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Abstract

While the study of emplacement in most literature focuses on {dagation coolinglimited
lava flows, the short duration and rapid emplacement of many voHimé#ed flows impedes
their analysis. This thesis aims to improve understanding of the emplateafeshort
duration volumelimited lava flows by(1) employing longange grounebased visible time
lapse data and thermoheological modelling taunderstand and analyze the importance of
different factors which influence lava flow emplacement, andd@)eloping a workflow for
improving the application of lontange grounebased thermal cameras for studying lava

flows.

Results fron(1) agreed with previous studies, showing strong correlations between final flow
length and the following: total volume, duian, flow field width, number of bifurcations in

the proximal zone of the flow, number of confluences, average and maximum advance rate in
the proximal zone, and duration of fire fountaining. However, unlike previous studies, no
correlation was found beteen final flow length and mean output rate. Visual analysis
identified two flow groups based on morphology within the proximal zone of the flow, and
results indicated that differences in advance rates angatt initial effusion rates dictated

the morphobgy observed for the two groups. Analysing flow confinement indicated a strong
relationship between final length and the distance of confinement of the primary flow.
Utilising multiple regression analysis, maximum flow width, duration of flow, and maximum
advance rate in the proximal zone produced the best model for flow length in terms of

explanatory and predictive power.

By substituting flow widths estimated from the tint@pse data for channel widths, FLOWGO
modelled effusion rates and total volumes wexietained for the primary flows of the 12 May
and 19 July 2011 episodes at Mt. Etna which were within the range of values estimated by
previous studies. Additionally, using FLOWGO to model flow thickness changes due to



bifurcations of the primary flow pragted average flow thickness estimates for the semi
channelized 12 May flow that agreed with estimates from previous studies. However, no
thickness estimates were possible using this method for the unconfined 19 July flow. This
suggests that substitutingdiv width for channel width in FLOWGO for unconfined flows is

inappropriate and should only be applied to flows with a more chatikelmorphology.

A workflow was developed to achieve object{Zeand applied to the 29 August 2011 episode
at Mt. Etna to orrect groundbased thermal data for atmospheric and viewing effects due to
long viewing paths along two different viewing geometries (horizeraald slantpath).
Estimates of flow area, volume, and mean output rate using both viewing geometries were
within the range of values reported in the literature. Estimates of surface temperature using
the slantpath geometry were within the range of values given by previous studies which
measured active lava channels a0 metres distance; however, the complexiy the
atmospheric model associated with this viewing geometry made it difficult to automate. Some
errorsresulted from the large pixel area (25nof the longrange thermal data resulting in a
greater area of temperature integration. The radiant heatxflprofiles produced by the
workflow followed the same trends as the SEMI&ived profile, although the intensity of the

SEVIRderived profile was up to five times greater than the workflow profiles.



Auxiliary Content

Included with this thesis is enDVD, which contains the tilapse sequences (*.jpg) used in

chapters 3 and 4. The DVD is arranged in the following folders:

1 Timelapsevisibleimages

I Thermal camera images
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Nomenclature

/1 = crystal content of lava (%)
A = area (ng)
ANGLE = Zenith ante at H1 (radians)
AR = advance rate (m$)
B = number of bifurcations
BETA = Earthcentre angle (radians)
C = number of confluences
K = the thermal conductivity (W nr K2)
L = flow length (m)
M = spectral intensity (W sri ml)
MOR = mean output rate (i s1)
R = inverse of maximum solids concentration
RANGE = distance of the patfiength between H1 and H2
HMIN = minimum altitude of the path-length (km)
T = temperature (K)
U = wind speed (m st)
V = volume (m3)
H1 = sensor or observer altitude (km)
H2 = final altitude (km)
a=empirically-AA OE OAA Al AEEFEAEAT O OEAO OAI ACAO £ OF
¢ = the speed of light (m )
d = thickness (m)

f = the fraction of crust coverage defined by the portion of the flow surface occupied by
Te

g = acceleration due to gravity (m 8)
k = the Boltzmann constant (J K)
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n = channel shape
r = radius of lava channel (m)

t=time (s)
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x = down-flow increment (1m)

z = path-fength (m)
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Ny = vesicularity (%)

N max = maximum crystal content a lava can reach before flow is impossible (%)
&y = constant related to the composition of the lava (K)

Asurrace = a@rea of emitting surface (nt)

B, = lava compositional dependeniconstant (Pa)

Bz = number of bifurcations in Zone 1

G = lava compositional dependent constant (K)

Ei, = volume of lava entering a channel (fs1)

E: = effusion rate (m3 s1)

Event = VOlume of lava leaving the source vent (f1s1)

Larsensor= radiance received at sensor W sr nm-i)

Lcorected = @atmospherically corrected radiance (W stt m)

Linegrated upraa= Integrated upwelling radiance along a pathlength (W sri ml)
Lietectea = radiance reflected by a surface (W st m-1)

Lscaner = Upward scattered solar radiance (W st m)

Lsurrace =radiance emitted by a surface (W st m)

Lupwening = radiance emitted by the atmosphere (W st m-1)

Lnc = latent heat of crystallization (J kg)
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MORsean = mean MOR given by Behncke et al. (20143 s1)
MOR me-izpse = MOR derived using timelapse data (n¥ s1)
M = radiant flux density (W m-=2)

Qonv = heat loss due to convection (J)

Quona = heat loss due to conduction (J)

Qaa = heat loss aue to radiation, also referred to as radiant energy (J)
Rad:sensor = radiance received at sensor (W i m-1)
Radenecea = radiance reflected by the surface (W rd m-1)
Radcarer = upward solar radiance (W m? m-1)

Rad.umce= radiance emitted by the surface (W e m-1)
Radpwening = radiance emitted by the atmosphere (W n# nmr)
RH = relative humidity (%)

Ta = atmospheric temperature (K)

Tair = temperature of the air (K)

Ty = temperature buffer (K)

Trase= temperature of the lava flow at is base (K)

Torigne = temperature derived from Latsensor (K)

Tc = crustal temperature of lava (K)

Tcore = COre temperature of the lava flow (K)

Teony = SUrface temperature for convection (K)

Te = effective radiation temperature of the lava surface (K)
Terpiion = €ruption temperature (K)

T» = remaining surface of flow occupied by higher temperature molten material, defined
by 1-f

o = liquidus temperature of lava (K)
Trigne = brightness temperature (K)
Vinean = mean total volume given by Behncke et al. (2014) (As2)
Winax = maximum flow width (m)
Winax z1= maximum flow width in Zone 1 (m)
B raa mux = radiant flux (W or J s)
ar.4= constant derived from T,AT A 2 (wgvElOaR-uztable

advayy z1= average advance rate in Zone 1 (m‘g
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advay z>= average advance rate in Zone 2 (1mg
advay z5= average advance rate in Zone 3 (m‘g
adva,y = average advance rate (m-3)

advinax z1= maximum advance rate in Zone 1 (m-%)
advinax z2= maximum advance rate in Zone 2 (Im-%)
advinax z3= maximum advance rate in Zone 3 (Im-3)
advinax = maximum advance rate (m )

b1.4 = constant derived from T, and RH for lpegrated uprad0OOK-Up table
CPair = alr specific heat capacity (J kg K)

Oheaa = depth at channel head (m)

Npase =dlistance between Tore aNd Tpase (M)

he = convective heat transfer coefficient

Wheao = mean width at the head of the channel (m)

[ z1 = average underlying slope in Zone 1 (radians)

{ z2 = average underlying slope in Zoné& (radians)

[ zz = average underlying slope in Zone 3 (radians)

{ avg a= @verage underlying slope (radians)

St = dynamic viscosity (Pa S)

So = Viscosity of lava at liquidus temperature (Pa s)
tep = duration of cooling dominant phase (s)

lerrio 1= ime from Start of lava emission to onset of fire fountaining (s)
t# = duration of fire fountaining (s)

trow = Quration of flow (s)

tiow time-iapse = AUration of flow from time -lapse data (s)
Hnean= mean lava flow velocity (m st)

Hnean nead= IMean velocity of the lava at the head of the channel (s
Meir = air density (kg m-3)

m = bulk density (kg m-3)

Mbre= dens rock density (kg m3)

Zavg trans = Average atmospheric transmittance

Zo = yield strength (Pa)

Z» = basal shear stress (Pa)
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Glossary

The terms listed below are used throughout this thesis to describe lava flows and remote
sensing techniques. This glossary lists the definitions for each term as they pertain to the work

presented in this thesis.

coolinglimited flow: a lava flev in which the effects of heat loss play the dominate role in

determining its final length, i.e. a flow that continues to advance until the flow front cools to
such an extent that it is no longer able to move. Flows of this type have a generally steady
ingantaneous effusion rate lasting for more than 24 hours (e.g. Walker, 1971; Guest et al.,

1987; Wilson et al., 1993).

effusion rate: The rate of supply of erupted lava, given id $1, that is feeding flow at any

specific point in time (e.g. LipmanBanks, 1987; Harris et al., 2007a).

long-range:for a groundbased sensor, a viewing distance of more than one kilometre.

long-duration: more than 24 hours (e.g. Walker, 1971; Kilburn & Lopes, 1988; Harris &

Rowland, 2009).

mean output rate (MOR)the find total erupted volume of lava divided by the total duration

of activity (e.g. Walker 1973; Barberi et al., 1993; Harris et al., 2007a).

short-duration: less than 24 hours (e.g. Walker, 19AlIparone et al., 20038ehncke et al.,

2006; Harris & RowlandPR9).

short-range:for a groundbased sensor, a viewing distance of one kilometre or less.
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volume-limited flow: a lava flow in which the final length is dictated primarily by the supply
of material. Volumdimited flows will continue to advance until treupply of material from

the source vent ceases. Central flow channels may be drained, supplying molten material to
the flow front, resulting in continued advance but at a reduced rate (e.g. Walker, 1971; Guest

et al., 1987; Wilson et al., 1993).
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Chapter lintroduction

Lava flows represent a minimal danger to human life but can greatly affect critical
infrastructure such as roads, housing, and public utilities (e.g. Barberi et al., 1993; 2003;
Behncke et al., 2005; Bisson et al., 2009). It is therefore essential tostadéithe processes
which control and influence their emplacement and development. Lava flows are formed
when molten rock is extruded at the surface of the Earth and can produce flow fields reaching
distances of up to 100 km from the eruptive vent and Igeiseveral kilometres wide
(Macdonald, 1953Walker, 1971Lipman & Banks, 1987; Kilburn, 2000). The hazard posed by
lava flows necessitates active and robust monitoring at many active volcanoes, not only for a
warning system, but also to understand flow placement processes better. To help mitigate
hazards, volcanologists require measurements or estimates of flow properties including the

effusion rate, length and advance rate, and the area of inundation.

Volcano observatories employ a variety of technigtoesollect such measurements. Typically,
groundbased measurements have been used during field surveys and can include direct
sampling and observation of lavas (e.g. Peterson & Tilling, 1980; Cashman et al., 1994; Hon et
al., 1994Pinkerton & Sparks, I8; Kauahikaua et al., 2003), observations made by greund
based LiDAR and visible photography (e.g., Zlotnicki et al., 1990; Robson & James, 2007; James
et al., 2009; Slatcher et al., 2015), and temperature measurements using direct (e.g., Hon et
al., 1993 Pinkerton, et al., 2002) and shegnge indirect methods (e.¢leszthelyet al., 2003;

Harris et al., 2003; 20@52005h Calvari et &, 2004 Bailey et al., 200Ball & Pinkerton, 2006;

James et al., 2006; Spampinato et al., 2011). However, fieleéysi of large areas require a
significant amount of manpower and are logistiesavy. Additionally, in many situations,
inaccessible topography or hazardous conditions caused by eruptive activity may prevent
field-based work. Furthermore, for short durati volumelimited flows, emplacement can

cease long before a survey team can gain access, resulting in limited analytical study. These

1



difficulties have been particularly prevalent during the recent fire fountaining activity at Mt.
Etna (e.g. Ganci et a012a; Behncke et al., 2014; De Beni et al., 2015). The lack of analysis
of shortduration volumelimited lava flows has left volcanologists with no clear quantitative

assessment of how different emplacement factors affect the morphology of these flows.

One method to capture and record this style of activity is by usingfange grounebased
thermal monitoring systems. Volcano observatories use 4@amge grounebased thermal
cameras to detect and record the emplacement of lava flows (advari et al., 20043anci

et al., 2013; Patrick et al., 20)las well as other volcanic phenomena (€glvari et al., 2004;
Patrick et al.,, 2007; 201&pampinato et al., 2031 Cameras can acquire data at a high
temporal rate (either as continuous aggition or in intervals of a few minutes) and can be
placed at ranges up to 10 km from the target area, making them resilient to damage or loss in
the event of an eruption. Measured surface temperature from grebaded cameras can be
used to check the atiracy of surface temperature measurements acquired from satellite
based sensors. This is important because satdliged thermal measurements are widely
used in estimating eruption factors such as effusion rates and volume, which are used in lava
flow hazard modelling (e.g. Harris et al., 19@%nci et al., 2011; 20b2 2013).However,
guantitative analysis of lava flow data acquired at these long distances is seldom carried out
due to the atmospheric and viewing conditions which limit the accuraciappdrent surface
temperatures measured by the camera (e.g. Ball & Pinkerton, 2006; Harris, 2013). Currently,
researchers use loagnge thermal camera data to visually identify, track, and map the
development of lava flows (e.g. McGimsey et H99; Jaras et al., 2010; Lyons et al., 2010;
Wessels et al., 2013). A review of the application of graomsked thermal cameras to study
active lava flows carried out in Chapter 2 of this thesis identifies a lack of processed
guantitative longrange thermal dataOne study has attempted to use longnge ground

based data to extract quantitative information, particularly radiant heat flux, during the



emplacement of a lava flow (Ganci et al., 2013)isprovided a sound methodology but was

hindered by a bug in theommercial software used.

Permanent installations of groudsased thermal cameras can be expensive (Patrick et al.,
2014) and require regular maintenance to keep them calibrated. As a result, this monitoring
option is often out of reach for many volcandbservatories. Another limitation of
permanentlyinstalled thermal cameras is that they cannot be easily redirected or
repositioned when new areas of activity develop. One response to these limitations is to use
commerciaigrade dSLR cameras and telemetewsgbcams (Orr et al., 2015) to acquire Ron
thermal (visible) timdapse image sequences to augment traditional field surveys and
permanent thermal camera installations. The affordability, portability and resolution offered
by modern dSLR cameras makes thdeal for longterm (months to years), campaiggtyle
deployment for longiange monitoring and study of lava flows. Laagge visible timdapse
imagery has been used to track lava flow advances and lava flow field morphology (Orr et al.,
2015), but hasthus far not been used to perform quantitative analysis on lava flow

emplacement.

It is the aim of this thesis to improve our understanding of the emplacement of-sluwation
volumelimited lava flows through using lorrgnge grounebased optical sengs. Previous
studies have analysed emplacement factors to evaluate their influence on final flow lengths
(e.g. Walker, 1973; Wadge, 1978; 1979; Malin, 1980; Pinkerton & Wilson, 1994; Calvari &
Pinkerton, 1998), focussing on loedgration, coolingimited lava flows. Thus, current

emplacement models may not be applicable to skautation volumelimited flows.

To achieve the aim of this study, the work presented here addresses the following objectives:

(1) Develop a method for remote analytical study of ghduration volumelimited flows using

longrange grounebased visible timdapsedataandthermo-rheological modelling.



(2) Improve the application of longainge grounebased thermal cameras for studying lava

flows.

For this research, Mt. Etna was seltis the study area due to the high recurrence of short
duration volumelimited lava flows from 2012014 and the availability of both lorrgnge
groundbased timelapse visible data acquired from a letegm deployed dSLR camera array
and longrange gromd-based timelapse thermal data acquired by the ING¥tania fixed
thermal camera. Chapter 2 of this thesis introduces and discusses background information
pertinent to this research. The first part of objective 1 is addressed in Chapter 3 which presents
the use of longrange groundbased timelapse data acquired using dSLR cameras to analyse
the emplacement of shortiuration volumelimited lava flows at Mt. Etna. Chapter 4
addresses the second part of objective 1 by examining the use of the FLOWGO-thermo
rheological model to estimate lava flow emplacement propertmsech as effusion rate, total
volume, and thicknesdyy inputting extracted flow geometries from the lomgnge ground

based timelapse images as well as petrological properties typical of Etnean lavas. Chapter 5
addresses objective 2 through the development of a samtomated workflow to accurately
corred longrange grounebased thermal data of activegmplaced lava flows for the various
transmittance and upwelling radiance values present in the viewing scene. Results from
Chapters & are then summarized and discussed, with future research and congludin

remarks given, in Chapter 6.



Chapter ZResearch Background

The following sections will provide background for the principles and methods used in this
thesis to complete the objectives listed in Chapter 1. First, a review of basaltic lava flow
morphology and thdactors that influence it are given. Following thsan introduction to
previously studied shorluration volumelimited lava flows. Nexis a review of currently
employed thermal remote sensing techniques using space and groaseld sensors followed

by a discussion of the application of tidegpse imagery to volcanological studies. Then an
introduction of currently used lava flow models is presented followed by a description of the
FLOWGO thermcheological lava flow model and its application to vololagical research.
Finally, a broad overview of the volcanic history and monitoring of Mt. Etna (the study area

for this research) is given.

2.2 Basaltic Lava Flows

HOH®M { dzNFI OS a2NlXKz2f23&8 27F ' n YR tF K2
Early attempts to categorise and defirdifferent types of lava based on their surface
morphology utilised comparisons to other geological/natural phenomena, such as glaciers and
mounds of scoria (Ellis, 1825; von Buch, 1836; Gemmellaro, 1858; Scrope, 1858). In 1883,
Clarence Dutton introducektS dza S 2 F (G KSanl I g/TRA QX IKy2 SKZ2NR & 2 G |
O2YYdzyAl&d (2 RSAONAROGS GKS Gg2 GeLsSa 27 1 g
(1883), Dana (1891) and Hitchcock (1909) added to and refined the geological definitions for

an IMIRK2SK2S® ¢KS |1 FgFAQALY (GSNXAy2ft238 oI &
describe similar lava flows observed at Mt. Etna. TheteAms | YR LI K2SK2S | NB
world-wide to describe to the two most common forms of basaltic lava flows, like themse s
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the autobrecciation of the surface and basal crusts of the flow as it advances (Figure 2.1)
(Dutton, 1883; Macdonald, 1953an Ff 2¢a OFy NI} y3aS Ay GKAOlySa
tens of meters and typically transition during cooling from hot fluid sheets to more solid

masses which fragment along the advancing front of the flow (Jones, 1983;Peterson &

Tilling, 1980; Kilurn, 1981; 2000; Cashman et al., 1999; Hon etal.,2008). ¥f 26a | NB 2-
a result of eruptions with high effusion rates (greater that®n? s') (Rowland & Walker,

1990). In contrast, the surface of pahoehoe flows are characterised by a smoostly mo
O2yAydz2dza 3IflFaae &adz2NFIF OS gAGK 200Farazylf F2if
1943;Macdonald, 1953; Swanson, 1973; Rowland & Harris, 2015). Pahoehoe flows are made

up of multiple (often numbering from hundreds to thousands) smallividdal lobate

structures with dimensions (lengths and widths) typically less than 0.5 m (Peterson & Tilling,

1980; Hon et al., 1994; Rowland & Harris, 2015). Often, lava flows will create and flow down
channels, formed as the margins of a flow cool aniigg, forming levees which confine and

channel the flow (e.g. Hulme, 1974; Sparks et al., 1976).



Figure2.1 (a) The typical flow structure ofamn Tt 2¢ F2NJ Iy 2LISy OKIFIyySt 60St260
front (above). The arrow shows the direction of flow of the molten material (black zones).duargeF t 2 ga Ol y

have flow fronts up to 10 m wide-®). (b) Pahoehoe lava flow fronts are typicatiynprised of multiple small

AYRAGARdzZ t 261 0S adNHz2O(GdzNEa NBEFSNNBR (2 Fa adz2y3dzsSas |
flow fronts can be up to several meters in widtFD)QKilburn, 2000). (c) Active pahoehoe flow (left) flowing over

anolderan FTf 26X AY BNRFO2FONKIKOODAGE2t OFy202NB3I2yail G§SOSK



2.2.2 Coolingand VolumeLimited Flows

Lava flows can also be classified into two types based on the primary mechanism which causes
them to stop advancingWalker, 1971). The first are flows where the maximum length is
controlled by the cooling of the flow due to heat loss, referred to as codilimted flows. The
second are lava flows where the maximum length is determined by cessation of the supply of

material,known as volumdimited flows.

Coolinglimited flows are flows in which the effects of cooling play the dominale in
determining the final length of the lava flow. Flows of this type are-dmgtion and generally
have a steady effusion rate (Guest et al., 1987). Cofitimnitged flows will continue to advance
until the flow front cools to such an extent thatig no longer able to move. If effusion is still
active, new flows will be produced by brealdts at the margins of the stalled flow, caused by

over-pressurisation of the molten core materid/{lson et al., 1993Kilburn, 1996).

Volumelimited flows arelava flows where the final length is dictated by the cessation of
supply of material \Walker, 197). Volumelimited flows will continue to advance until the
supply of material from the source vent ceases (Guest et al., 1987). When this occurs, the
remaining molten material still in the flow channel will continue to flow to the flow front
resulting in continued advance but at a reduced ratélgon et al., 1998 At this point, the

effect of cooling on the remaining supply of material plays a much greaterinoany
additional extension of the flow front due to the lack of thermal recharge from newpplied

lava from the vent (Swanson, 1973; Harris & Rowland, 200&yRh al., 2017). Due to the
termination of effusion, volumdimited flows do not producéreakout flows such as those
associated with coolingmited flows and are always shorter in length, assuming all other

parameters are identical (Guest et al., 1987; Harris & Rowland, 2009).



2.2.3 Simple and Compound Lava Flows

Lava flows can be furthetassified by the complexity and number of individual lava flow units
present. Nichols (1936) defined a flow unit as a lava flow that has cooled and solidified its
surface prior to another flow being emplaced on top of it. Using this definition, WalR&R}1
divides flows into two categories: simple flow fields and compound flow fields. These
categories are linked to the flows discussed in Section 2.2.2, with simple flow fields being
associated with volumdimited flows and compound flow fields being asisted with cooling

limited flows Walker, 1971 Guest et al., 1987).

Simple flow fields consist of a single lava flow or are composed of a few individual flow units
and are longer than they are wid&/alker, 1971 Kilburn & Lopes, 1988). Simple flow feeld

are typically produced by sheduration eruptions with initially high, rapidly decreasing
effusion rates\\alker, 1971Wadge 1981; Harris & Rowland, 2009), and are often associated
with an f | @ Walke W Kiburn & Lopes, 1988Vilson et al, 1993. Examples of
simple lava flow fields are the 1981 Etna flow (Guest et al., 1987), lava flows produced by fire
fountaining activity at Mt. Etna from 20312014 (Behncke et al., 2014; De Beni, et al., 2015),

FYR Y2ad | | sfediaafibwiRdabErd ¥ Walker 1990).

Compound flow fields are composed of multiple simple lava flows erupted during the same

event and emplaced next to and on top of one anoth#fialker, 197). Compound flow fields

are associated with londuration events with steady, low effusion rates, and are comprised
ofbothan | yR LI K2SK2S I @F oYAfodaNY g [24J5az wmdg
defined channel networks and flow fields as wadethey are long. Compound lava flow fields
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and at Mt. Etna during the 1983 (Frazzetta & Romano, 1984; Guest et al., 1987031991

(Calvari et al., 1994) and 2001 (Applegarth et al., 2010) lava flows.

2.3 Factors Influencing laflow Length

The potential maximum length attainable by a lava flow is influenced by factors including the
lava rheology, the rate and duration of effusion, erupted volume, topography, and the

complexity of the lava channel network.

2.3.1 Rheology

Erupted lava is a complex mixture of gas bubbles, crystals, and liquid melt. As a result, a lava
Ft26Qa NKS2t238 Aad RSIUSNY¥AYSR 08& GKS (SYLISNI (
gas bubble content (e.g. Emerson, 1926; Jagger, 1930; Macdonald, b@68j &t al., 1986;

Crisp et al., 1994, Griffiths, 2000). However, the bulk rheology of a lava can be described by its
viscosity and yieldtrength (e.g. Nichols, 1939; Shaw et al., 1968; 1969; Macdonald; 1972;
Hulme, 1974). As a lava flow cools, its @allstity increases (e.dRinkerton& Sparks 1978;

Crisp et al.1994; Cashman et al., 1999; Griffiths, 2000; Lyman et al., 2005). Increasing the
crystallinity of a lava flow increases its viscosity and yield strength (e.g. Hulme, 1974; Marsh,
1981; Metzne, 1985; Ryerson et al., 1988; Pinkerton & Stevenson, 1992; Hoover et al., 2001).
Eventually the increase in crystal content associated with flow cooling will raise the yield
strength to a point where the flow is no longer able to advance. It is thisegsowhich is
NEFSNNBER (2 ¢ KStyA YAAKISS RiS Nova ad2e@R @ y 3

2.3.2 Effusion Rate

Walker (1973) challenged the early assumption that rheology (particularly viscosity) was the
primary factor in determining final lava flow length. By analysing the gecnd initial
viscosity, average thickness, and length of 896 lava flows (479 basalt and 417 trachyte,

andesite/dacite, and rhyolite) Walker (1973) found that viscosity only played a minimal role in

determining final flow length. Instead, based on obséves of the emplacement of lava
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flows on Etna in 1966 (Walker, 1967), Walker (1973) surmised that effusion rate was the
controlling factor in final flow length. To test this hypothesis, Walker (1973) examined 40 lava
flows at 19 different volcanoes andmopared the final flow length against the mean output
rates and found a positive correlation between higilean Output Rate NIOR and the
distance a flow could travel (Figure 2.2). The conclusion that flow length was determined by
effusion rate was later sygorted by Wadge (1978.979). Walker (1972) also postulated that
additional factors may be at work in influencing flow length (e.g. angle of slope of underlying
surface, heat loss per unit volume of thin flows versus thicker flows) but that they are of
semndary importance compared to the influence of effusion rate. It should also be noted that
the data used by Walker (1973), while derived from multiple volcanoes, consisted primarily of
data for lava flows on Mt. Etna, as did the studies undertaken by W§bges; 1979).

Additionally, Walker (1973) only used data from eruptions that lasted between 30 hours and

nine months.
1007*‘ -
1 .
P [ ]
-7 Mz
] Mo MMy oo
- vt M8 M
-7 25 5 Ms M1
- [ ]
- Me e
"Mau E3 I;I * Mo i B
_E 10+ _ -~ g®Llp e ? f.p*z Ag ® 7
= PE T K1 H .A‘ A )
=} Pe ~ 3 K CJ —~
? i H ax & T Sl. KZKl/ s
= ~ Sn A.r :/o
” Es 34
Pr Np @ 9 -
A Pk
¢ -
1+ _ -7 J e basalt
i -7 a basaltic andesite
‘ s andesite/dacite
01 T 10 "TT100 1000

average rate of effusion/m? s

Figure2.2 ¢ Plot of length versus average effusion rate for 40 lava flows from ¥¥etiff volcanoes. Basaltic
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2.3.3 Erupted Volume

Building on the theory presited by Walker (1973), Malin (1980) conducted a similar analysis

of 87 longduration coolingt A YAGSR | F g+ AQALY 1@+ Ft26a onn
Mauna Loa). Plotting the data from Mt. Etna against that of Mauna Loa, Malin (1980) found

that the scatter for the Mauna Loa data was much greater than that of the Etha data.
CdzNII KSNXY2NB>X alfAy omdpynv F2dzyR GKIFG GKS RI
between the erupted volume of lava and flow length than effusion rate (Figure 2&)n M

(1980) identified the presence of lava tubes and partially covered channels as a possible source

of error between his results and those of Walker (1973). In his conclusion, Malin (1980) also
acknowledged the potential influence of other factors whicy have caused the discrepancy

in results, such as crosgctional area of a flow and rheology.
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Figure2.3 ¢ Plot of flow length against effusion rate (a) and flow volume (b) by Malin (1980) for hizasadtic
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ocean (Harris & Rowland, 2009).
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2.3.4 Cooling Rate

Studies by Swanson (1973), Greenley (1976), and Greenley et al. (1976) sudusstadat

tubes can greatly affect the final length of a lava flow and that formation of tube systems is
Y2NB O02YY2y F2NJ I L gl AQAlY TFt2sa (KLY F2N £+ O
Malin (1980) acknowledged that reducing the cooling rate of/a thue to flow insulation has

some influence on final flow length. Latbe-supplied flows and partiabinsulated channels

reduce heat loss through insulation of a roof or tube which allows lava to travel greater
distances before reaching sufficientliyldemperatures to cause solidification to stagnate
progression (Guest et al., 1980; Keszthelyi & Self, 1998). As a resuifetliftews and flows

with partially insulated channels have a greater coolingted final length.

However, Walker (1973) belied that this insulation effect was secondary when compared to
the effect of effusion rate. To better understand the significance of cooling rates on final flow
lengths, Pinkerton and Wilson (1994) compared the results of Walker (1973) and Malin (1980)
but removed tubefed and shortduration flows from the comparison. The results from Malin
(1980) then became consistent with those of Walker (1973) and emphasised the effect of
reduced cooling rates due to lava tubes on flow lengths (Figure 2.4). The impotteridava

tubes and heat loss play in the formation of flows and flow fields is now widely recognized
(Calvari & Pinkerton, 1998; Harris & Rowland, 2009). Additionally, a study by Wooster et al.
(1997) examined the role of different cooling mechanisnrdtie 19911993 flow at Mt. Etna

and determined that the main source of heat loss came from radiative and conductive
processes. Additionally, Wooster et al. (1997) found that the power lost was roughly
equivalent between the two. The magnitude of radiatpower lost was greatest when open
channels were present, exposing a greater portion of the lava core and surface to the

atmosphere (Rothery et al., 1992; Calvari et al., 1994; Wooster et al., 1997).
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channeifed flows and the limits of Walker (1973) given as solid lines, with-fetb@nd flows with a duration of
less than 30 hours removed (Harris & Rowland, 2009).

Power to conduction was greatest when the lava flow was unconfined and allowed to spread

(Calvari et al., 1994; Keszthel, 1995; Wooster et al., 1997). This allowed the flow to have much

greater contact obasal and lateral zones with surrounding countrgkiaresulting in a greater

area for conduction to occur.

2.3.5 Slope and Topography

The angle of the underlying slope on which a lava flow is emplaced can affect flow length

through the increase of flow velocity and the formation of lava tubes and cha(@glsHulme,

1974; Pinkerton & Wilson, 1994; Calvari & Pinkerton, 1998; Palacci & Papale, 1999; Tallarico

& Dragoni, 1999; Lodato et al., 2007; Favalli et al., 2009). Keszthelyi and Self (1998) studied

the physical conditions needed for the creation ohdobasaltic flows (over 100 km) and

discussed the role of slope in the formation of these types of flows. They determined that an

average slope angle of aboutxis needed to reproduce flow lengths which fit observations
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of historical terrestrial long k=altic flows and flows located at Olympus Mons on Mars. In
contrast, Gregg and Fink (2000) modelled flow morphology in a laboratory using polyethylene
glycol (PEG) to analyse the effect that slope, effusion rate, and cooling have on flow
morphology, and texamine the relationship between the three. In the study, it was found
that increasing slope angles up toxdtad a similar effect to increasing the effusion rate on
flow length (Gregg & Fink, 2000). However, for slopes nadd greateit was found thathe
opposite was true, and that flow length decreased. Given that PEG flows are thought to
represent useful analogues of real lava flow mechanics and rheologies, these results show the
potential for flows with low effusion rates emplaced on steeper stope attain longer
distances or for flows with a high effusion rate emplaced on considerably steep slopes to have

a much shorter final length.

In addition to slope angle, the surface topography of the flow emplacement area can also

affect flow length. Pikerton and Wilson (1994) examined this influence and suggested that

dzy RSNI @Ay3 (2L123INILIKAO FSF{idz2NBaz adzOK Fa Ay
it. This has the effect of keeping the flow from spreading laterally and widening, thus geepin

the supply of lava confined to a single channel and therefore increasing the depth of the flow.

As discussed in Section 2.3.4, flow confinement will reduce the basal and lateral contact area

of the flow with the cooler surrounding country rock, thus rethg conductive heat loss.

Pinkerton and Wilson (1994) also observed that captured flows were generally longer than

flows that could widen. The relationship between flow confinement and length was also
identified by Heliker et al. (2001) during Episod@sahd 43 of the 1983986t dzQdz Wh Q2
SNUzLJGA2Y G YofldzSIE @2t OFy23 |-tudiionl@vafbws, 2 G K 91
lasting 14 hours and 12 hours respectively. Additionally, average effusion rates for the two
Episodes were similar (230 and®8? s?) and the average underlying slope for both flows

was ~3 However, the Episode 40 lava flow was confined within a topographic low. As a result,

the Episode 40 lava flow attained a length of 8.4 km in 14 hours, while the unconfined Episode
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43 lavaflow reached a length of 5.3 km in 12 hours. Additionally, field measurements of the
19831986 episodes of the dzQdzSMHZQA A2y G Yof I dzSI @2t O y2
Heliker et al. (2001), and laboratory experiments using both syrup and moltert basadd

out by Dietterich et al. (2015) identified that flow advance accelerated due to topographic

confinement.

2.36 Channel Complexity

Factors such as slope, effusion rate, erupted volume, topographic confinement, and whether
a lava flow is voluméimited or coolinglimited affects channel stability and the overall
complexity of the channel network. The complexity of a lava flow channel network can be
defined by the number of bifurcations and confluences which occur within the network
(Dietterich & Cahman, 2014). Complex channel networks are present in coliitiggd,
compound lava flow fields and are typical of leshgration events. Dietterich and Cashman
(2014) examined the influence of channel network on flow emplacement behaviour and flow
morphology. By analysing the number of bifurcations and confluences present within a
channel network Dietterich and Cashman (2014) classified channel systems as either
distributary (dominated by bifurcations) or tributary (dominated by confluences) and found
that channel network complexity is greatly influenced by underlying slope. Dietterich and
Cashman (2014) found that flow segments which had a greater number of bifurcations would
result in thinner and wider flows and were associated with increases in slojgeo@gervation
supports previous observations made by Guest et al. (1987) that compound lava fields are
typically as wide as they are long. Additionally, Dietterich and Cashman (2014) found that
when bifurcations occurred, flow advance rates decreased 59 % and flows were
significantly shorter in length than ndrifurcated flows. Wolfe (1988) and Heliker et al. (2001)
observed a similar reduction in advance rate and flow length when bifurcation occurred for

active flows in Hawaii.
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Experimental work by iBtterich et al. (2015), examining the effect of diverting lava flows, also
showed a similar reduction in flow advance rates and length dugftocation (Figure 2.5).

The experimental work of Dietterich et al. (2015) showed that when advancing flowsatéu

due to an interaction with an obstacle, they thicken at the point of branching. When a flow
encounters an obstacle, it is forced to flow along the margins of the obstacle. As the flow
interacts with the margins of the obstacle it begins to cool duednductive heat transfer

from the hotter flow to the cooler contact surface of the obstacle (e.g. Crisp & Baloga, 1994;
Wooster et al., 1997; Keszthelyi & Self, 1998). As the flow cools along the obstacle it produces
a locally thicker flow which resulia the formation of a bow wave (Dietterich et al., 2015)
(Figure 2.5). The flow will continue to thicken until it has reached a point where the flow rate

leaving the obstacle is equal to the incoming flow rate (Dietterich et al., 2015).

LR
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Figure2.5 Surface temperature of molten basalt (image shown is 45 seconds after interaction with the obstacle).
Blue arrows show the calculated velocity field and show the decrease in velocity prior to and after branching
caused by interaction with the obstacle (Dietterich et al., 2015).
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2.4 ShoriDuration VolumeLimited Lava Flows

The studies discussed in SectioB\&ere significant in improving lava flow hazard assessment

by increasing understanding and prediction of the maximum length achievable by a flow.
However, these studies used data gathered from ldaogation, coolingimited lava flows.
Additionally, detaigd studies of volumdimited flows have manly focused on those with
longer durations (> 24 to < 72 hours) such as the 1971 Chaillupen valley lava flow at Villarrica
volcano, Chile (Castruccio & Contreras, 2016), the 1999 lava flows at Mount Camerooa volcan

(Suh et al., 2011), and 1981 flow at Mt Etna (Guest et al., 1987).

Four examples of wefitudied shortduration volumelimited lava flows exist. These are

Episodes 40 and 43 of the 1988py ¢t dzQdz Wh Q2 SNMzZLJGA2Y G Yofl
1988; Hdiker et al., 2001; 2003; Dietterich & Cashman, 2014) and the 19 July (Moore &
Kachadorian, 1980; Soule et al., 2004) and 21 December (Lockwood et al., 1999; Soule et al.,
Hanno wmopTtn FE26a | G -drfatidnlvolednklimited flovast diferfrom o @ { K
longerduration coolinglimited flows in duration and effusion rate. Shaltiration flows, such

as those listed in Table 2.1 and those which occur at Mt. Etna (e.g. Alparone et al., 2003;
Behnckeet al., 2006; 2014; Ganci et al., 2@1De Deni et al.2015), have durations less than

24 hours and estimated effusion rates of ~60 to 98Gst(e.g. Soule et al., 2004; Behncke et

al., 2006; 2014; De Beni et al., 2015). These values are considerably different than those of
long-duration flows, such as th&£983, 199193, JulyAugust 2001, 2004, and 2006 eruptions

at Mt Etna, which had durations ranging from 24 hours to 473 days and estimated effusion

rates of 0.260 n? s* (e.g. Guest et al., 1987; Calvari et al., 1994; Calvari & Pinkerton, 1998;

Mazzariniet al., 2005; Favalli et al., 2010; Lombardo, 2016).
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Table2.1 List of welstudied shorduration volumelimited lava flows.

Duration Effusion Volume Average Slopg Length Average Advance Eruption
Lava Flow (s) Rate (1P m?) (Degrees) (m) Rate Temperature XC) Study
(m3 S-l) g (m Sl) p
Episode 40, Wolfe (1988),
1983m by ¢ 50400 _ Heliker et al., (2001
whaoz SN| (14h) 230 11.6 3 8400 0.17 2003), Dietterich &
Yot | dzS Cashman (2014)
Episode 3, Wolfe (1988),
1983m by ¢c 43200 _ Heliker et al., (2001
whaoz SN| (12h) 280 12.1 3 5300 0.12 2003), Dietterich &
Yof | dzS Cashman (2014)
Moore &
19 Jul 1974, A 1080018000 150275 3.5 <5 2000 0.1-1.6 1150 Kachadoria (1980
Yot | dzS (35 h)
Soule et al. (2004
Lockwood et al.
21 Dec 1974, | 21600 270 5.9 <5 12400 1.42.2 1168 (1999), Soule et a
Yot | dzS (6 h) (2004)

@ ¢€indicates information not reported

19



2.5 Thermal Remote Sensing

One of the most widely used methods for estimating lava flow properties, such as effusion
rate and volume, and for capturing and analysing volcanic activity is thermal remote sensing.
As such, thermal remote sensing has proved a valuable resource irutheatd monitoring

of volcanoes and their hazards (e.g. Calvari et al., 1994; Harris & MaciejewskiCa0@0; et

al., 2004;Harris et al., 200& Bonaccorso et al., 2011; Spampinato et al., 2011; Ramsey &
Harris, 2012 Patrick et al., 2014Blackett 2017). Satellite and grountiased sensors have

been employed in many studies at various volcanoes and have been used to collect data on
lava flows, lava domes, explosive activity, pyroclastic deposits, and fire fountains (Spampinato
et al., 2011; Ramsey &aktis, 2013). Thermal methodologies either use satebised
sensors, such as the Spinning Enhanced Visible and Infrared Imager (SEVIRI), Geostationary
Operational Environmental Satellite (GOES), Advanced Very High Resolution Radiometer
(AVHRR), Landsathematic Mapper (TM), AloAfrack Scanning Radiometer (ATSR),
Moderate-Resolution Imaging Spectroradiometer (MODIS), and Hyperion, or gizaset
sensors such as those manufactured by FLIR (either as permanent monitoring installations or

in shortdurationfield surveys).

Each method has advantages and disadvantages. Sateled sensors commonly used for
thermal remote sensing of active volcanic process offer a large spatial coverage, at the
expense of lower pixel resolution (> one km). Grotvaded sasors are easy toperate and

can be haneheld or mounted on tripodse(g. Calvari et al., 200pampinato et al., 2011
Harris, 2013; Patrick et al., 2014 his portability allows thermal cameras to be relocated and
moved as situations demand or deployed to cover specific areas for extended periods of time,
giving them relatively high temporal resolution (acquisition intervals can be continuous to
every fav minutes). This flexibility in deployment gives grotased sensors the benefit of

moderate to high spatial resolution as well as a high temporal resolution. Additionally,

20



advances in thermal camera technology and reductions in price have greatly it

use in volcanological research and monitoring.

2.5.1 Principles of Thermal Remote Sensing

Both satellite and grountbased thermal sensors use the established principles of
thermography to collect data on active volcanic process. In remote senbkergaography is

the measurement of radiant temperatures of surfaces on the Earth using the infrared radiation
(IR) emitted by an object (Spampinato et al., 2011). These measurements are carried out using
the thermal portions of the IR spectral band, cdlthermal infrared radiation (TIR). TIR falls
between the wavelengths of 3 to 14 um on the electromagnetic spectrum, with most
broadband TIR remote sensors operating within a wavelength range-af3jn. In addition

to TIR, some sensors also operate hip shortwave infrared or SWIR (2310 um) and the

mid-infrared or MIR (3.68.0 um) ranges.

Thermography relies on the radiation emitted from surfaces with a higher temperature than
absolute zero. Increasing the temperature of a material produces gregiectral intensity,

M, (Figure 2.6) as described by the Plank equation,

0 _AY ¢“@_ O »p 2.1
where"VYis the surface temperature,is the wavelengthfQh a t £ I y Ol Qa O#yadl yi
Js),®is the speed of light (2.99%01C m s?) and'Qis the Boltzmann constant (1.38 x %@
K1). The measurement and analysis of the radiated energy gives the radiant temperature of
the material, referred to as the apparent temperature (Shaw & Burke, 2003; Spampinato et

al., 2011).
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Figure2.6 ¢ The spectral density of electromagnetic radiation emitted from blackbody surfaces (an idealized body
that absorbs all electromagnetic radiation independent of frequency and incidence angéhfaratures
between-50xC and 1200C (Harris, 2013).

By integrating the Planck equation over all wavelengths for a blackbody, the radiant flux

density 0 ) of a material can be determined:
0 .0 _AYyQ_ ¢@®_ 9O p Q 2.2
giving,
0 —"Y 2.3.

Combining all the constant terms gives the SteBmitzmann constant, = 5.67 x 16 W m?

K FYR Ftt26a 9ljddt GA2y Hdo G2 65 NBONRGGESY
O VY 0 a 2.4,

Thisequation gives the radiant power (heat flux per unit area) of a blackbody surface and

describes how increases in temperature result in greater spectral radiant exitance.

If Equation 2.4 is multiplied by the area of the emitting surfate (), the radiant flux

() can be calculated:
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b 6 TR 2.5

Finally, if radiant flux is multiplied by timé) (the radiant energyp , released from the

surface is determined:
0O U 0 2.6.

When apparent temperature is calculated using measurements collected by remote sensing
platforms, the resultant value is not representative of the actual surface temperature of the
material. The calculation of apparenemperatures relies on the assumption that the
temperature surface is homogeneous. As a result, corrections for these and other additional
factors must first be applied to the data before analysis can be undertaken (Ball & Pinkerton,
2006; Spampinato «dl., 2011). Radiation traveling through the atmosphere changes intensity
and direction due to atmospheric and environmental absorption and scattering (Kruse, 1994;
Goetz et al., 1997; Rees, 2001; Aspinall et al., 2002; Shaw & Burke, 2003; Bohren &Clothiau
2006). Additionally, the emissivity)( of the surface must be considered. Emissivity is a
YSIFAdzZNBYSyYyd 2F | YIFUGSNAIFIEQa FoAftAGe G2 SYAQ
different emissivity values depending on their composition and surfagtute. For basaltic

lavas, calculated emissivity values range from {L.D® (Moxham, 1971; Ball & Pinkerton,

2006; Harris, 2013).

2.5.2 Correction of Thermal Data

To calculate accurate apparent surface temperatures, measurezragor radiance values
must first be corrected for a variety of factors such as the emissivity of the material,
atmospheric transmissivity (fraction of radiant energy that passes through a material),
radiance emitted by the atmosphere (e.g. upwelling radiance), and radiancetesflby the

surface of the Earth (e.qg. reflected radiance).
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Before radiance emitted by a surface reaches the sensor, some portion of it will be attenuated
due to absorption and scattering by the atmosphere. This loss of energy is described by
atmospherictransmissivity t). The magnitude of this loss is dependent on atmospheric
conditions (atmospheric temperature and relative humidity) along the viewitt), the
presence and amount of greenhouse gases and aerosols in the atmosphere along the-viewing
path, and by the length of the viewingath. Increasing the atmospheric temperature or
relative humidity, or the amount of greenhouses along a viewing path decrease the amount
of emitted energy received by the sensor from a radiating target. This decrease it d
scattering and absorption of energy by the water content and presence of other gases in the
atmosphere. The amount of water vapour in the air is influenced in two ways. The first is
simply by the increase in relative humidity of the atmosphere. Reddtumidity is the ratio of

how much water vapour is in the air compared to how much the air can hold at that
temperature. Higher relative humidity means that there is more water vapor in the air along
the viewpath which reduces the transmissivity of thig. The second involves the increase in
water content in the atmosphere through increased atmospheric temperature. As
atmospheric temperature increases, the amount of water the air can hold increases, which in
turn lowers the relative humidity. So, to nmaain the relative humidity of the air prior to the

increase in temperature, a greater amount of water is required.

Additional radiance reflected by the atmosphere and reflected off the surface of the target
and into the viewing path will also contribute the total radiance received at the sensor. Like
atmospheric transmissivity, the contribution of this additional radiance is dependent on
atmospheric conditions, aerosols and the viewing pgatigth (Harris, 2013). The radiance

received at the sensor odbe broken down into three sources:
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where 0 is the radiance emitted by the surface (described by the radiance leaving
the surface multiplied by the emissivity of the surfade), _ is the radiance emitted

by the atmosphered is the radiance reflected by the surface, and _ is

the upward scattered solar radiance. Converting thesahsor radiance to temperature gives
the brightness temperature{ ), which is the sum of radiance from all sourcesereed

at-sensor,

0 _RY 0 _ 0 _ 0 _ 0 _ 28.

By removing the unwanted radiance contributions from thesahsor radiance and correcting
the remaining radiance for atmobpric transmittance and emissivity, the actual radiance

emitted by the surface can be calculated, so that

0 2.9.

Depending on the sensor (satellite or gromhdsed) and the region of the IR spectrum in
which it operates, Equation 2.9 can be adjusted to include additional terms or remove terms
which have a negligible effect. For instance, if the sensor is operating BWHR, reflected
atmospheric radiance in the form of upwelling radiance accounts for a negligible contribution

to the total radiance received at the sensor, meaning that Equation 2.9 can be simplified to

0 2.10.

However, Harris (2013) showed that upward scattered solar radiance accounts for up to 15 %
of the atsensor radiance for measurements made in the SWIR. As a igsult, must

be included in Equation 2.10 whealculating surface temperatures in the SWIR:

0 2.11

For sensors operating in the TIR we can simplify Equation 2.9 by removing _ asits

contribution to the atsensor radiance is negligible (Harris, 2013):
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0 2.12

Sensors operating in the MIR require the correction to surface radiance shown in Equation 2.9
but also needo be corrected fobd _, due to a significant contribution to &ensor

radiance from upward scattered solar radiance (like that seen within the SWIR) (Harris, 2013):

0 2.13

2.5.3 Additional Corrections for GrouBdsed Thermal Data

Both atmospheric transmittance and atmospheric emitted radiance are influenced by the
magnitude of the patHength. Ball and Pinkerton (2006) eximed the effect of patHength

on measured apparent temperatures due to changes in pixel resolution as viewing distance
changes and found that for an increase in pithgth from 1.5 to 250 m apparent
temperatures decreased by ~326 K. Ball and Pinkertisn atate that, when applying
atmospheric corrections, difference in paliéngth for each pixel of an image must be
considered to apply the appropriate atmospheric correction. This can be accomplished by

correcting an image on a per pixel basis by modiffquation 2.9, such that

¢
¢
¢
N
¢
g

0 2.14

0 _hohuha * is the radiance of the pixel located at the image coordinateand pathlength
¢, T _h is theatmospheric transmissivity for the pixel at padémgthd, 0 _Mis the
upwelling radiance for a pixel at patbngthd, andd _fais the reflected radiance for

a pixel at patHengtha.

In addition to compositio and surface texture, the angle at which a measurement of a target
surface is taken can affect the emissivity of a material. Ball and Pinkerton (2006) identified a

significant decrease in apparent temperature due to a decrease in the emissivity of ahsmoot
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basalt surface as the measurement angle of the haeldl thermal sensor used was increased
above 3&from perpendicular to the surface. Observations made using the same experimental
setup, but with a rough basalt surface, also showed a decrease in appgareperature as

the viewing angle became less perpendicular to the surface. However, Ball and Pinkerton
(2006) attribute this decrease to the obscuring of depressions in the surface of the basalt from
the sensor due to surface roughness as the viewirgjeahecomes closer to the horizontal,

rather than to a decrease in emissivity.

2.5.4 Calculating Atmospheric Correction Values

To determine the transmissivity of an atmosphere and the magnitude of the different
contributing radiance sources along a vieatlp atmospheric transmission models are used.
Two of the most commonly used methods for both satellite and greloeskd thermal remote
sensing are the Moderate Atmospheric Transmission code (MODTRAN) and the Low
Resolution Transmittance code (LOWTRANEi@g¢n et al., 1988; Berk, 1989; Abreu &

Anderson, 1996; Anderson et al., 1996).

LOWTRAN and MODTRAN are used to calculate atmospheric propagation of electromagnetic
radiation for wavelengths of 0.2 um or greater (Kneizys et al., 1988) but differ in sexgsl

The first difference is in spectral resolution and frequency step size; LOWTRAN has a resolution
of 20 cm* and a step size of 5 cMMODTRAN has a resolution of 2'camd a step size of 1

cmt (Berk, 1989; Abreu & Anderson, 1996). The two modks differ in their approach to
calculating molecular transmittance. The LOWTRAN model was designed for low altitude paths
at a temperature of 296 K. As a result, spectral radiances calculated using LOWTRAN above an
altitude of 30 km were much lower thaactual measured values (Abreu & Anderson, 1996;
Anderson et al.,, 1996). Finally, in MODTRAN, users have the option to select either a
horizontal or a slanpath viewing geometry while this choice is not available in LOWTRAN. The

MODTRAN slamath function integrates transmittance and upwelling radiance calculated
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along a patHength to calculate the total transmittance and radiance contributors along a
slantpath geometry. To calculate transmittance and upwelling radiance values, the
MODTRAN user can sele predefined model atmosphere and aerosol model or create their
own using measured values for atmospheric temperature, relative humidity, pressure and
aerosol content. Then they input the geometry of the viewing scene using a set of viewing
parameters(Table 2.2), specifying one of three viewing paths (Table 2.3). Forpsitimt
viewing geometries, only three of the viewing path parameters need to be known, as the final
unknown parameter is then calculated by MODTRAN to complete the computation (T4ble 2
The option of either a horizontabr slantpath viewing geometry offered by MOTRAN allows
calculation of upwelling radiance and atmospheric transmittance for a range of volcanclogical

relevant groundbased or satellite imaging scenarios.

Table2.2 Viewing geometry parameters used by MODTRAN

Viewing Path Paramete Description
H1 Sensor or observer altitude
H2 Final altitude
ANGLE Zenith angle at H1
BETA Earthcentre angle
RANGE Distance of thepath-length between H1 and H
HMIN Minimum altitude of the patHength

Table2.3 Viewing path options available in MODTRAN

View Path Option Path Description

1 Horizontal homogeneous path with constal
atmospheric temperature, relative humidity
pressure and aerosol content.
Vertical or slant path between H1 and H2.
3 Vertical or slant path to space from H1.

N

Table2.4 Slantpath cases for known parameters.

SlantPath Parameter Cas{ Known Specified Parametel
Case 1 H1, H2, ANGLE
Case 2 H1, ANGLE, RANGE
Case 3 H1, H2, RANGE
Case 4 H1, H2, BETA
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2.5.5 Application of Remote Sensed Thermal Data

Once thermal data have been atmospherically corrected they can be used to estimate
temperatures and identify a variety of volcanic features and phenomena. Harris (2013) and
Ramsey and Harris (2012) provide an extensive review of works published usingltherm
remote sensing for both satellitbased (e.g. Figure 2.7) and grodpaksed sensors. The
widespread value of these techniques is illustrated by the rapidly increasing number of
publications in which they have been used. This is particularly true fongtoased thermal
cameras (Figure 2.8). The first use of agrearida SR G A Y FNI NBR O YSNJI ¢
LJdzZN1J32 4S&a ol a o6& {KAY2T dzNHz FyR YIF3IA&FYIl- omMpT Yy
band (812.5>m) bolometerbased radiometer attached to a sa@ng device, not a true hand

held infrared camera. Following this, Yuhara et al. (1981) and Ballestracci and Nougier (1984)
both reported the use of a thermal scanning systemfolcanologicakurvey that worked
similarly to a television camera, storingfarmation on magnetic tape (Yuhara et al., 1981).

The first reported use of a true camcorder style thermal camera was by McGimsey et al.
(1999), who used a FLIR Systems SAFIRE model camera mounted on the underside of an
aircraft to image eruptive activitat Pavlov and Shishaldin volcanoes in the Aleutian Islands,
Alaska. The year 2002 saw the first publications in which a true-halathermal camera was

used to collect data of volcanic phenomena (Dehn et al., 2002; Honda & Nagai, 2002; Kaneko
et al., 2@2; Nye et al., 2002; Ohba et al., 2002; Oppenheimer & Yirgu, 2002; Wright et al.,
2002). While these studies marked the entry of hdmadd thermal cameras into volcanology,

the first application of handheld thermal cameras to study lava flows did not eppin

volcanological literature until 2003 (Table 2.5).

Table 2.5 lists papers where hahdld thermal cameras were used to study active lava flows
and lava tubes. Of the 34 listed studies, only three collected data for analysis wittepgths
greaterthan 5 km. Of those three studies, two (Lyons et al., (2010) and Wessels et al., (2013))
used the thermal data to track and map lava flows and other eruptive activity. In the other of
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these three studies, Ganci et al. (2013) used thermal data collecteagchine 12 August 2011

fire fountaining event at Mt. Etna by the IN®&tania fixed thermal camera to calculate lava
flow area, volume and radiant heat flux. These values, in combination with results calculated
from SEVIRI data, were used to identify asweparate the thermal signatures of the fire
fountain from the lava flow produced by the fountain. Results given in the study show good
agreement in calculated radiant heat flux between the groimaded and SEVIRI data sets.
While the methodology used by @@ et al. (2013) was essentially sound, subsequent
investigation, done as part of this thesis, identified an error in the automated processing code
2F C[LwQa LINRPOSaaAy3d az2Fdsl NBE ¢KSNXYI/IY wSa
and relative humidig values for each thermal image using recorded values taken throughout
the acquisition period. This error caused the atmospheric temperature and relative humidity
to be fixed at 25%C and 50 % for every image in the sequence, which resulted in a significan

overestimate of actual surface temperatures (Appendix 1
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Cumulative number of publications

Figure2.7 The total number of published studies using sateliiised thermal sensors for volcanological
applications from 1982005 by (a) journal type, (b) feature type studied and (c) main parameters extracted

(Harris, 2013).
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Figure2.8 Publications by year from 20010 for studies which used groubdsed thermal cameras for
volcanological applications by (a) frequency distribution and (b) cumulative total (Harris, 2013).
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Table2.5 Publications from 2002016 in which handheld thermal cameras were used to observe and analyse
active lava flows. Citations marked with a * indicate studies which used permanently installed thermal cameras.

Volcano Ranggkm) GBr(;:;cj} Airborne Study

Yot I dz K Kauahikaua et al. (2003)
Yot I dz 0.005 K Keszthelyi et al. (2003)
Yof | dz 0.003 K Wright and Flynn (2003)

Etna K Lautze et al. (2004)

Etna K Andronico et al. (2005)

Etna K K Burton et al. (2005)
Stromboli 1.02.0 K K Calvari et al. (2005)
Piton de la 0.140.71 K Coppola et al. (2005)
Fournaise
Stromboli 0.751.0 K K Harris et al. (2005a)

Etna 0.0-0.07 K Harris et al. (2009

Etna 1.0 K Ball and Pinkerton (2006)

Etna 0.1 K Bailey et al(2006)

Etna 0.1.04 K James et al. (2006)
Augustine K Power et al. (2006)
Piton de la 0.14 K Coppola et al. (2007)
Fournaise

Yof | dz 0.2-0.75 K Harris et al. (2009)
Stromboli 1.02.0 K K Lodato et al. (2007)
Etna 0.7 K James et al. (2007)
Yof | dz 0.008 K Witter and Harris (2007)
Etna K K Del Negro et al. (2008)
Yof I dz 0.0050.01 K Ball et al. (2008)
Stromboli 1.02.0 K Spampinato et al. (2008)
Stromboli 0.51.0 K Barberi et al. (2009) *

Etna 3.5 K James et al. (2009)
Stromboli 0.45 K Ripepe et al. (2009) *

Etna K K Applegarth et al. (2010)
Piton de la 0.170.71 K Coppola et al. (2010)
Fournaise

Etna 2.05.0 K James et al. (2010)

Fuego ~8.0 K Lyons et al. (2010)

@ ¢ indicates information not reported
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Table 2.5ontinued

Ground .

Volcano Range (km) Based Airborne Study
Piton de al 0.4-0.93 K Staudacher (2010)
Fournaise
Stromboli 0.8 K Bonaccorso et al. (2012)

Etna 8.5 K Ganci et al. (2013) *

Redoubt 1.0-7.3 (avg of K Wessels et al. (2013)

1.6 km)

Yot | dzt 0.52.0 K Patrick et al. (2014)
Mauna Loa

Yof I dz  0.0052.0 K Carling et al. (2015)

@ € indicates information not reported
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2.6 TimelLapse Visible Imaging

Another method for capturing volcanic activity is using grobaded timelapse imagery. The
recent increase in resolution and quality of consumer dSLR cameras, combined with the
reducing price of digital cameras, has allowed increasing use of gitmasetvisible time

lapse data collection. The small size and weight of consumer dSLR cameras allows for rapid
deployment and easy relocation when needed, while their low cost means that replacing them
in the event of damage or loss is much easier. Additionddgloyment of multiple units in an

array to cover a large area and get multiple views of features is possible with a lower overall
cost. Timeapse visible photography has been used in a variety of applications (Table 2.6) and
can be deployed in campaigtyle surveys or as sefpermanent to permanent installations.

Timelapse visible photography has generally been used in three ways:
1.to visually capture and record processes;

2.to quantify processes by integrating images with a digital elevation @iIeM) to assign
realworld x, y and z coordinate values to points in the sequence (Figure 2.9) and then track

those points through sequences to calculate the displacement/movement of the;point
3.to derive DEMs directly through stereo image sequendgsi@ 2.10).

Qualitative and quantitative timéapse studies have previously been carried out on active lava
flows (Table 2.6). Much of this work used shiemm camera deployments at close ranges to
active lava flows. However, few studies have been danassess the viability of using leng
range longterm time-lapse camera deployments to both visually analyse lava flow

emplacement and to extract quantitative information.

35



Figure2.9 ¢ The methodology used by James et al. (2016) for assigning 3D point coordinates to an observed
feature in a timelapse image sequence. (a) Observation points assigned to an object in the registerieghsiene
image, C. (b) Using the perspective centrthefcamera, p, observation points can be assignedweald x, y and

z coordinates by projecting the point onto the surface of a DEM (modified from James et al., 2016).
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Figure2.10 ¢ The photogrammetric ppcessing workflow used by James and Robson (2014).
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Table2.6 Example geological studies in which grotnaded timelapse data were acquired using dSLR cameras.

Application Analysis Deployment Study
LF LL EX LD DFHT LS G SM PT VO Short Long
K K K Honda and Nagai (2002)
K K K James et al. (2006)
K K K James et al. (2007)
K K K Poland et al. (2008)
K K K James et al. (2009)
K K K K Major et al. (2009)
K K K Bonaccorso et al. (2012)
K K K James and Varley (2012)
K K K K James et al. (2012)
K K Kendrick et al. (2012)
K K K Orr and Rea (2012)
K K K Travelletti et al. (2012)
K K K Calvari et al. (2014)
K K K James and Robson (2014
K K K Dzurisin et al. (2015)
K K K Lewis et al. (2015)
K K K Orr et al. (2015)
K K K Slatcher et al. (2015)
K K K Stumpf et al(2015)
K K K Gabrieli et al. (2016)
K K K James et al. (2016)
K K K Smets et al. (200

*Application: LF=lava flows, LL=Lava Lakes, EX=Explosive activity, LD=Lava Domes,
DF/HT=Deformation/Hydrothermal Studies, LS=LandslB}S|aciers; Analysis: SM=3D Surface Models (DEMs,
point clouds), PT=Point/Object Tracking (displacement studies), VO=Visual Observations; Deployment:
Short=survey or campaign (days to one month), Long=gemianent to permanent deployment (greater than

one month)
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2.7 Lava Flow Modelling

Numerical models are increasingly used to augment current monitoring and analysis methods
of lava flows. Numerical models allow scientists to estimate unknown morphological and
rheological properties of lava flows lapnstraining models or validating model results with
field-based and remote&ensing data (e.g. Young & Wadge, 1990; Crisci et al., 1999; Harris &
Rowland, 2001; Hidaka et al. 2005; Vicari et al., 2007). Lava flow models can consider 1, 2 or
3-dimensions. fie most commonly used- model, FLOWGO (Harris and Rowland, 2001;

2015), will be discussed-tepth in Chapter 4.

The most common-B models are Cellular Automata (CA). These models operate by evolving
cells through a given time step using a defined $eties based on the states of surrounding
cells. These rules are then applied iteratively for the specified time step. The three most
commonly used D CA models are SCIARA (e.g. Crisci et al., 1999; Avolio et al., 2006; Oliverio
et al.,, 2011; Spataro «l., 2012; D'Ambrosio et al., 2014), FLOWFRONT (Young & Wadge,
1990; Wadge et al., 1994), and MAGFLOW (e.g. Vicari et al., 2007; Del Negro et al., 2008;
Herault et al., 2009; Bilotta et al., 2012; Cappello et al., 2016; Kereszturi et al., 2016). The most
prominent 3D model is LavaSIM (e.g. Hidaka et al., 2005; Proietti et al., 2009; Fujita & Nagai,
2016). Table 2.7 gives the input and output parameters for the models discussed here. While
models can provide a range of outputs, implementing the more compladels (i.e. the 2 and

3-D models) to run in redlme can be prevented due to the number and complexity of the
input parameters required by these models to operate. Additionally, lava flow models such as
SCIARA and MAGFLOW are used in a hazard assesapeeity. Outputs from these models
focus on estimating the physical characteristics of the lava flow (e.g. flow length, area, and
thickness of flow) for use in assessing the potential hazard posed (Ganci2ét4l,2012b).

In situations when rheologit properties are desired, the-ld thermarheological FLOWGO

model can be used. Not only can the FLOWGO model provide rheological estimates for lava
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flows, its flexibility with starting flow geometry allows the model to estimate either ddawy
channel wilth or depth. Additionally, the recent implementation of FLOWGO in Excel (Harris

et al., 2015) allows the framework of the model to be constructed in a few hours.

Table2.7 Input and output parameters for the listed lava flow models. Table adapted from Proietti et al. (2009).

Model Input Parameters Output Parameters
FLOWGO At-vent channel width, depth, Channel length, dowsiow channel width or
slope, starting temperature, channel depth (depending on which parameter
rheological and textural conditions, has not been measured in the field) thermal an
and efusion rate rheological properties

FLOWFRON' DEM, min flow thickness, critical Lava thickness
thickness, slope angle, lava volume
at each iteration

SCIARA  DEM, vent location, effusion rate, Lava thickness and2 temperature
lava solid temperature,
intermediate temperature cooling
parameters

MAGFLOW DEM, vent location, effusion rate, Lavathickness, 2D temperature
physical properties of lava

LavaSIM  DEM, effusion rate, vent location, Lava thickness,-B velocity, temperature and
chemical and physical properties o state (liquid or solid)
lava
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2.8 FLOWGO

FLOWGO is a singlimension thermerheologicalmodel developed by Harris and Rowland
(2001). FLOWGO uses a cooling model based on the principles of radiative, convective and
conductive heat loss to model changes in velocity and rheology of a basaltic lava flow as it
moves down a prestablished open @nnel (Harris et al., 2015). The cooling model is used to
calculate temperature and crystallinity for a specified stegfue down the channel. FLOWGO
then calculates viscosity, yield strength and velocity at each step using the values for

temperatureand BlB A G F f f AyAdGe 206GFAYSR FNRY GKS LINSOSR

Previous studies have used FLOWGO to examine best fit conditions between measured and
model output changes in lava channel dimensions (Harris et al., 2007c) crystallinity (Riker et
al., 2009) and temperature (Robert et al., 2014) and the model has been applied to lava flows
Fd aldzyl [2F FyYyR YofldzSFE o601 FNNRE 9 w2gfl yRX
2015), Mt. Etna (Harris et al., 2005b; 2007c; Robert et al., 2014 Cameroon (Wantim et

al., 2013) and Piton de la Fournaise (Harris et al., 2015). Since its first implementation by Harris
and Rowland (2001) FLOWGO has experienced two iterations. The first of these involved the
combination of the model with the DOWNFLOWaaithm (Wright et al., 2008). FLOWGO uses
DOWNFLOW to calculates the line of steepest descent using a DEM to determine a slope

LINEFAES F2NJ GKS Ft260 ¢KS aS0O2yR A& C[h2DhQa

41



Set starting conditions
for control volume
I
Set
slope
]
Calculate rheological
starting conditions
[
Calculate start
velocity & effusion rate

A

i i
: Apply heat loss :
i model :
: ' '
I Calculate cooling rate Up-date slope :
: & core temperature conditions :
I I T I
\ [ calculate crystallization Up-date flow thermal | 1
! rate & crystal content & rheological conditions | |
| T I 1
: Calculate viscosity Advance |
: and y|e|dl strength control volume :
I I
: Calculate :
: velocity :
1 |

OUTPUT

RESULTS

No
FINISH?
Yes

(= )

Figure2.11 ¢ Primary steps and loop processes used in the FLOWGO model (Harris & Rowland, 2015).
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2.9 Mt. Etna

2.9.1 Background

Mt. Etna was selected as the study area for the work presented in this thesis due to the
number andrecurrence of shorturation volumelimited flows at the volcano. Mt. Etna is a
basaltic volcano located on the island of Sicily in the Mediterranean at the front of the
ApennineMaghrebian thrust belt (e.g. Cristofolini et al., 1985; Bousquet & Lanza004).
Around 122,000130,000 years ago, eruptive activity at Mt. Etna became dominated by
Strombolian to Plinianstyle eruptions from edifices located within the presetaty Valle del

Bove (Branca et al., 2011). 15,000 years ago, activity at the volemmame more effusive,

with occasional intense explosive activity, and has since become dominated by effiybive
eruptions paired with Stromboliastyle explosive activity (Branca et al., 2011). Effusive
eruptions at Mt. Etna can occur at summit ventsablateral vents on the flanks of the volcano
(e.g. Acocella & Neri, 2003; Burton et al., 2005; Spampinato et al., 2008). The summit of Mt.
Etna is dominated by five summit craters: Southeast Crater (SEC), New Southeast Crater

(NSEC), Bocca Nuova (BNyagine Chasm (C), and Northeast Crater (NEC) (Figure 2.12).

During 201312014, activity at Mt. Etna was focussed at the summit, dominated by discrete
episodes of intense Strombolian activity, transitioning to sustained fire fountaining. Lava flows
producedby the fire fountaining were rapidly emplaced (flows with duration of less than 24
hours, which attain nearly all their final length during this time) towards the southeast, into
the Valle del Bove (Ganci et al., 2@1Behncke et al., 2014; De Beni, &t 2015; Viccaro et

al., 2015) (Figure 22). 44 of these fire fountain events, known as paroxysmal events (e.qg.
Alparone et al., 2003; Behncke et al., 2006), occurred between-2014 (Behncke et al.,
2014; De Beni et al., 2015; Viccaro et al., 2018)@oduced flows 0-4t.3 km long (Behncke

et al., 2014; De Beni, et al., 2015). The first 25 paroxysms-2W2A) resulted in the birth and

growth of the NSEC (Behncke et al., 2014) with all subsequent paroxysms2@0)deing
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confined to the NSEC (aro et al., 2015; De Beni et al., 2015). A period of inactivity lasting
approximately 10 months followed the end of activity in 2012. Paroxysmal events generally
ranged in duration from tens of minutes to several hours, with interval periods between
events in 20132012 and 2012014 ranging from days to weeks (Behncke et al., 2014; De Beni

et al., 2015; Viccaro et al., 2015).
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Figure2.12 (a) Tectonic domains and dynamics of Southern Italy. Red outliraccarresponds with the red

rectangle marked in Fig. 2. (b) Digital Elevation Model of Mt. Etna. (c) 22014 lava flow field; NSEC (red

circle) = New Southeast Crater, SEC = Southeast Crater, BN = Bocca Nuova, C = Voragine Chasm, NEC = Northeast
Craer (Viccaro et al., 2015).
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2.9.2 Monitoring Mt. Etna

The first dedicated observation and study of Mt. Etna was in 1876, when the decision to
construct the V. Bellini observatory was made. However, within ten years the observatory was
closed, and it wasot until 1926 that the idea of a volcano observatory was given new life in
the form of the Etnean Observatory (Behncke, 2018). In 1933, the Volcanological Institute was
established at the University of Catania, Sicily. This institute was the first modgmization
dedicated to the scientific study and monitoring of volcanic activity at Mt. Etna. In 1968 the
Volcanological Institute was replaced with the International Volcanological Institute of the
Italian Research Council. In 1999 the Internationdtafwlogical Institute was merged with

the Sistema Poseidon to create the National Institute of Geophysics and Volcanology, Catania

section (Behncke, 2018).

Like other volcano observatories of its kind, INGAfania uses visual observations, records of
pad eruptions, and instrumental surveillance to monitor and study activity at Mt. Etna.
Monitoring programs at Mt. Etna typically consist of the tracking and recording of volcanic
activity using seismic and infrasound data (€gsentino et al., 1982; Fenciet al, 1990;
Ityyridlr SG FtdX wnndT 5A DNITAF SG Ffeqgs HAang]
Cristofolini & Romano, 1982; Tanguy et al., 1997; Taddeucci et al., 2002; Corsaro & Miraglia,
2005; Branca et al., 2011; Viccaro et al1%), measurement of gases (e.g. Malinconico Jr.,
1979; Edner et al., 1998adalamenti et al., 1994; Francis et al., 1998; Burton et al., 2003;
Corradini et al., 2003; Pugnaghi et al., 20@8dpund deformation (e.g. Wadge, 1976; Murray

& Guest, 1982; Maonnet et al., 1995; Nunari & Puglisi, 1995; Murray, 1997; Neri et al., 2009;
Del Negro et al., 2013; Nahar & Mahmud, 2015), and thermal remote sensing (e.g. Bianchi et
al., 1990; Bonneville & Gouze, 1992; Harris et al., 499997h Calvari et al 2004;Lautze et

al., 2004; Burton et al., 2005; Harris et al., 280Bailey et al., 2006; James et al., 2007; Ganci

et al., 2012; 2013). INGXatania also uses a system which combines satbbited thermal
remote sensing and lava flow modelling for neaaktime monitoring and hazard forecasting
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at Mt. Etna. This system, called HOTSAT, uses data fro@pihaing Enhanced Vistband
Infrared Imager(SEVIRI)Moderate-Resolution Imaging Spectroradiometer (MODI&)d
Advanced Very HigResolution Radiometer (AVHRR) sateligsed sensors to identify active

lava flows and calculate their radiant heat flux (Ganci et al., 201&)aftant heat flux is then
converted to effusion rate (Harris et al., 1998), which is used to model possible lava flow paths
using the MAGFLOW (Del Negro et al., 2008; Bilotta et al., 2012) lava flow model (Ganci et al.,

2011; 2012H.

2.10 Summary

This clapter has identified several unknowns in terms of the study of stiaration volume
limited lava flows. While previous studies have analysed emplacement factors to evaluate
their influence on flow length and morphology for ledgration coolinglimited lava flows, no

such body of literature exists for shedtiration volumelimited flows. As such, current models

for lava flow lengtlk developed based on this information may not be applicable to short

duration volumelimited flows.

One of the reasons for thiack of analysis of volurdenited flows is simply that their short
duration has prevented syamplacement analysis. Consequently, laagge grounebased
visible and thermal timdapse cameras, deployed for extended periods or permanently
installed, can pvide a means to capture and study such skthrtation volumelimited flows.
However, while both visible and thermal cameras have often been used atrsimy¢ they

are seldom used for quantitative analysis over long viewing distances.

The following tihee chapters address these issues to neetobjectives and aim of this thesis.
Chapter 3 and 4 examine the development of a method for remote analytical study of short
duration volumelimited flows using longange grounebased visible timéapse data ad the
FLOWGO thermtheological lava model. Chapter 5 examines improving the application of
long-range grounebased thermal cameras for studying lava flows.
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Chapter 3Jsing longrange grounebased visible
time-lapse imagery to analyse flow emplacement: a
study of slort-duration volumdimited lava flows

at Mt. Etna from 2011 to 2012

3.1 Introduction

Understanding the controlling factors of lava flow emplacement can greatly improve lava
hazard assessments. Previous studies have shown that flow length positivedyates to
effusion rate (Walker 1973; Wadge, 1971879; Kauahikaua et al. 2003) and flow volume
(Malin, 1980). Other factors which influence final flow length include the flow cooling rate (e.g.
longer flows through cooling rate reductions due to lauhe formation; Swanson, 1973;
Greeley, 1976; Greeley et al., 1976; Guest et al., 1980; Pink&rigfiison, 1994; Calva&
Pinkerton, 1998,1999; Harri& Rowland, 2009), slope (e.g. Hulme, 1974; Lister, 1992;
Pinkerton& Wilson, 1994; Keszthelgi Self,1998 Cashman et al., 1999; PolakdPapale,
1999; Tallarico & Dragoni, 1999; Gregg & Fink, 2000; Kerr et al., 2006; Favalli et al., 2009) and
channel morphology (e.g. Macdonald, 1943; Guest et al., 1987; Pink&ritfiison, 1994;
Dietterich& Cashman, 204). As discussed in Sectiod &f Chapter 2, most of these studies
focus on loneduration coolinglimited flows, while few studies (Soule et al., 2004) analyse how
these factors influence the emplacement and final length of skaration volumelimited

flows.

One of the reasons for this lack of analysis of skaration flow is simply due to the time
constraints imposed on data collection by the duration of these events. One approach to
overcome this issue is to employ groubdsed timelapse imagery ah photogrammetric
techniques to geaeference the data to a prexisting DEM (e.g. Mwoe & Albee, 1980;
Chandler & Brunsden, 1995; Lane et al., 2001; James et al., 2006; 2016; Major et al., 2009). In

this way, geographic coordinates are obtained for iméeptures such as lava flow fronts
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which can then inform estimations of lava flow emplacement properties. Advances in digital
camera technology have improved image resolution and decreased camera size, weight and
cost. These improved qualities have facibth the increased use of timlapse image
acquisition and neareaktime monitoring of volcanoes and volcanic activity, both as the sole
method of analysis (e.g. Honda & Nagai, 2002; Kerle, 2002; Bluth & Rose, 2004; Herd et al.,
2005; James et al., 2008ames et al., 2007; Major et al., 2009; James & Varley, 2012; Orr et
al., 2015), and in combination with other methods such as INSAR and GPS surveys (e.g. Zlotnicki

et al., 1990; Donnadieu et al., 2003; Pavez et al., 2006; Baldi et al., 2008; Rya20Da0al.,

This chapter examines the use of lar@pge grounebased visible timdapseimagery tabetter
understand the emplacement of sheduration volumelimited lava flowgtime-lapse data for

all the camera locations is provided in the supplied auxitantent). The work utilizes visual
analysis of flow emplacement using visible titapse data and the point feature tracking
software Pointcatcher http://www.lancaster.ac.uk/staff/jamesm/software/pointcatchégr
and statistical analysis of eruption parareet, topography, and flow/channel complexity to
identify the effect and significance of factors on the maximum length attainable by the

observed shorduration volumelimited flows.

3.2 Volcani@ctivity

From January 2011 to April 2012, activity at Kitna consisted of 25 intense, shaltration

fire fountaining episodes which resulted in the formation of the New Southeast Crater (NSEC)
cone around the former pit crater (Figure 3.1; Behncke et al., 2014). Eruptive vents for all 25
episodes were confinet the NSEC and its southeast, south, and north flanks (Behncke et al.,
2014). Each episode rapidly empla¢e®4 hoursjava flows towards the eastoutheast flank

of the NSEC, down the headwall of the Valle del Bove, and onto the floor of the vailay. L
flow lengths ranged from 2:4.3 km and covered a total area of 3.19%able 3.1; Behncke

et al., 2014). Each episode consisted of four main phases: (1) A reactivation phase of small
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explosive activity within the crater; (2) a phase of Strombe#igte activity during which
explosive activity increased in frequency and intensity; (3) eruption of lava flows, usually
preceding the onset of lava fountaining by tens of minutes to several hours, followed by
sustained lava fountaining and; (4) waning aplesive activity, draining of channels, and
stagnation of lava flows (Table 3.2) (Ganci et al.2a0Behncke et al., 2014). The interval
time between events varied from 5.5 to 58 days. The total duration of each episode and
duration of each phase diffed across episodes as well, with total duration of episodes varying
from 4 to 309 hours and lava fountaining duration ranging from 0.5 to 5.5 hours (Behncke et
al., 2014). Flow fields consistedah f I @I Ff 244 ¢ KA OK-imitddBowdzOS R

field morphology (Behncke et al., 2014).

EVER ([0

e

contour
line
W0 L crater rim

Figure3.1 ¢ Map of the flow fields emplaced during 2011 to 2012 at Mt. Etna. NEC = Northeast Crater, VOR =
Voragine, BN = Bocca Nug®&EC = Southeast Crater, NSEC = New Southeast Crater. Red boxes identify the
episodes examined in this chapter. Figeéed fromBehncke et al., 2014.
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Table3.1 ¢ Volcanological parameters of the 25 lava flows from Behncke et al. (2014)oRieéntifies episodes captured by tifepse data. Red text identifies the episodes
examined in this chapter.

Date Episodes Duration Length Area Min Volume Max Volume Mean Volume Min MOR MaxMOR MeanMOR
(s) (km)  (knm?) (10 m3) (10 m3) (10 m3) (més? (m3s?Y (m3s?Y
12/01/2011 1 6000 43 1.02 1.31 2.33 1.82 219 388 303
18/02/2011 2 3600 33 045 0.51 0.88 0.7 142 246 194
10/04/2011 3 16,200 29 1.32 0.88 1.52 1.2 55 94 74
12/05/2011 4 6000 3.2 0.68 0.77 1.32 1.05 129 220 175
09/07/2011 5 3600 3 0.76 0.84 1.43 1.14 234 398 316
19/07/2011 6 9000 3.3 1.08 0.78 1.35 1.06 87 149 118
25/07/2011 7 7200 3 0.58 0.62 1.08 0.85 86 151 118
30/07/2011 8 7200 3.6 1.2 1.36 2.3 1.83 188 320 254
05/08/2011 9 7200 3.1 0.92 1.04 1.78 141 145 247 196
12/08/2011 10 5400 2.9 1.14 1.29 2.2 1.75 240 407 323
20/08/2011 11 1800 2.8 1.18 1.31 2.21 1.76 730 1230 980
29/08/2011 12 2100 2.7 0.65 0.7 1.26 0.98 334 600 467
08/09/2011 13 7200 26 031 0.34 0.59 0.46 47 82 64
19/09/2011 14 2400 2.2 0.29 0.31 0.55 0.43 131 227 179
28/09/2011 15 1500 2.1 0.29 0.29 0.48 0.38 191 319 255
08/10/2011 16 1200 27 033 0.37 0.62 0.5 309 519 414

* Area of the totallava field formed by the overlapping of the 25 single lava fl@R= mean output rate
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Table 3.1 continued

Date Episodes Duration Length Area Min Volume Max Volume Mean Volume Min MOR MaxMOR MeanMOR
(s) (km) (kmd) (1P m?) (1P m3) (1P m3) (m®*s?) (m3s?) (m®s?)

23/10/2011 17 7200 2.8 0.39 0.45 0.74 0.59 62 103 82

15/11/2011 18 5400 3.1 0.54 0.61 1.01 0.81 113 187 150
05/01/2012 19 6600 24 0.48 0.52 0.86 0.69 78 131 105
09/02/2012 20 7200 2.8 0.6 0.81 1.41 1.11 113 196 154
04/03/2012 21 7200 3.1 1.1 1.15 1.93 1.54 160 268 214
18/03/2012 22 6300 2.7 0.9 0.97 1.75 1.36 154 278 216
01/04/2012 23 5400 2.5 0.67 0.72 1.29 1 133 238 186
12/04/2012 24 2700 3.2 1.05 1.15 1.92 1.54 427 712 570
24/04/2012 25 3000 3.1 1.02 1.14 1.96 1.55 381 652 516
All episodes 138,600 4.3 3.19* 20 35 28 146 251 200

* Area of the total lava field formed by the overlapping of the 25 single lava fld@&= mean output rate
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Table3.2 ¢ Temporal eruption data from Behncke et al. (2014) covering the 25 episodes between 2/1/2011 and 24/4/2012, delineatimgodlaitih lava fountaining phases and
the full episodes. Red text identifies those episodes examined in this chapter.

Episode Reactivation

02/01/2011
16:00

18/02/2011
01:00

29/03/2011
08:00

08/05/2011
06:00

04/07/2011
07:00

16/07/2011
08:00

24/07/2011
16:00

28/07/2011
20:00

05/08/2011
16:00

Start
Strombolian

11/01/2011
08:00

18/02/2011
01:45

08/04/2011
06:00

11/05/2011
17:00

07/07/2011
20:00

18/07/2011
17:00

24/07/2011
18:00

30/07/2011
07:50

05/08/2011
17:00

Start lava
emission

12/01/2011
20:10

18/02/2011
12:00

09/04/2011
17:55

11/05/2011
20:30

09/07/2011
12:05

19/07/2011
00:00

25/07/2011
01:30

30/07/2011
17:30

05/08/2011
20:15

Start
fountaining

12/01/2011
21:50

18/02/2011
03:30

10/04/2011
08:05

12/05/2011
03:20

09/07/2011
13:45

19/07/2011
00:05

25/07/2011
03:00

30/07/2011
19:35

05/08/2011
21:00

End
fountaining

12/01/2011
23:50

18/02/2011
12:30

10/04/2011
13:30

12/05/2011
05:00

09/07/2011
14:45

19/07/2011
02:30

25/07/2011
05:00

30/07/2011
21:30

05/08/2011
23:00

End
episode

13/01/2011
02:00

18/02/2011
13:17

10/04/2011
14:03

12/05/2011
05:55

09/07/2011
15:30

19/07/2011
03:00

25/07/2011
05:30

30/07/2011
22:00

06/08/2011
00:15

Full
episode
(hh:mm)

42:00

12:20

56:00

96:00

128:30

67:00

13:30

50:00

8:15

Fountaining
Duration
(hh:mm)

2:00

9:00

5:25

1:40

1:00

2:25

2:00

2:00

2:00

52




Table 3.2 continued

Episode

10

11

12

13

14

15

16

17

18

Reactivation

11/08/2011
03:30

19/08/2011
03:36

28/08/2011
00:52

06/09/2011
12:00

16/09/2011
10:27

28/09/2011
08:00

08/10/2011
11:00

23/10/2011
17:13

15/11/2011
06:00

Start
Strombolian

12/08/2011
05:30

20/08/2011
02:00

28/08/2011
18:00

08/09/2011
05:30

19/09/2011
02:00

28/09/2011
17:30

08/10/2011
11:24

23/10/2011
17:40

15/11/2011
08:00

Start lava
emission

12/08/2011
07:50

20/08/2011
02:55

29/08/2011
03:15

08/09/2011
06:50

19/09/2011
06:30

28/09/2011
19:15

08/10/2011
13:30

23/10/2011
18:07

15/11/2011
06:00

Start
fountaining

12/08/2011
08:30

20/08/2011
07:00

29/08/2011
04:05

08/09/2011
06:30

19/09/2011
12:20

28/09/2011
19:31

08/10/2011
14:30

23/10/2011
18:30

15/11/2011
11:00

End
fountaining

12/08/2011
10:00

20/08/2011
07:30

29/08/2011
04:40

08/09/2011
08:30

19/09/2011
13:00

28/09/2011
19:55

08/10/2011
14:50

23/10/2011
20:30

15/11/2011
12:29

End
episode

12/08/2011
11:00

20/08/2011
07:50

29/08/2011
05:15

08/09/2011
08:45

19/09/2011
13:10

28/09/2011
20:10

08/10/2011
17:45

23/10/2011
21:15

15/11/2011
13:00

Full
episode
(hh:mm)

31:30

28:15

28:30

45:15

74:30

12:10

6:45

4:00

7:00

Fountaining
Duration
(hh:mm)

1:30

0:30

0:35

2:00

0:40

0:24

0:20

2:00

1:29
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Table 3.2 continued

Episode

19

20

21

22

23

24

25

Reactivation

04/01/2012
08:00

27/01/2012
11:24

16/02/2012
00:00

16/03/2012
00:00

26/03/2012
00:00

10/04/2012
17:50

21/04/2012
10:00

Start
Strombolian

04/01/2012
16:00

27/01/2012
21:40

16/02/2012
20:00

17/03/2012
20:00

30/03/2012
18:30

11/04/2012
19:00

23/04/2012
17:00

Start lava
emission

05/01/2012
02:45

08/02/2012
19:00

04/03/2012
06:00

18/03/2012
05:55

01/04/2012
01:00

12/04/2012
12:25

23/04/2012
00:00

Start
fountaining

05/01/2012
05:00

09/02/2012
00:00

04/03/2012
07:30

18/03/2012
08:00

01/04/2012
02:00

12/04/2012
14:30

24/04/2012
01:30

End
fountaining

05/01/2012
06:50

09/02/2012
05:30

04/03/2012
09:32

18/03/2012
09:45

01/04/2012
03:30

12/04/2012
15:15

24/04/2012
02:20

End
episode

05/01/2012
08:30

09/02/2012
09:00

04/03/2012
09:32

18/03/2012
10:10

01/04/2012
04:30

12/04/2012
16:00

24/04/2012
02:40

Full
episode
(hh:mm)

24:30

309:30

417:30

58:10

154:10

46:10

64:20

Fountaining
Duration
(hh:mm)

1:50

5:30

2:02

1:45

1:30

0:45

0:50
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3.3 Methodology

3.3.1 TimeLapse Data Collection

To obtain wide coverage of the flow fieddnplacement area, four locations (Mt. Zoccolaro,
Serracozza, Schiena dell Asino, and Pizzi Deneri) around the Valle del Bove were selected as
installation sites (Figure 3.2). The cameras were deployed from May to October 2011 and then
again in April 201Zrom May to 13 August 2011 a single camera collected data at each site.
After 13 August 2011, an additional camera was installed at two of the sites (Serracozza and
Schiena dell Asino). The cameras used were Canon EOS 450D dSLRs, each with a 28 or 50 mm
fixed focal length lens, a weathproof container with an intervalometer (a timer which
controls how often an image is taken based on a wdined interval), and a solar panel and
battery. Two different image acquisition intervals were used due to poesrictions caused

by limited exposure of the solar panel to the Sun on the south side of the Valle del Bove. The
cameras located at Mt. Zoccolaro and Schiena dell Asino were set to record images every 30
minutes while the cameras at Serracozza and Pigael were set to record images at-15

minute intervals. Of the 25 fire fountaining episodes that occurred at Mt. Etna from 2011 to

2012, 15 were captured by the tirdapse cameraéTable 3.1).
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1.5
Kilometers

Pizzi Deneri

Serracozza Zoccolaro

Figure3.2 ¢ Location and field of view of the four installation sites. Cameras are coded by colour with coloured
cones showing the approximate field of view.
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3.3.2 Lava Flow Emplacement Analysis

The visual analysis of flow emplacement employed the {iapse data ad the freely
availablePointcatchersoftware (e.g. James et al., 2007; Robson & James, 2007; James et al.,
2016). The software allows for the tracking of feature poiffgecificselectedfeature or
location in the imagenanually or automatically usingcarrelationtbased tracking system and

can also gegeference and reproject feature points onto a DEM (James et al., 2016). The geo
referencing and rgorojection process requires that the x, y, z position of the camera (i.e. x and
y given in Universal Tinaverse Mercator coordinates and z given in meters) and the camera
model (internal optical geometry that defines how an image is created by the camera; James
& Robson, 2012) be known. Once these values are input into Pointcatcher, the DEM is
projected intothe image to assess the camera orientation (Figure 3.3). After the initial
orientation, the fit can be manually adjusted to ensure the best alignment of the DEM and

reference image (Figure 3.4).

By geereferencing the images, feature points can beprejected onto the DEM, thus
assigning them real world x, y, and z coordinates (Figure 3.5). The work presented in this
chapter employs the Laboratorio di Aerogeofisia@zione Roma2 2012 DEM of the Valle del

Bove (De Beni et al., 2015).

Calculating the ® distance between feature points placed on either side of a flow gives
estimates of flow widths. By dividing the horizontal distance between two sequential points

by their difference in elevation gives estimates of underlying slope. To estimate flow front
advance rates, B displacement between sequential feature points were determined and

(KSYy RAGARSR 08 (KS OFYSNIQa FOldAaAGA2ZY Ay:
Each eruptive episode produced several distinct flow fronts across the flow field. The
individu f FE26 6KAOK FOKASOSR (KS t2y3adadt tSy3dck

flow front advance rates, widthand underlying slope were estimated by tracking features
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points with the Pointcatcher software. The number of bifurcations and confluenees

estimated visually using the tirMapse sequences. Flows produced by bifurcation of the

(@]

(p))
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€
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(V)]
O

LINAYFNE Ft2¢ | NBE f 2YRIENRBQ TFt26a;

aSO2yRIFNE Fi26a NS 1 0StftSR WGSNIAFNEQ Ff20:

Figure3.3 ¢ Selected reference image from the Zoccolaro camera (image taken 13/05/2011 04:33) (a) showing
the viewing scene to be geeferenced to the projected DEM, in red (b).
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Figure3.4 ¢ (a) Initial fit of the DEM to the Zoccolaro reference image done by Pointcatcher. (b) Final fit of DEM to
reference image after manual adjustments. For best results the DEM should be matched to stationary image
features.
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Figure3.5 ¢ Reprojection methodology used in Pointcatcher for assigning 3D coordinates to a feature point iH@pménage sequence (James et al., 2012; 2016). Using two of the
cameras employed in this study, observation points are assigned to featuregectteferenced timdapse images (red circles in inset images). Using the perspective centre of the camera
(purple squares), observation points are given-reailld x, y and z coordinates bypeojecting the point from the gereferenced image onto thaigace of the DEM (black circles).
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3.3.3 Statistical Analysis

Statistical analysis, such as simple correlation relationships and multiple regression, has been
employed by previous studies to identify the controlling factors on lava flow length (e.g. Walker 1973;
Malin, 1980; Pinkerton & Wilson, 1994), and to identifiedictive models for flow length (e.g.
Pinkerton & Wilson, 1994; Calvari & Pinkerton, 1998). Prior to any multiple regression analysis, the
distribution of data requires examination. For small data sets (< 15 observations) it is important that
the data ae not highly skewed and follow an approximately normal distribution (e.g. Gha&emi
Zahediasl, 2012; Steele et al., 2016). For these small sample sizesparman distribution can make
statistical significance tests less precise (e.g. Royston, 19&i; &Woodward, 2007; Ghasengi
Zahediasl, 2012). Skewness and mo@nmality in data can be corrected by applying transformations
(e.g. Ellio& Woodward, 2007; Steele et al., 2016). The most commonly used are log transformations,
which previous studiesP{nkerton & Wilson, 1994; Calva& Pinkerton, 1998) have employed to

examine lava flow emplacement using multiple regression analysis.

The regression analysis carried out in this chapter usesladogansformation, following the method

of Pinkerton andNilson (1994) and Calvari and Pinkerton (1998), to correct the data fenoonal
distribution. This method involves transforming both the independent and dependent variables by the
natural log, which provides a multiplicative form of the partial legsteses regression equation. Using

the log transformed data, best subset model selection is employed to identify the best regression

models for the given independent variables.

The best subset method used here employs a stepwise variable selection tendeteinclusion or
removal of a variable by assigning a significance value, known as an alpha, which acts as a cut off value
for determining the addition or removal of a variable from a model. The typical alpha value used is

0.05. Any variable with a-galue greater than the alpha value is considered statistically insignificant
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and removed (the gralue representing the significance of the variable within a statistical hypothesis

test, i.e. the probability of the occurrence of a given event).

Once a set of mtels has been identified which meet the alpha value, best subset regression compares
all models using the Akaike Information Criterion (AIC) (e.g. Akaike, 2011; Steinberg et al., 2011). The

formula for calculating AIC is,

006¢zl 1€ «¢z0 3.1

where nis the sample sizg, is the residual sum of squares, aki$ the number of model parameters.

The final product of the best subset selection is a list of models which meet the significance threshold
and are ordered based on their AIC score. Infizacthe smaller the AIC score the better the model

is at explaining the relationship between the dependent and independent variables. However, AIC does
not account for ovefitting of a model or illustrate the predictive quality of a model. It is therefo
necessary to examine additional significance tests to compare the quality of the different models. The
following are some of the most commonlged statistics for evaluating the quality of a regression

model:

Coefficient of determinatio®) ¢ Referredto as the goodnessf-fit, R is a measure of how close a
regression model fits the observed values of the dependent variable. It measures the percent of
variation in the dependent variable explained by the model. The higheratieeRetter the model fits

the data. However, Rncreases with every independent variable added to the model and does not
identify overfitted models. Ris calculated by dividing the regression sum of squares by the total sum

of squares.

Adjusted coeffient of determinationR.q) ¢ AdjustedR2 compares the power of the fit of a regression
model that contains different numbers of independent variables. Adjustenhi increases if the new

variable added to the model improves the model more than waaddur due to chance. Adjusted R
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decreases when a variable improves the model by less than what is expected due to chance. As a
result, adjusted Ris a strong indicator of ovditted models Over fitting a statistical model results in

more parameters bieg included than can be justified by the data. This results in the model
misrepresenting residual variance (i.e. noise) in the data as representing underlying model structure

The equation for calculating?®; s,

Y —_— 3.2

wherenis the number of data observations akis the number of independent variables in the model

(excluding the constant).

Predicted coefficient of determinatiaiffpred) ¢ Predicted Rindicates how effective a model is at
predicting the dependent véable for new observations. Like adjusted Bredicted Ris a strong
indicator of oveffitting in models. Predicted ?Rs calculated by systematically removing each
observation from the data, fitting a new regression equation to the remaining obsenstiand

determining how well the model predicts the removed observation.

Standard error of regressid®)g The standard error of the regression model represents the average
distance that observed values are from the regression line. This means thateSawejsrhow wrong
the model is on average. The smaller the value of S, the closer the observations are to the regression

line. S is calculated by taking the square root of the sum of squared errors of the regression.

Toleranceg The tolerance statistic issed to identify and quantify how much the variance of a
regression coefficient increases due to correlation between independent variables (Hair et al., 2009).

Tolerance of a variable in a regression model is calculated by,

"YE G QU O G 33
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where R is calculated by regressing the independent variable of interest by the other independent
variables present in the regression model (Hair et al., 2009). For example, an independent variable with
a tolerance of 0.6 means that 40 % of the variancehat variable is shared with some other
independent variable in the model. The correlation of independent variables in a regression model is
referred to as multicollinearity (Hair et al., 2009). Multicollinearity can result in exclusion of significant
variables from models due to overestimation of the influence of less significant variables (Hair et al.,
2009). Additionally, multicollinearity can affect the relationship of an independent variable to the
dependent variable. In a simple linear regression eigqavhere there is only a single independent
variable), the regression coefficients will have the same sign (i.e. positive or negative) as the correlation
coefficient ¢) between the independent and dependent variables in the regression model (Mosteller
& Tukey, 1977). However, in a multiple regression model (where there is more than one independent
variable) the sign of a regression coefficient can become opposite aftibveen the independent

and dependent variable. Correlation between independent aldgs in a model will change the
influence that any one independent variable has with the dependent variable (Mosteller & Tukey,
MPTTT T FANI SG FEPT HAanpODP ¢KAEA STFSOG Aa (yz2sey |

2010).

Variancelnflation Factor(VIF)g VIF is another method for detecting and quantifying how much the
variance of a regression coefficient increases if there is correlation between independent variables. VIF
is calculated by taking the reciprocal of the toleranceistat (Hair et al., 2009). For example, taking

the reciprocal of a tolerance of 0.6 gives a VIF of 1.7. Taking the square root of the VIF identifies how
much the significance of a variable has increased due correlation with the other independent variables
in a model. Taking the square root of 1.7 gives a value of 1.3, which means that the standard error of
the variable is 1.3 times greater than if it was uncorrelated with any of the other independent variables

in the model. A VIF of 1 indicates no cortiela between independent variables in the regression
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model. A VIF of 1 to 5 (Hair et al.,08) suggests that moderate correlation exists, and that the
relationship of the independent variables should be examined. A VIF greater than five identifies the
existence of severe multicollinearity and that corrective measures need to be applied. However, when
more than two independent variables have even weak correlatien(.25) they can cause significant

multicollinearity effects (Vatcheva et al., 2016).

3.4 Raults

3.4.1 Flow Emplacement and Morphology Observations and Correlations

Of the 15 episodes captured by the tifapse cameras, three had substantial cloud or gas cover
obscuring the flow through much of the tiapse sequence in all four cameras. Thmaiing 12
episodes had good visibility in two or more cameras and provided good spatial coverage of the flow
fields (Table 3). The data acquired by the Zoccolaro and Serracozza cameras provided the best
combination of spatial and temporal coverage afiflemplacement. All but four of the 12 episodes
examined followed the sequence of activity listed in section 3.2. During 12 May 2011 (Episode 4), 20
Aug 2011(Episode 11), and 24 April 2012 (Episode 25), lava emission began more than 4 hours prior
to the start of fire fountaining (Table ). During the 19 July 2011 episode, lava emission occurred ~ 5

minutes prior to the onset of fire fountaining.

Comparing the observed start times for effusive activity and the start and end times of fire fountaining
for the 12 episodes with those given by Behncke et al., (2014) in Table 3.2 revealed a discrepancy with
Episodes 4 (12/05/2011), 8 (30/07/201), 13 (08/09/2011) and 25 (24/04/2012). In theldimse
images, the start of lava emission ffgisode 4 occurred at1/05/2011 18:46 and the start and end of

fire fountaining was 12/05/2011 01:31 and 12/05/2011 03:31. Behncke et al. (2014) however give the
start time of lava emission as 11/05/2011 20:30, and times for the start and end of fire fountaining as

12/05/201103:20 and 12/05/2011 05:00. The value reported by Behncke et al., (2014) for the duration
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of fire fountaining for Episode 8 appeared to be a rounding issue as Behncke et al., (2014) gave a
duration of two hours when in the timiapse images it was obseeas one hour and fiftfive

minutes.
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A 2 4 oA x

Table33¢xAaA0Af Al YR O2@0SNI3IS 2F GKS mMH 4SSt SOGSR SLIAA2RSEDE 9K AR
SLIAa2RSa ¢6KSNB (GKS o602Reé 2F (KS Ff2¢ 61 a4 20a0dz2NBR FNRIYOEIASE 06 dzi
Episode Zoccolaro Serracozza Schiena dell Asino Pizzi Deneri Majority | Majority of Flow
Visibility | coverage| Visibility | Coverage Visibility | Covenge | Visibility | Coverage eg;:g\éve d empllcg)c\:l(\;ment eg:ﬁilsgirgﬁlm
during during the | day and night
the day night
4 Good Good Good Good Good Partial Poor Poor K
5 Partial Good Partial Good Partial Partial Good Poor K
6 Good Good Good Good Good Partial Good Poor K
8 Good Good Good Good Partial Partial Good Poor K
9 Good Good Good Good Good Partial Good Poor K
10 Partial Good Partial Good Partial Partial Good Poor K
11 Partial Good Partial Good Partial Good Good Poor K
12 Partial Good Partial Good Partial Good Poor Poor K
13 Partial Good Partial Good Partial Good Poor Poor K
15 Good Good Good Good Good Good Poor Poor K
17 Good Good Good Good Partial Good Poor Poor K
25 Good Good Good Good Good Partial Poor Poor K
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Table 3.4 ¢ Lava flow emplacement factors for the 12 episodes. Text in red indicate those flows which belong to Group 1.

& Episode 4 5 6 8 9 10 11 12 13 15 17 25
—
S (r';]) 3200 3000 3300 3600 3100 2900 2800 2700 2600 2100 2800 3100
= (1\/0“;“3%”3) 1.05 114 106 183 141 175 176 098 046 0.38 0.59 1.55
$ tz'sv)“ 6000 3600 9000 7200 7200 5400 1800 2100 7200 1500 7200 3000
4
€ *MORmean
£ msh 176 316 118 254 196 323 980 467 64 255 82 516
]
o)
(106Am2) 068 076 1.08 12 092 114 118 065 031 029 0.39 1.02
a(dr;]’avsgl—)ﬂ 0.04 012 026 0.12 013 0.15 005 018 024 057 0.34 0.04
o a?r;’]m;%zl 011 019 028 014 026 023 022 043 034 058 0.34 0.13
o
© adVavg_ZZ
& (meh 016 022 024 036 031 028 034 06 039 035 025 0.11
e
= a?r\ém;xlizz 022 024 033 014 034 029 037 06 042 051 029 0.4
a(dr;]’avsgl—)n 004 002 021 01 012 011 006 011 0.11 003 0.06 0.05

L= length, Vean= average volumego, = duration of flowMORyean= the mean, mean output rate given by Behncke et al. (2&l4)areaadvayg z1= average advance rate in Zoneatlyayg z2

= average advance rate in Zoneaya,g z3= average advance rate in Zonea8ymax_z1= maximum advance rate in Zoneatlvmax_z2= maximum advance rate in ZoneaBvmax_zz= maximum
advance rate in Zone Bz1 = average slope in Zonehk,= average slope in ZonehZz= average slope in Zone"3,,y_a1= average slope for entire flow leng®= number of bifurcation®z:

= number of bifurcations in Zone C= number of confluencesiow time-lapse = duration of flow estimated from timkapse images (defined as the time between the start of lava emission to the
end of fire fountain)ts = duration of fire fountaintes o = time between start of emission of lava and start of fire fountajw duration of the cooling dominant phase (calculated as the time
from the end of fire fountaining to the end of episod&)ax z2= maximum flow field width in Zone Wmax= maxmum flow field width.

UThe timing of fire fountaining start and end and the start of effusion given in Table 3.2 for Episodes 4, 8, 13, andt2&atithrthat of the timdapse data. Values fornd teff to ff, given
above are from the timdapsedata.
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Table 3.4 continued

Episode 4 5 6 8 9 10 11 12 13 15 17 25
a?r‘r’]’";f:“ 012 013 037 04 033 027 029 053 031 012 017 041
?r?]"gvlﬁ 0.06 006 023 042 014 016 008 015 023 018 014 006
?ﬂvgf; 022 024 037 04 034 029 037 06 042 058 034 041
h
= 19 20 19 19 18 20 20 17 18 21 19 20
(deg)
h
2 25 25 27 22 23 25 25 21 23 23 23 24
(deg)
h
z 16 19 12 15 11 13 21 19 16 10 16 10
(deg)
h avg_all
(deg) 19 20 19 17 15 18 21 18 19 15 19 17
4
k= B 8 4 5 11 9 7 6 5 11 8 11 7
d Bz 3 3 4 4 5 4 4 2 2 1 2 3
£ c 2 0 2 4 2 0 1 0 0 1 1 3
= _
tflow_tlme-
lapse 31800 9600 9000 14400 9900 7800 16500 5100 4800 2400 8580 35640
(s)
L(g 7200 3600 8700 6900 7200 5400 1800 2100 3600 1440 7200 3000
L“‘EZ;"“ 24600 6000 300 7500 2700 2400 14700 300 1200 960 1380 32640
E;”) 8640 2700 7500 1800 4500 3600 1200 2100 900 900 2700 1200
W(mr;x)ﬂ 86 170 184 225 234 200 159 111 300 141 93 152
Wma(m) | 270 470 700 930 730 470 770 570 300 200 300 670
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The time given by Behncke et al. (2014) for the start of fire fountaining for episode 13 in
Table 3.2 (08/09/2011 06:30) appeared to be a mistake. Examining thddjpee images for

this episode shows no visible activity at this time and shows the stédiredbuntaining at
08/09/2011 07:30. Additionally, Behncke et al. (2014) gave the start time for effusive activity
for episode 25 as 23/04/2012 00:00. The titapse sequence for this episode showed that a
small lava flow was emitted during a short segae of Stromboliasstyle activity within the
NSEC. There was then no activity until 23/04/2012 03:06, when new effusive activity
occurred due to a more sustained period of Strombaokayle activity. It was this second

period of activity which produced thava flow field and fire fountaining attributed to

episode 25.

Visual analysis of the 12 episodes shows that changes in flow morphology during the
emplacement of the flow fields coincide with changes in topography and slope at the
boundaries of the Valledel Bove headwall. To examine these changes better, the
emplacement area is divided into three zones outlined by the main breaks in slope within the
Valle del Bove (Figure 3.6). Zone 1 covers the region from the NSEC to the break in slope that
marks the leginning of the headwall of the Valle del Bove. Zone 2 covers the area from the
start of the Valle del Bove headwall to the second break in slope at the bottom of the valley
headwall and Zone 3 covers the area from the second break in slope extendinpeffitwor

of the Valle del Bove.

70



Figure3.6 ¢ (a) The division of the flow field into three zones based on the slope of the Valle del Bove, where the
boundary between Zone 1 and 2 marks the start of the headwall of the Valle del Bove and the boundary between
Zone 2 and 3 marks the transition frohetheadwall to the floor of the Valle del Bove and (b) the slopes within

each zone. NSEC = New Southeast Crater.
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Episodes 41 and 25 emplaced lava flows towards the east of the NSEC while Episeliés 12
emplaced lavas to the easbutheast of the NSEBehncke et al. (2014) attributed this change

in flow direction to lava erupted from a short fissure which formed on the seatstern flank

of the NSEC cone (the fissure was not visible in the-tapse images). Two different flow
styles were observed ifione 1 and classified into two groufsgure 3.7)Group 1 consists of
three episodes (4, 11, and 25) which initially produced one to two unconfined flow lobes
advancing at slow rates (0.04 to 0.05 m?) antil the onset of fire fountaining. Group 2
contains the other nine episodes which produced rapidly advancing (0.12 to 0.5 m s

unconfined sheet flows.

For all 12 episodes, flows widened as they advanced through Zone 1, with bifurcations along
the advancing flow front producing secondary flows ((Fég3.8). As lava flows crossed the
transition point into Zone 2 they became more channelized (Figure 3.8), reaching maximum

advance rates of 0.20.6 m s

Upon transition from Zones 2 to 3, advancing flow fronts widened, with those nearest one
anothercoalescing and advancing through Zone 3 as 1 to 3 broad lava flows. Flow fronts which

did not coalesce advanced into Zone 3 as narrow individual lava flows (Figure 3.9). Within Zone

3, advancing flow fronts began to slow, occasionally bifurcating alongdlatefronts and

LINR RdzOAy 3 avlftt t26F0S I @3 o02RASad Cft2g6 TFA
advanced as either discreet or shdiéte flows within Zone 1, transitioning to semi
OKIyySt Al SR I Qn Fft26a Ay wefgl$rmorphologie Rhich | y R |

W
Oy 6S RSAONAOSR Fa aAYLXS wrQn t+F@F Ft2d6 FA

Pearson correlation values) (were determined for all of the data listed in Tabld and is
given in Table 5. For Pearson correlationsna valueof 0.1 to 0.29 is considedea weak
correlation, 0.3 to 0.49 a moderate correlation, and 0.5 and above a strong correlation (e.g.

Kendall & Gibbsons, 1990; Chen & Popovich, 2002). Results identified strong correlations
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between flow length I) and total volume\mean (r = 0.74), duration given by Behncke et al.
(2014) tiow) (r = 0.63), duration determined using the tirt@pse datatfow timelapsd (r = 0.73),
and flow field width YWmay (r = 0.68). Additionally, strong correlations were also found
betweenL and thenumber of bifurcations within Zone B4) (r = 0.83), confluence<) (r =
0.53), averageavavg z) and maximumgdvmax_z) advance rate within Zone 1 €-0.55 and-
0.66 respectively), and duration of fire fountainirtg) (r = 0.73) for the 12 examined shert
duration volumelimited lava flows. Whilé had a strong correlation with bot¥nean, trow, and
tiow _timedapse results showed a moderate correlation betwedénand duration of cooling
dominate phasdtcy) (r = 0.47) ad almost no correlation betweeh and mean output rate
given by Behncke et al. (2014)QRnean) (= 0.002). Additionally, correlation results identified
a strong correlation betweeBz;, maximum flow width in Zone Wmax z) and maximum flow

width (Wmay) (r = 0.78 and 0.61 respectively).
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Group 1 Group 2
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0 200 400 600 800 1000 0 200 400 600 800 1000
Time since start of lava emission (min) Time since start of lava emission (min)

12/05/2011 21:16 12/05/2011 23:16 05/08/2011 21:03 05/08/2011 21:33

12/05/2011 00:31 12/05/2011 01:31 05/08/2011 22:03 105/08/2011 22:33

Figure3.7 ¢ Comparison of the two morphologies observed in Zone 1 and the corresponding advance rates. The 12/05/2011 (a) and Z4j(fg2G12e examples of those belonging to
Group 1, while the 05/08/2011 (b) and 19/07/2011 flows (d) represent those flowes Wwhlong to Group 2. Red boxes delineate the corresponding period of advance rates to the example
images. Images are from the Serracozza camera. Background colours: blue = Zone 1, red = Zone 2, green = Zone 3 ijRiguee Gniccthe next page)
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Group 1 Group 2

C 24/04/2012 (Episode 25) d 19/07/2011 (Episode 6)
06 F : 06 ;
0s | 05
3 : g e
€ o4 | £ 04 i
:
® o3l S 03
g [
g o
2 =
s °
302 3 02
< <
01 0.1
0 0
0 200 400 600 800 1000 0 200 400 600 800 1000
Time since start of lava emission (min) Time since start of lava emission (min)

25/04/2012 18:06 25/04/2012 00:31 19/07/2011 00:18 19/07/2011 00:33

25/04/2012 01:31 19/07/2011 00:48 19/07/2011 01:04

Figure 3.7 continued
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a *12/05/2011 flow field evolution (Episode 4)

- 11/05/2011 19:03  [Jl|= 00:33 @ = Bifurcation (Primary)

=19:33 =01:03 @ = Confluence (Primary)
= 20:03 -= 01:33  memmmmm = Primary flow
=20:33 - 02:03 e = Secondary flow
= 21:03 =02:33 =mmmi = Tertiary flow

=21:33 = 03:03
=22:03 - 0333
=22:33 - =04:03
= 23:03 - 0433
= 23:33 - o0s:03
- 12/05/2011 00:03  [Jl= 05:33

Zoccolaro camera
12/05/2011 flow field

Figure3.8 ¢ Emplacement of the 12 flow fieldsf@ through time. Flow field outlines were created using images from the Zoccolaro camera as they provided the most éampfdteev

final flow field. The 24 April 2012 flow field (Episode 25) includes a sec@tacement map using the Serracozza camera (I) as the Zoccolaro camera (m) inadequately covered the entire flow
field due to a viewing misalignment caused by a rock fall. Solid, dashed, and dotted lines show the direction of fltfies idese flows Wwich belong to Group 1. (Figure 3.8 continues onto

the next 11 pages)
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b 09/07/2011 flow field evolution (Episode 6)
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g

Zoccolaro camera
- 09/07/2011 flow field

Figure 3.8 continued
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Figure 3.8 continued

19/07/2011 flow field evolution (Episode 7)
I = 19/07/2011 00:02 [ = 04:02
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d 30/07/2011 flow field evolution (Episode 8) [ = 30/07/2011 18:56 [ = 23:56
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Figure 3.8 continued
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e 05/08/2011 flow field evolution (Episode 9)

I - 05/08/2011 20:23 — 00:53
Bl - 20:53 P - o1:23
= B - o1:53
B - 253 - 02:23
i - 222 0 = 02:53
- 225 B - 032

@® = Bifurcation (Primar)

=23:23
= Confluence (Primar)

- = 23:53 — = Primary flow

== mmu = Secondary flow
""" = Terciary flow

-

23

A

I - 06/08/2011 00:23

/
)
1/
/ /

Zoccolaro camera
°"®* 05/08/2011 flow field

Figure 3.8 continued
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12/08/2011 flow field evolution (Episode 10)
v:. e [ = 12/05/2011 07:50 [T = 11:20
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Zoccolaro camera
12/08/2011 flow field

Figure 3.8 continued
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g

* 20/08/2011 flow field evolution (EpiSOde 11)-= 20/08/2011 02:32 [0 = 06:02 @ = Bifurcation (Primary)
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Figure 3.8 continued
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h 29/08/2011 flow field evolution (Episode 12) - 2c/cov20: 0325 [ o725
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Figure 3.8 continued
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08/09/2011 flow field evolution (Episode 13)
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---------- = Terciary flow

Figure 3.8 continued
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28/09/2011 flow field evolution (Episode 15)
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Figure 3.8 continued
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Figure 3.8 continued

86














































































































































































































































































































































































































































































