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S U M M A R Y
Remote sensing thermal data of active lava flows allow the evaluation of effusion rates. This
is made possible by a simple formula relating the lava effusion rate to the heat flux radiated
per unit time from the surface of the flow. Due to the assumptions of the model, this formula
implies that heat flux, surface temperature and lava temperature vary as a function of the flow
thickness. These relationships, never verified or validated before, have been used by several
authors as a proof of the weakness of the model. Here, multispectral infrared and visible
imaging spectrometer (MIVIS) high spatial resolution (5–10 m) thermal data acquired during
Etna’s 2001 eruption were used to investigate downflow heat flux variations in the lava flow
emitted from a vent located at 2100 m a.s.l. A high correlation between the downflow heat flux
and the lava flow thickness (measured from a pre-existing digital elevation model) was found.
Topography beneath the flow appears to play an important role both in lava emplacement
mechanisms and flow dynamics. MIVIS-derived downflow effusion rates are consistent with
the law of conservation of mass assessing the reliability of remote sensing techniques.

Key words: Effusive volcanism; Lava rheology and morphology; Eruption mechanisms and
flow emplacement; Remote sensing of volcanoes.

1 I N T RO D U C T I O N

Remotely sensed data can be used to estimate heat and mass fluxes of
active lava flows. The movement of lava flows is a complex subject
that has provoked debate regarding the mechanisms that control the
areal extent and physical character of the flow (e.g. Pieri & Baloga
1986; Lipman & Banks 1987; Oppenheimer 1991; Oppenheimer
et al. 1993a,b,c; Harris et al. 1997a,b, 1998, 1999; Wright et al.
2001; Lombardo et al. 2004, 2006, 2009; Lombardo & Buongiorno
2006). Effusion rates are a major consideration in evaluating flow
dynamics and the potential threat posed by a lava flow. Higher effu-
sion rates produce channel-fed flows that are longer, more rapidly
moving, voluminous and extensive than flows with low effusion rate
(Walker 1973; Wadge 1977; Pieri & Baloga 1986). Flows with high
effusion rate thus have far greater potential to inflict damage on dis-
tant communities with less advance warning. Measuring effusion
rates are therefore of great interest. Field methods for their determi-
nations are usually based on estimates of lava channel dimensions
and lava flow velocity (e.g. Lipman & Banks 1987; Barberi & Villari
1994). However, errors due to uncertainties in channel dimension,
especially depth, are a major problem. Although useless for moni-
toring purposes, accurate post-eruption measurements of total flow
field volumes provide reliable estimates of average effusion rates if
the eruption duration is known (e.g. Calvari et al. 1994).

Determining volumetric effusion rates for lava flows from space is
an important but challenging task. The evaluation of lava effusion

rates builds on a formula originally proposed by Pieri & Baloga
(1986) which relates the flow rate to the planimetric area of a flow.
If the flow rate is assumed to coincide with the effusion rate, the
formula states that the effusion rate is proportional to the heat
radiated per unit time by the surface of the flow. The formula of Pieri
& Baloga (1986) was lately adapted to extract effusion rates from
satellite thermal data by Harris et al. (1997a,b, 1998, 2000, 2005)
and Wright et al. (2001) by including farther contributions: the
thermal contributions of convection in the air and crystallization of
lava and the contribution of heat conduction to the ground. Although
the formulae by Pieri & Baloga (1986) and Harris et al. (1997b)
yield reasonable results, Dragoni & Tallarico (2009) demonstrated
how the current use of the formula is often not consistent with
the model itself. In this study, starting from model assumptions
and drawbacks, we show how derived experimental measurements
match the theoretical basis of the Pieri & Baloga (1986) formula.

2 F O R M U L A B Y P I E R I & B A L O G A
( 1 9 8 6 ) : F RO M H E AT T O M A S S F LU X

The energy produced by an active lava flow is lost to the environment
through a combination of conduction, convection and radiation.
The formula originally proposed by Pieri & Baloga (1986) can
be obtained from a simple model representing a lava flow cooling
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by radiation only. There are several assumptions underlying this
model:

(1) The lava flow is an unbounded fluid layer with uniform thick-
ness h, flowing on a sloping plane.

(2) The flow is in a steady state both mechanically and thermally.
(3) The fluid motion is unidirectional (occurring in the x direc-

tion).
(4) The velocity v is uniform and constant (in particular the vari-

ation with z is neglected).
(5) The heat loss takes place exclusively by radiation at the upper

surface of the flow z = h
(6) The surface temperature Ts is constant
(7) The ambient temperature is negligible with respect to Ts.
(8) The temperature T of lava depends only on x: T(x) must be

intended as the average temperature over the flow thickness.
(9) Viscous dissipation and heat produced by crystallization are

negligible.
(10) The heat flux q within the lava flow depends linearly on z.
(11) The lava is incompressible and its ρ, cp and thermal emis-

sivity ε are constant.

Thanks to these assumptions, the effusion rate (Er) can be esti-
mated from the heat flux for a moving flow (Q) from

Er = Q

ρcp�T
, (1)

where ρ is lava density, cp is specific heat capacity, �T is the
difference between temperatures of fluid lava at the vent Te and at
the front T(L), L being the flow length.

In this model, Q is calculated using only the radiant contribution
Qrad:

Qrad = εσ AT 4
s (2)

in which ε is the emissivity, σ is the Stefan–Boltzmann constant
and A is the flow area.

Harris et al. (1997b) introduced the thermal contributions of
convection in the air and crystallization of lava. Harris et al. (2005)
also included the heat loss by conduction. These formulae are based
on the same model as Pieri & Baloga’s (1986) formula.

The thermal contribution of convection (Qconv) is calculated using
the free convection case given by Harris et al. (1997b, 1998). This
reduces to

Qconv = hc [Ts − Tair] (3)

in which hc is the convective heat transfer coefficient and Tair is the
ambient air temperature.

The heat conducted through the base of the flow is given by
(Harris et al. 1997b)

Qcond = AkδT/δh, (4)

where k is the lava thermal conductivity and δT is the temperature
difference across a flow of thickness δh.

Therefore, the total heat loss Q in eq. (1) can be described by
a simple model for a subaerial channel-fed flow (Harris & Baloga
2009)

Q = Qrad + Qconv + Qcond. (5)

And eq. (1) becomes

Er = Q

ρ[cp�T + φCL ]
, (6)

where φ is mass fraction of crystals grown in cooling through �T
and CL is the latent heat of crystallization. Because eq. (1) is time-
independent, which is a consequence of the steady-state assumption,
the same value of the effusion rate should be obtained independently
of the time when the measurement of Q is performed. If we assume
that the effusion rate is constant, as long as the area of the flow
increases, increments in Q (eq. 2) are balanced by a linear incre-
ments in the temperature difference �T with L (Dragoni & Tallarico
2009). Therefore a constant value of Er is obtained from eq. (1) at
different times. Similarly, at a given time, Er has a constant value
over the entire flow length considering that �T is a function of x (0
< x < L) and can assume values in the range 0 < �T < Te – Ts.

The most questionable assumptions in the model are probably
the steady state and the constancy of the surface temperature Ts

(Dragoni & Tallarico 2009).
Steady state in lava flows is much debated. However, many au-

thors believe that a ‘steady state’ is a reasonable approximation in
many circumstances. For instance, a thermal steady state is reached
relatively rapidly in comparison with the average duration of a
lava flow when considering channel-contained flows. A dynamical
steady state is approximated by many flows for a significant part of
their duration (Wadge 1982; Park et al. 1984; Tilling et al. 1987;
Harris & Stevenson 1997; Mastin & Ghiorso 2000; Quareni et al.
2004; Harris et al. 2007a; Dragoni 1989; Dragoni & Tallarico et al.
2009; Lev et al. 2012).

Several field (Pinkerton et al. 2002; James et al. 2007) and re-
mote sensing measurements (Lombardo et al. 2009; Wright et al.
2010) confirmed that Ts is not uniform in actual flows. Here, we
demonstrate that variations in Ts are an expected consequence of
downflow variations in lava thickness as predicted by the Pieri &
Baloga (1986) model.

3 T H E 2 0 0 1 E T NA E RU P T I O N A N D
M I V I S A I R B O R N E C A M PA I G N

The July–August 2001 eruption of Mount Etna was characterized
by both effusive and explosive activity. A detailed chronology of the
events that comprised this eruption is given by Calvari & Pinkerton
(2004), Behncke & Neri (2003) and Coltelli et al. (2007). Herein,
we focus on the lava flow erupted from the lower-most fissure on
the southern flank. This vent was located between 2100 m and
2150 m and was termed Lower Fissure System 1 (LFS1) by Coltelli
et al. (2007). The channel-fed lava flow field fed by this fissure
was continuously active for 23 days from 18 July to 9 August
and was described and mapped by Behncke & Neri (2003) and
Coltelli et al. (2007). The lava flow field reached a maximum length
of 6.4 km, extending down to an elevation of 1040 m. The toe
of the flow evolves from channel-contained to dispersed. LIDAR
measurements (Favalli et al. 2010), supported by field mapping,
show that the flow front comprised eight lobes each 10 to 20 m high.
The flow front appears to have advanced not as a single unit, but as
a series of lobes moving forward one lobe at a time. Primary lobes
were centred on the channel axis and marginal lobes were off-axis.
The lobes advanced as breakouts of low-yield-strength lava from the
flow core of the stalled flow front. Marginal lobes were abandoned
and contributed to marginal levees flanking the transitional channel.
Maximum time-averaged discharge rate (TADR), obtained on the
basis of daily mapping, was ∼31 m3 s−1 (Coltelli et al. 2007). This
measurement was made on 22 July; TADRs of 24 and 18 m3 s−1

were obtained on 20 and 26 July (Coltelli et al. 2007). At this time,
the maximum lava flow length was attained. Following 27 July,
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124 V. Lombardo

Figure 1. Shaded relief and MIVIS thermal image draped over a 3-D image derived from a 10 m resolution Digital Elevation Model (DEM; generated by
Istituto Nazionale di Geofisica e Vulcanologia, Italy).

effusive activity began to wane. The TADR fell to ∼5 m3 s−1 by 2
August and the flow front progressively retreated up-channel as the
effusion waned (Behncke & Neri 2003; Coltelli et al. 2007). The
final volume for the LFS1 flow field was 21.4 ± 0.37 × 106 m3

(Coltelli et al. 2007), which gives a mean output rate over the
23 days of activity of ∼11 m3 s−1.

An airborne survey carrying a multispectral infrared and visible
imaging spectrometer (MIVIS) was carried out on 2001 July 29
(Fig. 1), with the primary objective of obtaining high spatial reso-
lution image data to aid in tracking the 2100 m vent flow that was
moving towards Nicolosi (Fig. 2). MIVIS is an airborne sensor flown
on a CASA-212 aircraft recording in 102 wavebands between 0.4
and 12 µm (Lombardo et al. 2006, 2009). These are split between the
very near-infrared, short wave infrared and thermal infrared (TIR),
with 80 wavebands in the 0.4–2.5 µm range and 22 in the 8–12 µm
range. The MIVIS flight altitude on 29th July was of 6400 m a.s.l.
giving a ground pixel resolution in the range 6–12 m, depending
on the surface elevation. Therefore, we calculate pixel resolution
on a pixel-by-pixel basis using the pixel instantaneous field of view
(IFOV; Lombardo et al. 2006, 2009) and the difference between
MIVIS flight altitude (6400 m) and topographic elevation obtained
for each pixel (derived from a 10 m digital terrain model to which
the MIVIS image was fitted). The high spatial resolutions of un-
saturated infrared MIVIS data allow for detailed mapping of the
lava flow surface temperature and thermal flux distribution (Lom-
bardo & Buongiorno 2006; Lombardo et al. 2009). TIR data were
corrected for atmospheric effects using the atmospheric radiative
transfer model MODTRAN (Kneizys et al. 1983).

4 H E AT F LU X A NA LY S I S O F T H E
2 1 0 0 M L AVA F L OW

The map of surface temperature derived from MIVIS thermal band
is shown in Fig. 3(a). Significance variations of the surface temper-
ature occur within the flow, ranging from about 313 to over 700 K
with a mean value of 386 K. Therefore, the assumption of Ts as
constant is not realistic as stated from the formula of Pieri and
Baloga. Fig. 3(b) shows the map of radiative heat flux calculated
from eq. (2). While the maximum radiative heat flux in the image
is 997 kW, the mean and minimum values are 139 and 60 kW,

respectively. Highest values (>950 kW) occur at the vent location
and throughout the channelized sections of the flow where Qrad is
400–700 kW.

In order to investigate variations in radiative heat flux, cross-flow
profiles from vent to front have been analysed for location given in
Fig. 3(b). On the basis of our heat flux observations and following
the classification of Lipman & Banks (1987), the lava flow can be
divided into four distinct zones: the channel-contained zone, the
transitional channel zone, the dispersed zone and the lava front
(Favalli et al. 2010). Channel-contained zones are concentrated in
a well-defined, stable, central channel, bounded by broad zones
of stationary lava which form the levees (Lipman & Banks 1987).
Examination of the cross-flow variation for channel-contained zones
reveals an abrupt reduction in heat loss when we move from the
middle of the active channel to the margin zones (Fig. 3, profiles 1
and 2). Mean heat fluxes for the channelized and margin zones are
550 and 40 kW respectively. The transitional channel is marked by
a distinct channel bounded by blocky or clinkery lava which form
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Influence of topography on lava discharge rate 125

Figure 2. Surface temperature (a) and radiative heat flux (b) spatial distri-
bution derived from the 2001 July 29 MIVIS data for the Lower Fissure
System 1 (LFS1) located at 2100 m a.s.l. (Coltelli et al. 2007) with locations
of profiles given in Fig. 3. The distal part of the flow generated from the
Laghetto cinder cone (Calvari & Pinkerton 2004) located at Piano del Lago
(2570 m) is observable at the top of the temperature map (a). Heat flux image
(b) has been thresholded at 40 kW to separate the LFS1 from the other flow
and the cooler background.

marginal zones of stagnant lava (Lipman & Banks 1987). Zones of
stagnant lava may include abandoned channel (profile 3) or evolve
into levees needed to create a self-formed channel (profile 4). The
dispersed zone is the section of flow across which movement is
widespread, and the main channel splits into two or more branches.
Different branches are marked by distinct peaks in the radiative heat
loss profile 5 (Fig. 3). Finally, the flow front of 2100 m lava flow
comprises eight discrete lobes, each 30–80 m across and 10–15 m
height, with a maximum thickness of 20 m (Favalli et al. 2010).
Lobes are separated from one another by a shallow valley of rubbly
‘a‘ā clinker material (Favalli et al. 2010). Profile 6 (Fig. 3) shows

flux values of 250–300 kW and 80–120 kW for lobes and clinker
material respectively.

Analysis of cross-flow temperature profile for channel-contained
zones shows a Gaussian trend to fit our experimental data (Fig. 4a).
Therefore, we used a Gaussian interpolation to predict temperatures,
and therefore fluxes, for saturated data (Fig. 4b), assuming a homo-
geneous pixel of molten lava. A maximum surface temperature of
1240 K was obtained at the flow vent.

5 H E AT F LU X V E R S U S T O P O G R A P H Y

The radiative heat flux map (Fig. 2b) reveals alternation of decreas-
ing and increasing trends when moving from vent to lava front.
Starting from the underlying relationship between effusion rate and
heat flux (eq. 1), we investigate the effects of topography on heat
flux variations. In Fig. 5, the heat flux map overlays a digital eleva-
tion model (DEM) to create a 3-D composite view of the 2100 m
lava field area. A qualitative analysis of Fig. 5 suggests that ma-
jor variations in Qrad occur with variations in slope profile. Fig. 5
shows the topographic relieves from the 2100 m vent down to the
lava toe at about 1100 m. Qrad is displayed as a colour map which
varies from yellow (eruptive temperatures) to blue (ambient tem-
peratures). Smooth colour gradients from yellow, to red, to green
indicate decrements in Qrad with a slightly constant downflow de-
cline. Decreasing trends are interrupted by abrupt increases which
are marked by colour changes from green to yellow. Six major
peak-increments have been identified (including the highest Qrad

value at the vent) while moving from the vent (B1) to the lava
front (B6).

Comparison between elevation and heat flux profile (Fig. 6) indi-
cates that peak-increments in Qrad occur where significant changes
in the terrain slope angle occur. Downflow topographic profile con-
sists of facets of constant slope separated by local dips and scarps
(Fig. 6). On the one hand, all peak values are located in proxim-
ity of topographic scarps. On the other hand, post-peak decreasing
trends are usually associated with constant-slope facet. Correlation
between slope and heat flux measurements is also evident at a larger-
scale. Minor peaks that appear within Qrad decreasing events (e.g.
b1, b2 and b3) still correspond to small scarps in the topographic
profile.

Our DEM analysis shows significant downflow variations in
terms of geometry of the lava channel. Variations in surface mor-
phology produce changes in depth and width of the cross-sectional
area (S) of the lava flow. Since Er can be expressed as the product
of the flow velocity (v) and S, we use DEM and MIVIS data to
investigate the influence of changes in S on Qrad. Radiative heat flux
has been estimated for each cross-section profile (Q′) of the flow.
Q′ represents the area under the Qrad profile curve (e.g. profiles
shown in Fig. 3). The same profiles have been used to calculate the
cross-sectional area of the flow from vertical height measurements
on DEM data (Fig. 7). Our analysis demonstrates that, at least for
the medial zone, flow depth variations are larger than variations in
width. Therefore, changes in lava flow thickness mainly account for
variations in S. An average lava thickness (Hm) has been calculated
for every cross-section profile.

Fig. 8 shows the comparison between Hm and Q′ downflow pro-
files. Q′ and Hm have been normalized to allow a better comparison
of the two different measurement units. It can be observed that there
is a good agreement between the two set of data. A cross correla-
tion value (Cr) of 0.82 was obtained for the entire length of the
flow. However, excluding the Q′ values around the peak at the vent
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126 V. Lombardo

Figure 3. Cross-flow heat flux (kW) profiles for locations given in Fig. 2(b). The heat flux profile varies from a single finely tuned peak (e.g. profiles 1 and 2)
to multiple broad peaks (e.g. profiles 5 and 6) as the flow evolves from channel-contained to dispersed.

(caused by the lava breakout), Cr rises to 0.91. When comparing Q′

versus Hm, it is important to note that measurements were derived
from completely different datasets: Q′ from remote sensing radiance
data and Hm from digital elevation data. Plots in Fig. 8 clearly show
that radiative heat flux depends on the average lava flow thickness,
which is constrained by pre-existent topography. The correlation
between the surface Qrad and the underlying ground slope was pre-
viously observed in Mt. Etna effusive eruptions by Lombardo et al.
(2004) and Wright et al. (2010).

5.1 Downflow local rate estimates: the role of the lava flow
thickness

Starting from eq. (1), the law of conservation of mass implies that a
constant Er is maintained at every cross-sectional area of the flow.
Therefore, if �T′ is the temperature drop of the lava flowing across
S, under the assumptions of Pieri & Baloga model (1986), the ratio
of Q′ to �T′ should be a constant throughout the flow.

Assuming a �T of 200 ◦C (difference between eruptive temper-
ature at the vent and solidus temperature at the front for Etnean
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Figure 4. Gaussian interpolation of heat flux cross-flow unsaturated (a) and saturated (b) data. Interpolation of saturated data gives a maximum heat flux of
about 1200 kW.

Figure 5. 3-D view of the radiative heat flux distribution derived from
MIVIS data for the LFS1 with locations of main topographic relieves. If
we look at the colour gradient, it appears that heat flux gradually decrease
(yellow→orange→green) downslope from the vent (B1) until a sudden
increment occurs (B2) in the proximity of Mt. Nero. Similar trends, marked
by increments in the heat flux (B3, . . . , B6), can be observed as we move
towards the lava front.

basalts) and a linear decrement of T with x, the lava temperature
drop per unit length becomes �T/L. Due to MIVIS spatial resolu-
tion, �T′ is equal to px �T/L, where px is the MIVIS pixel size.
The local rate derived at every cross-section of the flow is given
by

E ′
r = Q ′

ρcp�T ′ . (7)

Fig. 9 shows the downflow profile of derived E ′
r for the 2100 m

lava flow. E ′
r is spanning a wide range from 0.1 to more than

9 m3 s−1 along the flow, that is, far from being considered as a
constant. Why did the model fail to yield the predicted mass-flux
constancy?

Relationship between Q′ and Hm provides a key to understanding
the apparent changes in downflow-derived Er. Let us suppose that
a lava flow is flowing with a constant effusion rate Er, through

Figure 6. Comparison between topographic and radiative heat flux down-
flow profiles. Heat flux profile has been normalized and scaled to match the
topographic profile. Major peaks in the heat flux profile (B1, . . . , B6, given
in Fig. 5) occur in correspondence with main slope variations. Also, minor
peaks appear to be related to significant topographic changes (b1, . . . , b3).
The height of the lava fissure varies from 2089 to 2130 m. However, analysis
of MIVIS infrared data shows a thermal signal upslope from the vent.

two different cross-sectional areas S1 and S2. After the same time
interval �t, the volumes passed through S1 and S2 are the same, but
the ratio between velocities is

v1/v2 = S2/S1. (8)

According to the model, the ratio between radiative heat fluxes
is then

Q1/Q2 = S2/S1. (9)

However, if the cross-sectional areas have the same width, eq. (9)
also implies

Q1/Q2 = h2/h1, (10)

which is exactly what arises from experimental data: the heat flux
measured for a thick flow is greater than that measured for a thin
flow.

From eq. (8) the distance L travelled by the flow through the two
sectional areas over a time �t is

L1/L2 = S2/S1. (11)
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Figure 7. Example of cross-flow sectional area derived from digital eleva-
tion data (vertical exaggeration is 8×). The cross-flow sectional area has
been calculated from the difference between the maximum height and ev-
ery elevation value below the flow planimetry. However, the cross-sectional
area of the flow should include also the subaerial part of the channel (black)
confined between the two levees.

Figure 8. Comparison between normalized heat flux and lava thickness
profiles shows a high correlation. There are only a small number of peaks in
the heat flux profile, which are associated with no peak in the lava thickness
profile. The position of these peaks corresponds to the vent location (B1)
and the locations of topographic slope breaks (B2, B4).

Under the assumptions of the model of Pieri & Baloga (1986), the
temperature difference �T is proportional to the distance L. Then

�T1/�T2 = h1/h2, (12)

which means that also the rate of decrement in lava tempera-
ture varies with the flow thickness. This explains for the apparent
changes in downflow E ′

r (Fig. 11) obtained by assuming a constant
lava temperature decrement with x. Thus, it follows that surface
temperature variations in actual flows are correctly predicted by the
Pieri & Baloga (1986) thermal model.

5.2 Local rate, lava temperature and velocity

From eq. (12), it is possible to calculate �T at any distance from
the vent if the eruptive temperature (Te) and front temperature (Tf)
of the lava are known. Let �T1, �T2, . . . �Tn denote n decrements

Figure 9. Apparent variations in derived downflow effusion rates for the
2100 m lava flow field. Effusion rates were calculated assuming a constant
decrement in lava temperature from vent (eruptive temperature) to front
(solidus temperature).

between x = 0 (vent) and x = L (front). The total decrement �Tflow

is

�Tflow = Te − T f = �T1 + �T2 + . . . + �Tn . (13)

Therefore, eq. (12) gives

�Tflow = �T1

∑
hi/h1(i=1...n) (14)

and each decrement �Ti is then

�Ti = �T1hi/h1. (15)

For Etnean basalts a Te of 1065 ◦C can be assumed (Bailey
et al. 2006; Coltelli et al. 2007) while Tf remains unknown. It has
becomes common practice to assume that temperature at the lava
front is equal to the solidus temperature (Harris et al. 2005, 2007b)
even if this assumption is clearly in contradiction with the Pieri &
Baloga (1986) model (Dragoni & Tallarico 2009; Harris & Baloga
2009). In Pieri & Baloga (1986), the authors stated that the temper-
ature measured at the flow front (cessation temperature), in many
cases, was considerably lower than the solidus temperature. This
is due to the fact that the lava is a multiphase mixture of liquid
(molten rock) and solid crust. Crust temperatures at the distal end
of the flow are usually lower than solidus temperature. However,
the authors reported that temperatures few degrees lower than the
eruptive temperature were measured for the molten lava just be-
neath the crust. Fig. 10 shows lava temperature downflow variations
calculated from eq. (15) by setting Tf = Ts (solid line). The derived
�Ti can be used in eq. (7) to retrieve downflow Er(h) which account
for h changes. Fig. 11(a) compares downflow Er(h) (red line) with
E ′

r (black line) previously calculated by assuming a constant �T′.
Downflow rates varies in a range 0.5 < Er(h) < 4.8 m3 s−1 with a
mean value of 0.9 m3 s−1. The Er(h) trend reveals an overall con-
stancy with the exceptions of a few peaks. Within the uncertainties,
these results suggest that the flow of mass remains constant through
any section if the geometry of the channel is correctly modelled (e.g.
lava thickness). On the other hand, field measurements during 2001
Etna eruption, July 29th, report an effusion rate of 10–12 m3 s−1 for
the 2100 m lava flow (Coltelli et al. 2007). These rates are one order
greater than MIVIS-derived Er(h) values.
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Influence of topography on lava discharge rate 129

Figure 10. Downflow lava temperature profiles for a �Tflow of 200 and
20 ◦C, respectively. The first trend (solidus line) corresponds to the differ-
ence between eruptive and solidus temperature for Etnean basalts (Harris
et al. 2007a) while the second trend (dashed line) corresponds to a �Tflow

that yields reliable effusion rate estimates (Fig. 11b).

The only way to obtain higher Er(h) is to hypothesize that lava
temperature at the front does not reach the temperature of solidus
(Tf < Ts). It is possible to tune up �Tflow in order to match the field
measurements. For instance, a comparable mean rate of 9 m3 s−1 has
been obtained by assuming a �Tflow of 20 ◦C (Fig. 11b). This result
would suggest that lava internal temperature decreases very slowly
as the lava moves further away from the vent. This hypothesis is
supported by the observation that molten lava is mostly isothermal
and the temperature gradient in the flow direction slightly shallow
(Calvari et al. 1994; Keszthelyi & Denlinger 1996).

However, there are other factors that also play a role in Er(h) esti-
mates and require further investigations. First, only the radiative heat
flux (Qrad) has been considered in effusion rate calculation (eq. 1).
Contribution due to the convective (eq. 3) and conductive (eq. 4)
heat flux may increase Er (eq. 6) by an extra 25 per cent (Harris et al.
2007a; Lombardo et al. 2009). Second, the lava thickness has been
calculated considering only that portion of lava flowing below the
pre-existent topography (Fig. 7). If the height of the subaerial part of
the flow (2–5 m) is added to h, �T will increase causing the effusion
rate to decrease (eq. 12). Third, the role of the static levees, which
form the margins of the active lava flow, has not been considered.
The heat flux contribution coming from the surface occupied by
the static levees, should not be taken into account in Er estimation
(Bailey et al. 2006; Lombardo et al. 2009). Fourth, we assumed Er

to be constant at any cross-section without considering the influence
of eventual mass loss over levees down the channel system (James
et al. 2007). Finally, the assumption of a steady state. A non-steady
state flow, would mean that changes in the effusion rate would not
reflect immediate E ′

r changes along the stream.. In the case of the
2001 Etna eruption, Coltelli et al. (2007) calculated the effusion
rate temporal evolution of the 2100 m flow using a method based
on topographic data. Comparison of Pre-eruption and post-eruption
Digital Elevation Models (DEM) allowed for estimate of the flow
area, thickness and bulk volume at different dates. Effusion rates
of 10.74 and 8.85 m3 s−1 were obtained on July 28 and 30, respec-
tively. Considering that MIVIS acquisition occurred on July 29, it is
reasonable to assume that the rate did not vary significantly within
the investigated time window. Therefore, we can assume that the
flow was in a relative steady-state at the time of acquisition.

It is important to note from Fig. 11 the different location and
amplitude of the peaks between the E ′

r and Er(h) downflow profile.

Figure 11. Comparison between downflow effusion rates calculated assum-
ing a constant lava temperature decrement (black line) and a decrement de-
termined as a function of the lava flow thickness (red line). When corrected
for topographic effect, the derived trend (red line) is reasonably consistent
with the expected constant downflow rate. However, assuming a �Tflow of
200 ◦C yields effusion rates that are one order lower than measured ones (a).
We need to reduce �Tflow to 20 ◦C in order to obtain comparable effusion
rates (b). Small peaks still appear in the red trend (B1, B2, B4, B5) indicating
that model fails to correctly predict rates at those locations.

Most of the peaks observed in the E ′
r profile are not present in the

Er(h) trend, where effusion rate changes due to h variations have
been correctly predicted. Therefore, the remaining peaks are not
depending on changes in lava flow thickness.

Combining eqs (8) and (9) allows to estimate the lava downflow
velocity v. Fig. 12 shows downflow v derived for a �T of 20 ◦C.
Velocities vary between 0.005 and 0.3 m s−1 with a mean value
of 0.02 m s−1. These measurements are slightly lower than surface
velocities obtained for the 2001 Etna lava flow by Bailey et al.
(2006). However, it is important to note that derived v are averaged
over a cross-section area and therefore they include the contribution
of those parts of the flow which are considerably slower than surface
velocity.

6 D I S C U S S I O N

Results derived from MIVIS data suggest that topography affects
heat flux at different scales. On the one hand, the average slope
angle appears to control the overall rate of decrement of the heat
flux. On the other hand, local variations in topographic height yield
changes in lava flow thickness and thus in heat flux according to
eq. (10). These results are in agreement with the observations of
Lombardo et al. (2004) and Wright et al. (2010).
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Figure 12. Downflow velocity derived by dividing the effusion rate (red
trend in Fig. 11b) for each cross-sectional area of the flow from vent to toe.
Velocity peaks are highly correlated with effusion rate peaks indicating that
flow width variations are negligible compared with changes in lava flow
thickness.

The overall trend displays a spatial variation in thermal structure
consistent with rapid near-vent surface cooling, a dominant zone of
cooler, stable temperatures and an increase in temperature towards
the flow front (Fig. 2a). This trend is consistent with that proposed
by Lipman & Banks (1987) and Harris et al. (2007a) for channel-
fed Etnean flows, where the proximal channel represents the hottest
zone of high heat losses, but the majority of the flow is well-insulated
as the surface cools and reduces heat loss.

We thus divided the flow into three thermally distinguishable
zones: proximal, medial-distal and toe. The proximal zone is char-
acterized by relatively high Qrad which rapidly decrease from 1100
to about 500 kW after a distance of 0.4 km from the vent. Er(h) and
v peaks mark the main outbreak zone along the 2100 vent fracture.

The medial zone profile shows two distinct trends. One trend is
identified by decrement in Qrad showing a weak downflow decline.
Variations in Qrad are due to local variations in h and downflow Er(h)
shows a constant trend as expected from the law of conservation of
mass (Fig. 8). Also flow velocity keeps constant indicating that the
channel width does not change significantly in this region (Fig. 12).
This trend is associated with a near-constant slope topography and
shows a quasi-steady radiated heat flux as predicted by Garel et al.
(2012). The second trend is characterized by abrupt increases in Qrad

which interrupt the continuity of the first trend. These increases are
not balanced by proportional increments in h yielding unpredicted
peaks in Er(h) in contradiction to the law of conservation of mass.
Most of the peaks in the velocity profile (Fig. 12) fall closer to
those observed in the Er(h) profile (Fig. 11). The position of these
peaks is associated with the location of significant topographic slope
changes such as dips and scarps (e.g. B2, B4, B5, B6 of Fig. 6). The
remaining v peaks are due to reduction of the cross-sectional area
of the channel, according to eqs (8)–(10).

Finally, Qrad variations at the toe of the flow reflect the complexity
of the lava structure emplacing in an ‘alluvial fan’ fashion (Fig. 2).
Different lobes at the lava front show different effusion rates and
velocities. However, if we consider the total Er(h) contribution from
each lobes at every cross-section, the constancy of the mass rate is
still observed (Fig. 11).

The correlation between small changes in effusion rate and sig-
nificant morphological changes in long-lived basaltic flows has been
highlighted by several authors (James et al. 2007; Applegarth et al.
2010a,b; Tarquini et al. 2012). Small, transient changes in this pa-

Figure 13. Integrated results from DEM and MIVIS data indicate that to-
pography affects downflow-derived heat flux, effusion rate and velocity
estimates in different ways. Heat flux varies with lava flow thickness that
is triggered by topographic changes. Also, lava internal temperature de-
creases accordingly with lava flow thickness keeping effusion rate constant
throughout the flow as stated by the law of conservation of mass. This trend
is interrupted at slope breaks by crust fracturing and subsequent rising of
inner molten lava.

rameter during the late eruption were observed to have a major
influence on the structure of the 2100 m flow field of the 2001 Etna
(Applegarth et al. 2010a). They caused overflows and surface flows,
and contributed to levée breaching, though other factors such as the
stagnation and ponding of flow units within channels also influ-
enced breaching events. Ponding occurs in regions of shallowing
slope, so topography played a significant role in determining where
the Monte Nero and Monte Grosso breaches occurred (Applegarth
et al. 2010a).

6.1 Integrated model for the 2100 m lava flow

Our results highlight that the model of Pieri & Baloga (1986) cor-
rectly predicts heat flux changes as a function of changes in the
cross-sectional area of the flow. However, there are some weak-
nesses to the model that require further investigation. The presence
of peaks in the Er(h) profile indicates that eq. (1) fails to describe
the continuity of the flow rate at peak locations. Fig. 11 shows
that the main peak occurs at the fissure vent. Eruptive activity from
this vent includes phreatomagmatic and explosive episodes (Coltelli
et al. 2007), characterized by chaotic and turbulent motions in the
lava flow. These turbulent processes undergoing at the vent would
contradict the model assumption of a flow in a thermal and mechan-
ical steady-state. Therefore, it is reasonable to suppose that the Pieri
& Baloga (1986) formula fails to predict effusion rates at the vent
because in that part of the flow the model assumptions are not sat-
isfied. This might be the key to understanding the occurrence of the
peaks in the Er(h) downflow profile. Two days after July 29th, lava
flow became tube-contained and several ephemeral vents formed
and emitted lava flows that were less than one hundred meters long
(Coltelli et al. 2007). Two ephemeral vents, located west of Mt.
Gemellaro at 1470 and 1460 m a.s.l. (Fig. 5), produced lava flows
that moved toward Mt. Grosso and southwestwards, respectively.
These locations correspond to peak positions in the Er(h) profile
(Figs 8 and 11).

Then observations can be summarized as follows (Fig. 13):

(1) The main Er(h) peak corresponds to the location of the 2100 m
vent.
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(2) Peak positions in Er(h) profile are related to topographic
scarps and breaks in slope (e.g. B2, B4, B6 in Fig. 6).

(3) Some of these locations will be occupied by ephemeral vents
opening shortly after the MIVIS acquisition date.

Assembling these results together yield the reasonable conclusion
that Er(h) peaks were generated by lava outbreaks.

A 2-D interpretation model that integrates downflow, heat flux,
effusion rate and topographic changes is proposed in Fig. 13. Slope
breaks cause local changes in flow velocity and therefore changes
in the lava crust stress field (Valerio et al. 2011). When a weakness
in the crust appears, the molten lava breaks through and pushes
crusted blocks apart. The lava flow, disrupting the crust in a chaotic
fashion, reveals the inner core at higher temperature which cause
local increments in the radiative heat flux (James et al. 2007). As
suggested for the lava vent, the assumptions of the Pieri and Baloga
formula (1986) would not be satisfied by empirical conditions in
proximity of lava outbreaks. These outbreaks would also explain
the rapid changes in thermal flux that are observable in time se-
ries derived from low-spatial high-temporal resolution satellite data
(Wright et al 2010; Lombardo 2015).

6.2 Validation and future improvements

The 2001 Etna eruption and in particular the 2100 m lava flow, is
one of the best documented eruption in literature (Coltelli et al.
2007; Favalli et al. 2010a; Applegarth et al. 2010a; Tarquini et al.
2012). The 2100 m lava flow evolution has been mapped using
high resolution DEM from orthophotos (Coltelli et al. 2007) and
LIDAR data (Favalli et al. 2010; Tarquini et al. 2012). Based on
these observations, the 2100 m channel-fed lava flow was divided
into several distinct segments, from vent to toe. Flow thicknesses,
areas and volumes were estimated for each segments at different
cross-section (Coltelli et al. 2007). These measurements are in good
agreement with our results obtained from MIVIS images at the same
locations.

Thermal flux of 900–1000 kW estimated at the vent are in good
agreement with the maximum flux of about 13 Mw derived by
Wright et al. (2010) from Hyperion data during the 2004 Etna
eruption, which correspond to 15.6 and 14.9 kW m−2 respectively
(considering an averaged MIVIS pixel size of 8 m and the 30 m
pixel resolution of Hyperion).

This work has demonstrated how the surface temperature distri-
bution and the geometry of the lava flow are related to each other.
Further improvements will certainly be possible using digital el-
evation models at higher resolution. Starting from the studies of
Favalli et al. (2009, 2010), Coltelli et al. (2007) and Applegarth
et al. (2010a), investigations will be carried out to better constrain
the morphology of the 2100 m elevation flow. Lidar-derived topog-
raphy of about 2 m resolution can be used to analyse the dynamics
of the lava flow emplacement for the different segments of the
channel-fed flow (Favalli et al. 2010).

The goal of our future research will be to test the relationship
between flux and slope for other case studies. Unfortunately, high
spatial resolution thermal infrared data on lava flows are highly de-
sirable but not easily achievable. Thermal camera have been already
used for volcano monitoring and lava flow flux estimates (Calvari
et al. 2005, 2010). Cameras are now becoming available with two
bands to allow dual waveband imaging in the MIR and the TIR
(Harris 2013). Therefore, ground-based measurements using ther-
mal cameras have the potential to provide good quality data at low
cost.

The drone technology is going to change the way that remote data
are collected. Actual drones are able to carry payload or cameras
weighing up to 10 kg. Drone’s nadir view also ensures less geo-
metrically distortion in images compared with those recorded by
ground-fixed cameras. Therefore, in the near future, it is reasonable
to assume that drones will play an increasingly important role in the
monitoring of active volcanoes.

7 C O N C LU S I O N S

The formula originally proposed by Pieri & Baloga (1986), relates
the effusion rate to the heat flux radiated by the flow surface and the
difference between lava temperatures at the vent and at the front.
Due to the assumptions of the model, this formula also implies that
the heat flux, the surface and the internal lava temperature varies as
a function of the flow thickness. These relationships have been used
by several authors as a proof of the weakness of the model. Herein,
we demonstrated that such relationships do exist and that the Pieri
& Baloga model (1986) accurately predicts downflow effusion rates
with the exception of vent locations where the topographic control
on the emplacement mechanism is override by turbulent dynamics
in the flow. All these results were achieved thanks to the effective-
ness of high spatial resolution thermal data that allowed for detailed
mapping and analysis of the lava flow thermal structure. Future
work will aim at deepening our understanding of the mechanisms
whereby topography affects flow dynamics and yields the forma-
tion of lava breakouts. Comparison with LIDAR data (Coltelli et al.
2007; Favalli et al. 2010) would be of great help in assessing the re-
lationship between channel morphology and underlying topography
and slopes.
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J. Volcanol. Geotherm. Res., 194, 100–106.

Bailey, J.E., Harris, A.J.L., Dehn, J., Calvari, S. & Rowland, S.K., 2006.
The changing morphology of an open lava channel on Mt. Etna, Bull.
Volcanol., 68, 497–515.

Barberi, F. & Villari, L., 1994. Volcano monitoring and civil protection
problems during the 1991–1993 Etna eruption, Acta Vulcanologica, 4,
157–166.

Behncke, B. & Neri, M., 2003. The July–August 2001 eruption of Mt. Etna
(Sicily), Bull. Volcanol., 65, 461–476.

Calvari, S. & Pinkerton, H., 2004. Birth, growth and morphologic evolution
of the “Laghetto” cinder cone during the 2001 Etna eruption, J. Volcanol.
Geotherm. Res., 132, 225–239.

 at IN
G

V
 on February 11, 2016

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/


132 V. Lombardo

Calvari, S., Coltelli, M., Neri, M., Pompilio, M & Scribano, V., 1994. The
1991–1993 Etna eruption: chronology and geological observations, Acta
Vulcanologica, 4, 1–14.

Calvari, S., Spampinato, L., Lodato, L., Harris, A.J.L., Patrick, M.R.,
Dehn, J., Burton, M.R. & Andronico, D., 2005. Chronology and com-
plex volcanic processes during the 2002–2003 flank eruption at Strom-
boli volcano (Italy) reconstructed from direct observations and sur-
veys with a handheld thermal camera, J. geophys. Res., 110, B02201,
doi:10.1029/2004JB003129.

Calvari, S., Lodato, L., Steffke, A., Cristaldi, A., Harris, A.J.L., Spampinato,
L. & Boschi, E., 2010. The 2007 Stromboli eruption: event chronology
and effusion rates using thermal infrared data, J. geophys. Res., 115,
B04201, doi:10.1029/2009JB006478.

Coltelli, M., Proietti, C., Branca, S., Marsella, M., Andronico, D. & Lodato,
L., 2007. Lava flow mapping: the case of 2001 flank eruption of Etna,
J. geophys. Res., 112, F02029, doi:10.1029/2006JF000598.

Dragoni, M., 1989. A dynamical model of lava flows cooling by radiation,
Bull Volcanol., 51, 88–95.

Dragoni, M. & Tallarico, A., 2009. Assumptions in the evaluation of
effusion rates from heat radiation, Geophys. Res. Lett., 36, L08302,
doi:10.1029/2009GL037411.

Favalli, M., Mazzarini, F., Pareschi, M.T. & Boschi, E., 2009. Topographic
control on lava flow paths at Mount Etna, Italy: implications for hazard
assessment, J. geophys. Res., 114, F01019, doi:10.1029/2007JF000918.

Favalli, M., Harris, A.J.L., Fornaciai, A., Pareschi, M.T. & Mazzarini, F.,
2010. The distal segment of Etna’s 2001 basaltic lava flow, Bull Volcanol.,
72, 119–127.

Garel, F, Kaminski, E, Tait, S. & Limare, A., 2012. An experimental study of
the surface thermal signature of hot subaerial isoviscous gravity currents:
implications for thermal monitoring of lava flows and domes, J. geophys.
Res., 117, B02205, doi:10.1029/2011JB008698.

Harris, A.J.L., 2013. Book Review: Thermal Remote Sensing of Active Vol-
canoes: A User’s Manual, Cambridge Univ. Press.

Harris, A.J.L. & Baloga, S.M., 2009. Lava discharge rates from
satellite measured heat flux, Geophys. Res. Lett., 36, L19302,
doi:10.1029/2009GL039717.

Harris, A.J.L. & Stevenson, D.S., 1997. Magma budgets and steady-state
activity of Vulcano and Stromboli, Geophys. Res. Lett., 24, 1043–1046.

Harris, A.J.L., Butterworth, A.L., Carlton, R.W., Downey, I., Miller, P.,
Navarro, P. & Rothery, D.A., 1997a. Low cost volcano surveillance from
space: case studies from Etna, Krafla, Cerro Negro, Fogo, Lascar and
Erebus, Bull. Volcanol., 59, 49–64.

Harris, A.J.L., Blake, S., Rothery, D.A. & Stevens, N.F., 1997b. A chronol-
ogy of the 1991 to 1993 Mount Etna eruption using advanced very high
resolution radiometer data: implications for real-time thermal volcano
monitoring, J. geophys. Res., 102, 7985–8003.

Harris, A.J.L., Flynn, L.P., Keszthelyi, L., Mouginis-Mark, P.J., Rowland,
S.K. & Resing, J.A., 1998. Calculation of lava effusion rates from Landsat
TM data, Bull. Volcanol. 60, 52–71.

Harris, A.J.L., Flynn, L.P., Rothery, D.A., Oppenheimer, C. & Sherman,
S.B., 1999. Mass flux measurements at active lava lakes: implications for
magma recycling, J. geophys. Res., 104(B4), 7117–7136.

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

Harris, A.J.L., Bailey, J., Calvari, S. & Dehn, J., 2005. Heat loss measured at a
lava channel and its implications for down-channel cooling and rheology,
GSA Special Paper, 396, 125–146.

Harris, A.J.L., Dehn, J. & Calvari, S., 2007a. Lava effusion rate definition
and measurement: a review, Bull. Volcanol, 70, 1–22.

Harris, A.J.L., Favalli, M., Mazzarini, F. & Pareschi, M.T., 2007b. Best-fit
results 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.

James, M.R., Pinkerton, H. & Robson, S., 2007. Image-based measurement
of flux variation in distal regions of active lava flows, Geochem. Geophys.
Geosyst., 8, Q03006, doi:10.1029/2006GC001448.

Keszthelyi, L. & Denlinger, R., 1996. The initial cooling of pahoehoe ow
lobes, Bull. Volcanol., 58, 5–18.

Kneizys, F.X., Shettle, E.P., Gallery, W.O., Chetwynd, Jr., J.H., Abreu, L.W.,
Selby, J.E.A., Clugh, S.A. & Fenn, R.W., 1983. Atmospheric trasmit-
tance/radiance: computer code LOWTRAN 6, Environ. Res. Pap., 846,
Air Force Geophys. Lab., Hanscom AFB, Mass.

Lev, E., Spiegelman, M., Wysocki, R.J. & Karson, J.A., 2012. Investigat-
ing lava flow rheology using video analysis and numerical flow models,
J. Volcanol. Geotherm. Res., 247–248, 62–73.

Lipman, P.W. & Banks, N.G., 1987. Aa flow dynamics, Mauna Loa 1984,
U.S. Geol. Surv. Prof. Pap., 1350, 1527–1567.

Lombardo, V., 2015. AVHotRR: near-real time routine for volcano monitor-
ing using IR satellite data, Geological Society, Special Publications, 426,
doi:10.1144/SP426.18.

Lombardo, V., Buongiorno & M.F., 2006. Lava flow thermal analysis using
three infrared bands of remote sensing imagery: a study case from Mt.
Etna 2001 eruption, Remote Sens. Environ., 101(2), 141–149.

Lombardo, V., Buongiorno, M.F., Merucci, L. & Pieri, D.C., 2004. Differ-
ences in Landsat TM derived lava flow thermal structure during summit
and flank eruption at Mount Etna, J. Volcanol. Geotherm. Res., 134(1–2),
15–34.

Lombardo, V., Buongiorno, M.F. & Amici, S., 2006. Characterization of vol-
canic thermal anomalies by means of sub-pixel temperature distribution
analysis, Bull. Volcanol., 68(7–8), 641–651.

Lombardo, V., Harris, A.J.L., Calvari, S. & Buongiorno, M.F., 2009. Spatial
variations in lava flow field thermal structure and effusion rate derived
from very high spatial resolution hyperspectral (MIVIS) data, J. geophys.
Res., 114, B02208, doi:10.1029/2008JB005648.

Mastin, L.G. & Ghiorso, M.S., 2000. A numerical program for steady-state
flow of magma–gas mixtures through vertical eruption conduits, USGS
Open-File Report 00-209.

Oppenheimer, C., 1991. Lava flow cooling estimated from Landsat Thematic
Mapper infrared data: the Lonquimay eruption (Chile, 1989), J. geophys.
Res., 96, 21 865–21 878.

Oppenheimer, C., Francis, P.W., Rothery, D.A., Carlton, R.W.T. & Glaze,
L., 1993a. Infrared image analysis of volcanic thermal features: Làscar
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