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Abstract

Multispectral infrared observations carried out by the
spacecrafts have shown that spaceborne remote sensing
of high-temperature volcanic features is feasible and
robust enough to turn into volcano monitoring. Espe-
cially meteorological satellites have proven a powerful
instrument to detect and monitor dynamic phenomena,
such as volcanic processes, allowing very high tem-
poral resolution despite of their low spatial resolution.
An automated system that uses both EOS-MODIS and
MSG-SEVIRI thermal satellite data was developed at
the Istituto Nazionale di Geofisica e Vulcanologia of
Catania for early hot spot detection and for estimating
the temporal evolution of the average effusion rate dur-
ing eruptive events. The advantage obtained by the use
of both SEVIRI and MODIS data in increasing tem-
poral coverage improving satellite monitoring of active
volcanoes was also confirmed on Etna volcano during
the early phase of 2008 eruption.
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1 Introduction

The timely and synoptic view afforded by satellite-
based sensors provides an excellent means to monitor
the thermal activity of a volcano and to estimate the ef-
fusion rate throughout an eruption [Harris et al, 2007,
Herault et al, 2007; Vicari et al, 2008]. In the past,
data provided by Landsat with high spatial resolution
and low temporal resolution (16 days) have been em-
ployed for the analysis of thermal analysis of active
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lava flows [Oppenheimer, 1991], lava domes [Francis
and McAllister, 1986; Kaneko et al, 2002], lava lakes
[Harris et al, 1999] and fumarole fields [Harris et al,
1997]. Recently images with lower spatial but higher
temporal resolution from meteorological satellites have
been proved to be an ideal instrument for continuous
monitoring of volcanic activity, even though the rel-
evant volcanic characteristics are much smaller than
the nominal pixel size (1 — 3km?). Indeed, despite of
the fact that the volcanic features of interest are usu-
ally much smaller than the nominal pixel size of the
sensors, meteorological satellites, such as the MODer-
ate Resolution Imaging Spectro-radiometer (MODIS)
and even the Spinning Enhanced Visible and Infrared
Imager (SEVIRI), can detect emitted radiance in the
shortwave infrared (SWIR) part of the electromagnetic
spectrum, a region in which active lava flows, vents and
domes emit copious amounts of energy. MODIS instru-
ment offers up to 10 wavebands suitable for hot-spot
detection, but provide data at least 4 times a day for
any subaerial volcano with a spatial resolution of about
1 km. In particular band 21, also known as the “fire
channel”, was designed to have a much higher satura-
tion temperature of about 500 K [Kaufman et al, 1998].
For these reasons MODIS data were supported as ba-
sis for automated systems to detect and monitor vol-
canic eruptions for the entire globe [Wright et al, 2002].
The launch of MSG SEVIRI on August 2002 provides
a unique opportunity for a volcanic eruption detection
system in real-time by providing images at 15 minutes
interval. In spite of the low spatial resolution (3 km at
nadir), the frequency of observations afforded by the
MSG SEVIRI was recently applied both for fire detec-



tion [Laneve and Cadau, 2007] and for the monitoring
of effusive volcanoes in Europe and Africa [Hirn et al,
2008]. Since these two satellites show significantly dif-
ferent characteristics in spatial, spectral and temporal
resolution, the aim of this work is to integrate the infor-
mation coming from MODIS and SEVIRI data in order
to obtain a better comprehension of the volcanic phe-
nomenon. If near-real-time volcano monitoring is to be
achieved using satellite data, images must be routinely
received and analyzed rapidly. To this end, a multi-
platform tool for satellite image analysis and volcanic
processes characterization was developed. Computing
routines were designed to allow for the joint exploita-
tion of radiometers MODIS and SEVIRI in operational
monitoring, in response to the need for fast and robust
determination of hot spot detection and effusion rate
estimation at active volcanoes. In this work, this moni-
toring system have been used to identify pixels covered
by lava flow during the last Mt Etna eruption began in
May 2008; then the hot spot pixels were processed in
order to compute the time-varying discharge rates.

2 The satellite technique

The first step in the automatic system is the hotspot
identification to locate possible thermal anomalies over
satellite data. To this purpose, the contextual approach
of Harris was implemented (i.e. the VAST code of
[Higgins and Harris, 1997]. As for MODIS images,
this technique uses the difference between brightness
temperature in channel 21 (or 22) and channel 31 (AT)
and sets a AT threshold obtained from within the im-
age, to define whether a pixel is hot. Due to the low
N EAT of channel 22, we use channel 22 data if they
are unsaturated. If channel 22 is saturated, we use
channel 21. The algorithm first defines a ’nonvolcanic”
portion of the image and uses the maximum AT from
that portion to set a threshold. Pixels belonging to the
volcanic area are then scanned and all the pixels that
are greater than the threshold are classified as hot. An
example of the hot spot detection results is given in fig-
ure 1, where the observed flow field is superimposed
to satellite image of 22 July showing good correspon-
dence between the pixels flagged as hot and the actual
lava extent. The same procedure was applied to SE-
VIRI data channel 4 and 9. A hotspot image during 15
May 2008 is showed in figure 2. The thermal method-
ology for obtaining effusion rates is based on [Pieri
and Baloga, 1986; Pieri et al, 1990; Crisp and Baloga,
1990]. It was adapted to satellite thermal data by [Har-
ris et al, 1997], who proposed a method of estimating
time-averaged discharge rates using measurements of
the total thermal flux of active surface flows obtained
using data from satellite based sensors [Wright et al,
2001]. Thermal analysis is carried out for each hot
pixel located to give an estimate of the area and radi-
ated heat flux of the thermal feature contained within
the pixel. To achieve this we assume a three component
thermal surface within the pixel and use the approach of

[Higgins and Harris, 1997], where reasonable bounds
are placed on the temperature of the lava crust, cracks
and ambient background, to obtain lava flow crust and
crack area. We use three bands to solve the following
nonlinear three-equation system:

Ry =pyLx, 1, + DL, 1. +Prlx, T,
Ry =poLx, 1, + Pl 1. + Pl 1), (1)
R, =pyLx, 1, + 0L, 1. + 00l

Where R;, Ry, R, are the corrected measured radi-
ances in the channel x, y, z (respectively channel 4
[3.9um], channel 9 [10.8um], channel 10 [12um]
as for SEVIRI and channel 21/22 [3.9um], channel
31[10.78 — 11.28um], channel 32 [11.77 — 12.27pm/]
as for MODIS); L 7 is the spectral radiance of the sur-
face according to the Planck’s law, at temperature T and
wavelength \; pb is the portion of pixel at background
temperature Tb, pc is the portion of pixel at crust tem-
perature Tc and ph is the portion of pixel with active
lava at temperature Th. The unknown variables in this
system are: pb, pc and Tc since we fix Th to 1363 K
the extrusion temperature for Etna lavas and estimate
Tb from the near lava-free pixels. Once we found the
feasible solutions of the nonlinear system, we can com-
pute the thermal flux for the high temperature compo-
nent according to Stefan-Boltzmann law.

Figure 1. HotSpot detection for MODIS data.

Figure 2. HotSpot detection for SEVIRI data.

[Harris et al, 1997; Harris et al, 1998] and [Wright et



al, 2001] showed that the total thermal flux measured
using satellite infrared data can be converted to time-
averaged discharge rate (E) at the time the image data
were collected, by using:

B Qror
p(CPAT + CLA¢)

2

where Qo7 is the total thermal flux, p is the lava
density, C'p is the specific heat capacity, AT is the
eruption temperature of minus solidus temperature, C'r,
is the latent heat of crystallization, and A¢ is the vol-
ume percent of crystals that form while cooling through
AT.

3 A case study: Etna 2008 eruption

Etna’s 2008 eruption provided the opportunity to ver-
ify our model’s ability to predict the path of lava flows
while the event was ongoing and to produce differ-
ent scenarios as eruptive conditions changed. A new
eruption started on the morning of 13 May 2008 and
it still going on. After a seismic swarm of more than
200 earthquakes and significant ground deformation a
fissure erupted in the summit area immediately to the
east of Etna’s summit craters. On the afternoon of the
same day, a new eruptive fissure opened with a num-
ber of vents displaying Strombolian activity and emis-
sion of lava flows toward the Valle del Bove (a wide
depression that cuts the eastern flank of the volcanic
edifice). An helicopter survey carried out on 14 May
at 13:00 showed the two eruptive fissures: a first one
opened on the east of the summit craters (3000 m asl)
spreading along North-South direction and a second
fissure started from the east flank of South-East Crater
summit cone of Mt Etna (2900-2500 m asl) spread-
ing with ENE-WSW orientation toward the Valle del
Bove. During the following 24 hours the lava traveled
approximately 6 km to the east, but thereafter its ad-
vance slowed and stopped, the most distant lava fronts
stagnating about 3 km from the nearest village, Milo.
Between 16 and 18 May ash emissions became more
frequent and produced small but spectacular clouds,
whereas the rate of lava emission showed a gradual
diminution. During late May and the first week of June,
the activity continued at low levels, with lava flows ad-
vancing only a few hundred meters from the vents as of
4 June. Four days later, on 8 June, there was a consid-
erable increase in the vigor of Strombolian activity and
lava output rate. During the following week, lava flows
advanced up to 5 km from the source vents. Volcanic
thermal anomalies have been observed almost continu-
ously over the same Mt Etna flank in accordance with
the occurrence of the lava effusion. A significant in-
crease in the number of hotspots detected, with an ev-
ident increase even in their relative intensity, was in-
stead recognized in the late evening of 13 May in ac-
cordance with the opening of the new eruptive fissure
on NE side of SE Crater. Starting from 14 May sev-

eral hotspots of high intensity have been flagged over
the target area, indicating the clear presence of a lava
flow. The time-varying effusion rate during 14 May-16
July was estimated from MODIS and SEVIRI data al-
lowing a detailed chronology of lava flow emplacement
(refresh rates: 15 minutes).The lava discharge reached
a peak during the first days of the eruption; on 23 May
the discharge rate decreased keeping medium-low val-
ues of about 1 — 2m3s~! until 8 June. After 8 June,
the effusion rate increased showing scattered values;
anyway this behavior could be due to an increasing of
strombolian activity registered during this period. By
integrating minimum and maximum effusion rate val-
ues we computed the cumulative curves of erupted lava,
finding that the erupted volume is constrained between
8 and 20 million cubic meters. The estimated time-
varying effusion rate was also tested, with good results,
giving it as input to the numerical simulation of the lava
flow path. The good agreement between simulated and
mapped flow areas indicates that model-based inunda-
tion predictions, driven by time-varying discharge rate
data, provide an excellent means for assessing the haz-
ard posed by on-going effusive eruptions.
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