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Effusion rate is a key parameter tomodel lava flow advance and associated risks. Estimation of effusion rate from
thermal remote-sensing using satellite data has matured to the point where it can be an operational monitoring
tool, notably for volcanoes without a ground observatory. However, robust physical models, as required for
quantitative interpretations, have not yet been adequately developed. The current and widely used method
relates the satellite-measured radiated power to the flow effusion rate through the lava area, with an empirical
fit that assumes a low surface cooling efficiency. Here we use novel fluid dynamic laboratory experiments and
viscous flow theory to show that assuming low convective cooling at the surface of the flow leads to a systematic
underestimation of the effusion rate. This result, obtained for the case of a hot isoviscous gravity current which
cools as it flows, relies only on the respective efficiency of convection and radiation at the flow surface, and is in-
dependent of the details of the internal flow model. Applying this model to lava flows cooling under classical
wind conditions, we find that the model compares well to data acquired on basaltic eruptions within the error
bars corresponding to the uncertainties on natural wind conditions. Hence the thermal proxy deduced from
the isoviscous model does not seem to require an additional fitting parameter accounting for internal flow
processes such as crystallization. The predictions of the model are not correct however for thick lava flows
such as highly viscous domes, because a thermal steady state is probably not reached for these flows. Further-
more, in the case of very large basaltic flows, extra cooling is expected due to self-induced convection currents.
The increased efficiency of surface cooling for these large eruptionsmust be taken into account to avoid a gross –
and dangerously misleading – underestimate of the effusion rate.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

A knowledge of magma discharge rate (effusion rate) is crucial for
risk assessment on the flanks of a volcano (e.g. Guest et al., 1987;
Ishihara et al., 1990; Vicari et al., 2009; Hérault et al., 2011), and is re-
quired to model, hence to anticipate, the advance of a lava flow during
an effusive volcanic eruption (Walker, 1973; Griffiths, 2000). Effusion
rate influences the regime of lava flow and cooling, with high effusion
rates more likely to produce long, hazardous lava flow (Guest et al.,
1987; Harris and Rowland, 2009). Retrieving the range and variation of
effusion rate also brings information about the internal plumbing system
of the volcano (Wadge, 1981). Gaining access to these key features
requires the measurement or estimation of the effusion rate, as near as
possible to real-time.

Effusion rate remains however an elusive parameter, hardly mea-
surable in near real-time, and for which several proxies have been
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developed (see review in Harris et al. (2007)). Technologically ad-
vancedmeasurements using repeated plane-flown topographic surveys
have been on occasion performed during a few eruptions on Mt. Etna
(Coltelli et al., 2007; Favalli et al., 2010), but this remains costly and im-
practical as a general approach. One of the approaches currently most
used to provide systematic quantitative measurements of effusion rate
is thermal remote-sensing, exploiting satellite payloads. Since early
pioneering studies (e.g. Glaze et al., 1989; Oppenheimer, 1991), this ap-
proach has steadily developed into a tool that has been used on several
volcanoes (e.g. Harris et al., 2007; Spampinato et al., 2011). With re-
spect to the more specific problem of real-time operational monitoring,
a promising development has come with operation over the last few
years of the SEVIRI payload on-board Meteosat (MSG2), which makes
thermal radiance measurements every 15 min (Hirn et al., 2009;
Ganci et al., 2012). For example, the GMES-Downstream project EVOSS
makes operational use of SEVIRI to achieve continent-scale monitoring
for countries with weak ground infrastructure that are nevertheless
subject to serious volcanic risk (Ferrucci et al., 2013).

While thermal remote-sensing proxies are used as operational mon-
itoring tools, there is still a need to better identify their limitations. Part of
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the uncertainty is related to the satellite measurement itself (e.g. Wright
and Flynn, 2003; Ball and Pinkerton, 2006; Gouhier et al., 2012), and
another part to the modeling and parameterization of the relationship
between the thermal energy radiated at the surface of the flow and the
flow rate (Dragoni and Tallarico, 2009;Harris and Baloga, 2009). In a pre-
vious studywe have established a theoreticalmodel relating the thermal
structure of a hot isoviscous gravity current to its flow rate (Garel et al.,
2012). This model gives one description of how the thermal evolution
of the flow is controlled by the balance between heat advection within
the flow, and heat lost at the surface by convection and radiation.

There are thus two major ways for improvement of the use of
thermal-remote sensing techniques on lava flows: (1) more realistic
modeling of heat advection within the flow (e.g. Filippucci et al.
(2013)), with the possibility to take into account substrate geometries
and complex rheologies with solidification, and (2) more precise de-
scription of effective heat loss at the surface of the flow by both radia-
tion and convection in the air. The aim of the present paper is to
quantify and discuss the effect of wind on lava flow cooling and on
the resulting link between surface thermal signal and effusion rate.

2. Current thermal proxy

The thermal proxy in predominant current use is the time-
independent model of Harris et al. (2007). Initially derived from a static
heat budget for a lava flow that has stopped advancing (Pieri and Baloga,
1986), it was later applied to advancing lavas assuming that the heat
losses at the surface and at the base of the lava flow are at all time
balanced by the heat supplied by advection and crystallization (Harris
et al., 1997), i.e. a kind of “frozen-time” approximation. This approxima-
tion is at odds with evidence for heat storage in the lava flow at the
beginning of an eruption (Wooster et al., 1997). Nevertheless, Garel
et al. (2012) have demonstrated that in the simple case of the spreading
of a hot isoviscous, non-crystallizing fluid, initial heat storage in the cur-
rent did not prevent the establishment of a thermal steady state after a
transient period (during which the radiated power increased even
though the input rate was constant). Hence this study established a
first theoretical basis for the empirical relationship assuming proportion-
ality between lava area and time-averaged effusion rate, which remains
widely used (e.g. Wright et al., 2001; Harris et al., 2007; Harris and
Baloga, 2009; Coppola et al., 2013).

The thermal proxy of Harris et al. (2007, 2010) is:

Q ¼
εσ T4

top−T4
a

� �
þ λ Ttop−Ta

� �
c

A ð1Þ

with Q the effusion rate, A the lava flow area, ε the lava emissivity, σ the
Stefan–Boltzmann constant, Ttop the surface temperature of the lava
flow, Ta the ambient temperature, λ the convective heat transfer coeffi-
cient (CHTC) that quantifies the convective cooling at the surface of the
flow, and c a best-fit parameter, which should depend on the internal
structure of the flow, on crystallization, on rheology and/or topography.
The lava area A is derived from the satellite-measured power radiated
by the flow assuming a range of possible surface temperatures (e.g.
Wright et al. (2001)). The parameter c is defined by Harris et al. (1997)
as ρ(CpΔT + ϕcL), with ρ, ϕ, Cp, and cL the lava density, crystal content,
specific heat and latent heat of crystallization, respectively, andΔT a tem-
perature range (Harris et al., 2007, 2010). Note that Eq. (1) does not con-
tain any reference to the flow dynamics (viscosity does not appear, for
example). The detailed calculation of c remains controversial, as well as
the physical justification of ΔT (Dragoni and Tallarico, 2009; Harris and
Baloga, 2009). Recently, Coppola et al. (2013) introduced the global pa-
rameter of “radiant density” that integrates the influence of all control
parameters into a unique best-fit coefficient given by the proportionality
between lava area and effusion rate.

Themaximal uncertainty on the calculation of the effusion rate from
Eq. (1) is estimated around 50% (Harris et al., 2007). While significant,
such an error is similar to the error on the estimate on average mass
flux that might be achieved from ground-based measurements (Harris
et al., 2007). Thequestion remains however open about how the param-
eterization of surface cooling due to wind can introduce additional
errors or can change the best-fit calculation in the estimation of effusion
rate through Eq. (1). This issue is crucial for estimating uncertainties in
the effusion rate calculation for poorlymonitored volcanoes, considering
that the best-fit relationship is established a posteriori (i.e. after the
eruption).

We focus in the following on the influence of wind on the lava flows'
thermal signature. All else being equal (effusion rate, topography,
rheology) the influence of convective cooling depends only on the
surface temperature of the flow and on the wind velocity, hence is inde-
pendent of the treatment of the internalflowdynamics.We thus build on
the theoretical and experimental model of Garel et al. (2012) to investi-
gate quantitatively the influence of cooling by forced convection (wind).

3. Parameterization of convective cooling in the current
thermal proxy

The rate of cooling of a lava flow with a surface temperature Ttop
occurs by radiation, which scales as εσ(Ttop4 − Ta

4), and by convection,
either natural or forced by ambient winds, which scales as λ(Ttop − Ta).
Radiation is the dominant heat transfer process when surface tempera-
ture Ttop is still high. There is however a threshold surface temperature
below which convection becomes the dominant heat loss process as the
lava cools down (Head and Wilson, 1986; Keszthelyi et al., 2003). The
surface temperature at which the two mechanisms switch roles as the
dominant cooling process is higher for larger values of λ: 140, 300, 740
and 1010 °C for CHTC of 10, 20, 80 and 150 W m−2 K−1, respectively,
with an ambient temperature of 20 °C and an emissivity of 0.97.

In the absence of wind, natural convection (also called free convec-
tion) above theflow is driven by the buoyancy of the air heated by contact
with the hot surface. For lavaflows, the free CHTCλhas been theoretically
estimated around 8–11 W m−2 K−1 (Keszthelyi and Denlinger, 1996;
Neri, 1998). Most of the applications of the thermal proxy of Harris et al.
(2007) use an average value of 10 W m−2 K−1, i.e. implicitly assume
only free convective cooling. However, wind (forced convection) is
expected to increase the cooling rate at the surface of a lava flow (Neri,
1998).

This can be explained by a wind-induced thinning of the thermal
boundary layer above the hot lava surface, which corresponds to larger
CHTC λ, and which shows that contribution of ambient wind to convec-
tive cooling cannot be neglected a priori.

While the neglect of forced convection is likely to introduce a
systematic bias on the estimation of eruption rates from the surface
thermal signal of a lava flow, the rapid variations ofwind in natural con-
ditions (Keszthelyi et al., 2003) and the uncertainty on near real-time
lava flow rate determination (Harris et al., 2007) make it difficult to
provide a robust measurement of the convective cooling induced by
ambient wind, hence of its quantitative consequences for the use of
the thermal proxy. We thus perform laboratory experiments in con-
trolled conditions to estimate the effect of forced convection on the
surface thermal signal of a hot, viscous gravity current.

4. Experimental and theoretical investigation of
wind-induced cooling

Wemeasured the cooling of silicone oil, initially at a temperature T0,
spreading horizontally beneath air (at temperature Ta b T0) onto a poly-
styrene plate, that is injected at a constant supply rate Q from a point
source. A series of experiments with only natural convection in the air
(i.e. nowind)was first performedwith the set-up, and used to establish
and validate a theoretical model for the cooling of an isoviscous gravity
current (Garel et al., 2012). For the experiments used in this paper, we
have added an additional experimental device blowing wind over the
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silicone oil (see Appendix A). We performed experiments under two
different wind conditions: one with an average velocity of 2.5 m s−1

(experiment C15) and the other with a velocity of 1.5 m s−1 (experi-
ment C17). In order to assess the impact of the wind-induced cooling
with respect to a reference case, the wind was systematically shut
down at the end of the experiment, allowing a “wind-free” steady-
state to be established, and hence the comparison to be made of the
surface thermal structures of the current subject to natural rather than
forced convection.

In the absence ofwind the surface thermal signal becomes stationary
in all experiments after a transient time corresponding to that required
for the diffusion of heat to produce a stationary vertical profile of tem-
perature in the current (Garel et al., 2012). Fig. 1 shows that the surface
thermal structure of the current under forced convection also reaches a
steady state after a transient time. A stationary hot tail anomaly de-
velops downwind, due to the advection of air over the hot silicone oil.
When the wind is shut down at the end of the experiment (i.e. the con-
ditions go back to free convection), the surface thermal anomaly grows
in size and in intensity, the hot tail disappears and the thermal structure
becomes axisymmetric (see dynamic evolution in Supplementary
Video). The radiated power ϕrad is defined as

ϕrad ¼ 2π
Z R tð Þ

0
rεσ T4

top r; tð Þ−T4
a

� �
dr ð2Þ

¼ ∬
Flow area

εσ T4
top−T4

a

� �
dA; ð3Þ

with R the current radial extent at time t, r the radial coordinate, A the
flow area, and with the same notation as in Eq. (1). The steady radiated
power under free convection is always higher than under forced con-
vection (Fig. 2). The net effect of forced convection, i.e. wind, is thus
to reduce the radiated power for a given input rate. The reduction is
about 70% for experiment C15 (2.5 m s−1 wind) and 60% for experi-
ment C17 (1.5 m s−1 wind).

Wemodel theoretically the cooling and spreading of the hot fluid by
using the formalism of (Huppert, 1982) and the thermalmodel of Garel
et al. (2012), see Appendix B for details. The key physical process related
to the thermal proxy in this modeling is the heat lost at the surface of
the flow by radiation and convection, the vertical surface heat flux (or
heat flux density Ftot, in W m−2) being locally

Ftot ¼ εσ T4
top−T4

a

� �
þ λ Ttop−Ta

� �
ð4Þ

with the same notation as in Eq. (1). The total power is the integral of Ftot
over the flow area, and is the sum of convective and radiative powers. In
the following, we focus mainly on the radiated power ϕrad, because sat-
ellite sensors measure radiance data and not the total heat lost from
the flow surface.

Fig. 3 shows the comparison between the wind-perpendicular sur-
face temperature profile at steady state in experiment C15, and the
20 25 30 35 40 45

2.5 m/s wind

Fig. 1.Optical and infrared images taken during experiment C15withwind blowing over the su
Ttop. Thewhite dashed rectangle in the optical picturematches the field of viewof the infrared p
wind is observed because the silicone oil would otherwise be at ambient temperature, but is n
prediction of the theoreticalmodel of Garel et al. (2012). The comparison
ismade both for windy and non-windy conditions, taking in the theoret-
ical model a λ equal to either 15 (2.5 m s−1 wind) or 2 W m−2 K−1

(free convection). The observed temperature profiles are different
whether wind is blown across the current or not. The theoretical predic-
tions are able to reproducewell the experimental data in both conditions
(the inset of Fig. 3 shows the comparison for experiment C17, with a
1.5 m s−1 wind and λ = 10 W m−2 K−1). The surface cooling of the
experimental flow appears to depend largely on the value of λwhich in-
creases as a function of wind speed, and a constant “no-wind” value can-
not reproduce the surface temperatures observed in windy conditions.

These results also confirm the expectation that the value of λ, hence
the rate of cooling for a givenmass flow rate, increaseswithwind veloc-
ity. This conclusion is in agreement with CHTC estimated for solar
panels that have a horizontal length scale and surface temperature
similar to our experiments, and that are exposed to natural wind
(Sartori, 2006).

5. Implications for the thermal proxy of lava effusion rate

5.1. Wind conditions above lava flows

Windmeasurements on lavaflowswhichwould allow the application
of our approach to effusive eruptions remain scarce. Velocities between 2
and 12 m s−1 have been measured by Keszthelyi and Denlinger (1996),
Harris et al. (1998), and Keszthelyi et al. (2003), and only two field esti-
mates of the CHTC are available: λ = 75 W m−2 K−1 for a wind speed
of 3 m s−1 (Keszthelyi and Denlinger, 1996), and λ = 50 W m−2 K−1

for a wind speed of 10 m s−1 (Keszthelyi et al., 2003). In a theoretical
study, Neri (1998) proposed a CHTC about 60 W m−2 K−1 for a wind
speed of 5 m s−1. The discrepancy between these three estimates is
due to the intrinsic difficulty ofmeasuringλ, and to themany parameters
that may affect its value (Head and Wilson, 1986; Neri, 1998; Patrick
et al., 2004). They yield however the same order of magnitude of λ for
the same order of magnitude of wind speed. All things being equal,
they can be used to estimate the variation of λ with the wind speed
using formula (9) of the theoretical study of Neri (1998) that we will ex-
press here as

λ ¼ CwV ð5Þ

where λ is the CHTC for a wind speed of V, and Cw = 10 J m−3 K−1 is a
coefficient chosen such that λ (V = 5 m s−1) = 50 W m−2 K−1. For a
wind speed ranging between 5 and 20 m s−1 (gale), the formula of
Eq. (5) predicts a value of λ between 50 and 200 W m−2 K−1. Ac-
knowledging the variation in physical properties of the air at high tem-
peratures (Neri, 1998; Patrick et al., 2004), we settle for a maximum
range of possible λ over lava flows between 10 (free convection) and
150 W m−2 K−1.
rface of the silicone oil, dyed red. The thermal infrared images give the surface temperature
icture below. The black arrows give the direction of the 2.5 m s−1 wind. The hot tail down-
ot expected in nature because lava, even solidified, remains hotter than the ambient air.

image of Fig.�1
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Fig. 2. Evolution of radiated power ϕrad as a function of time t for experiment C15. The liquid supply rate Q is constant throughout the experiment, but the wind has been shut down at
6360 s. The radiated power is computed for a radial surface temperature profile Ttop(r,t) normal to the wind direction. The steady surface thermal structures with or without wind are
shown as infrared images. The dynamic evolution is shown in the Supplementary Video.
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5.2. From radiated power to effusion rate

The theoretical model of Garel et al. (2012), detailed in Appendix B,
provides first-order estimates of the total power radiated by a lava flow
for a given effusion rate, once a thermal steady state has been achieved.
Fig. 4 presents the comparison between the predictions of themodel for
basaltic lava flows and the field-data of effusion rate and radiated pow-
ers collected by Coppola et al. (2013) for different types of eruptions,
and for three values of the CHTC: λ = 10 (free convection), λ = 20
(wind speed around 2 m s−1), and λ = 80 W m−2 K−1 (wind speed
around 8 m s−1). There is a very good first-order agreement over sev-
eral orders of magnitude between the observed and predicted relation-
ship between radiated power and effusion rate for basaltic lavas.
Furthermore, the variability of radiated power for a given effusion rate
during the same eruption may be explained by a small variation in
wind speed conditions between 2 and 8 m s−1.
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Fig. 3. Comparison ofmeasured and predicted surface temperature profiles at steady state
during experiment C15, under free or forced convection. The experimental surface
temperatures Ttop are given for a profile normal to the wind direction, with r the distance
from the source. The inset gives the experimental measurements and theoretical predic-
tion for a 1.5 m s−1 wind during experiment C17.
The reduction in radiated power (compared to the case of free con-
vection with λ = 10 W m−2 K−1) is around 35–40% for a λ of 20,
and around 85% for a λ of 80 W m−2 K−1. This reduction, that does
not depend much on effusion rate, is smaller than in the experimental
case since surface temperature are higher in the case of lava flows,
hence radiative cooling is more important. Wind therefore appears as
an extra-cause of radiance variations, in addition to previously identi-
fied controls of topography, rheology and crystallization (Harris et al.,
2010; Coppola et al., 2013).

These results show that a simple isoviscous model of a hot gravity
current is able to reproduce the field observations summarized in
Coppola et al. (2013). On the other hand, there is a great discrepancy be-
tween the thermal signal of basaltic and acid lavas for the same effusion
rate, which can be explained by the long transient stage expected for
0.1 1 10 100
107

108

109

1010

Fig. 4.Comparisonbetweenpredicted andmeasuredpowers radiated by lavaflowsϕrad as a
function of their effusion rate Q. The data are from Coppola et al. (2013), with basaltic and
intermediate lavas having SiO2 content lower or equal to 50% or 60%, respectively, and acid-
ic lava with more than 60% SiO2. The theoretical predictions using the model of Garel et al.
(2012) are the steady radiated powerswithλ of 10 (dash-dotted line), 20 (thin dotted line)
or 80 W m−2 K−1 (dashed line), and for the following parameters: emissivity ε = 0.97,
source temperature TO = 1100 °C, ambient temperature Ta = 20 °C, viscosity μ =
1000 Pa s, density ρ = 2300 kg m−3, specific heat Cp = 1000 J kg−1 K−1 and thermal
conductivity k = 3 W K−1 m−1.
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very viscous lavas (diffusive time of a few years!) before they exhibit a
steady thermal signal (Garel et al., 2012).

Although Fig. 4 shows that the data of Coppola et al. (2013) are well
flanked by the theoretical predictions for λ of 20 and 80 W m−2 K−1,
this result is somewhat at odds with the predictions of the (Harris
et al., 2007) proxy that yields a good fit to the data with a fixed value
of λ = 10 W m−2 K−1 (Harris et al., 2007). This suggests that a small
best-fit parameter c of Eq. (1) compensates for the low value of λ. The
radiated power data of Fig. 4 are only an estimate of the mean thermal
signal measured during the eruptions, whereas the instantaneous radi-
ated power can vary temporally as shown in Fig. 2a of Coppola et al.
(2013). The data in Fig. 4 do not therefore give a definite conclusion
on how to parameterize λ for the surface cooling of lava flows. Never-
theless, we recommend use of the values 20 and 80 W m−2 K−1,
respectively as lower and upper bounds for the CHTC (i.e. as upper
and lower bounds for the estimated effusion rate), whichever thermal
proxy is used. Cautious interpretation of instantaneous radiated power
retrieved from thermal remote-sensing is nevertheless always neces-
sary since the radiated power may vary with time if the effusion rate
does.

The theoretical predictions of Fig. 4 give a first insight into the poten-
tial impact of convective cooling on the assessment of lavaflow rate from
measured radiated power. In Fig. 5 we quantify more explicitly this ef-
fect: the effusion rate is calculated as a function of the assumed CHTC
for different radiated powers computed from satellite data. For a radiated
power of 5 GW, the predicted effusion rate ranges from about 5 to
100 m3 s−1 as the assumed λ varies from 5 to 150 W m−2 K−1,
since a larger and larger proportion of the supplied heat is evacuated
from the flow by convective cooling as λ increases. Assuming λ =
80 W m−2 K−1 in the model, instead of the usual low value of
10 W m−2 K−1 value, will result in an increase of the calculated effusion
rate by a factor 7–8 for any given radiated power. Fig. 5 also shows that
the higher the radiated power, the larger the influence of the assumed
λ on the calculated effusion rate.

Eq. (1), derived from themodel of Harris et al. (2007), does not allow
disentanglement of the lava area A from the relationship between effu-
sion rateQ and radiated power. However,we can calculate the impact of
assuming λfree = 10 W m−2 K−1 (free convection) for a case with ac-
tual forced convection (λwind). The underestimate of the calculated
10 50 100 150
0

50

100

150

200

Fig. 5. Effusion rate Q calculated from the isoviscous model (Garel et al., 2012) assuming
different CHTC λ, for a steady radiated power of 1, 5 or 10 GW. The stars give the effusion
rates calculated for 5 GW and for a CHTC of 10 or 80 W m−2 K−1. The parameters of the
lava flow in the theoretical model are the same as in Fig. 4. The gray areas depict the
expected values of λ for different external conditions.
effusion rate Qfree compared with the actual effusion rate Qwind depends
on the assumed surface temperature Ttop:

RQ ¼ Qwind

Qfree
¼

εσ T4
top−T4

a

� �
þ λwind Ttop−Ta

� �

εσ T4
top−T4

a

� �
þ λfree Ttop−Ta

� � : ð6Þ

Eq. (6) yields an underestimation factor RQ that decreases as surface
temperature (and radiative transfer) increases, and as λ gets closer to
λfree (Fig. 6). For λwind = 80 W m−2 K−1, the underestimation on the
effusion rate is of a factor 3.4 or 1.7, for surface temperatures Ttop of
300 and 800 °C, respectively. This underestimate is thus lower than
the one obtained from our model, because here we are able to take
into account the influence of convective cooling on surface temperatures.

5.3. The case of very large basaltic eruptions

The data of Coppola et al. (2013), as shown in Fig. 4, suggest that the
radiated power for small eruptions relates at first order to the effusion
rate, with a significant but not dramatic influence of thewind conditions
corresponding to λ smaller than 80 W m−2 K−1. We expect a more se-
rious effect above very large basaltic lava flows, since self-induced
winds can indeed be generated from large surface heat flux inhomoge-
neities (e.g. Briggs, 1988; Kaminski et al., 2011) and yield very strong
convective currents.

For example, very violent winds, that uprooted trees, were reported
in the vicinity of the 20-km2 lava flow of Mt. Nyiragongo emplaced on
October 10th, 1977 (Tazieff, 1977). A violent wind storm also occurred
during the January 17th, 2002 eruption of the same volcano that threat-
ened the 400,000-inhabitant city of Goma (DRC), with wind destroying
houses and roofs (Komorowski et al., 2002–2003). The wind speeds
during these two eruptions can be estimated as above approximately
20 m s−1 from the damage they caused and according to the Beaufort
scale.

A theoretical scaling derived for urban areas predicts that the wind
velocity induced by surface heating scales as the one third power of the
total (radiative and convective) surface power (Briggs, 1988; Wang,
2009). The storm events (e.g. 25 m s−1 associated with the Nyiragongo
flows would correspond to a total surface power about 100 times larger
than in the case of Hawaiian pahoehoe lava flows overwhichmildwinds
200 400 600 800 1000
1

3

5

7

9

Fig. 6. Underestimation factor RQ caused by assuming that the convective cooling occurs
by free convection, as a function of the actual CHTC λ and of surface temperature Ttop
(Eq. (6)). The parameters (emissivity and ambient temperature) are the same as in
Fig. 4. The conditions of large convective cooling (high λ and low surface temperature)
yield the largest underestimate of the effusion rate.

image of Fig.�5
image of Fig.�6
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(~5 m s−1) weremeasured (Keszthelyi and Denlinger, 1996; Keszthelyi
et al., 2003). This is consistent with the effusion rate estimated to be
larger than 150 m3 s−1 for the 1977 and 2002 Nyiragongo lava flows
(Komorowski et al., 2002–2003), relative to about 2 m3 s−1 for typical
Hawaiian pahoehoe flows (Keszthelyi and Denlinger, 1996).

However themain issue in our opinion remains the quantification of
thewind-induced convective cooling for storm conditions, andwhether
Eq. (5) or other engineering-based formula of forced convection
(McAdams, 1954; Holman, 2010; Bejan, 2013), are still valid to draw a
relationship between wind speed and CHTC. For example, Wells and
Worster (2008) have shown that, for vertical surfaces, the laboratory-
scale relationship to calculate the heat flux could not be extrapolated
to the larger scales of geophysical applications. There seems to be at
present no definite method to calculate an effective CHTC from the
wind speed, the temperature, orientation and roughness of the surface,
even though their respective influences are acknowledged (Neri, 1998;
Chen, 2000; Freund et al., 2007; Palyvos, 2008; Turgut and Onur, 2010;
Diani et al., 2013). This would be a valuable research area in order to
better quantify the impact of wind strength on the surface convective
cooling of lava flows, and also to investigate how the different surface
thermal structures (e.g. cold solidified crust vs. hot melt exposed at
the surface) influence wind circulation patterns over lava flows.

Because self-induced convectionwill induce amore efficient cooling
of the lavaflow, hence a lower surface temperature and a lower radiated
power, all thermal proxies will tend to “saturate”when applied to huge
effusion rates. For a flow rate of 200 m3 s−1 for example, the radiated
power under free convection predicted by the model of Garel et al.
(2012) could reach up to 150 GW, whereas, when taking into account
a maximal self-induced convection, we expect the radiated power to
Fig. A.7. Photograph of the experimental set-up during experiment C17. The red silicone oil is
device: a sandblaster motor (under the table) blows air through a pipe into a plastic bag connec
in the motor container enables the wind strength to be varied. The arrow indicates the path of
stall around 10 GW (Fig. 5), i.e. close to the maximum value observed
for “regular” basaltic eruptions with no lava fountaining (Hirn et al.,
2009). Hence we recommend that, for a radiated power larger than
10 GW, lower and upper bounds for the effusion rate are calculated
taking a λ of 80 and of 150 W m−2 K−1 respectively, instead of the
20–80 W m−2 K−1 interval recommended for smaller basaltic
eruptions.

6. Conclusion

The cooling induced bywind reduces the thermal power radiated by
lava flows for a given effusion rate. Wind speeds measured over lava
flows suggest that the currently used value of 10 W m−2 K−1 for λ is
in reality a lower bound. A value of 80 W m−2 K−1, on the other
hand, provides an upper bound, which allows us to bracket the effusion
rate. For small eruptions, the influence of convective cooling is within
the uncertainty of field estimates of effusion rates, but there will be a
systematic bias in the calculation of effusion rate from lava flow area if
a value ofλ = 10 W m−2 K−1 is used. For large eruptionswith effusion
rates greater than 100 m3 s−1, large-scale atmospheric convection is
likely to develop, would result in a radiated power significantly lower
than in the absence of wind. This would, by the same token, cause an
underestimation of the effusion rate, if one uses the “regular” values
for λ of 20–80 W m−2 K−1 instead of a more appropriate interval of
80–150 W m−2 K−1.Meteorologicalmonitoring could be a useful addi-
tional tool, as in the case of explosive volcanic eruptions (Le Pennec
et al., 2012), to better estimate the wind strength over lava flows.

The theoretical model of Garel et al. (2012) predicts a bulk surface
thermal signal for a spreading gravity current, whereas lava flows
spreading onto the polystyrene plate covered with teflon. The wind blower is a lab-made
ted to thinly spaced horizontal plates resting on the polystyrene support. A drawer opened
the blown air.

image of Fig.�A.7


Table A.1
Experimental parameters and conditions for the experiments with silicone oil and
imposed wind.

Name Duration Q
(m3 s−1)

T0
(°C)

Ta
(°C)

μOa

(pa s)
ρOa

kg m−3
Wind speed
(m s−1)

C15 2 h 32 min 2.6 10−8 48 20 3.0 949 2.5
C17 2 h 54 min 1.9 10−8 49 20 3.0 948 1.5

a μo and ρo are the viscosity and density at source temperature T0.
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exhibit awhole spectrumof surface temperatures (Flynn andMouginis-
Mark, 1994; Pinkerton et al., 2002). Although we cannot discuss here
the use of satellite sensors at different wavelengths (sensitive to differ-
ent ranges of surface temperatures), we point out that the decrease of
radiated power due to forced convective cooling in the airwill introduce
a systematic bias in the evaluation of lava flow area from satellite data.
Moreover, the signature of wind-enhanced cooling is likely to depend
on the wavelengths considered in the satellite channels. It is therefore
important for future studies to consider how windy conditions may af-
fect the calculation of the radiated power from raw spectral radiances
depending on each satellite sensor.

Further simultaneous field- and satellite-based data acquisition, in-
cluding in-situ wind monitoring, would help to better constrain how
our first-order scaling of the influence of wind on their surface thermal
signal can be extrapolated to natural, large-scale lava flows.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2013.08.006.
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Appendix A. Details of the experimental settings

The apparatus designed to study the surface thermal structure of
silicone oil (Rhodorsil 47 V 5000, dyed red), injected at a constant rate
and spreading horizontally from a point source is described in a previ-
ous paper (Garel et al., 2012).

An experimental device is added to blow a controlled wind over the
spreading oil, in order to enhance convective cooling by forced convec-
tion (Fig. A.7).

Thewind speed over the plate ismeasuredwith a Testo hot-wire an-
emometer (Fig. A.8). As expected, the wind speed decreases away from
the blower and ismaximumat the center of the plate. The averagewind
speed in a circle of radius 5 cm around the point source (about the size
of the thermal anomaly) is about 2.5 m s−1 in the case of experiment
C15, for which the drawer of the motor container is only opened
10 cm. When the drawer aperture is about 14 cm, the average wind
speed is 1.5 m s−1 (experiment C17). The wind remains sufficiently
low not to disturb the axisymmetric oil advance, since the viscous
spreading is in agreement with the predictions based in the theory of
viscous gravity current spreading (Huppert, 1982).
2.5

3

3.5

4

20 30 4010

10

20

0

Fig. A.8.Map view of the wind speed on the experimental plate for a drawer aperture of
10 cm. The wind direction is indicated by the white arrow. The wind values are extrapo-
lated from 5-cm spacedmeasurements (white circles). The black dot represents the injec-
tion point. The hot wire of the anemometer is less than a centimeter above the plate
during the measurements.
Table A.1 presents the conditions for the two experiments with sili-
coneoil overwhichwindwas blown. For the two experiments, thewind
was shut down after some time in order to image the reference steady
thermal signal unaffected by the wind.

Appendix B. Details of the theoretical model

As stated in the main text, the Navier–Stokes equations describing
the advance of an isoviscous flow are the ones of Huppert (1982). The
conservation of energy over the vertical domain, assuming isolating
conditions at the flow base, writes (Garel et al., 2012)

∂
∂t

Z h r;tð Þ

0
Tdz

� �
¼ −1

r
∂
∂r r

Z h r;tð Þ

0
uTdz

� �
þ κ

∂T
∂z jz¼h; ðB:1

where h, T, and u are the current thickness, temperature, and horizontal
velocity, respectively, and κ is the thermal diffusivity of the fluid. The
second term on the right handside of Eq. (B.1) is the vertical heat flux
at the surface of the flow Ftot (Eq. (4)).

The non-dimensionalization of Eq. (B.1) yields three dimensionless
numbers NT, Nλ and Nsurf:

NT ¼ T0−Ta

T0
ðB:2Þ

Nλ ¼ λ
�σT3

0 þ λ
ðB:3Þ

Nsurf ¼
�σT4

0 þ λT0

k T0
href

; ðB:4

with k the thermal conductivity and href the reference height of the
current defined by Huppert (1982), and function of the flow viscosity
and input rate. These dimensionless numbers characterize the amount
of energy input at the source, the amount of convective vs. radiative
heat cooling, and the global efficiency of surface cooling versus
vertical thermal diffusion, respectively.

Thepower radiated by the currentϕrad is predicted to become steady
after a transient time. The duration of the transient stage is the time re-
quired for the current to establish a steady radial thermal anomaly
around the source, and the transient time shortens as the cooling effi-
ciency increases. For lava flows, Nsurf is very high and the transient
time is close to the diffusive time href

2 /κ. The predicted values for steady
area and radiated power as a function of the effusion rateQ for lava flow
parameters are given in Garel et al. (2012).
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