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ABSTRACT 

This dissertation examines the tools and applications available for investigating 

volcanic phenomenon using satellite thermal infrared remote sensing data. Various 

algorithms have been developed to automatically detect volcanic thermal anomalies. A 

contextual (VAST), fixed threshold (MODVOLC) and temporal (RAT), the three main 

types of algorithms, are compared to determine how effective they are at detecting 

thermal anomalies caused by various types of volcanic activity (lava flows , lava domes, 

strombolian activity, and fumarolic activity). Each of the algorithms operates with the 

highest accuracy for the types of activity that they were designed to detect and no 

algorithm is 100 percent accurate. With the current data restrictions no algorithm ever 

will be, therefore user interaction is key. 

Results from the automated algorithms are then applied to determine discharge 

rates and cumulative volumes of erupted lava during the Stromboli 2007 eruption. 

Blinding applying the result can cause errors up to an order of magnitude with the main 

cause of errors coming from the inclusion of cloudy data and not identifying the most 

radiant pixels. From the manual results it was determined the 2007 eruption was a typical 

Strombolian effusive eruption caused by tapping a pressurized magma source. 

The satellite derived discharge rates and S02 flux supply rates are then calculated 

and compared at Etna from 2002-2006. Differences in the supply rate of magma and 

erupted volume of lava occur from eruption to eruption and also vary throughout 

individual eruptions, indicating a complex supply system within Etna. 

Thermal satellite data is also used to estimate plume heights at Tungurahua 

volcano from 2006-2008. Heights are compared with acoustic power. Good correlation 
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between plume height and acoustic power was found. By integrating the two data sets it 

is possible to distinguish between different eruption styles and aids in classification of 

eruption types. 

Although satellite data is a useful tool for volcano monitoring image analysts are 

needed for the most accurate quantitative results. Incorporating satellite data with other 

geophysical measurements allow insights into the eruption processes that would not 

otherwise be possible. Therefore it is important that every possible resource is used in 

volcanological studies. 
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CHAPTER 1. INTRODUCTION 
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1.1 Principles of Thermal Remote Sensing of Active Volcanism 

Remote sensing has been defined in various ways, but the most common 

nomenclature defines it as the small or large-scale acquisition of information of an object 

or phenomenon, by the use of either recording or real-time sensing device(s) that are not 

in physical or intimate contact with the object (Jensen, 2000). This definition therefore 

incorporates electromagnetic radiation as well as seismic and infrasound. This definition 

can be adapted so that remote sensing involves examination of the properties of an object 

through detection of electromagnetic radiation reflected and/or emitted by that object, 

with measurements being made specifically in the infrared (0.7 - 20 µm) portion of the 

electromagnetic spectrum. In this dissertation remote sensing will be defined as the 

acquisition of electromagnetic radiation by a device that is not in physical contact with 

the object. 

There are wide regions of the electromagnetic spectrum that can be applied to 

volcanological studies spanning from the ultraviolet to the radio, but the studies within 

this dissertation focus on the mid infrared (MIR) (3-5 µm) and thermal infrared (TIR) (5-

20 µm) portions of the electromagnetic spectrum. The following introduction will 

discuss the main principles that must be understood and used to correctly and effectively 

use thermal satellite data in volcanological applications. As well as provide a short 

review of previous applications of thermal remote sensing data, this chapter will describe 

the theoretical foundation on which this dissertation is built upon. 

Electromagnetic energy is generated at a variety of wavelengths and the range of 

these wavelengths is termed the electromagnetic (EM) spectrum. These range from the 

short wavelength gamma rays (10-5 µm) to long wavelength radio waves (109 µm). Most 
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passive satellite remote sensing occurs between the Ultraviolet (0.01 µm) and the thermal 

infrared (TIR) (10 µm) portions of the EM spectrum. Particularly, data collected in the 

mid-wave infrared (3-5 µm) (MIR) and a portion of the long-wave infrared (10-12 µm) 

(L WIR) will be utilized. For the rest of the dissertation these two regions will be referred 

to as the mid-infrared (MIR) and thermal infrared (TIR). As will be discussed, these 

regions are useful for volcanological studies because they coincide with the peak in 

spectral emittance from active volcanic features, the location of atmospheric windows 

and the location of bands available from satellite sensors. 

There are three main principles that are necessary to understand how satellite 

remote sensing data is used for volcanological applications. The first deals with the 

amount of energy that is emitted by a blackbody. The radiant exitance of a blackbody 

(Mb) is related to the temperature (T), in Kelvin, of the body. This can be determined by 

using the Stefan-Boltzmann law which states that radiant exitance is proportional to the 

blackbody's temperature to the fourth power 

Mb = a-T1 (I. I) 

where O"is the Stefan-Boltzmann constant (5.6697 x 10-3 W m2 K-4
). This shows that as 

the temperature of a blackbody increases so does the amount of energy it emits at all 

wavelengths (Figure 1.1 ). 

The second principle allows one to determine the peak spectral emittance for a 

blackbody at a specific temperature. As the temperature of a blackbody increases the 

peak wavelength at which it emits also shifts to shorter wavelength (Figure 1.1 ), as 

described by the Wein's Displacement Law 

Amax=AIT (1.2) 
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Figure 1.1 : Planck curves for various blackbodies. Planck curves for blackbodies at 6000 (sun), 
1273, 773, 373 (typical lava temperatures), and 273 K (ambient earth) showing how the energy of a 
blackbody increases with respect to temperature and how the peak spectral emittance shifts to 
shorter wavelengths. 
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where A is a constant (2898 µm K). Now it is possible to find the total exitance of a 

blackbody and its dominant wavelength (A.max). 

Remote sensing data are collected at a particular wavelength, or range of 

wavelengths; therefore it is necessary to calculate spectral exitance (M1.) and spectral 

radiance (L,J These can be found using the third principle, the Planck's blackbody 

radiation law which gives spectral exitance in units of W m-2 µm- 1 

27Zhc2 A,-s 
M , =----

"' he 

e ?.kT -1 
(1.3) 

in which his Planck's constant (6.63x 10-34 Js), c is the speed of light (3x108 m s-1
), k is 

the Boltzmann's constant (1.38 x 10-23 J K- 1
) and A. is wavelength (µm), or the spectral 

radiance (L;.) (Wm-2sr-1 µm- 1
) is obtained by dividing by n. It is therefore given by: . 

2hc 2 X 5 

L , =---
" he 

eAkT -1 

These three principles govern how much energy an object emits, at which 

(1.4) 

wavelengths the maximum emittance will occur and how to determine the amount of 

energy for a given wavelength, or range of wavelengths. Therefore it is possible to 

determine what portions of the EM are of interest for volcanological studies (MIR and 

TIR) and how to utilize the data to determine the radiant flux of an object. 

As stated previously, all of the equations reviewed were determined for 

blackbodies. A blackbody is an ideal object that is defined as a perfect radiator and 

emitter. That is, a blackbody emits energy at the maximum rate possible, given its 

internal energy, and absorbs all of the energy that is radiated upon it, at thermodynamic 

equilibrium. Because no radiators are blackbodies the emissivity (c:) of the object being 
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imaged must be accounted for. The emissivity is the ratio of the emittance an object to 

that of a blackbody. 

& = M,/Mb. (1.5) 

where Mr is the exitance of the real body and Mb is the exitance of the blackbody. 

Therefore an object's emissivity will range between zero and one. Any object whose 

emissivity changes with wavelength is considered a selective radiator. Figure l .2a shows 

the emissivities of different lava types (pahoehoe and a'a) as well as how the emissivities 

of those lavas will affect the resulting calculated radiances at various temperatures. Note 

that although the lava has similar chemical compositions they have very different 

emissivities. Also, there are portions of the EM spectrum where all of the lavas have an 

emissivity close to one (8 µm), but there are also regions where the emissivities are less 

than one and thus greatly effect the resulting spectral radiances ( 10 µm) . Therefore 

accounting for the emissivity of the lava, when using remote sensing data, is critical 

(Figure l .2b ). 

The atmosphere through which the EM energy travels must also be considered. 

Earth's atmosphere is comprised of many different components that absorb the radiant 

energy leaving the surface. The most abundant gases that make up the atmosphere are 

nitrogen, oxygen, argon, carbon dioxide and water vapor. The gases that create the 

largest atmospheric absorption features are 0 2, 0 3, H20 and C02, with 0 3, C02 and H20 

creating absorption features in the TIR portion of the EM spectrum (Figure 1.3). Due to 

the location of these absorption features only certain portions of the EM spectrum can be 

used to examine emissions from the Earth surfaces from space. These areas are called 

atmospheric windows and are regions where there are minimal atmospheric 
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absorption features (Figure 1.3). Even in these regions there is still some absorption of 

the radiant energy by the atmosphere, therefore when using the radiance that is received 

at the sensor it is also important to take into account the amount of energy that is being 

absorbed by the atmosphere. 

When using TIR satellite data it is necessary to compensate for the atmospheric 

transmissivity ('t) and the emissivity(£) of the object being imaged as well as the surface 

reflectivity (p ), and the downwelling (Lct) and upwelling (Lu) atmospheric path radiances. 

Therefore when converting the at-sensor spectral radiance to an estimate of surface 

leaving radiance it is necessary to include these two factors 

(1.6) 

where L;. is the spectral radiance received at the sensor and Ls is the upwelling surface 

radiance. 

1.2 Thermal Remote Sensing of Volcanic Processes 

Satellite thermal remote sensing data can be used in a variety of volcano logical 

applications. Such applications include the use of high-spectral resolution data to map 

the chemical compositions of lava flows, or use of high-temporal resolution data to track 

volcanic plumes and thermal output. In this dissertation how low-spatial resolution 

thermal infrared satellite data can be used to monitor and analyze volcanic thermal output 

and plumes is examined. The following section provides a brief overview of the history 

and use of such data for these two applications. 
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1.2.1 Thermal Hot Spot Monitoring 

The use of thermal infrared remote sensing data to characterize volcanic thermal 

emissions was first noted by Gawarecki et al. ( 1965) when they used data from Nimbus I 

High Resolution Radiometer to show the emitted radiance from Kilauea Volcano. 

Subsequently, Nimbus I data was used to characterize the thermal emission from the 

1967 Surtsey eruption in Iceland (Williams and Friedman, 1970). Several years later it 

was shown that NOAA 's Advanced Very High Resolution Radiometer (AVHRR) 3.5-4 

µm data could be used to detect thermal anomalies (Weisnet and D'Anguanno, 1982), 

demonstrated using images acquired over Mount Erebus, Antarctica. However, it was 

not until the late l 980's that the use of satellite-acquired thermal infrared remote sensing 

data to track changes in volcanic thermal emissions became an established tool, with a 

series of papers using Landsat Thematic Mapper (TM) data for that purpose being 

published (Francis and McAllister, 1986; Francis and Rothery 1987; Rothery et al ., 

1988). 

Since that time various advances have been made in both the sensors that can be 

used to acquire the data and the methodologies that can be applied to those data. 

Originally high-spatial-resolution (30 m Landsat TM) satellite data was qualitatively used 

to locate anomalous thermal activity. Analysis quickly progressed into quantitative 

measurements such as determining pixel-integrated temperatures, lava temperatures, area, 

heat and mass fluxes (e.g., Oppenheimer et al., 1991; Flynn et al., 1994; Harris et al ., 

1999; Kaneko and Wooster, 2000). Subsequently a wide range of volcanic activity was 

studied including active basaltic lava flows (e.g., Pieri et al ., 1990; Flynn et al ., 1994; 

Harris et al., 1998), active silicic flows (e.g., Andres and Rose, 1995 ; Harris et al. , 2003), 
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fumarolic activity (e.g., Oppenheimer and Rothery, 1991; Oppenheimer et al., 1993; 

Harris and Stevenson, 1997), active lava domes (e.g., Oppenheimer et al., 1993; Urai, 

2000; Wooster et al., 2000) and active lava lakes (e.g., Oppenheimer and Francis., 1997; 

Harris et al., 1999). 

With the launch of NASA's Terra satellite in 1999, a new high-resolution (90 m) 

TIR sensor, The Advanced Spacebome Thermal Emission and Reflection Radiometer 

(ASTER) became operational. Since ASTER had five TIR bands it allowed more 

spectral mapping of active volcanoes (e.g., Ramsey et al., 2002; Byrnes et al., 2004; 

Carter et al., 2008). Although these studies advanced our understanding of thermal 

changes at active volcanic systems on time scales down to 16 days (the repeat coverage 

of Landsat TM and ASTER), these data could not be used to effectively monitor 

volcanoes on an hourly-to-daily time scale or in near-real-time. 

As far back as the 1980s, it was observed that low-spatial A VHRR data could be 

used to detect thermal changes at volcanoes (Wiesnet and D 'Aguanno, 1982). But it was 

not until the late mid-to-late 1990s that the analysis of active volcanic processes using 

low-resolution satellite data was revisited. During this time period techniques and 

applications of how A VHRR (Oppenheimer, 1989; Harris et al., 1995; Harris et al. , 

1997a;), ATSR (Wooster and Rothery., 1997a; Wooster and Rothery, 1997b; Wright et 

al., 1999) and GOES (Harris et al., 1997b; Harris and Thomber, 1999; Mouginis-Mark et 

al., 2000) could be used to quantify volcanoes thermal output and how they could be used 

to quantify thermal output were developed. As with the high spatial resolution data it 

was found that various types of volcanic activity such as lava flows (e.g. , Harris et al., 

1997c, Harris et al. , 2000), lava domes (Wooster and Rothery, 1997a; Ramsey and Dehn 
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2004), and lava lakes (Harris et al. , 1999; Wright et al., 2004) could be detected and 

quantified using low-spatial resolution data. Because these data are acquired on an 

hourly-to-daily basis subsequent attempts were made to automatically detect thermal 

anomalies in order to monitor volcanoes (e.g. Harris et al., 1995; Dean et al., I 998; 

Wright et al. 2002; Pergola et al. , 2004). These are discussed in detail in Chapter 2. 

1.2.2 Volcanic Plume Monitoring 

Satellite data was first used to track and monitor volcanic clouds in 1976 at 

Augustine Volcano, Alaska (Kienle and Shaw, 1979). They used NOAA 4's visible and 

TIR data to track the dispersal of the eruption clouds as well as estimate the thermal 

energy of the plume. Geostationary satellites were also used through the 1980s to track 

and estimate plume heights for various eruptions around the world including La 

Soufriere, 1979 (Krueger, 1982), Mount Saint Helens, 1980 (Sparks et al. , 1986; Holasek 

and Self, 1995), El Chichon, 1982 (Matson, 1984), Lascar, 1986 (Glaze et al., 1986), and 

Pinatubo, 1991 (Koyaguchi and Tokuno, 1993). The plume heights were estimated using 

plume top temperatures of the eruption clouds (obtained from TIR data), which were 

assumed to have cooled to the surrounding atmospheric temperatures. Therefore 

radiosonde, data gathered from weather balloons, atmospheric temperature data can be 

used to estimate the heights of the eruption clouds, as explained in Chapter 5. 

As one of the greatest hazards associated with large eruption plumes is that they 

can interfere with air-traffic routes (Casadevall et al., 1992; Miller and Casadevall, 2000), 

many attempts have been made to find an effective way to detect ash plumes, particularly 

how to distinguish them from surrounding meteorological clouds. Prata (1989) first 

attempted this by using the difference in brightness temperatures in two of the thermal 
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infrared A VHRR bands. Because silicate ash has an absorption feature in the TIR, due to 

vibrations of the silicate bonds, the brightness temperature difference between A VHRR's 

Band 4 and 5 will result in a negative value if the plume contains silicate ash whereas 

meteorological clouds will have a positive value. Since that time several attempts have 

been made to quantify the amount of ash present in an eruption cloud (e.g. , Wen and 

Rose, 1994; Krotokov et al., 1999) as well as to negate the masking effect that water has 

on the absorption feature (e.g., Simpson et al. , 2000; Prata et al., 2001). The launch of 

NASA's Aqua (2002) and Terra (1999) satellites provided new sensors for the study of 

volcanic plumes. With the addition of the MODIS sensor, plume S02 contents could be 

tracked from space using the TIR. S02 mapping had been possible since the early 1980s 

when the Total Ozone Mapper (TOMS) was in orbit (Matson, 1985). Since TOMS is an 

ultraviolet sensor requiring a UV source, in this case the sun, imaging of volcanic plumes 

was only possible during the day. Since S02 also has an absorption feature in the TIR 

(8 .5 µm) , and the MODIS's band 29 is located in that wavelength, data can now be used 

to detect S02, in both day and night-time imagery (e.g. Realmuto, 2000; Watson et al. , 

2004; Kearney et al. , 2008). The Atmospheric Infrared Sounder (AIRS) also allows the 

mapping of S02 as well as the water vapor associated with volcanic clouds (Wright et al. , 

2005 ; Prata et al. , 2007). 

1.3 Overview of Dissertation 

In this dissertation the tools and uses of thermal infrared data to monitor and 

quantify volcanic activity will be reviewed and discussed. The goal is to highlight how 

integrating thermal infrared satellite data with other geophysical data (S02 measurements 
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and infrasound data) can provide insights into the eruption dynamics and processes 

operating in active volcanic systems insights that can not be determined from using just 

one data set. 

Chapter 2 reviews the techniques used to automatically detect thermal anomalies 

as well and the automated algorithms developed to date. Three main type of algorithms 

(contextual, fixed threshold, and temporal) are assessed as well in their performance in 

detecting different types of volcanic activity (i.e. , lava flows , strombolian activity, lava 

dome growth and fumarolic activity) . This work will be submitted for publication in 

Bulletin of Volcanology. 

Chapter 3 then investigates how the data provided by the volcanic automated 

algorithms search routines can be used for quantitative measurements (i .e. , to obtain lava 

discharge rates and cumulative volumes) and what factors influence these results. The 

derived discharge rates and cumulative volumes are then used to infer eruption styles and 

mechanisms during Stromboli's 2007 eruption. This chapter will also be submitted to 

Bulletin of Volcanology. 

Chapter 4 uses the same thermally derived discharge rates and cumulative 

volumes of erupted lava to investigate what volcanic processes can be inferred when 

combining them with ground-based S02 measurements. Three eruptions at Mt. Etna are 

examined, and the volumes of erupted magma versus the volumes of intruded magma are 

compared. Comparing these two measurements allows volume partitioning within the 

shallow storage system at Etna to be estimated. This Chapter has been submitted for 

publication in the Journal of Volcanology and Geothermal Research. Research 
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completed in Chapters 2 through 4 was funded through NASA grant NNG04G064G (P.I. 

A.J.L. Harris). 

Lastly, Chapter 5 utilizes thermal infrared satellite data to examine the chronology 

of four eruptions of Tungurahua Volcano, Ecuador, during 2006 - 2008. The data is also 

used to determine the variations of plume heights during the events and compared with 

infrasound data. Combining the satellite data with infrasound measurements enables 

different eruption regimes to be determined and from those measurements different 

eruption styles are classified. This chapter was completed in collaboration with David 

Fee and Milton Garces of the ISLA Laboratory in Kona, Hawaii . Infrasound data was 

gathered and processed by Fee and Garces. This Chapter, with a companion infrasound 

paper by Fee, will be submitted for publication in the Journal ofVolcanology and 

Geothermal Research. 
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CHAPTER 2. AUTOMATED ALGORITHMS FOR DETECTING 

VOLCANIC THERMAL ANOMALIES: REVIEW AND ACCURACY 

ASSESSMENT 
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2.1 Introduction 

A series of papers published during the l 980 ' s showed how thermal data acquired 

by satellite-based sensors could be used to detect, quantify and track thermal radiance 

from active volcanic phenomena (Weisnet and D' Aguanno, 1982, Francis and Rothery, 

1987; Rothery et al. , 1988; Glaze et al. , 1989). During the early-to-mid 1990s a series of 

studies began to address the issue of hot spot detection in satellite data (Oppenheimer and 

Rothery, 1991 ; Harris et al., 1995; Wooster and Rothery, 1997) as well as propose 

methods for automated hot spot detection (Harris et al., 1995; Higgins and Harris, 1997; 

Dean et al ., 1998). Initial attempts at automated detection focused on low spatial (I km2 

pixel), but high temporal resolution (one image every six hours), data provided by the 

polar orbiters the Advanced Very High Resolution Radiometer (AVHRR) (Harris et al., 

1995) and the Along Track Scanning Radiometer (ATSR) (Wooster and Rothery, 1997). 

With the launch of the Terra satellite carrying the Moderate Resolution Imaging 

Spectroradiometer (MODIS) into a polar orbit in 1999, algorithms extended to include 

global data provided by this sensor at a 1 km2 resolution, in the MIR and TlR, twice a day 

(Flynn et al., 2002; Wright et al., 2002). At the same time hot spot detection attempts and 

algorithms began to consider data at a lower spatial resolution (4 km2
) , but higher 

temporal resolution (15 - 30 minutes), provided by satellite such as NOAA' s 

Geostationary Operational Environmental Satellite (GOES) (Harris et al ., 1997). 

These capabilities are useful in monitoring volcanoes on a global scale (Wright et 

al., 2004) and are especially advantageous in areas where other geophysical or 

observation monitoring methods are not possible due to logistical reasons, remoteness or 

17 



shear number and extent of active volcanoes (e.g., Dehn et al. , 2000, Dean et al. , 2004; 

Patrick et al., 2005). 

Automated detection of the hot spots related to new or ongoing volcanic activity 

has been attempted in order to allow timely location, timing and tracking of thermal 

outputs before, during and after an eruption for monitoring purposes (e.g. , Dean et al. , 

1998; Galindo and Dominguez, 2002; Webley et al. , 2008). In addition, the quantity of 

data also requires implementation of reliable automated, hot spot detection. GOES, for 

example, provides 96 images per day for all volcanoes within the latitudes of North 

America, analysis of which requires some degree of automation (e.g. , Harris et al., 2002). 

Once detected, volcanic hot spot radiances can provide information as to the 

changing intensity of thermal outputs associated with volcanic eruptions as it varies over 

time-scales ranging from days (e.g. , Oppenheimer, 1989; Harris et al 1996; Wooster and 

Rothery, l 997b) to hours (e.g., Harris and Thornser, 1999; Mouginis-Mark et al. , 2000). 

These hot spot radiances allow the construction of time-series of volcanic thermal energy 

(e .g. , Dehn et al. , 2000; Roach et al. , 2001; Galindo and Dominguez, 2002; Wright et al, 

2002b), and the conversion to higher level parameters such as heat flux (e.g. , Dehn et al. , 

2002; Wright and Flynn, 2004) and effusion rates (e.g. , Harris et al. , 1997; Wooster and 

Kaneko, 1998; Patrick et al. , 2003 ; Harris et al. , 2007). These time-series and higher 

level parameters are useful for scientific inquiry into volcanic systems and eruption 

dynamics (e.g., Harris et al. , 2000; Harris and Neri , 2001 ; Lodato et al. , 2007). 

Thus, an underlying motivation for one direction of volcano thermal remote 

sensing research has been to generate automated algorithms capable of routine and timely 

detection of thermal anomalies for volcanic monitoring purposes, as well as to allow 
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First the portions of the electromagnetic spectrum on which the study will focus 

are defined. These portions of the EM spectrum are the mid-infrared (MIR), specifically 

the atmospheric window which extends between 3.5 - 4 µm, and the thermal infrared 

(TJR), with the l 0 - 12 µm window typically being used by the sensor and algorithms 

being considered here. 

2.2.1 Satellite Sensors 

Data from the Advanced Very High Resolution Radiometer (A VHRR) and the 

Moderate Resolution Imaging Spectroradiometer (MODlS) were used for this study. 

These sensors were selected because they are the most commonly used satellite-based 

thermal sensors for volcanic hot spot detection. This is a result of their spectral bands, 

the number of passes per day, and data availability. 

The A VHRR sensor is flown on the sun-synchronous, polar orbiting NOAA 

satellite series, which currently has six satellites in orbit (NOAA's 12, 14, 15, 16, 17 and 

18). The sensors have five different spectral bands each having a spatial resolution of I. I 

km2 at nadir. The bands most commonly utilized in detecting thermal anomalies are 

located in the MIR (band 3) and the TIR (bands 4 and 5) (Table 2.1 a). Each sensor has 

two equatorial crossings per day, which allows at least two images to be acquired each 

day for any location on the earth's surface: one during the descending pass and one 

during the ascending pass. Because there are six satellites currently in orbit this allows 

for multiple views of any volcano every day, nominally six satellites multiplied by two 

passes per day results in 12 images acquired per day for any equatorial point, increasing 

toward the poles due to orbit convergence (see Mouginis-Mark and Domergue-Schmidt, 
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efficient inquiry of temporally and spatially extensive data sets. In this study the three 

main types of algorithms that have been designed and developed to tackle this problem 

are reviewed. Each algorithm type is then assessed based on their applicability and 

accuracy. Three algorithms were chosen which characterize each of the three main types 

of algorithms: VAST, MODVOLC and RAT. As explored in the following chapter 

(Chapter 3), understanding the limits of each algorithm is essential if data is to be applied 

to the extraction of quantitative parameters. Knowledge of the algorithms robustness is 

also essential if the algorithm is to be applied in an operational monitoring role. Each of 

the algorithms were applied to the same six test cases, each selected to cover the range of 

likely hot spot types encountered in an active volcanic system; these being: (1) major hot 

spots associated with lava effusion (the Etna 2004 - 2005 eruption), (2) major hot spots 

associated with short-lived lava effusion (the Stromboli 2007 eruption), (3) minor hot 

spots associated with a small active vent source and cooling ejecta (Stromboli 2006), (4) 

major and minor hot spots associated with lava dome growth and collapse (the Augustine 

2006 eruption), (5) minor hot spots associated with low-to-moderate level fumarolic 

activity (Vulcano 2006) and (6) a null case at which no thermal activity is expected 

(Lipari 2006). 

2.2 Background: Data Used, Detection Principles, and Technique Classification 

Jn order to understand the automated algorithms used for detecting volcanic 

thermal anomalies it is first necessary to examine the data available for hot spot 

detection, the remote sensing principles that allow thermal anomalies to be detected, and 

the techniques developed to do so. 
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Table 2.la A VHRR sensor characteristics 

EM Region Band Wavelength (µm) Spatial Resolution (km2
) Saturation Temperature {°C) 

3 3.55 - 3.93 I. I - 50 

4 10.3-11.3 I. I - 70 

5 11.4-12.4 1.1 - 70 

Table2.tb: MODIS sensor characteristics 

EM Region 
Band Wavelength (µm) Spatial Resolution (km2

) Saturation Temperature (0 C) 

21 
0::: 

3.929 - 3.989 l.O - 60 

-:::E 22 3.929 - 3.989 l.O - 227 

0::: 31 10.78 - l l.28 1.0 - 115 -E- 32 11.77 - 12.27 1.0 - 115 
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200 I for a full review of the orbital characteristics of sate II ite typically used for 

volcanological applications). 

MODIS is flown on NASA's EOS polar orbiting, sun-synchronous satellites Terra 

and Aqua. The sensor has 36 different spectral bands, with 16 bands located in the MIR 

and TIR atmospheric windows (Table 2. lb). MIR bands 22 and 21 and TIR band 32 

were utilized in this study, with all three bands having a 1.0 km2 spatial resolution at 

nadir. One advantage of MO DIS data is that Band 21 has a high gain setting that was 

specifically designed to reduce saturation over high temperature targets. Therefore it has 

a high saturation temperature (maximum detection limit) of - 240 °C. This compares 

with a saturation temperature of - 50 °for A VHRR band 3 (Harris et al., 1996) meaning 

that A VHRR band 3 data are nearly always saturated over active lava targets. Like the 

NOAA satellites both Terra and Aqua have two equatorial crossing per day, allowing two 

images to be acquired during a 24 hour period, one acquired during the daytime node of 

the orbit, and one acquired during the nighttime portion. With two satellites in orbit, this 

allows at least four images to be acquired over any sub-aerial volcano each day. 

2.2.2 Detection Principles 

Most hot spot detection techniques used by the volcanology and fire communities 

work off of the principle that the peak spectral radiance for high temperature features 

(e.g. , those at magmatic and lava temperatures) occurs in the short-wave infrared and 

MIR. However the location of the peak spectral radiance at ambient earth temperatures is 

in the TIR (Figure 2.1 a). This is described by Wien's Displacement law which states that 

as a temperature of a blackbody increases the wavelength of maximum emission shifts to 

shorter wavelengths. This is defined by: 
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Figure 2.1: Planck and pixel-integrated temperature curves for a variety of different volcanic 
scenarios. a -Planck curve for blackbodies at 1000 °C, 500 °C and 20 °C, that show the peak spectral 
rad iance for typical lava temperatures and ambient background temperatures and b - curves for 
mixed pixels composed of two components, one at ambient background (20 °C) and hypothetical lava 
temperatures (1000 °C and 500 °C) . c - Pixel integrated temperature curves for mixed pixels 
composed of two components. Again , one at ambient background (20 °C) and at hypothetical lava 
temperatures (1000 °C and 500 °C). Temperatures are show for the MIR band, the TIR band and the 
difference between the two. 
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Amax = AIT (2.1) 

where A (2898 µm K) is the Wien's displacement constant. This defines the peak 

wavelengths of 2.28 µm, 3.75 µm and 9.89 µm for blackbodies radiating at 1000 °C, 500 

°C and 20 °C, respectively (Figure 2. la). Also, hotter bodies emit more radiation than 

cooler bodies at all wavelengths, as defined by the Stefan-Boltzmann Law: 

(2.2) 

where a(5.6697 x I o-8 W m-2 K-4) is the Stefan-Boltzmann constant and Tis temperature 

in K. As a result a blackbody at 20 °C emits less radiation than a blackbody at l 000 °C 

at all wavelengths, but the difference between the radiance emitted by the lower 

blackbody is much greater in the MIR than in the TIR (Figure 2. la) . 

These principles apply when considering sub-pixel sized hot spots and therefore 

the MIR is more sensitive to sub-pixel, high temperature sources than the TIR. As a 

result thermal anomalies are much more readily apparent in the MIR than the TIR. As 

initially shown by Dozier (1981 ), because of the strong emission from a high temperature 

blackbody in the MlR a sub-pixel sized hot spot surrounded by a cool background at 

ambient temperatures will cause the pixel-integrated radiance in the MIR to be much 

grater than for the same pixel in the TIR (Figure 2. lb). As the size and temperature of 

the sub-pixel hot spot increases so the difference also increases (Figure 2. 1 b ). In short, as 

the size and temperature of the sub-pixel source increases, a much larger increase in the 

integrated radiance is experienced in the MIR than in the TIR. For example, the 

difference in radiance between a pixel with a L 000 °C hot spot occupying 0.00 I % of the 

pixel and one with 0. L % at 1000 °C is minimal at l l µm (8.48 and 8.73 Wm-2s{ 1 µm- 1 
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respectively). However there is a large difference at 3.5 µm (0.27 and 9.13 wm-2s{ 1 µm- 1 

for the two cases, respectively) (Figure 2. lb). 

Because spectral radiances are used to calculate pixel-integrated temperatures, the 

temperatures calculated using the MIR band will be significantly higher than the 

temperatures in the TIR. This is due to the preferential emittance from the sub-pixel high 

temperature source in the Ml R (Figure 2. 1 a). This means that, although the brightness 

temperature for a pixel completely filled with the ambient or high temperature source 

should be the same in both the MIR and TlR, if the high temperature source is a sub-pixel 

feature then the integrated temperature in the MJ R (T MIR) wi II be greater than in the Tl R 

(TnR). Therefore T MIR will be greater than T TIR for sub-pixel sized thermal anomalies, 

with the difference being described by ~T (= T MIR - T TtR) and depending on the size and 

temperature of the sub-pixel anomaly (Figure 2. lc). However, for pixels which do not 

contain sub-pixel hot spots TMtR will equal Trnl (Figure 2. lc). It should be stated that 

although the MIR is much more sensitive to volcanic thermal anomalies, if the sub-pixel 

hot spot is large enough the temperatures in both the MIR and TIR will be elevated. 

Therefore if the sub-pixel anomaly is substantial in size and temperature the TIR can be 

used to detect hot spots (Figure 2.2). 

Because many satellite sensors have bands located in the MIR and TIR (Table 

2. 1 a and b ), the difference in temperature between the MIR Band and TIR Band, can be 

used to identify and locate sub-pixel thermal anomalies. If a sub-pixel anomaly is 

located within a pixel the integrated brightness temperature in the MIR will be much 

greater than in the TIR. Therefore the ~Twill identify pixels that contain high 

temperature sub-pixel features and distinguish them from pixels that do not. Simply, ~T 
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(Kaneko et al., 2002) 

(Webley et al., 2008) 

(Ga lindo and Dominguez, 2003) 

~Spatial 

Higgins & Harris, 1997) 

(Harris et al. , 2001) 

(Harris et al. , 2002) 

(Galindo and Dominguez, 

(Webley et al. , 2008) (Dean et al. , 19 
MYVOLC Dehn et al. , 2000 

(Hirn et al., 2008) 
MOD LEN 

(Kervyn et al ., 2006) 

MODVOLC RAT 
(Flynn et al. , 2002; Wright et 
al. , 2002; Wri ht et al. , 2004 

Temporal 

~Spectral ~Temporal 

Figure 2.2: Classification of automated volcanic thermal anomaly algorithms based on type of 
algorithms and the principles each of the algorithms operate. a - Algorithms developed to date 
classified by the type of algorithms and, b - same algorithms classified by the principles they 
incorporate to detect thermal anomalies. As observed many use a hybrid of the different principles. 
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should approach zero over pure pixels and highly elevated over pixels containing a sub

pixel source (Figure 2. lc ). This concept works well even if extremely small portions of 

the pixels are occupied by high-temperature sources (Figure 2. lc). For example a pixel 

with a 1000 °C source occupying 0.001 % of the pixel will have a pixel-integrated 

temperature of 25 °C in the MIR and 20 °C in the TIR. If the size of the anomaly 

increases to 0. L % of the pixel the band MIR temperature increases to l L 8 °C, while the 

TIR temperature increases to 58 °C (Figure 2. Le). 

2.2.3 Classification of Detection Techniques 

Methods for detecting volcanic thermal anomalies can be broken down into three 

different categories. These are: ( l) fixed threshold, (2) contextual and (3) temporal 

algorithms. These operate by comparing a pixel ' s radiance or temperature in a spectral, 

spatial or temporal setting, respectively. As observed in Figure 2.2a there are a variety of 

different algorithms that have been developed to detect volcanic hot spots. While most of 

the algorithms fall under one of the three main detection types, three of the algorithms 

have incorporated aspects of one or more of the types and therefore reside between the 

vertices. 

The first type of detection algorithm (fixed threshold) is spectrally based and uses 

the radiance or temperature data for a single pixel to assess the difference in the MIR and 

the TIR bands. Now, a pixel is determined to be anomalous or not using a single 

threshold applied to the MIR, TIR or ~ T (=T MiR-TnR) (or radiance), or a series of 

thresholds (e.g., a pixel is hot if L'1 T > I 0 °C, T MIR = saturation temperature and T TIR >25 

oC). 
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The second type of detection algorithm (contextual) uses spatial differences. In 

this method a pixel ' s radiance or brightness temperature is recorded, in either the MIR or 

TIR, and is compared to its surrounding pixels. This is usually completed by creating a 

kernel and comparing the center pixels to its four or eight nearest pixels. If a pixel has an 

elevated radiance or temperature when compared to its closest neighboring pixels then it 

is assumed that the elevation is caused by the contribution from a high temperature, sub

pixel source. If the difference in radiance or temperature surpasses an assigned threshold 

then it is termed anomalous and flagged. 

The third type of detection algorithm (temporal) operates using differences in a 

temporal setting. In this case a given pixel ' s radiance or brightness temperature is 

compared to the mean value for that same pixel calculated using a time-series of data. If 

a pixel's radiance or brightness temperature is statistically greater than that of the mean 

of that pixel for the same time of day and year then it is termed anomalous. 

2.3 Automated Algorithms 

2.3.1 History of Algorithms 

Fixed threshold algorithms were first developed in the I 980s by the wildfire 

community and used A VHRR data to automatically detect biomass burning (e.g., 

Flannigan and Yonder Harr, 1986; Kaufman et al. , 1990; Kennedy et al. , 1994). They 

operated by setting a threshold value and flagged any value which exceeded that fixed 

threshold. For example, Kaufman et al. (1990) ran three tests to ensure that pixels were 

thermally anomalous: ( 1) T MIR had to be greater or equal to 316 K, (2) ~ T had to be 

greater or equal to 10 Kand (3) T TIR had to be greater than 250 K. These tests ensured 
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that the pixel was hot, that a sub-pixel hot spot was present and that clouds were not in 

the image, respectively. Although each algorithm varied in the way pre-processing steps 

were executed and the level of the thresholds set, each operated using the ~T principle, 

setting different thresholds depending upon the region that was being monitored. In these 

cases, if the pixel ' s ~Twas greater than the defined threshold value then it was termed 

anomalous. These algorithms performed well , but were limited to the specific regions for 

which the thresholds were set (Justice, 1994). 

To increase the accuracy, and to allow global applicability, contextual algorithms 

were developed. Again, these types of algorithms were first developed and implemented 

by the wildfire community, but used relative thresholds based upon statistics calculated 

from a pixel and its neighboring pixels (e.g., Lee and Tag, 1990, Justice, 1994; Langaas 

et al ., 1993; Flasse and Ceccato, 1996; Gigi lo et al., 2003). For example, the fire 

detection algorithm of Lee and Tag (1990) executed five steps to detect fire pixels: First, 

all pixels with integrated T MIR less than 263 K were screened to identify potentially cloud 

contaminated pixels. Second, a background temperature (T back) was defined by 

comparing the TIR brightness temperature of a target pixel with its four surrounding side 

pixels (i.e. those that were located in the cardinal directions). Third, Tback defined for 

each pixel was subtracted that from the pixel brightness temperature (for A VHRR bands 

3, 4 and 5). Fourth, the target pixel ' s brightness temperature was plotted against Tback 

and used to classify the pixel as land, cloud or fire. Fifth, the same steps were executed 

again using the corner pixels (those diagonally adjacent to the target pixel). Sixth, if the 

pixel is greater than the defined T back it is classified as anomalous. These steps ensured 

that the pixel did not contain cloud, determined a fire-free background temperature, 
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assessed whether a pixel is greater than the background pixels, flagged potential fire

pixels and ran the algorithm again to re-check classification accuracy. 

The last algorithm type was developed to detect thermal increases using temporal 

variations in pixel brightness temperature. Tramutoli ( 1998) originally proposed the 

technique, named RAT (Robust A VHRR Technique) to minimize the effects that 

different geographical and seasonal conditions can have on some fixed threshold and 

contextual algorithms, proposing the use of RAT in a variety of applications including 

detection of volcanic ash clouds, dust storms, forest fire detection and earthquake thermal 

anomaly location. The algorithm effectively looks through an archive of data to see how 

the temperature for a specific pixel changes through time, thereby assessing seasonal and 

atmospheric effects. By comparing the pixel's current temperature to the past temperature 

history of that pixel , it allows more subtle temperature changes, or divergence from the 

"norm", to be detected . 

The first automated volcanic hot spot detection algorithm was reported by Harris 

et al. ( 1995). Inspired by the work of Lee and Tag ( 1990) and Langaas et al. ( 1993), the 

algorithm operated on a contextual basis and used data from AVHRR' s MIR and TIR 

wavebands to automatically detect anomalies due to the presence of sub-pixel active 

lavas (Harris et al. , 1995). The method was later developed into the VAST (Volcanic 

Anomaly Soffware) algorithm of Higgins and Harris (l 997). Originally, VAST was 

designed to detect thermally anomalous pixels by comparing the ~T with its surrounding 

pixels to create a ~Tdiff image. This was then compared with a threshold value set from 

volcano and fire-free regions of the same image. Initially VAST was tested using 

A VHRR data for Mt. Etna, Vulcano, Stromboli and Lipari (Harris et al. , 1995; Higgins 
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and Harris, 1997). However it can be adapted to use any MIR and TIR data for any 

location. 

VAST operates using eight basic steps (Figure 2.3). Step one, image acquisition 

and pre-processing, includes extracting A VHRR Band 3 and 4 data and sub-setting them 

into 30 by 30 pixel sub-images centered on the volcano of interest. These sub-images are 

then converted from MIR and TIR radiances to brightness temperatures (T MIR and T TIR) . 

Step two defines two regions: a non-volcanic region and a volcanic region. In step 3 a 

~ T image (=T M1R-TrrR) is created and in step 4 ~ T diff is calculated for each pixel, this 

being the difference in ~T between a given pixel and the mean ~T from its eight 

neighboring pixels. In step 5 the non-volcanic portion of the image is scanned for the 

highest ~Toiff(i.e. , finding max ~Tctiffin the non-volcanic background). Step 6 then scans 

the volcanic portion of the sub-image. Any pixel in the volcanic defined region that has 

a ~Tctiff greater than the maximum encountered in the non-volcanic region is flagged as 

an anomalous pixel (Higgins and Harris, 1997). 

A number of adaptations have been made to VAST to update the algorithm. 

Although the updated version still uses a contextual threshold, it no longer uses the~ T 

image. This adaptation was made because when a large high temperature feature is 

present in a pixel not only will the MIR temperature become elevated, but also TIR 

(Figure 2.1 ). As a result, L1 Twill decline if a hot spot reaches a sufficiently large size. ln 

addition, A VHRR' s MIR band (band 3) will saturate, capping T MIR and allowing T TIR to 

catch up, decreasing L1 T. Also, the algorithm now allows the volcanic and non-volcanic 

region to be defined by the user. Therefore volcanoes with areas that are smaller than the 

previously defined 30 x 30 area can be evaluated without having any other volcano 
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Figure 2.3: VAST flowchart displaying the step-by-step operations of VAST, adapted from Higgins 
and Harris, 1997. The dashed boxes indicate changes that have been made to VAST and are 
utilizes in this study. Black dashed lines indicate steps that are no longer incorporated and grey 
dashed lines indicated steps that have been added. 
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within the region. The new version of the algorithm then functions in the same way as 

the original version, but now only uses the pixel integrated temperature in the TIR and 

compares a pixels L1 T ctirr4 with the L1 T ctirr4 for the non-volcanic region. A user interaction 

feature was also added. This allows the user to either turn on pixels that were not flagged 

as anomalous but which need to be considered, or turn off pixels that were falsely 

identified. The results of the new version are presented here. 

Since V AST's development other algorithms have been designed based on the 

same principles and operations (Figure2.2a and b) (Harris et al. , 2002 ; Kaneko et al. , 

2002; Webley et al. , 2008). Many of these algorithms have been implemented for 

monitoring purposes including monitoring the volcanoes of Mexico (Galindo and 

Dominguez, 2003), Central America (Webley et al. , 2008) and Japan (Kaneko et al. , 

2002), as well as for regional volcanic monitoring using GOES (Harris et al. , l 997b) 

The fixed threshold approach was first applied to volcanic thermal detection by 

MODVOLC (Flynn et al. , 2002; Wright et al. , 2002a; Wright et al. , 2004). MODVOLC, 

was developed at the Hawaii [nstitute of Geophysics and Planetology and was designed 

to detect volcanic thermal anomalies on a global scale using MOD IS data. The algorithm 

went operational in February 2000 shortly after the December 1999 launch of MODfS on 

NASA' s Terra satellite. The algorithm was designed to deal with global data sets and, 

thus, large amounts of data. In order for it to run efficiently and quickly, as well as to 

provide results in a timely manner, it had to be computationally simple and fast. [n order 

to fit these constraints NASA placed four constraints on the algorithms design. These 

were that the algorithm had to: ( l) run on a pixel-by-pixel basis, (2) contain less than 

eight mathematical operations, (3) use less than five different spectral bands of data, and 
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( 4) output file sizes that were small, as not to take up space at the Distribution Active 

Archive Center (DAAC) (Flynn et al. , 2002; Wright et al. , 2002a). 

MODVOLC was designed to take into consideration that when a pixel is not 

thermally homogenous, as when a pixel contains a thermal volcanic feature , there are a 

wide variety of radiances (Figure 2. 1 ), and therefore a simple subtraction of these two 

bands can result in false positives. To reduce the amount of false positives the algorithm 

implements a Normalized Thermal Index (NTl) to distinguish pixels containing sub-pixel 

hot spots. The NTI considers the difference in radiance between bands 22 (MIR), and 32 

(TIR) and divides (normalizes) this by the sum of the radiances in the same two bands: 

(2.3) 

This gives an NTI for a pixel in the range of -1.0 to 1.0. [f band 22 is saturated then the 

algorithm uses band 21 (MODIS ' s high gain MIR band) instead. Several tests were run 

to determine a NTI threshold that returned the minimum incidence of false positives, 

when run on a global set. This was found to be -0 .8 (Flynn et al., 2002, Wright et al. , 

2002a). Thus, any NTI that is returned with a value greater than -0.8 is considered to be 

an anomalous pixel. 

The algorithm runs on seven basic steps as given in Figure 2.4. Step one is image 

acquisition, followed by a data quality analysis. Step two determines if band 22 is 

saturated. Step three computes the NTI (using band 22 or band 2 l if band 22 is 

saturated). Step four determines if the resulting NTI is greater -0.8, if so step five is 

completed which writes the hot spot details to a MODVOLC file . Step six then sends the 

pixel information (location and radiance) to HlGP via ftp. And in step seven the 

information is archived and posted on the MODVOLC website 
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Figure 2.4: MODVOLC flowchart displaying the step-by-step operations of MODVOLC, adapted 
from Wright et al. , 2002 
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(http://modis .higp.hawaii.edu) . Because entire images are too large to be sent and stored 

locally only specific pixel details are stored (Wright et al., 2002a). 

Since the publication of MOD VO LC several modifications of the algorithm have 

been developed whereby the algorithm has been modified to operate on a more refined 

spatial area, allowing for different thresholds to be set (Figure 2.2). One example of 

such an algorithm is MODLEN in which MODVOLC was modified to detect the lower 

temperature carbonatite lavas ( ~ 550 °C) of Oldoinyo Lengai (Kervyn et al ., 2006). The 

adaptation involved defining algorithm a lower NTI threshold of -0.83 , and adding a 

contextual step whereby, if the pixels do not meet this threshold, then the NTI is 

compared with its eight neighboring pixels. A pixel is then flagged as anomalous if the 

difference is smaller than -0.02 (Kervyn et al., 2006). 

RAT was the first temporal automated algorithm to be applied to volcanic hot 

spot location (Di Bello et al., 2004 and Pergola et al., 2004). The algorithm works off a 

data set collected at the same time (day, month) and compares the data to all those 

collected under the same temporal conditions . Using a data archive of A VHRR data for 

Italy, an Absolutely Local Index of Change of Environment [ALICE, (x,y,t)] was created 

which provides an estimate of how much the pixel's brightness temperature diverged 

from its normal background conditions (determined from the time series data). ALICE 

can be mathematically defined as follows (Tramutoli, 1998): 

@v(x,y,t) = [V(x, y,t) - VREF(x,y)]I[ a-v(x,y)] (2.4) 

Where V(x,y,t) is the signal measured by the satellite at location (x,y) and time t, 

VREF(x,y) and av(x,y) are reference fields computed for the same location from the time 

series of images (Tramutoli, 2004, Pergola et al., 2004). 
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As shown in Figure 2.5, the algorithm executes five steps. Jn the first step, pre

processing radiometrically calibrates and geo-locates the data. Second, two reference 

fields are determined for each pixel. The first involves calculation of the arithmetic 

average at a specific pixel in the time domain and the second measures the standard 

deviation in the same domain. As part of step 3, ALICE quantifies the amount a pixel 

value varies from its mean, calculated from images acquired during the same time of day, 

for a month of data. In step four, it is determined whether the ALICE is greater than the 

determined standard deviation. If yes, then step five is completed and the pixel is flagged 

as thermally anomalous. The standard deviation value can be designated by the user, but 

in this study has been assigned as 2.6 standard deviations above the mean, meaning a 

pixel has a 99 % probability of being anomalous. That is , if pixels value exceeds the 

temporal mean for the pixel by 2.6 standard deviations, then it is flagged as anomalous. 

As observed in Figure 2.2a and b there are a wide variety of algorithms that have 

been adapted to automatically assess volcanic hot spots. Many of these algorithms do not 

fall exactly under one of the classification types, but instead incorporate different aspects 

of the different types of the algorithms. An example of such a hybrid algorithm is the 

Okmok Algorithm, developed at the Alaska Volcano Observatory (A VO), incorporating 

aspects of both a contextual and temporal approach (Figure 2.2) to detect thermal 

anomalies located at volcanoes in the North Pacific. The algorithm detects thermal 

anomalies by comparing the brightness temperatures within a 40 x 40 pixel sub-image. [f 

a target pixel is elevated above the mean temperature of the sub-image than the pixel is 

termed anomalous and alerts are sent out. The algorithm also incorporates a temporal 

data set to include temperature fluctuations that occur during different times of the year. 
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Figure 2.5: RAT flowchart displaying the step-by-step operations of RAT as described by 
Pergola et al. , 2004. 
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The Okmok algorithm is used in operational monitoring of volcanoes of the North Pacific 

by A YO (Dean et al ., 1998; Dean et al., 2000). The MY VO LC algorithm of Hirn et al. , 

2008 is a hybrid of the fixed threshold MOD YO LC algorithm and contextual VAST 

algorithm and has been used to detect thermal anomalies at Kilauea Volcano. 

2.4 Algorithm Assessment: Test Cases and Data 

In this study the performance of the three main algorithms in each class, VAST, 

MODVOLC and RAT, are investigated. To gain a better understanding of how the 

different algorithms function and under what conditions each algorithm is most effective 

in detecting volcanic thermal anomalies, the algorithm were run for five different test hot 

spot cases at four different locations. These were : (1) extensive lava flows at Etna, (2) 

less extensive lava flows at Stromboli , (3) intermittent strombolian activity at Stromboli , 

(4) lava dome growth and collapse at Augustine Volcano, and (5) fumarolic activity at 

Vulcano. These target sites are located in Figure 2.6. These were selected to cover the 

full range of expected volcanic hot spot intensities from intense (i.e. , those that any 

algorithm must be expected to detect) at Etna, through to weak (i.e. , difficult to detect) at 

Vulcano. Persistent hot spots (due to constant effusion as at Etna) which should be 

detected in every cloud-free image and intermittent hot spots (i.e. those that will only be 

apparent immediately following an explosion at Stromboli or dome collapse at 

Augustine) which may thus not be apparent in every image are also distinguished. A 

non-volcanic test case of Lipari Island (Aeolian Islands, Italy) was also used to examine 

the occurrence of false-positives in a region with in which no volcanic thermal activity is 
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expected. This test was achieved by using A VHRR and MODIS time series for each 

location (Table 2.2). 

2.4.1 Etna 2004 - 2005: Sustained Lava Flows 

The 2004-2005 summit eruption of Mt. Etna (37.734 °N, 15.004 °E) began on 7 

September 2004 with the opening of a fracture on the lower eastern flank of the South 

East Cone. The eruption was characterized by low but steady effusion at 2.3-4. l m3s- 1 

feed lava flows that extended 2.5 km (Burton et al., 2005). The eruption lasted six 

months ending in March 2005 (BGVN, 2005). This type of activity, in theory, should be 

the most easily detected activity due to the high surface temperatures of the lava, the 

areas of lava erupted (Behncke and Neri, 2003; Allard et al., 2006), and persistence of the 

hot spot. Lava flows with these temperatures and areas easily elevate both T MIR and TTtR 

(Figure 2.7). Such a lava flow can cause the pixel-integrated temperatures in the MIR 

and Tl R to raise above the saturation temperatures. For example if a 2.5 km long lava 

flow that was 100 m wide lava flow was confined within a 1.0 km2 pixel would occupy 

25% of the pixel. If the flows temperatures ranged between l 00 - 500 °C the pixel 

integrated temperatures in the MIR would range between 61 and 332 °C. For the same 

flow the TTtR would range between 44 and 197 °C, resulting in~ T of 17 to 135 °C. 

Therefore saturation of AVHRR and MODIS is possible in both the MIR and TIR bands 

(Figure 2.7). 

2.4.2 Stromboli 2007 Intermittent Short-lived Lava Flows 

Activity at Stromboli (38.789 °N, 15.213 °E) is characterized by regular 

explosions occurring 8-17 times per hour (Harris and Ripepe, 2007) and typically nine 
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Stromboli NIA I 11106 - 12131 106 899 386 
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Lipari NIA 01 11106 - 1211106 893 319 
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11 8 19 
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528 139 
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times per hour (Ripepe et al., 2005). Stromboli also occasionally experiences effusive 

activity, but this does not occur as frequently (Barberi et al. , 1993) with effusive 

eruptions having occurred in l 975 (Nappi, 1976; Capaldi et al. , l 978), l 985-1986 (De 

Fino et al. , 1988) 2002-2003 (Calvari et al. , 2005) and 2007 (Calvari et al. , in prep). For 

the first test case (lava detection) at Stromboli the algorithms were run using data 

acquired for the Stromboli 2007 flank eruption. The eruption began on 27 February 

2007, when a fissure opened on the North East flank of the North East crater. High 

effusion rates ( 17- l 9 m3 s- 1
) led to the lava extending l.2 km to the sea (Calvari et al. , in 

prep). The eruption then declined to lower effusion rates (l-5 m3s-1
) before ending on 15 

March 2007 (BGVN, 2007). In theory, this type of activity should be easily detected 

using automated algorithms. Like the long-lived lava flows large volumes of high 

temperature lava are being erupted. Again these flows can elevate the MIR and TIR 

bands past the sensors ' saturation temperatures (Figure 2.7). But in the Stromboli case 

the flow areas may be smaller in length, l-2 km and typically less than 400 m with 

unstable flow fronts on Stromboli ' s steep flanks undergoing constant avalanching to send 

hot flows into the sea (Lodato et al. , 2007). For example if a l km long by l 00 m wide 

lava flow with temperatures ranging between l 00 - 500 °C was confined within a L .0 

km2 pixel the lava flow would occupy I 0% percent of the pixel. MIR pixel-integrated 

temperatures would therefore range between 42 and 250 °C (Figure 2.7a) and TIR pixel

integrated temperatures of 30 to I 08 °C (Figure 2. 7b ); resulting in a~ T of 12 - 110 °C 

(Figure 2.7c). 
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2.4.3 Stromboli 2006: Intermittent Strombolian Activity 

For the second test case at Stromboli a year's (2006) worth of satellite data was 

analyzed to determine which, if any, algorithm can most effectively detect the occurrence 

of small strombol ian explosions or the high intensity heat source presented by small ( 4 m 

wide) hot vents. The small vent heat sources should be able to be detected, at times, if 

enough of the vents at Stromboli are active (Figure 2.8a) . Given the range of vent sizes 

at Stromboli ( 4 - 40 m) and the temperature of the vents (950 °C) these sources should 

lead to increases in the MIR to range between 20 - 36 °C, but will not elevate the TIR 

temperatures (Figure 2.8b). Therefore, the ~T can effectively be used to detect such 

activity (Figure 2.8c). Small explosions, in theory, will be more difficult to detect for 

several reasons. Mostly, they will have to occur at the time of, or shortly before, the 

satellite is overhead collecting data. This time is short because the deposits can cool very 

rapidly and are not particularly extensive. Thus, not only are the size and temperature of 

the deposits cooler than lava, but the requirement to obtain an image right after an 

eruption also affects the probability of detecting an explosion. 

2.4.3 Augustine 2006: Lava Dome growth and Collapse 

Augustine Volcano (59.326° N, 153 . 435°W) is a small dome complex located in 

the lower Cook Inlet of Alaska (Figure 2.6). Activity is characterized by explosions 

usually followed by the emplacement of an andesite-dacite summit lava dome (Miller et 

al., 1998; Power et al. , 2006). For this study the occurrence of thermal anomalies 

detected during the 2006 eruption of Augustine Volcano were examined. This eruption 

was broken into four different phases by Powers et al., 2006, but only the explosive ( 11-

28 January 2008), continuous activity (28 January - 2 February) and effusive (2 Feb - 31 
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March) phases are examined in the study. The explosive phase was characterized by 

frequently, large explosions producing large ash clouds. The phase of continuous activity 

was characterized by frequent small ash explosions and dome collapses producing 

pyroclastic flows . The last phase , the effusive phase was when the dome experienced 

exogenous and endogenous dome growth and began to refi II the crater. Because there 

was a variety of different activity during this eruption the response of the different 

algorithms will also vary. During the explosive phase the occurrence of volcanic plumes 

will effect whether the satellite sensors are able to detect thermal anomalies, their 

presence masks the hot source from the satellites. During the latter portion of the 

effusive phases, the algorithm may not be capable of detecting a cool dome carapace, 

where temperatures on active silicic flows have been shown to approach ambient and 

typically range < 75 - 100 °C (Harris et al. 2002; Harris et al., 2004). As shown in 

Figure 2.8 there is a wide range of sizes and temperatures that can occur from an active 

silicic flow. A slightly smaller range of pixel-integrated temperatures occur for active 

domes. Temperatures of domes commonly fall between 400 - 500 °C (Wooster et al. , 

2000) with areas ranging between 60 - 1600 m2
, therefore the active portion of the dome 

would occupy 0.1 - 0.006% of the pixel. The resulting MIR pixel-integrated 

temperatures would fall between 22 - 52°C (Figure 2.8a) and the TIR temperatures 

would range between 20 - 22 °C (Figure 2.8b). The resulting ~T would range between 0 

and 22°C (Figure 2.8c). Therefore lava dome growth would most easily be detected in 

the MfR and would less frequently be detected in the TIR. Therefore the ~T can 

successfully be implemented to detect such activity (Figure 2.8c). 
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4.4. Vulcano 2006: Fumarolic Activity 

Vulcano (38.4 ° N, 14.967 E) is the southernmost of the Aeolian Islands (Figure 

2.6). The last know eruption occurred in 1890 and since that time Vulcano ' s Fossa Cone 

has hosted an active fumarole field . The Fossa Fumarole field extends across an area of 

- 12,000 m2 within which temperatures range between 112 to 692 °C (Harris et al. , 2000; 

Harris et al. , 2008). Vent areas are however small (5 - 20 m2
). Since the temperatures of 

the fumaroles are low and areas small, the thermal increases should be difficult to detect 

using the low spatial resolution satellite data (Figure 2.8). For example the lower zone 

of the field has an area of 5000 m2
, across which open vents account for 421 m2 with 

temperatures ranging between 375 - I 00° C. Such a heat source against an ambient 

background of 20 °C would give T MIR of 20.5 - 22 °C (Figure 2.8a) and TnR of 20 °C 

(Figure 2.8b). Therefore these heat sources would be difficult to distinguish in the MIR 

and T!R and using the ~ T (Figure 2.8c ). 

2.4.5 Lipari 2006: Non-Volcanic Region 

Lipari Island (38.48 °N, 14.95°£) is the largest of the Aeolian Islands. Lipari was 

active from 223 ka to historic times (580 AD) (Cortese et al. , 1986; Crisci et al. , 1991 ), 

with the most recent eruption resulting in both explosive and effusive eruption of 

rhyolite. Lipari was chosen as a null test case to see how often the algorithms detected 

thermal activity when none was present. 
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2.5 Methodology 

Each of the algorithms were run and compared to results obtained from manual 

inspection of the images. The manual inspection served as the benchmark, where every 

image used in the test was visually inspected and evaluated for image quality (e.g. , the 

presence of bad data and large zenith angles), cloud conditions and the presence of real 

thermal anomalies associated with volcanic activity; that should be detected by any 

automated algorithm. Cloud-free imagery was only used in this study because including 

cloudy data in quantitative analysis can produce large error, even though anomalies can 

radiate through the cloud cover. The effects of including cloudy data in such analysis 

will be covered in the following chapter (Chapter 3). Also, A VHRR data was not used 

for the RAT algorithm. Due to large errors that are associated with the geo-location of 

AVHRR images (up to 10 km), the algorithm was instead run using MODIS data whose 

geo-location is much more accurate(~ I km). MODIS data was not used when 

implement VAST due to the processing restrictions of the algorithm. 

If a hot spot was apparent the number of anomalous pixels was recorded , along 

with their location and radiances (or temperatures) in both the MIR and TIR. A pixel was 

considered to be anomalous in this study if the pixel integrated temperature was elevated 

by 5 °C or more above its nearest surrounding (non-anomalous) pixels. In order to 

elevate a pixel 5 °C above it background temperature (~20 °C) the sub-pixel anomaly 

must be greater than 2.1x104 m2 (for an I 00 °C source) or 5000 m2 (for a 500 °C source ) 

(Figure 2.8). Any of the volcanic scenarios examined in this study therefore will 

produce at least a 5°C temperature difference if the volcanic source is active. 
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Each algorithm was then run on the same data sets and the output compared with 

the hand-picked results. The algorithms were first evaluated to see in how many of the 

images hot spots were detected. These results were used to test if the algorithm was 

capable of at- least confirming the presence of a hot spot in any given image. The validity 

of a detection, or non-detection, was assessed by comparing the results of each algorithm 

run with the hand-picked results. Next, the results were examined to see how many of 

the anomalous pixels identified in each image by manual inspection were detected by the 

algorithm. This was used to assess how well each a lgorithm can detect and locate all of 

the anomalous pixels present in any one image or eruption scenario. Comparison with 

the hand picked results allowed the percentage of detections, misses, and false positives 

to be computed. 

The algorithms were then evaluated somewhat more qualitatively to determine the 

ease of running the algorithms operationally. Determination of ease of appl ication can be 

accomplished by assessing the amount of data required to set-up and run the algorithm, 

the processing time required, global app licability, local precision and subtlety of the hot 

spot that can be detected. While the first two specifications will allow a potential user to 

determine if they have enough storage and computing capac ity to efficiently run the 

a lgorithm, while the later three tests allow the user to determine if the algorithm meets 

the group ' s needs. Each algorithm has different merits when applied in different 

scenarios. For example, a globally based algorithm may care about processing time and 

data vo lume (e.g. MODVOLC), but not necessarily about sensitivity, i.e. it is accepted 

that a subtle hot spots will missed to limit the amount of false detections. Thus, only 

major hot spots are detected, which is useful for global inventories and overviews of 

50 



volcanic activity. However, a local or regional application may be able to ingest greater 

amounts of data and operate with higher precision. The smaller area considered limits 

the amount of data needed, and monitoring of a single volcano or region may all a large 

number of images to be stored and used. In addition, more subtle thresholds can be set 

(e.g. MODLEN). This may result in high false detection rates. However, these can be 

manually checked and rejected (e.g. as can be done in VAST): in a monitoring setting it 

is better to have false alerts than to miss an eruption. 

Thus, determining whether or not the algorithm can be run on large areas versus 

its ability to detect small and subtle anomalies is the main objective of this work. 

Combining both the qualitative and quantitative analysis will allow a potential user to 

weigh the strengths and weaknesses of the various algorithms and determine which of the 

algorithm best fits their needs. 

2.6 Results 

2. 6.1 Etna 2002-2004: Sustained Lava Flows 

During the 2004-2005 flank of eruption of Etna a total of 670 night time A VHRR 

images were acquired. Of those images 249 were cloud-free and of suitable quality for 

hot spot detection. Anomalies were detected in 132 images across which, with 580 

anomalous pixels were identified. For the same time period 697 night time MODIS 

images were acquired. Of these images 262 images were cloud-free and of suitable 

quality for analysis. A total of 234 images had thermal anomalies with a total of 1751 

anomalous pixels. 
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For the 132 cloud-free A VHRR images that contained thermal anomalies, VAST 

identified anomalies in 146 images during the eruption period. Therefore all images that 

revealed anomalies during manual inspection were identified. However, 10% (14) of the 

flagged images were false positives. A total of 832 pixels were flagged by VAST, with 

315 of those pixels being false positives (Figure 2.9). Forty six percent of the pixels 

flagged by VAST were therefore false positives. VAST missed 63 pixels identified by 

manual analysis, thus 10% of the anomalous pixels were not detected (Figure 2.9). 

Of the 225 cloud-free MO DIS images that contained thermal anomalies 

MODVOLC correctly identified hot spots in 212, thereby missing 13 images with 

anomalies. Hence 94% of the images in which hot spots had been found manually were 

flagged (Figure 2.9) . A 0.4% false-positive rate resulted from the identification of one 

image in which the detected hot spot proved to be a false positive. Within the 225 images 

identified by MOD VO LC, 1084 anomalous pixels were flagged. The algorithm thus 

missed 38 % (687) of the anomalous pixels. Of the 1084 pixels detected, one proved to 

be false positives leading to a <O. l % false positive rate for detected pixels (Figure 2.9). 

Of the 132 cloud-free AVHRR images examined, MODVOLC reported hot spots 

in 57 with none of the images containing false detections (Figure 2.9). Thus, the 

algorithm detected hot spots in 43% of the anomalous images. In total , 166 anomalous 

pixels were identified by MOD VO LC out of the 580 identified manually, with 2% (4) 

being false detection. MOD YO LC thus detected 27 % of the anomalous pixels (Figure 

2.9). 

Of the 225 cloud-free MO DIS images that contained thermal anomalies RAT 

identified hot spots in 160 of the images (Figure 2.9). Thus, the algorithm identified hot 
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Figure 2.9: Scatter plots of handpicked vs algorithm detected anomalous pixels for the Etna 2004-
2005 eruption. Scatter plots show the number of pixels detected by VAST, MODVOLC and RAT 
compared to those determined manually. Dots that lie above the dotted line represent false 
positives and points that lie below represent pixels that were not detected by the algorithms 
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spots in 71 % of the images. Within these images, there were false positives, giving a 0% 

occurrence of false positives. Of the 1800 anomalous pixels identified manually 795 

were detected by RAT, with 1005 (55%) of the pixels being missed. Of the pixels 

detected 13 were false positives, thus the percentage of falsely identified pixels was 1.6% 

(Figure 2.9). 

2. 6.2 Stromboli 2007: Short-lived Lava Flows 

During the 2007 effusive eruption at Stromboli a total of 118 MODIS and 181 

AVHRR images were collected. Of these, 30 AVHRR and 26 MOD IS images were of 

sufficient qua I ity (containing no bad data and zenith angles < 40°) for hot spot analysis. 

From manual inspection it was found that of the 30 A VHRR images, 18 contained 

thermal anomalies, across which 78 anomalous pixels were identified. Twenty-one of the 

26 high-quality MO DIS images were found to contain thermal anomalies, of which 160 

anomalous pixels were identified. 

Of the 30 cloud-free AVHRR images, VAST identified hot spots in all 18 images 

manually determined to contain anomalies, with zero being identified as false detections 

(Figure 2. 10). Across these images, VAST flagged 87 pixels as anomalous (Figure 2.10) 

of which 9 were falsely identified pixels. Therefore VAST identified I 00% of the images 

in which hot spots had been identified, but l l % (9) of the pixels flagged were falsely 

identified and 51 % ( 40) pixels were missed (Figure 2. l 0). 

Of the 21 cloud-free MO DIS images that contained thermal anomalies, 

MOD YO LC identified hot spots in 18, flagging a total of 69 pixels (Figure 2.10). 

Therefore MOD VO LC detected hot spots in 86 % of the images, locating 43% of the 
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Figure 2.10: Scatter plots of handpicked vs algorithm detected anomalous pixels for the Stromboli 
2007 eruption. Scatter plots show the number of pixels detected by VAST, MODVOLC and RAT 
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anomalous pixels (Figure 2. L 0). The occurrence of false detection was zero, with no 

pixels outside of the manually identified hot spots being flagged. 

When MODYOLC was applied to the 30 cloud-free A VHRR images only 9 

images were determined to contain thermal anomalies, across which 12 pixels were 

identified. Therefore MODVOLC missed 50% of the AVHRR images in which hot spots 

had been manually identified and only 14% of the anomalous pixels were flagged (Figure 

2.10). MODVOLC, when applied to the AVHRR data, had a 0% occurrence of false 

detections. 

RAT identified hot spots in 8 of the 26 MO DIS images used for analysis. The 

alerts composed of 42 anomalous pixels (Figure 2.10). Therefore, RAT identified 38 % 

of the MO DIS images containing thermal anomalies and 26% of the anomalous pixels. 

During the eruption zero false positives occurred, giving a 0% occurrence rate of false 

positives. 

2.6.3 Stromboli 2006: Intermittent Strombolian Activity 

During 2006 a total of 899 A VHRR and l 707 MOD IS night images were 

acquired over Stromboli. Of these 468 AVHRR and 386 MO DIS images were high

quality and cloud-free. Manual inspection showed that a total of 46 A VHRR images 

contained thermal anomalies, across which a total of 65 anomalous pixels were evident. 

Anomalies were identified in 52 MODIS images, across which 69 anomalous pixels were 

manually identified . 

VAST detected hot spots in 66 of the A VHRR images collected over the 2006 

time period. Of these 66 identified images 46 were false detections. Therefore, VAST 

missed 23 of the images in which hot spots had been found manually. Thus, while 68% 
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of the flagged images were false positives, 50% of images in which anomalies were 

apparent were missed (Figure 2.1 l ). A total of 97 pixels were flagged by VAST in the 66 

anomalous images, with 66 of those pixels being false positives (Figure 2.11 ). VAST 

also missed 33 anomalous pixels. Thus, while 50% off all the anomalous pixels were 

missed 68% of all pixels detected were false positives (Figure 2.11 ). The overall 

occurrence of false positives, taking into account all 899 images run through the 

algorithm, was 12%. 

MODVOLC flagged hot spots in 8 MOD!S images, across which a total of 12 

pixels were flagged as anomalous. Therefore, MODVOLC identified 15% of the 

anomalous images and 17% of the anomalous pixels were detected (Figure 2.11 ). Hence, 

MODVOLC missed hot spots in 86% of the images, and 12% (l) of the detections were 

false positives (Figure 2.11). When MODVOLC was run using AVHRR data, two 

images were flagged as anomalous with one pixel being flagged in each (Figure 2.11 ). 

Therefore, MODVOLC missed hot spots in 97 % of the A VHRR images, but the 

occurrence of false positives was zero. 

RAT identified hot spots in 23 of the MOD!S images, across which 34 anomalous 

pixels were identified as anomalous. RAT thus detected 33% of the anomalous images 

identified manually and 32% of the anomalous pixels. Six images were also falsely 

identified as anomalous; therefore 17% of the detections were falsely identified (Figure 

2.11). 

57 



Number of Handpicked Pixels vs number of Pixels Detected by 

I-
Cl) 

~ 

(.) 
_J 

0 
> c 
0 
::.:!: 

Algorithms: Stromboli 2006 
Handpicked vs VAST 

AVHRR 

False 
Positive 

4 • Missed 
~ Pixels 

2 ~ • • • 
• • • • 

2 4 6 

Handpicked 

Handpicked vs MODVOLC 
MODIS 

3.0 ~--------~ 

2.5 

2.0 

1.5 

1.0 

0.5 

False 
Positive 

.• • 
Missed 
Pixels 

0.0 -+-~---+--~--~----! 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Handpicked 

(.) 
_J 

0 
> c 
0 
::.:!: 

~ 
0::: 

Handpicked vs MODVOLC 
AVHRR 

5 

False 
4 

Positive 

3 

Missed 
2 Pixels 

• 

0 ;: 
0 2 3 4 5 

Handpicked 

Handpicked vs RAT 
MODIS 

4 

False 
Positive 

2 • 
Missed 

... • 
Pixels 

0 
1 2 3 4 

Handpicked 

Figure 2.11 : Scatter plots of handpicked vs algorithm detected anomalous pixels for Stromboli 
2006. Scatter plots show the number of pixels detected by VAST, MODVOLC and RAT compared 
to those determined manually. Points that lie above the dotted line represent false positives and 
points that lie below represent pixels that were not detected by the algorithms 

58 



2.6.4 Augustine 2006: Lava dome growth and collapse 

During the 2006 eruption period at Augustine, 1230 A VHRR night-time images 

were collected, of which 403 had cloud-free conditions. Through manual inspection, 

289 were found to contain thermal anomalies. Within those images a total of 2377 pixels 

were found to be anomalous. During the same time period, 528 MODIS night-time 

images were collected, of which 149 of those images were of high-quality and cloud-free. 

Manual inspection revealed that 68 images contained thermal anomalies, within which a 

total of 384 anomalous pixels were identified. 

VAST identified 147 A VHRR images containing hot spots, with 17 of those 

being false detections. Therefore, VAST correctly identified 45% of the anomalous 

images, returning false positives for l2 %. A total of 520 pixels were flagged by VAST, 

with 82 being false detections. Therefore VAST identified 18% of the anomalous pixels 

during the eruption period, with 15% being false positives (Figure 2.12). The overall 

false positive occurrence rate of VAST during the eruption period was 6 %. 

MODVOLC detected thermal anomalies in 38 of the 64 MOD IS images 

containing hot spots. MODVOLC correctly identified 60% of the anomalous images, 

with no false detections. In all 157 pixels were located by MODVOLC with one being a 

false positive (Figure 2.12). Therefore MOD VO LC correctly identified 41 % of the 

anomalous pixels and 0.6% of the pixels flagged were false positives. The overall 

occurrence of false positives of MODVOLC over the eruption period was < 0.1 %. 

MODVOLC flagged 79 AVHRR images, with one of them being a false positive 

(Figure 2.12). Therefore, MODVOLC detected 27% of the anomalous AVHRR images 

with I% of the alerts being false detections. MODVOLC located 293 anomalous pixels, 
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of which two were false positives (Figure 2.12). Therefore MODVOLC located 12% of 

the total anomalous pixels while 0.6% were falsely identified. The total occurrence of 

false positives for all of the images acquired during the eruption period was 0.3 %. 

RAT identified 52 MO DIS images as anomalous, of which one was a false 

detection . RAT therefore accurately identified 82% of the images, producing false 

positives for 2% of the images detected . Within the images identified as being 

anomalous, 310 pixels were identified by RAT, with 31 being false positives (Figure 

2.12). Therefore RAT detected 81%(310) of the anomalous pixels, with 9% (74) being 

falsely identified. RAT's total occurrence of false positives over the entire Augustine 

eruption period was 2%. 

2. 6. 5 Vulcano 2006: Low-temperature fumarolic activity 

During 2006, 460 usable night-time MODIS images and 324 AVHRR images 

were collected. Through visual inspection it was determined that no thermal anomalies 

were detected. MODVOLC and RAT did not detect any thermal anomalies when run 

with MODIS or A VHRR data. VAST, on the other hand, identified 58 A VHRR images 

as anomalous, within which I 06 pixels were flagged as being anomalous (Figure 2.13). 

Therefore, during 2006 VAST had an 18% occurrence rate of false positives (number of 

false detections divided by the total number of cloud-free A VHRR images). 

2.6. 7 Lipari 2006: Null case 

During 2006, 460 MOD£S and 319 A VHRR images were acquired and run 

through VAST, MOD VO LC and RAT. Through visual inspection one of the images 

were found to contain thermal anomalies. MODVOLC did not identify any image as 

anomalous during the year. VAST falsely identified a total of 27 images as containing 

61 



Number of Handpicked Pixels vs Pixels Detected by 
Algorithms: Vulcano 2006 

Handpicked vs VAST 
AVHRR 

8 

7 ~ False 

6 ~ Positives 

I- 5 ~· 
rn 
~ 4 ~ Missed 

3 ~ Pixels 

2 ~· 

1 ~· 

0 I I T 

0 2 4 6 8 
Handpicked 
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thermal anomalies, across which 39 pixels were classified as being anomalous (Figure 

2.14). Therefore the rate of false detections for the year was 8%. RAT produced two 

false detections for the 2006 time period, within which three pixels were identified, 

resulting in a 0.4% occurrence rate of false positives (Figure 2.14). 

2.7 Discussion 

In this section the performance of each of the algorithms are discussed. First, how 

accurate each algorithm is at detecting thermal anomalies at the various volcanic test sites 

is discussed followed by a comparison of how the algorithms perform against one 

another. Their performance is based on and how easily the algorithms can be 

implemented in various applications and scenarios. 

2.7.1 VAST 

VAST accurately detected active lava flows, in both the cases of sustained lava 

flows (Etna) and short lived flows (Stromboli 2007). VAST correctly identified 98% of 

the images that contained hot spots during the 2004-2005 eruption of Etna, and 100% of 

the images during the Stromboli 2007 eruption (Tables 2.3 and 2.4). Ten percent and 

0%, respectively, of the generated alerts were false positives. The success rate in terms 

of correctly identified pixels was slightly lower, being 89 and 49 % for the two cases 

respectively (Tables 2.3 and 2.4). Therefore VAST detected at least one pixel in all of 

the anomalous images, but did not detect all of the pixels in some of the images (Figure 

2. 15 and Figure 2.16). The high accuracy is expected since VAST was developed to 

detect high temperature lava flows, which are apparent in the TIR bands (Figure 2.7). 
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Figure 2.1 6: Sample images of alerts produced by VAST for Stromboli . a - Sample of anomaly 
detected by VAST (Higgins and Harris, 1997) during the Stromboli 2007 effusive eruption . 
VAST detected two out of the four anomalous pixels. b Sample of thermal anomaly missed by 
VAST during 2006, the anomaly is apparent in the MIR (Band 3) but not large or warm enough 
to rise the temperatures in the TIR (Band 4). c - Sample of falsely identified pixels by VAST at 
Stromboli , false detections commonly occurred along the coast of Stromboli. 
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The false detections produced during the Etna eruption occurred along the Sicilian coast 

line and on the lower flanks of the volcano (Figure 2.15). Coastal false positives occur 

when the temperature difference between the land and the sea are higher than the 

calculated temperature difference within the defined non-volcanic region. The defined 

volcanic region for Etna contains a small portion of coastline; the occurrence of these 

false positives can easily be alleviated by redefining the volcanic region and ensuring that 

coastal zones are not within the region. For example, the 25 x 25 box for the A VHRR 

image acquired on 28 November 2004 at 04:04 UTC included I 0 coastal pixels and a 

~Tct i ff threshold of2 °C. As a result one false positive was generated (Figure 2.15c). 

However, decreasing the volcanic region to 20 x 20 pixels includes zero coastal pixels 

and results in no false positives. These false positives could also be eliminated if ~T 

images were used instead of the TIR image. Since the sea and coastal pixels do not 

contain a sub-pixel anomaly the temperature difference between the MIR and TIR should 

be minimal therefore the difference between the two bands should be zero. Therefore the 

~T Di ff threshold would not be reached. False positives also frequently occurred at lower 

elevations on the volcano. At these locations the lower flanks of the volcano are warmer 

than the adjacent cooler (and sometimes snow capped) summit region and are therefore 

flagged as anomalous (Figure 2.15c). Again these false positives would be minimized if 

the ~T image was used. 

VAST did not perform as well at detecting intermittent strombolian activity. 

Only 50% of anomalous images were identified by VAST and 44% of the images 

identified were false detections (Table 2.5). VAST only detected 49% of the anomalous 

pixels, with 68% of the total pixels detected being false detections (Table 2.5). The 
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Table 2.5: Number of correct, missed and false detections at Stromboli during 2006 

Algorithm Manual VAST MODVOLC RAT 

AVHRR MO DIS AVHRR AVHRR MO DIS MO DIS 

No.(%) No.(%) No.(%) No. (%) No.(%) No.(%) 

Images 46 52 

Correct 12 (26%) 2 (4%) 8(15%) 23 (44%) 

Misses 34 (74 %) 44 (96%) 44 (85%) 52 (56%) 

False 43 (65 %) 0 (0%) I (12%) 6 (21%) 

Pixels 65 69 

Correct 17 (26%) 22 (3%) 12 (16%) 34 (49%) 

Misses 48 (74%) 63 (97%) 58(84%) 45 (51%) 

False 66 (68%) 0 (0 %) 1 (8%) 10 (23%) 
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Figure 2.14: Scatter plots of handpicked vs algorithm detected anomalous pixels for Lipari 2006. 
Scatter plots show the number of pixels detected by VAST and RAT compared to those determined 
manually. Points that lie above the dotted line represent false positives and points that lie below 
represent pixels that were not detected by the algorithms. Note that only false detections were 
produced by VAST and RAT for the 2006time period. 
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Table 2.3: Number of correct, missed and false detections for Etna 2004-2005 effusive eru£tion 

Algorithm Manual VAST MODVOLC RAT 

AVHRR MO DIS AVHRR AVHRR MO DIS MO DIS 

No.(%) No.(%) No.(%) No.(%) No.(%) No.(%) 

Images 132 225 

Correct 129 (98 %) 57 (43%) 212 (94%) 160 (71%) 

Misses 3 (2 %) 75 (57 %) 13 (6 %) 65 (29%) 

False 17(10 %) 0 (0%) I (0.5%) 0 (0%) 

Pixels 580 1800 

Correct 517(89%) 162 (28%) 1065 (59%) 795 (45%) 

Misses 63(11%) 418 (73%) 687 (38%) 1005 (55%) 

False 315(38%) 4 (2 %) I (<0.1 %) 13 (1.6%) 
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Table 2.4: Number of correct, missed and false detections fo r Stromboli 2007 effusive eru£tion 

Algorithm Manual VAST MODVOLC RAT 

AVHRR MO DIS AVHRR AVHRR MO DIS MO DIS 

No.(%) No.(%) No.(%) No.(%) No.(%) No. (%) 

Images 18 21 

Correct 18 (100%) 9 (50%) 18 (86%) 8 (38%) 

Misses 0 (0 %) 9 (50%) 3 (14%) 13 (62%) 

False 0 (0 %) 0 (0%) 0 % 0 (0%) 

Pixels 78 160 

Correct 38 (49%) 12 (3%) 69 (43 %) 42 (26%) 

Misses 40(51 %) 66 (97%) 91 (57%) 118 (74%) 

False 9 ( 11 %) 0 (0 %) 0 (0%) 0 (0%) 
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Figure 2.15: Sample images of alerts produced by VAST for the Etna 2004-2005 Eruption . a - A 
sample of an accurate alert produced using VAST (Higgins and Harris, 1997), note VAST 
detected five out of the seven anomalous pixels. b and c - Sample of common false positives 
produced by VAST, those that occur on the coast of Sicily (b) and those that occur and the warmer 
flanks of the volcano (c). 
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decrease in accuracy of VAST when applied to this case is also expected considering the 

principle that it operates on. VAST uses A VHRR band 4 temperatures (T TIR) to detect 

thermal anomalies. As already shown, given the small area of the vents at Stromboli they 

are best detected in the MIR (band 3) rather than the TIR (band 4) (Figure 2.7). Again, 

false detections occurred along the coastline of the island (Figure 2. l 6c ). [t is these sea 

pixels that can be warmer than their neighboring island pixels by up to 6 °C. However, 

the temperature differences in the pixels with homogenous sea surface temperatures in 

the non-volcanic regions were much smaller than the temperature difference between the 

water and the island ( < 2 °C); therefore the pixels were occasionally flagged as 

anomalous. Basically, the relatively uniform temperature of the sea surface sets the 

threshold too low. This problem is difficult to rectify in cases of small volcanic islands 

such as Stromboli when using a TIR image. As observed in the previous case the 

occurrence of these false detections could be rectified if a ~ T image was used instead of 

the TIR image. 

VAST identified 45 % of the anomalous images at Augustine, with false positives 

occurring 17 % of the time. The number of pixels detected was low with 18 % of the 

anomalous pixels being identified, although false detections were only 3 % (Table 2.6). 

As at Stromboli, one of the reasons that VAS T's accuracy was low was because lava 

dome growth is not as apparent in the TJR (AVHRR's band 4) as it is in the MIR 

(A VHRR's band 3). As already discussed, the low temperatures typically encountered at 

a lava dome surface can result in a weak or low intensity anomaly (Figure 2.8). 

Therefore the temperature differences in the TIR (band 4) are not as prominent if the 

algorithm operates using a ~T image. 

71 



Table 2.6: Number of correct, missed and false detections during the Augustine 2006 eruption 

Algorithm Manual VAST MODVOLC RAT 

AVHRR MO DIS AVHRR AVHRR MO DIS MO DIS 

No.(%) No.(%) No.(%) No.(%) No. (%) No.(%) 

Images 289 63 

Correct 130 (45%) 78 (27%) 38 (60%) 52 (82%) 

Misses 159 (55 %) 211 (73%) 25 (40%) 11(16%) 

False 17(12%) I(!%) 0 (0%) 1 (2 %) 

Pixels 2377 384 

Correct 438(18%) 291 (12%) 157 (41%) 310 (81%) 

Misses 1939 (82%) 2086(88%) 227(59%) 74 (22%) 

False 82 (15%) 2 (0.7 %) 1 (0.6%) 31 (9%) 
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Another reason alerts were missed is the accuracy in the geo-rectification. Large 

errors in geo-rectification can occur with A VHRR imagery, these being up to I 0 km, with 

on the most precise rectification only allowing a mean precision of I km. Therefore at 

times only a portion of Augustine Island was located within the defined volcanic region 

(Figure 2. l 7b ). Thus, anomalies residing within the non-volcanic region causing the T diff 

to be greater than the temperature differences within the volcanic region. 

Although false positives did not occur frequently , when they did occur they 

occurred on the coastline of Augustine Island (Figure 2.17c). As stated previously this 

problem is difficult to correct when dealing with small volcanic islands where the fairly 

constant ~ T Di ff of the non-volcanic sea temperatures are smal !er than the ~ T between the 

land and sea pixels on the coast. As stated for Etna and Stromboli this problem could be 

rectified by incorporating a ~T image. 

For Yulcano and Lipari , VAST only generated false detections. Considering all 

of the images that were acquired over the year the total occurrence of false detections 

were 18 - 8 %, respectively (Tables 2.7 and 2.8). Again, these false positives occurred 

on the coasts of the islands and could be rectified using a ~T image (Figure 2.18). 

2.7.2 MODVOLC 

MODVOLC also performed well at detecting lava flows at Etna and Stromboli 

when using MOD IS data. The large size and high temperatures of lava flows makes them 

easily detected by the NTI technique even with a high (globally applicable) threshold. 

MODVOLC flagged 95% and 80% of the anomalous images at Etna and Stromboli , 

respectively (Tables 2.3 and 2.4 ), with the occurrence of false detections being I% for 
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Figure 2.17: Sample images of alerts produced by VAST during the Augustine 2006 eruption. 
a - Sample of alert produced where VAST (Higgins and Harris, 1997) detected one of the 5 
anomalous pixels in the image. b- Sample image showing the difficultly of detecting thermal 
anomalies using VAST in a poorly geo-referenced image. c- A sample image showing an 
anomaly detected by VAST as well as two falsely identified pixels , like at other island 
volcanoes, false positives occurred along the coastlines. 
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Table 2.7: Number of correct, missed and false detections durin~ back~round activi~ at Vulcano 2006 
Algorithm Manual VAST MODVOLC RAT 

AVHRR MO DIS AVHRR AVHRR MO DIS MO DIS 

No.(%) No.(%) No.(%) No. (%) No.(%) No.(%) 

Images 0 0 

Correct n/a n/a n/a n/a 

Misses n/a n/a n/a n/a 

False 58 (18%) n/a n/a n/a 

Pixels 0 0 

Correct 0% n/a n/a n/a 

Misses 0% n/a n/a n/a 

False 106 (100%) n/a n/a n/a 
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Table 2.8 : Number of correct, missed and false detections during at Lipari 2006 

Algorithm Manual VAST MODVOLC RAT 

AVHRR MO DIS AVHRR AVHRR MO DIS MO DIS 

No.(%) No.(%) No.(%) No.(%) No.(%) No.(%) 

Images 0 0 

Correct n/a n/a n/a n/a 

Misses n/a n/a n/a n/a 

False 27 (8 %) n/a n/a n/a 

Pixels 0 0 

Correct 0% n/a n/a n/a 

Misses 0% n/a n/a n/a 

False 39 (I 00%) n/a n/a n/a 
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Figure 2.18: Sample images of alerts produced by VAST at Vulcano and Lipari during 2006. 
Sample of false detections produced by VAST(Higgins and Harris, 1997) at Vulcano (a) and 
Lipari (b ). Both of the false detections occur along the coastline of the two islands. 
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Etna and 0 % for Stromboli. Although MODVOLC was very effective in detecting 

thermal anomalies, it was not as effective at identifying all of the anomalous pixels in the 

images. Sixty percent of all anomalous pixels were detected at Etna and 43% at 

Stromboli during the effusive eruptions. Examples of how MOD VO LC detected the 

pixels with the highest radiances, but missed some of less radiant pixels are seen in 

Figures 2.l9a and 2.20a. This would be expected since MODVOLC implements a high 

NTI in order to eliminate the occurrence of false positives in a global search. In order to 

detect the pixels that are still anomalous, but have lower radiances, the threshold of the 

algorithm would need to be lowered, but this would also increase likelihood of false 

detections. 

False detections rarely occurred and in all cases alerts resulted from geo-location 

errors with the anomaly not actually being located at the volcano of interest. This does 

not occur frequently and is a result of the algorithm running at the NASA DAAC where 

mis-registration of the geo-location files can occur, so the error is not actually associated 

with the algorithm, but the processing that occurs. Since the processing occurs off site 

this is difficult to rectify, but if the algorithm was run onsite it could be easily rectified by 

assuring that only images over the regions of interest are run. 

MODVOLC did not perform as well when using AVHRR data. Only 43% of the 

images at Etna, and 50% of those for Stromboli were flagged. The reason for this is that 

the algorithm does not function properly in cases where A VHRR MIR band (band 3) 

saturates within and down-scan of particularly intense anomalies. Given that the MIR 

band is extremely sensitive to sub-pixel hot spots at lava temperatures and saturates at a 

relatively low temperature of - 50 °C (Harris et al. , 1995), band 3 saturates over near ly 
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Figure 2.19: Sample images of alerts produced by MODVOLC during the Etna 2004-2005 
eruption . a - Sample image of pixels detected by MODVOLC (Flynn et al., 2002; Wright et al., 
2002) at Etna, note that 8 of the 12 anomalous pixels were detected . b- SampleAVHRR image 
during the Etna 2004-2005 eruption. Note that there are 6 pixels with anomalously low 
temperatures (black pixels). These recalibration pixels inhibit MODVOLC from working 
properly when using AVHRR imagery over large areas containing typical lava temperatures 
(i.e. sustained lava flows) . 
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Figure 2.20: Sample images of alerts produced by MODVOLC at Stromboli. a - Sample 
image of pixels detected by MODVOLC (Flynn et al. , 2002; Wright et al., 2002) during the 
Stromboli 2007 eruption. MODVOLC detected two of the eleven anomalous pixels. b -
Sample of anomaly not detected by MODVOLC at Stromboli during 2006 and c - and anomaly 
that was detected by MODVOLC at Stromboli during 2006. 
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all lava pixels, thereby maxing out. This allows the TIR (band 4) radiances to catch up, 

thereby reducing the NTT to below the threshold value. At times band 3 recalibrates to 

anomalously low temperatures(~ -30°C) thereby exacerbating the problem (Figure 

2. l 9b ). Therefore the most anomalous pixels in the images are can not be detected by 

MODVOLC because the MIR radiances are lower than the band 4 radiances therefore 

resulting in a NTI which is much lower than the assigned threshold of -0.8. This again is 

not a problem with the algorithms design, but is due to limitations with the A VHRR data 

set. 

Intermittent strombolian activity was also difficult to detect using MODVOLC. 

When MODVOLC used MODlS data only 13% of the images were correctly identified 

as anomalous and 16% of the total pixels. The reason for the low success rate of 

MODYOLC not being effective at detecting activity during normal activity at Stromboli 

was due to the high threshold set (Figure 2.20b). The radiance required to create a NTI 

which is high enough to exceed the threshold (Figure 2.7) requires a suitably large and 

hot source, which Stromboli does not always offer (e.g. one 4 m wide vent at 950 °C 

gives a band 22 radiance of0.33 wm-2s( 1µm-1, and a band 32 radiance of 8.5 wm-2s( 

1µm- 1
, hence, an NTI of-0.92. Again, more pixels would be flagged if a lower threshold 

was set, but the likelihood of false positives would increase. 

MODVOLC run using AVHRR data at Stromboli during 2006 performed poorly. 

This time low detection rate was not caused by the MIR data saturating, but instead due 

to the high threshold. Most of the NTI ' s produced from anomalous pixels ranged 

between -0.85 and -0.88, therefore they were not large enough to trigger an alert (i.e. they 

were not > -0.8). In order to alleviate this problem a slightly lower NTT could be set. 
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MOD VO LC detected 56% of the images that contained anomalies during the 

Augustine eruption. Again, the low rate of positive identification is caused by the lower 

intensity anomalies that are associated with lava domes (Figure 2.8). The percent of 

pixels detected by MODVOLC was 34%, therefore only a fraction of pixels within 

images were detected (Figure 2.21). Again this is due to the low NTI produced by the 

lower radiances associated with the activity at lava domes. In order to correctly identify 

hot spots at lava domes the threshold would have to be lowered. 

During 2006 MODVOLC did not produce any alerts for Vulcano and Lipari. 

Since no images were determined to have anomalies, this is an accurate result. During 

this time period no false positives were also reported, and confirms the robustness of 

MODYOLC (when used as a global threshold) for returning minimal false detections. 

2.7.3 RAT 

RAT also performed well during the Etna eruption; it detected 7 l % of the 

anomalous images and 45% of the pixels within those images (Figure 2.22). RAT was 

not as effective at detecting the lava flows during the Stromboli 2007 effusive eruption. 

The algorithm only detected 38% of the anomalous images and 26% of the pixels within 

those images. These percentages are unexpected given the high radiances produced 

during effusive eruptions (Figure 2.23a). The algorithm did have a high enough 

threshold that it did not produce any false positives during the eruptions. 

RAT performed was adequate at detecting Strombolian activity, the algorithm 

detected 44% of the anomalous images and detected 49% of the pixels within the images. 

Therefore if RAT did detect a thermal anomaly it had a higher percentage of detecting all 

of the anomalous pixels within the image (Figure 2.23c). The lower rate of detections 
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Figure 2.21 : Sample images of alerts produced by MODVOLC during the Augustine 2006 
eruption. a - An image of an anomaly missed by MODVOLC (Flynn et al., 2004; Wright et al. , 
2004) and b - an anomaly detected by MODVOLC, where eight of the twenty pixels are 
flagged as anomalous. 
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Figure 2.22: Sample images of alerts produced by RAT during the Etna 2004-2005 eruption. 
a - Sample image of an anomaly missed by RAT (Di Bello et al. , 2004; Pergola et al. , 2004) 
and b- an image where an anomaly where six of the 12 anomalous pixels were detected. 
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Figure 2.23: Sample images of alerts produced by RAT during the Stromboli 2007 effusive 
eruption . a -A sample image of anomaly missed by RAT (Di Bello etal. , 2004; Pergola et al ., 2004) 
and b - an images where RAT detected two out of the 11 anomalous pixels. c -A sample image of 
an anomaly detected by RATat Stromboli during 2006. 
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would be expected for the algorithm, since the heat source during normal activity at 

Stromboli produces a much lower radiant output than those observed during an effusive 

eruption. During the year RAT produced false detections with an overall rate of 21 % . 

RA T's performance during the 2006 eruption of Augustine vo lcano was the 

highest of any of the algorithms. RAT detected 82% of the anomalous images and 81 % 

of the anomalous pixels within those images. Therefore RAT detected most of the 

anomalies that occurred during the eruption period and detected most of the pixels within 

those images (Figure 2.24). The occurrence of false positives was also low with RAT 

producing just one false alert during that entire 3 month period. The increased 

performance of RAT during the Augustine eruption might be due to the location and time 

of year that the eruption occurred. Due to Augustine ' s high latitude and the time of year 

of the eruption, the background temperatures in Alaska are much lower than those in the 

Mediterranean. Normal background temperatures in December frequently are below 0 

°C, therefore the anomalous activity occurring at the dome would be more prominent 

than it would be if the background temperatures were warmer. Therefore using the 

means of the background pixels it is easier to detect lower temperature thermal 

anomalies. 

RAT had no false detections at Vulcano during 2006 and only one false positive 

during at Lipari. This false positive occurred near the coast and could have been cause 

by a low level anthropogenic source. 
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Figure 2.24: Sample images of alerts produced by RAT during the Augustine 2006 
eruption. a - Sample of an anomaly missed by RAT (Di Bello et al. , 2004; Pergola et al. , 
2004 ). b -A sample image of an anomaly detected by RAT where eleven of the sixteen 
pixels were identified as anomalous and c - an image where RAT identified all of the 
anomalous pixels. 
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2. 7.4 Comparison of Algorithms 

(n order to assess how the algorithms would perform in an operational setting, the 

algorithms were compared qualitatively . The algorithms were ranked from zero to one 

based upon the amount of data required to run the algorithm, the processing time required 

to run the algorithm, the global applicability of the data, the local precision of the 

algorithm and the subtlety of anomalies the algorithms could detect (Table 2.9). lf the 

algorithm meets the criteria, compared to the other algorithms, it was assigned a one and 

if it didn't it was assigned a zero. 

When considering the amount of data required to run the algorithm VAST and 

MODVOLC are both assigned one and RAT a zero. This is because both MODVOLC 

and VAST can run on an image by image basis, thereby being applicable to even a single 

image data set, both can effectively be run as a stand-alone single image package. 

Therefore large amounts of data are not needed to obtain accurate results. In order for 

RAT to obtain the most accurate results it must have an archive of data to obtain the 

necessary temporal means and standard deviations. For example a years worth of 

MO DIS data for one location is ~ 150 GB, these file sizes grow once the 

images are geo-rectified. A MODIS image increases in size from 65 to 350 MB once 

geo-referenced therefore the total size of the data set increases to ~ 750 GB. Therefore 

the data required to run the algorithm requires a large amount of storage space. 

Processing time is dependent upon the amount of data that it takes to run the 

algorithm, therefore VAST and MODVOLC again both received an assignment of one. ft 

takes minimal time to run the algorithms for one image ( < I 0 minutes), but again RAT 

requires a large amount of data to run the algorithm. For example it takes between 12 
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Table 2.9: Ranking of the algorithm applicability to operational monitoring 
Criteria VAST MODVOLC RAT 

Amount of Data 0 

Processing Time 

Global Applicability 0 0 

Local Precision 0 

Subtlety of Anomaly 0 0 

Total 3 3 3 
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hours to 3 days to download and acquire a years worth of night-time MODlS data for one 

location, depending upon the download speed. In addition it takes - 3 hours to geo

rectify that data adding to that it take - 2 hours to actually run the algorithm. Therefore 

the total setup time for RAT is - 18 hours to 3 days. This, of course, is dependent upon 

the processor speed. lt should be noted that although the initial setup time for RAT is 

much higher, once the archive of data is obtained, and the data is initially processed the 

upkeep of the algorithm decreases. For example once the means and standard deviations 

are determined for a location the algorithm can run just as fast, or faster than the other 

two algorithms. Therefore for initial set up RAT would be assigned a zero, but for 

running continuously RAT would receive a one. 

Next global applicability is assessed. Since MODVOLC was designed as a global 

algorithm it runs well in a global environment as already shown by Wright et al. , 2002 

and Wright et al. , 2004; therefore it was assigned a one. RAT and VAST, on the other 

hand, are not as easily applied globally and were assigned zeros. The areas that would 

need to be defined and applied for VAST to operate globally would be numerous. There 

are over 500 historically active volcanoes in the world and even if all of those were 

covered activity at previously inactive volcanoes could not be detected. RAT on the 

other hand would require a large amount of data to run on a global dataset and is 

currently impractical. A total of 576 images are collected over the globe on any given 

day which results in a file size of 62 GB, therefore to acquire an archive of just one year 

of data requires 22 TB of disk space. For more accurate results (and therefore acquiring 

over a years worth of data) the total disk space required to house that data would be 

increase by 22 TB yearly. 

90 



Local precision and subtlety of the hot spot that can be detected by the algorithms 

have an inverse relationship with the global applicability. If an algorithm runs effectively 

on a global scale, it will not have a low threshold to limit the number of false detections. 

Thus it would be difficult to detect all of the pixels that make up a hot spot, such as the 

low the low intensity pixel around the edge of an anomaly, and the more subtle hot spots 

(e.g. Stromboli). Therefore MODYOLC was assigned a zero in both the local precision 

and subtlety of anomalies. RAT and VAST on the other hand work off the information 

for the particular area to which they are applied and were designed to detect hot spots at 

specific locations, therefore they can have lower thresholds designed specifically for that 

location or, in the case of VAST, taken from the image and region being considered, 

therefore they were both assigned ones for local precision. When considering the 

subtlety of anomaly that can be detected RAT was assigned a one and VAST was 

assigned a zero. Since RAT operates using the MIR radiances, it can therefore detect 

anomalies caused by the smaller, less intense anomalies compared to VAST which 

currently operates using the TIR which only detects the larger and more intense 

anomalies that cause increases in the TIR (Figure 2.8) 

Combining all of these criteria VAST had a score of 3, MODVOLC received a 3 

and RAT received a 3 (Table 2.9). To calculate the algorithms overall performance the 

average percentage of false positives were subtracted from the average percentage of 

correctly identified anomalous images. This number should then weighted by the 

qualitative score in Table 2.9, but since each of the algorithms received the same score 

this step is not necessary. 
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VAST had an average detection rate of 73% and a false positive rate of 21 % 

therefore the overall accuracy rate of the algorithm for the 4 test cases was 54 (Table 

2.10). MODVOLC was assessed based on its performance using AVHRR and MODIS 

imagery separately. When using A VH RR it has an average detection rate of 31 % and a 

false detection rate of 3% that leads to an overal 1 accuracy rating of 28%.(Table 2.10). 

MODVOLC had an average detection rate of 64% and a false positive rate of 3 % that 

results in an accuracy score of 6 l %. (Table 2.10). RAT had a detection rate of 59 % with 

a false positive rate of 6 % that results in a total accuracy rate of 53 (Table 2.10). 

2. 7. 5 Adaptations to algorithms 

Adaptations to all of the algorithms could be made to make the algorithms 

perform well under all circumstances and depending upon the data type used. The 

recommendations are as follows (Figure 2.25 and Figure 2.26). For each of the 

algorithms 1) a cloud mask should be introduced to the algorithms. Such a mask would 

allow the user to determine whether possible cloud cover could be affecting the radiances 

and temperatures. This implementation would allow for the user to determine if the 

radiance or temperature values gathered at the sensor are suppressed due to the presence 

of clouds which is especially important if that data is to be used for quantitative analysis. 

The cloud mask will also decrease the occurrence of false detections due to cloud edge 

anomalies. 2) lmage rectification needs to be examined before running any data set 

through the algorithm. Since difference up to 10 km result from poor rectification the 

areas that are under investigation can be affected greatly. These are most prominent with 

RAT and VAST where there are parameters of the algorithms that are directly dependent 

on the geo-location of the image. 
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Table 2.10: Ranking of algorithms performance based on quantitative and qualitative assessments . 

Algorithm % Correct % False % Correct - % False 

VAST 73 21 52 

MODVOLC (A VHRR) 31 3 28 

MODVOLC (MODIS) 64 3 61 

RAT 59 6 53 
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Figure 2.25: Suggested adaptations to algorithms when using AVHRR data. Suggestions to increase accuracy of the algorithms when 
incorporating AVHRR data for the various types of volcanic activity. 
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Figure 2.26: Suggested adaptations to algorithms when using MODIS data . Suggestions to increase accuracy of the algorithms when 
incorporating MODIS data for the various types of volcanic activity. 



Modifications can also be made on an algorithm by algorithm basis. Adaptations 

explicitly for VAST include l) the algorithm could once again be reverted to the ~T 

algorithm for cases where saturation of the MIR band does not occur. This would include 

the low-temperature anomalies like those observed at Stromboli, Augustine and Vulcano. 

Reintroducing the ~T technique would allow subtler anomalies to be detected as well as 

filter out the occurrence of false positives that occurred due to the difference in 

temperatures of two different land types (i .e. summit vs. warmer flanks and cooler island 

vs. warmer sea temperatures). If saturation does occur in the MIR band, than the TIR 

band can be utilized, as it was in this study. 

Adaptations for MODVOLC include 1) threshold modification based upon the 

location of interest. As previously stated MODVOLC was designed for global 

applicability and therefore has a high threshold to reduce the occurrence of false 

positives. If a user has a specific area of interest it would be easy to implement a new 

threshold to detect thermal anomalies for that location. Steps could be completed (as 

done in Wright et al. , 2004) to determine the appropriate NTI for a specific location that 

would allow for the anomalies in the region to be detected, while still limiting the number 

of false detections. 

RAT could be improved by 1) assuring that the mean and standard deviations are 

of periods when no activity is occurring or to correct the means during periods of activity. 

An increase in activity at the volcano will result in the mean being higher than ambient 

and therefore will not allow more subtle anomalies to be detected. 2) RAT can also be 

evaluated to see what standard deviation should be used for each location; this would 

allow more subtle anomalies to be detected. For example a lower standard deviation 
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might be needed at a place where the normal background temperatures are higher (e.g. 

Stromboli), but do not have to be set as high for areas where the background temperatures 

are lower (e.g. Augustine). 

2.8 Detection versus quantification 

When evaluating an algorithm ' s accuracy it is important to first distinguish how 

the resulting alert will be used. [fan algorithm is used to alert a user that there is an 

anomaly present, than whether or not the algorithm identifies all of the anomalous pixels 

is inconsequential, but if information from the alert is used for quantitative analysis the 

number of detected pixels can have a large effect. This section examines the effects of 

not detecting all of the anomalous pixels when calculating radiative power loss for two 

different types of thermal anomalies. Two test cases are examined: first an anomaly 

caused by a large temperature lava flow using an image acquired during the Etna 2004-

2005 effusive eruption. The second is an anomaly caused by lower temperature dome 

growth using an image collected during the Augustine 2006 eruption. 

The radiative power loss for a pixel can be calculated using (Kaufman et al. , 

1998; Wright and Flynn, 2004) 

0-19 8 8 Ej 4.34 x I (T1i -Tb) (2.5) 

Where T1i (in K) is the pixel-integrated temperature of the anomalous pixel and Tb is the 

temperature of the ground surrounding the volcanic heat source. The total radiative 

power loss for an image can be calculated by summing the power from all of the 

anomalous pixels. 

Large, high temperature anomalies (like those caused by large lava flows) are 

usually comprised of several pixels that are highly radiant with a smaller percentage of 
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pixels that have a lower radiance. For example the MODlS image acquired during the 

Etna eruption on October 81
h 2004 at 1 :20 (Figure 2.22b) was composed of l 0 anomalous 

pixels with a total radiative power loss of 905 W. MOD VO LC detected 6 anomalous 

pixels in the image with a total power loss of 797 W, detecting a 88% of the total 

radiative power loss. For the same image RAT detected 4 anomalous pixels with a 

radiative power loss of 616 W, detecting 68% of the total power loss. Therefore even 

though MODVOLC and RAT missed 40 and 60% of the pixels respectively, they only 

missed 12 and 32 percent of the total power loss. 

Lower temperature anomalies (like those caused by dome growth) often have a 

smaller percentage of highly radiant pixels and a larger percentage of pixels with lower 

radiances. An example of such a case is found in the MODlS image acquired during the 

Augustine eruption on February 81
h 2006 at 11 :55 . The thermal anomaly was composed 

of l 0 pixels with a total radiative power loss of 176 W. MODVOLC detected 4 pixels 

with a total radiative power loss of 80 W, therefore only detecting 50% of the power loss. 

RAT on the other hand detected al I I 0 pixels and therefore I 00% of the power loss. So 

in the lower temperature case not detecting 60% of the pixels resulted in underestimating 

the total radiative power loss by 50%. This is a greater underestimate than in the Etna 

case, where the same percentage of missed pixels resulted in only a 32% underestimate of 

total radiative power loss. 

Therefore the size and temperature of the anomaly present will have an effect on 

whether or not the total number of pixels detected by an algorithm will greatly influence 

quantitative results. For more intense anomalies even if a substantial percentage of lower 

intensity pixels are not detected by the algorithm, it does not have a great effect if those 
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pixels are much less radiant than those detected. This was observed in the Etna case 

where the algorithms not detecting alt of the anomalous pixels underestimated the total 

radiative power loss by 12 to 32%. On the other hand, an algorithm not detecting the 

same percentage of pixels for a lower intensity anomaly has a greater effect because 

within that percentage of missed pixels there is a greater percentage of the total radiant 

power loss. The effects of algorithms not detecting all of the pixels when using the 

results for quantitative analysis is examined in detail for the Stromboli 2007 effusive 

eruption in Chapter 3. 

2.9 Conclusions 

A comparison of the three main algorithm types used for hot spot detection at 

active volcanoes showed that VAST had the highest rate of correctly identified 

anomalous images, followed by MOD VO LC and RAT. That being said the occurrence 

of false positives was highest for VAST, followed by RAT and MOD VO LC. Therefore 

there is a trade off between, catching all of the anomalies present in the images and rate 

of false positives. Therefore an algorithm that has a low occurrence of false positives 

will be more likely miss more subtle anomalies, while those that detect subtle anomalies 

wi II have a higher rate of false detections. 

From the study it was found that each algorithm performed well under the 

circumstances that they were designed for. VAST was adapted to detect intense 

anomalies caused by lava flows at Etna and Stromboli, where MIR data could not be used 

to detect thermal anomalies due to sensor saturation. MODVOLC was designed to detect 

thermal anomalies on a global scale with a minimal occurrence of false positives (Wright 

et al , 2002; Wright et al. , 2004). Therefore it was designed with a high threshold that 

99 



detects the most intense anomalies, but therefore it misses some of the less intense 

anomalies. RAT was also first applied in a volcanic setting at Etna, but was stated that 

the principle could be applied in any volcanic setting (De Bello et al , 2004; Pergola et al. , 

2004). All of the algorithms performed when detecting large high-temperature lava 

flows, with the exception of RAT during the 2007 Stromboli effusive eruption. This is 

because the radiant energy from the flows is enough to elevate the pixels radiance 

compared to there background as well as to elevate the TIR radiant temperatures and 

create a substantial difference in the MIR and TIR. As the temperatures and sizes of the 

anomalies decreased so did the algorithms ability to detect the anomalies, with the 

exception of RAT during the Augustine 2006 eruption. VAST and MOD YO LC 

decreased the number in accurate detections when applied to lava dome growth and 

intermittent Strombolian activity this is caused by the small increases in the temperature 

of the anomaly especially when compared to its background and to the TIR. 

The purpose of automated volcanic thermal anomalies is to detect and alert an 

operator to the presence of a thermal anomaly. While MODVOLC is an excellent option 

for global data sets, VAST and RAT are more useful for regional or local applications. 

MODVOLC, however can be adapted and or combined with VAST or RAT to allow 

improved regional application to smaller, site specific cases. In all cases the algorithms 

should be used to flag cases for user inspection. For precise hot spot mapping and to 

ensure that all pixels are used in further quantitative applications flagged images must be 

checked to ensure that all anomalous pixels have been located. In addition falsely located 

pixels will need to be removed. The effects of not using all detected pixels and falsely 

identified pixels on subsequent quantitative operations are considered in Chapter 3. 
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Therefore it is vital that the user determine how the algorithms results will be 

used . For example, for a volcano observatory it is more important to detect all anomalies 

present, the inconvenience of being sent false alerts outweighs missing anomalies for 

monitoring purposes . On the other hand, if one wants to monitor global or regional 

volcanic activity the more subtle anomalies are not as important. Missing those subtle 

anomalies outweighs receiving a large number of false alerts that you may not have to 

investigate further . It was also found that as the number of correctly identified alerts 

increased, so did the occurrence of false positives. This effect was most pronounced for 

VAST, where for Stromboli 2006 and Augustine 2006 the number correct detections was 

the greatest out of all of the algorithms, but the number of false positives grew as the 

number of correct alerts increased. As discussed above, this is part of the trade-off 

between detection and false positives . Therefore further analysis can be run to determine 

what is an acceptable percentage of false detections and missed anomalies. One way to 

achieve this would be to produce receiver operating characteristics (ROC) curves (Swets 

et al., 2000). Programs that produce ROC curves plot the percentage of true positives 

against the percentage of false positives . There will then be four outcomes: true 

detections, true negatives, false detections and false negatives and the percentage rate of 

each. A user can than evaluate the algorithms on its true positive rate and determine what 

threshold is appropriate for their monitoring purposes. 

No algorithm performs with 100% accuracy and, within our current data 

restraints, none ever will be. However users are now in a position to run a range of 

algorithms capable of aiding the operator in fast and efficient identification of hot spots. 
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These algorithms therefore aid in the analysis of thermal imagery among large (in a 

temporal and spatial sense) data sets. 
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CHAPTER 3. SATELLITE-DERIVED DISCHARGE RATES AND 

ERUPTED LAVA VOLUME FOR THE STROMBOLI 2007 

EFFUSIVE ERUPTION: AN ASSESSMENT OF ALGORITHM 

APPLICATION AND ERUPTION PROCESSES 
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3.1 Introduction 

Since the late 1980s satellite thermal remote sensing has become an established 

tool to identify and track thermal changes at active volcanoes. Initially studies focused 

on the use of high spatial resolution data provided by Landsat' s Thematic Mapper (TM) 

(e.g., Francis and Rothery, 1987; Rothery et al. , 1988; Oppenheimer, 1991). However, 

during the mid- l 990s it was discovered that high-temporal, but low spatial resolution, 

data could be used to assess volcanic activity (e.g., Harris et al ., 1995; Harris et al. , 

l 997a; Wooster and Rothery, 1997). Subsequently, ways in which low spatial resolution 

data could be used to automatically monitor volcanoes were investigated (e.g., Harris and 

Higgins, 1997; Dean et al. , 1998; Wright et al. , 2002). Algorithms designed to 

automatically detect volcanic thermal anomalies have proven a useful tool for volcano 

monitoring. Automated algorithms allow, for example, the detection of new activity, as 

well as the tracking of ongoing activity, enabling detection of increases and decreases in 

activity on a near-real time basis (e.g., Dehn et al. , 2000; Wooster and Rothery, 1997; 

Aries et al. , 2001). Such algorithms prove to be especially advantageous across regions 

where other monitoring means are not possible (e.g., Dean et al. , 1998; Wright et al., 

2004; Patrick et al. , 2005) . 

Methodologies have been developed to convert time-series of satellite sensor

derived radiances for effusive eruptions to heat flux (Oppenheimer, 199 l ), discharge rate 

(Harris et al. , l 997a) and volume (Wooster and Rothery, 1997). Such time series can 

provide details regarding the response of the volcanic system that feeds the effusive 

activity (e.g., Wadge, 1981; Francis et al. , 1993 ; Rowland et al. , 2003). For example, 

mass fluxes have been determined at active lava lakes (e.g., Oppenheimer and Francis, 
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1997; Harris et al., 1999), as well as to distingui sh between endogenous and exogenous 

growth at lava domes (e.g., Wooster et al., 2000; Kaneko et al., 2002). At such effusive 

systems, time series of satellite-data-derived discharge rates have been used to infer 

eruptive mechanisms, where pressurized, non-pressurized and fountain-fed effusive 

eruptions have been shown to have distinctive effusive rate curves (e.g., Harris et al., 

l 997c; Harris et al., 2000; Harris and Neri; 2002; Rowland et al., 2003). 

In this study the results of three automated algorithms (MODVOLC, VAST and 

RAT) are used to calculate discharge rates for, and volumes of, erupted lavas during 

Stromboli's 2007 effusive eruption using data from the Advance Very High Resolution 

Radiometer (A VHRR) and the Moderate Resolution Imaging Spectroradiometer 

(MODlS). Through comparison with manually extracted values, it was determined how 

cloud cover, the number of pixels detected and the selection of background temperatures 

affect the discharge rates and volumes calculated using the automated output. The 

implications of the extracted lava discharge rates and volumes for the mechanics and 

dynamics of Stromboli ' s system are then examined. 

3.2 Satellite Data 

For this study A VHRR and MODIS thermal infrared (TIR) satellite data were 

used . These data were selected because of their high-temporal resolution, ease of data 

access and availability of wavebands located at appropriate wavelengths for volcano 

hotspot detection. These features mean that AVHRR and MODIS are commonly used to 

detect and track volcanic hot spots (e.g., Harris et al., 2000; Dehn et al ., 2002; Wright et 

al., 2004). Both sensors are located on sun-synchronous polar orbiting satellites: NOAA 
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(A VHRR) and Terra and Aqua (MODIS). The equatorial return period for the NOAA, 

Terra and Aqua platforms are approximately 12 hours. These return periods enable at 

least four images per day, per sensor to be acquired over Stromboli. 

Both of the sensors collect data in the mid-infrared (MIR) at ~4µm and the long-

wave thermal infrared (TIR) at ~ l2µm. Hotspots are readily detectable at these 

wavebands, so that most hotspot detection algorithms use data collected in the MIR and 

TIR to distinguish thermal anomalies (e.g., Higgins and Harris, 1997; Wright et al. , 2002; 

Pergola et al. , 2004). Output from such algorithms then provide data that allows 

estimation of heat flux and construction of hotspot time-series. For this study A VHRR's 

Band 3 (MIR: 3.55 - 3.93µm) and Band 4 (TIR: I 0.3 - l l.3µm) and MODIS ' s Band 

21122 (MIR: 3.929 - 3.989µm) and Band 32 (TJR: 11.7 - I 2.27µm) were used. While 

AVHRR' s MIR and TJR bands have a nominal spatial resolution of l. l km2 at nadir, that 

of MODIS ' s TIR bands are 1.0 km2
. 

3.3 Stromboli's 2007 Effusive Eruption 

Stromboli's (38.789 "N , 15.213 °E) (Figure 3.1) activity is typically characterized 

by regular explosions occurring 8 to 17 times per hour (Harris and Ripepe, 2007). These 

explosions send small volumes of ejecta 50 to 100 m above the crater (Patrick et al. , 

2007). Effusive eruptions also occur, but much less frequently. During the last two 

millennia effusive eruptions have typically occurred every once every 5 to 15 years 

(Barberi et al. , 1993), with lava discharge being confined within the Sciara del Fuoco 

(SDF) collapse scar. This depression extends from the active craters to the sea on the 

north east flank (Figure 3.1 ). The most recent effusive eruptions occurred in 1975 
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Figure 3.1 : Location map of Strombol i. Map showing the location of Stromboli , with and insert 
DEM (courtesy of Anthony Finizola) indicating the location of the Scaria del Fuoco (SDF). 
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(Nappi, 1976), 1985-1986 (De Fino et al. , 1988) and 2002-2003 (Calvari et al., 2005). 

During the 2002-2003 eruption A VHRR and MODIS data were collected and used to 

obtain discharge rates (Calvari et al. , 2005; Ripepe et al. , 2005). These data were found 

to be in good agreement with field-based measurements and aided in a detailed 

chronology of the eruption (Calveri et al. , 2005; Lodato et al. , 2007). 

The 2007 eruption began on February 2ih 2007 and lasted for approximately one 

month, with activity ending on April I st 2007. Changes in activity prior to the eruption 

were detected in January 2007 when the North East (NE) crater experienced deformation. 

This was followed by an increase in volcanic tremor and an explosion on February 14th 

2007 (Calvari et al. , submitted). Thermal activity (observed in permanently recording, 

ground-based, thermal infrared cameras) was first observed at l 0:38 UTC on February 

27th 2007, indicating the onset of effusive activity (Calvari et al. , submitted). A new 

fracture opening across the NE rim of the crater was detected in thermal camera data at 

12:33 UTC (Calvari et al., submitted). 

As described by Calvari et al. (submitted), a lava flow was first observed in the 

visual and thermal camera data at 12:50 UTC extending northwards down the SDF. The 

lava flow reached the sea by 13:03 UTC, having traveled a distance of 1.2 km in 13 

minutes. Thus the first flow advanced at a rate of ~ 1.5 m s-1
• The first flow was fed until 

15:00 UTC, with a second flow forming at 14:57 UTC. This second flow moved in a NE 

direction to the eastern edge of the SDF, before extending down the eastern margin of the 

SDF. Like the first flow, the second flow reached the sea. A third flow was observed at 

15:35 UTC, and was believed to be a smaller flow formed from overflow of the second 

flow. At 16:00 UTC flow three was no longer fed and stopped advancing at 18:00 UTC. 

108 



The fourth and final flow was first observed at 18:26 UTC. This was fed from a new 

effusive vent which opened within the SDF at an elevation of 400 m above sea level. It 

reached the sea at 20:34 UTC, traveling at lower speeds than the previous flows . This 

vent remained active to feed persistent lava flow activity until the end of the eruption on 

Apri 1 2nd 2007. 

3.4 Principles and Methodology 

3.4.1 Principles 

Low-spatial resolution satellite data are used to calculate lava areas by applying 

Dozier' s (1981) pixel mixture model. This model was first applied for volcanological 

studies using two wavebands of high spatial resolution satellite data (Landsat TM) for 

volcanic hotspots by Rothery et al. ( 1988). It was subsequently applied to two 

wavebands of low spatial resolution data (A VHRR) by Oppenheimer ( 1989) and then 

Harris et al. ( 1995). However, the availability of just one waveband of unsaturated data, 

typically in the TIR, necessitated modification of the original dual-band method for 

application to one waveband of low spatial resolution data (e.g., Harris et al, I 997a; 

Wooster and Rothery, 1997). In the model a pixel ' s radiance is represented as a 

combination of two thermally radiating blackbodies: one at ambient temperatures (Tamb) 

and one at a hotter, in this case active lava, temperature (Thor). The pixel integrated 

temperature can now be written: 

L(A,, T;nJ =pL(A,, ThoJ +(l-p)L(A,, Tamb) (3. l) 
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In which p is the portion of the pixel occupied by the hot component, L(J.., TinJ is the 

pixel-integrated radiance at wavelength A. and L(J.., Tamb) and L(J.., T110 J are the radiances of 

the ambient and hot lava surfaces, respectively. 

The radiance of the hot and ambient thermal components, at temperatures T1101 and 

Tamb, can be calculated using Planck' s Law: 

27lhc 2 

L(A., T) = As (e"cl ;.r -1) (3.2) 

in which Tis temperature, his Planck's constant (6.63 x l 0-34 J s), c is the speed of light 

(3 x 108 m s-1
) , and k is Boltzmann's constant (l.38 x 10-23 J K- 1

). The constants can be 

combined so that c1 = 211:hc2 
= l. l 9x I 08 W µm4 m-2 and c2 = he = l .4388 x 104 µm Kand 

equation 3.2 can be written more simply as: 

(3.3) 

Equation 3.3 applies to a blackbody and does not take into account surface 

emissivity (i::1..) , atmospheric transmission (t1..) , surface reflectivity (pJ), or atmospheric 

downwelling (Lo) and upwelling (Lu) radiation. Instead, the integrated radiance received 

at the satellite sensor needs to be described as follows: 

(3.4) 

In the TIRpL0 is negligible, but in the MIR can rise up to 10-15% (Singh and 

Warren, 1993; Harris et al. , 1997). These values can be estimated using atmospheric 

models or corrected using a locally derived, image specific values collected from the 

image. In our case, data were corrected following the methodologies of Singh and 

Warren (1993), Harris and Stevenson ( 1997) and Higgins and Harris (1997). 
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Using the emissivity and atmospherically corrected radiance values, the pixel-

mixture model of equation 3.1 can now be utilized to solve for the area of lava occupying 

a particular pixel. Given a satellite based measurement of Tini. there are three unknowns 

in equation 3.1: Tamb, T,101 and p. In this study it is assumed that ambient temperatures 

within the target pixel are equivalent to the temperature of lava-free (non-anomalous) 

pixels surrounding the target pixel. This leaves two unknowns, Thor and p. Following 

Harris et al. (I 997a), p was solved for using a range of possible lava temperatures (Table 

3.1) to yield a range of possible p. Multiplying p by the pixel area (Apixe1) now gives the 

active lava area (Aiava) likely present in a pixel, i.e.: 

[ 
L( A-, Tint)- L( A- ,Tamb) ]A . _ A . _A (3.5) 
L( A, That)- L( A, Tamb ) ptxel - p ptxel - lava 

This one-band solution is either used with one band ofTIR data, if the TIR is anomalous 

and MIR is saturated (Harris et al. , I 997a), or one band of MIR data, if the TIR is not 

anomalous and MIR is not saturated (Wight and Flynn, 2004). 

Thus to obtain the area of active lava at Th within each pixel , the pixel area must 

either be known or calculated. At nadir, simple geometry dictates that this can be 

estimated using the sensor' s instantaneous field of view (lFOV) and satellite height above 

the ground (Sh), where the pixel radius = Sh tan(JFOV). For sensors viewing at extreme 

scan angles, the oblique geometry and curvature of the earth causes pixel dimensions to 

increase in both the along- and cross scan directions. The increase in scan angle thus also 

causes the pixel area to increase, and leads to distortion of the pixel. Thus can lead to 

errors in determining accurate lava area, especially at viewing angles of >50° (Harris et 

al. , I 997a). Therefore, the method of Harris et al. ( l 997c) was used to calculate off nadir 

pixel areas, and only images with scan angles less than 40° were used in this study. 
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Table 3.1: Constants used to determine discharge rates, values were taken from Calvari et al., (2005) 
and Harris et al., (2007) ________________ _ 

Parameter 

Tsurf (°C) 
T amb (°C) 
a (W m-2K 4

) 

he (Wm-2K 1
) 

DRE p (kg m-3
) 

DRE Cp (J kg- 1 K 1
) 

Vesicularity 
Bulk p (kg m-3

) 

Bulk Cp (J kg- 1 K-1
) 

Cooling Range (K) 
<!> (%) 
CL 

M 
c 

100-500 
0 

5.67x l0-8 

-1 0 
2600 
1150 
10-22 

2030-2340 
900-1035 
200-350 

45 
5.5x105 

1.8-25 
8.8-9.6 
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Active lava area can now be used to estimate the heat loss from the lava. We 

assume that the majority of the heat lost by an active lava flow is due to convective 

(Qconv) and radiative (Qrad) heat losses (Oppenheimer et al. , 1991 ; Keszthelyi and 

Denlinger, 1996; Harris et al. , 2005): 

(3.6) 

Q 4 4 
rad=Aar(T1101 -Tamb) (3 .7) 

in which A is the total active lava area summed for all pixels, he is the convective heat 

transfer coefficient, e is the emissivity of the lava and o- is the Stefan-Boltzman constant 

(Table 3.1). Combing these two heat losses gives us the total heat loss out of the system 

(Qout = Qconv + Qrad). 

[n order to solve for discharge rates, a simple heat budget for the flow must be 

determined. Simply stated, the heat supplied to the flow (Q;n) must equal the heat lost 

from the flow (Q0 111) so that (Pieri and Baloga 1986; Crisp and Baloga 1990): 

(3 .8) 

The heat supplied to the flow (Q;n) is due to advection (Qadv) and crystallization (Qcry) 

(Pieri and Baloga, 1986; Crisp and Baloga, 1994; Crisp et al., 1994; Harris et al. , 2005). 

These two heat sources can be written: 

(3.9) 

(3.10) 

where Er is the discharge rate, p is lava density, Cp is the specific heat capacity, or is the 

temperature difference between liquidius to solidus, ¢is the mass fraction of crystals 

grown in cooling through or, and CL is latent heat of crystallization (Table 3.1 ). 
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Combining and rearranging equations (3 .6) to (3. l 0) allows for the discharge rate to be 

calculated from: 

Qconv + Qrad = Qadv + Qcry 

A{hc(T1ioc Tamb) + &CY(T1io/-Tamb 4)} = Erp{cpOT + r/JcL} 

Er = (Qrad+Qconv)lp(cpOJ'+<jJct) 

(3.11 a) 

(3. l lb) 

(3.1 lc) 

(3.1 ld) 

Given the discharge rates, the volumes (V) of lava erupted can now be determined by 

integrating the discharge rates through time. 

This methodology to obtain discharge rates from heat budgets of an active lava 

flow was first given by Pieri and Baloga ( 1986) and proposed for estimation of lava 

discharge rates in extra-terrestrial cases by Crisp and Baloga (1990) . The method was 

first applied to estimate discharge rates using satellite thermal data (A VHRR) for an 

ongoing terrestrial eruption by Harris et al. (l 997a). As argued by Wright et al. (2000), 

examination of equations (3.4) to (3.9) and Table 3.1 show that, in applying this method 

to satellite data, the only non-assumed value is lava area, where assumed values 

appropriate for lava at Stromboli are given in Table 3.1. As a result equation (3.9) can be 

reduced to (Harris et al., 2007): 

Er = male (3.12) 

in which m and care coefficients which define a linear relationship between discharge 

rate and active lava area, where 

(3.13) 

and 

(3.14) 
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Inspection of equation (3.5) shows that lava area depends on p , which itself 

depends on Tamb· Hence, selection of Tamb, and its influence on the resultingp, is crucial. 

In addition the total lava area depends on the number of pixels identified as anomalous 

and used in the summation 

11;( 

A= LAtava (3.15) 
n=i 

in which i is the number of anomalous pixels for which Aiava is calculated. Thus 

an appropriate Tamb, or range of Tamb, must be selected, and all anomalous pixels must be 

identified and used. This method is used to: ( 1) asses discharge rates and volumes during 

Stromboli's 2007 effusive eruption, (2) examine the influence of cloud contamination on 

the results, (3) explore the effect of appropriate Tamb selection on the result, and ( 4) 

determine the error introduced by not considering all anomalous pixels in equation 3.15, 

as may occur when applying an automated algorithm. 

3.4.2 Methodology 

First, all images were checked manually. This involved an assessment of whether 

Stromboli was cloud covered or if an anomaly was visible, hence whether cloud 

contamination was likely. This is important because radiance can radiate through thin 

clouds or between broken clouds. In either case, the presence of cloud will reduce the 

signal. [mages were also assessed for noise and scan angle manually. Finally, in any 

image where an anomaly was observed, the MIR and TIR radiances for each anomalous 

pixel were recorded. In addition, the minimum, maximum and mean radiances for all 

background pixels immediately surrounding the anomaly were recorded . 

AVHRR and MODIS data were next run through the VAST (Harris et al. , 1995; 

Higgins and Harris, 1997), MODVOLC (Wright et al., 2002; Wright et al., 2004) and 
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RAT (Tramutoli , 1998; Di Bello et al. , 2004; Pergola et al., 2004) algorithms. For a 

detailed description of how each of these algorithms operate please see Chapter 2. As 

described in Chapter 2 all of the algorithms use MIR and TIR data to detect volcanic 

hotspots, but operate on different principles . Thus, the output parameters available to 

calculate discharge rates and volumes vary between each algorithm. The two most 

important variables that change from algorithm to algorithm are the number of pixels 

detected and the way in which Tamb is determined. As previously stated, Aiava and I amb 

are the two main parameters used to calculate discharge rate , therefore the algorithms 

ability to return the full number of anomalous pixels and Tamb identify an appropriate 

Tamb affects the discharge rates that are then calculated. 

As discussed in Chapter 2 the three algorithms all perform well when detecting 

thermal anomalies produced by active lava flows. However, the number of detected on 

each lava-flow-containing image varied from algorithm to algorithm. Therefore the total 

lava area determined by each algorithm will also vary, thus affecting the discharge rates 

and volumes calculated. 

The value output for Tamb will also vary from algorithm to algorithm. VAST 

works on a contextual basis and therefore uses information pixels surrounding the TIR 

anomaly to estimate Tamb to solve equation 3.5 using one band of TlR data. As a result, 

temperatures from non-anomalous pixels immediately surrounding each target pixe l are 

gathered and recorded. Thus, I amb is set using the average temperature of pixels 

immediately surrounding any located pixel (Higgins and Harris, 1997). 

MODVOLC, on the other hand, is a fixed threshold algorithm that runs on a 

pixel-by-pixel basis, so that no information from surrounding pixels are recorded or 
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stored. To obtain Tamb, we therefore follow Wright and Flynn (2004) solve equation 3.5 

using one band of MIR data and the recorded TIR band radiance to provide an estimate 

Tamb· Because of the poor sensitivity of the TIR to sub-pixel anomalies, if the sub-pixel 

hot spot is sufficiently small or cool (Figure 3.2) then the contribution of the sub-pixel 

hot spot [pl(A, ThoJ] to the integrated radiance [L(A, T;nJ] is negligible, so that Tint~ 

Tamb· However, if the sub-pixel hotspot is sufficiently large and or hot (Figure 3.2), then 

the integrated radiance in the I 2µm band will begin to increase above Tamb. Hence Tint in 

the TIR will be greater than Tamb· Converting such a Tint to an MIR equivalent and 

inserting into equation 3.5 for Tamb will result in a Tamb that is too great, and hence an 

estimate for p (and hence lava area) that is too small 

RAT obtains the mean value of every pixel for a given month and time of day 

using a time-series of data. To determine Tamb for this case, we assumed that the mean 

TIR radiance value was approximately equal to Tamb· 

Manual analysis involved solving identifying all anomalous pixels in the TIR, and 

using the value from the nearest non-anomalous TIR pixel to obtain the ambient value. 

This was then used to estimate lava area in each pixel, which were then summed to give 

total lava area, thereby allowing the best estimate of discharge rate and volume against 

which the various algorithm outputs could be compared. 

3.5 Results 

The Stromboli 2007 eruption was first detected in satellite imagery by A VHRR 

on February 27th at 20:06 UTC and MODIS at 21 :00 UTC. A total of2l9 AVHRR and 

118 MO DIS images were acquired during the course of the eruption. Of those images, 

only 20 A VHRR and 18 MODlS images were of sufficient quality (i.e. no cloud cover 
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and having an acceptable zenith angle of < 40°) to calculate discharge rates and volumes 

of erupted lava. These results are given in Table 3.2. 

3.5.1 Trends in Discharge Rates and Cumulative Volumes 

During the eruption there were three periods during which cloud cover hindered 

the analysis of discharge rates and erupted lava volumes. These were : February 28th to 

March 4th' March 6th to 11th' and March 18th to 25th. The period immediately following 

the eruption, April 2nd to 11 t\ was also cloud-effected. Thus, 19 days of the 32-day-long 

eruption were cloud covered, leading gaps in the discharge rate time series as are 

apparent in Figure 3.3. 

Discharge rates derived manually from cloud-free A VHRR and MO DIS images 

showed identical trends (Figure 3.3). The eruption started with a high discharge rate peak 

(17-19 m3s-1
) with rates dropping after the first day to 1-4 m3s-' (Tables 3.3a & b). Thus 

the discharge rate time series was characterized by a one-day long initial peak, followed 

by 33-day-long tail during which the discharge rates were less than 4 m3s- 1
• Within the 

period of low discharge, four pulses of waxing and waning discharge rates were 

observed, as is apparent from peaks in the time series on March 11th , March 13-14 th, 

March 18th _ 27th (Figure 3.3). 

Because the lava flows travel down the steep SDF, ground based measurements 

are difficult and dangerous to gather (Lodato et al. , 2007). On 4 March 2007, however, 

channel dimensions were estimated from high resolution digital images and the flow 

velocity was estimated using the progress of a block moving down the channel. Using 

the surface velocity and channel dimensions the discharge rate was thereby estimated by 
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Table 3.2: Images acquired and thermal anomalies detected during the Stromboli 2007 
eruption 

Total Images Cloud Free with Cloud Contaminated 
Anomaly with Anomaly 

AVHRR MO DIS AVHRR MOD IS AVHRR MOD IS 

Manual 219 118 20 18 18 25 

VAST 219 - 18 - 3 -

MODVOLC 219 118 7 20 2 20 

RAT - 118 - 8 - 13 
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Stromboli 2007 Satellite-Derived Discharge Rates 
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Figure 3.3: Satellite derived discharge rates for the 2007 eruption of Stromboli . Minimum and 
maximum discharge rate determined from cloud-free AVHRR and MODIS imagery during the 2007 
effusive eruption of Stromboli . The eruption was characterized by initially high discharge rates (4 -
20 m3s.1) followed by a longer period of low discharge rates (0.1-5.0m 3s-' ). 
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Calvari et al. (submitted) to be ~3 m3s- 1
. This compares with the A VHRR derived 

discharge rate range for the same day of I. I to 2.8 m3s- 1
• 

Lava volumes were also calculated from the A VHRR and MODIS manually

derived, cloud-free, discharge rate data. The discharge rate trend meant that the eruption 

was characterized by the initial eruption of large lava volumes, followed by a drastic 

decrease in the erupted volume, so that the slope of the cumulative volume shows in 

inflexion after the first day (Figure 3.4). The cumulative volume plots (Figure 3.4) 

indicate that the first five days of the eruption continued to be characterized by a high 

volume flux (7.7 x I 05 m3d- 1
) followed by a period of low flux (l .5 x 105 m3d- 1

). As a 

result, while 51 % of the total volume was erupted during the first five days of the 

eruption (14 % of the eruption duration), the remaining 16 % of the volume was erupted 

in the last 32 day (86 % of eruption duration). 

The total range of erupted volume calculated from the A VHRR data was between 4.0 l x 

106 m3 and 9.93 x I 06 m3 (Table 3.3a). This gives a mean output rate (MOR) over the 32 

day eruption of 2.2 m3s- 1
• The volume range calculated using MO DIS data was 3.03 x 

106 and 1.43 x l07 m3 (Table3.3b). ThisgivesaslightlyhigherMORof2.7m3s-1
. 

Differences between the two sensors are within an order of magnitude, with (9.8 x I 05 

m3-4.37 x l06 m3). The cumulative volume plots (Figure 3.4) indicate that the first five 

days of the eruption had a high volume flux (7.7 x 105 m3/day) followed by a period of 

low flux (1 .5 x I 05 m3d-1
) . As a result, 51 % of the total volume was erupted during the 

first five days of the eruption (14 % of the eruption duration), while the remaining 16 % 

of the volume was erupted in the last 32 day (86 % of eruption duration). The total 

erupted volume obtained using all data being in the range 1.0 x 107 to 3.3 x 106 m3
, to 
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Figure 3.4: Cumulative volume of erupted lava during the Stromboli 2007 eruption. Range of 
cumulative volumes of erupted lava determined using cloud-free AVHRR and MODIS satellite 
imagery. 
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Table 3.3a: Manuall~ derived dischar&e rates and volumes of eru~ted lava from A VHRR ima&es 
Max. Discharge Min.Discharge Max. Cumulative Min. Cumulative 

Date/Time Rate ~m3s· 1 ~ Rate (m3s'1
) Volume ~m3) Volume ~m3~ 

2/27107 20:06 19.3 7.8 1.40 x I 06 5.64 x I 05 

3/4/07 21 :31 2.8 I.I 6.23 x I 06 2.5 1 x 106 

3/5/07 I :0 I 3.2 1.3 6.26 x I 06 2.52 x 106 

3/ 11 /07 20:29 1.6 0.6 7.67 x 106 3.09 x 106 

3/ 14/07 I :09 0. 1 0.0 7.83 x l 06 3.15 x 106 

311 4107 21 :00 l.l 0.5 7.87 x 106 3.17 x l 06 

3115107 0:58 0.8 0.3 7.89 x 106 3. 17 x 106 

3/ 15/07 20:27 0.9 0.4 7.95 x 106 3.20 x 106 

3116/07 20: 14 2.1 0.9 8.07 x l 06 3.26 x 106 

3/ 17/07 0:37 1.0 0.4 8.1 0 x l06 3.27 x 106 

3/26/07 21 :23 1.0 0.4 8.95 x 106 3.61 x 106 

3127107 21:00 1.7 0.7 9.07x l 06 3.65 x 106 

3/28/07 20:37 1.4 0.5 9.20 x 106 3.70 x 106 

3/31/07 21 :08 1.3 0.5 9.55 x 106 3.83 x 106 

4/ 1/07 I :24 0.9 0.4 9.57 x 106 3.84 x l 06 

4/ 1/07 20:45 2.2 0.9 9.67 x 106 3.89 x 106 

Mean 2.6 1.04 

Median 1.4 0.50 
Standard 
Deviation 4.5 1.83 
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Table 3.3b: Manualll'. derived discharge rates and volumes of erul!ted lava from MOD IS images. 
Max. Discharge Min.Discharge Max. Cumulative Min. Cumulative 

Date/Time Rate (m3s-1
) Rate ~m3 s- 1 ) Volume ~m3~ Volume ~m3) 

2/27/07 21:00 17.28 3.65 1.3 l x 106 2.76 x 105 

2/28/07 l : ls 17.43 3.68 1.57 x 106 3.32 x 105 

3/4/07 l 0: 15 3.56 0.75 5.54 x 106 1.17 x 106 

316107 0:40 1.9 1 0.40 5.92 x 106 1.25 x 106 

3/1 l/2007 0:55 5.31 1. 12 7.48 x 106 l.58 x 106 

3/11/2007 21 :25 1.95 0.50 7.75 x 106 1.64 x 106 

3/ 12/2007 1 :25 0.94 0.20 7.77 x 106 1.64 x 106 

3/1 2/2007 20:20 0.52 0.11 7.82 x 106 l.65 x l06 

3/ 13/2007 0:30 0.77 0. 16 7.83 x 106 l.66 x 106 

3/1 3/2007 21 :00 4.66 0.98 8.03 x 106 1.70 x 106 

3/ 14/2007 1: 1 S 4.24 0.89 8.10 x l06 1.71 x 106 

3/27/2007 21 :25 4.48 0.95 1.33 x 107 2.81 x 106 

3/28/2007 0: 30 0.84 0. 18 l.33 x l07 2.82 x 106 

3/28/2007 0:45 2.07 0.44 l.33 x l07 2.82 x 106 

3/29/2007 0:45 2.99 0.63 l.36 x l07 2.87 x 106 

3/31 /2007 21:00 2.99 0.63 1.43 x 107 3.02 x 106 

4/ 112007 1: 15 2.36 0.50 l .43 x 107 3.03x l06 

Mean 4.4 0.9 

Median 3.0 0.6 
Standard 
Deveation 1.55 0.33 
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give a mean output rate (MOR) over the 32 day eruption period of 2.4 m3s- 1
• Following 

Lodato et al. (2007), it was noted that entry of the flows into the sea and flow front 

crumbling on the steep slopes meant that much of this volume was likely lost to the sea. 

3.5.2 Automated algorithm discharge rates and cumulative volumes: Cloud

cover effects 

During the entire eruption period, 182 A VHRR and 118 MODIS were acquired . 

Considering all of the automated detections, including those that occurred on cloud

contaminated images, VAST detected anomalies in 42 A VHRR images, MODVOLC in 

10 A VHRR images and 41 MO DIS images, and RAT in 19 MODIS images (Table 3.2). 

Although VAST flagged all A VHRR images that contained anomalies, it also 

detected 17 anomalies during cloudy conditions. The resulting discharge rates during the 

eruption ranged between 0.1 - 3.3 m3s- 1 (Figure 3.5a), to give a total volume for the 

erupted lava in the range 9.3 x 105 to 2.3 x 106 m3 (Figure 3.6a). When compared with 

the manually-derived volume, this represents an underestimate by between 3.1 x 106 and 

7.6 x 106 m3
. Discharge rates calculated from MOD VO LC run on AVHRR data likewise 

ranged from 0. 1 m3s- 1 to2.3 m3s-1 (Figure 3.5a), to give a total volume of erupted lava in 

the range 4.1 x l 06 to 9.93 x 106 m3 (Figure 3.6a), again representing an underestimate by 

3.9 x 106 to 5.9 x 106 m3
. 

When implementing MODVOLC to the MODIS data, anomalies were detected on 

41 images. Twenty-five of those had poor conditions. The discharge rates calculated 

from the full set of 41 (good and bad) images, ranged between 0.1 and I 0 m3s-1 (Figure 

3.5b). The resulting total volumes were in the range I.Ox 106 to 7.8 x 105 m3s-1
, 

representing an underestimate by between 2.0 x 106 and 6.5 x 106 m3 (Figure 3.6b ). 
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Figure 3.5: Discharge rates determined from automated algorithms. Discharge rates calculated 
using the all detections produced from the various algorithms using AVHRR (a) and MODIS (b) data. 
The dashed line represents the mean discharge rates calculated from manual results. Notice: there 
is a tendency for the automated discharge rates to provide underestimates when compared to 
manual results as well as periods where rates are calculated and no manual results are given; these 
were obtained during cloudy conditions at Stromboli. 
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caused by the inclusion of cloudy imagery. 
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Using the same MODIS data, RAT detected anomalies in 19 images, with 11 of them 

having poor viewing conditions (Table 3.2). The resulting discharge rates ranged 

between 0.0 I and I 0.9 m3s-1 and gave a total volume of between 1.6 x 106 and 1.2 x 107 

m3 (Figure 3 .Sb). Again, use of artificially low discharge rates (due to the inclusion of 

cloud contaminated radiances) led to an underestimate in the erupted lava volume by 1.5 

x I 06 
- 2.6 x I 0 m3 (Figure 3.6b). 

Simply, cloud-contamination reduces the at-sensor radiance over that which 

would have been recorded during cloud-free conditions. Thus, although the lava event is 

detected, the pixel-integrated radiance (and all derived values including lava area and 

discharge rates) is under-estimated. This is most apparent from the discharge rate time 

series, where the use of the cloud contaminated data introduced artificial low periods, one 

occurring, for example, between March l st and 4th (Figure 3.5), a period when the manual 

plot contains no data due to the presence of cloud contamination (Figure 3.3). 

3.5.3 Automated algorithm discharge rates and cumulative volumes: Number of 

pixel effects 

Next discharge rates were calculated with cloudy data removed, so that the main 

factor leading to differences with the hand-picked results was the number of pixels the 

algorithm detected, thus affecting the total lava area. For most of the images, VAST 

underestimated the number of anomalous pixels (Table 3.4). VAST thus gave a slightly 

lower range in discharge rates (3.3 to 0. 1 m3s-1
) when compared with the manually

derived estimates (Figure 3.7a). As a result, there was also an underestimate in the total 
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Table 3.4a: Number of anomalous pixels detected durin2 the 2007 Stromboli eruption 
Number of Anomalous Pixels 

Image Sensor Manual VAST MODVOLC RAT 
Date/Time 

2/27/07 20:06 AVHHR 13 9 1 
2/27/2007 21 :00 MO DIS 14 2 

2/28/2007 1 : 15 MO DIS 17 7 8 
31112005 20:50 MO DIS 4 2 

3/2/2007 l :05 MO DIS 5 5 
3/4/2007 21 :20 MO DIS 4 2 

3/4/07 21:31 AVHRR 8 4 2 
315107 1 :0 I AVHRR 7 16 

315107 21:08 AVHRR 5 5 
3/6/2007 0:40 AVHRR 5 4 

316107 0:50 MO DIS 3 4 
3/6/2007 21: l 0 MO DIS 5 2 

3/7 /2007 1 :20 MO DIS 9 6 
3/ l l /2007 0:55 MO DIS 13 

3/ 11/07 20:29 AVHRR 4 2 
3/ 11 /2007 21 :25 MO DIS 14 6 10 

3/12/2007 I :25 MO DIS 7 
3/12/2007 20:20 MO DIS 5 4 

3/13/2007 0:30 MO DIS 6 
3/13/2007 21:00 MO DIS 4 6 

3/ 14/20071:15 MO DIS 8 4 4 
3/14/07 I :09 AVHRR I 

3/14/07 20:29 AVHRR 3 9 2 
3/15/07 0:58 AVHRR 2 6 

3/15/07 20:37 AVHRR 4 3 
3116107 20:14 AVHRR 8 2 

3/17/07 0:37 AVHRR 4 3 
3/26/07 21 :23 AVHRR 3 4 
3/27 /07 21 :00 AVHRR 5 6 

3/27/2007 21 :25 MO DIS 7 3 4 
3/28/2007 0:30 MO DIS 5 
3/28/2007 0:45 MO DIS 6 2 4 

3/28/07 20:37 AVHRR 2 
3/29/2007 0:45 MO DIS 7 4 

3/31 /2007 21 :00 MO DIS 7 3 
3/31 /07 21:08 AVHRR 2 5 
411 12007 1: 15 MO DIS 8 4 4 

4/ 1/07 l :24 AVHRR 2 2 
4/ 1/07 20:45 AVHRR 2 2 
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Table 3.4b: Background temperatures determined from manual inspection and algorithms during 
the 2007 Stromboli eruption 

Background Temperatures (0 C) 

Image Sensor Manual VAST MODVOLC RAT 
Date/Time 

2/27/07 20:06 AVHHR 9.4 11.8 2.0 
2/27 /2007 21 :00 MO DIS 29.0 

2/28/2007 1 : 15 MO DIS 24.0 8.4 
3/ 1/2005 20:50 MO DIS 10.0 

3/2/2007 1 :05 MO DIS 13.0 
3/4/2007 21 :20 MO DIS 19.0 

3/4/07 21 :31 AVHRR 9.3 12.6 0.0 
3/5/07 1 :OJ AVHRR 9.5 13.8 

3/5/07 21 :08 AVHRR 12.5 12.0 
3/6/2007 0:40 AVHRR 13.0 12.8 

316107 0:50 MO DIS 17.0 
3/6/2007 21: I 0 MO DIS -3.0 

317/2007 I :20 MO DIS 17.0 
3/ 11 /2007 0:55 MO DIS 6.0 

3/ 11 /07 20:29 AVHRR 10.0 11.2 4.5 
3/ 11 /2007 21 :25 MO DIS 12.0 4.5 

3112/2007 I :25 MO DIS 
3/12/2007 20:20 MO DIS 11.0 

3/ 13/2007 0:30 MO DIS 1.0 
3113/2007 21 :00 MO DIS 12.0 

3114/2007 I : 15 MO DIS 9.0 4.5 
3114107 1:09 AVHRR 12.0 

3/14/07 20:29 AVHRR 13 .0 11.8 4.0 
3115107 0:58 AVHRR 10.0 11.9 

3115107 20:3 7 AVHRR 10.5 11.5 3.6 
3/16/07 20:14 AVHRR 10.2 12 .7 5.3 

3/ 17/07 0:37 AVHRR 3.5 4.0 
3/26/07 21 :23 AVHRR 10.4 9.0 
3/27/07 21 :00 AVHRR 12.9 8.9 

3/27 /2007 21 :25 MO DIS 19.0 4.5 
3/28/2007 0:30 MO DIS 
3/28/2007 0:45 MO DIS -3 .0 4.5 

3/28/07 20:37 AVHRR 8.5 I I. I 4.5 
3/29/2007 0:45 MO DIS 13.0 

3/31/2007 21 :00 MO DIS 4.5 
3/31 /07 21:08 AVHRR 9.8 2.7 
4/ 1/2007 1:15 MO DIS 17.0 0.8 

4/1/07 1 :24 AVHRR 5.6 10.6 
4/1 /07 20:45 AVHRR 15.2 12.0 
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Figure 3. 7: Discharge rates calculated from cloud-free algorithm alerts. Discharge rates calculated 
using automated detections from cloud-free images by the various algorithms using AVHRR (a) 
and MODIS (b) data. The dashed line represents the mean discharge rates calculated from manual 
results. The algorithm results over and underestimates the discharge rates during different portions 
of the eruption but are generally lower than those expected from manual analysis. 
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volume, giving a value in the range 1.2 x I 06 to 3.0 x I 06 m3s- 1
, which is 2.8 x 106 to 6.9 

x 106 less than that obtained from the manual analysis of cloud-free data. 

Using both A VHRR and MODIS data, MODVOLC underestimated the number 

of anomalous pixels (Table 3.4), resulting in lower discharge rates (2.2 to O. l m3s- 1
) 

(Figure 3.7a). Therefore there was an underestimate in the cumulative volume of lava 

when compared to the manually derived results (l.1 x 105 
- 3.0x 106 m3

) (Figure 3.8a). 

Likewise, MODVOLC also underestimated the number of anomalous pixels in all 

MODIS images (Table 3.4). Therefore, the cumulative volumes were again low when 

compared to the manual results (Table 3.5). 

RAT, like the other algorithms, did not correctly identify all of the anomalous 

pixels within the images. Thus again the discharge rates were underestimated which 

resulted in an underestimate of cumulative volumes (1.5 x I 06 
- I. l x 107 m3

) (Figure 

3.8b). Manually derived volumes and those obtained from the automated algorithms is 

given in Table 3.5. This table shows that no algorithm identifies all anomalous pixels, 

thus there is an underestimate in lava area, discharge rates and cumulative volumes. 

3.5.4 Automated algorithm discharge rates and cumulative volumes: Choice of 

ambient temperatures 

Next the choice of background temperature was explored. This was completed by 

removing all cloudy data as well as setting Tamb to a constant value. Tamb was a single 

representative background value that was determined manually for each image, by taking 

the average temperature of the closest surrounding non-anomalous pixels. VAST 

determines Tamb on an image-by-image basis, therefore for each image a different Tamb is 

determined (Table 3.4). Changing the VAST determined Tamb to the manually chosen 
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eruption using AVHRR (a) and MODIS (b) imagery. Dashed line depicts the manually derived 
volumes. Overall there is a tendency for the automated results to underestimate the volumesas 
obtained from manual analysis . 
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Table 3.5: Volumes of erupted lava determined from algorithm results 
A VHRR VAST MODVOLC RAT 
Manual 

All Results 

(Manual-All Results) 

Cloud-Free 

(Manual - Cloud-

Free) 

Fixed Tamb 

(Manual - Fixed 

Tamb) 

MO DIS 

Manual 

All Results 

(Manual-All Results) 

Cloud-Free 

(Manual - Cloud

Free) 

Fixed T amb 

(Manual - Fixed 

4.01 x I06 -9.93x 106 

9.28x I 05 -2.33x I 06
-

(3.09 x I 06- 7.60x 106
) 

I .24x I 06 - 3.03 x I 06 

(2. 77x I 06 - 6. 90 x I 06
) 

l.24x 106 - 3.30x I 06 

(2.77x I 06 -6.63 x I 06
) 

3.03x I 06 
- I .43x 107 

4 .0 I xi 06 -9.93x 106 

1.48x I 05 --4.06 x I 06 

(3.87x 106- 5.87 x 106
) 

l.l 3x I 05 - 3.03 x I 06 

(3.90x I 06- 6.90x I 06
) 

9.74x I 04 -2.77x I 06 

(3.92x 106-7. I 6x I 06
) 

3.03x106
- l.43 x l07 

I .04x l06 -7.82 x I06 

(1.99x 106-6.52 x 106
) 

I.I 5x 106 -8.61 x 106 

(1 .88 x 106-5.72x 106
) 

1.21 x I 06 -9. I I x I 06 

(1.82x 106-5 .23 x 106
) 

3.03xl06 - l .43xl07 

l.56xl0 6
- l.17 x J07 

(l .47 x I 06-2.60x I 06
) 

I .48 x I 06 
- 1.11 x I07 

(1 .55 x I 06-3.20 x I 06
) 

6. J4xI05 -4.15 xJ 06 

(2.41xI06-l.02x I 07
) 
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Tamb had minimal effects on the discharge rates (Table 3.6) (Figure 3.9a). This resulted 

in cumulative volumes that ranged between I .2 x 106 
- 3.3 x 106 m3

; resulting in a 

difference with the hand-picked results of 2.8 x I 06 
- 6.6 x 106 m3 (Figure 3.1 Oa). 

Using AVHRR data, MODVOLC resulted in a lower than expected Tamb· These 

resulted in lava areas, and hence discharge rates, that were greater than those calculated 

manually (Table 3.4b). Using MODIS data, MODVOLC data (i.e. those that used the 

TrR equivalent for each anomalous pixel) yielded a Tamb that was often greater than the 

manually determined Tamb· This was a result of the TCR pixels, themselves, being 

anomalous, so that the contribution of the lava was not negligible. When MODVOLC 

was run using MOD IS data the Tamb was greater than the manually determined 

temperatures (Table 3.4b). Increased Tamb caused a decrease in lava areas and, hence, 

discharge rates . 

RAT determines mean values of pixels for a given month, therefore the mean 

values used for Tamb only changed three times during the eruption period, with a value for 

February, March and April (Table 3.4b). The mean pixel values were significantly lower 

than the Tamb determined from each of the images manually. As a result, estimated lava 

areas and discharge rates were higher than the manually determined results (Figure 

3.9b). 
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Table 3.6: Differences in discharge rates from var,ring ambient teml?eratures 
Discharge Rates !m3s-1

) 

Sensor Date/Time VAST VAST T amb MODVOLC MODVOLC Tamb 

Manual Tamh ~ifferencel Manual Tamh ~ifferencel 
AVHRR 2/27/07 20:06 2.0 1.2 (0.8) 0.4 0.3 (0.1) 

3/4/07 21 :31 I. I 0.6 (0.5) 1.2 0.8 (0.4) 
3/5/07 0 I :0 I 1.6 1.6 (0) 
3/5/07 21 :08 0.9 1.3 (-0.4) 
3/6/07 00:50 0.5 0.6 (-0.1 ) 
3/11/07 20:29 0.4 0.2 (-0.2) I. I 0.4 (0.7) 
3/ 14/07 01:09 0.8 0.2 (0 .6) 
3/ 14/07 20:29 0.1 1.3 (-1.2) 1.0 0.8 ((0.2) 
3/15/07 00:58 0.4 0.6 (-0 .2) 
3/ 15/07 20:37 0.6 0.9 (-0 .3) 0.6 0.6 (0) 
3/ 16/07 20:14 0.5 0.2 (0.3) 0.6 0.4 (0.2) 
3/17/07 21:00 0.6 0.4 (0.2) 
3/26/07 21 :23 0.6 1.0 (-0.4) 
3/27/07 21:00 1.2 2.3 (-I.I) 
3/28/07 21:00 0.7 0.5 (0 .2) 1.8 0.6 (1.2) 
3/31 /07 21 :08 0.5 1.2 (-0.7) 
4/ 1/0701:24 0.6 0.5 (0. 1) 
4/ 1/07 20:45 1.2 1.2 (0) 

MODIS MODVOLC MOD VO LC T amb RAT RAT Tamb 

Manual Tamh ~Difference) Manual Tamb ~ifferencel 

2/27 /07 21 :00 5.9 5.9 (0) 6.1 8.3 (-2.2) 
2/28?07 01:15 9.5 9.5 (0) 
3/1 /07 20:50 0.5 0.5 (0) 
3/2/2007 01 :05 0.9 0.9 (0) 
3/4/2007 21 :20 1.3 1.3 (0) 
3/6/2007 00:40 1.1 I. I (0) 
3/6/2007 21 : I 0 0.3 0.3 (0) 
317/2007 01:20 3.2 3.2 (0) 
3/ 11 /2007 00:55 2.7 2.7 (0) 
3/ 1112007 21 :25 I. I I. I (0) 2.7 3.7 (- 1.0) 
3/ 12/2007 20:30 1.0 0.9 (0) 
3/ 13/2007 00:45 0.1 0.1 (0) 
3/ 14/2007 21 :25 0.8 0.8 (0) 
3/ 14/2007 0 I :25 0.4 0.4 (0) 1.1 1.1 (0) 
3/27/2007 21 :25 2.4 2.4 (0) 0.4 0.4 (0) 
3/28/2007 0 I :40 0.4 0.1 (0.3) 0.3 0.2 (0.1) 
3/29/2007 00:45 I. I 0.9 (0.2) 
3/31/2007 21 :00 0.9 1.0 (-0.1) 
411 /2007 0 I: 15 1.2 1.2 (0) 1.4 1.3 (0.1) 
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Figure 3.9: Discharge rates calculated from cloud-free algorithm detections with a fixed ambient 
temperature. Discharge rates calculated using the detections produced from cloud-free images 
with a fixed ambient temperature by the various algorithms using AVHRR (a) and MODIS (b) data. 
The solid line represents the mean discharge rates calculated from manual results. Therefore the 
difference between the manually calculated and those produced from the algorithms are caused by 
the number of pixels the algorithms detected. 
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Figure 3.10: Cumulative volumes calculated using cloud-free automated algorithm results at a 
fixed T amb· Graphs show the difference in calculated cumulative volumes of lava erupted during the 
Stromboli 2007 eruption using AVHRR (a) and MODIS (b) imagery. Dotted line depicts the 
manually derived volumes . Overall there is an underestimate of volumes calculated when using 
automated results , where the differences are due to the number of pixels the algorithms detect. 
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3.6 Discussion 

Here what can be inferred from the calculated discharge rates and cumulative 

volumes for the Stromboli 2007 eruption are discussed. First the eruption mechanics for 

the 2007 and previous effusive eruptions at Stromboli are discussed. Then, using the 

automated results the controlling factors that contribute to inaccuracies in discharge rates 

and cumulative volumes are examined. 

3.6.J Stromboli eruption mechanics 

Discharge rate trends for Stromboli ' s 2007 eruption were characteristic for a 

basaltic effusive eruption which taps a pressurized source. ln such cases an initial 

discharge rate peak (waxing phase) is followed by a longer period of decreased discharge 

rates (waning phase), as described by Wadge ( 1981) (Figure 3.11 ). This is characteristic 

for eruptions caused by the tapping of a pressurized source by a shallow dyke which 

extends to the surface. This results in discharge rates that decrease with time as the 

source depressurizes. This type of activity has been observed at several volcanoes 

including Paricutin (Wadge, 1981), Krafla and Etna (Harris et al. , 2000) and Fernandina 

(Rowland et al., 2005). Previously this behavior has also been observed at Stromboli 

during the 2002-2003 effusive eruption (Calvari et al. , 2005 ; Harris et al. , 2005; Ripepe et 

al., 2005; Lodato et al. , 2007). 

The 2007 eruption also experienced small fluctuations in discharge rates during 

the waning phase. Such pulses lasting a few minutes to a few hours rates have been 

observed in the field at Etna (Bailey et al., 2006) and during the previous eruption of 

Stromboli in 2002-2003 (Harris et al. , 2005). Harris et al. (2005) concluded that these 

fluctuations at Stromboli were caused by the recovery of the magma level in the central 
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Figure 3.11: Satellite-derived discharge rate trends for the Stromboli 2007 eruption. The gray 
curve shows a schematic of a typical discharge rate curve for a basaltic eruption that taps a 
pressurized source (Wadge, 1981 ). The discharge rate curves for the 2007 eruption fit the typical 
curve well , with the mid-point for the AVHRR and MOD IS-derived ranges given by the solid and 
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conduit during periods of low discharge rates. This creates a greater driving pressure in 

the dyke feeding the lateral vents and thus results in higher discharge rates. Because the 

geometry of the feeding for the 2007 eruption was similar to that which fed the 2002-

2003 eruption, this scenario could easily be used to explain the cycles observed here 

(Catvari et at. , submitted). 

Similar discharge rate trends, i.e. , an initial peak followed by a long waning 

phase, were observed during the 2002-2003 eruption by Catvari et al. (2005), Ripepe et 

at. (2005), Lodato et al. , (2007). However, although the 2007 eruption had similar trends 

to, the discharge rates and mean output rates were an order of magnitude greater (Figure 

3.12). During the 2002-2003 eruption AVHRR-derived discharge rates ranged between 

O. l and l .O m3s- 1
, with a mean output rate of 0.32 ± 0.28 m3s- 1 (Lodato et at. , 2007). 

MOD IS-derived discharge rates for the 2002-2003 eruption were similar ranging between 

0.1 and l.2 m3s-1
, leading to a mean output rate of 0.2 m3s- 1

• This compares with the 

AVHRR-derived mean output rates of 2.2 m3s-1 and MO DIS-derived mean output rates 

of 2.7 m3s-1 during the 2007 eruption. There are two reasons for the differences between 

the two eruptions. 

The first factor influencing the time average discharge rates is the timing of the 

first image acquisition. A VHRR and MODIS images were acquired ~5 hours after the 

onset of the 2007 eruption. This enabled at least part of the waxing phase of the eruption 

to be detected, during which the highest discharge rates occurred. During the 2002-2003 

eruption the first A VHRR images reported in Calvari et al. (2005) were not acquired until 

January I st 2003, six days after the eruption commenced. Thus, the initial high discharge 

rate peak was missed by the satellite data. This means that the MOR becomes heavily 
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Figure 3.12: Stromboli 2002-2003 vs. 2007 discharge rates. Graph showing the differences 
between the 2002-2003 and the 2007 satellite derived discharge rates during two effusive eruptions 
at Stromboli. The 2007 eruption had initially higher discharge rates compared to the 2002-2003 
eruption and the 2002-2003 was approximately 100 days longer. Mid-point values from theAVHRR 
data sets for the two eruptions are given. 
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weighted towards the waning phase of the eruption (Figure 3.13). However, one MOOTS 

image was acquired at the beginning of the eruption, approximately four hours after the 

onset of the eruption. Re-examination of the raw image reveals that MODVOLC did not 

detect the most intense pixel of the anomaly. This pixel surpassed saturation in band 21 

resulting in a spectral radiance of 192 wm-2sr- 1 µm -1
, which converts to a pixel-integrated 

temperature of 293 °C. After examination of the raw image and the MOD VO LC alert, it 

was determined that this was a problem with the preprocessing of the data and not a fault 

of MODVOLC. Including the pixel with a saturated radiance of 92 wm-2s( 1µm- 1 

provided an extra pixel that was more radiant than all of the other pixel ' s radiances 

combined (33 wm-2s( 1 µm-1
) , so that it accounted for 74 % of the total anomaly radiance. 

Therefore, not including this one pixel resulted in an underestimate of the initial 

discharge rate. Recalculating the discharge rates given all of the pixels in the anomaly 

gives a discharge rate range of 8.3 m3s-1
• This compares with the value of 1.1 m3s-1 as 

initially calculated using the MODVOLC derived radiance of33 wm-2s( 1µm-1
• 

Recalculating the cumulative volumes using this value gives a new cumulative volume of 

3.45 x !06 m3 compared with the previous estimate of 2.4 x 106 m3
. This resulted in the 

MOR increasing from 0.2 m3s-1 to 0.4 m3s-1
• 

The second factor is dependent upon how long the waning phase is compared to 

the waxing phase of the discharge rate curve. As observed in this study, the 2007 mean 

output rate was much higher for the 2002-2003 eruption. Part of this is due to more lava 

being erupted during the eruption, but it also has to do with how long the eruptions were 

in comparison with one another. While the 2007 eruption lasted 32 days, the 2002-2003 

eruption lasted l 41 days. Therefore the waning phase of the 2002-2003 eruption was 
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Figure 3.13: Differences between discharge rates and mean output rates. Schematic showing the 
difference in how the discharge rates and mean output rates (MOR) are determined. The discharge 
rates are the value of effusion on the gray curve at any point in time, while the MORs are calculated 
by taking the average discharge rate over the entire eruption period (boxes). Therefore, depending 
upon the duration of the eruption a MOR can be weighted toward the high discharge rate(waxing) or 
low discharge rate (waning) portion of the eruption. For the 2007 eruption the MOR was we,ighted 
toward the waxing portion of the eruption, while the 2002-2003 eruption was weighted toward the 
waning portion of the eruption. Therefore eruptions with similar eruption rate curves can have very 
different MORs. 
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much longer than in 2007. Thus the discharge rate curve for the 2002-2003 eruption was 

tail dominated (Figure 3.13). As a result, in 2002-2003, 36 % percent of the lava volume 

was erupted during the first 3 % of the eruption. This is a much smaller percentage than 

was observed in the 2007 eruption, when 51 % of the total volume was erupted during the 

first 3 days (9 %) of the eruption. Therefore the period of high discharge has a heavier 

weight in 2007 than in 2002-2003 , an eruption which was more weighted to the waning 

phase of low discharge (Figure 3.13). 

3. 6.2 Inaccuracies in automated algorithms 

One of the first observations made when comparing VAST, MODVOLC and 

RAT results are that the algorithms produced discharge rates and cumulative volumes 

that varied by over an order of magnitude (Table 3.6). 

One of the major discrepancies in the automated results came from MODVOLC 

when using A VHRR data. The main reason for the underestimates of discharge rates and 

volumes is that the MIR channel saturates at ~50 °C and some pixels over the most 

intense hot spot pixels undergo a spurious response, recording anomalously low 

temperatures (-30 °C). The effect of the low MIR saturation levels mean that TIR values 

can approach the saturation-capped-MIR values, so that the MIR-TIR brightness 

temperature difference on which MODVOLC relies is not attained and the pixel is thus 

not detected. Likewise, the spurious MIR response over the hot spot means that the 

hottest pixels (those that have sub-pixels anomalies large and warm enough to elevate the 

TIR channel) are actually not anomalous in the MIR; instead they have anomalously low 

temperatures Therefore MODVOLC only locates a fraction of the anomalous pixels, and 

the hottest (most important) pixels are actually missed. Thus, the MODVOLC algorithm 
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should not be applied to A VHRR data when examining intense sub-pixel thermal 

anomalies, such as lava flows. 

Cloud-cover had the most significant effect, as observed during the cloudy portion 

of the 2007 eruption. Not only does the inclusion of cloud-contaminated data in 

automated results lead to underestimates of discharge rates and volumes of lava, but they 

can also indicate unreliable trends in discharge rates (e.g., Figure 3.5). During cloudy 

periods the discharge rates were drastically lower than during cloud-free periods leading 

to apparent - false - troughs. Using such under-estimated values also lowers the 

estimated erupted lava volumes and, hence, the derived mean output rate. 

The number of pixels used to calculate the discharge rate also has an effect on the 

results. This is not as critical when one pixel has a much higher radiance than the all 

surrounding anomalous pixels, as in MOD CS data early in the 2007 eruption. Basically, 

most of the radiance data is contained in one or two particularly intense pixels. In this 

case, it becomes more important to ensure that these pixels are correctly included than to 

worry about inclusion of a low intensity pixel at the anomaly periphery that contributes 

just a fraction of the total radiance. However, incorporating all the anomalous pixels 

becomes more crucial when lava flows cover wider areas. Also, if the warmest pixel is 

missed by the algorithm the resulting discharge and cumulative volumes will be 

underestimated; sometimes by an order of magnitude. This was observed in the 2007 

eruption when VAST did not detect the warmest pixel and in 2002-2003 when 

MODVOLC did not report the warmest pixel. The resulting discharge rates were both an 

order of magnitude less. 
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Choice of background temperatures also had an effect on the discharge rates, but 

had much less influence than cloud cover and the number of pixels. The largest 

differences were observed using MOD VO LC and RAT. To use MODVOLC derived 

Tamb one must make the assumption that band 32 (T!R) temperatures are representative of 

background temperatures . As shown in Figure 3.2, this assumption is appropriate for 

small and/or cool sub-pixel anomalies, but does not apply to large and/or hot sub-pixel 

anomalies like those created by lava flows. Lava flows cause temperature increases in 

both the MIR and T!R bands. Therefore the band 32 temperatures are much higher than 

the actual ambient temperatures being, themselves, anomalous (Table 3.5). Indeed, 

VAST is best run over lava flows using the anomaly in TIR data (Chapter 2). This effect 

in over-estimating Tamb leads to underestimates of p when solving the dual-band solution 

and hence results in an underestimate of both lava area and discharge rate. 

RAT produces a mean value of a pixel for a given month allowing this 

temperature to be used to calculate discharge rates. This means that, sometimes, cooler 

cloud temperatures are used. Thus the temperature can be tens of degrees cooler than 

those measured from the surrounding non-anomalous (cloud-free) pixels. This decrease 

in Tamb in turn causes an increase in calculated p , lava area and hence, the satellite

derived discharge rates. Discharge rates obtained using RAT determined Tamb were up to 

0.2 m3s·1 greater than those calculated using a manually obtained Tamb· 
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3.7 Conclusion 

The Stromboli 2007 effusive eruption was detected using both A VHRR and 

MO DIS data. Like the previous eruptions of Stromboli the eruption was composed of 

two periods of activity, a short period of high discharge rates, followed by a longer period 

of low discharge rates . The satellite derived discharge rates were in agreement with 

field-based measurements when available. Smaller fluctuations in di scharge rates were 

detected during the waning portion of the eruption, as was also previously observed at 

Stromboli during the 2002-2003 eruption. 

For an eruption caused by tapping a pressurized source, such as those observed at 

Stromboli , it is critical that both the waxing and waning phases of effusion are accounted 

for when calculating volumes of erupted lava. During the 2007 eruption 66 % percent of 

the total volume was erupted within the two days of the eruption. Therefore, if this 

period of heighted discharge is not recorded by the satellite it will result in significant 

underestimates of erupted volume. This was observed in the 2002-2003 eruption of 

Stromboli, when poor weather conditions inhibited the collection of discharge rates 

during the first day (high discharge rate period) of the eruption. 

Automated algorithms are a good tool to detect activity at volcanoes but, as observed 

in this study, there are many factors that can lead to misleading results when using 

automatically-extracted pixel radiance data to estimate higher level parameters. This 

occurs most frequently when including cloudy data or when an algorithm does not detect 

highly radiant anomalous pixels. [f cloudy data are used, and/or a large number of 

anomalous pixels are not detected, then errors in lava volume estimate can be an order of 

magnitude. Therefore, when using satellite imagery for monitoring and research 
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purposes, it is critical that there be user interaction when making quantitative assessments 

such as estimation of discharge rates and volumes of erupted lavas. 

During the 2007 eruption of Stromboli A VHRR images were analyzed daily to 

estimate discharge rates. Images were provided by the NERC Remote Sensing data 

analysis service at the University of Plymouth, UK, and sent to the Hawaii Institute of 

Geophysics and Planetology at the University of Hawaii at Manoa. All images were 

inspected manually to determine cloud conditions and the occurrence of anomalous 

pixels. All pertinent radiance information was than logged, stored and used for discharge 

rate calculations. lf cloud-free thermal anomalies were present, discharge rates were 

calculated and sent to lNGV-Catania along with an image status report, giving the status 

of all images (e.g. hot spot observed, but cloud-contaminated) . Given a total of - 7 

A VHRR images per day, this takes process took between 30 and 60 minutes daily. This 

amount of time is minimal when timely communication of discharge rates are essential 

for volcano monitoring and on-going hazard assessment. Therefore, if one wants to use 

satellite data for volcano monitoring, algorithms can be used as a timely indicator that 

changes in activity are occurring, but it is critical that the data are inspected by an image 

analyst to confirm the accuracy of the results and to process higher level parameters. 
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CHAPTER 4. COUPLED USE OF COSPEC AND SATELLITE 

MEASUREMENTS TO DEFINE VOLUMETRIC BALANCE 

DURING EFFUSIVE ERUPTIONS AT MT. ETNA 

151 



4.1 Introduction 

Etna is one of the most studied and monitored volcanoes on earth (Bonaccorso, 

2004 ), where the most frequent hazard is due to the eruption of lava flows; specifically 

those produced during flank eruptions. These can produce extensive flows that can 

inundate densely populated communities of the lower slopes (Guest and Murray, 1979; 

Behncke et al. , 2005). Satellite remote sensing can be used during effusive eruptions to 

determine effusion rates, aiding in hazard monitoring. The degassing that takes place 

when magma rises to the surface can be monitored using ultraviolet spectroscopic 

methods. Sulfur Dioxide (S02) fluxes have been derived from correlation spectrometer 

(COSPEC) measurements at Etna on a regular basis since 1987 (e.g., Caltabiano et al. , 

1994; Allard, 1997; Andronico et al., 2005; Burton et al., 2005). Previous studies have 

compared field-based effusion rates with the measured S02 fluxes to determine how 

much of the degassed magma is erupted onto Etna ' s flanks (Allard, 1997). However, 

such studies examine bulk volumes erupted annually rather than examining the short

term variations during eruptions. Determining the amount of lava erupted and/or the 

balance between the amount supplied and the amount erupted remains an unresolved 

issue. The main objectives of this study are to examine such short-term variations using 

satellite-based effusion rates along with regularly measured S02 fluxes. These 

measurements are then used to assess how and when the volume of supplied magma is 

balanced by the volume of erupted lava during individual effusive eruptions . 
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4.1.1 Magma volumetric balance dynamics 

Once magma enters the shallow system three scenarios are possible. In scenario 

1, degassed magma can remain unerupted, resulting in endogenous growth (Dzurisin et 

al. , 1984; Dvorak and Dzurisin, 1993). In scenario 2, it can sink back to deeper levels to 

mix with a deep reservoir (resulting in cryptic growth) (Allard et al. , 1994; Allard, 1997). 

Alternatively, in scenario 3, it can be erupted onto the surface resulting in exogenous 

growth (Francis et al. , 1993; Sutton et al. , 2001 ). As a result, three different mass balance 

scenarios can occur: (1) The volume of erupted lava (Verupt) is Jess than the volume of 

supplied magma (Vsuppliect), meaning that a portion of the degassed magma has not been 

erupted; (2) Yerupt can be greater than Ysupplied, meaning that previously degassed magma 

in temporary storage within the shallow system has contributed to the erupted flux, or the 

magma has risen at a rate faster then it can degas; or (3) Y erupt can equal Y supplied if all of 

the degassed magma is then erupted. 

These scenarios have been documented at several volcanoes. At Kilauea (Hawaii) 

between 1956-1983, Ysupplied was greater than Yerupted with 45-65 % of the supplied 

magma remaining within the volcano's rift zones (Dzurisin et al., 1984; Dvorak and 

Dzurisin et al. , 1993). In contrast, during 1983-2002 Y supplied equaled Yerupted (Dvorak and 

Dzurisin et al., 1993; Sutton et al. , 2001) . At Krafla (Iceland) deformation data revealed 

an excess in supply during 1975-1978, resulting in endogenous growth by rift zone 

intrusion (Bjornsson et al., 1979). At Etna Ysupplied has been determined from the volume 

of degassed magma (V degas) derived from gas flux data, where, during 1975-1995, V degas 

greatly surpassed Y erupt (Allard, 1997). This excess volume of degassed magma likely 

resulted in the creation of a cryptic plutonic complex within Etna's sedimentary basement 
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(Allard, 1997) as well as contributing to some endogenous growth by intrusion (Harris et 

al., 2000). However, most studies have examined volume fluxes over periods of decades 

and have not examined the potential variation in volume partitioning during individual 

eruptions. Here the volumes of degassed magma are compared with the amount of 

erupted lava during three effusive eruptions of contrasting style and locations at Etna 

between 2002 and 2006. To do this COSPEC-derived S02 measurements and effusion 

rates obtained from Advanced Very High Resolution Radiometer (A VHRR) thermal data 

are used. It is shown that the balance between the volumes of degassed magma and 

erupted lava not only varies from eruption to eruption, but also varies during single 

eruptions. 

4.2. Etna eruptions: 2002-2006 

Three eruptions occurred at Etna during 2002-2006: the 2002-2003 flank 

eruption, the 2004-2005 summit eruption and the 2006 summit eruption. The 2002-2003 

flank eruption began on 28 October 2002 when two eruptive fissures opened on the South 

and NE flanks (Andronico et al. , 2005) . The eruption lasted 3 months ending on 28 

January 2003 when effusive activity ceased at the south vent. The eruption was 

characterized by moderate lava effusion ranging from 2-15 m3 s- 1
, as well as long periods 

of intense explosive activity, with particularly explosive phases occurring during 27 

October-12 November and 26 November-10 December. The eruption was preceded by a 

slight increase in S02 emission, which increased from a background flux of 1,000 t d- 1 to 

2000 t d-1 (Andronico et al., 2005) . 
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The 2004-2005 summit eruption began on 7 September 2004 with the opening of 

a fracture on the lower eastern flank of the South East Cone (SEC). The eruption was 

characterized by low but steady effusion at 2.3-4.1 m3 s- 1 to feed lava flows that extended 

2.5 km (Bmion et al. , 2005). The eruption lasted 6 months ending in March 2005 

(BVGN, 2005). Unlike most Etnean eruptions no precursory activity, such as an increase 

in S02 flux, preceded the eruption (Burton et al. , 2005). 

The 2006 eruption began on 14 July 2006 when a fissure opened on the east flank 

of the SEC (BGVN, 2006). The eruption lasted 11 days ending on 24 July The eruption 

was characterized by lava flows emplaced at highly variable effusion rates that ranged 

between 2-10 m3 s- 1 and was accompanied by Strombolian activity at SEC. Lava flows 

had not reach lengths longer than 3 km when the eruption ended (BGVN, 2006) . 

4.3. Methodology 

Magma degassing rates and volumes of magma degassed were calculated using 

COSPEC-derived S02 measurements . Previous studies have shown how S02 flux can be 

measured using CO SPEC and that, given S02 flux, the volume of degassed magma can 

be calculated (Caltabiano et al. , 2000). The S02 source is degassing magma, ascending 

toward the surface. Melt inclusion studies (Metrich et al. , 2002; Spilliarert et al. , 2006) 

have constrained the original sulfur content of Etnean magma to be ~ 0.32 wt%. 

Therefore assuming a primitive magma density of 2700 kg m-3 (Pompilio and Corsaro, 

2002) allows one to calculate what a specific volume of unvesiculated primitive magma 

can produce. In order to compare S02 fluxes with lava effusion rates, the volume of lava 

that each primitive volume of magma can produce must be determined; the main volume 
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change being controlled by the presence of vesicles. Typically Etnean lava flows are 

~25% vesiculated. For each of the eruptions considered here S02 measurements were 

made daily (Andronico et al. , 2005; Burton et al., 2005; Burton et al ., in press). these 

measurements were then used to calculate the degassed magma flux (in m3 s- 1
). This is 

then used to define the amount of magma that is degassed over a given time period, in 

this case a day, and term this time-averaged (daily) magma supply rate (Sr). Given Sr one 

can integrate through time to calculate the volume of degassed magma over each 

measurement period. This is defined as the volume of supplied magma (Vsupplied) (Table 

4.1 ). 

Effusion rates were calculated using cloud-free A VHRR data. The pixel mixture 

model initially proposed by Dozier (1981) and adapted for use with one A VHRR band 

(Harris et al. l 997a) was used; allowing the area of lava that occupied each thermally 

anomalous pixel to be determined. These were then summed to obtain total lava area and 

used to calculate the radiative and convective heat losses from the active lava following 

Oppenheimer (1991) . Heat loss was then converted to effusion rate using the 

methodology derived for Etna by Harris et al. ( 1997a; 2000; 2007). This approach is 

based on a relationship whereby the amount of heat lost from a flow is equal to the heat 

generated from crystallization and advection (Pieri and Baloga, 1986). These values are 

then averaged over time and termed the time-averaged discharge rate (Dr). These rates 

were used to calculate the volume of lava erupted over a given period (Verupted) (Table 

4.1). 
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Table 4.1: Definitions, descriptions and significance of parameters used in determining volumetric balance 

Parameter Description and Significance 
Time-averaged (daily) supply rate of 
magma. Rate of magma entering the 

S, shallow portion of the system 
Time-averaged (daily) discharge rate of 
lava. Rate of lava being erupted from the 

D, volcano 

Volume of magma degassed over a given 
period of time. Volume supplied to the 

Vsupply shallow portion of the system 

Volume of lava erupted over a given period 

Derivation 
Calculated by supplied magma volume 
flux required to give the measured S02 
flux. 

Calculated by erupted volume flux 
required to balance heat loss. 

Calculated by integrating S, through time 

Verupt of time. Volume of erupted lava Obtained by intergrating D, through time 
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4.4 Results 

The balance between Sr and Dr, supplied magma volumes and erupted lava 

volumes for each eruption is given in Table 4.2 . The temporal variations during each 

eruption are also plotted in tem1s of Sr and Dr (Figure 4. la), supply versus erupted 

volume difference (V supply-Yerupted) (Figure 4.2), and cumulative volumes (Figure 4.1 b ). 

eruption was split into phases based on characteristic levels in Sr and Dr, and thus 

differences between supplied magma and erupted lava volumes (Figure 4.1 ). 

The 2002-2003 eruption began with a five-day phase (Phase I) during which Dr 

exceeded Sr (Figure 4. la), meaning that more lava was erupted than was degassed 

(Figure 4.2; Table 4.2) . As a result, the output exceeded supply (Figure 4.1 a). However, 

during the following phase (Phase II) Sr exceeded Dr (Figure 4. la; Table 4.2), causing an 

excess in magma supplied (Figure 4.2) . Consequently, the volume of supplied magma 

greatly surpassed the volume of erupted lava (Figure 4.1 b ). During the third phase 

(Phase III) Sr equaled Dr (Figure la); so Y suppliect= Y erupted (Figure 4.2; Table 4.2). During 

the final phase (Phase IV) there was an excess of supplied magma (Figure 4.2; Table 4.2) . 

Overall Y supplied exceeded Yerupt by 3.4xl07 m3 (Figure 4.lb; Table 4.2). Field-based 

measurements of erupted lava during this eruption were measured to be 3.5 - 4.0x107 m3 

(Allard et al., 2006) (assuming a vesicularity of 25%), these values fall within the given 

range of erupted volumes calculated in this study (Figure 4.1 b ). 

During the 2004-2005 eruption Dr and Sr were approximately constant throughout 

the eruption, with periods of small differences (<3 m3 s-1
) (Figure 4.la) . We classified 

the eruption into four phases (Phases A- D). During two of the phases (Phases A & C) 

Y erupt exceeded Y supplied, but only by small amounts (Figure 4.2; Table 4.2). In the other 
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Table 4.2: Eruption information, supply rates (m3/s), discharge rates (m3/s), volumes of supplied magma (m3), volumes of erupted lava (m3
) and volumetric 

diffe--- --- 1
" '-" " '---

3 
-·- . ~- ··--

Eruption: 2002-2003 2004-2005 2006 

Phase: I II Ill IV Total A B c D Total x y Total 

Start Date 26-0ct-02 31 -0ct-02 13-Dec-02 28-Dec-02 16-Sep-04 7-0ct-04 4-Nov-04 2-Dec-04 15-Jul-06 19-Jul-06 

Stop Date 30-0ct-02 12-Dec-02 27-Dec-02 29-Jan-03 6-0ct-04 3-Nov-04 1-Dec-04 10-Mar-04 18-Jul-06 25 July-06 

Duration (d) 5 42 15 33 95 21 28 27 98 174 4 7 11 

Max Dr 33 9 8 5 5 5 6 12 5 10 

MaxS, 15 22 7 10 2 2 4 11 4 6 
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two phases (Phase B & D), the two volumes were coupled and so that Ysuppliect was equal 

to the Yerupted (Figure 4.2; Table 4.2). The total difference between Yerupt and Ysuppliect was 

6.6x106 m3
. Field-based measurements ofYerupt were 5.0x 107 m3 (Allard et al., 2006), 

also falling within the range of volumes calculated in this study (Figure 4.1 b ). 

The 2006 eruption was characterized by almost constant Sr. However, Dr was 

highly variable (Figure 4. la) . During the first four days (Phase X) Dr was lower than Sr. 

However after July 251
h (Phase Y) Dr increased to surpass Sr (Figure 4.1 a; Table 4.2) . 

Therefore, the Ysuppliect was greater than Yerupt during Phase X, but greater than Ysuppliect 

during Phase Y (Figure 4.1 b; Table 4.2). 

4.5 Discussion 

The three eruptions encompass the three different volume balance scenarios : i.e. , 

(1) Ysuppl iect=Yerupt, (2) Ysuppliect>Yerupt, (3) Ysuppliect<Yerupt· When Ysupplied is greater than 

Yerupr a portion of the ascending magma reaches a depth at which the magma can degas 

(<4 km) but does not erupt. This occurred during Phase IV of the 2002-2003 eruption 

when Ysupplied exceeded Yerupt by 8.7 x 106 m3 (Figure 4.lb) . In such a scenario the 

excess of degassed magma must either be stored in the edifice or be removed from the 

shallow system to be emplaced at depth. However, if the magma were erupted 

explosively the satellite sensor would not be able to detect the emission. Therefore there 

would be an underestimate in the volume of erupted material. This was the case for 

Phase II of the 2002- 2003 eruption. During that time Etna experienced a highly 

explosive phase simultaneous with the effusive activity with tephra volumes of up to 

2.2±0.4 x 107 m3 being erupted (Andronico et al. 2005 ; Spilliaert et al. , 2006). Therefore 
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the difference between the effused and degassed magma (2 .9 x 107 m3
) during this phase 

could be explained by volume lost to tephra. Magma may also rise at a rate slower than 

the gases are able to escape; therefore degassed magma fluxes can outrun Dr. In such 

cases the volume of degassed magma will eventually erupt, but will be observed later in 

the eruption. We use this scenario to account for the volume differences during the 2006 

eruption. Early in the eruption S02 fluxes were elevated, but discharge rates were low 

(0.4-1.1 m3 s- 1
) . Later in the eruption the Dr reached higher levels (8-4 m3 s- 1

) while the 

S02 fluxes remained constant (Figure 1). This change indicates that magma that had 

been degassed during the initial phase of the eruption (Phase X) had finally reached the 

surface during the latter phase (Phase Y) so that overall Y supplied and V erupted were 

balanced (Table 4.2). 

When V erupt exceeds Y supplied two different scenarios can occur. Either the excess 

erupted volume is accounted for by eruption of previously degassed magma, or magma 

rises from depth at a faster rate than it is able to degas. The first scenario can occur at the 

beginning of an eruption when magma that has been stagnant within the shallow reservoir 

becomes incorporated with the eruption of new magma. Etna experiences almost 

constant degassing at the summit craters, at a time-averaged rate of~ 1000 t d-1 

(Caltabiano et al., 1994). Therefore there is potentially a substantial volume of degassed 

magma that can reside within the volcano's edifice at most times. This is available for 

incorporation with the next eruption. This discrepancy was observed at the onset of the 

2004-2005 eruption (Figure 4.2) . This eruption was preceded by a 20 month period of 

quiescence and was not preceded by an increase in S02 emissions (Burton et al., 2005). 

Thus, time was available to generate a degassed volume that could contribute to the onset 
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of the eruption, in the case of the 2004-2005 eruption this contributed to an excess of 2.6 

x 106 m3 oflava. The second scenario can occur during eccentric eruptions in which 

magma that feeds the eruption bypasses the central conduit (Andronico et al., 2005 ; 

Spilliaert et al., 2006). This scenario is observed during Phase I of the 2002-2003 

eruption when an excess of 4.3 x 106 m3 was erupted in the first five days. Therefore at 

the onset of the eruption a large volume of magma was able to erupt without having 

adequate time to degas . 

4.6 Conclusions 

Typically S02-derived volumes of degassed magma have been used to calculate 

volumetric budgets of volcanoes on time scales of years to decades. On such a time 

scale, during Etna ' s three eruptions of 2002-2006, there was a volumetric imbalance with 

an excess of 2.3 x 107 m3 (i.e. 24% of the magma supplied to the shallow system 

remained unerupted) . However, over the time-scale of days-to-weeks it was found that 

partitioning can vary within single eruptions. Once magma reaches a depth where sulfur 

exsolves several scenarios can occur: (1) the magma can erupt (sometimes incorporating 

excess volumes of previously degassed magmas), (2) it can remain within the edifice 

resulting in endogenous growth, or (3) it can be recycled (and perhaps intruded beneath 

the edifice). During an eruption lasting just a few weeks, all three scenarios can be 

encountered. During 2002-2006, over a total of 280 days of eruptive activity, only on 

141 days did Sr couple with Dr. Therefore, only over 50% of the times were the gas

based measurements and satellite-based measurements coupled. This does not mean that 

either measurement is in error, but instead points to different processes that control the 
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volume partitioning. Several processes can cause these volumetric imbalances: (I) 

magma can be rising at a faster rate than it is able to degas (Vsupply<Verupt), (2) magma is 

erupted in an explosive manner (Vsupp1y>Yerupt) , (3) degassed magma is not erupted 

(Vsupp1y>Verupt), or (4) the eruption of previously degassed magma occurs (Vsupp1y<Yerupi). 

S02 fluxes and measurements of discharge rates when used together can be used 

to assess volume partitioning during effusive eruptions. Because effusion rate can 

influence flow length and area (Walker, 1973; Pieri and Baloga, 1986) this allows 

potential hazards posed by emitted lava flows to be assessed, especially if whether all or 

only a portion of the degassed magma is being erupted can be resolved. Given these 

findings, to assess the actual eruption flux, discharge rates have to be measured. S02 

fluxes can be used to determine discharge rates for eruptions where all magma supplied is 

subsequently effusively erupted, as is the current case at Kilauea (Sutton et al., 2001). 

However, S02 data should be coupled with other monitoring, such as measurements of 

discharge rates, during more complex cases to allow a correct assessment of volume 

partitioning. 
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CHAPTER 5. ERUPTION CHRONOLOGIES, PLUME 

HEIGHTS, AND ERUPTION STYLES AT TUNGURAHUA 

VOLCANO: INTEGRATING THERMAL INFRARED SATELLITE 

AND INFRASOUND DATA 
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5.1 Introduction 

Explosive volcanic eruptions produce ash plumes and pyroclastic flows that pose 

threats to surrounding communities. In addition, volcanic plumes pose hazards to the 

aviation community and can affect air traffic routes hundreds of kilometers away from 

the volcano (Casadevall, 1993 ; Rose et al. , 1995; Casadevall and Krohn, 1995; Dean et 

al., 2004). Effective monitoring of these plumes is difficult due to the dangerous nature 

of explosive eruptions, often remote location of volcanoes, and the impossibility of being 

able to view the plume' s dispersal patterns from the ground as it spreads over hundreds, 

even thousands of kilometers. A satellite ' s synoptic view allows volcanic plumes to be 

detected during both day and night and the use of high temporal resolution data sets 

allows changes in the plume ' s transport and dispersal to be tracked, even in cases when 

the plume extends around the globe (Matson, 1984). Without the use of satellite data 

eruption plumes ' dispersal could not be monitored or tracked. Therefore, remote sensing 

techniques can be used to identify and track these plumes and thereby aid in hazard 

management (e.g. Kienle and Shaw, 1979; Hoasek and Self, 1995; Holasek et al. , 1996; 

Schneider et al., 1999). Integrating satellite data with other observations of eruptions 

producing volcanic plumes (e.g. , visual observations, ground-based thermal imagery, 

radar, seismic and infrasound data) enables different eruption regimes to be better 

identified and classified, thereby enhancing monitoring efforts. 

The purpose of this research is to use Geostationary Operational Environmental 

Satellite (GOES) and Moderate Resolution Imaging Spectroradiometer (MODIS) satellite 

data to develop eruption chronologies, determine eruption dynamics, and estimated ash 

plume ceilings and their uncertainties during different eruption regimes at Tungurahua 
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Volcano, Ecuador during 2006 - 2008. This chapter will expand on the previous 

investigation of monitoring efforts using infrasound and satellite data at Tungurahua 

(Garces et al. , 2008) and incorporate the infrasound observations presented in a 

companion paper of Fee et al. , in prep. Both data types allow remote monitoring of 

volcanic activity, but integrating the two will enables both at vent (infrasound) and post

eruption (satellite) process to be tracked. The integration of infrasound data as well as 

visual observations and thermal camera imagery enables us to constrain: (1) what types 

of eruptions can be identified using satellite data and (2) what changes in eruption 

mechanisms can be inferred using satellite imagery, infrasound data, and ground-based 

thermal imagery. 

5.2 Background 

5.2.1 Tungurahua Volcano 

Tungurahua Volcano (1.476 S, 78.442 W) is located in Ecuador approximately 

140 km south of the capital city of Quito (Figure 5.1). The 5023 m andesite-dacite 

stratovolcano is considered one of the most active volcanoes in Ecuador (BGVN, 2008). 

Tungurahua is composed of three major volcanic edifices constructed in the mid

Pleistocene. The active cone (Tungurahua III) is located inside a large horse-shoe shaped 

caldera (Figure 5.1) that formed during large debris avalanche ~ 3000 years ago (Hall et 

al., 1999). All historic volcanic activity has occurred at the summit vent and has been 

generally characterized by strombolian to vulcanian explosions, occasionally 

accompanied by pyroclastic flows , lava flows and lahars that can inundate populated 

areas surrounding the flanks of the volcano (BGVN, 2008). Although there was a hiatus 
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Figure 5.1: Location map of Tungurahua Volcano. a-Map showing location of Tungurahua in 
Ecuador and b- a Landsat ETM + image showing location ofTungurahua, summit crater (yellow circle) 
and IG observatory. 
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in the historic eruptive activity from 1918 to 1999, since 1999 eruptive activity has 

resumed and is characterized by Vulcanian activity from the central vent resulting in 

convective plumes (Johnson et al. , 2003 ; Arellano et al. , 2008; BGVN, 2008). During 

the period 2002-2008 the volcano has experienced several alternating periods of 

increased activity (Mathes et al. , 2004), with the most energetic of these periods starting 

in the spring of 2006 and continuing today (Arellano et al. , 2008; Beard et al., 2007). 

5.2.2 Satellite data 

A variety of satellite sensors are used to detect volcanic plumes. Tracking of 

volcanic plumes has been conducted using Advanced Very High Resolution Radiometer 

(AVHRR) (Wen and Rose, 1984; Holasek et al., 1996), Total Ozone Mapping 

Spectrometer (TOMS) (Krueger, 1985; Roback and Matson, 1983), GOES (Glaze et al. , 

1989, Dean et al. , 2004) and MODIS (Dean et al., 2004; Watson et al. , 2004) depending 

upon the location of the volcano and the properties of the plume the investigator is 

interested in extracting. For this project the GOES Imager and MOD IS sensors were 

utilized to gather temperature and velocity measurements of the plumes erupted at 

Tungurahua. GOES data was used to determine an eruption chronology and plume 

heights at a high temporal resolution while MODIS data were used, when available, for 

more spatially robust observation. 

The GOES Imager is carried on the NOAA GOES geostationary satellite. 

Because the satellite is located at a high altitude (35,786 km) it is able to acquire images 

at a high temporal resolution by sweeping the entire earth disk at a high temporal 

frequency, thus trading spatial resolution for field of view and temporal resolution. The 

sensor acquires images of South America once every 30 minutes and collects data in five 
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spectral bands. These bands are located in the visible (Band 1: 0.6 µm), mid-infrared 

(Band 2: 3.9 µm) , water vapor infrared band (Band 3: 6.7 µm), thermal infrared band 

(Band 4: 10.7 µm) and C02 absorption band (Band 13.3 µm). For this study GOES 

Band 1, with a spatial resolution of 1.0 km2 and Band 4, with a spatial resolution of 4.0 

krn2 were used to identify volcanic clouds and estimate their heights. 

Unlike GOES, the MODIS sensor is flown on NASA's polar orbiting satellites 

Aqua and Terra and therefore collects data at a lower temporal resolution. Each satellite 

makes equatorial crossings twice daily limiting the number of observations to two images 

per sensor, therefore optimally, a total of four images can be used for plume monitoring 

daily. The MODIS sensors collect data in 36 spectral bands, but only five were used to 

identify volcanic plumes in this study. There were visual bands 1 (0.62 - 0.67 µm), 2 

(0 .841 - 0.876 µm), 3 (0.459 - 0.479 µm), and 4 (0.545 - 0.565 µm) and TIR bands 31 

(10.78 - 11.28 µm) and 32 (11.77 - 12.27 µm). Bands 1 and 2 have a spatial resolution 

of 0.25 krn2 at nadir, bands 3 and 4 have a spatial resolution of 0.5 m2 at nadir. The TIR 

bands have a spatial resolution of 1 km2 at nadir. The visual bands were chosen because 

they have the highest spatial resolution, allowing for the most detailed observations 

within the individual plumes. Bands 31 and 32 were used because they are located within 

the atmospheric window in the TIR, allowing temperatures of the plumes to be 

calculated, and thus heights estimated. 
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5.2.3 Remote Sensing Techniques for determining plume heights 

Various techniques can be used to estimate volcanic plume heights (See Sparks et 

al. , 1997 for a review). Two of the more widely accepted forms are used in this study: 

velocity determination and plume top-temperature (PTT). 

The first (velocity-determination) method uses plume velocities obtained from a 

time-series of satellite imagery. This data is used to track the relative movement of the 

plume over a specified period of time to obtain plume height. This method involves first 

obtaining the direction of plume movement from a group of images acquired closely 

spaced in time, and the distance the plume has moved over a given time step (to obtain 

the velocity). Comparing these measurements with the local wind-field data for the area 

allows plume heights to be constrained by determining the height at which the wind 

speed and direction required to transport the plume at the measured velocities and vectors 

(Sparks et al. , 1997). Since wind speeds and vectors can be very similar to one another at 

different elevations it can be difficult to make very precise height estimates of the 

plumes. Therefore, there can be several hundred to thousands of meters range in plume 

height estimates. The National Centers for Environmental Prediction (NCEP), Global 

Data Assimilation System (GDAS) global wind field data and the Naval Research 

Laboratory (NRL) Ground to Space (G2S) atmospheric specifications were compared to 

one another. Although both products are global datasets with a spatial resolution of 1 

degree latitude and longitude the G2S data is produced by fusing empirical models with 

Numerical Weather Prediction specifications thus producing global atmospheric 

specifications that are seamless up to the upper atmosphere (Drab et al., 2003). 

Therefore the G2S profiles have a higher, more accurate vertical grid-spacing and have 
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been utilized in this chapter whenever available. The profiles provide numerous 

atmospheric parameters for a given height, such as temperature, wind speed, wind 

direction, atmospheric pressure, at a given height and latitude/longitude. For this study 

we were only interested in atmospheric elevation and its associated wind speed, wind 

direction and temperature . 

The second (PTT) method uses TIR satellite data that can be converted to 

temperature and then used to determine the temperature of the plume top. As a volcanic 

plume rises it entrains large amounts of air and cools rapidly. If one assumes the coldest 

plume top temperature relates to that portion of that plume that has cooled to the 

surrounding atmospheric temperature one can then compare that temperature with the 

surrounding atmospheric profiles for the region to constrain the height for which that 

temperature corresponds. For this technique it is important to only measure the 

temperature of opaque plumes, so that there is no contributing radiation from the 

underlying ground (Sparks et al. , 1997). Radiosonde data were not available for all of the 

days on which eruptions occurred and the closest location of the balloon launch was over 

500 km away. Therefore G2S and GDAS atmospheric profiles were used alongside the 

minimum temperatures calculated from the TIR satellite data and then correlated those 

temperatures with the atmospheric temperatures to estimate the plume heights and in 

principle should be consistent. 
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5.2.4 Infrasound data 

Infrasound data are also utilized to help constrain and characterize the at vent 

processes during the eruptions. A four element array collected data during the eruption 

periods; the RJOE array was located - 36.75 km southwest ofTungurahua volcano. 

Chaparral 2.2a microphones were used, which have a frequency response time of 

between 0.1-200 Hz and were sampled at 40 Hz. Volcanic signals were detected using 

the Progressive Multi-Channel Correlation (PMCC) array processing method and was run 

between 0.5-4 Hz with 10 frequency bands (Cansi, 1995; Fee et al., in prep). A variety of 

processing techniques are used for identifying volcanic ash signals, but here acoustic 

power levels are used. Acoustic power was determined by averaging the acoustic energy 

over a 15 minute window. The acoustic power was used because it appears to be the best 

indicator of significant changes in gas and or mass flux at the volcano (Fee et al ., in 

prep). The power levels were related to the satellite observations to detect changes in 

mass flux. 

5.3 Eruption Chronology and Volcanic Plume Heights 

Five eruptions of Tungurahua are investigated in this study: The May 12th 2006, 

January 10-11 th 2008 , February 6th 2008, July 14-15th and the August 16th - 1th 2006 

eruptions. These eruptions were chosen based on the features of the infrasound signals, 

the amount of cloud-free satellite data available, availability of hand-held thermal 

imagery and visual observations. They are described in ordered of increasing intensity 

based upon the maximum heights the plume rose and the amount of acoustic energy that 

was recorded. The satellite chronology and plume heights for each of these eruptions are 
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given in Tables 5.1 - 5.4. All times and dates discussed in the section refer to UTC and 

all plume heights are elevation above sea level. 

The May 12th 2006 eruption was chosen based on the infrasound signal detected, 

corresponding to moderate-strong explosions that occurred throughout the day (Fee et al. , 

in prep). Satellite imagery was acquired and analyzed, but no activity could be detected 

by the satellite sensors, therefore no chronology or heights could be determined. 

5.3.1 January ](jh - ll'h Eruption 

On January 10th 2008 10:45 , GOES TIR detected a narrow plume (8 km) 

extending 8 km east of Tungurahua, prior to this time no plumes were observed. 

Throughout the next four hours the images display the plume attached to the summit and 

extended a maximum distance of 22 km (Figure 5.2a). Meteorological clouds started to 

accumulate over the volcano at 14: 15 obscuring the satellites view of the plume; 

therefore it was not possible to determine when the eruption ended. 

Two small eruptions occurred on January 11th 2008. The first clear view of the 

volcano occurred at 3: 15; GOES TIR data shows a plume extending 16 km north of 

Tungurahua (Figure 5.2). The subsequent image (3:45) illustrates the plume traveled 20 

km. A slight change in the direction occurred at 4: 15 UTC when the plume shifted 

directions slightly northwest (~333° N). From 4: 15 - 6:45 the plume continued to travel 

to the northwest and did not grow much in length. By 6:45 , when the plume was last 

observed in satellite imagery, the plume had reached a maximum of 28 km from the 

volcano. Although clear conditions occurred after 6:45 no plumes were observed at 

Tungurahua until 11 :45 the same day. At 11 :45 a second eruption was observed. Since 

this eruption occurred during the day, visible imagery was utilized to gather more 
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Figure 5.2: GOES imagery of the January 2008 eruption sequence. a - GOES TIR image acquired 
on1/10/08 10:45 displaying a small eruption plume traveling 8 km east of the summit. b - GOES 
TIR image acquired 1/11/08 3:45 showing a small eruption plume traveling 20 km north of the 
summit. c - GOES VIS images acquired on 1/11/08 11 :15 displaying a small eruption plume 
traveling 32 km northeast of the summit and b - GOES image acquired later in the day at 17: 15 
indicating a small plume was traveling 33 km east/northeast of the summit. 
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accurate length and width measurements , because the plume was not identifiable in the 

TIR imagery. Between 11 :45 and 12:45 one continuous plume was emitted 32 km north 

of the volcano (Figure 5 .2b ). A second plume was observed at 13: 15 traveling northeast 

12 km from the summit of Tungurahua. This plume continued to travel to the northeast 

reaching a maximum distance of 3 3 km at 17:15. At this time the plume becomes 

difficult to distinguish from the surrounding meteorological clouds (Figure 5.2c). 

The January 10th 2008 eruption plume velocities were calculated using GOES TIR 

data. There were minimal variations in the velocities (1.6 - 2.8 m s- 1
) and when 

comparing these with the GDAS data, since no G2S data was available, the plume was 

estimated to be between 5,850 and 6,650 m (Table 5. la). The minimum temperatures for 

this day from the GOES band 4 data ranged between 2.2 to -2.6 °C. Comparing these 

temperatures to the GDAS atmospheric profiles of the region indicate the plume reached 

an altitude between 4,400 - 5850 m. 

The eruptions of January 11th showed similar trends to the previous eruption. 

From 3:15 - 6:45 the velocity of the plume ranged between 2.2 - 6.7 m s- 1
• Comparing 

these velocities to the GDAS data suggests the plume reached altitudes between 5,100 -

5 ,850 m (Table 5 .1 b ). The second eruption plume was observed at 11:45 and was 

traveling at a velocity of 2.2 m s- 1 placing the plume between 5,850- 7,550 m (Table 

5.1). This plume traveled to the northeast with velocities ranging between 1.7 - 2.2 m s-1 

11 :45 - 17: 15. Since there was no major change in velocity or direction of the plume 

movement the height estimates remain the same (Table 5.1) . 

Temperature measurements from the first eruption of January 11th 2008 were 

extracted from the GOES TIR data, but since the plume was not visible in the second 
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Table 5.1 a: January IO'h 2008 eruption plume temperatures, velocities and estimated plume top heights as well as additional comments about plumes 
dispersal patterns 

Date/Time Min Temp Min Height Max Height Velocity Min Height Max Height 
(UTC) (°C) (m) (m) (m s-1

) (m) (m) Comments 
Thin continuous plume 
extending east of the 

1/10/08 10:45 -3 5100 5850 0.0 5850 6650 volcano 
1/10/08 11 : 15 -2 5100 5850 1.7 5850 6650 
1/10/08 11 :45 -2 5100 5850 2.2 5850 6650 
1/10/08 12:15 -1 4400 5100 0.0 5850 6650 
1/10/08 12:45 2 4400 5100 2.2 5850 6650 
1/10/08 13:15 -1 4400 5100 2.8 5850 6650 
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Table 5.1 b: 11 January 2008 eruption plume temperatures, veloc ities and estimated plume top heights as well as additional comments about plumes 
dispersal patterns 

Date/Time Min Temp Min Height Max Height Velocity Min Height Max Height 
(UTC) (°C) (m) (m) (m s"1

) (m) (m) Comments 

1/11/08 3:15 -4 5100 5850 
1/11/08 3:45 -4 5100 5850 2.2 

1/11/084:15 -4 5100 5850 6.7 
1/11/08 4:45 -5 5850 6650 2.2 
1/11/08 5:15 -5 5850 6650 6.7 
1/11/08 5:45 -4 5100 5850 8.3 
1/11/086:15 -4 5100 5850 1.1 
1/11/08 6:45 -5 5850 6650 

1/11/0811 :45 0.0 
1/11/08 12:15 2.2 
1/11/08 12:45 2.2 

1/11/0813:15 1.7 
1/11/0813:45 0.0 
1/11 /08 14:15 0.0 
1/11/0814:45 0.6 
1/11/08 15:15 1.1 
1/11/08 15:45 1.7 
1/11 /08 16:15 2.2 
1/11/08 16:45 2.2 
1I11 /08 17: 15 0.0 

5100 5850 
5100 5850 

5100 5850 
5100 5850 
5100 5850 
5100 5850 
5100 5850 
5100 5850 

5850 7550 
5850 7550 
5850 7550 

5850 7550 
5850 7550 
5850 7550 
5850 7550 
5850 7550 
5850 7550 
5850 7550 
5850 7550 
5850 7550 

Small plume extending 
north of volcano 

Plume's direction changes 
to northwest 

Small plume travel ing to the 
west 

New plume observed 
extending to the northwest. 
Older plume detached from 
summit 



eruption, temperatures and thus heights were not estimated using the PTT technique. 

From 3: 15 to 6:45 the temperatures of the plume top were -3 .5 to -4.8 °C indicating the 

plume reached heights between 5,100-6,650 m (Table 5.1). 

5.3.2 February 61
h 2008 Eruption 

The eruption of February 6th 2008 was characterized by four different explosive 

events each producing separate volcanic plumes. Phase One began when GOES band 4 

imagery first detected a 4 km wide plume (Plume One) extending 8 km south at 4:45 

(Figure 5.3a). In the subsequent image, acquired at 5:15, the plume detached from the 

volcano and traveled south 20 km. 

Phase Two began at 5:45 when a new 4 km wide plume (Plume Two) was 

detected extending south 8 km from the summit. This plume continues to widen, until 

7: 15 when it reached its maximum width of 30 km. During this time there was a 

persistent emission feeding an approximately 8 km plume. After 7: 15 the leading edge 

of the plume shifted to the southwest, reaching a maximum distance of 50 m (Figure 

5.3c). At 7:45 the plume beings to separate with a portion still attached to the summit 

(source plume) and the leading edge forming a small, detached eruption cloud (Figure 

5.3d). The source plume was traveling south, while the eruption cloud was traveling to 

the southwest (Figure 5.3d). The eruption cloud had completely separated from the 

source plume by 8: 15. The image displays the source plume now 48 km south of the 

summit while the cloud has been transported 80 km southwest of the summit. From 8:45 

-9: 15 background meteorological clouds made distinguishing the eruption plume and 

clouds leading edge difficult; therefore estimates of how far the plume and cloud were 
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Figure 5.3: GOES acquired during the February 2008 eruption. GOES TIR imagery for the February eruption sequence. a -h Small 
eruption plumes are observed throughout the eruption sequence traveling south/southwest of the volcano reaching a maximum distance of 
80 km from the summit. Between 7: 15 and 7:45 shearing of the plume occurs, causing the plume to separate into two sections, an eruption 
cloud and a plume that is still attached to the summit (c and d) . 



transported could not be made. Even though the plumes leading edge is not detected it 

was observed that the plume had detached from the summit by 9: 15. 

Phase Three began at 9:45 when a new plume (Plume Three) is observed at the 

summit, extending 8 km (Figure 5 .3 e) . The next three images (10: 15 - 11: 15) showed 

the plume still attached to the summit reaching a maximum width of 34 km and 

extending 52 km south of the summit (Figure 5.3f). At 12:45 part of the image is cut off, 

but still contains the summit region and shows that the plume was thinner, decreasing 

from 12 to 8 km in diameter. 

Phase Four of the eruption started at 13:00 when there appears to be an increase in 

the eruption intensity. From 13:00 to 14:45 the image frame does not contain the full 

geographic area, but a portion of Plume Three, which is within the summit region of the 

volcano, is observed. As time progresses the plume becomes wider at the summit region 

and darker, indicating cooler temperatures. After 14:45 it appears that the eruption has 

ended, for the plume is no longer visible in the GOES satellite imagery (Figure 5.3i). 

Phase One of the eruption permitted one velocity measurement to be taken. From 

4:45 to 5:15 the plume had a velocity of 6 m s-1
• Comparing this velocity with the 

acquired G2S wind field data indicates that the plume reached altitudes ranging between 

6,000 and 6,600 m (Table 5.2). 

During Phase One the PTT height estimates and velocity determined estimates 

were in good agreement. The first image ( 4:45) that captured the eruption reveals a 

plume with a minimum temperature of -6 °C suggesting the plume reached a maximum 

altitude of 6,000 - 6,600 m. In the subsequent image (5: 15) the plume 's minimum 
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Table 5.2: February 6'h 2008 eruption plume temperatures, velocities and estimated plume top heights as well as additional comments about plumes 
dis ersal attems 

Date/Time Min Temp Min Height Max Height Velocity Min Height Max Height 
lUTC! loC! lm! lm! lm s·1! lm! lm! Comments 

Plume One observed at 
21612008 4:45 -6 6000 6600 3.9 6000 6600 summit 

Plume One detaches 
21612008 5:15 -4 5450 6000 6.7 6000 6600 from summit 

Plume Two observed at 
21612008 5:45 -18 7800 8400 8.6 6000 6600 summit 

Plume Two increases in 
21612008 6:15 -23 8400 8900 8.8 6000 6600 length and width 
21612008 6:45 -23 8400 8900 5.9 6000 6600 " 

Leading edge of Plume 
Two moves to the 

21612008 7:15 -21 7800 8400 9.3 6000 6600 southwest 
Plume Two starting to 
separate forming a 
eruption cloud and 
plume still attached to 

21612008 7:45 -18 7800 8400 9.8 8400 8900 summit. 
Leading edge of Plume 
Two moves to the 

2/6/2008 8:15 -16 7200 7800 5.9 8400 8900 southwest 
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Table 5.2 (cont.): February 6'h 2008 eruption plume temperatures, velocities and estimated plume top heights as well as additional comments about 
plumes di spersal patterns 

Date/Time Min Temp Min Height Max Height Velocity Min Height Max Height 
(UTC) (°C) (m) (m) (m s '1) (m) (m) Comments 

21612008 8:45 

21612008 9: 15 

21612008 9:45 

21612008 10: 15 
21612008 10:45 

21612008 11 : 15 

21612008 11 :45 

21612008 12: 15 
21612008 12:45 
21612008 13: 15 
21612008 13:45 
21612008 14: 15 

-8 

-22 
-21 

-19 

-17 

-11 
-16 
-17 
-16 
-20 

6600 

8400 
7800 

7800 

7800 

6600 
7200 
7800 
7200 
7800 

7200 

8900 
8400 

8400 

8400 

7200 
7800 
8400 
7800 
8400 

2.8 

10.0 
7.1 

8.3 

7.1 

7200 

10500 
10500 

10500 

10500 

Meteorological clouds 
obscure view 
Meteorological clouds 
obscure view 
Plume Three observed 

7800 at summit 
Plume Three increases 

10900 in length and width 
10900 " 

Plume Three is 
decreases in width near 

10900 summit region 
Plume Three increases 

10900 in length and width 
Leading edge of plume 
not in image. Max 
Velocity determined 
heights taken from 

14300 V AAC report 
14300 " 
14300 " 
14300 " 
14300 " 



temperature rose slightly to -4 °C placing the plume at a slightly lower altitude (Table 

5.2). 

The second phase of the eruption was characterized by an increase in the plume's 

velocities. From 5:45-7:15 the velocity of Plume Two ranged between 8 and 9 m s- 1
• 

These velocities indicate that the plume rose to a slightly higher altitude of 6,000 - 6,600 

m (Table 5.2). At 7:45 the velocity for the entire plume (9 m s- 1
) indicated maximum 

heights between 8,400 and 8,900 m. At 8: 15 the source plume (the portion still attached 

to the volcano) and eruption cloud had completely separated, as mentioned earlier. 

Velocity measurements could not be made for the source plume, because the leading edge 

of the plume was not observable in the previous image, but velocities were calculated for 

the drifting eruption cloud which remained constant (9 m s- 1
) suggesting the plume was 

still being transported at the same altitude (Table 5 .2). From 8 :45 - 9: 15 velocity 

measurements could not be made for either the plume or the cloud because 

meteorological clouds obscured the leading edge of the plume. 

Phase Two (5:45) began with Plume Two being erupted, which had lower plume 

top temperatures, thus indicating the plume had reached higher altitudes. The plume 

initially had a minimum temperature of-18 .0 °C, suggesting an altitude ranging between 

7,800 and 8,400 m. In the next two images (6:15 -6:45) the minimum plume 

temperatures dropped to -23 .0 °C, resulting in height estimates from 8,400 to 8,900 m. 

At 7:15 the minimum temperature rose slightly (-21 °C); comparing the minimum 

temperature with the atmospheric profile suggests a decrease in the plume altitude 7,800 

- 8,400 m. At 7:45 temperatures suggest that the source plume and the eruption cloud 

were being transported at different altitudes. The minimum temperature of the source 
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plume was slightly higher (-10.5 °C) than the eruption cloud (-17 .5 °C). The estimated 

altitude of the source plume was 6,700- 7,600 m and the estimated altitude of the 

eruption cloud was 7,800 - 8,400 m. At 8: 15 the temperatures of both the source plume 

and eruption cloud had not changed, suggesting their altitudes had not changed (Table 

5.2). From 8:45 - 9: 15 background meteorological clouds do not allow accurate 

temperature measurements to be made, therefore plume height estimates can not be made. 

At 9:45 , the start of Phase Three, velocities of the Plume Three were calculated to 

be 3 m s·1
, suggesting the plume rose to a higher altitude of 7,200 to 7,800 m (Table 5.2). 

From 10: 15 to 11 :45 the velocities rose to 8 - I 0 m s·1
; estimating the plumes height 

between 10,500- 10,900 m. At 12:45 part of the image is cut off; hence velocity 

measurements, and therefore height estimates could not made. 

Phase Three starts with the eruption of a warmer plume (-8°C) suggesting the 

plume has a lower altitude (6,600 to 7,200 m) than the previous plumes. At 10:15 a 

drastic decrease in the plume's temperature occurs, suggesting an increase in the plumes 

height, now placing the plume at heights ranging between 8,400 to 8,900 m. Between 

10:45 and 11 :45 the plume's temperatures decrease gradually from - 21 to -17 °C, but the 

height estimates remain the same (Table 5.2). At 12:45 part of the image is cut off but 

temperatures were still collected from the portion of the plume closest to the summit. 

The minimum temperature-16 °C indicate the plume rose to a higher altitude of 7,200 to 

7,800 m. 

For the fourth phase of the eruption the imagery was again cut off, not allowing 

the entire plume to be observed. Therefore, velocity and height estimates could not be 

calculated using the velocity determination method. Using data acquired from the 
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Washington Volcanic Ash Advisory Center 01 AAC) velocities determined during this 

time range suggest that the plume was transported at - 5 m s- 1
, and estimate the plume at 

14,300 m. 

Phase Four PTTs were gathered, but only for the portion of Plume Three that is 

closest to the volcano's summit, leading to a possible underestimate of plume heights. 

From 12:45 to 14:45 temperatures of the plume continue to decrease (- 15 to -20°C) 

suggesting that the plume rose in altitude ranging between 7,200 and 8,400 m (Table 5.2). 

5.3.3 July 14th - 151h 2006 Eruption 

A plume was first observed in GOES band 4 imagery on July 14th at 22:45. The 

image revealed a small plume, 4 km wide, with a leading edge already 8 km west of the 

volcano. The plume increased both in length (24 km) and width (10 km) in the next 

image acquired (23:15) (Figure 5.4). The subsequent image (23:45) illustrates the plume 

traveled 42 km from the vent. On July l 51h 2006, 0: 15 the image is cut off, but a large 

increase in the intensity of the eruption is apparent from the increase in the plume ' s width 

near the vent and cooler plume temperatures as indicated by darker colors. At this point 

the plume appears bifurcated with movement to both the west and southwest (Figure 

5.4b). The western portion of the plume traveled 57 km from the vent and 24 km wide . 

At 0:45 the movement is to the west-southwest and is still occurring. Starting at 1: 15 the 

western component of the bifurcated plume is no longer prominent, showing minimal 

movement, and the principal component of movement was southwest (Figure 5.4c). The 

plume continues to be transported to the southwest from 1 :45 to 3: 15. At this time the 

larger eruption cloud that had previously been obscuring the volcano was transported to 

the southwest allowing the vent to be observed (Figure 5.4f). At this time a smaller 

187 



plume is observed attached at the vent traveling to the southwest. A MO DIS image was 

also collected at 3:50 showing a large eruption cloud extending 157 x 117 km. It also 

shows a distinct portion of the plume is still attached to the vent (Figure 5 .Sa). At 4: 15 

the smaller plume is still attached, but is weaker in intensity as indicated by the lighter 

colors and hence the warmer temperatures (Figure 5.4g). From 4:45 to 6:45 the plume 

still attached to vent continues to travel to the west. A second MODIS image was 

collected at 6:45 and shows the large eruption cloud has dispersed and that there is a 

smaller eruption plume traveling 40 km to the west, southwest (Figure 5.5b). The 

eruption appears to have ceased sometime after 6:45 when the smaller plume is no longer 

observed in the imagery. 

The velocity calculated for the first image 22:45 - 23:15 (10 m s-1
) indicates the 

plume initially reached an altitude between 6,000 - 6,250 m A.S.L. (Table 5.3). The 

subsequent image (23 :45) illustrates the velocity remained constant; therefore the height 

estimates remain the same (Table 5.3). As mentioned earlier in the next image acquired, 

July l 51
h 2006 0: 15 , the image is cut off and indicates the plume is bifurcated with 

portions traveling to the west and to the southwest. Comparing the western portion of the 

plume calculated velocities with the wind field data indicates the plume was being 

transported at altitudes ranging between 13,250 - 13,500 m A.S.L. (Table 5.3). The 

velocities of the southwest portion of the plume could not be measured because the entire 

plume is not captured in the image. At 0:45 UTC velocity (12.7 m s- 1
) measurements 

indicate that both the southwest and western portions of the plume reached 13,250 -

13,500 m. At 1: 15 the principal component of movement was southwest and velocities 

collected over the next hour and half range between 12 - 16 m s-1 indicating the plume 
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7/1 5/06 01 :45 

7/15/06 06:1 

Figure 5.4 GOES imagery collected during the July 2006 eruption. GOES TIR imagery showing 
the eruption sequence for the July 14'h - 15'h 2006 eruption. The eruption a small eruption plume 
traveling the west (a) that consistently grew in length and width (b - f) . The eruption cloud was 
transported to the west/southwest and at 4: 15 the summit was observed and a smaller plume 
was still observed attached to the summit, indicating that the eruption was still occurring (g). No 
activity was observed at the summit in satellite imagery after 6: 15 U). 
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Figure 5.5 MODIS imagery collected during the July and August 2006 eruptions. a - MODIS TIR (band 32) image collected on 7/15/06 at 3:50 
showing the eruption cloud traveling to the west/south west and a plume is still attached to the summit, indicating activity the eruption was still 
occurring b - MODIS image collected on the same day at 6:45 showing the eruption cloud has been trasported to the west/southwest and has 
dissapated . No activity is apparent at the summit region, indicating that the eruption has ended. c - MODIS image collected on 8/16/06 at 19:05 
showing a small eruption plume traveling west of the volcano's summit region. 



Table 5.3 : July 14th - 15th 2006 eruption plume temperatures, velociti es and estimated plume top heights as well as additional comments about the 
Qlume's di sQersal Qattem s 

Date/Time Min Temp Min Height Max Height Velocity Min Height Max Height 
~UTCl ~ocl ~ml ~ml ~m s·1l ~ml ~ml Comments 

Plume first observed in TIR. 
Thin plume extending to the 

7/14/06 22:45 -6 6000 6250 2.2 6000 6250 West of the vent. 
Plume increases in width 

7/14/06 23:15 -31 9750 10000 10.0 6000 6250 and length. 

7/14/06 23:45 -46 11500 11750 7.2 13250 13500 
Large increase in plumes 
intensity. Plume being 

dispersed to the west and 
7/15/06 0:15 -55 12500 12750 8.2 13250 13500 southwest. 
7 /15/06 0:45 -66 14000 14250 16.7 13250 13500 

Western component of the 
plume not as prominent. 

Principle direction of 
transport is to the 

7/15/06 1 :15 -67 14250 14500 12.6 13750 14000 Southwest. 
Plume being transported to 

7 /15/06 1 :45 -68 14500 14750 12.2 14000 14250 the Southwest. 
7/15/06 2:15 -65 14000 14250 13.3 14000 14250 

7/15/06 2:45 -59 13000 13250 13.3 14000 14250 
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Table 5.3 (cont.): July 14th - 15th 2006 eruption plume temperatures, velocities and estimated plume top heights as well as add itional comments about 
the plume's dispersal patterns 

Date/Time Min Temp Min Height Max Height Velocity Min Height Max Height 
(UTC) (°C) (m) (m) (m s·1) (m) (m) 

7/15/06 3:15 -56 12750 13000 11.1 14000 14250 

7 /15/06 3:45 -53 12250 12500 15.0 14000 14250 

7/15/06 4:15 -37 10500 10750 7.2 14000 14250 

7/15/06 4:45 -27 9250 9500 7.2 14000 14250 

7 /15/06 3:45 -16 7750 8000 

7/15/06 4:15 -10 6750 7000 
7/15/06 5:15 -10 6750 7000 
7/15/06 5:45 -11 6750 7000 
7/15/06 6:15 -11 6750 7000 
7/15/06 6:45 -14 7500 7750 
7/15/06 7: 1 5 -11 6750 7000 

Comments 
Eruption cloud has drifted to 
the Southwest allowing vent 
to be observed . Plume still 
attached to summit. 
Large eruption cloud still 
being dispersed to the 
Southwest. 
Large eruption cloud still 
being dispersed to the 
Southwest. 
Large eruption clouds 
leading edge is difficult to 
discern therefore the 
velocity and temperatures 
cannot be accurately 
measured. 
Summit temperatures and 
estimated heights. Velocity 
measurements could not be 
made because leading edge 
of plume still under eruption 
cloud . 
Plume still attached to the 
vent. 
Plume still attached to the 
vent. 



was being transported at altitudes of 13 ,750 - 14,000 m. Velocity measurements could 

not be gathered for the smaller plume that was still attached to the vent, because the 

leading edge of the plume was still under the larger eruption cloud. Therefore heights 

based on the velocity of the plume's transport could not be estimated. The velocity of the 

larger eruption cloud did not change from 3: 15 - 4: 15, at this time estimates of the 

eruption clouds velocities were not made, due to difficulty in accurately determining the 

leading edge of the cloud. 

The temperature measurements from the first image acquired (22:45) indicate the 

plume reached an altitude of 6,000 - 6,250 m A.S .L. (Table 5.3). In the subsequent 

image (23 : 15) the temperatures decreased suggesting the plume rose rapidly to heights 

ranging from 9,750- 10,000 m (Table 5.3). On the following day at 00:15 the 

temperatures of the plume dropped again (-55 °C), indicating the plume rose to heights of 

12,500 - 12,750 m. These temperatures were measured for the lowest temperatures of 

both portions of the bifurcated plume. At 0:45 the minimum temperature measured (-66 

°C) placed the southwest portion between 14,500 to 14,250 m and the western portion at a 

slightly lower altitude of 14,000- 14,250 m (Table 5.3) . At 1:15 the minimum 

temperature measured (-67 °C) indicates plume heights between 14,250 and 14,500 m. 

The coolest temperature measured (-68 °C) was collected from the previous image (1 :45) 

indicating the maximum altitude the plume reached was 14,500 to 14,750 m. After 1:45 

the temperatures dropped as the eruption cloud continued to be transported to the 

southwest. At 3: 15 the temperature of the small plume still attached to the vent (-16 °C) 

suggests the plume is at 7,750 - 8,000 m. The MODIS-derived temperatures are slightly 

cooler (-21 °C) suggesting the summit plume was at 9,000 - 9,250 m. Temperatures from 
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the GOES imagery were constant for the next half hour implying that the plume's altitude 

did not change (7, 750 - 8,000 m) . At 4: 15 the plume is still attached, but is weaker in 

intensity as indicated by the lighter colors and hence the warmer temperatures (-10 °C) 

and being transported at 6,750 - 7,000 m. From 4:45 to 6:45 the temperatures of the 

plume still attached to vent (-10 to -19°C) indicate the altitude ranged between 6,750-

7,000 m. Temperatures of the plume still attached to the vent (-19 °C) from the MOD IS 

image collected at 6:45 suggest the plume reached 7,750 to 8,000 m. 

5.3.4 August 16 -11h 2006 Eruption 

The eruption and dispersal of the volcanic plume emitted during the 16 - 17 

August eruption of Tungurahua can be broken into 5 different phases based upon the 

style and direction of transport of the plume. The first phase occurred between 20: 15 -

2: 15 UTC and was characterized by the emission of a low altitude, short-lived, low 

intensity plume. The second began at 2:45 on August 1 i h 2006 and ended at 4:45, which 

showed an increase in intensity of the plume from the previous phase. This was followed 

by a highly explosive third phase between 6: 15 and 6:45 . The fourth phase lasted from 

7 :45 to 11 :45 and is characterized by a transport and dispersal of the eruption cloud. The 

final fifth phase began at 11 :45 and lasted until the plume fully dissipated and is 

characterized by only transport of the plume. 

Phase One of the eruption began at 23:00 on 16 August 2006 when the eruption 

plume was first observed in GOES band 4 satellite imagery. The image showed a 4 km 

wide plume extending west of Tungurahua approximately 70 km (Figure 5.6a) . The 

plume length remained constant for the next several images. Approximately four hours 

later on August 1 i h 2006 at 1 :45 the plume became wider (12 km) and traveled further 
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Figure 5.6 GOES imagery collected during the August 16'h - 15'h 2006 eruption. The eruption started at 
23:45 with a small plume traveling to the west (a). As the eruption continued the plume gradually grew in 
length and width (b - d). A data gap occurred between 4:45 and 5:45 and the first image acquired after at 
6:15 showed a large umbrella cloud above the volcano (e). The plume was initially grew radially from the 
source (f), but was later transported to the west (g) and then to the east as well (h). This indicated that 
the plume was being transported at two different elevations . 



from the summit (85 km). At 19:05 a MODIS image was acquired and captured a small 

plume reaching 16 km to the southwest (Figure 5.5c). 

On August 17th 2006 02:45 Phase Two began indicated by an increase in plume 

width (16- 20 km) and an increase in plume length (90 km) (Figure 5.6c). The direction 

of movement shifted from 270° N to 285° N . At 4: 15 the image shows a new thicker (24 

km) darker portion of the plume near the vent (Figure 5.6d). 

A data gap occurred between 4:45 and 5:45 and no images were acquired. At 

6: 15 a new image was acquired and a large circular umbrella cloud was apparent above 

Tungurahua, indicated the onset of Phase Three occurred sometime between 4:45 and 

6:15. The plume measured 156 x 134 km in length and width, respectively (Figure 5.6e). 

In the following image (6:45) the plume did not have a principal direction of movement. 

Instead it spread radially from the source of injection. 

The fourth phase began at 7: 15 when the image shows the plume had a principal 

direction of movement (90° N), indicating wind had taken over the transport of the 

plume. At this time the clouds leading edge was transported 26 km from its location in 

the previous image, traveling at total of 98 km from the vent (to the east). At 7:45 a 

secondary direction of motion is observed (270° N) ; the eruption cloud was traveling to 

the east and the west (Figure 5.6g) . Transport of the cloud continued to the west and east 

until 11 :45 when the leading edge of the eastern component was no longer observed in 

the satellite imagery (Figure 5.5). 

Phase Five began at 11 :45 when the eruption cloud was just being dispersed to the 

west. This phase lasted until the end of the day (14:45) when the eruption cloud was no 

longer visible in the satellite images. The vent of Tungurahua was observed once the 
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plume was transported and dispersed at 13: 15, and no further explosive activity was then 

detected (Figure 5.5j) . 

During the first four hours of phase one the plume length remained constant; 

during this time period velocity measurements could not be accurately obtained since 

there were minimal distance differences from image to image. Comparison of the 

plume's direction of dispersal (270 ° N) and wind field data indicate that the altitude of 

the plume is estimated 6,250 -7,000 m (Table 5.4). On August 1 ih 2006 at 1 :45 the 

plume traveled 85 km from the summit allowing the velocity to be calculated. 

Comparing the velocities and the wind field data estimates indicates that the plumes 

height remained between 6,250 and 7,000 m (Table 5.4). 

The MODIS-derived PTTs (-16 °C) indicate that the initial smaller plume reached 

an height of7,000- 7,250. During the first two and a half hours of Phase One (20:15 to 

22:45) plume top temperatures ranged between -4.0 to -7.0 °C suggesting the plume 

heights ranged between 5,500 - 6,250 m (Table 5.4). On August l 71
h 2006 at 00: 15, the 

plume temperatures decreased (8.0 °C) indicating the plume rose to higher altitudes 

ranging now between 6,250 to 6,500 m. Another decrease in temperature was 

measured (-12 °C) at 1 :45 again suggesting the plume height rose, now putting the plume 

at an altitude between 7,000 - 7,250 m (Table 5.4). 

Phase Two started on August 1 ih 2006 2:45. Velocity measurements for the first 

hour of the phase (1-5 m s- 1
) indicate the plume rose to a range of altitudes between 7,000 

- 9,750 m (Table 5.4) . At 4:15 UTC the velocity of the plume increased to 10 m s-1 

indicating the plume reached heights ranging from 11,500 to 11,750 m. 
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Table 5.4: August 16th - 17th 2006 erupti on plume temperatures, velocities and estimated plume top heights as well as additional comments about the 
plume's dispersal patterns 
Date/Time Min Temp Min Height Max Velocity Min Height Max 
(UTC} (°C) (m} Height (m} (m s-1

) (m} Height (m} Comments 

8/16/2006 20:15 

8/16/2006 20:45 
8/16/2006 21 : 15 
8/16/2006 21:45 
8/16/2006 22: 15 
8/16/2006 22:45 

8/17/2006 0:45 

8/17/2006 1:15 
8/17/2006 1:45 
8/18/2006 2: 15 

8/17/2006 2:45 
8/17/2006 3:15 
8/17 /2006 3:45 

8/17/2006 4:15 
8/17/2006 4:45 
8/17/2006 5:15 
8/17/2006 5:45 

-7 

-6 
-6 
-4 
-4 
-7 
-8 

-8 
-12 
-15 

-20 
-25 
-28 

-59 

6000 6250 * 

6000 6250 * 
6000 6250 * 
5500 5750 * 
5500 5750 * 
6000 6250 * 
6250 6500 * 

6250 6500 
7000 7250 
7000 7250 

8500 8750 
9000 9250 
9500 9750 

13000 13250 

6250 

6250 
6250 
6250 
6250 
6250 
6250 

2.0 6250 
2.3 6250 
1.5 6250 

2.0 6250 
5.0 11500 
5.0 11500 

10.0 11500 

Plume first observed in 
TIR imagery. Thin plume 
traveling to the west of 

7000 the vent 
Thin plume traveling to 

7000 the west of the vent 
7000 " 
7000 " 
7000 " 
7000 " 
7000 " 

Plume increases in width 
7000 and length 
7000 
7000 

Plume continues to grow 
7000 in length and width 

11750 
11750 

New pulse in the 
eruption. Plume 
increases in width near 

11750 summit region 
data gap 
data gap 
data gap 
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Table 5.4 (cont.): August l 61h - 17'h 2006 eruption plume temperatures, velocities and estimated plume top heights as well as add itional comments 
about the plume 's dispersal patterns 
Date/Time Min Temp Min Height Max Velocity Min Height Max 
{_UTC) (°C) (m) Height (m) (m s"1

) (m) Height (m) Comments 
Large circular plume 
observed (156 x 134 km) 
Velocity measurements 
could not be made due to 

8/17/2006 6:15 -73 15500 15750 * data gap. 
Plume is spreading 
concentrically, no 
principle direction of 
motion detected, 
therefore no velocity 
measurement were 

8/17 /2006 6:45 -78 17250 17500 * calculated . 
Velocity and 
temperatures listed in this 
section below are for the 
portion of the plume 
being transported to the 
east. 
Plume begins to be 

8/17/2006 7:15 -78 16500 16750 12.4 22250 24000 dispersed to the east 
Plume begins is being 
transported to the east. 
Movement to the west is 
also observed (see 

8/1 7/2006 7:45 -76 15750 18250 12.4 22250 24000 below) 
8/17 /2006 8: 15 -74 14500 14750 12.4 22250 24000 " 
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Table 5.4 (cont.): August I 6'h - I 7'h 2006 eruption plume temperatures, velocities and estimated plume top heights as well as additional comments 
about the plume 's dispersal patterns 
Date/Time Min Temp Min Height Max Velocity Min Height Max 
(U_!(;) (°C) (m) Height (m) (m s"1) (m) Height (m) 

8/17/2006 8:45 

8/17/2006 7:45 
8/17/2006 8:15 
8/17/2006 8:45 

8/17/2006 9:15 
8/17/2006 9:45 

8/17/2006 10:15 
8/17/2006 10:45 
8/17/200611 :15 

-69 

-65 
-62 
-54 

-51 
-43 
-31 
-25 
-20 

14000 

14000 
13500 
12500 

12000 
11250 
9750 
9000 
8500 

14250 

14250 
13750 
12750 

12250 
11500 
10000 
9250 
8750 

12.4 

2.1 
2.1 
2.1 

2.1 
2.1 
2.1 
2.1 
2.1 

22250 

7250 
7250 
7250 

7250 
7250 
7250 
7250 
7250 

24000 

10500 
10500 
10500 

10500 
10500 
10500 
10500 
10500 

Comments 
After 8:45 the leading 
edge of the eastern 
component is difficult to 
discern , therefore 
temperature and velocity 
measurements are not 
accurate and not 
reported. 
Velocity and 
temperatures listed are 
for the portion of the 
plume moving to the 
West. 



At the beginning of Phase Two the temperatures dropped drastically, from -12 °C 

to -20 °C, indicating a sudden increase in the altitude of the plume. Plume height 

estimates were now between 8,500 and 8,750. The plumes temperatures continued to 

drop from image to image reaching a minimum temperature for phase two at 4: 15 (Table 

5.4). The minimum plume top temperature at this time was -59 °C indicating the coldest 

portion of the plume had reached an altitude ranging from 13,000 to 13,250 m. 

Velocity measurements could not accurately be made during phase three of the 

eruption since there was a large gap in the data. Also at this time wind fields were not 

transporting the plume, buoyant forces were . Velocity measurements could be made 

starting at 7:15, the beginning of Phase Four. There was an increase in velocity to that 

greater than any of the previous measurements (14 m s- 1
) indicating the plume reached an 

altitude ranging between 22,250 and 24,000 m (Table 5.4). 

Height measurements for Phase Three of the eruption could only be made using 

the PTT method. At the onset of Phase Three the coldest temperature of the umbrella 

cloud was -73.4 C indicating the plume ranged in altitudes between 15,500 to 15,750 m 

(Table 5.4) . In the following image (6:45) the minimum temperature of the umbrella 

cloud decreased (-78 °C) indicating the plume was now at a higher altitude, ranging 

between 17,250 - 17,500 m (Table 5.4). At 7:45 when the secondary direction of motion 

is observed (to the west) it is apparent that the plume is being transported at two different 

altitudes. The velocity of the eastern component does not change and suggests the higher 

portion of the plume is still between 22,250 and 24,000 m. The portion of the plume 

traveling to the west had a velocity of 2.1 m s-1 suggests the cloud is being transported at 

a lower altitude of7,250-10,500m (Table 5.4). The velocity measurements from 8:15 

201 



to 11 :15, of both portions of the plume, indicate that the plume continued to be 

transported at two heights (22,250 - 24,000) to the east and (7 ,250 - 10,500 m) to the 

west. Velocity measurements of the eastern and higher component could not be made 

after 11: 15 because the leading edge of the eruption cloud was not detected in the GOES 

imagery and therefore there would be greater error in the measurements and thus the 

height estimates. The velocity measurements of the western component of the plume 

remained constant until 11: 15, when this portion of the plume became so diffuse that it 

could not be detected in the satellite imagery and no velocity measurements could be 

made. 

At the onset of Phase Three (7: 15) the minimum temperature did not change from 

the previous image acquired (-78 °C) indicating the cloud was still being transported at 

the same altitudes (17,250 - 17,500 m). Starting at 7:45 minimum temperature 

measurements were made for the portions of the plume that were moving to the west and 

to the east. The eastern portion of the plume had a minimum temperature of -76 °C 

suggesting a decrease in the plume's altitude to 16,500- 16,750 m. The western 

component had a warmer minimum temperature (-68.8 °C) suggesting the plume was 

being transported at a lower altitude than the eastern component (14,500 - 14,750 m). 

(Table 5.4). The temperature measurements from both portions of the plume continued 

to drop until the end of the phase. It is not believed that these decreases in temperatures 

are caused by the plume being transported at lower altitudes, but instead that the 

upwelling radiation from the ground, being more intense as the plume become more 

transparent, caused the temperatures to increase. Therefore accurate height estimates of 

the plume cannot be made using the PTT method after 8: 15. 
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5.4 Interpretation of Eruptive Events and Eruption Classification 

In this section the different eruption mechanics responsible for changes in plume 

heights and dispersal patterns that can be inferred from combining satellite data, FUR 

and infrasound signals (Fee et al., in prep) recorded during the different eruptions at 

Tungurahua are discussed. 

To report the possible range of heights the eruption clouds reached during the 

various eruptions we have combined the heights obtained using both the PTT and 

velocity determination method. The minimum and maximum heights reported are 

therefore the maximum and minimum obtained from both methods giving the widest 

range of heights. Any discrepancies that are found in the heights will be discussed on a 

case by case basis . 

5.4.1January10-llth 2008 

The maximum and minimum plume heights of the eruption are shown in Figure 

5.7. Both eruptions are characterized by a continuous low-level plume the height of 

which remain constant for the majority of eruptive activity. Increases and decreases in 

plume heights are observed on January 11 th 2008 at 4:45 and 6:45 which are consistent 

with increases in the acoustic power which increase from 4.5 x 104 to 1.7 x 105 W 

(Figure 5.7). The low power levels are in agreement with the low plume heights as well 

as the fact that the plumes on the 11th could not be detected in the TIR bands. This means 

that the plume was not large enough or had a lower ash content that inhibited detection in 

the lower-spatial resolution thermal band. 
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January 10th - 11 th 2008 
Plume Height vs Acoustic Power 
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Figure 5.7 Plume heights and acoustic power for the January 2008 eruptions. Plots show the 
estimated range of plume heights and corresponding acoustic power during the January 1 o•h - 11 •h 
2008 eruptions. Gaps in data indicate no plumes were observed in the satellite imagery and that the 
acoustic power was below 5.0 x 104 W. The one period of increased acoustic power occurs at the 
same time an increase in plume height is observed (indicated by the arrow). 
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5.4.2 February 61
h 2008 

The February eruption was characterized by several explosions, resulting in short

lived, low-altitude plumes followed by a larger sustained eruption. The eruptions were 

well documented in satellite and infrasound data, unfortunately no FLIR imagery was 

available for use during the eruption sequence . Although an eruption plume was first 

detected in GOES imagery at 4:45 , the eruption onset (as inferred from the infrasound 

data) occurred 20 minutes earlier. Jetting was first recorded in the infrasound signal at 

4:25 and indicates an increase in volcanic activity since jetting occurs when the exit 

velocity of the plume increases . The plume had a height of 6,000 - 6,600 m. In the 

subsequent image (5 : 15) the plume height is lower than in the previous image (5 ,450-

6,600 m) and has detached from the summit. This also correlates well with the estimated 

infrasound energies recorded, as jetting at the volcano decreases between 5:00 to 5:40 

from 2.04x l04 to 7.68 x l04 W (Figure 5.8). This decrease in the infrasonic energy 

explains why the plume detached from the summit. Since jetting is still occurring during 

this time the eruption has not ended, but could be smaller, with possible lower ash 

concentrations , and therefore not distinguishable in the satellite imagery. 

A new plume was observed in the GOES data between 5:45 - 8:15, which 

reached higher altitudes than were emitted during the first event, reaching a maximum 

height of 6,000 - 8,900 mat 6: 15 , and remaining at this height until 8: 15 (Figure 5.8). 

Again this correlates with the infrasound power (8 .9 x 106 W) specifically increased 

jetting and the signal becoming more broadband between 5:40 - 6:55 (Fee et al ., in prep), 

indicating an increase in intensity . Between 7:00 - 8:30 another jetting episode occurred 

with power levels decreasing slightly to 6 x 106 W, but the signal had a different 
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Figure 5.8 Plume heights and acoustic power for the February 2008 eruption. Plots show the 
estimated range of plume heights and corresponding acoustic power during the February 6'h 2008 
eruption. The eruption was characterized with several small eruptions, gaps in plume heights 
indicate that no new eruption plume was detected at the summit. Many of the eruptions were 
preceded by an increase in acoustic power, as indicated by arrow. 
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infrasound signature than the previous episode with more variability in frequencies 

greater than 2 Hz (Fee et al. , in prep). The change in the acoustic signal is reflected by 

changes in the dispersal pattern of the plume. Although the plume heights do not change 

the plume begins to separate (Figure 5.3). Changes in the plume ' s dispersion could be 

the result of the plume reaching slightly higher or lower altitudes that might not be 

detected in the remote sensing techniques , or the atmospheric stratifications might be 

smaller than the vertical grid spacing represented by the atmospheric profiles. Between 

8 :45 and 9: 15 the plume is difficult to distinguish in the satellite imagery and it appears at 

first that the plume might be obscured by meteorological clouds (Figure 5.3). However 

the infrasound signal decreases during this time, from 6.3 x 106 to 7.9 x 104 W, indicating 

that although there is continued activity at the vent, the plume is not as ash-laden or large 

enough to be detected in the satellite data. 

Following this period of decreased activity the most energetic portion of the 

eruption occurs , characterized by the plume reaching the highest altitudes in the eruption 

sequence. Between 9:45 and 11 :45 a new plume is observed in the GOES imagery that 

grows in size (30 x 45 km) and by 10: 15 reaches a maximum altitude, 6,600 - 10,900 m. 

The entire eruption plume can not be seen in the satellite imagery so the height estimates 

are based on the coldest temperatures that are observed in the imagery. Reports from the 

Washington VAAC indicate that the plume reached a higher altitude of 14,000 m which 

we find reasonable given the intensity of the infrasound signals. During this time period 

the most energetic jetting of the eruption sequence occurred reaching power levels of 1 x 

107 W (Figure 5.8). Again the most energetic acoustic signals occurs just before the 

highest plume heights were reported by the V AAC. 
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5.4.3 July 14 -151
h 2006 

The July 2006 eruption was characterized by the sudden increase in plume heights 

and acoustic power, followed by a gradual decrease. A plume was first detected in 

satellite imagery at 22 :45 having attained a height ranging between 6,000 and 6,250 m. 

Since no imagery was collected during the onset of the eruption the infrasound signal 

constrained the onset of the eruption. The start of the eruption is identified by the onset 

of jetting and an explosion signal at 22:34. Between 23:00 and 0:45 the plume steadily 

rose in altitude reaching it maximum height of 13 ,750-14,500 mat 1:15 (Figure 5.9). 

From 22:34 to 0:00 the acoustic power levels also steadily rose from 1 - 3.5 x 106 W 

(Figure 5.9). This steady rise was followed by a rapid increase between 0:00-1 :00 with 

power increasing from 3.0 - 4.5 x 106 W. Jetting occurs at lower frequencies(< 1-2 Hz) 

between 1:00 and 2:00 (Garces et al. , 2008; Fee et al., in prep) and the power level rise 

reaching a maximum of 9.2 x 106 Wat 1:25. The power levels then drop off rapidly at 

3:00 to 5.31 x 105 W, indicating the most intense portion of the eruption had ended. The 

plume heights remained constant between 13 ,750 and 14,500 until 03: 15. 

Although the plume heights and infrasound correlate during for the first portion of 

the eruption (22:45 - 1: 15) during the latter portion there is less correlation. The reason 

that the satellite-derived plume heights may not be expected to correlate with the 

infrasound signals during these times is because the two sensors will be measuring 

different processes. The satellite sensor is detecting the maximum height that the initial 

eruption cloud, emitted during the initial most energetic event, reached. That eruption 

cloud obscured new plume emissions and activity occurring beneath it. However, the 

infrasound sensors are detecting the activity that is occurring at the vent. Thus it is 
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Figure 5.9 Plume heights and acoustic power for the July 2006 eruption . Plots show the estimated 
range of plume heights and corresponding acoustic power during the July 14'h - 15'h 2006 eruption. 
The eruption was characterized by a continuous increase in plume heights for the first part of the 
eruption, with a similar trend in acoustic power. The large eruption plume then obscures the view of 
the vent and the plume heights measured are those of the plume that was erupted during the most 
energetic part of the eruption. A secondary plume was observed still attached to the vent once the 
large eruption plume had been transported downwind, indicating the eruption had not ended. This 
plume was at a lower altitude then the previous plume, which again is in agreement with the acoustic 
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possible during this time period the eruption intensity has decreased, but the satellite 

sensor cannot detect this because the vent is being obscured by the eruption cloud that 

was injected into the atmosphere during the earlier (more energetic) event. 

For this time period FLIR imagery was also sporadically collected. An image 

collected at 1 :22 (Figure 5.10) indicates that the eruption column has a sustained 

convective region, which has an estimated height of-1.8 km. In the next FLIR image 

collected at 2:50 the column has collapsed and is feeding pyroclastic density currents 

(PDCs) (Figure 5.10). This correlates well with the infrasound signals recorded that 

shows a decrease in acoustic power and the jetting shift to lower frequencies (Fee et al. , 

in prep). There are several factors that can cause a sustained column to a collapse. The 

most common are lower exit velocities, lower gas content, or the widening of a vent 

(Sparks et al. , 1978; Sparks et al., 1997; Branney and Kokelaar, 2002). It is difficult to 

distinguish the exact cause of collapse, but it would not be unlikely that the vent would 

widen toward the end of a large eruption sequence. Since there is thermal and 

mechanical erosion occurring during the eruption, it would be expected that the vent 

would widen (Parfitt and Wilson; 2008). 

By 3: 15 the largest eruption cloud from the initial event was transported to the 

southwest; the vent could now be observed in the satellite imagery. A plume is still 

attached to the vent, but the heights have decreased to 7,500 - 8,000 m (Figure 5.9). The 

plumes height decreases at 5 :45 to 6, 750 -7 ,000 m and remains at this height until the 

plume is no longer observed in satellite imagery (6:45) (Figure 5.9). The infrasound data 

during this time also shows a decrease in activity with the acoustic power dropping 

suddenly at 03:00 from 9.4 x 106 to 5.3 x 106 W (Figure 5.9). Steady tremor (1.4 Hz) 
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Figure 5.10 FUR imagery collected during the July and August 2006 eruptions. FUR imagery 
showing the changes in at vent processes during the different eruptions. a - b - Images collected 
during the July 2006 eruption indicating that initially the plume was feed by a sustained column (a) 
which later collapsed and the later portion of the eruption resulted in a series of PC Os (b ). c-f -
Images collected during the August 2006 eruption which show that initially the eruption was less 
intense, fed by a PDCs (c) followed an energetic portion of the eruption when there was a large 
sustained column (d and e). The final image collected after the end of the eruption shows warm 
PDC deposits on the flanks of the volcano, with no activity is occurring at the summit region (f). 
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resumes after 3:00. Again, this decrease in acoustic power indicates changes in the 

eruption dynamics and it is now likely that the plume observed is caused by PDCs, 

similar to those observed earlier in the band-held thermal imagery. The most energetic 

portion of the eruption therefore ended at 3:00. The FLIR imagery collected prior to this 

time period indicates that there are sustained pyroclastic density currents, but after 3:06 

there are sporadic PDCs, most likely resulting from small dome collapses instead of a 

sustained collapsed column (Figure 5.9). This shows that the activity at the summit has 

decreased, compared to earlier phases in the eruption. This inhibits the plumes reaching 

altitudes that they did during the most energetic phase of the eruption. 

5.4.4 August 16 -11" 2006 

The largest eruption observed was the August 16th - 17th 2006 eruption. It was 

characterized by the gradual increase in plume heights followed by a large increase in 

plume heights and acoustic power, followed by a sudden end to any eruptive activity. 

From the satellite imagery the eruption was first detected in the GOES data at 20: 15 as a 

persistent emission of a plume to a steady height of 6,000 -7 ,250 m until 02: 15 (Figure 

5.11 ). The infrasound data indicates that the eruption began earlier, at 19:30 as 

indicated by the emergent onset of jetting. The infrasound data also indicated changes in 

the eruption dynamics with increased jetting and power levels rising from 8. 7 x 104 to 6.3 

x 105 W from onset until 21 :30. A possible reason why the changes in infrasound 

intensity are not detected in satellite imagery is the infrasound sensors can detect small 

changes in the source intensity that may not have produced significantly different plume 

heights. 
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Figure 5.11 Plume heights and acoustic power for the August 2006 eruption. Plots show the 
estimated range of plume heights and corresponding acoustic power during the August 2006 
eruption. The eruption shows a gradual increase in plume heights and acoustic power followed by a 
drastic increase in plume heights and power. Indicating there is a good correlation between the 
height of the eruption plume reaches and the acoustic energy produced at the vent. The secondary 
plume heights indicate the portion of the plume that was being transported to the west. The location 
of the tropopause is shown on the plot, indicating that the eruption plume reached the stratosphere 
and surpassed it up to 9 km . 
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The plumes heights then suddenly increased from 1 :00 to 3 :45 (Figure 5 .11) 

indicating an increase in eruption intensity. This corresponded with an increase in the 

acoustic power during the same time period, peaking at 8 x 106 W (Figure 5.11). 

Between 3:45 and 4:15, the plume heights again rose suddenly again, with heights now 

ranging between 11 ,500-13 ,250 m (Figure 5.11). During this time no substantial changes 

occurred in the acoustic signal and the power levels only increased from 8.0 x 106 to 10.0 

x 106 W (Fee et al., in prep). Although it is difficult to determine what could cause an 

increase in plume height and would not be detected in the infrasound some speculations 

can be made. One possible explanation could be that the plume was being fed by the 

PDC 's and not a sustained column. It is known from the hand-held thermal imagery and 

visual reports that PDC's were forming around this time due to column collapse (Barba et 

al ., 2006). If these smaller increases in mass flux (that are observed in the infrasound 

data) are supplying enough hot material to the currents this would allow the elutriation of 

the fines (fine grained ash particles) within the PDC's that would form a rising 

convective plume. Therefore, the plume could rise to higher heights without the 

associated infrasound signal from the vent. A column vs PDC fed plume cannot be 

distinguished in the satellite imagery due to the low spatial resolution of the sensors . 

These types of PDC fed plumes have been observed at several volcanoes, but one of the 

most notable is the 1989 eruption of Mt. Redoubt Alaska, which resulted in plumes 

reaching 12,000 to 13 ,500 m (Miller and Chouet, 1994; Schneider and Rose, 1994). 

A GOES data gap occurred between 4: 15 -5:45, but during this time a further 

increase in eruption intensity occurred as shown by the infrasound and FUR imagery. At 

04:36 an energetic explosion is followed by intense and broadband jetting (Matoza et al., 
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2008 ; Fee et al, in prep), with power levels reaching 0.7 - 1.0 x 107 W (Figure 5.11). 

The paroxysmal and plinian phase of the eruption occurred between 5:30 and 6:20. At 

5:30 the power levels increased to 3 x 107 Wand jetting shifts to frequencies lower than 

0.1 Hz (Garces et al. , 2008; Matoza et al. , 2008; Fee et al., in prep) indicating a dramatic 

increases in the jetting. This transition was also reflected in a change in activity recorded 

in the FLIR imagery. At 4:53 the thermal imagery shows a smaller and less developed 

column, but after a data gap the imagery shows a sustained column with a large thrust 

region at 5:35 (Figure 5.10). In addition visual reports indicate the incandescent jet 

reached heights as high as 6,000 m (Barba et al., 2006) . The satellite imagery at 6: 15 

reveals a large circular eruption head, indicating a large umbrella cloud (156 x 134 km) 

bad developed (Figure 5.4) with plume heights reaching 16,000 - 20,700 m (obtained 

from PTT measurements). For the next hour the plume was controlled by gravitational 

spreading as evident from the plume spreading radially from the injection source, even 

against the prevailing wind-fields (Figure 5.4). This indicates that the plume had not 

been advected into the wind fields and therefore the wind-fields did not have control of 

the dispersion and transport of the plume. At 6:20 the acoustic energy decreased (Figure 

5.9) drastically to 6.6 x 106 Wand 15 minutes later dropping to 1.8 x 104 W indicating 

that the most energetic portion of the eruption had ended. 

Although there was no longer activity occurring at the vent, the eruption cloud 

was still present. It is not until 7: 15 that we could determine that a portion of the plume 

had been injected into the stratosphere and surpassed it by several kilometers. A 

principle movement of direction to the east was recorded at this time indicating that the 

eruption cloud had been advected in the wind-fields and was no longer gravitationally 
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driven. During the summer season at this latitude the only eastwardly moving winds 

(above the volcano's summit) are located above the tropopause. Thus, from the wind 

field data we can say with certainty that the plume reached at least 22,250 m, penetrating 

the stratosphere. We therefore conclude that the plume had reached heights to at least 

22,250 m and possibly higher, when the plume was first observed in the satellite imagery 

(6: 15). At 7:45 the satellite imagery indicates that the eruption cloud is also being 

transported to the west at a lower elevation . Therefore we know that the eruption was 

large and powerful enough to have been injected into the stratosphere, but that a portion 

of the plume was also being transported to the west at a lower elevation. Again, with the 

datasets available it is difficult to distinguish what caused the plumes to travel at two 

different elevations, but two different scenarios could cause such a phenomenon. The 

first could be caused by the formation of lower secondary intrusion that is transported at a 

lower elevation due to an atmospheric deformation zone with two fronts moving at 

opposite directions (Holasek et al, 1996). After the emplacement of a large umbrella 

cloud it is possible for the cloud to decouple fom1ing two layers, a lower denser ash 

ridden layer and an upper more buoyant gas and fines rich layer. In our case the gas and 

fines rich layer was transported to the east, while the ash-ridden layer is being transported 

to the west. If this separation occurred it agrees with satellite observations in which the 

higher layer became more diffuse earlier (as would be expected if there was only gas and 

finer ash particles) (Figure 5.6) while the lower ash rich layers dispersal could be tracked 

for several hours longer. The next scenario is that the two clouds are being fed by two 

different sources; the higher portion of the plume is being fed by the plinian eruption 

column while the lower cloud is being supplied by a PDC. During the paroxysmal phase 
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of the eruption PDC' s were documented, therefore these currents could have been 

supplying a large PDC that was elutriating the fines within the current leading to a PDC 

feeding a convective column, that was being transported to the west. This has also been 

observed at other large stratospheric eruptions such as Mount St. Helens (e.g. Sparks et 

al., 1986; Holasek and Self, 1995) and Mount Pinatubo (e.g. Holasek et al. , 1996; Tupper 

et al., 2005). Both scenarios are possible and it is difficult to distinguish between the 

two. 

The eastern and western movement of the plume continues until the eruption 

clouds dissipated to a point at which it could no longer be observed in the satellite 

imagery. This had occurred by 13: 15 at which point the eruption cloud was diffuse 

enough to observe the vent. At this time there was no activity occurring at Tungurahua, 

which agrees with the infrasound data that suggests the eruption ended seven hours 

earlier. The FLIR imagery that was collected at 11:53 also indicates no new explosive 

activity, but instead cooling pyroclastic and lava flows (Figure 5.11). 

5.5 Classification of Eruption Intensity 

Classification of eruptions is a difficult task as many of the different types of 

eruptions share different characteristics and common nomenclature of eruption 

classification is dependent on the field based measurements of tephra deposits. The most 

common measurements used to distinguish between eruption types are dispersal area (D) 

and the degree of fragmentation that occurs (F%) (Walker, 1973) (Figure 5.12). In order 

to determine these parameters field campaigns are necessary, which are both expensive 

and dangerous due to the location and activity of many volcanoes. In this section we 
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attempt to make the most accurate classification of the four main eruptions at Tungurahua 

using observations obtained from the satellite, hand-held thermal, and infrasound data. 

Plume heights and dimensions as well as eruption duration and acoustic power will be 

used to classify the eruptions (Table 5.5). Plume heights have been used for decades to 

classify eruption types (Figure 5.12). Generally, the higher the eruption cloud reaches the 

more intense the eruption when combining with the duration of the eruption allows for 

the magnitude to the eruption to be estimated. Plume dimension ratios will aid in 

classifying the eruptions. The larger the ratio of plume width to length indicates that the 

eruption intensity was large enough to form an umbrella cloud that once it reaches its 

natural buoyancy level acts as an expanding gravity current (Figure 5.13). This means 

that the plume was strong enough to expand in all directions, including upwind. 

Therefore the formation of a large umbrella cloud that spreads radially from the source 

will have a ratio of one, while a long plume with minimum width will have a smaller 

ratio. Eruption duration has also been used to determine eruption magnitude (the longer 

the eruption occurs the greater the total volume of magma erupted). To that extent, 

acoustic power can also be related to the momentum transfer and therefore the higher the 

power, the more intense the eruption. These criteria will help us distinguish the different 

styles of eruptions that have occurred as well as observed transitions in eruption styles . 
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Date 

1/ 10/08 - 1/ 11 /08 

216108 

7/ 14/06 - 7 / 15/06 

8/16/06 - 8116106 

Table 5.5: 
Maximum 
Height 
(m) 

7,500 

6,000 

8,900 

8,900 

14,000 

14,250 

8,000 

11 ,750 

24,000 

Parameters used in eruEtion classifications 
Plume/ 
Eruption 
Cloud Ratio 

.06-0.15 

0.5 

0.6 

0.5 

n/a 

0.7 

- 0.4 

0.4 

0.8 

Jetting 
Duration 

n/a 

n/a 

2.5 hours (not 
sustained) 

- 2.5 hours 
(not sustained) 

- 2.5 hours 
(seven pulses) 

- 5 hours 

n/a 

1.5 hours 
(broadband) 

3 

Maximum 
Acoustic Intensity 
Power (W) Classification 

Weak 
4.3 x 104 Vulcanian 

I.O x 106 Vulcanian 

6.3 x 106 Vulcanian 

I.I x 107 Vulcanian 

Strong 
7.4 x 106 Vulcanian 

9 .8 x 107 W Sub-Plinian 

5.3 x 106 Vulcanian 

I.O x 107 Vulcanian 

3 x 107 Plinian 
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Figure 5.13 Schematic depicting how plume ratios are determined. a - The different types of 
plume's that can result from the intensity of the eruption , adapted from Sparks et al., 1997. b- Plume 
ratios calculated during the eruptions at Tungurahua. Plumes with a higher ratio are more energetic 
while those with lower rations are less. c -An example of how plume ratios are determined from 
satellite imagery. 
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5.5.1 January Jdh -11'" 2008 

The January eruptions are characterized by continuous low-level plumes 

reaching maximum heights of 7 ,500 m. There was no observed jetting during the 

eruption sequence and the maximum power levels reached were 4.3 x 104 W, with much 

variability throughout. The plume ratio ranged between 0.06 - 0.15 indicating it was a 

classic weak bent-over plume that was completely driven by wind fields and hand no 

gravitational spreading (Sparks et al., 1997) (Figure 5 .13 ). Although many explosions 

were present throughout the eruption sequence, indicating typical strombolian activity 

(Fee et al., in prep), the fact that there was a continuous plume indicates that the intensity 

was greater. With all the data collected it was determined that this eruption was the 

lowest intensity eruption that was investigated but it is difficult to precisely classify the 

type of eruptions. From the eruption plume height, the low acoustic power and low plume 

ratio the eruption can be constrained between intense strombolian activity or low-level 

vulcanian activity (Figure 5.12b) 

5.5.2 February 6'h 2008 

The February 6th 2008 eruption is characterized by several small eruption pulses 

followed by a higher intensity pulse. A total of four different phases can be distinguished 

by the satellite data with plume heights reaching a maximum height of 14,000 m. The 

total duration of the eruption was - 10.25 hours, but within that time frame there were 

many increases in decreases in acoustic intensity and periods of jetting do not last longer 

than 1. 5 hours at any time. These eruptions are classified as typical vulcanian eruptions 

produced by discrete and transient explosions, sending ash plume to moderate altitudes 
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(9,000 - 14,000 m) (Figure 5.12) (Sparks, 1997; Morrissey and Mastin, 2000; Parfitt and 

Wilson; 2008) 

5.5.3 July 14th -15th 2006 

The July eruption is characterized by a high intensity eruption with an emergent 

onset followed by a gradual decrease in eruption intensity. The plume reached a 

maximum height of 14,250 m during the first phase of the eruption, with maximum 

acoustic power of 9.8 x 106 W. Infrasonic jetting occurred for the 5 hours, almost the 

entire duration of the first phase, although differences in the spectra are observed within 

the eruption duration (Fee et al. , in prep) . Plume dimension ratios were determined using 

both the GOES and MODIS imagery and ranged between 0.8 and 0.74 during the first 

phase of the eruption indicating that there was a period when gravitational settling was 

the driving force behind the plumes dispersal. Meaning the rising eruption column had 

enough momentum to rise to its neutral buoyancy level before the wind field 

overpowered the column. This period was short-lived and the plume was advected by the 

wind fields which dispersed the plume to the southwest (Figure 5.4). This earlier, more 

energetic portion of the plume can be classified as sub-plinian, as determined by the 

plume heights, the acoustic power produced, and the duration of the eruption. The plume 

reached high altitudes and had a prolonged period of jetting, but there was no 

stratospheric injection which is characteristic of most plinian eruptions. 

There was a decrease in activity at approximately 3:00 on the 151
h, when the 

infrasonic jetting decreased and it is observed that a lower intensity plume is still attached 

to the vent. This plume has much lower heights of 8,000 m and a lower plume ratio of 

0.4 (note this is an estimate, since the leading edge of the plume is not distinguishable). 
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The maximum acoustic power during this phase was also much lower than the previous 

sequence at 5.3 x 106 W with periods of variability. It was also observed in the hand

held thermal imagery that the plume was not being fed by a sustained column, but instead 

that there was column collapse and for the later portion small frequent dome collapses 

feeding sporadic pyroclastic flows. Therefore the plumes observed in the satellite 

imagery are PDCs or plumes supplied by PDCs. We have therefore determined that the 

sub-plinian transitioned into a vulcanian eruption at~ 3:15 (Figure 5.12). 

5.4.4 August J61
h - 11" 2006 

The August eruption is characterized by a gradual increase followed by a drastic 

increase in eruption intensity. The maximum plume heights during the first, lower 

intensity, portion of the eruption were 11,750 m with maximum acoustic power reaching 

12 x 106 W. Broadband jetting was observed for the latter part of the first phase and 

lasted for one and half hours . The maximum plume ratio during this portion of the 

eruption was 0.4 indicating that gravitational forces were present, but minimal. During 

this phase pyroclastic density currents were occurring frequently , possibly supplying a 

convective plume. From the maximum plume heights and the presence of uninterrupted 

broadband jetting for over an hour, we classify this portion of the eruption as vulcanian 

(Figure 5.12). This eruption then transitioned into a more energetic eruption when a 

24,000 m high umbrella cloud was injected into the stratosphere. The maximum acoustic 

power recorded for the eruption was recorded to be 3.0 x l07 W. During this time 

pyroclastic density currents were also observed and were possibly feeding a larger 

convective plume that was being dispersed at a maximum height of 14,250 m. The 

plume ratios at this time were 0.8 indicating a strong gravitationally driven component of 
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the plume. The gravitational spreading lasted for - 2 hours. With the stratospheric 

injection on the continuous broadband infrasonic jetting, and the simultaneous 

emplacement of PDCs this eruption can easily be classified as plinian (Sparks et al. , 

1997; Cioni et al. , 2000; Parfitt and Wilson; 2008). 

5.6 Conclusions 

From the satellite, thermal images and infrasound signal four different types of 

eruptions were detected and documented over a two year period at Tungurahua Volcano: 

plinian, sub-plinian, vulcanian and strombolian. Transitions to and from different types 

of explosive activity was also detected. Although both satellite data and infrasound data 

are useful tools for volcano monitoring, both techniques have limitations. Satellite data 

has become an established tool for estimating plume heights and tracking the dispersal of 

volcanic clouds and aerosols, but has have difficulty constraining eruption onsets (if the 

plume is too small to be detected in satellite imagery) and also the end of an eruption, 

especially large eruptions where the volcanic clouds are obscuring the vent. Infrasound 

data, on the other hand, can easily detect the onset and end of eruptions as well as 

calculate relative power being produced from the eruptions. However, it has yet to be 

determined how the data can be used to constrain plume heights or where the resulting 

ash and pyroclastic density currents are traveling, one of the most useful products for 

volcano hazard management. Therefore integrating the two techniques allows one to 

better constrain the eruption intensity, plume height and eruption onset and cessation. 

Combining the two data sets enables one to easily distinguish between plinian, sub

plinian and intense vulcanian activity, but more analysis and test cases must be used to 
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distinguish between lower intensity eruptions (Figure 5.12). Future studies incorporating 

the two techniques will hopefully improve operational monitoring and hazard 

management for explosive eruptions. 
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CHAPTER 6. CONCLUSIONS 
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6.1 Summary 

This dissertation covered four main topics: 1) how automated algorithms 

developed to detect volcanic thermal outputs can be effectively used to track thermal 

emissions and be implemented in volcano monitoring, 2) how data gathered from these 

algorithms can be effectively used to derive quantitative measurements such as discharge 

rates and lava volumes, 3) what volcanic and eruption processes can be deduced from 

these measurements and 4) how, when incorporated with other geophysical 

measurements, new insights into volcanic processes can be made. 

In Chapter 2 the principles and methods of various automated volcanic thermal 

anomaly algorithms were examined. The three main types of algorithms developed 

(contextual: VAST, fixed-threshold: MODVOLC, and temporal: RAT) were tested to 

examine how accurate they are at detecting long-lived lava flows, short-lived lava flows, 

intermittent strombolian activity, lava dome growth and collapse and fumarolic activity. 

From the analysis it was found that no algorithm operates with 100% accuracy, and each 

of the algorithms performed differently for the different scenarios. All of the algorithms 

had high detection rates for intense volcanic anomalies (lava flows) and, in general, lower 

detection rates for less intense anomalies (i.e., strombolian and dome growth). 

MODVOLC ranked the highest in algorithm performance, although it only detected 64% 

of the anomalous images, it had a very low occurrence rate of false detections (3% ). It 

was found there is a trade off between the rate of accurately detected anomalies and the 

occurrence rate of false detections. Therefore it is critical that the user determine what an 

acceptable number of false detections and false alerts. Whatever the case, no algorithm is 
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100% accurate and therefore some sort of user interaction is necessary when using the 

algorithm output for quantitative analysis. 

In Chapter 3 the Stromboli 2007 effusive eruption was examined. Satellite

derived discharge rates and cumulative volumes were calculated for the eruption using 

A VHRR and MO DIS thermal infrared satellite data. The eruption was characterized by a 

short period of heightened discharge rates (17 m3s- 1
) followed by a longer period of low 

rates (:S 4 m3s- 1
). These drastic changes in discharge rates indicate the eruption was 

caused by a shallow dyke tapping a pressurized magma source. Comparing the manually 

derived discharge rates and cumulative volumes of erupted lavas with those calculated 

from alerts produced by VAST, MODVOLC and RAT reveal that errors of up to ~ l 0 

m3s- 1 can occur. Over and underestimates in discharge rates result in errors in estimated 

cumulative volumes by up to an order of magnitude. The errors in discharge rates and 

cumulative volumes were produced by introducing cloudy imagery into the analysis, not 

including all anomalous pixels in the image and choosing inappropriate ambient 

temperatures when solving the pixel mixture model. 

In Chapter 4 the volumetric balance at Mt. Etna was explored by comparing the 

volumes of erupted lava and the volumes of degassed magma. Sulfur dioxide (S02) 

fluxes have been derived from correlation spectrometer (COSPEC) measurements at Mt. 

Etna (Italy) on a regular basis since 1987. Previous studies have compared field-based 

effusion rates with the measured S02 fluxes to determine how much of the degassed 

magma is erupted onto Etna's flanks in the form of lava flows (Allard, 1997; Harris et al., 

2000). However, most of these studies examine bulk volumes erupted over an entire 

eruption rather than examining the short-term variations during eruptions. The analysis 
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showed that variations in the amount of degassed magma and erupted lava not only vary 

on annual time scales (from eruption to eruption) but also on a weekly to daily basis 

(within individual eruptions). Lastly it was shown that, at times, the volumes of erupted 

lava was greater than the volume of degassed magma, often during the onset of eruptions. 

This indicates that an excess of previously degassed magma resides within a shallow 

reservoir at Etna. 

Lastly, in Chapter 5, eruption plumes were examined using TIR satellite data. 

From satellite based measurements the chronology and plume heights of eruptions at 

Tungurahua Volcano, during 2006 - 2008, were determined. From the satellite data three 

eruption styles were identified (vulcanian, sub-plinian and plinian). When incorporating 

infrasound data with the satellite observations a good correlation was found between 

eruption plume height and acoustic energy for sub-plinian and plinian eruptions. In 

addition it was possible to distinguish more accurate start and end times of the eruptions 

that would not be possible just using satellite data. Different eruption regimes within the 

individual eruptive events were also distinguished. For example for the August 161
h -1 ih 

2006 eruption transition from a vulcanian to plinian eruption was documented and for the 

July 14th -15th 2006 eruption a transition from sub-plinian to vulcanian. Therefore 

integrating infrasound (measuring at vent processes) and satellite data (measuring plume 

dynamics) it is possible to determine how the flux rates at the vent affect the plumes 

produced. 
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6.2 Future Work 

Due to the low-cost of low-spatial resolution satellite data the addition of such 

data to volcanic monitoring is especially advantageous. As shown from the research 

presented in this dissertation, integration of thermal remote sensing data with other 

ground based geophysical measurements gives new insights into volcanic processes, 

particularly subsurface processes and at vent mechanics that are not observed by the 

satellite sensors. Therefore integrating other geophysical measurements on a routine 

basis would be beneficial and lead to more complete understanding of processes 

occurring during volcanic eruptions. For example, excess degassing of magma at shallow 

levels within a volcano's edifice lead to volumes of magma which can be stored near the 

surface. Therefore the stored magma can erupt without any precursory activity, like that 

observed during the 2004-2005 eruption of Etna. Since S02 measurements are routinely 

collected at many volcanoes, tracking changes in erupted lava vs. un-erupted magma 

volumes can indicate if such a volume exists. Incorporating deformation data (e.g. GPS 

and tilt measurements) with thermal satellite measurements, as well as gas measurements, 

would also be useful to determine the volume of magma entering the shallow system. 

Again this could be compared with how much magma is being erupted leading to a better 

understanding of the shallow storage systems of volcanoes and would enable a more 

complete monitoring system of the volcano. 

For volcanic plumes the combination of infrasound and satellite data showed 

good correlation with acoustic power and eruption plume height for large explosive 

eruptions. Additional studies using the same methodologies would hopefully allow 

acoustic power to be directly correlated to eruption plume heights, therefore leading to 
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another method of monitoring eruption plume hazards. Although plume height estimates 

are especially useful for hazard mitigation, it would be useful to determine the mass flux 

of explosive eruptions. Being able to correlate acoustic power with the mass flux can be 

completed using ash particle retrievals gathered from multi thermal band satellite data 

such as MOD IS and A VHRR. Correlations with acoustic power and the amount of 

volatiles within the eruption clouds would also be necessary to understanding pre

emptive conditions, such as water vapor and S02 content which again can be completed 

with multispectral datasets. 

In conclusion, thermal remote sensing data is a useful tool for volcano monitoring 

and therefore it is vital that future satellites carry sensor with thermal infrared bands. 

Like all other monitoring methods, remote sensing has its limitations. Therefore all 

available monitoring resources should be integrated to gain better insights into volcanic 

subsurface, at vent and sub-aerial processes. These insights into the entire volcanic 

system will lead to the most effective volcano monitoring possible. 
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Table 4.2: Eruption information, supply rates (m3/s), discharge rates (m3s-1
), volumes of supplied magma (m3), volumes of erupted lava (m3

) and volumetric 
diffe 3 

....... ,. .,.. ~ .. ...... 

Eruption: 2002-2003 2004-2005 2006 

Phase: I II Ill IV Total A B c D Total x y Total 

Start Date 26-0ct-02 31-0ct-02 13-Dec-02 28-Dec-02 16-Sep-04 7-0ct-04 4-Nov-04 2-Dec-04 15-Jul-06 19-Jul-06 

Stop Date 30-0ct-02 12-Dec-02 27-Dec-02 29-Jan-03 6-0ct-04 3-Nov-04 1-Dec-04 10-Mar-04 18-Jul-06 25 July-06 

Duration (d) 5 42 15 33 95 21 28 27 98 174 4 7 11 

Max Dr 33 9 8 5 5 5 6 12 5 10 

Max Sr 15 22 7 10 2 2 4 11 4 6 

Vsup[J;y 1.6x106 3.9x107 5.6 x 106 1.4 x 107 6.0 x 107 1.4x106 2.4x 106 2.9x106 2.8 x 107 3.5x107 8.1 x10s 1.8x 106 2.6 x 106 

Verupt 5.9 x 106 1.0 x 107 5.1x106 5.3 x 106 2.6 x 107 4.0 x 106 5.9 x 106 6.9 x 106 2.4x107 4.1 x107 5.2x105 2.2 x 106 2.7 x 106 

!:N 4.3 x 106 -2.9 x 10' -5.0x105 -8.7 x 106 -3.4 x 107 2.6 x 106 3.5 x 106 4.0x 106 -4.0 x 106 6.1x106 -2.9 X 1Q5 4.0 X 1Q5 1.1 x105 
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