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ABSTRACT 
Explosive volcanic eruptions almost always occur in an active wind field. This poses 

a challenge to hazard mitigation because wind has a complex influence on plume 

stability. Specifically, there is evidence that different ratios of mass eruption rate to 

ambient wind may cause the plume to become more or less stable, but the actual 

thresholds of these stability regimes are unknown. The transition between stable 

and unstable plumes depends on eruption column characteristics controlled by 

conditions at the volcanic vent and in the surrounding atmosphere. Since column 

stability determines the types of hazard associated with a volcanic eruption, there is 

a need to quantify the transition between stable and unstable eruptions. I 

investigate atmospheric impacts on plume stability thresholds using ATHAM (Active 

Tracer High-resolution Atmospheric Model) to simulate volcanic eruptions in 3-

dimensions in no-wind and with-wind environments under different atmospheric 

profiles. The mass eruption rate (MER) is a key parameter for constraining plume 

stability as it is generally considered a first-order control on column height, and is 

controlled via ejection velocity and vent size. There are significant differences in 

plume rise heights between eruptions in high and low latitudes, with eruptions in 

tropical latitudes reaching plume heights 1.3-1.5x higher than their high-latitude 

counterparts due to the height of the tropopause. Wind can stabilize plumes that 

were unstable in the no-wind case by increasing the rate of ambient air entrainment 

and, therefore, increasing local buoyancy. Conversely, plumes may become unstable 

with too much wind; in that case, they are blown over to produce large pyroclastic 
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flows with low phoenix clouds. Wind-induced instability is a new concept in volcanic 

plume modeling and has significant implications for future hazard analyses.
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Chapter 1: Introduction 
 

1.1: Statement of Problem 
 

Hundreds of millions of people throughout the world live on or in the vicinity 

of volcanoes (Tilling and Lipman, 1993), which poses a challenge for hazard 

mitigation. Ash column stability plays a significant role in the type of hazards 

presented by a given eruption. A stable, buoyant plume (Fig. 1) has successfully 

entrained and heated enough of the ambient air to rise buoyantly into the 

atmosphere (Kaminski and Jaupart, 2001). Hazards associated with stable volcanic 

eruptions include threats to aviation safety and infrastructure collapse from 

overloading of ash deposits.  

For an unstable eruption (Fig. 2), where the erupting mixture cannot achieve 

positive buoyancy, the column will collapse to form a dangerously hot, fast, ground-

hugging mixture of toxic gases and ash debris known as a pyroclastic density 

current (PDC). PDCs can flow down along the flanks of the volcano and spread out 

from its base, threatening nearby inhabitants. The most severe threats from a PDC 

include their density, velocity, and temperature. Autopsies performed on the bodies 

of victims from the Mount St. Helens eruption in 1980 indicated that death was 

caused instantly by high temperatures (400°C) and complete obstruction of the 

airways by ash (Eisele et al., 1981). Other victims suffered asphyxia, inhalation 

injuries and severe thermal injuries to skin (Spence et al., 2007). For inhabitants 

taking shelter in Herculaneum during the AD 79 eruption of Vesuvius, extreme heat 

was the leading cause of death (Mastrolorenzo et al., 2001). 
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Figure 1: A cartoon example of a stable volcanic eruption. If the eruption column can 
achieve and hold positive buoyancy, then the column is considered stable. 1) Although it is 
considered a stable eruption, small ash flows can form out of the ash particles that failed to 
achieve positive buoyancy and tumble down along the flanks of the volcano. 2) The jet-
thrust region is primarily driven by momentum and is where the ejecting material is 
normally denser than the surrounding atmosphere. 3) In the convective region, ambient air 
is drawn into the column and can further drive buoyant rise. 4) The umbrella region 
encompasses the laterally expanding phase of the plume where the rising ash particles meet 
a neutral buoyancy layer (NBL) in the atmosphere, often the tropopause or other thermal 
inversion. 5) The “overshoot” region is produced as rising ash particles exceed the NBL due 
to momentum, at which point the particles fall back down to the NBL. 6) Throughout the 
eruption ash particles are being sedimented from the plume and fall toward the surface. 
Sedimenting particles proximal to the rising column can become reentrained with the 
ambient air, effectively injecting cold, heavy material into the column and dampening 
buoyant rise.  
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Figure 2: A cartoon example of an unstable volcanic eruption. 1) The erupting material fails 
to achieve positive buoyancy and collapses onto the surface as PDCs. 2) Along with PDC 
generation, some ash particles elutriate into the atmosphere to form a phoenix cloud, or 
coignimbrite.  

 

Figure 3: A cartoon example of a partially stable eruption. 1) A rising plume that cannot 
achieve and hold positive buoyancy for a significant time will at least partially collapse. 
Limited material in the rising plume will result in lower rise heights. 2) The material that 
could not achieve positive buoyancy will fall along the flanks of the volcano in flow currents 
or PDCs. PDCs are a considerable threat to any nearby inhabitants because the ash-debris 
mixture can have temperatures greater than 300 °C. 
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Between the stable and unstable end members are partially stable eruptions 

(Fig. 3), which encompass the transition between fully buoyant and fully collapsing 

ash clouds. In partially stable eruptions the column achieves some aspect of buoyant 

rise from mixing of ambient air, sometimes rising high into the atmosphere; 

however, there is insufficient mixing to support complete buoyancy, resulting in 

simultaneous PDC events (Kaminski and Jaupart, 2001). The transition between 

these stability behaviors and their hazards depend on the fluid dynamics of the 

eruption column, which is controlled by vent conditions (Woods, 1988; Cioni et al., 

2003; Ogden et al., 2008) and ambient atmospheric conditions (Bursik, 2001; Van 

Eaton et al., 2012; Degruyter and Bonadonna, 2013). 

The relationship between plume stability and hazards has driven significant 

research into the various parameters that affect plume stability. These parameters 

include upward vertical velocity (Woods, 1988), particle size (Bursik, 1989; Woods 

and Bursik, 1991), air and particle entrainment (Morton et al., 1956; Veitch and 

Woods, 2002; Suzuki and Koyaguchi, 2010), and the radius and density of the 

erupting plume (Woods, 1988). Additionally, wind is known to alter the plume 

trajectory, height, and stability in nearly all eruptions (Bursik, 2001; Koyaguchi et 

al., 2011); however, current literature has not reached a consensus on the exact 

controls or behavior regimes associated with plumes erupted into windy conditions. 

Other atmospheric characteristics can also impact the eruption column. For 

example, by comparing known eruptions and their respective atmospheres, Tupper 

at al. (2009) found significant differences in column heights (~9 km) between dry 

sub-polar and moist tropical atmospheres for similar weak volcanic eruptions. 
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Recent work in atmospheric influences on plume behavior involves computational 

modeling of volcanic eruptions in an effort to improve predictions of ash dispersal 

(e.g., Costa et al., 2006; Barsotti et al., 2008; Folch et al., 2009; Webster et al., 2010). 

Degruyter and Bonadonna (2013) used a 1-dimensional approach to model the 

impacts of some parameters on column stability, such as wind velocity, ejection 

velocity at the vent, and entrainment. Using a generalized regime diagram, their 

results show that wind can reduce maximum column height, prevent column 

collapse, and be the primary mechanism for entrainment, thus indicating that high 

winds are favorable from a hazards standpoint by reducing both PDC generation 

and maximum column heights.  While the model gives a good first-order 

quantification of wind impacts on column stability, the simplified wind entrainment 

associated with limitations in 1-D prevents a more accurate representation of the 

underlying physics observed in nature (Degruyter and Bonadonna, 2013). 

Specifically, increased winds leading to a decreased column collapse rate may not 

hold true in all cases. For eruptions into high winds (> 15 m/s), column collapse 

may occur due to an overwhelming wind velocity (Kobs, 2009). 

In this thesis, I investigate the impact of wind and the atmosphere on plume 

stability using a computational simulation of volcanic eruptions. I use ATHAM (Active 

Tracer High-resolution Atmospheric Model), a non-hydrostatic model that is 

formulated for use in a 2- or 3-dimensional grid-space (Herzog et al., 1998; 

Oberhuber et al., 1998). The model uses an implicit time stepping scheme and solves 

the full set of Navier-Stokes equations for momentum, mass and energy using a 

Large Eddy Simulation (LES) closure and explicitly solves for air entrainment 
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(Herzog et al., 1998). Additionally, ATHAM uses a microphysics module to describe 

condensation and formation of precipitation, which can affect plume dynamics 

(Herzog et al., 1998) 

1.2: Objective and Hypothesis 
 

 I used ATHAM to systematically evaluate the effects of targeted parameters, 

such as mass eruption rate (MER), ambient wind speed, and atmospheric 

temperature, on plume stability. My objective was to use ATHAM to find stability 

thresholds resulting from the relative importance of MER and ambient wind speed 

under realistic atmospheric conditions.  

Degruyter and Bondonna (2013) argue that increased ambient wind always 

increases plume stability. Conversely, Kobs (2009) (Fig. 4) proposed an 

approximate transition between wind-induced stability and wind-induced collapse. 

According to this hypothesis, for wind velocities sufficiently large relative to the 

MER a plume will lose stability and at least partially collapse because it is bent 

beyond its capacity for continued rise. In this thesis, I explore the idea of wind-

induced collapse to identify the conditions under which it may occur. Wind-induced 

collapse may occur because heavier ash particles fall out and collectively produce a 

PDC from the deeply bent plume. This leads to the first hypothesis: additional wind 

velocity on stable eruption columns can lead to column collapse.  
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Figure 4: Partial column collapse as a function of MER and ambient wind velocity. This plot 
from Kobs (2009) shows a transition zone between stable and unstable (collapsing) 
volcanic eruptions as indicated by historical eruption events and ATHAM model runs. 
Additional model runs are completed in my study to further constrain this zone and to 
identify a secondary zone for “high” MERs, where high MER eruptions require additional 
wind velocities to remain stable. 

 

I also examine the effects of other ambient atmospheric conditions, including 

temperature, tropopause height, and humidity, on column stability. Equatorial to 

low-latitude regions observe an average tropopause height of about 16 km, while 

the average height in polar regions is about 9 km (Hoinka, 1999). This range 

indicates that there is less potential air available for large-scale entrainment in high-

latitudes, in addition to depressed convection, compared to low-latitude eruptions. 

This is important because there is little to no convection above the tropopause in 

the stratosphere. If the available air for entrainment is dampened in high-latitudes 

(>60°), then we should expect an impact on column stability. This leads to a second 
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hypothesis: the tropopause height, which varies with latitude, has an impact on 

column stability because it limits the availability of space in the troposphere for large-

scale air entrainment. However, varying the tropopause with latitude inherently 

varies the atmospheric temperature and humidity. Therefore, I also test the impact 

of different atmospheric temperatures with a static tropopause height to determine 

whether the atmospheric temperature or tropopause height plays a more significant 

role in column stability.  

 If the first hypothesis is supported by this study, then it may be that high 

wind speeds during volcanic eruptions can stabilize some unstable eruptions and 

promote positive buoyancy as well as have the potential to destabilize eruption 

columns by knocking down the column, promoting PDC generation. Support for the 

second hypothesis presented in this study would indicate that an equivalent, stable 

eruption in low latitude regions may be unstable in polar regions due to the lack of 

available space in the troposphere for large-scale entrainment, reducing the ability 

of the plume to entrain ambient air for thermal expansion, a driver in maintaining 

buoyant rise. This has implications for generally broad-sweeping statements that 

link specific MERs to maximum column heights (e.g., Wilson et al., 1980; Wilson and 

Walker, 1987; Mastin et al., 2009; Degruyter and Bonadonna, 2012) indicating that 

atmospheric conditions and latitudinal locations of eruptions are critical when 

approximating the MER from maximum column height, and vice versa.  
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Chapter 2: Volcanic Ash Models, Hazards, and Column Stability  

  
 

2.1: Volcanic Hazards 
 

Tephra dispersed by explosive volcanic eruptions can travel over thousands 

of kilometers at velocities exceeding 100s of km/h (Carey and Sigurdsson, 1982). 

Significant hazards associated with volcanic eruptions include ash fall, lahars, 

pyroclastic density currents (PDCs), and lava flows. Ash from eruption columns and 

PDCs are often the most dangerous features associated with an explosive volcanic 

eruption with typical PDC travel velocities of 50 m/s (Ongaro et al., 2002). Issues 

related to ash fallout include: 1) causing or exacerbating respiratory problems to 

humans and animals, 2) damaging infrastructure, and 3) threatening aviation safety. 

PDCs can quickly devastate local areas by engulfing them in a hot pyroclast and gas 

mixture. These hazards can lead to death tolls in the thousands (El Chichón, Mexico 

1982 – estimated 2,000 killed) to tens of thousands (Mt. Pelee, Martinique – 

estimated 29,000 killed) and can displace even greater numbers of people by 

destroying homes and other infrastructure (Witham, 2005). To reduce ash fallout 

threats, models are used to predict ash dispersal either in advance of or during an 

eruption, which can then be used to inform ground evacuations or air traffic 

reroutes.  

2.2: Column Stability 
 

For plinian volcanic eruptions, the dense initial mixture of gases and 

pyroclasts in the gas-thrust region is ejected from the vent at high velocities and 
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forms a turbulent jet (Fig. 5) where ambient air is rapidly entrained. The ambient air 

mixes with the plume material, is heated, and expands. As the column entrains cool 

ambient air, the hot pyroclasts warm the air and generate positive buoyancy, to 

create a convective, rising plume (Wilson, 1976; Wilson et al., 1978). The ash 

mixture at the vent can be multiple times denser than the surrounding atmosphere. 

However, the column density decreases with height as pyroclasts shed from the 

column and as air continues to become entrained and heated (Wilson and Walker, 

1987). If the plume loses its upward momentum before sufficient entrainment 

occurs, such that the vertical velocity decreases to zero before positive buoyancy is 

reached, the mixture will form a collapsed fountain (Fig. 6) that feeds PDCs (Wilson 

and Walker, 1987).  

 

Figure 5: A drawing of the anatomy of an eruption column. The column can be broken 
down into three sections: the gas thrust, buoyancy driven, and umbrella cloud region. The 
initial gas thrust region is dominated by momentum force as it is ejected from the vent. The 
gas thrust region transitions into the buoyancy driven region upon achieving enough 
positive buoyancy to rise. Injection of the eruptive material into an atmosphere results in 
turbulent eddies that give rise to air entrainment into the column, which helps drive 
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buoyant rise through thermal rise and expansion. Generally, the plume expands radially as 
it continues to rise. With sufficient rise the plume may reach a point of neutral buoyancy 
with the atmosphere where the plume will spread laterally across this layer and form an 
umbrella region. This neutral buoyancy layer is often located along the tropopause, where 
the troposphere and stratosphere meet. Otherwise, the neutral buoyancy layer may be 
encountered below the tropopause. Note that the plume can encounter multiple neutral 
buoyancy layers as it rises, where ash particles can spread laterally at each layer. Figure 1 
from Woods (1988). 

 

Figure 6: Drawing of a collapsed fountain eruption. The collapsed fountain is shedding 
pyroclastic flows laterally across the surface. Soon after such a scenario, a co-ignimbrite 
eruption cloud (not shown) may form from the pyroclastic flow as ash sheds off and rises 
buoyantly into the atmosphere. Figure 1 from Woods and Wohletz (1991). 

 

Because stable and unstable eruptions present different challenges to hazard 

preparation and mitigation, quantifying the stability regimes and predicting the 

occurrence of PDCs versus stable, rising ash columns has been a significant area of 

study in physical volcanology (e.g., Sparks and Wilson, 1976; Wilson and Walker, 

1987; Bursik and Woods, 1991; Kaminski and Jaupart, 2001; Ogden et al., 2008; 

Kobs, 2009; Degruyter and Bonadonna, 2013). Whether the eruption is buoyant and 

disperses ash primarily into the atmosphere, affecting aviation and distal (100+ km) 

populations, or is unstable and collapses into PDCs that strongly affect local 

inhabitants, plays a large role in determining the appropriate hazard response. 
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Several parameters are identified in literature as having an impact on column 

stability and are detailed in the following sections. 

2.2.1: Entrainment 
 

Entrainment occurs through turbulent mixing (Fig. 5) of the eruptive 

material, which brings in ambient air and decreases the bulk density of the plume. 

The transition between buoyant and collapse regimes is strongly affected by air 

entrainment (Woods, 1995; Kaminski & Jaupart, 2001). One of the first, large-scale 

quantification of entrainment is that of Morton et al. (1956). By assuming a top-hat 

velocity profile across the jet, they proposed that the entrainment rate at the edge of 

the jet was equal to the characteristic vertical velocity multiplied by an entrainment 

constant.  In other literature (e.g. Ricou and Spalding 1961; Chen and Rodi 1980; 

Papanicolaou and List 1988; Suzuki and Koyaguchi 2010), this entrainment constant 

or coefficient was found to vary between plume regions, with lower entrainment 

coefficients near the vent and high coefficients with height.  

2.2.2: Mass Eruption Rate (MER) 
 

The mass eruption rate (MER) is a function of vent area, ejection velocity at 

the vent, and the bulk density of the erupting mixture. A higher MER for an 

explosive event indicates a more intense, high-energy eruption that ejects large 

volumes of material into the atmosphere. However, if the MER is too large, then the 

eruptive material may not be able to ingest sufficient ambient air to achieve bulk 

positive buoyancy, and a collapse event will occur (Wilson et al., 1980; Wilson and 

Walker, 1987; Kaminski and Jaupart, 2001). Wilson et al. (1980) state that the vent 
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radius and MER are approximately interchangeable because the vent radius strongly 

controls the MER. However, such a one-to-one relationship is an oversimplification 

(Degruyter and Bonadonna, 2013). Degruyter and Bonadonna (2013) used a 1-D 

plume model to quantify the key parameters that control the transition between 

buoyant and collapsing plumes. They presented a regime diagram for column 

stability that includes vent radius, ejection velocity, MER, entrainment, and wind 

velocity. They show that increased ejection velocity, wind velocity, and entrainment 

coefficients promote buoyant plumes, while increasing vent radius and the density 

difference between the ambient atmosphere and the eruptive material promotes 

plume collapse. For plume stability, they state that the most impactful parameter of 

the model is the ejection velocity while the parameter with the least impact is the 

density difference between ambient atmosphere and the jet. Perhaps the more 

important result presented by Degruyter and Bonadonna (2013) is that wind 

promotes buoyant rise and that MER does not always indicate the correct column 

stability because column collapse can occur whether MER is increased or decreased. 

This thesis builds upon this by using a 3-D numerical plume model, which explicitly 

solves for entrainment in both the vertical and horizontal directions (described 

further below) instead of using entrainment coefficients that parameterize sections 

of the plume to a single coefficient value, to further constrain the plume stability 

transition. 
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2.2.3: Wind  
 

The influx of wind during an eruption can further impact plume stability. 

Real-world observations along with experimental quantifications show that wind 

can alter the plume shape and trajectory by deflecting, or bending, the plume (e.g. 

Bursik, 2001; Bonadonna et al., 2005) (Fig. 7). Wind effects include dampened 

maximum plume rise heights through dilution and lateral translation, and increased 

buoyancy of the plume due to increased air entrainment (Graf et al., 1999; Tupper et 

al., 2009; Degruyter and Bonadonna, 2012; Devenish, 2013). 

 

Figure 7: Drawing of a bent-plume with a plume-centered coordinate system. Figure 1 from 
Degruyter and Bonadonna (2013). 

 

Because significant ambient wind is present in nearly all eruptions, it is 

important to quantify the effect of wind on plume behavior and stability. On small 

scales, wind can impact eddy structures while at large scale wind can alter plume 
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trajectory and morphology (Fig. 7) (Hewett et al., 1971; Wright, 1984; Bursik, 2001). 

Furthermore, high wind velocities may induce at least a partial plume collapse 

(Kobs, 2009). Models by Bursik (2001), Degruyter and Bonadonna (2013), and Kobs 

(2009) show that wind significantly improves air entrainment, can reduce the 

maximum height of the plume, and prevent plume collapse.  

2.3: Tephra Transport and Deposition Models 
 

Complex tephra models can more completely describe eruption column 

dynamics and tephra transport, but their sophisticated formulations increase model 

runtimes. On the other hand, simplistic models can quickly provide at least a first 

order understanding of tephra transport or column dynamics (e.g., Woods, 1988; 

Bursik, 2001) and are required for the fast solution times necessary for operational 

response models. Volcanic eruption models of the last few decades can be placed 

into one of three group types: integral, advection-diffusion-sedimentation (ADS), or 

simulation. Each model category has its own preferred application as well as model 

simplifications or assumptions.  

2.6.1: Integral models 
 

Early models dealing with the eruption column used a pseudo-fluid 

approximation in which solid ash particles and gases were assumed to be in thermal 

and mechanical equilibrium, allowing the whole mixture to be described as a bulk 

fluid (Wilson, 1976; Wilson and Walker, 1987; Sparks et al., 1997). Integral models 

use spatially integrated equations of motion to model tephra transport or 

deposition under steady state flow, describing the plume with equations of 
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conservation for mass, momentum and energy (Woods, 1988; Glaze and Baloga, 

1996). Some of the earliest work with integral models is that of Morton et al. (1956) 

with buoyant plumes from smoke stacks, where they quantified the description of 

entrainment using a top-hat velocity profile and related entrainment rate at the 

plume edge to the vertical velocity. Some integral models, such as Carey and Sparks 

(1986) and Wilson and Walker (1987), use the wind to stretch and horizontally 

translate the neutral buoyancy region of the plume. Suzuki (1983) improved the 

description of near-vent deposition with a radially expanding column and a 

decreasing vertical velocity. Woods (1988) extended the work of Morton et al. 

(1956) to include a mix of pyroclasts and gases, thermodynamics between phases, 

and atmospheric stratification.  

Integral models tend to show good first-order agreement with field deposits 

and plume shape under no-wind conditions. However, they are not robust enough to 

fully describe ash transport or full column dynamics within a wind field (Bonadonna 

et al., 2005). Integral models must often make simplifying assumptions about the 

eruption, such as steady state vertical flow. Instead of applying the full set of Navier-

Stokes equations like in more complex simulations, integral models empirically 

derive an entrainment factor to address turbulence along the plume edge (Van 

Eaton, 2012). Thus, integral models generally limit the interactions between 

eruption columns and ambient wind through plume bending approximations (e.g. 

Bursik, 2001). In response to the importance of plume geometry relative to ambient 

wind, Bursik (2001) introduced a plume-centered coordinate system instead of the 

traditional Cartesian approach to model entrainment in a bent plume. This 
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approach, known as the BENT model, has since been adopted by a variety of integral 

and ADS models in order to improve their characterization of the plume shape in 

wind (e.g., Macedonio et al., 2008; Bursik et al., 2009; Degruyter and Bonadonna, 

2013; Woodhouse et al., 2013). 

2.6.2: Advection-Diffusion-Sedimentation models 
 

 Advection-Diffusion-Sedimentation (ADS) models focus on the transport and 

deposition of ash from an already in-air volcanic cloud (Suzuki, 1983). With such an 

initialization, the column dynamics are left unresolved (Van Eaton, 2012). The ADS 

equations are solved for ash transport and fallout using either a Lagrangian (for 

particle-tracking, e.g. Tanaka, 1994) or Eulerian (for tephra fallout, e.g. Costa et al., 

2006) approach to model ash dispersion from an eruptive column. The Lagrangian 

formulation tracks the path of individual particles, while the Eulerian approach 

describes changes in concentration at fixed points in a grid (Fig. 8). However, recent 

computational advances allow for the treatment of ash dispersion and fallout using 

both approaches. ADS models (e.g., Hurst, 1994 [ASHFALL]; Searcy et al., 1998 

[PUFF]; Bonadonna, 2005 [TEPHRA2]) typically initialize the eruption column as a 

vertical line source or borrow a curved approximation from BENT (Bursik, 2001) 

(Fig. 9) with variable mass distribution along the line (Bonadonna and Costa 2010).  
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Figure 8: A 2D cartoon illustration of Eulerian and Lagrangian approaches. The X’s 
represent grid points and the dots represent particles with travel direction. The lines show 
flow direction and eddy features. A pure Lagrangian approach focuses on individual 
particles and tracks their path through space whereas an Eulerian approach focuses on 
values of a fluid at each grid point (for example, ash concentration). These approaches can 
be combined to describe both a bulk fluid and individual particles within the fluid. To note, 
eddies are not resolvable at scales finer than the grid, what is shown is a simplification. 



19 
 

 

Figure 9: An illustration of ash dispersion under an ADS model given a vertical line source. 
The vertical line source, located directly above the volcano, represents the point from which 
ash originates in such ADS models. Generally, the ADS model assigns certain ash 
concentrations along the length of the line to approximate a lateral dispersion of the ash 
cloud downwind. Other models may use a bent-over plume approach (e.g. Bursik, 2001) to 
describe plume growth. 

 

Given sufficiently detailed ambient wind fields, ADS models tend to excel 

when predicting in-air tephra dispersal at medial (~50 km) to distal (>100 km) 

ranges (e.g., Hurst and Turner, 1999; Connor et al., 2001; Costa et al., 2006). 

However, unresolved column dynamics in ADS models prevent any application to 

column stability. Due to their simplification of the eruption column above the vent, 

ADS models tend to break down when describing proximal deposits (Kobs, 2009). 

Specifically, because there is often no treatment of the eruptive column, there is 
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little to no description for entrainment of ambient wind, complex air flow in the 

near-vent area, or ash reentrainment into the plume (though this last is 

approximated by Ernst et al., 1996 and Sparks et al., 1997). 

The quality of ADS model outputs is dependent on the accuracy of the 

ambient wind field used. FALL3D, an Eulerian model, uses a wind field from a 

meteorological limited area model (LAM) to forecast in-air atmospheric ash 

concentrations or ash loading at the ground during eruptions (Costa et al., 2006). 

ASHFALL, a 3D turbulent diffusion model, uses the most recent wind forecasts 

available to predict ashfall (Hurst and Turner, 1999). TEPHRA2 uses an altitude 

varying wind profile as user-input to calculate tephra transport and deposition 

(Bonadonna et al., 2005). The Lagrangian model PUFF, developed as a real-time ash 

plume tracking model for use in aviation safety, uses wind data from UNIDATA 

(Tanaka, 1994; Searcy et al., 1998; Yamamoto, 2002). One of the advantages of ADS 

models is that their runtimes are on the order of 1-10s of minutes, allowing for 

relatively quick forecasts of ash transport to inform emergency procedures, 

specifically air traffic hazard mitigation. 

2.6.3: Simulations 
 

Over the past 15-20 years, numerical simulations of volcanic eruption 

columns have been developed to characterize increasingly complex column 

dynamics via computational fluid dynamics (e.g., [ATHAM] Oberhuber et al., 1998; 

[PDAC] Ongaro et al., 2007). Simulations of volcanic eruptions solve the Navier-

Stokes equations and focus on localized, microphysical dynamics of the eruption 
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column as opposed to the more distal predictions of ash transport and deposition 

often seen with ADS models. The plume is treated as a compressible multiphase 

flow in either 2- or 3D. While integral or ADS models have low computational cost, 

simulations often require many days of runtime, even on a distributed memory 

cluster. Recent work in volcanic eruption simulations include that of a) Suzuki et al. 

(2005), a 3-D model developed to investigate the impact of turbulent mixing on 

entrainment, b) the Pyroclastic Dispersal Analysis Code (PDAC) (Neri et al., 2003; 

Esposti Ongaro et al., 2007), which can simulate pyroclastic flows over realistic 

topography, and c) the Active Tracer High-resolution Atmospheric Model (ATHAM) 

(Oberhuber et al., 1998), which describes microphysical dynamics under realistic 

atmospheric conditions. The atmospheric emphasis in ATHAM, further described 

below, makes it ideal for investigating the impacts of various atmospheric effects on 

plume stability. 

ATHAM is a non-hydrostatic model that uses an implicit time stepping 

scheme and solves the full set of Navier-Stokes equations for momentum, mass and 

energy using a Large Eddy Simulation (LES) closure (Herzog et al., 1998; Oberhuber 

et al., 1998; Herzog et al., 2003). This LES closure computes entrainment using 

turbulent exchange coefficients in both the vertical and horizontal directions, 

accounting separately for the vertical stratification of the atmosphere (Oberhuber et 

al., 1998; Herzog et al., 2003). For comparison, the work of Morton et al. (1956) 

assumes the entrainment coefficient to be constant for jets and plumes. However, 

this was later found to be inadequate since the radial expansion of a plume is 

greater than that of a jet, leading to different entrainment coefficients between 
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plume regions and with height (Wilson, 1976; Kotsovinos and List, 1977; Sparks, 

1986; Woods, 1988; Suzuki and Koyaguchi, 2010, 2012). A primary strength of 

ATHAM is that it treats eruptive particles, such as fine ash and water vapor, as active 

tracers. This means that particles directly influence plume behavior, instead of 

simply being passively carried by the surrounding gas or being reduced to a simple 

pseudofluid. The active tracers strongly affect the dynamics of the column and are 

capable of undergoing phase changes throughout transport, such as condensation 

and freezing, which release latent heat into the plume. ATHAM assumes all of the 

tracers are in dynamic and thermal equilibrium with the bulk fluid such that any 

change in velocity or temperature is instantaneously exchanged between gas and 

solids; this assumption requires all particles to be sufficiently small so that any 

exchange in temperature or momentum between gas and particles is approximately 

instantaneous (Herzog et al., 1998). The largest clast size that can be included with 

this assumption is 1 mm diameter sized clasts for a Plinian type eruption (Bursik, 

1989). However, work from Kobs (2009) provided ATHAM with a module that 

allows for inclusion of clasts >1 cm using the ballistic equations of motion. Previous 

work with ATHAM (e.g. Graf et al, 1999; Textor et al., 2004; Van Eaton 2012) gives 

output that demonstrates observable, intermittent fall and flow deposits that 

produce PDCs as well as a buoyant plume during the same eruption. ATHAM can 

also simulate fully collapsing eruptions in both 2- and 3D.  

Simulations are computationally expensive, often requiring parallel processing for 

adequate runtimes. ATHAM, in particular, has runtimes on the order of hours to 

days, depending on the specified spatial resolution and length of the eruption. These 
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lengthy runtimes prevent such simulations from actively informing emergency 

operations in the case of a real-time volcanic eruption, which warrants response 

times on the order of 10s of minutes (Casadevall et al., 1996). Their usefulness lies 

in the research environment to analyze historic eruptions and to inform a priori 

inputs of source conditions for use in simplified ADS models.  
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Chapter 3: Atmospheric impacts on plume stability 
 

3.1: Introduction 
 

Ash column stability plays a significant role in the hazards associated with a 

volcanic eruption. A stable, buoyant ash plume that rises high into the atmosphere 

can threaten aviation safety and ground-based infrastructure, while an unstable, 

collapsing plume produces pyroclastic density currents (PDCs) potential of causing 

complete devastation. A partially stable plume, which represents a transition type 

between the two stability end members, can exhibit hazards of both. This stability 

transition and the accompanying hazards depend on the fluid dynamics of the 

eruption column, which is a function of vent conditions and ambient atmospheric 

conditions. Many factors have an impact on column stability, including vertical 

velocity (Woods, 1988), particle size distribution (Bursik, 1989; Woods and Bursik, 

1991), air and particle entrainment (Morton et al., 1956; Veitch and Woods, 2002; 

Suzuki and Koyaguchi, 2010), vent overpressure (Ogden et al., 2008); wind velocity 

(Degruyter and Bonadonna, 2013), and the radius and density of the erupting plume 

(Woods, 1988).  

The atmospheric profile, including ambient temperature and humidity, can 

also impact the plume; for example, Tupper at al. (2009) found an approximately 9 

km difference in column heights between dry sub-polar and moist tropical 

atmospheres for otherwise identical volcanic eruptions. Additionally, wind alters 

the plume trajectory, height, and stability in nearly all eruptions (Bursik, 2001; 

Koyaguchi et al., 2011; Degruyter and Bonadonna, 2013). Recent 1D models suggest 
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that wind-enhanced entrainment is capable of stabilizing otherwise unstable plumes 

(Degruyter and Bonadonna, 2013), while preliminary 3D model outputs indicate 

that continuing to increase ambient wind speeds can cause a transition from 

stability-enhancing to destabilizing (Kobs, 2009). 

3.2: Column Stability 
 

For plinian volcanic eruptions, the dense initial mixture of gases and 

pyroclasts in the gas-thrust region erupts at high velocities as a turbulent jet. 

Whether the ash plume will rise buoyantly or collapse to form PDCs depends on the 

rate at which atmospheric air is entrained into the column to decrease the bulk 

density; this is a function of initial conditions of the eruption, such as mass eruption 

rate (MER), and atmospheric conditions. Degruyter and Bonadonna (2013) used a 1-

D plume model to evaluate the sensitivity of key parameters that control the 

transition between buoyant and collapsing plumes. They presented a regime 

diagram for column stability that includes vent radius, ejection velocity, MER, 

entrainment, and wind velocity. According to the plume-centric 1D stability model, 

increased ejection velocity, wind velocity, and entrainment coefficients promote 

buoyant plumes, while increased vent radius and the density difference between the 

ambient atmosphere and the eruptive material promotes plume collapse, with 

ejection velocity as the most sensitive variable (Degruyter and Bonadonna, 2013). 

This is consistent with previous results indicating that small vent velocities (~100 

m/s) tend toward column collapse (e.g. Wilson, 1976; Woods, 1988). The impacts of 

these parameters are further discussed in the following sections. 
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3.2.1: Entrainment 
 

Entrainment efficiency determines the maximum height and dynamics of ash 

clouds (Morton et al., 1956; Woods, 1988; Kaminski et al., 2005; Suzuki and 

Koyaguchi, 2009). The first quantification of entrainment is that of Morton et al. 

(1956), who proposed that the entrainment rate at the edge of the jet was 

proportional to the average vertical velocity multiplied by an entrainment 

coefficient.  Subsequent literature found that the entrainment coefficient varied 

between plume regions, with lower entrainment coefficients near the vent and 

higher coefficients with height (e.g., Ricou and Spalding, 1961; Chen and Rodi, 1980; 

Papanicolaou and List, 1988; Kaminski et al., 2005; Suzuki and Koyaguchi, 2010). 

Despite some variability in literature, the overall trend is that entrainment is more 

pronounced in buoyant plumes than in non-buoyant jets (Kaminski et al., 2005). 

Entrainment can be enhanced by wind since the plume will ingest some of the 

crossflow from an ambient wind field, leading to increased dilution, decreased 

column height, and bending (Hewett et al., 1971; Wright, 1984; Sparks et al., 1997; 

Bursik, 2001); this is incorporated into simple plume models by using a plume-

centric coordinate system to reproject the Morton et al. (1956) entrainment model 

(Bursik, 2001). In contrast, the model used in this study explicitly solves for 

entrainment using computational fluid dynamics (Herzog et al., 1998).  
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3.2.2: Mass Eruption Rate (MER) 
 

The mass eruption rate (MER) (Eq. 1) is calculated as the vent area (A) 

multiplied by the ejection velocity (v) and the bulk density of the erupting mixture 

(ρ).  

MER = 𝐴𝜌𝑣     (1)  

A higher MER indicates a more intense, high-energy eruption that ejects 

larger volumes of material into the atmosphere. However, if the MER is too large, 

then the eruptive material may not achieve buoyant rise, and a collapse event will 

occur (Wilson et al., 1980; Wilson and Walker, 1987; Kaminski and Jaupart, 2001). 

Wilson et al. (1980) state that the vent radius and MER are approximately 

interchangeable because the vent radius strongly controls the MER. However, such a 

one-to-one relationship is an oversimplification (Degruyter and Bonadonna, 2013). 

While MER is a significant factor in column stability, it is expressed via a complex 

relationship; column collapse can occur with both high and low MERs (Degruyter 

and Bonadonna, 2013).  

3.2.3: Wind Effects 
 

Wind can alter the shape and trajectory of the plume, bending it in the 

downwind direction (e.g., Hewett et al., 1971; Wright, 1984; Sparks et al., 1997; 

Bursik, 2001; Bonadonna et al., 2005). Wind effects include dampened maximum 

rise heights through dilution and lateral translation of the plume, and increased 

buoyancy of the plume due to increased air entrainment (Graf et al., 1999; Tupper et 

al., 2009; Degruyter and Bonadonna, 2012; Devenish, 2013). On small scales, wind 
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can impact eddy structures, while at large scales wind can alter the entire plume 

trajectory (Hewett et al., 1971; Wright, 1984; Bursik, 2001). Wind significantly 

improves air entrainment via increased ambient air ingestion into the plume and 

can reduce the maximum height of the plume through dilution and cloud translation 

(Kobs, 2009; Degruyter and Bonadonna, 2013). This is significant because, while 

improved entrainment in a wind field may lead to a more buoyant plume, that same 

wind can bend the plume and reduce its maximum achieved height, decreasing bulk 

buoyancy through over-dilution. Taken to the extreme, preliminary model results 

suggest that very high wind velocities relative to MER may induce at least partial 

plume collapse by knocking over the plume (Kobs, 2009).  

3.3: ATHAM Modeling 
 

We use the Active Tracer High-resolution Atmospheric Model (ATHAM) to 

investigate wind-related plume stability in 3D. ATHAM is a non-hydrostatic model 

formulated for use in 2- or 3-dimensional grid-space that describes microphysical 

dynamics under realistic atmospheric conditions (Herzog et al., 1998; Oberhuber et 

al., 1998). The model uses an implicit time stepping scheme and solves the full set of 

Navier-Stokes equations for momentum, mass and energy using a Large Eddy 

Simulation (LES) closure, explicitly solving for air entrainment (Herzog et al., 1998). 

ATHAM can treat erupted particles as active tracers, where the particles are allowed 

to interact with the volcanic plume instead of being passively transported by the 

plume. ATHAM can be set to a few different modes: 2D cylindrical, 2D Cartesian, and 

full 3D Cartesian. While the 2D Cartesian mode in ATHAM can be used with wind, 
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we initialize ATHAM for 3D to study more robust wind effects at the expense of 

computational runtime (Herzog et al., 2003; Van Eaton, 2012). Previous work with 

ATHAM (e.g., Graf et al, 1999; Textor et al., 2004; Van Eaton, 2012) demonstrates its 

potential to model co-occurring PDCs and buoyant plumes. The primary goal of this 

work is to constrain the column collapse transition through a large suite of ATHAM 

simulations targeting specific parameters that impact plume stability, including vent 

size, vent velocity, and ambient atmospheric conditions, thus providing insight to 

the conditions that give rise to buoyant or collapsing volcanic plumes. 

3.4: Methods 
 

The primary ATHAM parameters included here for testing impact on plume 

stability are the mass eruption rate (MER), ambient wind, and atmospheric 

conditions such as tropopause height, temperature, and relative humidity. 

Atmospheric data was acquired from radiosonde data from the University of 

Wyoming online database collection (Atmospheric Soundings, 2015). We selected 

two weather stations, one from Trinidad and Tobago and the other from Inuvuk, 

Alaska, for examples of low and high latitude atmospheric conditions. For each, we 

averaged the temperature and humidity profiles for a month at each station to 

obtain characteristic curves (Figs. 10 and 11); Trinidad and Tobago was averaged 

over a wet month (January, 2015), while Inuvuk was averaged over a dry one (June, 

2015). The wind velocity information from these stations was compiled in the same 

manner and one wind profile was produced that was used for each atmosphere, 

with slight adjustments to ensure that the maximum wind velocities were at or 
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around tropopause height (~10 km for the cold-dry profile and ~16 km for the 

warm-wet profile). This wind profile, which initially had a 10 m/s speed at the 

tropopause, was re-scaled for peak tropopause speeds of 20, 30, and 40 m/s (Fig. 

12). This single set of wind profiles was used in both temperature/humidity 

profiles. Atmospheric profiles from different latitudes may demonstrate variable 

tropospheric impacts on column stability. Specifically, column stability may be 

affected by depressed tropopause in high latitudes, atmospheric water vapor, or 

difference in ambient temperature. A low altitude tropopause reduces maximum 

column height (Tupper et al., 2009), which may dampen entrainment in the 

troposphere, leading to decreased plume stability; conversely, air associated with 

low tropopause areas is relatively cold and dense, which may enhance relative 

buoyancy. In addition to our suite of 3D simulations, a small set of 2D runs were also 

completed. The 2D eruptions were compared with the same 3D eruptions to 

investigate any significant differences in plume stability and maximum height to test 

the effectiveness of ATHAM-2D to predict the stability and height of ATHAM-3D 

eruptions. 

Each atmospheric profile was applied to eruptions with vent velocities of 

100, 200, 300, and 400 m/s. This velocity range is consistent with exit velocities 

from previous work (e.g., Wilson et al., 1980; Woods, 1988; Carazzo et al., 2008). 

The diameter of the vent is varied between 100, 250, 1000, and 3000 meters for 

each vent velocity in order to calculate a range of MERs. Since the bulk density of the 

eruptive material has a comparatively low impact on the MER (Degruyter and 

Bonadonna 2013), it is kept the same (3 kg/m3) between each simulation, which is 
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consistent with bulk densities used in similar ATHAM simulations (2-4 kg/m3) by 

Van Eaton et al. (2012). The following input values were kept as an arbitrary default, 

remaining the same between each run: the specific gas concentration at the vent is 6 

wt%, leaving 94 wt% as the specific particle concentration at the vent, which is an 

acceptable value (Carazzo et al., 2008); two particle tracers for ash are used, each 

with densities of 2500 kg/m3, occupying 47 wt% at the vent, and diameters of 3.15 

μm and 12.5 μm. A list of all simulations completed in 2- and 3D is given in Tables 1-

4.   

 

 

Figure 10: A plot of temperature  and relative humidity used for the warm and wet 
atmospheric profile. Atmospheric data was retrieved from the Piarco International Airport, 
Trinidad and Tobago radiosonde station. Station latitude is 10.58 degrees; longitude is -
61.35 degrees. Data shown is a monthly average of June 2015. Climate for this area is 
maritime tropical with an annual mean temperature of 26 degrees C.  
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Figure 11: A plot of temperature  and relative humidity used for the cold and dry 
atmospheric profile. Atmospheric data was retrieved from Inuvik, Canada radiosonde 
station. Station latitude is 68.31 degrees; longitude is -133.53 degrees. Data shown is a 
monthly average of February 2015. Climate of Inuvik is subarctic with an average annual 
temperature of -8.2 degrees C and an average February temperature of -25.5 degrees C.  
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Figure 12: A graph of wind profiles used in the with-wind simulations. Each wind profile is defined 
here by the maximum wind velocity aloft (i.e. 10, 20, 30, and 40 m/s). The 10 m/s wind profile is the 
base profile from which the others are scaled to match the desired maximum temperature. This 
maximum wind velocity range, between 0 and 40 m/s, is chosen in order to encapsulate a wide range 
of potential wind velocity scenarios and to closely match other wind velocity profiles used in 
previous works, e.g., Carey and Sparks (1986).  

 

Simulations were run in either a no-wind cylindrical coordinate system (for 

2D) or a Cartesian coordinate system (for 3D). The 2D grid was set to 130 grid 

points in the horizontal (x) direction and 139 grid points in the vertical (z) direction 

while in 3D the y-direction was also set to 130 grid points. The total x domain was 

set to 100 km and the y-direction to 50 km. The height of the volcano was arbitrarily 

set to 1600 m asl. with a crater depth of 50 m. The solution grid in 3D was initialized 

to 130x130x139 (x, y, z directions) with domain sizes of 100 km2 area on ground 

level to an altitude of 50 km. Due to grid scaling, the space between grid points 

varies between 30 m at the vent to 843 m at the edge of simulation space. Each 

simulation was set to model the sustained eruption for 60 minutes. Simulations in 
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3D were run with MPI parallelism with work divided across 81 processors (9 in 

both x and y directions) on the Falcon supercomputer housed at Idaho National 

Laboratory. This number of processors provided a relatively quick turnaround from 

start to finish while not consuming too many resources from the shared 

supercomputer. Runtimes for each simulation with this setup ranged between 30 

and 75 hours, depending on vent exit velocity used, where higher vent velocities 

lead to increased runtimes.  

3.4.1: Defining Stability 
 

There are three plume stability states used in this work, defined here: fully 

stable, partially unstable, and fully unstable. Fully stable plumes are defined as a 

buoyant plume with little to no PDC generation. Partially unstable plumes are 

buoyant plumes with a significant portion of material producing PDCs. Finally, a 

fully unstable eruption is characterized by PDC generation from complete plume 

collapse; these may look like material boiling over from the crater. Fine ash 

elutriates from the tops of PDCs to form phoenix clouds or co-ignimbrites; since 

these buoyant plumes originate from the PDC rather than directly from the vent, 

these are consistent with the fully unstable definition. We classify plume stability 

based on visual inspection of the output imagery and ash concentration along a 

vertical profile 1 km beyond the edge of the vent in the x-direction. To further 

constrain plume stability in partially-stable situations, we record the number of 

minutes after the onset of the eruption at which a plume first destabilizes to 

produce PDCs.  
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3.4.2: Observing Simulations 
 

ATHAM-generated netCDF output files were visualized with the UNIDATA 

IDV software (Meertens et al., 2004) using the UNAVCO IDV plugin (Meertens and 

Wier, 2007). The plume surface is displayed via an isosurface contour filter set for a 

concentration of 0.05 g/kg ash. The 12.5 μm ash tracer was used as the medium for 

visualization. In nature, plume edges are abrupt; in numerical simulations, however, 

the edges of a plume are blurred as a result of numerical algorithms. As such, we 

must select a representative isosurface concentration to use as the visible plume 

edge. We chose the isosurface value of 0.05 g/kg ash concentration, because it 

generally created continuous surfaces without resulting in excessive smoothing of 

plume morphology or holes in the plume surface. The maximum plume height is 

measured from the top of the upper neutral buoyancy zone in the no-wind case. For 

with-wind simulations, the maximum plume height was measured from the upper 

extent of the down-wind plume.  
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Table 1:  A tabled list of all simulations completed in 3D under the warm and wet atmospheric 
profile. 

Vent Ejection 
Velocity (m/s) 

Vent Size (m) Wind Profile 

100 100 No Wind 
100 1000 No Wind 
100 3000 No Wind 
200 100 No Wind 
200 1000 No Wind 
200 3000 No Wind 
300 100 No Wind 
300 1000 No Wind 
300 3000 No Wind 
400 100 No Wind 
400 1000 No Wind 
400 3000 No Wind 
100 100 10 m/s 
100 1000 10 m/s 
100 3000 10 m/s 
200 100 10 m/s 
200 1000 10 m/s 
200 3000 10 m/s 
300 100 10 m/s 
300 1000 10 m/s 
300 3000 10 m/s 
400 100 10 m/s 
400 1000 10 m/s 
400 3000 10 m/s 
100 100 20 m/s 
100 1000 20 m/s 
100 3000 20 m/s 
200 100 20 m/s 
200 1000 20 m/s 
200 3000 20 m/s 
300 100 20 m/s 
300 1000 20 m/s 
300 3000 20 m/s 
400 100 20 m/s 
400 1000 20 m/s 
400 3000 20 m/s 
100 100 30 m/s 
100 1000 30 m/s 
100 3000 30 m/s 
200 100 30 m/s 
200 1000 30 m/s 
200 3000 30 m/s 
300 100 30 m/s 
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300 1000 30 m/s 
300 3000 30 m/s 
400 100 30 m/s 
400 1000 30 m/s 
400 3000 30 m/s 
100 100 40 m/s 
100 1000 40 m/s 
100 3000 40 m/s 
200 100 40 m/s 
200 1000 40 m/s 
200 3000 40 m/s 
300 100 40 m/s 
300 1000 40 m/s 
300 3000 40 m/s 
400 100 40 m/s 
400 1000 40 m/s 
400 3000 40 m/s 
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Table 2: A tabled list of all simulations completed in 3D under the cold and dry atmospheric profile. 

Vent Ejection 
Velocity (m/s) 

Vent Size (m) Wind Profile 

100 100 No Wind 
100 1000 No Wind 
100 3000 No Wind 
200 100 No Wind 
200 1000 No Wind 
200 3000 No Wind 
300 100 No Wind 
300 1000 No Wind 
300 3000 No Wind 
400 100 No Wind 
400 1000 No Wind 
400 3000 No Wind 
100 100 10 m/s 
100 1000 10 m/s 
100 3000 10 m/s 
200 100 10 m/s 
200 1000 10 m/s 
200 3000 10 m/s 
300 100 10 m/s 
300 1000 10 m/s 
300 3000 10 m/s 
400 100 10 m/s 
400 1000 10 m/s 
400 3000 10 m/s 
100 100 20 m/s 
100 1000 20 m/s 
100 3000 20 m/s 
200 100 20 m/s 
200 1000 20 m/s 
200 3000 20 m/s 
300 100 20 m/s 
300 1000 20 m/s 
300 3000 20 m/s 
400 100 20 m/s 
400 1000 20 m/s 
400 3000 20 m/s 
100 100 30 m/s 
100 1000 30 m/s 
100 3000 30 m/s 
200 100 30 m/s 
200 1000 30 m/s 
200 3000 30 m/s 
300 100 30 m/s 
300 1000 30 m/s 
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300 3000 30 m/s 
400 100 30 m/s 
400 1000 30 m/s 
400 3000 30 m/s 
100 100 40 m/s 
100 1000 40 m/s 
100 3000 40 m/s 
200 100 40 m/s 
200 1000 40 m/s 
200 3000 40 m/s 
300 100 40 m/s 
300 1000 40 m/s 
300 3000 40 m/s 
400 100 40 m/s 
400 1000 40 m/s 
400 3000 40 m/s 

 

 

Table 3: A tabled list of all simulations completed in 2D under the warm and wet  atmospheric 
profile. 

Vent Ejection 
Velocity (m/s) 

Vent Size (m) Wind Profile 

100 100 No Wind 
200 1000 No Wind 
400 3000 No Wind 

 

 

Table 4: A tabled list of all simulations completed in 2D under the cold and dry atmospheric profile. 

Vent Ejection 
Velocity (m/s) 

Vent Size (m) Wind Profile 

100 100 No Wind 
200 1000 No Wind 
400 3000 No Wind 
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3.5: Results 

Over 150 ATHAM simulations were used to examine atmospheric impacts as 

well as initial vent conditions on column stability. Completed simulations are listed 

in Tables 1-4, including inputs and stability type. Figures 13, 14, and 15 show output 

in the cold-dry atmospheric profile while figures 16, 17, and 18 show output from 

eruptions in the warm-wet atmosphere. The eruptions in Figures 13 and 16 are 

defined as partially unstable due to continuous PDCs from the start of the eruption 

coupled with a well-defined buoyant plume. Figures 14 and 17 exemplify the 

defined fully unstable type due to its lack of a strong vertical rise component; they 

instead show a prominent lateral translation with-wind and ground-hugging PDCs. 

Finally, figures 15 and 18 show examples of initially stable eruptions, where the 

initial stages of the eruption produce a stable plume with no PDCs followed by 

destabilization of the plume and subsequent collapse and generation of PDCs mid-

eruption. The timing of PDC occurrence on the ground is recorded in these initially 

stable eruptions. In the warm-wet atmosphere, 19% of eruptions were categorized 

as partially unstable, 26% as fully unstable, and 47% as initially stable. 

Comparatively, the cold-dry atmosphere had 15% of eruptions categorized as 

partially unstable, 20% as fully unstable, and 65% as initially stable. Thus, more 

eruptions were categorized as unstable in the warm-wet atmosphere while the cold-

dry atmosphere had more initially stable plumes. 

The no-wind eruptions with the largest vent velocities considered here were 

initially stable before collapsing to form extensive PDCs after reaching maximum 

plume heights of ~25 km in the warm-wet atmosphere (Fig. 19) and ~17.5 km in 



41 
 

the cold-dry atmosphere (Fig. 20). In 3D, maximum plume heights in the warm-wet 

atmosphere average ~1.3x higher than their cold-dry counterpart. However, PDC 

collapse times in the cold-dry atmosphere were an average of ~1.5x minutes later 

than in the warm-wet atmosphere. Comparing plots of MER and maximum plume 

height (Figs. 19 & 20) show four clusters of eruptions. Each cluster represents one 

of the vent diameters used in this study (i.e., 100, 250, 1000, 3000 m) with larger 

vent diameters representing the greatest MERs. Eruptions in the warm-wet 

atmosphere show a greater spread of column heights within each cluster than those 

erupted into the cold-dry atmosphere (Figs. 21 & 22).  

Comparing 2D and 3D output shows that only 1 set of simulations differ in 

their stability classification. However, the elapsed time between eruption start and 

PDC initiation is longer for 2D by 8 to 21 minutes for otherwise identical eruptions. 

While maximum plume heights are consistent between 2D and 3D (Tables 5-8), the 

known limitations of 2D approaches on entrainment calculation (Suzuki et al., 2005; 

Ogden et al., 2008; Ongaro et al., 2008; Costa et al., 2016) result in later collapse. 

Thus, we suggest caution when considering the use of ATHAM 2D to determine 

plume stability.  

3.5.1: Wind Effects 

 

Eruptions classified as partially unstable only exist under no-wind or 10 m/s 

peak wind velocity conditions and at vent exit velocities of 100 and 200 m/s (Figs. 

23 & 24). At higher wind velocities, they transition to fully unstable as the plume 

curves downwind and continuously produces PDCs throughout the eruption. 
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Conversely, increasing the vent exit velocity over 200 m/s transitions the plume to 

the initially stable classification in all wind velocity profiles, where PDCs are 

generated mid-eruption. We found that increasing the vent diameter alone for 

initially stable plumes resulted in PDCs occurring later in the eruption for all wind 

velocities (Fig. 25), indicating that larger vent sizes may have a stabilizing effect; this 

is counter to expectations, since the difference in increase in plume circumference 

vs. area should act to choke entrainment. Comparing eruptions in no-wind to those 

in the 40 m/s wind profile shows that maximum plume heights are ~1.4x higher in 

no-wind for both atmospheric profiles. Furthermore, comparing PDC lateral extent 

from select output in no-wind and in 20 m/s wind (refer to Figs. 13 & 14, and 16 & 

17) show PDC extents with-wind extend to a greater maximum distance by about 4 

km. PDC extension is driven in primarily the with-wind direction, leaving the 

remaining area around the volcano with less PDC activity, although PDCs can still 

extend for multiple km in other directions (Figs. 14 & 17).  

3.5.2: Tropopause 

 

We examined the importance of tropopause height relative to atmospheric 

temperature and relative humidity by rescaling the warm-wet and cold-dry profiles 

for the opposite tropopause heights. Output from the down-scaled warm 

atmosphere exhibited a form of total umbrella collapse (Fig. 26) that was not seen in 

any other output, indicating that the increased lapse rate in ambient temperature 

and relative humidity as well as the lower tropopause height can lead to a complete 

destabilization of the umbrella cloud. Plume height observations show most 

eruptions with vent exit velocities at or exceeding 200 m/s in both atmospheres 
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were able to breach the tropopause and enter the stratosphere in all wind velocity 

profiles. Specifically, 70% of eruptions in the warm-wet atmosphere breached the 

tropopause, while the cold-dry atmosphere breached 60% of the time. The 

remaining eruptions had either a low vent exit velocity (100 m/s) or a high wind 

velocity profile that prevented the necessary vertical rise to puncture the 

tropopause.  

 

Table 5: A tabled list of all simulations completed in 2D under the warm and wet  atmospheric 
profile. Stability Type is one of three categories: 1) Fully Unstable, 2) Partially Unstable, 3) Initially 
Stable, then Unstable. 

Vent 
Ejection 
Velocity 

(m/s) 

Vent 
Size 
(m) 

Wind Profile MER (kg/s) Max Height 
(km) 

PDC Time 
(minutes) 

Stability 
Type 

100 100 No Wind 9.42E+06 20 1.5 2 
200 1000 No Wind 1.88E+09 20 18 3 
400 3000 No Wind 3.39E+10 25 48 3 

 

 

Table 6: A tabled list of all simulations completed in 2D under the cold and dry atmospheric profile. 
Stability Type is one of three categories: 1) Fully Unstable, 2) Partially Unstable, 3) Initially Stable, 
then Unstable. 

Vent 
Ejection 
Velocity 

(m/s) 

Vent 
Size 
(m) 

Wind Profile MER (kg/s) Max Height 
(km) 

PDC Time 
(minutes) 

Stability 
Type 

100 100 No Wind 9.42E+06 12 1.5 2 
200 1000 No Wind 1.88E+09 16 45 3 
400 3000 No Wind 3.39E+10 17 54 3 
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Table 7:  A tabled list of all simulations completed in 3D under the warm and wet atmospheric 
profile. Stability Type is one of three categories: 1) Fully Unstable, 2) Partially Unstable, 3) Initially 
Stable, then Unstable. 

Vent 
Ejection 
Velocity 

(m/s) 

Vent Size 
(m) 

Wind 
Profile 

MER (kg/s) Max 
Height 
(km) 

PDC Time 
(minutes) 

Stability 
Type 

100 100 No Wind 9.42E+06 17.5 1.5 2 
100 1000 No Wind 9.42E+08 17.5 1.5 2 
100 3000 No Wind 8.48E+09 18 1.5 2 
200 100 No Wind 1.88E+07 18.5 1.5 2 
200 1000 No Wind 1.88E+09 18.5 1.5 2 
200 3000 No Wind 1.70E+10 19.5 1.5 2 
300 100 No Wind 2.83E+07 20 12 3 
300 1000 No Wind 2.83E+09 22 21 3 
300 3000 No Wind 2.54E+10 22.5 22.5 3 
400 100 No Wind 3.77E+07 25 28.5 3 
400 1000 No Wind 3.77E+09 25 36 3 
400 3000 No Wind 3.39E+10 25 37.5 3 
100 100 10 m/s 9.42E+06 15 1.5 2 
100 1000 10 m/s 9.42E+08 16.5 1.5 2 
100 3000 10 m/s 8.48E+09 17 1.5 2 
200 100 10 m/s 1.88E+07 21 1.5 2 
200 1000 10 m/s 1.88E+09 20 1.5 2 
200 3000 10 m/s 1.70E+10 19 1.5 2 
300 100 10 m/s 2.83E+07 22 7.5 3 
300 1000 10 m/s 2.83E+09 20 21 3 
300 3000 10 m/s 2.54E+10 21 21 3 
400 100 10 m/s 3.77E+07 24 21 3 
400 1000 10 m/s 3.77E+09 23.5 34.5 3 
400 3000 10 m/s 3.39E+10 22.5 36 3 
100 100 15 m/s 9.42E+06 15 1.5 1 
400 100 15 m/s 3.77E+07 20 22.5 3 
100 250 15 m/s 5.89E+07 15 1.5 1 
200 250 15 m/s 1.18E+08 17.5 1.5 1 
300 250 15 m/s 1.77E+08 19 4.5 3 
400 250 15 m/s 2.36E+08 19.5 27 3 
100 1000 15 m/s 9.42E+08 15.5 1.5 1 
200 1000 15 m/s 1.88E+09 17.5 1.5 1 
300 1000 15 m/s 2.83E+09 17.5 19.5 3 
100 3000 15 m/s 8.48E+09 15 1.5 1 
400 3000 15 m/s 3.39E+10 20 36 3 
100 100 20 m/s 9.42E+06 8 1.5 1 
100 1000 20 m/s 9.42E+08 7.5 1.5 1 
100 3000 20 m/s 8.48E+09 6.5 1.5 1 
200 100 20 m/s 1.88E+07 17.5 1.5 1 
200 1000 20 m/s 1.88E+09 18 1.5 1 
200 3000 20 m/s 1.70E+10 17.5 1.5 1 
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300 100 20 m/s 2.83E+07 19 3 3 
300 1000 20 m/s 2.83E+09 19.5 19.5 3 
300 3000 20 m/s 2.54E+10 19.5 21 3 
400 100 20 m/s 3.77E+07 20 25.5 3 
400 1000 20 m/s 3.77E+09 20.5 31.5 3 
400 3000 20 m/s 3.39E+10 19.5 36 3 
100 100 30 m/s 9.42E+06 8 1.5 1 
100 1000 30 m/s 9.42E+08 7 1.5 1 
100 3000 30 m/s 8.48E+09 7.5 1.5 1 
200 100 30 m/s 1.88E+07 17 1.5 1 
200 1000 30 m/s 1.88E+09 16.5 1.5 1 
200 3000 30 m/s 1.70E+10 16.5 1.5 1 
300 100 30 m/s 2.83E+07 17 1.5 1 
300 1000 30 m/s 2.83E+09 17.5 21 3 
300 3000 30 m/s 2.54E+10 17 21 3 
400 100 30 m/s 3.77E+07 18 27 3 
400 1000 30 m/s 3.77E+09 18.5 33 3 
400 3000 30 m/s 3.39E+10 18.5 33 3 
100 100 40 m/s 9.42E+06 9 1.5 1 
100 1000 40 m/s 9.42E+08 7 1.5 1 
100 3000 40 m/s 8.48E+09 8 1.5 1 
200 100 40 m/s 1.88E+07 14 1.5 1 
200 1000 40 m/s 1.88E+09 13 1.5 1 
200 3000 40 m/s 1.70E+10 12 1.5 1 
300 100 40 m/s 2.83E+07 18 1.5 1 
300 1000 40 m/s 2.83E+09 14 30 3 
300 3000 40 m/s 2.54E+10 14 27 3 
400 100 40 m/s 3.77E+07 17 31.5 3 
400 1000 40 m/s 3.77E+09 18 37.5 3 
400 3000 40 m/s 3.39E+10 18.5 37.5 3 
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Table 8: A tabled list of all simulations completed in 3D under the cold and dry atmospheric profile. 
Stability Type is one of three categories: 1) Fully Unstable, 2) Partially Unstable, 3) Initially Stable, 
then Unstable. ‘NA’ refers to runs that did not complete successfully. 

Vent 
Ejection 
Velocity 

(m/s) 

Vent Size 
(m) 

Wind 
Profile 

MER (kg/s) Max 
Height 
(km) 

PDC Time 
(minutes) 

Stability 
Type 

100 100 No Wind 9.42E+06 13 1.5 2 
100 1000 No Wind 9.42E+08 13 1.5 2 
100 3000 No Wind 8.48E+09 12 1.5 2 
200 100 No Wind 1.88E+07 15 4.5 3 
200 1000 No Wind 1.88E+09 15 24 3 
200 3000 No Wind 1.70E+10 14 24 3 
300 100 No Wind 2.83E+07 16.5 30 3 
300 1000 No Wind 2.83E+09 16 40.5 3 
300 3000 No Wind 2.54E+10 15 40.5 3 
400 100 No Wind 3.77E+07 17 40.5 3 
400 1000 No Wind 3.77E+09 17.5 46.5 3 
400 3000 No Wind 3.39E+10 17.5 46.5 3 
100 100 10 m/s 9.42E+06 11 1.5 2 
100 1000 10 m/s 9.42E+08 10.5 1.5 2 
100 3000 10 m/s 8.48E+09 10 1.5 2 
200 100 10 m/s 1.88E+07 13.5 1.5 2 
200 1000 10 m/s 1.88E+09 12 21 3 
200 3000 10 m/s 1.70E+10 13.5 18 3 
300 100 10 m/s 2.83E+07 16 30 3 
300 1000 10 m/s 2.83E+09 14.5 39 3 
300 3000 10 m/s 2.54E+10 15.5 39 3 
400 100 10 m/s 3.77E+07 17 39 3 
400 1000 10 m/s 3.77E+09 16 45 3 
400 3000 10 m/s 3.39E+10 17.5 45 3 
100 100 15 m/s 9.42E+06 9 1.5 2 
200 100 15 m/s 1.88E+07 11 1.5 2 
300 100 15 m/s 2.83E+07 12.5 31.5 3 
400 100 15 m/s 3.77E+07 14 40.5 3 
100 250 15 m/s 5.89E+07 10 1.5 1 
200 250 15 m/s 1.18E+08 12.5 1.5 2 
300 250 15 m/s 1.77E+08 13 34.5 3 
400 250 15 m/s 2.36E+08 15.5 30+ 3 
100 1000 15 m/s 9.42E+08 9 1.5 1 
200 1000 15 m/s 1.88E+09 11 21 3 
400 1000 15 m/s 3.77E+09 16 42 3 
100 3000 15 m/s 8.48E+09 9.5 1.5 1 
400 3000 15 m/s 3.39E+10 16 46.5 3 
100 100 20 m/s 9.42E+06 10 1.5 1 
100 1000 20 m/s 9.42E+08 10.5 1.5 1 
100 3000 20 m/s 8.48E+09 10.5 1.5 1 
200 100 20 m/s 1.88E+07 12 1.5 1 
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200 1000 20 m/s 1.88E+09 11.5 22.5 3 
200 3000 20 m/s 1.70E+10 11 21 3 
300 100 20 m/s 2.83E+07 14 28.5 3 
300 1000 20 m/s 2.83E+09 12.5 40.5 3 
300 3000 20 m/s 2.54E+10 13 39 3 
400 100 20 m/s 3.77E+07 14 37.5 3 
400 1000 20 m/s 3.77E+09 15 46.5 3 
400 3000 20 m/s 3.39E+10 14 45 3 
100 100 30 m/s 9.42E+06 9.5 1.5 1 
100 1000 30 m/s 9.42E+08 9 1.5 1 
100 3000 30 m/s 8.48E+09 9.5 1.5 1 
200 100 30 m/s 1.88E+07 10 1.5 1 
200 1000 30 m/s 1.88E+09 10.5 19.5 3 
200 3000 30 m/s 1.70E+10 11 18 3 
300 100 30 m/s 2.83E+07 12.5 30 3 
300 1000 30 m/s 2.83E+09 12 39 3 
300 3000 30 m/s 2.54E+10 12 37.5 3 
400 100 30 m/s 3.77E+07 13.5 40.5 3 
400 1000 30 m/s 3.77E+09 14.5 46.5 3 
400 3000 30 m/s 3.39E+10 15 46.5 3 
100 100 40 m/s 9.42E+06 8.5 1.5 1 
100 1000 40 m/s 9.42E+08 8 1.5 1 
100 3000 40 m/s 8.48E+09 8 1.5 1 
200 100 40 m/s 1.88E+07 9 1.5 1 
200 1000 40 m/s 1.88E+09 9 16.5 3 
200 3000 40 m/s 1.70E+10 9.5 16.5 3 
300 100 40 m/s 2.83E+07 10.5 31.5 3 
300 1000 40 m/s 2.83E+09 10 37.5 3 
300 3000 40 m/s 2.54E+10 NA NA NA (3?) 
400 100 40 m/s 3.77E+07 12 39.5 3 
400 1000 40 m/s 3.77E+09 NA NA NA (3?) 
400 3000 40 m/s 3.39E+10 12.5 45.5 3 
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Figure 13: Side view of a 3D eruption in the cold-dry atmospheric profile. Input conditions: 

100 m/s vent velocity, 100 m vent size, no-wind. a) 06:00 minutes into eruption, b) 21:00 

minutes into eruption, c) 45:00 minutes into eruption. This simulation shows PDC 

generation at the first time step continuing through the end of the eruption. This, coupled 

with the high rising plume cloud, categorizes this eruption into the partially unstable type. 

Most simulations with a low vent exit velocity at 100 or 200 m/s or a low wind velocity up 

to 15 m/s exhibited a similar plume morphology and PDC generation. The low vent exit 

velocity does not provide enough momentum for the plume to entrain enough air to reach 

complete buoyancy before momentum is lost, leading to PDC generation throughout the 

length of this eruption. PDC extent along the ground for this simulation is ~3 km from the 

middle of the vent (c). For this and subsequent figures, the volcanic vent is located 1600 m 

asl. 
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Figure 14: Side view of a 3D eruption in the cold-dry atmospheric profile. Input conditions: 
100 m/s vent velocity, 100 m vent size, 40 m/s wind velocity profile. a) 06:00 minutes into 
eruption, b) 21:00 minutes into eruption, c) 45:00 minutes into eruption. This simulation 
shows PDC generation at the first time step continuing through the end of the simulation. 
This, coupled with the strong bending of the plume down-wind, categorizes this eruption 
into the fully unstable type. Most simulations with a low vent exit velocity at 100 or 200 
m/s with a wind velocity profile over 10 m/s exhibited similar plume morphology, 
specifically plume bending and PDC generation. The 20 m/s wind velocity profile is 
sufficient to bend the column and significantly reduce maximum column height compared 
to the no-wind case of the same eruption. 
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Figure 15: Side view of a 3D eruption in the cold-dry atmospheric profile. Input conditions: 
400 m/s vent velocity, 100 m vent size, 20 m/s wind velocity profile. a) 06:00 minutes into 
eruption, b) 21:00 minutes into eruption, c) 45:00 minutes into eruption.  This simulation 
exhibits a stable plume up until 37.5 minutes into the eruption, when PDCs are shed from 
the column and continue to do so throughout the remainder of the eruption. This simulation 
is thus categorized as initially stable. Most simulations with a vent exit velocity above 200 
m/s, regardless of wind velocity profile, are categorized as this type.  
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Figure 16: Side view of a 3D eruption in the warm-wet atmospheric profile. Input 
conditions: 100 m/s vent velocity, 100 m vent size, no-wind velocity profile. a) 06:00 
minutes into eruption, b) 21:00 minutes into eruption, c) 45:00 minutes into eruption. This 
simulation shows PDC generation at the first time step continuing through the end of the 
simulation. This, coupled with the high rising plume cloud, categorizes this eruption into the 
partially unstable type. PDC extent along the ground for this simulation is ~6 km from the 
middle of the vent.  
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Figure 17: Side view of a 3D eruption in the warm-wet atmospheric profile. Input 
conditions: 100 m/s vent velocity, 100 m vent size, 20 m/s wind velocity profile. a) 06:00 
minutes into eruption, b) 21:00 minutes into eruption, c) 45:00 minutes into eruption. This 
simulation shows PDC generation at the first time step continuing through the end of the 
simulation. This, coupled with the strong bending of the plume down-wind, categorizes this 
eruption into the fully unstable type. PDC extent is about 9 km in the with-wind direction. 
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Figure 18: Side view of a 3D eruption in the warm-wet atmospheric profile. Input 
conditions: 400 m/s vent velocity, 100 m vent size, 20 m/s wind velocity profile. a) 06:00 
minutes into eruption, b) 21:00 minutes into eruption, c) 45:00 minutes into eruption. This 
simulation exhibits a stable plume up until 25.5 minutes into the eruption, when PDCs are 
shed from the column and continue to do so throughout the remainder of the eruption. This 
simulation is thus categorized as initially stable. 
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Figure 19: A graph of MER and max column height for the warm-wet atmospheric profile 
for all wind profiles used. Points below 10 km are where eruptions had a vent exit velocity 
of 100 m/s and were erupted into a high wind profile (at or above 20 m/s). Three clusters 
are revealed and are a result of varying vent diameters in the simulations. This indicates 
that vent diameter has little to no impact on maximum column height. Also shown is a 
general decrease in column height with wind speed within each cluster. 
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Figure 20: A graph of MER and max column height for the cold-dry atmospheric profile. The 
points with the lower column heights are also the simulations that had an input vent exit 
velocity of 100 m/s while the points with the higher column heights had an exit velocity of 
400 m/s. The higher points also tend to generate PDCs later in their eruptions than the 
lower points.  
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Figure 21: A graph of MER and plume height plotted with real and simulated 
eruptions. This modified Mastin et al. (2009) figure plots over 30 natural eruptions, 
identifying an overall best fit. See the original Figure 1 in Mastin et al. (2009) for a 
list of the plotted eruptions. On top of the original figure is the full suite of eruptions 
from the cold-dry, low-latitude atmospheric profile categorized by stability type. 
Plume heights in our simulated eruptions were recorded from the height of the 
umbrella region (Hu). While the lower MER eruptions plot close to the compiled 
natural eruptions, the high MER eruptions deviate far to the right. This is likely 
explained by the relatively sparse occurrence of these large vent size, high MER 
eruptions in nature. 
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Figure 22: A graph of MER and plume height plotted with real and simulated 
eruptions. This modified Mastin et al. (2009) figure plots over 30 natural eruptions, 
identifying an overall best fit. See the original Figure 1 in Mastin et al. (2009) for a 
list of the plotted eruptions. On top of the original figure is the full suite of eruptions 
from the warm-wet, high-latitude atmospheric profile categorized by stability type. 
Plume heights in our simulated eruptions were recorded from the height of the 
umbrella region (Hu). While the lower MER eruptions plot close to the compiled 
natural eruptions, the high MER eruptions deviate far to the right. This is likely 
explained by the relatively sparse occurrence of these large vent size, high MER 
eruptions in nature.  
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Figure 23: A graph of MER and wind velocity for unstable plumes in the cold-dry 
atmospheric profile. This plot contains simulations categorized as either partially unstable 
or fully unstable. Eruptions in these simulations show an apparent increased instability 
with increasing wind velocities. The plumes in the less stable regime are effectively 
knocked-over by wind, exhibiting PDC generation throughout the eruption, and this 
remains true across each vent diameter. For the more stable regime, PDCs are observed 
throughout the entirety of the eruption. The dotted line represents the approximate 
transition between the stability regimes. The vent diameter labels indicate the input vent 
diameters for the eruptions plotted below them.  
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Figure 24: A graph of MER and wind velocity for unstable plumes in the warm-wet 
atmospheric profile. This plot contains simulations categorized as either partially unstable 
or fully unstable. Eruptions in these simulations show an apparent increased instability 
with increasing wind velocities. The plumes in the less stable regime are effectively 
knocked-over by wind, exhibiting PDC generation throughout the eruption, and this 
remains approximately true across each vent diameter. For the more stable regime, PDCs 
are observed throughout the entirety of the eruption. The dotted line represents the 
approximate transition between the stability regimes. The vent diameter labels indicate the 
input vent diameters for the eruptions plotted below them. 
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Figure 25: Plots of initially stable eruptions in both high- and low-latitudes. These figures 
compare eruption MER with the ambient wind velocity profiles and are categorized by first 
PDC collapse occurrence in minutes into the eruption. Three equal-interval categories are 
defined for each graph shown. As most of the initially stable eruptions occurred for initial 
vent exit velocities at or above 300 m/s, only the 300 and 400 m/s vent exit velocity 
eruptions are shown here. The vent diameter labels indicate the input vent diameters for 
the eruptions plotted vertically below them. In these initially stable eruptions, we observe 
an apparent trend of later PDC collapse times with increasing vent diameter and MER.  
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Figure 26: Example output of a total collapse in the altered warm-wet atmospheric profile. 
Input conditions for this example include 100 m/s vent exit velocity, 100 m vent diameter, 
and no-wind. This total umbrella collapse is not observed in the other atmospheric profiles. 
There were 4 total 3D simulations that showed this behavior, with input parameters of 100 
and 1000 m vent diameter and 100 and 400 m/s vent exit velocity.  

 

 

 

 

 

 

 

 

 

 

 

 



62 
 

3.6: Discussion 
 

Using over 150 simulations of volcanic eruptions in 2- and 3-D with ATHAM, 

we investigated the impact of specific parameters on the column collapse transition. 

Our results show that eruptions into peak wind velocities > 10 m/s can curve plume 

trajectories downwind (e.g., Bursik, 2001) and still produce PDCs that can travel 

further (by ~4 km) in the downwind direction compared to PDCs shed by 

equivalent eruptions in a no-wind environment; secondary PDCs can travel a few 

km in other directions in addition to the primary with-wind PDC. This has 

implications for hazard analyses to ensure consideration of an extended 

unidirectional PDC travel distance in the case of high wind speeds.   

For unstable plumes, which make up most of our eruptions at 100-200 m/s 

vent velocities, we have shown that increasing wind velocity can transition partially 

unstable plumes to the fully unstable classification. However, it is important to note 

the differences in the wind velocity profiles used in this study. Between different 

wind profiles (e.g., 10, 20 m/s, etc.) the greatest wind speed difference is 10 m/s at 

tropopause height while near ground level the difference between profiles is ~1-2 

m/s. For example, the 40 m/s wind profile has a 20 m/s wind speed at ~5 km asl. 

While these wind profiles are reasonable, they minimize the differences in wind 

speeds in the lower plume. Thus, in referring to the wind velocity profiles as they 

relate to this discussion, it is important to remember that the wind impacts may 

result from actually lower wind velocities since most of the eruption is experiencing 

slower wind speeds in the troposphere. Future works may consider using 
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alternative wind profiles, such as a uniform wind or higher near-ground winds. The 

1D model of Degruyter and Bonadonna (2013) indicates that wind can stabilize 

plumes by increasing entrainment and plume dilution, thereby reducing the 

maximum height and preventing PDC generation. Our results show that even higher 

wind speeds during eruptions with MERs between 1E+07 – 1E+10 kg/s will lead to 

unstable plumes with continuous PDC generation and even extended PDC distances 

in the with-wind direction. This disparity is likely due to the different treatment of 

entrainment: while Degruyter and Bonadonna (2013) use a set of end-member 

entrainment coefficients from previous works to reduce the problem to 1D, ATHAM 

applies Navier-Stokes equations with a turbulence closure scheme to explicitly 

calculate turbulent entrainment. It is crucial to employ 2- and 3-D coordinate 

schemes to incorporate complex processes like column collapse (Neri and 

Macedonio, 1996) and turbulent entrainment (Herzog et al., 2003). 

Natural eruptions of note that exhibited both column rise and PDCs within a 

wind field include the Cordón Caulle, Chile eruption in 2011. The eruption started 

on June 4, 2011, and produced a 9-12 km asl plume with wind speeds recorded ~30 

m/s at 10 km asl and 20 m/s or less below 5 km asl (Bonadonna et al., 2015). During 

the first two days of the eruption approximately 5 PDCs were reported in addition 

to negligible upwind sedimentation (SERNAGEOMIN). The 1997 explosive activity 

from the Soufrière Hills volcano in Montserrat marks another example of partial 

instability in wind; nearly all of the vulcanian eruptions associated with the 

explosive phase were categorized as partially unstable. Throughout these eruptions 

an average two-thirds of the erupted material collapsed to form PDCs while the 
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remaining material was buoyed into the atmosphere, often reaching heights of ~12-

13 km asl. Both the umbrella and lower plume were reported to have experienced 

significant winds (Druitt et al., 2002).  

Our results from eruptions with large vent diameters show that PDCs form 

later with large vent sizes in initially stable plumes. While counter to conventional 

thought that large vent sizes induce plume instability, this apparent increase in 

stability was also shown with 3D numerical simulations by Suzuki and Koyaguchi 

(2012). The larger vent size produces a wider plume diameter, which prevents the 

inner core of the jet from becoming eroded by the annular mixing layer before the 

unmixed core loses its momentum. At the height at which the jet loses its 

momentum, the dense inner core spreads radially (e.g., Neri and Dobran, 1994; Lin 

and Armfield, 2000) and induces large-scale eddy mixing with the ambient air, and 

provides sufficient upward flow and buoyant rise as a stable column, referred to as a 

fountain-type column in Suzuki and Koyaguchi (2012). However, beyond some 

critical vent diameter, the radially expanded material cannot entrain enough air for 

the entire mixture to become buoyant, thus producing PDCs, referred to as fountain-

type collapse (Suzuki and Koyaguchi, 2012), which aligns with convention of large 

vent sizes leading to less stable plumes and collapse. A real-world example of an 

eruption that collapsed after an initial period of stable rise is that of Vesuvius, Italy 

79 A.D. One of the first phases of the eruption (EU2; Cioni et al., 1992) produced a 

plinian column that rose to ~25 km (Carey and Sigurdsson, 1987). This was 

followed by partial plume collapse and subsequent PDCs that inundated 

Herculaneum and Terzigno. There was a period of plume rise and partial collapse 
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before the full collapse that produced the radially dispersed PDC that reached 

Pompeii (Gurioli et al., 2002).  

Most of our eruptions compare well with plume heights and MERs of ~35 

real observations presented in Mastin et al. (2009). The primary deviation in our 

eruptions lie in our large MER (~1010 kg/s) eruptions, of which limited comparable 

observations or data are available in nature due to the rare occurrence of such 

explosive eruptions. As expected, maximum ash-cloud heights are greater in the 

warm-wet atmosphere owing to the higher tropopause height. However, we observe 

PDC collapse times later in the cold-dry atmosphere compared to their warm-wet 

counterparts. One potential explanation lies in the density differences in the 

ambient air between the warm and cold atmospheres. A colder, denser atmosphere 

has the capability for greater expansion once entrained and warmed by the eruption 

column. This greater expansion allows for a relatively greater buoyancy, which 

could be the reason for the later PDC collapses in the cold atmosphere.  

 Since temperature varied between our two profiles it is difficult to determine 

the degree of influence from atmospheric humidity alone. Preliminary investigation 

to test a rescaled tropopause height resulted in a full umbrella collapse condition 

not observed elsewhere in this study. This collapse condition occurred in a 

tropopause height of ~10 km with an increased temperature and relative humidity 

lapse rate compared to our original atmospheric profile. The average temperature 

lapse rate in this atmosphere is approximately -10 degrees C/km, with a tropopause 

temperature of -78.5 degrees C. The relative humidity varies with height but below 
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the tropopause it varies between 26 and 89.5%. Carazzo and Jellinek (2012) 

observed a similar time-dependent total umbrella collapse in their tank 

experiments, citing its observation as the first in known literature and attributes the 

cause to high particle concentrations and low flow rates. We encourage future 

workers with ATHAM to consider further investigations on the conditions for this 

relatively new total umbrella collapse scenario. 

3.7: Conclusions 
 

Results from our study using 2D- and 3D-ATHAM to evaluate the impact of 

atmospheric conditions on plume stability indicate several key findings: 1) high 

wind speeds can destabilize plumes, even those with large MERs; 2) larger vent 

diameters can have stabilizing effects, i.e., while the ratio of column circumference 

to cross-sectional vent area leads to decreased plume stability in no-wind 

environments, it instead serves to minimize the effects of extreme winds; and 3) 

while eruptions in a high-latitude atmosphere have dampened rise heights, they are 

stable for longer than identical eruptions in low-latitudes. This work has 

implications for the treatment of hazards in an operational setting by introducing 

the potential for wind-triggered collapse as well as stabilization (Kobs, 2009; 

Degruyter and Bonadonna, 2013). Thus, increased wind speeds during a volcanic 

crisis could either increase or decrease hazard risk. Not only could wind cause PDC 

generation, but PDCs from a wind-destabilized plume may travel further in the with-

wind direction while the plume is still capable of shedding localized PDCs in other 

directions. Future ventures beyond this work should consider linking plume 
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morphologies presented here to their resultant deposition by using the depositional 

modules in ATHAM, with the goal of comparing with-wind deposits and plume 

morphologies to related literature (e.g., Carey and Sparks, 1986). 
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Chapter 4: Crucial Findings and Future Works 
 

4.1: Key Findings 

 

 The key findings of this thesis include: 

1) high wind velocities can destabilize plumes, even those with large MERs,  

2) larger vent diameter eruptions can increase column stability, and  

3) despite lower plume rise heights, high-latitude eruptions tend to produce 

PDCs later than in low-latitude eruptions. 

 

4.2: Future Works 
 

I recommend future work to build off of this research in the following ways: 

1) testing the different impacts of relative humidity or testing different atmospheric 

profiles that do not have a large difference in relative humidity; 2) further 

constraining the transition between unstable and stable plumes, particularly for 

eruptions with smaller vent sizes; and 3) connecting plume morphologies observed 

here to deposit development using the deposition modules in ATHAM. The 

importance of these potential future works is summarized below.  

1) In testing the impact of relative humidity, future workers should consider using 

a similar relative humidity profile between different atmospheres to specifically 

examine the impact of the ambient temperature on the plume without also 

varying the relative humidity. This method would allow for a more direct 

comparison between atmospheric profiles with different temperatures and, 

therefore, tropopause heights. While we know a lower tropopause height can 
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reduce the maximum height of a plume, we don’t know much about the impact 

this dampened tropopause height may play in plume stability. One of the 

questions I was interested in with this thesis was whether the dampened 

tropopause height would reduce the ability for large scale entrainment in the 

atmosphere, however, results from my simulations were inconclusive on this 

point.  

2) While this thesis completed a large suite of eruptions with various input 

conditions, further simulations with other input variables or values would build 

upon this work. For example, using a smaller vent diameter (~20-80 m) should 

give lower MERs, which is important to have since the lowest MER in this thesis 

was ~107 kg/s – considered a fairly high MER. Weight % of gas at the vent could 

be varied to something less than the 6 wt% in all my eruptions, since 6 wt% is 

usually on the higher end (ex. Figure 4 of Carazzo et al., 2008). I recommend 

using a 3 wt% of gas to compare with my work here.  

3) Kobs (2009) presented a large pyroclast module (LPM) that allows ATHAM to 

track transport and deposition of large (> 1 cm) clast sizes. The original focus of 

my thesis was to compare deposition with the LPM module in a windy, 3D 

environment to the nomograms of Carey and Sparks (1986) in an attempt to 

bring the nomograms up to date using a 3D eruption simulator. However, issues 

with computer clusters and lack of time forced the thesis into a different 

direction. This is still a valuable direction to move towards and I would 

encourage consideration of this type of project.  
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4.3: Personal ATHAM Suggestions 
 

ATHAM is a challenging code to use. To aid future users, particularly those 

pursuing the projects I suggest above, I offer several suggestions: 1) run simulations 

early and often; you never know when the machine you’re running ATHAM on will 

break down, leaving you with a serious problem if your project relies on ATHAM; 2) 

understand the input variables as much as possible; learning the key variables 

you’re using and how they impact eruptions will aid you immensely in defining what 

parameters you should be testing; 3) try to figure out the specifics of ATHAMs inner 

workings before too long; you want to make sure you know what ATHAM is doing 

while it is running as well as what its strengths and weaknesses are, and if you are 

mathematically inclined be sure to pay special attention to the equations of ATHAM 

(look in Oberhuber et al., 1998 and Herzog et al., 2003); and 4) consider long and 

hard the type of visualization software you want to use with the output you get from 

ATHAM. I used UNIDATA IDV, which does a pretty good job of visualizing the output 

fairly easily. However, if you are interested in something a bit more robust, then 

look into UCAR’s Vapor. I tried to use it but I didn’t have enough time to work with it 

to get any output to display. It requires a bit of post-processing and a regular grid 

instead of a stretched grid, according to my conversations with Alexa Van Eaton 

from USGS/Arizona State.  

A quick-start guide for an earlier version of ATHAM can be found in the 

dissertation appendices of Kobs (2009), but here I will provide additional 

information for working with ATHAM per my experience. While I was running 
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simulations on the cluster supercomputer, I used PuTTY (http://www.putty.org/) 

and WinSCP (http://winscp.net/eng/index.php) to log in to the cluster. WinSCP 

allows for a more intuitive GUI to work with the files within ATHAM; it also allows 

an easy way to upload or update input files or download output files. These two 

programs are only for using ATHAM on a cluster, which is usually only for 3D. For 

2D on a non-cluster or personal computer, it would probably be best to follow the 

startup instructions in Kobs (2009).  

The input variables I changed the most in this work can be found in: 

ATHAM/input/… 

 ‘INPUT_atham_setup’ 

o cylindric_geometry: .true. for 2D; .false. for 3D 

o nx, ny, nz: the number of grid points for each direction (set ny to 4 for 

2D) 

o npx, npy: number of processors for these directions (set npy to 1 for 

2D) 

o nrep: the number of times for output during eruption 

o period: the time in seconds during the eruption between each output 

(nrep) 

o no_uwind, no_vwind: set to .false. to turn on wind in this direction 

 ‘INPUT_profile’ 

o This input file defines the atmospheric profile to use during the 

eruption. If you run the code without this file, ATHAM will use a 

default profile defined in the code. 

 ‘INPUT_volcano’ 

o radtrac: These are the particle sizes. I didn’t alter these, but future 

workers may find it useful to use different sizes. 

o eruption: this is the time in seconds that the eruption will last 

o damping: this is the time at which the eruption itself will stop 

o volcano_vwidth: the width of the crater rim 

o volvel: exit velocity of the vent in m/s 

o voltem: potential temperature at the vent (in k). I didn’t change this 

but future workers may like to try changing this temperature for 

different results. 

http://www.putty.org/
http://winscp.net/eng/index.php
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o voltgas and voltrac: These represent the specific concentrations of gas 

and particles, respectively, at the vent. The components of these two 

should add up to 1. Future workers should understand what realistic 

values would be before changing these. Also, the numbers in 

parentheses correspond to the particular tracer, relating to particle 

sizes, densities, etc. in other parts of INPUT_volcano. 

4.4: Terms of numerical analysis used in this thesis 

Large Eddy Simulation (LES):  

The LES is a widely used numerical model for 3-D turbulence that integrates 

the spatial components of the equations of motion. Large-scale turbulent eddies are 

explicitly solved while small-scale eddies are approximated. This approach is 

required due to the massive amount of computational power that would be required 

to simulate turbulence at all scales, which is feasibly out of reach for today’s 

computers. Jim Deardorff developed the LES technique in the late 1960s (Moeng and 

Sullivan, 2002) 

Message Passing Interface (MPI):  

MPI is a message-passing standardization for parallel computing in 

distributed memory computers. MPI is used across multiple programming 

languages and is used to send and receive messages between processors. The 

primary advantage of MPI is its de-facto standard status for communicating across 

processors, applications, and tools in an efficient implementation. One of the first 

papers discussing MPI is that of Walker (1994).  

UNAVCO IDV: 
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 For visualizing ATHAM output, I used the UNAVCO IDV (Integrated Data 

Viewer), which can read and visualize NetCDF files (see below). The information 

and installation page can be found at 

http://www.unavco.org/software/visualization/idv/idv.html  

Within the software, I used the output file ‘netCDF_MOV.nc’ (selected from within 

the ‘Data Choosers’ tab) and applied the ‘Isosurface’ display option under ‘3D 

Surface’ in the ‘Field Selector’ tab. Users should be sure to check ‘All Levels’ under 

the ‘Level’ section. Then, clicking on Create Display will start the visualization. There 

are plenty of other display options to choose from; feel free to play with the others 

to get a feel for the program and the output.  Be sure to not have multiple files open 

in the IDV at the same time, otherwise it will likely crash. 

Network Common Data Form (NetCDF):  

 NetCDF is a data form for accessing and storing multidimensional data. The 

NetCDF data is useful for representing scientific data in independent data formats. 

The homepage for the NetCDF project is located under UNIDATA at: 

http://www.unidata.ucar.edu/software/netcdf/ 

Non-Hydrostatic Model: 

 ATHAM is a non-hydrostatic model. This simply means that the hydrostatic 

approximation is not used so that the effects of vertical accelerations can be 

accounted for, which is important since we’re mainly concerned with upward 

moving clouds of ash. In other words, it means that ATHAM doesn’t ignore the 

vertical acceleration and Coriolis force in the equations of motion.  

http://www.unavco.org/software/visualization/idv/idv.html
http://www.unidata.ucar.edu/software/netcdf/
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