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ABSTRACT
The Moderate Resolution Imaging Spectrometer (MODIS) on NASA’s Terra platform offers
near global coverage every 24 hours and thus is well-suited for monitoring global eruptions
and fires. Repeat observations over active eruptions and gas flares associated with oil wells
have shown that the MODIS instrument may indeed have achieved the 0.2 km geolocation
accuracy promised. The MODIS Thermal Alert web site was created as a real-time tool to
monitor volcanic eruptions and biomass burning events. A review of some of the thermal
anomalies associated with volcanic activity that have been discovered is presented here.
Large-scale effusive eruptions including those at Nyamuragira, Africa and Kilauea, Hawaii
provide examples of the utility of monitoring hazards on a daily basis. Additional activity
detected at Howard Island and Erta ‘Ale may have otherwise gone unreported because of
their inaccessibility. Monthly MODIS alert composites can be used to summarize global
volcanic activity and also to study temporal and spatial patterns of biomass burning on a
global scale. Images available by file transfer protocol in real-time including ASTER and
MODIS from EOSDIS and ATSR from ESRIN provide ways for immediate validation,
cloud-cover assessment, and hazard characterization of the MODIS Thermal Alert hot spots.
Optimally, the MODIS Thermal Alert will cover the globe 4 times per day when daytime
alert tests for Terra and Aqua and a nighttime alert test for Aqua are added in the June –
December 2002 time frame.
KEYWORDS : MODIS, thermal infrared, volcano monitoring, Nyamuragira, Erta ‘Ale,
Kilauea, Howard Island
1.0 INTRODUCTION
The use of satellites in the role of monitoring thermal activity due to volcanic eruptions has
been amply shown in recent years and has been summarized in the recent literature (e.g.,
Harris et al., 2000; Flynn et al., 2000; Schneider et al., 2000; Wooster and Rothery, this
issue). These include a group of studies that concentrate on high temporal resolution and low
spatial resolution data sets that are refreshed every few minutes to few days and, hence, are
ideal for continuous monitoring of volcanic activity. Each of these instruments offers a
number of advantages and disadvantages for studying active volcanoes. The most apparent
disadvantage with using low spatial resolution data sets is that they are inadequate for
detailed mapping and characterization of volcanic thermal anomalies. Small crusted lava
lakes, lava domes, and even molten spatter ejected from active vents may exhibit similar
thermal signatures in a single 1km or 4km spatial resolution pixel. Nevertheless, the
frequency of observations afforded by these instruments allows for fairly accurate temporal
and spatial determination of where eruptions are occurring and serve as a guide for
investigators ordering higher spatial resolution data sets. Currently operational high temporal
resolution sensors are reviewed below.
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Two Geostationary Operational Environmental Satellites (GOES) provide 4 km spatial
resolution images of North and South America every 15 minutes. Harris et al., this issue,
have supplied an explanation and examples of how the GOES thermal alert system works.
One of the most important features of the system is that distribution of relevant alert data has
been automated so that important individuals and organizations are alerted at times of
volcanic crisis. The automated system also saves many man-hours as it does not require an
operator to look for hot spots in 96 images per day for a single site. In the future, researchers
may be able to look forward to near global 15-minute coverage as the Multi-functional
Transport Satellite (MTSAT-1R) will be launched in early 2003 and will cover the Pacific
and east Asia. Meanwhile, the Meteosat Second Generation (MSG) satellite will provide
coverage for Europe, Africa, the Near East, and western Asia.
The Advanced Very High Resolution Radiometer (AVHRR) possesses a more favorable
spatial resolution (1.1 km) than GOES for volcano monitoring, but is on a polar orbiting
platform that orbits around the Earth 14 times a day. Three currently operational satellites
(NOAA-10, -14, and -15) provide at least 4 images of a given region per day (more towards
the poles). Numerous studies have shown the utility of AVHRR for studying active eruptions
(e.g. Harris et al., 2000; Schneider et al., 2000). Capitalizing on the greater temporal
coverage near the poles, researchers at the University of Alaska at Fairbanks have created an
AVHRR-based thermal alert system that monitors the Alaskan, Aleutian, and Kamchatkan
volcanoes.
The Along-Track Scanning Radiometer (ATSR) offers 1 km spatial resolution data sets of the
globe approximately every 3 days. There are four important advantages that ATSR offers for
the study of volcanoes. (1) Spectrally, the ATSR has a 1.6 micron band that acquires data at
night. Wooster and Rothery, this issue, explain the utility of this band for volcanic
observations at night when solar reflection is not an issue. (2) ATSR offers both forward and
nadir viewing data sets which can be used to infer characteristics of active eruptions (Wooster
and Rothery, 1998). For example, a flank eruption may be apparent in both the forward
viewing and nadir looking images, while an expanding lava dome surrounded by high caldera
walls may be partially or fully obscured in the forward look image, but be apparent in the
nadir-viewing image. (3) The ATSR has a web server that can be used to retrieve data sets
acquired for the past 7 days (http://192.111.33.173/ATSRNRT/). ATSR data are subdivided
into a number of easily transferable files that usually do not exceed 3 Mb each. This allows
for investigation of current eruption reports as nearly every point on the globe is covered with
a daytime image and a nighttime image every 3 days. (4) The ATSR also has a devoted Fire
Atlas data base and web site (http://shark1.esrin.esa.it/ionia/FIRE/AF/ATSR/) that indicates
where global high temperature anomalies exist. Data from the ATSR Fire Atlas site could
easily be used to document volcanic eruptions since these types of anomalies will also trigger
an alert.
The sun-synchronous Moderate Resolution Imaging Spectrometer (MODIS, henceforth)
offers an additional data set to look at hot spots. The advantages of using MODIS data are
that the data set is refreshed globally almost twice every diurnal cycle (once during the day
and once at night). MODIS data are collected from a number of receiving stations around the
globe and processed at a central facility, the Goddard Distributed Active Archive Center
(Goddard DAAC, henceforth), making implementation of global scale search algorithms
possible. MODIS image data are available free of charge through a data distribution network
( http://edcimswww.cr.usgs.gov/pub/imswelcome/plain.html ). These distributed data sets
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include 500m spatial resolution near-IR data that can be used to supplement thermal alert
observations.
In this paper, the MODIS instrument and the basis for the nighttime MODIS thermal alert
algorithm are described. A detailed description of the web based interface follows. Issues
relating to the alert such as geolocation accuracy and the possibility of false alarms or
undetected events are raised. Volcanic eruptions and biomass burning episodes provide
examples to show the utility of the system. Geolocation issues raised for MODIS (Wooster
and Rothery, 1998) are also addressed and limitations for the system discussed.
2.0 The MODIS Instrument
MODIS was launched into a sun-synchronous (10:30 AM equatorial crossing) orbit as part of
the Terra platform of instruments on December 18, 1999. The MODIS instrument is a nadir
viewing system having a swath width of 2330 km and offering 36 spectral bands of data at
one of 3 spatial resolutions of 250, 500, or 1000m per pixel (Table 1, but summarized on the
MODIS web site at http://ltpwww.gsfc.nasa.gov/MODIS/MODIS.html). Of these 36 spectral
bands, ten are useful for detecting thermal radiance from active volcanic features.
Discussions of the sensitivities of detectors to thermal radiance from volcanic features
abound in the literature (an excellent summary is provided by Wooster and Rothery, this
issue, for example) and are therefore not repeated here. However, it is important to recognize
that the distribution of radiance emitted by volcanic anomalies will be governed by Planck’s
equation, which is dependent on the temperature of volcanic feature. For volcanic anomalies
exhibiting temperatures at or near that of molten lava, it is apparent that detectors sensitive to
the near-infrared to mid-infrared (1.2 – 4.1 µm) portions of the electromagnetic spectrum
would be most sensitive.
2.1. The MODIS Nighttime Thermal Alert Algorithm
Ideally, new MODIS data granules (essentially the smallest increments of MODIS data that
are processed and can be ordered which measure 2330 km x 2000 km) are received and
processed at the Goddard DAAC every 5 minutes. However, delays with getting data from
receiving stations around the world can cause that average to fluctuate. Computer resources at
the DAAC are such that data must be processed in real-time in order to keep up with the data
stream. Failures in keeping up with the data stream are apparent if one attempts to order
daily MODIS images for a particular location. The two main reasons for this are simply (1)
insufficient computer resources to process the “raw” MODIS data stream and (2) the
Goddard DAAC’s commitment to produce, on a regular basis, a plethora of 69 MODIS
products that range in algorithm complexity. Unfortunately, since shortfalls in processing
power were partially foreseen, it was decided before the launch of Terra that MODIS
granules collected at night would only include infrared bands 20 – 36 (excluding band 26, see
Table 1). This means that MODIS nighttime data granules do not have the 500 m bands 5, 6,
and 7 data which, using the ATSR example, have been shown to be excellent for
characterizing high temperature objects at night (Wooster and Rothery, this issue).
The MODIS thermal alert project was developed as an add-on through the EOS Volcanology
Interdisciplinary Science Team effort. As such, the thermal alert algorithm was not allowed
to use significant computer resources that were allowed for the MODIS Science Team
member algorithms. For example, the MODIS thermal alert code had to be very simple and
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use only a few MODIS bands to achieve its objective. It had to run quickly and efficiently so
as not to be even a slight drain on the Goddard DAAC computer resources. Restrictions on
the algorithm also included having not more than 8 mathematical operations for each pixel.
Also, the output of the thermal alert algorithm could not occupy significant disk space at the
Goddard DAAC and would not be kept after being reported. In addition, the MODIS thermal
alert had to be embedded in the initial MODIS processing sequence so results could be
reported in near real time.
Table 1: Summary of MODIS Spectral Bands
Band
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Bandwidth (nm)
620 - 670
841 - 876
459 – 479
545 – 565
1230 – 1250
1628 – 1652
2105 – 2155
405 – 420
438 – 448
483 – 493
526 – 536
546 – 556
662 – 672
673 – 683
743 – 753
862 – 877
890 – 920
931 – 941
915 – 965
3660 – 3840
3929 – 3989
3929 – 3989
4020 – 4080
4433 – 4498
4482 – 4549
1360 – 1390
6535 – 6895
7175 – 7485
8400 – 8700
9580 – 9880
10780 – 11280
11770 – 12270
13185 – 13485
13485 – 13785
13785 – 14085
14085 – 14385

Pixel size (m)
250
250
500
500
500
500
500
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

Faced with these limitations, a nighttime MODIS thermal alert algorithm was developed.
The absence of reflected solar radiance in nighttime MODIS pixels makes the problem of
searching for hot spots much simpler as there is no solar contamination in the infrared region
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of the spectrum. The nighttime thermal alert distinguishes nighttime pixels in a MODIS
granule by interrogating the solar zenith angle associated with each pixel. A pixel having a
solar zenith angle greater than 90° means that the sun is below the horizon and it is therefore
a nighttime pixel. We realized that should sufficient computer resources become available
that we would be able to lobby for inclusion of a daytime thermal alert as well. Hence, the
MODIS thermal alert algorithm contains a switch which will process granules using the
nighttime algorithm if the solar zenith angle of the pixel is greater than 90° and use the
daytime algorithm (currently being tested) if the solar zenith angle is between 0° and 90°.
A number of algorithms were considered for the nighttime alert, but for the sake of brevity,
only the working algorithm is considered here. For a more rigorous treatment of this subject,
we refer the readers to a paper in preparation concerning the technical development of the
nighttime alert algorithm (Wright et al., 2001). The MODIS thermal alert had to operate
effectively for a variety of climates, seasons, latitudes, and altitudes. To separate out these
variable effects, we chose to use a variant of the Normalized Difference Vegetation Index
(NDVI) except using infrared MODIS bands 22 and 32 (Table 1). The index test is as
follows:
Band 22 Radiance – Band 32 Radiance
Band 22 Radiance + Band 32 Radiance

(1)

Figure 1 This graph shows the difference of band 22 and 32 radiances for a number of
features in MODIS granules collected over the Kilauea eruption. Warm clouds and
active lava exhibit similar differences and both features would cause alerts if that were
the only test of a hot spot.
By inspecting MODIS nighttime images of active volcanic areas around the globe, we found
that an index of greater than –0.8 signified an alert. To justify this method, we use MODIS
nighttime data obtained for the current eruption at Kilauea. Figure 1 shows how using the
difference of two thermal bands can result in the algorithm flagging “warm clouds” even at
night. Figure 2 shows the same set of data with the exception that the alert test in equation
(1) is used. The only features in the scene having indices of greater than –0.8 are lava flow
anomalies. Using a nighttime Erta ‘Ale scene as an example, Figure 3 shows the
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astronomical increase in flagged pixels if the alert threshold index is relaxed to lower than –
0.8.

Figure 2 This graph shows the same features and the same pixel radiances as Figure 1
with the exception that the radiances are normalized (see Equation 1). All ratios except
for pixels containing active lava fall below an index value of -0.8.

Figure 3 A MODIS granule containing Erta Ale was used to determine the number of
flagged pixels obtained by varying the alert index.

The MODIS thermal alert algorithm copies a number of pixel parameters to a single line in an
alert file including the latitude and longitude of the pixel, 5 MODIS band radiances (channels
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22, 23, 29, 31, and 32), the sensor zenith and azimuth angles, the solar zenith and azimuth
angles, and the line position of the pixel within the granule. The latter parameter is useful
once bad scan lines have been determined. Results from bad scan lines can be rechecked for
accuracy. All 12 parameters for each pixel can be recalled by the user (see below). We
provide all of the data used to determine the alert as a Quality Assurance measure for the
thermal alert product. Anyone can test the original numbers themselves and make their own
assessments with the data.
Limitations imposed on the output of the alert meant that only pixel information from hot
spots could be transferred to the University of Hawaii. The absence of continuous image data
for the MODIS thermal alert site means that we are unable to readily assess whether or not
the lack of a detected hot spot is due to the cessation or waning of the thermal event (no hot
spot), cloud cover over the thermal event (hot spot exists but not reported), or the thermal
event being of insufficient intensity to trip the alert algorithm (hot spot exists but is of
insufficient magnitude to be reported). Note that if a MODIS data granule has not been
processed by the Goddard DAAC, alerts will not be reported for the given area. To alleviate
errors of omission resulting from processing delays, the MODIS Thermal Alert generates
alert files for every granule processed whether or not hot spot alerts exist in that granule. File
transfer protocol alert reports received at the University of Hawaii are archived and tabulated
for 24-hour periods. Since MODIS collects the same number of granules per day, the number
of tabulated granules for a given day must match for the entire day to have been processed.
Nevertheless, the lack of image data has important advantages for the MODIS Thermal Alert
system. A MODIS granule alert file with no recorded hot spots contains a header date and
time stamp that is 20 bytes of information. A MODIS granule alert file with recorded hot
spots contains the 20-byte header information as well as a 75-byte alert report for each hot
spot detected. Nearly all MODIS granules processed to date contain far less than 1000 alerts
(75 kb), which means that data transfers are rapid. Although initially driven by the boundary
conditions imposed on the MODIS Thermal Alert algorithm, this method has important
implications. (1) Data transfers to the University of Hawaii are very small and easily
managed by a single server. (2) Data transfers to users querying the site from even foreign
field locations are also much smaller than that which would be required for a full image to be
transferred; yet, the alert informational content has been preserved. Thus, the system can
readily be used by remote operators in an operational mode despite possibly having poor
computer connectivity. (3) Hot spot data can be projected on a variety of maps and images
depending on user preference including gray-scale shaded relief maps that allow for
geographic information to be forwarded without temporal restrictions of large image file
transfers. Other alert backgrounds could include either a global MODIS RGB 500-meter
spatial resolution product, volcanic hazard map products, or vegetation biodiversity maps
such as that developed by the USGS at 30-m scale for the continental United States (James
Vogelmann, personal communication, 2001). (4) Tabular alert file information can be
transferred without any map requirement. (5) Alert maps can be generated efficiently “on the
fly” in response to specific user requests resulting in much more versatile products. The
number product types can be easily expanded as the specific interests and applications of the
user base grow.
2.2 MODIS Geolocation Accuracy
Many potentially active volcanoes, especially in tropical regions, are located in areas that also
have a high seasonal probability of fires occurring within a few kilometers of the summit.
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Interpretation of hot spots for these areas can be challenging as the spectral signature of
biomass burning events can easily be mistaken for a sudden eruption. Accurate location of
hot spot pixels becomes critical for determining the cause of the anomaly. MODIS design
parameters claim that 1 km pixels will be located with 0.2 km accuracy. Here we present the
results of a preliminary test to determine the accuracy of MODIS geolocation.
Industrial hot spots provide excellent validation targets for geolocation because they can be
relatively small, but very intense sources of infrared radiance. If pixel geolocation is not
consistent, one would expect that the pixel would change location relative to the positioning
of the spacecraft at a particular orbital pass. Although we have not completed our assessment
of the MODIS global data set, we have found evidence of a number of persistent global hot
spots that are rarely cloud-covered and, hence, provide an alert at nearly every overpass.
Figure 4 shows three MODIS images collected over the Persian Gulf region that show hot
spots marking gas flares associated with oil production facilities. The June 5, 2000 image on
the right represents a MODIS overpass that is closest to nadir over this region with data
collected over the region at increasingly higher scan angles on June 2 and June 1.
Nevertheless, in all three of the images, the gas flares can be identified. Figure 5 shows a
summary of observations for three days. Although not all of the hot spots were located on all
three of the images, all were located on at least two of the images. Also, all were located in
approximately the same latitude and longitude position in every instance where the hot spots
were sited.

Figure 4 Sections of three MODIS band 22 granules collected over the Persian Gulf on
June 1, 2, and 5, 2000 (left to right) help to illustrate the effects of off-nadir to nadir
viewing of high temperature targets with MODIS. MODIS orbits are repeated once
every 16 days. Hot spots are gas flares associated with oil production. North is at the
top of the image.
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Figure 5 MODIS Persian Gulf band 22 images from Figure 4. North is at the top of the
image. Red circles mark gas flares detected in 3 overpasses. Yellow circles mark gas
flares detected in 2 images only. Latitudes and longitudes reported with the alerts are
listed for one of the gas flares for all three of the dates.
Volcanic anomalies associated with persistent lava lakes and lava domes also provide fairly
stable geolocated hot spots. Figure 6 shows examples of hot spots co-located on the crosshair marking the lava lakes within summit calderas of Erta ‘Ale and Mt. Erebus, and the lava
domes of Popocatepetl, Montserrat, and Bezymianny. Figure 6 gives only a representative
example of all of the MODIS Thermal Alert data that we have received that have consistently
shown accurate hot spot locations.
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Figure 6 MODIS pixels are geolocated to within 0.2 km accuracy. Examples of MODIS
thermal alert maps show hot spots located at the summits of volcanoes.
3.0 Navigating the MODIS Thermal Alert Web Site
The MODIS Thermal Alert Web site is part of a series of three real-time hot spot web sites
currently maintained by the staff of the Hawaii Institute of Geophysics and Planetology at the
University of Hawaii at Manoa. The Hotspot: Global Space-borne Thermal Monitoring site
http://hotspot.higp.hawaii.edu/ contains links for the three real-time sites. Overall
responsibility for the maintenance of the site remains with Eric Pilger. The GOES 8/10
Hotspot Image link ( http://goes.higp.hawaii.edu or http://hotspot.higp.hawaii.edu/goes )
connects the investigator to the latest GOES images collected for North America (Harris et
al., this issue). Dr. Andy Harris is the science lead responsible for the site. The Pu’u ‘O’o
Vent Monitoring site link (http://hotspot.higp.hawaii.edu/puuoo) connects to the latest
recorded radiometer measurements of the Pu’u ‘O’o vent and is currently undergoing testing
and validation exercises. Three radiometers pointed at various locations with the Pu’u ‘O’o
crater provide real-time temperature measurements that record lava lake activity and allow us
to validate both our GOES and MODIS real-time measurements. The MODIS Thermal Alerts
link (http://modis.higp.hawaii.edu or http://hotspot.higp.hawaii.edu/modis) connects the
investigator to the MODIS Thermal Alerts: Tracking Hot Spots from Space site. Dr. Luke
Flynn is the science lead responsible for the site. Questions, comments, or suggestions for
improvements for the sites are most welcome and can be directed to any of the three
individuals (Pilger, Harris, or Flynn) listed above.
The MODIS Thermal Alert site main page contains a brief description of the site and the
MODIS instrument. Also included in this section is a Data Use Agreement, which contains a
disclaimer for the data provided by the site. Below the introductory paragraphs, users will
find a global shaded relief map summarizing where hot spots have been detected for the
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current day. Frequently, due to delays in processing MODIS data at the Goddard DAAC,
either no hot spots will be displayed on the “current” global map or a broken image icon will
be displayed where the map should have appeared. As MODIS data are processed in a more
timely fashion, this problem will be alleviated. Maps from other dates can be accessed by
clicking on the “Display Previous Day” button or requesting the desired date using the
“Display This GMT Date” facility.
The global map shows that a majority of the Earth’s land surface has been divided up into 20
roughly 45° x 45° “Regions” that are outlined in blue. Two relatively tiny “Target Areas”
cover potential hotspot locations that are outside of the 20 larger regions and can be accessed
directly via the global map. These target areas cover Reunion Island to the east of
Madagascar and Mt. Erebus in Antarctica. Hot spot pixels are denoted on the global map with
a red, yellow, or green box surrounded by a green border to highlight the pixel. Each hot spot
box represents a single pixel and thus are greatly exaggerated in size in order to show up on
the global map. A tabular summary of all hot spot pixels indicated on the global map or any
of the other maps listed below may be acquired by selecting the blue “Text Alert File for this
map” option in a box below and to the right of the displayed map.
Selecting one of the 20 regions by clicking on the global map will result in the presentation of
a 45° x 45° regional map display. Some of these regional maps contain either one or more
12° x 12° subregion boxes and/or one or more smaller 2° x 2° boxes indicating the location of
volcanic “Target Areas”. Selecting the blue box containing these subregion or target areas
will bring up a subregion or target area map, respectively. It is immediately apparent on the
regional maps how small the 1 km x 1 km hot spot pixels actually are as they are displayed
closer to their actual spatial scale on these maps.
Subregional maps, with the exception of Iceland, were created to provide greater spatial
detail for global regions prone to fires. Unlike volcanic anomalies that frequently occur in
specific geographic locations (marking lava dome, lava lake, or active rift zone locations, for
example), biomass burning events can not be predictably pinpointed to specific pixels every
year. Subregional maps were created because there is a high probability that fires will occur
within the subregional area for some period of months during the year. Subregional maps
currently cover part of the Amazon, a section including Florida, and Sumatra, Indonesia.
More subregional maps covering biomass burning areas in Central Africa and other locations
in Southeast Asia will be added.
Target area maps are 2° x 2° areas of the Earth centered on an active volcano (Montserrat, for
example) or encompassing many potentially active volcanoes in a region (Santa Maria,
Guatemala, for example). Detailed target area maps include a cross-hair on the summit of
each potentially active volcano as well as major roads, rivers, other bodies of water, and
population centers. Details provided in the target area maps make them ideal as
instantaneous volcanic hazard maps and are a visual aid for tracking eruptions over time in
greater spatial detail.
Alerts can also be queried by location via the “Display a different area for the Date [current
date] GMT”. User choices include pull-down menus for 20 regions, 4 sub-regions, and 23
target areas of active or potentially active volcanoes.
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4.0 MODIS Thermal Alert Case Study Examples
There have been a number of volcanic eruptions during the past year that can provide an
excellent source of data to illustrate the utility of the MODIS system for monitoring volcanic
eruptions. The MODIS Thermal Alert System has recorded examples of large effusive
eruptions at Kilauea, Hawaii; Nyamuragira, Congo; and Piton de la Fournaise, Reunion. In
the section below, we briefly describe some of the events detected with the MODIS Thermal
Alert for the on-going eruption at Kilauea and the February-March, 2001 eruption at
Nyamuragira. We then provide examples of persistent lava lakes and infrequently observed
volcanoes. For the following sections, latitudes and longitudes of pixels acquired from the
MODIS Thermal Alert System will be designated “MTA: latitude, longitude”.
4.1 Multiple Pixel Anomalies - Effusive Eruptions: Kilauea and Nyamuragira
As of this writing, Kilauea continues to erupt basalt lava flows as it has since January 1983.
During the year leading up to May 2001, the MODIS thermal alert marked the location of
lava flows on Kilauea a number of times. Figure 7 shows the configuration of lava flows on
the flank of Kilauea as of October 5, 2000. An active lava flow field was positioned at
approximately at MTA: 19.35 N 155.03 W. The flow distribution at least partially occupied
10 MODIS pixels distributed in a S or SE trending pattern. This is consistent with flows
moving down the Pali (the slope on Kilauea’s seaward flank) to the ocean.

Figure 7. MODIS thermal alert target area map for Kilauea volcano recorded on
October 5, 2000. Grid provides geolocation coordinates in degrees.
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Figure 8 MODIS thermal alert target area map for Kilauea volcano recorded on March
11, 2001. Grid provides geolocation coordinates in degrees.
Figure 8 shows the distribution of flows on March 11, 2001. Active flows covered ~ 18 – 20
pixels in a WNW – ESE trending pattern that was 7-8 km long and 3 km wide, but roughly in
the same general area as the flows in October, 2000. MODIS bands 21 and 22 can be used as
comparative indicators of eruption intensity. Both cover identical wavelength ranges (Table
1), but have different dynamic ranges. The high gain band 22 saturates at a pixel-integrated
temperature of ~335K, while the low gain band 21 saturates at a pixel integrated temperature
of 500K. The MODIS thermal band 21, also known as the “fire channel”, may be used as a
comparative indicator of eruption intensity (Wright et al., 2001) because it provides a very
large radiometric range. The hottest Kilauea pixels recorded on March 11, 2001 yield band
21 radiances of greater than 6 W/m2/µm/sr.
Nyamuragira, Democratic Republic of Congo (formerly Zaire) also experienced an eruption
in February and March, 2001. Detailed reports by the Goma Volcanological Observatory
relayed by GVN (2001a) indicate that the beginning of the eruption was marked by an
earthquake swarm at 0032 on February 6, 2001. A map therein provides the locations of three
eruptive cones forming between February 6 and March 4, 2001. Two of the cones were
located within 1-2 km north of Nyamuragira’s summit and spewed lava flows that flowed
north and north northwest of the summit. A single active cone within 3 km to the south of the
summit fed flows moving southeast but the bulk of the lava spread along the 1977 flows to
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the southwest for about 4 km and then directly west for a few km. Ash spewed from all three
cones and blew west destroying ~200 km2 of pastureland and cropland. A second phase of
the eruption began on March 2, 2001. Soon after, lava flows reached 10-20 km from the
summit in the N, SE, and SW directions (GVN, 2001a).

Figure 9 MODIS thermal alert target area map for Nyamuragira volcano recorded on
February 7, 2001. Grid provides geolocation coordinates in degrees.
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Figure 10 MODIS thermal alert target area map for Nyamuragira volcano recorded on
February 8, 2001. Grid provides geolocation coordinates in degrees.
According to results from the MODIS thermal alert, the Nyamuragira eruption was not
observed until February 7. Since other alerts were observed within the region of
Nyamuragira on February 6, it must be assumed that cloud cover prevented detection of the
eruption. On February 7, an ~7 x 5 km anomaly centered 7–10 km N of the volcano summit
was identified (Figure 9). A total of 14 pixels were flagged by the thermal alert. MODIS
Band 21 radiances did not exceed 0.823 W/m2/µm/sr for any of the alerted pixels. By the next
evening (Figure 10), two anomalies were apparent to the north and east Nyamuragira. Note
that there is also an anomaly to the east, which may have been vegetation burning from flow
activity or may actually be part of the flows with the intervening part covered with clouds.
On February 9 and 10, no hot spots are recorded. Cloud cover prevented observations.
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Figure 11 MODIS thermal alert target area map for Nyamuragira volcano recorded on
February 12, 2001. Grid provides geolocation coordinates in degrees.
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Figure 12 MODIS thermal alert target area map for Nyamuragira volcano recorded on
February 16, 2001. Grid provides geolocation coordinates in degrees.
By the night of February 12 (Figure 11), one can definitely identify two well-developed lava
flow fields extending to the east and north of the summit. At this time, there is little evidence
of lava flows moving SW of the volcano. The MODIS thermal alert algorithm flagged 79
pixels, 44 of which were saturated in band 22 (Table 1), and 5 of which saturated band 21!
The largest subaerial extent of lava flows reported by the MODIS thermal alert came on
February 16 (Figure 12), when each of the thermal alert flow branches were 6-7 km wide and
about 12 km long. The MODIS algorithm flagged 104 pixels, 25 of which saturated band 22
and exhibited very high radiances in band 21 (12 pixels above 10 W/m2/µm/sr with the
highest recorded at 31.833 W/m2/µm/sr). The chronological history of flow emplacement
from this eruption can be viewed on the MODIS thermal alert web site, and we do not give all
the images here. However, the actual end of the eruption is also subject to debate. Lava flows
were again active on March 4 (Figure 13) although they seemed to be limited to an area ESE of
Nyamuragira. Thirty-three pixels were flagged as hot spots; 7 saturated band 22, and 2 had
band 21 radiances above 10 W/m2/µm/sr with the highest recorded at 22.908 W/m2/µm/sr.
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Figure 13 MODIS thermal alert target area map for Nyamuragira volcano recorded on
March 4, 2001. Grid provides geolocation coordinates in degrees.
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Figure 14 MODIS thermal alert target area map for Nyamuragira volcano recorded on
March 7, 2001. Grid provides geolocation coordinates in degrees.
Waning lava flow activity continued through March 7 (Figure 14), with 33 pixels identified
as hot spots (7 saturated band 22, none had a band 21 radiance over 10 W/m2/µm/sr).
Although the same number of pixels were alerted on March 4 and 7, pixels corresponding to
the most active areas of the flow field decreased in radiance from 22.908 and 16.914
W/m2/µm/sr to 9.705 and 8.322 W/m2/µm/sr, respectively, which suggests that the flow field
was less active on the 7th than on the 4th. On March 11, clouds may have obscured part of
the flow field, but cooling flows were marked by lower emitted radiances. Eleven pixels were
identified as hot spots with 2 pixels saturated in band 22 and none having a band 21 radiance
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higher than 3 W/m2/µm/sr. March 23 is the last day that the MODIS thermal alert was able to
detect a hot spot on Nyamuragira, when just one pixel barely tripped the alert. We conclude
that the eruption came to a halt at about this time.
The Nyamuragira eruption highlights one of the disadvantages of not getting images with the
alert files. Namely, we do not know when clouds partially or completely obscure an eruption,
as happened for Nyamuragira possibly on February 6 and on February 8–9, 2001. We can
only identify areas that have hot spots. Our efforts to obtain Landsat 7 images of the eruption
were thwarted by the frequent cloud cover over the site which also was responsible for
hampering visual ground reports. Furthermore, Landsat 7 quick-look images, available on
the web at the EDC site (http://edcimswww.cr.usgs.gov/pub/imswelcome/plain.html), show
that the SW quadrant of Nyamuragira is cloudy more often than any other part, which may
explain the MODIS Thermal Alert System’s inability to detect the flows directed to the SW
of the volcano.
4.2 Single Pixel Persistent Hot Spots – Lava Domes, Lava Lakes, and other sources
Single pixel anomalies can result from a number of sources including active volcanoes,
biomass burning, industrial and other sources. Daily MODIS thermal alerts show that
industrial sources and volcanoes tend to exhibit persistent hot spots at given geographic
locations for days to weeks at a time. Indeed, some industrial sources have been prevalent in
almost every MODIS thermal alert scan of the globe (i.e, Persian Gulf gas flares, discussion
and Figure 4 and 5 above).
Soufriere Hills volcano on the island of Montserrat has experienced an almost continuous
eruption from July 1995 to the present. A Montserrat Volcano Observatory report partially
reproduced in GVN (2001b) summarizes that the current eruption has exhibited 3 phases.
The first and third phases of July 1995 to March 1998 and November 1999 to the present,
respectively, are characterized by periods of lava dome growth. During the second phase
from March 1998 to November 1999, lava dome growth was insignificant but hazardous
events continued. MODIS data have been collected for only the third, dome-building, period
of the eruption. Frequently, the eruption at Soufriere Hills volcano has been detected by the
MODIS Thermal Alert as a single or dual-pixel anomaly (Figure 15) of weak to moderate
strength (band 21 radiance of 1.6 W/m2/µm/sr). There are also long periods of time when the
summit dome is shrouded in clouds and no alert files are generated. However, recent single
pixel anomalies were recorded on May 10 and 16, 2001. These were followed on May 17,
2001 by a strong (band 21 radiances of 1.104, 2.373, and 2.568 W/m2/µm/sr) 3-pixel linear
anomaly (Figure 16) that may represent a minor dome collapse event. Alert data available on
May 19, 2001 again reveals a single strong anomaly (band 21 radiance of 4.174 W/m2/µm/sr)
coinciding with the location (MTA: 16.706 N, 62.177 W) of the Soufriere Hills lava dome.
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Figure 15 MODIS thermal alert target area map for Soufriere Hills volcano recorded
on September 23, 2000. Grid provides geolocation coordinates in degrees.

Figure 16 MODIS thermal alert target area map for Soufriere Hills volcano recorded
on May 17, 2001. Grid provides geolocation coordinates in degrees.
Erta ‘Ale volcano is a basaltic shield volcano located in a region of the Ethiopian desert
known as the Danakil depression. Erta ‘Ale is the most active volcano in Ethiopia and has
had at least one active lava lake within its 0.7 km x 1.6 km summit crater from the present
back to 1967, http://www.nmnh.si.edu/gvp/volcano/region02/red_sea/ertaale/var.htm, or even
1906 (GVN). Observations of the summit crater of Erta ‘Ale have been scarce due to both
the inhospitable environmental and political climates that prevail. Nevertheless, a significant
chronology of thermal observations of Erta ‘Ale have been recorded through the use of
satellite data (Oppenheimer and Francis, 1997). These led to further efforts to estimate the
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volume of fresh magma that must be supplied to the molten lakes by quantifying the heat loss
from the active lakes (Harris et al., 1999). Erta ‘Ale has tripped the MODIS Thermal Alert
for a majority of the dates that global data sets were processed. The MODIS Thermal Alert
usually flags Erta ‘Ale as a one or two pixel anomaly (Figure 17, MTA: 13.601 N, 40.660 E)
of fairly strong intensity (band 21 radiance of 2.115 W/m2/µm/sr, which also saturates
MODIS band 22). However, on May 1, 2001, a large area (Figure 18) of 39 pixels near or
south of the summit crater of Erta ‘Ale registered alerts. At first glance, a flank eruption to
the south of Erta ‘Ale seemed likely. However, further examination of the alert file showed
that only the summit crater of Erta ‘Ale showed a clear hot spot (band 21 radiance of 2.323
W/m2/µm/sr). All of the other pixels reported weak anomalies (MODIS alert index of –0.794
or less) with 38 of those pixels have a MODIS alert index of –0.798 or less. We have not
been able to verify false alerts like these in the past; however, a complete year thermal alert
data set may lead us to reassess (increase) the thermal alert threshold.

Figure 17 MODIS thermal alert target area map for Erta Ale volcano recorded on May
15, 2001. Grid provides geolocation coordinates in degrees.
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Figure 18 MODIS thermal alert target area map for Erta Ale volcano recorded on May
1, 2001. Grid provides geolocation coordinates in degrees.

Heard Island is located in the southern Indian Ocean and consists of two volcanic structures.
Big Ben comprises most of the island and is a glacier-covered stratovolcano. The much
smaller Mt. Dixon occupies the northwest tip of the island (GVN, 2001c). Our preliminary
investigation of MODIS images and real-time ATSR imagery has shown that clouds
frequently obscure Heard Island. Nevertheless, as Figure 19 shows, MODIS recorded a
thermal anomaly at Big Ben on Heard Island on February 2, 2001. The associated alert file
reveals that the alert consists of a cluster of 3 pixels, one (MTA: 53.106 S, 73.504 E) of
which was especially radiant (band 21 radiance of 2.713 W/m2/µm/sr) that resulted in the
saturation of MODIS band 22. The significance of this observation is borne out by the nearly
concurrent photographs showing the volcano in eruption in early February, 2001 (GVN,
2001c). Previous to this date, MODIS recorded anomalous radiances that tripped the thermal
alert on other days when Big Ben has been in eruption including September 25, 2000 (1
pixel), October 29, 2000 (1 pixel), and November 4 (2 pixels), 11 (2 pixels), and 19, 2000 (2
pixels).
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Figure 19 MODIS thermal alert target area map for Big Ben volcano (Heard Island)
recorded on February 2, 2001. Grid provides geolocation coordinates in degrees.
In a twelve-day period in late April, 2001, the MODIS thermal alert detected volcanic activity
at a number of volcanoes in the “New Zealand” region that also includes a large portion of
the southwest Pacific. For this example, we denote the latitude and longitude locations
provided by Simkin and Siebert, 1994 with VW (Volcanoes of the World) and those by the
MODIS Thermal Alert with MTA.

© Luke Flynn et al.
A Global Thermal Alert System Using MODIS: Initial Results from 2000-2001

60

Advances in Environmental Monitoring and Modelling
http://www.kcl.ac.uk/advances
Vol. 1 No. 1 (2002) pp.37-69

Figure 20. MODIS thermal alert subregion map for New Zealand and Melanesia
recorded on April 16, 2001. Grid provides geolocation coordinates in degrees.
On April 16, 2001, Figure 20 indicates where a low level thermal anomaly (band 21 radiance of
0.937 W/m2/µm/sr) barely tripped the alert for Tinakula volcano, Santa Cruz Islands (VW:
10.38 S, 165.80 E; MTA: 10.385 S, 165.808 E). On April 19, Figure 21 indicates where
another hot spot (band 21 radiance of 0.675 W/m2/µm/sr) was detected for Bagana volcano,
Bougainville (VW: 6.140 S, 155.195 E; MTA: 6.141 S, 155.194 E). On April 26, Figure 22
indicates where 3 hot spots were detected. A weak hot spot was detected again at Bagana
volcano (band 21 radiance of 1.088 W/m2/µm/sr), while a relatively powerful hot spot (band 21
radiance of 12.250 W/m2/µm/sr) occupying a larger area (4 pixels, all of which saturated
MODIS band 22 at 3.959 µm) was detected at Ulawun volcano, New Britain (VW: 5.05 S,
© Luke Flynn et al.
A Global Thermal Alert System Using MODIS: Initial Results from 2000-2001

61

Advances in Environmental Monitoring and Modelling
http://www.kcl.ac.uk/advances
Vol. 1 No. 1 (2002) pp.37-69

151.33 E; MTA: 5.046 S, 151.325 E). The last reported eruption of Ulawun occurred in
September – October, 2000 during which a 10-12 km high eruption column was ejected. A
subsequent minor eruption on November 1 was inferred from RSAM data (GVN 2000a and
http://www.nmnh.si.edu/gvp/volcano/region05/new_brit/ulawun/var.htm ).

Figure 21 MODIS thermal alert subregion map for New Zealand and Melanesia
recorded on April 19, 2001. Grid provides geolocation coordinates in degrees.

The third anomaly that could be of volcanic origin is a weak anomaly (band 21 radiance of
0.615 W/m2/µm/sr) in the region of Rabaul complex, New Britain (VW: 4.271 S, 152.203 E;
MTA 4.241 S, 152.204 E) which would put the anomaly near Tavurvur where vulcanian
eruptions
were
reported
in
October,
2000
(GVN,
2000b;
also
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http://www.nmnh.si.edu/gvp/volcano/region05/new_brit/rabaul/var_02.htm#2511 ). On April
27, Figure 23 shows where two hot spots were detected, one of which is coincident with
location listed above for Ulawun (band 21 radiance of 2.404 W/m2/µm/sr, but tripping the
threshold for a cluster of 8 pixels, two of which saturated MODIS band 22). The other weak
anomaly (band 21 radiance of 0.804 W/m2/µm/sr) coincides with the location of Ambrym
volcano, Vanuatu (VW: 16.25 S, 168.12 E; MTA: 16.255 S; 168.131 E). Both Benbow and
Marum craters which make up part of Ambrym have had long-standing lava lakes. In
August, 2000, the active Marum lava lake was observed to be roughly 100 m x 60 m (GVN,
2001d). On April 28, Figure 24 confirms that a strong hot spot (band 21 radiance of 9.444
W/m2/µm/sr) was again detected for Ulawun, but this time the anomaly occupied 15 pixels, 7
of which saturated MODIS band 22. Clearly, the MODIS Thermal Alert site can provide
timely information concerning volcanic hot spots that is invaluable for regions that cannot
otherwise be frequently observed.

Figure 22 MODIS thermal alert subregion map for New Zealand and Melanesia
recorded on April 26, 2001. Grid provides geolocation coordinates in degrees.
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Figure 23 MODIS thermal alert subregion map for New Zealand and Melanesia
recorded on April 27, 2001. Grid provides geolocation coordinates in degrees.
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Figure 24 MODIS thermal alert subregion map for New Zealand and Melanesia
recorded on April 28, 2001. Grid provides geolocation coordinates in degrees.

4.3 Monthly Alert Composites
One other product that will be offered through the MODIS Thermal Alert site is a monthly
composite of hot spots. In this product, all hot spots are given an equal weighting so that
only one occurrence of a hot spot in a given location during the month is necessary to flag a
pixel. Unfortunately, due to processing limitations presented by the Goddard DAAC there
are not many fully processed months and thus, we have not made the monthly alert
composites accessible through the web site. Nevertheless, it is useful to illustrate this tool
using the complete month of February, 2001 as an example.
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Figure 25 MODIS thermal alert monthly composite for the Earth for the month of
February, 2001.
Figure 25 shows the global monthly composite of hot spots for the month of February 2001.
A series of false hot spots located west of Chile in the box bounded by corner points 30°S,
135°E and 60°S, 90°E marks an area of sensor saturated MODIS pixels which resulted from a
sensor malfunction that would have been screened out by the current MODIS Thermal Alert
algorithm. The monthly composites will aid data queries as one only has to look at 12
MODIS images a year to determine if activity was detected for a particular volcano. Monthly
composites will be especially useful for tracking biomass burning events as is evident by the
thick band of anomalies across Central Africa, northern South America, and Southeast Asia.
Regional composites will also be provided. Figure 26 shows the regional hot spots detected
for the month of February, 2001 in western Africa. Patterns of burning in Central Africa are
easily recognized.
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Figure 26 MODIS thermal alert monthly composite for the Western Africa subregion
for February, 2001.
5.0 Conclusions
Clearly, we have demonstrated the utility of the MODIS Thermal Alert for global scale
monitoring of volcanic eruptions. However, it is also apparent that one of the problems that
has plagued our efforts with the MODIS Thermal Alert is the inadequate handling of the
MODIS data stream at the Goddard DAAC. Inadequate computer resources at the DAAC
have been responsible for incomplete days and months of MODIS thermal alerts. The
situation will improve in the near future. A significant amount of hardware which will almost
double the current MODIS processing capability will be added to the DAAC at the end of
May, 2001. Starting in the month of June 2001, all of the MODIS data products including the
MODIS Thermal Alert will be reprocessed from June 1, 2000 to May 31, 2001. In addition
the Goddard DAAC will have sufficient resources to keep up with the new incoming MODIS
granules.
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This paper has shown that the MODIS Thermal Alert System represents a means to monitor
the world’s hot spots on a daily basis. Perhaps the most important achievements of
automated global hot spot algorithms such as this and the ATSR Fire Site is that
comprehensive analysis of the impact of global biomass burning on climate may be more
efficiently assessed. A second major accomplishment, especially in terms of volcanology, is
that the systems represent a means to monitor even remote volcanoes continuously. As with
all algorithms that depend on images collected from short of microwave wavelengths, cloudy
conditions do not allow observations to be made.
In the near term, the MODIS thermal alert web site will evolve in two ways. The system of
regional and special interest maps will be replaced with a more interactive data display.
Selecting a location on the global map by clicking on it will bring up a regional 45° x 45°
square centered on the chosen location. The amount of information contained in the box will
be similar to that of the regional maps, except that the user will have the opportunity to
customize study areas for anywhere on Earth. Eruptions and fires occur in too many
locations around the world to make a directory of target area maps feasible. Thus, a further
indication on the regional map will allow the user to create their own 2° x 2° “target area”
map based on the location parameters that they have indicated. Data can be queried by
changing dates without changing the location parameter boundaries. In addition to
geographic flexibility of the products, the current MODIS alert algorithm will be modified to
process daytime MODIS granules. Currently, the daytime alert algorithm is being tested.
Plans are underway to expand the MODIS thermal alert to include data from the Aqua
platform also, which would nominally provide the MODIS thermal alert web site with four
observations of the globe (two during the day at 10:30 AM and 1:30 PM equatorial crossing
times, and two at night at 10:30 PM and 1:30 AM) per day. This would greatly increase
chances of observing fire or volcanic activity during periods of broken overcast.
Finally, caution should be used in interpreting the results of observations based on any realtime system. While MODIS and ATSR thermal data and algorithm assessments of hot spots
that are available in near real-time can be a boon to hazard mitigation officials in the midst of
a crisis, they can also just as easily be misinterpreted by non-experts. At least one recent
news article published in Britain claimed that the MODIS Thermal Alert showed that cow
pyres (burning livestock carcasses exposed to hoof and mouth disease) and Mt. Etna’s
eruption were events of similar intensity. This was not what was conveyed by the local
expert, but was what was reported to the public (D. Rothery, personal communication, 2001).
The MODIS Thermal Alert system includes “Text File” options so that any investigator can
determine the validity of the triggered alerts. Supporting the global observational effort, MSG
and MTSAT real-time alerts could soon provide 15-minute near global coverage for many
poorly monitored active volcanoes.
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