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Abstract 

For volcanoes characterised by activity from open degassing conduits and fumarole fields, thermal data from remote 

sensing instruments can provide an integrated data set capable of measuring various volcanic system parameters (e.g., 
magma depth, thermal flux and vent areas) and of mapping the distribution of vents and other thermal features. At Stromboli 

such thermal data define a persistent vent system aligned along a SE-NJ? tectonic line, fed by a shallow (< 1 km deep) 

magma chamber. Total thermal losses from the conduit between the magma surface and vent are - 4 MW for 

high-temperature degassing vents, and - 14 MW for all vents within the crater terrace. At Vulcano, heat from a < 4 km 

deep magma body drives a hydrothermal system feeding a 400-470 m* exhalative area. Consistent thermal flux 

measurements at Vulcano (38.6 * 2 Wm-‘) between 1985 and 1995 are validated by detailed ground measurements. Time 

series constructed from repeated satellite and aircraft over-passes are capable of monitoring fluctuations in activity. At 

Stromboli, a time-series constructed for 1985 to 1995 distinguishes phases of intense explosive, lava pond and effusive 
activity. At Vulcano, a steady level of activity is identified over the same period. The good agreement with ground data 

suggests that the techniques presented here could be used at other volcanoes characterised by open conduit or fumarolic 
activity, either when no other data sources are available, or as a reliable supplement to more traditional data sources (e.g., 
seismic and chemical analyses). 
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1. Introduction 

At many volcanoes, degassing magma bodies feed 

open conduits or active fumaroles between eruptions. 
At the surface, the flow of magmatic gases is mani- 
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fested by elevated temperatures at and near the vents. 
By providing a link to the magma system, surface 

vent temperatures allow qualitative inferences about 

the magmatic system (e.g., Martini, 1986; Korzhin- 
sky et al., 1994; Taran et al., 1995) and calculations 

of various system parameters such as magma depth, 
volume, mass flux or energy budget (e.g., Birnie, 
1973; Italian0 et al., 1984; Giberti et al., 1992; 
Connor et al., 1993; Stevenson, 1993). Further, fu- 
marole temperatures have often been observed to 
increase prior to eruptions or during shallow magma 
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intrusions (e.g.,Suwa and Tanaka, 1959; Naboko, 

1960; Moxham, 1967; Menyailov, 1975; GVN, 

1990a). The potential contribution of vent tempera- 

ture data for identifying eruption precursors and 

understanding the volcanic system has resulted in 

efforts to monitor fumarole temperatures at several 

volcanoes (e.g., Menyailov et al., 1986; Connor et 

al., 1993). 

Thermal remote sensing offers a safe means of 

measuring and monitoring vent temperatures on a 

regular basis using ground-based, air- or space-borne 

instruments. Ground-based instruments, such as 

hand-held or tripod mounted radiometers, allow de- 

tailed measurements from a safe distance (e.g., 

Zettwoog and Tazieff, 1972; Bimie, 1973; Oppen- 

heimer and Rothery, 1991; Harris et al., 1996); 

however, measurements are limited to irregular peri- 

ods when the volcano can be accessed. Automatic 

recording stations, with a satellite telemetry link to 

an observatory, allow safer, continuous monitoring 
(e.g., Moxham et al., 1972; Brivio and Tomasoni, 

1980; Connor et al., 1993); but on-site stations are 

liable to break-down, especially due to the extreme 

volcanic environment, and they will be destroyed 

during eruptions (e.g., Moxham et al., 1972; GVN, 

1990a; Connor et al., 1993). Some of these problems 

are overcome by flying over vent areas with 

aircraft-mounted radiometers. Such surveys provide 

high spatial resolution, multispectral, synoptic data 

sets, allowing detailed analysis of vent distributions 

and thermal structure (e.g., Moxham, 1971; 

Gawarecki et al., 1980; Tabbagh et al., 1987; Bianchi 

et al., 1990; Oppenheimer, 1993; Oppenheimer et al., 

1993; Mongillo and Wood, 1995). Aircraft and heli- 

copter flights may be made during volcanic crises 

(e.g., Kieffer et al., 1981), but regular monitoring in 

this way is logistically and financially unreasonable 

at many volcanoes. Regular monitoring is possible 

using satellite-borne radiometers, such as the NASA 

Thematic Mapper (TM) flown on the Landsat satel- 
lite series and the Advanced Very High Resolution 
Radiometer (AVHRR) flown on the National 

Oceanographic and Atmospheric Administration’s 

satellites. Multispectral data, in which fumarole fields 

and high-temperature vents have been observed (e.g., 

Gaonac’h et al., 1994; Harris et al., 1995b), are 

acquired over any volcano once every 16 days for 

the TM and once every 6 hours for the AVHRR. 

Each system offers unique and complementary 

spectral, spatial and temporal capabilities. As a re- 

sult, the best thermal monitoring approach is one that 

integrates ground-based, air- and space-borne data to 
provide a more complete data set. Such an approach 

is taken here to extract data suitable for regularly 

measuring, monitoring and interpreting the thermal 

flux from the open conduit system at Stromboli and 

the fumarole field at Vulcan0 (Aeolian Islands, Italy). 

2. An integrated thermal data set 

For this study, an integrated thermal data set was 
constructed from two ground-based, one air-borne 

and two space-borne instruments (Table 1). 
Ground-based thermal surveys were made at 

Stromboli and Vulcan0 during October 1994 and 

September 1995 using hand-held Minolta/Land 

Compac 3 and Cyclops 152 infrared thermometers 
(Table la). Their use to measure fumaroles and open 

conduits has been described by Oppenheimer and 

Rothery (1989, 1991). These instruments have the 

advantages of being extremely portable and rapidly 
deployable. However, obtaining a line of sight di- 

rectly into a degassing vent may be dangerous or 

impossible, and field time limits the spatial coverage 

and repeatability of observations. Consequently, im- 

portant targets or events may be missed. 
During July 1991, Stromboli and Vulcan0 were 

over-flown by an aircraft carrying the Thematic 

Mapper Simulator (TMS, Table lb) as part of the 
NASA MAC Europe ‘91 campaign. These data com- 

plement ground-based measurements by giving a 
synoptic view of the whole volcano, revealing all 
hot-spots within the field of view of the scanner. The 

Notes to Table I: 
a Instrument-target distance at Vulcano. 
h Instrument-target distance at Stromboli 

‘ After Flynn et al. (1994). 
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Table 1 
Data set characteristics 

(a) Ground based 

Compac 3 Cyclops 152 

Spectral range ( pm) 

Temperature range (“Cl 
Response time (sl 
Spatial resolution 

Instrument dimensions (mm) 
Weight (g) 
Platform 

8-14 
- 50-500 
0.5 
3.8 mm@1 m a 
8.6 m@290 m b 
90 X 82 X 126 
720 
Hand-held or tripod-mounted 

0.8-1.1 
600-3000 
0.13-0.4s 
4.8mm@lma 
1.7 me290 m b 
78 X 223.5 x 170 
1000 

a Instrument-target distance at Vulcano. b Instrument-target distance at Stromboli. 

(b) Air-borne 

Channel TMS 

Spectral range ( pm1 Temperature range CC) 

1 0.42-0.45 1160-1620 
2 0.45-0.52 1020-1440 
3 0.52-0.60 900-1290 
4 0.60-0.62 820-1200 
5 0.63-0.69 780-l 160 
6 0.69-0.75 710-1090 
7 0.76-0.90 610-950 
8 0.91-1.05 470-760 
9 1.55-1.75 200-410 

10 2.08-2.35 90-260 
11 8.50-14.0 Low Gain -30-110 
12 8.50-14.0 High gain -5-50 

Spatial resolution 

Image width &ml 
Platform 

Depends on height of aircraft and terrain 
8/7/91: 18 X 18 m pixels for Stromboli Crater Terrace 
19/7/91: 15 X 15 m pixels for Vulcano Fossa Crater 
_ 15 
Aircraft (NASA’S ER-2) 

(c) Space-borne 

Channel TM 

( pm1 

AVHRR 

(“Cl c ( pm) (“0 

Spatial resolution (ml 
Image width km) 
Platform 

Temporal resolution 

0.45-0.52 1050-1490 

0.52-0.60 960-1410 

0.63-0.69 810-l 170 

0.76-0.90 620-1000 

1.55-1.75 220-430 

10.42-12.42 -60-110 

2.08-2.35 120-290 

30 and 120 (band 6 only) 

185 
Landsat satellite 

16 days 

0.58-0.68 800-1350 

0.725-1.10 500-940 

3.55-3.93 - 70-50 

10.3-11.3 - 150-60 

11.5-12.5 - 150-60 

1100 at nadir 

3000 
NOAA satellite 

12 h (6 h by maintaining 2 satellites in orbit at once) 
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use of such data for magma filled vents and active 

lava flows has been described by Oppenheimer 

(1993) and Abrams et al. (1994). 

Since aircraft flights are sporadic, data from two 
satellite-borne radiometers, the TM and AVHRR, 

were selected to improve the temporal capabilities of 

the combined data set (Table lc). The high temporal 

resolution of the AVHRR greatly enhances the 

chances of acquiring data during short, transient 

events or cloud-free periods. Using inexpensively 

installed receiving stations, AVHRR has the addi- 

tional advantages of being free, with near-real-time 

monitoring permitted by direct reception (Rothery et 

al., 1995). Methods to extract thermal data for fuma- 

role fields and craters containing open conduits from 

TM data have been described by Gaonac’h et al. 

(1994), and detection of high-temperature degassing 

vents in AVHRR data have been reported by Harris 

et al. (1995b). 

However, both TM and AVHRR frequently suffer 

from saturation over high-temperature volcanic tar- 

gets. This restricts quantitative analysis, see for ex- 

ample: Pieri et al. (1990); Rothery et al. (1992. 

1995); Flynn et al. (1994); Andres and Rose (1995); 

Harris et al. (1995a,c). Saturation occurs when the 

maximum level of radiance that a sensor is capable 

of recording is reached or exceeded. At this level the 

maximum recordable (saturation) radiance is given, 

even though the pixel radiance is probably in excess 

of this value. Saturated radiances must therefore be 

regarded as the minimum possible level of radiance 

for a pixel. 

Due to the differing spectral, spatial and temporal 

capabilities of these instruments, and saturation ef- 
fects in satellite-acquired data, we believe that an 

integrated approach using ground-, air- and satellite- 
acquired data represents the most comprehensive 

means of studying thermal targets. 

2.1. Remote sensing measurements of sugace tem- 
perature 

Data from the TMS, TM and AVHRR are re- 
ceived in the form of digital numbers (DN). These 
are converted to at-satellite spectral radiances using 
the linear relationship: 

R, = S,DN, + In (1) 
in which R,, S,, DNA and I, are at-satellite spectral 

radiance, slope, DN and intercept for a channel of 

central wavelength A. If not appended to the image 

as part of a header file, coefficients S,, and lh can be 

calculated using NASA/AMES (1991) for TMS, 

Markham and Barker (1986, 1987) for TM, and 

Lauritson et al. (1988) for AVHRR. Due to the 

non-linear response of AVHRR channels 4 and 5, we 

correct R, for non-linearity using the method and 

coefficients given by Weinreb et al. (1990) and 

Kidwell (1995). For measurements in the thermal 

infrared (8.0- 14.0 pm> we calculate surface temper- 

ature (T) from: 

R, - R,, = R*\ttlerme, = Y&( AT) (2) 

in which, RAtherma, is thermal radiation emitted by the 

surface and received by the sensor, L( AT) is the 

Planck function and R,,, rA and eA are up-welling 
atmospheric path radiance, atmospheric spectral 

transmissivity and surface spectral emissivity, re- 

spectively. In the 8.0-14.0 Frn waveband, for a 

LOWTRAN standard atmosphere (NASA, 1976; 

Kneizys et al., 1983), 7h varies between 0.67 at 

sea-level and 0.74 for altitudes of - 1000 m, or 
between 0.85 and 0.91 in the 10.4-12.4 pm wave- 

band. For the same atmospheric model and altitude 

ranges, R,, contributes - 20 to 50% of the total at 
satellite radiance CR,) in the 8.0-14.0 pm wave- 
band, or 6 to 16% in the 10.4-12.4 pm waveband. 

These atmospheric effects are significant and must 

therefore be corrected for. We estimate corrections 

for R,, and rh using LOWTRAN atmospheric code 

(Kneizys et al., 1983). Values used here to correct 

for Ed are shown in Table 2. Temperature can then 

by estimated from the Planck function, which for 

satellite measured radiances is given by: 

L(AT) =c,A-‘(r[exp(c,/AT) - 11-l) (3) 

where c, and c2 are constants with the values 
3.74127 X lo-l6 Wm* and 1.4388 X 10-l mK. 

For daytime measurements in the short-wave in- 
frared (1.5-2.5 Km> the contribution of R,, is not 
significant, but non-thermal radiation reflected by the 

surface ( Rhnon-thermal) must be considered, where: 

R Anon - thermal = 5 PARAD (4) 

and 

R, - RAnon thermal = R~ttvzrma~ = 5 ‘A ‘( “1 (5) 

in which pA is the spectral reflectivity of the surface 
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Table 2 

Spectral emissivity (~1 for volcanic surfaces at Stromboli and 

Vulcano. Emissivities were calculated using the spectral re- 

flectance for Scotia taken from within Stromboli’s crater terrace 

and a trachytic-rhyolitic block taken from Vulcano’s Fossa crater. 

Reflectance spectra were measured between 2.08 and 14 pm 

using a Nicolet system FTIR spectrometer by J. Salisbury (Johns 

Hopkins University) and between 0.4 and 2.5 pm using a GER 

IRIS Mk IV spectrometer by A. Denniss (Open University). Note 

that samples indicated as ‘N/A’ were unavailable at the time of 

the GER IRIS Mk IV analysis. Spectral reflectances ( ph) were 

calculated by integrating reflectance spectra over each TMS, TM 

and AVHRR waveband, and used to calculate q from Kirchhoff’s 

Law (Q= l- ~~1 

Channel Spectral range Emissivity (~1 

(pm) Stromboli vu1can0 

TMS 
9 1.55-1.75 0.935 N/A 
10 2.08-2.35 0.928 N/A 
11 and 12 8.50-14.0 0.956 0.974 

TM 
5 1.55-1.75 0.935 N/A 
6 10.42-12.42 0.949 0.970 

7 2.08-2.345 0.928 N/A 

A VHRR 
3 3.55-3.93 0.95 1 0.965 

4 10.3-11.3 0.944 0.977 

5 11.5-12.5 0.963 0.984 

and R,, is down-welling atmospheric path radiance. 
To emit measurable amounts of radiance in the 
1.5-2.5 pm waveband, a surface must reach at least 
- 100 to 200°C and entirely fill a pixel. Thus, for 
surfaces at ambient temperatures the contribution of 
R Atherma, to total at-satellite radiance (R,) is insignifi- 
cant. Over such surfaces Rhnon_thema, contributes 
100% of R,, i.e. R, = Rhnon_therma,. However, with 
increases in surface temperatures above - 100 to 
200°C the contribution of RAtherma to R, becomes 
significant (i.e. R, = RAnon_therma, + RAtherma,). Conse- 
quently, as the relative contribution of RAtherma, to R, 

increases, so the relative contribution of Rhnon_therma, 

decreases. On TM images of Stromboli, in the 2.08- 
2.35 and 1.55-1.75 pm wavebands, the relative 
contribution of Rhnon_therma, to R, decreases from 
100% over low-reflectance basaltic surfaces at 
low/ambient ( < 100°C) surface temperatures to N 5 
to 8% over saturated pixels containing high-( > 
100°C) temperature surfaces. To obtain RAtherma,, and 

hence temperature, Rh,,on_t,,ema, must therefore be 
estimated and removed from R, as in Eq. (5). Fol- 
lowing Oppenheimer et al. (1993) and Flynn et al. 
(19941, we use a locally derived, image-specific 
correction for Rlnon_themal, where Rhnon_thema, is esti- 
mated using the mean R, for the nearest pixels 
which have no thermal contribution (i.e. R, = 

R Anon_the,,,a,). We estimate atmospheric transmissivity 
(TV) using LOWTRAN. For the atmospheric model 
and altitude ranges given above rh varies between 
0.9 and 0.95 for the 1.55-1.75 pm waveband and 
between 0.89 and 0.91 for the 2.08-2.35 pm wave- 
band. Emissivity values (E*) used here are given in 
Table 2. Once R, has been corrected for these 
effects, surface temperature is calculated from Eq. 
(31. 

For day-time data acquired in the mid-infrared 
(3.0-4.0 pm), R, is composed of RAnon_therma, and 
R Atherma, over surfaces at low/ambient and high tem- 
peratures (i.e. R, = RAnon_therma, + RAtherma,). Since all 
pixels will have a contribution from RAnon_therma, we 

cannot apply the method used for 1.5-2.5 pm data 
to estimate RAnon-thermal. Instead we first correct 3.0- 
4.0 pm data for surface and atmospheric effects 
using Eq. (2). Atmospheric transmissivity (T*) is 
estimated using LOWTRAN, with TV varying be- 
tween 0.84 and 0.88 for the given atmospheric model 
and altitude ranges, and E* used here are given in 
Table 2. If there were no contribution to R, from 
R hnon_therma,, temperatures obtained by using 3.0-4.0 
pm data in Eq. (2) and Eq. (3) should equal those 
obtained by using 8.0-14.0 data in the same equa- 
tions. We therefore assume that any remaining dif- 
ference between the temperatures derived from the 
3.0-4.0 and 8.0-14.0 pm data is due to the contri- 

bution of Rhnon-thermal to R, at the 3.0-4.0 pm 
wavelengths. Estimates for RA,,on_therma, obtained by 
applying this method to 3.0-4.0 km AVHRR sea- 
surface data gave Rhnon_thema, which typically ac- 
counted for - 13% of R,. This is in good agreement 
with Singh and Warren (1983) who give a contribu- 

tion of Rhnon-thermal to R, at 3.0-4.0 pm of 9 to 13% 
for rh - 0.9 over sea-surfaces (Singh and Warren, 
1983, Fig. 4). Differences in the temperatures de- 
rived from 3.0-4.0 and 8.0-14.0 pm data will also 
occur at pixels containing sub-resolution high-tem- 
perature features (Harris et al., 1995b). Thus, for 
thermally anomalous pixels we use the mean 
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R hnon_therma, for the nearest non-anomalous pixels in 
Eq. (5) to obtain RAtherma,, with rh and Ed set as 
already described. Once corrected, R, is used in Eq. 
(3) to estimate surface temperature. 

Hand-held infrared thermometer measurements 
were corrected for emissivity using the broad-band 
(8.0-14.0 pm) volcanic rock emissivities given by 
Salisbury and D’Aria (1992). 

3. Stromboli: activity, magma system and hazard 
monitoring 

Stromboli has probably been in a state of continu- Explosive activity poses hazards to hundreds of 
ous activity since observations were first made by tourists who view the activity from Pizzo Sopra la 
Aristotle 2000 years ago (Chouet et al., 1974; Giberti Fossa (Fig. 1) each year. This area is frequently 
et al., 1992). During October 1994 and September reached by pyroclasts (Barberi et al., 1993), resulting 
1995 we made detailed observations of current activ- in injury and access restrictions (SEAN, 1989; GVN, 
ity within Stromboli’s crater terrace (Fig. 1 and 1993b, 1995b). Historic lava flows affect an unin- 
Table 3). On both occasions continuous degassing habited and inaccessible sector of the volcano; how- 

b) 

and frequent explosive events occurred from be- 
tween 5 and 15 open vents, sending gas, incandes- 
cent ejecta and ash to heights of up to 300 m. 
Frequent observations made over the last 100 years 
show that this activity is typical of Stromboli at the 
current time (Washington, 1917; De Quervain and 
Streckeisen, 1927; Abbruzzese, 1937, 1940; Bullard, 
1954). Occasionally, this activity is punctuated by 
effusive eruptions, the most recent occurring in 1975 
and 1985-86 (Nappi, 1976; Capaldi et al., 1978; 
Rosi and Sbrana, 1988; Nappi and Renzulli, 19891, 
and paroxysms sending ash up to 10 km above the 
summit (Barberi et al., 1993). 

Fig. 1. Stromboli’s crater terrace in (a) October 1994 and (b) September 1995. (b) is produced using EDM and triangulation measurements, 

(a) is a sketch map which has been fitted to (b) using common ground control points. Labeled vents were observed as active during the 

measurements (Table 3). unlabeled vents were observed as active during October 1995 (A. Maciejewski, pers. commun.). 
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ever, fallout and hot avalanches from paroxysms 
have caused property damage and deaths on at least 
8 occasions since 1900 (Amaud, 1988; Barberi et al., 
1993). 

3.1. Ground-based vent measurements 

Using the Cyclops 152, vent temperatures were 
measured by gaining a line of sight directly into vent 
3/la in October 1994 (Fig. la) and vent l/2 during 
September 1995 (Fig. lb). No lava was visible in 
either vent, but vent walls were incandescent due to 
the passage of high-temperature gas. Sporadic tem- 
perature measurements of vent 3/ 1 a made over a 
period of one week during October 1995 showed 
vent temperatures to be stable at N 873°C. Thirty- 
five temperature measurements of vent l/2 made 
during a 5-hour period on 19 September 1995 showed 
similar stability, although with a higher temperature 
of N 940°C (Harris et al., 1996). During the 1995 
observations, the diameter of vent l/2 was mea- 
sured as 4 m using triangulation. This is identical to 
the visual estimate made for vent 3/la in 1994, and 
compares with diameters between 0.5 and 10 m 
estimated from other visual observations (Chouet et 
al., 1974; Settle and McGetchin, 1980; Amaud, 1988; 
Giberti et al., 1992). 

Stevenson (1993) provides a model of gas flow in 
a rough pipe, which allows magma depth to be 
estimated if gas temperature at the conduit exit (Texit), 
conduit radius (r,), magma surface temperature 

(Lagma >, distance to ambient temperatures (r,), and 
mass flow rate per unit area are known. Although 
devised for application to narrow centimetre-radius 
fumarole pipes, the assumptions on which the model 
are based are equally applicable to wider, metre- 
radius, de-gassing conduits. Following Giberti et al. 
(1992) a Tmagma of 1000°C is assumed and the radius 
of the crater terrace (N 100-200 m) used for r,. 
Allard et al. (1994) found that the mean sulfur 
dioxide flux varied from 320 to 1200 tons per day 
over the period 1980 to 1993 (Allard et al., 1994, p. 
327 and Table 2). Using the mean gas composition 
from Allard et al. (1994), this yields a total gas flux 
range of 60 to 230 kg s- I. Distributing this between 
ten 4 m diameter vents, a mass flow rate of 0.5-1.8 
kgs-‘mm2 is obtained. Using these values as inputs 
into the Stevenson (1993) model places the top of a 
shallow magma body at 250 to 1000 m. 

This is in good agreement with estimates made 
from photoballistic, seismic and thermal modeling 
studies which place the magma source at 50 to 600 
m below the crater terrace (Chouet et al., 1974; 
Giberti et al., 1992; Neuberg et al., 1994; Ripepe and 
Braun, 1994). The presence of a small (< 100 m 
wide), shallow (100-600 m deep) magma chamber 
or feeder dyke linking some of the vents is postu- 
lated to explain relationships in statistical, seismic 
and thermal data (Settle and McGetchin, 1980; Ntepe 
and Dorel, 1990; Harris et al., 1996). 

Using our measurements of vent temperatures and 
areas we calculate radiative and convective heat 
losses at the conduit exit (Qrad and Q,,,,> and heat 
loss by conduction through the conduit wall between 
the magma surface and the vent (Qcond). 

For a roughly circular conduit of radius r,: 

Qrad = 7~ r& Te4xit (6) 

in which (+ is the Stefan-Boltzmann constant 
(5.6697 X 10m8 Wm-2K-4), E is emissivity (here 
assumed to be 0.9887, the broadband emissivity for 
basalt after Salisbury and D’Aria, 1992) and exit and 
r, are conduit exit temperature and conduit radius as 
used in the magma depth model. Given Texit of 1143 
and 1213 K, and rc of 2 m, Qrad will be 1.2 and 1.5 
MW, respectively. 

Following Holman (1992), free convective loss 
can be estimated from: 

Q CO”” = O.l47rr,2k( ~Q~/PLK)*‘~( exit - <i,)4’3 

(7) 

where g is acceleration due to gravity, and k, (Y, p, 

pu, and K are thermal conductivity, density, cubic 
expansivity, dynamic viscosity and thermal diffusiv- 
ity for air at a mean temperature of (Tair + T,,i,)/2, 
T,, being the ambient air temperature (273 to 303 
K). Values for these parameters are given by Kays 
and Crawford (1980). For either exit temperature 

Q cOnv is 0.2 MW. 
By adapting Holman (1992) conductive losses can 

be expressed by: 

Qconci = [2%L(T,as - L)]/W r&c) (8) 
in which k, is the wall rock thermal conductivity (3 
Wm-‘K-l, Giberti et al., 1992), L is the conduit 
exit to magma surface distance, T,,, is the gas 
temperature in the conduit, approximated from 
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(Lgma + T,,,)/2, in which Tmagma is the magma 
surface temperature, Kurf is ambient surface tempera- 
ture, and ra and rc are the distance to ambient 
temperatures and conduit radius respectively as de- 
fined for the magma depth model. Given L of 
625 + 375 m, Tmagma of 1273 K, l&,f of 273 to 323 
K, ra and rc of 150 and 2 m respectively, Qcond is 
2.6 f 1.5 MW for exit of 1143 or 1213 K. 

Summing all thermal losses gives a total thermal 
loss from the conduit Qconduit (= Qrad + Q,,,, + 
Qcond) of 4.0 + 1.5 and 4.3 k 1.5 MW for the 870 
and 940°C vents. This must be a minimum estimate 
for total heat loss from the conduit (Q,,) since it 
does not include heat carried by the gas phase (Q,,,) 
or by ejecta and gas expelled during eruptions 
(Q,,,rt>, neither of which can be estimated using vent 
temperature and area data alone. Harris and Steven- 
son (1996) estimate Qgas of 200 to 600 MW and 

Q erupt of N 9 MW. Hence Qgas dominates over all 
other thermal fluxes and is thus an important consid- 
eration when estimating Q,, or related parameters, 
such as magma flux through the volcanic system 
(e.g., Francis et al., 1993; Allard et al., 1994; Harris 
and Stevenson, 1996). Nevertheless, as we show, 
variations in other thermal parameters, including 

Qraa Qconvv and Qcona are extremely useful mea- 
sures of activity. 

Although night glow was observed at several 
other vents (Table 3), it was impossible to gain a 
safe line of sight into these. We therefore took 
advantage of the synoptic view of the crater terrace 
provided by TMS to monitor and measure all crater 
terrace vents. 

3.2. TMS thermal measurements 

July 1991 was characterised by typical explosive 
activity at Stromboli, with an average of 6 explo- 
sions/hour from vents within craters 1 and 3 and gas 
emission from crater 2 (GVN, 1991a,b). On 8 July 
Stromboli was over-flown by an aircraft carrying 
TMS (Table lb). The image showed the whole crater 
terrace to be marked by anomalously high radiance 
in channels 11 and 12 (Table 1 b), within which 5 
active vent areas were marked by hot spots in chan- 
nels 9 and 10 (Fig. 2a). If the surface occupying a 
pixel is isothermal and can be described by L(hT) 

(Eq. (2) or Eq. (5)), then thermal emittance in chan- 

(a) 

Fig. 2. Thermal maps indicating location of high temperature 

vents on 8 July 1991 produced from (a) Th4S spectral radiance in 

bands 9, 10 and 12 and (b) radiant flux density. Image data have 

been fitted to the September 1995 crater terrace map (Fig. 1 b) and 

(b) has been mapped using the procedure given by Harris et al. 

(19954. 



184 A.J.L. Harris, D.S. Stevenson/Journal of Volcanology and Geothermal Research 76 (1997) 175-l 98 

nels 10 and 9 indicates surface temperatures of at 
least 90 and 2OO”C, respectively (Table 1). However, 
for an 18 X 18 m pixel over a 4 m diameter Strom- 
bolian vent the pixel radiance will be more accu- 
rately described by: 

R hthermal = 7hEA[ PL(ATh) + (I -d’%&)] (9) 

where the pixel with the integrated radiance RAtherma, 

is occupied by a sub-pixel vent at temperature Th 
occupying portion p of the pixel surrounded by a 
cooler background at Tb occupying the remainder 
(1 -p> of the pixel. In this case, T,, can be much 
higher than the pixel integrated temperature obtained 
from Eq. (2) or Eq. (5). 

Where RAthermal are available at two widely sepa- 
rated wavebands, x and y, the size and temperature 
of the sub-pixel vent can be calculated by solution of 
simultaneous equations (Dozier, 1981): 

R x thermal = 7xEx[@‘(hxTh) + c1 -P>‘%bTb)] 

(10) 

R ythemal = ‘&[ PL@yTh) + c1 -!++&)] 

(11) 

Solution requires a value for one of the three 
unknowns Th, Tb and p to be assumed or derived 
independently. Using the TMS data, p and Th were 
estimated using emitted radiance in channels 9 or 10 
and 11 and a value for Tb taken from the mean 
channel 11 temperature for the nearest non-vent pix- 
els. Unfortunately the two pixels which were ther- 
mally radiant in channel 9 were saturated in channel 
10, precluding application of a 3-component thermal 
model using 3 channels of thermal data as proposed 
by Oppenheimer (1993). However, all other hot spot 
pixels were unsaturated in channel 10 and all pixels 

Table 4 

were unsaturated ifi channel 11. This allowed solu- 
tion of Eqs. (10) and (11) for all hot spot pixels 
using channel 10 and 11 data, or 9 and 11 data where 
channel 10 data were saturated. It is noteworthy that 
77%, or 10 out of 13, of the pixels which were 
thermally radiant in channels 9 and/or 10 were 
saturated in the high-gain channel 12. Since saturated 
data cannot be used in Eqs. (10) and (II), solution 
would not have been possible for all hot spot pixels 
had the low-gain channel 11 data not been available. 
Solution of Eqs. (10) and (111, and assuming a 
magma depth of 625 + 375 m, allows estimation of 
all parameters in Eq. (6) to Eq. (8) for all vent areas 
(Table 4) and enables radiant flux density (Q,,/area) 
to be mapped (Fig. 2b). 

TMS-based estimates for the diameters of vents 
I/ 1, l/2 and 2/ 1 (Table 4) were between 4 and 8 
m, in agreement with ground estimates. However, it 
is possible that some of the vent areas identified in 
this way are occupied by more than one vent. In such 
cases, the area of each vent would be smaller than 
estimated here, although the total area of vent within 
a pixel would be unaffected. The mapped locations 
of hot-spots (Fig. 2) coincide with those expected 
from field reports during August (GVN, 1991c,d). 
These show vents l/ 1 and l/2 to be coincident with 
150-m-high fountain activity from the NE of crater 1 
and emission of incandescent tephra from a hornito, 
respectively. No explosions were reported on the 
ground from vent 2/ 1, but glow from radial fissures 
and sustained gas emissions were observed (GVN, 
1991c,d). Temperatures at these vents are lower than 
those measured in 1994 and 1995 (Table 4), but in 
the temperature range of 225 and 700°C obtained in 
1988 for an incandescent vent at Stromboli by Op- 
penheimer and Rothery (1989). 

Stromboli vent parameters derived from TMS data for the active vent locations given in Fig. 6 

Vent Temp. range Vent area Vent radius 

(“Cl Cm21 Cm) 

l/l 250-260 60 4 0.3 0.2 2+1 2.5 f 1 

l/2 280-300 30 3 0.1 0.1 1.9* 1 2.1 + I 
2/l 290-370 20 2 0.2 0.1 1.8+ 1 2.1 + 1 

3/l 460-480 30 3 0.3 0.2 2.2 f 1.5 2.1 + 1.5 

312 260-310 190 8 1.1 0.9 2.6 i 1.5 4.6 + 1.5 

Total 250-480 330 2.0 1.5 10.5 + 6 14 + 6 
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Highest temperatures were obtained for vent 3/l 
(Table 4, Fig. 2b). Temperatures approach the upper 
range expected for a crusted lava lake surface (500- 
800°C Flynn et al., 1993), and may therefore indi- 
cate activity at a small lava pond. Ground-based 
observations during August confirm this, showing 
the vent to be the source of small, active lava ponds 
(GVN, 1991d). Persistence of activity in the vent 
3/l area is noteworthy, being the location of high- 
temperature vent 3/la measured at 873°C in 1994 
and observed to be the site of night-glow in 1994 
and 1995 (Table 3). Incandescence from a vent in 
this area has been observed regularly since 1990 (B. 
Behncke, personal communication), with frequent 
reports of incandescence or active lava ponds (GVN, 
1990b, 1993a, 1994a,b,c, 1995a,c). 

The large area covered by vent 3/2 (Table 4, Fig. 
2b) indicate that this is the site of a cluster of vents 
rather than a single vent. This was contirmed by 
observations in late August which revealed a pit in 
the SW of crater 3 containing at least three open 
vents, of which two were incandescent (GVN, 
1991d). 

Using the TMS data, Qconduit for all open conduits 
is estimated as 14 rt 6 MW (Table 4). Heat loss due 
to radiation from individual vents (Qradr Table 4) is 
similar to that previously estimated by McGetchin 
and Chouet (1979), who used data from the photo- 
ballistic study of Chouet et al. (1974) to estimate 0.2 
MW, this being their estimate of Qrad from just one 
2.3 m2 vent at an assumed temperature of 1200°C 
and emissivity of 1. However, Qrad from all vents is 
an order of magnitude greater. 

Although the TMS data allowed analysis of all 
vents within the crater terrace, there was only one 
over-flight. To allow a more complete temporal anal- 
ysis we therefore used the regular thermal data avail- 
able from Landsat’s TM (Table lc). 

3.3. TM thermal measurements 

Two cloud-free TM images covering the Aeolian 
Islands were acquired during July and August 1994. 
On both images, most of the crater terrace was 
radiant in channel 7 (Table lc), with two active vent 
areas apparent as hot spots in channels 5 and 7 (Fig. 
3). Assuming an isothermal pixel structure, thermal 
emittance in channels 7 and 5 implies surface tem- 

(b) 

Fig. 3. Thermal maps indicating location of high temperature 

vents on (a) 18 July 1994 and (b) 3 August 1994 produced from 

TM spectral radiance in channels 5 and 7. Image data have been 

fitted to the September 1995 crater terrace map (Fig. I b). 
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peratures greater than 120 and 220°C respectively 

(Table lc). During the August over-pass, three chan- 
nel 5 pixels were saturated (i.e. the upper limit of the 

channel 5 measurement range had been reached) 

implying a temperature of at least 430°C (Table lc). 

Using emitted radiance in channels 5 and 7 and 

estimating r, from the mean channel 6 temperature 

for the nearest non-vent pixels, vent temperatures 

and areas were estimated using Eqs. (10) and (11). 

Unfortunately, 8 out of 13 pixels in which there was 

thermal emittance in channels 5 and 7 were saturated 
in channel 7. Saturated pixels cannot be used in Eq. 

(10) and 11, and channels 5 and 6 cannot be used as 

a pair because of the difference in pixel size (Table 

lc). However, we note that co-registration of chan- 

nels 5, 6 and 7, and integration of the radiance from 

the sixteen 30 m channel 5 or channel 7 pixels that 

correspond to a single 120 m channel 6 pixel, may 

allow use of channel 5, 6 and 7 data together. 

Following Gaonac’h et al. (1994), relative radia- 

tive flux (Q,,) can be estimated from channel 6 

alone. To remove surface temperature variations 

caused by cooler air temperatures at higher altitudes, 

a height-independent, corrected temperature (8) is 

calculated for each pixel (Bonneville et al., 1985; 

Gaonac’h et al., 1994): 

B=Tfha (12) 

in which T is the satellite derived surface tempera- 

ture (Eq. (211, h is surface altitude and (Y is the 

adiabatic gradient (0.006”C m- ’ >. Qre, is then esti- 
mated by adapting Sekioka and Yuhara (1974): 

Qrer = (4.614~[0.52 + 0.065( e)0.5]A0) (13) 

where e is vapour pressure and A f3 is the difference 
between maximum 0 within the anomaly and mini- 

mum 8 from all pixels adjacent to the anomaly 

(Gaonac’h et al., 1994). 
Temperatures obtained using unsaturated pixels 

within crater 1 and on the western side of crater 3 
were consistent with high-temperature degassing 
vents (- 800°C). However, temperatures obtained 
for unsaturated pixels on the eastern side of crater 3 

gave N lOOO”C, revealing the persistence of lava 
ponds at this location since the 1991 TMS over-flight. 

As noted, this has been the location of lava activity 
and incandescence since 1990. During March and 
May 1994 it was reported as the site of a lava pond 

displaying almost continuous spattering (GVN, 

1994a,b). The saturation of channel 5 pixels within 

crater 1 suggests a concentration of high-temperature 

vents; this is supported by the October ground obser- 

vations which located 9 open vents within this crater 

(Fig. la and Table 3). 

Maps produced from ground, TMS and TM data 

show a persistence of activity within craters 1 and 3, 

and to a lesser extent crater 2, with active vents 

aligned along a SW-NE trend (Table 3, Figs. l-3). 

Activity has persisted at these three locations since at 

least 1768, with activity at crater 2 being far more 

intermittent than at craters 1 and 3 (Washington, 

1917; Schick and Mueller, 1988). Vent alignment 

and persistence correlates with a major SW-NE re- 

gional tectonic line, the Stromboli-Panarea-Lipari 

fault system, which crosses the centre of Stromboli. 

Fumaroles, soil gas emission, hot springs, dyke 
trends, elongation of the island, parasitic vents and 

Strombolicchio, an eroded remnant of a pre- 
Stromboli cone, are also aligned along this axis 

(Rosi, 1980). Main collapse structures occur on ei- 

ther side of this axial line, including the Sciara de1 

Fuoco collapse which involved N 1.81 km3 of rock 

< 5000 years ago (Kokelaar and Romagnoli, 1995). 
This lineament therefore acts as a major control on 

the location of persistent activity and structural insta- 
bilities. 

Using a TM channel 6 image of Stromboli ac- 

quired on 23 October 1986, 6 months after an effu- 
sive eruption, Gaonac’h et al. (1994) estimated Q,, 

from the crater terrace of 29 W m-* distributed 

across 4.3 X lo4 m*. In the present study, plume 
contamination on the July 1994 image excluded this 

image from quantitative analysis, but the 3 August 

1995 image gave Qre, of 65 Wm-* similarly dis- 
tributed across 4.3 X lo4 m* (three channel 6 pixels). 

This doubling of Qrel since October 1986 reflects 
differing levels of activity on the two dates as indi- 

cated by ground observations. Ground reports show 
that in October 1986 activity was recovering from 
the effects of the effusive event. During the eruption, 
activity within the crater terrace was much weaker 

than normal, recommencing during the months fol- 
lowing May 1986, and reaching 8-10 
explosions/hour by October (Nappi and Renzulli, 
1989). Conversely, 3 August 1994 was during of a 
period of intense activity. Activity reached a peak of 
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36 explosions/hour on 19 July, continuing at high 
levels until 7 August, with pyroclastics often reach- 
ing usual tourist zones (GVN, 199%). The higher 
level of Qre, clearly marks this energetic, and dan- 
gerous, phase of activity. 

Unfortunately, TM images are expensive (US$ 
4000 per scene) and cannot be received directly. As 
a result we were only able to obtain two scenes, with 
delivery taking N 4 months. To produce a more 
complete time-series we therefore took advantage of 
AVHRR data, which are immediately and freely 
available if direct access to a ground station is 
possible, and are far more regular than TM (Table 
lc). 

3.4. AVHRR thermal measurements 

Theoretically, ten 4-m diameter vents at 940°C 
against a background of 0°C centred in a l-km 
AVHRR pixel will give channel 3 and channel 4 
temperatures (7’, and r,) of 47 and 0.4”C, respec- 
tively. However, for ground at ambient temperatures 
T3 minus T4 CT,_,) will be close to zero. This 
difference in sensitivity to sub-pixel hot-spots makes 
T 3_4 a valuable tool for locating sub-pixel volcanic 
hot-spots and distinguishing them from normal solar 
heating (Fig. 4). Once a volcanic thermal anomaly 
has been located, the sub-pixel thermal structure can 
be estimated by using channels 3 and 4 data in Eqs. 
(10) and (1 I), with an assumed T,, of w 900°C (set 
as a reasonable Th for Stromboli guided by our own 
ground vent temperature measurements). This allows 
the Tb and area occupied by T, (A,,) to be esti- 
mated. By substituting A, and T,, as rr,” and Texit 

in Eq. (61, Qrad can be estimated. Unfortunately 
channel 3 data for Stromboli were saturated, and 
thereby un-usable in Eqs. (10) and (1 l>, on 25 of the 
54 images analysed here. 

Where channel 3 is saturated, but channel 4 is 
not, radiance in channel 4 due to the volcanic target 
(Rdvolc) can be estimated from: 

R 4 volt = 74E4[W,T”) -W,W] (14) 

where T, is the temperature for the pixel containing 
the volcanic source, and T,, is the mean temperature 
of all non-volcanic pixels immediately adjacent to 
the volcanic pixel. In applying Eq. (14) we do not 
attempt to resolve the size or temperature of the 
thermal components which contribute to R4vo,c. In- 

Fig. 4. T3_4 over Stromboli on an 18 June 1994 AVHRR image. 

Black pixels contain sub-pixel hot-spots as indicated by highly 

elevated T3_4, and locate activity at the crater terrace. Grey and 

white indicate pixels containing land at ambient temperatures and 

sea respectively. Pixels conmining high temperature vents are 

easily distinguishable from the solar heated background due to the 

highly elevated T3_4 over the two pixels occupied by these 

sub-pixel hot-snots. 

stead, since the thermal structure of a 1 km pixel 
over an active crater is likely to be more complex 
than a simple two-component model (e.g., Eq. (9)) 
and probably includes open conduit areas and fuma- 
role zones at a range of temperatures, we estimate an 
integrated radiance composed of all the volcanic 
thermal sources at temperatures above Tny (i.e. 
Rllvolc). Although variations in RPvolc may be due to 
changes in the size, temperature, or size and temper- 
ature of the thermal components that contribute to 
the integrated R4vo,c radiance, variation in any of 
these parameters, and thus R4vo,c, will have implica- 
tions for levels of activity and hazard posed. 

Analysis of 34 cloud-free AVHRR images be- 
tween July 1990 and October 1994 reveals a persis- 
tent hot-spot at the summit of Stromboli (Fig. 4). On 
14 images the hot spot was sufficiently intense to 
saturate channel 3. However, unsaturated channel 4 
data allow a R4volc time series to be produced (Fig. 
5a). Comparison with ground reports shows that the 
only occasions on which R4vo,c was elevated by 
more than one standard deviation above the mean 
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Fig. 5. AVHRR times series for (a) Rdvolc and (b) Qrad from 

Stromboli’s crater terrace between 1990 and 1994. LP and LF 

indicate reports of lava pond and flow activity respectively, and 

points plotted white are probably cloud contaminated as indicated 

by conflicting R4,0,c and Bra,, for these points. In (b) images in 

which channel 3 was saturated and Qrad could not be estimated 

are indicated by black circles (plotted for convenience along the 

2a line). 

were during three periods when lava activity was 

reported within the crater terrace. Periods of elevated 

R 4vo,c in August 1991 and March-May 1994 corre- 

late with lava pond activity (GVN, 1991d, 1994a,b) 
and during May 1993 with short, < 30-m-long, lava 

flows (GVN, 1993aJ. 
Given a background temperature of 0°C a l-km 

channel 3 pixel will saturate if it contains a body at 

900°C larger than N 155 m2. As the background 

rises to 40°C the maximum area that can be occu- 
pied by the 900°C body decreases to N 60 m2. Since 

much of Stromboli’s summit consists of vegetation- 
free basalt, on which temperatures of 30-52°C were 
measured during 1994, channel 3 is frequently satu- 
rated and unusable during summer or effusive peri- 
ods (Fig. 5b). Leaving those dates aside, Qrad esti- 
mated using unsaturated data varied between 0.2 and 
8.8 MW, in comparison with 2 MW obtained using 

TMS. 
We correct our data using a standard plume-free 

atmosphere. Therefore, variations in Rbvolc and Qrad 
may reflect not only fluctuations in activity, but also 

the amount of plume contaminating the signal. Dif- 

ferential absorption properties of water vapour at the 

channel 3 and 4 wavelengths (Singh, 1984) will 

cause a water vapour-laden plume to attenuate the 

channel 4 signal far more than the channel 3 signal. 

The effect on the solution of Eqs. (10) and (11) of 

decreasing R, with respect to R, will be to increase 

the value of p, and consequently Qrad. Dense plumes 

therefore explain extreme troughs in the Rlvolc plot 

and conflicting Rdvolc and Qrad plots. Such points 

are thus regarded as plume contaminated and unreli- 

able (Fig. 5). Plume contamination was confirmed by 
analysis of AVHRR channel 1 and 2 images, where 

the presence, and location, of plumes were indicated 

by bright reflection anomalies. Plume-related reflec- 
tion anomalies occurred on all images which dis- 

played conflicting Rdvolc and Qrad plots, confirming 

that this effect was due to the presence of dense 

plumes. 

Activity at Stromboli between 1990 and 1994 was 

typical for non-effusive activity at this volcano. 

Therefore, the mean and standard deviation for the 
R 4volc and Qrad time-series during this period can be 
regarded as a baseline against which activity during 

other periods can be assessed. Since the 1990 to 

1994 baseline is dominated by ‘normal’ explosive 

activity, deviations from ‘normal’ activity or anoma- 

lous events, such as a major effusive eruption, should 

be detectable as a divergence from this baseline. The 

potential of this approach to identify effusive episodes 
was assessed using data acquired before, during and 

after the effusive eruption which began on 6 Decem- 
ber 1985, with emission of a hot avalanche and lava 

flows, and continued until 25 April 1986 covering a 
0.16~km2 area (Rosi and Sbrana, 1988; Nappi and 

Renzulli, 1989). Using the baseline, the onset of 
activity was clearly detectable, causing channel 3 to 

saturate and Rbolc to be elevated by more than two 
standard deviations above the baseline mean (Fig. 6). 

R 4volc remained at this highly elevated level through- 
out the eruption. Although the presence of cooling 

lava flows caused Rdvolc to remain elevated until 
well after eruption, the end of effusive activity was 
defined by termination of channel 3 saturation and a 
decline in Qrad. There are indications of increases by 
more than 2 standard deviations above the mean 
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Fig. 6. AVHRR times series for (a) Rdvolc and (b) Qrad from 

Stromboli’s crater terrace between 1985 and 1986 spanning a 

major effusive eruption. The mean and standard deviation are 

those calculated from the 1990 to 1994 baseline time series (Fig. 

5). White plots are probably cloud contaminated as indicated by 

conflicting Rdvolc and Qrad for these points. In (b) images in 

which channel 3 was saturated and Q,,, could not be estimated 

are indicated by black circles (plotted for convenience along the 

2~ line). 

before both the 1993 and 19851986 effusive events, 
but unfortunately the points are plume contaminated 
and unreliable (Fig. 5b and Fig. 6b). However, anal- 

ysis of the 19851986 and 1990-1994 data sets, and 
comparison with ground observations, shows that the 
baseline constructed from data obtained during ‘nor- 
mal’ activity is a reliable tool to detect the onset of 
effusive activity and distinguish normal, minor effu- 
sive/lava pond and major effusive activity at Strom- 
boli. 

The global coverage provided by the AVHRR 
means that this approach could be used to monitor 
thermal activity at any sub-aerial volcano. Such an 
approach was suggested by Francis (1979) using 
repeated airborne surveys, but was viewed as un- 
likely due to the prohibitive cost of sustained use of 
aircraft. AVHRR data overcome this drawback, be- 
cause they are potentially freely available for all 
volcanoes. 

4. Vulcano: activity, magma system and hazard 
monitoring 

Activity at Vulcan0 typically follows a four phase 
‘Vulcanian’ cycle: (1) a quiet phase characterised by 
fumarolic activity, followed by (2) an explosive 
eruption beginning with a surge phase, developing 
into (3) a Vulcanian phase, with surge and fall 
deposits, ending with (4) a lava effusion phase (Fraz- 
zetta et al., 1983; Frazzetta and La Volpe, 1991). 
This cycle is evident from historical records dating 
from 475 B.C., which show explosive activity with 
repose periods of 30-840 years, interspersed with 
periods of fumarolic discharge (Frazzetta et al., 
1984). 

Table 5 

Summary of temperature measurements made at the Vulcano Fossa fumarole field during October 1994 and September 1995 (see Fig. 7 for 

location of fumarole zones) 

Fumarole zone 

Crater rim 

Rim rifts 

Upper crater 

Middle crater 

Lower crater 

No. of vents Max. temp. (“C) Mean temp. PC) 

1994 1995 1994 1995 

150 96 453 374 

64 33 348 348 

154 223 337 316 

136 103 510 a 531 

_ 68 _ 339 

1994 1995 

171 5 + 154 7 + 

260 7 + 237 14 + 

176+4 18Oi4 

284 9 + 284 9 _+ 

- 157*30 

Total field 

Total without lower crater 504 

523 

455 

Maximum and mean for all fumaroles measured 

_ 531 - 19614 

510 a 531 214 + 4 203 4 k 

a = Saturation point of radiometer 
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During October 1994 and September 1995 we 
made detailed temperature observations at the main 
fumarole field within the Fossa crater (Fig. 7 and 
Table 5). On both occasions, degassing fumaroles at 
temperatures of up to 530°C were observed across a 
1.63 X lo4 m2 zone stretching from the NE crater 
rim to the crater floor. This is typical of the current 
‘quiet phase’, which has continued at the Fossa 
crater since the last explosive phase between 1888 
and 1890 (Chiodini et al., 1995). However, maxi- 
mum temperatures at the Fossa fumarole field have 
fluctuated since 1900, with a low of 110°C in 1913 
increasing to a high of 536-615°C between 192 1 and 
1924, followed by a decline to 170°C by 1937 
(Sicardi, 1940). Between 1977 and 1978 the maxi- 
mum temperature rose from 216 to 291°C reaching 
330°C in 1987-1988 and 690°C in 1993 (Martini et 
al., 1980; Chiodini et al., 1995; Tedesco et al., 
1995). If the typical eruption cycle is followed, the 
current quiescent period should be interrupted by 
renewal of explosive activity. The major hazard from 
such an eruption would be surge activity that would 

engulf Port0 di Levante, a village with a seasonally 
variable population of 250-15000 lying m 1 km 
from the Fossa crater (Sheridan and Malin, 1983; 
Frazzetta et al., 1984; Coniglio and Dobran, 1995). 
In view of this, continuous temperature and seismic- 
ity monitoring, as well as periodic geochemical and 
ground deformation monitoring, are in place (Barberi 
et al., 1991). 

As at Stromboli, we took advantage of the unique 
and complementary spatial, temporal and spectral 
attributes of the infrared thermometers, TMS, TM 
and AVHRR data (Table 1) to measure and monitor 
the fumarole field at Vulcano. 

4.1. Ground-based thermal measurements 

During October 1994 and September 1995, we 
made detailed vent temperature measurements at over 
500 fumaroles distributed across the Fossa fumarole 
field using the Compac 3, or a K-type thermocouple 
where the Compac 3 saturated (Table 1). On the 
second occasion, measurements were made within 

Fig. 7. Maximum temperature map for the Vulcano Fossa fumarole field, crater area inset with spot heights in metres, mapped using EDM 

and ground-based thermal measurements made during September 1995. Temperatures refer to the maximum obtained within each 10 X 10 m 

cell and cover the entire active area. Fumarole zone key: 1 = crater rim, 2 = rim rifts, 3 = upper crater, 4 = middle crater, 5 = lower crater 

(Table 5). 
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100 m* cells centred using Electronic Distance Mea- 
surement (EDM), allowing production of a detailed 
thermal map (Fig. 7). This gave a total fumarole 
field area (Afield) of 1.63 X lo4 m*, within which 
fumaroles typically covered 2.5% of the surface, 
giving a 410 m* area of exhalation (A,,,,). This 
compares with estimates made between 1985 and 
1987 using steam output which give exhalation areas 
of 232-350 m* (Italian0 and Nuccio, 19921, to 
which at least 50 m* must be added due to the 
growth of a new area since 1990 (Italian0 et al., 
1994). Maximum temperatures were typically < 
350°C except for a zone of high-temperature fu- 
maroles located on the middle inner flank of the 
crater (Fig. 7 and Table 5). One fumarole within this 
middle inner flank zone evolved rapidly between 
1988 and 1992, showing a temperature increase from 
N 400 to 692°C (Capasso et al., 1994). 

Chiodini et al. (1995) used isotopic and chemical 
data to propose two scenarios during which eruption 
risk at Vulcan0 is high: (1) opening of fractures by 
seismic activity causing magma degassing to extend 
to the core of the magma body and an inflow of 
marine hydrothermal fluids, and (2) rise of magma 
into wet environments at the periphery of the fuma- 
role field. Both scenarios could result in a 
‘Vulcanian’ eruption. In the former case temperature 
rises would indicate heat input from the core of the 
magma body, as occurred at the Fossa crater during 
regional seismic activity in 1978, 1986 and 1988 
(Falsaperla et al., 1989; Chiodini et al., 1992; Bolog- 
nesi and D’Amore, 1993). The latter would cause 
increased fumarole temperatures at peripheral fu- 
maroles. Both scenarios may therefore cause precur- 
sory temperature increases. It is noteworthy that the 
1888-1890 eruption represented the climax of an 
episodic increase in fumarolic activity (Keller, 1980). 

Temperature data collected during 1994 and 1995 
define two general fumarole zones: a zone of highest 
temperatures extending from the middle of the inner 
N flank to the crater floor and a cooler zone at the 
crater rim (Fig. 7 and Table 5). Statistical analysis of 
the 1994- 1995 temperature data shows a decline in 
temperatures at the rim and stable temperatures within 
the inner flank zone. The temperature decline at the 
rim accounts for the decline in the mean temperature 
for the whole fumarole field (Table 5). Based on the 
model of Chiodini et al. (1995) and the observations 

reported by Keller (1980), while fumarole tempera- 
tures remain stable or decline, eruption risk is low. 
However rises will imply increasing risk. 

Temperature decline at the rim and stability within 
the inner zone indicate a shift in activity from the 
rim, which was the location of highest temperatures 
and growing exhalative areas during the 1980’s 
(Mazor et al., 1988, table 4; Italian0 and Nuccio, 
1992), to the inner zone. This is consistent with 
growth of the inner zone since 1989, with increases 
in exhalative area, steam output and temperature 
between 1990 and 1991 at this zone (Italian0 et al., 
1994; Capasso et al., 1994). 

Using the porous pipe model given by Stevenson 
(1993) to model gas flow at a fumarole field, magma 
depth can be estimated using the same input parame- 
ters as at Stromboli. Following Stevenson (1993) the 
model is centred on a variable number of vent 
clusters (N). Between 3 and 10 clusters were identi- 
fied for Vulcano, 5 of which are indicated on Fig. 7 
(labeled 1 to 5). Input parameters r, and rc are 
calculated from Nn-rz = Afield and NTrz = Aexha,, 

respectively giving 20-40 m and 3-7 m for the 
Fossa fumarole field in 1995. qxit was set to the 
maximum vent temperature, this being assumed to 
have the most direct link to the deep feeder system, 
and gas flow rate was estimated at 25 + 20 kg s -’ 
from Bruno et al. (1994), Chiodini et al. (1994) and 
Italiano et al. (1994). Given these inputs, depth to 
magma at 1000°C [the crystallisation temperature of 
rhyolites during the 1888- 1890 eruption (Clocchiatti 
et al., 1994)] is 2.1 f 1.9 km. 

This depth coincides with evidence from drill 
holes, where a temperature of > 419°C and a steep 
temperature gradient at a depth of 1360-2050 m 
suggest that magma may only be a few hundred 
metres deeper (Faraone et al., 1986). We thus con- 
firm that current activity at Vulcan0 is driven by heat 
from a shallow (< 4 km deep) degassing magma 
body. This has been the main premise for models of 
the volcanic hydrothermal system based on geo- 
chemical data (e.g., Martini et al., 1980; Carapezza 
et al., 1981; Cioni and D’Amore, 1984; Tedesco et 
al., 1991; Bolognesi and D’Amore, 1993; Tedesco et 
al., 1995). 

For each 10 X 10 m cell identified in Fig. 7, the 
area occupied by active fumaroles and mean vent 
temperature were substituted into Eq. (6) in place of 
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nr,” and Texit respectively to give Qrad per cell. 
Summing all cells gives Qrad for all exhaling vents at 
the Fossa fumarole field of 0.6 MW. Using Eq. (7) 
and setting T,,,, to the mean vent temperature for all 
fumaroles measured (196 to 214°C Table 5) and 
substituting 7~ r,f with exhalative area, Q,,,, equal to 
0.7 Mw is obtained. Qcond is estimated assuming a 
mean gas temperature of 200°C from an indetermi- 
nate number of fumaroles with a combined radius of 
10 m. This gives Qcond equal to 2 to 70 MW 
depending on the depth of the source. 

4.2. TMS thermal and rejlectance measurements 

On 19 July 1991 the Fossa crater was over-flown 
by an aircraft carrying TMS. Thermal emittance was 
not detected in channels 9 and 10. This is due to the 
fumaroles being too small and/or too cool to emit 
significant, detectable, thermal radiance (Rhtherma,). 
The radiance in channels 9 and 10 CR,) therefore 
consisted entirely of reflected solar radiation 

(Rhnon-thermal 1. Although solar heating in channels 11 
and 12 made the anomaly difficult to distinguish 

from the background, two hot-spots were apparent 
(Fig. 8). These spots were coincident with sites of 
persistently high-temperature fumaroles observed at 
the rim and within middle crater fumarole zone 
during ground observations. The rim hot-spot coin- 
cides with a 2%50-cm-wide, 60-m-long fissure cut- 
ting the N end of the rim fumarole zone (Fig. 7). 
This displayed maximum temperatures of 200 to 
240°C in 1988-1989 (Oppenheimer and Rothery, 
1991) and 348°C in 1994-1995 (Table 5). The sec- 
ond hot spot locates a fumarole at which increasingly 
high temperatures (400-690°C) have been measured 
since 1988 (Capasso et al., 1994) and which was the 
zone of highest temperatures in 1995 (Fig. 7). 

Since thermal measurements were only available 
in one channel, Eq. (13) was applied to give Q,, of 
43 Wm-*. This is similar to the Q,, of 37 W m-* 
obtained by Gaonac’h et al. (1994) using a TM 
channel 6 image of the Fossa crater acquired on 23 
October 1986. 

The fumarole field showed up most clearly on 
TMS images as a reflectance anomaly in channels 1 
to 10 (Fig. 8). This is due to the presence of yellow 

Fig. 8. 19 July 1991 TMS pixel brightness temperatures within the Fossa crater fitted to the topographic base created using 

mea tsurements in 1995 (Fig. 7). Bold line indicates extent of fumarole field mapped using the spectral reflectance in bands 5 and 7. 

EDM 
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Fig. 9. Spectral reflectance of weathered (V,,) and fresh yellow 

(V,,), sulfurous sublimate collected at Vulcano, basaltic scoria 

from the Stromboli crater terrace (S) and a trachytic-rhyolitic 

block from the Vulcano Fossa (V). Note the much lower re- 

flectance of S and V. Spectra were obtained using a Nicolet 

system FTJR spectrometer by J. Salisbury at Johns Hopkins 

University. 

sublimate, which XRD analysis showed to be domi- 
nated by sulfur. Although impure sulfur melts be- 
tween 113 and 15O”C, and is replaced by grey-black 
sublimates, yellow sublimate persists around most 
active fumaroles at Vulcano. The high reflectance of 
sulfur at all wavelengths in comparison with the 
low-reflectance sublimate-free background causes a 
bright-reflectance anomaly at the fumarole field in 
all channels (Fig. 9). Using the fumarole field re- 
flectance anomaly in channels 5 and 7, the pixel area 
of the fumarole field was estimated at 1.80 X lo4 
m2, in close agreement with the ground based esti- 
mates. 

4.3. TM thermal and reflectance measurements 

No emitted radiance was observed in TM chan- 
nels 5 or 7, but a thermal anomaly in channel 6 
located the Fossa fumarole field on both the 18 July 
and 3 August 1994 images. However, solar heating 
of east facing slopes caused anomalies of equal 
intensity to the Fossa anomaly (Fig. 10). Without 
prior knowledge of the fumarole field location it 
would have been impossible to distinguish it from 
solar heating. To unambiguously identify low-tem- 
perature geothermal anomalies in TM channel 6 or 
TMS channels 10-l 1, night-time data should be 
used. However, as with the TMS data, the fumarole 
field was evident as a reflectance anomaly, giving a 
total fumarole field area of 1.80-1.89 X lo4 m2, 
agreeing with the TMS and ground based estimates. 

Application of Eq. (13) gives a Qre, of 37 and 39 
W mP2, nearly identical to the 1986 estimate by 
Gaonac’h et al. (1994) and the 1991 TMS estimate. 
The 1994 TM estimate is also validated by the 
September 1995 ground estimate: a Qrad of 0.6 MW 
distributed over the total 1.63 X lo4 m2 fumarole 
field area gives a Qrel of 37 Wm-2. 

The stability of the radiated thermal flux between 
1986 and 1995 (38.6 f 2 Wme2) implies that ther- 
mal output integrated over the entire fumarole field 
has remained stable over this period. Assuming Q,,,, 

and Qcond have also been stable over this time to 
keep the thermal flux stable, the increase in both the 
size of the inner flank fumarole zone and the temper- 
atures of the fumaroles located there must therefore 
have been matched by cooling of the former high- 

Fig. 10. Thermal anomalies, dark grey, in the vicinity of the Fossa crater on TM images obtained on (a) 18 July 1994 and (b) 3 August 

1994. The anomaly within the crater locates the fumarole field, that on the outer flank is a solar-heated anomaly. Images have been fitted to 

the Fig. 8 inset map of the crater terrace on which the area of the fumarole field is given in light grey. 
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temperature zone on the rim, as indicated by the 
1994-1995 ground based surveys (Table 5). We 
suggest that decline at the rim is the result of a build 
up of hydrothermal minerals and clays, which pro- 
gressively clog these older, established fumaroles. 
To maintain thermal flux, activity must transfer to 
new locations, where temperatures increase to bal- 
ance declining flux from sealing zones. 

4.4. AVHRR thermal measurements 

On all 41 AVHRR images of Vulcan0 analysed 
between 1986 and 1995, the Fossa fumarole field 
was located by the highest T,_, on the island (Fig. 
11). Since the thermal structure of the fumarole field 
is too complex to be modeled by the two-component 
thermal surface assumed in the application of Eqs. 
(10) and (ll), Eq. (14) (which assumes a pixel 
contains numerous volcanic thermal sources which 
contribute to the integrated radiance Rdvolc) was 
applied to channels 3 and 4. 

Stability of thermal flux from the fumarole field 
between 1986 and 1995 implied from the TM and 
TMS data is confirmed by the near-horizontal best fit 
line for the Rjvolc time series (Fig. 12a). A very 
slight decline may be the result of the area of 
maximum temperatures shifting from the rim to- 

Fig. 1 I. T3_4 over Vulcan0 on an 18 June 1994 AVHRR image. 

Black pixels contain sub-pixel hot-spots as indicated by highly 

elevated T3_4, and locate activity at the Fossa crater. Grey and 
white indicate pixels containing land at ambient temperatures and 

sea, respectively. 
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Fig. 12. AVHRR times series for (a) Rsvolc and (b) R4vo,c from 

Vulcano’s Fossa crater between 1985 and 1994. 

wards the crater floor, resulting in a reduced signal 
due to topographic shielding in off-nadir images. 

The stability of the radiated thermal flux during 
this time period suggests that this data set can be 
used as a baseline against which future fluctuations 
can be assessed. Analysis of the Rdvolc time series 
indicates that random variation means that Rdvolc 
must be elevated more than two standard deviations 
above the mean before any significance is placed on 

the IL& rise (Fig. 12b). A 450-m* area at a mean 
temperature of 200°C against a background at 0°C 
will raise T3 and T4 by 3 and 0.2”C, respectively. It 
would therefore be more reasonable to use Rjvolc as 
a baseline (Fig. 12a). Following the scenarios given 
by Chiodini et al. (1995), rises away from the base- 
line will imply increased eruption hazard. 

5. Conclusions 

Integrating remotely sensed data from a variety of 
different instruments allows spectrally, temporally 
and spatially detailed measurements and monitoring 
of volcanic systems that are characterised by activity 
at open degassing vents and fumarole fields. For 
Vulcan0 and Stromboli, our estimates for magma 
depth, thermal flux, and vent areas are in good 
agreement with other published estimates. This 
agreement with ground data suggests that such re- 
mote sensing data sets can not only be used as a 
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valuable supplement at well-monitored volcanoes, 
but can also provide a reliable means of defining and 
monitoring the volcanic system at poorly monitored 
volcanoes. 

Our quantitative analysis of TM and AVHRR data 
over the high-temperature activity at Stromboli was 
inhibited by frequent saturation of the data. How- 
ever, this was not a problem with TMS due to the 
provision of thermal data in high- and low-gain 
modes. Unfortunately, the rare occasions on which 
TMS data are acquired prohibits time series analysis 
or construction of thermal base-lines using this data 
source alone. We therefore hope that future space- 
borne remote sensing missions will be designed to 
provide a regular source of unsaturated data in 
short-wave, mid- and thermal-infrared. Provision of 
a low-gain option if the high-gain channel becomes 
saturated would be ideal, allowing unsaturated data 
collection over low- and high-temperature volcanic 
features. Simultaneous collection of data at four or 
more unsaturated wavebands (e.g., 1.55-1.75, 2.08- 
2.35, 3.55-3.93 and 10.3-12.5 pm) would greatly 
enhance our ability to measure, monitor and interpret 
high-temperature ( > 500°C) volcanic phenomena. 
Simultaneous collection of unsaturated data in the 
mid- and thermal-infrared would also permit analysis 
of low- to moderate- temperature (w lOO-500°C) 
volcanic thermal phenomena, as well as allowing 
volcanic thermal anomalies to be unambiguously 
distinguished from warm (- 40-80°C) surfaces re- 
sulting from solar heating. To this end we look 
forward to the launch of the EOS instruments, such 
as the Moderate Resolution Imaging Spectrometer 
and the Advanced Space-borne Thermal Emission 
and Reflectance Radiometer which will meet many 
of these requirements. 

Utilising the increasing stream of data available 
from an expanding array of ground-based, air- and 
satellite-borne sensors may provide a safe, regular 
and repeatable means of measuring and monitoring 
volcanic activity, even during dangerous or eruptive 
episodes. 
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