
Abstract Landsat 7 Enhanced Thematic Mapper +
(ETM+) data are presented which document the thermal
characteristics of a series of lava flows emplaced at
Mount Etna volcano, Sicily, during 27–28 October 1999.
By examining the composition of the short-wave infra-
red (SWIR) signal emitted from the flow surface, we
identified distinctive flow units. The first unit appears to
comprise recently active lava flows with relatively cool
crusts which, by virtue of the integrity of this crust as de-
termined from the ETM+ data, we infer are stationary or
barely moving. The second unit is characterized by much
higher levels of SWIR radiance, consistent with a chan-
nel-fed active flow unit. Analysis of the SWIR data con-
firm that this is fed by a lava channel, the properties of
which are consistent with vigorously active channels ob-
served on Kilauea, Hawaii. Model predictions of the
maximum length that such flows could attain compare
favorably with the actual flow lengths observed in the
ETM+ data, indicating that the cooler flows had indeed
stopped advancing, and may have attained a cooling-lim-
ited, rather than volume-limited, maximum length. Our
observations and modeling provide a physical corrobora-
tion for the supposition made by Wadge (1978) in his
analysis of the shape of lava flow fields on Mount Etna,
which in the cooling-limited case principal flows are ac-
tive one after the other and not at the same time.
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Introduction

Mount Etna is the largest active volcano in Europe, with
a documented history of eruptions dating back more than
2500 years. Following the unusually quiet period that
characterized the aftermath of the 1991–1993 eruption
(Rymer et al. 1995), magmatic activity within Mount
Etna’s summit crater complex resumed in July 1995
(Smithsonian Institution 1995), and is continuing at the
time of writing. This activity has involved all four of
Etna’s summit craters (Fig. 1a), sometimes simulta-
neously, and has encompassed a wide range of eruptive
styles and intensities, including strombolian activity, la-
va effusion, paroxysmal explosions, and lava fountain-
ing.

During May 1999 almost all activity at Etna’s summit
was limited to low-rate lava effusion from a fissure at the
base of the South East Crater, which had been active
since February 1999 (Smithsonian Institution 1999a).
Mild explosive activity at Etna’s summit craters is re-
ported to have resumed in June and intensified during
late August, before culminating in a large fire-
fountaining episode at La Voragine on 4 September 1999 
(Smithsonian Institution 1999b). During early October
1999 the Bocca Nouva and La Voragine were character-
ized by intense strombolian activity, the products of
which gradually filled the former (Smithsonian Institu-
tion 1999c). During the evening of 17 October 1999 a
small portion of the western rim of the Bocca Nuova col-
lapsed, giving rise to the first extra-cratal lava flows to
be erupted from this crater since its formation in 1968 
(J. Murray, pers. commun.). A series of overflows during
27–28 October emplaced a sequence of flows that over-
lapped the flow-field produced by previous events,
which occurred on 17, 18–19, 20–22, 23, and 25 October
(M. Neri, pers. commun.). By the next morning (28 Oc-
tober) the 27 October flows had extended ~4 km from
the vent. Activity at the Bocca Nuova diminished, and
this episode of effusive activity ended, on 3 November
1999 (Smithsonian Institution 1999c).
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Fig. 1 a Landsat 7 ETM+ 7, 5,
4, (displayed in red, green, and
blue, respectively) false-color
composite of the summit region
of Mount Etna, Sicily, acquired
on 28 October 1999. A–C refer
to the flow units discussed in
the text. The rims of the indi-
vidual summit craters are indi-
cated. Red and yellow pixels
approximately 1 km southeast
of the South East Crater corre-
spond to active lava flows issu-
ing from a fissure at the base of
the South East Crater cone. The
red haze surrounding flow unit
C is caused by radiance smear-
ing from highly radiant pixels
into adjacent pixels (due to the
high emitted radiance and the
point-spread function of the de-
tectors), and by scattering of
energy within the atmosphere
above the active flow surface.
b Contrast-enhanced ETM+ 4
data (30-m pixels). The red tri-
angles denote the beginning
and end of the open lava chan-
nel discussed in the text. Yellow
circles mark the rims of the
summit craters. c Contrast-en-
hanced ETM+ 8 data showing
the same feature depicted in b,
at a pixel size of 15 m. Yellow
circles mark the rims of the
summit craters. d Spectral re-
sponse functions of ETM+
bands 3, 4, and 8, obtained
from the Landsat 7 Science 
Data Users Handbook 
available on-line at
http://ltpwww.gsfc.nasa.gov/
IAS/handbook/handbook_
toc.html. Dashed black lines
describe spectral radiance emit-
ted from black bodies at the
given temperatures. Flow I de-
scribes the radiance emitted
from the 28 October 1999 Etna
lava channel, determined from
the ETM+ data and assuming a
two-component lava flow sur-
face. Flows II and III are simu-
lated from field observations of
an active lava channel provided
by Flynn and Mouginis-Mark
(1994). Table 2 describes the
surface temperature distribu-
tions used to compute these
curves



Image interpretation

Figure 1a shows how the active flow field appeared on
28 October 1999 at approximately 10:00 local time.
High-temperature volcanic features emit large amounts
of radiance in the SWIR (0.7–3.0 µm) region of the elec-
tromagnetic spectrum. As a result, bands 5 (1.55–1.75 µm)
and 7 (2.08–2.35 µm) of the Landsat Thematic Mapper
(TM; which are spectrally equivalent to bands 5 and 7 of
ETM+) have been widely used in the analysis of active
lava flows (Francis and Rothery 2000, and references
therein). When operating in high-gain mode (as bands 
5 and 7 were in this instance) ETM+ bands 7 and 5 are
sensitive to pixel-integrated temperatures (PIT) of >~90°C
and >~220°C, respectively. If a surface is thermally homo-
geneous, a PIT will provide a good approximation of its
temperature; however, for a lava flow surface a PIT is a
weighted average of all thermal components present
within the pixel. It is a common assumption that an ac-
tive lava surface comprises two end-member thermal
components (Crisp and Baloga 1990a). At the sub-pixel
scale these are likely to include a relatively cool crust
(radiating at a temperature 70°C<Tc<500°C) which occu-
pies fractional area Pc of the surface, within which
cracks (occupying fractional area Ph) expose much hotter
material (radiating at temperature 900°C<Th<1100°C)
from the flow interior (e.g., Rothery et al. 1988; Oppen-
heimer 1991), where Pc+Ph=1.

In an ETM+ 7, 5, 4 (displayed in red, green, and blue,
respectively) false-color composite of an active lava
flow, red pixels depict lava surfaces radiating mostly in
band 7. Pixels that appear yellow also emit large
amounts of radiance in the shorter wavelengths covered
by band 5 (i.e., red+green=yellow), and so must corre-
spond to lava surfaces with a higher PIT. This simple in-
terpretation can be refined by considering what may
cause such differences in the ratio of band 7 to band 5 ra-
diance for pixel-sized (900 m2) areas of lava. Given the
foregoing discussion, a change in color from red to yel-
low can be the result of (a) an increase in the tempera-
ture of the crustal component, and/or (b) an increase in
the area of high-temperature fractures. When the PIT
falls below the band-7 detection threshold of ~90°C the
flow surface no longer emits significant amounts of radi-
ation in the SWIR and, due to the low reflectivity of ba-
salt, becomes virtually black in this band combination.

Cooling-limited flow-field evolution observed 
from space?

Figure 1a reveals two distinctive areas of contrasting ra-
diance within the lava flow field. Flow units A and B are
red in color, whereas unit C is distinguished by a group of
yellow pixels surrounding zones of green and black (the
significance of which is explained later). Units A and B
were initiated sometime between 11:00 and 17:00 on 27
October (M. Neri, pers. commun.) and are characterized
by elevated radiance in band 7, although no pixels exhibit

saturation (DN=255=maximum measurable signal). No
anomalous thermal radiance is detectable in band 5 over
these flows. As a result, band-7 PITs can be considered a
realistic approximation for the lava’s surface crust
(Wright et al. 2000), and we calculate temperatures for
these units in the range 120–260°C (unit A) and
120–180°C (unit B). Using the time–crust temperature re-
lationship derived by Hon et al. (1994, Eq. 6 therein) for
pahoehoe sheet flows on Kilauea, and the maximum crust
surface temperature calculated from ETM+, we estimate
that the youngest crust present at the time of image acqui-
sition was approximately 2–3 h old on flow unit A and
slightly older on flow unit B. Flow unit C, on the other
hand, is characterized by high levels of radiance in bands
7 and 5, often resulting in saturation of both.

On the basis of these contrasting spectral signatures,
we propose that at the moment of image acquisition flow
units A and B were inactive, but had only stopped moving
within a few of hours of satellite overpass, whereas flow
unit C was still being emplaced. Wadge (1978) describes a
limiting case for flow-field development at Etna in which,
given continued lava effusion, a new flow will propagate
from the near vent region only after the preceding flow
has cooled to a halt (Kilburn and Lopes 1988). Our obser-
vations indicate that the 27–28 October Bocca Nuova flow
field may have developed in this manner. The next sec-
tions describe the basis for this interpretation.

Remotely sensed evidence

Flow units A and B: the integrity of the crust

In a moving, channelized lava flow, the hotter flow inte-
rior is continuously exposed over a fractional area of the
flow surface (Ph) due to the thermal renewal of the flow
surface (Crisp and Baloga 1990b). Thermal renewal de-
scribes the situation where the flow’s upper crust
founders, and hotter material from the flow interior be-
comes exposed at the surface. This fresh lava subse-
quently cools and thereby itself becomes a relatively
young component of lava’s surface crust. Crustal fractur-
ing can be caused by variations in slope, channel width,
or by stresses imparted on the lava by the marginal le-
vées between which it flows. The crust may also be dis-
rupted in a more random fashion due to pressure varia-
tions in the lava stream caused by changes in effusion
rate or blockages in the channel.

The lack of anomalous band-5 radiance across flow
units A and B indicates that the amount of material at
eruption temperature exposed at the flow surface is negli-
gible (Ph

<~1×10–5 within each 900 m2 pixel; Wright et al.
2000). We interpret this as evidence that these flows had
ceased to move, based on the premise that exposure of
material at eruption temperature in cracks at the flow sur-
face acts as an index of flow motion. When the flow
stops, emitted SWIR radiance falls off rapidly as the ma-
terial within these cracks cools and no fresh core material
is exposed at other points of the flow surface to replace it.
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Thus, the time at which a lava flow stops moving is de-
fined by a decrease in the amount of material at Th ex-
posed through cracks in the lava’s surface crust, rather
than any significant change in the crust temperature itself.
Based on our calculation that the youngest crust present
on flow unit A was formed ~2–3 h prior to image acquisi-
tion, we postulate that this flow had stopped moving by
~08:00 28 October. Field reports indicate that flow unit A
was still active, but barely moving, on the morning of 28
October (Smithsonian Institution 1999c).

Flow unit C: the existence and properties 
of an active lava channel

Flow unit C has different characteristics. The levels of
emitted radiance in bands 7 and 5 are so high that wide-
spread saturation occurs. It is interesting to note the col-
or changes apparent within this unit. The predominance
of yellow pixels reflects high levels of emitted radiance
in band 5; thus, the radiance data indicate that this flow
unit is young, active, and mobile when compared with
the static, cooling flows previously described. From the
outer active boundary towards the center of flow unit C,
the pixels change color from yellow to green, and finally
to black. Green pixels denote high levels of recorded ra-
diance in band 5 but low levels in band 7, whereas black
pixels correspond to low levels in both bands 7 and 5.
Fluid dynamic stresses can attain minima at the center of
lava channels allowing relatively stable crusts to form;
thus, surface temperatures often decrease towards the
center of active lava channels (e.g., Fig. 57.13b in 
Lipman and Banks 1987). However, such a decrease
would not be resolved by ETM+ in this case given that
the channel appears narrower than the 30-m pixels. In-
stead, at the pixel scale, we expect the temperature of,
and therefore the radiance emitted from, flow unit C to
increase toward the center, contrary to the pattern we ob-
served. The observed color change from yellow to black
may in fact represent a diagnostically useful malfunction
of the ETM+ band-5 and band-7 detectors, caused by
very high levels of radiance emitted by the lava over-
loading the detectors and causing near-zero levels of ra-
diance to be recorded. The authors have since observed
similar patterns in ETM+ images of Pacaya, Guatemala,
that lend support to this interpretation.

The ETM+ band-4 (0.75–0.90 µm; Fig. 1b) data reveal
the existence of a linear radiant feature approximately 10
pixels (300-m) long and no more than 1 pixel (30 m)
wide. This corresponds spatially to the black pixels locat-
ed at the center of flow unit C (Fig. 1a) and represents sur-
faces with a PIT in the range of ~525–926°C. A similar
feature present in TM band-4 data acquired during the ear-
ly stages of the 1991–1993 Etna eruption was observed to
correspond to an active lava channel (Wright et al. 2000);
thus, the band-4 feature we observe within flow unit C
strongly suggests the presence of an active lava channel,
and confirms our previous conclusion that unit C was still
being emplaced at the time of Landsat 7 overpass.

The same feature is apparent in the ETM+ 15-m-spa-
tial-resolution panchromatic band 8 (0.52–0.90 µm;
Fig. 1c), but not in the 30-m-spatial-resolution visible
bands (1–3), ruling out the possibility that the feature
represents fume emitted by the flow surface (as fume
would be highly reflective in bands 1–3), but also indi-
cating that it is not hot enough to radiate at these wave-
lengths (<0.69 µm). This indicates that the energy detect-
ed by band 8 must be unevenly distributed across its
band width. Figure 1d shows the spectral response func-
tions of ETM+ bands 3, 4, and 8. If two thermal compo-
nents are assumed and the temperature of the crusted
component within the channel is below ~500°C, the re-
sponse of band 4 is solely a function of changes in Ph.
Band-4 data can therefore be used to calculate the frac-
tional area of the pixel occupied by high-temperature
(~1000°C) fractures using.

(1)

Here, R4thermal is the thermal radiance measured in ETM+
band 4 and L(λ4,Th) and L(λ4,Tc) are the Planck distribu-
tion functions at the central wavelength of band 4
(0.825 µm) for temperatures Th (exposed core) and Tc
(cool crust), respectively. For the nine pixels that define
the channel, we calculate 0.041<Ph<0.11, with a mean
value of 0.074. The radiance such a feature would emit is
plotted in Fig. 1d (flow I). This indicates that a lava
channel of this kind will emit most of its energy in the
upper region of band 8’s band pass but very little in the
lower region, explaining why it is apparent in band 4 but
not in band 3.

Flynn and Mouginis-Mark (1994) report more com-
plex thermal structures from field-based spectroradiome-
ter measurements made across a vigorously active lava
channel during episode 50 of the ongoing eruption at 
Kilauea, Hawaii. They describe separate thermal struc-
tures for the central and marginal regions of the flow, end
members for which are given in Table 1. This is equiva-
lent to a three-component surface where Th is the eruption
temperature of the lava and Tc1 and Tc2 refer to the tem-
perature of the crust at the channel center and margins,
respectively. The spectral radiance emitted by model end-
member channels derived from the thermal characteristics
that they report (flows II and III; Table 2) are plotted in
Fig. 1d. We have assumed that Th=1000°C, as this is
more appropriate for the slightly cooler lavas of Etna
(Harris et al. 1997). The curves that describe these three-
component end-member models bound that which we
calculate from the ETM+ data using a two-component
approximation for the Etnean flow under discussion. 

The fact that the two-component solution (flow I) is
close to (but above) the three-component solution of flow
II reflects the similarity of the Ph values used in their cal-
culation [flow I (=0.07)>flow II (=0.05)]. This indicates
that a two-component solution for Ph using Eq. (1) based
on ETM+ 4 data will provide a good approximation of
the area of hot fractures, even when the flow’s surface
crust is thermally more complex and parts of it are hot
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Table 2 Surface temperature
distributions assumed in calcu-
lating the radiance emitted
from flows I, II, and III, as
plotted in Fig. 1d

where L is the final length of a channel-fed flow (in me-
ters), E is mean discharge rate (in m3 s–1), t is emplace-
ment time of the flow (in s), and α is the mean ground
slope (in radians). Equations (2) and (3) are not dimen-
sionless, and the flows upon which they were derived
were characterized by 2<α<200, 600<L<7200 m,
0.2<E<60 m3 s–1, and 1<t<12 days.

Equation (3) relies on mean values for discharge rate
and ground slope, and it is worth considering the veraci-
ty of these simplifications. Effusion rates will undoubt-
edly have varied during this event, and results obtained
by Baloga and Pieri (1986) concur with the suggestion of
Walker (1973) that such variations may explain the scat-
ter observed in plots of mean eruption rate vs flow
length; however, we have no means for quantifying this
effect here. The average slope on which flow A was em-
placed is 19°, obtained from 1:50,000 scale topographic
maps. However, by dividing the western flank of the vol-
cano into three parts we find that flow A traversed slopes
of 14° for 19% of its length (edge of the Bocca Nuova to
~3000 m a.s.l.), 26° for 50% of its length (~3000 to
~2000 m a.s.l.) and 12° for 31% of its length (~2000 m
a.s.l. to Monte Nunziata); thus, the medial section could
have promoted flow acceleration, with the distal section
encouraging lava to pond. Variations in slope may have a
similar influence to changes in effusion rate on the ob-
served scatter in eruption rate-length relationships, and
are worth bearing in mind when applying simple empiri-
cal models. However, the apparent success with which
such models can be used to predict maximum flow
lengths indicates that these variations have a secondary
effect on flow dimensions, unless the flows have been
influenced by more extreme perturbations, such as those
caused by large breaks in slope or severe lateral confine-
ment (Kilburn 2000). No large breaks in slope are appar-
ent in the study area, although we cannot rule out the
possibility that the 27 October flows were influenced by
lateral confinement in pre-existing lava channels.

In our modeling we restrict our analysis to the long-
est, most voluminous, and therefore the principal flow
unit produced during the 27 October episode, flow unit
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Table 1 End-member surface
temperature distributions of an
active lava channel observed
by Flynn and Mouginis-Mark
(1994)

Th (°C) Tc (°C) Ph Pc

Channel centrea 1090–1150 700–900 0.11–0.60 0.40–0.89
Channel margins 1100–1150 500–700 0.0059–0.012 0.988–0.994

a Channel centre occupied ~45% of the entire flow width
Th and Tc refer to the lava core and crust temperatures, respectively; Ph and Pc refer to the fractional
areas of exposed hot, inner material and relatively cool surface crust, respectively

Th (°C) Tc1 (°C) Tc2 (°C) Ph Pc1 Pc2

Flow Ia 1000 500 – 0.07 0.93 –
Flow IIa 1000 900 500 0.27 0.18 0.55
Flow IIIa 1000 700 500 0.05 0.40 0.55

a The flow is assumed to fill the entire pixel (Ph+Pc1+Pc2=1)
Th and Tc1,2 refer to the lava core and crust temperatures, respectively

enough to make a finite contribution to the band-4 signal.
This is because the relationship between emitted radiance
and temperature at this wavelength means that small
changes in the area of hot fractures can dominate changes
in the at-satellite signal. Thus, if Ph is considered as an
indicator of the relative vigour of lava flowing in a chan-
nel, it appears that the 28 October Etna channel was more
similar in character to the low end-member channel (flow
II) described by Flynn and Mouginis-Mark (1994) than
the upper end member (flow III).

The shaded region beneath the ETM+ 3 spectral re-
sponse function in Fig. 1d indicates the region within
which a lava channel may be thermally radiant but, given
the masking effect of the reflected solar signal, would be
undetectable in the 28 October 1999 ETM+ data set.
However, if the lava channel depicted in Fig. 1b and c
had been as active as flow III, it may still have been in-
visible at this wavelength due to the fact that emission in
excess of the detection threshold occurs at wavelengths
where the sensitivity of band 3 begins to fall off rapidly.

Modeling evidence

Empirical modeling of cooling-limited lava flow lengths

Many studies have established empirical relationships
between process variables such as effusion rate and vis-
cosity, and resulting morphological parameters such as
final flow length (e.g., Walker 1973; Pieri and Baloga
1986; Pinkerton and Wilson 1994). Based on measure-
ments of 17 single unit lava flows emplaced at Etna be-
tween 1974 and 1993, Calvari and Pinkerton (1998) pro-
vide empirical equations that allow the maximum poten-
tial lengths of similar Etnean flows to be predicted. In
the original paper (Eqs. 1 and 2 in Calvari and Pinkerton
1998) these formulae are written incorrectly. The correct
forms of the equations are (S. Calvari, pers. commun.):

L=103.11E0.47 r2=0.86 (2)

L=101.747E0.43t0.29α0.26 r2=0.94 , (3)



A. The near-vent bifurcation of flow units A and B ap-
pears to be controlled by topography, as evidence that
flow unit C is branching at approximately the same alti-
tude is apparent in Fig. 1a. Such topographic bifurcation
is unpredictable and is distinct from bifurcation due to
branching and overflow, which are cooling-controlled
processes (Kilburn and Lopes 1988).

As the characteristics of flow unit A fall within the
range of those upon which Eq. (3) is based, it can be used
to estimate the maximum length it could have attained.
We set t to 15–21 h, based on a start time of
~11:00–17:00 on 27 October (M. Neri, pers. commun.)
and an end time of ~08:00 on 28 October (based on our
analysis of the ETM+ data and reports which indicate that
flow unit A had continued to advance during the night of
27 October and into the next morning; Smithsonian Insti-
tution 1999c). Observations by scientists of Sistema Po-
seidon, Nicolosi, indicate that the mean eruption rate dur-
ing the emplacement of this flow was ~29–34 m3 s–1. Us-
ing α=19°, t=15–21 h and 29<E<34 m3 s–1, Eq. (3) pre-
dicts a maximum potential length for flow unit A of be-
tween 4.20 and 4.96 km, compared with the actual length
of ~4.33 km (measured from the ETM+ data by tracing
the approximate center line of the flow).

Our satellite-based interpretation that flow unit A was
static or barely moving at the moment of image capture,
after attaining a length of 4.3 km, is broadly consistent
with empirical model predictions of how far this flow
should have extended. But was it volume- or cooling
limited? Guest et al. (1987) define volume-limited flows
as those which stop moving when lava supply at the vent
terminates; however, the emplacement of flow unit C
suggests that units A and B had a significant volume of
lava available to them to sustain further advance.

Cooling-limited flows have previously been described
in terms of the dimensionless Grätz number, Gz (e.g.,
Pinkerton and Wilson 1994). The Grätz number ap-
proach assumes that lava flow interiors cool by conduc-
tion alone and thus ignores potentially important physi-
cal processes, such as turbulence and shear heating with-
in the flow, as well as radiative heat loss due to cracking
of the lava crust (Crisp and Baloga 1990b). It may be
difficult, therefore, to reconcile the underlying physics of
the Grätz number with its application to real channel-fed
lava flows. However, there is empirical evidence that
cooling-limited flows are characterized by a critical min-
imum Grätz number (Gzcrit) of ~300 (e.g., Hulme and
Fielder 1977; Guest et al. 1987; Pinkerton and Wilson
1994). We calculate Gz for flow unit A of 230–330, con-
sistent with Gz calculated for cooling-limited flows at
Mauna Loa and Kilauea (280<Gzcrit<370; Pinkerton and
Wilson 1994).

For a flow to be cooling limited it must also have
been active for a period of time sufficient to allow the
flow front to solidify (Kilburn and Lopes 1988). This
time (t, in seconds) is given by (Kilburn 2000):

(4)

Here, S is the energy per unit volume for failure
(2×104 Pa), ρ is the density of the lava crust
(2200 kg m–3), g is acceleration due to gravity
(9.81 m s–2), Cp is specific heat capacity (1150 J kg–1

K–1), ε is surface emissivity (0.9), σ is the Stefan-Boltz-
mann constant (5.67×10–8 J m–2 s–1 K–4), T is eruption
temperature (1323 K), and β is ground slope (in de-
grees). The numerator is essentially constant for a given
lava composition and we have used the values given in
Kilburn (2000) which are appropriate for basalt. Setting
β equal to 19° (appropriate for the slopes upon which
flow unit A was emplaced), Eq. (4) predicts a time for
flow-front solidification of ~17 h. This is consistent with
the emplacement time of 15–21 h that we determine
from available field observations and the ETM+ data.

Evolution of the 27–28 October 1999 lava flow field

In a study of the shapes of lava flow fields on Mount
Etna, Wadge (1978) suggested that if lava effusion con-
tinues from a vent after the initial flow has attained its
maximum potential cooling-limited length, a new flow
will develop from the near-vent region that will flow
parallel to, or override, the first; thus, principal flows in
the cooling-limited case are active one after another and
not at the same time (Kilburn and Lopes 1988).

The previous section provided evidence that this may
have been how the 27–28 October 1999 Bocca Nuova
flows behaved. Flow units A and B were emplaced first,
and extended from the vent until the flow front cooled suf-
ficiently so as to prevent further expansion. The ETM+ da-
ta are consistent with these flows being inactive at the mo-
ment of image capture, whereas the modeling presented in
the previous section indicates that the length they have at-
tained at this time is consistent with that of a cooling-limit-
ed lava flow. Analysis of the band-4 data confirms that an
active flow fed by an open lava channel was subsequently
emplaced over the top of the evolving flow field, thus
completing the growth pattern described by Wadge (1978).

However, there are several alternative explanations
for the pattern we observe which may mean that the
flows evolved in a way that only mimicked the previous-
ly described cooling-limited pattern. A surge in the lava
eruption rate that exceeded the transmitting capacity of
the pre-existing channel could have led to the emplace-
ment of unit C, and produced the pattern of flow-field
evolution we observed, as could the failure of marginal
levées in the near-vent region. Overflows can also occur
when variations in gas content increase the bulk volume
of the lava above the capacity of the channel (Lipman
and Banks 1987). A hiatus in lava effusion could also
explain our observations, although field data indicate
that lava effusion persisted at a relatively high level
throughout the episode (M. Neri, pers. commun.). We
note, however, that only the sequential cooling-con-
trolled pattern necessitates the temporal coincidence be-
tween the cooling-limited flow lengths, crustal integrity,
and flow-field morphology that we observe, where only
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one of the units that comprised the flow field was active
at the moment of image capture.

Our results are consistent with a situation in which
the evolution of the 27–28 October 1999 Bocca Nuova
flow field was governed by the cooling history of the
flows themselves. It is interesting to note, however, that
combinations of factors that do not reflect the thermal
state of the lava could also conspire to produce the same
pattern of flow-field development that we observe.

Conclusion

By examining the nature of the SWIR signal we have
shown that ETM+ can distinguish recently active and
currently active lava flows. Crust temperatures of
100–260°C were calculated for flow units A and B from
unsaturated band-7 data, indicating that they had been
recently active. However, the failure of the same flows to
emit radiance in band 5 indicates an absence of exposed
core material at the flow surface at the time of image
capture. Assuming that the exposure of material at erup-
tion temperature from the flow interior through cracks in
the overlying crust is symptomatic of flow motion, we
interpret this as evidence that these flows had stopped
moving after attaining a length of 4.2 km. Empirical
modeling and Grätz number solutions are consistent with
the principal flow unit, A, having attained its maximum
cooling-limited length. Analysis of flow unit C, which
was being emplaced on top of A at the moment of image
capture, revealed elevated levels of radiance in band 4,
consistent with the presence of an active lava channel.
The spectral radiance data provided by ETM+ combined
with empirical model predictions provide a quantitative
corroboration for the cooling-limited mechanism by
which such a pattern of flow-field evolution can be ex-
plained; however, such a coincidence of factors does not
necessarily mean that flow-field evolution did proceed in
such a predictable manner, as more unpredictable factors
that do not reflect the cooling history of the flows could
combine to produce the same pattern.

Thermal radiance from the active lava channel con-
tained within flow unit C was observed in ETM+ bands
4 (0.75–0.90 µm) and 8 (0.52–0.90 µm). We show, how-
ever, that the signal detected in band 8 was concentrated
in the upper reaches of its band pass. Caution must there-
fore be exercised when using radiance data acquired in
wide band passes (such as ETM+ 8) to calculate surface
temperatures, as the assumption that the measured radi-
ance is evenly distributed around the central wavelength
of the bandwidth may not be valid.
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