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[1] We combine two flow simulation models to provide a
computationally efficient means of predicting the final
dimensions of active lava flows. By using a stochastic
approach to predict all the downhill paths that a lava flow
could possibly follow and a thermo–rheological model to
terminate these paths once the predicted cooling–limited
length for the flow has been attained, this approach allows
for rapid assessment of the area likely to be inundated by
lava. The 1991–1993 eruption of Mount Etna is used as a
case study. Lava effusion rate exerts a strong control on the
maximum length a lava flow can attain, and we demonstrate
how the model can be driven by time–varying effusion
rates, obtained from infrared satellite data. As such data are
obtained in near–real–time, this approach allows flow
simulations to be updated in a timely manner, in response to
changing eruption conditions. Citation: Wright, R., H. Garbeil,

and A. J. L. Harris (2008), Using infrared satellite data to drive a

thermo-rheological/stochastic lava flow emplacement model: A

method for near-real-time volcanic hazard assessment, Geophys.

Res. Lett., 35, L19307, doi:10.1029/2008GL035228.

1. Introduction

[2] During an effusive volcanic eruption, forecasting
which areas down slope from the vent are most likely to
be inundated by lava flows is a primary goal of hazard
managers. This importance is reflected in the number of
models that have been developed to describe how lava
flows. These range from predicting flow dimensions based
on empirical relationships between process variables and
morphometric parameters [e.g., Pinkerton and Wilson,
1994], to solving the equations of heat and mass transfer
for individual parcels of lava as they move down slope, to
compute the time (and hence distance from the vent) at
which the lava will no longer flow [e.g., Ishihara et al.,
1990].
[3] Although flow simulations vary widely in their rela-

tive complexity they all seek to answer the same funda-
mental questions: along which paths from the vent will the
lava flow, and how far along those paths will it advance?
Here, we have combined two models that, collectively,
answer both of these questions. The DOWNFLOW model
of Favalli et al. [2005] uses a stochastic approach to predict
all possible downhill paths that a lava flow might take by
calculating drainage paths using a vent location and a digital

elevation model (DEM). A family of flow paths is produced
by iteratively varying the elevation of each cell in the DEM
and, at each step, re–running the drainage simulation. For
large numbers of iterations the resulting family of flow
paths results in an impressive simulation of flow width as a
function of distance from the vent, but does not constrain
flow length. The FLOWGO model [Harris and Rowland,
2001] predicts the maximum potential length of a cooling–
limited flow by estimating the rate at which a parcel of lava
flowing in a channel cools and crystallizes, becomes more
viscous, and eventually becomes too stiff to flow any
further. While FLOWGO allows for prediction of flow
length, it provides no information regarding the potential
area over which the lava may expand (i.e., flow width).
[4] Many variables influence the lengths of lava flows.

However, after chemical composition, the volumetric lava
effusion rate is the most important [Walker, 1973]. A higher
effusion rate allows a volume of lava to advance over a
greater area (and hence attain a greater length) before it
solidifies than does a lower effusion rate [Pieri and Baloga,
1986]. As such, predictions of flow dimensions should
account for significant temporal variations in this important
parameter. Satellite remote sensing provides a means to
estimate effusion rates in near–real–time during an erup-
tion [see Pieri and Baloga, 1986; Harris et al., 1997;
Wright et al., 2001]. Such estimates can be made as often
as several times per day (weather permitting) when using
data acquired by low spatial, but high temporal resolution
sensors, such as the Advanced Very High Resolution
Radiometer (AVHRR) and the Moderate Resolution Imag-
ing Spectroradiometer (MODIS).
[5] Both flow simulation models are computationally

simple, and the techniques for estimating lava effusion rates
from remote sensing data are well established in the
literature. Our aim is to demonstrate how the information
gleaned from each of these sources can be combined to
produce realistic predictions regarding the final plan dimen-
sions of an active lava flow, using Etna’s 1991–1993
eruption as a case study.

2. Method

[6] DOWNFLOW [Favalli et al., 2005] predicts lava
inundation at all distances down slope from an eruptive
vent using a stochastic approach. The model assumes that
lava flows downhill and uses a DEM to compute, for each
adjacent pixel, the path of steepest descent, while recogniz-
ing that uncertainties in the elevation model mean that, in
fact, the true path of steepest descent is unknown. To
overcome this limitation, drainage paths are calculated
iteratively, with the elevation of each pixel in the DEM
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randomly varied, within a given range, at each iteration. A
sufficient number of iterations results in a set of possible
flow paths, each one calculated using a slightly different
DEM. The model relies on three things: a vent location, a
DEM, and an estimate of the relative vertical accuracy of
the DEM. The latter is used to compute Dh, which gives the
scale of the elevation perturbation introduced each iteration,
equal to 2Dh [Favalli et al., 2005]. We use a value of 8 m,
given the relative vertical accuracy of our Etna DEM
(�4 m). The DEM of our study area has a horizontal
resolution of 10 m and was produced from topographic
maps that do not include the topography of the 1991–1993
flow–field itself. Although one can argue about how fine
the resolution of the DEM must be to accurately predict
flow paths, the advantage of the DOWNFLOW method is
that it assumes, a priori, that the DEM does not reflect the
true topography, and accounts for this stochastically. The
location of the vent was obtained from a Landsat Thematic
Mapper (TM) image acquired on 22 March 1992.
[7] DOWNFLOW predicts all areas from the vent to the

local base level (or the limits of the DEM), but does not
indicate how far along those paths the lava can be expected
to extend. We use the FLOWGO model [Harris and
Rowland, 2001] to provide this information. In short,
FLOWGO models the cooling, and the resulting changes
in the temperature, crystallinity, and rheology, of a control
volume of lava as it moves from the vent within a channel.
Initial conditions include the lava eruption temperature,
temperature–viscosity and temperature–yield strength
relationships, and an assumption regarding the efficiency
with which the control volume loses thermal energy
through its upper surface (i.e., how well insulated it is).
By estimating the amount of energy that the control
volume loses at each time step (negative terms include,
radiation, convection, and conduction; positive terms in-
clude latent heat of crystallization), its viscosity and yield
strength are computed. Continued cooling of the control
volume results in its stiffening, the lava eventually becom-
ing sufficiently viscous that it will flow no further. The
distance from the vent at which this critical rheologic
threshold is crossed is determined by the down stream
velocity of the control volume in the channel, the distance
at which this drops to near–zero corresponds to the
cooling–limited distance that a channel–confined control
volume can travel.
[8] Velocity is determined using a modified version of the

Jeffreys equation, which relates channel dimensions, ground
slope, lava rheology, and volumetric flux rate to mean
channel velocity [Rowland et al., 2005, equation (1)]. Based
on a vent location and an effusion rate, the model deter-
mines the steepest downslope path from this location and
calculates an average slope along the first 10 DEM pixels.
Using this average slope it then iterates channel dimensions
until the desired effective effusion rate is achieved (i.e.,
width � depth � velocity = effusion rate), with the
condition that along this uppermost part of the channel,
the cross–section is square (depth = width). In this way,
velocity is proportional to effusion rate and FLOWGO can
be used to predict cooling–limited flow length as a function
of effusion rate [see Rowland et al., 2005].
[9] Although the model is computationally simple, there

are a large number of constants and variables. With respect

to constants (e.g., latent heat of crystallization; lava densi-
ty), we use the values given by Harris and Rowland [2001,
Table 1]. Regarding variables (e.g., eruption temperature,
lava solidus, basal crust thickness, vesicularity, crystal
content), we use values corresponding to the mid–point
between the end–member values considered by Harris and
Rowland [2001, Table 5] in their analysis of a lava flow
erupted from Etna’s South East Crater in 1998. The values
chosen by Harris and Rowland [2001] were compiled from
literature values appropriate for Etnean lavas, and provided
a good fit between FLOWGO simulations and the true flow
length during Etna’s 2004 eruption [Harris et al., 2007]. As
the basis for estimating energy loss from the flow surface
we assume an isothermal crust at all points downstream
from the vent (150 �C; this is consistent with the assumed
crust temperature used to estimate the lava effusion rates
from the infrared satellite data, as described in the next
paragraph, and corresponds to best–fit model M2.3 of
Harris et al. [2007]). We assume cooling via free convec-
tion and radiation into the atmosphere, and conduction into
the substrate.
[10] Infrared satellite data have been used to estimate lava

effusion rates for many eruptions, and have been demon-
strated to yield estimates that compare favorably with in–
situ data. By calculating the plan area of active lava (at an
assumed temperature) required to generate the observed at–
satellite infrared spectral radiance, the area of active lava at
the moment of satellite overpass can be estimated, allowing
an estimate of the lava effusion rate required to produce a
flow with such an area to be estimated [see Pieri and
Baloga, 1986; Harris et al., 1997; Wright et al., 2001].
As the lava surface temperature is unknown, upper and
lower end–member estimates (100�C and 500�C) are used
to calculate an envelope of active lava areas, within which
the true area is assumed to lie. Multiplying these areas by an
empirically parameterized constant that describes the energy

Figure 1. Lava effusion rates (Q) estimated for the 1991–
1993 Etna eruption from analysis of infrared satellite data.
AVHRR (triangles), and ATSR derived effusion rates
(squares) from Harris et al. [2000]. TM–derived effusion
rates (circles) determined by R. Wright (unpublished data,
1998). In each case, open symbols denote the maximum
effusion rate, filled symbols the minimum value.
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budget of lava cooling via radiation allows effusion rates to
be estimated.

3. Results and Discussion

[11] The 1991–1993 eruption of Mount Etna began on
14 December 1991 and ended on 31 March 1993 during
which time �230 � 106 m3 of lava was erupted [Stevens et
al., 1997]. Flows were almost wholly confined to the Valle
del Bove, ultimately extending to a distance of �8.5 from
the vent [see Calvari et al., 1994]. Figure 1 shows satellite–
derived effusion rates for the eruption, calculated using
infrared data acquired by the NOAA (National Oceano-
graphic and Atmospheric Administration) Advanced Very
High Resolution Radiometer (AVHRR), the ERS–1 (Earth
Resource Satellite) Along Track Scanning Radiometer
(ATSR) and the Landsat TM. AVHRR and ATSR both
acquire data with a nominal spatial resolution of 1 km,
whereas TM data are 30 m. Previous studies reveal that the
upper limit of this range is a better approximation of the
actual effusion rate than the values that constitute the lower
limit, because the maximum active flow area estimate on
which this is based is a better approximation of the area of
active flows present at the moment of satellite overpass [see
Harris et al., 1997, Figure 8]. The maximum effusion rate

also allows us to simulate the maximum potential flow
length. As a result, we use the maximum values in this
study. The maximum value computed from Landsat TM on
3 February 1992 (26 m3 s�1) is close to the maximum value
for this eruption (25 m3 s�1) reported by Calvari et al.
[1994].
[12] Figure 2 shows the results obtained from running the

DOWNFLOW/FLOWGO hybrid for n = 1, n = 100, n =
1000, and n = 10,000 iterations, assuming an effusion rate
of 26 m3 s�1. Colors indicate the number of times each pixel
was inundated with lava as a percentage of n. In order to
display the full range of values the data are displayed using
a logarithmic scale. All images are displayed at the same
scale and spatial extent. Using a 2.3 GHz processor, a run of
n = 10,000 takes �20 minutes. Figure 2a shows the
FLOWGO predicted cooling–limited length for an effusion
rate of 26 m3 s�1 (red line). As n increases (Figures 2b–2d)
so the stochastic element of the model acts to distribute a
family of potential channel–fed flows across the floor of the
Valle del Bove. As the velocity of the flow is a function of
slope, which varies for each value of n, different iterations
return slightly different cooling–limited lengths.
[13] Although for n = 10,000 the dimensions of the

predicted and actual flow–fields are broadly comparable
there are several similarities and differences of note. The

Figure 2. Simulations of the 1991–1993 Etna lava flow obtained using the combined thermo–rheological/stochastic
method described herein, and an effusion rate of 26 m3 s�1: (a) n = 1, (b) n = 100, (c) n = 1000, (d) n = 10,000, and
(e) sketch map of the flow–field as of the period 3–10 January 1992, adapted from Calvari and Pinkerton [1998,
Figure 3d]. Images and sketches are displayed at the same horizontal and vertical scale. Note that the color scale is different
for each simulation. Yellow polygon denotes outline of the final flow–field, after Stevens et al. [1997].
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FLOWGO predicted length of �7.1 km (Figure 2a) is
shorter than the observed length of the final flow–field
(�8.5 km). In fact, not until n exceeds 1000 do some flows
manage to extend beyond the exit of Val Calanna, and even
then only a very small percentage of the total (�0.1%)
approach the terminus of the 1991–1993 flow–field. This
discrepancy may be explained in terms of the effect that
lava tubes have in extending the potential flow length.
FLOWGO models lava flowing in a channel. The extra
insulation afforded to lava flowing in a tube allows tube–
fed flows to extend farther than their channel–fed counter-
parts, for the same effusion rate, by retarding the rate at
which the lava cools and solidifies [see Keszthelyi and Self,
1998]. Analysis of remotely sensed data indicates that as of
2 January 1992, most flows were surface–fed, rather than
tube–fed [Wright et al., 2000]. Sketch maps (Figure 2e)
provided by Calvari and Pinkerton [1998] and data provid-
ed by Calvari et al. [1994, Figure 5] indicate that, at this
time, the flow–field had attained a length of �6.5 km,
consistent with our results. After this time, lengthening of
the flow–field was the result of the development of an
extensive system of tubes [Calvari and Pinkerton, 1998].

[14] The final flow–field is also somewhat wider, partic-
ularly on the Piano del Trifoglietto, than our model predicts
(Figure 2d). However, this widening was the result of the
artificial diversion of lava atop the pre–existing flow–field
from a location near the main vent, after 27 May 1992
[Calvari et al., 1994]. Comparison of our results with the
field maps of Calvari and Pinkerton [1998] show satisfac-
tory agreement prior to this time. The significant length and
width discrepancies that we have drawn attention to can
therefore largely be attributed to eruption specific complex-
ities (development of a tube system; artificial lava diver-
sion), that our approach does not model.
[15] The model can also be run using time–varying

effusion rates. Figure 3 shows such an approach might be
implemented using satellite–derived effusion rates deter-
mined during the first 19 days of the eruption. This period
of time corresponds to the first two phases of the eruption
[Calvari et al., 1994], during which time effusion rates
steadily increased to a peak, and by the end of which the
flow–field had attained �90% of its final length [Calvari et
al., 1994, Figure 5]. The results of four runs (n = 5000) are
shown, each for a date on which a satellite–derived effusion
rate is available (15 December 1991, Q = 3 m3 s�1;

Figure 3. FLOWGO/DOWNFLOW simulations (n = 5000) using lava effusion rates determined from infrared satellite
data acquired during the first 19 days of the eruption, with published maps of flow dimensions. Sketch maps adapted from
Calvari and Pinkerton [1998, Figure 3]. Images and sketches are displayed at the same horizontal and vertical scale to
allow for direct comparison.
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23 December 1991, Q = 9 m3 s�1; 25 December 1991, Q =
15 m3 s�1; 2 January 1992, Q = 25 m3 s�1; Figure 1). These
dates were chosen because Calvari and Pinkerton [1998]
provide sketch maps coincident in time with which to
evaluate the model output.
[16] Clearly there are substantial differences between the

plan morphology of the flow–field predicted by our ap-
proach and the observed dimensions. On 15 December 1991
the predicted flow length is approximately +90% of the
observed flow length, although on the other dates the
predicted and observed flow lengths are within �10% of
each other. A certain discrepancy is to be expected, as
changes in the contemporaneous effusion rate take time to
be translated into a change in active flow area (or, the active
flow area at any one time is a function of the antecedent
effusion rate, rather than the instantaneous effusion rate).
Predicted flow widths are also in quite good agreement with
field observations, particularly for those pixels that were
inundated on at least 10% of the iterations (i.e., ignoring the
blue pixels). Whilst failing to capture the larger scale
complexities of the flow–field outline, we contend that
the thermo–rheological component of the model predicts
the observed rate of lengthening of the 1991–1993 flow–
field satisfactorily; the stochastic element faithfully repro-
duces the degree of flow widening.

4. Conclusions

[17] We describe an approach for using satellite–derived
effusion rates to drive a hybrid thermo–rheological/stochas-
tic model of lava flow emplacement, using the 1991–1993
eruption of Mount Etna, Sicily, as a test case. The degree to
which the model can replicate the observed rate of length-
ening of the flow–field during the first 19 days of the
eruption on the basis of time–varying satellite–derived
effusion rates is encouraging. Given the importance of lava
effusion rate in determining final flow length, and the fact
that they can vary substantially over relatively short time
scales (Figure 1) any simulation technique that aims to
provide realistic lava flow hazard assessments should be
able to incorporate changes in effusion rate into its pre-
dictions in a timely manner. Satellite remote sensing pro-
vides a means to estimate this parameter during an eruption,
sometimes as often as several times per day, and can be
available within hours, perhaps minutes, of satellite over-
pass. Conceptually, a satellite derived effusion rate,
obtained in near–real–time from and automated satellite
thermal volcano monitoring system [e.g., Wright et al.,
2004], could be used to generate a prediction of lava flow
inundation using the approach we describe here. The next
time the satellite obtains an image of the volcano in question
the effusion rate could be updated, and a new simulation
produced. In this way, predictions of the likely length and
width of a lava flow–field could be produced in a timely
manner, and automatically updated in such a way that

significant changes in lava effusion rate are incorporated
into the predictions.

[18] Acknowledgments. Support was provided by NASA grants
NNG04G064G and NNX08AF08G. We thank V. Lombardo and an
anonymous reviewer for their comments. HIGP publication 1669 and
SOEST publication 7533.

References
Calvari, S., and H. Pinkerton (1998), Formation of lava tubes and extensive
flow field during the 1991–1993 eruption of Mount Etna, J. Geophys.
Res., 103, 27,291–27,301.

Calvari, S., M. Coltelli, M. Neri, M. Pompilio, and V. Scribano (1994), The
1991–1993 Etna eruption: Chronology and lava flow–field evolution,
Acta Vulcanol., 4, 125–133.

Favalli, M., M. T. Pareschi, A. Neri, and I. Isola (2005), Forecasting lava
flow paths by a stochastic approach, Geophys. Res. Lett., 32, L03305,
doi:10.1029/2004GL021718.

Harris, A. J. L., and S. K. Rowland (2001), FLOWGO: A kinematic ther-
mo-rheological mode for lava flowing in a channel, Bull. Volcanol., 63,
20–44.

Harris, A. J. L., S. Blake, D. A. Rothery, and N. F. Stevens (1997), A
chronology of the 1991 to 1993 Etna eruption using AVHRR data: Im-
plications for real – time thermal volcano monitoring, J. Geophys. Res.,
102, 7985–8003.

Harris, A. J. L., J. B. Murray, S. E. Aries, M. A. Davies, L. P. Flynn, M. J.
Wooster, R. Wright, and D. A. Rothery (2000), Effusion rate trends at
Etna and Krafla and their implications for eruptive mechanisms, J. Vol-
canol. Geotherm. Res., 102, 237–269.

Harris, A., M. Favalli, F. Mazzarini, and M. T. Pareschi (2007), Best-fit
results from application of a thermo-rheological model for channelized
lava flow to high spatial resolution morphological data, Geophys. Res.
Lett., 34, L01301, doi:10.1029/2006GL028126.

Ishihara, K., M. Iguchi, and K. Kamo (1990), Numerical simulation of lava
flows on some volcanoes in Japan, in Lava Flows and Domes: Emplace-
ment Mechanisms and Hazard Implications, edited by J. Fink, pp. 174–
207, Springer, Berlin.

Keszthelyi, L., and S. Self (1998), Some physical requirements for the
emplacement of long basaltic lava flows, J. Geophys. Res., 103,
27,447–27,464.

Pieri, D. C., and S. M. Baloga (1986), Eruption rate, area, and length
relationships for some Hawaiian lava flows, J. Volcanol. Geotherm.
Res., 30, 29–45.

Pinkerton, H., and L. Wilson (1994), Factors controlling the lengths of
channel-fed lava flows, Bull. Volcanol., 56, 108–120.

Rowland, S. K., H. Garbeil, and A. J. L. Harris (2005), Lengths and hazards
from channel-fed lava flows on Mauna Loa, Hawai’i, determined from
thermal and downslope modeling with FLOWGO, Bull. Volcanol., 67,
634–647.

Stevens, N. F., J. B. Murray, and G. Wadge (1997), The volume and shape
of the 1991–1993 lava flow field at Mount Etna, Sicily, Bull. Volcanol.,
58, 449–454.

Walker, G. P. L. (1973), Lengths of lava flows, Philos. Trans. R. Soc.
London, Ser. A, 274, 107–118.

Wright, R., D. A. Rothery, S. Blake, and D. C. Pieri (2000), Visualising
active volcanism with high spatial resolution satellite data: The 1991 to
1993 eruption of Mount Etna, Bull. Volcanol., 62, 256–265.

Wright, R., S. Blake, A. J. L. Harris, and D. A. Rothery (2001), A simple
explanation for the space–based calculation of lava eruption rates, Earth
Planet. Sci. Lett., 192, 223–233.

Wright, R., L. P. Flynn, H. Garbeil, A. J. L. Harris, and E. Pilger (2004),
MODVOLC: Near-real-time thermal monitoring of global volcanism,
J. Volcanol. Geotherm. Res., 135, 29–49.

�����������������������
H. Garbeil, A. J. L. Harris, and R. Wright, Hawai’i Institute of

Geophysics and Planetology, University of Hawai’i at Mânoa, Honolulu, HI
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