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Abstract

Through this paper the robust approach to monitoring voleanic aerosols by satellite is applied Lo an extended set
ol events affecting Stromboli and Etna volcanoes (o assess its performance in automated detection of eruptive
clouds and in monitoring pre-eruptive emission activities. Using only NOAA/AVHRR data at hand (without any
specific atmospheric model or ancillary ground-based measurements) the proposed method automatically
discriminates meteorological from eruptive volcanic clouds and, in several cases. identified pre-eruptive anomalies
in the emission rates not identificd by traditional methods. The main merit of this approach is its effectiveness in
recognising field anomalies also in the presence of a highly variable surface background as well as its intrinsic
exportability not only on different geographic areas but also on different satellite instrumental packages. In
particular, the possibility to extend the proposed method to the incoming new MSG/SEVIRI satellite package
(which is going to fly next year) with its improved spectral (specific bands for SO.) and temporal (up to 15 min)
resolutions has been evaluated representing the natural continuation of this work.

Key words  satellite remote sensing — AVIIRR — (Kaufman and Sendra, 1988:; Masuda et al.,
robust techniques — volcanic aerosols detection 1988; Rao er al., 1988,1989: Wen and Rose.
1994,
Satellite-based measurements at shorter
1. Introduction space-time scales have been especially devoted
to monitoring events like dust or volcanic clouds
Remote sensing of volcanic activities from which, even il not always considerable for their
the U.S. National Oceanic and Atmospheric climatic effects, could represent a potential dan-
Administration (NOAA ) satellites has been per- ger for aircraft (Hanstrum and Watson, 1983:
formed up to now on a global scale mainly in Casadevall, 1994).
order to investigate their impact on weather and In these cases, the most important applica-
climate-related phenomena. Quantitative meas- tion of salcllite-based observations (regarding
urements of aerosol purameters like optical thick- not only geo-stationary platforms) could be an
ness, complex refraction index and size distri- early warning of the event in progress in order
bution were usually carried out matching satel- 1o mitigate hazards and damage (Prata, [989;
lite sensor data with a library of synthetic radi- D’Amours, 1994; Rose and Schneider, 1996).
ances computed for several realistic atmospheres Generally speaking, all satellite-based tech-
with variable aerosol burden and properties niques, devoted to giving a quantitative descrip-

tion of atmospheric acrosol properties, require
ancillary information (usually coming from
ground-based observations performed in coin-
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on a number of hypotheses, which substantially
reduce their applicability at the local scale and
their reliability at the global scale. In fact, space-
lime variability of atmospheric acrosol burden
and composition as well as Earth surface prop-
erties. mean that the requested assumptions are
not always met locally. On the other hand. reli-
able coincident ancillary data, are only occa-
sionally available at the requested space-time
reselutions.

Satellite-based techniques, devoted to ex-
wreme events detection, find their main difficul-
ties in discriminating volcanic aerosol layers
from meteorological clouds. Both of them. in
fact, typically reflect in the visible part of sun’s
spectrum and absorb Earth radiation in the ther-
mal infrared so that refined techniques are re-
quired to discriminate between them.

Several methods have been suggested for
this purpose based both on Advanced Very High
Resolution Radiometer (AVHRR) visible and
near infrared reflectances (Lyons and Husar.
1976: Rao ef al.. 1989) and on thermal infrared
radiances (Rao ef al.. 1988; Wen and Rose.
1994). For example the technique proposed by
Prata (1989) exploits the reverse absorption ef-
fect which is expected to lead. in thermal infra-
red channel 4 and channel 5. to negative values
of the difference 7 -7 in the presence ol H.SO,
droplets in opposition to the positive values
which are expected for water/ice clouds. Other
authors noted that although both water/ice clouds
and atmospheric acrosols layers increase the
albedo in the visible and near infrared bands,
that does not happen in the same way (Lyons
and Husar. 1976). It has been found (Rao ef al..
1989) that for aerosols over oceans the effect is
stronger in the visible AVHRR channel 1 than in
the near infrared AVHRR channel 2, so that the
ratio of albedos measured in channel | and chan-
nel 2 can be used to discriminate volcanic clouds
from waterfice clouds. Rao et al. (1989) pro-
posed a new technique that, in addition to cloud
screening criteria based on the visible and near
infrared reflectances, exploits the thermal inlra-
red AVHRR channel 3, 4 and 5 in order to
distinguish atmospheric aerosols from meteoro-
logical clouds.

Once waterfice clouds have been excluded,
volcanic aerosols remain to be identified and
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possibly deseribed in terms of their physical
and optical properties.

Both a quantitative description of aerosol
propertics and the simple detection of localised
{ield-anomalies would benefit from more knowl-
edge ol locul features (like surface temperature
and reflectance and rormal atmospheric aero-
sols burden) which is practically impossible to
obtain at the required space-time resolution us-
ing only ground-based observations.

In this paper, following the robust approach
proposed by Tramutoli (1998), a satellite-based
method is presented, able to detect automatical-
iy and without any other ancillary information,
anomalous atmospheric aerosol burden due to
volcanic activities.

The global coverage, low-cost and high repe-
tition rate offered by NOAA satellites together
with the spatial resolution and spectral capabil-
ities of their AVHRR sounders, have been con-
sidered to support the daily monitoring ol the
increased atmospheric aerosols burden related
to potentially dangerous volcanic events. An
approach to daytime detection over the sea will
be presented here and the results discussed after
its application to major and minor events related
to Mt. Etna and Mt. Stromboli volcanoes™ erup-
live activity. One case is also presented of Etna’s
possible pre-eruptive activity, detected by means
of such a method.

The proposed technigue heavily relies on the
present «lstituto di Metodologie Avanzate di
Analisi Ambientale (IMAAA)» lacilities [or re-
ceiving. archiving and processing NOAA/
AVHRR data. High speed data transfer and
processing as well as extended archiving capa-
bility permitted an easy and automatic manage-
ment of a long series of historical AVHRR data
as well as a routine production and updating of
reference fields.

2. Data and instruments

The NOAA Polar Orbiting Weather Satel-
lites (POES) are sun-synchronous, near-polar
orbiting platforms, designed to operate at an
altitude of about 800 km with an orbital period
of about 102 min which produces [4.1 orbits
per day. Operating in pairs, they assure a elobal
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coverage of the Earth with a repetition rate not
longer than 6 h. The Advanced Very High Res-
olution Radiometer (AVHRR) is a five-channel
scanning radiometer flying aboard NOAA/
POES. It is able to measure the total solar re-
flected radiance at the top of the atmosphere (in
the visible and near infrared bands) as well as
the outgoing long-wave radiance. emitted by
the Earth-atmosphere system, in the infra-red
part ol the electromagnetic spectrum. Table [
summarises the five AVHRR bands. The spatial
resolution at ground level is 1.1 km in nadir-
view configuration.

NOAA/AVHRR data were collected and pre-
processed in order to build a complete and dense
data set. AVHRR radiances in channel | (visi-
ble) and in channel 2 (near-infrared) were cali-
brated in rellectances whereas thermal infrared
channels (channel 2, 4 and 5) were converted
into Brightness Temperatures (BT) following
the standard procedure described in Lauritson
et al. (1979) and Rao and Chen (1996).

A special attention was given to the image
seo-referencing and therefore a precise image
navigation were carried out following the tech-
nique proposed by Rosborough er al. (1994).
Ground Control Points (GCPs) together with an
iterative best-correlation method, developed at the
IMAAA (Pergolaand Tramutoli, 2000). were used
to correct the satellite altitude angles, roll, pitch
and vaw, obtaining a [inal navigation accuracy
estimated to be within one AVHRR pixel.

In order to deal with a reference data set as
homogeneous as possible, all analysed satellite
scenes were chosen on the basis of some simi-
faritv characteristics: hour ol pass (only passes
between 11.00 and 15.00 GMT have been se-
lected), annual period {monthly series have been

Table I. AVHRR spectral characteristics: frequency
ranges indicate the band-width for every channel.

- ainnncl Frcqut:ncy (l]IL
©580-680
2 725-1000
3 3550-3930
4 10300-11300
5 11400-12400
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preferred), ete. All analysed passes, from 1980
until 1998, were collected at the IMAAA High
Resolution Picture Transmission (HRPT) Re-
ceiving Station or obtained from the Satellite
Station of the University of Dundec.

3. Volcanic clouds detection: the algorithm

AVHRR data were used to automatically
detect tropospheric aerosel layers, due to vol-
canic activity. over the study area shown in
fig. 1. The whole proposed method is described
in detail in the lollowing.

3.1. Discrimination between volcanic aerosol
and meteorological clouds

The main problem in volcanic aerosols de-
tection is their discrimination from meteorolog-
ical clouds. Several techniques have been pro-
posed to date to do that and in this work some ol
them were tested on dilferent minor and major
Stromboli and Etna volcanic events. For instance,
the method proposed by Prata (1989). which
should lead to negative values of the difference
T-T between the brightness temperatures meas-
ured in AVHRR channel 4 and channel 5 in the
presence of volcanic clouds., was tested. Results
suggest that such a method, although preferable
because of its applicability both in night and
day conditions, seems, however, to be not very
effective in the case of very «fresh» volcanic
clouds, which contain water droplets and/or ice
particles and then are very difficult to distin-
guish [rom meteorological clouds in the IR data
(Wen and Rose, 1994), as well as in the case of
very weak gas or ash emissions.

Moreover the channel [/channel 2 ratio test
was also applied, in conjunction with a series of
volcanic events Lo evaluate its capability in vol-
canic cloud recognition. It has been demonstrat-
ed. in fact, that values Irom 1.75 to 2 of this ratio
over oceans are characteristic ol aerosols layers,
the water/ice clouds having, on the other hand.
a ratio near to or less than 1. Such a screening
test resulted more suitable for weak anomalies
detection, remaining, however, obviously not
applicable in night-time conditions. Figure 2
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Fig. 1. The study arca: Mt. Etna {(summit clevation: 3350 m; location: 37.7°N, 15.0°E); Mt. Stromboli {(summit

elevation: 924 m: location: 38.789°N, 15.213°E).

shows the results obtained applying the ratio
test on an AVHRR scene acquired just during an
Etna eruption on 23 December 1995; on the left
side AVHRR channel 1 reflectance field is re-
ported where higher reflecting pixels, probably
cloudy, are depicted in brighter grey tones; on
the right side, test results are shown: pixels
flagged as cloud-free are in black. It should be
noted as such a test seems able to well discrim-
inate between volcanic and meteorclogical
clouds, automatically excluding the latter from
further analysis. By applying such a test to all
selected imagery, an automatic discrimination
has performed and only pixels declared cloud-
free were retained for the following steps.

3.2. Construction of the reference fields
In order to detect possible anomalies in the

atmospheric aerosol burden the next step to be
completed is to acquire information as complete
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as possible (in a statistical sense) ol the normal
conditions of the area to be investigated. To do
that we analysed, over the study area, an histor-
ical series of AVHRR images selected in unper-
turbed conditions (no volecanic clouds in the
sensor’s field of view) and with the above men-
tioned similarity characteristics. As affirmed
before, aerosois and clouds, observed from space
in the visible part of the electromagnetic spec-
trum, have the same behaviour: they show a
high reflecting response and therefore produce
an increase in the signal measured by the sensor
carried by the satellite. Over low albedo surfac-
es, like oceans, an increase in the total reflected
radiation measured by the sensor at the top of
the atmosphere could be linearly correlated to
an increase in atmospheric turbidity, the surface
contribution being negligible (Masuda et al.,
1988).

Reflectance fields (in AVHRR channel 1)
were derived for each satellite pass and a mini-
mum Value Composite (mVC) filter was ap-
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Fig. 2. Ch1/Ch2 ratio test results. Top: AVHRR channel | - the more reflective areas (clouds) are depicted in
brighter grey tones. Bottom: ratio test results - the locations (over sea only) identitied as cloud-free are coloured

in grey.

171



Nicola Pergola. Carla Pietrapertosa, Teodosio Lacava and Valero Tramutoli

plied to build a «background» monthly refer-
ence field, p_ (v, vm). For every sea location
(v, 3) and for every month s of the year, the
minimum value of reflectance p{x, y), derived
from all the co-located imagery, was retained so
that o (x, v, u2) will represent, for construction,
conditions of maximum atmospheric transpar-
ency. Besides the reflectance minimum field, on
the same series of images, and considering only
contributions from cloud-free pixels, the aver-
age reflectance <p(x, y, nm)> and the standard
deviation a(x, y, m) tields were computed, again
for every location (x, ¥) and for every month .
The standard deviation takes into account the
historical fluctuations of the signal, measuring
locally the normal variability of the reflectance
field, due o natural sources and not related to
any volcanic activity. Obviously such a proce-
dure will be more effective the larger and better
the quality of the imagery collection.

The minimum reference field, derived as
described above, allows us to eliminate auto-
matically, all noisy contributions coming {rom
residual thin clouds or from image-lo-image
differences related, for example, to the sun-sat-
ellite relative position. Nevertheless, possible
spurious effects still remain, producing a de-
crease in the reflectance field not related to an
increased atmospheric transparency. This is the
case, for example, of cloud shadows or oil spills
over the sea, whose cffect could be a dramatic
loss of the signal in the visible band of the
satellite sensor also in presence of a turbid at-
mosphere (Bohm ef al., 1991; Legg, 1991
Stephens and Matson, 1993). In order to avoid
such a problem. a further screening procedure
was applied to the imagery. After reference fields
were computed, for each measurement p(x, v)
the following quantity has evaluated:

Aplxy) =|plry) — <plx vn.m)>|.

For each location (x,v), the measurement
plxv) was [lagged as anomalous, and excluded
for further analysis, if Ap(x,v) > 30(x yvm)
(3-sigma clipping filter). Alter that a new com-
putation of background reference fields was
performed. using only the measurements sur-
viving after the previous clipping filter applic-

ation, obtaining the refined reference fields:
P ym), < o'y, y,m) > and o’(x, v, ). The
process could be iterate until no more data have
to be excluded. Figure 3a-c¢ is an example which
shows how the above described clipping proce-
dure was able to automatically detect a spurious
minimum produced by a cloud shadow. In fig.3a
the «wough» (p,  (x, v ), before the clipping
filter application) reference minimum field is
shown whereas fig.3¢ shows the refined one
(p’,.(x oy m), after the filter). In this particular
case, the considered month is December, so
n1=12. As is clear. the major differences regard
a long trail of low reflectance values (in dark
grey tones) developing from the Sicily coast in
a west-east direction. Looking at the fig. 3b,
where a channel | reflectance field is shown for
a single scene used [or reference field genera-
tion (NOAA-14, orbit 10103 at 12.42.22 GMT,
on 15 December 1996), it should be noted how
such a trail was directly associated to the cloud
shadow and then it was a spurious etfect which
the clipping procedure was able to automatical-
ly detect and eliminate.

3.3. Anomalous aerosol burden detection

A volcanic gas or ash emission into the at-
mosphere could be detected by satellite sensors
as an anomaly, in the aerosol burden, compared
to the normal atmospheric condition. ie. the
conditions in an unperturbed state. In order to
do that, the Statistical Normalised Albedo Ex-
cess (Pergola er al., 1998) defined by

SNAE(x,v,d) =

’

= |pley.d)—p’ (x.v.m)] Ja’(x,v,m)

where p(x,y.d) is the reflectance field for the
AVHRR image to be processed (on current day
d), and g’ (v.ym) and a”(x, v i) are the above
defined background reference fields. computed
for the month m (with ¢em), was considered as
an indicator ol the local albedo excess weighted
by the normal variability for each considered
location (x, v). SNAE (x, v, d ) values greater than
a pre-delined threshold could be considered as
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anomalous and automatically detected by a sim-
ple computing procedure. It should be noted
that such an indicator is valid locally but global-
ly exportable and that it is very powerlul in
avoiding lalse alarms because it is weighted by
the standard deviation o”(x.v,m) which, taking
into account the spectral historical behaviour of
each location considered, leads to lower SNAE
values for such locations with a normally high
reflectance variability (like, for example, the
areas in proximity of coasts, oflen contaminated
by marine aerosol production).

4. Results

In order to test our technique, the SNAE
(x.xvdd ) fields were computed for a series of
AVHRR images acquired during some Etna and
Stromboli voleanic events. Table 1 summarises
the considered cases and the corresponding
NOAA satellite passes. Some of these events,
like the two on 24/09/86 and on 23/12/95 are
well described in the literature as very violent
ones, with heavy lava effusion and strong ash
emissions. Others, like, for example, Etna’s two
on 12/01/91 and on 27/08/96 and the one of
Stromboli on May 1996, could be related to
an intense Strombolian activity in the periods
considered. The last one, on 21/12/95 is not
documented at all in the specialist literature and
could be considered as a kind of pre-eruptive
aclivity, since it occurred two days before the
above mentioned Etna eruption of 23rd Decem-
ber 1995. In any case, such an event is, doubt-
less, a very weak one, characterised by low ash
emission and/or gas injection into the atmos-
phere, which the proposed technique was able
to automatically identify and detect. Figures
from 4 to 6 show the results obtained, for the
above mentioned events. coupled in chronolog-
ical order; on the left side the AVHRR channel

Fig. 3a-c. a) «Rough» minimum reference field
£ (see text); b) a cloud shadow image;
¢) refined minimum reference field p*, (v, . m) after
the 3o clipping filter application.
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Table I1. Details of the considered volcanic events together with the characteristics of corresponding analysed

satellite passes.

Satellite pass

Index  Voleano Date Event description
I Etna 24 Sepltember 1986 Eruptive activity NOAA-09 on 24/09/86 @ 13.30 GMT
i1 Etna 12 January 1991 Strombolian activity  NOAA-11 on 12/01/91 @ 12.51 GMT
[I Ema 21 December 1995 Not documented NOAA-14 on 21/12/95 @ [2.33 GMT
v Ema 23 December 1995 Eruptive activity NOAA-14 on 23/12/95 @ 12.11 GMT
Vv Stromboli 16 May 1996 Strombolian activity  NOAA-14 on 16/05/96 @ 12.48 GMT
Vi Ema 27 August 1996 Strombolian activity  NOAA-14 on 27/08/96 @ 12.34 GMT
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Fig. 4. Results shown for passes I (top) and 11 (bottom} in table T1. Right side: SNAE fields: only pixels with a
SNAE value greater than 3 are depicted in grey. Left side: corresponding AVHRR channel 1 reflectance fields.
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Fig. 5. As fig. 4 or passes 11 (top. with a threshold value of 2) and IV {bottom).

1 reflectance fields are reported whereas, on the
right, only SNAE values greater than a thresh-
old value (chosen equal to 2 for pass Il and
to 3 for all other passes) are depicted in black.
Looking at these figures, it should be noted
that the proposed technique, in all cases consid-
ered was automatically able to detect and rec-
ognise the volcanic clouds produced both by
eruptive events and by simple weak emissions.
It must be noted also how the proposed tech-
nique avoids the false alarms problem almost
completely.
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5. Final remarks

The technique proposed in this paper is
strongly based on the analysis of homogeneous
historical satellite datasets. Tt makes use of the
advantages of a local and seasonal knowledge
which, as obtained only from satellite data, can
be easily exported to different geographical
arcas and seasons.

In a similar way, it could be immediately
extended to the next generation of satellite
sounders (i.e. SEVIRI which is going to fly



Pass V

Fig. 6. As fig. 4 for passes V (top) and VI (bottom).

the next year on the Meteosat Second Genera-
tion platform) with improved capabilities in
terms of repetition rate (one pass every 15 min!)
and spectral resolution (a specific band for
50,).

Possible quantitative developments, together
with improved performances also in different
observational conditions (in night-time, over
land) represent the natural continuation of such
a work. Moreover, preliminary results concern-
ing a possible pre-eruptive activity will be better
investigated in the near [uture as well as its pos-
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sible relationship with some other precursor
effects (for instance the summital «hot spots»
appearance) also detectable by satellite sensors.
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