Downloaded from http://sp.lyellcollection.org/ by guest on September 1, 2015

MODVOLC: 14 years of autonomous observations of effusive
volcanism from space
ROBERT WRIGHT
Hawai’i Institute of Geophysics and Planetology, University of Hawai’i at Manoa, 1680
East – West Road, Honolulu, HI 96822, USA (e-mail: wright@higp.hawaii.edu)
Abstract: During the period 28 February 2000– 31 December 2013, the MODVOLC system
(http://modis.higp.hawaii.edu) autonomously analysed almost 9 trillion (i.e. 9 × 1012) pixels contained within almost 3 million MODIS images, searching for evidence of high-temperature thermal
signatures associated with volcanic eruptions. Thermal unrest, mainly associated with active lava,
be it in the form of flows, domes, lakes or confined to vents, was detected at 93 volcanoes during
this period of time. The first part of this paper describes the physical basis and operational
implementation of the MODVOLC algorithm. The second part presents data to detail the nature
of the thermal emission from these 93 volcanoes over the past 14 years.

A space-based system for autonomously searching
the surface of the Earth for thermal emissions
from erupting volcanoes, using data acquired from
the United States National Aeronautics and Space
Administration’s (NASA) Earth Observing System
(EOS) platforms, was proposed in the late 1980s,
as part of the agency’s ‘Mission to Planet Earth’
(Mouginis-Mark et al. 1989). The MODIS (Moderate Resolution Imaging Spectroradiometer) sensors, flown onboard the first two EOS platforms
(Terra, launched in 1999, and Aqua, launched in
2002) formed the basis of this system. Eruptions
occur scattered across the globe, and are temporally
dynamic phenomena. Detecting and cataloguing
their thermal unrest requires both a 24 h ‘always
on’ imaging capability and high temporal resolution, both of which are provided by MODIS. In
addition, MODIS images the Earth using a middle
infrared thermal channel, centred at 3.959 mm,
which was expressly included in the design to make
high-fidelity measurements of the spectral radiance
emitted by high-temperature targets. Although primarily for observing wildfires, this middle infrared
spectral passband is equally well suited to quantifying the energy radiated by active lavas, even when
those lavas are much smaller than the 1 km ground
sampling size of the MODIS instrument.
Equally important to the concept of an operational, global, volcano monitoring system was the
data distribution paradigm that was central to the
EOS project. A comprehensive Earth Observation Data Information System (EOSDIS) was conceived to make the data collected by the EOS
project easily, and freely, available to the user community. Crucially, some MODIS data products,
including MODVOLC, were ‘direct readout’ products, whereby direct broadcast data from the

spacecraft was processed in real-time upon reception at the ground, bypassing EOSDIS, to ensure
low latency. These attributes are essential to a
global, near-real-time, volcano surveillance capability. Although satellite data had been used to
study active volcanism, particularly after the publication of papers in the mid –late 1980s by Francis &
Rothery (1987) and Rothery et al. (1988), these had
largely been retrospective analyses of a few expensive, high-resolution Landsat Thematic Mapper
(TM) data sets (e.g. Glaze et al. 1989; Oppenheimer
1991; Pieri et al. 1990; Oppenheimer et al. 1993).
High spatial resolution data (such as that provided
by Landsat TM, the Enhanced Thematic Mapper
Plus, the Terra ASTER and the Earth Observing-1
Hyperion) are attractive because the high spatial resolution allows mapping of thermal emission down
to sub-100 m resolution. However, the relatively
narrow swath of these sensors means that data are
acquired only once every 16 days, and rarely at
night. Data for many volcanoes around the world
is sometimes not acquired at all, given mission constraints which mean that these sensors do not
operate with a 100% duty cycle.
During the 1990s, several papers were published
describing the analysis of time series of lowresolution, MODIS-like data, such as that acquired
by the Advanced Very High Resolution Radiometer
(AVHRR: e.g. Harris et al. 1995) or the European
ERS-1 Along-Track Scanning Radiometer (ATSR:
e.g. Wooster & Rothery 1997). However, the data
used were archival, remained somewhat difficult
to obtain, to a certain extent cumbersome to process into useable products and were analysed years
after they had actually been collected. Extracting
volcanological information from remote-sensing
data within hours of the data themselves being
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acquired (i.e. in near-real-time) was possible only
with access to a ground-receiving station (see
Dehn & Webley 2015) and then only for volcanoes
located within the local station mask. EOSDIS
managed all aspects of the data-delivery process,
from the acquisition of the raw data at the sensor,
through its telemetry to the ground, processing
into standard (and easily useable) data products,
archiving and distribution at no cost to the enduser. This constituted the first mechanism via
which satellite data acquired at high temporal resolution, for the entire globe, could be used in nearreal-time for the purpose of observing active volcanism. The MODVOLC algorithm was conceived to
exploit this.
Terra was launched on 18 December 1999. The
MODVOLC algorithm became operational on 28
February 2000 (http://modis.higp.hawaii.edu), and
remains operational at the time of writing, having
incorporated Aqua-MODIS data in June 2002
(Aqua being launched on 4 May 2002). Between
28 February 2000 and 31 December 2013, the algorithm analysed almost 9 trillion (i.e. 9 × 1012) pixels
contained within 2.7 million MODIS images, equivalent to a data volume of 0.5 petabyte (PB) (where
1 PB ¼ 1015 bytes), making the results available
via the Internet within approximately 24 h. Thermal unrest associated with eruptions has been
detected at 93 volcanoes around the world (Fig. 1).
This paper will review the MODVOLC algorithm,
including its strengths and limitations, before providing an overview of the thermal behaviour of
Earth’s erupting volcanoes since 2000, as resolved
in the MODVOLC archive.

The MODVOLC algorithm
Underlying physical principles
MODVOLC uses a very simple algorithm to detect
the presence of high-temperature active lavas in
MODIS data (see Wright et al. 2002b). The spectral
radiance (Ll, W m22 sr21 mm21) emitted by a
surface is related to its kinetic temperature via
Planck’s Blackbody Radiation Law, which can be
written as:
Ml =

c1
l5 (ec2 /lT − 1)

(1)

where Ml is spectral radiant exitance (in
W m22 mm21), c1 and c2 are the first and second
radiation constants (with values of 3.74151 ×
108 W m22 mm4 and 1.43879 × 104 mm K, respectively), l is wavelength (in mm) and T is temperature (in K). Spectral radiance, Ll, is the unit of
remote sensing (Ll is range invariant, whilst Ml is
not), and is obtained by dividing Ml by pi.
Figure 2 shows a series of images that describe
how MODVOLC works. The image in the upper
panel (Fig. 2a) is a night-time Terra MODIS
3.959 mm (band 21) image of Hawai’i acquired on
2 February 2001. MODVOLC was designed to
analyse each of the more than 3 million pixels
within images like this and distinguish the tiny minority that contain high-temperature volcanic targets
(active lava flows, lakes and vents) from the vast
majority that do not. This distinction is based on
the amount of spectral radiance that the surface

Fig. 1. Location map showing the locations of all volcanoes at which MODVOLC has detected thermal unrest for the
period 28 February 2000– 31 December 2013, inclusive. Some symbols plot on top of each other.
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Fig. 2. See text for a full explanation. (a) Night-time band 21 (3.959 mm) MODIS image covering the island of Hawai’i,
acquired on 2 February 2001. Bright, white pixels (approximately 1 km on a side) on the right denote the presence of
active lavas erupted on Kilauea’s East Rift Zone. (b) Planck curves showing the spectral radiance predicted for a range
of volcanic and non-volcanic surfaces of varying temperature. Vertical bars denote the spectral interval and dynamic
ranges of MODIS bands 6, 21/22 and 32. (c) Illustration of the NTI metric for a range of thermally homogenous
surfaces. (d) Spectral separation in a simple L3.959 – L12.02 feature space for scene elements found in the MODIS image
shown in (a). (e) The separability of the same scene elements in NTI space. (f) NTI histogram computed for the MODIS
image shown in (a). (g) Red boxes denote the pixels classified by MODVOLC as thermally anomalous using an NTI
threshold of 20.80; yellow boxes denote those pixels that do not exceed this threshold but that a human analyst could
reasonably classify as being thermally anomalous.
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within those pixels emits in the middle infrared
(3.959 mm) and the longwave infrared (12.02 mm).
Figure 2b shows a series of curves that illustrate
the problem. The four black curves show the spectral radiance that can be expected from cover
types within the image, such as cold clouds (at
2508C), cold land (such as the summit of Mauna
Loa, at 258C), warm land (such as old, inactive
lavas close to the coast, at 158C), and the ocean
surface (at 208C) (Fig. 2b, curves i–iv, respectively). These cover types constitute the background
against which pixels that contain active volcanogenic heat sources are to be distinguished. The
red, amber and green curves show the spectral radiance that could be expected from three simulated
active lava bodies. The red curve (curve v) denotes
the spectral radiance that might be expected from a
large active lava flow, large enough to fill the 1 km
MODIS instantaneous field of view (IFOV), with a
crust temperature of 600K, within which cracks,
occupying only 0.01% of the lava surface, have a
temperature of 1400K. The amber curve (curve vi)
shows the spectral radiance of an identical lava
body (crust at 600K, cracks at 1400K occupying
0.01% of the lava surface) but, in this case, the
lava body occupies only 3% of the IFOV, with the
remaining 97% radiating at a background temperature of 158C (perhaps equivalent to a 100 m-diameter lava dome).
The green curve (curve vii) shows the emitted
spectral radiance that would be observed from a
30 m-diameter vent (i.e. 0.1% of the MODIS 1 km
IFOV), exposing lava at 1400K, surrounded by
ground at 158C. The grey curves show the amount
of sunlight that would be reflected from a 5% reflector (e.g. a basalt, curve viii) and a 10% reflector (e.g.
a dacite, curve ix). The transparent vertical bars
denote the bandpasses and dynamic ranges of
Terra MODIS channels 21 (and 22) and 32. The
height of each bar gives the maximum spectral radiance that can be measured in each bandpass (known
as Lmax). Lmax for Terra MODIS band 32 is approximately 23 W m22 sr21 mm21. Bands 21 and 22
occupy the same wavelength interval, but operate
over different measurement ranges. The height of
the bar here denotes Lmax for band 21, which is c.
60 W m22 sr21 mm21 for Terra-MODIS and c. 85
W m22 sr21 mm21 for Aqua-MODIS. Band 22 (for
both MODIS sensors) saturates at a much lower
Lmax of 1.89 W m22 sr21 mm21 (noted as the black
bar across the band 21 dynamic range), similar to
the middle infrared Lmax of the AVHRR series of
sensors. For Aqua-MODIS, the Lmax value for
band 32 was reduced to 14 W m22 sr21 mm21.
The vertical grey bar on the far left shows the wavelength and dynamic range of MODIS band 6 (central wavelength of 1.64 mm), which will be
discussed later.

Clearly, the longwave infrared region is not
ideal for distinguishing pixels that contain active
lava from those that do not, as pixels that contain
active lava are characterized by 12.02 mm spectral
radiance, which is only marginally greater than
that of the background (unless the lava body is a
large and relatively hot lava flow). The middle infrared is much more useful, with order-of-magnitude
separation between the target and the background,
even if the active volcanic source is relatively
small. This explains why the active pāhoehoe lava
breakouts at Kı̄lauea volcano are easily visible in
Figure 2a, as the group of bright, white, highly
radiant pixels extending to the coast, even though
the flows themselves occupy an area much less
than 1 km2.
In order to identify such pixels autonomously in
MODIS data, an index was developed that exploited
the fact that the 3.959 mm MODIS channel was
highly sensitive to the presence of even extremely
subpixel-sized active lava bodies. Algorithms for
doing this had been presented many times prior to
the launch of MODIS (e.g. Prins & Menzel 1992;
Higgins & Harris 1997), and were based on taking
the spectral radiance measured for each image
pixel at c. 4 mm (L4) and at c. 12 mm (L12), and converting these measurements into two brightness temperatures (T4 and T12). In the absence of
subpixel-sized active lavas, these two temperatures
should be very similar (small differences being
attributable to differences in atmospheric transmissivity and surface emissivity between these two
wavelengths) and T4 –T12 (DT ) should be close to
0. However, a subpixel-sized lava body within a
pixel would cause L4 (and, hence, T4) to increase
whilst leaving L12, and T12, relatively unchanged
(cf. curves iii, vi and viii in Fig. 2b). For these
pixels, DT would be greater than 0 (and often
much greater than 0). By computing the DT value
for each pixel in an image and comparing its DT
with that of its immediate neighbours, pixels that
contain high-temperature lavas can be discriminated
on the basis that they exhibit the strong elevation
of L4 relative to L12 that is characteristic of hightemperature radiators. Just how great this elevation
needs to be such that the pixel is classified as a
‘hotspot’ depends on the DT characteristics of its
neighbours. This is because all pixels are treated
as ‘potential’ hotspot pixels, and a potential hotspot pixel is reclassified as an ‘actual’ hotspot pixel
if its DT is more than n standard deviations above
the mean DT of its neighbours.
Unfortunately, the MODVOLC algorithm could
not take advantage of this spectral– contextual
hotspot detection approach. MODVOLC was
intended to operate at a very early stage of the
MODIS data processing, in order to provide rapid,
near-real-time mapping of global volcanic thermal
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anomalies. As an ‘add-on’ data product, it was not
afforded the computational resources given to
other MODIS data products, and so operational
constraints were imposed to minimize its computational complexity and facilitate rapid communication of results. These constraints included a limit
on the number of wavebands of data that the algorithm could use, and a limit (to fewer than eight)
to the number of mathematical operations that the
algorithm could entail. MODVOLC was also
required to be a point operation (i.e. each pixel analysed with no reference to its neighbours).
Working within these constraints a new approach was required, as the MODVOLC algorithm
could not exploit the aforementioned ‘DT’ technique (a neighbourhood operation in temperature
space), but would, instead, have to be a point operation in spectral radiance space. For thermally homogenous surfaces, the difference between L3.959 and
L12.02 is negative for cold surfaces (black curve in
Fig. 2c) and becomes increasingly negative as
the temperature of the surface increases up to a
temperature of about 1008C, after which increases
in the temperature of the emitting surface cause
L3.959 – L12.02 to increase. As a result, a simple
L3.959 – L12.02 difference cannot be used to distinguish hot surfaces (active lavas) from any other
cover types within a MODIS image because they
overlap in this feature space (Fig. 2d). However,
an index that normalizes this difference to the sum
of the radiances at these two wavelengths (grey
curve in Fig. 2c) can discriminate active lavas
from other scene elements because the value of
this normalized difference increases with the temperature of the emitting surface (Fig. 2e). This metric,
the Normalized Thermal Index (NTI), is given by:
NTI =

L3.959 − L12.02
.
L3.959 + L12.02

(2)

Although the NTI curve in Figure 2c is for thermally homogenous surfaces, a pixel containing a
subpixel-sized high-temperature radiator shows a
similar increase in NTI as the fractional area of
the pixel occupied by that source increases (see
fig. 9 in Wright et al. 2002b).
All volcanic thermal anomaly detection algorithms have some kind of spectral radiance (or temperature) threshold that is used to formally classify
pixels as hotspots when those pixels exceed that
threshold. In the spectral–contextual or time-series
approaches (e.g. Higgins & Harris 1997; Dehn et al.
2000; Pergola et al. 2004), the threshold is a statistical one, based on either the spectral properties of a
neighbourhood of pixels at a fixed time or over an
extended period of time. This is the preferred
method as it allows for thresholds that reduce the

sensitivity of the detection process to variations in
background temperature that arise from: for example, imaging volcanoes at high or low latitudes, or
the same volcano in winter and summer. As a
point operation, MODVOLC cannot use thresholds derived from the data themselves. As no external data dependencies were allowed in algorithm
execution, nor could a predetermined look-up table
of thresholds (i.e. varying with latitude and season)
be deployed. Instead, one NTI threshold was
required to work on the entire MODIS datastream.
This threshold was established empirically.
Figure 2f shows an example of an NTI histogram
for the 3.3 million pixels contained in the MODIS
image shown in Figure 2a. There are no pixels
with NTI values of less than 21.0, consistent with
the fact that surfaces with temperatures of less
than about 2508C are not found in the image (cf.
grey curve in Fig. 2c). Almost all of the pixels
exhibit NTI values of less than about 20.85, again
consistent with the fact that most surfaces within
the image have temperatures of less than approximately 308C. A trivial number of pixels constitute
the tail of the NTI distribution, the pixels that
contain the active lava. When determining the NTI
threshold to be used in the MODVOLC algorithm,
it was decided that a lack of sensitivity to lowintensity volcanic anomalies was preferable to a
large number of false positives. After analysis of
300 MODIS images from around the globe (images
containing, and not containing, volcanic heat
sources), an NTI threshold of greater than 20.80
was selected, indicated by the vertical red line in
Figure 2f, a threshold that results in the positive
detection of 14 anomalous pixels in this data set.
These pixels are shown in Figure 2g, highlighted
in red boxes. The yellow boxes show an additional
five pixels that might have been classified as thermally anomalous based solely on visual interpretation of the data, but which are not classified as
hotspots by the MODVOLC algorithm. However,
lowering the threshold to ‘catch’ these lower intensity pixels runs the risk of generating huge numbers
of false positives; lowering the value to 20.85
would result in over 40 000 ‘volcanic’ hotspots in
this image.

Operational implementation
Figure 3 provides a flow chart that describes how
the algorithm operates. MODIS Level 1B images
are ingested (MOD021KM*.hdf and MYD021
KM*.hdf files, for Terra- and Aqua-MODIS, respectively). Based on the solar zenith angle, pixels are
classified as night-time or daytime images (on a
pixel-by-pixel basis to account for the significant number of MODIS images that straddle the
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Fig. 3. (Top) Flowchart showing the operation of the MODVOLC algorithm. (Middle) Screen-capture of the front page
of the MODVOLC website (http://modis.higp./hawaii.edu), along with a map extracted from the same page showing
MODVOLC detections at Karymsky, Russia. (Bottom) Example of MODVOLC output for this Karymsky example.

terminator). For night-time pixels, the NTI is calculated. If band 22 is unsaturated, it is used to compute
the NTI, given its higher precision than band 21; if
band 22 is saturated then band 21 is used. (As both
bands sample the same spectral interval and quantize
spectral radiance into the same number of bits, the
smaller dynamic range of band 22 equates to
higher precision.) Pixels with an NTI greater than
20.80 are classified as hotspots, and their details
stored in the MODVOLC archive and made available at http://modis.higp.hawaii.edu.
A daytime algorithm was implemented in the
autumn of 2001. During the day, solar heating of
surfaces causes NTI histograms to shift to the
right, necessitating a higher detection threshold.
Furthermore, the 3.959 mm wavelength interval is
contaminated by a small (but variable) amount of
reflected sunlight (grey curves in Fig. 2b). To compensate for this reflected sunlight component,
MODVOLC uses measurements of the amount of
spectral radiance reflected at 1.628–1.652 mm
(band 6) to estimate the amount of sunlight reflected
from the surface at 3.959 mm, based on the fact that

exo-atmospheric solar irradiance at 3.959 mm is
4.26% of that at 1.64 mm. These corrected radiance
values:
L 22c = L 22 − L 6 × 0.0426

(3)

L 21c = L 21 − L 6 × 0.0426

(4)

and

are used to compute the NTI during the day. Clearly,
but necessarily, this is a simplified compensation
approach. It assumes similar atmospheric transmissivity and surface reflectance at 1.64 and 3.959 mm.
It also assumes that the volcanic target within the
pixel in question radiates negligible amounts of
energy at 1.64 mm (true for most volcanic targets
in 1 km data –see Wooster & Rothery 1997 – but
not necessarily true for extensive, young, active
lava flows). Based on analysis of 300 daytime
MODIS images to which this reflected light
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Fig. 4. Landsat 7 Enhanced Thematic Mapper Plus image of Popocatépetl volcano, Mexico, with the centroid of all
pixels classified as hotspots by MODVOLC for the period 2000–10 superimposed (white circles).

correction was applied, a higher NTI threshold of
20.65 was established.
Daytime 3.959 mm data can also be contaminated by sunglitter. Sunglitter (or sunglint) is a
specular reflection of sunlight from surfaces into
the instrument field of view, and is a function of
solar and viewing geometry. It occurs mainly over
smooth surfaces, including the ocean, but can also
occur over lakes, rivers and other standing bodies
of water, as well as the roofs of buildings. Glint is
at a maximum where the instrument is viewing
such surfaces in the specular direction: that is,
when the satellite zenith angle for a pixel is equal
to the solar viewing angle for that pixel, and the
sensor azimuth is 1808 from the solar azimuth.
However, the fact that surfaces such as the ocean
are not perfectly flat causes sunglitter at a slightly
wider range of geometries. As a result we exclude
all pixels as potentially contaminated by sunglint
if the sun-sensor geometry for a pixel yields a
glint vector within 128 of the specular direction.
The details for all volcanic thermal anomalies
detected by the algorithm are made available at
http://modis.higp.hawaii.edu. A search option
allows the user access to the entire database. For
each entry, quantitative information about the
hotspot can be retrieved (Fig. 3). This includes the

time at which the hotspot was observed (UNIX
time and local time) and the MODIS sensor that
acquired the data (Terra- or Aqua-MODIS). The
geodetic coordinates of the centre point of the
pixel (longitude and latitude in decimal degrees,
registered to WGS-84) are also provided, and
Figure 4, which plots the location of the centre of
all hotspot pixels detected by MODVOLC at Popocatépetl during the period 2000– 12, gives an indication of the accuracy with which the positions of
the thermal anomalies can be resolved. With regards
to the intensity of the thermal emission, the atsatellite spectral radiance detected from the hotspot
in MODIS bands 21, 22, 6, 31 and 32 (W m22
sr21 mm21) is reported. The sun-sensor zenith and
azimuth angles (in degrees) allow the user to determine whether view-angle effects may be a consideration. Daytime data can easily be discriminated
from night-time data using the solar zenith, which
is ,908 for night-time data when the sun is below
the horizon. Saturation at any wavelength is denoted
by a flag value of 210.000. The NTI for each pixel is
also provided, as is the value of the glint vector,
alongside the location of the pixel in the raw
MOD/MYD021km*.hdf file (line and sample).
Results are made available at the noted URL typically within 24 h of spacecraft overpass.
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Fig. 5. Comparison of MODVOLC-derived spectral radiance (summed for all anomalous pixels at each UNIX time)
and ground-based real-time seismic amplitude measurement (RSAM) made during the 2006 eruption of Augustine,
Alaska. RSAM data taken from Power et al. (2006).

Limitations
The algorithm was necessarily simple to meet constraints imposed on its development. As a result
the algorithm has limitations. The most obvious is
a lack of sensitivity to low-intensity volcanic radiators, the corollary of being very robust to false positives. This is illustrated in curve vii of Figure 2b,
which shows several pixels that a human operator
would probably classify as thermal anomalies but
MODVOLC would not. The impact of this limitation can be viewed as either rather insignificant
or somewhat catastrophic. For example, in curve
vii of Figure 2b, the total spectral radiance emitted

at 3.959 mm that was detected by MODVOLC for
this Hawaiian lava flow (the sum of the red pixels)
was 32.4 W m22 sr21 mm21; 3.9 W m22 sr21
mm21 went unquantified (the sum for the yellow
pixels). So MODVOLC actually recorded 88% of
the total spectral radiance emitted by Kilauea at
that instant. Figure 5 shows how MODVOLC
resolved emitted middle infrared spectral radiance
during the 2006 eruption of Mount Augustine,
Alaska. Shown for comparison is real-time seismic
amplitude recorded in situ. Despite the fact that
MODVOLC undoubtedly failed to detect all of the
emitted spectral radiance during this eruption, that
which it did detect is sufficient to provide a faithful
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Fig. 6. Open circles show the MODVOLC-estimated radiant flux from Lascar volcano, Chile. Filled circles show
the area of anomalously warm ground observed at this volcano, extracted from high-resolution ASTER data (see
Murphy et al. 2013). MODVOLC did not detect any thermal unrest at this volcano during 2003, 2004 and 2005,
or from 2007 to 2013, even though the higher resolution ASTER sensor did.

record of how the intensity of that eruption varied
with time.
However, for volcanoes that are predominantly
characterized by low-intensity thermal anomalies,
the lack of sensitivity is a problem. MODVOLC
has never detected a thermal anomaly at Vulcano,
in the Italian Aeolian Islands, despite the fact that
there is a permanently active (and large) fumarole field present at the summit (Harris & Maciejewski 2000). MODVOLC failed to detect any
thermal emission at Lascar volcano, Chile, during
2003, 2004, 2005, 2009 and 2011, when the higher
resolution ASTER sensor (Advanced Spaceborne
Thermal Emission Radiometer, also flown on
Terra) did (e.g. Murphy et al. 2013) (Fig. 6). As
the algorithm is clearly adept at detecting and quantifying high-temperature manifestations of active
volcanism, but unable to do the same for lowtemperature geo- and hydrothermal manifestations, it is best to think of MODVOLC as an
‘active lava finder’. Analysis of low-temperature
volcanic phenomena is possible using MODIS, and
other image-processing techniques (e.g. Vaughan
et al. 2012).
The fact that the algorithm does not return
image data (another operational constraint) is also
a limitation, as possible cloud contamination cannot be assessed from the MODVOLC data themselves. The imposed limit to the complexity of the
algorithm also meant that traps for bad data
packets could not be employed. As such, occasional
MODIS granules that generate enormous numbers of false positives can find their way into the

database. Figure 7 shows an example of this. Such
failures (usually caused by scenes where uniformly
low, and physically impossible, spectral radiances
are reported at all wavelengths for almost all
pixels in the image) are quite easy to spot and
should be obvious to the user as suspect. Finally, it
is impossible to discriminate active lava from vegetation fires (either fires set off by volcanic activity
or fires started in the absence of any volcanic
activity). As such, an isolated thermal anomaly
(i.e. one hotspot, observed at one particular time)
reported close to the summit of a historically inactive volcano should be treated with suspicion. If
the hotspot is found to occur in the same place
over the course of several days, then a volcanological origin becomes more likely (although it is wise
to consult the Smithsonian Institution Global Volcanism Program (http://www.volcano.si.edu/; to
see whether any field observations of activity exist
to corroborate this).
It is entirely fair to say that MODVOLC is not
the best-performing algorithm that could be
designed, given no constraints. Steffke & Harris
(2011) compared the relative performance of
MODVOLC with more complex algorithms of the
spectral –contextual and time-series class, and the
reader is referred to that paper for a detailed evaluation of MODVOLC performance. These alternative classes of algorithms undoubtedly allow for
detection of lower intensity thermal anomalies.
However, it is also true that none of these algorithms
has been implemented to operate in near-real-time
at a global scale, for the past 15 years.
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Fig. 7. Example of MODVOLC false positives caused by bad data. The Kerguelen Islands are visible to the left,
for scale.

Thermal emissions from Earth’s erupting
volcanoes for the period 2000 – 14
The thermal energy emitted by erupting volcanoes
is a proxy for temporal variations in the intensity
of those eruptions (see Fig. 5), having been demonstrated to correlate with the mass of lava required to
yield that energy (e.g. Harris et al. 1997a, 1999).
Although this flux is difficult to measure in-situ,
Earth-orbiting satellites provide a convenient
means to do so, from all of Earth’s erupting volcanoes, and many studies have correlated at-satellite
spectral radiance (or parameters derived from such
measurements) with volcanic processes including
volcanic gas emissions (e.g. Wright et al. 2002a),
lava effusion rates (e.g. Harris et al. 1997a),
cycles of lava-dome growth and explosive disruption (e.g. Oppenheimer et al. 1993; Wooster &
Rothery 1997), and short-term variations in eruption
intensity (e.g. Harris & Thornber 1999).
MODVOLC has documented thermal unrest at
93 volcanoes around the world since 2000 (Fig. 1).
The MODVOLC algorithm (and database) reports
data that can easily be used to construct plots such

as that shown in Figure 5 (i.e. by summing the
3.959 spectral radiance detected from all hotspot
pixels at a particular observation time). However,
other metrics can also be readily derived from the
MODVOLC data for each of these volcanoes,
most obviously radiant flux.
Typically, the subpixel temperature distribution
of an active lava must be estimated from at-satellite
spectral radiance (in W m22 sr21 mm21) in order
for the radiant flux from that surface (in W, or
J s21) to be calculated using the Stefan–Boltzmann
Law, which relates temperature to radiant flux (e.g.
Oppenheimer 1991). The spectral resolution of
sensors such as MODIS is too poor to allow the
temperatures of the active lava surfaces present
within the 1 km2 pixels to be retrieved with any
accuracy (Wright & Flynn 2003). However, the
MODIS 3.959 mm channel allows estimates of
radiant flux to be extracted from the MODVOLC
spectral radiance data without the need to perform
the intermediate spectral radiance to temperature
inversion. Between 600 and 1500K (a range that
encompasses terrestrial lavas), spectral radiance at
3.959 mm (in W m22 sr21 mm21) increases with
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approximately the fourth power of the temperature
of the surface. As radiant flux (as given by the
Stefan–Boltzmann Law) also increases with the
fourth power of temperature, this coincidence has
allowed researchers to develop an empirical relationship that relates 3.959 mm spectral radiance
directly to radiant flux (e.g. Kaufman et al. 1998). The
3.959 mm emitted spectral radiance emitted from
each MODVOLC-detected hotspot pixel (L3.959,
in W m22 sr21 mm21) can be converted to an estimate of the radiant flux (in fe, in J s21) using the
following relationship (Wooster et al. 2003):

fe = 1.89 × 107 (L3.959 − L3.959,bg )

(5)

where L3.959mm,bg is the spectral radiance emitted
from pixels adjacent to the hotspot, and is used to
account for the radiance emitted by ambient temperature surface within the hotspot pixels (given
that the active lava bodies are usually subpixel in
size).
Most Earth observation sensors intended to
measure emitted energy have their dynamic range
tailored to measure only the range of temperatures
most commonly encountered when observing
snow and ice, clouds, water, or land, in order to
maximize the precision with which temperatures
can be retrieved for these targets. Consequently,
although sensors such as AVHRR and GOES have
been widely used to study active volcanism (e.g.
Harris et al. 1997a, b) using passbands located in
the 4 mm region, studies using both have been
afflicted by sensor saturation, as the maximum
temperature that these sensors can measure before
saturation (i.e. clipping of the signal) is about
325K. Successfully estimating the radiant flux
from a volcano using remotely sensed data relies

on the sensor making unsaturated measurements
of the emitted spectral radiance. As mentioned
earlier, MODIS was designed to provide unsaturated middle infrared spectral radiance data, using
the low gain band 21. Figure 8 shows the spectral
radiance catalogued by MODVOLC for almost
10 000 hotspot pixels detected at Mount Etna
between 2000 and 2010. Only 0.02% of these
pixels were sufficiently radiant to saturate MODIS
band 21, while the incidence of saturation in band
22 was much higher, at 64%. MODIS is very well
suited to quantifying the thermal emission from
active volcanoes.
By applying equation (5) to each hotspot in the
MODVOLC database, and summing all hotspot
pixels observed at each volcano at each unique
observation time, the radiant flux from all of Earth’s
erupting volcanoes can be estimated on a neardaily basis, by using MODIS data from both the
Terra and Aqua spacecraft. L3.959bg is obtained
from an independent estimate of background temperature obtained from the MODIS Landsat Surface
Temperature product, where an average background
value for each calendar month was determined from
analysis of MOD11 and MYD11 files for the 10 year
period 2000–10 for each volcano. The uncertainty
associated with each fe estimate is as much as
+30% (see Zaksek et al. 2013 for details), and is
largely due to the uncertainty in equation (5) (see
Wooster et al. 2003).
Application of equation (5) yields a time series
of radiant flux (J s21) v. time. Integrating yields
the total amount of energy radiated (J). This integration was performed for each eruptive event
at each volcano, where an individual event was considered to have ended if 7 days passed without a new
hotspot observation. Only night-time MODVOLC
data were included in the subsequent analyses, as

Fig. 8. The 3.959 mm spectral radiance plotted for all MODVOLC-detected hotspot pixels at Mount Etna, Sicily, for the
period 2000– 13 inclusive. Horizontal lines show the saturation radiances (Lmax) for Aqua- and Terra-MODIS bands
21 and 22. Data have been ranked by the magnitude of the measured 3.959 mm spectral radiance.
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these observations are uncontaminated by reflected
sunlight or solar heating.
Figure 9 shows the total amount of energy
radiated by the 93 volcanoes depicted in Figure 1
for the period 28 February–31 December 2013,
inclusive, in terms of the total monthly flux for all
volcanoes. Figure 10 breaks this down by calendar
year for each volcano, and classifies the volcanoes
by the dominant style of activity, based on reports
by the Smithsonian Institution Global Volcanism
Program. Although it is straightforward to classify volcanoes based on the presence of an active
lava lake, or propensity to erupt lava flows or lava
domes, vent-based activity is harder to summarize.
The explosive category is a best effort to group volcanoes that are described as being characterized by
explosions, be they ash-producing or predominantly
of the strombolian kind. Inevitably, the latter in
many cases includes the presence of ponded lava
atop the conduit and, perhaps, small lava flows.
The total radiant energy emitted by Earth’s
erupting volcanoes, as a function of time, can be
divided into two components: a baseline level of
emission, superimposed on which are spikes that
can in all cases be attributed to episodic, lava-flowforming eruptions (Fig. 9). The baseline level of
emission appears to have increased from approximately 1 × 1015 J per month in 2000 and 2001 to
about 3 × 1015 J per month in 2013, an increase
greater than the uncertainty in the estimates. Much
of this increase can, however, be attributed to the
growth of the lava lake at Nyiragongo, Democratic
Republic of Congo. While the episodic lava-flowforming eruptions typically elevate the global
energy output by a factor of between 2 and 3, lava
flows emplaced during the May 2004 eruption of

Nyamuragira (also DRC) caused the volcanic
energy output to increase by a factor of 13 above
the energy radiated by the other volcanoes around
the world erupting at that time (and detected by
MODVOLC).
Over the entire 14 year period considered here,
effusive lava-flow-forming eruptions have been
responsible for 66% of the MODVOLC-detected
global volcanic energy output, with lava lakes,
lava domes and vent-based explosive activity
responsible for 24, 8 and 2%, respectively. (See
Fig. 11. For the interested reader, McGetchin &
Chouet (1979) estimated the total energy output of
Stromboli volcano, and how this is partitioned
between erupted lava and other modes of energy
transport, including seismic energy release, conduction and the gas phase.) This is not surprising given
that emitted spectral radiance (the raw measurement) is proportional to the surface area covered
by active lava at the moment of satellite overpass,
a proportionality that is modulated by the surface
temperature of the lava body at that same time.
Mafic effusive eruptions produce areally extensive
lava flows with high width-to-thickness ratios,
whereas felsic lava domes, typically erupted at
much lower effusion rates, present a relatively
small area of lava to the MODIS sensor, having
much lower width-to-thickness ratios by virtue of
their high viscosity. Lava lakes also tend to have
relatively small surface areas (although Nyiragongo
is a notable exception). However, the average
surface temperature of lava lakes is higher than
that of lava domes, and typically lower than that
of aa lava flows (see Wright et al. 2011).
Bias in the MODVOLC record is also introduced
by the temporal characteristics of the volcanic

Fig. 9. (i) MODVOLC-derived radiant flux, summed for all 93 volcanoes shown in Figure 1, for all eruptions between
2000 and 2014 (in J per month). Where no data are shown, MODVOLC did not detect any thermal unrest during
that year.
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Fig. 10. The total energy radiated by each volcano in each calendar year (in J, the sum of the 12 monthly values). The
style of activity responsible for the emissions has been classified, with red denoting mafic lava-flow-forming eruptions;
green, mafic lava lakes; blue, felsic lava domes; yellow, explosive activity. Grey bars denote carbonatite lavas at
Oldoinyo Lengai, Tanzania.
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Fig. 10. Continued.
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Fig. 10. Continued.

activity, with persistent sources of radiant emission
(such as lava flows, lakes and domes) more likely to
be detected than vent-based explosive activity. The
contribution made by vent-based explosive activity
is harder to evaluate or reconcile, and the values
here are almost speculative. Persistent ponding of
lava in a vent will present an areally small but hightemperature target to the sensor, much like a lava
lake. Lava in an open conduit will likely to be

much harder to detect from space, given the small
diameter of conduits, the occluding effect of
conduit walls and satellite view-angle effects. Shortlived explosive events have the potential to yield
high spectral radiance in the mid-wave infrared, as
bombs are emplaced onto the volcano’s surface.
But the rapid rate at which such bombs cool
means that evidence of, for example, strombolian
explosions, is not preserved for very long in the

Fig. 11. The proportion of total annual emissions attributable to the aforementioned classes of activity for each
calendar year.
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Fig. 12. Radiant flux (J per month) for all 93 volcanoes depicted in Figure 1. The time series are given in
alphabetical order.
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Fig. 12. Continued.
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middle-infrared spectral record. As a result, such
activity is difficult to document from space.
On an annual basis, the contribution of active
lava lakes has grown substantially, beginning in
2002 with the development of the lake at Nyiragongo volcano. By current terrestrial standards this
lava lake is exceptional, and since 2000 has
yielded five times as much radiant energy as the
remaining lava lakes combined. Without this
example, lava lakes would contribute about the
same amount as lava domes to the global total.

Although Kilauea volcano (USA) ranks as number
1 in terms of total energy radiated over the study
period, the lava lake at Nyiragongo comes a very
close second and, since 2006, has consistently outranked Kı̄lauea in this regard.
To complete this paper, Figure 12 shows the
monthly radiant energy detected from each of the
93 volcanoes. As one might expect, peak radiant
output is associated with large, episodic effusive
eruptions at volcanoes such as Nyamuragira, Etna
(Italy) and Piton de la Fournaise (Reunion Island).
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The greatest total energy yield from a single eruption was recorded during the 2012– 13 eruption of
Tolbachik, Russia, which was also the second most
intense (in terms of peak radiant output) during the
time series, the most intense being the 2002 eruption of Nyamuragira (see Wright et al. 2014).
Of the dome-forming volcanoes, those at Soufriere Hills (Montserrat), Shiveluch, (Russia),
Semeru, (Indonesia), Santa Maria, (Guatemala) and
Popocatépetl, (Mexico) have radiated most energy
over the past 15 years. These volcanoes have been
sites of cyclic dome building for all (or most) of
this period of time. However, the individual domebuilding episodes at Chaiten and Cordon Caulle
(Chile) were marked by total radiated energy
yields almost as large as these decadal-scale eruptions, even though they lasted for much shorter durations. This is due to their markedly higher peak
radiant fluxes.
Nyiragongo has been mentioned previously.
There are six lava lakes contained within this data
set, and all differ with respect to total radiant
energy output and temporal evolution of this output. Radiant flux from Nyiragongo is more than
one order of magnitude greater than that estimated
from Erta Ale (Ethiopia), Erebus (Antarctica),
Ambrym (Vanuatu) and Villaricca (Chile). Thermal emission from Nyiragongo has increased
almost yearly since the re-establishment of the lake
in 2002, although radiant flux seems to have stabilized since 2010. At Erebus, radiant flux has been
remarkably constant over the observation period,
compared to Ambrym and Villaricca. Even at Erta
Ale, the archetypal ‘persistently active’ lava lake,
activity appears to have almost shut down for a
period of several months in late 2004.
Although binning the data into monthly energy
output smoothes the inherent ‘spikiness’ usually
present in remotely derived spectral radiance time
series (caused by clouds), the effect of seasonal
clouds cannot be suppressed. The time series for
Popocatépetl and Santa Maria volcanoes, targets
characterized by the more or less persistent eruption of felsic lava domes since 2000, clearly show
a drop in energy output that corresponds closely
with the central America wet season, from May
to approximately October. On shorter timescales,
periodicity can be apparent at a timescale of
approximately 2 days thanks to the temporal resolution of the MODIS sensor (a combination of both
the gap between image acquisitions and scan-angle
effects). Any time-series analysis should bin data
over a longer timescale than this to isolate potential
volcanogenic information from apparent periodicity
introduced by these sources. Wright et al. (2014),
using the popular wavelet time-series analysis technique, found that while some volcanoes (such as
Etna, Heard Island and Shiveluch) exhibited

periodicity in thermal output between 2000 and
2014, most (including volcanoes such as Erta Ale
and Nyiragongo) did not.
Of the 93 volcanoes that MODVOLC has
detected emissions from, approximately one-third
have been active for the entire 14 year duration (not
persistently, but exhibiting thermal unrest more or
less each year during this period). Only Bagana,
Erta Ale, Erebus, Kilauea and Nyiragongo have
been sources of thermal emission with virtually no
hiatus. Twenty-seven volcanoes have been characterized by single eruptions (or eruptive episodes).

Conclusions
MODVOLC is not the best-performing thermal
monitoring algorithm, either published or in operation. It is, however, the only one that has operationally surveilled all of Earth’s active and potentially
active volcanoes for the past 15 years, making the
results available in near-real-time. The provision
of quantitative data, of uniform (if not perfect) quality, has made the algorithm an attractive source of
data for a variety of users. The output made available
at the associated website (which has garnered more
than 3 million ‘hits’ in the past 10 years) has been
routinely used by the Smithsonian Institution Global Volcanism Project, the community’s primary
source for information about volcanic eruptions, in
compiling its monthly volcanic activity reports.
The MODVOLC data have also contributed to a
number of published papers dealing with thermal
emissions from active volcanoes (e.g. Rothery
et al. 2005; Coppola et al. 2007; Harris & Ripepe
2007; Lyons et al. 2010; Wadge & Burt 2011; Jay
et al. 2013), as well as wildfire and anthropogenic
sources (e.g. Rothery et al. 2003; Carn et al. 2004;
Thorsteinsson et al. 2011). In the near future a new
webpage will be launched that will allow users to
more easily extract the raw data from the archive
(i.e. a more flexible geographical and temporal
search mechanism), and will allow users to plot
radiant flux time series (e.g. Fig. 6) ‘on-the-fly’ for
one or more volcanoes.
The algorithm continues to be used to trigger
retasking of high-resolution assets (EO-1 Hyperion,
via the JPL Sensor-Webs project, and Terra ASTER
via the ASTER Urgent Request Protocol) for
enhanced responsiveness to volcanic disasters
around the globe. When the MODVOLC algorithm
detects that an eruption has begun, this detection
event is used to autonomously trigger retasking of
these low temporal resolution assets to obtain a
high-resolution image at the next available opportunity (see Davies et al. 2006).
The algorithm has not been updated since 2001.
This is a proactive decision (rather than the result of
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apparent laziness). The author has found that algorithms that are the subject of constant tinkering are
not well suited to providing a coherent long-term
record of the thermal behaviour of erupting volcanoes. It is also desirable that the data acquired
from the website today are the same as that which
would have been downloaded a decade ago, ensuring that multiple versions of the same data set are
not in existence (and in the literature). Clearly the
algorithm is of somewhat limited value for some
volcanoes. However, the raw MODIS data are
always available for those who wish to study a particular volcano in more detail.
The following people have played substantial roles in
the development and maintenance of the MODVOLC
system: L. Flynn, H. Garbeil,. A. Harris, P. MouginisMark and E. Pilger. The author also acknowledges
the support that NASA has provided to the project over
the years, currently via NASA grant NNX14AP37G.
The author would also like to take this opportunity to
thank the organizers of the conference from which this
Special Publication stems, for organizing a very interesting meeting. This is Hawai’i Institute of Geophysics
and Planetology publication number 2061, and School
of Ocean, Earth Science and Technology publication
number 9272.
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