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Volcanic ash is a product of explosive volcanic eruptions and refers to those particles <2 mm in
size that are ejected from a volcano. Once erupted into the atmosphere, ash can be transported
vast distances. Satellite remote sensing has provided us with the tools to map and monitor these
plumes. These methods are restricted in viewing only that portion that is optically transparent,
due to the requirement to observe the interaction of ground upwelling radiation with the plume.
For this study, methods have been developed to map not only the opaque portion of the plume,
but in higher spatial resolution than has been attempted previously. This has been done by using
the unique emissivity spectra that are produced by materials in the thermal infrared portion of the
electromagnetic spectrum. By using an end-member linear unmixing model with a spectral
emissivity library of different volcanic ash types, opaque plume bearing pixels of Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data have been processed.
These end-member results have shown the applicability of this technique, with sampled
volcanoes mapped with very low root mean square (RMS) errors. Volcanoes with unknown
composition were also mapped with the library with varying degrees of success. Further
expansion of the laboratory spectral library will allow more accurate assessment of these
volcanoes. The collection of per pixel emissivity spectra of opaque plumes was also attempted
using an experimental multispectral FLIR thermal camera apparatus, in order to collect data on
the rising volcanic ash column. These data showed that the camera can produce emissivity

spectra, however further calibration and correction is required in order to make a volcanological



assessment of the eruptive products. Finally, a method of better tracking disconnected ash
plumes is assessed. In cases where a plume is detected disconnected from or distally from the
source volcano, the application of geostatistical methods to backward trajectory model data can
yield the source location. This could then be used to helped point the ASTER sensor off-axis

towards erupting targets, thus providing a greater quantity of data to be analyzed.
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visible in the image due to the contrast. It is still present however. B) Mean emissivity spectrum
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standard resolved to the FLIR multispectral wavelengths. ...........ccccooeiieiiiie i 137
Figure 4-6 A) and B): Pre-correction image data for multispectral band 5 for the quartz and
obsidian standards. The two samples are kept in a drying oven at 80 °C and were scanned using
the system for 30 seconds immediately after being removed and were situated 20 cm from the
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as well as a laboratory spectrum of the same sample, resolved to the 6 band spectral resolution.

Figure 4-7 FLIR data from 2015 collected using the multispectral system with the 1% generation
filters installed. This dataset was obtained during night time activity, so no visible images are
provided for comparison. A) Broadband temperature image; B) Band 3 image converted to
emissivity. Pixels that are selected are shown and labelled, with the corresponding spectra for
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Figure 4-8 Data from the 2016 paroxysmal eruption of Fuego, collected using the multispectral
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activity, so no visible images are provided for comparison. A) Broadband temperature image; B)
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Figure 4-9 FLIR data from 2018 collected using the multispectral system with the 2nd generation
filters installed. These data were collected from OFVGO 21 February 2018. A) Broadband
temperature image; B) is a band 3 converted to emissivity after application of the correction
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Figure 4-10 FLIR data from 2018 collected using the multispectral system with the 2nd
generation filters installed. These data were collected from La Réunion golf course 23 February
2018. A) Broadband temperature image; B) is a band 3 image converted to emissivity after
application of the correction routine. Pixels that are selected are shown and labelled, with the
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Figure 4-11 Three spectra derived from pixels from data obtained at Volcan De Fuego 21
February 2018, using the new filter sets and the aberration calibration model, compared with the
laboratory spectrum of > 150 um Fuego ash, resolved to the 2" generation filter wavelengths.
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(Volcan de Fuego and Mono-Inyo obsidian). After correction, these spectra much more closely
resemble those emitted by silicate minerals/glasses. ..........coevvevieiieiicie i 154
Figure 4-14 1% (upper panel) and 2" (lower panel) filter sets (highlighted in cyan for clarity)
compared with a model tropical atmosphere developed from the HITRAN model. Particularly of

note are the absorptions found in band 1 (water vapor), 4 (Os and CO) and band 6 (water vapor).

Figure 5-1 Method for creating the simulated “disconnected” ash cloud, demonstrated using a
retrieval from an ash plume generation by Mt. Etna, Italy on October 28" 2002. The BTD
retrieval model is first used (upper left), and then a smaller region of this plume is then identified
(upper right). From this, the grid can be overlain, and coordinate points created from which the
HYSPLIT backward trajectory model will be initiated (bottom). .........ccccoveveiieieciice e 165
Figure 5-2 Method for creating the final trajectory for each height level. The HYSPLIT
backward trajectories are plot (upper left). An interpolated surface is then calculated based on the
density of the plume (upper right). The highest density region is the area chosen as most likely
represented the plume path, and so from this, interpolated polygons are extracted from this
dataset until a trend pathway can be extracted and presented as the assumed overall backward
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Figure 5-3 Examples of the “near- and mid-range” scenarios created using this method,;
Clockwise from top left — Mt. Etna, Italy, 28 October 2002 1453 UTC; Sangeang Api, Indonesia,
31 May 2014 0525 UTC; Raung, Indonesia, 12 July 2015 0240 UTC. ......cccccvevvviervereseennnn, 171
Figure 5-4 More distal end-members of the “mid-range” scenarios showed varying degrees of

success. The upper scenario from Chaitén volcano (5 May 2009 1435 UTC) was accurate for all
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three height levels, however Kliuchevskoi (bottom; 29 June 2007 2340 UTC) was much more
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Figure 5-5 Model results from the ash cloud produced by Puyehue-Corddn Caulle, Chile, 8 June
2011 0920 UTC. Despite many of the extreme tests of the model effectiveness showing that it
becomes more inaccurate with distance, this example curiously ended with all three height levels
tracking back the cloud to within 60 km of the source volcano, thus within the ASTER swath
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PREFACE

“It’s wonderful to know that | could be, something more than what | dreamed, far beyond what |

could see”” — John Petrucci, Dream Theater, 2005

As my supervisor weaved the lyrics of Rush’s Neil Peart through his acknowledgments
from his thesis, so | decided to open mine echoing the words of my favorite band, Dream
Theater, from the song ‘Octavarium’. 6 years at the University of Pittsburgh has required, not
just allowed, me to reach beyond what | thought | could do, and become something, someone,
who | have never met before. This hasn’t just been an academic experience for me. This has been
a fight to further who | am, to better myself. I have come up short on many occasions, but I can
look back on the last 6 years and have pride in who | am. However, none of this would have
happened if it wasn’t for the people who have allowed and encouraged me to grow, and whilst
this preface is nowhere near enough to express my gratitude, | will make the attempt to
demonstrate how thankful I have been for so many people in my time here.

I firstly must thank my supervisor Dr. Michael Ramsey. Mike, you took a punt on a guy
that you hadn’t met before, and only had the words on some pieces of paper and my former
supervisor to go on. Yet, you still brought me here and allowed me to follow through on the
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allowing me to take the lead on projects | felt were important, and accepting my judgement.

Without this learning experience | never would have gotten to where | am. | have learned so
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much from working with you and I’m looking forward to where this knowledge will take me.
Thank you.

| feel lucky to have had the committee that I chose, so | would like to thank Drs. Bill
Harbert, Charlie Jones, Vincent Realmuto and Brian Stewart. | have benefitted from your
suggestions and learned so much from each of you. It has been a pleasure knowing each of you
here, so thank you for being a part of this process. Furthermore, | want to extend this thanks to
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I’d also like to thank all the admin staff who have always let me cause a nuisance around the
place, and without whom my time here would have been much less enjoyable, Shannon
Granahan, Dolly Chavez, Jessica Caldwell and Annemarie Vranesevic. All of you have done so
much to help me, | hope that | was able to put a smile on your faces with my ridiculous
conversations.

This work would not have gone the way it did without the help of so many other people
around the world. | must first thank Matt Watson at the University of Bristol. Allowing me to
come back on three separate Guatemala trips has just been brilliant. You have been kind and
thoughtful each time and it was a genuine pleasure. Thank you for encouraging me during my
time at Bristol and helping me get this PhD position in the first place. You are one of the reasons
I am here right now, and for that | am so grateful. Gustavo and Paco Chigna have also been a
great help in the field but also become my friends. The work that you both do for the people of
Guatemala is unbelievable, I’'m so proud to know you both. I must also thank the MSc
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accompanying (former and current) graduate students Emma Liu, Luke Western and Ailsa
Naismith. Thank you for welcoming me as part of the group and making the field experiences we
had as special as they are. | have so many fond memories to look back on thanks to you all. I also
must thank the following (in no particular order) for all the time and effort they have put in to
helping me with this work; Leif Jahn, Betsy Clark and Eric Lipsky at Carnegie Mellon
University, Peter Webley at University of Alaska Fairbanks, Steve Ruff at Arizona State
University, Masato Iguchi and Daisuke Miki from Kyoto University, and David Tratt and Jeff
Hall at Aerospace. All of you helped shape this through discussion, laboratory work, or field
assistance, and your input was invaluable.

There are, obviously a number of people that I must thank for being good friends and
being there when | needed it. | hope | was able to do the same. Rachel, Alison, Bobby — you guys
made me welcome here and accepted me into life here. You were the source of so much
happiness for me when 1 arrived — | wish | had known you for longer, so that we could’ve had
crazy adventures together. The difficulties of adjusting to a new place were made so much easier
through being able to enjoy myself with you all. Thank you. Sarah — you are one of my best
friends, and this last 6 years would have been more difficult had I not had someone who was able
to go to concerts with me and support me in my acting endeavors. I’m sorry that we have spent
so much time apart and that we don’t see each other more regularly. Life gets in the way, but that
is no excuse. Chris — | know we don’t see each other much, we really should try and rectify that
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been great to me, and I’ve enjoyed just coming over, eating, drinking and just generally talking
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settled as possible. It’s been great to have someone to chat sport to for hours, as well as getting
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good scotch together. You’re an amazing researcher, and there are many things | envy about you.
I hope we can continue to work together and be friends together in the future. Mark — It’s been
too long since we’ve seen each other, | always intended to come see you in Cleveland after you
graduated, but it’s another one of those things I didn’t end up doing. I’m sorry about that. But my
first year here wouldn’t have been the same without you to hang out with, I’m thankful for our
beer drinking escapades. Anna — You are someone I’m so proud of for just doing what you do.
I’m glad for every long, rambling, meandering conversation that we have ever had, I know we
never really hung out outside of Crazy Mocha, but I am so grateful for the time we have spent
together, discussing everything and nothing. You are going to be fantastic at whatever you chose
to do with your life, and | always hope | can lend a friendly ear when you need it. Rachel —
Falling into a friendship with you was just so easy. When things are down, spending time with
you and just laughing and being silly is one of the things that really puts a genuine smile on my
face. | know | make fun of you a lot, but it really does come from a place of great respect. | will
always be there for you, no matter what, wherever in the world I am. Daniel — Having a friend
who is completely and utterly nonsense free is not something that happens to most people, but
our friendship has been such a simple thing. Thanks for all the great times we have spent
together, and the many adventures we have been on through Pittsburgh. Congratulations on
getting your PhD, it is richly deserved for a very talented person. Best of luck for your new
chapter in Chicago. lan — | know we’ve only been friends for a short time, but I’m so glad that
we met and clicked. Spending time with you, going on our Friday night bar crawling around
Oakland in your first semester is what got me through a very tough period of work. Thank you
for being there, for being the fun person that you are. Don’t let grad school drag you down — |
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be there to talk ideas, or just catch up once I’m done here. Ben — Cheers for being fun, for having
someone to talk stupid conversation in the office with. I know we don’t get to hang out as much
as I’d like, what with other commitments and all, but thanks for being a friend in the short time
we’ve known each other. To Frankie and Roy — Roy | am sad that you didn’t get to see the end
of this. You and Frankie have shown me so much kindness over the course of my time here.
Thank you for looking after me and letting me stay with you in Florida. It’s appreciated more
than you both know. Tyler, Wes, Nick — It’s been so great being able to just go grab some beers
with you guys and relax. There’s never a dull moment and you have all made my last year at Pitt
so enjoyable. Nothing beats talking about Nick’s experiences with Belgian clowns on a Friday
night!

Graduate school has been a strange, transient time. Never in my life have | had so many
people come and go, in many cases without ever talking to them again. It hasn’t been easy, |
have often spent time regretting the lack of time | spent with you. But | would like to take a
moment to acknowledge a few people, whom have helped me when | needed it — Dan, Jess,
Katherine, Cody, Laura, Mallory, Andrew, and Kathryn. I know I’ve fallen out of touch with
you, some have ended more abruptly than | intended. But all of you impacted my life, and | am
thankful for that. There were dark moments that you helped me out of, consciously or
unconsciously, which helped me to better move on with my life. | wish nothing but the best for
all of you.

One thing that I have ended up doing is becoming a regular somewhere, this time a coffee
shop. This is a strange thing for me, I’m not always one for attachments, but one I’'m glad |
undertook, as | built some great relationships out of it. I’m indebted to everyone that | met there,
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you all so much for the opportunities you gave me and the welcome | always felt when | got to
see you all. It wasn’t just about the acting, it was about having fun with some of the finest people
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by trying to make it as fun an experience as possible. But especially | must thank the Smith’s,
Liz and Kenny. You both directed me and I had nothing but fun doing the shows we did. Thank
you for thinking of me, for working on getting me into a show whilst fitting it around my
schedule. Your kindness and hard work in producing these shows certainly paid off. Louis —
you’re the funniest person I’ve ever met. You’re so full of life and I’m so glad | could be a part
of it (even if you don’t always remember your lines!) Phil — you’re a fantastic actor and
wonderful person. I’'m so glad we got to become friends through the shows we have done
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1.0 INTRODUCTION

Volcanic ash is a mixture of pulverized lithic, mineral and glass fragments that are
ejected from a volcano during an eruption (Zimanowski et al., 2003), also referred to as tephra. It
is classified as those pyroclastic particles having a grain size of 2 mm diameter or less, with very
fine ash being that fraction less than 63 um in diameter (White and Houghton, 2006). Ash is
complex, as its composition and morphology are controlled by the chemistry of the magma
beneath a volcano, and the processes occurring within the vent. Ash is formed where magma
undergoes fragmentation. During magmatic eruptions, the ascent, decompression and
fragmentation of magma is controlled by dissolved volatiles such as CO2, SOz and water vapor,
which begin to exsolve and expand as gas bubbles within the magma (Cashman and Sheu, 2015;
Cashman and Rust, 2015). This depressurization is more common in dome forming volcanoes,
where solidified magma in the vent can collapse due to instabilities, leading to rapid
decompression and fragmentation (Alidibirov and Dingwell, 1996). If water is external to the
volcano plumbing system (i.e. of glacial or lacustrine origin), then the steam produced provides
additional energy for fragmentation, termed a hydromagmatic eruption (Zimanowski et al.,
2015). In this case, thermal contraction of the magma occurs, as the water chills the magma at its
interface, causing it to shatter and erupt along with a cloud of superheated steam (Langmann et.
al., 2012). If the tensile strength of a magma is overcome, the fragments that are created in the

resulting gas expansion are lofted into the air, entrained in the volcanic gases, creating an ash



cloud. Fragmentation can be considered primary and secondary. Primary fragmentation is
related to those processes occurring in the vent as a result of decompression, expansion, molten
fuel-coolant interactions etc. (Mastin et al., 2009), whereas secondary fragmentation refers to the
process of further breaking down the already fragmented particles from processes such as
abrasion (Durant and Rose, 2009).

The composition of volcanic ash is highly variable and will be a combination of crystal
fragments of both those minerals formed within the melting during cooling and ascent, as well as
phenocrysts of material that crystallized at depth. What complicates the use of ash as the
determiner of the bulk magma composition, is that as minerals crystalize the melt becomes more
evolved (SiOz rich). If this melt then undergoes quenching, the glass formed will be significantly
richer in SiO2 than that of the bulk magma (Cashman and Rust, 2015). This behavior is
determined by the amount of crystallization present. In crystal poor magmas, the glass will be
similar in composition to the bulk composition, whereas in crystal rich magmas, the glass will
have significantly greater amounts of SiO2 (except for quartz; Cashman and Rust, 2015).

The plume that is ejected from a volcano is a mixture of ash entrained in a jet of hot gases
(Figure 1-1). Plumes can be classified as weak or strong, dependent on the rate of buoyant plume
rise. This is controlled by the mass eruption rate and temperature (Bonnadonna and Phillips,
2003). Plumes will rise to a maximum height (Hr) controlled by the momentum of the column. If
Hr rises above the level of neutral buoyancy (Hs), the plume will then descend as a gravity
current (Bursik et al., 1992). This results in the formation of an umbrella cloud, which will begin
to spread laterally. Larger particles (> 100 um) as well as aggregates formed from finer particles
will start to settle out of suspension due to gravity (Taddeucci et al., 2011). The mechanics of

this process are becoming better understood (Van Eaton et al., 2015; Mueller et al., 2016).



Smaller particles can remain suspended and travel much further, dependent on downwind
advection, gravitational settling and mixing due to atmospheric turbulence (Woods and Kienle,

1994).
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Figure 1-1 Idealized model of a volcanic plume erupting into the Earth’s atmosphere, and the pathway of TIR radiance (after Sparks, 1986). The initial

momentum is provided in the jet region where the ash and gas mixture is escaping the vent after volatile exsolution and fragmentation. After this, the

plume buoyantly rises through convection. Eventually the plume will reach a neutral buoyancy point, where the plume will then spread laterally as a

gravity current. The proximal portion of the plume is optically (and by extension thermally) opaque, therefore it will be an emitting source of TIR

energy. VVolcanic ash begins to fall out of suspension as it drifts further downwind, and a density threshold is reached, at which point ground upwelling

TIR radiance is transmitted through the plume.



Volcanic ash presents the most wide-ranging volcanic hazard to both life and property
(Folch and Sulpizio, 2010). The health impacts of volcanic ash have only recently been
quantified (Horwell et al., 2006), and other studies have demonstrated the effects of ash particle
size and chemistry as a health hazard (Horwell et al., 2003). Fine volcanic ash (< 15 um in size)
can enter the respiratory system of humans, with the fraction that is < 4 um capable of causing
chronic lung diseases such as silicosis (Horwell et al., 2006). In particular the potential toxicity
caused by cristobalite fragments in volcanic ash is better understood, and it can present a long
term hazard for people living proximal to an active volcanic center, particularly in cases where
an eruption is quasi-continuous over a number of years (e.g. Soufriere Hills Volcano; Baxter et
al., 1999). Owing to its density, significant ashfall can collapse the roofs of buildings, and it also
poses a threat to the function of the electrical infrastructure of towns and cities (Wilson et al.,
2012). There are also the well-documented hazards to aircraft, which include abrasion of
windows and wing tips, damage to the ventilation systems, and possible ingestion, melting and
subsequent cooling onto the engine turbine blades, which can cause engines to shut down
(Casadevall, 1994).

Thermal infrared (TIR) remote sensing has become a widely used tool in the detection of
volcanic ash clouds and the subsequent hazard monitoring. Methods currently employed rely on
the interaction of ground upwelling radiance through the TIR transparent portion of the plume to
detect the presence of ash and attempt to obtain particle size and density information. This allows
clouds to be tracked over large distances, such as during the 2011 eruption of Puyehue Cordon-
Caulle, where the drifting ash cloud was detected as far away as Australia and New Zealand
(Rose and Durant, 2011). These analyses are routinely performed by Volcanic Ash Advisory

Centers (VAAC) around the world with the aim of reducing the hazards posed to aircraft.



However, methods that employ these techniques are not able to retrieve information on a cloud
that is optically opaque to TIR upwelling radiation. Therefore, alternative methods of ash
quantification need to be determined.

The primary aim of this volume is to answer the question “Does the nascent volcanic
plume behave as a solid emitting surface in the TIR and can these emission be used to quantify
the constituents within this portion of the plume?”” This is attempted by combining laboratory,
computational and field methods in a unique way to study this region in depth for the first time.
The theory presented that led to the development of this work is that an opaque plume will be the
source of emitted energy in any pixel in which no ground-upwelling radiance is detected
(Ramsey, 2016). If this is the case, then it can be analyzed using similar methods to those
employed for ground/solid surfaces, using measurements of that surface’s TIR emissivity. By
analyzing the unique spectral signature of volcanic ash, a laboratory spectral library of ash types
of different compositions was created to act as a series of “end-members”, presented in chapter
2. These libraries are applied to data from the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER), due to its moderately high spatial resolution in the TIR portion
of the electromagnetic (EM) spectrum, and its multispectral capability. Image data of volcanic
ash plumes are analyzed to see if they first contain opaque plume bearing pixels. If so, they are
processed using a linear spectral unmixing model (chapter 3; Ramsey and Christensen, 1998).
This approach is advanced in chapter 4, which describes the development of a multispectral
adaptation for a ground-based thermal camera. The aim is to develop a system that could be
easily transported to a field site, and used to collect multispectral image data an erupting volcanic
plume. By creating a multispectral dataset, the aim is to determine if emissivity spectra could be

successfully derived. These spectra are compared to laboratory spectra of volcanic ash samples



to determine if plume composition is possible. Finally, chapter 5 discusses a model framework to
determine the use of a backward trajectory model coupled with methods in geostatistics to
constrain the source location of a disconnected volcanic ash plume (i.e., volcanic cloud). The aim
is to develop a method that enables targeting of the ASTER sensor to the volcanic source,

providing an increased frequency of critical image data of the eruption.



20 DEVELOPMENT OF A VOLCANIC ASH THERMAL INFRARED SPECTRAL

EMISSIVITY LIBRARY

2.1 INTRODUCTION

Explosive volcanic eruptions produce plumes of ash, a complex mixture of glass, lithic
and mineral fragments (Dingwell et al., 2012), ranging in size from < 2 mm to sub-micron scale
(Rose and Durant, 2009; Wilson et al., 2012). These plumes are formed by the fragmentation of
the parent magma, with higher degrees of fragmentation associated with higher viscosity
magmas (Langmann et al., 2012). Coarser particles tend to fall out of suspension first and are
deposited close to the volcano, whereas finer particles are capable of travelling a much greater
distance from the volcano, and potentially in detectable quantities for remote sensing, as was
seen during the 2011 Puyehue-Corddn Caulle eruption in Chile (Kluser et al., 2013). Volcanic
ash varies in terms of particle size and composition, depending on the type of volcano, and the
style of eruption. Therefore, an accurate assessment of composition is essential in characterizing

the eruptive processes occurring.

TIR emission spectroscopy is a tool that is used to evaluate both the composition and
particle size of geologic features (Walter and Salisbury, 1989; Rowan et al., 1991; Ramsey and
Christensen, 1998). The distinctive vibrational features found within silicate minerals within the

thermal infrared (TIR) portion of the electromagnetic spectrum, provide an invaluable analytical



tool. Furthermore, it has been shown that a mixed spectrum is the sum of the areal percentage of
the materials comprising the mixture (Ramsey and Christensen, 1998). Therefore, with the
correct end-member library and model, compositional determination is possible. Several spectral
libraries exist for both reflectance (e.g. Clark et al., 2007; Baldridge et al., 2009) and emission
(Christensen et al., 2000) spectroscopy. These are primarily pure mineral suites of differing
particle size fractions. Spectral libraries are not restricted for use with laboratory data. They are
resolved to the spectral resolution of satellite sensors that operate in the same wavelength region,
and used to unmix spectra of image pixels to determine their constituent components. This has
allowed the compositional mapping of both terrestrial (e.g. Ramsey, 2002; Zhang et al., 2005)
and planetary datasets (e.g. Christensen et al., 2000; Hamilton et a., 2001).

In this chapter, a new spectral emission library for use with the Advanced Spaceborne
Thermal Emission and Reflection radiometer (ASTER), the ASTER Volcanic Ash Library
(AVAL) spectral library, is presented. The laboratory techniques used to create this library are
described, as are the effects of sample composition on the TIR emission spectrum. The
compositional variations found within the samples are discussed using both the hyperspectral
resolution lab derived emission data, as well as stereoscopic microscope data to determine

mineral composition and % glass vs crystals present.



2.2 BACKGROUND

2.2.1 Volcanoes Sampled

Samples of volcanic ash were obtained from selected volcanic centers, listed in Table 2-
1. These were chosen because the eruptive material was available shortly after it was deposited
and therefore free of weathering products. Furthermore, there are three instances where ash was
sampled twice from different eruptions. This was done to observe any changes in compositional
characteristics, which may have resulted from changes in the eruption mechanisms. This section
also provides a brief background of the eruptive styles and products of these volcanoes. As more
samples are collected and processed, they will be added to the library, with the eventual aim of
spanning many different lithologies. This library is complimented by a crushed sample of
obsidian, obtained from the Mono-Inyo domes complex, California. This sample serves as a

proxy for a high silica glass end-member.
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Table 2-1. List of ash samples available in the volcanic ash spectral library. Note that several samples were donated,

thus the sample coordinates are not known.

Volcano Name  Collected/ Date of Coordinates (UTM)/Notes
Donated Collection
Volcan De Fuego  Collected 02/24/2015 Trinidad Barranca, Volcan De Fuego,
Guatemala (15P, 729744.46m E,
1597125.24m N)
Sakurajima Donated 07/2013 Collected in July 2013 during IAVCEI
meeting field trip, Sakurajima, Japan
(coordinates unknown)
Sakurajima Collected 11/01/2016  Arimura Lava Observatory, Sakurajima,
Japan (52R, 659300.00m E, 3492284.00m
N)
Santiaguito Donated (Dr. 02/2011 El Brujo Dome, Santiaguito Volcano,
Jessica Ball, Guatemala (coordinates unknown)
USGS)
Santiaguito Collected 03/07/2016  Opposite 2007 lava flow, Santiaguito,
Guatemala (15P, 653738.00m E,
1626906.00m N)
Soufriere Hills Donated (Dr. 02/2010 Belham Valley, Montserrat (coordinates
Volcano Jessica Ball, unknown)
USGS)
Mono-Inyo Craters Donated (Dr. 07/2012 Mono-Inyo Craters complex, California,
Michael USA (exact coordinates unknown). Sample
Ramsey, is made up of obsidian fragments which
Mark Price, were subsequently crushed and sieved.
U. Pitt)
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2.2.1.1 Volcan De Fuego

Volcan De Fuego (also known simply as Fuego) is located in Guatemala, 15 km to the
southwest of the town of Antigua (pop. 25,000) and 40 km to the southwest of Guatemala City
(pop. 2,200,000). It is a 3700 m high stratovolcano, which was created roughly 17,000 years ago.
It forms part of the La Horqueta volcanic complex shown in Figure 2-1. This complex is made of
5 volcanic centers that decrease in age to the south, starting with Ancient Acatenango, followed
by Yepocapa, Pico Mayor de Acatenango, La Meseta and Volcan De Fuego (Vallance et al.,
2001). Fuego erupts on a frequent basis, making it one of the most active volcanoes in central
America. Periods of low level strombolian activity, where eruptions last seconds to minutes can
occur for years, which are then punctuated by paroxysmal sustained eruptions of lava and ash,
and on occasion vulcanian/sub-Plinian eruptions with no observed concurrent lava effusion also
occur (Lyons et al., 2010), such as the 1974 event described by Rose et al. (1978). These
intermittent phases of low to high activity followed by periods of quiescence occur throughout
historic time (Bonis and Salazar, 1973). The most recent eruption of Fuego occurred in June
2018, and produced an event similar to the large eruption of 1974, with pyroclastic flows
deposited ~ 15 km from the volcano.

Eruptive material produced by Volcan De Fuego ranges from pre-historic andesites, to
the high Al20s basalts and basaltic andesites seen today. Assemblages of eruptive material
produced in 1974, 1999 and 2003 have shown that the composition is similar (Berlo et al., 2012).
The primary mineral assemblages in this material consists of plagioclase feldspars, olivine,
clinopyroxene and magnetite (Martin and Rose, 1981; Chesner and Rose, 1984; Buckland et al.,

2018).
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2.2.1.2 Sakurajima

Sakurajima volcano is found in southern Japan on the island of Kyushu, close to the city
of Kagoshima (population of ~1,000,000). It formed on the southern rim of the Aira caldera,
which collapsed ~29,000 years ago (Biass et al., 2017), with the Sakurajima edifice forming
~13,000 years ago (Smith et al., 2018). This volcano has been through several distinct phases of
the current eruption, with pauses ranging from months to years between each. The latest phase of
activity began in 2006. Upon reactivation in 1955, Sakurajima produces regular vulcanian
explosions and is considered Japan’s most active volcano (Hirabayashi et al., 1982). This
followed the last Plinian style eruption in 1914 (the Taisho eruption; Oishi et al., 2018). Two
distinct summits exist at Sakurajima, Kitadake to the north and the Minamidake crater to the
south. An additional vent, the Showa crater is to the south east of Minamidake crater (Figure 2-
2).

Activity recorded since 2011 by Oisihi et al. (2018) is defined by frequent dilute plumes
of gas and ash, interspersed with more energetic, ash rich eruption clouds. Roughly 80 eruptions
per month on average were between May 2009 and April 2017 (Poulidis et al., 2018), However,
being of lower energy, these eruptions are significantly lower risk for aviation, as plumes rarely

ascend to > 5 km in the atmosphere (Smith et al., 2018).
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The magmatic system beneath Sakurajima is fed by one magma chamber at 10 km depth
and located below the Aira caldera, with an additional chamber at 5 km (Iguchi et al., 2013).
This chamber second chamber feeds activity at both the Minamidake and Showa craters, with a
branched conduit feeding the latter. Compositionally, the erupted material can vary quite
dramatically, with Kurniawan et al. (2016) reporting that the glass content ranges from 46.8 —
74.7 %, and plagioclase from 9.6 — 40.9 %. Common minerals found within the tephra are
plagioclase feldspar, Ca-rich and Ca-poor clinopyroxene, orthopyroxene, and ilmenite (Miwa et

al., 2009).

2.2.1.3 Santiaguito

The Santiaguito dome complex, located ~13 km from Quetzaltenango, a city with an
estimated population of ~ 225,000 (Scott, 2013), is a volcanically active series of andesite -
dacite lava domes that have formed in the 0.5 km? crater caused by the collapse of the south
slope of Santa Maria volcano. Santa Maria erupted in October 1902, producing 8.5 km?® of
material (Harris et al., 2003). A period of repose occurred at the volcano until 1922, when lava
began to extrude from the crater (Bluth and Rose, 2004) marking a period of continuous activity,
consisting of further lava extrusion, passive degassing, small to medium sized eruptions of
steam, gas and ash, small pyroclastic flows and rock falls, as well as lahars during the wet season
(Scott et al., 2013).

The complex itself consists of four lava domes, El Brujo, La Mitad, EI Monje and El
Caliente (Figure 2-3). Thus far eight cycles of activity have been recorded since 1922 (Rose,
1972; Harris et al. 2003; Scott et al., 2013), with a new cycle being linked to an increase in
extrusion rates. Activity has migrated across the complex, with Caliente dome the first to erupt,

followed by Mitad, Monje, Brujo, and back to Caliente, where activity is ongoing. Lava flows
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are dominated by a plagioclase feldspar and pyroxene groundmass, with phenocrysts of
plagioclase pyroxene, titanomagnetite, and occasional amphibole (Rose, 1972; Scott et al.,
2013). Ash samples have shown the presence of crystalline silica in the form of cristobalite as
well as plagioclase crystals, together with abundant glass fragments (quantities not given; Jones
and Gislason, 2008).

Eruptions at Santiaguito are described as “weak vulcanian” (Sahetapy-Engel et al., 2008).
These occur regularly, previously reported on timescales between 30 minutes to 2 hours
(Yamamoto et al., 2008), emitting ash for 30 — 60 seconds, followed by several minutes of gas
release (Bluth and Rose, 2004; Holland et al., 2011). The top of the Caliente dome is crossed by
a fracture system, which allows for degassing during repose periods. This cycle between repose
degassing and explosive release of material was modelled by Holland et al (2011) as the ascent
of magma experiencing strain on the conduit walls, allowing brittle failure to open a fracture

network that provides gas the ability to decompress explosively.
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formed.
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2.2.1.4 Soufriere Hills Volcano

The Soufriere Hills Volcano (SHV) is located on the island of Montserrat in the Lesser
Antilles island Arc in the Caribbean (Murphy et al., 2000). The island has four volcano centers,
Silver Hill, Center Hills, the Soufriére Hills and the south Soufriere Hills, which range in age
from 4.3 Ma to the present (Sparks and Young, 2002). The SHV volcano was most active
between 24 and 16 Ka, with a summit crater that was formed ~ 4,000 Ka (Young et al., 1998). In
historical time, an eruption was recorded 323 + 50 years BP that partially filled this crater with a
small (45 + 15 x 10° m®) andesitic lava dome (Young et al., 1998). Three years of seismic
activity beginning in 1992 foreshadowed the next phases of volcanic activity, as
phreatomagmatic events occurred beginning on 18 July 1995, with growth of an andesite lava
dome observed around 15 November 1995 (Sparks et al., 1998). This period of dome growth was
accompanied by Vulcanian to sub-Plinian eruptive activity, of which there have been over 100
Vulcanian explosions recorded (Voight et al., 1999; Cole et al., 2014). To date there have been
five phases of lava extrusion at the volcano (Wadge et al., 2014).

The composition of the material produced from the volcano received considerable
coverage in the literature, particularly the rocks produced by Phase 1. Christopher et al., (2014)
summarized the work, and provides and overview of the material produced from 1995 — 2010.
Bulk rock analysis revealed that the eruptive material is crystal rich (33-63 vol% phenocrysts).
This mostly consists of plagioclase feldspar, amphibole, orthopyroxene, with minor Fe-Ti
oxides. The groundmass of these lavas is predominantly microcrystalline but can contain ~ 25 %
glass that is rhyolitic in composition, from those samples erupted quickly. These samples also
contain fragments of more mafic material, leading to the assumption that the andesite magma

mingled with more mafic material present at depth (Wadge et al., 2014). Samples of ash
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collected from the volcano have shown similar dominance of feldspars as part of the mineral
assemblage but have also received particular attention for their concentrations of cristobalite

(Baxter et al., 1999; Horwell et al., 2003; Mangan et al., 2017).
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deposits from these can be seen in C).

21



2.2.1.5 Mono-Inyo Domes and Craters

The Mono-Inyo domes and craters are located to the north of the Long Valley caldera,
California. Since the 0.77 Ma eruption of the Bishop Tuff and the formation of the caldera,
magmatic activity in the region shifted to the north into the Mono basin (Bray et al., 2017). The
Mono domes consist of a series of ~ 30 overlapping domes, coulees and craters, in a 17 km long
arcuate feature, whereas the Inyo domes are a 10 km discontinuous line of approximately 6
magmatic and 15 phreatomagmatic eruptive centers (Miller, 1985; Bailey, 1989). This sequence
of vents has erupted multiple lithologies, with basalts and andesites in the Mono Basin, between
40 and 13.3. Ka, and high-silica rhyolites at Mono domes between 40 — 0.6 Ka, and low-silica
rhyolites between 5 and 0.6 Ka (Bailey and Hill, 1990). The most recent activity in the Inyo
chain is estimated at 550 years ago, which formed the three largest of the Inyo domes -
Obsidian, South Glass Creek and South Deadman — in addition to the explosion craters at Deer
Mountain (Fink, 1985).

The samples in this study are obtained from the North Coulee of the Mono domes. The
region is described by Price et al. (2016). The upper surface is unevenly mantled by layers of
pyroclastic material. Much of this was poorly sorted, with the majority of clasts and boulders

being pumaceous, with obsidian quantities ranging from 10 — 30 % at observed sites.
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2.2.2 Principles of emission spectroscopy

Before discussing the acquisition of emission spectra, it is important to understand the
fundamental principles. Emissivity is a unitless term that describes the efficiency of radiant
energy emitted by a surface, compared to that of a perfect emitter (i.e., a blackbody) at the same
temperature. A blackbody is a theoretical reference of an object that is a perfect emitter at all
wavelengths. It is the equation of Planck, that can be used to determine the radiant energy at each

wavelength for a blackbody at a given temperature, expressed as,

L — B _ Elﬂ_s
(A7) — €AP@T — €A [exp G:_z )_ 1] (2.1)
T

where L is radiance, A is the wavelength, T is the temperature (in Kelvin), B is the blackbody
radiance, ¢ is the emissivity, C1 is equal to 3.74 x 10 W m? and C: is equal to 0.0144 m K.
Radiant energy is derived from integrating equation (1) over all wavelengths and proportional to
the fourth power of the absolute temperature (in K). This is known as the Stefan-Boltzmann

equation (after Lyon, 1965),

LEE — EJT4 (2.2)

where Lsg is the radiant energy emitted from unit area by a blackbody, o is the Stefan-Boltzmann
constant, 5.67 x 10 w!m?K*. Wien’s displacement law is used to determine the temperature at
which peak radiance occurs. This is an inverse relationship, described as,

a (2.3)
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where Am is the wavelength where radiance maximum occurs, a is Wien’s constant, 2.898 x 10
m K, and T is the temperature in K.

The relationship between radiant energy, wavelength and temperature is described as
follows. For a blackbody, emissivity is constant at 1.0. Terrestrial materials do not generally
behave this way, however. They produce emissivity spectra that exhibit features less than 1.0 at
discreet and well known wavelengths known as absorption bands (Lyon, 1965). This behavior is
governed by the vibrational modes of atoms within crystal lattices as bending and/or stretching
of their structures occurs (Salisbury and D’Aria, 1992; Christensen and Harrison, 1993; Wenrich
and Christensen, 1996; Hamilton et al., 1997; Ramsey and Christensen, 1998). Of interest to this
study are those vibrational features that occur between 5 — 25 pum. This is important particularly
for silicate rocks, such as those produced by volcanic processes, as these materials produce
fundamental spectral features in this range, allowing it to be used as a diagnostic tool for
composition. The primary absorption feature for these materials is termed the Restrahlen band.
This occurs just long ward in wavelength from the Christiansen frequency, the wavelength at
which the maximum emissivity occurs where the refractive index (n) of the material approaches
the refractive index of its surrounding medium. The restrahlen band absorption is caused by a
high absorption coefficient (k) for a material, which increases surface scattering, seen in
reflectance spectroscopy as a reflectance high at that wavelength (Nash et al., 1993).

This study is concerned with volcanic ash particles, which have a range of sizes, but with
many in the < 63 um diameter range. This is important because as particle size decreases, the
grain-photon interactions become more complex, as a result of grain boundary scattering
(Wenrich and Christensen, 1996). A decrease in particle size causes a shallowing of the

Restrahlen band absorption feature as a result of volume scattering, but additional features can
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then arise. These are commonly termed transparency features, which commonly occur in weakly
absorbing intraband regions (Ruff and Christensen, 2002). These regions are where the
absorption coefficient of a material is very low, and the index of refraction is close but greater
than unity. This allows light to interact with more particles, thus producing greater TIR
reflectance (or lower emissivity) in these regions (Wald and Salisbury 1995; Hamilton et al.,
1997; Ruff and Christensen, 2002). An example of this is shown in Figure 2-6. The exact
position of this transparency feature may also be related to the composition of the material

observed (Maturilli et al., 2008).
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2.3 METHODS
2.3.1 Sample Preparation and Separation

Ash samples were separated into different size fractions by dry sieving. Samples were left
in a drying oven for 12 hours, and then sieved to > 150, 63 — 150, 45 — 63 and < 45 um. The >
150 um fraction was washed with acetone to remove any clinging fine-grained particles that
would reduce the spectral contrast of the absorption bands due to surface scattering, which will
cause transparency features (Salisbury and Wald, 1992). The decrease in spectral contrast of the
primary absorption feature (i.e., Restrahlen band) is attributed to an increase in the number of
surface reflections. This increases the number of photons scatter away from the detector
producing less detected reflectance or higher emissivity (Hays and Mustard, 1997; Ramsey and
Christensen, 1998). Below 63 um is where particle size affects the linearity assumption of
spectral mixing (Ramsey and Christensen, 1998). However, analysis of these size fractions is still
viable, as linearity remains true provided there is an appropriate end member library at that
particle size.

For those particles of ash < 45 um, a different method of particle separation was needed.
This was done using a Microorifice Uniform Deposit Impactor (MOUDI; shown in Figure 2-7),
described by Marple et al., (1991) at the Air Quality Laboratory, Carnegie Mellon University.

The property which determines the collection of particles is the Stokes number, St,

_ ppCVoDjp

St= =gy "
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where pp is the particle density, C is the slip correction, Vo is the average air velocity at the
nozzle exit, Dr is the particle diameter, p is the air viscosity and W is the nozzle diameter. This is
used to predict whether a particle will hit the impaction plate or remain entrained in the air flow.
The MOUDI is a type of inertial impactor, which draws air through the system. The flow rate
can be adjusted so that different particle size fractions can be collected on the different stages,
thus altering the Vo term in equation 4. The flow rate used for this work was 15 L min 1, which
allows the ash particles to be subdivided into three size fractions, 25 — 45 um, 8 — 25 um and < 8
pum. The sample is placed within a chamber and compressed air introduced, creating a particle
suspension that is transported into a dust suspension chamber. A second air pump is used to draw
air out of the dust suspension chamber and into the MOUDI system. A series of aluminum foil
impaction plates are set on top of each MOUDI stage. These stages are mechanically rotated to
allow for a uniform deposition of particles across the substrate once the ash enters the MOUDI
inlet. Depending on the aerodynamic radius of the particle and the size of the cut point, finer
particles will remain suspended whereas larger particles will impact onto the substrate and later
collected. This was performed several times for durations of 15 — 20 minutes. Each sample was

collected by mixing it with acetone to remove it from the substrate upon collection.
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Figure 2-7 The MOUDI apparatus as used at the Air Quality Laboratory, Carnegie Mellon

University. A) Shows how the equipment is set up fully for laboratory separation. Air is supplied and
regulated to the appropriate flow rate before entering the beaker (shown in B), where the ash sample is
suspended. It is then drawn through in the dust suspension chamber before entering the MOUDI stages

shown in C. A pump attached to the base of the final stage is used to draw the air and suspended particles

through the stages.

30



2.3.2 Collection of emission spectra

Emission spectra from each of the samples were collected in the University of Pittsburgh
spectroscopy laboratory. Modifications of the existing equipment was performed in 2017, based
upon the designs used by Ruff et al. (1997). This is shown in Figure 2-8. To prepare the samples
for spectral measurements, they were placed in 3 cm diameter copper sample cups, and the
placed in a drying oven at 80°C. The sample itself is not levelled or compressed to avoid a
preferential orientation of the grains, which could result in complicating spectral effects.

The emission spectrum of each sample was acquired using a Nicolet Nexus 670 FTIR
Spectrometer, following the methods outlined by Ruff et al. (1997). The laboratory glovebox is
adjacent to the spectrometer and accommodates two experiments - the standard temperature
environmental chamber, and a micro furnace for high temperature experiments. These
experiments are on a sliding platform so each can be positioned directly under the collimating
mirror, which directs the emitted energy into the spectrometer. The glovebox and spectrometer
temperature and humidity are monitored constantly using a hygrometer. If the relative humidity
rises above 1%, experiments are halted, and the nitrogen purge used to scrub the air of water
vapor. The spectrometer uses and mercury cadmium telluride (MCT-B) detector that is cooled
with liquid nitrogen before spectra are acquired to improve the detection threshold. MCT-B
detectors have a higher signal to noise ratio compared to uncooled deuterated triglycine sulfate
(DTGS) detector (Kempfert et al., 2001). After liquid nitrogen is introduced into the detector
dewar, the equipment is left for ~ 20 minutes to allow for complete cooling and thermal

equilibration.
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during the 2016/17 academic year.
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mirror causing incomplete removal/correction of downwelling blackbody energy from other sources.
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This method of spectral acquisition uses the energy from the sample as the source. This is

described by Ruff et al. (1997) using the following equation;

Vineas
F _Eenv+5imt

£ =
samp Esamp —Beony (2.5)

where, &samp iS the emissivity of the sample, Vmeas is the measured voltage, F is the
calculated response function of the spectrometer, Benv is the environmental energy Binst is the
instrument energy, and Bsamp iS the sample radiance. The instrument response function is
calculated by collecting two blackbody measurements, one at 70 and the other 100 oC. These are
custom made 45 ° cone blackbodies, which are coated with a high emissivity paint, which closely
approximates a perfect blackbody.

The instrument response function (Figure 2-10) can be described as the conversion factor
between detector and sample outputs. This varies with wavelength, so a correction must be
calculated and applied over the entire spectral range. The blackbody measurements are used for
this as well as the voltage measured by the spectrometer for each of the blackbodies. The

response function equation is,

_ Vip (T1) — Vi (T5)
By, (Ty) — By (T3) (2.6)

Both the spectrometer and the attached glovebox are purged in order to remove any atmospheric

water vapor and COz2, both of which have spectral features in the TIR.
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Figure 2-10 (Top) Thirty seven instrument response functions obtained between 21 July and 27
November 2017; (Middle) The mean response function derived from the measurements in the top panel;
(Bottom) The difference between each response function and the mean expressed as a percentage. The

overall variation is less than 1 %, with the standard deviation of this calculated as 0.174 %.
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The sample cup containing the desired ash fraction sample is removed from the oven and
placed onto a heated stage, which is left for several minutes to allow the sample to thermally
reequilibrate. Furthermore, heating the sample above background temperature increases the
signal to noise ratio of the measurement (Christensen et al., 2000). The heated sample is raised
up into a thermally-controlled chamber maintained at 25 °C, which reduces the amount of
reflected energy from the surrounding environment. The final spectrum is obtained by averaging
512 individual scans of the sample, and processed using the emcal2 program within the DaVinci
software, created by the Mars Space Flight Facility at Arizona State University (Edwards et al.,
2011).

Because this was a modified equipment setup, the spectral response function of both
these measurements, and also emissivity spectra of two laboratory standards (quartz and
obsidian) were taken to determine the variation in spectral measurements between each use.
Once each volcanic ash spectrum was obtained, is was reducing to five-points (identical to the
ASTER TIR channels) and added to the AVAL spectral library. The error for each emissivity
spectrum was also determined, by calculating the noise equivalent delta emissivity (NEAg). This
was approximated by analyzing the 100°C standard blackbody as a sample and subtracting the

that sample spectrum from that of a perfect blackbody emitter (Figure 2-11).
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Figure 2-11 Upper panel; Laboratory blackbody run as a sample in the emission spectroscopy laboratory

compared with that of a perfect blackbody. Lower Panel; NEA¢ estimated by subtracting the laboratory

blackbody from a perfect blackbody (¢=1). The overall error is 0.833 %, with a standard deviation of 0.740

%. Of importance to this study is the error found in the ASTER wavenumber region (~ 1250 — 833 cm™).

Here the NEAg is 0.464 % with a standard deviation of 0.009 %.
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2.3.3 Optical Microscopy

An optical mineralogical examination of 2.5 g of each volcanic ash sample was
undertaken by RJ Lee group (Monroeville, PA). The sample was analyzed, using both plain and
cross polarized light. Each was immersed in an oil with a refractive index of 1.550 and from this,
an estimation of the composition was made as well as the % glass versus crystal content. The full

report produced can be found in Appendix A.

24 LABORATORY DATA

The following plots show both the hyperspectral and AVAL spectra for each ash sample.
A brief description of each is provided. Whereas spectra are obtained between 2000 and 400 cm
and are shown in Figure 2-12, only the region between 1250 and 833 cm™ is given for the
remaining spectral plots, to better compare the laboratory measurements to the ASTER TIR
resolved AVAL spectra. Furthermore, the NEAe value that corresponds to each ASTER channel
is shown in the AVAL spectra as error bars. This was calculated by averaging the NEAg £+ 100
cm? either side of the central ASTER band wavenumber. These give an indication of the
repeatability of these spectra, and whether any significant overlap exists that would limit their

suitability for use with ASTER TIR orbital data.
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Figure 2-12 > 150 um fraction TIR emission spectra of the seven samples prepared for this study (to
highlight compositional variability). Each y-axis tick mark represents an emissivity of 0.05, with the bold

dashes denoting an € = 1.0. Each sample is distinct, with several different compositions present.
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2.4.1 Fuego 2015

This sample of volcanic ash was taken from the Trinidad barranca on February 24, 2015,
following a pyroclastic flow from Volcan De Fuego on February 15. There is a broad Restrahlen
feature present between 8 and 10 um (shown in Figure 2-13), which is indicative of the presence
of plagioclase feldspar (Millam et al., 2007). At ASTER TIR resolution, this primary absorption
feature is still visible, with the emissivity minima occurring in ASTER Band 13 (10.567 um).
Ash fractions at < 63 um have a second absorption feature that causes the emissivity spectra to
cross over between 11 and 12 um. This is a previously described transparency feature, which is
present in both hyperspectral and AVAL. The presence of large quantities of plagioclase feldspar
was confirmed in the optical data, with this mineral phase comprising 76 % of the sample. The
glass content of the sample was the lowest of the seven samples, at 20 %. Minor amounts (< 2

%) of olivine and amphibole are also present.
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Figure 2-13 Emissivity spectra of the Fuego 2015 sample at (above) hyperspectral, and (below)
AVAL spectral resolution. Vertical error bars on AVAL spectra correspond to the NEAg of the data as

measured by the VIS emission spectrometer.
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2.4.2 Sakurajima 2013

Volcanic ash was obtained from eruptions of the Showa crater, Sakurajima volcano
during the IAVCEI meeting of 2013. The emission spectrum demonstrates a broad feature
between 8 and 12 um, with a more distinct emissivity minima at ~ 9.1 pum relative to the two
samples from Volcan De Fuego (Figure 2-14). Optical analysis determined that 64 % of the
sample is volcanic glass, with 20 % plagioclase feldspar. One unusual finding was 15 % of the
mass comprising olivine crystals, significantly higher than any of the other samples. Pyroxenes
are measured as 1% of the mass. The fine-grained transparency feature is visible in the < 63 um
fractions, with the downward limb visible in AVAL resolution spectra in the ASTER bands 13

and 14 positions.
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Figure 2-14 Emissivity spectra of the Sakurajima 2013 sample at (above) hyperspectral, and (below)
AVAL spectral resolution. Vertical error bars on AVAL spectra correspond to the NEAg of the data as

measured by the IVIS emission spectrometer.
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2.4.3 Sakurajima 2016

The second sample from Sakurajima volcano was obtained during fieldwork to the region
in November 2016. The sample was collected from ash deposition at the Arimura Lava
observatory. The spectral signature is very similar in its shape and position of the main spectral
features compared to the 2013 sample (Figure 2-15). It was, however, found to contain more
volcanic glass, at 80 % the total mass. The predominant crystalline phase is plagioclase feldspar
(18%), with olivine and pyroxene comprising the remainder. At AVAL resolution, both the 2013
and 2016 samples have near identical spectral shapes. As with the previously discussed samples,

the fine grained transparency feature at longer wavelengths is also visible at AVAL resolution.
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Figure 2-15 Emissivity spectra of the Sakurajima 2016 sample at (above) hyperspectral, and (below)
AVAL spectral resolution. Vertical error bars on AVAL spectra correspond to the NEAg of the data as

measured by the 1VIS emission spectrometer.
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2.4.4 Santiaguito 2011

The Santiaguito 2011 sample was donated to AVAL, collected from El Brujo dome in
2011. The spectral shape is indicative of a silicate glass with a relatively broad spectral feature
dominated the AVAL wavelength region (Figure 2-16). Glass dominates the mass of the sample,
at 75 % glass. Plagioclase almost entirely comprises the mineral assemblage, 25 %, with minor
amounts (< 1 %) of olivine and pyroxene. As with previous samples, the AVAL spectra also

contain the fine grained transparency spectral feature.
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Figure 2-16 Emissivity spectra of the Santiaguito 2011 sample at (above) hyperspectral, and (below)
AVAL spectral resolution. Vertical error bars on AVAL spectra correspond to the NEAg of the data as

measured by the IVIS emission spectrometer.
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2.4.5 Santiaguito 2016

The second Santiaguito sample from 2016 is similar in composition to the 2011 sample,
however, there is a significant reduction in glass fragments (64 %) and an increase in plagioclase
(35 %), with olivine and pyroxene once again minor accessory minerals (= <1 %). The increase
in plagioclase feldspar in this sample relative to the 2011 sample may be evident in the TIR
spectrum as an emissivity low that causes a doublet between 9.5 and 10 pm (Figure 2-17). At
AVAL resolution however, the 2011 and 2016 spectra are similar in their shape, although there

are difference seen between ASTER bands 13 (10.657 um) and 14 (11.318 pm).
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Figure 2-17 Emissivity spectra of the Santiaguito 2016 sample at (above) hyperspectral, and (below)
AVAL spectral resolution. Vertical error bars on AVAL spectra correspond to the NEAg of the data as

measured by the 1VIS emission spectrometer.
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2.4.6 Soufriére Hills Volcano

The Soufriere Hills Volcano (SHV) sample was collected in 2010 from the Belham
Valley and donated to this archive. The evidence of a more silicic composition is evident here, as
the Christiansen frequency is shifted to shorter wavelengths compared to the other samples
(Figure 2-18). The TIR spectrum appears to show evidence of quartz (or a quartz polymorph
such as cristobalite, which has been reported in the literature, e.g. Baxter et al., 1999), with the
doublet feature superimposed on the spectrum between 8 and 9 um. Optical analysis did not
observe the presence of any crystalline silica, with 76 % of the sample comprised of volcanic
glass, with plagioclase feldspar representing 20 %, with 2 % of olivine and monoclinic
amphibole. This may be a simple sample bias issue, and does not appear to represent a particle
size difference, where different particle size fractions have slightly differing compositions, as
this feature is visible across all 6 fractions. Transparency features are once again present in the

AVAL spectra at longer wavelengths.
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Figure 2-18 Emissivity spectra of the Soufriére Hills VVolcano sample at (above) hyperspectral, and
(below) AVAL spectral resolution. Vertical error bars on AVAL spectra correspond to the NEAg of the data

as measured by the IVVIS emission spectrometer.
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2.4.7 Mono-Inyo Domes Obsidian

A sample of crushed Mono-Inyo domes obsidian was used as the high silica end-member.
This sample is a pure glass with no mineral component detected. This sample exhibits a typical
high silica glass absorption feature described previously in the literature (e.g. Ramsey and Fink,
1999), with an emissivity minimum present at ~ 9.4 um, and a shoulder found between 8.3 — 8.5

pum (Figure 2-19). The diagnostic features of the sample are present in the AVAL spectra.
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Figure 2-19 Emissivity spectra of the Mono-Inyo Domes crushed Obsidian sample at (above)
hyperspectral, and (below) AVAL spectral resolution. Vertical error bars on AVAL spectra correspond to the

NEAEe of the data as measured by the IVIS emission spectrometer.
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2.5 DISCUSSION

2.5.1 Compositional Variability

The samples presented here represent several different volcanic eruption styles. Whereas
there are definite distinctions between each in terms of spectral shape, there are also similarities
that should be discussed, so that future samples added to AVAL can be analyzed to determine if
new spectral features will add further to the library. All of the samples exhibit their primary
absorption feature between 1250 and 1000 cm™. The exact width and position of that feature are
the most diagnostic in terms compositional determination. The results from the optical analysis
as well as the TIR spectroscopic methods show that the dominant phase present is volcanic glass,
in all cases except for the sample from Fuego, which is dominated by plagioclase feldspar. The
composition of the glass present therefore exerts a significant control over the position of the
Christiansen frequency and overall spectral shape of each spectrum (Figure 2-20). The
movement of the Christiansen frequency emissivity maximum to shorter wavelengths is
attributed to an increase in SiO2 in the sample (Byrnes et al., 2007). This change is also observed
within the AVAL spectra as emissivity lows in the shorter wavelength bands for more silicic

material, where the Christiansen falls outside the range covered by ASTER.
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Table 2-2 Values for the Christiansen frequency for each sample and the emissivity minima in the restrahlen

band. Below is a plot showing the movement to shorter wavelengths with increasing SiO2 content.

Sakurajima Sakurajima Santiaguito Santiaguito Mono-
Fuego (2011) (2016) Inyo
Obsidian
Christiansen
Freqg.
o 1280.50 1326.78 1299.78 1313.29
Position
(cm™)
€ min
Position 939.16 1101.15 1089.58 1083.80
(cm™)
Average Basaltic . . .
Composition | Andesite Andesite Andesite Rhyolite
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Sakurajima 2013

Sakurajima 2016

- Santiaguito 2011

Emissivity (Offset for clarity)

- Santiaguito 2016

SHV
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Figure 2-20 Position of the Christiansen frequency of each sample denoted by the blue arrows. These data
have been smoothed using a 4™ order polynomial to better observe this feature. Data are offset, each tick
mark is 0.05 emissivity, and each bold tick is equal to an emissivity of 1. Interestingly, the Santiaguito 2011
sample crosses over the 2016 sample and overlaps the two samples from Sakurajima at ~ 1160 cm™. This is
due to the presence of a pronounced shoulder in the spectrum, caused by the muting of a spectral feature that

occurs in more silica rich minerals (Byrnes et al., 2007)
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Of the mineral fraction, the dominant phase is plagioclase feldspar, with pyroxene,
olivine and amphibole comprising minor amounts. The only exception to this is in the
Sakurajima 2013 sample in which optical analysis determined that a significant component was
olivine. This does not appear to be consistent with previous analyses and may in fact represent a

simple sample bias issue or measurement error by the laboratory conducting the analysis.

2.5.2 Sources of Error

There are potential measurements errors associated with this approach. One initially seen
was the effect of clinging fines on the surface of larger particles. Where an aggregate such as this
forms, it causes scattering resulting in shallowing of the primary absorption feature. If the
particles are fine enough, the transparency effect is also seen. Another consideration is the
presence of surface vesicularity. This is particularly important for the larger grains, as particles
greater than > 150 pum may still have vesicles present. Vesicles create a different effect to fines,
in that they behave as a blackbody (Ramsey and Fink, 1999). This will create an overall
shallowing of the TIR spectrum, but without the transparency effects. This may occur in the
larger grain sizes of the Fuego 2015 sample, as there is very little distinction between the largest
two samples, however this would require further investigation, such as Scanning Electron
Microscopy (SEM; Carter et al., 2009).

The optical analysis provided a useful estimation of the composition and allowed
percentages to be estimated. It did, however, provide some surprisingly results, particularly in
the case of the Sakurajima 2013 sample, where 15 % olivine was recorded. Whereas this may be
true for the sample analyzed, it seems unlikely the whole sample would have this much olivine
given that previous studies identified only minor amounts or isolated olivine grains (e.g.
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Matsumoto. et al., 2013). This would appear to indicate a sample bias in the optically analyzed
fraction. This is also the case in the SHV sample, where the TIR spectrum would indicate that
there is enough crystalline silica present to produce the feature seen at ~ 1190 cm™, and this
would bring the sample into line with previous work (Baxter et al., 1999). Further geochemical
studies are recommended (such as X-Ray Diffraction, or Computer Controlled Scanning Electron
Microscopy) to determine the quantity and composition of mineral phases present.

One further aspect is whether or not the particle size range values that were used for this
study are accurate. A qualitative measure of successes of the library creation is that as particle
size decreases, a progressive shallowing of spectral absorption features is observed, and the
increase in depth of transparency features for samples < 63 pum. The spectra do appear to “nest”
within one another, which is expected behavior, indicating that some form of decreasing particle
size range is present (Ramsey and Christensen, 1997). However, one aspect that makes volcanic
ash difficult to separate is the fact that it is commonly very angular. Therefore, using Stokes
settling velocity calculations to separate particle size ranges is challenging. The MOUDI uses the
aerodynamic diameter where describing the stage cuts (Marple et al., 1991). There is a difference
between what is considered the aerodynamic diameter and the mean diameter of an irregular
shaped particle, a microscopic analysis to determine modal diameter within each range should be
performed.

The NEAeg of the instrument is also a factor in determining the validity if these spectra
and whether or not the AVAL library is valid to estimate particle size. As is particularly the case
in the spectral suite from the Volcan De Fuego sample, the MOUDI and sieved fractions are
distinct from each other, however where compared to other particle size ranges extracted with

the same method, are much closer in value. The NEA¢ can therefore be used to determine
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whether these spectra are distinct enough to be used, particularly to estimate particle size in
ASTER data. The NEAe values + 100 cm™ around each ASTER channel were averaged to
produce spectral error for AVAL. The average NEA¢ for the ASTER wavenumber range (~ 1250
— 833 cm™) is 0.005, with a standard deviation of 0.0005. The low errors (< 1 %) associated with
the emission spectroscopy techniques show that if repeat measurements are taken of these
samples, distinctions between each particle size fraction would still be evident. Only one sample
perhaps needs to be analyzed further for its particle size range, that being Volcan de Fuego. For
the two finest and two coarsest fractions, the error bars between the spectra imply that crossover
between each could occur during repeat measurements, so that the particle size ranges estimated

may not be completely exact.

26  APPLICATIONS AND CONCLUSIONS

TIR data provide a useful diagnostic tool for earth scientists. The hyperspectral data
obtained from hand specimens and powders is a non-destructive and relatively quick way to
obtain information on a samples composition. However, it is not possible to apply those
measurements directly to satellite or ground based data over large areas, as there is no
hyperspectral satellite sensor with a high enough spatial resolution to see small scale variations
in composition. Using the data from the ASTER TIR channels, major changes in composition are
still evident. Therefore, the spectra in AVAL is significant. These spectra can be used as spectral
emission end-members to help determine the composition of materials found in volcanic ash-rich
plumes as well as on the surface of the Earth. The analysis techniques are also used on planetary

TIR data such as those acquired from Mars (e.g. Hamilton et al., 2001).
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The ASTER sensor is chosen for this study because of the availability of data from the
world’s volcanoes, its multispectral resolution in the TIR, with channels positioned at and around
the main absorption features of silicate minerals, and its high spatial resolution (90 m/pixel).
These spectra, coupled with an appropriate unmixing model, aid the mapping of different
compositions and help to determine particle size distribution on ash-rich surfaces. The results can
be used to map temporal changes in the particle size ranges of tephra aprons, as well as
determine compositional changes over the course of an eruption. Another application of these
data is analysis of volcanic plumes themselves. It is theorized that if a volcanic ash plume is
dense enough to be optically opaque, then it would represent the emitting surface within an
image pixel. Therefore, the emission spectra found within each pixel of an image could be
unmixed linearly similar to the approach for the ground surface. This concept is explored in
greater detail in chapter 3.

The spectral library has prepared the ground work for a suite of volcanic ash samples to
be used in conjunction with image data. The expansion of the library to include additional
samples that have different wt. % glass versus crystals is important and ongoing, as well as
adding samples that contain glasses of different compositions. By better understanding how
different compositions affect the emission spectra, we can better interpret the resulting images

derived from these libraries allowing a more detailed volcanological analysis to be performed.
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3.0 HIGHSPATIAL RESOLUTION MAPPING OF VOLCANIC ASH PLUMES
USING ADVANCED SPACBOURNE THERMAL EMISSION AND REFLECTION

RADIOMETER DATA

3.1 INTRODUCTION

Explosive volcanic eruptions are capable of injecting columns of volcanic glass, mineral
particles, and gas several kilometers into the Earth’s atmosphere, with potentially little to no
warning. These eruptions are constrained by a wide variety of factors, including the vent and
conduit diameters, magma composition and the quantity of volatiles present (Wilson et al., 1980;
Woods, 1995). Accurate analysis of the physical and chemical parameters of volcanic ash is a
vital tool for determining the conditions under which an eruption forms (Heiken and Wohletz,
1991).

Satellite remote sensing provides one practical way to observe volcanic activity and
monitor the propagation of the ash through the atmosphere (Rose et al., 2000). One of the most
common and well-used approaches for ash detection is the ‘split window’ or brightness
temperature difference (BTD) technique of Prata (1989a,b), which requires two or more thermal
infrared (TIR) spectral channels and the transmission of emitted TIR energy from the Earth’s
surface through the cloud. Volcanic ash clouds are distinguished from meteorological clouds

based on the apparent temperature difference that results from the spectrum of the ash. This
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technique is further exploited (e.g. Wen and Rose, 1994; Prata and Grant, 2001) in order to
retrieve ash densities and effective particle radii. The detection of volcanic ash is primarily
undertaken by a suite of high temporal/low spatial resolution satellite sensors, such as the
Advanced Very High Resolution Radiometer (AVHRR; (Prata 1989a) and the Moderate
Resolution Imaging Spectroradiometer (MODIS; Watson et al., 2004). This low spatial
resolution is useful for tracking large volcanic ash clouds over great distances, but with pixel
sizes of 1 km or more and few TIR spectral channels, these sensors are limited in performing
accurate analysis of a range of particle size distribution. In addition, these techniques are best
used to examine a drifting cloud as it moves further from the source. Because the BTD method
requires the use of upwelling radiance from the ground, the cloud itself must be optically thin in
order to be analyzed, a situation not present where the cloud is proximal to the vent. Given that
this proximal portion is one of the most dynamic regions, with particle sizes ranging from < 0.1
to over 100 um (Piscini et al., 2011), a better understanding is required to provide accurate inputs
into plume propagation models and a direct connection to the ongoing vent processes. In
addition, plume retrieval models require assumptions of ash composition to make a density
estimation. If the assumed ash composition is different to what is presen, then the estimates of
effective radii and density are inaccurate up to 17.7 % (Mackie et al., 2014). Furthermore, recent
studies demonstrate a large discrepancy between reported distal ash cloud particle sizes from
satellite image data techniques (~ 95 % particles at < 17 um) and reported ash particle sizes from
ash fall in these regions (Stevenson et al., 2015).

For geological studies of surface compositions and processes, the use of TIR vibrational
spectroscopy is well studied (e.g. Walter and Salisbury, 1989; Rowan et al., 1991). The presence

of absorption bands in the emission spectra of silicate minerals allows for the mapping of
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surfaces and determining of the rock types present. Provided that emission from the surface is
isolated from other effects (e.g. atmospheric downwelling radiation), this is achieved with
relative simplicity because of the property of linear addition of each component to the overall
emission spectrum based on that component’s areal abundance, using an appropriate linear
spectral end-member model (e.g. Ramsey and Christensen, 1998). In addition to this, the spectral
contrast of these absorption bands decreases as the particle size of the material decreases
(Chapter 2; Salisbury and Wald, 1992). This effect is also shown to be linear down through to
particle sizes of ~ 10 um with the appropriate corresponding particle size end-members (Ramsey
and Christensen, 1998), allowing for mapping of particle size variations by the same approach.
This method allows for mapping and interpretation of geologic processes occurring, not only in
the Earth system (e.g. Ramsey et al., 1999), but also to those on other planetary surfaces (e.g.
Bandfield et al., 2000). Given that that the proximal portion of a volcanic ash plume is opaque to
upwelling radiation from the ground surface, it is therefore theorized that these same methods
could be used to map petrological and particle size variations within it by treating the cloud as a
solid emitting surface (Ramsey, 2015). Because this region is normally small where compared to
the size of a MODIS or AVHRR pixel (~ 1 km? Watson et al., 2004), data with smaller spatial
resolution than these sensors are required.

The goal of this work is to estimate both the composition and particle size range of
opaque proximal plumes, using techniques in emission spectroscopy and TIR image data from
the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER; Yamaguchi et
al., 1998). The opaque region is modeled as an emitting surface exclusively, and its properties
estimated using the linear deconvolution model of Ramsey and Christensen (1998). Three series

of tests of the model were performed,;
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1. Use of ASTER data of volcanoes that are sampled in the AVAL spectral library to
determine if the material collected on the ground is representative of “typical”
eruption compositions from that volcano

2. Use of volcanoes not sampled in AVAL to determine if composition is estimated
using the samples present in AVAL

3. Use of a mixture of different library compositional end-members with the same model

to determine if more than one composition should be used to improve accuracy

A total of eight volcanoes were analyzed using this method, chosen for the wide variety
of reported compositions erupted. This allows comparison of the model results to the reported

compositions.

3.2 BACKGROUND AND DATA

3.2.1 TIR Remote Sensing of VVolcanic Ash Plumes

3.2.1.1 History

The TIR portion of the EM spectrum is used extensively to study volcanic ash. After the
1982 EI Chichon in Mexico, Matson and Robock (1982) demonstrated the use of Geostationary
Operational Environmental Satellite (GOES) TIR data to derive ash cloud top temperatures and
associate them with different heights in the atmosphere based upon radiosonde data and
assuming the plume was in thermal equilibrium with the surrounding atmosphere. Sawada

(1987) provided the first survey for volcanic ash clouds detected from satellite image data using
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the Geostationary Meteorological Satellite (GMS) to observe volcanic ash cloud eruption and
propagation in the western Pacific. However, the basis for ash cloud discrimination against water
vapor clouds was developed by Prata (1989a,b), using AVHRR bands 4 (10.3 — 11.3 um) and 5
(11.5 — 12.5 um). The technique uses a radiative transfer model to determine the at-sensor
radiance captured by AVHRR from ground upwelling through the atmosphere and through the
cloud layer, as well as radiance from the cloud itself. This ash cloud interaction with ground-
upwelling radiance is complex and is controlled by the absorption and scattering of ash particles
through their extinction cross section, which differs by composition, shape, size and incident
wavelength (Pollack et al., 1973). This change over wavelength is seen between AVHRR bands
4 and 5, which is then observed as a brightness temperature difference (BTD), using the inverted
form of the Planck equation solving for temperature. Once these are obtained, band 5 is
subtracted from band 4 to obtain the BTD of the image data. This calculation is significant, as
the transmission of volcanic ash clouds behaves differently between these two bands than water
vapor (Figure 3-1). This results in a BTD that is positive for water vapor clouds, but negative for

volcanic ash clouds.
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Figure 3-1 (Top) Transmission profiles for andesite ash including the absorbed and scattered component
(after Watson et al., 2004), and a typical mid-latitude atmospheric transmission profile (bottom). Where the
atmosphere becomes less transmissive at longer wavelengths (green arrow), the reverse is seen in the ash

transmission spectrum (red arrow).
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That initial work is expanded by Wen and Rose (1994) and Prata and Grant (2001), who
demonstrated that a more detailed radiative transfer model, coupled with a microphysical model
of volcanic ash particles allows the mean particle effective scattering radius and cloud optical
depth to be determined, from which the mass and density is inferred. In the model, particles are
assumed to be spherical, which allows the use of Mie theory to extract extinction cross section,
asymmetric parameter and the single-scattering albedo, determined for a known refractive index
(Pollack et al., 1973). The refractive index (n) is variable with wavelength and composition of
the material.

These methods are now regularly in use by Volcano Ash Advisory Centers (VAAC’S)
worldwide (Prata, 2009) to detect and determine the ash particle size and loading, employing an
increasing number of satellite sensors (Table 3-1), including the MODIS (Watson et al., 2004),
the Atmospheric Infrared Sounder (AIRS; Prata and Bernardo, 2007), the Infrared Atmospheric
Sounding Interferometer (IASI; Clarisse et al., 2008), and the Spin Enhanced Visible and
Infrared Instrument (SEVIRI; Prata and Kerkman, 2007). Several of these instruments (GOES,

MODIS, AVHRR) are also available on multiple platforms, thus increasing the data availability.
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Table 3-1 List of TIR satellite instruments used to detect volcanic ash emissions (adapted from

Thomas and Watson, 2010, to include ash observing satellite sensors discussed in the proceeding 8

years)
Spatial
Instrument Platform Altitude Resolution Spectral Range Reference
. (TIR only)
(nadir)
, Bessho et
AHI Himawari 8-9 22k’241 2 km 10 Channels: 3.9 al., 2016
m -13.3 um
Chahine et
2378 channels:
AIRS Agua 705 km 14 km 3.75 _ 15.38 al, 2006
TIROS-N (inactive);
NOAA 6-17 (inactive)
NOAA 18-19 ] .
A&\l/;";)R (currently operational) 870 km 11km S challr;n;e(l)s. f’r'l55 B IZ’IUI%'SleSt
o MetOp-A (currently ~U R N
operational)
GOES 14-15:4
channels: 3.80 —
12.50 pm;
GOES 14 GOES 16
GOES iricot:%/?a'(izl_—liﬁ 35,888 —15:4 km Advanced Schmit et
currentl O’ erational) km GOES 16:  Bassline Imager al., 2017
yop 2 km (ABI): 10
channels: 3.80 —
13.56 um
Clerbaux
12 km 8461 channels:
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The methods have also evolved by using additional spectral channels available on many
of these platforms, which leads to greater accuracy in ash retrievals. The use of a third channel
near 3.9 um (GOES band 2) for example, was proposed by Ellrod et al., (2001) because of the
reflectance of ash particles at this wavelength compared to water and ice (although this
relationship is particle size dependent). This translates to a significantly higher brightness
temperature (BT). This work is expanded to AVHRR by Pergola et al (2004), who presented a
statistical approach to a three-band method, using bands 3 (3.5 um), 4 and 5 (the original split-
window bands). The aim is to more accurately discriminate volcanic ash clouds, by using an
Absolutely Local Index of Change of the Environment (ALICE), which provides an estimate of
how the signal from each pixel in an image has differed from its “normal” conditions (i.e. image
observed at the same place under similar conditions). From this, the Robust AVHRR Technique
(RAT) was created to better discern volcanic ash cloud detection thresholds. The use of the
reflectance of ash particles is also tested by Corradini et al (2008), who utilized channels
analogous to the AVHRR split-window channels on the MODIS sensor (channels 31 and 32) as
well as channel 5, centered at 1.24 um. Pavolonis et al. (2006) included the 0.65 pum visible
channel in their algorithm, using the ratio of 0.65 and 3.75 pum to discriminate, as ash has a lower
reflectance in the 0.65 um channels compared to the 3.75 pum (for clouds of the same optical
depth). This method is restricted to daytime retrievals, however. More recently Guéhenneux et al
(2015) proposed a 3-band method that utilizes the 8.7 um band found on board the SEVIRI
instrument. The original methods of Prata (1989 a,b) are expanded to include a second BTD
ratio, subtracting the 11 um channel from the 8.7 um channel. In this case, the difference in
extinction coefficient of ash particles produces a positive BTD where ash is present. Thus a two

statement Boolean test is applied to the data.

69



3.2.1.2 Sources of Error and Restrictions

There are, unsurprisingly, errors that are associated with all methods for detecting ash
clouds, which have been extensively covered in the scientific literature (Simpson et al., 2001;
Prata et al., 2001; Simpson et al., 2001). These can lead to over- and underestimations of
volcanic ash cloud size. Clouds tend to be underestimated where,

(1) large quantities of moisture are present in the cloud, which can come from a moist

humid atmosphere into the which the ash cloud is erupted, or from the eruption itself,

derived from the source (Rose et al., 2001). This causes a shift towards a positive BTD

values;

(2) the temperature of volcanic clouds is low ( < 220 K), which allows for the nucleation

of ice around the ash particles. Several mineral species variably promote the nucleation of

ice crystals on their surfaces (Murray et al., 2012), which leads to a positive BTD;

(3) for images with a high solar zenith angle, the increased atmospheric column length

can create a positive BTD (Guéhenneux et al., 2012);

(4) if the plume is sufficiently optically thick and therefore not transmitting ground

radiance through the cloud. This leads to positive BTD determination.

Cloud size can conversely be overestimated if,
(1) the plume is detected in the presence of mineral dusts from other ground sources
(Ackerman, 1997);
(2) where the plume is over a quartz rich soil (typically under desert conditions);
(3) for nighttime scenes, thermal relaxation caused as the ground releases heat creates an

atmospheric inversion layer;
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(4) if the top of a meteorological cloud overshoots the tropopause, a negative BTD arises
due to the temperature inversion;
(5) if there is a misalignment between the split-window bands, (particular with AVHRR;

Prata et al., 2001).

Additionally, and of importance to the work discussed in this chapter, there are
restrictions with the current methods, that this study hopes to resolve. Because of the need for
near-real time monitoring of volcanic ash plumes, the works listed above have focused on low
spatial, but high temporal resolution satellites exclusively to map the drifting ash plume. This
allows analysis of ash clouds that travel a large distance in the atmosphere, but for smaller
discrete eruptions that happen on a more frequent timescale (e.g. Sakurajima, VVolcan De Fuego),
it is much more difficult or not possible to quantify the emissions (Figure 3-2). Furthermore, the
use of Mie scattering model of radiance interacting with the plume restricts the maximum
detectable particle size that is observed, as Mie scattering is effective where the wavelength of
light is near or at the same size as the particles.

For the work outlined here, the ASTER sensor is chosen to map volcanic plumes in
significantly higher spatial resolution than is achieved previously, using alternative techniques in

spectroscopy that will be discussed.
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Figure 3-2 Comparison between the ASTER (A) and MODIS (B) sensors. Data are from a relatively
small (13 km long, 2.5 km wide) volcanic plume in the TIR. ASTER band 13 and MODIS band 31 are shown

in these two images. This size eruption is suited to ASTER sensor and could be analyzed in detail.
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3.2.2 The ASTER Sensor

The ASTER sensor was launched on board the Terra satellite in December 1999
(Yamaguchi et al., 1998) and placed into a Sun-synchronous near polar orbit at 705 km altitude.
It observes the same position on the Earth every 16 days with a swath width of 60 km. The main
goal of the mission is to understand the local and regional scale processes occurring at or near
the Earth’s surface, and the interactions between the Earth’s surface and lower atmosphere
(Yamaguchi et al., 1998). The sensor is divided into three distinct subsystems, with three
channels in the visible near infrared (VNIR) with a 15 m spatial resolution, six channels in the
shortwave infrared (SWIR) with a 30 m spatial resolution, and five TIR channels with a 90 m
spatial resolution (Kahle et al., 1991). The SWIR system suffered a failure of the cooling system
in 2009; however, the other systems on board the sensor still function, providing an average of
518 scenes per day (Ramsey, 2015). The ASTER sensor is well suited to the study of volcanic
eruptions and provides distinct advantages over other satellite sensors. ASTER has a noise
equivalent temperature difference (NEAT) of 0.3 K at 300 K (Gillepsie et al., 1998), resulting in
high radiometric accuracy temperature retrievals from the ground (Pieri and Abrams, 2004) The
routine collection of multispectral TIR data also allows continual monitoring of thermal
anomalies over volcanic regions, and its moderate high spatial resolution is critical in

determining volcanic products.
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Table 3-2 ASTER system overview (after Pieri and Abrams, 2004)

ASTER Spatial Cross Track Pointing
Band No.  Spectral Range (um)
Subsystem Resolution
1 0.52-0.60 24 °
VNIR 2 0.63-0.96 15m 318 km
3N 0.78 - 0.86
3B 0.78 - 0.86
4 1.60-1.70
5 2.145-2.185
SWIR 6 2.185 - 2.225 30m 8.55°
7 2.235-2.285 116 km
8 2.295 - 2.365
9 2.360 — 2.430
10 8.125-8.475
11 8.475 - 8.825 855 °
TIR 12 8.935 - 9.275 50 m 116 km
13 10.25-10.95
14 10.95-11.65
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Furthermore, the sensor can point off nadir at a target (up to 24° off nadir for VNIR and
8.55° for TIR; Pieri and Abrams, 2004). The combination of these capabilities led to the
development of the ASTER Urgent Request Protocol (URP; Ramsey, 2015). This program,
sponsored by the National Aeronautics and Space Administration (NASA) since 2004, is
triggered by observations of thermal anomalies from higher temporal resolution sensors, such as
AVHRR and MODIS (Ramsey et al., 2012).

ASTER data are routinely used to calculate the concentration of SO2. The methods used
with ASTER and other TIR sensors are based on those developed for the Thermal Infrared
Multispectral Scanner (TIMS; Realmuto et al., 1994). It takes advantage of an SOz absorption
feature present at 8.6 pum, as well as its transparency between ASTER channels 13 and 14
(10.567 — 11.318 um; Realmuto and Berk, 2016). The strength of the absorption is dependent on
both the temperature contrast between the plume and ground, as well as the SOz concentration,
as SOz burden is a linear function of the temperature difference (Realmuto and Worden, 2000;
Henney et al., 2012). This work is applied to ASTER data using the MAP_SO2 program, based
upon the MODTRAN atmospheric radiative transfer code (Berk et al., 1989). Since 2016,
MAP_SO2 has evolved into the new model Plume Tracker software (Realmuto and Berk, 2016),
which has greatly improved computational performance, as well improving the accuracy of the
retrieval. The sensitivity of the ASTER sensor to system noise (NEAT) and its spatial resolution
gives it a distinct advantage in being able to detect SOz concentrations from passively degassing
volcanoes with smaller SOz loadings. This method however is also restricted to the transparent
portion of the plume. However, a preliminary study by Ramsey (2016) demonstrated that the
opaque portion of the plume could be analyzed if it is treated hypothetically as a solid emitting

surface. The results from this analysis are shown in Figure 3-3.
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Figure 3-3 19 April 2010 ASTER data of the plume produced by the Eyjafjallajékull rption i
Iceland. A) False color VNIR image of the plume; B) Brightness temperature image from TIR data, which
shows variations from 0°C (black) to 50°C (white). C) Spectral deconvolution result varying from 0% (black)
to ~80% (white) using an andesitic glass end-member and assuming the opaque plume is a solid emitting

surface (from preliminary work by M. Ramsey, 2010 for the ASTER science team).
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3.2.3 ASTER Data Products

ASTER data are available in a variety of formats, from uncalibrated radiances (Level 1A)
to temperature and emissivity corrected image data (Level 2; Abrams, 2000). It was therefore
important to determine the appropriate dataset to analyze. ASTER L2 products AST_05
(emissivity) and AST_09T (TIR surface radiance) were initially identified as suitable for this
study, given they are corrected atmospherically, geometrically and that the atmospheric
correction applied is shown to be accurate to within 5% (Arai and Tonooka, 2005; Iwasaki and
Fujisada, 2005; Tonooka and Palluconi, 2005). The AST_05 product is derived from the
AST 09T product and undergoes additional processing via the Temperature Emissivity
Separation (TES) algorithm to remove the downwelling atmospheric irradiance component of the
at sensor radiance (Gillespie et al. 1998). However, as we are dealing exclusively with an
atmospheric phenomenon in this work, the standard ASTER L2 emissivity product may be

unsuitable. It was decided that a review of the possible data products is warranted.
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Table 3-3 ASTER Data Products (after https://asterweb.jpl.nasa.gov/data_products.asp)

Level Name Product Resolution (m)
1A AST_L1A Reconstructed Unprocessed Instrument Data 15,30, 90
1AE AST_L1AE Reconstructed Unprocessed Instrument Data - 15,30, 30

Expedited
1B AST L1B Registered Radiance at the Sensor 15,30, 90
1BE AST_L1BE Registered Radiance at the Sensor - Expedited 15,30, 90
L1T AST L1T Registered Radiance at the Sensor - Precision 15,30, 90
Terrain Corrected
2 AST 07 Surface Reflectance - VNIR & SWIR 15,30
2 AST 07XT Surface Reflectance - VNIR & Crosstalk 15,30
Corrected SWIR
2 AST 09 Surface Radiance - VNIR & SWIR 15,30
2 AST _09XT Surface Radiance - VNIR & Crosstalk 15,30
Corrected SWIR
2 AST 09T Surface Radiance TIR 90
2 AST 08 Surface Kinetic Temperature 90
2 AST 05 Surface Emissivity 0
3 AST140TH Registered Radiance at the Sensor - 15,30, 90
Orthorectified
- . . 15, 30, 90
3 AST14DMO Digital Elevation Model & Registered
Radiance at the Sensor - Orthorectified
3 AST14DEM Digital Elevation Model 30
3 ASTGTM ASTER Global Digital Elevation Model 30
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Identification of the appropriate data product is performed by examining the emission
spectra of plume bearing pixels to determine major changes and A¢ between each product. Two
images are analyzed of volcanic plumes generated by Chaitén (Chile) and Sakurajima volcanoes.
AST L1B data were processed using the ENVI Thermal Atmospheric Correction algorithm,
which is similar to the In-Scene Atmospheric Compensation (ISAC) algorithm, where the
atmosphere is assumed to be uniform across a scene, and that a near-blackbody source exists
somewhere in the data (Young et al., 2002). This dataset and the AST_09T data were converted
to emissivity using the emissivity normalization method (Realmuto, 1990). Because temperature
and emissivity for each band is unknown, an assumed emissivity value is used. With this value,
the Planck equation is calculated for each band to solve for temperature. Whichever band
produces the highest output temperature is assumed to contain the assumed emissivity maximum,
and this temperature is then used to solve for emissivity in each of the remaining bands. A pixel
from each image was extracted and each spectrum subtracted from the other two to obtain the
Age. Generally, the emissivity spectra appear to have similar spectral shapes, with the primary
differences being in absorption band depth. As spectral shape and absorption band depth are an
important factor in the linear deconvolution approach used here (Section 3.3.1), demonstrating

that the correct data product should be carefully selected.
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and AST_05 data products is < 1% in both cases.
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3.3 METHODS
3.3.1 Linear Spectral Deconvolution

The model used to map the ash petrology and particle size is the linear spectral
deconvolution model described by Ramsey and Christensen (1998). The model is based on the
principle that each component contributes in areal proportionality to the overall spectrum. This is

expressed mathematically for » isothermal end-members as,

i = . G+ Y G=10

3.1)

where g(A)mix IS the mixture spectrum, ¢ is the areal fraction of the ith end member (e(4)i) and
o(4) is the residual error. A root-mean-square error (RMS) analysis provides a method of
determining the “goodness of fit” and is expressed as one value for the five ASTER bands. This

is determined via the equation,

X783
RMS = |2 — ] (32)

where m is the number of instrument bands. This error is a value between 0 and 1.0,
where lower numbers correspond to a better fit of the particular model iteration. Where the

model is applied to ASTER data, it calculates the percentage of each end member that is present
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in each pixel, along with the RMS for each pixel in the form of model output image data. These
data can then be used to firstly determine the best fit of each ash sample to the image and then to
map the particle size variations along the plume

In order to accurately map the ash component of the opaque plume, an appropriate end-
member library is required as input to the model. The library used is the ASTER Volcanic Ash
Library, described in Chapter 2. This library contains volcanic ash samples from a variety of
different volcanic settings, representing differing wt. % SiO2. These are further subdivided into

size fractions to allow for both petrologic and particle size mapping.

3.3.2 Determining Ash Cloud Opacity

The aim of this study is to map the component of the plume that is opaque, which is
assumed to act as an emission source. Therefore, to constrain the purely opaque regions of the
plume, it is important to set a series of quality flags that allow discrimination of the opaque

regions.

The first of these is the BTD method, as described in in section 3.2.1. In the BTD
method, ash plume bearing pixels must be transparent for the algorithm to obtain a negative BTD
and thus retrieve ash (Figure 3-5). However, in this method it is possible to isolate plume bearing
pixels with a positive BTD. A value of > - 0.25 K was recommended for this study, as this
accounts for errors with the BTD method (M. Pavalonis, pers. comm). The second test used was
to determine the plume top temperature required to isolate plume pixels from those of the
ground. Several transects across the plume are taken in order to determine this temperature
threshold (Figure 3-6). Where ground upwelling transmission is present in a pixel there is a

marked increase in the brightness temperature detected by the sensor. Once the thresholds for the
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three parameters are determined, a mask can then be created, applied to each end-member

dataset, and the pixels retrieved.
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Figure 3-5 ASTER TIR band spectral response (solid lines) compared to the transmission spectrum

of an andesitic volcanic ash (dashed line), including both the absorbed and scattered component (after

Watson et al., 2004). The increase in transmission between bands 13 and 14 demonstrates that the BTD
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3.3.3 Example volcanoes

Several volcanoes were selected for this work and were divided into two categories. The
first was to take ASTER data of eruptions occurring at volcanoes where samples listed in chapter
2 (Table 2-1) were obtained. Eruption data from Sakurajima, Volcan De Fuego, Santiaguito and
Soufriére Hills Volcano (SHV) were obtained, the presence of an opaque ash plume ascertained,
and if present, were processed using the linear deconvolution model. It was important to
determine if the laboratory spectra found in the AVAL library were a fit to ASTER TIR spectra
from opaque plume bearing pixels. A total of 59 scenes were found using the NASA Earthdata

system (https://earthdata.nasa.gov/). For a full list of scenes used in this work, please refer to

Appendix B.
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Figure 3-6 Transect taken through an ASTER scene of Chaitén volcano (A; red line). Temperature is lower in

plume bearing pixels, demonstrated by the ~ 10 K difference between the plume and the average ground

temperature.
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Additional image data were also processed from a series of non-sampled volcanoes. This
was the second to test, to determine whether or not the ash samples in AVAL were considered
appropriate end-members to determine the particle sizes present and an estimation of bulk
composition. 11 image data sets were obtained for eruptions from, Calbuco (Chile) and
Eyjafjallajokull (Iceland). Furthermore, as a test to see if the high silica glass end-member could
be used as an appropriate match for eruptive material from rhyolitic eruptions. Two volcanoes
have produced material of this composition in the last 9 years, Chaitén and Puyehue-Cordon
Caulle (both Chile). 11 ASTER image data sets contained plume bearing pixels which were

analyzed.

34  RESULTS

The results obtained from each volcano are presented here. Each of the volcanoes listed is
processed using the libraries described in chapter 2. As the Santiaguito and Sakurajima samples
collected in different years had very similar spectral features, only one of each is used for this
work — Sakurajima 2013 and Santiaguito 2016. Five libraries are used in total. This is to
determine if not only particle size but also composition could be determined. For the AVAL
sampled volcanoes, only Volcan de Fuego was not analyzed, because no clear ASTER scenes of
the plumes were present in the archive. Each image is then processed using the particle size end-
members found in libraries of a specific composition. As an addition to this, the final results
section focuses on two image datasets, from Sakurajima and Chaitén, where mixtures of different
libraries are used as the end-members, to determine if these plumes cover a range of

compositions within the same image, as opposed to just one.
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3.4.1 AVAL Sampled Volcanoes

3.4.1.1 Sakurajima

Ten ASTER scenes from the Sakurajima volcano, Japan are identified as containing
volcanic ash plumes. These were captured between March 2011 and December 2012. Sakurajima
regularly produces small vulcanian style eruption plumes rather than those that are sustained and
more energetic. Whereas ten images were identified as containing a plume, only six images were
actually chosen as appropriate for study with the linear deconvolution method. Three of the end
members produced significantly more accurate results, those being the Obsidian, Sakurajima,
and Santiaguito libraries. Errors for these three are regularly below 10 %, with the majority of
pixels for each being the < 1 — 5 % range. However, the Sakurajima end-member was not always
the best fit to the data, with the obsidian end-member providing a much lower average RMS
error than the Sakurajima end-member. This may point to the sample that was collected from
Sakurajima not necessarily being representative of the material that was airborne at this time.
The appropriateness of the obsidian library may also indicate a more silicic glass composition
found within these clouds than that collected on the ground. The particle size distribution for
these end members was almost bimodal, with finer particles dominated the center of the plume,

and larger fractions found towards the edges.
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Figure 3-7 Data retrieved from Sakurajima volcano, captured by ASTER on 29 April 2010. These results are from the Sakurajima end-
member. The dark area is the approximate area of the plume based upon the temperature and is overlain for retrieved pixel clarity. A) 63 — 150 pm
end-member; B) 8 - 25 pm end-member; C) < 8 pm end-member; D) 8 - 25 pm end-member; E) < 8 pm end-member; F) RMS Error. Average error for
this retrieval is 2.02 %.
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3.4.1.2 Santiaguito

A Santiaguito eruption is captured in an ASTER scene obtained on 17 May 2016, shown
in Figure 3-8. However, what is noted is that the plume captured was diffuse, and so contained a
large number of BTD negative pixels that therefore not relevant to this study. A small region of
opaque pixels was produced from the results, with the Santiaguito library producing a close fit to
the data (~ 1 % RMS error), as did the obsidian library. The three other libraries did produce ash
retrievals, and the RMS errors in these images are significantly higher than the other two
libraries (> 10 %). In this section, a large range of particle sizes is detectable, as the plume is
close to vent. Because little settling would have occurred at this point, the mixture of particle

sizes present at this location is expected.
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Figure 3-8 Data retrieved from Santiaguito volcano, captured by ASTER on 17 May 2016. These results are from the Santiaguito end-member.
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retrieval is 6.04 %.
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3.4.1.3 Soufriere Hills Volcano

Seven ASTER scenes of the SHV volcano are captured of ash producing eruptions
occurring in 2006, 2008 and 2010. One image from 2006 contained only sporadic opaque pixels
and therefore is not appropriate for this study. However, the six remaining images contained
significant portions of the plume that are optically thick in the TIR. The SHV and obsidian
libraries produced the most consistent results, with RMS errors for these libraries being < 10 %.
Santiaguito library also produced low-error results, although not as consistently as the other two
libraries. No obvious trend in the particle size distribution was observed, although the most

abundant size fractions tended to be those that were finer ( <25 pm).
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Figure 3-9 Data retrieved from SHV volcano, captured by ASTER on 2 December 2009. These results are from the SHV end-member. The
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1.97 %.
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3.4.2 Non-AVAL Sampled Volcanoes

3.4.2.1 Calbuco

One ASTER scene is collected from the April 2015 eruption of Calbuco volcano, Chile.
The volcano experienced a sub-plinian style eruption 22 April 2015, with several pulses of
activity recorded until the 23 April (Romero et al., 2016). In the subsequent days up until 30
April, activity was marked by brief, vulcanian-style eruptions. The opaque portion of the plume
is connected to the vent, with the model failing after ~10 km downwind where the plume became
transparent. Romero et al., (2016) and Castruccio et al. (2016) reported that the tephra fallout
composition ranged from basaltic-andesite to andesite, with some sample sites also yielding
material that was basaltic and dacitic. All five libraries produced low RMS error (< 10 %)
retrievals from this cloud. In each the particle size variation does not alter drastically, with a
mixture of particles present. No obvious particle size distribution trends are present, with the

opaque plume appearing a random mixture of the end-members.
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Figure 3-10 Data retrieved from Calbuco volcano, captured by ASTER on 26 April 2015. These results are from the Santiaguito end-member.
The dark area is the approximate area of the plume based upon the temperature and is overlain for retrieved pixel clarity. A) 63 — 150 pm end-
member; B) 8 - 25 pm end-member; C) < 8 pm end-member; D) 8 - 25 pm end-member; E) < 8 pm end-member; F) RMS Error. Average error for this

retrieval is 1.19 %.
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3.4.2.2 Chaitéen

A total of five ASTER scenes contain eruptions of Chaitén volcano between May 2008
and March 2009. The initial eruptions occurred on 1 May 2008, in an unexpected manner as
earthquakes were only felt in the region 24 hours before the onset of the first eruptions (Castro
and Dingwell, 2009). The material erupted from this volcano is rhyolitic in composition, and in
the five ASTER scenes analyzed for this work, the libraries of more silicic material, in particular
Santiaguito, and the Mono Obsidian produced the retrievals with the lowest RMS errors
associated. The Sakurajima end member only retrieved ash particle size ranges in 3 of the 5
images, and even then, pixels frequently recorded RMS errors in the 10 — 30 % range. Of the
plumes measured, the smallest size fractions dominate the proximal plume region. Of the larger
particle sizes detected, the 45 - 63 um fraction is commonly detected, with particles > 63 pum
rarely being detected in large quantities and were confined to the plume edges (Figure 3-11), or
in pixels that were adjacent to the vent. Interestingly in the example shown in Figure 3-11,

coarser particles are seen almost exclusively around the plume edges.
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Figure 3-11 Data retrieved from Chaitén volcano, captured by ASTER on 19 January 2009. These results are from the Mono-Inyo Obsidian
end-member. The dark area is the approximate area of the plume based upon the temperature and is overlain for retrieved pixel clarity. A) 63 — 150 pm
end-member; B) 8 - 25 pm end-member; C) < 8 pm end-member; D) 8 - 25 pm end-member; E) < 8 pm end-member; F) RMS Error. Average error for

this retrieval is 2.74 %.
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3.4.2.3 Eyjafjallajokull

The 2010 Eyjafjallajokull eruption was the culmination of 18 years of volcanic unrest at
the volcano, with an effusive eruption of basaltic lava between 20 March and 12 April preceding
explosive events that began on 14 April and lasted until 22 May (Sigmundsson et al., 2010; Stohl
et al.,, 2011). Plumes reached from 3 — 10 km into the atmosphere, derived from an early
hydromagmatically driven phase, followed by a magmatically driven phase of the eruption
(Gislason et al., 2011). With an extensive threat to air travel caused by this eruption, the ash
produced is extensively studied. The first two days of explosive activity is defined by ash
samples that had a wide range of compositions (60 - 69 % wt. SiO2), followed by a lower
discharge phase with weaker but sustained explosive plumes with a marked drop in SiO2 content
(58 — 59 %), and then a second explosive phase that saw the eruption of more silicic material
again. A final phase was observed with limited ash erupted and typified by the venting of a
persistent steam plume over the vent (~ 65 % wt.; Gudmundsson et al., 2012). Twleve ASTER
scenes were obtained on 7 days of the eruption with several of these being larger mosaics of the
same plume. For this volcano, all but the Sakurajima library provided a significant number of
retrieved pixels. The obsidian library provided the best fit (example in Figure 3-12), however
RMS errors had a wide range, from < 10 — 30 %, which is likely representative of the varied
composition of the material erupted between April and May 2010. The particle size ranges
detected tended more towards the finer size fractions (< 45 um), although a greater number of
pixels are retrieved with these particle size fractions for the more explosive phase of the eruption
in April, compared to image obtained during May, where the two large size fractions became

more evident.
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Figure 3-12 Data retrieved from Eyjafjallajokull, captured by ASTER on 17 April 2010. These results are from the Santiaguito end-member.
The dark area is the approximate area of the plume based upon the temperature and is overlain for retrieved pixel clarity. A) 63 — 150 pm end-
member; B) 8 - 25 pum end-member; C) < 8 pm end-member; D) 8 - 25 pm end-member; E) < 8 um end-member; F) RMS Error. Average error for this
retrieval is 11.34 %.
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3.4.2.4 Puyehue-Corddn Caulle

The Puyehue-Cordon Caulle volcano is a large basaltic to rhyolitic volcanic complex in
Chile, that began a series of sub-plinian eruptions on 4 June 2011 (Bignami et al., 2014). The
eruptions were marked by both effusive and explosive activity, with rhyolitic lava flows being
emplaced from the eruptive fissure (Tuffen et al., 2013). Volcanic ash clouds formed by this
eruption were captured by satellite remote sensing platforms traversing the southern hemisphere
(Kluser et al., 2013). The ASTER sensor collected data from these eruptions in June 2011, and
February 2012. 4 of the 6 images obtained provided retrievals of volcanic ash. The obsidian end-
member library provides the best retrieval for these images in terms of RMS, with the average
error below 10 %, with the other 4 libraries, whereas providing retrievals of particle size
variations, had fluctuating errors between < 1 and < 30 %. Particle size ranges are primarily
dominated by the < 25 um fractions, although larger size fractions (45 — 63 pum and in particular
63 — 150 um) made up a significant portion of the cloud’s area. Furthermore, in the example
shown in Figure 3-13, particles in the largest size range (63 — 150 um) are seen in increasing

number as distance from the vent increases.
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Figure 3-13 Data retrieved from Puyehue-Cordén Caulle, captured by ASTER on 13 February 2012. These results are from the Mono-Inyo
Obsidian end-member. The dark area is the approximate area of the plume based upon the temperature and is overlain for retrieved pixel clarity. A) 63
— 150 pm end-member; B) 8 - 25 pm end-member; C) < 8 pm end-member; D) 8 - 25 pm end-member; E) < 8 pm end-member; F) RMS Error. Average

error for this retrieval is 1.07 %o.
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3.4.3 Library Mixture Test

To test these results, an ASTER scene obtained on 29 April 2010 of Sakurajima is
analyzed using a mixture of the Sakurajima (2013) and Mono-Inyo Obsidian end-member
libraries. These both produced low RMS retrievals, but the analysis of this image in particular is
of interest given that the RMS where the Sakurajima library was used was 2.26 %, compared to
0.61 % where the Mono-Inyo Obsidian library was used. The analysis is constructed using
combinations of each end-member library in an attempt to see if these mixtures would produce a
lower RMS error, meaning that the cloud observed is composed of a mixture of different
materials. The model was repeatedly run by adding or subtracting end-members until the lowest
RMS was calculated. The results for each iteration are present in Table 3-4. The two most
accurate retrievals produced were using four < 45 um fractions were used, coupled with a 63 -
150 um end-member. These results demonstrated the predominance of fine grained volcanic ash
within the plume, intermixed with ~ 15 % coarser material. Of interest is this intermixing
compared to the results discussed previously, as no zoning of larger particles at the edge of the

plume is shown. These results are shown in Figure 3-14.
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Table 3-4 Results for 10 iterations of the linear deconvolution model performed on an image from Sakurajima volcano obtained 29 April 2010. Black

cells indicate that the end-member listed was not used for that iteration of the model. The first two iterations were performed using the pure end-

member libraries. Iterations 3 — 10 are listed in order of decreasing RMS.

Sakurajima 2013

Mono-Inyo Domes Obsidian

Iteration 63 - 150 45 - 63 25 -45 8-25 <8 63-150 | 45-63
pum (wt. | um(wt. | pm(wt. | pm (Wt | pm (wt. | pm (wt.
%) %) %)
64.664 | 0413 | 23.879

84.968

Average
RMS

0.0188

42.998 |  0.0080
1.067 16.524 20.957 0.0071
36.748 24.748 13.723 0.0065

| 26.252 | 26.064 |  0.0051

37.691 0.0048
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Figure 3-14 The best model iteration of ASTER image data of the 29 April 2010 eruption of Sakurajima volcano. The dark area is the
approximate area of the plume based upon the temperature and is overlain for retrieved pixel clarity. A) Obsidian 63 — 150 pm end-member; B)
Obsidian 8 - 25 pm end-member; C) Obsidian < 8 pm end-member; D) Sakurajima 8 - 25 pm end-member; E) Sakurajima < 8 pm end-member; F)
RMS Error.
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3.5 DISCUSSION

The retrieval of composition and particle size of volcanic ash particles from opaque
volcanic ash plumes using the TIR provides an important step in being able to understand
volcanic ash clouds and the eruptions that formed them. This method has demonstrated promise
in being able to routinely observe the opaque portions of plumes. However as with any new
method, discussion is needed to determine sources of error and provide direction for

improvements.

3.5.1 Model Results

The accuracy of the AVAL library is one of the most important aspects of this work, and
it is essential that a wide variety of volcanic ash types are present within it, hence the importance
in examining images of sampled and unsampled volcanoes. The accuracy of the laboratory
spectral measurements are detailed in Section 2.5.2, and are accurate to within ~ 0.5 %, due to
the low NEAg of the spectrometer. The linear deconvolution model results have, in the majority
of cases, showed to have low error associated with them. This was particularly the case for the
sampled volcanoes, Santiaguito, SHV and Sakurajima. For the volcanoes with no AVAL
samples, the more rhyolitic eruptions (Puyehue and Chaitén) produced results with low errors
associated with the Obsidian end-member library. Those with more intermediate compositions
produced mixed results, with RMS error for Eyjafjallajokull commonly > 10 %, whereas

Calbuco was significantly lower at 1.19 %,
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From these observations it may be possible to assume that for samples taken from known
volcanoes, the linear deconvolution method coupled with AVAL is valid. However, in many of
these cases, not just the library specific to the volcano provided either the best or only fit. This
presents somewhat of a conundrum where attempting to determine what the bulk composition of
the material is. If this was a phenomenon that was observed in two different parts of the cloud,
where one library was best for one region, and another provided the best for a different portion,
this may imply that two distinct pulses of material produced from perhaps differing processes.
However, the different results commonly cover the same area of pixels. This was seen in the
image data from Sakurajima, where both the Sakurajima and Obsidian end-members produced
low retrieval errors. Using the linear deconvolution with mixed end-members from two different
libraries was considered a possible solution. Where the image data was processed using a
mixture of both the Sakurajima and Mono-Inyo Obsidian end-members, greater accuracy was
achieved, with 0.48 % the average RMS of the retrieved pixels, with a standard deviation of 0.77
%. The mixture data provides an interesting insight into whether the sample collected on the
ground was truly representative of the material present in the cloud at the time of acquisition.
Sakurajima presents an interesting case, given the wide range of glass wt. % silica recorded in

the glass component (Section 2.2.1.2).
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Table 3-5 Details of the linear deconvolution model results for the ASTER scenes discussed in Section 3.4. These data only include the best fit AVAL
library where individual compositions are used, as opposed to the mixture test used in section 3.4.3. Average RMS values for the best fit library are
given and compared to the reported composition from each volcano. Using Figure 3-15, an estimated SiO2 enrichment of the ash detected is given.
Where the reported composition is in the same range as the AVAL sample used, an average enrichment of the points in Figure 3-15 reported by other
investigators is used. In the case of Sakurajima, as the best fit end-member is the Mono-Inyo Obsidian, the enrichment estimate is based on the
estimated bulk SiO2 content compared to the SiO2 content of the obsidian, which is widely available in the literature (e.g. Varga et al. (1990), who report

an SiOz value of 71.7 %).

Best fit AVAL o Reported Estimated average
ASTER Scene Volcano Library RMS (%) Composition  enrichment (SiO2)
AST _09T_00304262015034811 Calbuco Santiaguito 1.19 Andesite 5%
AST 09T 00301192009145437 Chaitén Mgg‘s%'i%o 2.74 Rhyolite 0.5 %
AST_09T_00304172010224304 e L : 0
AST 09T 00304172010224313 Eyjafjallajokull Santiaguito 11.19 Benmoreite 5-7%
Puyehue- Mono-Inyo . 0
AST_09T_00302132012145257 Cordén Caulle Obsidian 1.07 Rhyolite 0.5%
. Mono-Inyo .
AST_09T_00304292010020519 Sakurajima Obsidian 0.61 Andesite 15 %
AST_09T_00301192016164206 Santiaguito Santiaguito 6.04 Andesite 5%
AST_09T_00312122009023120 SHV SHV 1.97 Andesite 5%
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Initially the assumption was that perhaps the cloud examined in the image from 29 April
2010 was simply a much more high-silica glass rich composition, given the low error associated
with the retrieval (RMS = 0.8 %). However, through each model iteration it is shown that this
error could be reduced further by using end-members from both libraries, provided the
appropriate particle size range was chosen. In this instance, 48 wt. % of the cloud was retrieved
as Sakurajima ash, with 52 wt. % retrieved as the Mono-Inyo end-member. The mixing of two
end-members that have varying wt % glass of different compositions (based upon the
Christiansen frequency position discussed in Section 2.5.1) highlights the distinct differences
between bulk composition estimated for a volcano based on erupted lithics, the tephra that is
deposited proximally to the volcanic, and the composition of the material that remains in the
atmosphere (Figure 3-15). Low retrieval errors for the high silica obsidian end-member are
common in many of the images discussed here as well, and this may mean that more SiO2
enriched volcanic material is present in the cloud. It would be prudent for image datasets

acquired in the future for them to be unmixed using the obsidian end-member library.
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Figure 3-15 Bulk composition SiO2 concentrations vs those found volcanic glass produced by eruptions from
various volcanoes (after Cashman and Rust, 2015). An average glass enrichment of SiO: for each rock type

was calculated from these points; Basalt 3.2%, Andesite 5%, Dacite 7%, and Rhyolite 0.5%.
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A greater number of samples should be added to the library to cover the wide range of
material present. What comprises these materials must also be under consideration. Whereas the
mineral assemblages present may point to certain compositions, as was shown in Figure 3-15, the
glass composition can drastically vary, from having a wt % SiO2 that is similar to the bulk
composition, or one ~ 10 % higher. Given that the samples presented here (Fuego 2015 aside)
are predominantly comprise volcanic glass, this composition has exerted a significant control
over the spectral shape. This is shown in Figure 3-16, where a mixture of glass and minerals is
used to highlight the changes seen in the TIR spectra with changing glass composition, where the
mineral assemblage remains constant. It would also appear prudent to complement the AVAL
collected samples with a particle size suite of pure glass end-members, to see if an estimated

glass SiOz enrichment could be obtained from these image data.
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Figure 3-16 Spectra of numerical mixtures of different volcanic glasses (70 %), andesine (25 %),
enstatite (2.5 %) and forsterite (2.5 %) at hyperspectral (upper) and AVAL (lower) resolution. The basaltic,
andesitic and dacitic glass spectra are taken from Minitti and Hamilton (2010), whereas the rhyolite glass
spectrum was the crushed obsidian developed in chapter 3. The mineral end-members were obtained from
the ASU TES library (Christensen et al., 2001).
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3.5.2 Particle Size Variations

One point of note is that the particle size variations between different end-members stay
relatively consistent. Smaller particle sizes tend to be the dominant size fractions detected,
particularly for volcanoes that produced larger plumes. These larger plumes are erupted from
more explosive volcanoes like Chaitén and Puyehue. For example, the total areal percentage of <
8 um particles retrieved for the 13 February 2012 eruption of Puyehue Cordon Caulle was 71.9
%. This number does not represent the total percentage of mass of particles in the whole cloud,
but the particles found at the uppermost surface. This is also true of the end-member mixture
solution, where fine grained fractions from Sakurajima and Mono-Inyo obsidian comprised 87 %

of retrieved pixels, and 13 % was made up of the 63 — 150 um Mono-Inyo end-member.
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Figure 3-17 Particle size ranges by wt. % of total number of retrieved pixels for the AVAL sampled
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113



Wt. % of cloud

Chaitén

Calbuco

40

% of cloud

Wi
X}
=1

50 100 1500
Particle Size (pm)
Puyehue-Corddon Caulle

Particle Size (um)
Eyjafjallajokull
80

Wt % of cloud
=
=

WI. % of cloud

100 100

Particle Size (pm)

Particle Size (umj)
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Where emission spectroscopy is used, the data detect only the uppermost (~ 100 pm) of
the surface. An important assumption made where applying the linear deconvolution model to
these data is that the plume top surface is the surface observed. This appeared to be corroborated
by ASTER DEMs, in which a new topographic surface is created in the image for an optically-
opaque plume. The initial assumption is therefore that a mixture of particles would be evident at
the origin of the plume, with decreasing amounts of larger material present as the plume moves
downwind and these larger particles settle out preferentially. However, this has tended not to be
the case in these results. For smaller plumes from Calbuco, Sakurajima, Santiaguito and SHV the
distance travelled is not that great thus, larger and smaller particles are present concurrently.
However, for eruptions such as Puyehue and Eyjafjallajokull, larger particles ( > 63 pm) are still
found to be present in comparable quantities with increasing distance from the vent.
Furthermore, for the Chaitén eruptions of 19 January 2009, > 63 pm are almost exclusively
found at the plume edges, and not within the central portion. This kind of behavior is also seen in
part at the Eyjafjallajokull volcano, with larger particle sizes being found at the edges of the
cloud, and fines towards the center, although in this case the trend of observing larger particles
much further from the vent is also evident. This zoning of larger particle sizes presents a
possible process that may be occurring. But perhaps the more appropriate viewpoint is what the
remote sensing instrument is detecting. It may not be the case the plume top is visible

exclusively, thus an alternative should be examined.

3.5.3 Volcanic Plume Structure

Given the particle size variations discussed above, it is important to consider the
implication that perhaps these TIR are methods are not actually observing the plume top
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exclusively. Because larger particles will settle out of the plume more rapidly than smaller
particles based on Stokes’ settling equation, it therefore is interesting that different modes have
been observed. In data from Eyjafjallajokull and Puyehue-Cordon Caulle, larger particles are
seen in greater quantities further from the vent. At Chaitén volcano, larger particles are restricted
almost exclusively to the plume edges, whereas finer particles are located in the center of the
plume.

In order to address this, an experiment is performed using the 19 January 2009 image
obtained of the Chaitén volcano, Chile. Upon retrieval of the emissivity data from the AST_09T
data product, using the emissivity normalization technique (Realmuto, 1990), a temperature
image is also created. These temperature profiles are used during the deconvolution work to
provide a method of extracting plume bearing pixels from those that were transparent. It is
assumed that the plume is in equilibrium with the atmosphere, and that the plume bearing pixel
temperature is correlated with a temperature and altitude profile of the region’s atmosphere.
Atmospheric  temperature for a region is estimated from radiosonde profiles

(weather.uwyo.edu/upperair/sounding.html). For Chaitén volcano, the closest radiosonde profile

comes from the Puerto Montt station ~ 60 km north of the edifice, which is downwind from the
direction of plume travel. Radiosonde data may not always be appropriate if a station is too far
away (Oppenheimer, 1998), however in the case outlined here, it was felt that the Puerto Montt
station would provide a comparable atmospheric profile to where the plume is located.
Furthermore, these image data are taken during the day time in the region, thus the ASTER DEM
product is also available. Plume heights are taken from the ASTER DEM and are then compared
to radiosonde data, so the assumed atmospheric temperature from DEM plume top height is

derived. This is compared to the down track plume temperature taken from AST_09T data. Thus,
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it may be possible to determine if the ASTER derived temperature corresponds to the radiosonde
temperature at the same height. The results from this are shown below in Figure 3-19.

The discrepancy between the two derived heights does raise questions as to how this

occurs. There are two main possibilities that are explored to understand this:

(1) The satellite sensor is not always observing the top of plume but is sampling a
thermally opaque layer within the structure with ash gravitationally settling within the
plume.

(2) Only plume top pixels are visible and the cloud is still thermally opaque in this
region. The height and temperature discrepancy is a result of errors that occur in
atmospheric correction. An improved correction scheme is discussed in section 3.5.4.

(3) ASTER DEM and radiosonde derived heights linked to ASTER TIR derived
temperature cannot be reliably compared, as the behavior of energy in the VNIR
portion of the EM spectrum is different compared to the TIR. Thus the DEM is the
representation of this change, with a greater height given as energy is not transmitting
from an opaque layer within the plume, so the plume top is viewed as “solid”.

(4) Some combination of the above.
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Figure 3-19 Heights derived from A) ASTER DEM and B) AST_09T derived temperature, correlated

with radiosonde data. The ASTER DEM was resolved to 90 m in order to provide a better comparison to the

temperature data. The temperature of each plume bearing pixel was compared to the radiosonde

temperature, and height assigned based on that altitude, assuming the plume is in equilibrium with the

atmosphere.

118



Whereas the exact reason, or combination of reasons for the discrepancy is hard to
determine at this point, the particle size evidence from the larger plumes does seem to suggest
that there is a difference between opaque plume surface and thermally emitting surface. In the
examples shown in the results, there is a tendency for larger particles to be restricted to the
fringes of plumes, or to be detected in larger quantities further away. Furthermore, in the
example from Chaitén, the finest particle size fraction (< 8 um) is the dominant, and locally even
the only particle size fraction retrieved where the radiosonde derived height is at its maximum.
This trend is closely followed downwind of the plume. Coarser particle sizes are much more
prevalent where the emitting surface height is lower. However, in addition to these two
possibilities there are also other factors that may affect what information the sensor is retrieving.
Primarily, this relates to what the plume temperature is relative to the atmosphere. It is possible
for a plume to cooler or warmer than the surrounding ambient atmosphere. The maximum plume
height may not have yet been achieved, and the plume still has enough thermal energy to lift
higher in the atmosphere (Oppenheimer, 1998), or alternatively the plume can overshoot the
height at which would reach neutral buoyancy due to momentum, which means the plume will be
colder than ambient (Woods and Self, 1992). However, as the plumes distance from the vent
increases, these effects will be lessened, and eventually the plume will equilibrate with the

surrounding atmosphere.

3.5.4 Effect of Volcanic Gases

One further aspect that requires discussion is the possible effect that volcanic gases may
be having on the emissivity spectrum. The effects on transmission of radiant energy by gases
produced by volcanoes, such as H20, CO2 and SOz, are well known, and in the case of SO2 the
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transmission at both 7.3 and 8.6 pum is used to map SOz plumes emanating from the source (e.g.
Realmuto and Berk, 2016). In the case of SOz, because the absorption feature of volcanic ash
appears at the same wavelength (~ 8.6 pum), one issue is to determine where the SO2
concentrations are high enough within the plume to have an attenuating effect on emitted
radiance. However, the ability to measure these concentrations within an opaque plume would
present an enormous challenge, as these methods are normally applied to more diffuse, ash-poor
clouds. Whereas this is not trivial to quantify, it is an effect that would require further

investigation.

3.6 CONCLUSIONS

A method to analyze opaque volcanic ash plumes, using emission spectroscopy is
discussed and tested here. Whereas current methods that use the transmission of energy through
a sample to measure the properties of plumes are routine, these are unusable in the opaque
portion. The goal of this work is to determine whether particle size and composition can be
derived from volcanic ash particles using the described technique. The results presented here
covered both samples that were present as end-member spectral in AVAL, and those that were
not, to determine if this library is an appropriate suite to use with these data. The results here
demonstrate that this method is valid, as plume retrievals of composition were associated with
low RMS in nearly all cases (RMS < 6.04 %). Of interest is the prevalence of the Mono-Inyo
obsidian end-member, which produced low RMS retrievals in all but one of the case studies.
This points to a much higher SiO2 content of the volcanic ash plumes studied. This was further

demonstrated by using a mixture of two end-members where analyzing an image of Sakurajima
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volcano. Here the obsidian library was coupled with the Sakurajima 2013 library, which after 10
iterations produced a retrieval with RMS errors < 0.5 %. Particle size detection showed the
dominance of finer particles, primarily those < 25 um. This was particularly the case for larger
eruptions, such as the plumes produced by Chaitén, Puyehue-Cordon Caulle and Eyjafjallajokull
volcano. However, it was also observed that in several instances, larger particles were found
exclusively at plume edges and/or distally from the vent. This is assumed to represent the surface
that the satellite sensor is detecting, with the plume more diffuse towards the edges, and further
from the vent. In this case the top surface may not have a high enough density to act as a solid
surface and so a denser layer at lower altitude may be observed.

The estimation of plume composition with ASTER data has the potential to aid in with
the traditional methods of plume detection and monitoring. The current methods employed rely
on assumptions on plume composition, and these refractive indices are then used to determine
mass, density and effective radius using radiative transfer methods. However, this is shown to be
inaccurate (e.g. Mackie et al., 2014; Vogel et al., 2017), and if a bad assessment of composition
is made, errors of these measurements is as high as 17 %. If composition is defined using
ASTER coupled with the AVAL library and the linear deconvolution algorithm, then these data
can be used to inform compositional information, leading to more accurate retrievals in higher
spatial resolution satellite sensors, such as MODIS, AVHRR and AIRS.

There is however an impending lack of high spatial resolution, multispectral TIR data.
Currently there are no planned missions to replace the ASTER sensor, despite the alternatives
that have been presented, primarily the Hyperspectral Infrared Imager (HyspIRI) sensor. It is
hoped that increasing studies on the usefulness of satellite based, high spatial resolution,

multispectral resolution data will trigger the development and launch of new instruments (such
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as the ITHEMIS instrument; Ramsey et al., 2017), that will be better equipped for the challenge

of quantifying volcanic emissions in the TIR.

122



40 GROUND BASED MULTISPECTRAL IMAGE DATA FROM A THERMAL

CAMERA - APPLICATIONS TO VOLCANIC ASH COLUMNS

4.1 INTRODUCTION

Remote sensing of volcanic edifices and products has provided large quantities of data
from ground, aerial and satellite-based missions (Tralli et al., 2005). Satellite based remote
sensing of volcanic activity primarily uses a suite of ultraviolet (UV) and thermal infrared (TIR)
sensors that can detect both large and small-scale features (e.g. Ramsey and Dehn, 2004;
Campion et al., 2010; Murphy et al., 2013). The TIR data used that a range of spectral, spatial,
and temporal resolutions. Even though these are powerful tools for global volcano monitoring, it
is also vitally important to obtain ground-based information from the volcano (Wadge et al.,
2005), particularly if high frequency activity is detected. Various different types of sensor can be
deployed to better understand the movement of magma beneath the volcano, the styles of
eruption produced, and volcanic products that are erupted.

Ground based methods of monitoring volcanic activity range from seismic and GPS
surveys to monitor magma transport beneath the volcano, to sub-aerial studies using sensors that
detect energy in the UV, visible and TIR portions of the electromagnetic (EM) spectrum. UV
methods are used to quantify the emission of volcanic gases (e.g. Galle et al., 2003; Bluth et al.,
2007), whereas visible light detecting webcams provide a low-cost tool for monitoring volcanic
events (Orr et al., 2013). TIR methods have involved using broadband TIR cameras and spot

radiometers (Harris et al., 1997; Spampinato et al., 2011) to characterize thermally anomalous
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pixels, measure temperature changes on active lava flows, domes and lakes (Carter et al., 2007;
Calkins et al., 2008; Ramsey et al., 2012), lava effusion rates over a period of time (Calvari et al.,
2005), to monitor the number of eruptive events occurring (Calvari et al., 2010), and to analyze
the structure of volcanic plumes (Patrick et al., 2007; Prata and Bernardo, 2009; Harris et al.,
2013). Many commercially available thermal cameras collect broadband data in the wavelength
region ~ 7 — 14 um (Prata and Bernardo, 2009). The information contained with these images is
used to map temperature changes, which although incredibly useful in monitoring and modelling
volcanic processes, have limited diagnostic information on parameters such as composition and
particle size. However, it is possible to adapt these cameras to collect multispectral data, if an
appropriate bandpass filter set is created. These datasets would then allow the collection of
emission spectra in the TIR, by filtering out incoming radiance except for what is found at the
wavelength region of the bandpass. The use of TIR emissivity spectra allows for the collection of
information on both composition, particle size and texture (e.g. Ramsey and Fink, 1999;
Christensen et al., 2000), by analyzing the unique emission and absorption features that are
controlled by the composition of the material being studied, and how the spectral contrast of
these features changes as particle size decreases (Ramsey and Christensen, 1997). The potential
exists to create a multispectral sensor with an off the shelf camera that provides a lower cost
alternative to obtain both broadband and multispectral image data near simultaneously.

The work here describes the methods used to create this system. By building an apparatus
that can attach to the exterior of a thermal camera, a functioning multispectral system was
developed. This chapter describes both the creation of this system, and gives an overview of the

corrections needed to process such data. Examples are given, where laboratory standard samples

124



have been analyzed using this camera, to derive emissivity spectra. Furthermore, data from field

campaigns to Guatemala (2015, 2016 and 2018) and Japan (2016) are discussed.

42 THE MULTISPECTRAL CAMERA ASSEMBLY

4.2.1 Optical Filters

During this work, two sets of optical filters are utilized, described here as 1% and 2"
generation. Plots of the spectral band passes are shown in Figure 4-1. The filters were produced
by Andover Optics. Each has a full width half-maximum (FWHM) of ~ 0.5 um. These band
positions were chosen to observe the primary absorption features of silicate minerals, which are
found at these wavelengths. The filters allow a spectral resolution close to that of ASTER and
MODIS for ground comparison studies to these data. Each filter is 51 mm in diameter, identical
to the FLIR camera lens, in order to fill the cameras field of view and thus avoid any additional

erroneous optical effects that can affect data acquisition.
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Figure 4-1 Transmission profiles for the 1t (upper panel) and 2" generation (lower panel) filter sets.
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Table 4-1 Specifications of the band pass filters used for the 15t and 2" generation filter sets

15t Generation

Band FWHM Position Band Width  Band Center  Peak Transmission (%6)

Number at 50% (um) (um)
1 7.820 - 8.470 0.650 8.050 91.82
2 8.336 — 9.010 0.675 8.600 94.96
3 8.789 - 9.364 0.575 9.050 94.04
4 9.346 — 10.371 1.025 9.800 96.46
5 10.384 -11.134 0.750 10.710 88.87
6 10.954 - 11.904 0.950 11.300 92.54

25t Generation

Band Band Width  Band Center  Peak Transmission (%0)
Number FWHM Position at 50% (um) (um)
1 7.830 - 8.280 0.450 8.058 96.86
2 8.329 - 8.803 0.474 8.566 96.12
3 8.803 - 9.253 0.450 9.028 89.59
4 9.348 - 9.810 0.462 9.579 93.21
5 9.804 — 10.289 0.485 10.047 94.69
6 11.103 - 11.633 0.530 11.368 89.96
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4.2.2 Thermal Camera Mount Design

The multispectral thermal camera system went through several iterations in the design to
find the best mechanism to collect image data. The initial proof of concept of this work (Ramsey
and Harris, 2012) had the optical filters placed in casings that were then affixed to the camera
individually. This works for stationary targets, but is ineffectual where attempting to obtain near-
coincident image sets from dynamic volcanic flows and plumes. This promoted the creation of
two different systems that could hold all six filters in place. The filters then pass in front of the
camera lens mechanically, so near-coincident image data is collected. The camera used for this
system has remained the same, a FLIR S40, the specifications for which can be found in Table 4-

2.
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Table 4-2 Specifications of the FLIR S40 camera (after Carter, 2008)

Specification Value
Field of view/minimum focus distance 24°x 18°/0.3
Spatial Resolution/IFOV 1.3 mrad
Image Frequency Max 60 Hz
Thermal Sensitivity @50/60 Hz 0.08°C at 30 °C
Detector Type Focal plane array FPA uncooled microbolometer,
320x240 pixels
Spectral Range (um) 751013
Gain Settings -40-120°C
0-500°C
350 - 1500 °C
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4.2.2.1 Slider Mechanism

The first design of this system is seen in Figure 4-2. This system is simplistic, but
effective, with the camera placed in contact with an aluminum plate with a port in front. A
second plate which houses the filters passes in front of the filters, with a handle controlled by the
user allowing which slides each filter in front. The lack of a power supply for this system makes
it easily portable. Teflon tape affixed to the upper and lower portions of the filter plate allow it to
glide back and forth. The system can be quickly assembled and dismantled so it can be taken to
more remote regions, where larger equipment would be difficult, maybe impossible, to transport.

The drawback of this system however is the dependence on the user acquiring data. The
slider mechanism is not a completely frictionless surface, and as the user moved the plate back
and forth, camera stability became an issue. The images acquired were not necessarily co-located
for each filter and correcting this was a time-consuming process. Furthermore, over time, after
days to weeks collecting data in the field, particularly in areas with an abundance of windblown
dust, this would accumulate in the slider rail. Finally, with no control over the speed of
acquisition, data had to be acquired at the maximum possible speed to ensure that images
obtained had each filter directly in front of the lens. With these points in mind, a new approach

was taken.
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Figure 4-2 Photographs of the slider filter system (courtesy of R. Lee, SUNY Oswego).
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4.2.2.2 Motorized Wheel

The updated filter system uses motorized component that makes the operation of the
system easier for the user (Figure 4-3). The camera is mounted on an aluminum plate, behind a
motorized wheel, which rotates in front of the camera lens. This mechanism is still portable, as
each component can be separated with ease for transport to and from field sites. In order to
collect as many scenes as possible as the filter passes over the lens, the camera is set to acquire
data at 30 Hz. In addition to this, the motor has adjustable speed to allow for more rapid
acquisition for faster moving targets, or for a greater number of images per filter by reducing the
speed, if a stationary target is to be examined. The wheel is powered by one rechargeable 12-volt
battery, which allows ~20 hours of continuous use. Seven ports in the wheel are designed for
filter placement. One remains open so that broadband temperature measurements are acquired.

Each filter is placed in an anodized aluminum casing, which are then mounted in the wheel.

132



Figure 4-3 Filter wheel system deployed at Fuego, Guatemala in February 2018.
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4.2.3 Calibration and Image Correction

As within any remote sensing system, a calibration regime must be applied to the data
collected. The calibration for this system is outlined in detail in Thompson et al. (2018). Because
the camera continuously collects data, even as the filter wheel is in front of the lens, an image
extraction program is first implemented to obtain only those images where filter and lens are
aligned, allowing them to be treated as 6 band image data, as satellite data are.

The optical filters have the same reflective coating on both the outward and inward facing
sides. Therefore, where one passes in front of the camera, radiance produced by the camera’s
interior components is reflected back to the detector. This manifests itself as an optical aberration
in the image data. This radiance is always present in the data but is visually less obvious where
the temperature of the target is greater, due to the contrast between the detector and target
temperatures. To correct for this, the camera was placed in front of an environmentally
controlled microgroove blackbody at Aerospace Corporation, Los Angeles, CA. The blackbody
covered the camera’s field of view (FOV). Data were acquired with the multispectral apparatus,
with the blackbody emitting at temperatures ranging from 10 — 120 °C. From this, the per-pixel
radiance at each temperature was compared to expected radiance with the filter in front and with
the broadband port open, calculated from the Planck function. A correction was then developed
for each pixel, using an exponential curve fit to estimate the blackbody radiance emitted between
the temperatures collected. The correction can then be applied to temperature data that falls
outside of the data range collected, particularly useful if temperatures less than 10°C or more

than 120 °C are found within the image data.
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Figure 4-4 Data collected on February 237 2018 using the 2" generation filters of Volcan De Fuego. Band 3 is

shown here pre- (A) and post-correction (B). The optical aberration in A is a very distinct feature and
appears more prominently where the camera is looking at “cooler” targets, due to the apparent temperature

contrast.
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This was performed at two atmospheric temperatures, 21 and 31°C and two correction
algorithms created for each temperature. Where image data are collected with the multispectral
camera system, the atmospheric temperature is monitored so that the appropriate correction

algorithm is applied to those data.

4.2.4 Laboratory Derived Spectra

A series of laboratory tests are required to test the accuracy. This was done here using
both filter sets, with the calibration applied to the new filter data, as time constraints at the
Aerospace facility denied the chance to create a calibration for both. Both filter sets were tested
by imaging the laboratory standard quartz and/or obsidian used to calibrate the FTIR
spectrometer. Each sample was left in the drying oven at 80°C, removed, and placed in front of
the camera. Several image sets were then taken; for the old filters with no correction, these were
simply converted to emissivity using the inverted Planck function, whereas the new filter data

was corrected using the exponential curve fitting algorithm to remove the optical aberration.

4.2.4.1 Old Filter Set

Testing of the old filter set began in March — May 2016 after a field campaign to
Guatemala. Unfortunately, band 4 was carelessly destroyed by the author, so the work here was
performed using the remaining 5 bands. Data from the laboratory obsidian standard were taken

using the wheel mechanism, the results for which can be seen in Figure 4-5.
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Figure 4-5 Laboratory standard obsidian measured by the 1%t generation filter set. (A) Band 3 radiance image demonstrates that where the target being
viewed is hot, the aberration is not as visible in the image due to the contrast. It is still present however. B) Mean emissivity spectrum for region of

interest that encompassed the obsidian target, compared with the laboratory standard resolved to the FLIR multispectral wavelengths.
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The data here are not calibrated with any blackbody measurements, and this clearly causes
the major disparity seen between the filter derived and laboratory spectra. A full calibration of
this filter set would be a great asset, particularly given the quantity of data that has been collected

with this system.

4.2.4.2 New Filter Set

With the acquisition of the new filters, the obsidian target sample was again imaged with
the system, as well as the microcrystalline quartz laboratory standard. These data are presented in
Figure 4-6. These data were calibrated with the correction algorithm. The two corrected spectra
presented here appear to contain the diagnostic spectral features of the two samples, where
compared to the laboratory spectra resolved to the filter wavelengths. This represents a
significant improvement on the data collected with the 1% generation filters, and therefore

warranted the application of this correction routine to data collected from field sites.
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Figure 4-6 A) and B): Pre-correction image data for multispectral band 5 for the quartz and obsidian
standards. The two samples are kept in a drying oven at 80 °C and were scanned using the system for 30
seconds immediately after being removed and were situated 20 cm from the camera. C) and D): Post-
correction image data of both samples. E) and F): Emissivity spectra averaged over a region of interest on
both samples. Data were processed from radiance to emissivity using the emissivity normalization technique
(Realmuto, 1990), using an assumed emissivity of 0.99. Examples of emissivity spectra both pre- and post-
processing are presented, as well as a laboratory spectrum of the same sample, resolved to the 6 band spectral

resolution.
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43  APPLICATIONS TO VOLCANIC PLUMES - A CASE STUDY FROM VOLCAN

DE FUEGO, GUATEMALA

The laboratory data shows promise for using the camera to extract the spectral emissivity
of geologic features. The real test of the camera however obtaining data from the field. In order
to build from the work described in chapters 2 and 3, it was questioned whether or not it would
be possible to extract data on the composition and particle size of a volcanic ash column as it is
being erupted. Obtaining an estimate of particle size distribution would better inform tephra
dispersal models (e.g. Tephra2; Courtland et al., 2012). Furthermore, these data could be used to
determine the composition of the initially erupted material, and how it compares to the drifting
ash component, such as the proportion of glass to crystal fragments. The volcanic ash spectral
libraries already exist at hyperspectral resolution and can be resampled to reflect the wavelengths
covered by both the old and new sets of filters. During an ash rich eruption, it is assumed that the
column at the vent will be optically and thermally opaque and will represent the solid emitting
surface in the same way that the nascent portion of the plume did in ASTER data. Therefore, the
camera data can, in theory, be processed using the linear deconvolution technique described in
chapter 3. Data were collected during 4 field campaigns; Guatemala in 2015, 2016 (old filter set)
and 2018 (new filter set), and Japan in 2016 (new filter set). Data were collected from two of the
volcanoes that were simultaneously sampled for AVAL; Volcan De Fuego (Guatemala), and
Sakurajima (Japan). These were chosen as test sites due to their frequent ash producing activity,
as well as the multiple vantage points that were accessible around the volcano. Unfortunately,
Sakurajima went through a prolonged repose period during fieldwork in November 2016, and so
no ash plume data was collected. Therefore, this section focuses on the eruptions observed of

Volcan de Fuego.
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Volcan De Fuego erupted during each of the three campaigns, and was the most
frequently active of the volcanoes, with strombolian activity recorded ~ every 5 — 30 minutes. A
paroxysmal eruption of Fuego was also observed between 28 February and 2 March 2016, which
included volcanic ash emission and lava fountaining from the summit vent. Data were acquired
at several locations with varying degrees of success. The best locales chosen were the Fuego
Volcano Observatory (OVFGO) which is operated by the Instituto Nacional de Sismologia,
Vulcanologia, Meteorologia e Hidrologia (INSIVUMEH), and La Réunion Golf Resort, 25 km
southwest of the city of Antigua Guatemala. Between the 2018 field campaign and the time of
writing, a large eruption of Fuego in June has destroyed this second observation point.. Data
acquisition would take place typically between 8 pm — 10 am, as cloud cover obscured the
volcano during the day. During the field campaign of 2018, strombolian activity was once again
recorded, but it appeared much stronger in comparison to the 2015 eruptions, with larger ash
plumes generated from the summit that were erupted over a longer duration (minutes compared

with seconds in 2015).
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Figure 4-7 FLIR data from 2015 collected using the multispectral system with the 1% generation filters
installed. This dataset was obtained during night time activity, so no visible images are provided for
comparison. A) Broadband temperature image; B) Band 3 image converted to emissivity. Pixels that are

selected are shown and labelled, with the corresponding spectra for each found in C).
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Figure 4-8 Data from the 2016 paroxysmal eruption of Fuego, collected using the multispectral system with
the 1%t generation filters installed. This dataset was obtained during night time activity, so no visible images
are provided for comparison. A) Broadband temperature image; B) Band 3 image converted to emissivity.

Pixels that are selected are shown and labelled, with the corresponding spectra for each found in C).
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Image sets obtained from these eruptions are shown in Figures 4-7 and 4-8. Emissivity
was extracted using the emissivity normalization method, using an assumed emissivity maximum
of 0.99 (Realmuto, 1990). The datasets, despite being collected one year apart and documenting
two different eruption styles, do have spectral similarities. The main absorption feature in each
spectrum is found in the 9.8 um band (band 4). This distinct emissivity low does appear
abnormal in relation to the rest of the spectrum. Because these are uncalibrated data, it is not
currently possible to quantify the ash emissions per pixel, and the band 4 feature does preclude

these data from comparison to laboratory spectra to see if composition can be identified.
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Figure 4-9 FLIR data from 2018 collected using the multispectral system with the 2nd generation filters
installed. These data were collected from OFVGO 21 February 2018. A) Broadband temperature image; B) is
a band 3 converted to emissivity after application of the correction routine. Pixels selected are shown and

labelled, with the corresponding spectra for each found in C).
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The data from 2018 are corrected for the optical aberration in the data (Figures 4-9 and 4-
10). The band positions for these new filters have changed slightly, so a true comparison
between the datasets is not as straightforward. The noticeable effect of the calibration here
however is the depth to which emissivity is calculated, with emissivity lows of 0.7. This starkly
contrasts with the emissivity lows found within the AVAL library shown in chapter 2. These
datasets have all produced a spectral feature similar to the location of the feature of a silicate
glass ~ 9 um. Additionally, the spectra appear to have a negative slope imparted to them, in
particular in the spectra seen in figure 4-10. This causes emissivity lows at longer wavelengths.
This may be due to sub-pixel temperature mixing (Rose et al., 2014), which will be discussed

further in section 4.4.
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Figure 4-10 FLIR data from 2018 collected using the multispectral system with the 2nd generation filters
installed. These data were collected from La Réunion golf course 23 February 2018. A) Broadband
temperature image; B) is a band 3 image converted to emissivity after application of the correction routine.

Pixels that are selected are shown and labelled, with the corresponding spectra for each found in C).
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4.4 DISCUSSION

The spectra presented in Section 4.3 warrant further discussion due to the features seen.
The system does record variable radiance and thus emissivity from a target with the filters in
place, but are several issues that must be discussed that limit the collection of quantitative data
that could be used with an end-member unmixing model. The 1% generation filter data still
requires the development of a calibration routine, therefore this section focuses on the image data
obtained with the 2" generation filters in 2018. These data are firstly plot as relative emissivity
(Figures 4-11). In this image the spectra were normalized relative to the laboratory spectrum of >
150 um Volcéan de Fuego ash using a blackbody. Spectra 1 and 3 listed appear distinct from the
laboratory spectrum and do not match the shape. Spectrum 2 however does have a similar bowl,
however what is consistent is that each of the spectra has an emissivity low in band 6. At first it
was thought that this may be another calibration issue, however another hypothesis is that this is
a result of sub-pixel temperature mixing. In chapters 2 and 3, the spectra obtained do not have a
slope as the surface being observed by the detector is near-isothermal. However, it was shown in
image data that where a pixel contains multiple different temperatures, a significant slope is
imparted onto the derived emissivity spectrum (e.g. Gillespie et al., 1998). When a volcanic ash
plumes is generated, the material cools very rapidly as it enters the atmosphere. Given the
distance from the plume the camera, it is plausible that thermal mixing is occurring within these

pixels.
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Figure 4-11 Three spectra derived from pixels from data obtained at VVolcan De Fuego 21 February 2018,

using the new filter sets and the aberration calibration model, compared with the laboratory spectrum of >

150 pm Fuego ash, resolved to the 2" generation filter wavelengths. These three spectra were chosen as they

represent the range of spectral shapes seen in these data. The image pixels have been normalized to the

laboratory spectrum using a blackbody for better comparison.
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Rose et al., (2014) developed a method of correcting for these effects, termed thermal
deconvolution. In this method, ASTER data are examined, and emissivity spectra derived. These
spectra are tested to see if a slope is present in the data. A value of < - 0.015 is the threshold
value for algorithm application. If thermal mixing is occurring, then the algorithm uses ASTER
SWIR (30 m resolution) data to determine the hot and cool temperatures within each TIR pixel
and the areal percentage. From this a mixed Planck curve is produced, which is used to derive
the mixed radiance value for each ASTER TIR channel. The ratio of mixed to original radiance
equals the corrected emissivity for each pixel. This method is restricted by using the ASTER
SWIR subsystem, which could derive sub TIR pixel temperatures from it when the system was
active. In this instance, maximum and minimum temperatures per pixel of the plume could not
be estimated as there was no method of acquiring these data. However, the effect of thermal
mixing could be removed by calculating the slope of each spectrum in Figures 4-9 and 4-10. This
was done to determine if the slope value was over the threshold set by Rose et al. (2014). These
are presented in Table 4-3. Each of the 10 values calculated shows that the slope on these
emissivity spectra is below the threshold value set. To demonstrate how these spectra might look
if thermal deconvolution were applied, each spectrum was scaled to a line with a slope of 0.
These results are shown in Figure 4-12. After these data are scaled, the spectra appear similar to
the emissivity spectra measured from silicate materials. Nine of these pixels have an emissivity
low centered arounds band 3 and 4 (8.57 and 9.03 um). This is spectrally similar to the glass rich
samples from the AVAL library where resolved to the 6 band resolution. Pixel 1 from the 21
February 2018 dataset is the only spectrum that produces a broad emissivity feature, indicative of
less silicic material. Furthermore, of interest is the position of this pixel at the base of the ash

column, whereas the assumed more glass rich spectra occur higher in the column.
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Table 4-3 Slope values calculated from the 10 image pixels shown in Figures 4-9 and 4-10, collected from

plume bearing pixels detected at VVolcan De Fuego.

Pixel

Date Number

Slope

-0.08501
-0.04891
-0.06811
-0.05302
-0.04805
-0.06174
-0.08675
-0.07171
-0.07373
-0.07921

21-Feb-18

23-Feb-18

OO WONEFPOOA~OWODNPRE
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Figure 4-12 Image spectra corrected for sub-pixel temperature effects from (A) 21 February 2018 and (B) 23

February 2018.
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The location of this pixel is intriguing considering the shape, and it may be indicative of
silica-poor lithics that have been erupted from the vent. These larger clasts and blocks do not
remain suspended for long and fall out of the column quickly after the eruption. This would
leave more finer grained material suspended that is then lofted into the atmosphere. Owing to its
lower density than mineral and lithic fragments, a higher proportion of glass remains suspended,
and it is possible this is what is observed here. The absorption band depth of these spectra
however is still low relative to what is seen in these laboratory data. A comparison of these
image to laboratory resolved spectra is shown in Figure 4-13. This winnowing behavior not seen
in the image data from 23 February 2018. However in this image the plume has already
disconnected from the vent and is drifting as the eruption has ended. Therefore, the larger
fragments will have already fallen out of suspension, leaving only the finer grained portion, of

which there may, based upon these spectra, be a significant glass component.
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Figure 4-13 Comparison of the spectra shown in Figure 4-12 after having been corrected for the slope caused
by sub-pixel temperature mixing with two > 150 pm laboratory end-members (Volcan de Fuego and Mono-
Inyo obsidian). After correction, these spectra much more closely resemble those emitted by silicate

minerals/glasses.
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The correction of the optical aberration from the data does appear to have had a degree of
success, and where the spectra have the slope accounted for and normalized, it would appear as
though plume components can be identified. However, one of the major influencers on this data
is the transmission of the atmosphere, and this must be the next factor to be corrected for. Figure
4-14 demonstrates this fact. These plots were created using the HITRAN2012 atmospheric
model from the G & A Technical Software (GATS) Spectral Calculator

(www.spectralcalc.com/atmospheric_paths/paths.php). These were calculated based on a tropical

atmosphere with a starting elevation of 1128 m, looking up at an angle of 45° to a height of 3745
m. These parameters were chosen as they are difference in altitude between the OFVGO and the
summit of VVolcan de Fuego, with the hope being that these transmission profiles would simulate
the atmosphere between the camera and plume. Where plotted with the transmission profiles of
the two filter sets, it is obvious that certain absorption features must be accounted for and

corrected.
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model tropical atmosphere developed from the HITRAN model. Particularly of note are the absorptions

found in band 1 (water vapor), 4 (Os and CO) and band 6 (water vapor).
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Despite this, if the atmosphere can be corrected for, the aberration removal on these data
can be properly quantified. If this achieved, then the same methods applied in chapter 3 can then
be applied to this data. The position of bands 5 and 6 of the FLIR system would allow for the
classification of opaque vs transparent pixels using the BTD method (Prata 1989 a,b; Prata and
Bernardo, 2009). A spectral library for use with the FLIR has also been created, with similar
diagnostic features of different samples present as they are in AVAL. It is therefore hoped that
with continuing development of this system, the camera will become an invaluable tool in the

quantification of the products of volcanic ash plumes.

45  CONCLUSIONS AND FUTURE WORK

A new apparatus for generating multispectral image data using a broadband thermal
camera is described. The updated wheel version of the system is demonstrated to be more
effective at obtaining these data, and images where the filter is over the lens can be picked from
the dataset. These uncalibrated data do contain an optical aberration due to reflected radiance
originally emitted by the camera detector. This is removed by calibrating these data using a
blackbody to create a per pixel correction for this effect. Tests within a laboratory environment
with obsidian and microcrystalline quartz have produced emissivity spectra that closely fit
laboratory spectra that have been resolved to the filter wavelengths. Volcanic plumes erupted by
Fuego were imaged during three field campaigns, and although there is a significant variation
between laboratory and multispectral FLIR derived emissivity spectra, this may be in part due to
sub-pixel temperature mixing. Where a slope correction was applied to these data, they more

closely resemble a silicate glass spectra. However, a full atmospheric correction is also required
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to obtain more accurate diagnostic information on composition and particle size from these
datasets. Furthermore, fully calibrated datasets would then allow the use of the linear
deconvolution algorithm which would produce a retrieval of particle size and composition, as
was shown in chapter 3 with the ASTER sensor.

The compositional information contained within a volcanic ash plume can be useful in
determining the processes behind an eruption. Where observed from a satellite sensor, many
larger particles will have fallen out of suspension, which may leave behind a finer grained, glass
rich assemblage, as was seen in chapter 3. Field data here from Volcan de Fuego showed
evidence of more basaltic/basaltic andesite material at the base of the column, that was then
lacking at the plume top. This may be as a result of larger lithic blocks and mineral fragments
that erupted but then fall out of suspension soon after ejection. A future aim is to simultaneously
collect image data from both the ground and from the ASTER sensor to compare the
compositional retrieval, so that evidence of this winnowing effect could be seen. This system
could also be used to retrieve particle size and composition of the material that is deposited on

the tephra apron, which would provide further evidence of this compositional separation.

158



5.0 IDENTIFYING ERUPTIVE SOURCES OF DRIFTING VOLCANIC ASH

CLOUDS USING BACK-TRAJECTORY MODELLING OF ORBITAL DATA

5.1 INTRODUCTION

Volcanic systems are complex and controlled by an array of different processes.
Monitoring these systems provides insight into the potential for future eruptions and assessing
their hazards. Various precursory signals, from seismic and deformation to temperature and gas
flux, have been used to interpret the movement of magma beneath a volcano and to forecast
future activity (Sparks et al. 2012). As satellite systems have improved, those data have also
become a reliable tool for eruption monitoring. Many volcanoes worldwide are not permanently
monitored from the ground, either due to cost or accessibility, and satellite sensors are now
routinely employed to provide a unique perspective of global volcanic activity (Harris et al.
1997; Wright et al. 2002). Despite the orbital data availability, many volcanoes can produce
large eruption plumes with little to no precursory warning (Alfano et al. 2011). Ash plumes from
these eruptions can easily reach heights that affect the operation of commercial aircraft and
impact local to regional populations (Casadevall 1994). Furthermore, upon injection into the
upper atmosphere, these plumes are transported over a large area and in multiple directions,

dependent on wind shear and speed, which can be ~ 100 m s in the jet stream (Prata 2009).
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The damage caused to aircraft by volcanic ash is well documented (Prata and Grant
2001). Many commercial aircraft flight paths lie directly over active volcanic regions. In
particular, flight paths in remote areas of the world, such as the North Pacific (NOPAC) region,
are at the greatest risk with the more than 100 potentially-active volcanoes present across Alaska,
the Aleutian Islands and the Kamchatka Peninsula (Webley 2011). The large volume of air
traffic as well as lack of alternate airports for emergency landings make this route particularly
dangerous (Neal et al. 2009).

Satellite remote sensing has provided one of the most temporally and spatially practical
tools for the detection and monitoring of volcanic eruptions, and is used routinely to monitor
global volcanic activity (Harris et al. 2001; Rose et al. 2000; Wright et al. 2002). No particular
sensor exists solely for the purpose of volcanic emissions detection, yet owing to the unique
absorption spectrum of volcanic ash and sulfur dioxide (SO2) in the TIR and SO2 in the
ultraviolet (UV) (e.g., Thomas and Watson, 2010), a suite of geostationary (e.g. GOES) and
polar orbiting (e.g. MODIS, AIRS, OMI) satellite sensors can be used to operationally detect and
track volcanic ash clouds. However, omnipresent global coverage of all volcanoes still does not
completely exist, and it is feasible that during shorter onset events, such as during sub-vulcanian
to vulcanian activity (such as was observed at VVolcan De Fuego, described in chapter 4), these
plumes may disconnect and drift before being detected by these sensors. In addition, smaller
volcanic events may occur beyond the spatial resolution of the more temporarily available
datasets of geostationary platforms such as GOES and the new Himawari-8 sensor, meaning
detection is only possible by a handful of sensors, which may only record the cloud once it has
drifted from its source location. Therefore, methods to accurately track back these plumes to a

possible source should be considered.
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It has been shown earlier in this work, that volcanic ash quantification using the ASTER
sensor is possible, and that there is information contained within this nascent portion that can be
used to determine both composition and particle size. However, ASTERs temporal resolution
does not lend itself to routine ash plume monitoring. The ASTER sensor is programmed by the
Urgent Request Protocol (URP) system to point off-axis and record any activity in the event that
thermal anomalies are detected by lower spatial resolution sensors (Duda et al., 2009). If this
were to be expanded to also include ash detection by these same sensors where no thermal
anomaly is present, then a larger quantity of data that would possibly include volcanic ash
plumes would then be recorded. If ash was, however first detected in an image where the volcano
was not present, then this would also require some form of backward trajectory model to be used,
in order to determine the region where the ASTER sensor should be pointed.

The backward trajectory modeling approach has a long history over the past several
decades for studies of anthropogenic pollution (Stohl 1996; Han et al. 2007). Pollutant
concentrations are collected from receptor sites and a Concentration Weighted Trajectory (CWT)
is applied to identify the responsible source. Application to volcanic ash plumes has been used
simply to confirm satellite-based derivations of plume height (e.g. Winker et al., 2012; Mortier et
al., 2013; Prata et al., 2015). However, the approach has not been applied to determine the source
location, particularly if there is limited to no data on the plume top height. To do this, it is
necessary to examine multiple backward trajectories statistically in order to determine a probable
source location. Modeling packages such as Trajstat (Wang et al. 2009) have been developed
Graphical User Interface (GUI) tools to aid in this approach. These applications are designed,
however, to observe local versus regional sources of anthropogenic pollution in cities, on the

timescales of days to years, where the pollutant is measured at a fixed receptor site (Cheng et al.
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2013; Pietruczuk 2013). For a temporally short event from a single point source location (i.e., a
volcanic eruption) producing an ash cloud at an unknown height, these methods must be
modified.

The objective of this study, therefore, is to present a method to track these disconnected
volcanic clouds back to their source region. This is done using a combination of TIR satellite
remote sensing data from to detect the drifting ash and assess its relative concentration,
backward trajectory modelling using the HYSPLIT atmospheric model (Draxler and Hess 1998)
to determine the regional location, and a geostatistical analysis within a Geographic Information

Systems (GIS) framework to refine the probable volcanic source and assess the accuracy.

5.2 METHODS

One of the issues with finding “genuine” cases of plume disconnection the satellite
archive is simply that a vast amount of data of the Earth’s atmosphere has been collected. In
addition to this, it was also considered that to test the applicability of any backward trajectory
model, surely it would be more prudent to test a model where the source was known, by isolating
a region that can be treated as “disconnected” and then use it as the input for any backward
trajectory model. Therefore, a series of known eruptions from different volcanoes were assessed
to test the methodological accuracy of the modeling approach. Ash plumes generated by the
eruptions of Etna (Italy) in 2002, Kliuchevskoi (Russia) in 2007, Chaitén (Chile) in 2008,
Eyjafjallajokull (Iceland) in 2010, Puyehue-Corddn Caulle (Chile) in 2008, Sangeang Api
(Indonesia) in 2014, and Raung (Indonesia) in 2015 are used. The primary aim was to find ash

plumes that had not drifted too far from the vent (ideally within 500 km) so as to best simulate
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the style of eruption that is to be assessed with this method. However, it also did seem pertinent
to see if there was a maximum distance that the method would break down, and so Puyehue was
used as an extreme end-member example, with plumes that had drifted in excess of 4000 km
from the volcano.

Data from the MODIS sensor is used for this analysis to detect the drifting cloud.
Whereas this is one of many satellite sensors that is used to detect ash, MODIS is simply used
due to user experience with these datasets, their extensive global coverage of the world’s
volcanoes, and the availability of the retrieval model for use with it (provided here by Dr. Helen
Thomas, Nicarnica Aviation). There are two identical MODIS sensors on board the NASA Terra
and Aqua satellites, each with a spatial resolution of 1 km in the TIR region (Justice et al. 1998).
MODIS was chosen because of its relatively high temporal resolution, providing images of all
global volcanoes (Watson et al. 2004) and multiple TIR channels, which allow the discrimination
of ash from those meteorological clouds. The MODIS data archive

(https://ladsweb.nascom.nasa.gov/data/search.html) was accessed to find appropriate data in

proximity to the chosen volcanoes following the noted eruption. For each eruption, several
images of the ash cloud were obtained. The Level 1B radiance product was used and images
processed to detect the presence of ash using a simple spectral ratio based upon the Brightness
Temperature Difference (BTD) approach (Prata 1989a; Prata 1989b), which returns the spatial
location, concentration, and effective radius of the ash particles in each pixel cell of the image.
Concentration is important as it serves as the input for the geostatistical methods used later in
this study. This method is outlined extensively in chapter 3 (section 3.2). A full list of the

MODIS scenes used for this study can be found in Appendix C.
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These ash-rich pixels were spatially subset to exclude any portions of the plume that may
have still been connected to the volcano where the image was acquired. This simulates a
disconnected cloud for this analysis (Figure 5-1). Regions towards the furthest distal edge of the
cloud were subset further to provide several testing scenarios for our approach. A cell grid was
placed over this spatially subset section and a point located in the center of each cell. The
average ash concentration of each cell is assigned to that point. This point served as the
coordinate from which the backward trajectory model is initiated. This ensured that no bias was
imparted in assigning trajectory run points and allowed the density of the starting grid cell
coordinate to be attached to each back trajectory model run. These points seeded the HYSPLIT

model, which then created backward trajectories for each.
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Figure 5-1 Method for creating the simulated “disconnected” ash cloud, demonstrated using a retrieval from
an ash plume generation by Mt. Etna, Italy on October 28" 2002. The BTD retrieval model is first used
(upper left), and then a smaller region of this plume is then identified (upper right). From this, the grid can
be overlain, and coordinate points created from which the HYSPLIT backward trajectory model will be

initiated (bottom).
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HYSPLIT is a Lagrangian dispersal model that independently calculates the advection
and diffusion components of a plume. It was chosen for this study because Lagrangian models
are commonly favored where analyzing a single point source for emissions as well as allowing
the emission points to be defined at any scale required (Draxler and Hess 1998). Furthermore,
HYSPLIT allows multiple input heights and can output data into both shapefile and Google
Earth compatible format (e.g., KML), allowing easy integration into a GIS visualization
framework. One restriction of this work was that only the Graphical User Interface (GUI)
download version of the model was available to the user. This restricts the user to the three
height inputs. However this was also considered a possible benefit, as this produced a smaller
dataset that was more manageable in a ‘real world’ hazard simulation. The height of the ash
cloud was first estimated by comparing the 11 pm brightness temperature (BT) of pixels

containing ash with radiosonde (available at https://weather.uwyo.edu/upperair/sounding)

measured air temperature (Sawada 2002). However, errors associated with this approach are
possible and include under- or over-cooling of the volcanic cloud as it is injected into the
atmosphere, higher cloud temperatures recorded as it becomes transparent allowing upwelling
radiance from the ground to be detected (Oppenheimer 1998; Webley and Mastin 2009), and
distance between the cloud and radiosonde locations increases (Guffanti et al. 2005). More distal,
diffuse plumes led us to assume that radiosonde data will underestimate the plume height, and so
the second height level tested was set at 3000 m above the first measurement (hereby referred to
as BT+). This elevation is selected so that it would lie in the middle troposphere (depending on
the latitude) ensuring that the three heights spanned the lower, middle and upper troposphere.
The final height chosen is the local tropopause derived from Atmospheric Infrared Sounder

(AIRS) data, using the Giovanni online data system, developed and maintained by the NASA
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GES DISC (Acker and Leptoukh 2007). This maximum height is used because previous testing
of levels higher than the tropopause demonstrated a significant decorrelation of the plume’s
travel direction (Williams et al. 2013). Simulations in other studies have also shown that distal
ash transport is dominated by atmospheric processes occurring near or at the regional tropopause

(Fero et al. 2009).
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Figure 5-2 Method for creating the final trajectory for each height level. The HYSPLIT backward
trajectories are plot (upper left). An interpolated surface is then calculated based on the density of the plume
(upper right). The highest density region is the area chosen as most likely represented the plume path, and so

from this, interpolated polygons are extracted from this dataset until a trend pathway can be extracted and

presented as the assumed overall backward trajectory (bottom).
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The final stage of this modeling approach involved processing the trajectories using
geostatistical methods. This allowed us to create a predictive surface for the highest density
regions at different times. This high-density region was considered the most reliable indicator of
overall ash cloud movement. Peripheral regions of the cloud may experience atmospheric
turbulence and directional changes, which are beyond the resolution of the HYSPLIT model. The
ash predictive surface is created using an Empirical Bayesian Kriging (EBK) approach to
interpolate the prediction surface (Figure 5-2). EBK is a probabilistic method chosen because of
the lower errors associated with its predicted values, which are the result of inclusion of the
semivariogram uncertainty, something not included by other Kriging methods (Krivoruchko
2012). The model is also different in the way it constructs the data semivariogram. Kriging
normally uses a weighted least squares approach, whereas EBK estimates the semivariogram
parameters using Restricted Maximum Likelihood (REML). This creates an interpolated surface
of values that we can analyze, where the surface represents maximum likelihoods and not
traditional averages or least squares. Trends within the data are located, and once a trend
direction for the highest ash density regions is found, the polygons are isolated to create the final
backwards trajectory pathway. Volcanoes that lie within this high-density polygon pathway are
selected as potential sources. If the known source falls outside this range, then the distance to it

is measured, informing our model error analysis.

53 RESULTS

The model was applied to fifty different scenarios, which were derived from 23

individual MODIS scenes. The results are categorized into three different distance ranges (near-,
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mid- and far-range) from the volcano. The ranges are based upon the swath widths of current
satellite sensors, representing the maximum distance that a volcanic plume could travel and still
being in the same sensor image as the source volcano. The near-range scenarios are based upon
the swath of a Landsat image (< 185 km), the mid-range is defined as the width of a MODIS
image (185 — 2330 km) and the extreme far-range being anything greater than the MODIS swath.
Whereas it is not expected that such a mode would even need to be used on these more distal ash
plumes, it was simply done as a test to see if there is a break down in model effectiveness with

distance.
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Figure 5-3 Examples of the “near- and mid-range” scenarios created using this method; Clockwise from top

left — Mt. Etna, Italy, 28 October 2002 1453 UTC; Sangeang Api, Indonesia, 31 May 2014 0525 UTC; Raung,

Indonesia, 12 July 2015 0240 UTC.
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5.3.1 Near-Range

As one would expect, the near-range model trajectories proved the most accurate, with all
but three individual trajectories across all height levels found within 200 km of the edifice. Of
these results, the BT + 3000 m height level was the most accurate, with all 8 backward
trajectories tracing the cloud back to within an average distance of 6.5 km of the known source.
The Tropopause height level was the least accurate for the near-range scenarios. Only 2 out of 8
results traced accurately back to within 50 km. The BT derived height level had the greatest
range of results, with an average distance of 58.5 km calculated. This inconsistency appears to be
directly related to the assumption of volcanic ash cloud height. However, this does put all of the
BT+ backward trajectories within the ASTER sensor swath, meaning that if these data were used
to point the ASTER sensor at the region identified, the target volcano would be in the image,

thus possible additional activity could be recorded.

172



Table 5-1 Results of the model using the short range scenario. The average distance to the source was found
to be less than 100 km for all assumed cloud heights, although the accuracy of the BT and BT+ levels was

much greater than that of the tropopause height.

Actual distance from Modelled distance to  Distance from BT+ Distance from
cloud to source source volcano trajectory to source tropopause
volcano (km) (km) using BT volcano (km) trajectory to source
height volcano (km)
49.5 26.6 0 49.6
96.6 73.0 0 48.6
97.8 89.3 10.7 99.2
121.9 0 2.8 99.9
131.0 149.8 38.4 147.0
133.0 113.6 0 137.7
142.0 13.9 0.3 104.5
165.8 2.1 0 131.6
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5.3.2 Mid-Range

Results in this range showed a lower level of accuracy than those in the near-range, but
also had the largest number of model scenarios (36 in total). The most accurate height level was
the tropopause height level, with an average distance of the back trajectory to the known source
volcano of 105.5 km. The overall accuracy of each height level decreased significantly where
compared to the near range trajectory models, with all height levels averaging over 100 km from
their trajectories to the source volcano. This inaccuracy is further highlighted considering that the
BT and BT+ levels only had 14 out of 36 clouds that were tracked back to within 50 km, and for
the tropopause height level this was even lower (12 of 36). However, upon further examination
of the results, this greater average distance appears to be the result of one group of model results
from the Kliuchevskoi volcano. Eleven scenarios were tested for the June/July 2007 eruption. If
these are removed, the mid-range results change, with the BT and BT+ height level averages
improving from 135.7 and 115.3 km, to 83.7 and 77.8 respectively. Removing the Kliuchevskoi
results, clearly highlights an error in the method used for this particular eruption, which is
examined in the Section 5.4.3. Results from the tropopause height level maintained similar
average trajectory accuracy, with or without the Kliuchevskoi results, at 105.5 and 103.8 km

respectively.

174



80°0'0"W

70°0'0'W

7
3

Y

-40°0'0"S

40°0'0"S

A Chaten BTD+ BTD
4« Volcanoes Trajectory Trajectory
Tropepa... -
Kilometers Trajectory
s0°00"s4—0 1625 32 H50°0'0"S
T
80°0'0"W 70°0'0"'W
160°0'0"E 165°0'0'E
N A
laaa s 1 o
o~ A
- _‘- & 1 .
55°0'0"N TK\\X 55°0'0"N
Legend
Tropopause Trajectory
BTD+ Trajectory
BTD Trajectory
& lModel Start Coordinates
A Kliuchevskoi
Kilometers
50°00N{=——0 75 150 300 450 600 4 Voleanoes -Fs070'0N
| T T T
T T
160°00"E 165°0'0'E

Figure 5-4 More distal end-members of the “mid-range” scenarios showed varying degrees of success. The

upper scenario from Chaitén volcano (5 May 2009 1435 UTC) was accurate for all three height levels,

however Kliuchevskoi (bottom; 29 June 2007 2340 UTC) was much more inaccurate.
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Table 5-2 Results of the model using the mid-range scenario. The average distance was much larger than the

short-range results, however this average decreases if the results from Kliuchevskoi are eliminated.

Distance from cloud
to source volcano

Distance from BT
trajectory to source

Distance from BT+
trajectory to source

Distance from
Tropopause

(km) volcano (km) volcano (km) trajectory to source
volcano (km)

195.2 0 5.8 39.8
204.8 63.8 11 142.7
214.3 163.6 202.9 60.7
215.2 163.8 192.2 0
237.9 1.80 48.9 109.4
240.3 203.5 127.5 3.8
247.2 0 84.2 53.0
257.8 15.2 49.1 0
279.8 213.7 130.4 115.1
281.3 31.6 68.6 181.4
295.8 0 55 197.2
336.8 106.6 28.9 201.8
357.8 376.1 226.2 170.7
377.2 361.8 394.2 146.0
377.6 9.7 125.5 3.02
381.4 0 16.5 81.1
385.5 381.7 282.8 95.2
397.9 274.7 192.9 167.3
413.3 187.0 65.4 4.7
433.6 88.1 80.0 305.84
479.5 0 0 0
483.0 174.7 38.9 40.2
509.1 83.6 0 287.8
510.0 368.5 3195 13.0
520.9 5.1 11.1 22.0
545.5 0 235.9 144.5
557.4 144.0 74.9 338.0
626.7 223.2 10.3 265.0
662.8 24.7 240.6 135.0
1350.8 645.3 172.3 115.7
2303.6 0.8 125.5 0
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5.3.3 Far-Range

The far-range model results had, as was expected, the lowest overall accuracy for the BT
and BT+ height levels. For clouds that had travelled further than 7000 km, the BT and BT+
height levels produced trajectories that were either more than 500 km from the known source or
produced no discernable trend and making a result map impossible to create. The tropopause
height level trajectories did produce results that were still within 200 km of the source volcano,
with an average distance of 154.7 km. This improves significantly to 104.3 km if the most

inaccurate result is removed.
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Figure 5-5 Model results from the ash cloud produced by Puyehue-Cordén Caulle, Chile, 8 June 2011 0920

UTC. Despite many of the extreme tests of the model effectiveness showing that it becomes more inaccurate

with distance, this example curiously ended with all three height levels tracking back the cloud to within 60

km of the source volcano, thus within the ASTER swath width.
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Table 5-3 Results of the model using the long range scenario. These results proved to be the most inaccurate,
with many of the BT and BT+ trajectories not processed, as the interpolated map showed no trend from

which to even create a high density trajectory. These results are marked with N/A in the Table.

Distance from cloud Distance from BT Distance from BT+ Distance from
to source volcano trajectory to source  trajectory to source tropopause
(km) volcano (km) volcano (km) trajectory to source
volcano (km)

4385.0 1,875.5 0 137.8
5057.9 N/A N/A 123.2
6109.2 N/A N/A 408.06
6751.8 0 53.4 0
14635.8 N/A N/A 77.2
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5.4  DISCUSSION

Overall, the model produces reasonable success using the described approach to track
volcanic ash clouds back to their probable source. However, as with any modeling approach, a

detailed error analysis of the results is warranted.

5.4.1 Height Assignment

Determining the height of a volcanic plume is critical to understand the propagation of a
cloud from its source, the magnitude of the eruption, and the down-wind hazard impacts to
populations on the ground and in the air. Plume top height is commonly determined using the
TIR derived temperature assuming that the cloud is in thermal equilibrium with the surrounding
atmosphere. Therefore, if the atmospheric vertical temperature profile is known, the cloud height
can be extracted from the temperature data. The atmospheric temperature profile is normally
determined using radiosonde data, which is ineffective in certain situations. For example,
because the more distal portions of the plume become optically thin, emitted radiance from the
ground may also be present in the cloud data. This leads to derived temperatures that
underestimate the actual cloud height for clouds within the lowest 1000 km of the atmosphere.
Although some BT results show relatively high accuracy (within 50 km of the edifice), this
height assignment resulted in the widest distribution of back trajectory model results. The

average overall distance for all model runs was 159.8 km, with the largest being 1875.5 km.

In order to mitigate this effect, the “BT+” height was used to create a proxy for heights

midway between the derived BT and tropopause height. Because the error in BT height will
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depend on a variety of factors (e.g., ash cloud over/under cooling, amount of ground radiance
upwelling, distance of radiosonde measurement to the location of the cloud; e.g., Oppenheimer,
1998) it becomes difficult to quantify a precise BT+ height. A height of 3000 m above the BT-
derived height was chosen, as it is approximately the midway point between the average derived
BT height and that of the tropopause for all example locations. Furthermore, this additional
height proved to be the most accurate for the back-trajectory model, with an overall average error
of 96.8 km between the model and the actual source. However, removing the results for
Kliuchevskoi, which recorded the highest inaccuracy for the BT+ level, the average distance
error improved to 49.5 km. One can therefore assume that most of the clouds examined in this
study were drifting at heights very close to this assumed BT+ height.

The tropopause height was the easiest to determine using data from NASA’s Giovanni
system. The back-trajectory model results using this height improved in accuracy as vent to
cloud distance increased. For example, using this height for modeling the back trajectory of the
cloud produced by Puyehue Corddn-Caulle eruption resulted in locations within 500 km of the
actual vent, far better than the other two heights. This improvement is due to greater distal
transport of plumes that are within the upper troposphere/lower stratosphere and the relatively
straight-forward wind regime at these heights. In other words, larger eruptions that produce
larger ash clouds are most likely emplacing them at heights equal to or greater than the
tropopause. The tropopause height assumption allowed relatively-accurate trajectories for more
than 1000 km. The only exception to this came once again from the Kliuchevskoi eruption,
where the tropopause height level produced the greatest accuracy for eruption clouds between

215 and 736 km from the source, with an average of 84.2 km.
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Overall, correct height assignment is important to successfully locating the source
volcano, which is an important not only for identifying remote unmonitored volcanoes but also
to enable triggering of ground-based warning systems and data acquisition from other orbital
assets (e.g., Ramsey, 2016). It is not uncommon with the current orbital satellite suite to detect a
drifting ash cloud before detecting a thermal anomaly that would indicate the eruption in
progress. Determination of the cloud height is not always straight-forward, however, as these
estimates can be made by multiple sources, such as simultaneous LIDAR or RADAR data (if
available), forward modeling (if the source is known) and ground based observations (if it occurs
in a populated region). Therefore, with the assumption that a drifting ash-rich cloud is first
detected by MODIS (or another high-temporal, low-spatial resolution thermal IR satellite)
determining the appropriate cloud height for back trajectory modeling is critical to the final

accuracy, but can be estimated with acceptable results if enough model runs are performed.

5.4.2 Model Uncertainty and Geostatistical Methods

The HYSPLIT model has proven to be a useful and relatively quick tool, which is
essential for rapid response to hazards, but there are limitations that affect the results. The main
source of error is model resolution. After 2006, the input wind field data for the HYSPLIT model
is provided by the Global Data Assimilation System (GDAS). These data have a resolution of 0.5
or 1 degree depending on the time period that was observed, meaning any atmospheric
turbulence or changing wind vectors that occur below this resolution are not resolved and used
by the model. Therefore, this directly affects the lateral ash cloud distribution and its vertical
profile, neither of which are measurable and therefore produce errors in the modelled
trajectories. If the ash plume is more linear (e.g., Etna) or closer to the edifice (e.g., Sangeang
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Api), these effects are not as pronounced. For distal and more diffuse plumes (e.g., Chaitén and
Puyehue-Corddén Caulle), however, the effects of smaller scale turbulence may have more
pronounced effects on the modelled ash transport trajectory.

The effects of the back-trajectory model uncertainty will also affect the subsequent
geostatistical methods. If an obvious trend is present in the data, a more accurate final trajectory
is created and confidence in the predicted location is improved. Where model results produce
trajectories with no obvious trend, the area covered by the highest density polygons becomes
larger and therefore more volcanoes are included in the final analysis. This is especially notable
for volcanic arcs with closely-spaced (and recently active) volcanoes. Because the goal of this
approach is to identify a geographic region, the broad-scale results appear promising but are

limited to the data availability and model assumptions.

5.4.3 Kliuchevskoi Results

Results obtained from creating backward trajectories from the 2007 eruption of
Kliuchevskoi volcano produced results that had much lower accuracy than the other volcanoes.
In fact, where these results are not included, the average distance from the final trajectory
polygon to the source volcano across all model runs decreases significantly. A prime example of
this is seen in the near-range scenarios, where the average distance for the BT derived height
decreased from 69.7 to 46.5 km upon removal of the Kliuchevskoi results. Because there were so
many outliers in this dataset, these results were further analyzed and found to have been affected
by small scale atmospheric perturbations beyond the resolution of the archive meteorological
data grid. These small scale systems would be able to change the trajectory of the ash plume
without the archived meteorological data able to resolve such an occurrence.
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However, whereas this presents a challenge, there is also a potential solution. Given that
the approach presented here is designed to be a rapid response tool to a future drifting volcanic
ash cloud, higher-resolution forecast model atmospheric data would be available. The current
data input for these models is available at a much higher spatial resolution than that of archive
data, which is 0.25 degrees for the Global Forecast System (GFS) model data and therefore may

be capable of modelling the effects of smaller-scale atmospheric disturbances.

5.4.4 Further Testing and Operational Capability

The main focus of this work is to use known volcanic eruptions as tests for a series of
backward trajectory model results combined with a new geospatial analysis approach to identify
the eruption source region. A drawback to this methodology is the a priori knowledge about each
eruption, which influenced the back-trajectory model run time. In an actual situation where a
drifting ash cloud is detected, there likely will be no knowledge of how long the cloud has been
present. Therefore, the next stage in testing is to either obtain data containing disconnected
clouds, or prepare a series of blind tests, whereby data are subset ahead of time and the model
run with no knowledge of the eruption location. This would simulate the best practices for this
modeling approach if it were to be used in a future eruption scenario.

The intention of this work is also to describe how the model could work in an operational
setting. The work flow was designed to imitate how an actual fugitive cloud would be detected,
tracked and assessed. The workflow for the model if used in real time would follow the same
routine. First, the cloud would be detected by the satellite sensor, the ash-bearing pixels and the
ash concentration next identified and then the coordinate grid overlain. Three heights could be
assumed and their trajectories calculated in order to determine the potential errors in those height
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assumptions. However, one important difference would be the availability of forecast model data
from a source such as the GFS model, which is now at a much higher grid cell resolution. From
this the geostatistical results would then be used to identify the a potential source region. These
then could be automatically used as triggers for new data acquisitions, such as the ASTER
Urgent Request Protocol (URP) system or ground-based systems. ASTER URP data at much
higher spatial and spectral resolutions could then be examined in detail for thermal and

compositional changes and assess the potential for future activity.

5.5 CONCLUSIONS

A model combining the BTD approach in TIR satellite data for ash detection, a new
geostatistical treatment of the BTD results and the HYSPLIT model for back-trajectory tracing
has been developed and presented. The results are used to statistically predict the backward
trajectory of a drifting ash cloud to its most likely source region, with the aim to have this fall
within the ASTER swath width of 60 km. This model is tested and shown to be accurate to
within 100 km of the known source volcano if properly constrained with accurate input
parameters such as cloud height.

Being able to constrain the specific geographic region and perhaps even the exact
volcanic source of an unknown eruption is vital to allow quick satellite response of orbital and
ground-based assets as well as to direct emergency response to the affected area. Furthermore,
knowing the source volcano and magnitude of the eruption that produced the cloud would allow
further analysis and monitoring using additional orbital assets over time to infer and predict

future activity. As we continue to develop more accurate methods to both quantify volcanic ash
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emissions and improve estimates of the height of volcanic ash clouds, the approach outlined here

will further improve.
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6.0 CONCLUSIONS AND FURTHER WORK

The work presented here has provided a new insight into the observation of volcanic ash
clouds. Where previous methods sought to determine the location and density of volcanic ash
clouds, and mitigate the effects to aircraft, this work has focused in on a smaller area, but in
much finer detail. The use of ASTER data coupled with spectral emissivity end-member libraries
have shown that the opaque plume can be treated as a solid emitting surface and unmixed
linearly using these laboratory data. In turn, the laboratory data produced have shown the
spectral variations in volcanic ash from different compositions, and that these have the potential
to be used as a routine identifier of volcanic ash composition. The ASTER sensor has the
potential to become a very powerful tool in the determination of particle size and composition of
opaque volcanic plumes, providing that the input library can be expanded to include a greater
variety of compositions that are produced by volcanoes. These data can also be complemented
with those from the multispectral thermal camera. Whereas there are distinct issues with
attempting to obtain meaningful data at the present, if the calibration and atmospheric corrections
can be calculated, then this will allow the opaque rising ash column to be analyzed. In the case of
drifting, transparent ash, it is hoped that the methods developed with backward trajectory
modelling could be used as a resource for point higher resolution sensors towards volcanic
targets. This would increase the quantity of URP data available to us, and allow further

validation of this critical program.
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Beyond the current datasets, it is important to determine the directions that this project
can go in. Some interesting challenges have been determined from these data, what the exact
emissivity spectrum of an opaque ash bearing plume is. One of the issues that also arises is the
fact that ash particles are in suspension, with grains not necessarily in contact with each other.
The effects on emission and scattering therefore may not be so clear. One solution to this would
be to develop a chamber that could take spectral measurements of volcanic ash as the ash is in
suspension, to determine if there are any differences than if the ash particles are stationary within
a sample cup.

For this project to continue to seek information on volcanic ash plumes however, new
multispectral, high spatial resolution satellite sensor missions need to be selected for launch into
Earth orbit. The ASTER sensor, as with all satellite platforms, is a finite mission, and whereas it
continues to collect and transmit data, this will not continue forever. It is hoped that work such as
this, along with other aspects of the TIR remote sensing of volcanoes, will show the importance
of using high spatial and spectral resolution datasets to better understand the products and

processes of volcanic eruptions.
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APPENDIX A

REPORT FROM R.J. LEE GROUP

This section contains the full report produced by R.J. Lee group upon examination of the
volcanic ash samples used in this study. 2.5 g of each sample was placed in a glass vial and sent
to the Monroeville laboratory for analysis. Results and samples were returned to the University

of Pittsburgh within 15 days of receipt.
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(" YRJ Lee Group

“uw?®’ DELIVERING SCIENTIFIC RESOLUTION

May 15, 2018

Daniel Williams

Department of Geology and Environmental Science
4107 O'Hara Street

Pittsburgh, PA 15260

RE: RJ Lee Group Project Mumber: AOH1049421-0
Dear Daniel Williams,

RJ Lee Group (RILG) received 7 volcanic ash samples for characterization. The samples were received on
April 30, 2018 in good condition and assigned the R) Lee work order number AQOH1049421-0. Estimated
modal percent of phases for each sample are shown in Table 1 along with a color designation from the
Munsell rock color chart.

Polarized Light Microscopy (PLM) Results

All 7 samples were analyzed by PLM to identify phases as well as visually estimated concentration of
those phases as shown in Table 1. All 7 samples had varying degrees of volcanic glass, plagioclase, and
olivine. Stereoscopic overviews are shown in Figures 1-7 and PLM photomicrographs were taken of all 7
samples immersed in a refractive index oil of 1.550 displayed in Figures 8-14.

These results are submitted pursuant to RJ Lee Group's current terms and conditions of sale, including
the company's standard warranty and limitation of liability provisions. Mo responsibility or liability is
assumed for the manner in which the results are used or interpreted. Unless notified to return the
samples covered in this report, RJ Lee Group will store them for a period of ninety (30) days before
discarding.

Should you have any questions regarding this information, please do not hesitate to contact me.

Sinceraly,

Iy 7
& f

.
v o _2' .fr'.""'w'

Logan Solotky

Geologist
Lsolotky@rjleegroup.com
724 3B7-1867

WWW.RILG.COM

350 Hochberg Road, Monroeville, PA 15146 | PH: 724.325.1776 | F: 724.733.1799
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RJ Lee Group, Inc.

Project Number: AOH1049421-0

Page 2 of &

10435942

10435943

10435944

10435945

10435946

10435947

10435948

Table 1: Visual estimation and Munsell rock color designation.

Fuego 2015

Fuego 2016

Sakurajima 2013

Sakurajima 2016

Santiaguito 2011

Santiaguito 2016

SHV 2010

76% Plagioclase, 20%
Volcanic Glass, 2%
Olivine 2%, and <1%
Monoclinic Amphibale,
Organics, Miscellaneous
£3% Volcanic Glass, 15%
Plagioclase, Olivine 1%,
and 1% Miscellaneous
64% Volacanic Glass,
20% Plagioclase, 15%
Olivine, 1% Pyroxene
and <1% Miscellaneous
80% Volcanic Glass, 18%
Plagioclase, 1% Olivine,
1% pyroxene, and <1%
Miscellaneous
75% Volcanic Glass, 25%
Plagioclase, and <1%
Olivine, Pyroxene,
Organics
64% Volcanic Glass, 35%
Plagioclase, 1% Oliving,
and <1% Pyroxene,
Miscellaneous
76% Volcanic Glass, 20%
Plagioclase, 2% Olivine,
2% Monoclinic
Amphibole, <1%
Miscellaneous

5¥ 6/1 Light Olive Gray

SYR 2/1 Brownish Red

N3 Dark Gray

SYR 4/1 Brownish Gray

5YR 6/1 Light Brownish
Gray

SYR 4/1 Brownish Gray

NE& Medium Light Gray

WWW.RILG.COM
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Figure 2: Sample 10435943 stereographic overview.
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Figure 4: Sample 1[!4355 stereraphic overview.
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RJ Lee Group, Inc.

Project Number: AOH1049421-0

Page5of 8

Figure 5: Sample 10435946 stereographic overview.

Figure 6: Sample 10435947 stereographic overview.
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R Lee Group, Inc.
Project Number: AQH1049421-0
Page b of 8

Figure 7: Sample 10435948 stereographic overview.

L

Figure 8: Photomicrographs of sample 10435942 taken in plane polarized light {left) and crossed
polarized light with gypsum analyzer (right).

. A J
Figure 9: Photomicrographs of sample 10435943 taken in plane polarized light (left) and crossed
polarized light with gypsum analyzer (right).
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-F igun.: 10: F;hotuﬁicmgraphs of sample 10435944 taken in plane polarized light (left) and crossed
polarized light with gypsum analyzer (right).

Al e
S o & _
Figure 11: Photomicrographs of sample 10435945 taken in plane polarized light (left) and crossed

polarized light with gypsum analyzer {right).

Figure 12: Photomicrographs of sample 10435946 taken in plane polarized light (left) and crossed
polarized light with gypsum analyzer (right).
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RJ Lee Group, Inc.
Project Number: AOH1049421-0
Page 2 of 8

Figure 13: Photomicrographs of sample 10435947 taken in plane polarized light (left) and crossed
polarized light with gypsum analyzer (right).

Figure 14: Photomicrographs of sample 10435948 taken in plane polarized light (left) and crossed
polarized light with gypsum analyzer (right).
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APPENDIX B

ASTER AND MODIS DATA SCENES

This appendix is divided into two sections, each for the full list of ASTER and MODIS scenes
that were used in the creation of this work. Both the Aqua and Terra MODIS instruments were
used for this work, with the Terra MODIS file names beginning MOD, and the Aqua MODIS

files MYD.
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B.1

ASTER Scene ID

AST 09T _00304262015034811
AST_09T_00301192009145437
AST_09T_00303312009035431
AST 09T 00305312008035351
AST_09T_00306182008144807
AST_09T_00308192008035349
AST 09T 00304172010224304
AST_09T_00304172010224313
AST 09T _00304192010125131
AST_09T_00304192010125140
AST_09T_00304192010125149
AST 09T 00304192010125158
AST_09T_00304262010125729
AST 09T _00305032010130341
AST 09T _00305052010223049
AST_09T_00305052010223057
AST 09T _00305072010123918
AST_09T_00305102010224915
AST_09T_00305122010125734
AST 09T 00305122010223702
AST_09T_00305192010224316
AST 09T _00302132012145257
AST 09T 00306112011034127
AST 09T _00306112011144634
AST 09T _00306272011034130
AST_09T_00306272011144638
AST 09T _00310242011034733
AST 09T 00312272011145305
AST_09T_00301292012020503
AST 09T _00302162013020520
AST 09T 00303042011132356
AST_09T_00303172015021147
AST 09T _00303172015021155
AST_09T_00303192001021604
AST_09T_00303222015133046
AST 09T 00304272015020544
AST_09T_00304292010020519
AST_09T_00305042012020521
AST 09T 00305072013020537
AST_09T_00306102012132350

ASTER DATA SCENE LIST

Volcano Targeted
Calbuco

Chaitén

Chaitén

Chaitén

Chaitén

Chaitén

Eyjafjallajokull
Eyjafjallajokull
Eyjafjallajokull
Eyjafjallajokull
Eyjafjallajokull
Eyjafjallajokull
Eyjafjallajokull
Eyjafjallajokull
Eyjafjallajokull
Eyjafjallajokull
Eyjafjallajokull
Eyjafjallajokull
Eyjafjallajokull
Eyjafjallajokull
Eyjafjallajokull
Puyehue-Cordon Caulle
Puyehue-Corddn Caulle
Puyehue-Cordén Caulle
Puyehue-Cordon Caulle
Puyehue-Cordén Caulle
Puyehue-Cordén Caulle
Puyehue-Corddn Caulle
Sakurajima

Sakurajima

Sakurajima

Sakurajima

Sakurajima

Sakurajima

Sakurajima

Sakurajima

Sakurajima

Sakurajima

Sakurajima

Sakurajima
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AST_09T_00307102013020531
AST_09T_00308112013020538
AST_09T_00308272013020542
AST_09T_00309122013020540
AST_09T_00309242013133030
AST_09T_00309282013020530
AST_09T_00312122011020513
AST_09T_00312172011132403
AST_09T_00312192012132359
AST_09T_00301192016164206
AST_09T_00301132010023110
AST_09T_00302122006022348
AST_09T_00302122006022356
AST_09T_00302192006023005
AST_09T_00304172006022425
AST_09T_00305102006023032
AST_09T_00306112006023039
AST_09T_00312122009023120
AST_09T_00312182008022537

Sakurajima
Sakurajima
Sakurajima
Sakurajima
Sakurajima
Sakurajima
Sakurajima
Sakurajima
Sakurajima
Santiaguito
Soufriére Hills Volcano
Soufriére Hills Volcano
Soufriére Hills Volcano
Soufriére Hills Volcano
Soufriére Hills Volcano
Soufriére Hills Volcano
Soufriére Hills Volcano
Soufriére Hills Volcano
Soufriére Hills Volcano
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B.2 MODIS DATA SCENE LIST

MODIS Scene Terra/Aqua Volcano Targeted
MODO021KM.A2008170.1445 Terra Chaitén
MODO021KM.A2008124.1435 Terra Chaitén
MODO021KM.A2008126.1420 Terra Chaitén
MODO021KM.A2008129.1450 Terra Chaitén
MODO021KM.A2010105.1135 Terra Eyjafjallajokull
MODO021KM.A2010106.1040 Terra Eyjafjallajokull
MODO021KM.A2010126.1155 Terra Eyjafjallajokull
MODO021KM.A2002305.2120 Terra Etna
MODO021KM.A2002306.2025 Terra Etna
MODO021KM.A2002301.2145 Terra Etna
MODO021KM.A2002302.2050 Terra Etna
MODO021KM.A2007182.0025 Terra Kliuchevskoi
MODO021KM.A2007180.1010 Terra Kliuchevskoi
MODO021KM.A2007180.2340 Terra Kliuchevskoi
MODO021KM.A2007181.1055 Terra Kliuchevskoi
MODO021KM.A2011158.1015 Terra Puyehue-Cordén Caulle
MODO021KM.A2011159.0920 Terra Puyehue-Corddn Caulle
MYDO021KM.A2011162.0405 Aqua Puyehue-Cordén Caulle
MYDO021KM.A2011163.0310 Aqua Puyehue-Cordon Caulle
MODO021KM.A2015193.0240 Terra Raung
MODO021KM.A2015193.1455 Terra Raung
MODO021KM.A2014151.0235 Aqua Sangeang Api
MYDO021KM.A2014151.0525 Agqua Sangeang Api
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	Figure 41 Transmission profiles for the 1st (upper panel) and 2nd generation (lower panel) filter sets.
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	Figure 44 Data collected on February 23rd 2018 using the 2nd generation filters of Volcán De Fuego. Band 3 is shown here pre- (A) and post-correction (B). The optical aberration in A is a very distinct feature and appears more prominently where the camera is looking at “cooler” targets, due to the apparent temperature contrast.
	Figure 45 Laboratory standard obsidian measured by the 1st generation filter set. (A) Band 3 radiance image demonstrates that where the target being viewed is hot, the aberration is not as visible in the image due to the contrast. It is still present however. B) Mean emissivity spectrum for region of interest that encompassed the obsidian target, compared with the laboratory standard resolved to the FLIR multispectral wavelengths. 
	Figure 46 A) and B): Pre-correction image data for multispectral band 5 for the quartz and obsidian standards. The two samples are kept in a drying oven at 80 ˚C and were scanned using the system for 30 seconds immediately after being removed and were situated 20 cm from the camera. C) and D): Post-correction image data of both samples. E) and F): Emissivity spectra averaged over a region of interest on both samples. Data were processed from radiance to emissivity using the emissivity normalization technique (Realmuto, 1990), using an assumed emissivity of 0.99. Examples of emissivity spectra both pre- and post- processing are presented, as well as a laboratory spectrum of the same sample, resolved to the 6 band spectral resolution.
	Figure 47 FLIR data from 2015 collected using the multispectral system with the 1st generation filters installed. This dataset was obtained during night time activity, so no visible images are provided for comparison. A) Broadband temperature image; B) Band 3 image converted to emissivity. Pixels that are selected are shown and labelled, with the corresponding spectra for each found in C). 
	Figure 48 Data from the 2016 paroxysmal eruption of Fuego, collected using the multispectral system with the 1st generation filters installed. This dataset was obtained during night time activity, so no visible images are provided for comparison. A) Broadband temperature image; B) Band 3 image converted to emissivity. Pixels that are selected are shown and labelled, with the corresponding spectra for each found in C). 
	Figure 49 FLIR data from 2018 collected using the multispectral system with the 2nd generation filters installed. These data were collected from OFVGO 21 February 2018. A) Broadband temperature image; B) is a band 3 converted to emissivity after application of the correction routine. Pixels selected are shown and labelled, with the corresponding spectra for each found in C).
	Figure 410 FLIR data from 2018 collected using the multispectral system with the 2nd generation filters installed. These data were collected from La Réunion golf course 23 February 2018. A) Broadband temperature image; B) is a band 3 image converted to emissivity after application of the correction routine. Pixels that are selected are shown and labelled, with the corresponding spectra for each found in C).
	Figure 411 Three spectra derived from pixels from data obtained at Volcán De Fuego 21 February 2018, using the new filter sets and the aberration calibration model, compared with the laboratory spectrum of > 150 μm Fuego ash, resolved to the 2nd generation filter wavelengths. These three spectra were chosen as they represent the range of spectral shapes seen in these data. The image pixels have been normalized to the laboratory spectrum using a blackbody for better comparison.
	Figure 412 Image spectra corrected for sub-pixel temperature effects from (A) 21 February 2018 and (B) 23 February 2018. 
	Figure 413 Comparison of the spectra shown in Figure 4-12 after having been corrected for the slope caused by sub-pixel temperature mixing with two > 150 μm laboratory end-members (Volcán de Fuego and Mono-Inyo obsidian). After correction, these spectra much more closely resemble those emitted by silicate minerals/glasses.
	Figure 414 1st (upper panel) and 2nd (lower panel) filter sets (highlighted in cyan for clarity) compared with a model tropical atmosphere developed from the HITRAN model. Particularly of note are the absorptions found in band 1 (water vapor), 4 (O3 and CO2) and band 6 (water vapor). 
	Figure 51 Method for creating the simulated “disconnected” ash cloud, demonstrated using a retrieval from an ash plume generation by Mt. Etna, Italy on October 28th 2002. The BTD retrieval model is first used (upper left), and then a smaller region of this plume is then identified (upper right). From this, the grid can be overlain, and coordinate points created from which the HYSPLIT backward trajectory model will be initiated (bottom). 
	Figure 52 Method for creating the final trajectory for each height level. The HYSPLIT backward trajectories are plot (upper left). An interpolated surface is then calculated based on the density of the plume (upper right). The highest density region is the area chosen as most likely represented the plume path, and so from this, interpolated polygons are extracted from this dataset until a trend pathway can be extracted and presented as the assumed overall backward trajectory (bottom).  
	Figure 53 Examples of the “near- and mid-range” scenarios created using this method; Clockwise from top left – Mt. Etna, Italy, 28 October 2002 1453 UTC; Sangeang Api, Indonesia, 31 May 2014 0525 UTC; Raung, Indonesia, 12 July 2015 0240 UTC. 
	Figure 54 More distal end-members of the “mid-range” scenarios showed varying degrees of success. The upper scenario from Chaitén volcano (5 May 2009 1435 UTC) was accurate for all three height levels, however Kliuchevskoi (bottom; 29 June 2007 2340 UTC) was much more inaccurate.
	Figure 55 Model results from the ash cloud produced by Puyehue-Cordón Caulle, Chile, 8 June 2011 0920 UTC. Despite many of the extreme tests of the model effectiveness showing that it becomes more inaccurate with distance, this example curiously ended with all three height levels tracking back the cloud to within 60 km of the source volcano, thus within the ASTER swath width. 
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