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[1] A commonly used method to convert lava flow area to
volume flux using low spatial resolution satellite data rests
on two primary assumptions, that: (1) volume flux is related
to flow area, and (2) lava surfaces cool exponentially with
time and distance from the source. Field data show that both
assumptions are valid. The ensuing relationship is an
empirical one in which flow area is proportional to time-
averaged discharge rate under given compositional,
insulation, rheological and ambient conditions. Thus, the
proportionality has to be determined depending on flow
conditions, and the conversion set and applied on a case-by-
case basis. Citation: Harris, A. J. L., and S. M. Baloga (2009),
Lava discharge rates from satellite-measured heat flux, Geophys.
Res. Lett., 36, 119302, doi:10.1029/2009GL039717.

1. Introduction

[2] A relationship proposed by Pieri and Baloga [1986]
is now widely used in remote sensing to convert active lava
flow area to lava volume flux. The relationship was first
presented as a method for estimating lava volume flux for
planetary lava flows by Crisp and Baloga [1990], and was
subsequently adapted by Harris et al. [1997] to convert
satellite-derived heat fluxes for active terrestrial lava flows
to volume fluxes. The method was further adapted and
applied to various effusive scenarios (basaltic, silicic, 'a’a,
pahoehoe, fountain-fed, channel-fed, tube-fed) in a series of
papers reviewed by Harris et al. [2007], with Wright et al.
[2001] focusing on the application of the method to low
spatial resolution (1 km pixel) satellite thermal data. Wright
et al. [2001] concluded that the method operates by multi-
plying active flow area by a constant, the value of which is
“obtained from a crude approximation of the lava flow heat
balance”. Further, Wright et al. [2001] found that the
method did not yield instantaneous effusion rates, but
instead provided “a valid and useful way to estimate
average effusion rates from measurements of flow area”.
This was iterated by Harris et al. [2007] who used the term
“time-averaged discharge rate” (TADR) to describe the
output. TADR considers volume fluxes averaged over given
time periods, so that the term TADR was thus adopted to
stress the time-averaged nature of the output. Current
consideration of the method culminated by Dragoni and
Tallarico’s [2009] theoretically-based re-examination of the
assumptions behind the original relationship of Pieri and
Baloga [1986]. In spite of these treatments, the application
of the conversion method when applied to satellite thermal
data, and the necessary assumptions, remain a source of
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debate and confusion. This is apparent from Dragoni and
Tallarico [2009] who argue that the underling assumptions
of the original Pieri and Baloga [1986] model are not
consistent with its use as a method for deriving TADR from
satellite thermal data. However, a full consideration of the
actual intent of the original Pieri and Baloga [1986] work,
as well as the satellite-based approach of Harris et al
[1997], reveals why certain assumptions were used and
remain valid today as approximations of realistic flow
behavior. Consideration of field data reveal that the two
main assumptions on which the method is based, i.c., that
(1) TADR is related to flow length, and (2) lava surfaces
cool in an essentially exponential fashion are, in fact, valid.
Thus, to clarify the application of the method to low spatial
resolution satellite data it is necessary to provide a full
examination of the two original studies, as well as an
assessment of their underlying assumptions using field data.
Such a consideration shows that we rely on an empirical
relationship whereby flow area is proportional to TADR
under given insulation, rheological and ambient conditions.

2. Relationship of Pieri and Baloga [1986]

[3] The intent of Pieri and Baloga [1986] was to examine
the observed correlation between erupted lava volume flux
(Q) and lava flow plan area (4) for basaltic Hawaiian flows.
To explore this, Pieri and Baloga [1986] developed the
relation (for an unmixed case):

4
eoT,

0 1))

A(L) (1)

where ¢ is emissivity, o is the Stefan-Boltzmann constant,
T, is the effective radiation temperature of the flow surface,
p is flow density, ¢, is the lava specific heat capacity, T, is
the eruption temperature and Tris the temperature at which
forward motion ceases. Equation (1) is applicable to
cooling-limited flow, whereby flow has reached the
maximum possible distance from the vent (L). This is
determined by the point at which the flow core cools to a
temperature (7)) at which further forward motion is
rheologically impossible. This relation, as stressed by Pieri
and Baloga [1986], was based on pioneering fluid dynamic
treatments of lava flow emplacement dating back to Danes
[1972]. 1t is, indeed, based on a common heat loss problem
in geology [see, e.g., Furbish, 1997] and has been applied,
for example, to examine mass fluxes at lava lakes on the
basis of the associated heat flux [Francis et al., 1993]. The
intent of the Pieri and Baloga [1986] formulation was to
recognize two shortcomings of earlier models [e.g., Danes,
1972; Park and Iversen, 1984]. First, the radiative heat loss
from the surface of an active flow cannot be adequately
characterized by the vertically averaged temperature of a
column within the flow. Field observation shows that flow
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Figure 1. Cooling curves for surface crusts forming on
pahoehoe lava flows at Kilauea obtained with a thermal
infrared (8—14 pm) thermometer (data are corrected for a
8—14 pm emissivity for Hawaiian basalt of 0.95). Forty
cooling curves are defined, each showing logarithmic decay
ranging between y = —96.006 In(x) + 281.04 (R* = 0.97)
and y = —98.5 In(x) + 189.17 (R* = 0.90). The cooling trend
of Hon et al. [1994] is given for comparison.

surface temperature is typically less than that of the interior
[e.g., Hon et al., 1994]. This is apparent in the field data
given in Figure 1 where maximum surface temperatures are
between 710°C and 1026°C (mean = 860°C, o = 70°C) and
compare with a thermocouple-derived core temperature of
1164°C. Consequently, a constant and representative sur-
face temperature (7,) was proposed that could be derived by
appropriate averaging over both space and time (see Text S1
of the auxiliary material).! Second, flow area was
introduced to allow sensitivity of ultimate flow length to
upstream width variations. Such sensitivities are manifested
in relatively low viscosity flows where flow dimensions are
influenced by pre-existing topography along the flow path,
as well as a number of other factors such as channel
breaching, overflow and bifurcation [e.g., Kilburn and
Lopes, 1988]. These sensitivities can mask the thermally-
derived proportionality between volume flux and the
maximum flow extent. For example, a flow with significant
topographically induced widening near the vent would have
a different radiative loss history from one that widens near
the terminus, even though both were erupted under identical
vent conditions. Thus, fundamental to the steady-state
relation expressed by equation (1) is the assumption that
flow plan area is related to the erupted lava volume flux
through flow cooling. These, and other key assumptions, are
debated by Dragoni and Tallarico [2009]. However, what
Pieri and Baloga [1986] actually did was to explore the ther-
mal conditions, i.e., combinations of T, and AT(= T, — T,
that allowed the Q versus A regressions found for Hawaiian
flows to be replicated (see Text S1). In effect, an empirical
relation was defined using the intrinsic compositional flow
parameters (p, c,) as well as thermal insulation (7;.) and
cooling (AT) parameters.

3. Full Method of Harris et al. [1997]

[4] The formula of Pieri and Baloga [1986] was adapted
by Harris et al. [1997] to allow satellite-derived spectral

'Auxiliary materials are available in the HTML. doi:10.1029/
2009GL039717.
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radiance for an active flow to be converted from units used
by the remote sensing community, i.e., mW m st 2 um™ ',
to a value that is of more use to the volcanological
community, i.e., volume flux in units of m> s~ !. The first,
and most important, step in completing the conversion is to
assess the area of active lava (4) within the pixel. Although
this important step is not considered by Dragoni and
Tallarico [2009], a full consideration of these methodolog-
ical steps is necessary if we are to understand the limits of
the resulting conversion.

[s] Given the low spatial resolution of the data (I km
Advanced Very High Resolution Radiometer [AVHRR]
pixels) and the availability of just one waveband of data,
a two component model had to be applied that considered
the pixel to be filled by a mixture of active lava with a
surface temperature of 7, and ambient ground at 7,. Now,
using the AVHRR band 4 (10.5 to 11.5 um) pixel-integrated
radiance (R4), the pixel portion occupied by active lava can
be estimated from:

Ry = pLa(Te) + (1 — p)La(Ta) 2)
in which L, is the Planck Function for AVHRR band 4 and
p denotes the pixel portion occupied by a surface at 7.
Multiplying p by pixel area then gave the active lava area.
Given an assessment of T, based on the temperature of
surrounding, lava-free, pixels, an assumed value for the lava
surface was necessary in order to solve for p. As argued by
Harris et al. [1997], a crust-dominated scenario was
assumed with higher temperature cracks being of a
sufficiently small size so as to contribute negligible amounts
of radiance in the 10.5 to 11.5 pm waveband (see Text S1).
A similar approach was published in the same year to
estimate active lava areas in 1 km Along Track Scanning
Radiometer data by Wooster and Rothery [1997]. The
mixture model applied by Harris et al. [1997] meant that
some reasonable temperature range had to be assumed for
the flow surface. It was recognized that surface temperatures
of active lavas were highly variable, varying from near
magmatic temperatures over channels near the vent to much
lower temperatures at mature, heavily crusted, surfaces near
the flow front. However, the limits imposed by use of 1 km
data and a single waveband of data meant that a complex
model that varied temperature in space was impossible to
apply. However, to assume a single temperature was
dramatically at odds with field experience (see Text S1).
As a result, Harris et al. [1997] opted for solution over a
range of surface temperatures from 100°C to 500°C, which
respectively gave a maximum and minimum bound for the
pixel portion occupied by active lava and, hence, lava flow
area. As shown in Text S1, the assumed crust-dominated
scenario, and assumed surface temperature range, is
consistent with available field data for basaltic lava flows.
The upper bound needs to be increased to 1000°C in cases
where long lengths of poorly crusted channel are active, as
was the case for Etna’s fountain fed flows of November
1999. Hence, Harris and Neri [2002] in their analysis of
AVHRR data for the same flows assumed a range of 100°C
to 1000°C when applying the equation (2) mixture model. It
is important to understand these temperature limits, because
their adoption now controls the conversion to volume flux.
Using these characteristic surface temperature envelopes,
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the Harris et al. [1997] mixture model gives a range of
derived flow areas and heat fluxes. These are used in
equation (1) to convert to volume flux. At this point Dragoni
and Tallarico [2009] pick up the method. Of course, as
pointed out by Dragoni and Tallarico [2009], inputting a
range of flow areas produces a wide range of volume fluxes.
However, given the absence of field measurements simulta-
neous with the satellite overpass and uncertainty in the
assumed values, attempting to make the range smaller would
have added a misleading air of precision to the results, which
are, in fact, comparable to the range of uncertainties in field-
based measurements [Harris et al., 2007].

[6] Wright et al. [2001] point out two important assump-
tions made as part of this method, the second of which
needs to be added to the assumption list of Dragoni and
Tallarico [2009]. First, the approach assumes a linear
correlation between erupted volume flux and lava flow
area. Wright et al. [2001] pointed out that, if we consider
the values input into the method, area becomes the only
variable so that the relation reduces to Q = x4 (see Text S1).
Thus, we move towards a situation similar to the approach
of Pieri and Baloga [1986] whereby characteristic compo-
sitional and thermal properties of the lava are used to
calibrate a proportionality between Q and A. In fact,
working backwards through the calculation steps shows
that the only variable becomes the initial measurement,
at-sensor spectral radiance (R), meaning that we can also use
O = xR, as done by Harris and Ripepe [2007]. Secondly,
Wright et al. [2001] point out that a strictly defined effusion
rate is not an appropriate term for the parameter used in this
relationship. Instead a time-averaged volume flux value is
appropriate. Wright et al. [2001] argue that the area of an
active flow is not reflective of the instantaneous at-vent
volume flux or effusion rate. Rather it is reflective of the
antecedent volume flux, integrated over some period prior to
satellite overpass. For example, if a satellite measurement is
made at 12:00, one “effusion rate” is generated. If effusion
triples at 12:01, and another satellite measurement is made at
12:02, the new calculated effusion rate will not be three
times higher because it takes time for the higher effusion rate
to propagate downstream and cause perceptible increases in
flow area. However, after sufficient time, the new elevated
effusion rate will result in an increase in flow area. Thus, to
stress this point, Harris et al. [2007] used the term time-
averaged discharge rates to describe the output of the model
and to highlight the fact that we were considering volume
fluxes averaged over a given time period. In terms of the
Pieri and Baloga [1986] relationship, TADR is the volume
flux averaged over the time it takes to emplace the cooling-
limited unit of length L.

4. Assumptions

[71 Dragoni and Tallarico [2009] took issue with two
assumptions in the above formulations. First, Dragoni and
Tallarico [2009] objected to the notion that Q is propor-
tional to L stating that this was “absurd” and that the
assumption that “effusion rate is an increasing function of
flow length” was “‘unrealistic”. Second, Dragoni and
Tallarico [2009] point out that “the most questionable
assumption is probably the constancy of the crust temper-
ature” and that “realistically, crust temperature should vary
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with distance” . Although the validity of these two important
assumptions has not been adequately assessed to date, field
data show them to be valid.

4.1. Relationship Between TADR and Lava Flow
Length and Area

[8] George Walker was one of the first workers to
indicate that TADR (Q) was proportional to lava flow length
[Walker, 1973]. Walker [1973] plotted (for 41 flows of three
different compositions at 19 different volcanoes) Q versus L
and noted “although there is a scatter of points, it is striking
how good is the correlation between length of flow when
one bears in mind that the data are drawn from different
volcanoes™ [Walker, 1973]. Such a relationship has also
been found for single volcanoes, where Wadge [1978] and
Calvari and Pinkerton [1998] report proportionality be-
tween O and L for lava units measured at Etna. Lava flow
length must in some sense be proportional to Q, as it is
implicit in its definition for a given flow (see Text S1). Only
the numerical value of the proportionality can be at issue, and
whether a set of flows are erupted under sufficiently similar
conditions to evaluate the proportionality. Assuming that
degassing and vesiculation are negligible influences on the
conservation of lava volume during emplacement, formula-
tion of a thermal balance between the heat within the erupted
flow volume and that lost from it must fundamentally relate O
to L. More specifically, Q must relate to the time-dependent
changes in the plan area of the flow (see Text S1). If we
follow up on the work of Kilburn and Lopes [1988] we can
express TADR in terms of lava flow unit width (W), length
(L), thickness (H) and emplacement time (37),

TADR = (nWLH) /%t 3)

n being a shape factor. Thus TADR is related to flow length,
width, thickness and emplacement time. As a result, Pieri
and Baloga [1986] took the analysis a step further by
considering the relationship between TADR and flow area(=
nWL). Pieri and Baloga [1986] concluded that TADR ““is
correlated with the total length of the flow only in the sense
that this length is a surrogate measurement of the plan area
of the flow”. However, we need to stress another very
important caveat: a O versus A relationship will only hold
for the specific thermal, rheological, compositional and
ambient (e.g., slope and flow bed roughness) conditions for
which it has been derived. We note that the relationship will
become blurred if different populations (defined by
differing insulation, rheological and slope conditions)
become mixed. This was the point of Pinkerton and Wilson
[1994] who analyzed the fact, pointed out by Malin [1980],
that Walker’s [1973] relation between Q and L did not hold
if data for Hawaiian flows were considered. Pinkerton and
Wilson [1994] showed that if tube-fed flows were omitted
from the data set then the relation did, in fact, hold. Simply,
at a given O, well-insulated (tube-contained) flow will
extend a greater distance than poorly-insulated (channel-
fed) flow. Hence, the two populations (well-insulated and
poorly-insulated Hawaiian flows) have to be considered
separately. Likewise the relationship will vary between
different rheological regimes and slope conditions. Thus a
relationship developed for Hawaii cannot be applied to
Etna, and a relationship derived for high slopes cannot be
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applied to low slopes. As a result, for example, Calvari and
Pinkerton’s [1998] relationship between Q and L for Etnean
flows improved if slope was included.

4.2. Constancy of Crust Temperature

[o] Crust temperature decreases with distance from the
vent as it ages and cools. However, both the limits of the
satellite data and the simplicity of the initial formulation
require choice of a characteristic (single) temperature for the
flow surface. The assumption of a constant surface temper-
ature can hold if heat flux is independent of flow length.
This condition, in turn, “can be approximated if the crust
temperature decreases (say exponentially) with distance”
[Dragoni and Tallarico, 2009], so that 7. must decline with
distance, x, following [Dragoni and Tallarico, 2009]:

T.(x) = T,exp /%) x > 0 (4)

Xo being the characteristic length for the temperature
decrease. Field measurements for the temperature of cooling
crusts on Hawaiian pahoehoe lava flows have shown that
this is indeed the case. Hon et al. [1994] showed that, once
surface temperature drops below 1070°C, a crust forms and
begins to cool. Measurement of surface temperature (I,
in °C) through time (¢, in hours) showed that surface cooling
could be expressed empirically by:

Ty = —14010g(r) + 303 (5)

As shown here in Figure 1 the trend is easily replicated and
results from cooling by conduction across the surface crust
[Hon et al., 1994]. This varies with /¢ so that surface
cooling follows a predictable trend. We can thus expect a
stable surface crust to cool in such a manner with distance
from the vent, as seen in data for ’a’a flows. Here,
Oppenheimer [1991] recorded a logarithmic decline in
surface temperature with distance (x, in m) from the vent at
Lonquimay’s 1989 ‘a’a flow:

Ty = 218 — In(x) (6)

This is consistent with down-flow profiles of surface
temperature obtained for Sierra Negra’s 1979 flow [Rothery
et al., 1988], Etna’s 2001 flow [Lombardo et al., 2009], and
silicic lava flows at Santiaguito [Harris et al., 2004], where
each profile is characterized by rapid, near-source, surface
cooling and a dominant zone of cooler, stable, temperatures
across most of the flow.

5. Discussion

[10] We arrive at a point whereby surface temperature
needs to be set according to flow emplacement conditions,
with the Q versus A4 relationship being set accordingly. To
do this, surface thermal conditions and core cooling con-
ditions are varied through manipulation of T, and AT,
respectively (see Text S1). However, Dragoni and Tallarico
[2009] conclude that “apparently reasonable results were
found since a weakness of the model, assuming a uniform,

crust temperature, is compensated for by inconsistent use of

the formulae.” As argued above, the temperature assump-
tion is a necessary one. Given that equation (4) holds, it is
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also a broadly realistic one. Inconsistent use of the formulae
claimed by Dragoni and Tallarico [2009] appears to be a
misinterpretation of the application. What we have is an
empirical relation between flow area and discharge rate
which varies from case to case depending on differences in
insulation, rheology, slope, and a host of other disparate
factors such as crystallinity, bed roughness, transient erup-
tion conditions, etc. A relationship derived for tube-fed
basaltic pahoheoe on a flat surface, for example, will not
apply to channel-fed basaltic ’a’a flow on a steep slope.
Likewise, a relation derived for a silicic flow at Santiaguito
will not apply to a basaltic flow on Etna. Thus, as was the
spirit of Pieri and Baloga [1986], we must vary the surface
thermal state (T,) and internal cooling conditions (A7) from
case to case to obtain a linear best fit between Q and A. The
resulting proportionality must then only be applied to lava
flows and eruptions within the same broad population of
possibilities. The point is, T, and AT need to be set
according to the known eruption temperature and rheolog-
ical regime, so that T, and AT, as well as ¢, p and C,, are
case dependent and help set the proportionality between O
and A for each case. To test whether we have the relation
right or not we can compare model output TADR with field
measured values. In cases where field-measurements are
available near-simultaneous with the satellite overpass, the
two values are in good agreement [see Harris et al., 2007,
Figure 10]. Thus, we appear to have correctly set the
relation for each case thus far considered. This was most
recently shown by Vicari et al. [2009] who, in applying the
methodology of Harris et al. [1997] with the best fit
parameters for Etna to low spatial resolution satellite ther-
mal data for Etna’s 2006 eruption, obtained TADR’s which
were in excellent agreement with ground-based estimates.

6. Conclusion

[11] The limits of low spatial resolution satellite data
allow nothing more than the assumption of a range of
characteristic lava flow surface temperatures to describe
the likely, flow-wide, thermal state of the flow surface. To
convert such simple, flow-averaged numbers to a time-
averaged discharge rate requires an equally simple model
that averages emplacement conditions in space and time.
While such a model needs to be solvable, measureable and
testable within the limits of available data, it also needs to
be based on realistic assumptions regarding lava flow
properties averaged in space and time. This model was
given by Pieri and Baloga [1986] and allows us to set
cooling-limited lava flow area proportional to time-aver-
aged discharge rate. As argued by Wright et al. [2001], the
model reduces to an empirical relationship in which Q is
proportional to A. The proportionality varies by case
depending on variations in thermal insulation, rheology
and underlying slope. As shown by Harris et al. [2007],
if set and applied correctly, the relationship provides QO that
are similar to field-based measurements and span a similar
range of uncertainty. This, to paraphrase Dragoni and
Tallarico [2009], explains the apparent success of the
model.

[12] Acknowledgments. We are indebted to Robert Wright for in-
sightful email discussions that contributed to arguments presented here, and
to reviews by Letizia Spampinato and Matthew Patrick.
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