the July 22" 1998, the

July 22", 1998 temperature profile
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Figure 2 22.07.1998 temp. profile.
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April 26" 2000 and the recent eruption of July-
August 2001.

Mt. Etna volcano erupted many times
during the last decade [Behncke, 2002] but only
few satellite remotely sensed volcanic cloud
images were collected: this is mainly due to the
clouds’ low altitude, the short time extension of
the events and the few polar orbiting satellites
passes above the volcano (about two/three pass-
es per day). Most of the eruptions have an alti-
tude lower than 8-10 km and the produced vol-
canic clouds have a short time of residence in
atmosphere (from minutes to a few hours).
During the last two years numerous images of
Mt. Etna eruptions were collected: this is due to
the presence of more than one hundred eruptive
events, some of them with significant ash injec-
tion in atmosphere, and to the three contempo-
raneous active NOAA satellites.

In next paragraphs “visible channel” def-
inition will be indifferently used for ch. 1 (VIS)
or ch. 2 (NIR), referring to channels that sense
mostly Sun radiance reflected by Earth, in oppo-
sition to “infrared channels” (ch. 3, ch. 4 and ch.
5, mostly thermal emission).

JULY 1998

The 227 July 1998 eruption produced a
large ash cloud, causing the Catania airport to
close and significant ash falling (1 cm at Torre
del Filosofo, 1 mm at Catania) in the downwind
area (south of the sommital craters, [Behncke,
2002].

Cloud altitude, which brings information
about eruption energy, is estimated measuring
the ash cloud shadow. Geometrical study has to
consider Sun and satellite positions, Earth cur-
vature, pixel dimensions (depending on column
numbers and on earth curvature again) and
cloud deformation due to the 2D-image effect. A
long (about 100 km) cloud shadow, due to low
Sun elevation (the image was taken at 17.28
GMT) can be seen in Fig. 1a. This was an excel-
lent condition to evaluate a cloud top altitude of
about 15 km (i.e. a cloud vertical extension of
more than 11 km).

Lowest brightness temperature in the
plume is about —60 °C; this value is not seen in
the vertical profile measured at Trapani (Fig. 2).
The difference between the AVHRR thermal
map and the atmospheric data is due to the par-
tially adiabatic expansion caused by fast vertical
motion [Holasek et al. 1996; Schneider et al.
1999], which can cause the noticed 10 °C dif-
ference of temperature.

Fig. 1b shows the BTD map obtained
from the TIR AVHRR data for the considered
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eruption. The highlighted pixels (white) have
negative BTD (most of them have BTD<-1°C)
and entirely identify the volcanic cloud, includ-
ing close to the craters (identified by the cross)
portion of cloud (part not clearly seen in visible
image). Non-volcanic pixels show positive val-
ues, typically BTD>1 °C.
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In Meteosat images from 17.00 to 19.30
GMT the volcanic cloud and its temporal evo-
lution are identifiable, but the spatial resolu-
tion is very poor (the image is unusable for
detailed location of ashes) and there is no vis-
ible shadow.
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Figure 5 July 1998 eruption, AVHRR channel 2 (5a and 5e¢) and BTD (5b, 5c¢, 5d, 5f).
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APRIL 2000

The 26™ April 2000 eruption caused the
first accident due to an aircraft encountering Mt.
Etna volcanic cloud. Shortly after the end of the
main paroxysmal phase an Airbus of the
AirEurope company, which had departed from
the Fontanarossa international airport of Catania
heading to Milano, entered the fallout zone of
the plume at an altitude of about 1000 m, receiv-
ing windshield and engine damage, and was
forced to return immediately to the airport
[Behncke, 2002].

In NOAA image (Figs. 3), taken at the
same accident time (05.38 GMT), the ash cloud
is clearly identified, both in VIS (3a and 3b) and
in BTD map (3¢ and 3d, white pixels have
BTD<O0 °C).

BTD procedure seems to work correctly:
in fact, besides the volcanic cloud identification,
difference values for sea, land and all meteoro-
logical clouds in the image (South Tyrrhenian
Sea, Apennines, Balkans), are positive, as theo-
retically forecast.

The cloud top altitude, measured using
shadow technique in visible image, results about
8 km. The brightness temperature of the top,
derived from the TIR image, results -50 °C, in
good agreement between previous value and
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temperature profile (Fig. 4a), taking into
account of the undercooling.

Wind speed profile data (Figs. 4b and 4c)
and space/time evaluation from image (for the
central part of cloud about 63 km covered in 45
minutes) are in good reciprocal agreement
(wind speed is about 23.5 ms-1), and profile
direction (wind from NW) matches with image.

JULY-AUGUST 2001

From July 18" to August 10" 2001 Mt.
Etna volcano had a strong activity, with unusual
and complex eruptions [Behncke, 2002]. The
three active NOAA satellites recorded many
images, with large plume extension and high
quantity of ashes injected in atmosphere, caus-
ing long interruptions in Catania airport opera-
tions.

In Fig. 5a (image taken July 21%, at 04.45
GMT; channel 2) the volcanic plume is clearly
visible.

In BTD map (Fig. 5b) derived from TIR
(channels 4 and 5) data, most volcanic cloud
pixels are identified (white area in Fig. 5b), but
also some land pixels show negative BTD: this
is a typical effect noticed using images remote-
ly sensed during night or early morning (i.e.
with low solar heating).
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In Fig. Sc (image taken July 23%, at 12.42
GMT) volcanic cloud pixels are correctly iden-
tified using difference procedure (white area has
negative BTD), even though in VIS channels
(not shown) the plume is transparent and not
very well defined. In the bottom part of the
image there is a plume split: TIROS Operational
Vertical Sounder (TOVS) elaboration, used to
determine wind direction, give an approximate
height of about 3 km for the larger part of the
plume (south heading, high ash contents) and a
height of about 5 km for the smaller component
(south-east heading, high transparency, proba-
bly gaseous plume); this result is in good agree-
ment with DWD air masses modelling [DWD,
2001].

In Fig. 5d (image taken July 23, at 15.18
GMT, after an eruption characterized by succes-
sive explosions) only some parts of the plume
have a negative BTD (white pixels). There is no
information to verify if positive BTD pixels of
the plume are gaseous (not containing ash) or if
it is a procedure failure [Simpson et al. 2000]: in
the algorithm works correctly, the plume is
describable as a series of ash clouds inserted in
continuous gas emission.

In figures Se and 5f (image taken July
241 at 05.19 GMT) the volcanic plume is clear-
ly seen in visible channels (Fig. 5e) and partial-
ly detected by BTD map (Fig. 5f). Once again
the BTD procedure alone results insufficient to
completely describe the volcanic emissions.

Conclusions

In this preliminary work the analysis of
three Mt. Etna eruptive events is reported.

The altitude of the volcanic cloud top is
estimated using different methodologies (shad-
ow geometry, brightness temperature, radio-
soundings data and TOVS elaborations) result-
ing in good reciprocal agreement. The bright-
ness temperature difference (BTD) algorithm,
previously used by Schneider et al. to study
stratospheric eruptions (as Mt. Spurr [Kroktov
et al. 1999] or Redoubt [Schneider and Rose,
1994] ones) is here applied to the Mt. Etna
plumes. Some positive results of this procedure
have been presented together with some basic
problems.

Algorithm good working for tropospheric
plumes is a significant results, even if, in some
cases, the BTD is lightly negative or even posi-
tive (in particular in presence of 5-10 um parti-
cles size). Fig. 6 shows the April 237 2000 scat-
ter plot, computed using the channel 4 bright-
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ness temperature (x-axis) and the BTD (y-axis).
The plume pixels are characterized by lowest
values both in BTD (-3.5<y<0 °C) and channel
4 (-55<x<30 °C), and these values suggest that
mainly particles of about 3-5 um are present
[Wen and Rose, 1993].

In some images volcanic clouds detection
procedure is ineffective, with most volcanic
pixel having positive BTD, particularly in low
temperature contrast (winter or night eruptions,
low altitude eruptions) or in high presence of
large particles cases; in other images, negative
BTD does not correspond to volcanic pixels,
erroneously highlighting land during night or
some meteorological clouds.

AVHRR radiometers aboard NOAA polar
orbiting satellites provide very good images, but
they are obviously unsuitable for a real time
monitoring of volcanic eruption clouds. On the
other hand active geostationary satellite
(Meteosat) has a poor geometrical resolution
and only one channel in the (8-14 um) atmos-
pheric window. The new European geostation-
ary satellite (MSG, Meteosat Second
Generation), will have two thermal infrared
channels (at 10.8 and 12.0 um), suitable for pre-
viously described integrated procedure applica-
tion, and will provide, each 15 minutes, images
with a spatial resolution of 1 km. Therefore
SEVIRI radiometer aboard MSG seems to be an
ideal instrument to monitor, detect and track Mt.
Etna volcanic ash clouds [ESA, 2002].
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Abstract

In this paper two procedures to estimate
the SO, flux emitted from Mt. Etna volcano are
shortly described. These procedures are based
on the atmospheric simulations performed using
MODTRAN 3.5 radiative transfer code. The
first procedure, named LUT-procedure [see
Teggi et al. 1999], inverts the radiative transfer
equation minimizing the square differences of
the experimental and simulated radiances at the
sensor. The second procedure is based on the
Split-Window technique (i.e. it uses two bands
with different absorption characteristics). The
Split-Window permits a direct (and fast) deter-
mination of the SO, columnar abundance of the
volcanic plume, but at least two of the four para-
meters of the algorithm depend on the state of
the atmosphere (temperature and precipitable
water). Considering four years of radio soun-
dings carried out at midday at Trapani WMO
station, a seasonal trend of the above mentioned
parameters have been obtained. The quoted pro-
cedures have been applied to aircraft (MIVIS)
and spacecraft (ASTER) remotely sensed ima-
ges and the SO, abundance maps have been
obtained; for ASTER data the shown results are
quite preliminary. Knowing the wind speed at
the craters altitude the SO, flux has been also
computed.

1. Introduction

Volcanic eruptions emit large amounts of
sulfurous gas and fine ash particles into the
atmosphere; this changes the worldwide climate
affecting the atmosphere composition and the
energy balance of the Earth. According to Rose
(1977) the dominant component of a volcanic
aerosol is particles of acid; mainly sulfur diox-
ide (SO,), which rapidly converts to sulfuric
acid. Volcanic aerosols partly screen the Earth’s
surface from sunlight, leading to worldwide
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cooling [Duuton and Christy, 1992]. Again sul-
furic acid droplets can catalyze the chemical
reactions that destroy ozone; the effect of the
1991 Mt Pinatubo eruption on the 1992 ozone
“hole” over Antarctica [Bhartia et al., 1993] has
been seen. Carbon dioxide (CO,) is one of the
most important greenhouse gases and the vol-
canic contribution should be accounted for. For
example, Mt Etna (Italy) is currently the leading
source of CO, [Allard et al., 1991].

Volcanic emissions are not limited to
eruption events. Stoiber et al. (1987) suggested
that at least 6.8 million tones/year of sulfur were
produced by volcanoes which are actively
degassing but non-eruptive. The knowledge of
the SO, emission is important because in many
cases it is used as a reference [Francis et al.,
1998; Ferrara et al., 2000] to estimate other
gases. Volcanic gases are important indicators of
magmatic processes and it has been seen that the
trend of the flux of the SO, volcanic emission
may be used to predict volcanic eruptions
[Caltabiano et al., 1994]. Nowadays remote
techniques are used to measure volcanic gas
emission [Francis et al., 1998]. One remote
technique, COSPEC [Caltabiano and Romano,
1988], is widely used to estimate the emission
rate of sulfur dioxide.

One of the objectives of the European Project
Mitigation of Volcanic Risk by Remote Sensing
(MVRRS) techniques, leaded by Peter Fracis,
was the estimation of the SO, columnar abun-
dance from the Thermal Infrared (TIR) remote-
ly sensed data.

In this paper the results obtained analyzing the
Multispectral Infrared and Visible Imaging
Spectrometer (MIVIS) [Bianchi et al., 1996]
data, taken during the Sicily-97 campaign
(deployed during the MVRRS project activi-
ties), will be shown. The preliminary results
derived from a TIR image remotely sensed by
the Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER)
[Yamaguchi et al., 1998; Abrams, 2000] aboard
Terra satellite will be also shown.

2. MIVIS and ASTER radiometers

During the  Sicily-97  campaign
[Buongiorno et al., 1999], deployed from 11 to
17 June 1997, the MIVIS images were taken at
about 10.00 (local standard time). The MIVIS
[Bianchi et al., 1996] sensor has four spectrom-
eters and a total of 102 bands. The first spec-
trometer (VIS) has 20 channels in the range of
0.431-0.833 um, the second (NIR) has 8 chan-
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nels in the range of 1.150-1.550 um, the third
(SWIR) has 64 channels in the range of 1.985-
2.479 um and the fourth (TIR) has 10 channels
in the range of 8.21-14.70 um. The spectral
response functions of the filters are known and
the weighted average wavelengths of the ten
TIR channels used in this work are reported in
Table 1. The first three channels (93, 94, 95) in
Table 1 are affected by SO, absorption/emis-
sion. The MIVIS has an instantaneous field of
view of 2 mrad but the detector signals are sam-
pled every 1.64 mrad along the scan. The total
field of view, corresponding to 755 pixels, is
+35.55 degrees. During the campaign the
MIVIS altitude was around 6000 m asl; the geo-
metric resolution at the surface (2000-3000 m
asl) was better than 10 m/pixel.

Terra, the first Earth Observing System
satellite, launched on December 18, 1999, is a
quasi-polar and sun-synchronous satellite orbi-
ting at about 705 km from the Earth surface
with 16 days mapping cycle. ASTER [Abrams,
2000] is one of the Terra instruments that will
acquire high-resolution images. ASTER has a
total of fourteen channels: three in the visible
and near infrared (VNIR: 0.52-0.86 um), six in
the short-wave infrared (SWIR: 1.60-2.43 um)
and five in the thermal infrared (TIR: 8.125-
11.65 um) regions. The field of view is 2.44
degrees corresponding to 60 km swath width;
the instantaneous field of view (IFOV), in the
TIR channels at nadir, is 127.8 urad, which
means a ground resolution of about 90 m. The
VNIR and SWIR channels have a ground reso-
lution of about 15 and 30 m respectively. The
spectral response functions of the filters are
known and the weighted average wavelengths
of the five TIR channels used in this work are
reported in Table 2.

3. Inversion procedures
The first approach to try to estimate Mt.

Etna SO, emission by means of the MODTRAN
code were made using the Thermal Infrared

Multispectral Scanner (TIMS) data [Realmuto
et al., 1994]. The second approach was per-
formed using the data remotely sensed during
the first (July 1994) MIVIS flight [Teggi et al.,
1999]. Realmuto et al. [1997] carried out their
tests on Kilauea Volcano, Hawaii too.

Sulfur dioxide has absorption/emission
bands in the portion (about 8.3-9.3 um) of the
atmospheric window. The presence of these
bands permits to detect the SO, plume of Mt.
Etna volcano and also to quantitatively estimate
its abundance. Figure 1 shows the effect of a
volcanic plume, located at 3300 m asl, 100 m
thick and with a constant SO, abundance of 10
(g m?), on the transmittance of the atmospheric
layer 0-6000 m asl (i.e. from sea surface to
MIVIS altitude). The gray curve is without
plume while the black one was obtained assum-
ing the aforementioned plume. The radio sound-
ing data measured at Trapani (WMO station
16429) on 29" July 2001 at 12:00 GMT were
inputted in MODTRAN 3.5 radiative transfer
code to compute the two mentioned curves. The
five spectral functions reported in figure 1 are
the normalized response functions of the five
ASTER-TIR channels. Clearly the second chan-
nel is that mostly affected by SO, and the fourth
and the fifth channels are completely transpar-
ent to SO,.

3.1 LUT-procedure

In the framework of the MVRRS Project
was developed a semi-automatic procedure to
invert the radiative transfer equation (1). The
inversion is based on a series of Look-Up Tables
(LUTs) containing the results of the simulations
performed using MODTRAN 3.5 code.

L =[¢ -B(T)+(-¢)L,]T +L (1)

L is the spectral radiance at the sensor; €
is the spectral surface emissivity; B(T) is the
Planck function at the surface temperature 7; L,
is the atmospheric down-welling flux reflected

Channel 93 94 95 96 97

98 99 100 101 102

h{um) 838 874 917 9.56

10.01

10,42 1092 11.41 11.89 1241

Table 1 MIVIS TIR channels: weighted avearage wavelengths.

Channel 10 11

12 13 14

A (um)

329 R.64 9.08

10.66 11.29

Table 2 ASTER TIR channels: weighted average wavelengths.
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Radiosounding at Trapani 29 JUL 2001 12:00 GMT - MIVIS at 6000 m asl
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Figure 1 Gray curve is the transmittance of the layer (0-6000 m) of atmosphere in the 8-14 um atmos-
pheric window; the black one is the same but with the presence of an SO, plume of 10 (g m) located
at 3300 m asl and 100 m thick. The other curves are the spectral response functions of the ASTER-TIR

channels.

from the surface; T is the atmospheric transmit-
tance from the surface to the sensor; L  is the up-
welling atmospheric radiance towards the sen-
sor (path radiance).

Each LUT contains the simulated values
of the three atmospheric terms of the radiative
transfer equation (1): atmospheric transmit-
tance, down-welling irradiance and path radi-
ance. These tables were derived using the meas-
ured atmospheric vertical profiles; that is a set
of tables for each MIVIS flight was computed.
The simulations performed to compute the val-
ues of the atmospheric terms of the LUTs take
into account different plume geometries and
SO, abundances and all the possible geometries
between the surface pixel and the radiometer
MIVIS. In particular were considered three dif-
ferent plume geometries (laminar, ground based
and ground based with the top at constant alti-
tude) and 31 SO, abundances in the range 0-15
(g m?) at steps of 0.5 (g m?). The pixel-
radiometer geometries incorporate 23 pixel alti-
tudes (1000-3200 m asl, step 100 m) and 9
viewing angles (0-40 degrees, at steps of 5
degrees).

The LUT-procedure determines the SO,
abundance at each pixel of each TIR MIVIS
image using the LUTs of the specific flight and
performing the following steps:

1. A spectral emissivity map is obtained from
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each MIVIS image itself using SNM
(Spectrum Normalization Method)
[Realmuto, 1990] assuming ¢  =0.97. To
refine the emissivity estimation, the 3 spec-
trum and the MMD (Min-Max Difference)
method suggested by Gillespie et al. (1998)
is used. Since the spectral emissivity cannot
be estimated under the plume (the first three
channels are affected by SO,) a mean spec-
tral emissivity, from different top (2000-
3000 m asl) areas located outside the plume,
is manually derived.

2. Using the last (not affected by SO,) seven
MIVIS channels the surface temperature of
each pixel is derived using the aforementio-
ned emissivity.

3. Finally, a weighted least-squares fit between
the MIVIS data and the simulated radiances
at the sensor is done. The simulated radian-
ces are estimated by means of the surface
emission term (¢ B(7)) and the atmospheric
terms, contained in the LUTSs. The best result
indicates the SO, abundance.

A Digital Elevation Model (DEM) regis-
tered to the image is requested by the LUT-pro-
cedure.
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Figure 2 (a) is the split-window SO, map derived from MIVIS-TIR channels 94 and 96 (see Tab. 1).
(b) is the SO, flux emitted from Mt. Etna computed from (a) knowing the wind speed at the plume alti-
tude (3300-3400 m asl); the two curves are for the two described LUT (thick) and SW (thin) proce-
dures.

3.2 Split-Window In this paper an algorithm is presented,

The split-window (SW) technique, deve- based on the split-window technique and
loped at the end of 1970s, is based on the diffe- derived by the LUTs quoted previously, to esti-
rence in atmospheric absorption at two different mate the SO, abundance in the plume of Mt.
wavelengths. Its use is simple over the ocean Etna volcano. The SO, abundance is computed
where the temperature is quite uniform and the using equation (2) derived expanding all the
emissivity is close to unity and nearly constant radiances of equation (1): L(T,), Ld(T ), Lu(T ),
over the whole 8-14 um window. Over land, in B(T) around a sort of “atmospheric tempera-
particular for bare soil, the spectral emissivity ture” T ; T, is the brightness temperature. Only
variation becomes important, providing additio- the first term (the linear term) of the expansion
nal complications for the use of the SW. For was considered. Using two different channels
these reasons this algorithm was initially used to (let us say channel x and channel y) is possible
estimate Sea Surface Temperature (SST) from to eliminate the surface temperature 7 and
AVHRR on board NOAA series satellites obtain the following equation (x is the channel

[Prabhakara et al., 1974; McMillin, 1975; affected by SO, and y is the channel transparent
Deschamps and Phulpin, 1980; McClain et al., to SO,)
1985]. More recently the technique has been

used to compute Land Surface Temperature e T, -T,+k
. . _ x Y a 2
(LST) [Price, 1984; Becker and Li, 1990; Prata, S =ko+k '1"(?' ﬁ] (2)
1993], surface emissivity [Schmugge et al., 7 b Ta
1991) and precipitable water [Andersen, 1996;
Ottle et al., 1997]. T, and T, 5y ATC the brightness temperatures of
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channels x and y respectively; €_is the emissiv-
ity of channel x and ¢ _is the emissivity of chan-
nel y; k, k, k, and T;V are the parameters of the
algorithm. Finally S is the SO, columnar abun-
dance in (g m?).

3)

8, -9
ky=¢,T, (AT, -~ AT,)

. 1
k0: —; k1=—;
(04

AT (x or y) is a little bit complex expression,
with the dimension of a temperature, depending
from different variables and with a small value
(some K degrees). It is important to underline
that AT and AT have similar values so their dif-
ference is very small.

To compute the sulfur dioxide of the Mt.
Etna plume using equation (2) it is necessary to
know the spectral emissivity of the surface; this
may be done exactly as aforementioned at step
1). Than the four parameters of the algorithm
are obtained fitting a set of radiances at the sen-
sor computed with equation (1) using all the
atmospheric terms contained in the LUTs and
assuming a good thermal contrast between sur-
face and plume (20-40 K). Only a plume with
the base at constant altitude (Mt. Etna top altitu-
de) and with a constant thickness (100 m) was
considered for this algorithm. The use of this
algorithm is simple, fast and do not need the
registration of the DEM to the remotely sensed
image.

At least k, and k, parameters obtained by
the quoted fit (see relationships (3)), and of
course T, depend on the thermodynamic state of
the atmosphere. This means that the parameters
have to be computed every time; of course, this
is requested by the LUT-procedure too.

Figure 2a is the SO, map obtained apply-
ing split-window technique to the MIVIS TIR
channels 94 and 96 (see Tab. 1); channels 94 is
affected by SO,, channel 96 is not. Figure 2b is
the SO, flux emitted from Mt. Etna computed
from the SO, columnar abundance map of Fig.
2a knowing the wind speed at the plume altitude
(3300-3400 m asl).

4. Seasonal trend of the Split-Window param-
eters

ASTER, like Thematic Mapper (TM) is
able to see a point on the Earth surface each 16
days (i.e. its period is 16 days); this should be a
suitable period to monitor SO, emission of Mt.
Etna. The aim of the research is to prepare an
automatic procedure to be used together with a
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spacecraft radiometer like ASTER.

To do this using SW algorithm means to
know the four parameters k, k , k, and T , but
they depend on the state of the atmosphere. A
first approximation is the determination of a set
of climatologic parameters; a better approxima-
tion can be obtained modifying the climatologic
parameters on the basis of few ground meteoro-
logical measurements.

To verify these assumptions four years
(1997-2000) of radio sounding carried out at
Trapani station at 12:00 GMT were collected.
From these data twelve monthly typical atmos-
pheric profiles were estimated and inputted in
MODTRAN code; the obtained simulations
were used to compute twelve sets of SW param-
eters. In figures 3a, b, c, d are reported the sea-
sonal trend of k, k, k,, and T, respectively. As
expected, T, has a seasonal trend with a maxi-
mum during the summer season (July) and a
minimum in winter (February). As seen in rela-
tionships (3) k, and k, have a seasonal depend-
ence (k, has the stronger one, it is indicated by
the more precise trend). Finally, as relationships
(3) indicate and as Fig. 3b shows, k1 may be
considered about constant. In the four figures 3
the up and down triangles indicate the parame-
ter values for 12" and 16" June 1997 respec-
tively (MVRRS Sicily-97 campaign); the square
indicates the results obtained for 29" July 2001.

The solid lines in figures 3a, 3c, 3d are the
fits of the monthly typical parameters obtained
using the first two harmonics of a Fourier
expansion with one-year period. The solid line
in figure 3b is the average of the k, monthly val-
ues.

On 29 July 2001 at 10:00 GMT above
Mt. Etna there was a typical cloud due to the
presence of the volcano (orography, water vapor
emission, solar heating of the surface etc.); it
partially cover the plume exactly where the sur-
face pixels have an altitude in the range used in
the described procedures. The ASTER image
taken on July 29 practically was the first avail-
able ASTER image of Mt. Etna with the wished
characteristics. The SW procedure was stressed
to detect, at least qualitatively, as much as pos-
sible the SO, plume. Two different sets of
parameters were computed: the first was related
to the usual 2000-3000 m altitude range while
the second was related to the range 0-3000 m.
The values are reported in table 3. ASTER chan-
nels 11 and 14 (i.e. the second and fifth of the
TIR range) were here used. Channel 11 is the
ASTER channel mainly affected by SO, (like
channel x in equation 2); channel 14 is transpar-
ent to SO, (like channel y in equation 2). The



Development and application of remote sensing methods for the monitoring of active Italian volcanoes

Rk

k, - Seasonal Trend

4
|.
h

Rk

k, (g'm™)

seasonal
270812
270816
010728
S5F _2A

A

k, - Scasonal Trend

k, (K)

J - R T T e e e
Jan  Fch  Mar A May  Jim Fuil Ang  Sep (et Mow oo

meonth

c)

k. (gm®)

T (K}

3

k, - Seasonal Trend

35

seasonal
870612
GT0E16
010728
mezn value

WME ) ey e e e
T, - Seasonal Trend

275

270

seasonal
470612
G70616
010725
— S5F_28

265

amnl o0 o s s
Jan  Fch  MWar  Apr May  Tim Fl Ang  Bcp 0ot MNov o Ther
menth d)

Figure 3 Seasonal trend of Split-Window parameters computed using four years of Trapani station
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following emissivity values were used [Medici,
2000]: €,=0.95; ¢,,=0.97.

The parameters of the range 0-3000 m
may only be used in qualitative approach; the
main reasons are the following: 1) the used
spectral emissivity (valid for the summit vol-
canic area) is not valid for vegetation and so on;
2) SW algorithm have to consider the additional
strong effect of the first 2000 m of atmosphere;
3) the atmospheric characteristics of the first
2000 m closed to Mt. Etna may be quite differ-
ent respect to the measured ones (close to
Trapani); 4) the sea pixels have a surface tem-
perature lower than land surface temperature; 5)
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from the volcano summit to the seaside the
plume geometry changes.

The SO, plume obtained from a zoom of
the two consecutive ASTER images (same
swath, remotely sensed on 29 July 2001) using
the SW-algorithm (0-3000 altitude range param-
eters) is shown in figure 4. The central line was
assumed like plume axis. The two external lines
indicate the plume width used to compute the
SO, flux (not reported here). Not far from the
vents it can partially seen the effect of the pres-
ence of the aforementioned cloud (centered
about at raw 650 and column 420); part of the
clouds is outside the plume width line.
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Figure 4 Zoom of the SO, map obtained from two consecutive ASTER images taken on July 29, 2001
at about 10 GMT. The bar at the bottom suggests the SO, abundance in the plume (this is the first not

yet validated result).

ko ki k> T, SD

(gm?) (gm?) (K) (K) (gm?)
2000-3000 m altitude range -1.35 339 -1.77 2808 0.14
(0-3000 m altitude range  -1.54 333 -1.74 2806 0.30

Table 3 ASTER-29 July 2001-SW parameters for two altitude ranges.

5. Conclusions

It has been presented two procedures to
estimate the SO, abundance in the plume of Mt.
Etna. These procedures [Teggi et al., 1999 and
Pugnaghi et al., 2002] were initially prepared
for MIVIS radiometer; here the SW-procedure
has been used to analyse two consecutive
ASTER images. The preliminary results repor-
ted here are part of the study carried out in the
GNV 2000-2003 Framework Project # 13:
“Development and application of remote sen-
sing methods for the monitoring of active Italian
volcanoes*.

The two procedures need the MODTRAN
simulations performed with the measured atmo-
spheric vertical profiles as input data. They can-
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not automatically works for MIVIS radiometer
but, with some assumptions, they can be used in
real time for a space radiometer like ASTER. A
first set of (let say) climatologic parameters has
been shown for ASTER. They were obtained
using four years of radio soundings (about
1500) carried out at Trapani at 12 GMT. Now
eleven years of data (more than 14000 profiles)
have been collected. Finally, part of the task
aims to understand if few ground meteorologi-
cal measurements, may be used to improve the
result obtained from the climatologic data set.
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Sensing Techniques: the Case of Mt. Etna
Studied Using the MIVIS Airborne
Multispectral Image Spectrometer
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Istituto Nazionale di Geofisica e Vulcanologia, Roma

Abstract

The European Community funded the
‘Mitigation of Volcanic Risk by Remote
Sensing Techniques’ (MVRSS) Project to miti-
gate volcanic risk in populated areas, particular-
ly to study and monitor the tropospheric vol-
canic plumes by means of remote sensing tech-
niques. In the frame of this project a field meas-
urement campaign was organized on Mt. Etna
and Eolian Island in June 1997. During this
campaign digital images were collected with the
Airborne Multispectral Image Spectrometer
(MIVIS) together with ground-based measure-
ments. The MIVIS instrument is an image spec-
trometer that acquires data in 102 spectral chan-
nels from visible to thermal infrared. In July
2001 a new MIVIS airborne campaign was
organized during the Etna eruption to compare
the optical characteristics of the volcanic plume
during both a quiescent and an active status of
the volcano.

In the present paper MIVIS images were
used to retrieve the aerosol optical characteris-
tics of the Etna volcanic plume in the visible
channels. The 6S (Second Simulation of the
Satellite Signal in the Solar Spectrum) radiative
transfer model has been used to model the
atmosphere parameters for the selected MIVIS
images. An inversion algorithm has been devel-
oped, it is based on radiative transfer equations
and applied to the upwelling radiance values
calculated from the raw image data (DN) meas-
ured by the sensor, to retrieve the aerosol optical
thickness (t*) of the volcanic plume. The inver-
sion procedure takes into account the spectral
albedo of the surfaces under the plume and the
topographic effects on the reflected radiance,
due to the surface orientation and elevation. The
ground spectral reflectances were estimated
both by field spectra-radiometers measure-
ments, executed during the 1997 campaign, and
by laboratory measurements performed on rock
samples collected in the field. The result of the
inversion procedure is the T* spatial distribution
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of Etna plume. In the wavelength range 454 —
474 nm an average value of 7°=0.1 and t°=1 has
been retrieved for effusive and for explosive

Torre
del
Filosofo

4

Figure 1 MIVIS image Etna June 16" 1997
calibrated in Radiance RGB composition.
Flight altitude 6000 m. Pixel resolution ranges
to 4x4 m? at summit craters to 11x11 m? at the
sea level.
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plume, respectively. Finally, a multispectral
analysis performed on ‘Sicily 1997 data, per-
mits to retrieve the Angstrém parameters o and
. The particle size was dominated by particles
with an effective radius <1 micron for the par-
ticular effusive plume close to the N-E Crater.

1. Introduction

Tropospheric volcanic plumes represent a
visible indicator of volcanic activity. Exsolving
from magma, plumes consist in a turbulent mix-
ture of gases, solid particles and liquid droplets,
emitted at high temperature continuously from
summit craters, fumarolic fields or during erup-
tive episodes. Water vapor represents 70% —
90% of volcanic gases and the main gaseous
components are CO,, SO,, HCI, H,, H,S, HF,
CO, N, CH, [Bardintzeff, 1998]. Volcanic ash,
aqueous and acid droplets and solid sulphur-
derived particles represent other plume compo-
nents. Volcanic particles and liquids droplets
suspended in the atmosphere are defined as vol-
canic aerosols; typical size is in the range 10~
um — 10 wm [Sparks et al., 1997].

Volcanic emissions are important in the
field of volcanism, transporting information
from magma to the atmosphere [Amman et al.,
1992] and in the field of environment. Volcanic
gases and aerosols have important climatic and
environmental effects [Fiocco et al.,, 1994].
Different volcanic activities, such as volcanic
eruption, volcanic clouds and plumes, inject into
the atmosphere volcanic aerosol with different
altitudes, latitudes and residence times.

Aerosols are radiatively actives, since
they are able to modify the atmospheric radia-
tive field, depending on their altitude, residence
time and on their concentration. They scatter the
incoming short-wave solar radiation and absorb
the outgoing long-wave radiation. Moreover,
they play an important role on acid rain forma-
tion and they are destructive to the environment
contaminating local water supplies [Jaeschke et
al., 1982].

Previous studies of volcanic aerosol tend
to focus on large-scale emissions into the strato-
sphere [Fiocco et al., 1994; Hansen et al., 1992],
while the radiative effects of the tropospheric
volcanic aerosols are little modeled and poorly
quantified.

The remote sensing data analysis permits
to obtain continuous information to characterize
variable atmospheric components, such as vol-
canic aerosols, while field measurements allows
to obtain often only few observations.
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Figure 2 MIVIS image Etna July 29" 2001 cal-
ibrated in Radiance RGB composition.

Moreover, some volcanic sites are inaccessible
and hazardous and the remote sensing repre-
sents the only possible investigation technique
that permits a fast, large-scale and above all safe
measurements of the volcanic emissions.
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2. Data Set

The data were acquired in the framework
of the ‘Mitigation of Volcanic Risk by Remote
Sensing Techniques’ (MVRSS) project, funded
by the European Community, on the ‘Sicily
19977 MVRRS campaign and on the ‘2001
MIVIS mission’.

In order to obtain the aerosol optical char-
acteristics of Mt. Etna volcanic plume, high-res-
olution hyperspectral remote sensed images of
two different status of the volcano were used.
The images of the effusive plume were acquired
during the ‘Sicily 1997’ field measurements
campaign [Buongiorno et al., 1999] while the
images of the explosive plume were acquired
during the 2001 Etna eruption by means of the
Airborne Multispectral Image Spectrometer
(MIVIS).

The MIVIS instrument, owned by CNR -
LARA Project and operated by the Compagnia
Generale Riprese Aeree (CGR), represents a
second generation imaging spectrometer devel-
oped for environmental remote sensing studies
[Bianchi et al., 1994]. It is a Daedalus AA5000
electro-optical scanner with 102 spectral chan-
nels simultaneously sampled and recorded. The
4 spectrometers collect the radiation reflected
by the surface in the spectral range (0.4+2.5)
microns and (8+12) microns (see Table 1).

2.1. The ‘Sicily 1997 MVRRS Campaign

In the period 11 - 17 June 1997, the air-
borne campaign took place over Etna, Vulcano
and Stromboli. The period was chosen to have
suitable weather conditions since the solar irra-
diance is near to its yearly maximum, the
expected relative humidity is low and the
expected wind direction is N-W prevalently.
These factors allow the acquisition of good
quality images since the area under the plume is
well illuminated and, especially in the early
morning, the formation of orographic clouds is
limited.

The time weather conditions were as
expected: the sky was cloudless during the
entire week, except for the 17", A temperature
mean value of (12.5 £ 1.5) °C, a low relative
humidity of 35% =+ 5% (except for the 17 June
when relative humidity was 42%), a pressure of
(723 £ 3) hPa, a wind speed between 11 to 20
m/s and wind direction of about 300 degree
North, has been measured at Torre del Filosofo
meteorological station (2920m a.s.1. height).

During the campaign, the 3 observed vol-
canoes presented different activity levels. Mt.
Etna was in a quiescent period after 1996 erup-
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tion. It showed a major degassing activity in the
N-E crater, a minor one in Bocca Nuova crater
and same episodes of lava fountains in the S-E
and La Voragine craters. Stromboli (924m a.s.l.
height) showed small eruptions of ashes and
lava with a frequency of 2-3 episodes per hour.
Volcano (390m a.s.l. height) presented fumarole
fields and gas emissions located in the Fossa
crater.

Images of Etna plume were taken by 3
flight lines having a radial arrangement, one
along the plume axis oriented on E-S-E direc-
tion and two along each side. Most of the
ground-based measurement sites were located
on the south-eastern flank of the volcano, cov-
ered also by an additional flight line. The plat-
form altitude was about 6500m a.s.l. and the
corresponding ground resolution ranged from 4
to 13 m, depending on orography and aircraft
altitude.

Different ground-based measurements,
derived from atmospheric, radiometric and
spectral data, were taken simultaneously to the
flights, and are reported in Table 2.

2.2. The ‘2001 MIVIS Mission’

During the 2001 Etna eruption the INGV
(Geodesy and Remote Sensing Laboratory of
Rome) organized an airborne campaign with the
MIVIS instrument in order to acquire high-reso-
lution images on the explosive volcanic plume
and on the active lava flow that was heading
towards Nicolosi town.

The campaign was executed on July 29
2001 after a quick notice from NASA that had
scheduled the acquisition of the ASTER sensor
on TERRA satellite in that date. The MIVIS
acquired 8 flight lines in a radial arrangement
crossing over the summit area. The flight lines
covered the entire Etna structure with an
approximately area of 40 by 40 km. The flight
altitude was 6400m a.s.l. and the corresponding
ground resolution ranged from 6 to 12 m
depending on the surface elevation.

In that period Mt. Etna presented a com-
plex eruption involving a summit and a flank
activity. The eruption started on July 17" and
continued until August 9" 2001, for 24 days of
total explosive activity. The most spectacular
products are the large pyroclastic cones that
grew at about 2500 and 2100m elevation.
Particularly, the day of Mivis flight, the various
fissure systems located on the S and NE flanks
of the volcano at 2900, 2700 and 2100m eleva-
tion, presented activity with a lava eruption rates
moderately high, about 16 m*® per second
[Behncke, 2001]. Some of the flank activities
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. Number of .
Optical port Spectral Range channels Spectral resolution
1 (VIS) 431-833 nm 20 20 nm
2 (NIR) 1.150-1.550 pm 8 50 nm
J(SWIR) 1.985-2.479 um 64 9 nm
4 (TIR) 8.210-12.700 wm 10 340-540 nm
Table 1 MIVIS spectral bands characteristics [Bianchi et al., 1994].
Use in the
Ground-based measurements Type of data MIVIS data
analysis

Atmospheric vertical profiles
with onboard balloon
Radiosonde.

Sun-photometric measurements
with 2 sun-photometer located
in different places.

Pressure, Temperature,
Relative humidity,
Wind direction and speed.
Total atmospheric optical
thickness,

Aerosol optical thickness and
Angstrom turbidity
parameters.

Modelling of
the atmospheric
parameters.

Modelling of
the atmospheric
optical
characteristics.

Radiometric measurements with
spectroradiometer.

Meteorological station
at Torre del Filosofo.

Atmospheric radiance

Pressure,
Temperature,
Relative humidity,
Solar radiation flux and
Wind direction and speed.

Modelling of
the atmospheric
radiative
contributes.

Modelling of
the atmospheric
parameters at the

ground level.

VIS-IR spectra and

Rock sampling for
laboratory analyses.

Spectra of volcanic rock,
vegetation and terrain.

Ground truth for
surface
reflectance

Table 2 MVRSS ‘Sicily 1997’ campaign ground based measurements [Buongiorno et al., 1999].
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were unusually violent, with strong
phreatomagmatic and magmatic explosions and
abundant emission of pyroclastics. A dense ash
plume drifted hundreds of kilometers away,
mostly to the SE, causing heavy ash falls in
Catania city and surroundings.

3. Image Processing

Before staring the data analysis, 3 steps
had to be followed [Spinetti et al., 2001]. First
step was the selection of a single digital image
for each data set with the following criteria:

- the plume should be well contained in the
image;

- the signal-to-noise ratio should be large;

- cloudless conditions should be present.

The image satisfying these criteria was
acquired on the first flight line during the 2001
Mivis mission’, with an aircraft trajectory of
about 176 North degree. In Figure 1 the select-
ed image is showed. For the ‘Sicily 1997’
MVRSS campaign, the image satisfying the cri-
teria and have simultaneous ground-based
measurements (atmospheric photometric meas-
urements and vertical profile) was acquired on
June 16™, with an aircraft trajectory about 87
North degree. In Figure 2 the selected image is
showed.

Second step in image processing is the
radiometric calibration of the raw images data;
it means the conversion of the digital numbers
(DN) into radiance values, obtained by multi-
plying pixel by pixel each DN by the calibration
factor [Bianchi et al., 1994].

Third step is the definition of the optical
path geometry from the ground to the sensor. To
this purpose the images were cooregistraded to
a Digital Elevation Model (DEM) of Mt. Etna,
in order to define the corresponding elevation
and inclination of the ground represented on
each image pixel.

4. Inversion Technique

The method used to retrieve the aerosol optical
thickness is based on the hypothesis of cloudless
sky and plane parallel atmosphere. With these
assumptions, radiance measured by a remote
sensor in the atmosphere is given by the follow-
ing radiative transfer equation for monochro-
matic radiation and no surface emission
[Spinetti et al., 2002]:

p,p
d

1- <p>S

T -T7
I-<p>-§

p*=p, +pl+p" +<p'>: (D
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where:

s L
= Fous

is the apparent reflectance at the sensor; L is the
radiance at the sensor, F is the extraterrestrial
solar flux and p_ = cose is the cosine of the
solar zenith angle

- ,Oa=pa( 6570V7¢S :¢V)

is the atmospheric path reflectance; 6 is the
solar zenith angle and 6, is the Vlewmg angle;
¢, ¢, are the solar and view azimuth angle,
respectively;

- pap = p5(6379V’¢s’¢V)

is the is the radiation scattered into the optical
path by the plume;

_ ﬁ:in;»_S,Td(&)-n(ﬁv)

p is the surface reflectance; <p> is the environ-
mental reflectance; S the atmospheric spherical
albedo; 7d(6S) is the downward total transmit-
tance in the path from top of the atmosphere
(TOA) to the surface; Tu(6V) is the upward total
transmittance in the path from the ground to the
Sensor;

- <p>—1—Sp Ta( %) Tu( W)

1 (6S) and 17 (6V) are the downward and the
upward plume transmittance, respectively, func-
tion of volcanic aerosol optical thickness.

In the single-scattering approximation p ?, the
plume path reflectance is given by:

PL(Bs,Bv,ps.pv)=pin+ %{ —exXp—

T_a+f_a]} )

us uv

p? =p?r (6S6V¢S ¢V) is the molecular scat-
tering path reflectance, w, single-scattering
albedo, P(y,) phase function and t* the volcanic
aerosol optical thickness; u and ug are cosines
of the view and illumination directions, respec-
tively.

In order to invert the equation (1) and
extract the aerosol optical thickness T°, it is
necessary to estimate the atmospheric terms for
each pixel of the MIVIS image. To this purpose,
the 6S (Second Simulation of the Satellite
Signal in the Solar Spectrum) radiative transfer
code [Vermonte et al., 1997] has been used. The
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Figure 3 Resulting map of effusive volcanic
plume aerosol optical thickness (t*) in false
colours for June 16" 1997. Average value of
spatial distribution t*=0.1.

Digital Elevation Model (DEM) was used to
take into account the elevation of each pixel for
a correct estimation of atmospheric transmittan-
ce in the inversion procedure. Moreover, the
inversion procedure needed the knowledge of
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Figure 4 Resulting map of explosive volcanic
plume aerosol optical thickness (t*) in false
colours for July 29" 2001. Average value of spa-
tial distribution t*=I.

the surface albedo and the ground inclination of
each pixel respect to the sun and sensor relative
positions. The ground albedo measurements
show a low reflectance of basaltic lava <0.1.
The ground inclination was obtained from the
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Figure 5 Blue solid line indicate the t* measured by sun-photometer (October 26™ 1997) and red solid
line indicate t* obtained from the inversion procedure of MIVIS data (June 16" 1997).

shadow digital model (Shaded Relief) using the
DEM and the geometrical factors of the source,
such as solar zenith and azimuth angles [Horn et
al., 1989].

The necessary condition is represented by
the low reflectance of the surface [Kaufman et
al., 1997]. This condition is respected for the
selected image acquired on June 16™ 1997, in
that date the surface under the plume was cool
basaltic lava rock. To invert the July 29" 2001
Mivis image, the equation (1) has been approxi-
mated considering only the atmospheric and
plume path reflectance terms. The approxima-
tion is justified by the absence of transparency
of the plume that prevented the remote sensing
signal from crossing the explosive plume and
causing its reflection.

Before inverting equation (1), a digital
mask has been applied to the image in order to
isolate the pixels belonging to the plume.

5. Results and Future Developments

The inversion procedure has been applied
to the spectral MIVIS images in the range 454 —
832 nm. The maps in Figure 3 and in Figure 4
show the results of the inversion, indicating the
spatial distribution of volcanic aerosol optical
thickness in the wavelength range 454 — 474
nm. For the effusive plume (map in Figure 3)
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the 1* values range from a minimum of 0.1 in the
far part of the plume, to a maximum of 0.3,
close to the summit craters. Conversely, the map
in Figure 4 shows the spatial distribution of vol-
canic aerosol optical thickness for the upper part
of the thick explosive plume, with the t* values
that range from a minimum of 0.5 to a maxi-
mum of 4. As deduced from the map the higher
values of T are in various part of the plume cor-
responding to the different flank eruptions.
Spectral trend of T has been obtained for
each pixel inverting the June 16" 1997 spectral
images. It is possible to compare the t* obtai-
ning with  photometric =~ measurements
[Oppenheimer, 1998] choosing pixels of the
spectral images corresponding to a zone contai-
ning the plume situated in North East Crater. In
figure 5 the trend is reported and shows a rather
good agreement with sunphotometric measure-
ments as kwon as the Angstrém equation. In the
near infrared the signal is probably influenced
by gaseous presence and the Angstrém equation
is not respected. Considering only the plot cor-
responding to the visible range, a value of
0=1.186 for Angstrém exponent and a value of
=0.09 for turbidity coefficient has been retrie-
ved, according with the measured range values
of Angstrdm parameters o=(0.13+2.42) and
p=(0.001+0.14). To the a value is possible to
deduce that the particle size distribution was
dominated by particles with an effective radius
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<1 micron for the particular effusive plume
close to the N-E Crater. However, this is a preli-
minary result, because the direct optical measu-
rements across the plume are not simultaneous.
The inversion method is not completely valida-
ted, because, as most of the inverse problems,
requires input information on atmospheric para-
meters simultaneously. In a volcanic zone these
parameters are not easy available due to the
hazard and difficult to acquired ground based
measurements under the plumes. However, the
comparison with the sunphotometric measure-
ments taken in Torre del Filosofo in October
1997 [Oppenheimer, 1998] is significant, assu-
ming similar aerosol burden in this two periods.
This is a reasonable assumption because Mt.
Etna had similar quiescent conditions in June
and in October 1997.

The MVRRS project foresees to install a
ground-based photometer instrument that will
takes atmospheric and plume data continuously.
These data will be the ground truth for develop-
ing and validating the remote sensing tech-
niques.

The future work will regard the develop-
ment of a suitable methodology, combining
remote sensing data, ground based data and
atmospheric modeling to systematically study
the volcanic plumes characteristics.
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Abstract

In the framework of the research activi-
ties devoted to monitoring deformation phe-
nomena, photogrammetric surveys at 1:5.000-
1:10000 scale were carried out on Vulcano
Island in 1993, 1996 and 2001. Large scale
digital map products (Digital Elevation
Models and orthophotos) were extracted to be
used for multi-temporal analysis of morpho-
logical changes occurred in the past. In order
to display, query, summarize and organize data
the collected spatial and image data, a soft-
ware dedicated to georeferenced data manage-
ment (ELA) was developed. The ELA
Software and a collection of raster and vector
data related to Vulcano Island (included in a
CD-ROM available to the research communi-
ty) are described in this work.

Copies of the CD-ROM can be obtained from the authors
by sending an e-mail to maria.marsella@uniromal.it.

1. Introduction

In the framework of the research activi-
ties devoted to the use of multi-temporal recon-
struction of the ground surface (Digital
Elevation Model) for monitoring crustal defor-
mation phenomena, high resolution images of
the Vulcano Island were collected by means of
aero-photogrammetric surveys carried out in
1993, 1996 and 2001 (Achilli et al., 1997,
1998). Low altitude photogrammetric data of
the “La Fossa” cone and its surrounding area
(at a scale of 1:5.000) were acquired during the
three surveys; 1996 images at a scale of
1:10000, covering the entire island, are also
available.

All the images, obtained by film camera,
were digitized at a resolution of 1000 dpi, cor-
responding to a ground pixel resolution of
about 12.5 centimetres for images at a scale of

&9

1:5000. After performing the standard images
orientation procedure, the automatic correla-
tion module of the digital Photogrammetric
Workstation DPW 770 Helawa was used; a
manual editing procedure was adopted in high-
ly vegetated areas, where the matching proce-
dure identifies 3D points, like those on the top
of canopy, which should not be included in the
DEM. A 10-meter grid DEM and an ortophoto
of the entire island were generated. For the
cone area, where images at a larger scale
(1:5000) were acquired, a 5-meter grid DEM
was produced. A higher spatial resolution
DEM (1X1m grid) was extracted for the north-
eastern flank of the cone (Forgia Vecchia) and
its surrounding area (Baldi et al., 1998, 2000,
2002).

Vulcano Mount is located in the
Thyrrenian Sea (Italy), approximately 15 miles
off the north-eastern coast of Sicily. Under a
morphological point of view, Vulcano can be
divided into four main structural units:
Southvulcano, La Fossa of Vulcano, Lentia
Mountains and Vulcanello Peninsula.

* Southvulcano, the oldest part of the island,
was a stratovolcano whose caldera’s central
part collapsed forming the Caldera del
Piano. Actually the morphology is repre-
sented by a circular cone truncated, at 300-
400m above sea level, by the plain of
Vulcano Piano.

* La Fossa of Vulcano is an active crater,
which arises from sea level up to 390m
forming a steep cone. La Fossa of Vulcano
is nested into a circular depression (Caldera
della La Fossa), which represents the latest
stage of the Caldera del Piano evolution: a
multiple caldera collapse continuously
migrating from SE to NW.

* Lentia Mountains represents the rocky
hills group forming the western edge of
Caldera La Fossa.

* Vulcanello Peninsula appeared as an island
in 183 B.C. and got connected with Vulcano
as a consequence of sand accumulation phe-
nomena around 1550 A.D [Keller, 1980].

Vulcano activity (last eruptive process
took place in 1888-1890) is characterized by
eruptions separated by long low activity inter-
vals. The systematic monitoring of the volcano
activity allowed the observation of a persisting
fumarolic activity with variations in the out
coming gases chemical composition, of a low
seismic activity and of the creation of new
fractures [Barberi et al., 1991].
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2. Why a CD-ROM of Vulcano Island?

Vulcano Island is a populated volcanic
island, which was affected by its last eruptive
process only in 1888-1890. Furthermore, in
1988 the northeastern side of its cone was
affected by a landslide, which produced a small
tsunami in the harbour area [Tinti et al., 1999].
The event was caused by the dynamically unsta-
ble conditions of the volcano [Rasa and Villari,
1991]. The availability of high resolution digital
terrain models in areas affected by relevant
crustal deformations phenomena, large instabil-
ity phenomena or lava flows, allows the per-
formance of a detailed morphologic analysis of
the terrain physical surface, by the evaluation of
elements such as mass balance, deformation
vectors, morphometric parameters, and the
extraction of morphological features. The mon-
itoring of surface deformation phenomena
through the analysis of temporal series of high
resolution DEMs turns out to be an useful sup-
porting activity to georeferenced databases and
as a basis for hazard and risk studies.

3. The contents of the CD-ROM

This CD-ROM consists of the ELA
Software and of a collection of raster and vector
data related to Vulcano Island. The installation
file (setup.exe) is located in the directory named
“Software” of the CD-ROM. ELA is a geo-
graphic data management software useful to dis-
play, query, summarize and organize georefer-
enced spatial and image data. Spatial and image
data of Vulcano Island represent the core of the
CD-ROM. Spatial data are geographic data in
which the geometric location of geographic fea-
tures, along with attribute information describ-
ing what these features represent, are stored.
Also known as digital map or digital carto-
graphic data, locational data are stored in a vec-
tor or raster format. Corresponding attribute
data are stored as sets of tables geographically
related to the features they describe. Image data
include ortophotos. Like spatial data, image data
are georeferenced. The full set of ready-to-use
data of Vulcano Island can be used to create
maps in ELA or as a data source for further
analyses carried out in using other software.
ELA allows the use of image data, ARC/INFO
coverages, ESRI shape files and CAD drawings
but also many other formats such as SDE and
TIN. Spatial and image data are thematically
organized into different layers, or themes; there
is one theme for each set of geographic features
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(i.e. streams, elevation, and buildings were
stored as a separate spatial data sources in order
to make it easier the management and manipu-
lation of data). A layer is a set of geographic
data representing all the features in a particular
ground surface feature class. Layers have a
number of properties, displayed in the Table of
Contents, that control the way it is displayed on
the map; layer properties can be manipulated by
specifying the range of scales at which the layer
will be drawn on the map, by applying different
classification techniques or by typing in user-
defined classes. The purpose of classification is
twofold: to make the process of understanding a
map easier and to put in evidence non self-evi-
dent features about the area you’re mapping.
Each layer in a map is associated to a table
where attributes about the geographic features it
contains are stored. A layer’s attribute table con-
tains one record for each feature in the layer.
The only layers that do not have attribute tables
are layers representing image data. The active
layers on the screen are listed in the Table of
Contents. On the visualized map, whose scale
may be observed on the toolbar. ELA software
allows the performance of simple measurement
operations ( distances, areas and perimeters of
polygons or circles) and the determination of the
altimetric and planimetric coordinates of points.
Moreover, ELA implements the possibility to
draw and save control points, supplying a table
of their altimetric and planimetric coordinates,
and to graph profile, supplying its diagram and
a table of the altimetric and planimetric coordi-
nates of the points. Eventually, ELA can save
the map to a project or export the map in .BMP
and .EMF formats. A detailed user guide about
the software functionalities, can be accessed
clicking the appropriate button on the toolbar.

4. The Vulcano Island Files

Spatial and image data of Vulcano Island
are contained in the “Vulcano” directory. They
are subdivided into eight subdirectories named
“Cartography”, “Dtm0101”, “Dtm8305”,
“Dtm9605”, “Dtm9610”, “Flight”, “Land” and
“Ortophoto” (Table 1).

All the datasets are georeferenced in the
same reference frame. The image data of the
collection, with the .tif, .jpg and .ecw exten-
sions, represent the Vulcano Island topographic
map, the ortophotos and the DEM’s elevation
(contour lines), slope, aspect and hill shade rep-
resentations of the island and of the volcano’s
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VULCANO
DIRECTORIES | FILES EXTENSIONS
Cartography ctr90 if
Dtm0101 dtmO101_asp; dtm0O101_dem; tif; Jpg;
dtm0101 hil; dtm0101 slp;
Dtm&8305 dtm8305 asp; dtm8305 dem; tif; Jjpg;
dtm8305 hil; dtm8305 slp;
Dtm9605 dtm9605_asp; dtm9605 dem; tif; Jpg;
dtm9605 hil; dtm9605 slp;
Dtm9610 dtm9610 _asp; dtm9610 dem; Aif; Jjpg;
dtm9610 hil; dtm9610 slp;
Flight flight .shp
Land buildings; coast; streams; streets .shp
Ortophoto Op00_Im_col; Op01 35cm _col; .eCW
Op96_15cm_bn; Op96 1Im_bn;
Op00_Im col Ir;
Op01 _35cm_col Ir;
Op9%6_15cm_bn_Ir;
Op96 Im bn Ir;

Table 1 Directories and files of the Vulcano Island’s CD-ROM.

cone. The “Layer properties” button on the tool-
bar gives the properties of each image visual-
ized on the screen, such as the dataset filename,
the layer extent (Emin, Emax, Nmin, Nmax) and
the layer attribute data. DEM’s slope and aspect
representations are coloured images subdivided
into different zones according to different slope
and aspect ranges; the colors table and the num-
ber of classes of the images may be changed by
“layer style” button of the toolbar. DEM’s ele-
vation has been represented by contour lines,
whose properties (colour, classes, mode) may be
changed by taking part on the options contained
in “layer style” table. The spatial data of the col-
lection, with the .shp extension, include streets
(main and secondary roads), buildings, catch-
ments lines, coastline and flight plane.

Additional Information

The work was carried out in the frame of
the research activities of task 2 (Application Of
Digital Terrain Models To Volcanology) of the
GNV project n°13 “Development And
Application Of Remote Sensing Methods For
The Monitoring Of Active Italian Volcanoes” to
which have contributed the following research
units: UNIRM (M. Marsella), UNIBO (P. Baldi),
UNIPD (V. Achilli), INGV-CT (G. Puglisi).

ELA is made by L.LA.T. Ingegneria stl, a
company specialized in services and solution for
creating and managing spatial data in informa-
tion systems.
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