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Abstract

Volcanic gas emissions are challenging to quantify. Achieving high confidence in gas
composition, column concentrations, and emission rates acquired using remote sensing techniques is
thought to require optimal atmospheric conditions. These conditions are often not met, creating a
reluctance to preform measurements under non-ideal atmospheric conditions with inherent uncertainty
about how useful those measurements may be. In the case of volcanic eruptions, the hazardous nature of
the volcanic plume creates an environment where it is often not safe to collect measurements. This
dissertation presents three projects which aim to constrain the quantity of two specific volcanic gases,
mercury (Hg) and sulfur dioxide (SO»), released under non-ideal measurement conditions. Specifically,
chapter 2 aims to constrain Hg emission during volcanic eruptions, chapter 3 aims to characterize the
uncertainty in SO, emission rates acquired under specific non-ideal atmospheric conditions, and chapter 4
aims to improve constraints on plume altitude for scanning remote sensing measurements of SO, emission
rates acquired from a single instrument.

Ash is a potential sink of volcanically-sourced atmospheric mercury, and the concentration of
particle-bound Hg may provide constraints on Hg emissions during eruptions. In Chapter 2, the Hg
concentrations in 227 bulk ash samples from the Mt. Spurr (1992), Redoubt (2009), and Augustine (2006)
volcanic eruptions are examined to investigate large-scale spatial, temporal, and volcanic-source trends.
No significant difference in Hg concentrations is found in bulk ash by distance from the eruption source
or for discrete eruptive events at each volcano, suggesting that in-plume reactions converting gaseous Hg®
to adsorbed Hg?" are happening on timescales shorter or longer than considered in this study (minutes to
hours) and any additional in-plume controls may be masked by intra-volcanic sample variability. A
significant difference is found in Hg concentration in ash among volcanic sources, which indicates that
specific volcanoes may emit comparatively high or low quantities of Hg. These findings allow for the
calculation of minimum, first-order estimates of volcanic Hg emissions during eruption in combination
with total mass estimates of ashfall deposits. Mt. Spurr is found to be a high Hg emitting volcano such
that its 1992 particulate Hg emissions likely contributed substantially to the global eruptive volcanic Hg
budget for that year. Based on this study, previous approaches that used long-term Hg/SO, mass ratios to
estimate eruptive total Hg under-account for Hg emitted in explosive events, and global volcanogenic
Total Hg estimates need revisiting.

A large source of error in SO, emission rates derived from mobile differential optical absorption
spectroscopy (DOAS) is the uncertainty in atmospheric light paths between the scattered sunlight and the
instrument, particularly under non-ideal atmospheric conditions such as the presence of clouds beneath

the volcanic plume. In Chapter 3, numerical simulations using the McArtim model are used to examine
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the radiative transfer associated with zenith-facing mobile DOAS traverses for scenarios where there is a
cloud layer between the instrument and the volcanic plume. In total, 217 permutations of atmospheric
optical conditions are considered, allowing for the determination of errors associated with atmospheric
scattering. Objective criteria are also developed for selecting SO, baselines and plume limits for each
simulated traverse. This study then applies models to a real-world dataset from the 2021 Cumbre Vieja
eruption to explore the effects of ground-level haze on a measured SO, column densities for the volcanic
plume. All modeling results find large modifications in the shape of the analyzed plume SO; column
density versus distance curve, even under scenarios with translucent clouds. Despite modification of the
plume shape, the presence of a low cloud or haze layer is typically not a large source of error in
determination of the total SO, quantity measured over the entirety of the traverse, which suggests that
fairly accurate SO, emission rate measurements can be obtained even under non-ideal atmospheric
measurement conditions. The real-world dataset from Cumbre Vieja is found to be best explained by a
layer of ground-level laze containing SO; and a volcanic plume located between 2 — 4 km altitude.

A large source of uncertainty in SO, emission rates derived from scanning DOAS instruments is
the cross-sectional area of the detection, which 1s determined from the vertical and horizontal distance of
the plume from the instrument. In Chapter 4, a novel method is employed to estimate plume altitude
based on modeled wind speed data and validated against available webcam imagery at Cleveland Volcano
in the Aleutian Islands, Alaska. This estimated plume altitude is used to calculate SO, emission rates from
single-station campaign scanning DOAS measurements at Cleveland Volcano, Gareloi Volcano, and
Korovin Volcano (Alaska) in 2019, where the instrument was deployed for several days at each site. This
method is also applied to a long-term dataset of scanning SO, measurements acquired from a permanent
scanning DOAS instrument installed at Cleveland Volcano September 2022 — June 2023. It is found that
the method of estimating plume altitude in the long-term dataset produces a lower emission rate and a
smaller sample variance than assuming a fixed summit plume altitude. The remaining variance in the data
is then interpreted to represent variability in SO, emissions during times of relative quiescence at each

studied volcano.
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Chapter 1 Introduction

Volcanoes are geologically transient features. Some have been persistently active throughout
human history; others have been sporadically active, only infrequently erupting; and a large portion on
this planet will never erupt again. Despite the hazards posed by historically violent eruptions, a significant
portion of humanity—1.1 billion people as of 2015—Iive within 100 km of a volcano which has erupted
within the last 10,000 years (Freire et al., 2019). With a globalized economy volcanoes provide additional
threats to humanity as explosive eruptions now disrupt air travel along routes far from populated areas
(Guffanti et al., 2010). While many of the volcanoes closest to population centers are near infrastructure
which would support a robust monitoring network (transport access, power), a large portion are not. In the
state of Alaska, several eruptions occur each year along the Aleutian-Alaska Arc from remote, and in
some cases unmonitored or sparsely monitored, volcanoes (Cameron et al., 2018). Field campaigns to
install or maintain geophysical equipment, make gas measurements, and/or collect geologic or volcanic
gas samples at Alaska volcanoes are frequently conducted each summer. However, only a fraction of the
54 historically active volcanoes within the state are visited each year (Cameron et al., 2022). This
dissertation aims to enhance the constraints on volcanic degassing from these remote volcanoes,
especially for cases when regular and robust monitoring is challenging, and sample collection
opportunities are limited.

The following section will provide a general background on sources of volcanic gas emission and
the methods by which they are quantified. This introduction will focus on quantifying the release of

mercury (Hg) and sulfur dioxide (SO,) from volcanic sources, the volcanic gases targeted in this study.

1.1 Volcanic gas sources

Gases released from volcanoes originate from a mixture of mantle, slab, and crustal sources,
depending on the tectonic setting (Aiuppa et al., 2017). The mantle, to some degree, contains water,
carbon, sulfur, and trace concentrations of other volatile species which may enter a magmatic phase with
the onset of melt generation. The crust and slab, by contrast, contain notable compositional differences
from the mantle. It is difficult to generalize the chemical composition of a slab due to significant
variations along slab segments or between different slabs with respect to organic elements such as carbon
and nitrogen, but one important characteristic of subducting slabs is that they contain substantially more
water content than the mantle (Plank et al., 2013) and generally more sulfur (Oppenheimer et al., 2014).

Bodies of magma are compositionally variable, depending on processes of melt generation and
evolutionary trends. Magma itself is a byproduct of tectonic processes (subduction and rifting) or mantle
upwelling (hotspots). When material that is stable under a specific field of heat or pressure moves to new

fields of instability, melt may be generated (Cas and Wright, 1988). In the case of arc-magmatism, the



zone of instability is related to the increased supply of heat from the mantle and the pressure of
subduction in addition to a lowering of the melting point of mantle material in the presence of water
(Kushiro et al., 1968). As an oceanic slab is subducted beneath the crust, rising heat and pressure coupled
with water fluxing leads to conditions in which melt may be generated, at approximately 100 km depth
(Wada et al., 2008), along the hydrous upper portion of the slab. Certain assemblages of minerals may
also be melted as pressure is removed through decompression, as is the case with the upper mantle at
midocean ridges or during continental rifting events. In the case of rift magmatism, a decrease in pressure
caused by two tectonic plates pulling apart may cause melting (Bonin, 2007). In the case of hotspot
magmatism, magma at great depths within the primordial lower mantle is advected into the upper mantle
(Carey and Bursik, 2015). In rare cases during large orogenic events, magma may also be generated close
to the surface through compression (Roger et al., 2010). In all cases, the melt generated is less dense than
the surrounding material and thus more buoyant. The natural tendency of buoyant bodies is to migrate
upwards through the crust as diapirs (Pitcher, 1979) or through channels as dikes (Vigneresse and
Clemons, 2000). Magma includes the generated melt, but also any solid crystals, and gaseous or
supercritical components (Cas and Wright, 1988). These multiphase components evolve within the
magma over time during magma ascent as pressures and temperatures decrease. Different temperature and
pressure conditions lead to different zones of stability, allowing for mineral formation within the magma
body. Initial mineral content in a melt may be minor and sparsely distributed but granted enough time or
the proper conditions to facilitate growth, a melt may become dominated by solid phase minerals. Magma
bodies may remain buoyant and sufficiently upwardly mobile to facilitate a volcanic eruption up to
approximately 50 — 70% crystallinity by volume (Sparks et al., 2019).

The composition of volatiles dissolved in magmas vary through time as magma evolves and
ascends. As a body migrates upwards into the shallow crust, a loss of pressure induces volatiles
previously dissolved in melt to exsolve — or form a new volatile phase in equilibrium with the melt. The
point at which a melt is saturated with respect to a particular volatile species depends on several factors,
though most importantly by pressure. In the case of noble gases, carbon, and helium, the point of volatile
saturation within melt and volatile exsolution is quite deep (Giggenbach et al., 1996). For other species
such as sulfur and water the point of exsolution is generally shallower in the crust, and other species such
as halogens may remain dissolved in the melt until shallow depths (Giggenbach et al., 1996). As a body
stalls in the crust, cooling may lead to magma crystallization, which can further induce volatile
exsolution. Other metals may partition from the melt into exsolved volatile phases in the form of chemical
complexes, as is the case for chalcophile elements. As volatiles move to shallower depths than the melt,

lower pressures and temperatures or interaction with wall rocks along fracture zones may favor



mineralization. This process of concentrating economically important elements forms the basis of many

important ore deposit models.

1.2 Volcanic gas emission

Much like their source magmas, volcanic gas emissions are compositionally variable and evolve
with time. Generally, the primary gases released from volcanoes are water (H>O), carbon dioxide (CO»),
and sulfur species (SO», H»S). In addition to major gases, trace compounds (halogens, noble gases) and
metals including mercury (Hg) are measurable (Giggenbach et al., 1996; Oppenheimer et al., 2014). The
relative proportions of these species vary among volcanoes, and over time within the same volcano. One
of the most important discoveries within the volcanic gas community with relevance to volcanic
monitoring is that over time and as conditions change within the subsurface, the rate and relative
proportions of gas emissions may change (Aiuppa et al., 2007). As discussed in the previous sections, the
relative proportions of emitted gases may be altered by introducing fresh magma from depth, which will
tend to be COs-rich relative to SO, (Werner et al., 2013). During ascent, a particular species may also be
removed as may be the case with SO» in response to interactions with groundwater or wall rock material
(Symonds et al., 2001). The relative proportions of these gaseous species, such as CO»/SO; or H,O/CO»
may be used to infer exsolution depth or the subsurface processes modifying gas emissions. Deviations in
the normal proportions of gases or changes in the total volcanic gas flux may be linked to changing
conditions within the volcano (Aiuppa et al., 2017; Shinohara et al., 2008). The ability to establish a
background degassing baseline and confidently measure changes in emitted gaseous species thus becomes
a high priority for volcano observatories and researchers alike.

Once volcanic gases have exsolved from their host magma, they may remain with their host
magma in what is referred to as closed-system degassing or separate from their host magma in what is
referred to as open-system degassing (Oppenheimer et al., 2014). If permeable pathways exist, these
exsolved gases can travel up the conduit into the atmosphere through an “open” volcanic vent.
Alternatively, if the conduit or vent are sealed, the gases may accumulate within the upper part of the
volcanic system at shallow depths. Vent and conduit permeability may vary, and some volcanoes may
transition between open and closed vents through time (Reath et al., 2018). Much like open and closed

vent behavior, volcanoes may also transition between open and closed systems of degassing.

1.3 Insights into volcanic systems from gas emissions

In addition to the relative proportion of different volcanic gases, the absolute flux or emission rate
of a specific gas species may give insight into the subsurface magmatic system. As discussed later in this
section, it is relatively easy to measure the emission rate of SO, using remote techniques and thus changes

to the emission rate may be monitored to provide insights into the volcanic system. If more SO, relative



to background is measured, it may be indicative of magma recharge—when a volatile-rich, deep magma
source has moved to a shallower depth (Wallace, 2001). Conversely, if a lower SO, emission rate is
measured relative to baseline, it may be indicative of conduit sealing and potential overpressure of the
system (Edmonds et al., 2003). In both cases the baseline SO, emission rate and natural variability must
be accurately established to determine if a change has occurred.

Mercury is also present in volcanic plumes and requires specific direct sampling or in situ
measurement techniques which make its quantification challenging. Nonetheless, research related to
volcanic Hg emissions is important due to the toxicity of the metal to biota and its relatively long
atmospheric lifetime in gaseous elemental state (2 — 6 months; Driscoli et al., 2013). Studies have
documented a difference between the concentration of Hg within volcanic plumes along volcanic arc
settings and between arc and non-arc volcanoes (Edwards et al., 2021), which implies that there is a
source control mechanism for Hg emissions. As a benefit of its long atmospheric lifetime, Hg has also
been found to be a useful marker in the geologic record for periods of high volcanic output related to

continental breakup and the creation of large igneous provinces (Svensen et al., 2023).

1.4 Quantification of gas emissions

Quantifying volcanic gas emissions can be done using an array of collection and analytical
techniques. Generally, the techniques can be divided into the broad categories of remote, and direct or in
situ methods. Direct gas sampling and in situ methods involve collecting gases at their emission source or
measuring gases within a mixed volcanic gas—air plume, respectively, whereas remote measurements are
commonly performed at a distance, generally via techniques measuring absorption of infrared, visible,
and ultraviolet radiation bands by volcanic gases. Below we focus primarily on the remote and in situ

measurement techniques related to this study.

1.4.1 Remote measurement techniques

The use of remote sensing for volcanic gas emission quantification began in the 1980’s with the
adaptation of atmospheric instruments developed for quantifying SO, pollution from coal power plants to
volcanic plumes (Milan, 1980; Stoiber et al., 1983). The original instrument, the correlation spectrometer
(COSPEC), used absorption spectroscopy—the loss of radiation at molecularly characteristic quantities of
energy—to measure atmospheric concentration of SO,. COSPEC instruments, while pivotal to early
studies, were difficult to transport due to their large size and weight, required calibration between each
use, and are no longer produced and thus minimally available for volcanic gas studies today.

More recently, lower cost portable UV spectrometer based instruments were developed using a
slightly different absorption spectroscopy method: differential optical absorption spectroscopy, commonly
referred to as DOAS (Galle et al., 2003). The DOAS technique examines a differential absorption cross



section, where broad band features are removed to enable the column density (in mol cm™), or the
concentration of overlying species from the photon source to the instrument (elaborated on in chapter 3),
of characteristic narrow band absorption features to be determined. A series of column density
measurements of the target gas species, in our case SO, can be compiled to form a two-dimensional cross
section of the plume (in molec em™), representing the concentration of a species within the cross section.
A third dimension—time—may be added by multiplying the plume SO, cross section by windspeed to
calculate an emission rate (also known as flux) which represents the mass of SO released to the
atmosphere over a unit of time (in t day™ or kg s™1). When applied to volcanic plumes, a series of DOAS
measurements across the volcanic plume can be used to construct a two-dimensional slice of a plume via
one of two methods: (1) the traverse method, where the spectrometer is pointed up and carried beneath a
plume, or (2) the scanning method, in which the instrument scans across a plume from a fixed position.
Both methods have advantages and disadvantages. With the traverse method plume geometry is simple to
quantify and effects of radiative transfer are less substantial. Conversely, with the scanning method,
plume geometry and atmospheric radiative transfer become more difficult to resolve, but measurements
can be automated and collected continuously over extended time periods. DOAS instruments have a
significant advantage over COSPEC, as they are much smaller, lighter, and more portable, and can be
built using off-the-shelf components (Platt and Stutz, 2008). DOAS instruments are now widely used
among the remote volcanic gas measurement community due to their ease of use and low instrument cost,
and a strategic funding initiative to provide volcano monitoring instruments via the NOVAC project,
which seeks to set up networks of similarly modulated DOAS instruments at high-priority volcanoes

(Galle et al., 2010).

1.4.2 Direct and in situ measurement techniques:

Direct collection methods are particularly useful for quantifying total gas composition, which is
not possible with a single remote sensing technique. The quintessential method of volcanic gas sampling,
the Giggenbach method (Giggenbach, 1975), was described first in the 1970’s and is still in use almost 50
years later with small variations (Sortino et al., 2006). This method collects gases using an evacuated
flask or bottle containing an absorbing solution and allows for analysis of most of the major and trace
volcanic gas species.

An alternative to Giggenbach flasks for quantifying major-species gas composition are
multicomponent gas analyzer systems (multiGAS), which were first described and developed for volcanic
purposes in the early 2000°s (Aiuppa et al., 2005; Shinohara et al., 2005). These devices typically consist
of a pump to pull volcanic plume gases through a series of in-line electrochemical and infrared sensors to

simultaneously determine concentrations for multiple volcanic gas species. Typical multiGAS



instruments include sensors to quantify CO,, SO», H»S, and H»>O, and some variations include sensors for
other gases such as H» (Aiuppa et al., 2011) or CH4 (Salas-Navarro et al., 2022). MultiGAS and
multiGAS-type variants attached to helicopters and drones have successfully collected valuable plume gas
composition information (de Moor et al., 2019). The advantage of airborne collection is that it allows for
constraints to be placed on variables such as plume altitude and wind speed which may be important for
complementary studies.

Some alternatives now exist to measure volcanic species of interest which are not initially trapped
or easily resolved using the Giggenbach method or measured in situ such as through MultiGAS.
Collecting or characterizing metals emitted from volcanoes in the particulate phase on filter paper is
common (Martin et al., 2012; Ilyinskaya et al., 2021), or on specialized traps consisting of either gold-
coated sand or iodated carbon, in the case of elemental gaseous Hg. Some limited efforts have been made
to collect for speciated forms of Hg by attaching a chemically coated denuder and glass wool before the
gaseous elemental Hg section to collect for oxidized Hg gases and Hg absorbed to particles (Witt et al.,
2008). If a pump with a known flow rate (generally in I min™) is used to control the flow of gas through a
trap, then the in-plume concentration (in weight or molecules m) can be established. If an Hg trap with a
known flow rate is attached in-line or nearby a multiGAS instrument analyzing for SO, then it is possible
to establish a volume-normalized ratio of Hg to SO,. Once this ratio is established, it is possible to
estimate a total volcanic Hg emission rate by using DOAS-derived SO; emission rate or flux (Werner et
al., 2013). The proxy method of extrapolating emission rate by using SO; as a “tracer gas” is broadly
applicable to other species for which emission rate may not be easily resolved using remote sensing (e.g.,

COy). One key assumption for this method is that the target gas-tracer gas ratio does not change in time.

1.5 Overview of Dissertation Chapters

This dissertation will present three chapters unified around the theme of quantifying volcanic gas
measurements from limited or incomplete datasets. The motivation behind this work is the difficulty of
obtaining accurate measurements under specific eruptive, atmospheric, or instrumental conditions. Thus,
the aim for each chapter is to present a new method to better constrain emission of a particular volcanic
volatile species given a specific limitation. Chapter 2 investigates emissions of volcanic mercury (Hg)
deposited on ash from recent eruptions within the Cook Inlet area of Alaska; Chapter 3 investigates the
influence of below-plume clouds or fog on DOAS measurements of SO, absorption, to characterize when
these data can provide robust constraints on SO, emission rate; and Chapter 4 develops a novel technique
to estimate plume altitude using modeled wind speed to minimize uncertainties in single-station DOAS

deployments and presents SO; emission rates from a set of three remote Alaska volcanoes.



1.5.1 Overview of Chapter 2: Estimates of volcanic mercury emissions from Redoubt Volcano, Augustine
Volcano, and Mt. Spurr eruption ash

Chapter 2 provides some of the first quantification of volcanic mercury emission during
eruptions. The main logistic challenge behind quantifying eruptive mercury emissions is the need for in
plume sample collection, which is often not feasible during eruptions. This study aims to minimize this
knowledge gap by taking advantage of the rapid absorption of emitted gaseous Hg? onto the surface of
volcanic ash particles to form particulate-bound mercury (von Glasow, 2010). Ash samples from well-
characterized Alaska eruptions are used to determine if there are spatial, temporal, or geographic
variations in the amount of Hg absorbed to ash. In total, 227 ash samples were analyzed to find that there
are no discernable patterns in the concentration of Hg on an ash sample from the distance from the
eruption source or over time within an eruptive sequence. This study found a significant difference in the
amount of Hg emitted from different volcanoes. Because there does not appear to be a correlation at any
volcano between Hg concentration and distance from the vent or eruptive event, an average mass of Hg
per mass of ash is appropriate for extrapolating total hg emissions for individual volcanoes so long as
there is a significant sample size to account for potential bias from large sample variance. Thus, if there
are sufficient samples to estimate an eruptive mass for any single volcanic eruption then it should be
possible to put minimum constraints on the total amount of volcanic emitted Hg. This study provides a
simple framework to constrain minimum volcanic Hg fluxes during volcanic eruptions from three Alaska
volcanoes, with the potential for global application. This paper was published in Frontiers as Kushner et

al. (2023).

1.5.2 Overview of Chapter 3: The ghost plume phenomenon and its impact on Mobile DOAS
measurements of SO; emission rates

Chapter 3 examines a phenomenon known as a “ghost plume” which has been identified but not
well-characterized within the volcanic gas community (e.g., Williams-Jones et al., 2008). The emergence
of a ghost plume is related to the scattering of sunlight when there is a condensed layer, such as cloud or
fog, in the atmosphere between a measuring instrument and a volcanic plume. The ghost plume effect
results in an appearance of an illusory volcanic plume in addition to or instead of the real volcanic plume.
The phenomenon’s effect on DOAS traverses has previously been unquantified. This unknown and
potentially large effect on SO, emission rates under these conditions has led many researchers to dismiss
or not collect data under these conditions. The goal of this project was to quantify and characterize the
effect of below-plume clouds on derived SO, emission rates. In this study, a series of radiative transfer
simulations were conducted in order to quantify error in the SO, absorption cross section acquired during

a DOAS traverse with a condensed aerosol layer (i.e., cloud) between the instrument and volcanic plume.



Simulations for a series of atmospheric conditions show that while the shape of a DOAS traverse cross
section may change drastically with different atmospheric conditions, the SO, cross sectional burden and
derived emission rate remains within approximately + 25% of their true values. These simulations are
then used to investigate a potential ghost plume observed in a DOAS transect during the 2021 eruption of
Cumbre Vieja Volcano, Canary Islands. This paper has gone through coauthor review and will be

submitted for publication to Volcanica (www.jvolcanica.org) soon.

1.5.3 Overview of Chapter 4: Using modeled windspeeds to estimate volcanic plume altitude with
application to single-station Scanning DOAS-derived SO, emission rates from Cleveland, Korovin and
Garelol Volcanoes, Alaska

Chapter 4 aims to provide an independent way to estimate plume altitude, an important input
parameter for calculating SO, emission rates from scanning DOAS measurements, and thereby reduce
measurement uncertainties when only one DOAS station is available. Properly constraining the plume
altitude is important for interpreting the plume’s true width, and from it the number of SO, molecules in a
two-dimensional plume cross section. In ideal cases, two or more stationary scanning DOAS stations are
deployed around a volcano to allow simultaneous detection of the plume and geometric quantification of
the plume altitude, which is used to calculate the width of the plume and total SO, cross sectional burden
of each DOAS scan. In 2019 in conjunction with Alaska Volcano Observatory fieldwork, single-station
campaign scanning DOAS instruments were deployed at Gareloi Volcano, Korovin Volcano, and
Cleveland Volcano in the Aleutian Islands, Alaska. In addition to these single-station campaign DOAS
deployments, one permanent scanning DOAS was installed at Cleveland Volcano in 2022. While these
campaign-style deployments have the advantage of automatically acquiring high temporal resolution
measurements of volcanic SO, flux over days of deployment, with only one station it is not possible to
solve for plume altitude, which creates large uncertainties in derived emission rates. This chapter presents
a new method to constrain plume altitude from modeled wind data, which ultimately improves the
precision of single-station DOAS derived SO, emission rates. This method is based on the inverse
relationship between wind speed and plume altitude during passive degassing conditions, where high
winds lead to ground-hugging or grounded plumes and light winds lead to lofted plumes. Twenty-three
webcam images with views of Cleveland Volcano were used to estimate plume altitudes, which are then
paired with coincident modeled windspeeds to construct a fitted regression. Estimated plume altitude
based on this regression line are shown through this project to improve precision of values and provide
better agreement with helicopter DOAS traverses during periods when windspeed is highly variable. This

method can be applied to increase the amount of SO, emission rate data collected, especially for remote
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and/or resource-limited volcanoes where only one DOAS station may be installed or operating. This

paper will be distributed for coauthor review soon.
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Chapter 2 Estimates of volcanic mercury emissions from Redoubt Volcano, Augustine Volcano, and Mt.

Spurr eruption ash!

2.1 Introduction

Mercury (Hg) is a volatile and toxic metal released to the environment by both natural and
anthropogenic sources. Volcanoes are considered to be one of the largest primary natural sources of Hg,
with previous estimates of total annual volcanic Hg emissions between ~50-700 t a! (e.g., Nriagu and
Becker, 2003; Pyle and Mather, 2003). However, large uncertainties exist in speciation, reaction
pathways, total emission to the atmosphere, and the ultimate fate of volcanic Hg in the environment (see
Figure 1 in Edwards et al., 2021, for a schematic of Hg chemistry in volcanic environments).

Despite these uncertainties, volcanic sources are measured to release prodigious quantities of Hg
to the atmosphere as Gaseous Elemental Mercury (GEM; Hg’, Bagnato et al., 2015). Oxidation of GEM
to Gaseous Oxidized Mercury (GOM; Hg?") and subsequent uptake in the form of Particulate-Bound
Mercury (PBM; generally Hg?") is the principal pathway for atmospheric removal of volcanic Hg
emissions (Driscoll et al., 2013). GEM is relatively insoluble in water and has an atmospheric lifetime of
~3 months under standard tropospheric conditions, theoretically allowing for long-distance transport
(Horowitz et al., 2017). However, modeling has suggested that conditions within volcanic plumes,
including the presence of halogen species, may facilitate rapid oxidation of > 80% of volcanically-
sourced GEM to PBM within minutes of emission (von Glasow, 2010). These model results are supported
by field observations, which found depletion of GEM emitted from volcanic features on the order of
minutes (Aiuppa et al., 2007). Empirical attempts to constrain speciation of emitted volcanic Hg have also
been performed up to hundreds of meters from emission sources in ash-poor plumes, and have found
PBM to represent anywhere from low (1-5%; Bagnato et al., 2007; Witt et al., 2008; Mather et al., 2012)
to high (40-90%; Zambardi et al., 2009) proportions of Total Hg (THg) emitted to the atmosphere. These
observations suggest that oxidation of GEM and subsequent removal through wet or dry deposition may
be more efficient, albeit variable, under certain conditions in volcanic plumes than in the background
atmosphere.

The main sources of uncertainty in the speciation and total emission of volcanic Hg are rooted in
a lack of measurements from volcanic eruptions, due to the logistical challenges of collecting gaseous Hg
samples from actively erupting plumes. Therefore, nearly all existing studies (summarized in Bagnato et
al., 2015 and Edwards et al., 2021) have focused on volcanic Hg emissions from quiescent persistently

degassing volcanoes. Scrubbing of emitted metals from volcanic plumes occurs through particle surface

I Kushner, D.S., Lopez, T.M., Wallace, K.L., Damby, D.E., Kern, C., and Cameron, C.E. (2023). Estimates of
volcanic mercury emissions from Redoubt Volcano, Augustine Volcano, and Mount Spurr eruption ash.
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adsorption and acid aerosol formation (Ayris and Delmelle, 2012; Ilyinskaya et al., 2021), though little
analytical work has been performed to constrain the extent of these processes with respect to Hg and in
particular the role of the substrate on Hg adsorption (Stewart et al., 2020). One potential method to better
characterize volcanic Hg speciation during eruption and to better quantify total volcanic Hg emissions is
through the analysis of PBM adsorbed to the surface of volcanic ash particles, which can readily be
sampled on the ground downwind of eruptions. For this approach, we presume that Hg in our samples is
present on ash surfaces and that Hg in our ash deposits is synonymous with PBM, though we recognize
there may be other modes of co-deposition including wet deposition through dissolution into condensed
aqueous phases (Lindberg and Stratton, 199%).

Herein, we analyze Hg concentrations on 227 bulk ash samples to investigate how PBM
concentration varies (1) with distance from the source, (2) between distinct events within the same
eruption, and (3) between different volcanoes. We then apply a new approach to estimate Hg emissions
from the target eruptions, whereby we integrate our Hg-ash data with previous mass estimates of total
erupted ash. We consider our estimates to be minimums because they do not account for the
unconstrained abundance of Hg that remains in the atmosphere down-plume, which can still be
measurable over thousands of kilometers (Babu et al., 2022).

These points of investigation provide an eruption-scale understanding of Hg, from emission to in-
plume reactions and removal/deposition. First, PBM concentration variation with distance is used to
constrain the timing of GEM oxidation and adsorption as the plume travels downwind, which is wholly
unconstrained for ash-rich plumes. Sustained oxidation-adsorption of GEM to PBM may result in
increasing concentrations of PBM as the ash-rich plume travels downwind so long as GEM abundance
does not become rate limiting, whereas rapid formation of PBM would favor no discernable increase of
PBM with distance on the km scale investigated here. Second, PBM concentration variation between
distinct events is used to investigate potential Hg variability over the eruption duration, which is also
unconstrained at present. Variations in Hg concentration throughout the eruptive sequence may be a
function of Hg solubility in magma. For example, if Hg readily exsolves from magma at depth, Hg may
accumulate in a pre-eruptive exsolved volatile phase and therefore be preferentially released early in the
eruption and subsequently absorbed on ash (Varekamp and Buseck, 1986). In contrast, if Hg is relatively
soluble in magma it may degas upon surface eruption and exhibit no obvious temporal trend in
concentration over the eruption duration. Finally, differences in PBM concentration in ash samples from
the target volcanoes are used to investigate variability in Hg emissions across volcanoes and eruption
cycles. Differences in PBM concentration between the target volcanoes may reflect different Hg
concentrations in source magmas or may result from different oxidative potentials in the eruption plumes.

Variance in Hg concentration within source magmas may be due to the relative mantle, slab, and crustal
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2.3 Methods
2.3.1 Ash samples

A subset of ash samples from the target eruptions was selected based on their spatial coverage of
discrete explosive events. Specifically, we targeted events that had estimates of total ash-mass and
included samples that were deposited at various down-wind distances from the vent and collected no
more than a week after deposition. Collection notes were used to exclude samples that may have been
contaminated, such as the sample being near an industrial area or possibly containing non-representative
material. We also aimed to collect samples from a minimum of 3 events per eruption spanning the
beginning, middle, and end of the eruption. Bulk ash samples previously collected for mass per unit area
analysis (full sample list, collection procedure, and processing details for each eruption are detailed in
McGimsey et al., 2001; Wallace et al., 2010; Wallace et al., 2013) were queried from the Geologic
Database of Information on Volcanoes in Alaska (GeoDIVA; Cameron, 2004). In total, 227 samples were
selected: 84 from Mt. Spurr (1992), 114 from Redoubt (2009), and 29 from Augustine (2006). Outside the
immediate scope of our hypotheses but of additional interest are 4 historic samples collected from a pit on
Augustine. All samples were bagged and stored in boxes on large shelving units in an area removed from
sunlight at the Geologic Materials Center or the U.S. Geological Survey (USGS) tephra labs in
Anchorage, Alaska. Grain sizes of the bulk material was not used a determinant in subsampling but
samples represent a mixture of extremely fine ash to lapilli (detailed particle size distributions are
presented in McGimsey et al., 2001; Wallace et al., 2010; Wallace et al., 2013). It is assumed for the
purpose of this study that no Hg has been lost or gained under these storage conditions. Ash masses of

0.1-5.0 g per sample were subsampled from the repositories using sterile instruments.

2.3.2 Hg concentration analysis of ash samples

Bulk volcanic tephra subsamples were freeze-dried and analyzed for THg via direct combustion
using Atomic Absorption Spectroscopy (AAS) on a Milestone DMA-80 instrument (Milestone Srl, Italy)
following the United States Environmental Protection Agency (U.S. EPA) Method 7473 (U.S. EPA, 1998)
in the Marine Ecotoxicology and Trophic Assessment Laboratory at the University of Alaska Fairbanks.
All samples (weights 0.01-0.1 g) were heated to 800 °C and analyzed at least in duplicate with a precision
range of + 10%, apart from 15 limited quantity samples on which singlicate analysis was conducted.
Calibration curves were prepared using an internal liquid standard to a 0.5 ng Hg limit of quantitication.
Accuracy checks were routinely performed after analysis of 20 samples using two internal standards (10
ppb, 100 ppb) and a National Institute of Standards and Technology Standard Reference Material (NIST
SRM 1633c¢ — Trace Elements in Coal Fly Ash; certified value: 1005 + 22 ng g!). The values of these
standards were determined by our AAS analyses to be 93.9 + 3.1 ng g™ (n = 39) for the 100 ppb liquid
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standard, 9.8 + 1.0 ng g! (n = 52) for the 10 ppb liquid standard, and 1017.9 £ 31.8 ng g’ (n = 55) for
NIST SRM 1633c¢.

Ash samples are assumed in this study to have no Hg adsorbed onto the surface at the time of
fragmentation and ejection from the vent. In-plume Hg concentration at the time of all three eruptions was
not measured, but assumed from GEM measurements of other volcanic systems (Bagnato et al., 2015) to

be 2-3 orders of magnitude larger than the modeled ambient atmospheric concentration of ~1.5 ng m? for

this area (Zhang and Zhang, 2022).

2.3.3 Variable classification and statistical approach

In this study, we test the following three hypotheses: (1) there is a significant dependence of bulk
ash Hg concentration from individual eruption events on the distance of the sampling location from the
source vent; (2) there is a significant difference in bulk ash Hg concentration between eruption events;
and (3) there is a significant difference in bulk ash Hg concentration between volcanoes.

Data were categorized by volcano of origin, event number within each eruption sequence, and
distance from the vent. Eruption events were grouped together in cases where sample collection did not
allow for discrimination to specific events (e.g., Redoubt events 7-8). Eruption chronology, definitions,
groupings of eruption events, and eruption mass estimates were defined or calculated in Wallace et al.
(2013) for the 2009 Redoubt eruption, Wallace et al. (2010) for the 2006 Augustine eruption, and
McGimsey et al. (2001) for the 1992 Mt. Spurr eruption. The distance of each ash sample from the vent
was determined using the collected GPS coordinates and the eruptive vent coordinates as defined by the
AVO. More details on the samples used can be found in the supplementary materials.

We use multivariable linear regression using the R stats package (R core team, 2013;
supplementary materials) to test the relationships among the three factors (sampling distance, eruption
event, volcano of origin) on Hg concentration in our ash samples. This statistical test was identified as the
most appropriate due to our dataset including multiple independent variables. This method assumes a
normally distributed sample population, which was confirmed for our sample sets through a Kolmogorov-
Smirnov Normality Test for Mt. Spurr (p = 0.22), Redoubt (p = 0.07), and Augustine (p = 0.12). Testing
of statistical significance was conducted in four separate linear regression model runs: the first three
considered the influence of distance and eruption event on Hg concentration for each of the three
volcanoes, and the fourth looked at the influence of volcano of origin on Hg concentration. For this fourth
test, we combined all Hg concentration data per volcano so that it is independent of eruption event and
distance. Following our calculations, we apply a P value threshold to determine whether each of our
factors influence Hg concentration, where p > 0.05 indicates that factor does not exert a statistically

significant influence on our sample set. Significance is only considered for sample sets of n > 5. We also
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have incorporated more material from a dehydrating subducted oceanic slab or crust (arc volcanoes).
Similar metal-rich or metal-poor signatures have been measured between arc and non-arc volcanoes
(Edmonds et al., 2018; Edwards et al., 2021), and crustal incorporation as a source of volcanic Hg has
previously been proposed (Coufalik et al., 2018). Records of ascending Hg-rich tluids are preserved in
regions of subduction of oceanic sediments underneath continental crust as economically significant Hg
mineral deposits, which typically occur in low-temperature environments where numerous deposits may
be dispersed over a wide region (Rytuba, 2003). Therefore, Hg-rich volcanoes could be explained by
either the direct recycling of Hg-rich fluids sourced from subducted sediments to arc volcanoes, or by the
assimilation of Hg-rich crust during magma storage and ascent. We note that the volcanoes in this study
which contain higher concentrations of PBM (Mt. Spurr and Redoubt) are built upon thicker sections of
crust (Zhang et al., 2019), including lithologies containing high proportions of evolved granitoids and
terrestrial sediments (Wilson et al., 2015).

Differing source controls on the quantity and concentration of Hg emitted from volcanic sources
would also lead to environmental implications. Levels of Hg in Alaska marine mammals have been found
to exhibit spatial variability which is not entirely accounted for by anthropogenic sources, suggesting in
part a natural source (Ricca et al., 2008; Rea et al., 2020). Volcanoes are a likely natural source to explain
variability in Hg uptake by marine mammals over both space and time, as individual eruptions will
provide Hg input into the local environment. The immediate availability of any PBM deposited through
ash for uptake by local flora or fauna is still not well constrained, but minimum estimates of ash masses
deposited over well-defined areas presented here provide a starting point for modeling Hg cycling within

the local environments downwind from our target volcanoes.

2.5.3 Insights into global volcanic Hg estimates

Different approaches have been used to extrapolate global volcanic Hg estimates over space and
time. The two most cited estimates, both of which differentiate between eruptive and persistent degassing
contributions, rely on an assumed Hg/SO» mass ratio in the gas phase to some extent (Nriagu and Becker,
2003; Pyle and Mather, 2003). Both studies found that eruptive contributions made up approximately half
to the majority of annual volcanic Hg emissions. Nriagu and Becker (2003) approximate eruptive THg
contributions as 57 t a! Hg out of a total volcanic Hg flux of 112 t a! over the two-decade period of 1980-
2000 based on the number of days each volcano was in an eruptive phase vs. days on which they were
passively degassing. For cases without Hg measurements, they assumed a constant eruptive Hg/SO» mass
ratio of 1.18 x 107. Similarly, Pyle and Mather (2003) approximate a time-averaged Hg flux for small
explosive eruptions of ~500 t a! Hg (60-2000 t a! Hg range) out of a total volcanic Hg flux of ~700 t a!
(80—4000 t a! Hg range) by assuming an Hg/SO» mass ratio range of 1 x 10°-2 x 10 paired with a time-

averaged global eruptive SO, flux. In both studies, persistently degassing volcanoes are assigned a lower
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!, Nriagu and Becker, 2003) are likely too low and may not be appropriately accounting for variations in
individual volcanic input. Individual-scale comparisons to other studies which consider only global SO,
emissions and a fixed Hg/SO> ratio are difficult (Pyle and Mather, 2003; Nriagu, 1989).

Given these comparisons, dedicated analysis of globally significant eruptions would be required
to confidently provide a minimum global eruptive PBM contribution for a given year. However, each of
our target eruptions are cataloged by the Global Volcanic Program (2013) as among the largest eruptions
for those years, so we could estimate that the total contribution of PBM to THg from explosive events is
on the order of 10-100 t a™! given a typical annual number (<10) of VEI 3 or 4 eruptions with comparable
eruption mass to our studied volcanoes. This estimate for PBM is within the same order of magnitude as
that of THg by Nriagu and Becker (2003), suggesting that the Nriagu and Becker (2003) is likely
underestimated. Our constraints for PBM are on the lower end of the range of THg provided within Pyle
and Mather (2003), suggesting that this global estimate is likely more accurate though potentially variable
depending on the number of large eruptions each year and volcanic sources. We suggest that, global
eruptive contributions of volcanically-sourced PBM could exceed 100 t a™ only in a year with atypically
numerous eruptions from lower-Hg volcanoes or a single VEI 5+ eruption from a high-Hg volcano.
Expanding on the method presented in this study to analyze ash samples from recent large eruptions with
corresponding eruption mass estimates may then allow for more precision to be placed on the upper

bounds of our estimate.

2.6 Conclusions

Analysis of Hg adsorbed onto volcanic ash may provide a logistically straightforward and safe
collection method to gain insights into Hg emissions from explosive eruptions, including historic
eruptions, where syn-eruption campaign measurements and emissions sampling within the volcanic
plume is hazardous. Statistical analysis of Hg data from ash samples collected over a wide range of
downwind distances and eruptive events from three different explosive volcanic eruptions shows that,
despite variability in PBM concentration among samples, there is no significant difference in Hg
concentration on ash either between different eruptive events from the same volcano or by distance from
the vent. We find that the most determinative factor for PBM concentration is the volcano of origin, with
mean PBM concentrations ranging over 3 orders of magnitude among our target volcanoes. This finding
suggests that certain volcanoes may be comparatively high- or low-Hg emitters, potentially due to local-
regional geologic source controls such as Hg-rich subducted sediments or crust.

We present a new approach for providing minimum constraints on Hg released during volcanic
eruptions by integrating our PBM data with prior estimates of erupted ash deposit masses. We calculate
total PBM from our target eruptions of 8.23 t Hg, 1.25 t Hg, and 0.156 t Hg for Mt. Spurr (1992), Redoubt

(2009), and Augustine (2006) volcanic eruptions, respectively. Our estimates are considered a minimum
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because they do not account for the unconstrained abundance of Hg that remains in the atmosphere. Still,
our findings for these three volcanoes exceed previous estimates of Hg emissions for individual

volcanoes, which has ramifications for estimates of global volcanic Hg emissions.
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Chapter 3 The ghost plume phenomenon and its impact on zenith-looking remote sensing measurements

of volcanic SO, emission rates?

3.1 Introduction

Monitoring volcanic sulfur dioxide (SO,) emissions provides insights into subsurface conditions
that may precede volcanic eruptions, such as changes in magma supply or conduit permeability (Fischer
et al., 2002; Kunrat et al., 2022). After H,O and CO,, SO is the third most abundant volatile species in
volcanic plumes and is generally easier to measure relative to H»O and CO» due to the negligible SO,
present in the (unpolluted) background atmosphere (Mather, 2013; Oppenheimer et al., 2014). Differential
Optical Absorption Spectroscopy (DOAS), using scattered ultraviolet (UV) solar radiation as a light
source, is currently the most widely used technique for deriving high temporal resolution measurements
of volcanic SO, emission rates (Edmonds et al., 2003; Galle et al., 2003; Galle et al., 2010; Arellano et al.,
2021). This method builds upon the Bouguer-Lambert-Beer or extinction law which describes the

extinction of radiation as it passes through a medium:
I(A) = I(N)e(-oxexL) (Eq. 3.1)

Here, Io(A) is the initial light intensity without absorption by the medium as a function of
wavelength A, I(X) is the light intensity after absorption in the medium, o(%) is the wavelength-dependent
absorption cross section of the medium, c is the concentration of the absorbers, and L is the optical path
length.

In addition to narrow-band absorption by trace gases, radiation traveling through the atmosphere
is subject to scattering on air molecules and scattering and absorption on aerosols. These processes are
broadband in nature, meaning they affect all wavelengths in a similar way, in this case over a window of
several 10s of nanometers (nm). One exception is the Ring-effect (Grainger and Ring, 1962), which is
highly structured and therefore it is treated as a pseudo-absorber. The DOAS technique separates the
broadband effects from the trace gas absorption by including a low-order polynomial in the spectral
analysis, thus effectively high-pass filtering the spectra (Platt and Stutz, 2008). This enables SO» to be
successfully measured in Earth’s atmosphere in the presence of light scattered by gases, aerosol particles,
and cloud droplets.

The distribution of trace gases in the atmosphere is heterogeneous. For example, SO, may be

present in a volcanic plume, but not in the background atmosphere. Because an individual DOAS

2 Kushner, D.S., Lopez, T.M., Kern, C.K., Arellano, S.A., and Pérez-Rodriguez, N.M. (Submitted): The ghost plume
phenomenon and its impact on zenith-looking remote sensing measurements of volcanic SO, emission rates.
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measurement does not provide any information on the distribution c(1) of the sought-after trace gas

concentration along the light path L, the column density is commonly introduced as follows:
S= [T adl (Eq. 3.2)

Where dl is a differential element of light path. Using this terminology, the DOAS equation can then be

formulated as:

r= In(2) = %05+ P, (Eq. 3.3)

As shown in Eq. 3.3, the measured optical depth zis modeled as a linear combination of all trace gases
with absorption features in the chosen wavelength region, whereby the absorption cross section, o, of
each species is multiplied by a column density, S;. Broadband scattering and absorption effects are
described by the low-order polynomial, P,. During the DOAS fit procedure, the column densities are
varied until a best fit between the measurement of log (I¢/I) and the model is achieved (Platt and Stutz,
2008). The column densities, S;, which achieve the best fit to the measurements represent the results of the
DOAS measurement.

DOAS-derived SO, emission rates are calculated through a multistep process (detailed in Galle et
al., 2003), and can be used by volcano observatories to track changes in volcanic emissions over time. A
series of individual SO, column density measurements are collected while scanning across a plume
perpendicular to its propagation direction. Integration of the SO, column densities over the plume cross
section yields the SO, cross-sectional burden (CSB; e.g., in SO, molecules m™). Multiplication of this
burden by the normal component of plume velocity (equal to wind speed at the plume altitude in m s™!)
yields the emission rate of the desired gas for the volcano (in units of molecules s, which may then be
converted to t d”! or kg s'; McGonigle et al., 2005).

When volcanic SO, emission rates are retrieved from scanning or mobile DOAS measurements, it
is often assumed that the measured light has passed through the region of interest (in this case the
volcanic plume) along a straight path aligned with the telescope’s viewing direction. However, under real-
world conditions, photons may travel along complex pathways and may be absorbed or multiply scattered
by aerosols or clouds in the atmosphere, complicating the interpretation of retrieved SO, column densities
and potentially skewing the resulting emission rate calculations (Millan, M.M., 1980; Williams-Jones et
al., 2008). Previous work has highlighted how non-ideal measurement conditions, such as an opaque
plume or clouds between the instrument and plume can significantly impact photon paths in and around
volcanic plumes and lead to order-of-magnitude errors in derived emission rates (Kern et al., 2010).
Recent work by Wagner et al. (2023) has also highlighted that complex radiative transfer pathways may

result in pixel saturation, artificially elongated plumes, and other geometric effects for satellite
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observations of gases that absorb in the UV spectrum. Additionally, scattering of photons which have not
passed through a volcanic plume into the instrument field of view may lead to substantial underestimation

of SO, column densities, an effect commonly referred to as light dilution (Mori et al., 2006).

3.1.1 Ghost plumes

Further complicating accurate assessments of volcanic SO, cross-sectional burdens are
phenomena dubbed “ghost plumes”, where either an illusory plume is observed geometrically offset from
where it is expected, or as a modification of the shape of the real plume. Ghost plumes occur when a
cloud or layer aerosol of aerosolized particles is present between the DOAS telescope and the volcanic
plume under specific conditions of illumination depending on the relative position of the sun, the plume,
scattering cloud, and instrument. During these measurement conditions, solar UV radiation that has
already passed through the plume is then scattered toward the instrument by a cloud layer below the
plume. Particularly, if the sun is not directly overhead, this can lead to the plume being detected in a
position or direction in which it is not actually located and potentially producing a skewed CSB. Because
the ghost plume effect is a result of radiative transfer, this phenomenon is not restricted exclusively to
DOAS (either scanning or zenith-facing) measurements and should also occur in other techniques used to
measure volcanic degassing including SO, cameras and correlation spectrometers (COSPEC; Williams-
Jones et al., 2008). Despite the potential ubiquity of this etffect, there have not been quantitative studies to
assess or identify the impact on field measurements. Hereafter, we concentrate on only zenith-facing
DOAS measurements.

Photons that pass through the plume and then encounter a cloud layer are then scattered down
into the telescope field of view at the incident solar angle (Figure 3.1). The result of photon scattering
from a solar position which isn’t directly on top of the plume is a projected (offset) location below a
geometrically straight path from the sun position to the top of the cloud layer. Because of the potential
large and unconstrained errors introduced in DOAS SO, measurements collected under non-ideal (e.g.,
cloudy or foggy) atmospheric conditions, these data are often not collected or utilized. This can result in
limited observations to characterize volcanic degassing - especially for remote volcanoes such as in
Alaska, which are infrequently visited in the field and often obscured by clouds and/or fog.

If several crucial aspects of an upwards-viewing traverse are known, then the emergence of a
ghost plume should be geometrically resolvable through simple trigonometry. Specifically, the three
important parameters required to determine the predicted distance between a real volcanic plume and a
ghost plume are the solar zenith angle (SZA), the solar azimuth relative to the plume, and the altitude
difference between the plume and a condensed layer (e.g. cloud or fog) producing single scattering of
light. Figure 3.1 illustrates a case where the solar azimuth is parallel to the path of the DOAS traverse. In

this scenario the ghost plume maximum SO, column density would be geometrically expected to occur
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d = h x tan(SZA) (Eq. 3.4)



evaluating DOAS results under similar conditions to make the best use of available data within a
reasonable uncertainty threshold. Our modeled results are then used to evaluate the utility of a sample set
of DOAS measurements collected at La Palma (Canary Islands, Spain) volcanoes, under suboptimal

conditions, that show what appears to be a ghost plume.

3.2.1 Model constraints

We simulate DOAS traverses using the McArtim radiative transfer model (Deutchmann et al.,
2011) to test the effects of the specified parameters (Table 3.1) on the retrieved SO, CSB. McArtim is a 3-
dimensional forward Monte Carlo radiative transfer model. It uses back-propagation to simulate photon
paths from the instrument to the sun along Earth’s atmosphere specified by different profiles of
composition including gas molecules, clouds and aerosol particles with different scattering and absorption
parameters. We conducted 217 different model permutations that vary cloud layer thickness, SZA, plume
AOD, and cloud AOD to test the influence of these variables on the resulting plume SO, CSB. Each
simulation assumes: (a) a cylindrical plume with constant diameter of 400-m, centered at 1600 m altitude
containing a uniform SO; mixing ratio of 250 ppb corresponding to a column density through the plume
center of 2.5x10!7 molecule cm™, and (b) a rectangular aerosol cloud layer below the plume with infinite
length and variable thickness (Table 3.1), centered at 400 m elevation and containing no SO,. We simulate
10° photon trajectories through our modeled atmosphere that produce a statistical error in the radiance
(noise) of <10%. By moving the horizontal position of our instrument, we retrieve the SO, column
density at each measurement location within a simulated mobile DOAS traverse. A traverse consists of
simulated SO column density measurements made perpendicular to plume direction at 50 m increments,
from -3000 m to +2000 m horizontal positions below the center of the simulated plume. The relative
azimuth of the sun is chosen to be perpendicular to the plume for simplified geometric predictions of
ghost plume location, where a non-perpendicular azimuth of the sun relative to the plume may cause a
ghost plume manifestation closer to the plume. The traverse length is asymmetrical (1000 m longer on
one side) to account for the expected manifestation of the ghost plume on the side farthest from the sun.
Each simulated DOAS retrieval is conducted at 315 nm, which was selected to describe absorption from a
typical DOAS fit window for SO; (Kern et al., 2010). Fixed instrument parameters during each simulation
were an instrument altitude of 0 m and an instrument field of view of 0.3°. Fixed atmospheric parameters
during each simulation were a plume single scattering albedo of 0.9 and an asymmetry factor of 0.8; a

cloud single scattering albedo of 1 and an asymmetry factor of 0.8; and a ground albedo of 0.03.
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CSBtheoretical - % X VSOZ,max X dplume (Eq- 3-5)






3.3.1.1 Scenario A (Transparent plume, SZA = 1)

The simplest model scenario is shown in Figure 3.3A. In this case we have a SZA = 1°,
representing photons supplied from a nearly directly overhead source and a translucent plume (AOD = 0).
In each scenario the simulated SO, VCD curve is shown as a function of cloud AOD, which varies from 0
(red line — transparent cloud) to 20 (purple line - opaque cloud). In the case of a transparent cloud (AOD
= (, red line) the simulated measurements match the actual (input) plume SO, VCD versus position curve
in shape and amplitude, with a plume width of ~400 m and a maximum VCD of 2.37x10'"” molecule cm™
at the plume center. Increasing cloud AOD produces a broadening (negative kurtosis) of the plume VCD
curve. At lower cloud AOD values (1 — 4), this broadening is generally gradual and has minimal effect on
the apparent plume width or maximum VCD. Transitioning to higher cloud AOD scenarios (e.g. >4), the
peak broadening effect increases, resulting in measured plumes >2 km wider than the actual plume and
maximum SO, VCDs <40% of actual values.

The observed variation in SO, CSB error with respect to the theoretical model as a function of
increasing cloud AOD is shown in Figure 3.4A for both transparent (AOD = 0) and opaque (AOD >4)
plumes. The integrated CSB from a case with both a transparent plume and cloud (e.g., Scenario A, red
line, Figure 3.3A) is 95% of the expected value. Increasing cloud AOD values to >1 leads to increasing
underestimations of the overall CSB until cloud AOD values of > 8, after which the burden trends back
towards the expected value. In all cases for this scenario (transparent plume and vertical SZA), SO, CSBs

are within 27% of the expected value and the majority are within 10% of the expected value.
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AOD = 8. At cloud AOD values > 8, SO, CSBs begins to trend upwards slightly. In the case of an opaque
plume CSBs exceed errors of 20% of the expected value for cloud AOD > 1.

3.3.1.3 Scenario C (Transparent plume, SZA =30°)

In scenario C, we start to investigate the effects of increasing SZA from 1° to 30°. First, with the
cloud AOD = 0 traverse we find that an aspect of skewness, or tailing, is introduced into the VCD curve
away from the direction of the sun. This tail manifests as an area of higher-than-background VCD
extending approximately 1 km away from the plume center (Figure 3.3C), suggesting the hint of a ghost
plume. Immediately at nonzero cloud AOD values we model apparent “ghost plumes” where a portion of
the plume SO, VCD is spatially offset from its expected location, with a local VCD maximum at ~700 m
for all cloud AOD > 0 values. At lower cloud AOD values of 1 — 2, our models indicate a rapid decrease
in maximum SO; VCD to <40% of the value for a transparent cloud (Figure 3.3C) at the expected
location. In conjunction with the rapid VCD decrease at the expected location, VCD rapidly increases
under the ghost plume location leading to two local VCD maxima. Increasing cloud AOD > 4 finds no
apparent peak at the actual plume location, but rather a single SO, maximum value in the geometrically
offset (ghost-plume) location skewed slightly in the direction of the sun. Similar to scenario A, we find
that traverses modeled under higher cloud AOD values lead to broader SO, VCD peaks.

All burdens under scenario C (Figure 3.4B) underestimate the actual value to within 12%
regardless of cloud AOD. Transparent plume model results for these conditions give SO, burdens equal to
98% of the true value, the closest of all iterations considered for this study. A minimum burden of 88% of
the expected value is achieved at cloud AOD values of 2. The SO, CSB increases to 97% of expected at
cloud AOD = 20. Patterns observed in this scenario are similar to those under scenario A, however CSBs

begin to increase again after a lower degree of cloud opacity around AOD values of 2 — 4.

3.3.1.4 Scenario D (Opaque plume, SZA = 30°)

In scenario D, we now consider an opaque plume (plume AOD = 4) with an increased SZA of
30°. In this case, we still observe a ghost plume, however the magnitude of the plume SO, VCD appears
to be significantly “dampened” in comparison to scenario C. During opaque cloud conditions (AOD > 4),
a single peak is present with the maximum VCD manifesting ~700 m from the actual plume position with
the direction of tailing towards the sun. Our model traverses also indicate some differences with respect to
scenario C in VCD beneath the plume. At cloud AOD < 2 values, the maximum VCD beneath the actual
plume location is larger than scenario C (transparent plume).

SO, CSB for scenario D is underestimated with respect to theoretical for all cloud AOD
conditions. With increasing cloud AOD there is a precipitous decline in SO, CSB, to an eventual

minimum of 44% the true value at a cloud AOD of 8. At cloud AOD values >8, our estimates of the CSB
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are slightly less underestimated, at 50% the true value. For this scenario of an opaque plume and SZA =

30° (blue line Figure 3.4B), only a cloud AOD = 0 achieves the desired uncertainty of £25%.

3.3.1.5 Scenario E (Transparent plume, SZA = 60°)

In scenario E, we examine conditions under which a DOAS traverse 1s conducted with a solar
position approaching the horizon (SZA = 60°). Many aspects of these traverses are similar to scenario C
though slightly more exaggerated. During ideal conditions (plume AOD = 0) we observe tailing in the
SO, VCD curve several kilometers further away from the sun and with a lower magnitude than in
scenario C. Increasing cloud opacity (cloud AOD > 1) leads to a rapid decline in SO2 VCD to < 50% of
the value for no clouds and the emergence of a ghost plume ~2000 m from the expected location. In
contrast to scenario C, cloud AOD values > 4 do not appear to entirely obfuscate the plume SO, peak
beneath its expected location. Instead, our model shows one peak at the ghost plume location and one
broad, heavily kurtosed, peak beneath the expected location.

Unlike the previous scenarios that largely underestimate the plume SO, CSB, scenario E shows
an SO, plume CSB overestimated with respect to actual, in all cases except for a cloud AOD = 0. We
observe a minimum SO2 CSB of 90% the true value in ideal atmospheric conditions (cloud AOD = 0;
Figure 3.4), and a maximum (overestimation) of 133% the true value for an opaque cloud (cloud AOD =
8). This scenario also shows the greatest variability in SO, CSB (43%) of those considered between high

and low AOD traverses.

3.3.1.6 Scenario F (Opaque plume, SZA = 60°)

As an end-member scenario, we investigate a scenario with an opaque plume and a SZA = 60°.
For cloud AOD = 0 conditions, the plume appears in its expected location with no apparent tail or ghost
plume effect seen. As cloud opacity increases (cloud AOD > = 1) the SO, VCD curve appears in all cases
to be a single, heavily kurtosed and slightly skewed peak. Curve skewness and kurtosis both increase with
increasing cloud AOD and in no case is there a discernible ghost plume. Instead, in cloud AOD > 4
scenarios, we model a single SO, peak with a maximum VCD approximately beneath the expected plume
location extending in width over ~5 km or ~4.5 km wider than theoretical.

The modeled SO, CSB for scenario F is underestimated with respect to theoretical in all cases.
This underestimation increases to 50% of the true value as cloud opacity increases from AOD =0 — 2. For
cloud AOD > 2 conditions the underestimation decreases, reaching 71% of the true value. As also found
in scenario E, only the cloud AOD = 0 case of scenario F yields an SO, CSB within the desired
uncertainty of £25%.
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3.3.1.7 Additional Factors

General observations made for the 400 m thick cloud scenarios discussed above are broadly
consistent with model runs performed for other cloud thickness and not discussed in detail here. Thicker
clouds of 800 m and thinner clouds of 200 m do not produce appreciable deviations in observed peak
shapes relative to the 400 m thick cloud scenarios, with the few exceptions being those scenarios with
substantial amounts of multiple scattering such as for 800 m thick clouds and cloud AOD > 8.

We also explore the effects of plume AOD between 0 — 8 on the uncertainty in derived SO, CSBs.
Unlike cloud thickness, different plume AOD values have a more substantial effect on CSB uncertainty as
demonstrated in Figure 3.4 considering differences between a plume AOD of 0 and 4 and found in
previous studies (Kern et al., 2010; Kern et al., 2012). We find that a plume AOD of 1, representing the
limit of a plume considered translucent, leads to a burden underestimation 1 — 15% lower than
corresponding transparent plume (AOD = () scenarios. We also find that CSBs under a heavily opaque
plume (AOD = 8) are consistently lower than plume AOD = 4 scenarios, with uncertainties regularly

exceeding 50% of theoretical.

3.4 Discussion
3.4.1 Model results and errors in CSB retrievals

Our model results find that accurate SO, emission rate measurements may be acquired for
transparent plumes even when low clouds are present between the plume and the instrument. Our findings
here show that, even though the maximum measured VCD decreases beneath the plume with increasing
cloud opacity, thickness, and SZA (Figure 3.3), the resulting peak broadening for transparent plumes leads
to CSBs that agree within £25% of the theoretical input value, in most cases (Figure 3.4). Furthermore,
we show that while there may initially be a decrease in CSBs with increasing cloud AOD, peak
broadening eventually leads to larger CSBs that again approach the theoretical value (Figure 3.4). This
suggests that non-ideal atmospheric conditions specifically due to low cloud presence create errors in
CSB only to a point and in most circumstances are not contributing substantially (>25%) to total error, as
long as the overhead volcanic plume is sufficiently transparent.

Our results also indicate that the location of the ghost plume can be predicted quite accurately
from simple geometrical considerations about the position of the sun and difference in altitude between
the plume and underlying cloud. For the scenarios we inspected we found lateral displacements of ~700
m and ~2000 m for SZA of 30° and 60°, respectively, and a difference in altitude of 1600 m; which agrees
quite well with the prediction of Eq. 3.4.

Full error estimates in the construction of SO emission rates consist of uncertainties in several

broad categories including wind speed, instrumental error, measurement geometry, and atmospheric

51



scattering (Galle et al., 2010). Both atmospheric scattering and wind speed are identified as large
components of error in total SO, emission rate calculations; our models address some of the effects caused
by poor atmospheric conditions. Our scenarios B, D, and F with an opaque plume (plume AOD = 4) show
a substantial underestimation of the CSB and demonstrate that atmospheric scattering is a large
contributor to error in emission rate measurements under opaque plume and low cloud conditions (Figure
3.4). Our scenarios A, C, and E, however, find that conditions with a transparent plume and opaque cloud
between the plume and the DOAS telescope yield acceptable uncertainties (within £33% for all
scenarios). This suggests that DOAS measurements can be collected under low-cloud conditions and still
produce acceptable measurements. We would then suggest that opaque low clouds by themselves are not
a large contributor to total SO, emission rate error and that definitions of poor atmospheric conditions
could be narrowed to only include those with an opaque plume.

“Dampening” in the translucent plume case may be due to dilution caused by the cloud. Increased
opacity of the plume counteracts this effect by multiple-scattering inside the plume. For the opaque plume
case the dampening is worst probably because less photons from the plume actually reach the instrument
as they become scattered away or extinct in the plume.

Determining plume transparency when the plume is obscured by low clouds will rarely be
possible and will require external resources such as fortuitously located webcams and/or pilot reports. An
incorrect assessment of plume transparency may also lead to errors in measurement geometry based on
the misattribution of the true plume location which would then further impact the total error in SO»
emission rate. All scenarios examined in our models where the sun is not directly overhead in conjunction
with an opaque cloud layer between the DOAS instrument and plume cause modification of plume cross
sectional shape and a majority lead to ghost plume emergence. Unexpectedly, ghost plumes are seen even
at low cloud AODs of 1 in thinner cloud layers (200 m), which suggests that plume shape modification
may begin to occur under a multitude of commonly occurring real-world situations. These low cloud
AOD scenarios are common in otherwise optimal urban and marine conditions, where low-lying haze or
acrosolized sea salt may generate ambient AOD values of 0.1 — 0.4 at the wavelengths considered for

DOAS retrievals of SO, (Mulcahy et al., 2008).

3.4.2 Recommendations

Considering our model results, we recommend the following practices for collecting DOAS-
traverse measurements of volcanic SO, emission rates for volcano monitoring. First, error should be
minimized by ensuring that measurements are collected at least 1 km from the vent to increase the chance
of low plume opacity. Measurements with a low cloud layer and transparent plume may be increasingly
common further from the volcanic edifice as the plume dilutes in the atmosphere, generally at distances

over one kilometer (Matsushima and Shinohara, 2006). Secondly, DOAS traverses recorded with low
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cloud cover should extend beyond any SO» signals for several km to be able to capture and include any
potential ghost plumes. For example, in our scenario of a plume ~1 km above the cloud layer we need to
extend our traverse up to 1 — 2 additional kilometers perpendicular to the plume in order to properly
capture background and any potential ghost plumes. In the case of conditions with scattered clouds
beneath the plume, extending the traverse may provide an opportunity to visually constrain overlying
plume conditions. In order to ascertain the degree of plume opacity during traverses, acquisition of
complementary visual observations through webcam or unmanned aircraft systems (drone) imagery as
described above is desirable in order to assign an approximate level of uncertainty to resulting emission
rate measurements. If no resources exist to confirm the opacity of the plume during the traverse, the full
list of shapes from our six scenarios (Figure 3.3) may also be used as a guide to ascribe a level of
uncertainty (Figure 3.4) and help characterize overlying atmospheric and plume conditions of DOAS
traverses from real-world scenarios (also see our case study below). Thirdly, simple judgement of the
shape of the plume, the appearance of an image of the main plume and the relative location of the sensor,

plume and sun should be used to determine if a ghost-plume may be present or not.

3.4.2.1 Automation of plume detection

As discussed above, selecting plume horizontal limits and SO, baseline values is somewhat
subjective and different analysts likely use different guidelines to make these choices that ultimately
impact the derived SO, CSB and emission rates. Our modeling study shows that, if we simply integrate
the SO, column density along the entire traverse, we obtain approximately a 10% overestimate of the SO»
CSB for optimal atmospheric conditions (transparent plume, no clouds). This is mostly caused photons
that pass through the plume and are then scattered beneath it towards the instrument. These photons carry
the absorption signature of SO, in the plume but, depending on the SZA, are detected away from the
plume and lead to a slightly overestimated CSB. This effect is analogous to but less pronounced than the
ghost plume effect and occurs even in cloud-free conditions due to scattering on air molecules rather than
cloud droplets.

If we apply the plume selection criteria we introduced above, the SO, column densities along a
traverse are adjusted for a small but non-zero baseline SO, VCD (typically in the range of 2 — 410"
molecule cm™ during optimal conditions). Low cloud conditions with moderate to high (> 4) AOD can
further increase the automatically derived baseline VCD to 6 — 11 x 10! molecule cm? due to multiple
scattering within the cloud layer causing a further broadening of the measured peak. Use of our method
for automatically defining the plume limits is recommended, as we have found that our automation of the
selection process appears to properly identify a reasonable background value and plume extent, such that
the calculated CSB is within reasonable margins (£25%) of the theoretical value. In our analyses without

an adjusted baseline under high cloud AOD and SZA scenarios, the CSB was at times overestimated by
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upwards of 100%. Secondly, as SZA increases, an amount of skewness is introduced such that the plume
is no longer symmetrical on each side. At high SZA values in optimal atmospheric conditions, the degree
of skewness becomes more elongated such that the background VCD appears higher several kilometers
beyond the plume on the side opposite the solar position. Because of the nature of these shapes, ~10%
error was found in our ideal traverse CSBs depending on the thresholds and averaging which we selected
for baseline determination. Both the challenge of manually selecting an appropriate baseline and/or
manually defining plume limits indicate the opportunity for user-induced error in SO, emission rate
calculations depending on what criteria are used for CSB determination.

For a plume SO, VCD of 2.5x10'7 molecule cm™ at plume center, a dVCD/dx threshold of 1x10"
(molecule cm™) to determine plume limits was found to be sensitive enough to accurately capture small
features which should be considered part of the plume or ghost plume while not capturing noise.
Additionally, averaging 5 adjacent consecutive SO; column measurements was found to reduce the model
photon noise to below 1x10' (molecule cm™), even for the extreme scenarios (e.g. Cloud AOD = 20,
scenario F). Other threshold values may be more appropriate for differing sets of real-world data

depending on the signal/noise ratio achieved during the respective measurement.

3.5 Case Study: Cumbre Vieja, 2021
3.5.1 DOAS retrieval and atmospheric conditions

In this section, we aim to compare real-world measurements of a volcanic plume and ghost plume
to several simulated model scenarios and attempt to derive a best estimate of the encountered conditions
and SO; emission rate. We use a DOAS dataset acquired during the 2021 eruption of Cumbre Vieja
(Albertos et al., 2022), Canary Islands, Spain (51.78887° N, 178.79368° W; 1573 MASL), which shows
what appears to be a ghost plume in the measured SO, VCD curve (Figure 3.5). DOAS spectra were
collected by boat traverse at an azimuth (AZ) of 340° on November 27" between 11:50 — 12:30 UTC by
staff of Instituto Volcanolégico de Canarias (INVOLCAN). The solar position was approximately behind
the ship for the entirety of the traverse at an AZ of ~160° and an SZA of ~55°. Measurements were
collected over a distance of 16 km using a vertically oriented mobile-DOAS instrument, similar to that
described in Galle et al. (2003), placed on the front of the ship (Figure 3.5). The instrument employs a
telescope with a single quartz lens focusing incident light on the entrance of a quartz optical fiber bundle,
a Hoya U-330 bandpass filter with long-wave cutoff at 330 nm, a grating spectrometer from Ocean
Insight with 0.6 nm spectral resolution, and a GPS receiver. The resolution of the spectrometer was 0.6

nm and the time resolution was 1 second.
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quantity of lava flowed into the ocean, which typically produces lava haze, or “laze” (Edmonds and
Gerlach, 2006), which can increase atmospheric AOD at ground level. TROPOMI satellite imagery for
that day (Theys et al., 2017) shows a single plume in a location SSW of the volcano consistent with the
location estimated by the boat traverse.

For use in this study, traverse data were processed using the fit routines implemented in the
DOASIS software (Kraus, 2006) and using a custom MATLAB code for spatial analysis of mobile DOAS
data (mDOAS, as used by Kern et al., 2020). The DOAS fit was performed between 320 — 324.5 nm with
absorption cross sections for SO» (Bogumil et al., 2003), O3 (Vandacle et al., 2009), and a Ring-effect
correction (Grainger & Ring, 1962). This atypical narrow wavelength range was chosen to avoid
saturation effects from strong SO; absorption (e.g., Kern et al., 2010, Elias et al., 2018, Fickel et al., 2017)
and hot pixels in the spectrometer’s CCD detector, and to better facilitate comparisons to output from our

monochromatic radiative transtfer model (see following sections).

3.5.2 DOAS results

The DOAS retrieval yielded SO, VCDs of up to ~7,000 ppmem SO, (1.75 x 10" molecule cm™)
and a potential ghost plume with VCDs of ~3,000 ppmem (7.5 x 10" molecule cm™) to the northwest of
the main plume. The traverse intersected the plume at an angle of 45°, indicated by a source direction
calculated with mDOAS at an AZ of approximately 25° and GPS tracks of the boat traverse at a bearing
of AZ 340° (Figure 3.5, Top). The plume width along the traverse was approximately 6.5 km, which
corresponds to a 4.5 km width normal to the wind direction. The potential ghost plume has a width of ~4
km along the transect. There is some variability in the retrieval VCSs which creates some ambiguity in
determining the exact distance between the main plume and ghost plume peak, but the distance appears to

be somewhere between 5.5 — 7 km.

3.5.3 Model comparisons
3.5.3.1 Model initialization

In total, four model scenarios were investigated in an attempt to best reproduce the SO, VCDs
measured along the described traverse. All four model scenarios share the same plume, solar, and traverse
dimensions. All simulations were conducted over a traverse path of -10 to +16 km with a measurement
every 100 m. In order to replicate the real-world traverses in our model space, we simulated a traverse
heading at an azimuth of 315° relative to a plume centered along the Y-axis (equivalent to North—South)
(i.e. intersecting the plume at 45°) and define our instrument X (equivalent to East—West) and Y

coordinates as:

Positionging (X, Y) = Position,;iq(sin 45° X path, cos 45° X path) (Eq. 3.6)
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where path describes instrument location for each 100 m traverse increment. The CSB of the simulated
traverses and real-world data were calculated using the first derivative of VCD over distance in the same
manner as described in our methods section, except we used a higher threshold value of + 2.5 x10*
(molecule cm™) to select our plume limits to accommodate the much larger Cumbre Vieja SO, VCD
values.

Based on the known geometry for the transect and detected plume width, we model a plume
width of 4.5 km (Figure 3.5 Top). The exact plume dimensions are not known but, as volcanic clouds tend
to spread laterally more efficiently than they do vertically (Sparks et al., 1997; Bursik, 2001), we assume
a rectangular plume cross section for the purposes of our modeling study. An AOD of 0.5 for the
atmosphere above the ocean (marine layer) during the eruption (Filonchyk et al., 2022) were assumed for
the lower laze layer and an in-plume AOD of 0 was used to simulate observations of a plume that
appeared largely transparent down-wind of the vent. Finally, we simulate the radiative transfer at 320 nm
to be consistent with the fit window used in the DOAS analysis of these measurements.

SO, emission rates are calculated from DOAS measurements by multiplying the SO, CSB with
the perpendicular wind speed. Here, we use ERAS wind reanalysis product provided by the European
Center for Medium-Range Weather Forecasts (ECMWF) queried for the traverse location. Wind speeds
between 2 and 5 km altitudes were all within 12 = 1 m s! and directions were within & 2° of each other.
To concentrate on the effects of radiative transfer on our measurements, we consistently apply a single
value of 12 m s at AZ 18° to calculate emission rates for the real-world data and all model scenarios

presented below.

3.5.3.2 Scenario A (2 km plume altitude with no laze)

The purpose of scenario A is to examine the radiative transfer effects of a transparent plume and
atmosphere following a plume altitude of 2 km with an approximate vertical thickness of 1 km estimated
from webcam videos taken near the time of the traverse. For this scenario a modeled plume SO, VCD of
~6,000 ppmem (1.5x10' molecule cm™) is used across the entirety of the layer corresponding to the
approximate average SO, concentration through the main plume in the real-world data. This value was
selected to best reproduce the SO, VCDs measured along the main plume in our model space.

For scenario A, we find the modeled plume detection is relatively symmetrical and captures the
extent and magnitude of the real-world main plume. No ghost plume is apparent, and the shape of the
real-world traverse is not replicated by our model (Figure 3.6A, dashed blue line). The theoretical and
simulated SO, emission rate from this scenario are 79 and 77 kt day™!, respectively, both slightly less than

what is measured in the real-world traverse. An underestimation of real-world parameters is expected
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under the modeled parameters given that a ghost plume is not expected to occur without a condensed

atmospheric layer between the plume and clouds.

3.5.3.3 Scenario B (2 km plume altitude with an AOD = 0.5 laze)

For scenario B, we now examine the radiative transfer effects of a transparent plume with a layer
of laze present. To examine how even a minor amount of atmospheric condensation may impact
measurements, we assume the same parameters as scenario A with 400 m thick layer of AOD = 0.5 laze
inserted at ground level.

Scenario B provides a slightly improved match with respect to the real-world main plume extent
and shape. With the insertion of a condensed layer, we also begin to see a ghost plume emerge as a tail in
the direction of the real-world traverse’s “ghost plume” detection (Figure 3.6A, blue line), however the
ghost plume is still not perfectly captured in extent and magnitude. The input SO, VCD and theoretical
CSB is the same as scenario A, but the simulated emission rate is marginally lower at 73 kt d! (Table 3.2).
This value is 21% lower than the DOAS measurements that ignore cloud and aerosol scattering. The
discrepancy appears to stem from an inability to fully reproduce the secondary ghost plume measured to
the north of the main peak. This mismatch in shape indicates that scenario B fails to describe the real-
world situation completely and leads us to explore other atmospheric conditions that might lead to a better
match in measured plume shape (see scenarios below).

Another consequence of the parameters we examine for this scenario is the production of a ghost
plume which is partially within the margins of the main plume. This phenomenon appears to be related to
the low plume altitude, large width of the plume, and steep solar position near the horizon. The “stacking”
of a ghost plume is evidenced by higher VCD values than in scenario A, indicating that ghost plume need
not be separate from the main plume under certain conditions. In the case of the real-world data, we
observe a fully separated ghost plume which suggests that a higher altitude modeled plume would provide
a better fit.

3.5.3.4 Scenario C (4 km plume altitude with an AOD = 0.5 laze)

In an attempt to better capture the secondary ghost plume on the north end of the measured
traverse, we explored the influence of plume altitude on the simulations with a layer of AOD = 0.5 laze
inserted at ground level. Here, we consider a plume centered at a 4 km altitude based on a geometric
solution from the known solar geometry and the distance between the ghost plume and main plume
(Figure 3.5 Top Inset). For high plume altitudes, the effects of light dilution on SO2 VCD is expected to
be significant such that reproducing the real-world measurements required initializing the model with a
higher SO, VCD. We attempted to find appropriate model input SO, VCD concentrations to match real-

world measurements by iteratively measuring model output SCD for a range of concentrations at 4 km
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real-world dataset. The discrepancy within this scenario appears to stem from an inability to fully
reproduce the magnitude of the main plume VCD at high plume altitude. The plume width and solar
geometry with the plume altitudes in scenario C still results in a stacking effect of the main plume and
ghost plume such that there is not a distinct ghost plume peak separate from the main plume. Thus, we
attempt to explore the upper bounds of a geometric solution to plume altitude in an attempt to separate

these features.

3.5.3.5 Scenario D (5 km plume altitude with an AOD = (.5 laze)

For scenario D, we shift the plume altitude to 5 km to examine if a separated ghost plume can be
reproduced. To accomplish this, we use the upper limits of a reasonable geometric solution based on the
distance between the main plume and ghost plume to model a plume centered at 5 km altitude. We also
employ the same iterative procedure of increasing plume SO, VCDs as scenario C to address the issue of
light dilution. For this plume altitude we find that a VCD of ~11,000 ppmem (2.75x10" molecule cm™) is
most appropriate.

At high altitudes, our simulation in Scenario D is subject to the largest amount of light dilution
and performs worse than all previous scenarios at simulating the VCD of the main plume. Light dilution
is most extreme of all scenarios considered for this study, so the resulting emission rate is also the lowest
and provides the worst match to the real-world data with an underestimation of 41% (Table 3.2). The
magnitude SO, measured in the main plume is the lowest of all scenarios but the main plume now appears
to not contain a stacked ghost plume. The magnitude of the ghost plume is higher than other scenarios,
but still fails to perfectly match the real-world dataset (Figure 3.6B, orange line). Additionally, the extent
of the ghost plume is kilometers beyond the margins of the real-world traverse. In this case our mismatch

of the ghost plume extent would signify that a lower plume altitude is most probable.
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3.6 Ghost plume effects in real-world data

Our simulated traverses show that plume modification due to the presence of atmospheric laze (or
haze) with low AOD values may be prevalent and have a substantial impact on retrieved SO, VCD values
or derived emission rates depending on the plume elevation and solar geometry. Marine layer AOD values
of 0.5 have been measured during the Cumbre Vieja eruption (Filonchyk et al., 2022) and are within the
range for marine layers in the North Atlantic Ocean, for which ambient AOD may vary between 0.0 — 0.8
depending on the contribution of salt spray, dust, and anthropogenic pollutants (Mulchay et al., 2008;
2009). Similar AOD values of up to 0.8 may also be found on land in some urban environments (Zhang et
al., 2020). Despite plume shape modification likely occurring with the presence of laze, we have
demonstrated that the resulting SO, CSBs from these traverses with low-AOD laze will still be
approximately equivalent to counterparts without laze, if plumes are transparent. This suggests that future
traverses in the presence of haze or laze may be conducted with little concern, but measured plumes may
be broader than the actual plume width. Because of this plume broadening in the presence of laze, a small
apparent offset to the plume center may occur which could potentially contribute additional emission rate
uncertainty when considering the actual versus measured plume center and wind direction. It is likely that
the largest source of underestimation and uncertainty in our measurement is the effect of light dilution, as
demonstrated by the increasing underestimation in plume SO, CSBs as we sequentially raised the plume
altitude in scenarios C and D.

At plume altitudes of 4 and 5 km we were not able to reproduce the magnitude of the measured
main or ghost plume SO, VCD in our model space, suggesting that the real-world plume was likely not as
high as assumed in these scenarios, and that other processes must have been responsible for the
pronounced secondary plume to the north of the main peak (see alternative scenario below. The problem
of light dilution for plumes at high altitude has been noted in Kern et al. (2010), Varnam et al. (2020), and
Galle et al. (2023), among others; the problem with DOAS measurements at high SO, concentrations has
been noted under similar conditions at Kilauea Volcano (Elias et al., 2018), Aso Volcano (Mori et al.,
2006), and has been studied with simulations using McArtim (Kern et al., 2010). Our inability to replicate
the exact magnitude of the measured SO, VCD from the Cumbre Vieja dataset with a realistic plume
morphology suggests that other factors not accounted for in our model may be at play. Factors such as
complex plume morphology, non-homogenous chemical distribution of SO, within the plume, and the
potential of multiple SO, sources or plumes could be preventing us from fully replicating the real-world
observations in model space. Notwithstanding, our ability to approximate the CSB of the real-world
traverse with simple geometric and atmospheric assumptions demonstrates the strength of modeled

traverses in accurately representing associated inaccuracies.
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Further challenges to constraining the plume geometry include the large uncertainty in estimating
plume altitude from webcam imagery and the fact that the available imagery is not temporally coincident
with the time of the traverse. Even with these challenges, we find that the ghost plume width for a
modeled plume between 2 — 4 km altitude agrees with the measured Cumbre Vieja ghost plume width
(Figure 3.6B). Satellite observations from earlier explosive phases of the eruption suggest that the plume
frequently reached an altitude of 6 — 8 km (Filonchyk et al., 2022) though explosive activity had largely
ceased by November 27 (Romero et al., 2022), so it is feasible that our measured plume could represent a
lower altitude consistent with scenarios C and D. At plume altitudes of 2 — 4 km, the ghost plume
manifests within the extent of the main plume, unlike what was observed in the DOAS transect. This
would suggest that the true altitude of the plume is higher than what we have assumed or more likely that

the plume shape is more geometrically complex than what was modeled here.

3.6.1 SO, plumes at multiple altitudes

An alternative explanation for the apparent ghost plume measured at Cumbre Vieja on November
27 may be that SO in this traverse was captured from either a bifurcated plume or multiple SO; emission
sources. In the case of a bifurcated plume, atmospheric instability or internal plume mechanisms may split
an initially intact plume (Ernst et al., 1995) to create two distinct, separate lobes. If we have erroneously
interpreted our traverse as a main plume and ghost plume instead of a plume with higher amounts of SO,
and a detached lobe with less SO, then the resulting CSB could appear to be similar in shape to a main
plume and ghost plume. Similarly, if an additional source was emitting SO», potentially from the flank
fissure, in addition to the main vent, two somewhat distinct SO, plumes may be seen in traverse
measurements of SO, VCD. Elias et al. (2018), Kern et al. (2020), and Lerner et al. (2021) documented
that significant quantities of SO, were released from rifts and lava flows in addition to the main vent
during the 2018 Kilauea eruption, so it is likely that some quantity of SO; was also emitted during the
Cumbre Vieja eruption at or near ground level. Local news reports the day of the traverse in £/
Cor.fidencial (2021, November 28) indicate elevated SO; at ground level at Cumbre Vieja, however the
concentration of measured ground-level SO» (724 pg m™) would require an unrealistic thickness of laze
(e.g., > 10 km) to match the observed ghost plume VCD (~3,000 ppmem). This suggests that SO, was
present at multiple altitudes, with the real-world measurement capturing SO, from a plume at a high
altitude in addition to SO, emitted at a lower altitude producing what we had been referring to as laze.
The additional presence of SO in a lower laze layer or a secondary low-altitude source of SO, would also
contribute to higher recovered VCDs and explain our inability to match real-world VCD values in the

main plume traverse.
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3.6.2 Comparison to literature emission rates

Overall, the emission rates derived from the real-world SO, measurements and our simulated SO,
VCD data are higher than but within realistic margins for existing measurements reported for the 2021
Cumbre Vieja eruption. Ground-based traverses by Albertos et al. (2022) suggest SO, emission rates over
30 kt day!, decreasing towards the end of the eruption on December 12, 2022. Satellite analysis in
Filonchyk et al. (2022) using TROPOMI suggests SO, emission rates up to ~55 kt day™! at the height of
eruption in early to middle October, however their studied period ends on October 16 and does not
overlap with our observations. In total, the maximum reported emission rates during the period when
eruptive plumes were also highest approach the values simulated for a plume at 5 km altitude (scenario D)
and suggest that the true emission rate during this eruption may well have been underestimated in

previous studies.

3.6.3 Likely plume scenario

We find that none of our modeled scenarios adequately replicate both the magnitude of the
measured SO, VCD and the size or shape of what we have chosen to interpret as a ghost plume in the
real-world observations. While we have chosen to discuss several potential scenarios, the true plume
conditions which produced the observed cross section at Cumbre Vieja may involve some combination of
a geometrically complex plume with multiple SO; sources, a main plume at an elevation between 2 — 5
km, and a secondary SO, source or laze layer at ground level. All these factors would allow for a
sufficiently separated secondary ghost plume while not hindering our ability to capture very high VCDs in
the main plume due to light dilution. Ultimately, this dataset represents an example of a situation in which
conventional DOAS retrievals may fail due to very high VCD values encountered in the main plume.
However, the many unknown atmospheric parameters make it difficult to provide robust corrections for
the complex radiative transfer using the model simulations. While we can effectively reproduce the main
characteristics of the measurement, we are not able to capture all details in a single model scenario, likely
due to the much more complex plume morphology of the real-world measurement. Still, the presented
model scenarios give an idea of the range of SO, emission rates which can be considered consistent with
the measurements (85 — 156 kt d!, see table 3.2), as well as an understanding of the measurement

uncertainty.

3.7 Conclusions

The emergence of ghost plumes is a known, but until now relatively poorly studied phenomenon
in remote sensing of volcanic SO, plumes. While it is commonly accepted that different atmospheric
conditions may impact SO, column density retrievals from individual DOAS measurements, we have

expanded on the current body of knowledge to constrain the influence of solar zenith angle and below-
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plume cloud AOD on SO, vertical column density (VCD) measurements. We have presented a visual and
quantitative guide for how varying low-cloud atmospheric conditions modify plume shapes and generate
ghost plumes in DOAS traverses. Furthermore, we have demonstrated that, for concentrations of SO,
commonly measured during persistent degassing, a below-plume cloud will modify the shape of a plume
VCD profile along the traverse, but the resulting cross-sectional burden will generally agree within £+ 25%
of the input value if the plume AOD is < 1. Our research demonstrates an application of the McArtim
model to simulate DOAS traverses of simple volcanic plumes; however, due to the complex nature of
real-world plumes, our simulations may not perfectly match real-world observations. We have also shown
that modification of plume shapes due to low clouds may be more common than previously thought and
provide real-world observations and simulations for a rather extreme case observed during the 2021
Cumbre Vieja eruption. Our findings indicate that DOAS traverse measurements made under suboptimal
atmospheric conditions can still yield relatively accurate SO, emission rate measurements for volcano

monitoring purposes.
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Chapter 4 Using modeled wind speeds to estimate volcanic plume altitude with application to single-
station scanning DOAS-derived SO, emission rates from Cleveland, Korovin and Gareloi Volcanoes,

Alaska’

4.1 Introduction

Monitoring volcanic SO, emissions is an important tool for establishing long-term emission
trends and identifying periods of unrest. Relative increases or decreases in SO, may indicate changes in
underlying magmatic, hydrothermal, or conduit conditions. For some volcanoes, especially open-conduit
systems during passive degassing, the SO, emission rate, or flux — the total mass of volcanically-sourced
SO, degassed to the atmosphere over a time period (e.g. kg SO, s™! or t SO, day!) — may vary by orders
of magnitude (de Moor et al., 2017; Arellano et al., 2021). Characterizing background activity and
identifying changes in SO, emissions that may indicate volcanic unrest requires accurate measurements at
high temporal resolution over extended time periods.

Volcanic SO, emissions are commonly quantified via Differential Optical Absorption
Spectroscopy (DOAS), an ultraviolet (UV) remote sensing technique which uses scattered sunlight as a
radiation source (Platt and Stutz, 2008). This method removes broadband scattering to concentrate on
narrowband absorption features through a variation of the conventional Beer-Lambert law. DOAS
measurements allow calculation of the number of molecules of SO, within an atmospheric column,
commonly referred to as column density (molecules cm2). These measurements can be collected in series
along a cross section of a volcanic plume, and the integral of these measurements over the plume width
(m) can be computed to determine a two-dimensional SO, cross sectional burden (molecules m™!). The
SO, cross sectional burden is then multiplied by wind speed and converted to mass units using the molar
mass of SO to calculate an emission rate (in units of tons per day [t SO, d!] or kilograms per second [kg
SO, s) (Galle et al., 2002; Galle et al., 2010). The plume SO, cross section is typically measured using
DOAS instruments via one of two applications: traverse or scanning, described below.

DOAS traverses are acquired by moving the DOAS instrument, installed on a vehicle,
perpendicular to and below the plume to acquire upward-looking measurements of SO, column density
(McGee, 1992; Platt and Stutz, 2008). This method has several advantages including lower errors
stemming from better defined plume geometry. When performed via aircraft (e.g. Stoiber et al., 1983), the

traverse method reduces light dilution because it gets closer to the plume and allows for near-coincident

3 Kushner, D.S., Lopez, T.M., Kern, C., Lerner, A.H., Kelly, P.J., and Werner, C. (in prep). Using modeled wind
speeds to estimate volcanic plume altitude with application to single-station scanning DOAS-derived SO, emission
rates from Cleveland Volcano, Korovin Volcano, and Gareloi Volcano, Alaska.
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accurate measurements of wind speed through the wind-circle method (Doukas et al. 2002; Kern and
Kelly, 2023).

Scanning DOAS instruments measure SO; as a slant column density (SCD), defined as the
concentration of SO, (c) integrated over the entire path length (1):

SCD = [ c(D) dl (Eq. 4.1)

By collecting SCD measurements incrementally at set angles through a swath of sky from a fixed
position, it is possible to calculate the cross-sectional burden of an intersected plume (Figure 4.1).
Because scanning DOAS instruments are stationary, the scanning routine may be automated to collect
measurements without a human operator, and thus can provide the type of high-frequency monitoring
which has been used to identify long to short term trends in degassing through the Network for
Observation of Volcanic and Atmospheric Change (NOVAC; www.novac-community.org) program (Galle
et al., 2010; Arellano et al., 2021). NOVAC-monitored volcanoes all have scanning DOAS instruments
collecting high-frequency measurements which are ingested into a software package for automatic
evaluation of SO, cross sectional burdens. Real-time monitoring of emission rates within the NOVAC
program uses Global Forecast System (GFS) products, a wind speed forecast provided through the
National Oceanic and Atmospheric Administration (NOAA). While there are several methods used to
determine the plume cross section (detailed in Kern, 2009), the NOVAC software uses the lateral
integration method for real-time monitoring (Johansson et al., 2009a).

In the lateral method (Figure 4.1), a DOAS scan detecting a gas species of interest is used to
determine the lateral distance of the plume start from the instrument (d;) which is calculated from the

instrument scanning position from zenith (o;) and plume altitude (h):
d; = h-tan(a;) (Eq. 4.2)

The lateral distance is combined with subsequent DOAS scans (Aa) at known step angles to determine the

horizontal distance across the plume (Ad):
Ad = h -tan(o; + Aa) — d; (Eq. 4.3)

Vertical column density (VCD), or the concentration of an absorbing species directly vertical from a point

in space, is used for these calculations and may be converted from SCD as follows:
VCD = SCD - cos() (Eq. 4.4)

The average VCD between two scan positions (VCD;) is expressed as:

VCD; = (SCD; - cos(a;) + SCDyy * cos(oy + Aa)) (Eq. 4.5)
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X = Zieplume(VCDi - Ad;) (Eq. 4.6)



=X v (Eq. 4.7)

One major complication of the lateral integration method arises from the dependence of Ad, and thus the
cross section, on knowledge of the plume altitude. Substituting equation equations 4.2 and 4.3 into

equation 4.6 allows for cross section to be framed in relation to plume altitude:
X=h " Yieptume(VCD; - tan(a; + Aa) — tan(e;)) (Eq. 4.8)

Equation 4.8 shows a linear relationship between plume altitude and SO; cross section. Because the cross
section, and thus emission rate, is dependent on the plume altitude, proper constraints on plume altitude
are necessary to ensure accurate emission rates. In the case of Figure 4.1, if we assume that a lofted plume
is twice the distance from a scanning DOAS as a plume at summit altitude, then the lofted plume would
have twice the SO, cross section of plume at summit altitude despite producing the same plume SO, scan.
One method to constrain plume altitude is through geometric resolution when two or more scanning
DOAS stations (Edmonds et al., 2003; Galle et al., 2010), simultaneously measure the same plume. This
geometric method to constrain plume altitude is not currently implemented in real-time and cannot be
used in situations where only one scanning DOAS station is present or operating.

Here we assess scanning DOAS SO, measurements acquired via single-station instruments and
develop a new methodology to estimate plume altitude during quiescent (non-eruptive) degassing based
on wind-speed data. The initial properties of volcanic plumes are complex but may largely be governed
by the plume’s capacity to expand and transfer latent heat to the surrounding atmosphere (Morton et al.,
1956). In quiescently degassing environments where the mass ¢jection rate is relatively low, wind
becomes increasingly important for promoting plume mixing with cooler ambient air and mechanically
forcing the plume down volcanic flanks (Sparks et al., 1997; Bursik, 2001). Because plume altitude for
quiescently degassing volcanoes varies largely as a function of wind speed, we investigate using modeled
wind speed data to estimate plume altitude, which we then use to calculate SO, emission rate from single-
station scanning DOAS instruments. We show that our method produces more accurate SO, emission
rates relative to those calculated assuming a summit plume altitude (as is commonly done in the absence
of better plume altitude information) when compared to coincident or semi-coincident airborne
measurements from the target volcanoes. We present scanning DOAS measurements collected from three
remote and persistently degassing volcanoes during field campaigns in 2019 and 2023. Our target
volcanoes are Cleveland Volcano, Gareloi Volcano, and Korovin Volcano (Figure 4.2A), all located in the
Aleutian Islands, Alaska. We anticipate that this method can be applied to other locations for improved

real-time monitoring with additional validation for different volcanic sites.
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4.2.1 Plume altitude estimation

Here we aim to estimate plume altitude for single-station scanning DOAS derived SO,
measurements using modeled wind data. We exploit the inverse relationship between wind speed and
plume altitude during periods of passive (non-eruptive) degassing, where higher wind speeds lead to
volcanic plumes being blown down volcanic flanks (referred to throughout as “grounded” plumes), while
low wind speeds often result in lofted volcanic plumes which ascend vertically before being blown over at
higher altitudes. We combined visual observations of plume altitude from AVO-operated webcam imagery
(Station CLCO at 52.7866°N, -169.7229°W, 260 m.a.s.1.) of Cleveland Volcano to near-coincident
modeled wind data for Cleveland’s summit altitude to calculate a linear relationship between these
parameters. We identified 23 clear images of Cleveland Volcano between 2014 and 2022 with clear
summit conditions and a discernable plume nearly perpendicular to camera direction (Figure 4.1). For the
selection process, we consider only images where the plume was visibly near perpendicular (+45°) to the
camera angle. We do not anticipate that concentrating on a narrow range of plume directions (typically
from the southwest to be measured by our instrument located on Cleveland’s northeast flank) will affect
our measurements because Cleveland Volcano is relatively conical and surrounded by ocean. The plume
altitude was selected at the plume center, defined here as the midpoint of the plume. Plume altitude was
determined from the point in the image where the plume maintains a stable altitude following emission.
Further, we excluded cases where the plume cannot be confidently distinguished from clouds. After
identifying usable images, we calculated plume altitude based on the number of pixels between the plume
center and sea level (Figure 4.3A, B). The approximate dimensions of each pixel were calculated by
dividing the known summit elevation of Cleveland Volcano by the number of pixels between the
volcano’s base and summit. The webcam is located ~15.5 km away from Cleveland and positioned
approximately horizontally so distortions in pixel size within the image by altitude are minimal.

Wind speeds for Cleveland’s summit altitude (1730 m.a.s.l.) at the time of each image acquisition
were determined using two datasets: (1) the NOAA-based GFS (1 degree, 3 hourly resolution, forecast
product), which are the wind data automatically ingested into the NOVAC program for real-time analysis,
and (2) the European Centre for Medium-range Weather Forecasts (ECMWF; 30 km, hourly resolution)
ERAS reanalysis products, which are generally thought to be the most accurate modeled wind data in
terms of wind speed but are not available in near-real-time.

Wind speeds for each webcam volcanic plume observation were calculated for Cleveland
Volcano’s summit altitude, for GFS and ERAS altitudes separately, by linearly interpolating in time and
altitude space between the two closest datapoints from the respective model. Each plume altitude
observation was assigned to its corresponding modeled summit wind speed. Then webcam-derived plume

altitudes were plotted against the near-coincident modeled wind speed for summit altitude in a scatterplot.
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Due to a lack of sufficient webcam imagery containing a visible plume for the other target
volcanoes required to replicate this analysis, we applied the same linear relationship determined for
Cleveland to Gareloi and Korovin Volcanoes. We justify this extrapolation based on the relatively similar
conditions of the volcanoes, which are all islands in the same geographical environment with well-defined
conical edifices and summit altitudes between 1533 — 1730 m.a.s.l.. For use in data processing, where a
key input parameter is the altitude of the plume above the scanning DOAS instrument, we modified the y-
intercept of each equation for each volcano to reflect the known distance between the instrument and
summit elevation, which we refer to in the following as the relative plume altitude. For example, the
Korovin Volcano edifice is 197 m lower than Cleveland and the campaign scanning DOAS was deployed
at 222 m.a.s.]. (relative to the Cleveland station installed at 326 m.a.s.1.), thus 419 m was subtracted from
the y-intercept for both ERAS and GFS equations. The automatically generated wind speed file for each
dataset was then modified to assign a wind speed-derived, estimated (relative) plume altitude. With the
estimated plume altitude, SO; cross sectional burdens could be calculated and then used with the same

modeled wind speeds to calculate emission rates.

4.2.2 Campaign scanning DOAS instrument and measurements

A campaign-style NOVAC scanning DOAS station was deployed at Cleveland Volcano from
21:14, 8 August — 01:47, 10 August, 2019 Coordinated Universal Time (UTC) (instrument at 52.8222°N,
-169.945°W, 43 m.a.s.l., AZ 161°), at Korovin Volcano from 18:40 on 27 July to 04:34 on 30 July 2019
UTC (instrument at 52.37934°N, -174.1548°W, 222 m.a.s.l., AZ 239°), and at Gareloi Volcano from
21:14 on 18 July to 05:50 on 22 July 2019 UTC (instrument at 51.8178°N, -178.7787°W, 277 m.a.s.l., AZ
202°; Figure 4.2). Each station consisted of an open conical scanning head (Galle et al, 2010) connected
to an Ocean Optics S2000 spectrometer which was housed within a weather-resistant Pelican case (Figure
4.2B). Power to the scanning DOAS was supplied by internal batteries connected to solar panels and
controlled by a timer so that continuous scans occurred only during daylight hours. A full scan was
performed every 3 — 10 minutes, depending on sunlight intensity, during a 9-hour window from 21:00 —
6:00 UTC. All scanning DOAS data analysis was performed using standard procedures for NOVAC
stations (Galle et al., 2010; Arellano et al., 2021). Each scan was processed through the NOVAC software
program (version 3.3) to obtain an SO, cross section (in SO, molecules m™). Each DOAS scan examined
a wavelength range between 310 — 325 nm and was fit following the methods outlined in the post-
processing version of the NOVAC program (Johansson et al., 2021) for the trace-gas absorption cross-
sections of SO; and O3 (Bogumiil et al., 2003; Vandaele et al., 2009), in addition to a Ring effect
correction (Grainger & Ring, 1962). SO, emission rates were initially calculated for each scan within the
NOVAC program assuming a fixed plume altitude at summit altitude. A “plume completeness” algorithm

defined in Johansson et al. (2009b) was set to 60% in this study, which is lower than other literature
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examples examining scanning DOAS deployments (Arellano et al, 2021; Kunrat et al., 2022) which
typically use an 80% threshold. We used this lower threshold to retain a larger amount of data than would
be possible with the 80% cutoff, which retains only a small fraction of data for these campaigns. The
permanent scanning DOAS dataset at Cleveland volcano at the time of this writing consisted of 11,700
complete scans, 3216 of which are above a plume threshold completeness of 60% and 842 of which are

above a plume completeness threshold of 80%.

4.2.3 Permanent scanning DOAS instruments and measurements

The September 2022 — June 2023 data were collected through the installation of two permanent
scanning DOAS stations at Cleveland Volcano designed to operate continuously throughout the year and
telemeter data directly back to the Alaska Volcano Observatory (AVO; www.avo.alaska.edu) in
collaboration with the Anticipating Volcanic Eruptions in Real-Time (AVERT;
www.avert.ldeo.columbia.edu) project. Initially, a single instrument on the Northeast side of Cleveland
Volcano (Station CLNE at 52.8408°N, -169.9215°W, 326 m.a.s.l.; scanning head oriented at AZ 213°)
was installed on 14 September 2022. The CLNE station consists of an Ocean Optics Maya2000 Pro
spectrometer placed within an enclosed hut (Figure 4.2C). Fiber optic cables connect the spectrometer to
the enclosed conical scanning head via an attached mast. To conserve power, the station is equipped with
a manual switch and continuously collects measurements within predefined time periods. The scanning
DOAS station at CLNE is set to collect during an 8-hour window each day from 22:00 — 6:00 UTC (11:00
—19:00 HST) and is currently in operation, continuously telemetering data as of October 2023. A
secondary scanning DOAS instrument was installed on the East-northeast side of Cleveland Volcano
(Station CLES at 52.8235°N, -169.8951°W, 255 m.a.s.l.; scanning head oriented at AZ 265°) on 31 May
2023; however, telemetry issues have interrupted the acquisition of data which is stored internally on the
instruments. Because of the lack of CLES data, this study focuses only on scans from CLNE that are
currently available. Scanning DOAS data analysis for these stations is identical to the campaign stations

described above.

4.2.4 Upward-facing helicopter DOAS traverses and measurements

A series of helicopter DOAS traverses were conducted with a zenith-facing microDOAS
instrument attached to the helicopter step either coincident to or within 1 day of (referred to here as semi-
coincident) the operating period of each scanning DOAS instrument. The microDOAS is similar to that
described in Galle et al. (2002) and consists of a telescope, Ocean Optics USB2000+ spectrometer, GPS,
and computer within a hardshell container. All helicopter DOAS traverse data were processed using a
custom MATLAB program for spatial analysis of mobile DOAS data (mDOAS version 3.17, as used by
Kern et al., 2020). The DOAS fit of each individual spectrum was analyzed on DOASIS software (Kraus,
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2006) between 310 — 325 nm to account for the absorption cross sections of SO2 (Bogumil et al., 2003),
O3 (Vandacle et al., 2009), and a Ring-effect correction (Grainger & Ring, 1962). For the purposes of
comparability between scanning DOAS and helicopter DOAS measurements, all helicopter DOAS-
derived emission rates were calculated using ERAS modeled wind speeds. Wind circles were conducted

when possible during DOAS traverses and were used to evaluate the accuracy of modeled wind speeds.

4.3 Results
4.3.1 Plume altitude results

Our empirical analysis finds an inverse linear relationship between webcam-derived plume
altitudes and wind speed for Cleveland volcano (Figure 4.3). In general form, we find that relationship

can be expressed as:
Hp:Hs+(vN _v)'k (Eq 49)

Where Hp is the estimated altitude of the plume relative to the scanning DOAS which we refer to as the
relative plume altitude (equivalent to /4 in figure 4.1), and Hs is the vertical distance between the scanning
DOAS instrument and the summit elevation. We define vy as the windspeed at which a potentially
buoyant plume remains at summit elevation (in the case of Cleveland found to be 11.5 m s™'; Figure 4.3)
and define v as the modeled wind speed at summit altitude at the time of the scan. A plume altitude
sensitivity correction factor, £, is the empirically found factor used to scale the relative plume altitude,

which we calculate as -59.3 s (Figure 4.3).

4.3.2 Error estimation

Galle et al. (2010) provide a discussion of error sources for scanning DOAS measurements of
volcanic gas emission rates. In the following, we examine how our new method for estimating plume
altitude (Eq. 4.4) influences the uncertainty of derived emission rates. As discussed in section 4.1, the
volcanic gas emission rate is derived from the product of the cross-sectional gas burden X and the wind

speed v. The cross-sectional burden X itself depends linearly on the plume altitude (Eq. 4.8).

In our proposed empirical approach, we assign an inverse linear relationship between wind speed

and plume altitude (Eq. 4.9). In simplified form, we assume:
h=k v (Eq. 4.10)
Entering this relationship into Eq. 4.8 yields:

¢ =k v? - Yieprume(VCD; - tan(e; + Aa) — tan(e;)) (Eq. 4.11)
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For the purposes of examining the errors associated with wind speed and plume altitude arising

from our novel approach, we choose to momentarily neglect errors associated with the spectroscopic

retrievals of VCD or angular positioning of the DOAS scanner a (see Kern, 2009 for a full discussion of

these error sources). In the following, we abbreviate the sum over the column densities in the scan as

2VCD.

The standard error of the emission rate ¢ is then given by the equation:

2 _ (49} 2 ag)\?
% _(dk) ok + (dv) G
Calculating the partial derivatives yields:

a _ 2,
=V YVCD

do

= 2kv -2 VCD

Entering Equations 4.13 and 4.14 into 4.12 results in:
0p% = (W2 X VCD)?0* + (2kv X VCD)?0,?

_ 9 2, 49 o
_ﬁo-k_'_vzo-v

Solving for the relative error in emission rate yields:

2= 2 + 4y

(Eq. 4.12)

(Eq. 4.13)

(Eq. 4.14)

(Eq. 4.15)

(Eq. 4.16)

Where (%) is the relative error in modeled wind speed data (~25%; Galle et al., 2010) and (%) is the

relative error in the slope of the linear fit of webcam plume altitudes (~10%, Figure 4.3). Eq. 4.16 shows

that, when using our new method, the wind speed error becomes a dominant source of uncertainty as it

now not only describes the motion of the plume but also factors into the calculation of the cross-sectional

gas burden. Entering the uncertainties mentioned above yields a standard error of 51% for the emission

rate.

4.3.3 Overview of measurement period

Permanent scanning DOAS SO, emission rates were evaluated between 13 September 2022 — 7

June 2023 except for between 22 September — 19 October 2022 when there was a network power outage

which resulted in lost data. The processed data consist of 3264 individual scans which met our plume

completeness criteria (>60%), with a plume detected in at least one scan on 164 of 267 total operating
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days. Summary statistics for an estimated and assumed summit plume altitude are presented for the
entirety of the available Cleveland September 2022 — June 2023 data in Table 4.1 in aggregate and
monthly formats. The measurement period of campaign scanning DOAS deployments in 2019 covers 105
scans at Cleveland Volcano between 7 — 10 August, 178 scans at Korovin Volcano between 27 — 30 July,
and 85 scans at Gareloi Volcano between 18 — 20 July. Summary statistics for estimated and assumed
summit plume altitudes are presented for campaign deployments in Table 4.2 in aggregate and as daily
measurements due to the short duration of each deployment. Coincident helicopter DOAS data were
collected for the September 2022 — June 2023 Cleveland dataset, in addition to the 2019 Cleveland and
Gareloi datasets. Semi-coincident helicopter DOAS traverses were made within 24-hours of a scanning
DOAS scan for the Gareloi and Korovin Volcano datasets. These observations can be used to help
evaluate our plume altitude method, in addition to our corresponding wind speed and emission rate
results. Summary statistics and available plume speed constraints based on wind circle data for all

coincident and semi-coincident traverses are presented in Table 4.3.

4.3.4 Plume altitude validation

Wind circles performed during helicopter traverses provide an independent verification of
modeled wind speed. Helicopter wind circles performed at Cleveland Volcano on 20 September 2022
UTC were 7.7 (+ 0.6) m s! and agree well with ERAS5 models for the time (7.7 m s°!; Table 4.3).
Helicopter wind circles performed at Korovin Volcano on 26 July 2019 UTC indicate a wind speed of 7.6
(£0.6) ms™?, ~2 ms' less than ERAS5 modeled wind speed for that time. Based on these limited
comparison results, we estimate uncertainty in ERAS modeled wind data used here to be <2 m/s, which
we use for the remainder of our estimations.

Helicopter traverses also provide an additional validation of estimated plume altitude during
flight configurations where a series of in situ sensors (e.g., MultiGAS, Aiuppa et al, 2005) are onboard to
measure volcanic plume composition. Direct encounters of the plume by the helicopter at specific
altitudes can be compared with estimated plume altitude for a given wind speed at the time of
intersection. On 9 August 2019 the Cleveland Volcano plume was intersected during a gas flight between
1400 — 1800 m when we estimate a plume altitude of 1937 m. On 26 July 2019 the Korovin Volcano
plume was intersected by the helicopter between 1290 — 1500 m when we estimate a plume altitude of
1426 m. On 19 July 2019 the Gareloi Volcano plume was intersected at 1185 — 1525 m when we estimate
a plume altitude of 2114 m. These three validation opportunities find plume altitudes at + 137 m, within
range, and + 589 m of our estimates for Cleveland, Korovin and Gareloi respectively. Indicating that our
method works to within 7% for Cleveland where the method was developed and to within 38% for the
other volcanoes. We note that the measured plume altitudes may not reflect the true upper or lower extent

of the plume as they may have been acquired directly above the vent, rather than downwind where the
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plumes are assumed to have reached a stable altitude. Measured plume altitude also represents where
plume intersections have occurred rather than an absolute constraint of the plume, and helicopter tlights
may have not occurred above or below any of the intersected altitudes. Future work will aim to further

validate our method as described in section 4.6.1.

4.4 SO, Emission rate results
4.4.1 Cleveland Volcano (2019)

During the 2019 Cleveland Volcano campaign scanning DOAS deployment wind speeds ranged
from 3.0 — 8.2 m s (median 4.4 m s™'; Table 4.2), which was relatively stable compared to the other
campaign deployments and resulted in an estimated plume altitude that was ~200 — 500 m higher than
what would be assumed for an assumed summit plume altitude. For the entire campaign, the median SO,
emission rate calculated using our estimated plume altitude was 321 + 131 t SO, day™! (range: 121 — 631 t
SO, day!; Table 4.2). The median estimated plume altitude was 61 t SO, day! higher, and the standard
deviation was 27 t SO, day! larger than those calculated with an assumed summit altitude plume. These
emission rates are within range of a coincident helicopter traverse on August 10 of 149 & 50 t SO, day'.
This emission rate range is also lower but within range of the permanent scanning DOAS data from 2022
(299 + 133 t SO, day!; Table 4.3). A noticeable decrease and subsequent increase in SO, emission rate on
August 8 was correlated to a drop and rise in wind speed and can be seen for both the estimated (Figure

4.4A) and assumed summit (Figure 4.4B) plume altitude derived results.

4.4.2 Korovin Volcano (2019)

A wide range in wind speeds at Korovin Volcano of 3.8 — 12.7 m s (median 5.1 m s™; Table 4.2)
resulted in estimated plume altitudes between 200 m lower and 50 m higher than for an assumed summit
plume altitude. Korovin Volcano emission rates calculated using our estimated plume altitudes were
nearly identical to those calculated assuming a summit plume altitude. The aggregate emission rate for the
entire measurement period using an estimated plume altitude was 435 + 219 t SO, day! (range: 144 —
1451 t SO, day’!; Table 4.2) compared to emission rates assuming a fixed summit plume altitude of 394 +
214t SO, day! (range: 114 — 1315 t SO, day™). For this period the median SO, emission rate calculated
using an estimated plume altitude was 77 t SO, day! higher and the standard deviation was 3 t SO, day!
larger than those with an assumed fixed summit altitude plume. One set of coincident helicopter DOAS
transects were performed one day after (30 July 2019 UTC) the scanning DOAS deployment period had a
median emission rate of 361 + 107 t SO, day™' (range: 282 — 611 t SO, day'; Table 4.3), which is within
range of scanning DOAS SO, emission rate measurements calculated with either an estimated (Figure
4.5A) or fixed (Figure 4.5B) plume altitude. Average calculated scanning DOAS emission rates over the

entire deployment period are heavily weighted by an apparent pattern of increasing SO, emission rate
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over 2 hours on July 30 (Figure 4.5A), culminating in a maximum of 1451 t SO, day™ at 22:40 UTC. This
emission rate pattern does not appear to be related to a corresponding increase or decrease in wind speed
and occurs when reanalysis products calculate a wind speed of ~10 m s™. As a result of similar predicted
plume altitudes, this feature is prominent in both estimated and summit altitude plume emission rate

calculations.

4.4.3 Gareloi Volcano (2019)

Wind speeds at Gareloi Volcano for the entirety of the scanning DOAS campaign measurement
period ranged from 0.2 — 5.4 m s (median 1.8 m s™'; Table 4.2), thus all scans were estimated to a plume
altitude 300 — 700 m higher than an assumed summit plume altitude. Wind speed through the scanning
DOAS collection period was constrained by ERAS5 reanalysis products to be initially very low at < 1 m s’
and steadily increased through the deployment period to 6 m s!. Calculated SO, emission rates via
scanning DOAS were positively correlated with increased wind speed (as expected). Over the entirety of
the scanning DOAS measurement periods, the median SO, emission rate at Gareloi Volcano was 164 +
115t SO, day! (range: 13 — 635 t SO, day’!; Table 4.2). For this period the median emission rate
calculated using the estimated plume altitude method was 29 t SO, day! higher and the standard deviation
was 52 t SO, day! larger than those calculated assuming a summit altitude plume. Both estimated and
assumed summit plume altitude emission rates were within range of coincident helicopter DOAS
traverses on 19 — 20 July at 121 + 16 t SO, day™ (range: 91 — 135 t SO, day™'; Table 4.3). Earlier semi-
coincident DOAS traverses on 16 and 17 July were conducted under higher wind speeds and yielded
larger emission rates. Because of the consistently low wind speed during this measurement period, our
plume altitude regression predicted that the plume was lofted above summit elevation for the entirety of
the scanning DOAS deployment, and thus employing an estimated plume altitude (Figure 4.6A) over this
time at Gareloi Volcano produced higher SO, emission rates than assuming a summit plume altitude

(Figure 4.6B) of 113 + 86 t SO, day™! (range: 8 — 476 t SO, day™).
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4.5 SO; Emission rate results from permanent scanning DOAS deployments
4.5.1 Cleveland Volcano (September 2022 — June 2023)

The permanent September 2022 — June 2023 Cleveland Volcano scanning DOAS deployment
dataset includes months of operation. Individual scans span a large range of wind speeds between 0.8 — 44
m s (median 9.9 m s7!; Table 4.1). As a result of this larger dataset, the interpreted plume altitude using
the NOVAC program for this period of time was between 1700 m lower (just above the instrument) to 700
m higher than for an assumed summit plume altitude. We find that using an estimated plume altitude
yielded a lower median emission rate and standard deviation than assuming a summit plume altitude. The
median estimated SO, emission rate over the entire measurement period was 278 £ 250 t SO, day™!
(range: 9 — 1817 t SO day™'; Table 4.1) which is within range of helicopter transects collected on 20
September, 2022 of 400 + 80 t SO, day! (range: 263 — 511 t SO> day™'; Table 4.2). Subdivided into
monthly periods of measurements, the median monthly emission rates agree within + 200 t SO, day! of
each other (Table 4.1). Over the entire measurement period, we find a 52 t SO, day™! lower median
emission rate using an estimated plume altitude than with an assumed summit plume altitude. While this
is a relatively small difference in aggregate, individual scans or smaller timespans which contain high
wind speeds typically produce large emission rates when assuming a summit altitude plume. During these
periods of high wind speed, emission rates are notably reduced by our method of estimating plume

altitude (Figure 4.8).

91






4.6 Discussion
4.6.1 Improvements from estimated plume altitudes

We find from our measurements that using an estimated plume altitude based on modeled wind
data and our derived linear equation provides a smaller range in calculated emission rates, and lower
standard deviations in cases of large wind speed variation. The available data from the permanent
scanning DOAS station at Cleveland Volcano from September 2022 — June 2023 contain several
examples of periods where emission rate over short periods of time is more consistent with the mean
value for the full deployment period when calculated using an estimated plume altitude. A lofted plume
above summit elevation yields SO, scans representing a larger area and producing larger calculated
emission rates than the same scan for a plume observed at summit elevation (Fig. 4.9). The converse is
true for a grounded plume, where the same SO, scan would yield a lower SO, cross sectional burden and
emission rate than a summit altitude plume. A good illustration of the reduced variation in SO, emission
rate is during the period of 16 — 17 September 2022 at CLNE after the scanning DOAS was installed and
before telemetry to the instrument was lost (Figure 4.8). During this time, the median modeled wind
speed was consistently higher than any other individual month at 19.9 m s (Table 4.1), which
corresponds to a plume altitude of 820 m. During this period, we observe the largest difference between
calculated emission rate using an estimated plume altitude (Figure 4.8A) and those derived from an
assumed summit altitude (Figure 4.8B). Specifically, from 16 — 17 September the median emission rate
decreases by up to 595 t SO, day! and the standard deviation for each scanning period decreases by up to
an order of magnitude between the estimated and assumed summit plume altitude calculations.

One limitation of our method, which affects the permanent scanning DOAS dataset presented
here, stems from estimating emission rates at wind speeds much higher than those used to generate our
linear correlation (~25 m s!; Figure 4.3). Because we derive only an empirical relationship, the
uncertainty in plume altitudes at wind speeds > 25 m s™ is not constrained and is likely larger than
estimated. A further problem arises when the wind data from the permanent Cleveland dataset reaches
values in excess of 35.1 m s™\. Equation 4.9 indicates that these high wind speeds would result in an
estimated plume altitude below the scanning DOAS stationed at CLNE. While it may be physically
possible for the plume to be below the instrument but still above the ground-surface in cases where the
plume is spatially offset, we think any results that give a negative relative plume altitude or are calculated
for wind speeds > 25 m s! should be considered less reliable. In the September 2022 — June 2023 dataset,
only 116 scans meet those criteria, representing under 0.03% of all measurements. We therefore
recommend that applications of our method remove all negative plume altitudes from analysis or note

those results based on windspeeds > 25 m s as questionable. Wind speeds did not exceed 12.7 m s™! for
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In contrast to our long-term dataset findings, we document a marginally (< 52 t SO, day™!) larger
standard deviation in SO, emission rates calculated using our estimate plume altitude during all our short-
dataset periods using campaign scanning DOAS in 2019. This increased variation is likely because all
short-term datasets were collected during periods of relatively low wind speed with a small amount of
variability (Table 4.2). While our estimated plume altitude method predicts that all lofted plumes will
result in increased SO, emission rates, our findings suggest that emission rates calculated using this
method are less impacted by very low wind conditions (< ~3 m s!) relative to light to moderate wind
speeds (~3 — 11.5 m s™), with the largest impact appearing to be on measurements ~9 m s\

Galle et al. (2010) discusses four main causes of uncertainty in scanning DOAS emission rate
measurements broadly: errors in spectroscopy, atmospheric scattering, measurement geometry, and wind
speed. While these are all treated as independent variables, we contend that in the case of single-station
measurements, wind speed is both an inherent uncertainty in the emission rate calculation and may also
help reduce uncertainties in measurement geometry. If the SO, emission rate is static over short periods of
time then it is expected that wind speed should be independent of emission rate, with high wind speeds
producing a smaller cross-sectional burden than low wind speed counterparts. Still, in our Cleveland
September 2022 — June 2023 dataset of 3216 SO; emission rates, we find a Kendall rank correlation
coefficient of 0.44 between plume speed and emission rate for an assumed summit plume altitude
suggesting at least a moderate degree of correlation between these two variables. When we replicate this
analysis using an estimated plume altitude, we find a much lower correlation between wind speed and
emission rate to (.20, suggesting that a large part of the uncertainty related to measurement geometry has
been reduced in the case when estimated plume altitudes were used.

We find that for all other datasets, including Cleveland, Korovin, and Gareloi 2019
measurements, wind speeds lower than those which produce a summit altitude plume yielded similar
emission rates to those calculated with a summit altitude plume. All three measurement periods calculated
using both the estimated and assumed summit plume altitudes are within range of what was measured
during helicopter DOAS traverses, though the Korovin Volcano and Cleveland Volcano 2019 emission
rate datasets calculated using an estimated plume altitude are in slightly better agreement with helicopter
observations’ median value. Even for scenarios where the estimated plume altitude method is within error
of helicopter DOAS traverses, such as that for Gareloi Volcano, the difference in calculated emission rate
is negligible and entirely within the error associated with scanning DOAS data in good conditions (40 —
90%; Kern et al., 2009). When considering the aggregate measurements over the full campaign
deployment for each volcano we find better agreement with helicopter DOAS transects when using
estimated plume altitude in datasets examined with the exception of the Cleveland Volcano 2019

campaign deployment. Because of the improvement in emission rate using our method for estimating a
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plume altitude at varying wind speeds, and generally better agreement with complementary helicopter
traverses, we suggest that this approach may be usable in similar geographic conditions to Cleveland
volcano (conical island volcanoes), with summit altitude of ~1700 m, when only a single-station scanning
DOAS instrument is available. More robust testing at different sites globally should be performed in order
to determine if this method can be readily applied to degassing at other volcanoes.

Having developed a method to estimate plume altitude for incorporation into SO cross sectional
burden and derived emission rate measurements at Cleveland Volcano, it will be possible to better
characterize long-term degassing trends in SO, emission rate. Variability in emission rate upwards of an
order of magnitude during persistent degassing has been found in other long-term volcanic scanning
DOAS datasets in Arellano et al. (2021). For Cleveland, discerning natural variability in measurements
from signs of volcanic unrest will become increasingly important now that measurements are collected
continuously and at higher temporal resolution than possible through campaign studies (e.g., Werner et
al., 2020). When telemetry is restored and a large database of overlapping scans from both permanent
scanning DOAS stations (CLNE and CLES) is established, it will be possible to robustly validate our
plume altitude estimate method using the geometry of intersecting plume detections. With newly restored
access to web cameras at CLNE, it may also be possible to test whether remaining fluctuations in
measured emission rate are related to atmospheric scattering due to the presence of condensed plumes or

clouds (Galle et al., 2010; Kern et al., 2009) or potentially a change in the volcanic system itself.

4.6.2 Uncertainties in wind speed

Despite the differences in calculated emission rates which may arise from using various methods
to determine wind speed, there is no standardized method within the volcanological community to
determine wind speed, each group often using the best resource available to them at the time. Both ERAS
and GFS models remain widely in use for scanning DOAS scanning measurements and have a notable
advantage of being globally available at high temporal resolution. Other studies may employ the “wind
circle” method if done via helicopter or other aircraft (Kern and Kelly, 2023), readings from an
anemometer or nearby meteorological station (de Moor et al., 2016), or cross-correlation of SO, burden
time series at different downwind distances (Johansson et al., 2009b), each with its own advantages and
disadvantages with respect to accuracy, precision, and temporal resolution. Corresponding wind circles at
Korovin and Gareloi Volcanoes are a helpful validation point for the interpolated modeled wind data
during those periods of time and suggest an agreement within £ 22%. It is also important to note that our
limited validation helicopter data is only conducted under relatively low windspeeds and validation under
high wind speed may not be possible due to the challenges of flying the helicopter through a turbulent
plume. Wind speed from ERAS models perform marginally better than but are mostly comparable to GFS
wind speed models (Zhang et al., 2020). Our analysis of both ERAS and GFS wind speeds in Figure 4.3C
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demonstrates nearly identical linear regressions, with ~4 m difference in predicted plume altitude change
for each 1 m s! change in wind speed. The largest discrepancies we find between these models come at
either extremely low (<2 m s!) or high (>15 m s™) wind speeds, which is also evident in Figure 4.3C.
Though we only examine 27 datapoints to extrapolate wind speed, we also down sample ERAS data to
every 3 hours to match GFS forecasts over the entirety of 2022 to find a Spearman correlation coefficient
of 0.81, indicating that the datasets are very similar. These findings suggest that existing automated
NOVAC analysis procedures incorporating GFS forecasts are adequate for the majority of the year, and

that future efforts to provide reanalysis products may yield only marginally different results.

4.7 Cleveland Volcano long-term monitoring

According to the metrics used by AVO for determining volcano alert level, commonly referred to
by its color code (detailed in Cameron et al., 2018), Cleveland Volcano was assigned as yellow/advisory
during the installation of the CLNE scanning DOAS station in 2022. It remained at yellow/advisory until
5 January 2023, whereupon it was moved to unmonitored due to a long period without any significant
periods of detected seismic activity and an insufficient number of operating stations to assign a level of
green/normal. Cleveland Volcano then remained unassigned until beyond the period we cover in this
study. Through this entire period the AVO weekly updates (www.avo.alaska.edu) list one seismic
detection on 23 October 2022 (Magnitude 1.4), one seismic detection on 12 March 2023 (Magnitude 1.9),
and regular satellite detections of moderate to barely elevated surface temperatures (qualitative scale).
Consistent detections of moderate to barely elevated surface temperatures have been made at Cleveland
Volcano during background activity and suggest that, based on the monitoring tools in place, the volcano
appears to have been relatively quiet during our study period such that detected changes in volcanic
activity cannot obviously explain the high variability in SO, emission rates (9 — 1817 t SO, day™)
measured during September 2022 — June 2023. During the campaign DOAS deployments in 2019,
Cleveland was at yellow/advisory, Korovin was at green/normal, and Gareloi was at green/normal. No
anomalous activity above background was noted for our campaign periods, indicating that the scanning
DOAS data presented here likely represents background levels of degassing for the monitoring period.

Despite short-term variability in this and other scanning DOAS data (Arellano et al., 2021),
monthly trends in emitted SO, remain relatively stable and consistent with findings in previous studies.
While our method of estimating plume altitude provides one path to provide more accurate
measurements, interpreting remaining deviations in emission over time will be a challenge for volcano
monitoring. The median average for the entire Cleveland Volcano measurement period of 278 t SO, day!
falls within the interquartile range of all months except March and May 2023 (Figure 4.9). The low
median SO, emission rate in May 2023 of 116 t SO, day™! could be due to lower wind speeds than other

months covered in the dataset (Table 4.1), which we have found to be less affected by our plume altitude
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only one scanning DOAS is operational for periods of time due to power outages, or when only one
scanning DOAS in a network sees the plume due to wind direction. This new approach to interpreting
single-station data provides an opportunity for higher confidence in an inherently variable dataset.

The current structure of real-time monitoring within the NOVAC program is set up to ingest data
from each scanning DOAS station with a fixed plume altitude defined by the difference between the
instrument GPS elevation and the volcano summit elevation. Geometric solutions for the true plume
altitude are only resolved in post-processing when two stations complete scans that detect a plume within
10 minutes of each other. In essence then, without post-processing of data, all scanning DOAS
instruments within the NOVAC network may be thought of as operating as single stations with a fixed
plume altitude assumption. Because a forecasted wind speed is also ingested into the NOVAC program it
may be possible to apply an estimated plume altitude to real-time monitoring data such that it is usable in
operational forecasting as data comes in. With a complete network of scanning DOAS instruments at each
volcano in the NOVAC network it may be possible to use geometrically resolved altitudes tailored for

individual volcanoes.

4.9 Conclusion

Uncertainties related to plume altitude in scanning DOAS scans are understood as a known cause
of error in derived SO, emission rates. We have developed a method that relates wind speed to plume
altitude and identifies a linear correlation that can be applied to other volcanoes with single scanning
DOAS instruments to estimate plume altitude for emission rate calculations when this parameter is not
constrained via other methods. We have demonstrated that our method of correlating plume altitude to
wind speed removes some variability in emission rates for cases with a large range of winds conditions.
We find a strong reduction in calculated emission rates during periods of especially high (> 20 m s™)
winds when the plume is expected to be grounded and a small increase in emission rate during periods of
low (<11.5 m s™') winds when the plume is expected to be lofted. Our method for correcting plume
altitude using wind speed seems to work well for conical island volcanoes of ~1500 — 1700 m elevation
where emitted gases are emitted to the atmosphere passively (at low over-pressure) but should be tested at
volcanoes with different morphologies and plume degassing behavior. Our method uses wind data already
automatically incorporated into NOVACs real-time processing routine, suggesting that this correction

could be implemented for real-time volcano monitoring conducted by observatories.
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Chapter 5 Conclusions, implications, and future work

5.1 Conclusions

As the body of research into magmatic volatile phases grows, it is becoming an increasingly
important task to accurately measure volcanic gases. The research presented in previous chapters dealt
with the quantification of volcanic gas emissions, namely SO, and Hg, and demonstrated that
quantification of these volcanic gas species may be possible at a higher accuracy and over a wider array
of volcanic behavior and atmospheric conditions than previously thought. This dissertation found novel
solutions to volcanic gas quantification in some cases where measurements were previously not thought
to be possible. Below, I summarize the broad implications of each chapter to the volcanic gas and volcano

monitoring communities and discuss clear next steps for impactful research.

5.2 Implications

Chapter 2 provided a novel solution for the lack of Hg measurements from erupting volcanoes.
This project was motivated by the large discrepancy between eruptive Hg estimates and those from
persistent degassing (Edwards et al., 2021 and references therein). This study developed a new method to
gain insight into eruptive Hg emissions through quantification of Hg adsorbed onto volcanic ash. Prior to
this study, only small sample sizes of volcanic ash had been analyzed and the rate of Hg adsorbed onto
ash was not well understood. The research in this dissertation tested three hypotheses aimed at identifying
statistical differences in the concentration of Hg adsorbed onto ash with distance, eruptive event, or
between volcanoes. Hg is emitted as a gas, so the eventual depositional trends are dependent on the
efficiency of Hg adsorption onto ash or if the conditions facilitating adsorption are present. A gaseous
metal emission would be expected to produce a different depositional pattern to other trace metals, which
tend to be emitted in the particulate phase and deposit in decreasing concentrations further away from the
plume (Ilyinskaya et al., 2021). Second, Hg partitioning was anticipated to be concentrated onto finer ash
particles with a larger available surface area, which was predicted to result in higher concentrations of Hg
on more distal ash samples (Ermolin et al., 2018). Despite the robust sample sizes of volcanic ash for our
target eruptions, no patterns of Hg deposition could be discerned besides those between volcanoes.
Because the statistical analysis finds no patterns in Hg concentration on ash with distance or event, it was
possible to simplify the process of estimating eruptive Hg mass based on calculated ash masses using
only the mean measured Hg concentration on ash.

Chapter 3 provided a framework for estimating the uncertainties, and therefore the utility, of
upward-facing DOAS traverse measurements of volcanic SO; cross sectional burdens and derived
emission rates collected in the presence of below-plume clouds. As an addition, this study also provided a

definition of ghost plumes and suggested some atmospheric conditions under which they may be
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expected, even showing that ghost plume formation may occur in the presence of small amounts of
atmospheric haze. This project was motivated by the prevalence of poor weather conditions while
conducting fieldwork in Alaska and built upon earlier work by Kern et al. (2010) to constrain the effects
of non-transparent atmospheric and plume conditions on derived SO, emission rates. Work in this
dissertation used a Monte Carlo radiative transfer model to simulate DOAS measured SO, column
densities of a volcanic plume under varying geometric, atmospheric, and plume conditions. This study
demonstrated that while individual measured column densities may be modified by low-cloud conditions,
in many cases—especially for transparent plumes—the total SO, cross-sectional burden will remain
within 25 % of theoretical. Because the measured and known SO; cross sectional burden agreed within a
reasonable uncertainty, the calculated SO, emission rates can be considered to be representative of the
volcanic plume, even when clouds are present between the DOAS instrument and the volcanic plume.
This discovery opens the possibility of conducting DOAS traverses in cloudy or foggy weather and
allows for more confidence to be placed on these types of datasets. Chapter 3 then explored this effect on
a challenging real-world dataset and found that heavy shape modification of the volcanic plumes’
measured SO, cross-sectional burden may occur even with a thin layer of translucent atmospheric haze
above the instrument, indicating that shape modification may be more common than previously thought.
Chapter 4 provided a new method to estimate volcanic plume altitude using modeled wind data,
an important input parameter into the equations for calculating SO, emission rate from scanning DOAS
measurements. This method found that high wind speeds (>11.5 m s!) yielded grounded plumes, while
light wind speeds (<11.5 m s) yielded lofted plumes at Cleveland Volcano. These observations were
validated against in-situ plume measurements. This study established that proper continuous monitoring
of SO, is possible from campaign or permanently established single-instrument ground-based scanning
DOAS stations. Furthermore, this study provided high-temporal SO, emission rates for three days each
during campaigns at three remote Alaska volcanoes, and a single permanent scanning DOAS instrument
that ran for 9 months in 2022 — 2023 at Cleveland Volcano. These data provided new constraints on the
variability in SO, emissions at Cleveland Volcano, which is historically very active and often shows
minimal geophysical signals of volcanic unrest for the purposes of eruption forecasting. These data can be
used to characterize background degassing and better recognize increased gas emissions as a potential

sign of volcanic unrest.

5.3 Future work

This dissertation provided several key advances to constrain volcanic gas emissions under
challenging or resource-limited conditions. These methods were developed and applied to a subset of
primarily Alaska volcanoes. Below, recommendations are made to highlight key opportunities where

future work could be conducted.
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The methodology employed for Chapter 2 to estimate eruptive Hg flux is not specific to Alaska
volcanoes and has broad applicability to improve global Hg eruptive emissions estimates globally if ash
samples exist. The methods typically employed to calculate ash eruption masses, requiring a large sample
size and ash samples collected, suggest that our method could readily be applied to volcanoes where
eruptive mass estimates have been conducted using freshly-preserved ash samples. A National Science
Foundation proposal has been submitted to build on chapter 2 with the goal of validating the assumptions
pertaining to Hg uptake and retention on deposited volcanic ash samples and further application to Alaska
volcanoes. The proposed work is of high relevance since recent work by Koenig et al. (2023) has
documented rapid Hg oxidation in the eruptive plume of Piton de la Fournaise, Réunion Island, further
validating Chapter 2 findings.

Chapter 3 provided a comprehensive guide to the volcanic gas community for conducting DOAS
plume traverses under low-cloud atmospheric conditions. As a real-world example the eruption of
Cumbre Vieja included several complexities including no constraints on plume conditions at the time of
measurement and exceptionally high SO, column densities that prohibited a robust real-world validation
of our results. Future validation of this project could include modeling a new set of well-documented
DOAS traverses performed under cloudy conditions at a volcano undergoing persistent degassing. While
the modification of plume shapes is now better quantified for upward-facing DOAS traverses, questions
remain about the modification of plumes during scanning DOAS retrievals of plume cross sectional
burden. Future work could theoretically assess the impact of different atmospheric conditions on scanning
DOAS within a model space by using the same atmospheric parameters as in chapter 3. Instead of
simulating a traverse by iterating through different DOAS positions, it would be possible to simulate a
scan by iterating through different DOAS viewing geometries.

Chapter 4 provided a new method to estimate plume altitude, which can significantly increase the
accuracy and usability of data acquired from single-station scanning DOAS instrument deployments for
quantification of volcanic SO, emission rates. The installation of a second scanning DOAS instrument on
Cleveland has presented an opportunity to more accurately validate the linear webcam-based relationship
between wind speed and plume altitude used in this study. The chapter 4 method was developed
empirically using 23 near-coincident airborne volcanic plume measurements and modeled wind data, but
further validation would test if this method can be readily applied to other volcanoes. A high-priority
future task is therefore to validate the plume altitude constraints estimated here using webcam imagery
against the second scanning DOAS instrument now deployed at Cleveland. Additional validation and
testing of the method could be possible for other volcano morphologies by using existing data from other

volcanoes within the NOVAC network. If applicability at other volcanic sites is shown to be feasible, then
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this study makes several recommendations towards how current processing of incoming scans could be
altered within the NOVAC program to aid in real-time monitoring efforts.

Prior to establishing permanent scanning DOAS stations at Cleveland Volcano, the only
permanent scanning DOAS station installed within the U.S. was at Mt. St. Helens volcano. Of the 57 U.S.
volcanoes identitied in Ewert et al. (2018) as high priority targets for volcano monitoring, 35 of them are
in Alaska and a large subset of those would be relatively good targets for establishing scanning DOAS
networks for monitoring volcanic SO, emissions. This dissertation shows that remote deployments of
single-station scanning DOAS instruments are feasible in the harsh conditions of the Aleutian-Alaska

volcanic arc as a proof of concept to expand domestic monitoring capabilities.
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