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ABSTRACT
The dual-band method has been widely used as the basis for

determining lava surface temperatures from infrared satellite data;
the method is based on the assumption that such surfaces can be
described in terms of two end-member thermal components—hot
cracks within a thermally homogeneous crust. The recent launch
of the first orbiting hyperspectral imaging system, Hyperion, on-
board the National Aeronautics and Space Administration Earth
Observing-1 (EO-1) satellite heralds a new era of space-based hy-
perspectral data collection that will allow more detailed models of
lava-flow surface temperatures to be developed and parameterized.
To this end, we have analyzed thermal images of active pahoehoe
lava flows collected on Kilauea volcano, Hawaii, by using a forward-
looking infrared (FLIR) 595 PM ThermaCAM, in order to
assess the number of thermal components required to characterize
the surface temperatures of active lava-flow surfaces. The FLIR
images show that an active lava-flow surface comprises a contin-
uum of temperatures that define distinctive temperature distribu-
tions. Numerical model results reveal that the two-component dual-
band method fails to resolve any of the major properties of the
temperature distributions contained in these data (i.e., mode, skew,
range, or dispersion). However, modeling five to seven thermal
components allows all significant properties of the subpixel tem-
perature distributions contained within the FLIR images to be de-
termined. Thus, although the hyperspectral data provided by the
EO-1 Hyperion yield as many as 66 wavebands in the 0.5–2.5 mm
atmospheric window, useable data in 9–13 of these should be suf-
ficient to perform accurate temperature characterization of active
lava-flow surfaces from space.
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INTRODUCTION AND BACKGROUND
Serendipitous observations of volcanic hotspots began soon after

the first low-spatial-resolution meteorological satellites began to orbit
Earth (e.g., Scorer, 1986). However, it was not until the work of Francis
and Rothery (1987) that infrared satellite data, specifically data pro-
vided by the Landsat Thematic Mapper (TM), were used to obtain
quantitative estimates of the temperature of the volcanic features con-
cerned. TM samples the number of photons emitted or reflected from
discrete areas of Earth’s surface (equivalent to the 30 m pixel size of
the resultant data) in seven spectral wavebands. Planck’s law, which
relates spectral radiance to the temperature of the emitting surface,
allows these at-satellite measurements of spectral radiance to be used
to calculate the temperature of the corresponding ground surface. In
this way, Francis and Rothery (1987) used TM data to show how the
active dome at the summit of Lascar volcano, Chile, had surface tem-
peratures in the range of 148–367 8C.

These temperatures assumed, however, that the dome surface was
thermally homogeneous at the pixel scale, an assumption that rarely
holds. It is more realistic to suppose that an active lava surface—be it
a flow, dome, or lake—comprises lava crust of varying age, and hence
varying temperature, within which fractures expose hotter material
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from the lava interior. The total at-satellite radiance is a weighted av-
erage of that emitted by all radiators present within the pixel at the
time of sampling. Because emitted radiance depends on wavelength as
well as temperature, a single temperature calculated for such a surface
(i.e., the pixel-integrated temperatures reported by Francis and Rothery,
1987) will only describe the temperature of one of these radiators and
will differ with the wavelength used.

Rothery et al. (1988) recognized this and used TM to try to un-
ravel these subpixel complexities. They assumed that an active lava-
flow surface consists of two end-member thermal components: hot
cracks radiating at one temperature within a thermally homogeneous
crust radiating at a lower temperature. By using measurements of spec-
tral radiance in two different wavebands (TM bands 5 and 7; 1.55–
1.75 and 2.08–2.35 mm, respectively), Rothery et al. (1988) demon-
strated how the temperature of the cracks and the area of the pixel they
occupied could be determined via solution of the following equation,
if the temperature of the crust was assumed. This technique, which
became known as the dual-band method, can be written as follows:

n
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Here, Ln(l) is the total spectral radiance from n thermal components
(in this case, n 5 2) at wavelength l, fi is the fractional area of the
pixel occupied by component i, and L(l,Ti) is the Planck radiant flux
from a blackbody at temperature T. As the area covered by the hot
cracks is typically very small, it is actually the cooler crust that dom-
inates radiative heat losses from the lava-flow surface, and as a result
it became standard practice to assume the temperature of the hot frac-
tures (usually the eruption temperature of the lava in question) and
solve for the more variable crust temperature (Oppenheimer, 1991).
This version of the dual-band method has been used by many to de-
termine the surface-temperature distributions, and cooling rates, of lava
flows, lava lakes, and lava domes (see Flynn et al., 2000). However,
although the application of the dual-band method has evolved in the
intervening period, the fundamental premise—active lava-flow surfaces
comprise two thermal components—has not.

The two-component assumption of Rothery et al. (1988) was es-
sentially an accommodation to the limitations of the TM data, which
were the best available at the time. Although TM has seven wavebands,
only two (bands 5 and 7) are available when solving equation 1 at any
one time. TM band 6 (10.42–12.42 mm) has a different pixel size (120
m), and any surface hot enough to radiate in the next shortest wave-
length band, band 4 (0.76–0.90 mm), will be so hot as to saturate the
band 5 and 7 detectors, thus rendering them unusable. The consequence
of having only two useable radiance measurements was the constraint
of a two-component model in which one of the unknowns must be
assumed.

Although there have been attempts to extend the dual-band meth-
od (e.g., Harris et al., 1999), all have been hampered by the low num-
ber of useable wavebands and the subsequent need to assume one or
more of the unknowns in equation 1. As a result, questions remain that
this paper seeks to address. First, how many thermal components is it
necessary to model in order to obtain a realistic impression of the
subpixel temperature distributions of active lava-flow surfaces? And
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second, what effect does modeling a nonoptimal number of compo-
nents have on the quality of the parameters, specifically radiative heat
loss, that are derived from these temperature estimates? The answers
to these questions have gained added importance because of the recent
launch of the first orbiting hyperspectral sensor, Hyperion, on board
the National Aeronautics and Space Administration (NASA) Earth
Observing-1 (EO-1) satellite. With 224 wavebands spanning the 0.5–
2.5 mm atmospheric window, Hyperion offers the possibility of more
complex subpixel temperature retrievals.

METHOD
To establish how many thermal components need to be considered

when retrieving lava-flow surface temperatures from satellite data, it is
first necessary to find out how many thermal components there actually
are on real lava-flow surfaces. To achieve this, high-spatial-resolution
temperature maps of active pahoehoe lava flows at Kilauea volcano,
Hawaii, were collected on the night of 21 July 2002 by using a
forward-looking infrared (FLIR) ThermaCAM 595 PM thermal imag-
ing camera (Fig. 1). The FLIR 595 PM is sensitive to emitted radiation
in the 7.5–13 mm atmospheric window and uses uncooled microbolo-
meters to produce calibrated thermal images with an accuracy of 62
8C. All images have dimensions of 320 3 240 pixels and were col-
lected at a range of ;3 m, which, given the 1.3 mrad field of view of
the instrument, resulted in a pixel size of ;4 mm.

Analysis proceeded on the assumption that each FLIR image rep-
resents a single pixel of a remote-sensing image with an as-yet-
undetermined subpixel temperature distribution. The aim was to assess
how accurately the true subpixel temperature distribution of the active
lava-flow surfaces (as depicted in the FLIR image histograms) could
be resolved from integrated thermal-emission spectra derived from the
same FLIR images (i.e., analogous to the pixel-integrated radiances
recorded by Earth-orbiting satellites), if an n-component thermal model
of the type described by equation 1 is assumed. For each FLIR image,
integrated emission spectra over the range 0.5–2.5 mm were calculated
at a spectral resolution of 0.01 mm (equivalent to that of Hyperion)
from the temperature data contained in the FLIR images. The high
spatial resolution of the FLIR pixels meant that the highest tempera-
tures present on the flow surface were not modulated by spatial aver-
aging (temperatures as high as 1094 8C were recorded by the FLIR),
ensuring that these spectra were a true indication of the spectral radi-
ance from the flow surface. The Levenberg-Marquardt method of non-
linear minimization (Press et al., 1992) was then used to find the least-
squares fit of equation 1 to these spectra, for a range of n-component
thermal models. A traditional dual-band solution was simulated by as-
suming a value for the hot cracks of 1000 8C. A triple-band solution
was also employed, again assuming a crack temperature of 1000 8C.
Solutions were then computed for n 5 2, 3, 4, 5, 6, and 7, allowing
all parameter values to float between their limits. Ti was allowed to
vary between 220 8C (the lower detection limit of the FLIR instrument
at the gain setting used) and 1200 8C (a value beyond the liquidus of
Kilauea basalt), whereas fi was allowed to vary between 0 and 1. T1

and f1 were set to initial values of 1000 8C and 1, respectively, and all
remaining Ti and fi were given starting values of 220 8C and 0. Each
solution was computed over a maximum of 7000 iterations, although
most required fewer iterations to find the chi-square (x2) minima.

RESULTS AND DISCUSSION
Figure 1 shows a sample of the results obtained. All pixels contain

a continuum of temperatures bounded by the eruption temperature of
the lava and the lower detection limit of the FLIR. Clearly it would
be impossible to characterize all of the temperatures present, and we
are simply concerned with identifying how many temperatures are nec-
essary to model in order that the set of Ti and fi that results from
inversion of equation 1 accurately represents the major properties of

these distributions. In each case, the least-squares solutions for Ti and
fi are compared to the FLIR temperature histograms (bin size 5 1 8C).
Where a solution included two or more temperature components within
20 8C of each other, the individual components have been summed and
are displayed here as a single thermal component, explaining why, for
example, only five thermal components are present in the n 5 7 and
n 5 6 component solutions shown in Figure 1A. The examples were
selected to show temperature retrievals for contrasting thermal
distributions.

In all instances the seven-component solution provides the most
complete and accurate description of the actual subpixel temperature
distribution within each FLIR image. The values of Ti and fi returned
give a good impression of both the range and dispersion of the tem-
perature histogram. The modes are accurately identified, and the skew
of the FLIR data is replicated. The six- and five-component fits are
almost as reliable; indeed, in many cases, the seven-component solu-
tions reported are in fact five or six components, so close together were
some of the thermal components.

The four-component solutions provide a fair indication of the sub-
pixel temperature range but fail to resolve the mode. Conversely, the
three-component solutions correctly identify the mode but do not have
sufficient temperature resolution to give a good impression of the
range. This problem becomes more acute as fewer thermal components
are modeled, as exemplified by the performance of the dual-band meth-
od. Although five, six, or seven thermal components provide a good
impression of the subpixel temperature modes, range, skew, and dis-
persal and four and three provide a good impression of the mode,
range, and skew, the dual-band approach fails to resolve any of these
properties. Clearly, the dual-band method cannot be expected to pro-
vide information regarding the range of subpixel temperatures. How-
ever, in the examples presented here, the dual-band method also mis-
identifies the dominant modal temperature of the FLIR data, often by
as much as 100 8C.

Assuming a temperature of 1000 8C for the hot cracks (rather than
letting Ti and fi float between their limits) has two consequences for
dual-band temperature characterization: a reduction in the goodness of
fit and a shift in the reported crust temperature (cf. the dual-band and
n 5 2 solutions presented in Fig. 1). For three-component solutions
the same assumption has interesting effects, depending on the nature
of the flow surface (cf. the triple-band and n 5 3 solutions presented
in Fig. 1). Three-component solutions with floating parameter values
(n 5 3) faithfully report the modal temperature and give an accurate
impression of the skew of the FLIR data for all flows presented in
Figure 1. However, for comparatively hot flows (i.e., those with a pos-
itively skewed histogram; Figs. 1C and 1D), the assumption of a crack
temperature (triple-band solutions) not only shifts the resolved modal
temperature, but, more significantly, yields a set of Ti and fi values that
convey a negative skew in total contradiction to the actual skew of the
data. For relatively cool flow surfaces (i.e., those with a negative skew;
Figs. 1A and 1B), although this assumption does not alter the perceived
skew of the data, it still returns an erroneous modal temperature. Al-
though the assumption of one or more unknowns is necessary when
using Landsat TM, or any other sensor for which the number of useable
wavebands is severely limited, our results indicate that such assump-
tions can produce significant errors in subpixel temperature character-
ization and in some cases return a set of Ti and fi values that are
misleading.

Radiative heat loss (in W·m22) was computed for each n-
component solution by using Stefan’s law,

n
4Q 5 s f T , (2)Orad i i
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Figure 1. Forward-looking infra-
red (FLIR) images (top) and their
temperature histograms. Gray
bars represent least-squares so-
lution of Ti and fi (obtained by fit-
ting equation 1 to integrated
emission spectra calculated for
each FLIR image; see text) for a
range of n. We calculated x2 us-
ing formula given in inset in top-
right corner of A, where m is
spectral resolution, LFLIR is inte-
grated radiance at wavelength
lj obtained from FLIR image,
and Lmodel is radiance at wave-
length lj predicted by equation 1
for least-squares solution of Ti

and fi.
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where s is the Stefan-Boltzmann constant (5.67 3 1028 W·m22·K24).
Departures from the true value of Qrad (calculated on a pixel-by-pixel
basis from the original FLIR images) introduced by the n-component
temperature approximation (DQrad; Fig. 1) are quite small, ranging
from 0.001% for a seven-component solution to 10% for the dual-band
method. Although the apparent accuracy of the dual-band method may
appear surprising given the degree to which it misrepresents the actual
subpixel temperature distribution, it is easily explained. Equation 2 is
obtained by integrating the Planck function. The accuracy of the re-
ported Qrad therefore depends on how well the curve-fitting algorithm
performs, as described by the x2 value, rather than the accuracy of the
Ti, fi solution it returns (although clearly the two are related). Yet,
although the performance of the dual-band method does not have a
hugely detrimental effect when estimating cooling via radiation, there
are implications for other heat-loss mechanisms, such as convection,
that are not implicitly related to the Planck spectra and depend on
accurate resolution of lava-flow surface temperature.

CONCLUSIONS
Although undoubtedly being a necessary simplification in the

analysis of data provided by Landsat TM, and its successor the En-
hanced Thematic Mapper Plus, the assumption of two thermal com-
ponents is clearly inadequate to describe the continuum of temperatures
exhibited by pahoehoe, and probably a‘a, lava-flow surfaces. The FLIR
data we present confirm that it is fallacious to describe inversion of
equation 1 as a means to determine discrete subpixel-sized thermal
components. Rather, we are concerned with modeling the minimum
number of thermal components necessary so that the set of tempera-
tures and fractional areas returned accurately portray the main char-
acteristics of the temperature histogram defined by this continuum. The
results presented here indicate that a five-, six-, or seven-component
fit of equation 1 to observed lava-flow spectra is sufficient to gain an
accurate impression of the mode, range, dispersion, and skew of tem-
peratures present at the subpixel scale. Thus, whereas the hyperspectral
data provided by the EO-1 Hyperion yield as many as 66 wavebands
in the 0.5–2.5 mm atmospheric window, useable data in only 9–13 of
these should be sufficient to perform detailed and accurate temperature
characterization of active lava-flow surfaces from space. Such deter-

minations will rely upon two things: the availability of useable wave-
bands in widely separated regions of this atmospheric window, and a
detailed knowledge of how the emissivity of basalt varies with tem-
perature (e.g., Abtahi et al., 2002).
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