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ABSTRACT

Explosive basaltic eruptions at Mount Etna, Italy, distinguished by a lava

fountain surrounded by a tephra plume, have occurred frequently in recent

decades. The associated injection of tephra into the atmosphere creates a

hazard to local and regional communities. Despite this, the plume dynamics

are poorly-understood. To improve the understanding of this phenomena, I

investigate coupled tephra plumes – lava fountains through three approaches.

First, I develop a new integral model that explicitly considers the denser,

coarse inner lava fountain and its effect on the surrounding tephra plume.

Depending on the grain-size distribution and partitioning of initial mass flow

rate (MFR) into the lava fountain, a coupled tephra plume can go higher or

lower than a standard tephra plume for a given initial MFR. Secondly, I exam-

ine the relationship between plume dynamics and eruption deposits. While

neither the initial MFR from a standard or the newly-developed integral

model correlate to the deposit-derived MFR, the modelled MFR at the point

above the lava fountain in the newly-developed model does, suggesting that

these plumes have significant fallout that is not captured in typical deposit

measurements. Specifically, the cone-deposit itself must be considered to

account for the discrepancy between the deposit-derived and modelled ini-

tial MFRs. Finally, these results are supported by visible-wavelength video

analysis of these eruptions. Qualitative analysis shows that lava fountains

and tephra plumes are not fully-coupled, that lava fountains occur in the

centre of tephra plumes and that surrounding material (volcanic gas and

loose particles) are entrained into the plumes. Rotation of the plumes in



iv

some eruptions is also examined, although I show that its effect on plume

dynamics is insignificant. Determined wind and radial entrainment coef-

ficients are also comparable to those of standard tephra plumes. Together,

these findings highlight that lava fountains significantly affect the rise of

coupled tephra plumes.
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CHAPTER 1

INTRODUCTION

Basaltic volcanism is one of the most common types of volcanic activity on
the planet. Most commonly, basaltic volcanic activity is characterised by
effusive lava flows, such as in Hawaii (Cashman et al. 2014; Dietterich et al.
2021) and Iceland (e.g., Pedersen et al. (2017)), or low-intensity short-lived
explosions, such as at Stromboli, Italy, (Ripepe et al. 2008) and Yasur, Vanuatu
(Bani et al. 2013; Woitischek et al. 2020). However, larger explosive basaltic
volcanism can also occur. These large explosive events can differ in size.
For example, the 122 BC Mount Etna Plinian eruption, Italy, generated a
plume which reached heights of 24-26 km above sea level (a.s.l), and had an
estimated initial mass flow rate (MFR), defined as the rate of mass through a
point, of 5-8.5 ×107 kg s−1 (Coltelli et al. 1998). Similarly, the large basaltic
explosive Plinian eruption of Tarawera, New Zealand, in 1886 also produced
a tephra plume, from a 7 km long fissure, that went higher than 28 km a.s.l
(Walker et al. 1984). However, basaltic volcanism can also generate eruptions
that lie in between the low intensity explosions and the large scale Plinian
eruptions. An example of these are eruptions that produce both a tephra
plume and a lava fountain.

Eruptions that produce both a tephra plume and a lava fountain are referred
to as paroxysmal eruptions (Alparone et al. 2003; Calvari et al. 2018). While
other eruption styles, e.g., large explosions at Stromboli (Rosi et al. 2006;
Bertagnini et al. 2011; Métrich et al. 2021), are sometime also referred to as
paroxysmal eruption, in this thesis paroxysmal eruptions will refer only to
those eruptions that are characterised by a co-existing tephra plume and lava
fountain. Typically, these eruptions begin with Strombolian activity, known
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N

Lava 
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Ash Laden 
Volcanic 
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cloud coverage

Source: INGV Catania

Fig. 1.1 An example of a tephra plume that is coupled to a lava fountain.
Example is of the 29th of August 2011 paroxysmal eruption of Mount Etna,
Italy. Source: INGV-OE.

as the resumption phase, that transitions into a sustained paroxysmal phase
(Alparone et al. 2003). This phase is characterised by a lava fountain that
is surrounded by a sustained tephra plume and is often referred to as the
climax of the eruption (Figure 1.1). Examples of volcanoes that have had
paroxysmal eruptions include Mount Etna (Italy), Izu Oshima (Japan) and
Villarrica (Chile) (Mannen 2006; Calvari et al. 2018; Romero et al. 2018). Lava
flows also often occur during the eruptions (Vicari et al. 2011; Ganci et al.
2013). Additionally, the volcanic plumes from these eruptions have reached
altitudes of above 10 km a.s.l into the atmosphere (Mannen 2006; Calvari
et al. 2018; Romero et al. 2018).

One of the most serious hazards from paroxysmal eruptions is due to the
dispersion of tephra. Tephra is defined as any fragmented magma erupted by
a volcano (Fisher 1961). Tephra can pose a significant hazard to the local and
regional communities. Ballistic fallout and proximal tephra fall can damage
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local infrastructure and power supplies (Andronico et al. 2015; Osman et al.
2019), while volcanic tephra can affect regional airspace (Guffanti et al. 2009;
Dingwell and Rutgersson 2014; Prata and Rose 2015). Tephra also poses a
direct risk to human health as it can cause, if inhaled, chronic pulmonary
disease and other respiratory issues (Gudmundsson 2011; Damby et al. 2017).
It can also cause irritation to the eyes (Heggie 2009; Gudmundsson 2011;
Carlsen et al. 2012b; Carlsen et al. 2012a). The mechanism for which the
tephra is transported to the atmosphere, where it can pose a hazard to a
much larger spatial scale, is by volcanic plumes. As a result, the dynamics of
volcanic plumes of paroxysmal eruptions are vital processes that need to be
understood to assess the hazard posed by the associated tephra.

In this thesis, I will focus on understanding tephra plumes that co-exist with
lava fountains from paroxysmal eruptions. In this introductory Chapter I
will start by giving a brief background to Mount Etna, one of the most active
volcanoes in the world that frequently has paroxysmal eruptions, and the
main focus of this thesis. I will briefly describe the tectonic setting of Mount
Etna before focusing on its pre-historic and recent volcanic activity. I will
then provide a background on volcanic plumes. This includes descriptions
of their structure, fundamental dynamics and how they can be modelled.
Finally, I will conclude by stating the aims and objectives of this thesis.

1.1 Mount Etna Volcano

Mount Etna is the tallest (∼ 3300 m a.s.l) (Neri et al. 2008) and most active
volcano in mainland Europe. Located on the Italian island of Sicily (Figure
1.2a and b), it dominates the skyline above the city of Catania. Roughly
around 1.2 million people (Bonaccorso et al. 2011) live in the region around
the volcano. The volcano poses a number of hazards to the local population.
This includes tephra fallout, which can affect infrastructure, crops, sewage
system and repository health (Barnard 2004; Andronico et al. 2015). It can
also be an issue for the local airport and flights in the region (Barnard 2004;
Scollo et al. 2013). Lava flows, which can originate on the flank of the volcano
in the event of a fissure eruption, can also pose a danger (Duncan et al. 1996;
Corsaro et al. 1996; Del Negro et al. 2020). As a result, it is important to study
the volcanic activity of Mount Etna.
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Fig. 1.2 a) A map showing the location of Sicily (white box) in Europe. b) A
map showing the location of Mount Etna on the Italian island of Sicily. c) A
map showing the locations of the main active craters at the summit region of
Mount Etna.
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The morphology of Mount Etna is complex. As Mount Etna is a stratovolcano,
the slopes of the volcano are steep. Here, multiple cinder cones exist (Mulas
et al. 2016). The top of Mount Etna is referred to as the summit region and is
characterised by multiple active open-conduit volcanic vents. Notably, these
include the North East crater (NEC), Bocca Nuova (BN), Voragine (VOR), the
South East crater (SEC) and the New South East crater (NSEC). The NSEC
is the newest of these craters. It started to form on the side of the SEC in
2011 from paroxysmal eruptions (see Section 1.1.2 for further details on the
paroxysmal eruptions at Mount Etna) and reached a height of over 200 m in
just three years (Behncke et al. 2014; De Beni et al. 2015). Figure 1.2c shows
the location of each of these craters at the summit of Mount Etna. Although
paroxysmal eruptions typically occur in the summit region, other eruption
styles can also occur on the slopes (e.g., the 2018 Christmas eruption, Calvari
et al. (2020)).

The monitoring of the volcanic activity of Mount Etna is the responsibility of
the Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Etneo (INGV-
OE). They do so through a range of approaches that includes monitoring
of the volcanic gas (Aiuppa et al. 2007), ground deformation (Neri et al.
2009), seismicity (Alparone et al. 2003; Alparone et al. 2007), field surveys
(Andronico et al. 2013; Andronico et al. 2014a; Andronico et al. 2014b),
videos (visible and thermal) (Scollo et al. 2009; Scollo et al. 2014; Scollo
et al. 2019; Corradino et al. 2020), and other remote sensing approaches
(Scollo et al. 2009; Donnadieu et al. 2016; Corradini et al. 2018). Often, these
observations are used in conjunction to allow INGV-OE to form an integrated
understanding of the complex volcanic processes occurring under the surface
(e.g., Andronico et al. (2005) and Bonaccorso et al. (2011)). Together, the
methodologies allow the volcanic unrest and geological changes of the area
to be characterised and constantly monitored.

During an eruption, monitoring and forecasting of the tephra plumes take
place to be able to assess the volcanic hazard in real time. This is achieved
through a multidisciplinary approach (cameras, satellite, and numerical
modelling) (Scollo et al. 2019). INGV-OE use observations of the plume
height from the visible videos or from satellites to then constrain an integral
model for volcanic plumes (Degruyter and Bonadonna 2012). This allows for
parameters such as the initial MFR to be determined, which can then be used
as an input into dispersion models to make a hazard assessment of the tephra
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dispersal (Scollo et al. 2013; Scollo et al. 2019). A sedimentation model is also
used to model the fallout of large clasts from the tephra plume (Rossi et al.
2019; Osman et al. 2019). This approach allows for the hazard for specific
eruptions to be characterised quickly and for the relevant information to be
provided to the National Department of Civil Protection (DPC) (Scollo et al.
2019).

1.1.1 Tectonics and pre-historic volcanic activity

Mount Etna is the result of active tectonics within the Mediterranean basin.
It is located in the region of the Calabria subduction zone on the hanging
wall of the Apennines accretionary prism on the Hyblean plateau (Doglioni
et al. 2001; Faccenna et al. 2011). However, the reason for the location of
Mount Etna is not as clear as it first seems. Mount Etna is laterally offset
from the Calabria subduction zone and south of the Ionian slab. Therefore,
the origin of the volcanic activity is not just from a simple subducting plate
mechanism (Schellart 2010). This is further supported by the geochemistry
of the volcanic rocks, which indicate a deeper mantle origin of the magma
(Schellart 2010).

Different mechanisms for the origin of the volcanic activity have been pro-
posed to explain Mount Etna. One of these proposed mechanisms is a mantle
plume that originates either from the deep mantle (Schiano et al. 2001) or
from the discontinuity in the seismic velocity at 660 km depth in the man-
tle (Cadoux et al. 2007). However, seismic tomography of the region does
not support a plume of a sufficiently deep origin required to support the
geochemical mantle signature of the volcanic material (Montelli et al. 2006;
Schellart 2010). Another proposed theory is that the volcanic activity is
derived from a tectonic origin. Doglioni et al. (2001) suggested that, since
Mount Etna is located on a series of tectonic faults, in particular the Malta
escarpment, these faults allow the magma to rise, but this does not explain
the magma origin (Schellart 2010). However, an asthenospheric window,
caused by the rollback of the subducted Ionian slab, would allow for up-
welling of the asthenosphere and be the origin of the magma of Mount Etna
(Gvirtzman and Nur 1999). Similarly, rollback of the subducted Ionian slab
could be causing decompression melting of the upper mantle that then flows
upwards and southerly around the edge of the slab. This theory would also
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explain the origin of the other intra-plate volcanism (e.g., Pantelleria) in the
region (Schellart 2010).

Dating of the stratigraphy by 40Ar/39Ar has allowed scientists to reconstruct
the formation of Mount Etna (Branca et al. 2008). The formation of the
volcano started to occur ∼ 500 ka (Branca et al. 2008). This earliest stage
consisted of sub-marine volcanism and the erupted material was thoelitic
in composition (Branca et al. 2008). At about 300 ka, this volcanic activity
became sub-aerial due to tectonic uplift in the region (Di Stefano and Branca
2002; Branca et al. 2008). In this stage, the volcanic activity occurred from
fissures on an ancient alluvial plane and resulted in the formation of a lava
plateau (Branca et al. 2011). This activity eventually became localised at about
220 ka and built a shield volcano. The volcanism then shifted westwards to
the current central position to form the volcanic edifice of Mount Etna today
(De Beni et al. 2011).

1.1.2 Recent volcanic activity

During human history, Mount Etna has produced a wide range of different
styles of volcanic eruptions (Branca and Del Carlo 2005). These include
both effusive eruptions (Andronico and Lodato 2005), such as lava flows
(Coltelli et al. 2007; Branca et al. 2013; Branca et al. 2017), and explosive
eruptions (Scollo et al. 2007; Andronico et al. 2008b; Andronico et al. 2009a;
Andronico et al. 2009b; Andronico et al. 2014b; Calvari et al. 2018; Calvari et
al. 2020). The explosive eruptions themselves also vary in style. Many small
Strombolian bursts (Branca and Del Carlo 2005; Vergniolle and Ripepe 2008;
Pering et al. 2015) occur frequently at Mount Etna, while other eruptions are
characterised by long lasting fissures with tephra plumes (Scollo et al. 2007;
Andronico et al. 2008b). Larger explosive eruptions, that can be described as
sub-Plinian to Plinain, have also occurred from the summit craters (Scollo
et al. 2007; Andronico et al. 2008b; Andronico et al. 2009a; Andronico et al.
2009b; Andronico et al. 2014b; Edwards et al. 2018). This large variability in
eruption style has been well studied in the literature (Branca and Del Carlo
2005).

Explosive volcanic activity at Mount Etna has increased in the past few
decades (Branca and Del Carlo 2005). The majority this explosive volcanic
activity at Mount Etna has taken the form of paroxysmal eruptions. These
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paroxysmal eruptions tend to occur in clusters that last for a period of
months and are also known as episodic eruptions (Andronico and Cor-
saro 2011; Andronico et al. 2015). For example, in 2000, 64 paroxysmal
eruptions occurred over a time period of 5 months (Alparone et al. 2003;
Andronico and Corsaro 2011). Since then, episodic eruption series have
also occurred in 2001 (Scollo et al. 2007), 2006 (Andronico et al. 2009a; An-
dronico et al. 2009b; Andronico et al. 2014b) and 2011-2013 (Freret-Lorgeril
et al. 2018; Calvari et al. 2018). The eruption columns from the paroxys-
mal eruptions have reached heights of up to 15 km a.s.l (Vulpiani et al.
2016), and generally last for a period of 10s of minutes to a few hours
(Freret-Lorgeril et al. 2018; Calvari et al. 2018). Currently, Mount Etna is
in a new episodic eruption phase, which started in mid-February 2021,
and, by the end of July 2021, it had produced 52 paroxysmal eruptions
(https://www.volcanodiscovery.com/photos/etna/2021/paroxysm31jul-1au
g/lavafountains.html). Due to the frequency and peculiarity of this recent
volcanic activity, the volcanic tephra plumes from these eruptions will be the
focus of this thesis.

1.2 Volcanic Plumes

Plumes are defined as vertical, buoyancy-driven flows (Morton et al. 1956;
Turner 1969; Woods 2010), where buoyancy is the hydrostatic pressure force
which acts on an immersed object in an ambient fluid. Turbulent plumes
are characterised by high (≳ 1000) Reynolds numbers, a dimensionless pa-
rameter that is the ratio of the inertial and viscous forces and governs the
resulting flow patterns. Turbulent flows are dominated by the inertial forces
that act in the fluid. In plumes, the turbulent nature manifests itself as vor-
tical eddies, which entrain the ambient fluid and mix it into the plume in a
process called entrainment. As a result, mixing is effective in the disordered
flow and, consequently, unlike laminar flows, these flows are irreversible.
Additionally, plumes can be multi-phase and can exist on a wide variety of
length scales. This definition can be expanded further when applied to vol-
canology. Volcanic tephra plumes are turbulent, upward, buoyancy-driven
flows that are generated by explosive eruptions (Woods 1988; Sparks et al.
1997; Carey and Bursik 2015). They are initially composed of volcanic gases
and tephra and are initially driven by momentum. Many processes occur as
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they rise including air entrainment, particle fallout, particle re-entrainment
and bending due to wind (Woods and Bursik 1991; Sparks et al. 1997; Carey
and Bursik 2015). Volcanic plume sizes can vary over orders of magnitude
(10s of meters to 10s of kms), with the largest of them being able to reach high
into the stratosphere (Sparks et al. 1997; Carey and Bursik 2015). However,
despite the large range in size, the underlying fundamental mechanisms
remain the same across scales.

A sustained volcanic tephra plume can be split into three regions (Woods
1988; Sparks et al. 1997; Carey and Bursik 2015) (see Figure 1.3). The lowest
region of a volcanic plume is known as the gas-thrust region. Here, the
tephra plume is being driven by the initial momentum of the eruption. The
plume density in this region is greater than that of the surrounding atmo-
sphere meaning the plume is negatively-buoyant. However, as the turbulent
volcanic plume entrains air from the ambient, the density of the plume de-
creases, eventually becoming lower than the ambient density. Buoyancy,
as opposed to momentum, is now the driving force of the vertical motion.
This region is referred to as the convective region. In this region, the plume
continues to entrain air from the surroundings. However, as the plume cools,
the plume density starts to increase until it reaches the same density as the
ambient. At this neutral buoyancy level (NBL) the plume begins to laterally
spread. If the volcanic plume still has some momentum left after the NBL,
the plume can continue to rise past this point to form an overshoot. This
whole region around the neutral buoyancy level is known as the umbrella
cloud region.

Sustained tephra plumes are studied by a variety of methods. Some of
these methods come under the umbrella of remote sensing. Remote sensing
methods allow for information on volcanic plumes to be determined from a
distance. This includes, but is not limited to, information on the plume ve-
locity, the initial MFR, the plume top height, plume dispersion direction and
grain-size distribution of the material in the tephra plume (e.g., Montopoli
(2016), Freret-Lorgeril et al. (2018), Corradini et al. (2018), Freret-Lorgeril
et al. (2021a), and McKee et al. (2021)). Examples of remote sensing methods
include satellites (e.g., MODIS, SEVIRI (Corradini et al. 2018)), video cameras
(thermal and visible, see Chapter 4.1 for more details) (Sparks and Wilson
1982; Scollo et al. 2009; Scollo et al. 2014; Scollo et al. 2019; Corradino et al.
2020), radar (Donnadieu et al. 2016; Freret-Lorgeril et al. 2018; Mereu et al.
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Fig. 1.3 Diagram of the structure of a volcanic plume, based on Figure 29.2,
Cioni et al. (2015).

2020), LiDAR (Winker and Osborn 1992; Marenco et al. 2011; Scollo et al.
2012) and infrasound (Lamb et al. 2015; Perttu et al. 2020). Another method
to study tephra plumes is via studying the tephra deposit. The tephra de-
posit is representative of the material that has sedimented out of the tephra
plume and can tell us about the initial MFR, the height reached by the tephra
plumes (Carey and Sparks 1986; Rossi et al. 2019), the direction of dispersion
and even information on fragmentation in the tephra plume (Polacci et al.
2019). More details on how the tephra deposit is analysed to determine such
information can be found in Chapter 3.1. Nevertheless, both tephra deposit
observations and remote sensing methods can provide vital information on
the dynamics of tephra plumes.

1.2.1 Background of Modelling Volcanic Plumes

Further key tools used to study tephra plumes are numerical and analytical
models. In this sub-section, I will present a background to the modelling of
volcanic tephra plumes, starting with simple analytical expressions, through
first-order integral models and finally describing more complicated 3D nu-
merical models.
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0th order models

The simplest way that volcanic plumes have been modelled is through the
use of analytical expressions, or 0th order models (Costa et al. 2016b; Aubry
et al. 2021). These analytical expressions describe the relationship between
the source conditions and the height that the plume could reach. They
can be divided into two categories: those deriving from physical-based
parameterisations and those deriving from observations, where the latter are
also known as empirical relationships.

Analytical plume models that are derived from the physics originate from the
work of Morton et al. (1956), where the dependency of plume height (H) on
the initial buoyancy flux (F) and the density stratification of the surrounding
fluid (G) is determined by dimensional analysis (see Appendix A) to be

H = 2−
7
8 π− 1

4 χ− 1
2 F

1
4 G− 3

8 z1, (1.1)

where z1 is the maximum dimensionless height of the plume, determined to
be 2.8 by Morton et al. (1956), and χ is the radial entrainment coefficient. The
constants in this equation are determined empirically (Morton et al. 1956).
Since then, other physics-based analytical expressions have been derived
for volcanic plumes. Two notable formulations are those of Degruyter and
Bonadonna (2012) and Woodhouse et al. (2013). Both of these relationships
explicitly account for the effect of wind on plume rise and have been cali-
brated against standard integral plume models (Degruyter and Bonadonna
2012; Woodhouse et al. 2013; Costa et al. 2016b). The relationship of De-
gruyter and Bonadonna (2012) also depends on entrainment coefficients (See
Section 1.2.1 for definitions), the atmospheric temperature and the source
enthalpy of the tephra plumes (Degruyter and Bonadonna 2012). All of these
analytical relationships allow for information (either plume height or initial
MFR) on a tephra plume to be determined quickly.

The second type of analytical expressions that have been used to provide
information on volcanic plumes are empirical relationships that are based on
observations. Sparks et al. (1997) investigated the relationship between the
rate of material exiting the vent and plume height of an eruption for a number
of volcanic eruptions. The rate the material exits the vent is either expressed
as a mass (MFR) or as a volume (volumetric flow rate). These values can
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be determined from the tephra deposit (see introduction of Chapter 3 for
further details). The relationship found by Sparks et al. (1997) is

H = 1.67V̇0.259, (1.2)

where V̇ is the volumetric flow rate. This relationship has since been im-
proved and refined to reflect additional data points. For example, Mastin
et al. (2009) defined the relationship between H and V̇ to be

H = 2V̇0.241. (1.3)

Integral plume models

Buoyancy-driven plumes have also been modelled using integral plume
models. These are based on the theory of turbulent buoyant plumes from a
maintained source, first formulated by Morton et al. (1956) who assumed the
plume to be sustained with time. This means that, although the turbulent
behaviour of a plume on a short timescale is chaotic, over a time period that
is longer than the eddy turnover rate, the changes become regular, meaning
that the plume can be assumed to be sustained. Morton et al. (1956) made
three further assumptions to be able to model a buoyant rising plume in one
dimension:

1. the rate of entrainment is proportional to the vertical velocity at all
heights,

2. the vertical velocity and buoyancy profile are self-similar at all heights,

3. the largest local fluctuations within the plume column itself are small
compared to fluctuations in the surrounding atmosphere.

The first of these assumptions is vital for the way entrainment is treated.
As previously mentioned in Section 1.2, entrainment is the process of a tur-
bulent flow, in this case a plume, incorporating the ambient fluid (Morton
et al. 1956). The turbulent behaviour manifests itself as turbulent eddies,
which range in scale throughout the plume. Turbulent eddies incorporate
surrounding ambient air into the plume and causes it to mix with the existing
plume material. This process is referred to in the literature as air entrain-
ment. To model this process exactly, the plume turbulence would need to
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be solved; a non-trivial issue that is not possible to do in integral plume
models. However, by making the assumption that the rate of entrainment
is proportional to the vertical velocity at all heights (Morton et al. 1956), the
entrainment can be modelled while not needing to solve for turbulence itself.
The proportionality constant between the plume vertical velocity and the rate
of entrainment is given by a coefficient known as the entrainment coefficient,
χ. This assumption for integral plume models can be formulated as

µχ = uχ, (1.4)

where µχ is the rate of entrainment and u is the plume vertical velocity. From
experiments, Morton et al. (1956) determined this entrainment coefficient to
be 0.09 ± 0.01. While there has been much discussion on the value of this
entrainment coefficient for volcanic plumes (Suzuki and Koyaguchi 2010;
Devenish et al. 2010b; Aubry et al. 2017), the value proposed by Morton
et al. (1956) has repeatably been shown to be a good fit to describe the rate of
entrainment into buoyant plumes (Devenish et al. 2010b; Aubry et al. 2017).

The third of these assumptions made by Morton et al. (1956) is the Boussinesq
approximation, which assumes that density differences between the plume
and ambient are small, and therefore are negligible unless multiplied by
gravitational acceleration. Morton et al. (1956) states that the largest local
density fluctuations within the plume column itself are small compared to
fluctuations in the surrounding atmosphere and, therefore, these plumes
satisfies the Boussinesq approximation. This allowed Morton et al. (1956) to
simplify the numerical modelling of a turbulent buoyant plume to a set of
ordinary differential equations (ODEs) that can be solved for different source
conditions (Hunt and Van den Bremer 2011).

Morton et al. (1956) described the behaviour of a plume rising into a linearly-
stratified ambient by deriving the time averaged mass, momentum, and
buoyancy flux conservation equations for a control volume for a given time
step. These can be defined as:
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d(b2u)
dz

= 2µχb, (1.5)

d(b2u2)

dz
= 2b2g

ρa − ρp

ρr
, (1.6)

d
(

b2ug ρa−ρp
ρr

)
dz

= 2b2u
g
ρr

dρa

dz
, (1.7)

where z is the height above the source, ρr is the reference density, g is the
gravitational acceleration, b is the characteristic length scale, and ρ is the
density. The subscripts of ρ refer to the location, where r refers to a reference,

a to the ambient fluid and p to the plume. ρr is taken to be the ambient fluid
density at the source location.

Equations 1.5 to 1.7 can be rewritten by defining W = b2u, V = bu, F∗ =

b2ug
(

ρa−ρp
ρr

)
and G = − g

ρr

d(ρa)
dx so that

d(W)

dz
= 2χV, (1.8)

d(V4)

dz
= 4F∗W, (1.9)

d(F∗)

dz
= −2WG. (1.10)

Morton et al. (1956) then reduces these equations to a non-dimensional form
given by

d(v)
dz1

= v, (1.11)

d(v4)

dz1
= f w, (1.12)

d( f )
dz1

= w, (1.13)

where the lower-case symbols are scaled dimensionless equivalents to their
capitalised counterparts. These equations can then be solved together using
a numerical finite-difference technique. A dimensionless solution to these is
shown in Figure 1.4. A fourth-order Runge-Kutta solver with a step interval
of 0.1 is used and Figure 1.4 represents a plume that develops from an initially
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Fig. 1.4 The pure plume solution of Morton et al. (1956). R is defined as w/v,
U as v2/w and Delta as f ∗/w.

finite buoyancy flux but zero mass and momentum fluxes. This solution is
known as the pure plume solution.

Integral plume models have since been adapted to be more suitable for
volcanic plumes. A notable early standard integral model for volcanic plumes
was developed by Woods (1988). To be able to better apply an integral model
to a volcanic tephra plume, the conservation equations, defined by Morton et
al. (1956), were adapted to relax the Boussinesq approximation. Woods (1988)
also made the assumption that a volcanic plume is a homogeneous mixture
of the ambient gas, volcanic gas (assumed to be water) and solid pyroclasts,
which are all in perfect thermal and dynamic equilibrium. The pressure in the
plume is assumed to be that of the ambient, which allows the gas properties
in the plume to be described by an ideal gas law. As the initial motion of the
volcanic plume is controlled by the momentum of the eruption, Woods (1988)
accounted for the initial momentum by modelling the gas-thrust region of
the plume as a Prandtl jet. Prandtl jet theory was adapted by Woods (1988)
for volcanic plumes to account for buoyancy and the entrainment of air. Once
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the initial momentum reaches zero, buoyant plume theory, developed by
Morton et al. (1956), is used to model the evolution of the convecting plume.
This model of Woods (1988) now forms the basis of all volcanic integral
plume models (Costa et al. 2016b).

Another major step forward in volcanic plume models was the inclusion
of wind. Wind increases the entrainment rate, which in turn increase the
dilution rate of buoyancy in the plume. This decreases the height that the
plume can reach. The effect of wind is more significant for smaller plumes
as the entrainment due to wind is a relatively larger contribution to the
overall entrainment of air into the plume. Bursik (2001) first included the
impact of wind on the modelling of a volcanic plume by following the
approach of Hewett et al. (1971) to allow bending of the plume centreline,
and entrainment of mass and momentum due to wind. Here, the rate of
entrainment (µe) can be described as

µe = χ|u − Vw cos(υ)|+ ξ|Vw sin(υ)|, (1.14)

where Vw is the wind velocity, υ in the angle between the plume centreline
and the horizontal, and ξ is the wind entrainment coefficient. The value
of ξ can be determined from experiments and numerical models but has
been subject to much debate. Proposed and used values for ξ range from
0.1 to 1 (Hewett et al. 1971; Huq and Stewart 1996; Bursik 2001; Contini
et al. 2011; Degruyter and Bonadonna 2012; Woodhouse et al. 2013; Suzuki
and Koyaguchi 2015; Girault et al. 2014; Devenish 2016; Aubry et al. 2017;
Michaud-Dubuy et al. 2020).

Today, many integral volcanic plume models have been develop by different
research groups to study volcanic plumes (Costa et al. 2016b). Each of these
models differ in terms of the processes they consider. For example, the
majority of the models consider the effect of wind on the centreline, but
not all consider the effect of atmospheric humidity (Mastin 2007; Degruyter
and Bonadonna 2012; Mastin 2014; Devenish 2013; Mastin 2014; Folch et al.
2016; Devenish 2016) or the phase change from water to ice on plume rise
(Mastin 2007; Mastin 2014). Similarly, not all consider particle sedimentation,
although this has been shown to not play a major role on the height that a
tephra plume can reach (Woods and Bursik 1991; de’Michieli Vitturi et al.
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2015; de’Michieli Vitturi et al. 2016; Macedonio et al. 2016; Pouget et al. 2016).
Another difference between the different volcanic integral models is how
they handle the rate of entrainment. Many use fixed values for the radial
and wind entrainment coefficients (Bursik 2001; Mastin 2007; Degruyter
and Bonadonna 2012; Devenish 2013; Woodhouse et al. 2013; Mastin 2014;
Pouget et al. 2016; de’Michieli Vitturi et al. 2015; de’Michieli Vitturi et al. 2016;
Costa et al. 2016b; Devenish 2016), but the used values of the coefficients
vary significantly (See Table 1 in Costa et al. (2016b) for summary). Other
models (Girault et al. 2014; Folch et al. 2016; Girault et al. 2016) allow the
radial entrainment coefficient to vary depending on the Richardson number
to be able to better describe the variation in the rate of entertainment with
height in a volcanic plume following the work of Carazzo et al. (2008a). A
systematic comparison between these models (Costa et al. 2016b) has shown
that these differences do result in a variation in the modelled plume height
between the different models.

An example of an integral model for volcanic plumes is that of Degruyter
and Bonadonna (2012). The integral model of Degruyter and Bonadonna
(2012) is based on the model of Woods (1988) but additionally considers the
effect of wind on plume rise by following the approach of Bursik (2001). It
solves the conservation equations for the mass of four different phases (dry
air, water vapour, liquid water, solid particles) as well as momentum and
enthalpy. These equations are defined as

d(ρdur2)

ds
= 2µerρad, (1.15)

d(ρvur2)

ds
= 2µerρav − τρvr2, (1.16)

d(ρlur2)

ds
= τρvr2, (1.17)

d(ρsur2)

ds
= 0, (1.18)

d(ρBr2u2)

ds
= g(ρaB − ρB)r2 sin(υ) + Vw cos(υ)

ρBur2

ds
, (1.19)

d(ρBr2uCBθ)

ds
= CaBθa

d(M)

ds
− ρBur2g sin(υ) + L

d(ρlur2)

ds
, (1.20)

where s is the arc length along the plume centreline, r is the plume radius, τ is
the condensation rate, θ is the temperature, L is the latent heat of vaporization
and C is the specific heat capacity. The subscripts refer to the phase and
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location, where aB is the bulk atmosphere and B refers to bulk plume. d, v,

l and s refer to the dry air phase, the water vapour phase, the liquid water
phase and the solid phase, respectively. d(M)/ds refers to the total change
in mass and is the sum of the change of mass of the four phases considered
in the plume. The change in angle between the plume centreline and the
horizontal is defined as

d(υ)
dx

= (1/ζ)

(
g(ρaB − ρB)r2 cos(υ)− Vw sin(υ)

d(M)

ds

)
, (1.21)

where ζ is the momentum flow rate. As the plume centreline is no longer
vertical, its position (in the x and y coordinates) can be calculated as

d(x)
ds

= cos(υ), (1.22)

and

d(z)
ds

= sin(υ). (1.23)

In order to parameterise entrainment, equation 1.14 is used, where χ and ξ

are set as 0.1 and 0.5, respectively, as supported by Devenish et al. (2010b).
The model of Degruyter and Bonadonna (2012) also accounts for entrainment
of moisture from the atmosphere and the phase transformation of water
vapour to liquid (final terms in equations 1.16, 1.17 and 1.20). A more
detailed description of the model, including the closure equation to be able
solve equations 1.15 to 1.23, can be found in the supporting information of
Degruyter and Bonadonna (2012).

One of the main uses of integral plume models in volcanology is to study the
relationship between eruption source parameters (ESPs) and top rise height,
neutral buoyancy height and parameter profiles (e.g., temperature, velocity)
of tephra plumes (Devenish 2013; Girault et al. 2014; Costa et al. 2016b). They
have also been used in operational work. Due to the success of using integral
plume models to describe volcanic plumes and their computational efficiency,
they are used operationally in volcano observatories to better determine the
MFR of the eruption in real-time for an observed plume height (Durig et al.
2015; Scollo et al. 2019). This can then subsequently be used to produce a
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real-time hazard assessment, a vital tool to mitigate the risks from volcanic
plumes.

3D plume models

3D numerical models have also been used to examine volcanic plumes.
These models solve the time-dependant Navier-Stokes equations for the
conservation of mass, momentum, and energy within a 3D domain (Suzuki
et al. 2016a). They explicitly solve the turbulence in a plume by modelling the
engulfment and subsequent mixing of the ambient with the plume. While
they were first developed in the 1990s (Valentine and Wohletz 1989; Dobran
et al. 1993; Oberhuber et al. 1998), recent computational advances have
allowed then to become more computationally efficient and more widely
used in volcanology (Suzuki et al. 2016a). They have since been used to
examine fundamental processes in a volcanic plume, which are lost in a
standard integral model. Examples of this include investigating the rate
of entrainment from the ambient into the plumes (Suzuki and Koyaguchi
2010; Suzuki and Koyaguchi 2013; Suzuki and Koyaguchi 2015), examining
the time-dependant behaviour of co-ignimbrite (Herzog and Graf 2010) and
studying the dynamics of tephra plumes (Esposti Ongaro and Cerminara
2016; Cerminara et al. 2016a). They have also been used to reconstruct specific
eruptions (e.g., Kelud, Indonesia 2014 eruption, Suzuki and Iguchi (2019))
and examine the relationship between the initial MFR and the height that
a plume can reach (Suzuki et al. 2016b). However, it is worth noting that
3D plume models are much more computationally expensive than integral
plume models and therefore are not used in an operational capacity.

1.3 Aims and objectives of this thesis

In this thesis, I aim to improve the scientific understanding of tephra plumes
from paroxysmal eruptions. Previous work has focused on the study of
the tephra deposit (Mannen 2006; Scollo et al. 2007; Andronico et al. 2008b;
Andronico et al. 2009a; Andronico et al. 2009b; Andronico et al. 2014a; An-
dronico et al. 2014b; Andronico et al. 2015; Romero et al. 2018; Edwards et al.
2018; Andronico et al. 2018; Poret et al. 2018b; Freret-Lorgeril et al. 2021b;
Freret-Lorgeril et al. 2021a), tephra dispersion (Scollo et al. 2007; Andronico
et al. 2008b; Andronico et al. 2014b), source conditions (e.g., Freret-Lorgeril
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et al. (2018), Poret et al. (2018a), Poret et al. (2018b), and Freret-Lorgeril
et al. (2021a) and many more) and the conduit dynamics of paroxysmal
eruptions (Calvari et al. 2011; Bonaccorso et al. 2013; Bonaccorso et al. 2014;
Pompilio et al. 2017; La Spina et al. 2021). However, only a few studies have
focused on understanding the dynamics of the tephra plumes themselves
(Stothers et al. 1986; Parfitt and Wilson 1999; Montopoli 2016; Glaze et al.
2017). The tephra plumes are the mechanism by which the tephra can reach
high into the atmosphere from where it can disperse to become a hazard
over a much larger region. Thus, it is vital to understand the underlying
physical processes which govern their dynamics. Therefore, this thesis will
focus on understanding the dynamics of tephra plumes that are coupled to
lava fountains.

Specifically, I aim to address how lava fountains affect the rise of buoyant
plumes. This will first require me to determine if they affect plume rise at all.
If so, I aim to quantify their impact on the relationship between the initial
MFR and plume height, their influence on the tephra deposit and the mass
distribution in the coupled tephra plume - lava fountain. It will then be
important to determine what controls the size of the impact that the lava
fountain has, and how sensitive the lava fountain effect on plume rise is
when varying these controls. By answering these overarching questions, I
aim to improve the understanding of the fundamental physical effects of a
lava fountain on plume rise.

Since the main motivation of any study of volcanic eruptions is to ultimately
contribute towards reducing the risk from the volcanic hazard, the objective
of this work will be to achieve my specific aims in such a way that would be
the most useful to operational settings. To do this, I will achieve my goals by
using integral plume models as described in Section 1.2.1. Standard integral
models are widely used operationally as, when used in conjunction with
real-time monitoring observations, they can provide valuable information
on the source condition of an eruption on a rapid timescale, which is vital
for hazard forecasting and mitigation. Such an approach is currently part of
the operational set-up of INGV-OE. Therefore, by using an integral model
to achieve the aims of this thesis, I will also be able to hopefully provide
information and tools that will be beneficial to the operational work of INGV-
OE. This approach will also allow me to investigate wider ranges of ESPs
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compared to what would be achievable when using a 3D numerical model.
This is a key benefit as many of these parameters are unconstrained.

Another objective of this thesis is to try and understand how the dynamics of
coupled tephra plumes - lava fountains relate to features of the tephra deposit.
Since tephra deposits are extensively used to study volcanic eruptions (e.g.,
Mannen (2006), Scollo et al. (2007), Andronico et al. (2008b), Andronico et al.
(2009a), Andronico et al. (2009b), Andronico et al. (2014a), Andronico et al.
(2014b), Andronico et al. (2015), Romero et al. (2018), Edwards et al. (2018),
Andronico et al. (2018), Poret et al. (2018b), Freret-Lorgeril et al. (2021b),
and Freret-Lorgeril et al. (2021a)), it will be important to understand how
they relate to the lava fountain and the plume itself. In particular, I aim
to determine the relationship between the field-derived MFR and the MFR
distribution in the coupled tephra plume - lava fountain. While the link
between the field derived MFR, assumed to be the initial MFR, and top
plume height is well known (Sparks et al. 1997; Mastin et al. 2009), the effect
of a lava fountain in a tephra plume on this relationship is not. So, by better
understanding what different portions of the tephra deposit represent in a
tephra plume, I can better understand the dynamics of tephra plumes that
are coupled to lava fountains.

I also aim to describe the physical characteristics of the coupled tephra
plumes - lava fountains. This includes addressing specific questions related
to the physical relationship between the tephra plume and the lava fountain,
such as what are the geometrical relationships between the lava fountain
and the tephra plume? Do both coexist from the volcanic vent, or does the
tephra plume originate from the lava fountain itself? Furthermore, is the
lava fountain located in the centre of the tephra plume, or are they laterally
offset? Similarly, I will aim to characterise the volcanic processes occurring
in tephra plumes that are coupled to lava fountains, such as sedimentation
from the lava fountain and the tephra plume, entrainment of the ambient
into the tephra plume and rotation of the tephra plume. Addressing these
questions will clarify the physical characteristics of these plumes in relation
to the lava fountain and enable an assessment of how different they are to
the processes occurring to standard tephra plumes.

The final objective of this thesis will be to explore the use of plume shape to
constrain the solutions of an integral plume model to further the understand-
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ing of tephra plumes that are coupled to lava fountains. This will be achieved
by using measurements of the shape of the tephra plume from the visible
video network of INGV-OE. Typically, integral plume model solutions are
only constrained through measurements of the final plume height, but shape
measurements will enable better constraints to be placed on the numerical
models. This will help to further quantify the source conditions of these
eruptions and investigate entrainment into the plumes from the effect of
wind. It will also allow me to investigate these parameters for tephra plumes
where the top height of the plume cannot be seen by the monitoring cameras,
i.e., it goes out of frame. By fulfilling this objective, it will not only allow
further knowledge about these plumes to be obtained, but I will also be
able to assess the effectiveness of using the plume shape, rather than the top
height, to constrain the numerical models.

These aims and objectives will be achieved by focusing on three specific
areas, which are:

1. developing a new integral model to explicitly account for the effect
of the lava fountain on plume rise, in Chapter 2 - ’A new model for
buoyant tephra plumes coupled to lava fountain’,

2. investigating the relationship between the field deposit and the cou-
pled tephra plume - lava fountain in Chapter 3 - ’Understanding the
relationship between lava fountains, tephra plume and their deposits
at Mount Etna’,

3. examining the use of visible-wavelength camera observation to con-
strain characteristics of coupled tephra plumes - lava fountains at
Mount Etna in Chapter 4 - ’Visible video analysis for the characterisa-
tion of tephra plumes: the example of plumes coupled to lava fountains
at Mount Etna, Italy’.

Finally, in Chapter 5, I will bring together the findings of this thesis to
synthesise an improved understandings of tephra plumes that are coupled
to lava fountains. Specifically, I aim to address how and why lava fountains
impact tephra plumes, and what the significance of this impact is when
comparing to tephra plumes in the absence of lava fountains. I will also focus
on what these finding can potentially tell us about what processes are taking
place below the vent. Additionally, I will aim to discuss the implications of
the findings for the field of volcanology, future studies of these plumes and
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for operational monitoring. I also aim to outline the direction that future
research should take on the research area of tephra plumes that are coupled
to lava fountains.





CHAPTER 2

A NEW MODEL FOR BUOYANT TEPHRA PLUMES COU-

PLED TO LAVA FOUNTAINS

2.1 Introduction

Tephra plumes from explosive basaltic paroxysmal eruptions differ to tephra
plumes from large, sustained sub-Plinian to Plinian silicic eruptions in sev-
eral important ways. Despite this, over the past century, studies have largely
focused on characterising the latter. Such studies on these tephra plumes
have characterised their dynamics (Mastin et al. 2009; Costa et al. 2018) and
have found a relationship between the height that a plume can reach and the
initial MFR (Sparks et al. 1997; Mastin et al. 2009; Degruyter and Bonadonna
2012; Woodhouse et al. 2013; Carazzo et al. 2014a; Aubry et al. 2021). How-
ever, the applicability of this relationship to tephra plumes from explosive
basaltic paroxysmal eruptions needs further investigation due to differences
in the observable characteristics of explosive basaltic and silicic volcanism.
The most obvious such difference is the presence of a lava fountain. The
lava fountain co-exists with the tephra plume and often appears to be inside
the tephra plume. While lava fountains themselves are well-studied (Parfitt
et al. 1995; Wilson et al. 1995; Houghton and Gonnermann 2008; Stovall et al.
2011; Taddeucci et al. 2015a; Mueller et al. 2019; Namiki et al. 2021), their
interaction with a surrounding tephra plume is not. Further to this, due
to the difference between basaltic and silicic magmas, tephra plumes from
basaltic explosive eruptions are hotter (Ghiorso and Sack 1995; Sparks et al.
1997; Gualda et al. 2012). As a result, it is unknown how a lava fountain
affects the dynamics of a tephra plume with which it is coupled.
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There has been limited work on the modelling of coupled tephra plumes
- lava fountains. Integral plume models have previously been applied to
tephra plumes that are coupled to lava fountains through a series of adap-
tations. One such adaptation is the change from a circular to a linear vent
geometry to better model plumes from the fissure fed fountains of the Laki
1783 eruption (Stothers et al. 1986; Woods 1993). However, tephra plumes
from paroxysmal eruptions can also occur from a circular summit crater
(e.g., Mount Etna (Calvari et al. 2018)). Furthermore, while not directly ap-
plied to tephra plumes that are coupled to lava fountains, the inclusion of
sedimentation and thermal disequilibrium into plume models (Woods and
Bursik 1991; Bursik 2001; Girault et al. 2014; Girault et al. 2016) was a further
advance increasing their suitability for modelling volcanic plumes that are
composed of coarse material, such as coupled tephra plumes - lava fountains.
In particular, Woods and Bursik (1991) found that while sedimentation alone
did not significantly affect the plume height, when coupled with accounting
for thermal disequilibrium, sedimentation can impact the dynamics of tephra
plumes.

Additionally, Parfitt and Wilson (1999) demonstrated the successful ability
of applying an integral plume model to match independent measurements
of the dynamics of a lava fountain - tephra plume system in Hawaii. By
using basaltic ESPs, including a realistic coarse GSD, and accounting for
dynamic disequilibrium of different particle sizes at the source (Wilson and
Walker 1987; Woods and Bursik 1991), the behaviour of a lava fountain is
more accurately represented in the model. These authors were also able
to reproduce the height of the lava fountain (maximum height of ∼ 570 m
above vent level (a.v.l) (Richter et al. 1970)) of the 1959 Kilauea Iki eruptions
by assuming that the lava fountain height was equal to the height in the
model where the majority (∼ 90%) of the solid phase MFR had been lost.
However, the best-fit modelled final plume height (6.7 - 7.5 km a.v.l) was
much higher that the observed plume height of ∼ 1.4 km (Richter et al. 1970).
The authors suggest that this apparent discrepancy can be explained by
gasses and very fine particles reaching heights above the visibly-observed
plume. This therefore leads back to the question of can an integral plume
model fully capture the characteristics of the tephra plume from coupled
tephra plume - lava fountain eruptions.
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More recent studies have focused on modelling larger sub-Plinian plumes
that are coupled to large lava fountains. Glaze et al. (2017) investigated the
tephra plume associated with the 1986 eruption of Izu-Oshima, Japan, that
was characterised by a 12 - 16 km a.s.l tephra plume and a 1.6 km a.v.l high
lava fountain (Sumner 1998), by only modelling the plume portion of the
system. The integral model is applied only to the tephra plume above the
lava fountain and the ESPs were adapted to account for how much solid
mass has been lost from the system in the lava fountain region. This is
achieved by defining an effective volatile content, which is determined from
a partitioning factor and the bulk volatile content of the magma (Kaminski
et al. 2011). The authors then applied the same method to evaluate the
plumes and SO2 mass injection from the ancient flood basalt Roza eruption.
However, this approach does not explicitly consider the lava fountain and
tephra plume interaction. Therefore, the impact of the lava fountain on
plume rise and plume dynamics is not fully determined.

In this Chapter, I aim to explicitly evaluate the impact that a lava fountain
has on the rise of a tephra plume through the use of integral plume models. I
first evaluate the use of a standard integral model to describe tephra plumes
that are coupled to lava fountains in Section 2.2. This is achieved by applying
a standard integral model to the tephra plumes that are coupled to lava
fountains at Mount Etna, Italy. The model results are then compared to the
observed characteristics (e.g., height of the lava fountain, MFR derived from
the plume tephra deposit) of the plume (Edwards et al. 2018; Andronico
et al. 2015; Corradini et al. 2016; Andronico et al. 2018; de Michele et al.
2019; Poret et al. 2018b; Corradini et al. 2018; Freret-Lorgeril et al. 2021b;
Andronico et al. 2014a; Calvari et al. 2011; Andronico et al. 2009b; Andronico
et al. 2014b; Andronico et al. 2009a; Andronico et al. 2008b; Scollo et al.
2007). This comparison shows that the use of a standard integral model does
not capture the height of the observed lava fountain and confirms that the
assumption of the lava fountain height being equal to the height of the gas-
thrust region of the tephra plume is not valid (Vulpiani et al. 2016; Calvari
et al. 2018). Additionally, it is shown that the MFR derived from a standard
integral model that is constrained by the observed plume height is not equal
to the MFR derived from the plume tephra deposit. As a result, I conclude
that a standard integral model is inadequate to simulate and capture the
characteristics of coupled lava fountains - tephra plumes.
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To fully investigate the effect of a lava fountain on a volcanic plume, I
therefore develop a new, 1D integral coaxial, buoyant plume model that
simulates interaction between an inner, circular plume (representing the
lava fountain) and an outer, annular-shaped, buoyant plume through the
processes of entrainment and particle fallout (Section 2.3). This model will be
referred to as the double plume model in what follows. The effect of varying
source conditions, such as the initial GSD and the size of a lava fountain, on
MFR estimates obtained with the new double plume integral model are then
evaluated for two coupling scenarios (Section 2.4.1). I also focus of the impact
of a lava fountain on the dynamics of the surrounding tephra plume (Section
2.4.2), and briefly explore the impact of thermal disequilibrium between
the gas and solid phases on the height that a coupled tephra plume - lava
fountain could reach (Section 2.4.3). Finally, I discuss and summarise the
key controls on the rise of tephra plumes that are coupled to lava fountains.
The modelling work done in this Chapter highlights that the initial GSD and
size of the lava fountain significantly impact the height a coupled tephra
plume can reach (Section 2.5.1). The limitations of the methodology of this
Chapter on exploring the impact a lava fountain has on a coupled tephra
plume are then discussed in Section 2.5.2. The discussion on the limitations
focuses on two main sub-topics: parameter uncertainty and unaccounted
processes in the double plume model. Future work, which could help tackle
the discussed limitations, is then suggested.

2.2 Applicability of a Standard Integral Model to

Coupled Lava Fountains - Tephra Plumes

Before applying a new double plume model to plumes coupled with lava
fountains from paroxysmal eruptions, the suitability of a standard integral
model for simulating these plumes is first determined. The integral model of
Degruyter and Bonadonna (2012) is used and has been adapted to account
for particle sedimentation during plume rise following the approach of Ernst
et al. (1996) and Bursik (2001). Hereinafter, this will be referred to as the
standard integral model to distinguish from the double plume model.

To explore the applicability of the standard integral model to tephra plumes
that coexist with a lava fountain, I randomly sample the parameter space
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defined in Table 2.1 to invert the ESPs from the observed plume height. The
ESPs that are varied include initial velocity, gas mass fraction, temperature,
and MFR. The initial gas mass fraction and exit velocity are treated indepen-
dent of each other. I keep the entrainment coefficients in the model fixed at
0.1 and 0.5 for the radial and wind entrainment coefficients, respectively as
these are the values used in operational modelling by INGV-OE (Scollo et al.
2019) and are also supported by several studies (Devenish et al. 2010b; Aubry
et al. 2017; Michaud-Dubuy et al. 2020). The initial GSD used is dependent
on the eruption that is being modelled. If a field-derived GSD is available,
it is used as the initial GSD. Otherwise, a log-normal GSD is used, which is
defined with a median grain-size of 0.5 and a standard deviation of 1.5 in ac-
cordance with the values used in operational modelling by INGV-OE (Scollo
et al. 2019). Atmospheric conditions (wind, temperature, and pressure) are
determined from the ECMWF ERA Interim, Daily data sets (Dee et al. 2011)
for each eruption examined in this section. In this section of this Chapter
only, the effect of wind on the rise height of the buoyant tephra plume is
considered. I follow a similar procedure to the approach of Mastin (2014),
Devenish (2016) and Scollo et al. (2019) by calculating the final plume height
both in the presence of wind (Zwind) and without wind (Zno wind). When
considering the presence of wind, the final plume height, is considered to be
the sum of the centreline height and the plume radius. The minimum plume
height is chosen to avoid the case of a bent over plume going higher than a
plume without wind, which is calculated as

Zfinal = min(Zwind, Zno wind). (2.1)

2.2.1 Gas-thrust region

I first explore the relationship between the lava fountain and the gas-thrust
region of a buoyant tephra plume. A lava fountain is defined as a vertical
jet of coarse material that is driven by kinetic energy and reaches its final
height once this kinetic energy is completely exhausted. This height can be
derived from Bernouilli’s equation and is given as u2

0/(2g) where u0 is the
initial velocity and g is gravitational acceleration. This is often referred to
as the ballistic height (Head and Wilson 1989; Bonaccorso et al. 2014). In
contrast, the gas-thrust region is the negatively buoyant lower region of a



30 A new model for buoyant tephra plumes coupled to lava fountains

Table 2.1 ESPs for Monte Carlo simulations using the single plume model
used in Figure 2.1 and 2.2.

ESP Standard Integral Model

Total MFR (kg s−1) 103 - 107

Temperature (K) 900 - 1200

Velocity (m s−1) 75 - 200

Gas mass fraction 0.01 - 0.03

GSD
Derived from tephra deposit if available

or

log-normal GSD used in operational modelling

plume that is driven upwards by the initial momentum. Once the buoyancy
becomes positive, i.e., where the bulk density of the plume equates to that of
the ambient density, the gas-thrust region stops and the convective region
begins (Carey and Bursik 2015) (See Section 1.2). Although a lava fountain
and the gas-thrust region are different, the terms have sometimes been used
interchangeably. Thermal camera images at Mount Etna, show a hot core
extending far above the incandescent region seen by the naked eye and this
has previously been interpreted as the lava fountain (Calvari et al. 2018). The
height of this thermally-saturated region, defined by different thresholds
depending on the camera in question (Calvari et al. 2018), has often been
equated to the gas-thrust region of the plume (Vulpiani et al. 2016; Calvari
et al. 2018). I demonstrate the clear difference between the height of the
gas-thrust region and the height of the lava fountain in Figure 2.1. The
height of the gas-thrust region is determined with the standard integral
model as the height at which the modelled plume becomes less dense than
the surrounding fluid (i.e., the point where the modelled plume becomes
buoyant) for ESPs that reproduce the observed plume height (9 - 9.9 km a.s.l
(Corradini et al. 2018; Freret-Lorgeril et al. 2021b)) of the 29th of August 2011
paroxysmal eruption at Mount Etna. The ballistic heights range between
287 m and 2039 m due to the velocity range in the parameter space. These
are consistent with the observed range from thermal camera imaging by
Calvari et al. (2018), while the height of the gas-thrust region is significantly
lower. This is further supported by recent analyses that have decoupled the
gas-thrust region from the vertical ballistic region detected by radar (Mereu
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et al. 2020). Hence, a standard integral model does not capture the lava
fountain height appropriately.

2.2.2 Mass flow rate

Discrepancies exist between initial MFRs determined from tephra deposits
and those calculated from observed plume heights (Figure 2.2). Once again,
the standard integral model is used as before to show that the MFR calcu-
lated from the maximum plume height is greater than, by up to two orders
of magnitude, those determined from the field deposits for Etna eruptions
between 2000 and 2016. This suggests that the well-established relationship
between plume height and initial MFR (Sparks et al. 1997; Mastin et al. 2009;
Degruyter and Bonadonna 2012; Woodhouse et al. 2013; Girault et al. 2014;
Gouhier et al. 2019) could differ for paroxysmal eruptions at Mount Etna. In
the majority of these calculations, the maximum, rather than the mean plume
height, was considered owing to a lack of available data. However, for the
29th of August 2011 and the 23rd of November 2013 eruptions of Mount
Etna, the results when using the mean plume height are also plotted. Whilst
this has partially resolved the conundrum for the 23rd of November 2013
eruption, the discrepancy still exists for the 29th of August 2011 eruption.
These discrepancies highlight the need for further investigation of tephra
plumes that are coupled to lava fountains and how they differ from more
typical plumes. As a result, I develop a model that can be used to simultane-
ously capture the lava fountain and tephra plume heights and relate these
heights to the field deposit.

2.3 Model Description

I present an integral model of a coaxial double plume. The underlying
principles follow those of commonly used integral plume models, which are
based on the buoyant plume theory developed by Morton et al. (1956) (See
Section 1.2.1 for further details). The distinctive feature is to explicitly treat
the dynamics of a dense core at the source and how it feeds a tephra-rich
outer rim through mass, momentum, and enthalpy exchange. Double plume
models, using buoyant plume theory, are used to better represent the complex
characteristics of a plume without drastically increasing the computational
expense. They are commonly used to better represent turbulence in a plume
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Fig. 2.1 A comparison between the modelled gas-thrust region (green) of a
buoyant tephra plume and the observed (red) thermally-saturated region for
the 29th of August 2011 paroxysmal eruption of Mount Etna, Italy (Calvari et
al. 2018). The calculated ballistic height is also plotted (blue). The error bars
are defined with the minimum, average and maximum heights (if available)
to show the variability of the height of the feature in question.
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Fig. 2.2 A comparison between the MFRs determined from the tephra de-
posits associated with plume sedimentation with those determined from the
observed plume height, using a standard integral model, for paroxysmal
eruptions of Mount Etna between 2000 and 2016, whose tephra deposits
have been characterised. The model is that of Degruyter and Bonadonna
(2012), but adapted to account for sedimentation from the plume margins.
Data sources: 1 Edwards et al. (2018), 2 Andronico et al. (2015), 3 Corradini
et al. (2016), 4 Andronico et al. (2018), 5 de Michele et al. (2019), 6 Poret et al.
(2018b), 7 Corradini et al. (2018), 8 Freret-Lorgeril et al. (2021b), 9 Andronico
et al. (2014a), 10 Calvari et al. (2011), 11 Andronico et al. (2009b), 12 Andronico
et al. (2014b), 13 Andronico et al. (2009a), 14 Andronico et al. (2008b) 15 Scollo
et al. (2007)
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by having a counter-flowing plume surrounding the rising plume (Mcdougall
1978; Mcdougall 1981; Bloomfield and Kerr 2000). A counter-flowing double
plume model has been applied to volcanic plumes in a still atmosphere and
can better capture complex flow patterns of a volcanic plume and the MFR
in the umbrella region of a volcanic plume (Devenish and Cerminara 2018).
Such models have also been applied to submarine eruption plumes (Mittal
and Delbridge 2019). The study of coaxial plumes ranges from theoretical
studies to application to plumes from cooling towers (Morton 1962; Li et al.
2018; Li and Flynn 2020). The model that I present takes inspiration from the
coaxial models in the literature (Devenish and Cerminara 2018; Li et al. 2018)
to create a coaxial double plume model for a tephra plume that is coupled to
a lava fountain.

It is assumed that the plume is composed of two regions; the double plume
region where a lava fountain and plume coexist, which transitions into a
single plume at higher altitudes (Figure 2.3). The double plume region is
treated as two separate plumes that are coupled; an inner circular plume
that is surrounded by an outer annular plume, which hereinafter will be
referred to as the inner plume and the outer plume. The inner plume is
representative of the hot inner core (the lava fountain) and the outer plume
is the tephra laden buoyant plume observed in the coupled lava fountain -
tephra plume eruptions. This allows for a better description of the different
source conditions between a lava fountain and tephra plume compared to
a standard integral model. The initial MFR is split at the source into two
portions; one for the inner plume (Mi0) and one for the outer plume (Mo0).
The mass partitioning is quantified through the ratio ε = Mi0/(Mi0 + Mo0);
the greater the value of ε, the greater the relative proportion of MFR in the
inner plume. At the height where the rise velocity or the solid phase MFR of
the inner plume becomes negligible, i.e., top of the lava fountain, the plume
transitions to a single plume description. The initial source conditions of
the inner and the outer plume are independent of each other. The initial
gas mass fraction and velocity of each plume are also independent of each
other as a choked vent (Woods and Bower 1995) is not imposed. A common
assumption for large, tephra-rich silicic eruptions is to assume choked vent
conditions, whereby the exit velocity is equal to the sound velocity of the
mixture (e.g., Girault et al. (2014)). I do not impose this restriction here as
this condition is not necessarily met for eruptions with low initial MFRs and
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for plumes that co-exist with lava fountains. A schematic of the model setup
can be seen in Figure 2.3a. To simplify the problem to one-dimension, the
following is assumed:

1. The plume rise timescale for both the inner and the outer plume is
less than the timescale of mass injection and, therefore, the plume is
sustained,

2. The turbulent eddy turnover time is less than the timescale of plume
rise,

3. The rate of entrainment into the plume is proportional to the velocity
of the plume,

4. The pressure inside the plume is in equilibrium with the atmospheric
pressure,

5. Plume properties are self-similar at a given height for which is assumed
to be a top-hat profile,

6. The vent is circular.

The plume is considered to consist of three phases - dry air, water vapour and
solid mass. These phases are exchanged between the inner and outer plumes,
and the surrounding atmosphere via entrainment and particle fallout. Figure
2.3b shows the direction and the type of coupling that can happen between
the atmosphere, the inner and the outer plume. The plume velocities are
related to the rate of entrainment via a set of entrainment coefficients. The
rate of entrainment from the atmosphere to the outer plume and to the single
plume is described by λ and χ, respectively. α and β are used to determine
the rate of entrainment from the outer plume to the inner plume, and vice-
versa, in the double plume region of the model. I follow a similar notation for
the entrainment coefficients as Bloomfield and Kerr (2000), who determined
the values of α, β and λ as 0.085, 0.147 and 0.147, respectively, for a double
plume from the fitting of numerical models to small-scale experiments. The
entrainment velocities are calculated as shown by equations 2.2 to 2.4 that
have been modified to take into account large density difference between the
plume and the surrounding fluid (Ricou and Spalding 1961; Morton 1965;
Rooney and Linden 1996; Devenish and Cerminara 2018):
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µλ = uoλ

(
ρoB

ρaB

)0.5

, (2.2)

µα = (ui − uo)α

(
ρIB

ρoB

)0.5

, (2.3)

µβ = uoβ

(
ρoB

ρIB

)0.5

, (2.4)

where u is the plume velocity and ρ is the bulk plume density (See Table 2.2).
Table 2.3 defines the subscripts. The values of 0.147 and 0.147 are used for the
β and λ, respectively, from Bloomfield and Kerr (2000) in the double plume
region of the double plume model. It is further assumed that re-entrainment
of solid particles does not occur, and gas phases are not entrained into the
inner plume (α is set to 0). This results in a decrease of the MFR of the inner
plume with height, and therefore also a decrease in plume radius with height,
which matches the observed structure of lava fountains.

The conservation of mass, momentum and specific enthalpy are solved in the
model for the inner, outer and single plume. The definition of each variable
is listed in Table 2.2.

2.3.1 Governing Equations of the Double Plume Region

The conservation of mass for dry air (d) and water vapour (v) for the inner
plume (denoted by subscript I, see Table 2.3) are defined by equations 2.5
and 2.6, where the left-hand sides are the rate of mass change with height
of the respective phase. The sink and sources compose the right-hand sides
of the equations. These are the same for both the dry air and vapour phase.
The first term is the source of the respective phase of material entrained
from the surrounding outer plume, while the second term is the MFR loss of
the respective phase from the inner plume due to entrainment to the outer
plume.

d(ρIduIr2
I )

dz
= 2ρOdµαrI − 2ρIdµβrI (2.5)

d(ρIvuIr2
I )

dz
= 2ρOvµαrI − 2ρIvµβrI (2.6)
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Table 2.2 Definitions of symbols.

Symbol Definition Value Units

z vertical coordinate m
r radius m
u velocity m s−1

ρB bulk density kg m−3

ρl density of liquid phase in plume 1000 kg m−3

ρs density of solid phase in plume 2000 kg m−3

µ entrainment velocity/rate of entrainment m s−1

w settling velocity of a particle m s−1

ug Gaussian centreline velocity m s−1

renv radius of the support envelope m
g gravitational acceleration 9.81 m s−2

CB bulk specific heat capacity J kg−1 K−1

CB specific heat capacity of dry air 998 J kg−1

Cv specific heat capacity of water vapour 1952 J kg−1

Cs specific heat capacity of solids 1250 J kg−1 K−1

θ temperature K
n mass fraction
ε mass partition ratio between inner and outer plume

M mass flow rate kg s−1

E Enthlapy flow rate J s−1

P pressure (assume plume is at pressure Paequilibrium with the atmosphere)
Rg bulk specific gas content J kg−1 K−1

Rd specific gas content of dry air 287 J kg−1

Rv specific gas content of water vapour 461 J kg−1K−1

p probability of particle fallout for entraining plume 0.27

pgauss
probability of particle fallout for plume

that does not entrain
D diameter of grain-size m
ν dynamic viscosity kg m s−1

α
entrainment coefficient describing entrainment 0from outer to inner plume

β
entrainment coefficient describing entrainment 0.147from inner to outer plume

λ
entrainment coefficient describing entrainment 0.147from ambient to outer plume

χ
entrainment coefficient describing entrainment 0.1from ambient to single plume

H1 height of the tropopause 11000 m
H2 height of the stratosphere 20000 m

ωtrop temperature gradient in the troposphere -0.0065 K m−1

ωstrat temperature gradient in the stratosphere -0.002 K m−1

θao initial temperature of the atmosphere 280 K
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Table 2.3 Definitions of subscripts.

Subscript type Subscript symbol Definition

Location
O outer plume
I inner plume
a atmosphere

Phase

d dry air
v water vapour
s solid
B bulk

Entrainment
α entrainment from outer to inner plume
β entrainment from inner to outer plume
λ entrainment from ambient to outer plume
χ entrainment from ambient to single plume

Grain-size i grain-size class i

In the inner plume, the change of the solid MFR is described by equation
2.7. The change of the MFR of the solid mass is described by amount of solid
MFR lost from particle fallout. The conservation of mass for the solid phase
is solved for each grain-size (mi) in the model.

d(ρIsuIr2
I )

dz
= −

mi

∑
i=1

pGauss
MIsi

rI
(2.7)

Grain-sizes from -9 phi to 10 phi are considered, with a spacing of half a phi,
where phi is defined as log2 D with D being the diameter of the particle in
meters. Details of the description of particle fallout from the inner plume can
be found further in Section 2.3.3.

For the outer plume (denoted by subscript O) in the double plume region,
the processes that control the change in mass are the same as in the inner
plume. An additional entrainment term is present in the conservation of
mass for dry air and water vapour (third term in equations 2.8 and 2.9) for
the entrainment of mass from the atmosphere into the outer plume. An
additional term is also present in the conservation of mass of the solid phases
as a source term for the particles that move from the inner plume into the
outer plume (second term, equation 2.10).
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d(ρOduO(rO − rI)
2)

dz
= −2ρOdµαrI + 2ρIdµβrI + 2µλrOρad (2.8)

d(ρOvuO(rO − rI)
2)

dz
= −2ρOvµαrI + 2ρIvµβrI + 2µλrOρav (2.9)

d(ρOsuO(rO − rI)
2)

dz
= −

ni

∑
i=1

p
wOsi MOsi

uOrO
+

ni

∑
i=1

pGauss
MIsi

rI
(2.10)

The change in the momentum flow rate is described by equation 2.11 for the
inner plume and by equation 2.12 for the outer plume. The momentum flow
rate is increased from the material added to the plumes via entrainment (for
dry air and water vapour) and from buoyancy. For the inner plume, these are
described by the first, second and fifth terms in equation 2.11, respectively,
and by the third, fourth and fifth terms in equation 2.12, respectively. The
outer plume has the additional source of momentum from the solid particles
that fall from the inner to the outer plume depending on the relative settling
and plume velocities (seventh term, equation 2.12). The loss of momentum
flow rate from the plumes is via the processes of entrainment of dry air and
water vapour and particle fallout. These refer to the third, fourth and sixth
terms in equation 2.11 for the inner plume and the first, second and sixth
term in equation 2.12 for the outer plume.

d(ρIBr2
I u2

I )

dz
= 2ρOdµαrIuO + 2ρOvµαrIuO − 2ρIdµβrIuI (2.11)

−2ρIvµβrIuI + g(ρaB − ρIB)r2
I

+uI
d(ρIsuIr2

I )

dz

d(ρOB(rO − rI)
2u2

O)

dz
= −2ρOdµαrIuO − 2ρOvµαrIuO (2.12)

+2ρIdµβrIuI + 2ρIvµβrIuI

+g(ρaB − ρOB)(rO − rI)
2

+uO
d(ρOsuO(rO − rI)

2)

dz

−uI
d(ρIsuIr2

I )

dz
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The left-hand sides of equations 2.13 and 2.14 show the variation with respect
to height of the enthalpy flow rate of the volcanic mixture of the inner and
outer plume, respectively. As in the conservation of momentum for both
the inner and the outer plumes (equation 2.11 and 2.12), the change in the
enthalpy is caused by the enthalpy gained from the addition of mass flow
rate into a plume via entrainment and particle fallout. While the enthalpy
flow rate is reduced by entrainment of material from the plume, change due
to conversion to gravitational potential energy and particle fallout.

d(ρIBr2
I uICIBθI)

dz
= 2ρOdµαrICdθO − 2ρIdµβrICdθI (2.13)

+2ρOvµαrICvθO − 2ρIvµβrICvθI

−ρIBuIr2
I g

ρaB

ρIB
+ CsθI

d(ρIsuIr2
I )

dz

d(ρOB(rO − rI)
2uOCOBθO)

dz
= −2ρOdµαrICdθO + 2ρIdµβrICdθI (2.14)

+2ρadµλrOCdθa − 2ρOvµαrICvθO

+2ρIvµβrICvθI + 2ρavµλrOCvθa

−ρOBuO(rO − rI)
2g

ρaB

ρOB

−CsθI
d(ρIsuIr2

I )

dz

+CsθO
d(ρIsuO(rO − rI)

2)

dz

The total MFR and mass fractions for each phase (both for the inner or the
outer plumes) are given by equations 2.15 and 2.16 - 2.18, respectively.

M = Md + Mv + Ms (2.15)

nd =
Md

Md + Mv + Ms
(2.16)

nv =
Mv

Md + Mv + Ms
(2.17)

ns =
Ms

Md + Mv + Ms
(2.18)
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where Md, Mv and Ms are the mass flow rates of the dry air, water vapour
and solid phases.

The material properties of the plume are described by the following constitu-
tive equations, which once again apply to both the inner and outer plume.
The mixture heat capacity (CB) is

CB =
MdCd + MvCv + MsCs

Md + Mv + Ms
. (2.19)

From this, the plume temperature (θ) can be found from

θ =
1

CB

E
M

, (2.20)

where E is the enthalpy flow rate.

The bulk density of the plume (equation 2.23) is calculated from the bulk
gas constant (equation 2.21) and the density of the gas phase mixture in the
plume (equation 2.22) using the ideal gas law.

Rg =

(
nv

nv + nd
Rv

)
+

(
1 − nv

nv + nd
Rd

)
(2.21)

ρg =
P

Rgθ
(2.22)

ρB =

(
(nv + nd)

ρg
+

ns

ρs

)−1

(2.23)

The ode15s solver in MATLAB is used to solve the governing equations for
the inner and outer plumes together to be able to include the entrainment of
the inner plume to the outer plume and vice-versa (Shampine and Reichelt
1997; Shampine et al. 1999). The ordinary differential equations solved are
equations 2.5 to 2.14 along with the closure equations 2.15 to 2.23. The ode15s
solver is chosen as the equations being solved are stiff. The MATLAB function
created that runs this presented model takes the input of the physical plume
properties, i.e., the initial plume temperature, initial gas mass fraction, initial
velocity and initial grain-size distribution of the inner and outer plumes. It
also requires information on the initial radii of the inner and outer plumes
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(where the latter is the outer radius of the annulus, see Figure 2.3), or, the
overall initial MFR and ε. These values are then used to determine the initial
mass (of each grain-size), momentum and enthalpy flow rates for both the
inner and outer plumes, which are then the inputs for the ODE solver itself.

2.3.2 Transition from the Double Plume to the Single Plume

The initial double plume of the model stops when the inner plume velocity
approaches 0 m s−1. The inner plume is stopped earlier if the solid MFR in
the plume becomes negligible. Additionally, in the case where a given grain-
size is no longer supported by the inner plume, the simulation is paused,
and the corresponding MFR of that grain-size is removed from the system.
Associated momentum and enthalpy related to the fallout are also removed.
The system of equations is then continued from the height where it was
halted. When either of the stopping conditions are met, the inner plume
disappears, and the outer plume governing equations change to those of just
a single plume.

Two end member situations exist for the treatment of any solid material
remaining in the inner plume once it has stopped. The solid phase MFR in
the inner plume can either be completely removed from the system or can be
added to the single plume. However, due to the dependence on grain-size, it
is unlikely that the total solid phase MFR of all sizes present in the plume
would be incorporated into the single plume. Therefore, a support envelope
approach can be implemented, whereby grain-sizes that can no longer be
supported by the plume are removed (Carey and Sparks 1986).

Equations 2.24 to 2.28 are the governing equations of the single plume model.

d(ρdur2)

dz
= 2µχrρad (2.24)

d(ρvur2)

dz
= 2µχrρav (2.25)

d(ρsur2)

dz
=

ni

∑
i=1

−p
wsi Msi

ur
(2.26)

The rate of entrainment from the ambient into the single plume region is

described as µχ = uχ
(

ρB
ρaB

)0.5
, where χ is the entrainment coefficient describ-
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ing the proportionality between the entrainment rate and plume velocity
and is equal to 0.1 (Morton et al. 1956; Devenish et al. 2010a; Degruyter and
Bonadonna 2012).

The rate of mass change in the single plume is governed by the entrainment
of the ambient fluid (right-hand side, equations 2.24 and 2.25) and particle
fallout (right hand-side, equation 2.26). Subsequently, the rate of momentum
flow rate change is due to particle fallout and buoyancy (2nd and 1st terms,
equation 2.27, respectively).

d(ρBr2u2)

dz
= g(ρaB − ρB)r2 + u

d(ρsur2)

dz
(2.27)

In a similar suit as equation 2.27, the rate of enthalpy change is controlled
by the change in mass (entrainment, 1st-2nd terms, and particle fallout, 4th
term, in equation 2.28) and conversion to gravitational potential (3rd term,
equation 2.28).

d(ρBr2uCBθ)

dz
= 2µχrρadcdθa + 2µχrρavcvθa − ρBur2g

ρaB

ρB
(2.28)

+Csθ
d(ρsur2)

dz

This system of governing equations, along with the closure equations 2.15
to 2.23, are solved with the ode45 MATLAB solver and terminate when the
plume velocity approaches 0 m s−1. The inputs for this part of the model
are the mass (of each grain-size), momentum and enthlapy flow rates from
the end of the double plume region part of the model (see Section 2.3.4 for
further details).

2.3.3 Particle Sedimentation

To account for sedimentation from the margins of a volcanic plume, I follow
the method described in Bursik (2001), Girault et al. (2014), and Girault
et al. (2016). The conservation of mass of the solid phase of a buoyant
plume (equations 2.10 and 2.26) contains an additional sedimentation term
to account for the loss of the solid phase MFR from the plume. The loss
of particles from a plume is assumed to be proportional to the MFR of
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particles (Woods and Bursik 1991; Ernst et al. 1996) and can be mathematically
described for each grain-size class (i) as

dMMi

dz
= −p

Msi

r
wi

u
, (2.29)

where u is the velocity of the plume, r is the plume radius and Msi is the MFR
of the solid phase (s) at grain-size i at height z. p is defined as the probability
of particle fallout from the margins of a plume. This has been previously
determined from laboratory experiments and modelling as 0.27 for buoyant
plumes (Ernst et al. 1996). The final parameter required to calculate the
MFR associated with a grain-size at a given height is the settling velocity
of the grain-size (wi). As the behaviour of settling particles is described by
different settling laws in different flow regimes, the settling velocity for a
given spherical grain-size is dependent on the Reynolds number as given by
Bonadonna et al. (1998) and Bonadonna and Phillips (2003)

√
3.1dig(ρs − ρB)

ρB
for Rei ≥ 500

di

(
4g2(ρs − ρB)

2

225νρB

) 1
3

for 6 ≤ Rei < 500

d2
i g(ρs − ρB)

18ν
for Rei < 6


= wi. (2.30)

The particle Reynolds number is calculated as Rei = (DiwiρB/ν) where Di is
the diameter of a spherical particle, wi is the settling velocity of the particle
of size i and ν is the dynamic viscosity of the fluid the particle is settling in. I
choose to follow the approach of Woods and Bursik (1991) and use ρB in the
calculation of the Reynolds number and in equation 2.30. This is because the
lava fountains and dense tephra plumes in this study are particle-dense and
consist of large particles. As a result, the surrounding clasts contribute to the
drag exerted on other particles in the plume whilst the material displaced by
a particle in the plume is likely to be a mixture of the solid and gas phases.

In the case of a lava fountain, it is assumed that the entrainment of the gas
phases from the outer to the inner plume is negligible such that α = 0. This
causes the radius of the inner plume to reduce with height, which agrees
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with visual observations. This change in radius geometry results in the
sedimentation scheme of Ernst et al. (1996) not being applicable to the inner
plume as it would result in no fallout. The Ernst et al. (1996) sedimentation
scheme also assumes that the solid particles are fully coupled to the gas. As
the GSD of the material composing lava fountains are coarse, this is not a
valid assumption. Instead, I use a new method to determine how much MFR
is lost from the inner plume from particle fallout based on the particle settling
velocity and the Gaussian plume velocity profile. I adapt the approach of
Carey and Sparks (1986) to determine when a given grain-size is no longer
supported by the plume - the support envelope. The ratio between the area
under the Gaussian velocity profile and the area under the Gaussian velocity
profile where a clast is no longer supported by the plume is calculated. This
replaces the geometrical term and the velocity ratio in equation 2.29 as pGauss:

dMsi

dz
= −pGauss

Msi

r
, (2.31)

where −pGauss is

−pGauss = 1 − erf
(

2
renv

r

)
, (2.32)

with renv being the radius of the support envelope, which is calculated as
(Rossi et al. 2019)

renv =
ri√

2
ln

(
ug

wi

)0.5

. (2.33)

The addition of the solid phase material to the outer plume is dependent
on the Gaussian centreline velocity (ug) of the outer plume and the settling
velocity of the grain-size in question. The Gaussian centreline velocity is used
as that is the highest velocity within the plume. If the Gaussian centreline
velocity is greater than the settling velocity of a particle, the MFR of that
particular size can be supported by the outer plume. The MFR, along with
the associated momentum and enthalpy flow rates, is added to the outer
plume. Conversely, if the settling velocity of a given particle size is greater
than that of the Gaussian centreline velocity, the mass, momentum, and
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enthalpy related to it are removed from the whole system. This can be turned
on or off in the double plume model.

2.3.4 Coupling Between the Inner and Outer Plumes

The interaction between the two regions of the double plume depends on
the degree of coupling between these two flows. Coupling between the
lava fountain and the tephra plume is quantified by the amount of mass,
momentum and enthalpy that is exchanged between the two. One way this
occurs is via entrainment, where gas can be entrained from the ambient
to the tephra plume, from the tephra plume to the lava fountain and from
the lava fountain to the tephra plume. This mechanism of coupling has
been well studied and parameterised for single buoyant plumes (Morton
et al. 1956). For coaxial integral plume models, entrainment coefficients
have been defined by Bloomfield and Kerr (1998), Bloomfield and Kerr
(2000), and Devenish et al. (2010a). Another process that allows for coupling
between the lava fountain and the tephra plume is particle fallout. Material
falling from the lava fountain can potentially enter the tephra plume. If no
coupling is present, the plumes behave independently of each other, and
plume dynamics will be very similar to that of a single plume. However,
observations suggest a certain level of coupling is present.

The extent of coupling between tephra plumes and lava fountains via particle
fallout is not fully understood. Observations of tephra plumes above lava
fountains in Hawaii show that wind can affect the finest particle (Head and
Wilson 1989). In contrast, the lava fountains at Mount Etna are characterised
by much larger quantities of tephra, which co-exist with a lava fountain
rather than only originating from above it (Figure 1.1). Additionally, during
strong winds, the central portion of the lava fountain appears to not be
significantly affected by wind, while the tephra plume can be bent in the
direction of the wind. However, a correlation has been suggested between
the height of the lava fountain and the height of the volcanic plume (Calvari
et al. 2018). Further research is required to understand the extent and the
impact of different levels of coupling between a lava fountain and a tephra
plume.

To be able to explore the potential range of coupling and its impact on plume
dynamics, I examine two end-member scenarios of coupling between the
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inner and outer regions due to solid mass transfer. For both scenarios, the
inner and outer plumes interact by gas being entrained from the inner to
the outer plume. Particle fallout from the inner plume is added to the outer
plume if the settling velocity of a given size is lower than the Gaussian
centreline velocity of the outer plume for both scenarios (See Section 2.3.3 for
further details). These scenarios are the following:

1. Fully coupled - Any solid phase MFR remaining in the inner plume
once it has stopped is added to the single plume region depending on
the ratio between the settling velocity and the outer plume centreline
velocity. The MFR related to the gas phases left in the inner plume once
it has stopped are also added to the start of the single plume region.

2. Moderately coupled - Any solid phase MFR remaining in the inner
plume once it has stopped is not added to the single plume region
source, corresponding to the solid MFR sedimenting to the ambient
and being removed from the plume system. The MFR related to the
gas phases left in the inner plume once it has stopped are not added to
the start of the single plume region.

2.3.5 Atmospheric Conditions

The atmospheric conditions that are used in the model include the pressure,
density and temperature. It is assumed that the atmosphere is only composed
of dry air and there is no humidity. Wind is not accounted for. A representa-
tive temperature profile of a standard atmosphere in an intermediate climate
is used as defined by Woods (1988),

θa0 − ωtropz for z < H1

θa0 − ωtropH1 for H1 < z ≤ H2

θa0 − ωtropH1 + ωstrat(z − H2) for z ≥ H2

 = θa, (2.34)

where θa0 is the initial atmospheric temperature, H1 and H2 are the height
of the tropopause and the height of the stratosphere, respectively. ωstrat and
ωtrop are the temperature gradient in the troposphere and the stratosphere,
respectively. These are set to the same values used by Woods (1988). The
specific heat capacity (CaB) of the atmosphere is equal to Cd, the specific
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heat capacity of dry air, as the model does not consider the humidity and
vapour phase of the atmosphere. Following the same assumption, ρaB and
ρad is given in equation 2.35 by using the ideal gas law. The atmospheric
hydrostatic pressure is described as

ρaB = ρad =
P

Rdθa
, (2.35)

dP
dz

= −gρaB. (2.36)

2.4 Results

2.4.1 The Impact of the Lava Fountain on Plume Rise

I present results on the impact of a hotter, coarser-grained inner core, that
does not entrain surrounding gas phases, on the overall rise of a volcanic
plume. I compare results from the double plume model, where the initial
condition of the inner plume resembles the characteristics of a lava fountain,
to those of a plume where a lava fountain is not present. The latter is
modelled using the standard integral model. The ESPs and atmospheric
conditions used are identical to those used for the double plume model.

I randomly sample a parameter space that consists of initial velocity, tem-
perature, gas mass fraction, GSD, MFR and ε, to assess the impact of a lava
fountain on plume height. The ranges for each variable are listed in Table
2.4a (Métrich and Rutherford 1998; Parfitt and Wilson 1999; Métrich et al.
2004; Spilliaert et al. 2006; Glaze et al. 2017; Poret et al. 2018b). However, I
impose that the inner plume is always hotter, coarser-grained and contains a
lower initial gas mass fraction than the outer plume, mimicking lava fountain
characteristics (Parfitt 1998). The vent height is set at 0 m a.s.l. As choked
vent conditions are not imposed, the initial velocity is allowed to vary, inde-
pendently of the initial gas mass fraction, between the values of 75 and 200 m
s−1. This range agrees with average velocity estimates of tephra plumes that
are coupled to lava fountains as determined by radar (Freret-Lorgeril et al.
2018). By allowing the initial source parameters to vary over wide ranges
and independently of each other, the whole range of potential implications
of a lava fountain on the rise of a tephra plume can be explored.
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Figure 2.4 shows the relationship between the initial MFR and the overall
plume height in a still standard atmosphere in an intermediate climate.
The MFR for the double plume model refers to the combined MFR of both
the inner and outer plumes at the vent. The two double plume scenarios
are shown by the coloured markers whilst the standard integral model is
also plotted (black markers). Regardless of whether the lava fountain and
tephra plume are moderately or fully coupled (dark blue and red markers
respectively, Figure 2.4), a plume coupled to a lava fountain can reach a
greater variation of heights than a standard plume for a given initial MFR.
This is indicated by an r2 of 0.986 for the double plume model (both scenarios)
compared to an r2 of 0.996 for the standard integral model output for the
fitting of a power law to the MFR as a function of height. The overall trend
between the two coupling scenarios of models is the same. The variation in
the initial source parameters allows for a wider range of heights that a plume
surrounding a lava fountain can reach compared to the standard integral
model for the same initial MFR. This indicates the source conditions are an
important control on the height of tephra plumes coupled with lava fountains.
However, I do see that, for a higher initial MFR, a plume coupled to a lava
fountain can generally reach greater heights than for a plume without a lava
fountain. For a plume coupled to a lava fountain with a high initial MFR,
the tephra plume could support a greater proportion of the fallout from the
lava fountain. The mass partitioning and the GSD introduce two important
new degrees of freedom compared to the standard integral model. These are
explored separately in the next sections to further investigate their control
on plume rise compared to a plume without a lava fountain.
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Sensitivity of Plume Rise to the GSD of the Lava Fountain

The effect of the initial GSD of the lava fountain (i.e., the inner plume) on
plume rise is important to understand. Firstly, this is because the GSD of a
lava fountain is a major characteristic and distinguishes it from typical tephra
plumes (Parfitt 1998; Parfitt and Wilson 1999; Mueller et al. 2019). Secondly,
GSD is a first order control on the extent of particle fallout (Sparks et al.
1992; Bursik et al. 1992). The size of a particle controls its settling velocity,
which in turn contributes to how much solid material falls out and if it is
subsequently supported by the surrounding outer plume. Few studies exist
of GSDs from field deposits of lava fountains (Parfitt 1998; Andronico et al.
2014a; Edwards et al. 2018). It is not possible to fully constrain this parameter
in real time (Scollo et al. 2019). This results in the lava fountain GSD being
poorly constrained and a large source of large error.

To explore the sensitivity of the model to different GSDs, the initial GSD of
the lava fountain is varied for four different-sized hypothetical eruptions.
The eruption sizes that are considered have initial MFRs of 103 kg s−1, 104

kg s−1, 105 kg s−1 and 106 kg s−1. First, I determine the impact of a GSD
composed of a single-size on plume rise to clearly see the effect (Figure 2.5),
and then with a log-normal GSD to better represent GSDs observed from
real eruptions (Figure 2.6) (Costa et al. 2016a; Pioli et al. 2019). All other ESPs
are kept constant (velocity, temperature, gas mass fraction, ε) and are listed
in Table 2.4b. The GSD of the outer plume is kept constant as a log-normal
distribution with a median grain-size of 0.5 phi and a standard deviation of
1.5 phi, which is similar to the default values that is set to forecast tephra
fallout in near real-time (Scollo et al. 2019). This is also used as the initial GSD
for the standard integral model. The results from a standard integral model
are compared to the double plume model for the two different coupling
scenarios previously defined in section 2.3.4.

For a lava fountain where the initial GSD consists of a single particle size,
the final plume height is lower than that predicted by the standard integral
model for lava fountain composed of grain-sizes coarser than approximately
-6 phi (Figure 2.5). An initial coarse single-size GSD leads to significant
fallout from the inner plume. Large particles that have fallen out are not
supported by the outer plume and are, therefore, completely removed from
the system when they fall from the lava fountain. The associated loss of
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the lava fountain is completely removed (moderately coupled) (see Section
3.5 for more details).
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Fig. 2.5 The effect of varying the single-size GSD of the inner plume, where
the inner plume is composed of only one grain-size, on the overall plume
height for four initial MFRs. For each MFR, the results of the standard
integral model (black line) and the two scenarios of the double plume model,
listed in section 2.3.4, (dashed red and solid blue, respectively) are shown.
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mass, momentum, and enthalpy from this process results in the plume not
reaching the same heights as the standard integral model despite having a
hotter inner core. As the initial single-size GSD of the inner plume becomes
finer, less fallout occurs leaving more mass, momentum, and enthalpy in the
whole plume system for it to go higher. The inner plume loses the majority
of its solid phase MFR by the time the velocity reaches approximately 0 m
s−1. As a result, there is nothing left in the inner plume once it has stopped
to add to the start of the single plume region. The different coupling schemes
(solid blue and dashed red lines, Figure 2.5), thus become unimportant.

For the case when the lava fountain is composed of a single-size GSD between
-6 and -4 phi (depending on the eruption size), with moderate coupling
between the lava fountain and tephra plume, the final height of the plume
decreases as the GSD becomes finer (solid blue line, Figure 2.5). As the GSD
becomes finer, less fallout from the inner plume occurs. This results in the
amount of MFR left in the inner plume, once the inner plume has stopped,
increasing as the single-size GSD becomes finer. If this MFR is not added to
the start of the single plume region, it is lost from the system. As a result, the
initial mass, momentum, and enthalpy of the single plume region is reduced.
In the case of full coupling between the inner and outer plume (dashed
red line, Figure 2.5), the final plume height remains constant, or decreases
slightly, depending on the eruption size. This is because the majority of the
mass, and related enthalpy and momentum is added to the start of the single
plume region. As a result, the overall mass, enthalpy, and momentum flow
rates in the whole system is close to constant, so the final height of the plume
does not significantly change.

The same behaviour is observed when a log-normal GSD is used, rather than
a GSD composed of only one grain-size, for the inner plume. The median
of the log-normal GSD of the inner plume is varied between -7 and -2 phi
and the standard deviation is kept constant at 0.75 phi (red lines, Figure
2.6 b). The inner plume GSD is kept narrow to agree with observations of
ultra-proximal deposits from Hawaiian lava fountains (Parfitt 1998). When
the lava fountain GSD is coarse, the double plume final height is lower than
that predicted by the standard integral model. As the GSD becomes finer,
less material is lost from the system due to lower fallout occurring. This
allows the plume to rise higher until the GSD becomes so fine that material
which falls out of the inner plume is supported by the outer plume. At this
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point the coupling mechanism at the top of the plume becomes important. If
any material left in the inner plume once it has stopped is not added to the
source of the single plume region (moderately coupled scenario), the single
plume region starts with the same mass, momentum and enthalpy as the
top of the outer plume. The inner plume mass, momentum, and enthalpy
flow rates at the point where it stops is lost from the system and the final
height of the plume decreases as the GSD becomes finer. On the other hand,
if the material of the inner plume is added and can be supported at the top
of the double plume region (dashed red line, Figure 2.6) the overall plume
height does not significantly vary as the median of the grain-size distribution
decreases. The overall mass, momentum, and enthalpy flow rates of the
system is generally conserved. The behaviour of the plume from varying the
GSD is the same for eruptions of different sizes as defined by the initial MFR.

Impact of Lava Fountain Size on Plume Rise

To vary the size of the lava fountain in the model, the partition ratio, (ε),
is varied between 0.25 and 0.9. The bigger ε, the more of the initial MFR
partitioned into the inner plume, thus forming a larger lava fountain. The
other source conditions (velocity, temperature, gas mass fraction, GSD) are
kept constant and can be found in Table 2.4b. I examine the effect of different
sizes of lava fountains on the two coupling scenarios; moderately and fully
coupled (Section 2.3.4).

An increase in the size of a lava fountain, when the inner plume has a
log-normal GSD with a median grain-size of -3 phi, results in the tephra
plume rising higher compared to when the lava fountain is small and to
a standard tephra plume. This is true for both the moderately and fully
coupled scenarios (Figure 2.7a, solid blue and dashed red lines, respectively).
As the lava fountain increases in size, the amount of fallout from the inner
plume becomes proportionally larger compared to what is in the outer plume.
When the fallout is composed of predominately finer particles (Figure 2.7a)
the sedimenting particles become a source of mass, momentum, and enthalpy
for the outer plume. With larger lava fountains, this contribution of the hot
material becomes the dominant component of the solid phase MFR in the
outer plume rather than the original solid phase MFR in the outer plume
erupted at the vent. The mass, momentum, and enthalpy of the outer plume
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Fig. 2.6 a) The effect of varying the median size of the GSD of the inner plume
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correlates to the x-axis in a), is referenced in the top right corner of each plot.
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increases considerably resulting in a higher buoyant plume compared to if a
lava fountain was not present.

In contrast, when the initial GSD of the inner plume is coarser (log-normal
GSD with a median of -7 phi), a dependence is found on the initial MFR. For
initial MFRs ≤ 105 kg s−1 an increase in the size of a lava fountain results
in the plume rising to lower heights with respect to the standard integral
model. If the lava fountain consists of predominately large particles, much
of the fallout from the inner plume is not supported by the surrounding
plume. The sedimenting particles from the lava fountain are lost from the
system, therefore the associated mass, momentum and enthalpy are also
lost. The lower levels of mass, momentum and enthalpy being added to the
outer plume results in the plume being unable to rise to heights similar to
or greater than the standard integral model (Figure 2.7b). The two different
coupling approaches are the same as large amounts of fallout results in the
majority of the solid phase MFR of the inner plume being lost before the
inner plume velocity approaches 0. Little or nothing is present to add to
the start of the single plume region and, therefore, the coupling mechanism
becomes unimportant. However, when the initial GSD of the inner plume
is coarse and the initial MFR is high (i.e., 106 kg s−1), the same behaviour
as when the GSD of the inner was finer is seen. Plume height increases as
the lava fountain size increases because the overall larger initial MFR of the
eruption results in the velocity profile of the outer plume decreasing at a
slower rate with height compared to an eruption with a lower initial MFR.
As a result, more of the fallout from the inner plume can be supported by
the outer plume and the lava fountain acts as a source of mass and energy.
As lava fountain size increases, this source to the outer plume increases and
therefore the plume can reach greater heights. This supports the results of a
coupled plume going higher than a standard plume at high initial MFRs as
seen in Figure 2.4.

2.4.2 Characteristics of a Coupled Lava Fountain - Tephra

Plume

The inclusion of a lava fountain affects not only the rise height of the plume,
but also its dynamics. Figures 2.8 and 2.9 show the velocity, temperature,
radius, and density profiles for the double and single plume region, respec-
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Fig. 2.7 The effect of lava fountain size on the height of the coupled tephra
plume (coloured lines) compared to those of a standard integral model (black
dotted line) for four different eruption sizes; a) shows the example of when
the inner plume is initiated with a fine GSD, b) shows the example of when
the inner plume is initiated with a coarse GSD.
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tively. I compare two cases: when the GSD of the inner plume is coarse
(Figures 2.8b and 2.9b) and when the GSD is fine (Figures 2.8a and 2.9a).
Coarse and fine refer to log-normal distributions where the median grain-
sizes are -7 and -3 phi, respectively. The standard deviation is kept constant
at 0.75 phi. The other source conditions are kept constant and are shown
in Table 2.4b. The initial MFR was set to 105 kg s−1 and 2/3 of this MFR is
partitioned into the inner plume. Both the coupling scenarios of the double
plume model and the standard integral model are plotted. As both scenar-
ios only differ in the treatment of the initial conditions of the single plume,
both scenarios are the same for the double plume region. Reference to the
dynamics of the inner and outer plumes in Figure 2.8 refers to both scenarios.
I consider representative characteristics for two end-member scenarios and
therefore cover the range of plausible outcomes.

The Height of the Double Plume Region

A key feature of the dynamics of the inner plume is that its height is much
lower than that of a typical tephra plume. The height of the inner plume
(i.e., the lava fountain) is controlled by its initial velocity and the extent of
particle fallout. As the lava fountain never becomes buoyant, the maximum
height it can reach is the ballistic height. If the inner plume loses the majority
of its mass as it rises via the process of particle fallout, the solid phase
MFR becomes negligible, and the lava fountain never reaches the ballistic
height. When the GSD of the inner plume is fine, the inner plume height is
comparable to the ballistic height (Figure 2.8a). The height of the inner plume
is 516 m, while the height of the calculated ballistic height is 510 m for the
source conditions defined in Table 2.4b. These heights are not comparable to
the height of the gas-thrust region (6 - 8 m) of the surrounding tephra plume
or to the height of the gas-thrust region in a tephra plume without a lava
fountain (25 m). However, when the GSD is coarse, the inner plume stops
rising before the ballistic height is reached as the solid material in the plume
is depleted (Figure 2.8b). Therefore, the dominant controls on the height of
the inner plume (i.e., the lava fountain) differs to those of the surrounding
plume, which in turn results in different dynamics between the inner and
outer plume.
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Fig. 2.8 The dynamics (velocity, temperature, radius and density) of the
inner and outer plumes (with the moderately and fully coupled scenarios
overlapping) in the double plume region compared to those of the standard
integral model. a) The example of when the inner plume is initiated with
a fine GSD and b) is the case when the inner plume is initiated with a
coarse GSD. The standard integral model is shown (dotted black line) for
comparison and the modelled surrounding plume in the double plume is
also plotted for completeness.
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Fig. 2.9 The dynamics (velocity, temperature, radius and density) of the sur-
rounding tephra plume for two examples, where one has a fine and the other
has a coarse initial GSD for the inner plume, (a) and b), respectively). The
two different coupling scenarios are shown; solid blue line for the moderately
coupled case and dotted red line for the fully coupled case. The standard
integral model is shown (dotted black line) for comparison.
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The Dynamics of the Double Plume Region

The dynamics of a lava fountain differs to those of the surrounding tephra
plume (Figure 2.8) as, unlike the outer plume, the inner plume does not
entrain the surrounding gas. The inner plume does not become buoyant as its
density is always higher than that of the surrounding plume; it is a negatively
buoyant plume. The decrease of MFR due to the lack of entrainment into
the inner plume and particle fallout results in the radius of the inner plume
to decrease with height, while the velocity of the inner plume continuously
decreases as it rises. The lack of entrainment of colder gas also causes
very little cooling of the inner plume. In contrast the outer plume cools
significantly and increases in width as it entrains the colder ambient gas.
Once enough gas has been entrained and heated, the buoyancy is reversed
causing an increase in the velocity of the outer plume. These characteristics
of the outer plume are comparable to those of a standard tephra plume, with
a slight difference due to the different entrainment coefficients used in the
respective models.

The amount of sedimentation from the inner plume also plays a role in the
dynamics of the inner plume and of the surrounding outer plume. When fall-
out is low (Figure 2.8a), the inner plume stops due to its velocity approaching
0 m s−1, which causes the plume radius to diverge. The gas phase in the
inner plume is depleted before all the solid MFR has fallen out of it, causing
the bulk plume density to tend towards that of the solid phase. However,
when fallout is high (Figure 2.8b), the plume stops before the plume radius
diverges as the solid material in the plume has completely fallen out. Ini-
tially, before significant amount of entrainment occurs into the outer plume,
high fallout from the inner to the outer plume causes the temperature of the
surrounding tephra plume to increase. The gas phase becomes the dominant
phase of the inner plume, and therefore reduces the bulk density of the inner
plume towards that of the gas phase. At the very top of the inner plume, the
bulk density appears to increase. This is an artefact caused by the model as
the radius of the inner plume becomes narrower than the diameter of the
smallest grain-size present in the inner plume. The choice of the initial GSD
can result in significant difference in the dynamics of the inner plume and
influences the dynamics of the surrounding tephra plume.
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The Dynamics of the Single Plume Region

In the single plume region, there is little difference in dynamics between
a tephra plume coupled to a lava fountain, for either coupling scenario,
and a standard tephra plume (Figure 2.9), with the largest difference seen
most strongly just above the lava fountain. There, the velocity of the plume
increases before decreasing again. This is because the rate at which mo-
mentum in the plume increases is greater than that of the MFR. The radius,
temperature and density of the single plume region follows the same general
behaviour as the plume without a lava fountain. The radius of the single
plume starts wider, before becoming narrower with height, compared to the
standard integral model. The density of the outer plume is lower than that
of the standard modelled plume.

Depending on the coupling scenario and how much material is left in the
inner plume once it has stopped, the dynamics of the single plume varies
with respect to the standard integral model. When the initial GSD of the
inner plume is coarse (Figure 2.9b), high sedimentation results in the single
tephra plume being slightly colder, denser, and wider as it rises compared to
the standard integral model. No difference exists between the moderately
and fully coupled double plume scenarios (solid dark blue vs dotted red
lines, Figure 2.9a) as nothing is left at the top of the inner plume to add to the
start of the single plume. In contrast, when the initial inner plume GSD has a
median grain-size of -3 phi (Figure 2.9a), the difference between the double
plume model and the standard integral model is more significant; especially
towards the top of the plume as it rises higher. In the case where the double
plume and single plume region are fully coupled, the single plume starts off
with higher mass, momentum, and enthalpy flow rates as the majority of the
material left at the top of the inner plume is added to the start of the single
plume. This results in a discontinuity in the transition of the outer plume to
the single plume. The single plume is slightly hotter and less dense than that
of the plume without a lava fountain and a surrounding tephra plume that
is moderately coupled to a lava fountain.

2.4.3 Thermal Disequilibrium

Thermal disequilibrium can exist to variable extents between particles larger
than -2 phi and the gas phase (Woods and Bursik 1991). Much of the erupted
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material from lava fountains is larger than -2 phi, such as in the example
of the 1956 Kilauea Iki (Parfitt 1998), Hawaii eruption, where ∼ 98% of the
material in the field deposit is larger than -2 phi. This could mean that
the heat transfer between the lava fountain and the surrounding plume is
overestimated if thermal disequilibrium is not considered. However, as the
extent of thermal disequilibrium is dependent on grain-size, and a large
amount of the coarse particle are completely removed from the system by
particle fallout from the lava fountain, the significance of this reduction
in heat transfer has so far been assumed to be negligible and, as a result,
is not explicitly considered. In this subsection, however, I consider the
role of thermal disequilibrium between solid particles and the gas phase
when modelling a plume that is coupled to a lava fountain. I have decided
to evaluate this process independently to the previously examined model
parameters due to limited work on how to accurately consider thermal
disequilibrium between coarse vesicular volcanic clasts throughout the whole
eruption column in an integral model.

I evaluate the impact of thermal disequilibrium between solid particles and
the gas phase in a plume that is coupled to a lava fountain by considering two
different approaches in the double plume model. First, I take an approach
where sedimenting particles from the inner plume (i.e., the lava fountain)
are not added to the outer plume (i.e., the surrounding tephra plume). This
results in no coupling between the inner and the outer plumes and mimics
the largest impact of thermal disequilibrium as no coupling prevents any heat
transfer through particle fallout from the lava fountain to the surrounding
tephra plume. Secondly, I implement the approach of Woods and Bursik
(1991), where a thermal coefficient is used to determine the fraction of mass
in equilibrium with the solid material. This thermal coefficient is then used
to adjust the heat capacity of the solid phase. The thermal coefficient is
dependent on the mean of a log-normal grain-size distribution. Woods
and Bursik (1991) determined these coefficients by calculating the excess
heat content of clasts in the lower 10 km of a tephra plume. Through this
approach, I am able to examine the effect of thermal disequilibrium on plume
rise as the grain-size distribution becomes coarser and while still allowing
coupling between the inner and the outer plume. Both the first and second
approaches are investigated by following the same procedure of randomly
varying the parameter space to examine the relationship between plume
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Fig. 2.10 The impact of thermal disequilibrium (red and blue markers) on
the relationship between initial MFR and plume height compared to model
runs where thermal equilibrium is assumed, and the inner and outer plumes
are fully coupled (green markers). The effect from thermal disequilibrium is
shown for the two implemented approaches; where it is assumed the inner
plume and outer plume are not coupled (red markers), and the approach of
Woods and Bursik (1991) (blue markers).

height and the initial MFR as in Section 2.4.1. In both cases, any remaining
solid MFR, momentum flow rate and energy flow rate, are added to the start
of the single plume region. As a result, I also compare with the fully coupled
scenario.

Thermal disequilibrium can reduce the height that a plume can reach for a
given overall initial MRF. Figure 2.10 shows the relationship between the
overall initial MFR and plume height for the cases where thermal disequi-
librium is considered via the approach of allowing no coupling between
the inner and outer plumes (red markers) and thermal disequilibrium is
considered via the approach of Woods and Bursik (1991) (blue markers). For
comparison, I also present the fully-coupled scenario (green markers). For a
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given initial MFR, when no coupling exists between the lava fountain and the
surrounding tephra plume, the final plume height reached is always lower
compared to the fully coupled (i.e., no thermal disequilibrium) scenario (red
dots compared to green markers). This suggests that if the solid material
from the lava fountain is completely out of thermal equilibrium with the
surrounding tephra plume, the tephra plume would reach a lower height.
However, there are limitations of using the approximation of assuming that
no coupling between the inner and outer plumes quantifies the effect of
thermal disequilibrium as this approach also prevents mass and momentum
transfer through fallout. As a result, this method can only tell us about the
end member scenario. Similarly, when considering thermal disequilibrium
through the approach of Woods and Bursik (1991), the plume height for a
given MFR can potentially be the same or lower than that if thermal disequi-
librium was not considered at all (blue versus green markers). This is due
to the size of the impact from thermal disequilibrium being dependent on
the GSD, and as the initial GSD is allowed to vary, the size of the impact on
plume rise also varies. Similarly, this also results in a similar or higher mod-
elled plume height for a given MFR compared to if thermal disequilibrium
was considered as the worst-case scenario (blue versus red markers). This is
because the degree of thermal disequilibrium is dependent on the GSD.

2.5 Discussion

2.5.1 What controls the effect that a lava fountain has on

buoyant plume rise?

The extent to which a lava fountain affects the rise of a buoyant tephra plume
depends on the amount of coupling between the tephra plume and the lava
fountain. The greater the degree of coupling, the greater amounts of mass,
momentum, and enthalpy the lava fountain can provide to the rising tephra
plume. This can result in the surrounding tephra plume reaching higher
altitudes compared to those without these additional sources. Instances of
high coupling include when fallout from the lava fountain is high, and this
fallout is incorporated into surrounding plume or is transferred to the single
plume region when the lava fountain stops. High fallout generally occurs
when the initial GSD is coarse. The larger the solid particles in the plume,
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the more likely the velocity of the inner plume will not be high enough to
support their rise and will subsequently sediment from the plume (Figures
2.5 and 2.6). If there is not any coupling between the lava fountain and the
tephra plume, the lava fountain acts as a sink for the system. This occurs
when the amount of fallout is really high, and the material is not supported
by the surrounding plume, or when the fallout is low and the material is
removed from the system when the lava fountain stops. These results lead
to the conclusion that the initial GSD of a lava fountain is one of the most
important controls on the extent of impact a lava fountain has on the rise of
the surrounding tephra plume. Regardless of the type of coupling scenario,
the effect on plume rise is greater when more of the overall initial MFR is
partitioned into the lava fountain compared to the surrounding tephra plume
(Figure 2.7).

Thermal disequilibrium also has a control on the impact that a lava fountain
has on a co-existing tephra plume. However, the extent of the impact is un-
certain. Depending on the approach used to explore thermal disequilibrium
(no coupling versus the use of thermal coefficients (Woods and Bursik 1991)),
the overall plume height can be reduced. This, once again, is due to the initial
GSD. When modelling thermal disequilibrium with the approach of Woods
and Bursik (1991), a coarse initial GSD results in a low thermal coefficient
and subsequently a high level of thermal disequilibrium. Similarly, a coarse
GSD results in high fallout and therefore none of the energy of the hot lava
fountain is transferred to the surrounding tephra plume. However, with
the exception of Woods and Bursik (1991), the majority of volcanic plume
models do not consider the impact of thermal disequilibrium as the parti-
cles are assumed to be fine enough that this process is not important (e.g.,
Bursik (2001), Woodhouse et al. (2013), Mastin (2014), Girault et al. (2014),
de’Michieli Vitturi et al. (2015), and Folch et al. (2016)). As this in not the case
for tephra plume-lava fountains, as shown in Section 2.4.3 and due to the
fact that the grain-sizes in the plume can reach the order of meters (Parfitt
1998), the impact of thermal disequilibrium on the rise of tephra plumes that
are couple to lava fountains should be investigated further.
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2.5.2 Limitations of the Model

Unaccounted-for Processes

I focused this study on the coupling of a lava fountain to a tephra plume, but
there are of course a series of additional processes that can further influence
plume dynamics that were not directly accounted for. I discuss the most
important ones and their potential impact here.

Wind could play a vital role on the rise of plumes that contain a lava fountain.
Increased entrainment and bending of the plume from wind can reduce
the overall height a standard tephra plume can reach. Its effect has been
accounted for in standard integral models and has been studied in detail
(Bursik 2001; Degruyter and Bonadonna 2012; Degruyter and Bonadonna
2013; Woodhouse et al. 2013; Carazzo et al. 2014b; Girault et al. 2016). While
it is reasonable to expect a similar effect for the tephra plume above the
lava fountain, the impact of wind on the region of the tephra plume that
coexists with the lava fountain is less clear. An increase of entrained fluid
from the atmosphere into the tephra plume could affect its ability to support
sedimenting material from the inner plume. High wind could also increase
the stability of the tephra plume as has been highlight in standard tephra
plumes by Degruyter and Bonadonna (2013). Another unaccounted process
is secondary fragmentation within the lava fountain, which could result in
additional material being added to the surrounding plume.

Consideration should also be given to the potential impact of drag (of the
lava fountain and the surrounding tephra plume on each other) on the plume
dynamics. Drag is defined as the resistive force that opposes motion. It is a
mechanical force that occurs when there is a difference in velocity between
an object and the surrounding medium. Currently, the double plume model
does not account for this process. However, it could have an important
role on the plume rise. While both the inner plume (the lava fountain) and
the outer plume (the surrounding tephra plume) start with the same initial
velocity, their respective velocities differ with plume rise (see Figure 2.8). If
the inner plume was rising faster than the surrounding outer plume, the
drag force between the two plumes would result in the inner plume being
slowed and the outer plume velocity increasing. Vice-versa, if the outer
plume was rising faster than the inner plume, the opposite would be true.
Previously drag has been considered in the study of plumes, for instance,
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when looking at the effect of wind on plume rise (Freitas et al. 2010; Li
and Flynn 2020). The implications of drag force on a rising starting plume
has also been investigated experimentally (Bhamidipati and Woods 2017).
However, the inclusion of drag in the double plume model presented in this
Chapter, would face multiple challenges such as defining the drag coefficient
term, a key empirical value needed to quantify drag which is difficult to
constrain. Given the potential impact from drag on plume rise, future work
should determine the effect of drag on the rise of a tephra plume coupled to
a lava fountain.

Parameter Uncertainty

Another consideration of this study should be the values of the entrainment
coefficients used in the integral plume models. While there has been an
extensive amount of research into which values to use in standard integral
models (Devenish et al. 2010b; Suzuki and Koyaguchi 2015; Aubry et al. 2017;
Aubry and Jellinek 2018), including using varying entrainment coefficients
that are dependent on the Richardson number (Kaminski et al. 2005; Carazzo
et al. 2008b), considerable uncertainty on their values remains. Entrainment
coefficients for double plumes have been determined from large eddy simu-
lation of Boussinesq plumes (0.05, 0.8 and 0.01 for α, β and λ, respectively)
(Devenish et al. 2010a). They have also been calculated from the fitting of
theoretical modelling to experiments of Boussinesq fountains (0.085, 0.147
and 0.147 for α, β and λ, respectively) (Bloomfield and Kerr 2000). The coeffi-
cients from these different studies differ to each other and therefore lead to a
difference in plume dynamics (Devenish and Cerminara 2018). The plume
height modelled by a double plume model is sensitive to the values chosen
for the entrainment coefficients as shown in Li et al. (2018) and Li and Flynn
(2020). Given the importance of the value of the entrainment coefficients,
and the structure of a coupled lava fountain - tephra plume being different
to experimental Boussinesq fountains (hotter, coarser, co-flowing), further
experiments and analysis of real eruptions are needed to better constrain
their values.

Even though the source conditions are a major control on the extent of cou-
pling between a lava fountain and a tephra plume, the characterisation of the
GSD and lava fountain size of a coupled lava fountain - tephra plume system
are poorly constrained. Such source parameters are difficult to determine.



2.6 Conclusion 71

Field analysis of the proximal deposit is challenging after an eruption due
to the difficult accessibility and deposit correlation (Andronico et al. 2014a;
Behncke et al. 2014). Frequent eruptions at volcanoes such as Mount Etna,
make it difficult to determine one eruption deposit from another in the very
proximal region. As a result, analysis of the GSDs and of the erupted material
has not been carried out on the very proximal deposits of fallout forming
the scoria cone from the lava fountains that occurred between 2011 and 2016.
Further information on the GSDs of the inner plume would provide a better
description of the initial grain-size characteristics of the lava fountain and
would improve the reconstruction of coupled lava fountain - tephra plumes.
It would also allow for a better exploration of the role that thermal disequi-
librium can have on plume rise. Field studies of proximal cones produced by
coupled lava fountains - tephra plumes should be carried out to determine
the GSD of the lava fountain. To better determine the amount of erupted
mass of the lava fountain, remote sensing methods, such as radar, could also
be used to define the MFR partition ratio ε between the lava fountain and the
surrounding tephra plume (Freret-Lorgeril et al. 2018). High accuracy Lidar
surveys (Fornaciai et al. 2010; Scollo et al. 2012; Scollo et al. 2015) and Un-
manned Aerial Vehicles investigations (De Beni et al. 2019) after individual
eruptions could also provide details on the characteristics and the volume of
the cone deposits to better estimate the partition ratio of the initial MFR.

2.6 Conclusion

In this Chapter, I have examined the issue of how to model tephra plumes
that are coupled to lava fountains. This was first achieved by evaluating if a
standard integral model can reproduce the observations of tephra plumes
that are coupled to lava fountains at Mount Etna, Italy. Results show that
a standard integral model cannot capture the height of the lava fountain.
Furthermore, the height of the gas-thrust region of a tephra plume, that is
modelled with a standard integral model, is not equal to the ballistic height
since the plume becomes buoyancy driven before the latter is reached. These
findings highlighted the need of a new model to be able to capture the
observed features of tephra plumes that are coupled to lava fountains.

To improve the modelling of tephra plume that are coupled to lava fountains
so that the impact of a lava fountain on plume rise can be investigated, I have
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developed a novel model for buoyant tephra plumes associated with a lava
fountain. My results indicate that lava fountains do affect the characteristics
of buoyant tephra plumes. In particular, the type and extent of the effect
on a plume from a coupled lava fountain is predominantly dependent on
the proportion of the initial MFR that is partitioned into the lava fountain
and the GSD of the lava fountain. The presence of a lava fountain increases
the variability of the MFR-plume height relationship, compared to the case
without one. This relationship is altered further when thermal disequilibrium
is considered. When a greater fraction of the overall initial MFR is partitioned
into the lava fountain and, if the fountain is composed of coarse material, the
lava fountain acts as a sink of mass, momentum, and enthalpy of the overall
plume system. In this scenario, a higher MFR at the source is required to
reach the same height as a plume without a lava fountain.

Despite the advances presented in this Chapter, much work is still left to do
to be able to use integral models to study tephra plumes that are coupled
to lava fountain. Specifically, a better characterisation of the initial GSDs
is required. The initial GSD of the lava fountain controls how much MFR,
momentum flow rate and energy flow rate from the lava fountain are trans-
ferred to the surrounding tephra plume. It also controls the size of the impact
of thermal disequilibrium on plume rise. However, studies of the size of the
deposited material from lava fountains is limited. Moreover, it is essential
that further work is focused on determining the entrainment coefficients of
co-flowing buoyant plumes. Much of the previous work has determined
the entrainment coefficients for counter-flowing plumes by fitting numerical
models to experimental data (Bloomfield and Kerr 2000). In contrast, the
plumes of the focus of this study are large, particle rich and co-flowing. To be
able to use integral models to examine the dynamics of tephra plumes cou-
pled to lava fountains, a better understanding of parameter such entrainment
coefficients used in the double plume model are required.



CHAPTER 3

UNDERSTANDING THE RELATIONSHIP BETWEEN LAVA

FOUNTAINS, TEPHRA PLUMES AND THEIR DEPOSITS

AT MOUNT ETNA

3.1 Introduction

Volcanic tephra deposits have been used extensively to study the volcanic
eruptions that generate them. They can provide information about many of
the eruption characteristics including, but not limited to, the eruption source
parameters, for example, total grain size distributions (TGSDs) (Bonadonna
et al. 2015; Costa et al. 2016a; Pioli et al. 2019), the height that a plume
reached (Carey and Sparks 1986; Rossi et al. 2019) and the eruption style
(e.g., magmatic or phreatomagematic, Osman et al. (2019)). One of the most
widely used pieces of information that can be derived from the study of a
tephra deposit is the MFR at the vent. As mentioned in Chapter 1, MFRs
derived from tephra deposits have been used to determine the relationship
between plume height and the MFR (Sparks et al. 1997; Mastin et al. 2009).
The MFR is also a vital input parameter for plume, volcanic tephra dispersal
and hazard models. Effective forecasting and hazard assessment of eruptions
requires a sufficiently accurate determination of ESPs and particularly the
MFR (Scollo et al. 2008; Devenish et al. 2012; Bonadonna et al. 2015).

The MFR can be derived from the erupted mass and the duration of the
eruption. The erupted mass is estimated from the tephra deposit based on
how the deposit changes along its dispersal axis. First, the erupted volume
or mass has to be calculated from the creation of an isopach (contours of
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equal thickness) or isomass (contours of equal mass load) map (Bonadonna
et al. 2015; Biass et al. 2019). These maps can be used to determine how the
deposit thickness, or mass load, changes along the dispersal axis. This data
is then plotted as a semi-log plot of log(thickness) or log(mass load) versus
the square root of the area enclosed within a contour. Fitting a line to this
and integrating under the curve allows for an erupted volume or mass to be
determined. Different fittings have been proposed including an exponential
(Pyle 1989), multiple segments (Fierstein and Nathenson 1992), a power-law
(Bonadonna and Houghton 2005a) and a Weibull function (Bonadonna and
Costa 2012). An erupted mass (or volume converted to mass by using an
estimate of the deposit density) can then be used to compute a MFR by
combining it with an estimation of eruption duration.

Many studies have used the tephra deposits of the paroxysmal eruptions of
Mount Etna, Italy, to determine MFR estimates (Scollo et al. 2007; Andronico
et al. 2009a; Andronico et al. 2009b; Andronico et al. 2014a; Andronico
et al. 2014b; Andronico et al. 2015; Andronico et al. 2018; Edwards et al.
2018; Poret et al. 2018b; Freret-Lorgeril et al. 2021b). However, as shown in
Section 2.2.2, a discrepancy exists between deposit-derived MFR estimates
and those derived from direct observations of the plume height. Based on
my findings in Chapter 2, I hypothesise that this discrepancy is the result
of high fallout from the lava fountain that causes a significant amount of
the initially-erupted material to not reach the top of the eruption column.
Instead, the tephra from the lava fountain sediments to form the proximal
cone deposit (Taddeucci et al. 2015b; Behncke et al. 2014; De Beni et al. 2015).
This results in the solid phase MFR at the top of the tephra plume being
less than that at the vent. To test this theory, a better understanding of the
relationship between the plume dynamics with respect to the tephra deposits
is required, specifically on the mass distribution in the tephra plumes.

The plume tephra deposit also holds vital clues on the coupling between the
tephra plume and the lava fountain of paroxysmal eruptions. But little is
known about the coupling between the lava fountain and the surrounding
tephra plume, i.e., the mass, momentum, and energy exchange between
the lava fountain and the tephra plume, and its impact on the resulting
tephra deposit. Previous studies have shown that a significant amount of
erupted material from the lava fountain is deposited in the cone (Behncke
et al. 2014; De Beni et al. 2015; Andronico et al. 2018). This is evidence
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of low coupling between the lava fountain and the surrounding tephra
plume. I hypothesise that the degree of coupling determines the extent
of the discrepancy between the MFR derived from the observed plume
height (through empirical formulas or standard integral models) and that
determined from analysis of the field deposit. While MFR estimates from the
observed plume height tell us about what is erupted at the vent, not all of
this material reaches the top of the surrounding tephra plume and becomes
dispersed. The degree of coupling and the role it has on the dispersal of the
erupted material and on the characteristics of the tephra deposit needs to be
quantified.

Due to the high frequency of occurrence and availability of relevant data, the
paroxysmal eruptions of Mount Etna provide an excellent opportunity the
study the effect of tephra plume - lava fountain coupling on plume tephra
deposits. Such data includes plume height estimates (Bonaccorso et al. 2014;
Andronico et al. 2014a; Sellitto et al. 2016; Poret et al. 2018a; Corradini et al.
2018; Freret-Lorgeril et al. 2021b) and plume tephra deposit characterisations
(Andronico et al. 2014a; Andronico et al. 2015; Freret-Lorgeril et al. 2021b;
Edwards et al. 2018).

I have selected five eruptions between 2011 and 2013 of which clear plume
heights have been determined and the tephra deposits have been analysed.
These are the 12th of January 2011, 29th of August 2011, 23rd of February
2013, 26th of October 2013 and 23rd of November 2013. Each eruption is
examined with the double plume model, that was presented in Chapter 2, to
determine the MFR profiles in the plume. These are then compared to the
MFR derived from the analysis of the field deposits reported in the literature.
I show that the deposit-derived MFR better correlates with the modelled
solid phase MFR at the start of the single plume, rather than the modelled
solid phase MFR at the source. This indicates that the high fallout in the
double plume region leads to a significant reduction of solid material in the
tephra plume with height.

I then quantify the extent of coupling between the tephra plume and lava
fountain for the five selected eruptions and demonstrate how it controls the
discrepancy between the plume tephra deposit- and plume height-derived
MFRs. When the extent of coupling is low, I find that this discrepancy is
higher. This is because when coupling is low, fallout from the lava fountain to
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the ambient is higher and forms the cone deposit. This results in less material
reaching the top of the buoyant tephra plume, and subsequently less material
being dispersed to form the plume tephra deposit. This work therefore shows
that coupling between the tephra plume and the lava fountain affects the
relationship between MFR and plume height.

I then go on to discuss the impact of these findings on the understanding
of the relationships between the tephra deposit, the lava fountain, and the
tephra plume. I also offer thoughts on what MFR estimates should be used
as a source parameter for dispersion and hazard models. Finally, I discuss
the importance of coupling on the understanding of tephra plumes coupled
to lava fountains at Mount Etna, Italy. This includes a discussion on the un-
certainty related to the results, why there is a difference in coupling between
the different eruptions and suggestions on how to better further quantify the
extent of coupling.

3.2 Methods

3.2.1 The model

I examine the characteristics of sustained tephra plumes that are coupled
to lava fountains at Mount Etna using the coaxial plume integral model,
referred to as the double plume model, that was presented in Chapter 2,
where in-depth details on the formation and characteristics of the model
can be found. As in Chapter 2, it is assumed that no entrainment of the
gas phases into the inner plume occurs to ensure that the radius of the
inner plume decreases with height to reproduce the characteristic shape of
a lava fountain. The values of the entrainment coefficients that describe
entrainment from the inner plume to the outer plume, and from the ambient
to the outer plume are also kept the same as to those used in the previous
Chapter. The coupling between the double plume region and the single
plume region is set as fully coupled (see Chapter 2.3.4). This is because I
assume this approach is the most realistic as the addition of material from the
lava fountain is dependent of the size of the material rather than assuming
that all material is removed as explored in Chapter 2.

Compared to the model presented in Chapter 2, I make the adaptation of
including the effect of wind on the rise of the single plume region. Figure 3.1
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shows a schematic of the model, where the effect of wind is accounted for in
the single plume region. This adaptation is made as many real eruptions are
affected by wind, so this change allows for these eruptions to be explored
with the double plume model. However, I do not include the effect of wind
in the double plume region as it is assumed that wind plays only a minor
role on lava fountain dynamics. To make this adaptation, the governing
equations of the single plume region become the same as those of Degruyter
and Bonadonna (2012), which are presented in Chapter 1. A complication of
including wind in the single plume region is that an intermediate plume can
be predicted to have a higher top plume height (height of the centreline plus
the plume radius) than when modelled in the absence of wind. Since this is
a clearly unphysical result, simulations are run both with and without wind
as in Chapter 2.2. Then, following Mastin (2014), Devenish (2016), and Scollo
et al. (2019), wind is only accounted for if the height predicted by the model
with wind (Zwind) is less than that predicted when wind is not accounted for
(Zno wind), i.e.,

Zfinal = min(Zwind, Zno wind). (3.1)

I also make use of a standard integral model developed in Degruyter and
Bonadonna (2012) for calculating a MFR estimate from plume height. As
with the double plume model, the effect of wind on the rise of a tephra plume
is considered. Similarly, to above, simulations are ran with and without wind,
and the case with wind is only considered if the modelled top plume height,
defined as the top modelled centreline height plus the radius at the top of
the plume, is less than the top plume height when wind is not considered
(see equation 3.1).

3.2.2 Modelling approach

The ESPs of the eruptions are inverted by randomly sampling the model
parameter space and matching observations of both the lava fountain height
and the plume height to the model. This Monte Carlo approach is taken
for both the standard integral model and the double plume model. For
each run of the Monte Carlo simulation, the unknown ESPs (initial values
of velocity, gas mass fraction, temperature, MFRs of the outer and inner
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Fig. 3.1 Schematic of the double plume model, where the single plume region
considers the effect of wind.
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plumes) are varied. The source parameter ranges are given in Table 3.1 and
the parameters are varied independently of each other. I also impose that the
initial velocities of the inner and outer plumes are equal in the double plume
model. For the Monte Carlo simulations using the double plume model,
the simulated top plume height and double plume region height are then
compared to the observed heights of the tephra plume and lava fountain,
respectively. In the case of the Monte Carlo simulations using the standard
integral model, only the top modelled plume height can be compared to the
observed plume height.

The observed plume height and lava fountain heights used to constrain
the Monte Carlo simulations can be found in Table 3.2 (Scollo et al. 2014;
Corradini et al. 2018; Andronico et al. 2014a; Freret-Lorgeril et al. 2021b;
Calvari et al. 2018). For the 23rd of February 2013 eruption, the observed
plume height was calculated by INGV-OE from analysis of SEVIRI data
using the dark pixel approach (Prata and Grant 2001). If the modelled
heights are both within error of these observed heights, it is recorded as a
match. For each constrained solution of the Monte Carlo simulation using
the double plume model, the MFR of the solid phase at the source, the start
of the single plume, the NBL and at the top of the plume are recorded for
further comparison to other MFR estimates. Similarly, the initial MFR of the
solid phase is recorded from the constrained solutions of the Monte Carlo
simulation using the standard integral model. In the case of the double
plume model, I also note the extent of coupling between the lava fountain
and the surrounding tephra plume, which is defined as the percentage of the
initial solid MFR of the inner plume that is transferred to the surrounding
tephra plume during plume rise

Extent of coupling (%) =
MFRi→o + MFRi→s

MFRi0
× 100, (3.2)

where MFRi→o is the total solid phase MFR transferred from the inner plume
to the outer plume due to particle fallout, MFRi→s is the solid phase MFR
transferred from the inner plume to the single plume once the inner plume
has terminated and MFRi0 is the initial solid phase MFR of the inner plume.
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Some of the ESPs in the Monte Carlo simulations are kept fixed. The initial
GSDs of the inner and outer plumes are kept constant. The field-derived
TGSD is used as the initial GSD of the outer plume if available. This is under
the assumption that the field deposit does not include significant fallout
from the lava fountain. Otherwise, a log-normal GSD, with a mode of 0.5 phi
and a standard deviation of 1.5 phi, is used (Scollo et al. 2019). The TGSD
from the 1959 Kiluea Iki, Hawaiian eruption from Parfitt (1998) is used as the
initial GSD of the inner plume as in Chapter 2. All these GSDs can be seen in
Figure 3.2. The atmospheric conditions used in the double plume model (i.e.,
wind profile, pressure, and temperature) are sourced from interim-ECWMF
data (Berrisford et al. 2011) for the specific eruption in question.

Calculation of the initial inner plume MFR

Unlike the standard integral model, the double plume model explicitly mod-
els the tephra plume and the lava fountain separately. As a result, the double
plume model requires information on how the total initial MFR is partitioned
between the inner and outer plumes (i.e., the lava fountain and the tephra
plume). To determine this parameter, I used MFR estimates from field mea-
surements of the cone. De Beni et al. (2015) and Behncke et al. (2014) have
estimated the total volume of the cone deposit from paroxysmal eruptions at
the New South East Crater (NSEC) of Mount Etna between 2011 and 2014.
To estimate how much of this volume derives from each individual eruption,
I use the volume estimates along with the total erupted mass proxy (TEM*)
calculated with Doppler radar measurements (Freret-Lorgeril et al. 2018).
TEM* allows us to determine how much an individual eruption contributed
to the summated TEM*. I then use the relative contribution of an individual
eruption to estimate how much of the volume of the cone derives from each
eruption. The MFR of the cone material for each eruption is derived from the
cone volume for each eruption, density measurements and eruption duration
(Behncke et al. 2014; De Beni et al. 2015; Mulas et al. 2016; Freret-Lorgeril et al.
2018). These values will be referred to as the MFR from the lava fountain
tephra deposit (MFRLFTD) from now on under the assumption that they are
composed of only material that has fallen from the lava fountain and can be
found in Table 3.3. As a result, this examination is restricted to the period
between 2011 and 2014, as this is the only time period where an estimate
of the volume of the cone is made (Behncke et al. 2014; De Beni et al. 2015).
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Fig. 3.2 GSDs of Etna Cases studies that are used in numerical modelling.
Data sources: 12th January 2011, Andronico et al. (2014a), 29th August 2011,
Freret-Lorgeril et al. (2021b), 23rd February 2013, Poret et al. (2018b), 23rd
November 2013, Poret et al. (2018a), Log-normal GSD, Scollo et al. (2019) and
1959 Kiluea Iki, Parfitt (1998).
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Table 3.3 Table of the cone volume related to each eruption (column 2), the
field-derived MFRs from the literature (column 3) and the MFRs derived in
this study for the lava fountain deposit (column 4). Data sources: 1 Andronico
et al. (2014a), 2 Freret-Lorgeril et al. (2021b), 3 Poret et al. (2018b), 4 Andronico
et al. (2018), 5 Andronico et al. (2015).

Eruption date Cone volume (m3) MFRPTD (kg s−1) MFRLFTD (kg s−1)

12th January 2011 1.3 × 106 2.5 × 104 1 2.97 × 105

29th August 2011 3.97 × 105 3.7 × 104 1 1.28 × 105

23rd February 2013 (best-match)
5.03 × 106 5.05 × 105 3 1.31 × 106

23rd February 2013 (reported)

26th October 2013 8.29 × 105 7.81 × 103 4 3.12 × 104

23rd November 2013 4.18 × 105 4.5 × 105 4.41 × 105

Further to this, as there is no uncertainty analysis reported with the data
that I use (volumes estimates and total erupted mass proxy), I allow the
calculated MFR from the lava fountain to vary between ± 10 % when used
as the initial MFR of the inner plume.

3.2.3 Comparison of model results to field data

The relationship between the tephra plume dynamics and the resulting
tephra deposits are examined by comparing MFRs from the field tephra
deposit from the literature to MFR estimates from the integral plume models
(standard and double). The MFR estimated from the field tephra deposit
will be referred to as the MFR from the plume tephra deposit (MFRPTD) to
distinguish it from the material that has deposited into the cone deposit,
which is generally not included in the calculation of the field derived MFR
(Behncke et al. 2014; Andronico et al. 2015; De Beni et al. 2015; Freret-Lorgeril
et al. 2021a).

3.3 Results

3.3.1 Comparison of modelled and field-derived MFR esti-

mates

In this section, I investigate the relationship between deposit-derived and
modelled MFR estimates (from the double and standard integral models)
at different heights in a tephra plume when the model is constrained by
the observed plume and lava fountain heights. First, it can be seen that the
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Table 3.4 Table of the modelled mean total initial MFR and modelled extent
of coupling for the examined case-studies.

Eruption date Mean MFRmodel,source (kg s−1) Mean Extent of coupling (%)

12th January 2011 3.24 × 105 12.6

29th August 2011 1.78 × 105 25.6

23rd February 2013 (best-match) 1.77 × 106 27.4

23rd February 2013 (reported) 1.4 × 106 16.1

26th October 2013 4.53 × 104 26

23rd November 2013 9.96 × 105 49.6

double plume model requires a slightly higher initial MFR to reach the same
height as the standard integral model (Figure 3.3). The exact values for each
case-study can be found in Table 3.4. This is because the inner plume, i.e., the
lava fountain, is initiated with a coarse GSD. This results in high fallout from
the inner plume that is not supported by the outer plume (see Chapter 2), so
is subsequently removed from the system. This results in the plume reaching
lower heights than the standard integral model, which does not account for
the lava fountain material. This is despite the double plume simulations
starting with more initial enthalpy than the standard plume simulations, due
to the temperature of the inner plume. In fact, much of this extra enthalpy is
completely removed from the system by fallout.

Despite these differences in the initial MFR determined from the double
and standard integral models, for four of the five examined eruptions (12th
of Janurary 2011, 29th of August 2011, 26th of October 2013 and 23rd of
November 2013), neither correspond with the MFR derived from the plume
tephra deposit (Figure 3.3). Indeed, Figure 3.3 shows that the MFR derived
from the plume tephra deposit is significantly lower than those modelled at
the source (MFRmodel,source) (Figure 3.4a). Double plume model simulations,
initiated with MFR values equal to that derived from the plume tephra
deposit, do not reach the observed heights of the examined plumes. This
suggests that the additional heat from the hotter inner core (the lava fountain)
does not result in the tephra plume going higher for a given MFR compared
to a plume that does not have a lava fountain. However, the modelled MFR
at the source, for the double plume model, best fits the sum of the MFRs
derived from the cone and plume tephra deposits. This suggests that a
considerable amount of erupted material for these eruptions is deposited in
the proximal cone.
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Fig. 3.4 Comparison of the plume tephra deposit-derived MFRs reported
in the literature (Andronico et al. 2014a; Andronico et al. 2015; Andronico
et al. 2018; Poret et al. 2018b; Freret-Lorgeril et al. 2021b). a) the best match
initial MFRs from the double plume model, and b) the best match MFRs at
the start of the single plume in the double plume model. The error bars in the
x-axis direction signify the minimum and maximum estimates of the MFRs
from the Monte Carlo modelling, while the error bars in the y-axis direction
signify the minimum and maximum plume tephra deposit-derived MFRs
reported in the literature.

Consistent with this result is the fact that the MFRs from the plume tephra
deposits are more similar to the modelled MFRs in the buoyant tephra plume
above the lava fountain (orange line compared with the hollow circle and
square markers, Figure 3.3). As there is not a source of solid MFR in this
region of the system, the overall solid phase MFR in the double plume can
only remain constant or decrease with plume rise. Significant levels of fallout
occur of coarse material in the region where a lava fountain is present. This
causes the solid phase MFR to decrease drastically in this zone to a value
that is comparable to the MFR determined by the field deposit analysis.
This indicates that the MFRs derived from the plume tephra deposits are
capturing the deposition of material from just the tephra plume. Accordingly,
good agreement can be found between the values of the modelled MFR at
the start of the single plume and the MFR derived from the plume tephra
deposits (Figure 3.4b).

In contrast to the above results, I find that the MFR derived from the plume
tephra deposit of the paroxysm of the 23rd of February 2013 is not compara-
ble to the modelled MFR at the start of the single plume. This is despite the
fact that, as with the other eruptions, the model runs have been constrained
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with the observed lava fountain (Calvari et al. 2018) and calculated plume
height of 10 - 11 km a.s.l (Figure 3.5). While the modelled MFR at the source
is comparable to the total MFR derived from the sum of the plume and lava
fountain tephra deposit volumes, the modelled MFR at the start of the single
plume is lower than the MFR derived from the plume tephra deposit by an
order of magnitude. In order to reconcile these two values, the plume height
constraint used in the Monte Carlo simulation would need to be increased
from 10 - 11 km a.s.l to ∼ 12 km asl (Figure 3.5b). This could be due to
either uncertainty in the observational data used to constrain the model or
additional processes that remain unaccounted for within the double plume
model. For example, the calculated plume height could be an underestimate
of the top plume height (Scollo et al. 2019) or the recorded eruption duration
of the eruption could have been an overestimate (Poret et al. 2018b). As
the eruption occurred during poor weather conditions and at night, these
factors could have hindered observations of the plume. Uncertainty could
also lie in the value of the MFR derived from the plume tephra deposit.
Many factors, such as poor sampling, can affect volume estimates from the
plume tephra deposit (Bonadonna and Houghton 2005b; Bonadonna and
Costa 2012; Bonadonna and Costa 2013; Costa et al. 2016a), which affect the
comparison between numerical models and measurements from the field
data. Since the plume was affected by the wind (Poret et al. 2018b), it is also
possible that so was the lava fountain, meaning that tephra from the lava
fountain may have deposited further than just into the cone deposit and thus
could have been included as part of the plume tephra deposit MFR estimate.
Finally, unmodelled phenomena could also result in the MFR derived from
the plume tephra deposit not actually corresponding to the modelled MFR
at the start of the single plume. While I have assumed that the numerical
model does consider all the first order processes, not all secondary processes
are accounted for. For instance, even though we have accounted for the effect
of wind on the single plume region, the effect of wind on the lower, double
plume region remains neglected.

3.3.2 Examination of the extent of coupling between the lava

fountain and tephra plume

Figure 3.4a highlights that the size of the discrepancy between the estimates
of the MFR at the source derived from plume height (using the Monte Carlo
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Fig. 3.5 a) The modelled MFRs at four heights within the plume (source, start
of the single plume region and NBL)) plotted against the top height of the
modelled buoyant plume for ’successful’ runs of the Monte Carlo simulation
when the height is constrained with calculated plume heights of 10 - 11 km
a.s.l for the 23rd of February 2013 paroxysmal eruption of Mount Etna. The
MFRs derived from the plume tephra deposit and the sum of the plume and
lava fountain tephra deposits are plotted as solid lines for comparison, with
dashed lines showing the uncertainty. b) The same parameters, but for when
the Monte Carlo simulations were constrained to plume heights between 11
and 12.5 km a.s.l..
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results of the double plume model) and the MFR derived from the plume
tephra deposit varies between eruptions. For example, the eruption of the
12th of January 2011 lies further from the one-to-one line than the eruption of
the 23rd of November 2013. This is also shown in Figure 3.3, as the separation
between the MFR at the source (solid red circles) and the MFR at the start
of the single plume (hollow red circles) varies for each of the different case-
studies. To understand what controls the size of the discrepancy, I explore the
relationship between the tephra deposits and the extent of coupling between
the lava fountain and the surrounding tephra plume.

I first examine the relationship between the partitioning of the MFR into the
lava fountain and plume tephra deposits and the extent of coupling (see Table
3.4) using the results from the double plume model. The inset to Figure 3.6a
shows the extent of coupling of each Monte Carlo simulation as a function
of the ratio of the MFR that is lost from the inner plume to the ambient
through sedimentation and the MFR that reaches the start of the single plume.
This ratio is defined as MFRsedimented from inner to ambient/MFRstart of single. It is
clear that as the extent of coupling increases, relatively less solid phase MFR
is lost by sedimentation from the inner plume to the ambient and relatively
more solid phase MFR reaches the single plume. This relationship can be
explained by examining the source conditions of the lava fountain. The
size of the lava fountain, i.e., the amount of MFR that is initially partitioned
into the inner plume, controls the ratio of the MFR that is lost from the
inner plume to the ambient through sedimentation and the MFR that reaches
the start of the single plume. The larger the lava fountain, the lower the
extent of coupling as less of the material that is sedimented by the lava
fountain is supported by the surrounding tephra plume. Additionally, as one
would expect, with a larger lava fountain, more of the overall initial tephra
is deposited into the lava fountain deposit. If the partition ratio is fixed (i.e.,
by keeping the outer plume initial MFR and the inner plume initial MFR
fixed), there is little variation in the ratio of the MFR that is lost from the
inner plume to the ambient through sedimentation and the MFR that reaches
the start of the single plume (pink markers, Figure 3.7a). Another major
control is the initial velocity, which controls the extent of coupling. The initial
velocity is one of the major controls of particle sedimentation (red markers,
Figure 3.7b). Therefore, it is also a major control on the extent of coupling. In
contrast, the initial temperature and gas mass fraction do not significantly
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Fig. 3.6 a) Markers show modelled average estimates of the extent of coupling
(%) for each eruption plotted as a function of the ratio of the MFR derived
from the lava fountain tephra deposit (MFRLFTD) and the MFR derived from
the plume tephra deposit (MFRPTD). The inset shows the coupling extents
produced by each run of the Monte Carlo simulations plotted against the
ratio of the MFR that sediments from the inner plume to the ambient and the
MFR that reaches the start of the single plume. The span of these data has
been used to define the purple field in the main figure. b) Modelled average
estimates of the extent of coupling (%) plotted as a function of the difference
between the initial solid MFR and the solid MFR at the top of the buoyant
plume, where this difference is calculated as MFRmodel,source - MFRmodel, top /
MFRmodel, source.

affect the extent of coupling or the ratio of the MFR that is lost from the inner
plume to the ambient through sedimentation and the solid phase MFR that
reaches the start of the single plume (yellow and green markers, Figure 3.7b).

I can now relate this relationship to the observations. The extent of coupling
is an average from the Monte Carlo simulations of the double plume model
that are constrained by both the observed lava fountain and tephra plume
heights. As demonstrated in Section 3.3.1, the mass of the plume tephra
deposit divided by the eruption duration can be approximated by the solid
phase MFR at the start of the single plume region. Similarly, the mass of
the lava fountain tephra deposit divided by the eruption duration can be
approximated by the solid phase MFR that sediments out of the inner plume
directly to the ground. Using these approximations, the tephra deposit
partitioning of each of the case studies and their relative relationship can
be understood as a function of the extent of coupling (individual points in
Figure 3.6). The modelled relationship between the ratio of the MFR that
is lost from the inner plume to the ambient through sedimentation and the
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Fig. 3.7 Examination of the impact of the ESPs on the relationship between
the ratio between the MFR that is lost from the inner plume to the ambient
through sedimentation and the MFR that reaches the start of the single plume,
and the extent of coupling (%). a) examines the impact of varying the amount
of initial MFR partitioned into the outer plume (blue markers) compared to
when it is kept fixed and all other ESPs are varied (pink markers). In both
cases, the inner plume initial MFR is kept fixed. b) examines the impact of
varying the initial velocity (red markers), temperature (green markers) and
gas mass fraction (yellow markers) of the inner plume compared to when
all are allowed to vary (blue markers). The inner plume initial MFR is kept
fixed and the outer plume initial MFR is allowed to vary.

MFR that reaches the start of the single plume, and the extent of coupling
is shown as a purple field in Figure 3.6. It can be seen that each case-study
lies within this field, including the eruption of the 23rd of February 2013. As
a result, while this eruption appears anomalous when comparing with just
the field data of the other examined eruptions, the 23rd of February 2013
eruption does lie within the range of the limits of the relationship between
the extent of coupling and the mass distribution between the lava fountain
deposit and plume tephra deposit as predicted by the double plume model.

To further understand what the relationship between the ratio of the MFRs
derived from the lava fountain and plume tephra deposits and the extent
of coupling physically means for mass distribution in a volcanic plume, I
investigate how much of the initial overall (lava fountain plus tephra plume)
solid phase MFR reaches the top of the buoyant plume (Figure 3.6b). When
coupling between the inner and outer parts of the plume is low, by definition,
much of the initial MFR comprising the inner plume is completely lost from
the plume system and, therefore, does not contribute to the surrounding
tephra plume. As a result, the amount of solid MFR remaining at the top of
the buoyant plume is lower compared to cases where coupling is high. This
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would result in a greater proportion of the initially-erupted solid MFR being
deposited into the lava fountain tephra deposit (within ∼ 0.6 km (Behncke
et al. 2014) under the assumption that the cone deposit is composed of tephra
fallout from the lava fountain) rather than reaching the top of the buoyant
plume and thus being dispersed more widely. This is demonstrated by
the high ratio between the MFR from the lava fountain and plume tephra
deposits when the extent of coupling is low in Figure 3.6a. In contrast, when
the extent of coupling is high, a greater proportion of the initial solid MFR of
the lava fountain can reach the top of the buoyant plume and subsequently
be dispersed into the plume tephra deposit (Figure 3.6).

Based on this understanding of the mass distribution in the volcanic plume,
the tephra deposits, and the extent of coupling, I am able to explain the size
of the discrepancy between the MFR estimated using plume height and the
MFR derived from the plume tephra deposit. This discrepancy is calculated
as the difference between the averaged modelled MFR at the source (derived
from the range given by the double plume model Monte Carlo simulations)
and that of the MFR derived from the plume tephra deposit divided by the
average modelled MFR at the source to normalise for the size of the eruption.
This is given by

Discrepancy =
MFRmodel,source − MFRPTD

MFRmodel,source
. (3.3)

As the discrepancy between the MFR derived from the plume tephra deposit
and the average modelled MFR at the source increases, the average extent
of coupling between the lava fountain and the surrounding tephra plume is
generally reduced (Figure 3.8). Only the case of the 23rd of February of 2013,
where the Monte Carlo simulation was constrained with the observed plume
height, diverges from this trend (light blue diamond marker, Figure 3.8).
The extent of coupling increases as the discrepancy decreases since, when
coupling is high, proportionally more of the fallout from the lava fountain
enters the surrounding tephra plume rather than depositing into the ambient
to form the lava fountain tephra deposit (Figures 3.6a, b). This results in a
larger proportion of the initial MFR forming the plume tephra deposit rather
than the lava fountain tephra deposit. Conversely, when the discrepancy
is larger, the extent of coupling is lower, indicating that more of the fallout
from the lava fountain is depositing out of the plume system completely and,
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Fig. 3.8 Extent of coupling for each examined paroxysm plotted against
the discrepancy between the averaged modelled MFR at the source
(MFRmodel,source) and the MFR derived from the plume tephra deposit
(MFRPTD).

therefore, forming a larger lava fountain tephra deposit. This suggests that
the extent of coupling is an important control on how much of the initial
solid MFR of a paroxysmal eruption can reach the atmosphere.

These results indicate that there is a difference between the five examined
eruptions. The eruption of the 23rd of November 2013 shows the highest
extent of coupling, while that of the 12th of January shows the lowest. This
difference is also reflected in the tephra deposit (Figure 3.6a) and mass
flow rate distribution in the plume (Figure 3.6b). The other three examined
eruptions (29th of August 2011, 23rd of February 2013 and 26th of October
2013) lie in between these two extremes and the extents of coupling are all
very similar to each other. This indicates that at least one of the controls on
the extent of coupling (i.e., the GSD, initial velocity and/or the size of the
lava fountain) must differ between the eruptions.
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3.4 Discussion

3.4.1 What is the relation between tephra deposits and cou-

pled lava fountain - tephra plumes?

My results have shown that the MFR at the vent of a tephra plume coupled to
a lava fountain, when determined from the numerical modelling, is different
from the MFR calculated from the plume tephra deposit. Indeed, for the
case studies explored, the modelled MFRs at the vent, from both the double
plume and standard integral models, are an order of magnitude larger than
the MFR determined from analysis of the plume tephra deposit. The same
pattern is seen with multiple other eruptions at Mount Etna, Italy (Figure 2.2).
However, as Figure 3.3 highlights, use of the double plume model has shown
that the plume tephra deposit MFRs better correlate with modelled MFR
values at the start of the single plume, just above the lava fountain (Figure
3.3). This indicates that the double plume region produced a significant
fallout in proximal region.

The difference between the modelled MFR at the source and the MFR derived
from the plume tephra deposit has important consequences for modelling
atmospheric dispersion of tephra. This is because the MFR is a key input
in volcanic tephra dispersion models (Bonadonna et al. 2012). Significant
uncertainty is associated with determining its value for an eruption (e.g.,
Bonadonna et al. (2015)). The results presented here show that the MFR
determined by a standard integral model overestimates the amount of tephra
that reaches the top of the plume and thus can be dispersed. The same is true
for the source MFR determined through use of the double plume model. It
would be more suitable to use the solid MFR at the NBL, as determined from
the double plume model, as a source term for modelling distal atmospheric
dispersion, as this represents the erupted material that reaches the umbrella
cloud. This value can be similar to the value derived from the plume tephra
deposit but is different from both the total initial MFR as determined from
the standard integral model or from the combined cone and plume tephra
deposit, which heavily depends on the spatial distribution of the tephra
samples (Andronico et al. 2014a). However, the MFR from the plume tephra
deposit can also be an overestimation of what reaches the top of the plume as
seen in Figure 3.3 due to the likelihood that it also contains some material that
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has sedimented from the plume above the lava fountain. Therefore, while
the new double plume model offers more insight into the MFR distribution
in the tephra plume, care is required when using this to further investigate
distal tephra dispersion.

3.4.2 The importance of coupling between the lava fountain

and the tephra plume

There is a first order relationship between the extent of coupling between
the lava fountain and the surrounding tephra plume, and how much of the
erupted MFR is injected into the atmosphere. I have highlighted the control
of the extent of coupling between the lava fountain and the surrounding
tephra plume and the size of the discrepancy between the MFR derived from
the plume tephra deposit and the modelled MFR at the vent (Figure 3.8).
However, a number of caveats need to be considered when interpreting the
results. While I have made maximum use of the available data, this trend is
based on a limited amount of eruptions. For the time period considered (2011-
2013), only a handful of paroxysmal eruptions have had their plume tephra
deposits analysed. Only eruptions in this time period could be analysed as
it is the only time period for which there is an estimate of the lava fountain
tephra deposit (Behncke et al. 2014; De Beni et al. 2015). Field deposits are
difficult to characterise due to both physical challenges (e.g., accessibility
and/or quality of exposure (Bonadonna and Houghton 2005b; Bonadonna
and Costa 2012; Costa et al. 2016a; Bonadonna and Costa 2013)) and access to
resources to be able to go and collect data from the whole region of deposition
(Behncke et al. 2014; De Beni et al. 2015; Freret-Lorgeril et al. 2021a). These
limitations make it challenging to determine the eruptive volume/mass, and
to subsequently determine the MFR of the tephra deposit.

3.4.3 Insights into fragmentation and the cause of the dis-

crepancy between eruptions

While it is known that the MFR partitioning, the initial velocity and GSD
of the lava fountain controls the extent of coupling with the tephra plume
(Chapter 2 and Section 3.3.2), a large outstanding question that remains is
what controls these? In particular, what parameters govern the initial GSD
and velocity, which in turn govern the partitioning of the initial MFR into the
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lava fountain and tephra plume? And why do these quantities vary between
eruptions? An explanation could lie in details of the fragmentation processes.
Through the use of an integral conduit model, La Spina et al. (2021) showed
that fragmentation during paroxysmal eruptions at Mount Etna is likely
occurring above the vent rather than in the conduit. The generation of tephra
in the lava fountain therefore depends on the conditions at the vent. If the
magma at the vent level is over-pressurised and ejected at high velocity
(leading to a lava fountain that is > 50 m), brittle fragmentation could occur
at the margins of the lava fountain and generate large amounts of tephra,
such as in the case of Mount Etna’s paroxysms, in contrast to fountains from
Hawaii (La Spina et al. 2021). However, while this may answer how the
tephra is generated, it does not explain the variation in lava fountain GSDs
between events. In the conduit, more energetic and explosive eruptions lead
to higher fragmentation efficiencies resulting in a finer GSD (Cashman and
Scheu 2015). However, the efficiency of fragmentation in a lava fountain
is less clear. Fluidal fragmentation has previously been reported in lava
fountains and generates coarse pyroclasts (Jones et al. 2019). Recent work
has also offered further insights into how brittle fragmentation can occur in
lava fountains. Namiki et al. (2021) showed that, under certain conditions
(gas-rich vesicular magma and rapid adiabatic cooling of the gas phase),
brittle fragmentation can occur to generate fine tephra from lava fountains
in Hawaii. Moreover, secondary fragmentation, i.e., further fragmentation of
already-fragmented clasts above the vent, in low-intensity mafic explosions
can also lead to a finer GSD, with the shift to finer sizes increasing with
jet velocity (Edwards et al. 2020). These studies suggest that secondary
fragmentation is greater in gas-rich lava fountains that have a high exit
velocity. These are both factors that also control the height of a lava fountain.
An increase in gas content of a magma leads to an increase in exit velocity
(Wilson et al. 1980; Wilson 1980; Wilson and Head III 1981), which, assuming
lava fountain height scales with the ballistic height (Chapter 2), in turn results
in a higher lava fountain (Head and Wilson 1987). As a result, a higher
lava fountain could signify a greater amount of secondary fragmentation
occurring and could potentially lead to a greater coupling between the
lava fountain and surrounding tephra plume. This can be demonstrated
by plotting the observed lava fountain height, as reported by Calvari et al.
(2018), against the ratio of the MFR derived from the plume tephra deposit
and that derived from the lava fountain deposit. Figure 3.9 shows that as
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Fig. 3.9 Comparison between the thermally-saturated region height, assumed
to be the height of the lava fountain, from Calvari et al. (2018), and the ratio
between the MFRLFTD and MFRLFTD. The error bars in the x-axis direction
reflect the average and maximum thermally-saturated region heights as
reported in Calvari et al. (2018). The error bars in the y-axis direction reflect
the uncertainty of the MFRPTD that are reported in the literature.

the lava fountain height, assumed to be equal to the thermally-saturated
region height, increases, the partitioning of material into the plume tephra
deposit relative to the lava fountain deposit also increases. This signifies that
the coupling between the lava fountain and the surrounding tephra plume
is greater for higher lava fountains. It needs to be noted that these recent
studies have focused on examining fragmentation in much smaller basaltic
explosive eruptions that generate smaller levels of fine tephra compared to
the lava fountain eruptions at Mount Etna. However, since increasing both
the initial gas content and exit velocity seem to lead to brittle fragmentation
occurring (Edwards et al. 2018; Namiki et al. 2021), as well as increasing
the fountain height (Head and Wilson 1987), it is reasonable to assume that
there would be a positive correlation between the fountain height and GSD.
Additionally, since this thesis Chapter shows that the lava fountain GSD
controls the extent of coupling with the surrounding plume, there is also a
relationship between this coupling and the fountain height.
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Another observation that distinguishes the paroxysmal eruptions of Mount
Etna from smaller-scale basaltic fountaining eruptions (e.g., Hawaii, Piton
de la Fournaise) is that they coexist with a tephra plume which is seen to
start at the vent (see Chapter 4). Generally, tephra plumes associated with
lava fountains could either be sourced from fragmentation occurring at the
margins of the lava fountain or from fragmentation in the conduit. As it
is observed that the lava fountain and tephra plume co-exist at the vent at
Mount Etna, some fragmentation must be occurring in the conduit. This
could be reflecting the fact that the magma ascent is not spatially homoge-
neous in the conduit. For example, friction at the conduit walls could result
in fragmentation at the conduit margins even if it does not occur in the centre
of the conduit (Gonnermann and Manga 2003). Moreover, differences in
the overall magma ascent conditions could result in a greater amount of
fragmentation happening in the conduit compared to in the lava fountain,
which would affect the amount of the initial MFR partitioned in the lava
fountain, and hence affect the extent of coupling between the lava fountain
and surrounding tephra plume. Further investigations into the efficiency
of fragmentation in a lava fountain and fragmentation in explosive basaltic
eruptions, such as by using remote sensing methods (e.g., (Gouhier and
Donnadieu 2008; Pioli and Harris 2019)), could help explain the differences
that are seen in the extent of coupling for different paroxysmal eruptions at
Mount Etna.

Another explanation for the difference in coupling between the examined
case-studies could directly or indirectly come from wind effects. Increased
entrainment into the plume from interaction with wind could affect the ability
of the surrounding tephra plume to support fallout from the lava fountain,
hence directly affecting the coupling between the lava fountain and the
surrounding tephra plume. However, as the double plume model currently
does not consider the impact of wind on the co-flowing region, I am unable
to determine significance of this process on the extent of coupling. Wind
could also indirectly affect the extent of coupling by altering the location
of deposition of the material from the lava fountain. The trajectories of
ballistic fallout from the lava fountain are influenced by the wind (Rossi
et al. 2019; Osman et al. 2019). Depending on the size of the fallout and
the strength of the wind, the sedimenting material from the lava fountain
could be deposited further away from the vent than the cone deposit (i.e.,
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what is typically thought of as the lava fountain deposit). This could lead to
part of the material that I have been referring to as the lava fountain tephra
deposit appearing to be part of the plume tephra deposit. Hence, this would
appear to alter the extent of coupling when solely determined by looking at
the deposit. This could be the case for the 23rd of February 2013 eruption,
where the wind was strong (Poret et al. 2018b), as the MFR derived from the
plume tephra deposit is higher than the modelled MFR at the start of the
single plume when constrained with the observed lava fountain and plume
heights (see Figure 3.5a). However, it is unlikely this is the explanation for
the differences in the extent of coupling between all of case-studies as the
values of extent of coupling that I discuss come directly from modelling the
plume.

3.4.4 Perspectives for future study of the deposits from cou-

pled lava fountains-tephra plumes

Full characterisation of not only the tephra-fallout deposit but also of the
tephra plume would be beneficial to the understanding of the dynamics of
eruptions that produce tephra plumes coupled to lava fountains. One way to
achieve this would be by changing the way field deposits from an eruption
are characterised. At Mount Etna, the majority of erupted material (∼ 92%)
from a paroxysmal eruption is deposited in the ultra-proximal cone (∼ <0.6
km from the vent). However, this is the least studied part of the deposit
(Behncke et al. 2014; De Beni et al. 2015) despite it containing essential clues
on the eruption dynamics. The GSD of this material and the erupted volume,
specific to each eruption, would help validate the use of radar TEM* and cone
volume estimates to derive the initial MFR of the lava fountain and offer vital
insights into the efficiency of fragmentation. Technological advancements
could also help reduce observational uncertainties such that the influence
of coupling on the plume dynamics can be uncovered. Higher temporal
resolution measurements of plume height during an eruption should be
striven for, as well as further study into how height measurements using
different methods (e.g., satellite, thermal camera, radar) relate to each other
(Pailot-Bonnétat et al. 2020; Freret-Lorgeril et al. 2021a). Uncertainty on the
height measurements themselves should also be better characterised as well
as the information on where the height measurement has been made (e.g.,
distance from the vent, measurement of the plume or the cloud) (Bonadonna



100
Understanding the relationship between lava fountains, tephra plumes and

their deposits at Mount Etna

et al. 2012). While gathering the data from the literature for this work, it was
not always clear what the height measurement was of, or what the errors
associated with it were. This led to challenges in deciding what observations
to use to constrain the Monte Carlo modelling. In conclusion, further study
of future eruptions that are characterised by coexisting lava fountains and
tephra plumes would allow the amplitude of the control coupling has on
mass injection into the atmosphere to be fully determined.

3.5 Conclusion

This Chapter has offered an insight into the relationship between the tephra
deposit, the lava fountain, and the surrounding tephra plume. I show that
coupling between a lava fountain and a corresponding tephra plume during
basaltic explosive eruptions is a first-order control on the mass injection
into the atmosphere. As coupling increases between the lava fountain and
tephra plume, more of the initial MFR of the lava fountain sediments com-
pletely from the plume system and forms the cone deposit. This results in the
amount of solid erupted material reaching the top of the buoyant plume be-
ing reduced compared to what was originally erupted and to what would be
expected for a standard tephra plume. For the majority of the eruptions that
I have examined (12th of January 2011, 29th of August 2011, 26th of October
2013 and 23rd of November 2013), the deposit-derived MFR corresponds to
the erupted material that reaches the single plume region, while the MFR that
reaches the NBL is significantly smaller than that initially erupted. There-
fore, less tephra contributes to the plume tephra deposit. Modelling tephra
plumes at Mount Etna with a plume model that captures the effect of the
lava fountain better quantifies the amount of tephra that is injected into the
atmosphere and is, therefore, better suited than a standard integral model
to determine the amount of tephra that could be dispersed and generates
their resulting deposits. Lava fountain height could be used as a vital ESP for
tephra dispersion models, as well as to provide information on end-member
eruption scenarios used for forecasting. More observations, particularly
on the cone deposit, are required to reduce uncertainty in determining the
magnitude of the effect of coupling.



CHAPTER 4

VISIBLE VIDEO ANALYSIS FOR THE CHARACTERISA-

TION OF TEPHRA PLUMES: THE EXAMPLE OF PLUMES

COUPLED TO LAVA FOUNTAINS AT MOUNT ETNA,

ITALY

4.1 Introduction

Observations of volcanic plumes are key sources of data that volcanologists
can use to study an explosive eruption. While they allow for the basic
features of an eruptions to be determined (e.g., start, duration, style), these
observations can also provide key information about the eruption dynamics.
For instance, information on the plume height can be used to calculate
an estimated erupted mass (see Chapters 2 and 3) - a parameter that is
a key input for dispersion models (Sparks et al. 1997; Mastin et al. 2009;
Folch 2012). Observations can also be used to study the complex processes
occurring in a volcanic plume such as entrainment of ambient air into the
volcanic plume (Sparks and Wilson 1982; Patrick 2007; Aubry et al. 2017).
This has led to an improved understanding of plume rise (Sparks and Wilson
1982; Formenti et al. 2003), sedimentation (Manzella et al. 2015; Houghton
et al. 2020), entrainment (Patrick 2007), and many other processes. These
observations can be performed with a variety of remote sensing methods
(e.g., satellite observations, Corradini et al. (2018), radar, Freret-Lorgeril et al.
(2018) or thermal cameras, Bombrun et al. (2016)). However, in this Chapter,
I focus on the observations of tephra plumes coupled to lava fountains from
visible-wavelength video recordings.
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Visible video analysis has been utilised around the world to study volcanic
eruptions. It is a method that allows for observations of the eruptive style and
dynamics. They were first used to study the dynamics of multiple explosions
during the 1979 eruption of La Soufrière volcano, St Vincent (Sparks and
Wilson 1982). From three minutes of footage, ascent velocities, plume spatial
dimensions, heights and spreading angles of the volcanic plume were deter-
mined. These observations were then integrated with a theoretical plume
model to infer the ESPs (e.g., discharge rates). Since this initial study, visible
video analysis has continued to be used to study multiple different eruption
styles. In particular, they have been used extensively to study low-intensity
short-lived, frequent volcanic explosions, i.e., Strombolian and Vulcanian.
Such studies have characterised the source conditions and morphology of
transient explosions (Formenti et al. 2003; Terada and Ida 2007; Suwa et al.
2014; Tournigand et al. 2017; Tournigand et al. 2019) and identified patterns
in eruption style (Andronico et al. 2008a; Taddeucci et al. 2013). Additionally,
visible-wavelength videos have also been used to examine low intensity lava
fountaining eruptions. Examples include using visible-wavelengths videos
to examine fountaining dynamics during the 2018 eruption of the lower East
Rift Zone of Kilauea, Hawaii (Houghton et al. 2020). Houghton et al. (2020)
were able to determine information such as erupted mass, ejection velocities
and even grain-size distributions (GSDs) of airborne clasts within the lava
fountain. Further to this, Witt and Walter (2017) also used visible-wavelength
imagery to study the relationship between lava fountain dynamics and the
lava fountain position in a series of aligned vents during the March 2011
Pu’u’Ō’ō eruption of Kiluea. Observations of lava fountains have also been
made with visible video imagery at other volcanoes around the world (e.g.,
the 2014–2015 eruption of Holuhraun, Iceland (Witt et al. 2018)).

In addition to being used to study the dynamics of different eruption styles,
visible-wavelength imagery has also been used extensively to study specific
volcanic processes. One such process is sedimentation. High-speed and high-
resolution visible-wavelength videos have frequently been used to study the
trajectories of ballistic particles (Taddeucci et al. 2012; Gaudin et al. 2014;
Dürig et al. 2015; Gaudin et al. 2016; Taddeucci et al. 2017; Kelfoun et al.
2020; Houghton et al. 2020), whilst they have also been used to examine
sedimentation streaks, or fingers, from tephra plumes (Manzella et al. 2015).
Additionally, analysis of visible-wavelength videos has also provided infor-
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mation on processes such as secondary fragmentation (Edwards et al. 2020),
lava lake dynamics (Pering et al. 2019) and even volcanic lighting (Aizawa
et al. 2016). Moreover, recent advances have focused on the automation
of volcanic activity detection in the visible-wavelength (Valade et al. 2014;
Witsil and Johnson 2020) and the imaging of volcanic plumes in 3D using
cameras mounted on drones (Albadra et al. 2020).

Similarly, many studies have used thermal videos, rather than visible-wavelength
videos, to analyse volcanic activity. Thermal videos have been used in a simi-
lar way to visible-wavelength videos, such as being used to study lava lakes
(Valade et al. 2018; Pering et al. 2019), lava fountains (Calvari et al. 2018) and
eruption dynamics (Calvari et al. 2006; Bombrun et al. 2016; Giudicepietro
et al. 2019). They have also been used much more extensively to study vol-
canic plumes, although the majority of these studies have focused on small
transient plumes and vulcanian explosions (e.g., Patrick (2007), Yamamoto et
al. (2008), Sahetapy-Engel and Harris (2009), Harris et al. (2013), Tournigand
et al. (2017), Bombrun et al. (2018), Wood et al. (2019), and Pioli and Harris
(2019)). They are also used heavily for volcano monitoring (Spampinato et al.
2011; Calvari et al. 2018). Thermal cameras have the advantage of being
able to clearly distinguish the volcanic plume from the ambient due to the
temperature contrast with the surroundings. However, these cameras are
expensive and direct temperature measurements of the plume cannot be
made due to the atmospheric conditions and the radiative properties of the
material in the plume (Sawyer and Burton 2006; Harris et al. 2013). As a
result, visible-wavelength video analysis could be further utilised to study
volcanic plumes.

Despite many studies on the use of visible-wavelength videos to study
volcanic processes, few have focused on sustained volcanic plumes, espe-
cially those that are coupled to lava fountains. At Mount Etna, a volcano
that frequently produces sustained volcanic plumes that are coupled to
lava fountains, INGV-OE, the observatory responsible for monitoring the
volcano, have a well-established video network that is used for volcano
monitoring (Scollo et al. 2014; Scollo et al. 2019). It is composed of eight
visible-wavelength cameras and three thermal cameras located at distances
from the volcanic vent that range from 3 to 27 km (Calvari et al. 2011; Coltelli
et al. 2017; Scollo et al. 2019). The camera network’s main purpose is for the
monitoring of Mount Etna in real-time e.g., to detect variations in volcanic
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activity and to estimate the plume height (Scollo et al. 2014; Scollo et al.
2019). However, these videos have also been used to study Mount Etna’s
tephra plumes, mainly by using estimated measurements of the top plume
height (e.g., Freret-Lorgeril et al. (2021a)). As a result, the video network of
INGV-OE has recorded many of the paroxysmal eruptions of Mount Etna
Italy over the past decade.

In this Chapter, I utilise the extensive dataset of sustained tephra plumes
coupled to lava fountains at Mount Etna to demonstrate the use of visible-
wavelength videos for improving the understanding of tephra plumes that
are coupled to lava fountains. This includes the objective of describing,
both quantitatively and qualitatively, key processes and characteristics of the
tephra plumes. Some of the issues that I aim to address include are tephra
plumes that co-exist with lava fountains the same as those without and what
is the relationship between the lava fountain and surrounding tephra plume.
Answers to these questions will help to understand the dynamics of tephra
plumes that are coupled to lava fountains.

I also aim to investigate how information from the visible-wavelength videos
can be coupled with modelling of sustained tephra plumes. This is to achieve
the objective of ultimately providing even more information on the tephra
plumes than by just using the visible videos alone. Past studies have coupled
plume models to visible observations (Sparks and Wilson 1982; Formenti
et al. 2003), however, many of these have focused on short-lived volcanic
plumes. I aim to examine how this can be applied to sustained tephra
plumes that are coupled to lava fountains at Mount Etna and evaluate how
plume shape derived from video analysis can constrain numerical models.
Specifically, I want to determine source parameters, and important integral
model coefficients (radial and wind entrainment coefficients). This will help
refine the use of integral models to determine source parameters that are
used in subsequent hazard modelling.

I first provide an overview of the methodology to analyse the visible-wavelength
videos of tephra plumes that are coupled to lava fountains at Mount Etna
(Section 4.2). After first providing information about the cameras used, I
then give details on the how the visible-wavelength videos are calibrated.
This includes the presentation of a new methodology which adjusts the geo-
metrical calibration to account for the effect of wind in Section 4.2.1. I then



4.1 Introduction 105

summarise in further detail the approaches that are taken to quantify the
rotation rate of the tephra plumes (Section 4.2.2), and how the results of the
video analysis are then integrated with a standard integral model (Section
4.2.3).

The results are then presented. I first present qualitative descriptions of inter-
esting features that were observed in Section 4.3.1. This includes descriptions
of the sedimentation, the origin of the tephra plumes and the entrainment of
material from the surrounding ground into the tephra plumes. Following on
from this, a qualitative description of the observed feature of rotation is then
provided (Section 4.3.2). Here, details such as which eruptions show rotation,
the direction of rotation, when during the eruption does rotation occur and
the reduction in rotation with height in the plume are noted. This section is
then concluded by quantitative analysis of the rotation (Section 4.3.2). I find
the frequency of the rotation, and then calculate Rossby numbers to quantify
the extent of the effect of rotation on the plume dynamics.

I then present my findings on the coupling of visible-wavelength video
analysis with modelling of volcanic plumes. I calculate radial entrainment
coefficients from the observed gradient of the margins of strong plumes
(Section 4.3.3) and show that the obtained values are within the expected
range for sustained tephra plumes (Aubry et al. 2017). I also show that
the value of the entrainment coefficients are slightly lower for the lower
plume region compared to the whole plume. I then present work on using
the plume shape, determined by the visible video analysis, to constrain
a standard integral model in the same section. By using the shape of the
plume and the standard integral model, I am able to infer information on the
entrainment of air due to the wind and the source conditions that resulted
in the observed tephra plume. Furthermore, I then evaluate the benefits of
using plume shape, rather than using just the top height of the tephra plume,
for the determination of the initial conditions and final height of an observed
tephra plume.

Finally, Section 4.4 discusses what interpretations these observations can
provide on the volcanic processes that occur at tephra plumes coupled to
lava fountains. This includes discussions on the dynamics of sedimentation,
the relationship between the tephra plume and lava fountain, and the origin
and importance of rotation on the plume rise. I also discuss more broadly
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Table 4.1 Information related to the different cameras of the INGV-OE visible
camera network, which are used in this Chapter. Data sourced from Calvari
et al. (2011), Coltelli et al. (2017), and Calvari et al. (2018).

Camera Latitude Longitude Distance to Altitude
Camera

Code (◦) (◦) Vent (km) (m a.s.l)

ECV 37.514 15.044 27 35 Canon VC-C4R

ENV 37.614 15.019 15 730 Canon VC-C4R

EMOV 37.719 15.004 3 2600 Canon VC-C4R

EMOH 37.719 15.004 3 2600 Vivotek IP8172

the successes and limitations of this type of approach and the uncertainty on
the information that visible-wavelength videos can provide (Section 4.4.3).
Suggestions are also provided to help maximise the benefit of using visible-
wavelength video analysis to study tephra plumes, specifically those that are
coupled to lava fountains, in the future.

4.2 Methods

Visible-wavelength video analysis is used to investigate the dynamics of
tephra plumes that are coupled to lava fountains. The videos are sourced
from the official video network of INGV-OE, specifically the ECV, ENV,
EMOH and EMOV cameras. The locations of these cameras are shown in
Figure 4.1. Table 4.1 provides information on the physical properties of
these cameras. The camera locations range from a distance of 3 to 27 km
from the vent. Two different camera models are used. The ECV, ENV and
EMOV cameras are Cannon VC-C4R cameras, while the EMOH camera is a
VIVOTEK IP8172. The frame rate of the ECV and ENV cameras is 1 frame per
2 seconds, and for the EMOV and EMOH cameras it is 1 frame per second.
The details on the properties of these cameras can be found in Table 4.2.

In total, I examine 23 of the paroxysmal eruptions of Mount Etna between
2011 and 2013. These are the majority of the eruptions that occurred during
daylight hours in this time period. Each eruption is qualitatively examined
and interesting features and conditions on visibility are recorded. For seven
of these eruptions, no information could be recorded due to poor weather
conditions. Out of all the eruptions analysed, 7 are further quantitatively
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ECV

ENV

EMOV, EMOH

Vent

Fig. 4.1 A map that shows the locations of the cameras used in this study
from the INGV-OE camera network.

Table 4.2 Information related to the different camera models. Horizontal field
of view data is sourced from Calvari et al. (2011) and Coltelli et al. (2017).

Camera Type Pixel Dimensions
Horizontal Field of Vertical Field of

View Range (◦) View Range (◦)

Canon VC-C4R 704 x 608 3-47.5 2.5-40.7

Vivotek IP8172 704 x 608 33–93 24–68
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Fig. 4.2 A flowchart that denotes the workflow process to calibrate the visible-
wavelength videos used in this study.

analysed to extract information such as the rotation rate of the plume or the
radial and wind entrainment coefficients. The methodology of this further
analysis is described below.

4.2.1 Camera Calibration

Despite the fact that INGV-OE stores all the videos that they record, infor-
mation related to the used camera properties is, unfortunately, unknown
because the setting can be modified by the operator and are not recorded.
This includes parameters such as the optical zoom, which in needed to cal-
culate the horizontal and vertical fields of view (θh and θv, respectively),
and the camera inclination (ϕ). For the cameras that I use in this Chapter, a
camera calibration only exists for the ECV camera (Scollo et al. 2014). As a
result, to calibrate the visible videos, I develop and follow the workflow that
is shown in Figure 4.2. Each component of the workflow is detailed in the
subsequent text.

Calculation of Field of Views

While the possible ranges of θh are found in the literature (Calvari et al. 2011;
Coltelli et al. 2017), the specific values of θh and θv, which depend on to the
optical zoom used by the operator, for each recording is unknown. In turn,
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Table 4.3 Table of the estimated horizontal field of views used in this study.

Eruption Date Camera Code Estimated θh

All eruptions ECV 16 - 18

29th August 2011 ENV 14 - 16

29th August 2011 EMOV 29.2 - 29.5

4th March 2012 EMOV 29.2 - 29.5

18th March 2012 ENV 14 - 16

18th March 2012 EMOV 23.5 - 26

26th October 2013 EMOH 40.7 - 42.9

the optical zoom applied to a specific video of interest is also unknown. As a
result, I need to estimate θh for the videos that I use in this analysis. I do this
by first drawing a horizontal line in Google Earth from the camera location
to a recognisable point at the centre of the image. This is the horizontal
projection of the centreline of the image and, for all the considered videos,
connects the camera position with the summit crater area of Mount Etna. A
vertical plane, that is perpendicular to this line and goes through the region of
interest (i.e., the New South East Crater (NSEC)), can then be drawn and will
hereon be referred to as the image plane. By positioning oneself at the camera
location within Google Earth and adjusting the view to be similar to the one
in the videos, it is possible to estimate and mark the right-, and/or left-hand
margins of the video. A line can then be drawn connecting this point and the
camera position. The angle this line makes with the horizontal projection of
the centreline is equal to θh/2. Therefore, θh is calculated by doubling this
calculated value. An example of this can be seen for the EMOV video of the
4th of March 2012 paroxysmal eruption (Figure 4.3). This procedure enabled
calculation of θh for the EMOV and EMOH cameras (see Table 4.3), which
match well with those of the thermal cameras located in the same locations
whose field of views are known to be similar to those of the visible cameras.
After θh has been estimated, it can then be used to calculate θv using

θv = θh
N
M

, (4.1)

where N is the height of the frame in pixels and M is the width of the frame
in pixels.
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Image frame Reconstructed view

Fig. 4.3 An example of how the field of view (horizontal) was calculated by
determining the left and right margins of the image frame (left and right
green lines) on Google Earth.

For the ECV camera, this approach is slightly modified as the greater distance
between the camera and the vent (Table 4.1) made it difficult to precisely
determine the position of the right-hand or left-hand margins of the frame
in Google Earth. This is because the right-hand side of the frame does not
intersect with the volcanic edifice, so it is difficult to precisely determine θh.
However, it is possible to constrain the minimum value to be 16 ◦. Given
the uncertainty on this value though, the value of θh for the ECV camera
is allowed to vary. Given that the INGV-OE have a calibration for the ECV
camera only, it is possible to compare results with the calibration procedure
described here with that used operationally. As will be seen in Section 4.3.3,
Figure 4.15, best agreement between the two procedures is obtained for
θh = 18◦. I therefore choose to use a range of θh = 16-18◦ for the ECV camera.
A similar approach is taken for the ENV camera, where the minimum value
of θh is determined to be 14◦ and I allow to vary to 16◦.

Calculation of the camera inclination

Once θh and θv have been determined, the camera inclination (ϕ), which is
specific to each of the recorded videos of interest, can then also be estimated.
This can be calculated using knowledge of the camera properties and the
known vertical location of a reference point in the image frame, which I take
to be the summit of the volcano.
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Fig. 4.4 Diagram defining the length scales and angles used to calculate the
camera inclination.

First, ψ is defined as the angle denoted by the line between the camera (A)
and the reference point (B) and the horizontal (see Figure 4.4 for a sketch
showing positions A and B). It can be calculated as

ψ = tan−1
(zre f − zcam

d

)
, (4.2)

where d is the horizontal distance between the camera and the reference
point in the image frame. The angles denoted by BAC and ACB (see Figure
4.4), where C in the lowest vertical point in the image frame, can then be
defined as θv

2 − (ϕ − ψ) and 90 − θv
2 , respectively. Using these angles in the

sine rule allows the length AB to be calculated as

AB = cos
(

θv

2

) [
sin

(
θv

2
− (ϕ − ψ)

)]−1

jre f . (4.3)

However, since there are multiple unknown quantities in this equation, a
further expression for AB is required to be able to determine the value of
ϕ. By writing the angle DAB, where D defines the vertical midpoint in the
image frame, as

DAB = ϕ − ψ, (4.4)
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and the length DB as

DB =
N
2
− jre f , (4.5)

the length AB can also be written as

AB =
N
2 − n

sin(ϕ − ψ)
, (4.6)

and rearranged to be

AB =
N − 2n

2 sin(ϕ − ψ)
. (4.7)

Equations 4.3 and 4.7 can now be set equal to each other as

cos
(

θv

2

) [
sin

(
θv

2
− (ϕ − ψ)

)]−1

jre f =
N − 2n

2 sin(ϕ − ψ)
, (4.8)

which can be rearranged to determine ϕ

ϕ = tan−1
(zre f − zcam

d

)
+ tan−1

(
1 −

2jre f

N
tan

(
θv

2

))
. (4.9)

Geometrical Calibration

I can then use the estimated field of views and camera inclination to calibrate
the visible videos with a geometrical calibration. The calibration used here
is based on that of Bombrun et al. (2018) and assumes that the points of
interest, i.e., features in the plume, are in a vertical plane perpendicular to
the line of sight of the camera (see Figure 4.5) called the image plane. As with
calculating θh, the plane is placed at a distance from the camera (l) where
it crosses the volcanic vent (i.e., where the points of interest are located). A
right-hand coordinate system is defined such that the x direction is horizontal
in the image plane, the y is the direction is along the camera orientation and
the z direction is vertical.

For a given pixel at pixel height j, the height of a point of interest with respect
to the camera (δz(j)) is given as



4.2 Methods 113

zref 

Inclination

Field of view (vertical)

l
Horizontal distance 
between camera and 
image plane

j Pixel number as measured 
from the bottom

Camerazcam 

v

v Point to calibrate

l

i

h

l

Field of view (horizontal)h

i

j

Pixel number as measured 
from the left

N

M

Vertical Geometical Calibration Horizontal Geometical Calibration

N

M Width of image frame in 
pixels

Height of image frame in 
pixels

Fig. 4.5 Diagram defining the length scales and angles used to apply the
geometrical calibration.

δz(j) =
l
2

[
tan

(
ϕ − θv

2
+ (j − 1)δθv

)
+ tan

(
ϕ − θv

2
+ jδθv

)]
, (4.10)

where δθv = θv/N is the angle subtended in the vertical direction by an
individual pixel. The height zc of the point of interest above sea level can
then be calculated as

zc(j) = zcam + δz(j), (4.11)

where zcam is the height of the camera.

A similar procedure can be applied to perform the calibration in the horizon-
tal direction. In this case, the horizontal location δx of pixel i with respect to
the camera is given by

δx(i) =
l
2

[
tan

(
−θh

2
+ (i − 1)δθh

)
+ tan

(
−θh

2
+ iδθh

)]
, (4.12)

where δθh = θh/M is the angle subtended by an individual pixel in the
horizontal direction. If δx is known for the pixel that contains the vent, the
horizontal distance b between the vent and the point of interest can then be
calculated as

b = |δx − δxv|, (4.13)
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where δxv is the horizontal position of the pixel containing the vent with
respect to the camera.

Adjustment for wind

Finally, an adjustment has to be made to a calibrated point to correct for
the effect of wind. For instance, if the wind direction is towards the cam-
era, the point of interest would be closer to the camera compared to the
corresponding point on the image plane. This is because a weak plume
would be bending into the direction of the wind. Therefore, the plume
would be located in a plane parallel to the wind direction rather than in a
plane perpendicular to the camera orientation and a correction is required
for the calibration when a plume is weak. This correction is only applied to
plumes that are weak, as determined by reports in the literature and visual
observations of the shape of the eruption column. This is because even if a
plume is strong (i.e., the eruption column is vertical), there will always be
some wind present. As a result, if the wind correction was applied, it would
wrongly adjust calibrated points of interest to be not in the original image
plane. Therefore, the correction is only applied to bent plumes.

The correction is made by defining a new plane that passes through the vent
and is parallel to the orientation of the average wind direction above the
vent. The exact calculation for the correction to the calibration is dependent
on two things: the relative alignment of the wind direction and the camera
orientation, and the location of the point of interest with respect to the vent.

In the following, I demonstrate how to determine the wind correction for
the case that the point of interest is to the left of the vent (from the camera’s
perspective), and the wind is directed towards the upper left quadrant of
x, y plane of the right-handed coordinate system defined above (i.e., where
the camera orientation determines the positive y direction) (see Figure 4.6).
An entirely analogous derivation can be performed for cases where the point
of interest is to the right of the vent and/or the wind is directed elsewhere.
First P1 is defined as the calibrated point of interest on the image plane and
the angle α = iδθh is defined as its horizontal angular position. P1 is then
projected onto the new plane that is parallel to the wind direction to define
P2. The points P1, P2 and the volcanic vent form a triangle that is shown in
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more detail in Figure 4.6b. The horizontal distance (h) between P1 and P2
can now be calculated using the sine rule

h
sin(λ)

=
b

sin
(

90 − θh
2 + α − λ

) , (4.14)

where λ is the acute angle between the image and wind-oriented planes.
Thus, h can be written as

h =
b sin(λ)

sin
(

90 − θh
2 + α − λ

) . (4.15)

By expanding the denominator using the angle addition formula, this can be
rewritten as

h =
b sin(λ)

sin(90) cos
(

α − θh
2 − λ

)
+ cos(90) cos

(
α − θh

2 − λ
) , (4.16)

and since sin(90) = 1 and cos(90) = 0,

h =
b sin(λ)

cos
(

α − θh
2 − λ

) . (4.17)

Once h has been calculated, the wind-correction in the x and y directions, ∆x

and ∆y, respectively, can be determined with Pythagoras’s theorem. First
the acute angle that is defined by the intersection of the line P1-P2 with
the original image plane is calculated as 180 −

(
90 + θh

2 − α
)
= 90 − θh

2 + α.
Then ∆x and ∆y can be defined as

∆x = h cos
(

90 − θh
2
+ α

)
, (4.18)

and

∆y = h sin
(

90 − θh
2
+ α

)
. (4.19)

Again, using the angle addition formulae, these can then both be rewritten as
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whole region of interest and b) shows a zoom in of the upper left region of a).

∆x = h
[

cos(90) cos
(

α − θh
2

)
− sin(90) sin

(
α − θh

2

)]
, (4.20)

and

∆y = h
[

sin(90) cos
(

α − θh
2

)
− cos(90) sin

(
α − θh

2

)]
. (4.21)

These can then be simplified to

∆x = −h sin
(

θh
2
− α

)
, (4.22)

and
∆y = h cos

(
θh
2
− α

)
. (4.23)
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Fig. 4.7 Diagram defining the length scales and angles used to apply the
wind correction to determine the vertical change in position.

To determine the vertical wind-correction ∆z, the angle between the horizon-
tal and the line connecting the camera to P1 is first defined as χ and is given
by

χ =
jθv

N
. (4.24)

χ, ϕ and θv can then be used to determine the angle defined by P1, the camera
and the horizontal (Figure 4.7). This angle is the same as the angle defined
by P2, P1 and the horizontal and, therefore, can be used, along with ∆y, to
calculate ∆z

∆z = ∆y tan
(

ϕ − θv

2
+ χ

)
. (4.25)

Although the expressions for ∆x, ∆y and ∆z derived here are only valid
for a point of interest to the left of the vent and for wind directed into the
upper-left quadrant, analogous expression can be derived for all possible
scenarios and are given in Table 4.4. These can then be used to calculate the
height zcW of the wind-corrected calibrated point above sea level as

zcW = zc + ∆z. (4.26)
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These values can then be also used to determine the horizontal displacement
(xcW) between the corrected calibrated point and the vent. If the point of
interest lies to the left of the vent, xcW is given by

xcW = −
√
(b + ∆x)2 + ∆y2. (4.27)

Conversely, if the point of interest lies to the right of the vent, xcW is defined
as

xcW =

√
(b + ∆x)2 + ∆y2. (4.28)
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4.2.2 Rotation Analysis

To examine the rotation present in tephra plumes that are coupled to lava
fountains at Mount Etna I quantify the frequency of the rotation. This fre-
quency is defined as the number of rotations that occur within a given time
period and I use the units of rotations per second. I use videos from the ENV
and EMOH visible cameras to calculate this frequency. The frequency can
then be used to calculate the Rossby number

Ro =
u

πLF
, (4.29)

where u is the characteristic velocity, L is the characteristic length scale, and
F is the frequency of the rotation. The Rossby numbers describes the ratio
of inertial and Coriolis forces. Here, the Coriolis force refers to that arising
from the plumes’ own rotation rather than the Coriolis force that arise from
the Earth’s rotation (i.e., the Coriolis effect), which would only be important
for plumes with large horizontal length scales. The greater the value of
the Rossby number, the less significant the Coriolis force arising from the
rotation. As a result, by calculating the frequency of rotation, I can make
quantitative interpretations of the significance of the rotation of the tephra
plumes.

The frequency is calculated from the visible videos via two approaches. The
first approach involved manually tracking visible coherent structures within
the plume. By measuring the time it takes for such a feature to first appear
(Figure 4.8, left), move laterally across the plume due to rotation (Figure
4.8, centre), and then disappear (Figure 4.8, right), I can estimate how long
it takes for the plume to complete half a rotation. The features that were
manually tracked were white coherent structure that generally appeared
towards the base of the plume, which I suspect to be regions of high volcanic
gas (e.g., water vapour) content.

For the second approach, I also explored estimating the rotation of tephra
plumes by using optical flow analysis. Optical flow is the estimation of
apparent velocities between different frames of a video by which the speed
and the direction of an object can be tracked. The approach of the Lukas-
Kande method was used, which determines the flow parameters by splitting
the image into small sections within which the local flow is assumed constant
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Fig. 4.8 An example of how a coherent structure is manually tracked to
determine rates of plume rotation. The coherent structure is marked (red
marker) in each frame from when it first appears (left panel) until it can last
be seen (right panel).

(Barron et al. 1994). The optical flow equations are then solved using a least
squares fit criterion (Barron et al. 1994). This procedure was performed
using the built-in optical flow functions (estimateFlow,OpticalFlowLK) in the
Computer Vision Toolbox in MATLAB. The opticalFlowLK function requires
a noise threshold to filter background noise. As there is no prior information
as to what this value should be, due to not knowing the speed at which
the plume is rotating relative to other simultaneous movements (e.g., lateral
motion due to wind, vertical motion due to plume rise), several different
values were explored. The speed determined from the optical flow analysis
is finally converted to frequency.

4.2.3 Integrating visible video analysis with plume mod-

elling

In this section, I present the methodology of linking visible-wavelength
video analysis with a standard integral model to maximise the information
that can be inferred about tephra plumes coupled to lava fountains. I first
present results analysing the shape of strong volcanic plumes, defined as
plumes which visibly appear as vertical and are not significantly bent due
to wind, to determine the radial entrainment coefficient - a key parameter
in integral plume models that determines the rate of entrainment into a
buoyant plume (see Chapter 1.2.1). I then investigate weak-intermediate
plumes, defined as plumes which are bent due to wind, by presenting results
directly linking observations from the video analysis with a standard integral
model, i.e., that of Degruyter and Bonadonna (2012). This is done by using
the observed plume shape to constrain Monte Carlo simulations to infer
plume characteristics that include the ESPs, the top plume height and the
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coefficient that governs the link between entrainment due to wind and the
plume velocity.

Calculation of the Radial Entrainment Coefficient

Radial entrainment coefficients are determined from the visible-wavelength
videos for two eruptions. These eruptions are the 29th of August 2011 and the
18th of March 2012, which occurred from 03:50 UTC to 04:53 UTC and 07:46
UTC to 09:50 UTC, respectively (Freret-Lorgeril et al. 2018). These eruptions
were chosen because they are characterised by a strong eruption column,
i.e., the volcanic plume itself is not bent, and the plume was visible (e.g., not
covered by cloud coverage, occurred during daylight). This allows for the
rate of radial entrainment into the plume to be constrained and excludes the
influence on entrainment from the wind.

To determine entrainment coefficients of the eruptions that I analyse, I first
create a series of time-averaged images for the sustained part of the erup-
tion. The sustained part of the eruption is determined by plotting a plume
height time-series from the videos of the eruption of interest. This is done
automatically in MATLAB by first subtracting the red channel from the blue
channel, and then detecting the highest height in the frame where 10 verti-
cally connected pixels all have a pixel value of below 0.2. If the automatic
plume top height detection fails, e.g., due to high levels of background cloud,
the top plume height is determined by manually selecting the top plume
height in the image frame. The region of the eruption where the plume is
sustained, i.e., where the top plume height is more or less constant, can then
be identified and selected to be the period of the eruption that will be used
for further analysis. But for both of the eruptions analysed in this section,
the plume goes out of the frame of the ECV camera as the plume rises above
the vertical view of the ECV camera. As a result, I assume that this part of
the eruption is the part which is ’sustained’. Only the sustained part of the
eruption is selected as the standard integral model assumes that a plume is
sustained.

A series of time-averaged images are then created, starting from the moment
that the eruption is classed as sustained according to the above definition.
Time-averaged images are necessary because the standard integral model
assumes that the turbulent eddy turnover timescale is less than the timescale
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of plume rise (Morton et al. 1956). As a result, time-averaging is required to
remove turbulent fluctuations in plume shape that the model is unable to
resolve. The result of the time-averaging is an image of the eruption over a
timescale that is longer than the eddy turnover timescale. To determine the
minimum window over which time-averaging is necessary for each eruption,
I first generated different time-averaged images at the start of the sustained
period using different time windows ranging from 30 seconds to 14 minutes.
These images are converted to grey-scale and stored as matrices σn, where n
is the number of time-averaged frames. By then evaluating max(σn − σn−1)

as a function of n, one can identify the value of n at which convergence
is achieved. This value of n is then used throughout the eruption. This
procedure allows for a set of time-averaged images to be created that start
when the eruption becomes sustained to when the eruption stops or is no
longer sustained.

Points demarking the plume margin in the time-averaged images are then
manually selected using ImageJ (Schindelin et al. 2012). The number of
points used depend on the eruption but are placed frequently enough on the
plume margin to cover any changes in it. Because of the time-averaging, the
plume margin boundaries are not sharply defined. Therefore, the uncertainty
associated with this is accounted for by delimiting the position of the margin
and obtaining results with both the minimum and maximum possible extents
for the plume margin. This is done for both the left- and right-hand plume
margins. However, it is sometimes the case that one margin of the plume is
obscured due to more tephra fallout on one side or lighting conditions, e.g.,
if the eruption occurred during sunrise. This is more often than not the case
for the right plume margin as, generally, the wind at Mount Etna is towards
the right of the field of view.

Before the entrainment coefficients can be calculated for the observed plume
margins, a geometrical conversion needs to be applied to enable comparison
with the standard integral model. The manually selected plume margins are
those of the visibly-observed plume margin. However, the standard integral
model assumes that the properties of a plume exhibit a top-hat profile. As a
result, the visibly-observed plume margin has to be converted to a top-hat
plume margin. To do this, I follow the same procedure as Patrick (2007) who
converted a visibly-observed radius (r) to a Gaussian radius (R) using
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R = 0.5r. (4.30)

This conversion was based on observations of the velocity of a volcanic
plume (Sparks and Wilson 1982). R can then be converted to a top-hat radius
(b) using

b =
√

2R, (4.31)

as stated in Turner (1979). This results in the conversion of r to b of

b = 0.71r, (4.32)

which I use to convert the visibly-observed plume margins to a top-hat plume
margin.

These top-hat plume margins can now be used to calculate the radial entrain-
ment coefficient (ψ). To do this, I first fit a straight line through each of the
plume margins. The gradient of this line, db/dz represents the spreading
rate of the buoyant plume and can be related to ψ as

db
dz

=
6
5

ψ, (4.33)

for steady plumes (Morton et al. 1956). By rearranging equation 4.33, ψ can
be calculated as

ψ =
5
6

db
dz

. (4.34)

This is done for both the left and right, minimum and maximum selected
plume margins.

Constraining an integral model with the plume shape

In this part of the analysis, the use of the observed plume shape to help
constrain a standard integral model is investigated. Here, multiple eruptions
are investigated. These are the 4th of March 2012, the 12th of April 2012,
the 12th of April 2013 and the 23rd of November of 2013. All of these
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eruptions produced a weak tephra plume (Scollo et al. 2019). I choose to
only investigate weak plumes in this section as one of the key parameters of
interest is the wind entrainment coefficient. To do this analysis, the videos
that are used are those from the ECV camera (Table 4.1) as this camera allows
for the maximum vertical view of the eruptions column and thus enables the
best constraints to be placed on the overall plume shape.

As for the case of strong plumes, images of the observed plume have to be
time-averaged to be able to compare the shape of an observed plume with
that of the standard integral model. A similar procedure to that presented
earlier is therefore followed. First, the time period where the plume is
sustained is defined as the time interval where the plume height is more
or less constant (i.e., the mass injection timescale is greater than that of the
plume rise timescale). However, when the plume is weak, the fluctuations
in the observed maximum plume height are greater compared to those of
strong plumes as discussed in the previous sub-section. This is due to the
highest part of the plume leaving the field of view. A series of time-averaged
images are then created, starting from the beginning of the identified time
region where the plume is sustained. Determining the time window required
for time-averaging follows an identical procedure to that described above
for the analysis of the radial entrainment coefficients. However, due to
the large fluctuations in the top plume height, the upper and lower plume
margins are not as sharply defined as for the strong plume case, even after
time-averaging.

The plume shape is then extracted for each of the time-averaged images.
To account for the uncertainty from the time-averaging (i.e., the lack of
sharply defined plume margins), the top and bottom limits of the region
where the plume margin appears to lie is selected for both the upper and
lower plume margin. This is done for three points along the plume at fixed
points along the width of the image (as shown on Figure 4.9). These points
are selected manually with ImageJ (Schindelin et al. 2012). While attempts
were made, it was not possible to automate the identification of the plume
margin region. This was due to multiple factors that include difficulties with
distinguishing meteorological clouds from the plume, the varying contrast
between the background of the image and the plume (e.g., during sunrise
and sunset), and variation of the colour of the plume with height due to
condensation of the water phase in the plume. The uncertainties on each
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Selected points

Selected vent

Upper plume margin

Lower plume margin
Selected points

Fig. 4.9 An example of the points selected from an image to define the shape
of a time-averaged plume. This example is of the 12th of April 2012 eruption.

of the selected points are also determined. This uncertainty is potentially
from three different sources; using only the average wind direction in the
wind-corrected calibration, the pixel resolution and the range of potential
values of θh (Figure 4.10). The maximum and minimum possible vertical and
horizontal of each selected point is taken to be the maximum and minimum
vertical and horizontal uncertainty. From these uncertainties, a rectangular
region can be defined around each point. This procedure allows for an
estimate of the shape of the plume that can be used to compare with the
modelled plume.

The extracted plume shape is then used to constrain a Monte Carlo simulation
of the standard integral model. For each model run in the Monte Carlo simu-
lation, the initial source conditions are varied (see Table 4.5). The modelled
plume margin then has to be converted to be comparable to the observed
visible-wavelength plume margin. To do this, the modelled plume radius is
converted from a top-hat radius to a visible radius by using equation 4.32.
The resulting modelled upper and lower plume margins are then checked
to see if they match the observed upper and lower plume margins. This
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Fig. 4.10 An example of the errors associated with the selected points from
three sources; the uncertainty form the field of view, the camera resolution
and from the wind orientation used in the wind-correction calibration. This
example is of the 12th of April 2012 eruption.
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Table 4.5 The ESPs for Monte Carlo simulations using the single plume
model used to calculate the wind entrainment coefficient. 1 107 was used for
the eruption of the 23rd of November 2013 as initial model runs showed the
matches between the model and the observations were possible at the top
end of the explored parameter space.

ESP Standard Integral Model

Total MFR (kg s−1) 102 - 106 or 107 1

Temperature (K) 900 - 1500

Velocity (m s−1) 50 - 200

Gas mass fraction 0.01 - 0.05

check is done by comparing the modelled upper and lower plume margin to
the observed upper and lower plume region at the each of the three points
where the observed plume margin measurements were made. For each of
the points, the modelled plume margin is checked to see if it lies within the
rectangle that is defined by the minimum height and minimum distance from
vent of the bottom bound of the plume margin, and the maximum height
and maximum distance from vent of the top bound of the plume margin. If
the modelled margin passes through all of these rectangles, or just enters the
last rectangle at the edge of the image, the simulation is recorded as a match.
The initial ESPs, value of the wind entrainment coefficient and the top height
of the matched modelled plumes are recorded and are presented in Section
4.3.3.

4.3 Results

In this section, I first qualitatively describe observations of the dynamics of
the tephra plumes and the source environment that I observe from the EMOV
and EMOH cameras (Section 4.3.1). I then go on to describe, qualitatively and
quantitatively, the rotation observed in these plumes (Section 4.3.2). Finally,
I present results from the coupling of the video observations with plume
modelling (Section 4.3.3).

4.3.1 Qualitative Descriptions

The videos from the EMOH and EMOV cameras allow for the physical
relationship between the lava fountain and the tephra plume to be examined.
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c)

a) b)

d)

Fig. 4.11 Images of the proximal region of paroxysmal eruptions. a) and b)
show the tephra plume surrounding the lava fountain on the 29th of August
2011 during the night, so the lava fountain can be seen, and during the day,
respectively. c) shows the tephra plume to the right of the lava fountain
during the 12th of April 2012 eruption and d) also shows the tephra plume
to the right of the lava fountain during the 12th of April 2013 eruption.

From these videos it is clear to see that the spatial relationship is not the
same for all eruptions. In many eruptions, the tephra plume surrounds the
entire lava fountain. This is the case for many of the eruptions as shown in
Figures 4.11a and b for the 29th of August 2011, where at sunrise (Figure
4.11a) the lava fountain is seen in the centre of the tephra plume and, during
the day (Figure 4.11b), only the tephra plume can be seen. However, for
other eruptions, such as the 12th of April 2012, the tephra plume is mainly
on downwind side of the lava fountain (Figures 4.11c and d). In both cases,
the tephra plume is present from the base of the lava fountain, rather than
originating solely from the margins of the lava fountain.

Sedimentation from the margins of the tephra plumes can be seen with the
naked eye in the videos from the EMOV and EMOH cameras. Details of
which eruptions show sedimentation from the tephra plumes can be found
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in Table 4.6. The tephra fallout appears as streaks, i.e., material appears to
be concentrated in bands, as can be seen in Figure 4.12. These streaks are
observed on the downwind side of the tephra plume. In some cases, the
lower portion of the streak appears to join up with the rising tephra plume.
In the videos, the streak fallout is present at all the heights seen by the EMOV
and EMOH cameras, even in the region where the tephra plume and lava
fountain co-exist.
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Sedimentation from the lava fountain can also be clearly seen in the videos
from the EMOV and EMOH cameras. Fallout from the lava fountain is
characterised as individual large clasts, which appear red during the night.
Due to the low resolution of the video imagery, the finer material, if present,
cannot be seen. Unlike the sedimentation from the tephra plume, the rate
of fallout from the lava fountain is not continuous. Instead, the amount of
fallout pulsates, with fallout of larger material seeming to correlate with
pulses of lava fountaining that goes higher. This fallout can be seen to occur
simultaneously with the fallout from the tephra plume, such as during the
eruption of the 26th of October 2013 eruption (Figure 4.12). It also occurs on
both the upwind and downwind side of the lava fountain.

Another interesting feature that was observed was the entrainment of mate-
rial other than air into the tephra plumes. During eight eruptions (see Table
4.6 for further details), white gas from the surrounding region (i.e., areas in
the image other than the vent) can be seen being incorporated into the rising
tephra plume (Figure 4.13). In addition, brown clouds, which are assumed to
be composed of tephra, can also be seen to be swept into the tephra plume.
I suspect the source of this material could be from loose material on the
ground of the area around the vent. But I expect that the impact of this
process is likely to not play a major role on the dynamics of tephra plumes
coupled to lava fountain as it is volumetrically insignificant compared to the
volume of the tephra plume.

4.3.2 Rotation

Visual Description

Rotation of the tephra plume is observed during the paroxysmal eruptions
of the 29th of August 2011, 4th of March of 2012, and the 26th of October
2013 as shown in Figure 4.14. It is potentially also present, as the rotation
appears very weak, in the 23rd of November 2013 eruption. The rotation
appears to be the clearest on the 26th of October 2013. For this event, the
rotation is observed for the majority of the climax of the paroxysmal eruption.
Conversely, for the 4th of March 2012, it is only observed for a period of
a few minutes when a white gas-rich pulse occurs next to the main lava
fountain. Moreover, the direction of rotation is not constant. On the 29th of
August 2011, the 4th of March 2012 and, potentially, the 23rd of November
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Fig. 4.12 Selection of video frames from the EMOV camera, that show exam-
ples of particle fallout as streaks from the tephra plumes that are coupled to
lava fountains. Example are from the eruptions of the 18th of March 2012
(top left) and the 26th of October 2013 (top right, bottom left and bottom
right).
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Fig. 4.13 Selection of video frames from the EMOV and EMOH cameras,
that show examples of entrainment of ground material into coupled lava-
fountains - tephra plumes (highlighted in the white boxes). Examples are
from the eruptions of the 8th of August 2011 (top left), the 15th of November
2011 (top right), the 4th of March 2012 (bottom left) and the 26th of October
2013 (bottom right).
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Fig. 4.14 Selection of video frames from the EMOV and EMOH cameras,
that show the rotation of tephra plumes that are coupled to lava fountains.
Black arrows denote the inferred direction of rotation. Images are from the
eruptions of the 29th of August 2011 (left), the 4th of March 2012 (middle)
and the 26th of October 2013 (right).

2013, the rotation of the plume is in an anti-clockwise direction when looking
upwards from the camera position. In contrast, the direction of rotation of
the tephra plume from the 26th of October eruption is clockwise. In all cases,
the rotation is present from the base of the tephra plume. It is also worth
noting that at greater heights in the tephra plume, as the turbulent eddies
expand, the frequency of rotation appears to decrease, likely a consequence
of angular momentum conservation. To better describe these observations, a
more quantitative approach is required.

Frequency of Rotation and Rossby Number

To be able to better examine the impact of rotation on plume rise, I examine
the calculated frequency of rotation for the eruptions of the 4th of March
2012 and the 26th of October 2013. It was not possible to carry out the
same procedure for the 29th of August 2011 as the eruption occurred during
sunrise, which made it difficult to distinguish coherent structures in the
plume. I also do not quantify rotation for the 23rd of November 2013 eruption
due to the uncertainty on the presence of any rotation. The range of calculated
frequencies from the manual tracking method can be seen in Table 4.7.
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The range of calculated frequencies from manual tracking vary between
0.0227 and 0.0556 s−1. I do not present results from the optical flow analysis
as a very large range of values were determined. I hypothesise that the larger
range from the optical flow analysis could be reflecting the sensitivity to
the noise threshold parameter, while the greater values could be due to the
optical flow analysis also detecting the plume’s lateral motion due to wind.
As it seems that it is difficult to isolate just the rotation from the optical flow
analysis, I decide not to pursue or present these results any further and use
the frequency estimates from the manual tracking going forward.

In order to calculate the Rossby number, it is necessary to define values for
the characteristic velocity and length scales of the plume. For the length-
scale, I take the visible horizontal distance travelled by the tracked coherent
structure from when it first appeared until it was last seen. For the velocity, I
divide the vertical distance the structure travelled by the time taken. I apply
this procedure only to frequency estimates determined from the EMOV
camera. The measured plume widths and vertical velocities, along with the
calculated Rossby numbers can be found in Table 4.8. The velocity estimates
range from 0.74 to 34.67 m s−1, and the calculated widths range from 141.15
to 389.23. However, the minimum recorded velocity of 0.74 m s−1 appears
to be an outlier and, when excluding this data point, the average vertical
velocity is 21.53 m s−1. When using these values for the characteristic velocity
and length scale, the Rossby numbers associated with these plumes range
from 0.04 to 2.32 (when once again excluding the previously mentioned
outlier).
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It is important to note that the vertical velocity of a feature on the margin of
a plume may not be representative of the characteristic velocity of the plume.
Therefore, I alternatively explore using vertical velocity estimates from radar,
as well as exit velocities determined from lava fountain heights, as the charac-
teristic velocity of the plume. Doppler radar has recorded the velocity of Etna
plumes in the region above the vent ( 1.2km a.v.l) (Freret-Lorgeril et al. 2018).
I therefore use the maximum and, if available, the average velocity estimates
from Freret-Lorgeril et al. (2018) as the characteristic velocities. Further to
this, I also examine the use of the exit velocity derived from the lava fountain
heights using the ballistic formula. Exit velocities from this method vary
from 33 to 258 s−1 (Calvari et al. 2011; Bonaccorso et al. 2014; Carbone et al.
2015; Vulpiani et al. 2016). As a result, I use a velocity range of 33 and 258
m s−1 that represents both end members of the exit velocity reported in the
literature as the characteristic velocity in the Rossby number calculations.
The resulting Rossby numbers, using velocity estimates derived from both
radar and lava fountain height measurements, are given in Table 4.8 along
with the corresponding velocities. I use the same characteristic length scale
(i.e., the width of the plume at the height of the coherent feature) as in the
previous paragraph. The Rossby numbers from both of these approaches
are generally much higher than those calculated with the vertical velocity
of the coherent features, except those calculated with the low-end member
exit velocity of 33 m s−1. These values are more comparable to the Rossby
numbers calculated with the velocity estimates of the coherent features.

4.3.3 Visible video analysis and plume modelling

Calculation of the radial entrainment coefficients

Radial entrainment coefficients have been calculated from the videos of
two of the eruptions (29th of August 2011 and 18th of March 2012) that
were examined. Based on the methodology presented in Section 4.2.3, the
sustained parts of these eruptions were identified as lasting from 04:18:38
UTC to 04:50:00 UTC, and 08:31:18 UTC to 09:36:36 UTC for the 29th of
August 2011 and 18th of March 2012, respectively (Figure 4.15). These times
represent the time at which the whole top region of the plume is no longer
in frame. Similarly, the number of frames required to produce a sufficient
time-averaged image were 270 frames and 210 frames (9 and 7 minutes)
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Fig. 4.15 Plume height times-series for the eruptions used to calculate the
radial entrainment coefficient. The dashed lines the mark the beginning and
the end of the time range used in the radial entrainment coefficient analysis.

for the 29th of August 2011 and 18th of March 2012, respectively (Figure
4.16). These both lead to 3 time-averaged images for the 29th of August 2011
eruption and 9 time-averaged images for 18th of March 2012 eruption from
which the radial entrainment coefficients are calculated.

The range of the calculated radial entrainment coefficients for each eruption,
and for each camera, are shown as error bars on Figure 4.17. The calculated
radial entrainment coefficients range in value between 0.02and 0.18. As a
result, the majority of the calculated radial entrainment coefficients lie within
the range reported in the literature (Morton et al. 1956; Woods 1988; Suzuki
and Koyaguchi 2010; Devenish et al. 2010b; Aubry et al. 2017), which is
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Fig. 4.16 Cumulative plots used to determine the number of frames required
for the time-averaging for the eruptions analysed to calculate the radial
entrainment coefficient. The dotted lines mark the number of frames that
were selected.

indicated by the dashed lines in Figure 4.17. Moreover, the average calcu-
lated radial entrainment coefficient (0.1) determined from the ECV and ENV
cameras from both eruptions is the same as the commonly used value of 0.1
(Morton et al. 1956; Woods 1988; Degruyter and Bonadonna 2012; Devenish
et al. 2010b).

Variation does exist between the calculated radial entrainment coefficients
measured using different cameras. As Figure 4.17 shows, the radial entrain-
ment coefficients calculated from the EMOV videos, where the average of
both eruption is 0.06, are lower than those calculated from the ECV or the
ENV cameras (average value of 0.1). The EMOV camera is much closer to
the vent than ECV or ENV, and therefore, as the maximum height seen by
the EMOV camera is ∼1km a.v.l, the proportion of the plume that is seen
is only that which co-exists with the lava fountain. However, the average
radial entrainment coefficients determined from the EMOV camera still lie
within the range of values reported in the literature.

Coupling of an integral model with plume shape measurements

To examine the use of the observed plume shape to constrain standard
integral models, I focus on the eruptions of the 4th of March 2012, 12th of
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Fig. 4.17 The calculated radial entrainment coefficients for the two eruptions
analysed. The dashed lines mark the minimum and maximum radial entrain-
ment coefficients reported in the literature (Morton et al. 1956; Woods 1988;
Suzuki and Koyaguchi 2010; Devenish et al. 2010b; Aubry et al. 2017), and
the solid line marks the commonly used value of 0.1 of the radial entrainment
coefficients (Morton et al. 1956; Woods 1988; Degruyter and Bonadonna 2012;
Devenish 2016).

April 2012 and the 12th of April 2013 and the 23rd of November 2013. These
eruptions were chosen as they are all weak plumes and are not obscured by
cloud. Using the method presented in Section 4.2.3, I identified the sustained
part of these eruptions as occurring between 07:57:12 UTC and 08:59:38 UTC,
14:33:00 UTC and 15:13:30, 11:02:22 UTC and 11:59:12 UTC, and 09:56:44 UTC
and 10:26:48 UTC for the 4th of March 2012, the 12th of April 2012, the 12th
of April 2013, and the 23rd of November 2013, respectively (Figure 4.18). The
number of frames used to create the time-averaged images are 330, 210, 210
and 330 frames for the eruptions of the 4th of March 2012, 12th of April 2012,
12th of April 2013 and 23rd of November 2013, respectively (Figure 4.19).
210 frames correspond to 7 minutes and 330 correspond to 11 minutes. This
resulted in 5, 5, 8 and 1 time-averaged images for the eruptions of the 4th
of March 2012, 12th of April 2012, 12th of April 2013 and 23rd of November
2013, respectively, which are used in the subsequent results.

First, I present results on the calculated wind entrainment coefficients. Fig-
ure 4.20 shows the range and average best fit values from the Monte Carlo
modelling, that is constrained by the observed plume shape, for the exam-
ined eruptions. Considering all eruptions, the range of the calculated wind
entrainment coefficient is 0.1- 0.4, and the average is 0.23. These calculated
wind entrainment coefficients are very similar between the different analysed
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Fig. 4.20 The calculated wind entrainment coefficients for the eruptions anal-
ysed. Values are reported as the average from every model run of every
analysed time-averaged image. The error bars signify the minimum and
maximum. The dashed lines mark the minimum and maximum wind entrain-
ment coefficients reported in the literature (Hewett et al. 1971; Devenish et al.
2010b; Suzuki and Koyaguchi 2015; Aubry et al. 2017; Michaud-Dubuy et al.
2020), and the solid line marks the commonly used value of 0.5 for the wind
entrainment coefficient (Devenish et al. 2010b; Degruyter and Bonadonna
2012; Aubry et al. 2017; Michaud-Dubuy et al. 2020).

eruptions. However, their values lie in the lower end of the range reported
in the literature and below the often used value of 0.5 (solid line, Figure
4.20). For the 12th of April 2012 eruption, it is worth noting that very few
matches were achieved between the modelled plume margins and the ob-
served plume margins and, as a result, caution is required when examining
the model results for this eruption. However, the obtained values are consis-
tent with the range of wind entrainment coefficient from the other examined
eruptions.
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Secondly, I compare the results of Monte Carlo model simulations of the
examined case-studies when the simulations are constrained by the observed
plume height from the ECV camera with the case when the simulations are
constrained by the plume shape. To do this, I start by comparing the range
of modelled top plume heights produced by matched simulations in the
Monte Carlo. For the 4th of March 2012 eruption, the range obtained from
the two approaches is very similar (Figure 4.21a). One difference is that,
for the 3rd time-averaged frame analysed, the maximum modelled plume
height when the simulations are constrained by the plume shape is slightly
higher than that when the simulations are constrained only by the maximum
observed plume height. The same can be seen for the eruption of the 12th
of April 2013 (Figure 4.21c). Although the maximum plume height from the
Monte Carlo simulations constrained with top height in the ECV video, from
the Monte Carlo simulations constrained with the plume shape and from
satellite measurements (green lines, end panel, Figure 4.21c) are all broadly
in agreement for this eruption. However, for the eruption of the 23rd of
November 2013 (Figure 4.21d), the maximum modelled plume height from
when the Monte Carlo simulations are constrained by the plume shape is
much higher than when the Monte Carlo simulations are constrained by the
maximum observed plume height in the ECV video but is similar to the top
plume height determine by satellite (green lines (Corradini et al. 2018)).

Another key feature is that for some time-averaged images, the range of
maximum modelled plume height from when the Monte Carlo simulations
are constrained with the plume shape is narrower than when the range from
the Monte Carlo simulations constrained by the maximum observed plume
height. Examples of this include the eruptions of the 12th of April 2013 and
the 12th of April 2012. But, once again, it is worth noting that caution is
needed when examining the results of the 2nd and 3rd time-averaged image
of the 12th of April 2012 because very few matches were achieved in the
Monte Carlo simulations that are constrained by plume shape.

These results for the modelled maximum plume heights are reflected in
the source parameters that resulted in these matches. In the cases where
the maximum plume height from the Monte Carlo simulation constrained
with plume shape are similar to those when the Monte Carlo simulation
are constrained with the maximum observed plume height in the image
frame, the range of matching MFRs from these two cases are similar (e.g.,
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Fig. 4.21 Comparison of the maximum modelled plume heights for Monte
Carlo simulations that are constrained by the plume shape (red error bars)
versus when constrained by the maximum observed plume height for each
time-averaged frame from the ECV videos of the four examined eruptions
(a) 4th of March 2012, b) 12th of April 2012, c) 12th of April 2013 and d)
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the dashed green lines mark the uncertainty on this measurement. Data
sources: 12th April 2013, Scollo et al. (2019), 23rd November 2013, Corradini
et al. (2018).
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4th of March 2012, Figure 4.22a). However, if the plume shape is used to
constrain the Monte Carlo simulation, the best-fit initial modelled MFRs
are generally more constrained. This is shown by the narrower range of the
initial modelled MFRs from the Monte Carlo simulations that are constrained
by the plume shape (red error bars) compared the those constrained by the
maximum observed plume height (blue error bars) in Figure 4.22. This is
particularly evident in Figure 4.22d for the eruption of the 23rd of November
2013 and correlates with the fact the biggest discrepancy in the maximum
modelled plume height between the two ways to constrain the Monte Carlo
simulations (Figure 4.21d).

It is also worth stating that neither constraining the Monte Carlo simula-
tions with plume shape or the maximum observed plume height helps to
constrain the other ESPs (velocity, temperature, gas mass fraction). This is
not unexpected as the parameter range that is explored in the Monte Carlo
modelling is large and the modelled plume height is not very sensitive to
these parameters (Woodhouse et al. 2015; Woodhouse et al. 2016).

4.4 Discussion

In this discussion, I first discuss points related to the different processes
that have been observed and analysed in this Chapter. This includes the
origin of the lava fountain, sedimentation, rotation and both the wind and
radial entrainment coefficients. I then review the use of plume shape to
constrain integral plumes models of real eruptions, before finally discussing
the usefulness of visible video analysis to study volcanic processes that occur
during the rise of coupled tephra plumes - lava fountains.

4.4.1 Discussion of the individual features

Origin of the tephra plumes that are coupled to lava fountains

One uncertainty surrounding tephra plumes that are coupled to lava foun-
tains is their height of origin. Previously, Glaze et al. (2017) assumed that the
tephra plume originated from 2/3 of the height of the lava fountain due to
dynamic separation (i.e., fine tephra and gas separate from the remaining
coarse material of the lava fountain) based on images of the Pùù o ō Hawaii
1984 eruption. Others (Vulpiani et al. 2016) have assumed that the lava foun-
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Fig. 4.22 Comparison of the initial MFR from the Monte Carlo simulations
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tain is the gas-thrust region of the tephra plume, which has already been
shown to not be valid in Chapter 2. In this Chapter, specifically Section 4.3.1,
I have identified that the tephra plume is always present from the base of the
lava fountain for paroxysmal eruptions of Mount Etna. This suggests that at
least some component of the tephra plume originates from the conduit and,
therefore, some fragmentation must be occurring in the conduit to generate
this initial plume material. As some tephra plumes can be seen to surround
the whole lava fountain, I hypothesise that the fragmentation resulting in
some of the finer material of the initial tephra plume is occurring around
the margins of the conduit, potentially due to the increased friction here
between the magma and the conduit walls (Gonnermann and Manga 2003).
Additionally, when the wind is high, this resulting tephra plume is affected
by the wind and results in it appearing to be on only one side of the lava
fountain.

Sedimentation from coupled tephra plumes - lava fountains

Despite the fact that no quantitative information on the sedimentation from
the coupled tephra plumes - lava fountains could be extracted due to the low
resolution of the visible videos, it is possible to obtain a qualitative insight
into the dynamics of the sedimentation. Sedimentation from the tephra
plume can be seen to be sometimes occurring as concentrated bands rather
than as individual clasts. These bands have been referred to as fingers in
the literature and impact the expected rate of sedimentation (Carazzo and
Jellinek 2012; Manzella et al. 2015; Scollo et al. 2017; Freret-Lorgeril et al. 2020;
Fries et al. 2021). The mechanism for their formation is likely to be different
compared to those that form in the dispersing tephra clouds (Manzella et al.
2015; Scollo et al. 2017; Fries et al. 2021) as they originate from a vertical
boundary between the atmosphere and the tephra plume. Instead, they
could be formed from interactions between the wind and the tephra plume
(Ernst 1998; Park and Park 2021). Finally, the presence of fingers on the
downwind side of the tephra plume reflects the fact that the lateral motion
of the sedimentation is wind-driven.

The presence of two different types of sedimentation, streak from the tephra
plume and pulsating fallout of large clasts from the lava fountain, that co-
exist from tephra plume - lava fountain eruptions can tell us about the
relationship between the tephra plume and the lava fountain. As the lava
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fountain pulsates, large clasts fall to the ground rather than being entrained
into the surrounding tephra plume. Although the fraction of the original
material that sediments to ground rather than being entrained into the sur-
rounding tephra plume is unknown. I also cannot conclude what happens to
any finer material, defined as the material that cannot be seen in the videos
due to the low resolution, of the lava fountain. The fallout of large clasts
from the lava fountain indicates that this component of the lava fountain
material is not coupled to the tephra plume. The impact on the reduction of
the extent of coupling cannot be determined from the analysis of the visible
video imagery. However, I can conclude the lava fountain and the tephra
plume are not fully coupled. This has implications on the dynamics of the
plume rise as with a reduction in the extent of coupling between the lava
fountain and the tephra plumes, the less of a role that the lava fountain plays
on contributing to the final height that the plume reaches (see Chapter 2 for
further detail).

Rotation

Many plumes in different geophysical systems have been observed to rotate.
Large weather systems with a central convective column are well known
to rotate (Davies-Jones 1984) whilst vorticity of plumes from large oil spills
in the ocean has also been noted (Fabregat Tomàs et al. 2016; Fabregat et al.
2017). Investigations into the cause of the rotation in these large-scale plumes
have shown that the vorticity originates from the Earth’s rotation and is due
to the Coriolis effect (Deremble 2016). In a volcanic context, the spreading
of large volcanic plumes from super eruptions has also been shown to be
controlled by the Earth’s rotation (Baines and Sparks 2005). Similary, rotation
of the volcanic plume associated with the 1991 Pinatubo eruption, which was
on a much smaller scale compared to the plumes previously discussed that
can be affected by the rotation of the Earth, has been identified as the reason
behind volcanic meso-cyclones (Chakraborty et al. 2009). Here, Chakraborty
et al. (2009) argued that the rotation of the tephra plume was due to the wind,
Kelvin - Helmholtz instabilities, and shearing between the atmosphere and
the tephra plume. The rotating plumes that I have described in this Chapter
are much smaller than those affected by the Earth’s rotation and even than
the rotating plume of the 1991 Pinatubo eruption. As a result, I examine
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the potential causes of rotation of tephra plumes that are coupled to lava
fountains below.

Rotation could be intrinsic or due to the ambient conditions. From the
limited eruptions that I have examined, I note that the plume rotates in a
clockwise direction with respect to the camera field of view when the wind
direction is to the west (26th of October 2013), and vice-versa when the
wind direction is to the east (29th of August 2011 and 4th of March 2012).
This suggests rotation could be due to the ambient conditions, specifically
the wind field. This situation could be analogous to weather systems or
volcanic meso-cyclones, where wind shear drives the rotation (Davies-Jones
1984; Chakraborty et al. 2009). However, I do not see rotation at many of
the tephra plumes at Etna even when these plumes are affected by varying
amounts of wind. This is further supported by the fact that rotation of the
tephra plume is only seen for a limited time period in the eruption of the
4th of March 2012. As the wind behaviour is unlikely to change significantly
during one eruption, wind is unlikely to be the sole cause of rotation in
these tephra plumes. Another possible explanation for the rotation is that
it is intrinsic to the tephra plumes. For example, the rotation could be
due to the angle of ejection of the tephra plume or asymmetry of the lava
fountain. An intrinsic origin is supported by the observation that the rotation
is observed, and is in fact the strongest, at the base of the plume. Moreover,
the rotation could be due to the interaction of multiple plumes. During the
4th of March 2012 eruption, rotation is only observed after an ejection of
a more gas-rich plume from one side of the vent next to the lava fountain,
therefore indicating that the rotation is linked to this phenomenon. Multiple
plumes were also observed during the 26th of October 2013 eruption. In this
case, the additional plume originated from the neighbouring Bocca Nuova
crater (Sellitto et al. 2016; Andronico et al. 2018). This further supports the
hypothesis that the rotation is caused by the complex source characteristics
of tephra plumes that are coupled lava fountains, but it does not account for
why the direction of rotation appears to correlate with wind direction. As a
result, the cause of rotation of the tephra plumes coupled to lava fountains
that I examine is unclear. Further investigation into the characteristics of
rotation would be required to determine its source. Higher resolution videos
would allow for a better understanding of how rotation changes with plume
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rise, while experimental work would enable an increased understanding of
how multiple plumes interact and on how wind shear affects plume rotation.

Regardless of the source of the rotation, it is important to determine if the
rotation significantly impacts plume rise. I evaluate the importance of rota-
tion on tephra plume rise by comparing the calculated Rossby number to
those of rotating plumes in the literature. Pham et al. (2006b), Pham et al.
(2006a), and Pham et al. (2011) experimentally and numerically investigated
the impact of rotation on the rise of thermally-driven plumes. Pham et al.
(2006b) determined that below a Rossby number threshold of around 1.82,
the impact of rotation on the structure of the plume was considerable. For
plumes that have a Rossby number below this threshold, rotation of the
plume results in an increase in mixing between the ambient and the plume.
This results in a reduction of the temperature field of the plume which, in
turn, dampens the buoyancy forces. An increase in mixing between the ambi-
ent and the plume can also increase the degree of entrainment into the lower
region of the plume close to the heat source (Pham et al. 2006a). Rotation
can also cause the plume to be wider and the greater the rotation, the greater
the proportion of the plume (with height) that is affected by the rotation
(Pham et al. 2006b). However, with increasing distance from the source,
the characteristics of a rotating plume (e.g., structure, rate of entrainment)
converge to that of a non-rotating plume (Pham et al. 2006b). These previous
findings form the basis of my evaluation of the significance of rotation on
the rise of the rotating tephra plumes that I examined.

I find that the Rossby numbers associated with the rotating tephra plumes
of this study are generally above the threshold, as determined by Pham
et al. (2006b), below which rotation has an important effect on plume rise.
This indicates that rotation has little impact on the plume structure. If the
calculated vertical velocities from the video analysis are considered to be the
characteristic velocity, the resulting Rossby numbers can be lower than this
threshold. However, as briefly mentioned in Section 4.3.2, these velocities
are unlikely to be characteristic of the vertical velocity of the plumes. These
velocities are the vertical component of velocity for coherent features on the
margins on the plume. They do not represent the bulk upwards motion and
will be much lower than than the characteristic velocity as the velocity at
the margins of the plume will be much lower than the centreline velocity.
Exit velocities (either from radar or estimating from the lava fountain height)
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were also used as the characteristic velocities. The majority of the features
that I use to determine the frequency of the rotation in the plumes are within
the first 1km of the vent. Hence, while the exit velocity is not the velocity at
the height of the features of interest, it can be used as a good approximation
for the velocity in the lower plume region, based on the examination of
plume velocity profiles from radar, which agree to those from a standard
integral model, as presented by Montopoli (2016). Using these velocities,
the corresponding Rossby numbers are well above the threshold defined by
(Pham et al. 2006b). While rotation is observed, it is therefore unlikely to
affect the degree of entrainment, or the structure of the tephra plume. As a
result, I conclude that while rotation of these plumes is interesting, it does
not have a significant effect on the rise of the tephra plume and does not
need to be considered when studying the dynamics of tephra plumes that
are coupled to lava fountains.

Entrainment coefficients

As mentioned in Section 4.3.3, the calculated radial entrainment coefficients
(0.02 to 0.18) are comparable with ranges reported in the literature (Morton
et al. 1956; Woods 1988; Devenish et al. 2010b; Suzuki and Koyaguchi 2010;
Aubry et al. 2017). The average estimated radial entrainment coefficient (0.1)
of the whole plume (i.e., from the ECV and ENV cameras) for both examined
eruptions is similar to the commonly used value of 0.1 (Morton et al. 1956;
Woods 1988; Devenish et al. 2010b; Degruyter and Bonadonna 2012). While I
did calculate lower entrainment coefficient values for lower regions of the
plumes (i.e., from the EMOV camera, which sees a maximum height of ∼
1km a.v.l), this is not completely unexpected as radial entrainment coeffi-
cients have been estimated to be lower in the negatively buoyant plume
region (Kaminski et al. 2005; Carazzo et al. 2008a). This is because the rate of
entrainment is reduced in regions of high density, such as the lower region
of a volcanic plume, and it has therefore been allowed to vary depending
in the Richardson number (Carazzo et al. 2008a). Richardson numbers in a
volcanic plume can vary and correspond to a range of entrainment coeffi-
cients between 0 (imposed when the Richardson number is negative) and
0.17 (Carazzo et al. 2006; Girault et al. 2016). Altogether, these findings in this
section of the Chapter suggest that entrainment into these plumes is similar
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to that of standard plumes, even for the eruption of the 29th of August 2011,
which shows rotation.

The estimated wind entrainment coefficients determined in Section 4.3.3
are also comparable to values reported in the literature. In particular, the
estimated ranges are comparable to the range of 0.1 to 0.3 reported by Suzuki
and Koyaguchi (2015). But it is worth noting that these values are lower than
the often-used value of 0.5 (Degruyter and Bonadonna 2012; Girault et al.
2014; Devenish 2016) that has recently been further supported by theoretical
models (Michaud-Dubuy et al. 2020) and by comparison of integral models
to observed volcanic plume trajectories (Aubry et al. 2017). It is also much
lower than the higher range of wind entrainment coefficients that are used in
some standard integral models (Bursik 2001; Woodhouse et al. 2013). These
differences reflect the large uncertainty on the value of the wind entrainment
coefficient. Future work should focus on trying to understand the reason for
these difference by examining more volcanic tephra plumes to determine its
value. It should also focus on trying to determine more details on the plume
dynamics, such as velocity profiles of a volcanic plume and the characteristics
of turbulent eddies in a windy environment, to determine if this variation is
due to uncertainty or is it reflecting different conditions in different volcanic
plumes. However, as the estimated value from this study lie within the
reported range of 0.1 to 1 (Aubry et al. 2017) and are very similar to those
reported by Suzuki and Koyaguchi (2015), it suggests that the effect on
entrainment rates from wind on tephra plumes that are coupled to lava
fountains are similar to standard tephra plumes as previously suggested by
the calculated radial entrainment coefficients.

4.4.2 What observations to use to constrain integral plume

models

When performing Monte Carlo simulations with a standard integral model
of a volcanic plume, the observed maximum plume height is typically used
to constrain the model (Costa et al. 2016b). However, by using visible-
wavelength observations from the video network of INGV-OE at Mount
Etna, I was able to relatively easily determine much more information about
these plumes, such as the plume shape. This can also be used to constrain
the ESPs when using a plume model. My work has attempted to determine
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whether using the plume shape as a constraint has any advantages over just
using the maximum observed plume height. In theory, the more restrictive
the constraints, the smaller the range of source conditions which would result
in a match between the model and the observations. Thus, since multiple
points (i.e., different heights at different distances from the vent) are being
used to constrain the integral model when using the plume shape, the range
of the initial conditions that lead to a match between the model and the
observation should be smaller compared to using the observed maximum
plume height. From the results presented in Section 4.3.3, neither using the
plume shape or only the observed maximum plume height constrains the
majority of the source parameters (velocity, temperature, gas mass fraction).
This is because the modelled plume is not overly-sensitive to such initial
parameters (Woodhouse et al. 2015; Woodhouse et al. 2016). However, using
the plume shape does help to constrain the initial MFR by reducing the
range for which matches are achieved (e.g., 12th of April 2013 and 23rd of
November 2013, Figure 4.22c and d). And while for most of the eruptions
examined, the difference in the initial MFR is minimal between the two
approaches to constrain the model, for the 23rd of November 2013, using the
plume shape increases the average initial MFR by 30% compared to the initial
MFR from when the modelling is constrained by the maximum observed
plume height in the image frame.

One advantage of using the plume shape to constrain an integral model is
that the maximum plume height does not need to be known. If the maximum
plume height is out of the frame of the camera, the shape of the plume could
be used instead to constrain an integral model. This was the case for the
23rd of November 2013 eruption that was investigated in Section 4.3.3. The
modelled maximum plume height was greater when constrained with the
plume shape, and more comparable to the maximum plume height deter-
mined from previous satellite observations and modelling studies (Figure
4.21) (Andronico et al. 2015; Corradini et al. 2018). However, if the maximum
plume height can be seen, e.g., 4th of March 2012 and 12th of April 2013,
then using the plume shape produces a very similar modelled maximum
plume height and initial MFR. Therefore, using the plume shape to constrain
a plume model can be useful to better estimate the actual height a plume
reached and the initial MFR of the eruption.
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4.4.3 The benefits and disadvantages of Visible-wavelength

Videos

In this Chapter, I have used visible-wavelength videos to study tephra
plumes that are coupled to lava fountains. This has identified multiple
benefits of using such sensors to study these plumes. Firstly, one big advan-
tage is the high spatial and temporal resolution of the data. High spatial
resolution allows for information on the plume shape to be extracted. This
is useful data that can be coupled to a standard integral model to refine
source parameters (Section 4.3.3). High temporal resolution is also a useful
benefit of visible-wavelength video analysis. The videos of INGV-OE that
were used in this study capture an image every 1 or 2 seconds (depending
on the camera). This allows for a high-resolution plume height time-series
of the eruption and the creation of time-averaged images at a much higher
frequency than compared to satellite data. For example, the SEVIRI satellite,
which is commonly used to examine the tephra plumes of Mount Etna (Cor-
radini et al. 2018; Scollo et al. 2019), has a spatial resolution of ∼ 3 × 3 km
and a temporal resolution of 10 minutes, which are both much coarser than
that of the visible-wavelength videos. Therefore visible-wavelength videos
allow for much more detail on the characteristics and development of tephra
plumes.

Another clear advantage of visible-wavelength videos to study volcanic
plumes is that they are low-cost. A visible camera is much cheaper than a ther-
mal camera for instance (e.g., £100-£1000’s, https://www.jessops.com/video
graphy/camcorders, compared to £1000-£10000, https://www.tester.co.uk/th
ermal-night-vision-optics/th ermal-cameras/scientific-research-development-
thermal-cameras). Even the relatively low-resolution (spatial and temporal)
visible-wavelength cameras used in this study, compared to many on the
market today, can provide vital information on the characteristics, processes
and even the source conditions of tephra plumes. This has led to them being
a very common tool at volcano observatories (e.g., INGV, Scollo et al. (2019),
Alaska volcano observatory, Cameron et al. (2018), GNS, NZ, Miller and
Jolly (2014) and many more), which results in a large data set of visible-
wavelength videos of volcanic eruptions around the world. As they are low
cost, multiple cameras could be bought and used in conjunction together,
as has been done with thermal cameras (Wood et al. 2019), to provide a 3D
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picture of the plume in question. The low-cost of visible-wavelength cameras
compared to other remote sensors, would also allow for them to be a useful
tool for those studying volcanic plumes in developing countries.

Despite the benefits of visible-wavelength videos, there are limitations and
disadvantages to their use. One obvious limitation is that they can only
be used when the plume can be seen (Scollo et al. 2014). This requires an
eruption to occur during the day and for there to be limited cloud cloud.
These requirements limit the use of visible-wavelength video analysis to
study a volcanic tephra plume. In this work, this limitation reduced the
number of eruptions that I could examine between 2011 - 2013 from 44
(Freret-Lorgeril et al. 2018) to 23. While more videos of eruptions would
always be a benefit as they would provide more evidence of the claims made
in the results of this Chapter, it was not a debilitating limitation of this study.
However, this would not be the case for a volcano observatory who require
information on every eruption. Therefore, visible-wavelength videos cannot
be solely relied upon for real-time monitoring (Scollo et al. 2014; Scollo et al.
2019).

Visible-wavelength videos are also harder to analyse than videos from ther-
mal cameras. This is because there are bigger contrasts in the thermal videos
between different features, such as between the lava fountain and the sur-
rounding tephra plume, and the surrounding tephra plume and the ambient.
This has resulted in a number of studies that have automated the analysis
of volcanic plumes and other eruptive activity from thermal videos (Valade
et al. 2014; Gaudin et al. 2017; Bombrun et al. 2018). In this Chapter, I was
able to have some success in automatically detecting the plume height (see
Section 4.2.3 for further details), but the method failed if there was heavy
cloud or clouds above the top height of the volcanic plume in the field of
view. I was also unable to develop a reliable approach to automatically detect
the whole plume due to the plume itself changing colour as it rises due to
condensation, the contrast between the plume and the background changing
at sunrise/sunset and atmospheric cloud being similar in colour to parts of
the volcanic cloud. As a result, analysis of visible videos from different days
and times can be a time-consuming process.

There are also difficulties when trying to compare information from visible-
wavelength videos with plume models. Many assumptions are required to
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make such a comparison such as time-averaging and the conversion from the
observed visible plume margin to a top-hat plume margin. However, there
is little research (Sparks and Wilson 1982) behind the conversion from ob-
served visible radius to a Gaussian radius. There are also large uncertainties
associated with the time-averaging of the eruptions due to large fluctuation
in the plume height even in the identified sustained part of the eruption.
Despite this, the values that have been calculated for both the radial and
wind entrainment coefficients are within the reported ranges in the literature
(Morton et al. 1956; Hewett et al. 1971; Woods 1988; Devenish et al. 2010b;
Suzuki and Koyaguchi 2010; Suzuki and Koyaguchi 2015; Aubry et al. 2017;
Michaud-Dubuy et al. 2020). Therefore, while caution and understanding of
the uncertainty should be had, overall, the coupling of visible-wavelength
video analysis to integral plume models provides additional information on
the tephra plumes that are hard to access with other methods making it a
valuable tool in the array of instruments used to observe tephra plumes.

4.5 Conclusion

Visible-wavelength video analysis of paroxysmal eruptions at Mount Etna
have offered a unique insight into the characteristics and dynamics of tephra
plumes that are coupled to lava fountains. Many interesting observations
can be made from even low resolution visible-wavelength video analysis.
Analysis of the visible-wavelength videos has allowed for processes that
have rarely been recorded in volcanic plumes, to not only be qualitatively
described, but also to be quantitatively assessed for their potential impact on
plume rise. Key findings include:

1. The tephra plume and lava fountain are not fully coupled, at least for
the largest particles.

2. A component of the tephra plume must originate from primary frag-
mentation, possibly due to the friction between the rising magma and
the conduit, as it surrounds the entirety of the lava fountain.

3. Volcanic gas and particles from the surrounding region can be entrained
into a tephra plume.

4. Rotation of tephra plumes is observed, but it is likely to not have a
significant impact on the plume dynamics and its origin is uncertain.
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5. Entrainment of the ambient fluid (both radial and wind) into these
plumes is similar to those of standard tephra plumes.

By analysing these eruptions, it has also allowed for a new strategy for the
analysis of tephra plumes from visible-wavelength videos that includes a
workflow to calibrate videos of wind-affected plumes for when information
on the camera set-up is limited.

Despite these findings, a number of limitations prevented more quantitative
results from being obtained. If a high-definition visible-wavelength camera
could be used, information on the rate of sedimentation and the size of
the clasts could be obtained (Houghton et al. 2020). This could offer vital
information of the GSD of the lava fountain. In addition, if there were further
eruptions that could be analysed, it would allow for more support of the
findings. Even though there were 44 (Freret-Lorgeril et al. 2018) eruptions in
the time period that was analysed, many of these occurred during the night
or during bad weather. This prevented analysis, especially any quantitative
analysis, of the eruptions. Because of this, I suggest future work should focus
on using visible-wavelength video analysis to study not only tephra plumes
that are coupled to lava fountains, but all sustained tephra plumes as many
volcano observatories around the world have a webcam system (e.g., Alaska
volcano observatory, Cameron et al. (2018), GNS, NZ, Miller and Jolly (2014)).
Many videos of volcanic eruption are also recorded by local residents, which
should also be explored to determine if these videos can be a useful to study
tephra plumes. This initial work has proven what even low-resolution visible-
wavelength videos can tell us about the complex dynamics and processes
of coupled tephra plumes - lava fountains. Specifically, questions such as
do volcanic plumes have a significant rotation component, and what is the
GSD of lava fountains should be answered. Further work should also be
combined with integral models to better determine the wind entrainment
coefficient - a major source of uncertainty in integral models. Therefore
visible-wavelength video analysis is a useful tool for volcanologists in the
future to further understand tephra plumes.



CHAPTER 5

CONCLUSIONS

In this thesis, I have studied tephra plumes that are coupled to lava fountains
via three approaches. These approaches are:

1. the development of a novel co-axial integral model to study the effect
of a lava fountain on plume dynamics (Chapter 2),

2. applying this new model to multiple paroxysmal eruptions at Mount
Etna, Italy, to understand the relationships amongst the deposit, the
tephra plume and the lava fountain (Chapter 3),

3. examining visible-wavelength camera observation to constrain char-
acteristics of coupled tephra plumes - lava fountains at Mount Etna
(Chapter 4).

Each of these studies have individually contributed to an improved under-
standing of tephra plumes that are coupled to lava fountains. In Chapter
2, I first evaluated the suitability of a standard integral model (Degruyter
and Bonadonna 2012) to model such plumes (Section 2.2). Through this, I
clarified how the lava fountain relates to the surrounding tephra plume by
showing, with the standard integral model, that the observed lava fountain
height does not equate to the height of the modelled gas-thrust region (Sec-
tion 2.2.1). The result clarifies any assumption on using the lava fountain
height as the height of the gas-thrust region in the literature. Further to this,
I also highlighted a discrepancy between the MFR derived from the tephra
deposit and the MFR inverted from the observed plume height by a standard
integral model (Section 2.2.2). This led to the development of a new co-axial
integral model (Section 2.3), called the double plume model, that explicitly
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considers the effect of a lava fountain on plume rise. The results have indi-
cated that the height reached by a tephra plume that has a hot, coarse inner
core (e.g., a lava fountain), that I defined as having a log-normal grain-size
distribution with a median grain-size of -7 phi, is reduced compared to a
tephra plume that either has no inner core or an inner core composed of
fine material (Sections 2.2.2 and 2.4.1). I have also shown that the size of
the lava fountain, defined as the proportion of the initial MFR in the lava
fountain compared to the surrounding tephra plume, also governs the size
of the impact it has on the final plume height reached (Section 2.4.1). If the
lava fountain is large with respect to the surrounding tephra plume, and the
inner plume is coarse, much of the initial MFR from the plume system is lost
through sedimentation and results in a lower plume height compared to the
same plume modelled with the standard integral model. However, if the
initial GSD of the inner plume is finer, this additional material contributes
to an overall higher plume height being reached. These findings form a
fundamental basis to the understanding of how lava fountains effect the rise
of a surrounding tephra plume.

Although the model results in Chapter 2 marked significant progress in
understanding the dynamics of coupled tephra plumes - lava fountains, an
outstanding question was why there remained a discrepancy between the
MFR derived from the tephra deposit and the MFR inverted from the ob-
served plume height. Indeed, this discrepancy was present when using both
the standard and newly-developed double plume models to look at the initial
MFRs (Figure 2.2 and Figure 3.4a). To address this required coupling model
results with field observations. I therefore focused on understanding the
relationship between the mass in the coupled tephra plume - lava fountain
and the deposited mass on the ground for five different eruptions of Mount
Etna, Italy. In these case studies, the modelled initial MFR, as determined
by constrained Monte Carlo simulations performed using the double plume
model, could be up to an order or magnitude larger than the tephra deposit-
derived MFR (Chapter 3.3.1). However, by comparing the field-derived MFR
to the modelled MFRs at different heights in the double plume model, I
showed that the modelled MFR at the start of the single plume region (i.e.,
above the lava fountain) was comparable to the field deposit-derived MFR
(Figure 3.4b). This indicates that much of the initially-erupted material is
deposited into the proximal cone deposit.
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Another key observation was that the size of the discrepancy between the
initial MFR inverted from the plume height and that determined from the
plume tephra deposit varied between eruptions. I therefore investigated
which parameters control the size of this discrepancy. In particular, I looked
at the extent of coupling between the modelled lava fountain and the mod-
elled tephra plume (Section 3.3.2), where the coupling extent is defined as the
fraction of initial solid MFR of the inner plume that is transferred to the outer
plume during plume rise. From this, I concluded that a large discrepancy
correlates with a lower extent of coupling (Figure 3.8). When coupling is low,
much of the initially erupted material sediments directly from the lava foun-
tain and results in less material reaching the top of the tephra plume. This
could result in a reduction in the expected mass injected into the atmosphere
from a tephra plume that is coupled to a lava fountain.

Finally, I investigated coupled lava fountains - tephra plumes at Mount Etna
through analysis of visible-wavelength videos of different eruptions. In total,
I qualitatively examined 23 eruptions and further quantitatively analysed
7 of these to examine different features. Key findings from the qualitative
analysis include the observation of rotation of the plumes, two sedimentation
regimes, information on the plume origin with respect to the lava fountain,
and the identification of the entrainment of surrounding gases and particles
into the plume (Section 4.3.1). I then move on to a more quantitative analysis
where I first quantify how much rotation is occurring by calculating Rossby
numbers in Section 4.3.2 - a key value to determine whether the rotation
is having a significant effect on the plume rise (Pham et al. 2006b; Pham
et al. 2006a; Pham et al. 2011). I determine the rotation that is observed
is likely not significantly effecting the plume rise or entrainment into the
tephra plumes and speculate on the cause of the rotation (Section 4.4.1). I
then explore using information from the visible-wavelength videos to infer
entrainment coefficients used in integral plume models (Section 4.3.3) and to
help constrain a standard integral model to help determine the best-fit wind
entertainment coefficients and source parameters (Section 4.3.3). To conclude,
I offer thoughts on the benefits and limitations of using visible-wavelength
videos to study tephra plumes in Section 4.4.3.
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5.1 Implications of This Work on the Understand-

ing of Coupled Tephra Plumes - Lava Foun-

tains

Together, these three Chapters have formed a picture of the dynamics of
tephra plumes that are coupled to lava fountains. I can conclude that tephra
plumes that are coupled to lava fountains have multiple significant differ-
ences to standard tephra plumes. This is because lava fountains affect the rise
of a coupled tephra plume. High fallout from the co-existing tephra plume
- lava fountain region, that can even be visibly seen (Section 4.3.1), results
in a loss of mass, momentum and enthlapy from the plume that causes a
reduction in plume height (Sections 2.4.1, 2.4.1 and 2.4.1). This also results
in much of the initially erupted material to be deposited in the cone deposit
(Chapter 3) rather than in the plume tephra deposit, which is the part that is
commonly analysed. This is especially the case when coupling between the
lava fountain and the surrounding tephra plume is low (Chapter 3).

These findings could have significant impact on how volcanologists study the
deposits of these eruptions. For instance, much of the erupted material de-
posits in the ultra-proximal regions (i.e., the cone deposit) of these eruptions.
The ultra-proximal region is rarely sampled (Behncke et al. 2014; Andronico
et al. 2014a; De Beni et al. 2015), partly due to the hazards associated with
being so close to an active volcanic vent (Andronico et al. 2014a). It is also
the region that is poorly characterised by fitting of lines to deposit thinning
data that are used to calculate volume estimates (Bonadonna and Houghton
2005a). As this ultra-proximal region is so important for tephra plumes that
are coupled to lava fountains, it will be one of the most important regions of
the deposit to characterise in future field deposit characterisations.

Similarly, as much of the erupted material deposits from the plume before
it reaches high in the atmosphere, my findings will also have an impact of
hazard forecasting of these eruptions. Rather than using MFR estimates of
what was initially erupted for a recorded plume height, either derived from
numerical models or empirical formulations (e.g., Mastin et al. (2009) and
Degruyter and Bonadonna (2012)), it may be better to use the MFR that has
reached above the neutral buoyancy level, or even the MFR distribution in
the plume, depending on the tephra dispersion model. Otherwise, using the
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MFR at the source, could result in an overestimation of mass injection into
the atmosphere, and a less accurate forecast of the tephra dispersion from
tephra plumes that are coupled to lava fountains.

Furthermore, an improved understanding of the coupled tephra plume
- lava fountain allows insights on the fragmentation that results in them.
Based on the results in Chapter 3, I discuss potential causes of the different
extents of coupling between a lava fountain and tephra plume - specifically
that it could relate to fragmentation. I hypothesise that with a larger lava
fountain, more efficient fragmentation could be occurring. Similarly, based
on the observations of the origin of the tephra plume (Chapter 4), I discuss
that fragmentation in the conduit is not uniform, with potentially more
fragmentation happening at the margins of the conduit, which results in
the initial tephra plume. These discussions show that fragmentation in
paroxysmal eruptions could be complex.

Despite these differences, which have been the focus of much of this thesis,
many of the characteristics of tephra plume that are coupled to lava fountains
are similar to those of standard tephra plumes. While a lava fountain does
affect the dynamics and mass distribution in a coupled plume, for a given
overall initial MFR, plumes with a lava fountain can reach similar heights
to those without (Section 2.4.1). We also find that entrainment of air from
the ambient to the tephra plume can be described by a radial entrainment
coefficient which is very similarly to those previously reported (Section 4.3.3)
(Morton et al. 1956; Aubry et al. 2017). Another example of these similarities
includes sedimentation from the plume as streaks or ’fingers’ (Section 4.3.1),
which have been observed during many different styles of volcanic activity
(Carazzo and Jellinek 2012; Manzella et al. 2015; Scollo et al. 2017; Freret-
Lorgeril et al. 2020; Fries et al. 2021).

There are also some observations of the coupled tephra plumes - lava foun-
tains of Mount Etna for which I am unable to say if they are unique to these
plumes. For instance, while we observe and discuss rotation in these plumes,
I can not say, or expect, it to be unique to just tephra plumes that are coupled
to lava fountains. Rotation occurs in many plume in nature (e.g., Helfrich
and Battisti (1991), Jones and Marshall (1993), and Holland and Feltham
(2006)), and the origin of the rotation may not be due to the presence of the
lava fountain. Similarly, I also demonstrate that air entrainment from the
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ambient to the tephra plume in the region where the plume and lava fountain
co-exist might be described by a lower radial entrainment coefficient than in
the single plume region (Section 4.3.3). While this once again may be due to
the presence of a lava fountain, reduced rates of entrainment have long been
reported in the negatively-buoyant lower plume region (Carazzo et al. 2008a)
and may depend on the local Richardson number. Finally, I have shown that
coupled lava fountain - tephra plumes can produce volumetrically-significant
ultra-proximal deposits, e.g., the cone deposit at Mount Etna. However, it
is uncertain how much material is deposited in similarly proximal regions
for other eruption styles. Often referred to as segment 0 (Bonadonna et al.
1998; Bonadonna and Phillips 2003), the most proximal part of the tephra
deposit is often unaccounted for due to under sampling (e.g., Andronico
et al. (2014a)). However, I do not expect the size of the most proximal deposit
in comparison to the plume tephra deposit to be as large for other volcanic
eruption styles as they are characterised by GSDs that are finer than those
from lava fountains (Cashman and Scheu 2015; Girault et al. 2014).

Moreover, the development of a simple and new double plume model (Chap-
ter 2), and its proven suitability to model tephra plumes that are coupled to
lava fountain (Chapter 3), provides an important new tool for the volcanol-
ogy community. It is fast and not computationally expensive. It can also
provide key constraints on source parameters such as the initial MFR and
MFR distribution in a plume if the plume height and lava fountain heights
are known. These key features make it suitable to be used in real-time and
provide better constraints on key ESPs compared to the standard integral
model that is currently in use operationally (Scollo et al. 2019). Therefore,
this new double plume model could be implemented operationally in the
future at volcano observatories that monitor volcanoes with paroxysmal
eruptions, such as INGV-OE, to aid with real-time estimates of how much
MFR is reaching the atmosphere.

5.2 Limitations and Future Work

In this Section, I will discuss the major limitations of the work presented in
this thesis. This will include an explanation of why it was not possible to
overcome, and its potential implications on the results. I will then suggest
future work in Section 5.2.2 that would help to overcome these limitations
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and improve the understanding of tephra plume that are coupled to lava
fountains.

5.2.1 Limitations of the presented work

Despite the advances I have made on the understanding of tephra plumes
that are coupled to lava fountains, multiple questions about them remain.
One of these remaining questions is how do additional processes or assump-
tions that I have not been able to consider affect the dynamics of these plumes.
One such example is the assumption that drag force between the inner plume
and the outer plume in the modelling of tephra plumes that are coupled
to lava fountain is not important, hence it was not considered in this work.
However, since its impact on plume rise is uncertain (see Section 2.5.2 for
discussion), it should be investigated and its impact quantified. Another
example is the assumption of dynamic disequilibrium. Dynamic disequilib-
rium is the disconnect between the particle motion and fluid motion. While
it has been considered in volcanic models before (Parfitt and Wilson 1999), it
was done so by adjusting the source parameters to calculate a true gas exit ve-
locity. To fully account of dynamic dis-equilibrium, this process would have
to be modelled throughout plume rise. Similarly, while I briefly investigated
the effect of thermal disequilibrium between the solid and gas phases on
plume rise in Chapter 2, this was through an approximate parameterisation
(Woods and Bursik 1991) and not a complete model of the physical process
itself. This could have implications on reducing the energy and momentum
transfer between the large clasts of the lava fountain that have fallen, and are
supported, by the surrounding tephra plume. As a result, the effect of these
processes on the dynamics of coupled lava fountains - tephra plume needs
to be further investigated.

Another remaining question is how does strong wind affect the region where
the tephra plume and lava fountain co-exist. Throughout this thesis, I have
assumed that wind does not significantly impact this region, since this is
frequently the case when looking at videos of paroxysmal eruptions of Mount
Etna. Therefore, the effect of wind in this region is not accounted for in the
double plume model. However, whilst often valid, this may not always be
the case. For example, in the eruption of the 12th of April 2012, the tephra
plume does not surround the entire of the lava fountain. Rather, the tephra
plume is offset to the lava fountain as it rises. This could result in a reduction
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of coupling between the lava fountain and the tephra plume and could result
in a reduction in height that the plume could reach. The new simple double
plume integral model presented in Chapter 2 of this thesis is unable to model
such cases as this plume violates the axisymmetric assumption of the model.
As a result, other more complex models, ones that model in more than one-
dimension, would be required to understand the effect of wind on the double
plume region.

Moreover, in some eruptions, the lava fountain is sourced from a linear
fissure rather than as a circular vent (Personal communication, INGV-OE).
The model that I have developed in Chapter 2, and was used in Chapter 3,
assumes that the lava fountain occurs from a point source and is therefore
not applicable to those lava fountains that originate from a fissure. This
approach was chosen as the length scale of the lava fountains that originate
from fissures are on a much smaller scale than the length scale of the plume.
While these fissures are on a much shorter length scale compared to many of
the previously modelled fissure eruptions (e.g., Laki, Stothers et al. (1986))
and also a much shorter length scale than the height that the plumes reach,
the impact of this difference in vent geometry on plume dynamics should be
investigated. This could be done in a similar way as to Stothers et al. (1986)
and Woods (1993).

5.2.2 Future Work

One avenue for future work that could partially address these complexities
would be to use 3D numerical plume models to study tephra plumes that
are coupled to lava fountains. 3D numerical models (Suzuki et al. 2016a)
would allow for the symmetry in the double plume region to be broken.
As a result, the effect of wind could then be explored as the geometries of
the inner and outer plumes would no longer be imposed. A 3D numerical
model would also allow additional more complex processes occurring in
tephra plume that are coupled to lava fountains to be explored. For instance,
the effect of thermal and dynamic disequilibrium (Cerminara et al. 2016b)
on the coupling between the inner and outer plume, and on overall plume
rise could be explored. The impact of drag could also be investigated. 3D
numerical models would enable a more accurate physical description of the
disequilibrium, rather than relying on an approximate parameterisation as
in simple integral models (Woods and Bursik 1991).
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Future work should also focus on improving the visible observations of
tephra plumes that are coupled to lava fountains. While visible videos have
provided vital clues on the dynamics of tephra plumes that are coupled
to lava fountains (Chapter 4), higher spatial and temporal resolution cam-
eras would allow for even more details to be captured. A higher spatial
resolution would allow for smaller details in the plume to be seen, such as
smaller particles and more detailed plume margin. While a higher temporal
resolution would allow the better tracking of features with time such as
rotation and sedimenting particles to get better estimates of rates of sedimen-
tation from the tephra plume and the lava fountain, plume velocities and
characteristics of the turbulent eddies (especially in the tephra plume -lava
fountain co-existing region). Furthermore, these observations could be fur-
ther utilised with modelling to further extract information on the dynamics
of these plumes as in Chapter 4. Examples includes using velocity estimates
to compare to modelled velocities and comparing sedimentation loss from
the modelled plume to observed sedimentation rates from the plume margin.
Similarly, much more could be done in terms of integrating the data from
visible-wavelength videos and plume modelling with other data types. An
obvious example of this is plume height. In Chapter 4, I have shown how
information on shape from visible-wavelength video can be compared to a
modelled plume. But how can plume data from radar or satellite be further
used with plume modelling? And in turn, are all these different remote
sensing methods seeing the same thing as each has varying sensitivities to
different grain-sizes? This is one of many areas future work should focus
on to not only help us understand tephra plumes that are coupled to lava
fountains, but also how different methods can work together to understand
volcanic plumes in general.

Finally, I recommend that further studies of these plumes are carried out
at other volcanoes around the world. Mount Etna is not the only volcano
the produces eruptions characterised by coupled lava fountains and tephra
plumes. As mentioned in Chapter 1, Izu Oshima, Japan (Mannen 2006) and
Villarrica, Chile (Romero et al. 2018), have also had eruptions that produced
coupled tephra plumes - lava fountains. Due to the extensive data sets on
plume height and information of MFRs derived from the tephra deposits of
some eruptions from frequent eruptions of Mount Etna over the past decade,
much of my findings are based on Mount Etna. As shown in Chapter 2, the
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impact of a lava fountain on plume rise depends on initial GSD and size of
the lava fountain relative to the surrounding tephra plume. Therefore, to do
a similar analysis at other volcanoes, characteristics of multiple eruptions
for different volcanoes such as plume height estimates, lava fountain height
estimates, and deposit characterisation would be required. I have also high-
lighted how differences in coupling between the lava fountain and tephra
plume also play a major role in mass transfer with the plume and how this
differs between different eruptions at Mount Etna. This leads to question on
how does coupling between lava fountains and tephra plumes differ at other
volcanoes that have paroxysmal eruptions. Given the potential impact on
mass injection into the atmosphere from such eruptions, it will be essential
to evaluate the dynamics of these eruptions around the world to ensure they
are fully understood by the next time that they erupt.
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APPENDIX A

DIMENSIONLESS ANALYSIS BETWEEN H, G AND F

The first step in the dimensional analysis is to determine the dimensions
of each of the parameters of interest (G, the parameter defining the density
stratification of the surrounding fluid, and F, the initial buoyancy flux) to H,
which is the plume height in m. Each of the dimensions of each of the factors
in G are written out and then simplified (equation set 1).

G =
−g
ρ1

−dρ0

dx

[G] = [L][T]−2[L]−1
(1)

Therefore, the dimensions of G can then be given as

[T]−2. (2)

Following the same procedure, the dimensions of F are given as

[F] = [L]4[T]−3. (3)

The dimensions of H as given as [L].

To then determine the dimensional relationship between H, G and F, it is
proposed that H ∝ FaGb. Therefore, in order to be dimensionally consistent

[L] =
(
[L]4[T]−3

)a (
[T]−2

)b
, (4)
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which can be re-written as

[L] = [L]4a[T]−2b−3a. (5)

Balancing the dimensions of length means that this can then be solved for a

1 = 4a, (6)

so that

a =
1
4

. (7)

Similarly, balancing the dimensions of time means this equation can also be
solved for b

0 = 3a − 2b, (8)

so that

b = −3
8

. (9)

Therefore H is related to F and G by

H ∝ F
1
4 G− 3

8 . (10)
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