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Abstract

Knowing how lava effusion rates vary during basaltic eruptions can be of great significance when trying to provide
preliminary forecasts regarding how far lava will flow. However, problems exist in accurately determining effusion rates
using conventional field-based techniques. To ameliorate this problem Harris et al. [J. Geophys. Res. 102 (1997), 7985^
8003; Bull. Volcanol. 59 (1997), 49^64; J. Volcanol. Geotherm. Res. 102 (2000), 237^269] developed a method for
determining effusion rates using infrared satellite data, and showed how the method could be used to provide realistic
estimates of effusion rates, repeatedly during several eruptions at Kilauea (Hawai'i) Krafla (Iceland), Etna and
Stromboli (Italy). Harris et al. [J. Geophys. Res. 102 (1997), 7985^8003; Bull. Volcanol. 59 (1997), 49^64] indicate that
their method allows instantaneous lava effusion rates to be determined thermodynamically by equating the amount of
heat lost by an active lava flow (derived from the satellite data) to the amount of heat liberated by the cooling mass of
lava. The purpose of this paper is to provide a simpler, alternative explanation. We find that rather than being used to
calculate heat loss, Harris et al. [J. Geophys. Res. 102 (1997), 7985^8003; Bull. Volcanol. 59 (1997), 49^64; J. Volcanol.
Geotherm. Res. 102 (2000), 237^269] actually use the satellite data to estimate the area of active lava present within the
satellite's field of view at the movement of data acquisition. Thus, changes in the effusion rates they present can only be
proportional to changes in this area. The active flow areas were then multiplied by a constant, the value of which is
obtained from a crude approximation of the lava flows heat balance. Crucially, the absolute value of this term falls
within the range of an empirically derived parameter that was found by Pieri and Baloga [J. Volcanol. Geotherm. Res.
30 (1986),29^45] to explain strong linear correlations between eruption rate (i.e. the time-averaged effusion rate) and
lava flow area for 34 historic Hawaiian flows. As a result, we find that the method of Harris et al. [J. Geophys. Res. 102
(1997), 7985^8003] does not yield instantaneous effusion rates, but instead provides a valid and useful way to estimate
average effusion rates (i.e. the eruption rate) from measurements of flow area. ß 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Volcanologists have long been concerned with
trying to determine how those properties of a lava
£ow that are relatively easy to measure can be
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used to quantify important processes that are not.
Speci¢cally, much work has investigated how £ow
morphology can be used to infer eruption condi-
tions, which in turn can be used to improve our
ability to forecast £ow growth. Empirical analyses
of lava £ow dimensions indicate that this may be
possible, because correlations between £ow length
and mean e¡usion rate [5,6], £ow length and
erupted volume [7], £ow area and mean e¡usion
rate [4], and fractal dimension and surface mor-
phology [8], have been demonstrated.

Walker [5] was the ¢rst to suggest that the aver-
age rate at which lava is erupted from the vent
was the main factor, after lava composition, that
determines how far channeled lava £ows. This is
essentially an observation that a high eruption
rate allows lava to extend further before it cools
to a halt than does a low eruption rate. Factors
including ground slope, erupted volume, eruption
temperature, lava composition and the nature of
the environment into which the lava is erupted
also in£uence the ¢nal dimensions that a £ow
attains [7,9,10]. However, Walker's original ¢nd-
ing, that eruption rate exerts a fundamental con-
trol on the lengths of channel-fed lava £ows, ap-
pears to be correct (e.g. [9,11]).

Eruption rate data have several important ap-
plications. Timely estimates of eruption rate allow
empirical models to provide simple predictions
regarding the maximum potential length a lava
£ow may attain [9]. More sophisticated numerical
models of lava £ows also rely on an estimate of
eruption rate to drive their simulations [12,13].
Thus, data regarding eruption rates are of great
relevance to hazard management. Eruption rate
data also have wider volcanological applications.
Eruption rate determinations provide insight into
the conditions, such as magma ascent dynamics,
under which historic lava £ows were emplaced [3].
Eruption rate data also provide a means to con-
strain the properties and eruption dynamics of
planetary lava £ows [14,15].

Estimating lava e¡usion rates in the ¢eld, how-
ever, is not easy. As a result of the inaccuracy of
the measurement process itself, inconsistencies in
the methods used, and their natural variability
over short time-scales, e¡usion rates are often

poorly constrained. Limits on the number of ¢eld
visits during an eruption can also mean that these
data are collected infrequently or sometimes not
at all. Harris et al. [1] introduced a di¡erent ap-
proach. They presented a method by which the
amount of heat lost by the active lava £ow surface
(determined from remotely sensed radiance data)
is used to determine the instantaneous rate of
change in the volume (i.e. e¡usion rate) of an
expanding lava £ow-¢eld. At this point it is im-
portant to de¢ne two terms. 'E¡usion rate' refers
to the instantaneous, at-vent £ux of lava. Clearly
this is di¤cult to measure and ¢eld-based 'e¡u-
sion rates' estimates are generally averaged over
a period of tens of seconds. Wadge [16] de¢nes
such time-averaged e¡usion rates as 'eruption
rates' the ultimate example of which being the
division of ¢nal £ow volume by eruption dura-
tion. The period of time over which averaging
must occur before an e¡usion rate is considered
an eruption rate is unclear and subjective. Wadge
[16] refers to qualitative time-scales such as 'the
major part of the eruption' and di¡erent eruption
'phases'. In this paper we consider e¡usion rates
to refer to the theoretical ideal of the instantane-
ous at-vent lava £ux, while eruption rates refer to
any such e¡usion rate averaged over a longer pe-
riod of time. It is also important to note that in
this paper the term 'eruption rate' refers to lava
eruption rates, as opposed to 'mass eruption
rates', a term used to describe all material (e.g.
lava and pyroclasts) erupted from the vent [17].

A space-based route to calculation of lava e¡u-
sion rates is attractive. Satellite data acquisitions
are made frequently and at repeated time intervals
for even the most inaccessible of eruptions.
Although satellite observations of the Earth are
subject to error, these errors are largely system-
atic, thus removing the more unpredictable ob-
server-error that can a¥ict ground-based e¡usion
rate estimates. It is, however, not immediately ob-
vious how a measurement of the heat lost from an
entire lava £ow surface over a period of 1 s can be
used to determine the volume of lava issuing from
a vent during the same period of time. The pur-
pose of this paper is to provide a plausible expla-
nation.
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2. Determining lava e¡usion rates from remotely
sensed data: the method of Harris et al. [1]

Citing the work of Pieri and Baloga [4] as the
basis for their approach, Harris et al. [1] calculate
instantaneous e¡usion rates Er (m3 s31) during
the 1991^1993 eruption of Mount Etna using:

Er � F inst

b �CpvT � P cL� �1�

where Finst is the heat £ux measured from the lava
£ow surface (in W), b is lava density (2600 kg
m33), and Cp is speci¢c heat capacity (1150 J
kg31 K31). vT is the average temperature drop
throughout the active £ow (equal to the initial
eruption temperature, T0 = 1080³C, minus the
temperature at which forward movement ceases,
TfV900³C), P is the average mass fraction of
crystals (0.4^0.5) grown in cooling through vT,
and cL is latent heat of crystallisation (2.9U105

J kg31).
Using infrared radiance data acquired by the

advanced very high resolution radiometer
(AVHRR) to determine Finst, Harris et al. [1]
used Eq. 1 to calculate e¡usion rates coincident
with each cloud-free AVHRR image acquisition
made during the eruption. AVHRR is £own on-
board the NOAA series of satellites. Primarily a
weather satellite, its pixels are V1 km2 at nadir,
with a revisit period of 12 h. Flying two satellites
at any one time allows data for each point on the
globe to be acquired four times in each 24-h peri-
od, twice by day, twice by night. This relatively
high revisit period meant that 28 cloud-free ac-
quisitions were possible during Etna's 1991^1993
eruption.

Given some of our previous discussion, com-
parison of individual space-based and ground-
based measurements provides little insight into
the method's relative accuracy. However, the
eruption rate of 5.6 to 7.6 m3 s31 Harris et al.
[1] calculated for the entire 1991^1993 Etna erup-
tion bounds the rate of 5.8 m3s31 derived from
global positioning system ¢eld measurements of
¢nal £ow-¢eld volume [18]. Furthermore, inte-
grating the 28 space-based e¡usion rate estimates
over the duration of the eruption gives a ¢nal £ow

volume for the 1991^1993 Etna £ow (220^
300U106 m3) that is comparable with ground-
based measurements (V235U106 m3 ; [18]). Their
results are also qualitatively consistent with the
classical waxing and waning e¡usion rate pattern
typical of large basaltic eruptions of this kind [16].
The same pattern is also apparent in eruption
rates computed for the 1983 and 1999 eruptions
of Mount Etna and the 1980 and 1984 eruptions
of Kra£a, Iceland [3]. Furthermore, the absolute
e¡usion rate values they present are realistic when
compared to ¢eld estimates.

Harris et al. [2] state that ``e¡usion rates can be
calculated by equating (the total heat lost by the
active £ow) with the heat supplied by cooling and
crystallisation of the mass of active lava'' while
Harris et al. [19] state that ``e¡usion rate can be
estimated if the total thermal £ux for a moving £ow
is known, (as the total thermal £ux) will equal the
rate at which heat is transferred into the open £ow-
¢eld system by lava £owing into and through it, and
the latent heat of crystallisation''. The implication
of this is that they believe the method provides a
thermodynamic route to calculating lava e¡usion
rates. We now go on to provide an alternative
explanation.

3. Measuring lava £ow areas as a means to
determining eruption rates

Harris et al. [1] used AVHRR channels 3 and 4
(which cover the wavelength intervals 3.55^3.93
Wm and 10.50^11.50 Wm, respectively) as a basis
for determining heat £ux from the £ow boundary
to the atmosphere. However, widespread satura-
tion of channel 3 (a situation encountered when
the radiance emitted by the lava £ow exceeds the
maximum measurable signal of the detector)
meant that surface temperatures could not be de-
termined directly from the satellite data. Instead,
Harris et al. [1] assumed temperatures of 100³C
and 500³C, and then calculated the area of lava
within each AVHRR pixel necessary to produce
the observed (unsaturated) channel 4 radiance.
For a given pixel radiance the area calculated,
A, is inversely proportional to the assumed tem-
perature (i.e. assuming T = 100³C gives the upper

EPSL 5947 27-9-01

R. Wright et al. / Earth and Planetary Science Letters 192 (2001) 223^233 225



£ow area, while T = 500³C gives the lower active
£ow area). These end-member temperatures for
the £ow surface were chosen to span the interval
within which the true surface temperature was
thought to lie. As a result, the area end-members
they calculated straddled the true area of active
£ows measured in the ¢eld. For example, Harris
et al. [1] calculated that on 2 January 1992,
AT�500�C V 0.75 km2 and AT�100�C of V6 km2.
Field data show that the actual area of active
£ows on this data was V2.5 km2 [18].

The method of Harris et al. [1] therefore as-
sumes that heat loss per unit area of active £ow
is constant at all points on the £ow surface and at
all times during the eruption (the same end-mem-
ber range of T was assumed for each image date).
Finst was derived by multiplying this constant heat
loss per unit area by the calculated areas. As the
only variable in their analysis is the calculated ac-
tive £ow area, Eq. 1 is more accurately written as:

Er � FT

b �CpvT � P cL� AT �2�

where FT is the heat loss per unit area for an
assumed surface temperature T (100³C or
500³C), and AT is the area of lava at temperature
T needed to generate the observed at-satellite ra-
diance. The term that relates Er and AT in Eq. 2 is
held constant by Harris et al. [1] for all eruption
dates analysed. Thus, the variation in Er they re-
port is, and can only be, proportional to changes
in the lava £ow areas they calculate.

The signi¢cance of this can be viewed in the
context of empirical results obtained by Pieri
and Baloga [4], who analysed 34 lava £ows em-
placed during six Hawaiian eruptions and found
that lava £ow area and eruption rate were linearly
related, with correlation coe¤cients of between
0.88 and 0.99. Based on a one-dimensional heat
transport analysis of a lava £ow advancing until
radiative cooling had brought the lava tempera-
ture to some su¤ciently low freezing temperature,
they predicted a linear proportionality between
eruption rate, Q and ¢nal £ow area, A :

Q � OcT4
e

bCp�T03T f�A�L� �3�

Here, Q is the eruption rate (averaged over the
whole eruption duration), A(L) is the ¢nal plan
area of the lava £ow (attained when it achieves its
¢nal length, L), Te is the e¡ective radiation tem-
perature of the lava £ow surface, T0 is the lava
eruption temperature, and Tf is the temperature
of the £ow front at the time the £ow has cooled to
a halt. To test the validity of this model Pieri and
Baloga [4] used measured values of Q and A, and
assumed values for T0 and Tf , to see if Eq. 3
predicted 'realistic' values for Te, the e¡ective ra-
diation temperature of the surface of the £ows (Te

is the arealy weighted temperature of cool surface
crust and high temperature cracks within this
crust). Assuming T03Tf = 200³C, b = 2600 kg
m33 and Cp = 1150 J kg31 K31, they empirically
determined values of Te mostly in the range
V100^600³C for the group of £ows they ana-
lysed, with a couple of values close to 700³C. Pieri
and Baloga [4] never actually used Eq. 3 to esti-
mate eruption rates, and to do so would have
been problematic as Te could only be determined
empirically. For example, Pieri and Baloga [4]
compared empirically determined values of Te

with ¢eld-based thermal video camera data for
one of the £ows included in their data set. How-
ever, to force agreement between the Te predicted
by Eq. 3 and the ¢eld measurements they had to,
unrealistically, assume a lava cessation tempera-
ture below the solidus. Thus, it appears that Eq. 3
is unsuitable for determining unique values of Q
from measurements of A. However, using the
range of Te that Pieri and Baloga [4] determined
empirically as end-members (in e¡ect treating Eq.
3 as an empirical rather than an analytical solu-
tion) would allow an envelope of eruption rates to
be determined. Speci¢cally, if A is known and
T03Tf = 200³C, b = 2600 kg m33, Cp = 1150 J
kg31 K31, and end-member values of Te = 100³C
and Te = 700³C were assumed, solution of Eq. 3
would yield an estimate of Q that should embrace
the true value (Fig. 1).

Potentially, a more precise estimation of Q
could be obtained if a judgement could be made
regarding the relative thermal e¤ciency of the
£ow in question (i.e. whether to assume a value
closer to 100³C rather than 700³C when solving
Eq. 3). Pieri and Baloga [4] report evidence of
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systematic variations in observed Q :A ratios be-
tween channel and tube-fed £ows within the 34
£ows they analysed, with channel-fed £ows being
characterised by relatively higher ratios. As a re-
sult, Te predicted by Eq. 3 was higher for channel-
fed (up to 600³C) than tube-fed £ows (up to
200³C). This is consistent with the observation
that channel-fed £ows exhibit higher surface tem-
peratures, lose heat more quickly, and therefore
attain smaller area for a given eruption rate (i.e.
higher Q :A) than do tube-fed £ows [20].

Harris et al. [1] cite the work of Pieri and Ba-
loga [4], and speci¢cally Eq. 3, as the basis for
their method. Comparison of Eq. 2 and Eq. 3
reveals that they are virtually identical. When ap-
plying Eq. 2, Harris et al. [1] assigned the same
values for T03Tf (equivalent to vT), b and Cp as
Pieri and Baloga [4] assumed in their analysis. The
range of surface temperatures (100^500³C) as-
sumed by Harris et al. [1] also falls within the
range of Te empirically derived (V100^700³C)
by Pieri and Baloga [4]. Although Harris et al.
[1] include an extra term to describe latent heat
which Pieri and Baloga [4] do not (PcL ; compare
Eq. 2 with Eq. 3), this cancels out by virtue of the
fact that Harris et al. [1] estimate FT , the heat lost

from the £ow boundary at the assumed temper-
atures, as the sum of radiative heat loss and free
convective heat loss (Pieri and Baloga [4] consid-
ered only radiative cooling). Thus, the absolute
value of the term that relates Er and AT in Eq.
2 inevitably falls within the range of that which
Pieri and Baloga [4] found to empirically relate Q
and A for £ows on Hawai'i.

This conclusion has great signi¢cance in terms
of understanding how the method of Harris et al.
[1^3] works. Although lava £ow cooling is clearly
a controlling factor in determining the relation-
ship between eruption rate and the area a lava
£ow attains, we do not argue that the physical
models presented by Harris et al. [1] or Pieri
and Baloga [4] allow this relationship to be quan-
ti¢ed robustly, as there are some clear de¢ciencies
associated with both. As previously mentioned,
the only way Pieri and Baloga [4] could make
their model predictions regarding £ow surface
temperatures match ¢eld data was to assume a
£ow cessation temperature that was below the
lava solidus. This was due to the fact that their
model assumed a £ow covered by an in¢nitely
thin surface crust. Harris et al. [1] extend the
model of Pieri and Baloga [4] by including a

Fig. 1. Dashed lines represent eruption rates (Q) calculated using Eq. 3 for various lava £ow areas (A) with surface temperatures
(Te) of 100³C, 300³C, 500³C, and 700³C. Symbols depict measured ¢eld values of Q and A for 34 Hawaiian lava £ows (taken
from ¢gure 1 in [4]).
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term to describe latent heat release. Harris et al.
[1] calculate Er assuming latent heat losses over a
crystallisation interval of 40^50%. However, as-
suming that lava at 1080³C (the eruption temper-
ature used by Harris et al. [1,3] for Etna) contains
40% crystals on eruption, it will stop £owing long
before it attains the cessation temperature they
assume. This is because, given additional post-
eruption crystallisation of 40%, by the time the
£ow reaches the cessation temperature it will con-
tain too many crystals to £ow [21,22]. Although
the exact amount of crystallisation will vary from
case to case (Harris et al. [3] provide a description
of the e¡ect varying crystal content has on the
results they present), this is in e¡ect equivalent
to an overestimation of the heat liberated by the
lava £ow. However, in the original work of Harris
et al. [1] this does not signi¢cantly a¡ect the ac-
curacy of their results because, as previously men-
tioned, the inclusion of heat loss terms describing
free convection from the £ow surface essentially
cancels this 'extra' latent heat out. Thus, the value
of the constant by which Q and A are related in
the work of Harris et al. [1] remains virtually the
same as that determined by Pieri and Baloga [4].

Despite these limitations, the method of Harris
et al. [1] produces results that are consistently
realistic when compared to ¢eld data. We argue
that this success is not the result of detailed char-
acterisation of the £ows' thermal budgets, but is
instead attributable to the fact that the constant
by which Harris et al. [1] multiply space-based
estimates of lava £ow area is numerically within
the range of that which Pieri and Baloga [4] found
empirically to explain relationships between Q
and A for a suite of Hawaiian £ows.

3.1. Eruption rates versus e¡usion rates

By applying essentially the same empirical rela-
tionship derived by Pieri and Baloga [4] the 'e¡u-
sion rate' estimates presented by Harris et al. [1]
are more precisely termed lava eruption rates, the
absolute value being proportional to the area over
which lava has managed to spread by the moment
of image acquisition. Thus, it is more accurate to
substitute Q for Er in Eq. 3. This seems sensible,
as the area a lava £ow covers within the ¢eld of

view of an Earth-orbiting satellite at-an-instant is
not a function of the instantaneous e¡usion rate
at that moment, but is rather a function of the
average e¡usion rate (i.e. the eruption rate) prev-
alent up to that time.

A characteristic of many basaltic eruptions is
that e¡usion rates rise rapidly to a peak soon
after the onset of eruption and then decrease ex-
ponentially [16]. Thus, the eruption rate (when
calculated for the entire eruptive episode) will be
unrepresentative of the e¡usion rate at most times
during the eruption (Fig. 2). However, if the erup-
tion rate is calculated at regular time intervals
during an eruption then a histogram of eruption
rates can be compiled that will provide a closer
approximation of how e¡usion rates actually var-
ied [16]. By estimating eruption rates 28 times

Fig. 2. Top: Schematic diagram of the variation of magma
discharge during basaltic eruptions described by Wadge [16].
Dividing the ¢nal £ow volume by the total duration of the
eruption gives an eruption rate which is unrepresentative of
the instantaneous e¡usion rate at most times during the
eruption. Bottom: By calculating eruption rates at several
time intervals during the eruption, a histogram of eruption
rates approximates how instantaneous e¡usion rates actually
varied.
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during the 1991^1993 Etna eruption, Harris et al.
[1] do indeed construct such a histogram, explain-
ing why their eruption rates show good agreement
with ground-measured e¡usion rates.

3.2. The importance of distinguishing active £ows
from inactive £ows

When using satellite data to estimate eruption
rates from space at any point during an eruption,
it is only the area of those £ows active at the
moment of image acquisition that is of any im-
portance. The area of older, inactive £ows is of no
consequence as they may have been emplaced at
an entirely di¡erent eruption rate. This was rec-
ognised by Zimbelman [15] who tried to deter-
mine eruption rates of planetary lava £ows by
applying empirical relationships between £ow
morphology and eruption rate derived for terres-
trial £ows. He concludes that it is necessary to
consider only the dimensions of individual lava
£ow units, rather than the combined dimensions
of compound lava £ow-¢elds. This is because
most empirical relationships, and indeed the rela-
tionship between eruption rate and area derived
by Pieri and Baloga [4], are derived for single unit
£ows fed by well-de¢ned channels.

The method of Harris et al. [1], as de¢ned in
this paper, works because the infrared satellite
data provide an e¡ective and consistent means
for discriminating those £ows that are active at
the moment of satellite overpass (i.e. they are still
hot and emit signi¢cant amounts of thermal en-
ergy) from those £ows that are inactive (i.e. they
are relatively cold and emit substantially less).

Whereas Pieri and Baloga [4] restricted their
analysis to single unit lava £ows, the areas calcu-
lated by Harris et al. [1] will almost certainly rep-
resent the combined areas of many £ows active
simultaneously. Measuring the area of an individ-
ual £ow will provide an approximation of the
eruption rate that produced it. If such a £ow is
merely one of several £ows active at that time this
will not describe the total eruption rate. Here, the
synoptic data collection of orbiting satellite sen-
sors becomes important. Calculating the area of
all active £ows with the £ow-¢eld is equivalent to

assuming that the sum of their individual areas
was emplaced as a single unit, rather than as sev-
eral smaller £ows. Thus, by measuring the total
area of active £ows, infrared satellite data can be
used to approximate the total prevailing eruption
rate.

3.3. Summary

The method of Harris et al. [1] therefore uses
infrared satellite data to estimate active £ow area
and converts these to an estimate of e¡usion rate
using a model that replicates the empirical rela-
tionship between eruption rate and ¢nal £ow area
derived by Pieri and Baloga [4]. The proportion-
ality between eruption rate and £ow area was rec-
ognised by Crisp and Baloga [14] who used a
more complex version of Eq. 3 to estimate erup-
tion rates of lava £ows on Mars, based on £ow
area measurements taken from Viking images,
and an assumption that the Martian lava's had
similar thermal properties to their terrestrial
counterparts.

From the work of Harris et al. [1^3] it appears
that when using low spatial resolution data (e.g.
AVHRR), and the range of parameter values em-
pirically determined by Pieri and Baloga [4], Eq. 3
yields a reasonable envelope of eruption rates at
Etna, Kra£a, and Stromboli. This implies that
basaltic £ows on these volcanoes cool to a halt
in a similar way to basaltic £ows on Hawai'i.

4. Example: the October 1999 eruption of
Mount Etna

During October 1999 sustained strombolian ac-
tivity caused lava to ¢ll and, on 17 October, over-
£ow the rim of the Bocca Nuova crater, produc-
ing lava £ows which extended as far as 5 km
down Etna's western £ank. This period of e¡usive
activity ended on 5 November 1999. We have
used Eq. 3 to estimate eruption rates, using
AVHRR data, for three dates during this erup-
tion for which ground-based data, determined by
scientists of Sistema Poseidon, Nicolosi, are avail-
able for comparison. Fig. 3 shows the results for
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28 and 31 October, and 2 November 1999. In
each case thermal radiance emitted from anoma-
lously radiant AVHRR pixels (R4) was calculated
and the area of lava necessary to produce the
observed radiance for a range of temperatures
(AT ) determined using:

AT � R43L4�Tb�
L4�T�3L4�Tb� �4�

where L4 is the Planck function radiance emitted
at 10.7 Wm (the central wavelength of AVHRR
band 4) from surface of temperature T (the lava
£ow surface) and Tb (the ambient temperature of
ground adjacent to the active lava £ow). T was
varied between 100³C and 1000³C. Tb was deter-
mined from the AVHRR data.

These areas are plotted on Fig. 3, and can be
seen to decrease as the assumed temperature in-
creases. For each AT the eruption rate was calcu-
lated using Eq. 3, with FT set to the radiative heat
loss from a surface radiating at temperature T

(FT = OcT4). As T increases, eruption rate initially
decreases (as the calculated active £ow area de-
creases), but then begins to increase as the T4

relationship begins to outweigh the decrease in
AT .

Assuming upper and lower values of T of
100³C and 600³C [4], Eq. 3 yields eruption rate
envelopes of V18^27 m3 s31 (28 October), V5^9
m3 s31 (31 October) and V1^2 m3 s31 (2 Novem-
ber). These compare with ¢eld-based eruption rate
estimates of V28 m3 s31 (27 October), V5 m3

s31 (31 October) and V1 m3 s31 (2 November)
(M. Neri, personal communication). The fact that
they are not in exact agreement is probably of
little signi¢cance as both will undoubtedly have
a certain amount of associated error. Error in
¢eld estimates of eruption rate is likely to stem
from uncertainties in £ow-¢eld thickness, being
derived from measurements of £ow area and ve-
locity, multiplied by less reliable estimates of £ow
thickness. Error in the satellite-based estimates
will stem from a variety of factors. Firstly, the

Fig. 3. Lava £ow areas (AT ) and e¡usion rates (Q) calculated from AVHRR data acquired on 28 and 31 October, and 2 Novem-
ber 1999. On each date, the amount of radiance emitted from the lava £ow surface at 10.7 Wm was obtained from the AVHRR
data. Using techniques described in this paper AT (and subsequently Q) were calculated (from Eqs. 4 and 3, respectively) based
on these radiance values for a range of assumed £ow surface temperatures, T. Plot symbols are used only to aid discrimination
between the di¡erent curves and do not represent discrete data points.
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empirical relationship upon which they are based
is only a best ¢t to a data set which, as Pieri and
Baloga [4] demonstrate (Fig. 1), can have a large
degree of scatter. Crisp and Baloga [14] indicate
that signi¢cant scatter in plots of Q versus A can
be caused by variations in the lava core temper-
ature and the extent to which this core is exposed
to the atmosphere through cracks in the lava's
outer crust.

The method is also reliant on the premise that
lava added to the £ow-¢eld has an expression in
terms of surface £ows. An increase in eruption
rate which was accommodated by £ow in£ation
rather than £ow expansion would clearly be invis-
ible to an orbiting satellite, and would remain
undetected. Intermittent release of lava stored lo-
cally within in£ated £ow-¢elds, such as that re-
ported to have occurred at Kilauea, Hawai'i by
Hon et al. [23], would also cause the method to
break down. In this example, active lava £ows
covering several hundred square metres were ob-
served even though supply from the summit re-
gion had ceased a day earlier. Tube-fed £ows may
also introduce complications. Calvari and Pinker-
ton [24] report that the 1991^1993 Etna lava £ow,
which propagated through an extensive tube sys-
tem, extended 3 km further than predicted by
length^e¡usion rate relationships developed for
open-channels £ows.

However, despite these limitations, it appears
from the work of Harris et al. [1^3,19] and the
example we present here that Eq. 3 can be used to
provide an approximation of eruption rates in a
manner that is both qualitatively and quantita-
tively consistent with ground-based data. We
have used Eq. 3 in this worked example to illus-
trate how much the method of Harris et al. [1] has
in common with the work of Pieri and Baloga [4].
However, it is important to note that the conclu-
sion of this paper is that although the term that
equates eruption rate and £ow area in Eq. 3 at-
tempts to approximate the thermal budget of the
£ows in question, it was in fact empirically para-
meterised by Pieri and Baloga [4]. As such, we do
not argue that it allows eruption rates to be cal-
culated from a detailed analysis of the lava £ows'
thermal budgets. Instead we argue that the term

which relates Q and A in Eq. 3, OcT4
e /

bCp(T03Tf ), can in fact be viewed as an empiri-
cally parameterised constant. As a result, the
upper and lower end-member eruption rate esti-
mates presented in this section could have been
calculated using Q = 55.111 A and Q = 1.838 A,
respectively.

5. Conclusions

Harris et al. [1^3] proposed that instantaneous
lava e¡usion rates can be calculated thermody-
namically from remotely sensed radiance data.
We provide an alternative explanation. The suc-
cess of Harris et al. [1^3] can be attributed to the
fact that the area a lava £ow attains is related in a
systematic way to the eruption rate that conspired
to produce it. We demonstrate how reasonable
eruption rate envelopes can be derived from re-
motely sensed radiance data based on estimates of
lava £ow area, and an empirically parameterised
slope coe¤cient derived by Pieri and Baloga [4] to
describe eruption rate^area relationships for Ha-
waiian £ows.

The satellite-derived eruption rate curves pro-
duced by Harris et al. [1], and subsequent studies
by Harris et al. [2,3] are qualitatively consistent
with ¢eld observations and theoretical predictions
of how e¡usion rates should vary during basaltic
eruptions. The quantitative accuracy of the space-
based method is harder to determine. However,
the absolute eruption rates reported by Harris et
al. [1^3] and in this paper are certainly of the
correct magnitude, and within error of conven-
tional ground-based estimates. It is therefore real-
istic to conclude that satellite data allow eruption
rates to be estimated, but that they cannot really
be calculated.

Low spatial resolution (V1 km) remotely
sensed radiance data provide an excellent way to
estimate active lava £ow areas regularly during an
eruption and in a manner that is temporally con-
sistent. Such measurements are not limited by the
accessibility of the volcano, or the size of the £ow-
¢eld. Currently available data sources include
AVHRR, the along-track scanning radiometer
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(ATSR [25]), and the recently launched moderate
resolution imaging spectro-radiometer (MODIS).
ATSR and MODIS both acquire 1-km data in the
relevant short-wave infrared wavebands, although
neither acquire data as frequently as AVHRR
(ATSR images the same point on the Earth's sur-
face, once by day, once by night, on average every
three days, while MODIS achieves the same tem-
poral coverage every 1^2 days). As a result, the
integrated satellite data set acquired by these sen-
sors represents a viable means for providing
timely estimates of lava eruption rates at all of
the Earth's subaeriel volcanoes.
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