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During the past decade an average of 60 volcanoes erupted each year, around 20

of which were erupting on any given day. Some of these, such as Erta Ale in

Ethiopia, are persistently active, whereas others, such as Bezymianny in Russia,

erupt more sporadically. Satellite remote sensing offers a convenient way to

monitor changes in the thermal budgets of these volcanoes from space. Using

data acquired by the National Aeronautics and Space Administration (NASA)

Moderate Resolution Imaging Spectroradiometer (MODIS) sensor, we show

how the amount of heat radiated into the Earth’s atmosphere by 65 active

volcanoes has varied between 26 February 2000 and 31 December 2006. We find

that the radiant volcanic heat flux into the atmosphere occurs at a relatively

steady-state baseline level, superimposed on which are large thermal emission

‘spikes’. These anomalous emission events are associated with the emplacement

of basaltic ‘a’a lava flows at volcanoes such as Mount Etna, Italy, and

Nyamuragira, in the Democratic Republic of Congo. We also demonstrate how

these data can be used to estimate lava effusion rates during effusive eruptions,

and magma flux rates at persistently active volcanoes that host active lava lakes.

1. Introduction

In addition to the eruption of lava and volatiles, active volcanoes emit copious

amounts of thermal energy. A volcano that becomes active after a period of

quiescence invariably exhibits an increase in geothermal heat flux, during either the

emplacement of shallow intrusions (which increase in the vigour of pre-existing

hydrothermal systems) or the actual eruption of lava. Upon the onset of such an

eruption, variations in the amount of heat yielded by a lava dome, lava flow, lava

lake, or open vent can tell us much about volcanic processes. Due to the obvious

hazards associated with measuring thermal emission in situ, much effort has been

diverted into developing ways to make such observations by using Earth-orbiting

satellites. Remote analyses of the thermal flux from erupting volcanoes have been

used to estimate lava effusion rates (Harris et al. 1997a, Wright et al. 2001),

constrain lava flow thermal budgets (Pieri et al. 1990, Wright et al. 2000), deduce the

explosive potential of felsic lava domes (Oppenheimer et al. 1993, Wright et al.

2002), elucidate the growth mechanisms of such domes (Wooster et al. 2000) and

estimate, by proxy, sulfur dioxide degassing rates (Kaneko and Wooster 1999).

Oppenheimer (1993) used thermal infrared satellite data to constrain the thermal

budgets of volcanic crater lakes, while Francis et al. (1993) calculated similar

budgets for active lava lakes to quantify subsurface magma fluxes, as a means to

understanding how volcanoes that persistently emit heat without erupting much

lava ‘grow’ (see also Harris et al. 1999).
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Observations of volcanic eruption from orbit began soon after the first low spatial

resolution meteorological satellites were launched (e.g. Williams and Friedman

1970), although it was not until the 1980s that remote sensing began to be widely

applied as a volcanological tool in its own right (e.g. Bonneville and Kerr 1987,

Francis and Rothery 1987, Rothery et al. 1988), and not until the late 1990s before

infrared satellite data began to be used in a systematic way to detect and quantify

the thermal energy emitted by erupting volcanoes (e.g. Harris et al. 1997b). The low

spatial (i.e. >1 km) and high temporal resolution (i.e. 15 min to ,24 h) of data

provided by satellite sensors such as the Geostationary Operational Environmental

Satellite (GOES) Imager (e.g. Harris et al. 2001), the National Oceanic and

Atmospheric Administration (NOAA) Advanced Very High Resolution Radiometer

(AVHRR), and the European Remote Sensing Satellite (ERS) Along-Track

Scanning Radiometer (ATSR; e.g. Wooster et al. 1997) ensure geographic coverage

at the high temporal resolution and low data volumes necessary to detect the heat

signatures of volcanic eruptions in near-real time. However, none of the

aforementioned sensors have been integrated into a fully global operational volcano

monitoring system.

MODVOLC, the first global space-based system dedicated to the thermal

monitoring of Earth’s volcanoes, uses data provided by the National Aeronautics

and Space Administration (NASA) Terra and Aqua Moderate Resolution Imaging

Spectroradiometer (MODIS) sensors (Wright et al. 2002, 2004). By analysing every

pixel of every MODIS image acquired, the algorithm (briefly described in the next

section) passively monitors each of Earth’s ,1500 active and potentially active

volcanoes for elevated levels of thermal radiance, of the kind associated with the

presence of active lava (the system is insensitive to the thermal energy carried by

explosive eruption plumes because of their low bulk temperature). The system has been

in operation since February 2000, and at the time of writing has analysed over

1.2 million MODIS images. Thus far, MODVOLC has detected eruptions, covering

the full range of common eruption styles, at 65 volcanoes around the globe (figure 1).

The potential of satellite remote sensing for compiling inventories of volcanic heat

fluxes was recognized by Glaze et al. (1989), and using data provided by the

MODVOLC system, Wright and Flynn (2004) estimated the radiant energy loss

from 45 of Earth’s subaerially erupting volcanoes during 2001 and 2002. In this

contribution we extend this time-series to describe the nature of thermal emission

from the 65 volcanoes depicted in figure 1, for the period 26 February 2000 to 31

December 2006.

2. Data and method

The detection of volcanic thermal anomalies in low spatial resolution satellite data

relies on the fact that the presence of material at magmatic temperatures (i.e. ,200–

1200uC) within an otherwise thermally homogeneous pixel causes the amount of

spectral radiance emitted in the shortwave infrared (i.e. 1–4 mm) to increase

dramatically when compared to that in the longwave infrared (i.e. 8–14 mm).

Figure 2 illustrates this concept. Figure 2(a) shows a subset of a night-time 3.959 mm

MODIS image (band 22) of the island of Hawaii, where brighter tones denote more

radiant surfaces. Particularly conspicuous is the cluster of white pixels in the inset,

which occupy an area on Kilauea’s Southeast Rift Zone, where the ongoing eruption

of that volcano is centred. Figure 2(b) shows a series of Planck curves showing how

the spectral radiance emitted from a range of surfaces, indicative of those depicted in
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the MODIS image, might vary given differences in (a) the temperature of the

emitting surface within a 1 km MODIS pixel, and (b) the thermal heterogeneity of

that surface. Curves i, ii and iii show the spectral radiance emitted by surfaces at

temperatures of 260uC, 210uC and 13uC, respectively. In each case the pixel is

assumed to be filled by surfaces with these temperatures (i.e. the fractional area of

the pixel covered by ground at this temperature, f, equals 1). As a result, the curves

are unimodal and, with increasing temperature, exhibit both an increase in the area

beneath the curve (in accordance with Stefan’s law) and a decrease in the wavelength

on maximum emission (following Wein’s law). Curves iv and v correspond to a

heterogeneous pixel containing ground at 13uC with a very small amount of material

at 1000uC (i.e. f2%1). This is analogous to the occurrence of active lavas, which

usually cover an area much smaller than 1 km2. As a result of the aforementioned

disparity in the dependence of spectral radiance on temperature at short and long

wavelengths, the Planck curves for these surfaces are bimodal. Importantly, while

introducing a small amount of active lava causes the spectral radiance at 12.02 mm

(equivalent to MODIS band 32) to increase by very little (,1%), it causes the

spectral radiance emitted at 3.959 mm (equivalent to MODIS bands 21 and 22) to

increase by at least 200%. Wright et al. (2002) showed that this could be exploited to

automatically identify MODIS pixels containing even very small amounts of active

lava (such as those apparent in the inset of figure 2(a)) using the following

Normalized Thermal Index (NTI):

NTI~
L3:959{L12:02

L3:959zL12:02
ð1Þ

where L3.959 and L12.02 are the spectral radiance recorded for a given MODIS pixel

at 3.959 and 12.02 mm, respectively. The MODVOLC algorithm works by

calculating the NTI for all pixels within a MODIS image; those for which the

NTI exceeds empirically optimized threshold values are considered to be hotspots

(for full details see Wright et al. 2002, 2004).

Figure 1. Location of volcanoes analysed in this paper (black dots). The MODVOLC
system has detected eruptions at these 65 volcanoes during the period 26 February 2000 to 31
December 2006.
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The MODVOLC algorithm has calculated NTI for each pixel contained within

more than 1.2 million MODIS images since February 2000. The details of all pixels

that have been classified as hotspots (i.e. positive detection events) are archived and

made available on the Internet (http://modis.higp.hawaii.edu). Specifically, the

following information is recorded for each hotspot: observation time (UNIX time

and year, month, day, hour, minute); geographic location (decimal degrees); satellite

(Terra or Aqua); spectral radiance in MODIS bands 21, 22, 6, 31 and 32 (in

W m22 sr21 mm21); satellite and solar zenith and azimuth (degrees); line and sample

Figure 2. (a) Subset of a night-time MODIS image of the island of Hawaii. Pixel size is
,1 km. (b) Planck curves calculated for a range of blackbody surfaces. Curves are for
thermally homogeneous surfaces (i, ii and iii) and heterogeneous surfaces (iv and v). The
presence of a subpixel-sized hotspot (e.g. active lava: curves iv and v) causes a change in the
shape of the Planck curve. The NTI exploits this change, allowing such pixels to be easily
distinguished from adjacent pixels that do not contain active lava.
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location in the raw MODIS image; the NTI; and the sun-glint vector (degrees). This

dataset has been used to generate the results presented in this paper.

There are several methods to quantify the heat flux from an erupting volcano. The

easiest is to plot spectral radiance as a function of time. However, these units are

unfamiliar to many potential users, and cannot be used directly as input to physical

models that rely on knowing the rate at which a lava body cools, or the total amount

of heat it loses. For these reasons conversion of raw spectral radiance

(W m22 sr21 mm21) to temperature (K) and then to flux (J s21) is common. To

convert spectral radiance to temperature is straightforward if the surface is

isothermal at the pixel scale. In reality, the surface of an active lava is composed of

crust of varying ages (and hence temperatures) within which cracks expose much

hotter material from the lava interior. The thermal heterogeneity of a pixel

containing an active lava body is further exacerbated by the fact that lava bodies are

usually subpixel in size, particularly when using low-resolution MODIS-class

instruments. The spectral radiance from an active lava pixel can be modelled by

using:

Ln lð Þ~
Xn

i~1

fiL l, Tið Þ ð2Þ

where Ln(l) is the total spectral radiance from n thermal components 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. If several tens of spectral

radiance measurements are available over a wide enough wavelength range,

equation (2) can be solved to approximate the surface temperature distribution of

the lava body (Wright and Flynn 2003). The energy radiated (We; J s21) from the

lava surface can then be obtained by using:

We~Aes
Xn

i~1

fiT
4
i ð3Þ

where A is the area of ground corresponding to the image pixel (m2), s is the Stefan–

Boltzmann constant (5.6761028 J s21 m21 K24), fn is the fractional area of the pixel

occupied by the nth thermal component, Tn is the temperature of the nth thermal

component (K), and e is surface emissivity. However, successful application of

equation (2) is limited by the low spectral resolution of currently operational sensors

(Wright and Flynn 2003), and exacerbated by the low spatial resolution of sensors

such as MODIS, AVHRR and GOES.

As a result, we use a different method for estimating radiant energy flux from the

MODVOLC data stream. Wooster et al. (2003; equation 6(b)) show how the energy

radiated from the MODIS hotspot pixel (We; J s21) can be obtained by using:

We~1:89|107 LMIR{LMIR, bg

� �
ð4Þ

where LMIR is the spectral radiance from the hotspot pixel (i.e. pixels that contain

active lava) recorded at 3.959 mm, and LMIR,bg is the spectral radiance from pixels

that do not contain active lava (in units of W m22 sr21 mm21). Although Wooster

et al. (2003) derived this method for estimating energy fluxes from wildfires, it is

equally amenable to the analysis of active lavas (the approach is in fact similar to

one presented by Kaufman et al. 1998). For each MODIS night-time observation we

calculate We, for each hotspot pixel within the cluster (i.e. for each of the thermally
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anomalous pixels evident in figure 2(a)). We used only night-time data because at

night LMIR is uncontaminated by spectral radiance attributable to solar heating and

reflected sunlight. Data from both the Terra and Aqua MODIS sensors are

included. The total flux from the cluster as a whole is then determined by

summation, providing an estimate of the power radiated by, for example, an entire

lava flow, at the moment of satellite overpass. Equation (4) allows radiant flux to be

estimated to ¡30% when the effective temperature (i.e. the single temperature that

results from solving equation (1) for various combinations of T and f ) of the

MODIS pixel lies in the range 600–1500 K (Wooster et al. 2003).

The MODVOLC data stream contains data only for those pixels that exhibit

anomalous levels of thermal radiance. As such, it provides LMIR for each hotspot

pixel, but does not provide LMIR,bg. In the work of Wooster et al. (2003) it is

assumed that this value is determined by taking, for example, the average L3.959 of

the halo of pixels immediately surrounding the hotspot cluster. MODVOLC does

not record the radiances of these pixels. However, this background value can be

approximated from the radiance values contained within the MODVOLC dataset.

The relationship between spectral radiance and temperature varies as a function of

wavelength: at 3.959 mm (MODIS bands 21 and 22) Ll,T4, whereas at 12.02 mm

(MODIS band 32) the relationship is approximately T2. As a result, MODIS band

32 is much less responsive to the presence of active lava within the image pixel

(figure 2(b)). Thus, the band 32 hotspot radiance dataset can be used to obtain a

proxy for LMIR,bg if the subpixel-sized hotspot is small. Clearly, as the size of the

lava body increases, this assumption becomes invalid. To find the band 32 radiance

that most closely approximates a non-lava-contaminated ‘background’ value, we

analysed all hotspot pixels recorded at the volcanoes depicted in figure 1 for the

period February 2000 to present. For each volcano we grouped the band 32

radiances by calendar month and selected the lowest value (after excluding, as

outliers, those values more than one standard deviation below the mean). In this

way, we use the band 32 hotspot data to approximate LMIR,bg in a way that (a)

eliminates anomalously low (cloud-contaminated) values and (b) compensates for

seasonal variations in background temperature. LMIR was obtained primarily by

using band 22, which has a higher radiometric precision than band 21 (0.07 K and

2.0 K, respectively). However, when the emitted radiance exceeded the upper

measurement limit of the band 22 detectors, band 21 data were used. Band 21 has a

much larger measurement range (up to ,450 K; cf. ,340 K for band 22).

The radiant flux from each volcano is then converted to an estimate of energy (Qe, in

J) by integrating We with respect to time, after linearly interpolating between adjacent

We values. For persistently active volcanoes, such as Kilauea in Hawaii, this is

adequate, and the area under the resulting curve is a good approximation of the total

energy (figure 3(a)). However, for volcanoes that are active only sporadically (for

example Lascar, in northern Chile) the same technique will yield a value of Qe that is

far too high (e.g. the grey area in figure 3(b)). For this reason, we apply the following

rule: if a period of more than 7 days elapses before/after a hotspot has been observed,

the flux is assumed to increase/decrease linearly to a value of zero over a 48-h period

centred on that hotspot observation. We acknowledge that the choice of 7 days (and

48 h) is arbitrary; it is used merely to avoid the situation depicted in figure 3(b).

Documenting thermal unrest at all of Earth’s active and potentially active volcanoes

requires a system that ingests hundreds of remote sensing images each day, processes

them in near-real time, and communicates the results in a bandwidth-efficient manner.

6448 R. Wright and E. Pilger



The MODVOLC algorithm fulfills this role. However, there are two significant

limitations that should be mentioned. The first is the sensitivity of the algorithm. While

difficult to quantify exactly in terms of the temperature and size of the radiating body

(i.e. equation (2)), the lower detection limit of the algorithm can be considered to be the

set of Ti and fi that yield a radiant power of ,20 MW (Wright and Flynn 2004). Thus,

the algorithm is insensitive to thermal emission from hydrothermal manifestations of

active volcanism. As such, the large amount of thermal energy transferred to the

atmosphere from, for example, the fumarole field of Vulcano, Italy, cannot be

documented using this system. A second limitation is that the algorithm provides no

image data. Thus, it is impossible to deduce the potential impact of meteorological (or

volcanic) clouds on the detection process.

3. Results and discussion

Figure 4(a–g) shows how the total amount of heat radiated into the atmosphere by

the volcanoes depicted in figure 1 varied between 26 February 2000 and 31

Figure 3. Radiant flux (MW) from (a) Kilauea volcano, and (b) Lascar volcano, calculated
using equation (4). Each plot symbol corresponds to a unique time at which hotspots were
detected. The grey polygon approximates the extent to which radiant energy from a
sporadically erupting volcano could be overestimated by simple trapezoidal integration.
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December 2006, and figure 5 shows the total amounts of energy radiated over this

period. The data used to produce these plots are given in table 1. It is not our

intention to describe in detail the temporal patterns of radiant heat flux from all of

the volcanoes listed in table 1. Instead we discuss some aspects of these data, their

applications, and some of their limitations.

From figures 4 and 5 it is clear that those volcanoes that have radiated most

energy over this period are Kilauea (USA), Nyamuragira (Democratic Republic of

Congo), Etna (Italy), and Piton de la Fournaise (Réunion Island). All of these

volcanoes are characterized by the frequent (and in the case of Kilauea, almost

persistent) eruption of mafic lava flows. That such volcanoes are the most

prodigious radiators of heat is not surprising; mafic lavas are erupted at

temperatures 200–300uC higher than their more silicic counterparts and in far

greater volumes. Mafic flows also have lower aspect ratios than silicic flows (i.e.

thickness: width). As a result, while more viscous andesite and dacite lavas tend to

pile up above volcanic vents, basaltic lavas spread over a much greater area and

occupy a greater proportion of the MODIS field of view.

Over the 7-year period we analysed here, Kilauea volcano radiated most energy

into the atmosphere (figure 4). However, these cumulative totals hide significant

temporal variations in radiated energy flux between different volcanoes. Figure 6(a)

shows how the radiant heat flux from Kilauea volcano varied between 2000 and

2006. Although not constant, the radiant heat flux is persistent, and commonly less

than 109 W. Contrast this with the estimated thermal emission from Nyamuragira, a

shield volcano in the Democratic Republic of Congo, over the same period

(figure 6(b)). Here, activity is episodic rather than persistent, and five individual

eruptions have occurred between 2000 and 2006. In all but one the maximum

radiant flux exceeded that from Kilauea, the 2001 eruption by a factor of three and

the 2002 eruption by a factor of seven. Indeed, when integrated over the duration of

the 2001 and 2004 eruptions, Nyamuragira radiated more energy in 27 (2001) and 50

days (2004) than Kilauea did during these respective years (figure 4(b, e)). This can

be ascribed to the fact that flows at Nyamuragira during this period have tended to

be of ‘a’a morphology (and erupted at a much higher volumetric effusion rate),

whereas those erupted at Kilauea are predominantly pahoehoe (and erupted at a

much lower effusion rate). ‘A’a flows have a fractured upper crust that allows heat

from the flow interior to be lost more efficiently when compared to the pahoehoe

type, the continuous upper crust of which retards heat loss from the flow core. Note

that this discussion refers to the rate at which the lava loses energy; the total amount

of energy (i.e. enthalpy) is dependent on the total mass of lava erupted. With respect

to the application of remote sensing data to the assessment of volcanic hazards (for

example, parameterizing models of lava flow inundation), the rate at which a lava

cools is much more important than the total amount of energy that volume of lava

contains.

With regard to temporal trends, it appears that the amount of energy radiated

from Earth’s erupting volcanoes is composed of two very different components: a

relatively steady ‘background’ level of emission, superimposed on which are large

emission ‘spikes’. In all cases these emission maxima are the result of large

outpourings of basaltic lava (figure 7). If these events are ignored, the baseline

eruptive heat flux appears to wax and wane over the 7-year period depicted in

figure 7. Although the limited extent of our time-series precludes rigorous statistical

analysis, Mason et al. (2004) provide evidence that small volcanic eruptions (of the
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kind that constitute the aforementioned baseline radiant flux) are indeed seasonal,

with more such eruptions occurring between November and April than between

April and October. This is attributed by Mason et al. to the seasonally variable

Figure 4. Total energy (61013 J year21) radiated from the volcanoes depicted in figure 1
during (a) 2000, (b) 2001, (c) 2002, (d) 2003, (e) 2004, (f) 2005 and (g) 2006. Totals are
presented for 12-month periods, except for 2000 which was calculated for a period of 10
months. Note changes in the scale of the ordinate.
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hydrologic cycle, which transfers mass from the oceans to the continents and results

in periodic deformation of the Earth.

Of course, Earth is not the only volcanically active body in the solar system, and

to place the power fluxes we present here in context we can compare them to those

observed elsewhere. Volcanism was first observed at the Jovian moon, Io, by the

Voyager spacecraft (Smith et al. 1979), and water vapour plumes emanating from

Figure 4. (Continued.)
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the south polar region of the Saturnian moon Enceladus are thought to be the result

of active cryovolcanism (Porco et al. 2006). Sensors onboard the Galileo platform

(Carlson et al. 1992) were designed specifically to detect thermal emission from Io’s

many volcanic centres (e.g. McEwan et al. 2000), measurements that have also been

made using Earth-based telescopes (e.g. Marchis et al. 2002). Figure 8 compares the

peak power outputs of some Ionian eruptions with the terrestrial values we present

Figure 4. (Continued.)

Advances in the remote sensing of volcanic activity 6453



here. Eruptions at Surt are thought to be of the ‘Pillanian’ type (i.e. brief and

episodic fissure-fed eruptions producing pyroclasts, plumes, and extensive lava

flows), whereas eruptions at Amirani are of the ‘Promethean’ type (i.e. long-lived

lava flow-forming eruptions, perhaps analogous to terrestrial flood–basalt

eruptions; see Lopes et al. 2004 and Davies 2007, for a discussion of Ionian

volcanism). With respect to the terrestrial database we present here, eruptions at

Loki are particularly intriguing. Volcanism at Loki is of the ‘Patera’ type, which has

been suggested to encompass active lava lakes (see Lopes et al. 2004). However, the

peak power outputs of Loki (,1013 W) far exceed the peak power outputs we

estimate for lava lakes at Nyiragongo (Democratic Republic of Congo; ,109 W),

Erebus (Antarctica; ,108 W), Erta Ale (Ethiopia; ,108 W) or Ambrym (Vanuatu;

,108 W; figure 9). It appears that lava lakes on Io are of a size and vigour unlike any

terrestrial example. Clearly, we are yet to observe any effusive eruptions on Earth

that can compare to those prevalent on Io. However, the huge differences in power

output between the two bodies are easily explained in terms of their respective

thermal states. Tidal flexing of Io (caused by its proximity to Jupiter and Europa)

produces a level of frictional heating that keeps its mantle hot, resulting in vigorous

volcanism and large outpourings of mafic, and perhaps even ultramafic, lavas with

eruption temperatures possibly as high as 1400uC (McEwan et al. 2000).

An important application of near-real-time thermal satellite data is the estimation

of lava effusion rates. The rate at which lava issues from a vent is, after chemical

composition, the most important factor in determining how far the flow will

advance (Walker 1973). Many numerical and empirical methods for predicting how

far (and over what area) a lava flow will expand depend on estimates of the effusion

rate. Thus, knowledge of this rate, and how it varies as an eruption progresses, is of

great importance when assessing likely eruption hazards.

Figure 4. (Continued.)
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The area that a lava flow attains is also proportional to the eruption rate (Pieri

and Baloga 1986), and space-based measurements of the spectral radiance from an

active lava flow are proportional to the area of active lava (i.e. that lava that is hot

enough to emit significant amounts of thermal infrared radiance) present within the

sensor’s field of view at the moment of satellite overpass. As a result, satellite-based

measurements of infrared spectral radiance can be converted to estimates of active

lava area, which can be converted to estimates of lava effusion rate (for details, see

Figure 5. (a) Total energy (61013 J) radiated by the volcanoes depicted in figure 1 for the
period 26 February 2000 to 31 December 2006, grouped by style of volcanism. (b) The same
data, grouped according to lava type. Composition refers to that of the most recently erupted
products. Classification based on either (1) published SiO2 contents or (2) correlation of
published rock type and the classification presented in Best and Christiansen (2001; table 2.2)
in which mafic lavas are ,52% silica, and intermediate lavas 52–66% silica.
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Table 1. Radiant flux from the 65 volcanoes depicted in figure 1 (61013 J year21).

Volcano Lat/Lon 2000 2001 2002 2003 2004 2005 2006

Ambrym 216.25/168.12 2.9 15.5 51.8 116.0 51.2 5.8 0.7
Anatahan 16.35/145.67 * * * 12.0 7.6 57.4 0.1
Aoba 215.40/167.83 * * * * * ,0.01 *
Arenal 10.46/284.71 0.7 * 1.9 1.2 1.5 2.2 1.2
Asama 36.40/138.53 * * * * 2.5 * *
Augustine 59.36/2153.43 * * * * * * 51.3
Awu 3.67/125.50 * * * * 0.3 * *
Bagana 26.14/155.20 9.6 5.5 13.4 20.1 26.8 47.3 27.3
Barren Is. 12.28/93.86 * * * * * 161.0 54.9
Bezymianny 55.98/160.61 15.1 9.2 2.0 2.4 0.2 0.3 1.0
Cameroon 4.17/9.17 196.0 * * * * * *
Cleveland 52.83/2169.94 * 2.4 * * * * 0.8
Colima 19.51/2103.62 * * 35.1 2.9 13.3 29.5 *
Copahue 237.85/271.17 ,0.01 * * * * * *
Dukono 1.68/127.88 * * 1.6 1.1 * * *
Erebus 277.53/167.17 6.3 19.7 23.5 24.0 23.6 28.5 18.7
Erta Ale 13.60/40.67 51.4 97.2 115.0 10.6 15.8 35.4 66.2
Etna 37.70/15.00 127.7 588.0 265.1 64.8 410.9 310.0 500.0
Fernandina 20.40/291.55 * * * * * 92.8 *
Fuego 14.47/290.88 1.4 * 89.8 41.3 40.2 64.2 19.3
Gamalama 0.80/127.33 * * * 0.3 * * *
Heard Is. 253.11/73.15 12.5 0.8 * 7.7 11.0 * 9.2
Hekla 63.98/219.70 9.8 * * * * * *
Ibu 1.48/127.64 * 2.4 * * 1.7 0.3 *
Karangetang 2.78/125.40 2.2 20.0 3.5 1.0 5.7 9.8 17.2
Karthala 211.76/43.37 * * * * * 20.2 41.1
Karymsky 54.05/159.45 0.3 * 52.3 23.8 11.3 8.2 18.7
Kavachi 29.02/157.95 * * 1.6 * * * *
Kilauea 19.35/2155.05 391.7 682.0 668.0 782.1 534.4 991.1 492.0
Kliuchevskoi 56.06/160.65 * * * 48.0 3.0 195.0 *
Krakatau 26.10/105.42 1.6 6.6 * * * * *
Langila 25.52/148.42 * * 4.5 * 3.5 8.4 1.3
Lascar 223.37/267.73 0.2 0.2 2.1 0.4 * * 4.3
Lopevi 216.50/168.34 26.1 14.8 * 17.7 * 25.7 104.0
Manam 24.08/145.04 * * 10.7 * 40.8 2.9 3.2
Mayon 13.25/123.69 * 3.5 * * * * 58.8
Merapi 27.54/110.45 * 46.6 9.6 * * * 28.7
Michael 257.78/226.45 * 5.6 1.1 * * 0.2 ,0.01
Miyake-Jima 34.08/139.52 * ,0.01 ,0.01 * * * *
Mt Belinda 258.42/226.33 * 0.6 11.7 18.2 5.8 38.8 23.4
Mt St. Helens 46.20/2122.18 * * * * 0.3 24.0 3.6
Nyamuragira 21.35/29.16 177.6 849.7 401.8 * 1075.4 * 56.5
Nyiragongo 21.60/29.25 * * 71.9 152.0 229.0 514.0 724.0
Pacaya 14.38/290.60 9.6 * * * * 45.3 63.1
Pago 25.57/150.52 * * 48.9 1.5 * * *
P. Fournaise 221.25/55.75 185.0 80.5 223.0 118.0 206.5 97.7 240.0
Popocatepetl 19.03/298.62 15.3 23.7 51.5 13.4 * 14.5 13.9
Rabaul 24.27/152.21 1.1 1.5 0.8 5.1 0.2 30.8 5.4
Raung 28.11/114.06 * * * * 1.2 * *
Reventador 20.08/277.65 * * 7.5 * 7.5 17.4 *
Sangay 22.00/278.34 * * 0.5 * 1.1 1.3 1.0
Santa Maria 14.74/291.56 19.7 27.4 30.7 20.8 12.7 18.4 15.4
Semeru 28.11/112.92 10.7 6.7 38.2 57.7 67.7 89.0 35.0
Shiveluch 56.65/161.31 * 76.9 121.0 38.2 95.9 70.0 1.1
Sierra Negra 20.83/291.17 * * * * * 285.5 *
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Harris et al. 1997a, Wright et al. 2001). The method has been demonstrated several

times to provide realistic estimates of lava eruption rate, certainly comparable in

terms of both accuracy and precision to in situ estimates. The method has been

calibrated against field-based measurements of effusion rate determined by very low

frequency electromagnetic induction (e.g. Harris et al. 1998), by comparing final

flow volumes determined by global positioning system surveys and interferometric

synthetic aperture radar with those obtained by integrating the satellite-derived

volumetric lava flux (Harris et al. 1997a, Rowland et al. 2003), and by comparison

with effusion rates determined by applying the same basic method to high spatial

resolution thermal data acquired by hand-held imaging cameras (e.g. Calvari et al.

2005). As the method relies, fundamentally, on an unsaturated measurement of

spectral radiance from the flow surface in the thermal infrared (i.e. ,12 mm), it is

applicable to data acquired by any remote sensing system that acquires data in this

wavelength region (e.g. MODIS, AVHRR, ATSR).

It has been noted that during many lava flow-forming eruptions at basaltic

volcanoes, effusion rates rise quickly to a peak (a waxing phase) before decreasing

slowly over a longer period of time (a waning phase; figure 10). Wadge (1981)

proposed that such a pattern is characteristic of such eruptions, and can be

explained in terms of the release of elastic strain energy from the stored magma and

chamber during the eruption. In this model, low initial effusion rates (as a result of

the need of the magma to expend energy in dilating the country rocks to produce a

fracture to the surface) quickly increase (as a result of an increased density contrast

between the magma and the country rock due to volatile exsolution, and possibly

viscous dissipation) to produce a short-lived waxing phase. Increases in viscosity

(due in part to the vesiculation itself) limit this process. After this time, a longer

waning phase begins, corresponds to the release of elastic energy stored in the

chamber wall rocks when the magma initially entered the reservoir. Figure 10 shows

variations in power output observed during mafic lava flow-forming eruptions at

Etna, Nyamuragira, Mount Cameroon (Cameroon), Piton de la Fournaise

(Réunion Island), and Sierra Negra (Galapagos Islands). Variations in emitted

spectral radiance (and power output) from an unconfined lava flow (i.e. one that is

not significantly ponded or inflating) are proportional to variations in active lava

area and eruption rate (Wright et al. 2001). Thus, the radiant flux curves presented

here have the same shape as any subsequently derived eruption rate curves (the

Volcano Lat/Lon 2000 2001 2002 2003 2004 2005 2006

Soputan 1.11/124.73 18.0 * * 16.3 40.5 6.1 2.9
Soufriere Hills 16.72/262.18 30.0 55.2 96.5 128.0 * 11.3 171.0
Stromboli 38.79/15.21 0.2 * 11.1 118.0 2.9 * 0.7
Suwanose-
Jima

29.64/129.72 * * 0.1 * * * *

Tinakula 210.38/165.80 ,0.01 ,0.01 ,0.01 * * * 12.6
Tungurahua 21.47/278.44 1.0 ,0.01 1.7 10.9 0.6 ,0.01 37.9
Ulawun 25.05/151.33 * 3.0 * * * * *
Veniaminoff 56.20/2159.38 * * * * * 1.1 *
Villarrica 239.42/271.93 * 0.5 * 4.0 8.8 22.8 38.5
Yasur 219.52/169.45 * * 13.6 6.6 14.5 8.8 12.3

*No thermal activity detected by the MODVOLC algorithm during this year.

Table 1. (Continued.)
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right-hand ordinate gives the corresponding eruption rate, estimated using the

techniques described in great detail in Harris et al. 1997a, 2007, Wright et al. 2001).

In most instances the waxing–waning pattern is evident, although in some the

(often) short waning phase was not recorded by MODIS. Not only do these data

provide support for the broad applicability of Wadge’s model but they also show

how an important eruption parameter can be estimated, in near-real time, by simple

analysis of low-resolution satellite data.

Figure 6. Radiant flux (6108 W) calculated for (a) Kilauea and (b) Nyamuragira.
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Radiant flux data can also be used to quantify one aspect of a volcano’s energy

budget. McGetchin and Chouet (1979) estimated the energy budget of Stromboli

volcano, Italy, where activity is characterized by persistent degassing and minor

explosive activity, with occasional emplacement of basaltic lava flows. They

estimated time-averaged energy losses from the subaerial portion of the volcano to

be: 6 MW by conduction through the ground surface; 0.7 MW as a result of passive

degassing; 0.2 MW carried by material ejected explosively; and 0.2 MW as heat

radiated from the vent. All other terms, such as acoustical power, were of negligible

importance (although McGetchin and Chouet state that the unknown amount of

heat dissipated by the hydrothermal system may outweigh all others). Based upon

these figures, the energy that may be amenable to detection from orbit (the radiant

flux from the vent) constitutes only a small proportion of the total heat budget. This

partitioning of energy relates to Stromboli’s normal mode of activity. Inspection of

figure 11 shows that during the 2002–2003 effusive eruption of Stromboli, radiant

heat loss from the lava flows attained values in excess of 600 MW, with an average

value for the entire eruption of ,105 MW. Thus, during its rarer effusive phases the

majority of energy is carried in the erupted lava, and can be quantified using the

satellite remote sensing techniques we describe here. However, effusive eruptions are

relatively rare at Stromboli. Assuming, for purely illustrative purposes, that a

comparable eruption (i.e. one that radiates ,1015 J) occurs on average once every 5

years, the time-averaged rate of heat loss from the lava over this interval would be

,6 MW (i.e. for periods of repose in excess of 5 years, that part of the energy budget

associated with lava flows falls below that attributed by McGetchin and Chouet and

Figure 7. Total energy radiated by all 65 volcanoes listed in table 1 for the period 26
February 2000 to 31 December 2006. Labels denote periods when the level of emission was
enhanced by one or more discrete lava flow-forming eruptions.
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Figure 8. (a) Comparison of the peak radiant flux measured from volcanoes on Io (Surt,
Loki and Amirani) and Earth (Nyamuragira, Etna and Cameroon). Power outputs for Surt
and Amirami obtained from Marchis et al. (2002); power output from Loki estimated by
Spencer et al. (2000). Note the logarithmic scale. (b) Radiant flux estimated from Mount
Cameroon and Etna for the 7-year study period we report here, and depict in part (a). For the
equivalent data for Nyamuragira, refer to figure 6(b).

6460 R. Wright and E. Pilger



to simple conduction of energy through the ground surface). Clearly, the

partitioning of energy between those kinds amenable to satellite detection (e.g.

energy radiated by lava) and those that are not (e.g. heat carried in the gas phase)

varies from volcano to volcano.

Knowing the amount of energy lost from an open volcanic system (e.g. a

persistently active lava lake or vent) allows constraints to be placed on the mass of

cooling and crystallizing magma that must pass through the system to balance these

heat losses. In light of the previous paragraph, it should be apparent that the success

with which remote sensing measurements can be used to constrain the heat loss is

variable. However, as noted by Francis et al. (1993), remote sensing measurements

of radiant energy at least permit a minimum estimate of the mass to be made.

Following Francis et al. (1993) the mass of magma (q; kg) required to yield an

amount of energy equal to Q (in J), is given by:

q~
Q

rDf zcDT
ð5Þ

where c is the specific heat capacity of the magma (1.556103 J kg21 K21), DT is the

temperature interval over which the magma cools during the period that the heat flux

estimate is made, Df is the mass fraction of crystals grown over this cooling interval

and Q is the latent heat of crystallization (36105 J kg21). Furthermore, Francis et al.

(1993) considered two end-member enthalpy models. In the first, the magma is

assumed to be emplaced as hypabyssal intrusions (having cooled by 50uC and

experience 25% crystallization); in the second, the magma is assumed to be emplaced

at a greater depth, as cumulates within the magma chamber (having cooled by 400uC

Figure 9. Radiant flux estimated from lava lakes at Ambrym, Erta Ale, Erebus and
Nyiragongo. Fluxes from the first three are similar and are plotted on the same scale to aid
comparison.
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and crystallized fully). Following Wright and Flynn (2004) we assume that energy loss

by convection occurs at a rate at least equal to 30% of radiant energy loss. Using

equation (5), the energy loss values given in table 1, and the aforementioned

approximation for energy loss through, the minimum mass of magma required to

balance energy losses from lava lakes at Erta Ale, Erebus, Nyiragongo, and Ambrym

Figure 10. Radiant power time-series (left-hand ordinate) recorded for lava flow-forming
eruptions at Nyamuragira (a, b and c), Piton de la Fournaise (d ), Mount Cameroon (e), Sierra
Negra (f ) and Etna (g). The right-hand ordinate shows lava effusion rates estimated from the
satellite data. (h) The theoretical variation in effusion rate during such an eruption (after
Wadge 1981).
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has been calculated. The results are shown in figure 12, although here we convert the

masses calculated using equation (5) for each 12-month period (kg) to an annually

averaged mass flux (kg s21). As mentioned previously, these must be considered

minimum estimates. However, even they make for interesting comparisons. Mass flux

Figure 11. Radiant flux estimated during the 2002–2003 eruption of Stromboli volcano,
Italy.

Figure 12. Mass and mass fluxes estimated for four active terrestrial lava lakes, using the
model presented by Francis et al. (1993).
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values for the lava lakes at Erta Ale, Erebus and Ambrym are all comparable in

magnitude. Nyiragongo, however, exhibits much higher fluxes, particularly in 2005.

At this volcano, there is clear evidence for a gradual and sustained increase in lake

activity since the reappearance of the lava lake in 2002. Variations in radiant flux from

a lava lake surface are a function of (a) the surface area of the lake and (b) the rate at

which this surface is thermally renewed following disruption by, for example,

convective overturn (Oppenheimer et al. 2004).

4. Conclusions

Although active and potentially active volcanoes are localized in space, their

eruptions are generally erratic in time, with repose periods often much greater than

the duration of the eruptions themselves (Wadge 2003). As a result, monitoring all

of Earth’s volcanoes requires the use of a sensor that has a 100% duty cycle, and an

analysis system that can process hundreds of images (and gigabytes of data) in near-

real time, while providing quantitative data regarding the physical properties of the

detected thermal anomalies. Here, we present radiant heat flux estimates for 65

volcanoes, derived from such a system and using the simple analysis methods we

describe herein. Variations in thermal flux can be used as a proxy for variations in

the intensity of an eruption, determining start and end times, and as a starting point

for deriving ‘higher order’ volcanologic parameters, such as lava effusion rates or

magma flux rates. The use of this (or any other system with comparable geographic

scope and timely data acquisition and analysis capabilities) will allow for the

compilation of an extensive database regarding the nature of thermal emission from

Earth’s volcanoes. Such a database will allow us to determine how representative (or

otherwise) the thermal emission data we present here are.
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