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Abstract Explosive volcanic eruptions inject hot mixtures of solid particles (tephra) and gasses into the
atmosphere. Entraining ambient air, these mixtures can form plumes rising tens of kilometers until they spread
laterally, forming umbrella clouds. While the largest clasts tend to settle in proximity to the volcano, the smallest
fragments, commonly referred to as ash (<2 mm in diameter), can be transported over long distances, forming
volcanic clouds. Tephra plumes and clouds pose significant hazards to human society, affecting infrastructure,
and human health through deposition on the ground or airborne suspension at low altitudes. Additionally,
volcanic clouds are a threat to aviation, during both high-risk actions such as take-off and landing and at
standard cruising altitudes. The ability to monitor and forecast tephra plumes and clouds is fundamental to
mitigate the hazard associated with explosive eruptions. To that end, various monitoring techniques, ranging
from ground-based instruments to sensors on-board satellites, and forecasting strategies, based on running
numerical models to track the position of volcanic clouds, are efficiently employed. However, some limitations
still exist, mainly due to the high unpredictability and variability of explosive eruptions, as well as the
multiphase and complex nature of volcanic plumes. In the next decades, advances in monitoring and
computational capabilities are expected to address these limitations and significantly improve the mitigation of
the risk associated with tephra plumes and clouds.

Plain Language Summary During explosive volcanic eruptions, fragmented material known as
tephra is forcefully injected into the atmosphere through volcanic plumes. While the largest clasts tend to settle
in proximity to the volcano, the smallest fragments, commonly referred to as ash, can be transported over long
distances, forming volcanic clouds. On the ground, tephra poses a significant hazard to human activities, both
near the volcano and at distances up to hundreds of kilometers. In contrast, volcanic clouds present a serious
threat to aviation. For these reasons, we are motivated to understand the dynamics of tephra plumes and clouds
and how we can mitigate their hazards. Today, we have the capability to monitor tephra plumes and clouds using
a plethora of techniques, ranging from ground-based methods to satellite instruments. Moreover, forecasting of
tephra dispersion through computer simulations has become a valuable tool used to mitigate the risk of
explosive eruptions. In this paper, we provide a comprehensive review of the current understanding of tephra
plumes and clouds, covering their generation, the factors that influence their characteristics, and the latest
strategies for monitoring and forecasting.

1. Introduction

During explosive volcanic eruptions, hot mixtures of solid fragments (tephra) and gasses are injected into the
atmosphere and carried upward by buoyant columns (volcanic plumes) that eventually spread laterally, forming
umbrella clouds. The largest tephra clasts (blocks, bombs, and lapilli; >2 mm) settle close to the volcano, either
from the plume margins or following ballistic trajectories from the vent, while the smallest particles (ash; <2 mm)
typically reach higher atmospheric altitudes and are dispersed over wider areas. Volcanic plumes are actively
supplied by material from an erupting volcanic vent. When the eruption ceases, the plume can disperse and evolve
into a volcanic cloud, which consists of the remaining airborne tephra and gasses (Figure 1). Volcanic clouds can
spread thousands of kilometers downwind and eventually circle the Earth in a matter of days (Khaykin
et al., 2022; Robock & Matson, 1983; Rose & Durant, 2011) (Figure 2).
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Figure 1. Cartoon summarizing the main topics addressed in the paper: physics of volcanic plumes and clouds, monitoring from the ground and space, and numerical
forecasting of tephra clouds, with an emphasis on hazard assessment related to tephra suspended in the atmosphere.

Volcanic plumes can be generated by explosive events of any magnitude, from small short-lasting events to large
caldera-forming eruptions. The smallest episodes, with a Volcanic Explosivity Index (VEI) of 0, erupt no more
than 10* m® of tephra, with eruption column heights below 100 m. In contrast, the largest eruptions, rated VEI 8,
can eject more than 10'? m? of tephra, reaching column heights well above 25 km (Newhall & Self, 1982;
Sigurdsson et al., 2015). For example, Stromboli volcano (Italy) produces daily mild explosions (VEI 0) that
primarily affect the nearby volcanic terrace (Rosi et al., 2013). In contrast, the Toba caldera-forming eruption
(Indonesia, 75,000 years ago; VEI 8) spread tephra over a significant portion of the northern Indian Ocean and has
been hypothesized to have accelerated the transition to an ice age climate mostly due to the interactions of sulfate
aerosols with radiation from the Sun and Earth (Black et al., 2021; Rampino & Self, 1992). Between these ex-
tremes, 5070 eruptions with volumes >0.1 km® occur annually (submarine and subaerial) showing a variety of
eruption styles and dynamics (Siebert et al., 2015). The complexity of volcanic processes means that a single
volcano can experience different types of eruption styles. Recording volcanic activity worldwide helps to better
investigate eruption processes and mitigate hazards. In this sense, the Global Volcanism Program, led by the
Smithsonian Institution, maintains an extensive database of Holocene/Pleistocene volcanoes and eruptions from
the past 12,000 years (https://volcano.si.edu/). The catalog contains detailed records of past eruptions and in-
cludes weekly updates on volcanic activity around the world. These reports provide information on ongoing
eruptions, seismic activity, and other relevant observations. This database represents an essential resource for
researchers and hazard assessment professionals.

In the case of explosive eruptions, volcanic products pose several hazards, not only from tephra but also from other
types of emissions, such as gasses (e.g., Carlsen et al., 2021). Public health, buildings, and infrastructure can be
significantly impacted by the presence of tephra suspended into the air (in this case mainly ash) or accumulated on
the ground (Bonadonna et al., 2021; Deligne et al., 2022; T. M. Wilson et al., 2015). Studies to determine the effects
of exposure to volcanic particles on human health have been conducted over the years (see Stewart et al. (2022) and
references therein), with acute and chronic respiratory diseases reported in populations exposed to volcanic ash
(Baxter et al., 1983; Forbes et al., 2003; G. Gudmundsson, 2011; Hillman et al., 2012). Particle size, shape and
mineral composition determine the potential hazard of volcanic particles if inhaled. Particles less than 4 pm
diameter are called respirable and can penetrate the alveolar region of the lungs, producing toxic reactions (Horwell
et al., 2003). On the ground, tephra fallout can severely impact critical infrastructure, causing economic losses in
various sectors (Ayris & Delmelle, 2012; M. Bebbington et al., 2008; Giles et al., 1999; Wardman et al., 2012; T. M.
Wilson et al., 2012). Critical infrastructure includes energy and water/wastewater supply networks, transportation
(aviation, land, and marine), food and agriculture, manufacturing, and communications. Quantifying the thickness
(or static load) of tephra necessary to cause structural damage or complete disruption of a service is quite
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Figure 2. (a) Volcanic plume from the 2011 eruption of Shinmoedake volcano (Japan). Photo credit: US Geological Survey. (b) Volcanic plume generated by the
eruption of Mount Cleveland volcano (United States) on 23 May 2006. The photograph was taken from the International Space Station at an orbital altitude of
approximately 400 km. The image is freely available in the Gallery of the Global Volcanism Program, led by the Smithsonian Institution. (c) True-color image taken by
the MODIS sensor onboard the Terra NASA satellite, showing the volcanic cloud produced by the eruption of Calbuco volcano (Chile) in April 2015. Image source:
NASA. (d) The ash cloud from the 2011 Puyehue-Cordén Caulle eruption (Chile) traveled more than halfway around the world, reaching New Zealand. The true-color
image was taken by the MODIS sensor onboard the Aqua NASA satellite. Image source: NASA.

challenging, as it strongly depends on characteristics of the infrastructure involved. A few to tens of millimeters of
tephra are normally sufficient to damage residential buildings and infrastructure (G. Wilson et al., 2014; T. M.
Wilson et al., 2012). A static load of 100 kg/m?* (corresponding to a thickness of 10 cm assuming a density of
1,000 kg/m?>) is commonly taken as the limit above which roofs collapse and structural damages to networks and
disruption of services may occur (S. F. Jenkins et al., 2015). Depending on the roof pitch, tephra can slide off,
reducing the load on the roof compared to the load deposited on the ground (Osman et al., 2023). In any case,
corrective actions ranging from cleaning to expensive repairs or replacements are required to restore the initial
condition (Hayes, Wilson, etal., 2019; G. Wilson et al., 2014). While tephra fallout can have positive effects on soil
and ocean fertility in the long term (Barone et al., 2022; Fiantis et al., 2019), agricultural activities and crops can be
seriously damaged if blanketed by tephra (Craig et al., 2016; Cronin et al., 1998). Rural communities, whose
economic activities are primarily based on agriculture and livestock, can be affected by tephra fallout not only
immediately after an eruption, but also months to years afterward due to wind remobilization of volcanic deposits in
ash storms. These storms produce effects similar to the initial eruption but perpetuate for years, significantly
slowing down the economic recovery of the affected populations (Dominguez, Bonadonna, et al., 2020; T. M.
Wilson et al., 2011). The international Volcanic Ashfall Impacts Working Group, sponsored by the US Geological
Survey (USGS), provides resources and guidance for the public, agencies, and scientists on mitigation actions to be
taken in case of tephra fallout (https://volcanoes.usgs.gov/volcanic_ash/).

Prior to deposition, volcanic ash dispersed and suspended in the atmosphere poses a significant risk to aviation
safety (Alexander, 2013; Engwell et al., 2021; F. Prata and Rose, 2015). Ash particles ingested by aircraft turbines
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can soften at the operating temperatures found inside the engine (1,200-2,000°C). Once hot and sticky, these
particles may adhere to internal engine components, degrading the performance and eventually causing cata-
strophic failures (Giehl et al., 2017; Song et al., 2016).

A multidisciplinary investigation of tephra life cycle using field observations, laboratory experiments, and nu-
merical modeling is critical to understanding the various processes that produce tephra clasts and determine their
fate, including generation inside the volcanic conduit, injection into the atmosphere through volcanic plumes,
long-scale transport, and sedimentation on the ground. A better understanding of these mechanisms has impli-
cations for our ability to mitigate the risk posed by tephra plumes and clouds on human infrastructure and natural
ecosystems. Significant progress in our comprehension of tephra life cycle has occurred since the 1960s, coin-
ciding with the rise of quantitative volcanology in contrast to the previous qualitative and descriptive approach.
This advancement has been facilitated by collaborative efforts across various disciplines, particularly in physics,
mathematics, statistics, and computational science. First efforts to describe the thermodynamics and fluid dy-
namics of volcanic plumes came from observations at Heimaey and Stromboli volcanoes in the 1970s (e.g.,
Blackburn et al., 1976; Sparks & Wilson, 1976; L. Wilson, 1976; L. Wilson et al., 1978). These pioneer studies
opened up the numerical modeling of explosive eruptions and related features (Armienti et al., 1988; Carey &
Sigurdsson, 1986; Valentine & Wohletz, 1989; Woods, 1988). In the decades since, we have greatly advanced in
our capacity to develop numerical models to simulate complex natural phenomena, such as the rising of volcanic
columns and the transport and deposition mechanisms of tephra particles (Costa, Suzuki, et al., 2016; Folch, 2012;
Y. J. Suzuki et al., 2016). Such tools are today fundamental in the assessment of the hazard due to explosive
eruptions and are used worldwide to provide forecasts of the movement of volcanic clouds. Moreover, in recent
decades, there has been a radical improvement in our ability to observe plumes and clouds using satellite and
ground-based technologies. The advent of satellite observations in the 1980s marked a turning point, as un-
precedented data of explosive plumes and clouds began to be collected (e.g., Holasek et al., 1996; Krueger, 1982;
Matson, 1984; A. J. Prata, 1989a, 1989b). These observations, especially of large eruptions, have played a crucial
role in advancing our understanding of the dynamics of tephra, ranging from plume rising and the spread of the
umbrella cloud to the transport and deposition of volcanic particles.

Explosive eruptions of different styles that occurred at Mount St. Helens (USA 1980, VEI 5), El Chichén (Mexico
1982, VEI 5), Pinatubo (Philippines 1991, VEI 6), Soufriere Hills (Montserrat 1995, VEI 3), Eyjafjallajokull
(Iceland 2010, VEI 3), among others, have had a profound impact on modern volcanology, shaping the way
volcanic crises are addressed in terms of risk management. Recently, the 2022 eruption of Hunga volcano (Tonga,
VEI 5-6) entered the list of profoundly impactful eruptions (Dalal et al., 2023; Poli & Shapiro, 2022). Advances
in observational technologies have documented the highest plume (57 km; Proud et al., 2022), the most lightning
activity of any known meteorological event (>2,600 flashes/min; Van Eaton et al., 2023), and produced full 2D
maps of plume height over 10-min intervals that were accurate to less than 1 km, thanks to stereo image analysis
from two geostationary satellites (Podglajen et al., 2022; Van Eaton et al., 2023). With each eruption, especially
large events, our constantly improving technologies allow us to observe and to understand processes of plume
development in greater detail, and to expand our understanding of additional processes such as: tsunamigenesis
triggered by volcanic eruptions (Lynett et al., 2022), generation of atmospheric waves (Wright et al., 2022),
impact on the climate system (S. Jenkins et al., 2023), and lofting of volcanic clouds due to aerosol-radiation
interaction (Muser et al., 2020).

The variety of volcano locations, eruption styles, and general conditions (meteorological and environmental)
make it impossible to define a single strategy for dealing with volcanic eruptions in terms of monitoring and
forecasting. An efficient monitoring network enables early warnings and enhances the characterization of
eruption source parameters (ESPs), such as column height, mass eruption rate (MER), and eruption duration.
This, in turn, implies that numerical forecasting of tephra dispersal can be set more precisely. Volcanoes that
erupt frequently are generally well monitored and are the subject of dedicated analyses of hazard assessment.
Mount Etna in Italy is an example, exhibiting frequent eruptions ranging from weak Strombolian events to lava
fountains producing columns up to 10 km high (Andronico, Cannata, et al., 2021). In contrast, some volcanoes
erupt unexpectedly after periods of quiescence. In such cases, serious challenges may arise for risk managers
due to the lack of hazard assessment and risk mitigation plans. For example, the sub-Plinian eruption of
Calbuco (Chile, 2015) occurred suddenly after 54 years of quiescence and with only less than 3 hr of precursor
seismic activity, generating two sub-Plinian phases with column heights over 15 km in less than 12 hr
(Romero et al., 2016). This eruption prompted a state of emergency in Chile, causing significant damage to
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infrastructure, buildings and economic activities due to the consistent accumulation of tephra (Hayes, Cal-
derdn, et al., 2019), and disrupting local air travel. There are cases where distinctive eruption and meteoro-
logical conditions challenged the response to weak intensity events even at well monitored volcanoes, as seen
for the eruption of the Eyjafjallajokull volcano (Iceland, 2010). The volcanic ash risk management guidance
for Europe prior to 2010 stipulated that an airspace should be closed when ash is observed or forecast to be in
that area, regardless of contamination levels. In 2010, the 39-days Eyjafjallajokull eruption released at least
70 Tg of very fine ash into the atmosphere (M. T. Gudmundsson et al., 2012). The combination of the volcano
location, the height of the eruptive column (between 3 and 10 km) and the prevailing westerly and north-
westerly winds caused an unprecedented impact on global air traffic, with the closure of central Europe
airspace from April 15 to 21 (M. T. Gudmundsson et al., 2010). To limit the economic losses, a new policy
allowing flight operations in low concentrated ash contaminated regions emerged and these guidelines are still
valid today in the European and north Atlantic region (ICAO, 2024).

In this review, we comprehensively examine the current understanding of tephra plumes and clouds, encompassing
their generation and the latest monitoring and forecasting strategies. We elucidate the eruptive mechanisms that
lead to tephra formation and investigate the dynamics of plume rise and cloud dispersal (Section 2). In particular,
Section 2.1 provides a description of the fragmentation mechanisms that lead to tephra generation, while Sec-
tion 2.2 describes the physics of volcanic plumes. The transport of tephra into the atmosphere until its final
deposition on the ground is illustrated in Section 2.3, where we present gravitational settling, wet deposition,
aggregation, settling-driven gravitational instabilities (SDGIs), and resuspension. Subsequently, we provide an
overview of the state-of-the-art techniques for monitoring tephra, employing ground-, airborne-, and space-based
instruments (Section 3). For each method, we highlight the strengths and limitations and illustrate its applicability
to monitor tephra plumes and clouds produced by volcanic eruptions of different styles. Moving on to Section 4, we
discuss the numerical modeling of tephra plumes and clouds, focusing on the numerical models currently in use
(Sections 4.1 and 4.2), as well as the most recent procedures for tephra forecasting, which are applied both for
operational purposes (i.e., during an ongoing eruption) and long-term hazard assessment (Sections 4.3, 4.4, and
4.5). We note that this review focuses on tephra in the atmosphere; therefore, topics such as the description of tephra
deposits and the hazard assessment of tephra on the ground are not covered. Finally, in Section 5, we present general
conclusions and discuss future trends for each of the main topics addressed in the paper (ground- and satellite-based
monitoring and numerical modeling). When discussing monitoring and forecasting strategies, we emphasize their
practical application in real-time scenarios. In this context, “real-time” refers to the capability of collecting
observational data and generating numerical forecasts within a timeframe consistent with the progress of the
investigated eruption. This enables timely decision-making to mitigate the impacts associated with tephra plumes
and clouds. Finally, in the text, we use the term “tephra” when referring to the complete spectrum of particle sizes,
while the term “ash” is specifically employed for discussions and applications involving only the finest tephra
particles (<2 mm).

2. Generation and Dynamics

The injection of tephra into the atmosphere is the manifestation of different styles of explosive volcanism, each
producing plumes with specific features and associated hazards. Traditionally, scientists classify explosive
eruptions as Hawaiian, Strombolian, Vulcanian, Plinian (and sub-Plinian), and phreatomagmatic (Sigurdsson
et al., 2015).

Hawaiian and Strombolian eruptions are characterized by magmas with low viscosity (lower viscosity for Ha-
waiian than Strombolian) and represent the least violent events. They are transient explosions (lasting seconds)
that produce plumes reaching heights from hundreds of meters to a few kilometers (very rarely reaching the
tropopause). Due to the low eruption columns and the coarseness of the ejecta, their dispersal potential is limited,
causing the majority of clasts to be deposited within a few hundred meters of the vent. Vulcanian eruptions are
typically short-lived events (lasting seconds to minutes) and usually do not last long enough to produce sustained
columns. However, if explosions occur in rapid succession, sustained columns can form, with resulting plumes
reaching heights of several kilometers (up to 20 km). In this case, relevant dispersal of finer material can occur,
similar to more energetic events (Plinian or sub-Plinian). Plinian and sub-Plinian eruptions produce sustained
volcanic columns that rise several kilometers high (tens of kilometers), injecting tephra into the atmosphere (often
reaching the stratosphere) and spreading it over wide areas. They represent the more energetic events and those
with higher hazards in terms of tephra dispersal. Phreatomagmatic eruptions result from the interaction between
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Figure 3. Schematic representation of the processes occurring in a volcanic conduit that can lead to the fragmentation of magma, and thus to an explosive eruption
generating a volcanic column. When magma rises, bubbles nucleate, and their growth is constrained by the elevated viscosity of silicate melts, leading to an
accumulation of pressure. When gas loss through permeable pathways is limited, gas overpressure can break the thin films surrounding the bubbles and fragment the
magma. This process transforms the initial continuous liquid phase with dispersed gas bubbles and crystals into a high-velocity gas phase with dispersed magma
fragments. The presence of crystals on one hand facilitates the nucleation of gas bubbles, thereby intensifying the explosiveness of an eruption. On the other hand, a high
crystal content increases the viscosity of magma affecting the ability of gas bubbles to rise and expand.

magma and external water, leading to complex and often highly explosive events. Plumes generated by phrea-
tomagmatic eruptions are highly heterogeneous, ranging from weak plumes poor in tephra to sustained columns
typical of Plinian styles.

2.1. From Magma Fragmentation to Tephra Plumes

The genesis of volcanic plumes lies deep within volcanic conduits, in a process known as magma fragmentation
(Cashman & Scheu, 2015; Gonnermann, 2015; T. J. Jones et al., 2022). Magma fragmentation is the disintegration
of magma into pyroclastic material. This process mostly occurs when the pressure of the dissolved gasses in the
magma (mainly water vapor, carbon dioxide, and sulfur gasses) exceeds its tensile strength, causing it to shatter
into fragments. These fragments, called tephra, are then expelled into the atmosphere, eventually giving rise to
buoyant plumes that may further evolve into volcanic clouds (Mackie et al., 2016). Thus, while our observations
are atmospheric, the cause is rooted in the depths of volcanic conduits, where a continuous liquid phase with
dispersed gas bubbles and crystals rises and transforms into a high-velocity gas phase with dispersed magma
fragments (Figure 3).

The composition of magma can affect the fragmentation and the resulting eruptive plume in several ways. First,
the fragmentation process strongly depends on the amount of gas and crystals, which assume a pivotal role in the
dynamics of magma fragmentation. As magma rises its pressure decreases and the gasses dissolved in the melt
phase exsolve, giving rise to the formation of gas bubbles through homogeneous nucleation from the silicate melt,
that is, without preferential nucleation sites as crystal (Gonnermann & Manga, 2007; de’ Michieli Vitturi &
Aravena, 2021). The growth of these bubbles is constrained by the elevated viscosity of silicate melts, leading to
an accumulation of gas pressure within the bubbles. This gas overpressure, if not released via permeable path-
ways, has the potential to break the thin films surrounding the bubbles, thereby fragmenting the ascending
magma. Crystals within the magma matrix also exert a significant influence over the process of magma frag-
mentation. On the one hand, the presence of crystals facilitates the nucleation of gas bubbles (heterogeneous
nucleation; Gardner et al., 2023), thereby intensifying the explosiveness of an eruption. On the other hand, a high
crystal content increases the overall viscosity of the magma and can affect the ability of gas bubbles to rise and
expand, potentially leading to higher gas overpressure and more explosive fragmentation (Moitra et al., 2018).
Hence, both gas and crystals are inherent factors that govern the intricacies of magma fragmentation (Mourtada-
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Bonnefoi & Mader, 2004), ultimately determining the style and intensity of explosive eruptions and the injection
of tephra in the atmosphere and thus, ultimately, the hazard footprint.

The genesis of the erupting magma also affects its fragmentation. At divergent boundaries, magma is brought to
the surface from the deeper mantle by convection cells and it has low silica (because there is little interaction with
crustal materials), resulting in low viscosity. In addition, magmas from divergent boundaries generally have a low
volatile content. Conversely, at subduction zones, where the oceanic crust subducts beneath the thicker conti-
nental crust, interaction with high-silica crustal rock is more significant resulting in magmas with larger volatile
and silica content, and thus with a higher viscosity. As stated above, these differences in viscosity and volatile
level have significant implications for the fragmentation and the eruptive styles. It has also been found that
magma composition affects the typical MER of explosive eruptions, because of a strong relationship between
magma rheology and conduit stability. To maintain stability, dacitic and rhyolitic explosive eruptions need
conduits with diameters significantly larger than those for phonolitic and trachytic eruptions. This difference
results in the higher eruption rates typically seen in dacitic and rhyolitic explosive events, leading to higher
volcanic columns (Aravena et al., 2018).

Interaction with external water can cause magmas that would normally erupt lava flows to explode into tephra
particles or convert normally explosive eruptions into more energetic events. A notable example is the 1886
Mount Tarawera eruption, in New Zealand (Houghton et al., 2004). The violent character of this eruption came
from the interaction of the rising basaltic magma with both cold groundwater and superheated geothermal fluids,
resulting in the youngest known basaltic Plinian eruption, with ash dispersed hundreds of kilometers away from
the vent. This behavior is quite unusual for basaltic magmas because basaltic explosive eruptions are commonly
Strombolian or Hawaiian in style, ranging from mild explosions to more energetic lava-fountains, with the tephra
released in the atmosphere impacting mostly proximal areas. Despite that, a few other basaltic Plinian eruptions
occurred in the past (e.g., the 60 ka Fontana Lapilli (FL) and 2.1 ka Masaya Triple Layer eruptions of Las Sierras-
Masaya volcano (Nicaragua), the 122 BCE Mount Etna eruption (Italy), or the 2017-2018 CE eruption of Ambae
(Vanuatu)). However, not all these Plinian eruptions are associated with interaction with external water. In fact, it
has been shown that basaltic magma, when rapid and substantial microlite crystallization occurs and high-volume
fraction of crystals are reached, can undergo brittle fragmentation despite the relatively low viscosity of the melt
(Bamber et al., 2020).

For intermediate viscosity magma, like andesite and dacite, the degassing through permeable paths creates
sometimes a dense plug at the top of the conduit, which can seal it and lead to the buildup of a high overpressure at
the base of the plug (Diller et al., 2006). This overpressure can eventually disrupt the plug, exposing the inner
magma to a pressure drop and initiating a fragmentation wave moving downward inside the conduit, which ul-
timately produces a Vulcanian eruption. Even for Vulcanian eruptions, fragmentation plays a leading role in
controlling density, velocity, and mass discharge rate of the gas-particle mixture, all factors which can signifi-
cantly affect the eruptive column. Alatorre-Ibargiiengoitia et al. (2011) obtained through laboratory experiments a
relationship between the fragmentation speed and the ejection velocity of the gas-particle mixture.

Magma fragmentation does not only control the style and intensity of explosive eruptions, but also the morphology
and size of the resulting tephra (Jordan et al., 2014; Kaminski & Jaupart, 1998; Walker, 1981). Basaltic magmas
with a low content of crystals are characterized by a fluidal fragmentation, which produces elongated fibers (Pele's
hair) as well as vesicular ash fragments that preserve the original melt interstices between bubbles. Even highly
viscous and crystal-poor silicic magma, which generally fragments in a brittle way, produce ash particles that retain
the shape of interstitial melt between the expanding bubbles; because of this, ash shapes range from flat plates to
cuspate shards to pumiceous micro-fragments and dense crystals. In contrast, when the interaction of external water
with mafic magma leads to magma fragmentation, the resulting ash particles vary from vesicular to dense, with the
latter being generally smooth and equant (Mackie et al., 2016). As regards the particle size resulting from the
primary fragmentation, it has been shown that cumulative grain size distribution is well described by a power-law
relationship, where the power-law exponent, also known as the fractal dimension of the distribution, is correlated
with the potential energy at fragmentation (Fowler & Scheu, 2016; Turcotte, 1997). Secondary fragmentation,
which can occur both within the conduit and in the jet region of the plume (T. J. Jones & Russell, 2017), can modify
both the shape and size of the particles, by rounding them and decreasing the average size, and by increasing the
fractal dimension of the grain size distribution.
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2.2. Plume Dynamics

During explosive eruptions, magma and gas exit volcanic vents as negatively buoyant gas-particle jets, driven
upward by momentum. Their negative buoyancy causes them to decelerate and eventually stall, collapsing back
onto the flanks of the volcano. However, if they entrain enough air and heat it, they become positively buoyant
and rise high into the atmosphere. Continued mixing with air causes them to cool, lose buoyancy, and then
collapse gravitationally to a lower level, where they advect downwind or spread laterally as an umbrella cloud.
Buoyant plumes are of particular interest because they are responsible for the widespread dispersal of volca-
nic ash.

Four parts can be defined for a typical plume (Figure 4a): (a) a momentum-driven gas-thrust basal region; (b) a
buoyant, convective thrust region; (c) an overshooting top where the plume has lost buoyancy but continues to rise
and, finally, (d) a collapsing and spreading region.

2.2.1. The Gas-Thrust Region

Most volcanic eruption plumes leave the ground surface as vertical jets (Figure 4a—inset). Pressures in the
shallow subsurface that drive these jets can be several megapascals or more, and the pressure gradient between
surface and near surface is almost always too great for pressures in the flowing mixture to drop by viscous
pressure losses in the fluid. Thus, at some near-surface choke point, their velocity accelerates to the sound speed
of the mixture, which ranges from several tens to hundreds of meters per second (Bennett, 1971; Kieffer, 1989;
Kieffer & Sturtevant, 1984; McGetchin & Ullrich, 1973). Above the choke point, the mixture accelerates to
supersonic velocity before going through a series of shock waves and pressure fluctuations, and eventually
equilibrates to atmospheric pressure. The velocity after equilibration depends on the vent geometry and on other
parameters but likely ranges from several tens to a few hundred meters per second (Koyaguchi et al., 2010; Woods
& Bower, 1995). Assuming the gas that drives volcanic jets from the vent consists only of volatiles that have
exsolved from the magma, all erupting mixtures will be negatively buoyant (Sparks & Wilson, 1976). Negative
buoyancy and air drag cause them to decelerate with elevation. Without air entrainment, the jet would rise only a
few hundred to a few thousand meters until its initial kinetic energy is converted to elevation potential energy. It
would then collapse back to the ground surface and propagate outward as a pyroclastic density current (PDC).
Along its perimeter, however, the jet shears against the adjacent air, producing eddies that curl outward and then
back into the jet, carrying ambient air with them (Figure 4a—inset). The eddies develop within a boundary layer
that widens with elevation and, as the boundary layer widens, eddies grow wider and engulf more air until, at
several vent diameters above the ground surface, the boundary layer has worked its way into the jet core
(Figure 4a). At greater height, the jet develops a roughly Gaussian velocity profile (when averaged in time)
(Wygnanski & Fiedler, 1969, Figure 1; Pope, 2000, Figure 5.15), though this may be modified by crosswinds
(Aubry et al., 2017) or partial collapse (Esposti Ongaro and Cerminara, 2016).

The amount of air entrained into the jet is the key factor that controls whether an erupting column transforms into
a buoyant plume or collapses. Much research has been dedicated to understanding which factors control the
entrainment rate (Aubry et al., 2017; Degruyter & Bonadonna, 2013; Devenish et al., 2010; Diirig et al., 2023;
Falcone & Cataldo, 2003; Hoult & Weil, 1972; Huq & Stewart, 1996; Kaminski et al., 2005; Liepmann, 1991;
List, 1982; Patrick, 2007; Ricou & Spalding, 1961; Solovitz et al., 2011; Y. J. Suzuki & Koyaguchi, 2010, 2015;
Turner, 1986). In general, higher speed jets produce faster eddies, which entrain air at a greater rate (Jessop &
Jellinek, 2014; Morton et al., 1956). In the near-vent region, experiments and models suggest that the entrainment
rate also depends on vent geometry (Y. J. Suzuki et al., 2020), distance from the vent (Solovitz & Mastin, 2009),
vent overpressure (Ogden et al., 2008; Solovitz et al., 2011), and jet buoyancy (Kaminski et al., 2005). For jets in
crossflow, the entrainment rate is also thought to increase linearly with crossflow velocity (Hewett et al., 1971;
Hoult et al., 1969). Air entrainment along the jet perimeter has significant implications for entrainment in jets of
different sizes. The jet perimeter increases linearly with the jet radius r whereas the MER increases with 72, Thus,
as a fraction of erupted volume flux, small plumes entrain more air along their margins than big plumes. As vent
diameter grows (by erosion for example), it becomes increasingly difficult to entrain enough air to develop
buoyancy. In the largest eruptions, column collapse becomes a dominant process, producing extensive, laterally
emplaced pyroclastic deposits known as ignimbrites (Woods, 1988).

A collapsed column that moves away from the vent as a PDC may continue to mix with air along its upper margin
(Figure 4b). Mixtures of hot air and fine, elutriated ash may rise buoyantly to form coignimbrite plumes, phoenix
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Figure 4. (a) Schematic illustration of the anatomy of a jet-driven plume, showing the gas-thrust region, the convective thrust
region, the overshooting top, and (for large eruptions) the umbrella cloud. After rising, the plume subsides back to the neutral
buoyancy elevation (z,,,) and spreads. Inset to left shows a close-up of the vent region with an unmixed core of magmatic
particles and gas (red), air entrainment along the jet margins (circulation arrows), and a mixed region of magmatic material
and entrained air (gray). Also shown on the right are profiles of average ascent velocity (), temperature of the plume (7,
and surrounding air (7,;,), and density of the plume mixture (p,;,) minus that of the ambient air (p,; ). (b) Shows a
coignimbrite plume rising from a pyroclastic density current. Profiles of velocity and plume density minus air density are also
shown. (c) Shapes of some well-known plumes as a function of eruption size: Etna 2001 (Scollo et al., 2007), Eyjafjallajokull
2010 (Arason et al., 2011; M. T. Gudmundsson et al., 2012), Mount St. Helens, 18 May 1980, including both the Plinian
column between 0900 and 1700 local time (left) and the coignimbrite plume that rose from 0845 to 0910 local time (right,
Sparks et al., 1986), and the giant Pinatubo plume and umbrella cloud (Holasek et al., 1996; Koyaguchi & Tokuno, 1993).
(d) Plume height versus mass eruption rate (MER) for 130 eruptions listed in the Independent Volcanic Eruption Source
Parameter archive (IVESPA, Aubry et al., 2021). Heights and uncertainties are derived as described in IVESPA. Dashed
lines of different colors correspond to the approximate MERs of eruptions illustrated in (c). The red line is the best-fit power-
law estimation of plume top height H given MER, H = 0.345MER??° (Aubry, Engwell et al., 2023), where MER is in kg/s
and H is in kilometers above the vent.
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clouds, or elutriated ash clouds. These plumes differ from vent-fed plumes in that they do not contain a lower,
negatively buoyant gas-thrust region. They also generally contain much finer ash than vent-fed plumes (Sparks
et al., 1986, 1997, Section 4.8). Two- and three-dimensional modeling studies have found that transitional
behavior, in which columns partially collapse and phoenix clouds rise from PDCs, develop in cases where the
amount of gas entrained into the jet is marginally sufficient to develop buoyancy (Neri et al., 2002). Complex
columns involving simultaneous collapse and buoyant rise have also developed in large, wet eruptions (Van Eaton
et al., 2012a). Choked flow can also cause columns to oscillate with time, collapsing and rising over periods of
minutes (Neri et al., 2002; Ogden et al., 2008; Y. J. Suzuki et al., 2016).

2.2.2. The Convective Thrust Region

For plumes that attain buoyancy, their upward motion is driven by heat. The buoyancy force is equal to the
plume's cross-sectional area multiplied by the density difference between the plume and the surrounding air.
Thus, all other things being equal, hotter plumes (which have lower density) rise faster than cooler ones. Bigger
plumes cool more slowly with height, retain their buoyancy longer, and rise higher than smaller ones. In a stably
stratified quiescent atmosphere, the height of the plume H is theoretically proportional to the fourth root of
buoyancy flux (i.e., heat flux) (Morton et al., 1956). Magmatic absolute temperature varies by only about 20%—
30% from the coolest to the hottest magmas. Similarly, vent-level atmospheric density, governed by atmospheric
temperature and pressure, also varies by only about ~20%-30%. By contrast, MER can vary by at least five orders
of magnitude (Settle, 1978; L. Wilson et al., 1978). Thus, we expect the heat flux that drives volcanic plumes to be
controlled mainly by MER. Several empirical compilations of plume height and eruption rate support the pro-
portionality H o« MER"* (Mastin et al., 2009; Sparks et al., 1997; L. Wilson et al., 1978) (Figure 4d). This
relationship is widely used to estimate MER for dispersion modeling (e.g., Aubry, Engwell et al., 2023; F. M.
Beckett et al., 2020; Mastin et al., 2009), although uncertainty in MER for a given H is close to an order of
magnitude, and the relationship ignores atmospheric and other effects, which are described below.

Thermal lapse rate is one such atmospheric influence. Plumes are buoyant because they are warmer than sur-
rounding air, yet they cool adiabatically as they rise. In the troposphere, the ambient atmosphere also cools with
elevation, making it easier for plumes to remain buoyant. In the stratosphere, however, the temperature increases
with elevation while the plume continues to cool. This adverse atmospheric temperature gradient hinders ascent
above the tropopause, requiring a greater heat flux to add a given increment of plume height. Adiabatic cooling
may also cause stratospheric plumes to be cooler than the surrounding air, or air at any elevation at that location.
This phenomenon, known as undercooling, has been detected in thermal satellite images at several eruptions and
taken as an indication that the plume has risen into the stratosphere (Woods & Self, 1992).

Atmospheric moisture is a second atmospheric influence. Plumes that entrain moist ambient air will also cool
adiabatically as they rise, but their cooling is moderated by the release of latent heat as water condenses. Like
thunderheads, volcanic plumes that condense as they rise will remain warmer and buoyant to greater elevation
than similar plumes that entrain dry air (Woods, 1993). In humid, tropical environments, this process can drive
small plumes to rise to the tropopause before stalling (Tupper et al., 2009).

Wind is a third such influence. During the 2010 eruption of Eyjafjallajokull, plume height was seen to correlate
inversely with wind speed (Woodhouse et al., 2013). Wind tends to bend the plume over, reducing its height.
Wind also increases entrainment of air into the plume, increasing the mass that must be lifted without increasing
the thermal energy available to lift it. These two effects result in lowering plume height for a given MER. Several
studies highlight that wind effects result in serious underestimates of MER if empirical height-rate relations are
used without consideration of wind (Bursik et al., 2012; Degruyter & Bonadonna, 2012; Woodhouse et al., 2013).

External water added at the vent can also influence plume height. Cold seawater or groundwater adds to the mass
that must be lifted by the plume. Water can also cool the plume and, through expansion, convert some of the
thermal energy that drives plume rise to explosive kinetic energy (Zimanowski, 1998). For eruptions involving
MER:s less than about 3 X 108 kg/s, modeling studies (Koyaguchi & Woods, 1996; Woods, 1993) found that the
vapourized water returns most or all its heat to the plume as it rises and condenses, resulting in little or no change
in plume height. For larger eruptions however, the addition of water does reduce plume height by increasing
plume density (Koyaguchi & Woods, 1996). These findings ignore the effects of surface water in suppressing exit
velocity or gas exsolution. Studies that consider them (Rowell et al., 2022) found that a water depth of 50-100 m
can increase the MER required for plumes to reach the tropopause by an order of magnitude.
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Figure 5. (a) The 4 May 2010 weak plume at Eyjafjallajokull. The plume on this day rose to several kilometers and then blew
downwind without dropping greatly in elevation. Icelandic Meteorological Office image by Thorstein Jonsson. Published
with permission. (b) Photograph by G. Famiani of a strong plume and umbrella cloud from an eruption of Mount Etna on 4
December 2015. Published with permission. (c) Thermal and umbrella cloud produced by elutriation of ash and gas from a
pyroclastic density current (PDC) at Redoubt Volcano, Alaska, on 21 April 1990. Photo by R. Clucas. Used with permission.
Skirt clouds form as moist air is drawn toward the rising plume, rises and condenses. The plume is offset to the right of the
volcano because it rose from the PDC rather than the vent. (d) International Space Station image of the eruption of Raikoke
volcano, Kuril Islands, 21 June 2019. Upwind stagnation point is shown by the arrow. Ash from earlier, less vigorous phases
of the eruption trails off downwind toward the top of the image. (¢) GOES-17 visible image of the 15 January 2022 umbrella
cloud from Hunga volcano, Tonga. Arrow points to one of several gravity waves propagating through the cloud. A white ice-
rich cloud is visible below the main umbrella cloud.

Steam rising from lava or PDCs mixing with water can boost a plume with little or no ash to great heights. This
process was observed or inferred at Kilauea in 2020 (Cahalan et al., 2023), Fukutoku-oka-no-ba in 2021 (Maeno
et al., 2022) and may have contributed to the great height of the 57-km-high, ash poor Hunga plume in 2022
(Mastin et al., 2024).

2.2.3. Overshoot, Eruption Size and Plume Shape

Plumes pass their elevation of neutral buoyancy (z,,,;) at around the point in their trajectory where their buoyant
ascent velocity is highest. Plumes whose ascent velocity is less than or comparable to that of ambient winds will be
bent over to produce weak or bent plumes (Figure 5a), while those that ascend fast relative to wind speeds will
produce vertical or strong plumes (Figure 5b). Model results (Costa, Suzuki, et al., 2016) suggest that a plume from
a medium-sized eruption of about 10° kg/s may have an ascent velocity of several tens of meters per second at the
neutral buoyancy elevation, whereas a Pinatubo-sized eruption (~10° kg/s) may ascend at more than 200 m/s. By
comparison, tropospheric wind speeds are typically in the range of meters per second to tens of meters per second.
Thus, when winds are present, eruptions ejecting less than about 10° kg/s of magma are more easily bent
(Figure 5a), than those ejecting more than 108 kg/s (Figure 4c). The 15 June 1991 Pinatubo plume, for example, rose
to 35—40 km elevation through the tropospheric winds of typhoon Yunya with seemingly little deflection by wind
(Wolfe & Hoblitt, 1996).
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The greater ascent velocity of large plumes also affects the height of the overshooting top. Bent plumes from
smaller eruptions rise to their maximum height and then level off (Figure 5a) or slightly decrease in height
(Arason et al., 2011; Figure 5) as they spread downwind. Morton et al. (1956) suggested a theoretical neutral
buoyancy elevation that is about 76% of the total plume height. Empirical compilations give the same number on
average (Aubry et al., 2021). But observations also suggest that big eruptions have greater overshoot than smaller
ones. Pinatubo in 1991, for example, ejected ash to 35-40 km, then dropped more than 10 km, to feed an umbrella
whose top lay at about 25 km elevation (Fero et al., 2009; Holasek et al., 1996). At Hunga in 2022, ash reached
50-57 km, then dropped below 35 km before spreading (Van Eaton et al., 2023).

The negative buoyancy of the overshooting top can lead to unstable fluctuations in plume-top height (Friedman
et al., 2007). Three dimensional simulations of a Pinatubo-sized eruption show fluctuations of 5-10 km over
several minutes (Y. J. Suzuki & Koyaguchi, 2009), even when the eruption rate is constant. Fluctuations may have
been responsible for top-height estimates ranging between 35 and 40 km at Pinatubo (Holasek et al., 1996) and
changes of more than 15 km over 10-min intervals during the 2022 eruption of Hunga volcano (Van Eaton
et al., 2023).

2.2.4. Gravitational Spreading

Gravitational collapse from the overshooting top causes the ash to drop to an elevation of neutral buoyancy. When
the eruption rate is low and wind speeds are high, the ash is advected downwind with little radial spreading. At
higher MERs, however, the ash spreads laterally, including in the crosswind and upwind directions. Upwind, the
ash spreads until the magnitude of the radial velocity vector equals the wind speed at that elevation, at which point
it stagnates and the cloud forms an anvil shape in cross section (Carey & Sparks, 1986) (Figure 5d, arrow). The
most powerful eruptions produce nearly circular umbrella clouds that are not strongly influenced by ambient
winds (Figure 5e). In the largest (VEI 7-8) eruptions, their outer edges may spin in response to Coriolis forces
(Baines & Sparks, 2005). During vigorous umbrella growth, fluctuations in the plume-top height propagate
downward and outward into the growing umbrella cloud as gravity waves (Figure 5e, arrow). During the 15
January 2022 eruption of Hunga volcano, the gravity waves were accompanied by outward-propagating rings of
lightning within the cloud (Van Eaton et al., 2023).

1/3

The radius r of umbrella clouds has been estimated theoretically to grow with time 7 at a rate of r < ¢~ for clouds

rising from discrete sources, and r o > for clouds fed from sustained sources (Sparks et al., 1986). Umbrella
growth under different relationships between buoyancy and drag, may result in different exponents (Pouget
etal., 2016), but in general, umbrella clouds observed in recent years from vent-derived plumes have fit well to the
r o« 1 relationship (Mastin & Van Eaton, 2020; Van Eaton et al., 2023). For sustained plumes, this relationship
can be used to constrain MER (Costa et al., 2013; Pouget et al., 2013). This method has been used more often as

modern satellite imagery with good time resolution has become available.

2.3. Tephra Transport, Sedimentation, and Resuspension

A clast inside a plume experiences two opposing forces: the downward force of gravity and the upward drag force
exerted on the clast by the rising mixture. The point at which the gravity force and the drag force are equal
determines the terminal velocity of the clast. The ascending plume can transport a clast until the height where the
vertical velocity of the plume matches the terminal velocity of the clast. At this point, the clast becomes suspended
at that elevation and it is unable to ascend any farther. As volcanic plumes exhibit high turbulence, a clast at its
suspended height will undergo continuous movement, eventually reaching the edges of the plume. When this
happens, it will fall out from the column (as it no longer receives support from the rising mixture) and enter the
atmosphere (Carey & Sparks, 1986). Larger clasts with high terminal velocity are lost close to the vent, while
smaller clasts (ash particles) are transported at higher altitudes eventually reaching the neutral buoyancy and
entering the umbrella cloud. Here, particles, experiencing the high turbulence of the umbrella, are swept sideways
by the radial velocities and, as soon as they lose the support of the mixture, they leave the umbrella region and
move downwind, forming volcanic clouds that may persist in the atmosphere for days to months. Here the
dispersion and sedimentation of tephra particles are mainly governed by wind transport, turbulent diffusion and
settling due to gravity, but can also be affected by wet deposition, particle aggregation and SDGIs (Durant (2015)
and references therein).
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2.3.1. Gravitational Settling

The residence time of tephra particles in the free atmosphere (i.e., above the atmospheric boundary layer which is
about 1 km thick) is primarily controlled by their gravitational settling velocity. For simplicity, it is commonly
assumed that volcanic particles settle at their terminal velocity (i.e., the velocity reached when gravitational,
buoyancy and vertical drag forces acting on the particle are balanced) and under dry conditions. Settling velocity
depends on the physical properties of tephra particles (size, density and shape) and on the characteristics of the
atmosphere. A wide range of variability exists, spanning from settling velocities less than 107> m/s for fine ash
particles to values higher than 10 m/s for lapilli (Bagheri & Bonadonna, 2016). This means that, for example, the
finest particles released at 10 km height can remain suspended into the atmosphere for months. The high vari-
ability exhibited by tephra particles in terms of size and shape make the quantification of settling velocity
challenging and subject to considerable uncertainties. Particularly challenging to estimate is the particle drag
coefficient, which is a term in the definition of settling velocity. Drag coefficient is a function of many parameters,
in particular Reynolds number (i.e., a nondimensional number indicating the ratio between the inertial and viscous
forces acting on a particle) and particle shape. For low values of Reynolds number (Re << 1), inertial terms are
negligible over the viscous ones, and, for spherical particles only, the drag coefficient can be computed
analytically as 24/Re (Stokes, 1851). This solution is valid for particles up about 50 pm diameter (fine ash). At
higher Reynolds numbers (from Re > 0.1 up to Re = 10°), there are no analytical solutions for the drag coefficient,
even for spherical particles, and estimates for spherical and nonspherical particles are derived from empirical
correlations based on experiment results. One of the first empirical expressions of the drag coefficient specifically
developed for volcanic particles of all shapes was proposed by L. Wilson and Huang (1979). Additional for-
mulations valid under different ranges of validity and based on different shape descriptors were proposed over the
years by Arastoopour et al. (1982), Clift and Gauvin (1971), Dellino et al. (2005), Dioguardi et al. (2018),
Ganser (1993), and others.

Within the atmospheric boundary layer, additional factors influence the deposition of tephra particles, including
the effects of terrain, vegetation and meteorological conditions. Near the ground, Brownian diffusion and eddy
turbulence effects contribute to the dry deposition velocity for particles up to 100 pm in diameter. However, for
larger particles gravitational settling is still the dominant process (Folch, 2012).

2.3.2. Wet Deposition

Wet deposition is an additional process responsible for the removal of volcanic particles from the atmosphere.
Two types of wet deposition exist: in-cloud scavenging and below-cloud scavenging. In the first case, particles act
as cloud (or ice) condensation nuclei or collide with cloud droplets (or ice crystals). When these hydrometeors
grow to a certain size, they precipitate, removing the incorporated particles from the atmosphere. In below-cloud
scavenging, rain droplets (or ice crystals) precipitating from a cloud collide with particles suspended below the
cloud and bring them to the ground surface. Wet deposition can greatly enhance the atmospheric removal of very
fine ash particles (<30 pm), while for larger particles, gravitational settling is still the main process. The effi-
ciency of wet deposition in removing airborne particles depends on the environmental conditions under which the
eruption takes place. For hypothetical eruptions of Merapi volcano (Indonesia), Dare, Potts, and Wain
et al. (2016) showed that dry sedimentation removes approximately 10% of volcanic ash from the atmosphere
within 24 hr after the eruption, while during high rainfall seasons (December and January), an additional 30% of
particles are removed by wet deposition.

2.3.3. Aggregation

Most ash particles are known to fall as aggregates of various types including particle clusters (ash clusters PC1,
coated particles PC2 and cored clusters PC3) and accretionary pellets (poorly structured pellets AP1, pellets with
concentric structures AP2, and liquid pellets AP3) (Bagheri et al., 2016; Brown et al., 2012) (Figure 6). Ash
clusters (PC1) consist of loosely packed ash particles of similar size (<100 pm), while coated particles (PC2)
consist of a coarse-ash particle (>63 pm) covered by sparse fine-ash particles (<63 pm) and cored clusters (PC3)
consist of coarse-ash particles covered by a thick shell of fine-ash particles. Accretionary pellets are thought to
likely form in humid conditions (wet aggregation) and sediment as roughly spherical clusters with no evident
structure (AP1), spherical clusters with concentric layers (AP2, also called accretionary lapilli) or rain drops filled
with ash particles of various sizes (AP3). With the exception of AP2 (Burns et al., 2017; Gilbert & Lane, 1994;
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Figure 6. Aggregate types: particle clusters (PC1, PC2, and PC3) and accretionary pellets (AP1, AP2, and AP3) (Images
modified from Bagheri et al., 2016; Bonadonna et al., 2011; Burns et al., 2017).

Mueller et al., 2016; Van Eaton & Wilson, 2013), all particle clusters and accretionary pellets typically break on
impact with the ground and cannot be observed in the deposit (Brown et al. (2012) and references therein). Novel
field-observation strategies that involve the combined use of various techniques such as high-speed camera and
ash collection on adhesive carbon tape during fallout have provided key insights into the most fragile end-
members of aggregates including size, settling velocities and density (Gabellini et al., 2020; Miwa
et al., 2018; Taddeucci et al., 2011; Vecino et al., 2022). These investigations combined with detailed studies of
tephra deposits have also shown how aggregate size and typology might vary non-systematically with distance
from the vent, indicating a complex interaction between the spatiotemporally variable sources of liquid water and
ice and the changes in eruptive styles. Aggregate growth and stability in volcanic plumes and clouds are especially
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Figure 7. Settling-driven gravitational instabilities as observed (a) in the field (May 2010 Eyjafjallajokull eruption;
photograph from Eliasson (2020)); (b) in experiments (Fries et al., 2021); and (c) in simulations (Lemus et al., 2021).

complex as they can go through multiple cycles of disaggregation and re-aggregation (e.g., Mueller et al., 2017).
In addition, experimental studies suggest that both dry and wet aggregation can occur during the same eruption
with electrostatic aggregates forming extremely rapidly and, in wet conditions, accretionary pellets more effi-
ciently scavenging large particles (up to a few hundred microns) due to the associated stronger binding forces
(James et al., 2003; Van Eaton et al., 2012b). Given that aggregation associated with ice seems less effective, wet
aggregation is likely to be more efficient in the volcanic plume and proximal volcanic cloud where particle
concentrations and liquid water contents are higher (possible formation of hydrometeors) (Costa et al., 2010).
Nonetheless, hail-like growth of ash aggregates dominating ash sedimentation has also been observed to espe-
cially occur in case of wet plumes characterized by sustained updrafts (keeping particles aloft long enough to
collide and aggregate) and reaching atmospheric levels colder than —20°C (Durant et al., 2008; Van Eaton
et al., 2015; Wallace et al., 2013). These conditions were met during the eruptions of Grimsvétn in 2011,
Eyjafjallajokull in 2010, and Mount St. Helens in 1980. Indeed, volcanic hail was observed from each of these
eruptions. Recent field observations have also demonstrated the electrical multipolar nature of ash aggregates and
the key role played by multipoles in the formation of clusters in the absence of a primary liquid phase (Pollastri
et al., 2022). Depending on cluster size and porosity, particle aggregation can simultaneously cause premature
fallout of fine ash and delayed sedimentation (rafting effect) of the associated aggregate cores (typically in the
coarse-ash size range) (Rossi et al., 2021).

2.3.4. Settling-Driven Gravitational Instabilities (SDGIs)

Premature fallout of volcanic ash can also be caused by SDGIs that reduce its residence time in the atmosphere
(e.g., Carazzo & Jellinek, 2012; Durant, 2015). SDGIs occur when settling of volcanic ash at the boundary
between volcanic clouds and surrounding atmosphere creates an interfacial region of excess density, called a
particle-boundary layer, which, after reaching a critical thickness, becomes unstable, detaches, and protrudes
downward creating a preferential transport path for volcanic ash (Fries et al., 2021; Manzella et al., 2015; Scollo
et al., 2017) (Figure 7). Settling-driven gravitational instabilities significantly enhance sedimentation rates of
volcanic ash and lead to locally increased ash concentration within fingers, potentially increasing aggregation
efficiency (Carazzo & Jellinek, 2012, 2013; Lemus et al., 2021). Dedicated analytical and numerical models
have been developed to explore the impact of particle aggregation on tephra sedimentation. These models are
either based on adjusting the input grain size distribution (Bonadonna et al., 2002; Cornell et al., 1983; Mastin
et al., 2013, 2016) or on the population balance theory (F. Beckett et al., 2022; Costa et al., 2010; de’ Michieli
Vitturi & Pardini, 2021; Folch et al., 2020; Ramkrishna & Singh, 2014; Smoluchowski, 1917). However, SDGIs
still require a detailed parameterization. Given the complexity of all size-selective sedimentation processes,
tephra sedimentation is commonly described as sedimentation of individual particles, especially for real-time
forecasting that requires fast simulations (Folch, 2012).

2.3.5. Resuspension

Under specific meteorological and environmental conditions (e.g., strong winds, low soil moisture, and lack of
vegetation), tephra deposits can be remobilized by wind and be re-injected into the atmosphere (Del Bello
et al., 2018; Douillet et al., 2014; Jarvis et al., 2020; Liu et al., 2014; Miwa et al., 2018). Once the threshold
friction velocity is exceeded by the wind, ash particles start to be entrained into the atmosphere with the largest
particles (from ~50 pm to 1 cm in diameter) moving by creep (i.e., rolling/sliding) or saltation (following ballistic
trajectories) and the finest material being transported in suspension (Folch et al., 2014; Jarvis et al., 2020; Kok
etal., 2012). The frequency and intensity of ash-remobilization events depends on the availability and compaction
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of volcanic deposits, their specific features (e.g., grain size, particle density, particle shape), atmospheric con-
ditions (e.g., wind, rainfall), land surface state (e.g., soil moisture, vegetation), and topography (Dominguez,
Rossi, et al., 2020; L. Mingari et al., 2020). In contrast to primary tephra fallout, ash-remobilization by wind does
not have a single source of emission, can occur in both fresh and ancient deposits, and can affect both proximal
and distal areas (L. A. Mingari et al., 2017; T. M. Wilson et al., 2011). Notably, remobilized ash is characterized
by a lower melting temperature than mineral dust, thus increasing the potential impact on aviation (Butwin
et al., 2020), and higher PM10 (i.e., particles smaller than 10 pm) content with respect to primary fallout due to
particle abrasion and disaggregation of particle clusters, thus increasing impact on public health (e.g., Domi-
nguez, Bonadonna, et al., 2020).

3. Monitoring Tephra Plumes and Clouds
3.1. Monitoring From the Ground

In the event of explosive eruptions of various types, ground-based monitoring systems enable the measurement of
key features describing the dynamics of the tephra plumes and clouds. These features include, among others,
spatial extent of the plume and related cloud (e.g., column height, extent of umbrella cloud, altitude, and thickness
of the ash cloud), aerodynamic properties of tephra particles (e.g., size, shape, settling velocity), MER, ground
sedimentation rate and eruption duration. Timely collection of such information during eruptions is well-suited
for hazard assessment and can be used in synergy with satellite measurements and numerical modeling to evaluate
the potential consequences of explosive eruptions (Chazette et al., 2012; Devenish et al., 2012; Pyle et al., 2013).

To date, not all of the approximately 1,500 active volcanoes on Earth have a systematic ground- based monitoring
system (Loughlin et al., 2015; Sparks et al., 2012). Recent estimates suggest that only a third to a half of these
volcanoes are monitored from the ground, but even fewer are considered well-monitored (Pritchard et al., 2022).
Reasons for this shortcoming include the fact that many volcanoes are situated in remote areas with limited
access, whether due to geographical or political reasons. Additionally, eruptions are relatively rare events, making
the installation and maintenance costs of dedicated monitoring systems not always affordable when considering
the cost-to-benefit ratio. This is particularly true for volcanoes located in uninhabited areas (Biggs et al., 2021;
McKee et al., 2021). However, systematic ground-based observations are conducted through permanent networks
for certain active volcanoes located in densely populated areas (e.g., Mount Etna in Italy, Sakurajima in Japan) or
in sites where explosive eruption can cause air travel disruption at continental scale (e.g., Iceland) (Diirig
et al., 2018; Iguchi et al., 2019; Scollo et al., 2009).

Below, the main tools and techniques used to monitor volcanic plumes and clouds from the ground are described
and a summary is provided in Table 1. Additionally, we include information on in situ sampling from piloted
aircraft and balloons, techniques employed during some eruptions, such as the Eyjafjallajokull eruption (Iceland,
2010).

3.1.1. Visible Cameras

Visible cameras are sensors that collect visible light (400-700 nm) and convert it into images or videos that
replicate human vision. State Volcano Observatories (SVOs) (see Section 4.4) often manage networks of visible
cameras that help monitor volcanic activity at specific sites (Barnie et al. (2023) and references therein). Visible
cameras are cheap and easily deployable tools that are becoming widely used to detect and characterize volcanic
plumes. A major advantage of these sensors is the possibility to monitor plumes produced by different eruption
styles, from low-altitude ash-poor plumes (Pfeffer et al., 2018) to those reaching heights up to about 15 km (Scollo
et al., 2019). However, visible cameras can only work during the day and in favorable weather conditions. They
are therefore complementary to other techniques such as those based on infrared sensors that can operate also at
night. In some cases, plume images are automatically calibrated (also considering the effect of the wind) and
operators can use them to extract estimates of plume height, for example, to report in the VONAs (Barnie
etal., 2023; Scollo et al., 2014) (Figure 8). From such estimates, MER can be retrieved (from empirical relations,
analytical or numerical eruption models) and used to initialize tephra dispersal models. Recently, software ap-
plications that automatically process high-resolution videos and images of plumes taken in the visible wavelength
have emerged, although they are not yet used operationally (Aravena et al., 2023; Simionato et al., 2022; Valade
et al., 2014). With these new systems, it is possible to automatically discriminate tephra plumes from the
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Table 1
Overview of the Different Techniques Used to Monitor Volcanic Plumes (Near Source) and Distal Volcanic Clouds From the Ground
Observed Spatial
features coverage Particle range Main pros. and cons.
Visible camera PL In situ- Estimation of plume height in real time, limited to daylight hours
10 s km
Infrared camera PL, PA In situ Fine ash Useful for early warning
Radar PL, PA In situ- Coarse ash-lapilli Works in real time under various conditions and distances from the vent but not
100 s km sensitive to fine ash
Lidar CL, PA In situ- Fine ash Monitors volcanic clouds in real time across various distances from the vent, influenced
1,000 s km by atmospheric conditions
Infrasound microphone PL In situ- Useful for early warning of large eruptions at unmonitored volcanoes, signals may be
1,000 s km attenuated by complex terrain
Disdrometer PA In situ Coarse ash-lapilli Low-cost, easily maintainable devices
Lightning antenna PL, CL In situ- Early warning system working round the clock
1,000 s km
Petrological monitoring PA In situ Coarse ash-lapilli Accessing active volcanoes is challenging, needing prepared personnel, equipment, and
infrastructure for timely sample analysis
Sampling from aircraft and PA, PL, CL In situ- Fine ash Good estimates of ash concentration and particle size distribution. Aircraft flights are
balloons 1,000 s km expensive and can be risky

Note. PL indicates observations of the plume, such as height, shape, ascent velocity, and extension of the umbrella cloud. CL indicates observations of the volcanic cloud,
including height and thickness. PA indicates observations of particle sizes, atmospheric concentration, fall rate, and additional features, such as particle shape and
composition. Fine ash refers to particles with diameter less than 63 pm, coarse ash to particles from 63 pm to 2 mm, and lapilli to particles from 2 to 64 mm.

background and retrieve the main geometrical parameters, such as plume height and shape, as well as characterize
plume motion in terms of ascent velocity and acceleration.

3.1.2. Thermal Infrared Cameras

Thermal infrared cameras (or IR cameras) are devices that create images from the infrared radiation (3—14 pm)
emitted from the scene being observed. Different types of IR cameras can be used for volcano monitoring. If well
positioned near the volcanic source, broadband FLIR-type cameras can detect volcanic plumes due to the tem-
perature contrast between the hot plume and the background atmosphere (Spampinato et al., 2011). The routine
use of this type of cameras is widespread for surveillance purposes, and these devices are utilized by numerous
SVOs (e.g., Barsotti et al., 2023; Scollo et al., 2019). As an example, the Istituto Nazionale di Geofisica e
Vulcanologia-Osservatorio Etneo (INGV-OE) manages a network of five fixed FLIR-type cameras situated on
the flanks of Mount Etna. These cameras continuously acquire data, enabling the timely detection of volcanic
activity, including explosions that result in the formation of tephra plumes (Corradino et al., 2020) (Figure 9).
Recently, Bombrun et al. (2018) and Wood et al. (2019) proposed segmentation methods to automatically detect,
track and characterize volcanic plumes from data acquired by broadband IR cameras.

Post-processing algorithms applied to measurements collected by multi-spectral IR cameras (i.e., cameras with
several spectral channels) can provide quantitative information of volcanic plumes, such as height, shape, ascent
velocity, particle size, and total mass of atmospheric fine ash (e.g., Cerminara et al., 2015; Ripepe et al., 2013). A.
J. Prata and Bernardo (2009) first applied multi-spectral-IR sensors to detect and quantify volcanic plumes.
Working in the IR region between 7 and 14 pm, the authors showed that it is possible to discriminate ash particles
among different atmospheric components. Moreover, they demonstrated that by inverting the IR measurements
through a microphysical ash model, effective radius (mainly fine ash 1-10 pm), optical depth, and mass of at-
mospheric ash can be retrieved. One of the main advantages of this technique is the possibility to operate also at
night, but a serious limitation is that ash detection is possible only if the cameras are positioned a few kilometers
from the volcanic source (F. Prata, 2020). The theory behind IR discrimination of volcanic ash from ground-based
measurements was described by A. J. Prata and Barton (1994). Later in the text (Section 3.2.1), IR discrimination
of volcanic ash from satellite measurements will be described in detail. Finally, we notice that quantitative ap-
plications of IR cameras mainly concern small and mild ash-rich eruptions such as those that frequently occur at
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Figure 8. Screenshot of the web interface developed and managed by the IMO for real-time measurement of volcanic plume height. Visible images are acquired by
webcams dispersed across Iceland to monitor volcanic activity. Through the web interface, an operator can produce real-time estimates of plume height from calibrated
images. (a) Panel for selecting the camera, date, and wind profile. (b) Panel for selecting plume properties such as vent location and, if necessary, wind orientation.

(c) Panel for updating camera orientation parameters. (d) Webcam image with the horizon plotted in red, the vertical above the vent location in yellow, and the horizontal
plume height level in cyan. More information and a complete description of the tool can be found in Barnie et al. (2023).

Stromboli (Italy), Karymsky (Russia), and Santiaguito (Guatemala) volcanoes (Harris et al., 2012; Lopez
et al., 2013, 2015; Patrick et al., 2007; Sahetapy-Engel & Harris, 2009).

3.1.3. Weather Radars

Weather radars are systems traditionally dedicated to the study of hydrometeors and rain clouds. Radars send out
pulses of microwave radiation that, due to the interaction with water droplets or ice particles, can be reflected back
to the radar allowing the characterization of the target of interest (e.g., type and location of the precipitation).
Weather radars operating at S band (approximately 10 cm wavelength), C band (approximately 6 cm wavelength),
and X band (approximately 3 cm wavelength) can be used for volcano monitoring (a review on the use of radars
for volcanological applications can be found in Marzano et al. (2013a)). These instruments have been successfully
used to monitor volcanic eruptions since the 1970s (Kienle & Shaw, 1979). Over the years, many major eruptions
have been monitored through radars, including Mount St. Helens (USA, 1980), Pinatubo (Philippines, 1991), and
Eyjafjallajokull (Iceland, 2010, Figure 10) (a complete list up to 2013 and references can be found in Mackie
et al. (2016)).

Through data supplied by radar systems, it is possible not only to detect volcanic plumes, but also to retrieve
quantitative information of microphysical properties of tephra particles, geometrical characteristics of the
plume, and MER (Donnadieu, 2012; Donnadieu et al., 2016; Freret-Lorgeril et al., 2018; Marzano
et al., 2013a). For example, the vertical profiles of radar reflectivity (ZH) shown in Figure 11 reveal that the
average dimensions of the 2010 Eyjafjallajokull eruption plume were 10 km horizontally and 6 km vertically
(Mereu et al., 2015).

Nowadays, the Volcanic Ash Radar Retrieval (VARR) procedure developed by Marzano et al. (2006) is one of the
most applied techniques to process radar data for volcano monitoring. The VARR allows for the estimation of
quantitative information of volcanic plumes and clouds from radar measurements. Briefly, the VARR is based on
the construction of a forward microphysical model that relates the radar signal to the properties of the tephra
particles. In the default configuration, tephra concentration and fall rate are calculated by applying a Bayesian
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Figure 9. Visible and thermal images of Mount Etna plumes acquired by the monitoring network of INGV-OE. (a, c¢) Display visible images captured by the camera
located 27 km south of the Southeast Crater of Mount Etna. (b, d) Present thermal images of the same plumes, taken by the Monte Cagliato thermal camera positioned
8 km east of the Southeast Crater. Courtesy of INGV-OE.

inversion to the radar reflectivity measurements. Further extensions enable the VARR to estimate mean particle
diameter and airborne tephra particle size distribution and to extrapolate MER and amount of tephra deposited on
the ground (Mereu et al., 2015).
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Figure 10. (a) Shows the 6-hr average altitude of the Eyjafjallajokull 2010 plume top as observed by the weather radar located at Keflavik International Airport. The bars
indicate one standard deviation. (b) Shows an example of a visible image of the plume taken at 20:12:14 UTC on 17 April 2010 from the camera located at Hvolsvollur.
Figures from Petersen et al. (2012).
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Figure 11. Vertical profiles of radar reflectivity (ZH) during four instants of the volcanic activity of Eyjafjallajokull (Iceland) in May 2010. (a) Refers to 17:40 UTC on 5
May 2010, (b) 19:30 UTC on 5 May 2010, (c) 12:30 UTC on 7 May 2010, and (d) 15:55 UTC on 7 May 2010. The position of the radar sampling sites (EJn) is reported in
each panel, while the lines of varying degrees indicate the angles of the radar. Figure courtesy Luigi Mereu.

The ability to work around the clock, in any weather conditions and with high temporal resolutions are the main
advantages of radar measurements. Furthermore, these systems do not need to be located close to the volcanic
source, but, depending on the instrument, distances up to some hundreds of kilometers are possible (Marzano
etal., 2013a). Thus, radars are robust tools that can detect and characterize volcanic plumes produced by different
eruption styles, from Plinian and sub-Plinian eruptions (Harris & Rose, 1983; Marzano, Lamantea, et al., 2013;
Oswalt et al., 1996; Schneider & Hoblitt, 2013; Vidal et al., 2017) to less energetic events (Arason et al., 2013;
Donnadieu et al., 2011; Iguchi et al., 2019). One of the major limitations in the implementation of radar systems
comes from the fact that radars, due to their centimeter wavelengths, are mainly sensitive to coarse ash and lapilli,
and are unable to detect the finest particles (<63 pm). Therefore, depending on the style of the eruption and the
properties of the erupted particles, the height of the column may not be detectable (or detected with high un-
certainty and likely underestimated) if the top of the column consists of the finest particles (Rose et al., 1995b).
Finally, due to their limited sensitivity, volcanic clouds with low ash concentrations are challenging to detect with
radars.

3.1.4. Ground-Based Lidar

Ground-based lidar is a remote sensing technique that sends pulses of laser light into the atmosphere and collects
the radiation backscattered by the atmospheric components interacting with the laser signal. The received radi-
ation is proportional to the presence, range, concentration, and nature of the atmospheric components, such as
water vapor, but also volcanic particles. While radars are sensitive to the coarse fraction of tephra, lidars are
optimized to detect the finest particles dispersed in the troposphere and lower stratosphere and therefore are
particularly suitable for long-range tracking of volcanic clouds (Bedoya-Velasquez et al., 2022; Boselli
et al., 2018; Gasteiger et al., 2011; Jing et al., 2023; Mereu et al., 2018, 2021; Mortier et al., 2013).

Through lidar measurements it is possible to estimate not only the height and thickness of the clouds, but also the
size and concentration of the particles; while limitations arise in detecting plumes at source, especially for large
eruptions that produce optically thick plumes. Permanent lidar instruments are currently deployed at some well
monitored volcanoes, such as Sakurajima (Japan, Iguchi et al., 2019) and Mount Etna (Italy, Scollo et al., 2020),
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for the real-time monitoring of ash clouds. Non-volcano lidar networks, however, are able to detect and
discriminate ash clouds if the clouds intersect their field of view. Examples include the networks EARLINET
(European Aerosol Research Lidar Network) in Europe, that detected the ash cloud produced by the Eyjafjal-
lajokull eruption (Iceland, 2010) thousands of kilometers away (Ansmann et al., 2010), and NASA MPLNET
(Micropulse Lidar Network), which is instead deployed on global scale.

3.1.5. Infrasound Microphones

An infrasound microphone is a device that detects acoustic waves below the human audibility limit (<20 Hz).
Infrasound is emitted by numerous natural phenomena, including severe weather, seismic events, and volcanic
eruptions (Bai et al., 2023; Vergoz et al., 2022). In particular, explosive eruptions generate infrasound waves that
can travel through the atmosphere reaching distances of hundreds to thousands of kilometers from the volcanic
source (Matoza et al., 2018). The powerful eruption of the Hunga volcano in 2022 produced strong atmospheric
vibrations that circumnavigated the Earth and were recorded globally by the International Monitoring System
infrasound network (Campus, 2006; Vergoz et al., 2022). Infrasound equipment has also been deployed locally at
several volcanoes to monitor their activity (e.g., Castaflo et al., 2020; Marchetti et al., 2019; Matoza et al., 2007).
One of the main advantages of infrasound monitoring is the ability to acquire signals continuously at local,
regional, and global scales. Thus, infrasound monitoring is an excellent method for detecting and localizing large
eruptions of poorly monitored or unmonitored volcanoes, as well as detecting lower-intensity events that might
otherwise go unnoticed (De Angelis et al., 2012). Beyond this application, infrasound can provide insights into
eruption dynamics and source mechanisms, with different types of volcanic activity (from Hawaiian to Plinian),
showing different acoustic characteristics (De Angelis et al., 2019; Fee & Matoza, 2013). Of particular interest for
volcano monitoring is the positive correlation between acoustic power and plume height that emerges for large
eruptions (Fee et al., 2010). Furthermore, several studies show that quantitative estimates of plume height and
MER can be derived from infrasound data (Caplan-Auerbach et al., 2010; K. Kim et al., 2015; Lamb et al., 2015;
Ripepe et al., 2013). This application is not yet operational in real-time and requires additional research, but it
demonstrates the great potential of infrasound monitoring.

3.1.6. Disdrometers

Disdrometers are optical or radar devices originally designed to measure properties of precipitating hydrometeors
such as raindrops, snowflakes, and hail. Near volcanic vents, disdrometers can also be used to detect volcanic
particles and characterize their aerodynamic properties such as size, shape, and falling velocity. Optical dis-
drometers measure size and falling velocity of the particles passing through a laser beam (e.g., OTT Parsivel2
(Kozono et al., 2019), Thies Clima Laser Precipitation Monitor (Freret-Lorgeril, Bonadonna, Rossi, et al., 2022),
and ASHER (Marchetti et al., 2022)). The portion of the laser beam obscured by the particles and the corre-
sponding reduction of output voltage are proportional to the size of the particles, while the duration of the
reduction gives estimates of falling velocity (Loffler-Mang & Joss, 2000). Additionally, 2D Video Disdrometers
(2DVD) can also measure particle shape (Suh et al., 2019). Radar distrometers measure particle size and falling
velocity by analyzing the signal backscattered by volcanic particles. Thus, inversion algorithms must be devel-
oped to derive particle number and properties from the radar signal (Bonadonna et al., 2011; Scollo et al., 2005).
Disdrometers are relatively low-cost devices which can be installed and maintained quite easily around active
volcanoes. The first real-time measurement of ash settling velocity was conducted at Mount Etna during the
2002-2003 activity using a radar disdrometer (Scollo et al., 2005). Particles between 0.2 and 1 mm were effi-
ciently detected and the settling velocities that were measured (between 0.47 and 1.09 m/s) were in good
agreement with those derived from analytical models and experimental data. At Sakurajima volcano, a permanent
network of 13 optical disdrometers can detect volcanic particles ranging from 0.2 to 25 mm in size, and from 0.2
to 20 m/s for the falling velocity (Iguchi et al., 2019; Maki et al., 2021). Optical disdrometers can also provide
accurate information on tephra sedimentation rate (Freret-Lorgeril, Bonadonna, Rossi, et al., 2022).

3.1.7. Lightning Antennas

The main method for detecting lightning storms from the ground is to use antennas that receive lightning signals
in different frequency bands. Very low frequency (VLF, 3-30 kHz) and very high frequency (VHF, 30-300 MHz)
antennas deployed for weather forecasts are also used for volcano monitoring (Cimarelli and Genareau (2022) and
references therein). Indeed, it is well known that explosive eruptions of different sizes can produce lightning
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generated by the separation of charge in the eruption column (Aizawa et al., 2016; Behnke et al., 2013, 2014;
Cimarelli et al., 2016; McNutt & Williams, 2010). Recently, lightning detection is emerging as a routine tech-
nique for volcano monitoring at different scales, from regional to global. The World Wide Lightning Location
Network and the Vaisala Global Lightning Data set (GLD360) detect lightning strokes in real-time on a global
scale, and their data sets have been used to investigate the dynamics of eruptions such as the 2015 Calbuco
eruption (Baissac et al., 2021; Van Eaton et al., 2016). While Very low frequency antennas can detect lightning at
distances of up to 1000s of km during large explosive eruptions, VHF sensors can be deployed to study the
physics of lightning generation and propagation near the vent (Cimarelli & Genareau, 2022). Prompt detection of
volcano lighting can help to reveal the occurrence of an explosive eruption producing an ash rich plume and
eventually an ash cloud posing a hazard for aviation (Coombs et al., 2018; Smith et al., 2018, 2021). Moreover,
some studies have revealed that multiparametric observations of lighting can help to characterize the size of the
eruption, as well as the characteristics of the plume (e.g., plume height and MER) and of the ash cloud (Behnke
et al., 2013, 2014; A. T. Prata et al., 2020; Schultz et al., 2020; Van Eaton et al., 2016).

3.1.8. Petrological Monitoring

It is worth noting that petrological monitoring of erupted products (including tephra particles) may offer further
insights into eruption dynamics in general and plume dynamics in particular (Cashman & Taggart, 1983; Liu
et al., 2020; Pankhurst et al., 2022). If timely and efficient field investigations and laboratory analyzes are
performed while the eruption is in progress, size distributions and components of the particles deposited on the
ground (the airborne component is probably not detected) can be constrained in a few hours (Re et al., 2021), and
the resulting information can be used together with data from different monitoring techniques and/or to initialize
numerical models. Nowadays, syn-eruptive petrological investigations can potentially be conducted on multiple
styles of eruption, from weak to more violent ones. However, there are still limitations regarding the effective
possibility of carrying out this type of monitoring often due to the lack of in situ facilities or qualified personnel
(Re et al., 2021).

3.1.9. In Situ Sampling From Piloted Aircraft and Balloons

In situ sampling of dilute ash clouds from piloted aircraft has been performed for the assessment of the presence,
spatial extent, and maximum concentration of volcanic ash at some eruptions. Pioneering flights were conducted
using research aircraft to sample the volcanic clouds produced by the 1990 eruption of Redoubt Volcano and the
1980-1981 eruptions of Mount St. Helens (Hobbs et al., 1982, 1991). More recently, the long-lasting and low-
intensity eruption of Eyjafjallajokull (Iceland, 2010) was a perfect case study, with several campaigns con-
ducted at different sites (e.g., Iceland, Switzerland, and Germany) and using different aircraft (e.g., the Falcon
aircraft operated by the Deutsches Zentrum fur Luft- und Raumfahrt (DLR) and the UK's BAe-146-301 At-
mospheric Research Aircraft managed by the Facility for Airborne Atmospheric Measurements). The results of
these campaigns are presented in Dacre et al. (2013); Johnson et al. (2012); Schumann et al. (2011); Turnbull
et al. (2012); Weber et al. (2012). Also at Sakurajima volcano, frequent, low intensity ash emissions were
observed from airplanes in 2013 (Eliasson, Yoshitani, et al., 2014). More case studies of observations of airborne
ash from piloted aircraft can be found in Eliasson et al. (2016). Optical particle counters mounted on board of
research aircraft and appropriately calibrated for ash particles permit a quick estimate of ash concentration and
size distribution (with relative uncertainties). The inherent risk of flying within volcanic plumes and clouds
significantly limits the applicability of this technique. However, data collected from measurement campaigns
hold great value; for instance, they can be utilized to validate the results of transport and dispersion models. An
illustrative example is the eruption of Grimsvétn (Iceland, 2011), where airborne measurements of ash con-
centrations enabled the continued operation of airports in Reykjavik and Keflavik. This occurred despite nu-
merical forecasts predicting ash levels above the safety threshold for flying (Eliasson, Yasuda, et al., 2014).

Some properties of volcanic plumes and clouds can be measured in situ by balloons (both tethered and free-
released) carrying appropriate instruments (e.g., optical particle counters, backscatter sounders, and particle
collectors). Flights conducted inside the clouds provide estimates of the vertical extent and concentration of
volcanic aerosols and allow for the sampling of volcanic species. Despite being limited in number, successful
balloon campaigns have been conducted at Eyjafjallajokull (Iceland), Kilauea (Hawaii), and Turrialba (Costa
Rica) volcanoes (Petiji et al., 2012; Pieri et al., 2013; Vernier et al., 2020). Recently, in situ observations of the
volcanic cloud produced by the Hunga eruption in 2022 were performed one week after the eruption using
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balloons on La Réunion (Kloss et al., 2022). The cloud was sampled during three balloon flights from 19 to 25 km
altitude, revealing the presence of very small optically absorbing particles (with a radius less than 0.5 pm) that
were missed by satellite observations. In this sense, balloon observations appear to be complementary to satellite
measurements, as they offer high-resolution measurements of volcanic aerosols (and also gasses) that are difficult
to obtain with other techniques. Moreover, balloons represent a relatively low-cost technique that can be quickly
deployed during or after volcanic eruptions.

3.2. Monitoring From Space

Satellite observations offer a broad suite of techniques to monitor volcanic ash plumes and clouds. Both active and
passive techniques ranging from ultraviolet (UV) to microwave (MV) wavelengths have been developed for the
purpose of studying airborne ash. Monitoring volcanic ash from satellites includes detection, discrimination, and
quantitative retrievals where physical information on the ash cloud (typically particle size, optical depth, and
height) is obtained. Measurements made by current satellite instruments used for monitoring volcanic ash do not
just vary in wavelength but also in the measurement principle (e.g., active vs. passive sensing, nadir vs. limb
viewing), instrument design (e.g., sounders, radiometers, spectrometers) and satellite orbit (e.g., polar-orbiting,
geostationary, Lagrange points). As with most remote sensing problems, combining differing sensor capabilities
(i.e., sensor synergy) often provides the best solution as use of one satellite instrument over another will result in a
tradeoff. In the context of ash monitoring, different satellite sensors will be suitable for monitoring both different
eruption styles and different stages of an eruption sequence. Modern operational ash monitoring relies heavily
upon geostationary measurements as they provide frequent imagery (1-10 min) suitable for continuous moni-
toring of volcanoes with the major trade-offs being coarse pixel size (~4 km? at nadir), geometric constraints at
high latitudes (geostationary satellites cannot view the poles as they must be positioned above the equator to
maintain a stationary orbit), and, at present, multi-spectral measurements (as opposed to hyperspectral, which
offer several advantages over multi-spectral; see Section 3.2.2). In addition, techniques that exploit passive
thermal infrared measurements are favored due to the operational requirements of day and night observation
whereas UV measurements are useful for monitoring passive degassing and precursory activity. Challenges
associated with monitoring high latitude volcanoes with geostationary measurements can be ameliorated with the
use of polar-orbiting satellites that have high repeat overpass times at high latitude. Though not the topic of the
present review, monitoring of volcanic sulfur dioxide (SO,) has been demonstrated to be useful as a proxy for
tracking volcanic ash clouds (Carn et al., 2009; Sears et al., 2013) but must be used with caution as volcanic ash
and SO, do not always travel together (Schneider et al., 1999; Constantine et al., 2000; F. Prata et al., 2017). This
section summarizes the modern satellite-based techniques used for ash monitoring and highlights their appli-
cability for monitoring different volcanic eruption styles and phases.

3.2.1. Multi-Spectral Thermal Infrared Sensors

Ash cloud monitoring can be done based upon manual inspection of visible and infrared multi-spectralimagery
and was first demonstrated by using the Visible-Infrared Spin Scan Radiometer aboard the Geostationary
Meteorological Satellite in the 1980s (Sawada, 1983, 1987, 1996). However, ash discrimination with a single
channel during the day is challenging due to cases where other atmospheric aerosols (e.g., desert dust, biomass
burning plumes, industrial smoke pollution) may appear similar to ash clouds or cases where an ash cloud may
appear like a meteorological cloud or be too transparent to be distinguishable from the underlying surface (see
Figure 1 of A.J. Prata (2009) for examples). At night, ash discrimination using a single thermal infrared channel is
perhaps more challenging due to the possibility of non-volcanic clouds and aerosols existing at similar optical
depths and heights in the atmosphere to ash clouds. Ash discrimination using two (or more) multi-spectral
infrared measurements (typically 11 and 12 pm) solves many of the aforementioned problems (A. J.
Prata, 1989a, 1989b; A. J. Prata et al., 1991; Holasek & Rose, 1991; Schneider et al., 1999; 1. M. Watson
etal., 2004). A. J. Prata (1989a, 1989b) showed that semi-transparent ash clouds can be effectively discriminated
from semi-transparent meteorological (water/ice) clouds due to the absorption peak of silica (the primary
mineralogical component of ash particles) near 9.5-10 pm (Soda, 1961; Pollack et al., 1973; Volz, 1973; Grainger
et al., 2013; G. S. Prata et al., 2019). The SiO, absorption peak near 9.5-10 pm means that ash particles absorb
more strongly near 11 pm than 12 pm whereas the opposite is true for semi-transparent ice/water clouds
(Inoue, 1985; Prabhakara et al., 1988). When the 11 and 12 pum radiances are converted to brightness temperatures
(BT,, and BT,,), a brightness temperature difference (BTD = BT,;; — BT;,) will be negative for a semi-
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Figure 12. Multi-sensor ash detection of the 1 August 2020 Nishinoshima ash cloud. Nishinoshima volcano is indicated as a red triangle on panels (a)—(g). (a) MODIS-
Aqua true-color composite image of two granules taken at nominal times of 04:05 and 04:10 UTC on 1 August 2020. (b) TROPOMI UV Aerosol Index (340-380 nm
spectral contrast) for the granule from 03:13:45 to 04:12:08 UTC on 1 August 2020. (c) Advanced Technology Microwave Sounder window microwave spectral
difference (MSDy,) between the 165.50 GHz (channel 17) and 88.20 GHz (channel 16) from 03:36 to 03:42 UTC on 1 August 2020. (d) Same as (a) but for the
brightness temperature difference (BTD) between 11 and 12 pm channels. (¢) AHI BTD between 10.4 and 11.2 pm channels at a nominal time of 03:30 UTC on 1
August 2020 (note that the actual observation time will be offset from this by a few minutes). (f) AIRS Ash Index (see A. T. Prata et al. (2015) for details) from 04:05:31
t0 04:11:30 UTC on 1 August 2020. (g) Same as (a) but for the brightness temperature at 11 pm. (h) Cloud-Aerosol Lidar with Orthogonal Polarization total attenuated
backscatter at 532 nm from 04:31:45 to 04:32:25 UTC on 1 August 2020. (i) AIRS spectral signatures for clear (blue) and ash contaminated (orange) pixels. The pixel
locations for these spectra are indicated on (f) as blue (indicating clear) and orange (indicating ash) squares.

transparent ash cloud (Figure 12d), positive for a semi-transparent ice/water cloud and zero for an opaque cloud or
clear surface (i.e., BT;; = BT,,); however, these inferences are only valid if it is assumed that the atmosphere is
completely transmissive, the surface emissivity is 1 (at both wavelengths) and the channels are perfectly aligned
and nadir-pointing. In practice, these assumptions are never fully satisfied leading to false positives or false
negatives. False positives are considered to be cases where the BTD is negative but ash is not present whereas
false negatives are considered to be cases where the BTD is zero or positive, but ash is present. All of the presently
known false positives and negatives for the ash discrimination using the BTD method are given in Table 2. The
BTD method works best when ash clouds are semi-transparent, there is a strong thermal contrast between the
underlying land/sea surface (or cloud deck) and the temperature at the height of the ash clouds and when the
particles are in the size range from 1 to 10 pm (A. J. Prata & Grant, 2001; A. J. Prata & Prata, 2012; A. T.
Prata, 2016; Wen & Rose, 1994). Thus, multi-spectral imagers are most suited to tracking ash clouds following
the initial stages of an eruption (typically >30 min after eruption onset). Single-channel measurements from
multi-spectral imagers can be used to identify a range of eruption style intensities based upon changes in
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Table 2
Known Cases Where False Positives (Brightness Temperature Difference [BTD] Is Negative But Ash Is Not Present) or Negatives (BTD Is Zero or Positive but Ash is
Present) Can Occur If Using the BTD to Discriminate Ash Clouds in Passive Thermal Infrared Satellite Imagery

Case Description Example references

False positives

Channel misalignment, sensor
calibration and noise

Surface emissivity

Surface inversions

Cloud-top inversions

Desert dust

Extreme view angles

False negatives

Water vapor

Ice and liquid water interference

Low thermal contrast

Low optical depth

High optical depth

Particle size

Negative BTDs have been observed due to the misalignment between multi-
spectral channels (primarily near cloud edges). Additionally, cold
cloud-top temperatures (<205 K) can result in negative BTDs due to
sensor calibration biases. Modern day sensors are less prone to these
effects due to improvements in sensor calibration and channel alignment

The difference between emissivity at 11 and 12 pm can result in slightly
negative BTDs over clear desert surfaces

Typically, over a clear land surface a positive BTD is expected due to the
presence of water vapor. However, in the case of a low level temperature
inversion (i.e., reversal of the thermal contrast) a slightly negative BTD
can be observed

The inversion in temperature above cloud-tops (e.g., above convective
storms and boundary layer stratus) can result in a negative BTD signal

The high silica content of desert dust means negative BTDs are commonly
observed for desert dust outbreaks

At extreme view angles (e.g., observations of the Earth's limb from
geostationary satellites) negative BTDs can be observed in the absence
of ash, resulting in a false positive. In the presence of ash, due to the
increased path length at extreme view angles, negative BTDs can be
enhanced but this would not be regarded as a false positive

The BTD signal for ash clouds observed in humid atmospheres (e.g., the
tropics) can be dampened or masked due to the positive BTD effect for
water vapor. This can be resolved using an appropriate water vapor
correction

Ash particles that coexist in a volcanic cloud with ice particles and liquid
water droplets can result in an overall positive BTD where the
absorption properties of ice and water dominate. In addition, ash
particles nucleated by ice can result in strongly positive BTDs

Ash clouds can be difficult to discriminate using a BTD if the thermal
contrast between the surface and cloud-top is approximately equal. This
can occur for high latitude volcanic ash clouds over land in the Kuril and
Alaskan island chains

Ash clouds may not return a negative BTD if their optical depth is below the
detection sensitivity of the sensor being used

Opagque ash clouds will return a BTD near zero as highly opaque clouds will
act as gray bodies resulting in near equal values for the 11 and 12 pm
brightness temperatures. This commonly occurs at the beginning of a
volcanic eruption

Radiative transfer theory shows that ash effective radii greater than ~10 pm
will return a BTD near zero or even a slightly positive BTD. Thus it is
important to appreciate that thermal infrared measurements are sensitive
to a subset of the overall size distribution of ash clouds

Potts and Ebert (1996) and
Watkin (2003)

Barton and Takashima (1986)

Platt and Prata (1993)

Potts and Ebert (1996)

Gu et al. (2003)

Gu et al. (2005) and A. T. Prata
et al. (2021)

Yu et al. (2002), Corradini
et al. (2008), and Piscini
et al. (2011)

Rose, Delene, et al. (1995), Durant

et al. (2008), F. Prata and
Lynch (2019), and A. T. Prata
et al. (2020)

A.J. Prata and Grant (2001)

A. T. Prata et al. (2022)

Schneider et al. (1995),
Watkin (2003), F. Prata and
Lynch (2019), and A. T. Prata
et al. (2022)

A. T. Prata et al. (2022)

brightness temperature in time (i.e., their vertical growth rate; Pavolonis et al., 2018); however, quantitative,
microphysical information cannot be retrieved for ash plumes using thermal infrared measurements if they are
opaque at these wavelengths. Whilst the BTD technique is still widely used by operational centers and the remote
sensing research community, more sophisticated techniques such as water vapor-corrected BTDs (Yu
et al.,, 2002), multi-channel techniques (Guéhenneux et al., 2015; Pavolonis et al., 2006), p-ratios (Pav-
olonis, 2010; Pavolonis et al., 2013, 2015a, 2015b), principal component analysis (Dean et al., 1994; Ellrod
et al., 2003; Hillger & Clark, 2002a, 2002b; F. Prata & Lynch, 2019), robust statistical techniques (Marchese
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et al., 2019; Pergola et al., 2004; Piscini et al., 2011), optimal estimation (A. T. Prata et al., 2022; Thomas &
Siddans, 2015), and artificial neural networks (Gray & Bennartz, 2015; Petracca et al., 2022; Piscini et al., 2014)
have been developed to improve upon a simple BTD. Thermal infrared retrieval algorithms are generally used to
estimate the ash particle effective radius and the ash cloud optical depth (Corradini et al., 2008; A. J. Prata &
Grant, 2001; F. Prata & Lynch, 2019; Wen & Rose, 1994). From this information an estimate of the ash mass
loading (kg/m?) within a pixel can be made. The ash mass loading can be converted to a concentration (kg/m?), if
further assumptions or independent measurements are made to constrain the geometric vertical thickness of the
ash cloud (A. J. Prata & Prata, 2012). Ash mass loadings and/or ash concentrations derived from infrared imager
measurements have numerous applications in numerical modeling (Section 4). Examples include dispersion
model validation (A. T. Prata et al., 2021, 2022), data assimilation (Fu et al., 2017; L. Mingari et al., 2022; Pardini
et al., 2020), inversion modeling (Chai et al., 2017; Harvey et al., 2022), and data insertion (A. M. Crawford
et al., 2016; A. T. Prata et al., 2021; Wilkins et al., 2015; Wilkins, Watson, et al., 2016; Wilkins, Western,
et al., 2016). More recently, optimal estimation algorithms (Rodgers, 1976, 2000), that account for prior infor-
mation and attempt to simultaneously retrieve cloud-top height in addition to ash particle effective radius and
optical depth have been developed (Francis et al., 2012; Kylling et al., 2014; Pavolonis et al., 2013, 2015a, 2015b;
A. T. Prata et al., 2022).

3.2.2. Hyperspectral Thermal Infrared Sensors

Algorithms for ash discrimination using hyperspectral infrared sounding measurements have been developed
since the launch of the Atmospheric Infrared Sounder (AIRS, operational from 2022-present; Chahine
et al., 2006), the Infrared Atmospheric Sounding Interferometer (IASI, operational from 2007-present; Clerbaux
et al., 2009) and Cross-track Infrared Sounder (CrlS, operational from 2012-present; Han et al., 2013). The
simplest (and fastest) algorithms exploit similar wavelengths to those used for multi-spectral imager BTDs
(Figure 12f; Hoffmann et al., 2014; A. T. Prata et al., 2015); however, the advantage of hyperspectral mea-
surements is the thousands of channels that are available across the thermal infrared window, which can be used to
analyze unique spectral signatures (Figure 12i; Clarisse & Prata, 2016; Clarisse et al., 2013; Gangale et al., 2010;
Kliiser et al., 2013). Optimal estimation techniques have also been developed to retrieve effective radius, optical
depth, and cloud-top height (Clarisse et al., 2010; Sears et al., 2013; Taylor et al., 2023; Ventress et al., 2016).
Generally, the advantage of hyperspectral retrievals over multi-spectral imager retrievals is better sensitivity to
composition (Clarisse et al., 2013; Ishimoto et al., 2016) and optical depth (Griessbach et al., 2014) but at the
expense of lower spatial resolution pixels and less frequent observations when compared to sensors onboard
geostationary platforms (Dubuisson et al., 2014). Limb-viewing hyperspectral sounders have also been used to
study volcanic ash (Grainger et al., 2013; Griessbach et al., 2014). The Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS) sensor, operational from 2002 to 2012, is a hyperspectral sounding instrument
that viewed the atmosphere through the Earth's limb. Griessbach et al. (2014) found that ash can be discriminated
based on the same principles as nadir-viewing ash discrimination, but due to the longer path length, MIPAS is
sensitive to smaller particles and lower optical depths.

3.2.3. Ultraviolet Sensors

Detection of volcanic ash by passive UV sensors has been developed alongside thermal infrared techniques.
Initial studies exploring the use of Nimbus 7/Total Ozone Mapping Spectrometer (TOMS) for aerosol moni-
toring showed that biomass aerosols could be discriminated by taking a UV reflectance difference between the
340 and 380 nm channels (Hsu et al., 1996). Seftor et al. (1997) demonstrated that volcanic ash from the 1982
El Chichén (Mexico) eruption could be identified in TOMS measurements and based on the work of Herman
et al. (1997), showed that ash could be discriminated using the TOMS 340- and 380-nm channel pair. The
technique developed to discriminate volcanic ash (and other UV-absorbing aerosols) is based upon the
determination of the UV Aerosol Index (UVAI). The UVAI cannot distinguish between ash and other UV-
absorbing aerosols when both are present as it is sensitive to iron and/or carbon, which is common to aero-
sols such as ash, mineral dust and biomass burning smoke. The UVAI is calculated by taking the logarithm
(base 10) of the ratio of the observed backscattered radiance to the simulated (using a radiative transfer model)
backscattered radiance and then multiplying by a scaling factor (see Equation 3 of Carn and Krotkov (2016), for
example). A wavelength pair of UV channels that fall within a region where ozone absorption is negligible (i.e.,
340-380 nm) are required to calculate UVAI (Figure 12b). Retrieval algorithms have been developed to obtain
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optical depth, ash mass loading and particle size from satellite measurements of backscattered UV radiation (N.
A. Krotkov et al., 1999). However, as with thermal IR retrieval algorithms, assumptions regarding the particle
shape, distribution, height, and composition must be made which leads to large uncertainties in the retrieved
parameters (Carn & Krotkov, 2016; Krotkov et al., 1999). Ash monitoring with UV sensors offer advantages
over thermal IR monitoring for ash plumes at the initial stages of a sub-Plinian eruption (e.g., Raikoke 2019)
because they do not require plume transparency or thermal contrast (discussed in Section 3.2.1). They also
perform well in humid environments (e.g., Ambae 2018). Currently operational (at the time of writing), polar-
orbiting sensors that can be used to track ash clouds based upon the UVAI include Ozone Monitoring In-
strument (OMI; Torres et al., 2007), Ozone Mapping and Profiler Suite (OMPS; N. Krotkov et al., 2014), and
TROPOspheric Monitoring Instrument (TROPOMI; De Laat et al., 2020); however, hyperspectral capabilities
of existing UV sensors (such as OMI, OMPS, TROPOMI) are yet to be fully explored for the purposes of ash
cloud property retrievals (see Carn and Krotkov (2016) for a detailed discussion of this topic). More recently,
geostationary UVAI measurements have become available with the launch of the GEMS (Geostationary
Environment Monitoring Spectrometer; operational from 2020—present; J. Kim et al., 2020), which provides
observations over East Asia, and the TEMPO (Tropospheric Emissions: Monitoring of Pollution; operational
from 2024-present; Naeger et al., 2021) instrument, providing observations over North America.

3.2.4. Microwave Sensors

Microwave sensors are useful for monitoring ash plumes at the initial stages of an eruption (within 30 min)
because they are sensitive to large ash particles (millimeter) and have been used to study sub-Plinian to Plinian
style eruptions (Marzano, Lamantea, et al., 2013; Marzano et al., 2018; Montopoli et al., 2013). Initial in-
vestigations into the capability for passive microwave sensors to study volcanic clouds showed that the 19—
85 GHz range could be used for the detection of millimeter-sized volcanic particles (Delene et al., 1996). A
scattering index (originally developed for microwave land surface characterization) was shown to be effective at
delineating the nascent ash cloud from the 19 August 1992 Crater Peak (Mount Spurr) eruption when a brightness
temperature threshold was applied. However, Marzano, Lamantea, et al. (2013) showed that snow covered
surfaces can cause ambiguities when trying to identify the ash signal for frequencies less than 90 Ghz. This work
led to the development of the Window Microwave Spectral Difference (MSDyy), which exploits the difference
between two microwave brightness temperatures in the range 155-165 GHz and 85-95 GHz, and the Absorption
Microwave Spectral Difference (MSD ), which exploits the difference between two higher frequency bands near
183 and 165 GHz (Marzano, Lamantea, et al., 2013; Marzano et al., 2018). In general, the MSDyy can be used to
distinguish clouds from the surface whereas the MSD , can be used to discriminate between meteorological cloud
and volcanic ash (Romeo et al., 2023). Figure 12¢ shows an example of the MSDy;, computed using the Advanced
Technology Microwave Sounder (ATMS) and, when used in synergy with thermal ash discrimination algorithms
(Figures 12d-12f), indicates that the Nishinoshima ash cloud at this time is likely composed of micron-sized
particles. In general, passive microwave measurements are complementary to thermal infrared BTDs as they
are able to discriminate larger (millimeter) sized particles in plumes that are opaque at thermal infrared wave-
lengths. Ash retrieval algorithms based upon the MSD, are now being developed to simultaneously retrieve
optical depth and particle size in an analogous way to thermal infrared retrieval algorithms. Recent analysis using
the MSD,, derived for ATMS has shown that passive microwave radiometer retrievals are sensitive to larger
particle sizes (0.28-2 mm), which is complementary to thermal infrared retrievals (Romeo et al., 2023).

3.2.5. Space-Borne Lidar

Space-borne lidar detection of volcanic clouds was demonstrated at the very early stages of the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) mission's lifetime. The Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP)'s “first-light” image was recorded on 7 June 2006 and revealed a
stratospheric aerosol layer produced by the 20 May 2006 eruption of Soufriere Hills (Montserrat) volcano (Carn
et al., 2009). The major advantage of space-borne lidar measurements over passive sensors is that active remote
sensing provides direct measurements of volcanic ash cloud height and geometric thickness (A. J. Prata &
Prata, 2012; A. T. Prata et al., 2015; Winker et al., 2012). Since the launch of CALIPSO, several techniques to
discriminate ash clouds in lidar backscatter returns have been developed. These include multi-sensor techniques
where thermal infrared BTDs are collocated with lidar signals (Figure 12h; A. T. Prata et al., 2015, 2017; Vernier
et al., 2013) and techniques which classify ash particles based upon lidar measurements and ancillary reanalysis
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data (M. H. Kim et al., 2018; Tackett et al., 2023; Winker et al., 2012). The unique benefits of measurements made
by CALIOP have been enhanced through the sensor synergy enabled by NASA's Afternoon-train (A-train;
Stephens et al., 2002). The ability to confirm the aerosol type appearing CALIOP vertical profiles using MODIS
(e.g., F. Prata et al., 2017), AIRS (e.g., Gangale et al., 2010) and the Imaging Infrared Radiometer (IIR, also
onboard CALIPSO; e.g., Vernier et al., 2013) have proved to be particularly useful. An example of sensor synergy
involving CALIPSO is shown in Figure 12.

Another volcanic ash property that can be determined using space-borne lidar, is the particulate extinction-to-
backscatter ratio (or “lidar ratio”). The lidar ratio can be retrieved from CALIOP measurements of volcanic
ash layers only under certain conditions (A. T. Prata et al., 2017). Additionally, after retrieving the lidar ratio, one
can also determine the particulate depolarization (a measure of particle sphericity) and the particulate color ratio
(a measure of particle size). As ash particles are non-spherical, the depolarization ratio can be used to discriminate
ash from spherical particles such as liquid water droplets and sulfates (A. T. Prata et al., 2017; Vernier et al., 2013;
Winker et al., 2012). In addition, ash particles in aged ash layers are typically smaller than cloud layers composed
of ice particles, meaning that the color ratio can be used to distinguish between ice and ash (A. T. Prata
etal., 2017; Vernier et al., 2013). The main properties to discriminate ash clouds in lidar returns, used by the latest
CALIOP aerosol featuring-typing algorithm (version 4.5), include the mid-layer temperature, feature-integrated
attenuated backscatter at 532 nm, estimated particulate depolarization ratio at 532 nm, and the feature color ratio
(Tackett et al., 2023).

4. Numerical Modeling and Forecasting Strategies
4.1. Plume Modeling

Plume models simulate the dynamics of volcanic plumes (see Section 2.2 for the description of their physics).
There are two main categories of models: one-dimensional (1D) and three-dimensional (3D) models. The theory
of 1D models is based on the seminal paper by Morton et al. (1956), which derives conservation equations of
buoyant plumes (not necessarily volcanic plumes) from the Navier-Stokes equations (the fundamental equations
in fluid dynamics) under simplified assumptions. Specifically, Morton's theory assumes self-similar profiles of
plume properties in the crossflow direction, allowing for the simplification of the conservation equations, which
can be solved relatively easily. Subsequent works by L. Wilson (1976), Sparks (1986), and Woods (1988) applied
Morton's theory to volcanic plumes, relaxing some initial assumptions, and forming the basis of the most recent
1D models.

1D models operate under several assumptions, such as steady-state conditions, thermal and mechanical equi-
librium between solid and gaseous phases, and turbulence treated indirectly through entrainment coefficients.
Despite their simplifications, 1D models are widely applied and developed today because they combine fast
computational times (execution times are on the order of seconds) with a good representation of many features of
volcanic plumes. Continuous improvements have been made to include additional features in 1D models, such as
the effects of external wind (present in almost all the models), particle fallout and re-entrainment (e.g., Bur-
sik, 2001; Folch et al., 2016), effects of moisture entrainment and latent heat release during water phase transitions
(e.g., Degruyter & Bonadonna, 2012; de’ Michieli Vitturi & Pardini, 2021; Devenish, 2013, 2016; Folch
et al., 2016; Mastin, 2007; Woodhouse et al., 2013), addition of external water at the vent (e.g., Mastin, 2007),
particle aggregation inside the plume (e.g., de’ Michieli Vitturi & Pardini, 2021; Folch et al., 2016), and modeling
of the expansion of the umbrella cloud (e.g., de” Michieli Vitturi & Pardini, 2021). A detailed review of many
recent 1D models can be found in Costa, Suzuki, et al. (2016).

Input parameters of 1D models consist of ESPs and include vent elevation, MER, exit velocity (or alternatively,
radius at the base of the plume), exit temperature, and exit water fraction. It is also necessary to define the grain-
size distribution of the solid material ejected during the eruption. This information is known as total grain size
distribution (TGSD) and some examples can be found in Bonadonna and Houghton (2005), Bonadonna
et al. (2015), Costa, Pioli, and Bonadonna (2016), and in the IVESPA database (Aubry et al., 2021). Particle
density and shape are additional inputs of plume models. Both can vary according to particle type; if the particle
vesicularity varies significantly, density may also vary with particle size (Bonadonna & Phillips, 2003). These
inputs define the properties of the mixture erupted from the vent, which has undergone the full conduit processes
(expansion and fragmentation). In addition to volcanological input, 1D models that account for the effect of the
wind require atmospheric properties (wind speed, pressure, temperature, density, and humidity) as vertical
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profiles at the considered vent. These data are usually derived from radiosonde, numerical weather prediction
models, or analytical relationships of standard atmosphere. By solving the set of conservation equations, along
with constitutive equations, 1D models provide information on plume properties at different heights along the
column, such as the mass fraction of gasses and particles, ascent velocity, temperature, density, and particle size
distribution. Models that also simulate particle fallout from the column provide the mass fluxes of particles lost
from the column at various heights.

We notice that some models can be initialized with the height of the eruption column instead of MER (e.g., de’
Michieli Vitturi & Pardini, 2021; Devenish, 2013, 2016; Folch et al., 2016). In this case, an inversion is performed
by the model to determine the value of MER that produces the desired column height. This type of initialization is
of particular value because column height, unlike MER, is a parameter that can be directly measured during
eruptions (e.g., from calibrated visible cameras and weather radars, see Section 3.1), enabling the use of 1D
models in operational settings. An example of this application is the VESPA system operated by the IMO, where
MER of eruptions is computed by initializing the eruption column model PLUME-MoM (de’ Michieli Vitturi
et al., 2015), using estimates of column height provided by radar measurements. The MER retrieved from the
inversion is then used to initialize Tephra transport and dispersal models (TTDMs), enabling real-time forecasts
of ash cloud dispersal (see Barnie et al. (2023) and references therein).

3D models solve the time-dependent multiphase Navier-Stokes equations for the conservation of mass, mo-
mentum, and energy of the plume mixture and ambient air. Turbulence entrainment is simulated explicitly by
resolving the eddy structure of the plume. Different models vary in how they treat the mixture of gas and particles
forming the plume (e.g., perfect coupling or decoupling between the different phases), the resolution of turbu-
lence (e.g., Large Eddy Simulation approach), and microphysical processes (e.g., phase changes of water, pre-
cipitation, and latent heat exchange). Model inputs are the same as those for 1D models (ESPs and atmospheric
conditions), but the results are not averaged across vertical sections of the plume, allowing for the visualization of
the spatio-temporal evolution of plume properties. Y. J. Suzuki et al. (2016) provide an intercomparison study of
four 3D plume models and show that, despite some intrinsic differences, there is good consistency in terms of
maximum plume height, neutral buoyancy, and umbrella spreading. High-Performance Computing is necessary
to run these models, and execution times are at least on the order of hours. Thus, 3D models are mainly used for
research, while their application for operational purposes is currently prohibitive.

4.2. Models Used to Simulate Tephra Transport, Dispersal, and Sedimentation

The characterization of the mechanisms of the transport, dispersal, and sedimentation of tephra through the at-
mosphere is a major research topic in physical volcanology. Tephra transport and dispersal models are funda-
mental tools for constraining eruption parameters of past eruptions from the geological record, as well as for
quantifying the hazard from airborne particles by merging various wind and emission scenarios in a probabilistic
way. Following the seminal works of T. Suzuki (1983) and Armienti et al. (1988), volcanologists developed a first
generation of tephra sedimentation models. These models were built upon simplifications that allowed for
analytical (Gaussian) solutions of the Eulerian advection-diffusion-sedimentation equation, such as the HAZ-
MAP (Macedonio et al., 2005) and TEPHRA (Bonadonna, Connor, et al., 2005) models. This development
enabled standard methodologies for long-term ground hazard mapping. However, given their underlying sim-
plifications, Gaussian models simulate the resulting ground deposit but do not consider the transient dispersal of
tephra particles in the atmosphere. This limitation motivated the development of a second generation of
“volcanology-native” TTDMs based on numerical solutions. Examples include FALL3D, Ash3d, and VOL-
CALPUFF, the latter derived from the CALPUFF air quality modeling system (see Table 3 for references).
Following the establishment in the 1990s of the network of Volcanic Ash Advisory Centers (VAACs) operated by
national weather forecasting organizations, several other models originally intended for atmospheric transport
and dispersion of different substances (e.g., radionuclides, atmospheric aerosols, pollutants, etc.) were adapted to
simulate long-range transport of volcanic clouds. Over the years, continuous improvements in these “atmo-
spheric-native” models have been incorporated into their operational setups. Examples include:

o The UK Met Office's Numerical Atmospheric-dispersion Modeling Environment (NAME) model,
o The Air Resources Laboratory's Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model
of the U.S. National Oceanic and Atmospheric Administration,
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Table 3
List of Models Classified by Community Origin and Modeling Framework (Gaussian, Eulerian, Lagrangian)
Model origin Frame Model name Reference VAAC
Volcanology (first generation) Gaussian HAZMAP Macedonio et al. (2005)
TEPHRA Bonadonna, Connor, et al. (2005)
Volcanology (second generation)  Eulerian FALL3D* Folch et al. (2020) Buenos Aires
Ash3d® Schwaiger et al. (2012)

Atmospheric sciences

Lagrangian VOL-CALPUFF Barsotti et al. (2008)
Semi-Lagrangian =~ MOCAGE-accident ~ Martet et al. (2009) Toulouse
Lagrangian FLEXPART® Pisso et al. (2019)
NAME A. Jones et al. (2007) London
MLDPO D’Amours et al. (2010) Montreal
IMA-ATM Shimbori and Ishii (2021) Tokyo
HYSPLIT¢ Stein et al. (2015) Darwin, Washington, Anchorage, Wellington

Available at: https:/gitlab.com/fall3d-suite/. "Available at: https://vsc-ash.wr.usgs.gov/ash3d-gui/#!/. °Available at: https://git.nilu.no/flexpart/flexpart. ‘Available at:
https://www.ready.noaa.gov/HY SPLIT.php.

o The Japan Meteorological Agency (JMA) Atmospheric Transport Model JMA-ATM), which actually unifies
the former global (JMA-GATM) and regional JMA-RATM) model configurations,

¢ The Canadian Meteorological Center Modele Lagrangien de Dispersion de Particules d'ordre zéro (MLDPO),

o The “FLEXible PARTicle dispersion model” (FLEXPART) model of the Norwegian Climate and Environ-
mental Research Institute (NILU),

o The Météo-France “Modele de Chimie Atmosphérique a Grande Echelle” (MOCAGE), with particular model
configuration called “accident,” that neglects chemistry and can model volcanic ash as a tracer with sedi-
mentation and releases adapted to volcanic emissions.

Finally, other models constrained to research applications (not listed in Table 3) include the U.S. WRF-Chem
community model (e.g., Hirtl et al., 2020; Stuefer et al., 2013), the System for Integrated modeling of Atmo-
spheric coMposition (SILAM) of the Finnish Meteorological Institute (e.g., Kerminen et al., 2011), the ICON-
ART model of the German Weather Service (e.g., Rieger et al., 2015), including a pre-operational emergency
setup, or the ATLAS model (Reckziegel et al., 2019).

A key distinction between different modeling approaches is the frame of reference: Lagrangian and Eulerian.
Tephra transport and dispersal models based on the Lagrangian approach track the position of particles trans-
ported by the atmospheric flow. Lagrangian “particles” do not grow or split and can be viewed as air parcels
containing the mass of many real physical particles. In contrast, Eulerian TTDMs utilize a fixed frame of
reference (grid), where the properties of the cloud and the deposit are computed as a function of time. These
models solve the Eulerian representation of the conservation equations of continuum mechanics (conservation of
mass) with the equations describing advective and diffusive fluxes. Different models differ in the underlying
meteorological drivers, parameterizations of physical processes (e.g., diffusion, sedimentation, aggregation, wet/
dry deposition, etc.), description of the emission term in terms of source strength and vertical distribution, nu-
merical strategies, and other capabilities like computation of backward trajectories and source term inversion. A
review of the state of the art of the most commonly used TTDMs up to 2012 can be found in Folch (2012), who
provides detailed information on the physics, numerics, model initialization, and expected results for the models
listed in Table 3. Since then, improvements in model physics, solving algorithms, and code performance have
been implemented in many TTDMs, leading to the release of updated versions (see Table 3 for the latest ref-
erences). Additionally, extensive research over the past decade has focused on consolidating and operationalizing
new modeling strategies, such as ensemble modeling and data assimilation, to produce probabilistic results that
properly address the many sources of uncertainty affecting the use of TTDMs (these topics will be discussed
further in the following sections).
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4.2.1. Model Initialization: Meteorological Data

Depending on the simulation setting, different kinds of meteorological data are required to run TTDMs. For very
local scale representations (order of 1 km), a vertical profile defined above the vent reporting the main atmo-
spheric quantities (pressure, wind velocity, temperature, and humidity) can be used assuming horizontal ho-
mogeneity of the atmospheric state (same as for the plume modeling). However, if complex topography is present,
the atmospheric flow variations can be important, so very high-resolution four-dimensional meteorological fields
are necessary (Poulidis et al., 2018). Equally, for scales from regional to global (order of 100-1,000 s of km), four-
dimensional atmospheric data sets are needed to describe the horizontal and vertical variations of atmospheric
variables over time. These data sets (forecast or reanalysis) are produced by numerical weather prediction models
and supply the main properties of the atmosphere (usually pressure, temperature, wind speed, and direction,
precipitation, and humidity) at different atmospheric levels (pressure, hybrid, or model levels), as well as at
different spatial and temporal resolutions. For historical eruptions, meteorological data from reanalysis can be
used, such as NCEP-NCAR reanalysis (Kalnay et al., 2018), ECMWF-ERA40 and -ERAS data sets (Hersbach
et al., 2020; Uppala et al., 2005). Meteorological reanalysis data combine past observations with the results of
numerical models, applying data assimilation techniques to provide a description of recent climate. For example,
the NCEP-NCAR Reanalysis 1 data is provided on a 2.5° X 2.5° global grid horizontally, with a vertical range
from 1,000 to 10 hPa, and covers the time span from 1948 to the present. It can supply data four times daily, as
well as daily and monthly values. The ECMWF-ERAS data also has global coverage but on a 0.25° X 0.25°
horizontal grid and a vertical range from 1,000 to 1 hPa, covering the period from 1940 to the present with hourly
data. Some applications of TTDMs using these data sets are shown in Fero et al. (2009) and Folch et al. (2012).
Real-time forecasts of eruptions require data from numerical weather forecasting models such as the Global
Forecasting System (GFS) from NCEP (NCEP, 2015) or the Integrated Forecasting System from ECMWF. For
example, GFS data are global data containing 384 hr of forecast, supplied at different horizontal resolutions (e.g.,
0.25° X 0.25° or 0.5° x 0.5°) and with a temporal resolution of 3 hr. Model forecast runs occur at 00, 06, 12, and
18 daily. To be used by the TTDMs, meteorological data sets require to be interpolated both in space and in time in
order to fit the setting of the TTDM (spatial and temporal resolution). This approach, known as off-line approach,
is followed by the majority of TTDMs currently employed and listed in Table 3.

On the contrary, the in-line approach involves coupling the numerical weather prediction model with the TTDM
(e.g., Hirtl et al., 2019; Ngan et al., 2015; Stuefer et al., 2013). In this case, the evolution of the atmosphere is
solved simultaneously with the transport of volcanic particles, eliminating the need to interpolate the meteoro-
logical data set to meet the requirements of the tephra transport simulation. This approach, which is receiving
growing attention, enhances the accuracy of the simulation of tephra motion, but requires higher computational
time compared to the traditional off-line approach and it is not currently used operationally, but only for research.

4.2.2. Model Initialization: Eruption Source Parameters

Two possible mechanisms are responsible for injecting tephra particles into the atmosphere: direct injection from
an eruption column and particle resuspension, that is, remobilization of particles already deposited on the ground
by wind erosion (Folch et al., 2014; L. Mingari et al., 2020). While resuspension is receiving increasing attention,
direct injection from eruption columns is, by far, the most commonly considered and modeled mechanism. In the
case of direct injection, defining the source conditions involves describing what, how much, and how tephra
particles are injected into the atmosphere, as well as specifying how long the emission lasts (date of start and end).
Particle characterization (which answers what) requires defining TGSD, particle density, and shape, as in plume
modeling. Generally, users can input their own TGSD and physical particle characteristics. Additionally, users
may have the option to choose TGSD estimations, such as Gaussian, bi-Gaussian, Weibull distributions, or more
complex schemes as proposed by Costa, Pioli, and Bonadonna (2016), where TGSD is inferred from magma
viscosity. This latter capability has been included in the latest release of FALL3D (Folch et al., 2020).

The amount of material exiting the vent in a given amount of time (which answers how much) is denoted by the
MER. While MER generally refers to the entire eruption mixture, comprising solid particles and gasses, only its
solid fraction is relevant to tephra particles. In TTDMs, users normally have the option to input MER directly or
adopt some parameterization scheme. These schemes compute MER either from column height (e.g., Mastin
et al., 2009) or from a combination of column height and meteorological conditions, such as Aubry, Engwell
et al. (2023), Degruter and Bonadonna (2012), and Woodhouse et al. (2013). Additionally, results of integral 1D
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plume models (e.g., de’ Michieli Vitturi & Pardini, 2021; Devenish, 2013, 2016; Folch et al., 2016) or more
complex 3D models can also be used to estimate MER (Cao et al., 2021; Y. J. Suzuki et al., 2016), providing a
better description of eruption and meteorological conditions. To address the question of how tephra particles enter
the atmosphere, different vertical distributions can be adopted to describe the altitude-dependent emission of
particles into the atmosphere from an eruption column. Example distributions include punctual, uniform,
umbrella-Suzuki, shown in Figure 13 (Pfeiffer et al., 2005), and those provided by 1D and 3D column models. An
alternative approach is to initialize TTDMs from a virtual source coinciding with the ash cloud as supplied by the
satellite retrievals (A. M. Crawford et al., 2016; A. T. Prata et al., 2021; Wilkins et al., 2015; Wilkins, Watson,
etal., 2016; Wilkins, Western, et al., 2016). This technique, known as data insertion, requires certain assumptions
about cloud height, thickness, and particle size. However, it avoids the need to describe the volcanic source, which
is often highly uncertain. For this reason, data insertion is particularly suitable for remote volcanoes where
observational constraints on eruption parameters are usually lacking due to the absence of a monitoring network.
Optimal ESPs retrieved from inversion techniques using observations of volcanic clouds can also be used to
initialize TTDMs. This topic will be discussed in more detail in Section 4.3.

Some TTDMs, such as FALL3D, Ash3d, NAME, and HYSPLIT, offer the possibility to inject particles into the
atmosphere from resuspension mechanisms. Forecasting of ash resuspension episodes is required by the VAACs
(ICAO, 2021; Jarvis et al., 2020) and is typically simulated based on various emission schemes originally derived
for mineral dust (Folch et al., 2014; Leadbetter et al., 2012; L. A. Mingari et al., 2017; L. Mingari et al., 2020;
Reckziegel et al., 2016). In case of particle resuspension, the emission rate is defined as the vertical flux of
particles that are re-injected into the atmosphere due to the action of the wind (Folch et al., 2014). Some ash
remobilization schemes parametrize the vertical emission flux as a function of friction velocity (i.e., a parameter
that describes the turbulent transfer of momentum between the atmosphere and the ground surface) and particle
diameter (Marticorena et al., 1997; Westphal et al., 1987). Other schemes relate the vertical flux to the saltation of
larger particles that trigger the vertical emission of the smaller ones (Shao et al., 1993). In all the schemes, the
emission occurs if friction velocity exceeds a threshold value which represents the resistance of the surface
against wind erosion (L. Mingari et al., 2020).

It is important to note that model initialization can vary depending on the purpose of the simulation. To simulate
the large-scale transport of ash particles, it may be sufficient to release only the fraction of MER composed of fine
particles that do not deposit near the vent and remain suspended in the atmosphere. Gouhier et al. (2019) estimated
that, depending on the type of eruption, ash particles transported over long distances represent between 0.1% and
6.9% of those emitted. From a modeling perspective, it is often assumed that only particles with a diameter smaller
than 100 pm and representing 5% of the total erupted mass are released into the atmosphere (F. M. Beckett
et al., 2020). Moreover, the resolution of meteorological data can be coarser, as the focus is on simulating high-
altitude transport where atmospheric characteristics are generally more stable. These assumptions are made to
reduce the computational times of the simulations, which is an important requirement, especially for operational
forecasting.

A different and more accurate initialization is necessary when simulating proximal dispersion and sedimentation.
In this case, it is important to have an accurate estimate of MER (or plume height), TGSD, and particle properties.
The meteorological data also needs greater accuracy and higher spatial and temporal resolution, possibly
including a correct representation of the topography around the vent. These precautions are necessary to obtain an
accurate estimate of the deposition rate and the distance reached from the vent (e.g., Andronico et al., 2024).

4.2.3. Simulated Processes and Numerical Results

Once in the atmosphere, TTDMs simulate the transport of tephra particles by the wind (advection) and the
turbulent motion produced by smaller-scale unresolved eddies (diffusion). While advection moves the tephra
cloud according to the main wind components, diffusion spreads the cloud horizontally and vertically. Lagrangian
models parametrize atmospheric diffusion by adding stochastic fluctuations in velocity components with random
walk processes (F. M. Beckett et al., 2020; D’ Amours et al., 2015). Eulerian models use the eddy diffusivity
tensor, which parameterizes subgrid-scale transport of energy and momentum (Jacobson, 1999).

The third process simulated by TTDMs is the removal of tephra particles from the atmosphere by sedimentation
and deposition on the ground. In the free atmosphere, sedimentation by gravity is the primary mechanism
responsible for the settling of particles (see Section 2.3.1). TTDMs compute gravitational settling velocity
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Figure 13. Example of vertical distributions that can be used to initialize Tephra transport and dispersal models. The Suzuki
mass loss distribution is expressed by the formula: S(z) = {1 — z/H exp[A(z/H — 1)] }*, where S is the mass of material lost by
the plume per unit height of the plume, z is the altitude of the plume, A the maximum plume height, A and 4 two non-
dimensional parameters. Different vertical profiles (i.e., different ways to release mass of tephra as a function of plume
height) can be drawn by varying H, A, and A.

(assumed equal to terminal velocity) using particle diameter, density, and shape factor and apply different for-
mulations for the calculation of the drag coefficient. For example, the latest version of FALL3D proposes three
possible formulations for the drag coefficient: ganser (Ganser, 1993), pfeiffer (Pfeiffer et al., 2005), and dioguardi
(Dioguardi et al., 2018). In dry conditions and near the surface, deposition of smaller particles (<100 pm) also
depends on the interaction between the particles and the atmospheric layers above the ground. In this case, the
terminal velocity computed for the gravitational regime is corrected by including the contribution of additional
terms that account for the resistance encountered by a particle suspended close to the ground (Feng, 2008). As
stated in Section 2.3.2, wet deposition represents the removal via in-cloud and below-cloud scavenging. Typi-
cally, wet deposition is modeled by defining a scavenging coefficient, which depends on the precipitation rate, the
type of precipitation (rain or snow), and the deposition process (in-cloud or below-cloud). Examples can be found
in Dare, Smith and Naughton (2016), Folch et al. (2020), Leadbetter et al. (2015), and Webster and Thom-
son (2017). Particle aggregation can either enhance or delay sedimentation of tephra particles (Brown et al., 2012;
Rossi et al., 2021) (see Section 2.3.3). However, aggregation is a complex and highly uncertain process to
simulate and incurs a high computational cost. Therefore, TTDMs usually account for aggregation in a simplified
way, involving the modification of the TGSD by adding or removing particle classes from the original distribution
(F. M. Beckett et al., 2020; Costa et al., 2010; Folch et al., 2010).

TTDM:s provide results for tephra particles suspended in the atmosphere as well as deposited on the ground. For
suspended material, concentration (mass per unit volume) and column mass load (column mass per unit area) are
frequently calculated. In Lagrangian models, gridded concentration is computed from particle trajectories by
calculating the mass of particles in each cell of a 3D array covering the domain of interest (D’ Amours et al., 2015).
The concentration will depend inversely on the volume of the cell and directly on the mass of all the particles in
that volume (Draxler & Hess, 1997). A sufficient number of particles must be simulated to obtain an accurate
estimation of the atmospheric concentration at the desired spatial and temporal resolution, and, depending on the
simulation, this requirement may result in high computational costs. The use of kernel density estimators can
mitigate this limitation. In this case, particle masses are distributed in space according to specific kernels (e.g.,
uniform, Gaussian, or parabolic), with kernel bandwidths usually defined as a function of particle age (A.
Crawford, 2020). Thus, a single particle may be spread over multiple grid cells, and the gridded concentration is
computed by summing the total mass in each cell. This technique usually produces smoother concentrations than
the “pure particle” approach but involves a limited number of computational particles. Eulerian models calculate
concentration explicitly in each grid cell and, for this reason, can be computationally more expensive than
Lagrangian models, although in the latter the computational cost increases with the number of particles released.
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Figure 14. Effects of different initialization schemes on the results produced by Tephra transport and dispersal models. Six-
hour averaged predicted ash concentration in the ash cloud of the 2010 Eyjafjallajokull eruption. Results are obtained from
the Numerical Atmospheric-dispersion Modeling Environment model. The four maps show simulations initialized with
various methods: (a) default initialization at the London Volcanic Ash Advisory Center (VAAC) (mass eruption rate [MER]
estimated from the empirical relationship of Mastin et al. (2009) from plume height, mass is released uniformly from the vent
to the top plume height, default particle size distribution and particle sphericity of 0.5), (b) MER and vertical distribution
determined from the 1D plume model from Devenish (2013), (c) coarse particle size distribution derived from ground
samples of the eruption of Hekla 1991 (Iceland), (d) non spherical particles with sphericity of 0.3. More information on the
initialization schemes available at the London VAAC can be found in Table 1 of F. M. Beckett et al. (2020). Figure adapted
from F. M. Beckett et al. (2020).

Different initialization strategies have a significant impact on the results provided by TTDMs about atmospheric
ash concentration, both in terms of spatial extent of the simulated cloud and concentration at specific locations
(Figure 14). Another important output obtained by TTDMs is the column mass load, which is the vertical inte-
gration of the mass of tephra in the atmosphere expressed as the mass of tephra per unit of area. Model validation
is frequently done by comparing the calculated column mass load with the same quantity obtained from satellite
retrievals (Corradini et al., 2010; Gouhier et al., 2020; Ishii et al., 2023; Kristiansen et al., 2015; Osman
etal., 2020; A. T. Prata et al., 2022; Zidikheri et al., 2018). Alternatively, the horizontal extension of the simulated
ash cloud is compared as categorical variable, that is, the presence or not of volcanic ash, against the detection of
ash from satellite data considering an ash load threshold frequently between 0.1 and 0.2 g/m?, that is, limit of
satellite detection (Collini et al., 2013; Dacre et al., 2016; M. S. Osores et al., 2013; Webley et al., 2009). When
using satellite retrievals to validate the results of TTDMs, it is important to consider that retrieval techniques
based on radiative transfer theory are sensitive to particles with effective radii up to 10 pm. Therefore, proper
caution should be exercised when comparing satellite data with the results of TTDMs, which do not have limits on
the simulated particle sizes.

On the ground, TTDMs produce outputs displaying the thickness or the load (mass per unit area) of the resulting
tephra deposit (e.g., Bonadonna, Phillips, & Houghton, 2005; Folch et al., 2009; Hurst & Davis, 2017). Simulated
ground loads are often compared against loads derived from deposit sampling, serving both for model validation
and for a more accurate characterization of the transport and deposition dynamics of tephra particles (e.g.,
Andronico, Del Bello, et al., 2021; A. T. Prata et al., 2021).
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Figure 15. Example of probabilistic forecasts supplied by the Volcanic Ash Advisory Center Buenos Aires for the eruption of Calbuco (Chile, 2015). The four panels
show the probability of exceeding ash concentration levels of 0.2 (panel a), 2 (panel b), 5 (panel c), and 10 mg/m® (panel d) for a specific Flight Level (FL350 in this
case). The ensemble of simulations was generated by varying the plume top height (which affects the mass eruption rate estimations following Woodhouse et al. (2013)),
altering the shape of the vertical profile of emissions by perturbing the Suzuki A parameter, and perturbing the wind field. The probability density functions were
considered uniform, and random perturbations of the column height and wind field were applied, considering a 20% relative variation from the control setup. The Suzuki

A parameter range was set to 2.

4.3. Ensemble Forecasting and Data Assimilation

In recent years, probabilistic approaches have emerged as the most robust way to provide maps of atmospheric
tephra dispersal, even for operational applications. Various sources of uncertainty impact the accuracy of TTDM
results, including uncertainties in ESPs, meteorological conditions, and model parametrization. Incorporating
these elements and reflecting them in the results enhances the reliability of the forecasts supplied by TTDMs.

Probabilistic maps of atmospheric tephra concentration are generated by running ensembles of TTDM simula-
tions (scenarios), each initialized with specific input conditions (eruptive and meteorological) and/or model
parametrizations. To quantify uncertainties in eruptive conditions, ensemble construction is usually performed by
defining probability distribution functions for some ESPs (typically only key parameters such as column height,
MER, eruption duration, and TGSD). Sampling techniques (e.g., Monte Carlo or Latin Hypercube Sampling) are
applied to generate a discrete number of eruption input conditions (usually tens to thousands). Each eruption
condition is then used to initialize a simulation, leading to the creation of an ensemble of runs. Uncertainties in
atmospheric conditions can be accounted for by using ensemble data sets produced by numerical weather
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prediction models. These data sets are constructed by running many realizations of the numerical weather pre-
diction model under perturbed initial conditions to obtain a set of different but equally probable states of the
atmosphere. The paper by Trancoso et al. (2022) shows an example of ensemble construction where both eruption
and meteorological uncertainties are accounted for. After running the ensemble of simulations, numerical results
are processed and expressed in statistical terms, such as the probability of exceeding certain thresholds of at-
mospheric concentration (Figure 15). Some examples of ensemble forecasting are presented in Dare, Smith and
Naughton (2016), Folch, Mingari, and Prata (2022), Pardini et al. (2022), and Plu et al. (2021).

As a further step, ensemble-based forecasting can significantly benefit from data assimilation procedures aimed at
improving the numerical results with information from observational data. In this framework, the numerical
results define the a-priori forecast state from which the a-posteriori state is obtained once the observational data
have been included. Data assimilation schemes can be applied to improve both the estimation of ESPs and the
tracking of ash clouds. Optimized ESPs can be estimated using inversion modeling techniques based on a series of
satellite observations or sampling of the deposit (e.g., Constantinescu et al., 2024; Eckhardt et al., 2008; Moi-
seenko & Malik, 2019). A first inversion scheme was developed by Seibert (2000) for anthropogenic sulfur
emissions and subsequent works further refined this approach for volcanic species such as ash and SO, (e.g.,
Eckhardt et al., 2008). For the 2010 volcanic eruption of Eyjafjallajokull, Stohl et al. (2011) proposed an inversion
scheme through which the authors estimated, for the first time, the volcanic ash source strength as a function of
height and time. The authors set thousands of different a-priori emission scenarios, and for each of them, nu-
merical simulations were performed through FLEXPART to evaluate the atmospheric ash loadings at different
times. Time-consistent numerical forecasts and satellite retrievals were input into the inversion algorithm, which
optimally combined all the information to provide the best a-posteriori ash emission profiles as a function of time
and height. The parameters considered in the inversion scheme were column mass load and cloud height, both
supplied by the satellite retrievals and by the numerical forecasts, allowing for a meaningful comparison. The
numerical forecasts obtained from optimum emission profiles were then evaluated using independent observa-
tional data coming from webcams, lidars, and aircraft. The algorithm proposed by Stohl et al. (2011) was later
applied by Kristiansen et al. (2012, 2015), expanding the method to different case studies, numerical models,
meteorological data, and observations. Another inversion algorithm was developed by Zidikheri et al. (2014). In
this scheme, which is inherently probabilistic, the emission profile is not reconstructed in detail, but a best es-
timate of top plume height is obtained from a parametric study where there results of numerical simulations are
compared against satellite observations.

Other methods to enhance numerical forecasts using observational data involve the application of variational and
sequential techniques of data assimilation. Variational assimilation seeks to find the best estimate of the state of a
system by minimizing a cost function, which represents the difference between the a-priori model state from
simulations and the model state derived from observations collected in a time window, typically a few hours. In
Lu et al. (2016) (and previous works), a variational algorithm called Trj4Dvar is proposed to estimate ash
emission profiles (both rate and vertical structure) by refining the results of numerical transport models with
observational data from ground- and satellite-based measurements. Another variational data assimilation scheme
for volcanic ash was proposed by Ishii (2018). In this study, the author obtained ash emission vertical profiles as a
function of particle size by assimilating data from meteorological radar and information on the fall deposit. The
study demonstrated that the ash fall forecast derived from the assimilated emission profiles is more consistent
with the ash fall observations than the a-priori guess. The main limitation of the method is that fine ash emissions
from the upper region of the eruption column are not represented by the ash fall observations since finer particles
are not present in the deposit. Thus, further research is needed to incorporate data from satellite sensors which, in
contrast to the deposit, carry information about the finest particles.

Another type of data assimilation increasingly applied in volcanology is sequential data assimilation. In
sequential methods, the numerical model is integrated forward in time and, whenever measurements are available,
these are assimilated to produce an updated state (usually called analyzed state) with minimized errors relative to
previous model results and observations. The analyzed state is then used to reinitialize the model before the
integration continues. When new observations become available, a new assimilation cycle is performed, and a
new analyzed state is computed. Among sequential methods, Kalman Filters are widely applied algorithms that
have undergone significant development in both mathematical formulations and applications since their initial
formulation (Kalman, 1960). One notable innovation has been the development of the Ensemble Kalman Filters
to address large-scale problems (Burgers et al., 1998; Evensen, 1994). Classical Kalman Filters often require
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Figure 16. Spatial distribution of column mass load of volcanic ash for a data assimilation experiment performed using the FALL3D model and an eruption occurring at
Mount Etna as a case of study. Panel (a) gives the true state from a single run performed by assuming a time-varying emission. In panel (b) synthetic satellite
observations of the volcanic cloud are represented. The a-priori state, obtained without data assimilation, is displayed in panel (c), while in panel (d) is shown the a-
posteriori state obtained by combining numerical results and observation through a data assimilation scheme based on Kalman Filters. Figure from L. Mingari

et al. (2022).

substantial computational resources to handle and compute error statistics. Ensemble Kalman Filters overcome
this limitation by applying a Monte-Carlo method to evaluate error statistics. Ensemble Kalman Filters compute
error statistics using an ensemble of model realizations to represent the state estimate as a mean state (i.e.,
ensemble mean) and a covariance matrix (i.e., ensemble covariance). Studies by Fu et al. (2017), L. Mingari
et al. (2022), S. Osores et al. (2020), and Pardini et al. (2020) show the application of Ensemble Kalman Filters to
enhance the tracking and forecasting of volcanic ash clouds (Figure 16). These investigations involve testing
different TTDMs, such as HYSPLIT and FALL3D, along with observational data, both real and synthetic, from
satellite and aircraft sensors. The authors demonstrated that ash forecasts strongly benefit from the assimilation of
observational data, although some typical limitations of Kalman Filters may lead to suboptimal filter perfor-
mance. For instance, a basic assumption of Kalman Filters is that all error and noise processes are Gaussian. This
assumption is not always met by the a-priori state produced by TTDMs, where non-Gaussian and positively
skewed distributions of the variables to be assimilated are present (e.g., column mass load). Thus, assimilation
results should be carefully checked, and appropriate methodologies should be adopted to handle this problem.
Together with Kalman Filters methods, recent works have developed filtering techniques where large ensembles
are filtered with respect to observations to produce refined forecasts (Capponi et al., 2022; Zidikheri &
Lucas, 2021a, 2021Db).
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Figure 17. Examples of operational numerical forecasts supplied by the Volcanic Ash Advisory Center (VAAC) Buenos Aires showing ash mass load (panel a) and
concentration at FL200 (panel b) for an eruption at Villarrica volcano that occurred on 3 March 2015 (the location of the volcano is indicated with a red triangle). The
forecasts are valid on 3 March 2015 at 12:00 UTC and are produced running the FALL3D model in a deterministic mode, with meteorological conditions from Global
Forecasting System, a 12 km plume top height (mass eruption rate estimated using Woodhouse et al. (2013)), and 1 hr of release. The operational configuration of
VAAC S is presented in F. M. Beckett et al. (2024). The thresholds of ash concentration in panel (b) are based on International Airways Volcano Watch Roadmap

(ICAO, 2021).

Although data assimilation is primarily a research topic at present, some operational applications are emerging
and are currently being implemented for the real-time forecasting of volcanic clouds. In recent years, a data
assimilation procedure based on the Inversion Technique for Emission Modeling (InTEM) inversion technique
(Pelley et al., 2015, 2021) has been implemented for operational forecasting by the London VAAC. This pro-
cedure combines satellite retrievals of ash mass loading with results from the NAME model to improve the
estimates of MER, time variation, and vertical distribution of ash emission profiles at the vent (F. M. Beckett
et al., 2020). Additionally, the Darwin VAAC uses data insertion and ensemble filtering for operational fore-
casting, combining numerical results from HYSPLIT, VOLcanic Cloud Analysis Toolkit (VOLCAT) satellite
retrievals of ash mass loading, and the polygon that encloses the observed volcanic ash produced by a forecaster
(Zidikeri & Lucas, 2021a, 2021b).

4.4. Operational Numerical Forecasting

We refer to operational numerical forecasting as the use of TTDMs to provide real-time forecasts of tephra
dispersal and deposition during explosive eruptions. The production of forecasts specifically designed for aviation
safety (in this case the focus is on atmospheric ash clouds) is the object of extensive work and regulation. In the
framework of the International Airways Volcano Watch IAVW) administered by the ICAO, nine VAACs,
SVOs, Meteorological Watch Offices (MWO), and Area Control Centers (ACCs) collaborate in the surveillance
of volcanic emissions to contribute to flight safety (Lechner et al., 2018). In particular, VAACs are responsible for
running TTDMs to forecast the expected extent of volcanic ash clouds (ICAO, 2010; Annex 3). Figure 17
provides an example of operational numerical forecasts supplied by the VAAC Buenos Aires for Villarrica
volcano (Chile). Additionally, specialized agencies use TTDMs for national civil protection to mitigate the
impacts of tephra fallout and atmospheric dispersion. For instance, the Japanese Meteorological Agency (JMA)
produces daily forecasts of volcanic tephra fallout when an eruption occurs, which are used to recommend actions
for the public (Hasegawa et al., 2015). Other national-level entities like IMO, INGV, and USGS, which manage
the SVOs in Iceland, Italy, and the United States respectively, run TTDMs for operational forecasting over
regional or local domains (Figure 18). During explosive eruptions, they often produce forecasts of atmospheric
concentration and cumulative tephra load at the ground. This information is crucial not only for airport operations
but also for informing civil protection authorities about potential impact on infrastructure and population.

To provide reliable forecasts, observational data of the ongoing eruption should be used to initialize TTDMs. For
monitored volcanoes, some important ESPs can be retrieved in real-time from ground or satellite observations.
These typically include column height, eruption onset, and eruption duration. However, in cases of unfavorable
meteorological conditions or limited visibility of the volcanic activity (e.g., nighttime), difficulties may arise in
constraining such parameters, even for well monitored volcanoes. Other ESPs, such as TGSD and MER, are more
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Figure 18. Example output from the operational dispersion model Ash3d, used at the Alaska Volcano Observatory to forecast ash hazards during periods of unrest. The
example shown simulates a hypothetical ash cloud from Shishaldin volcano on 7 August 2024, using source parameters that are considered realistic for that volcano.
Panel (a) shows ash column amount in g/m? as simulated by Ash3d, while panel (b) shows the maximum height of the cloud in feet above the sea level. Results are
publicly available at the Alaska Volcano Observatory website: https://avo.alaska.edu/.

challenging to constrain in real-time (Zidikheri et al., 2017). While estimates of MER can be supplied from
column height using parametrization schemes (e.g., Mastin et al., 2009), TGSD usually remain unconstrained and
defined from tabulated data of past eruptions (e.g., the IVESPA database). The lack of key parameters for model
initialization inevitably introduces uncertainties in model results, which should be carefully quantified and treated
using appropriate techniques (e.g., Pardini et al., 2022).

The role of the SVOs and VAACs is crucial for the initialization of TTDMs with timely information of the
ongoing eruption (Engwell et al., 2021). SVOs have the legal mandate to monitor volcanoes and inform the
aviation stakeholders about impending eruptions and, whenever an eruption starts, to provide information about
the ongoing activity. Within the IAVW framework, SVOs are required to develop capabilities to assess key ESPs
which are needed by the VAACs to produce volcanic ash forecasts that will, eventually, be distributed to the
airline companies for safety risk assessment. Specifically, the Annex 3 of the Convention on International Civil
Aviation (ICAOQ, 2010) states that SVOs are recommended to distribute the following information: “for volcanic
eruption: the date/time (UTC) of report and time of eruption (UTC) if different from time of report; name and, if
known, number of the volcano; location (latitude/longitude); and description of the eruption including whether
an ash column was ejected and, if so, an estimate of height of ash column and the extent of any visible volcanic ash
cloud, during and following an eruption.” Further, in the Handbook for IAVW (ICAO, 2020), SVOs are rec-
ommended to distribute the above information through a structured and formatted message, namely a VONA.
VONAS are primarily distributed to the aviation community via email and are often, but not always, made public
on institutional websites (Barsotti et al., 2024). In the current VONA structure, field_13 requires to report the best
estimate of ash-cloud top, as this parameter has the largest effect on model results and it would have a major
impact on the extent and location of the area forecast to be contaminated by ash (F. M. Beckett et al., 2020; Pardini
et al., 2022).

In the framework of IAVW, the VAACsSs continuously monitor satellite products, volcano web cameras, and in
situ data, 24 hr a day to detect the onset of an eruption or the presence of ash in the atmosphere due to ash
remobilization. According to the Handbook for IAVW (ICAO, 2020), as soon as VAACs identify atmospheric
ash or are notified of its presence by an ACC, MWO, SVO, or any other source, they are required to run the TTDM
and produce a volcanic ash advisory. Volcanic ash advisories contain information about the eruption, the vertical
and horizontal extent of the ash cloud, its direction and speed of movement, and the forecast movement of the ash
cloud (ICAO, 2020). If information regarding the onset of the eruption or the presence of volcanic ash in the
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atmosphere is received from a source other than an ACC or MWO, the VAACs should immediately convey this
information by phone to the ACC and/or MWO directly affected by the volcanic ash. Subsequently, they should
issue a volcanic ash advisory to notify the rest of the users. As aircraft far from a volcanic cloud can reach speeds
of 850-900 km/hr at cruising altitudes, covering great distances in a short time, the VAAC can issue an initial
volcanic ash advisory without a forecast to promptly alert air traffic controllers about the hazardous conditions,
and, as soon as possible, issue a following complete advisory including the forecast.

To produce real-time estimates of cloud height, SVOs rely on data from monitoring networks, which include
visible and infrared cameras, weather radars, ground-based lidars and satellites (see Section 3 for more details).
Direct (visual) observations from the ground are also used, but they often underestimate the actual altitudes of
volcanic plumes. When SVOs monitor volcanoes with ground-based instruments, the onset of an eruption can be
detected within the first few minutes. However, in cases where volcanoes are not monitored with ground in-
struments, the onset can be detected by satellites, which may introduce a latency of more than 10 min. VAACs
also estimate cloud height by combining infrared satellite data and atmospheric data, continuously monitoring
volcanic activity throughout the year and maintaining constant communication with SVOs. To estimate plume
height in real-time using satellite data, the correlation between the coldest brightness temperature in the 11 pm
infrared band of the plume, obtained from satellite imagery, and an atmospheric thermal profile is frequently used.
The atmospheric thermal profile can be derived from a nearby radiosonde (Sawada, 1987) or extracted from an
atmospheric model (Pavolonis et al., 2015a). Depending on the structure of the atmospheric thermal profile, the
correlation may yield a unique solution or multiple solutions, particularly in the presence of a thermal inversion
(Horvéth et al., 2022). From a satellite perspective, automated systems can also support SVOs and VAACs. An
example is the VOLCAT, which integrates data from various geostationary and polar-orbiting satellites to provide
early detection of eruptions and estimate ESPs such as cloud height and ash mass loading (Pavolonis et al., 2015a,
2015b, 2018). Moreover, during flights, pilots can report observations of volcanic ash emissions to the ACCs,
which are distributed in the aeronautical communication system as Pilot Special Reports (PIREP).

During an ongoing event, the eruption conditions often change over time, and these changes may occur without
warning and in unexpected ways. The accuracy of operational numerical forecasting is highly dependent on the
ability to update the initialization of TTDMs (and thus the final forecasts) based on the latest available information
on eruption conditions. Therefore, real-time accessibility to monitoring data and estimates produced by SVOs
should be ensured especially for operational numerical forecasting. However, at present, the capability of SVOs
worldwide to disseminate information in real-time via VONA is highly uneven and depends on the level of
preparedness, as well as on the availability of resources and infrastructures.

4.5. Long-Term Aviation Hazard Assessment

Alongside the operational use during eruptive crises, TTDMs are widely applied also for quantifying volcanic
hazards associated with hypothetical future eruptions at volcanoes that are not necessarily restless. In this case, we
refer to long-term hazard assessment. For tephra dispersal, it aims at supplying hazard maps showing to which
extent airspaces might be impacted by tephra produced by hypothetical explosive eruptions (Figure 19). The
outcomes of this analysis could support civil aviation authorities, airline companies, and decision-makers in
defining risk mitigation plans to carry out in case of an eruption, but also in land-use planning and for identifying
vulnerable areas at risk (Montesinos et al., 2022; Titos et al., 2022).

Traditionally, long-term hazard assessment relies on the definition of “eruption scenarios” constructed from the
knowledge of the investigated volcanic system (Bonadonna, 2006; Bonadonna et al., 2021). Different eruption
styles are generally translated into different scenarios, and complex eruptions can be defined, spanning from
individual eruptive episodes to long-lasting activity where different eruptive episodes of different size and in-
tensity may occur over a certain period of time. Several uncertainties affect the definition of a scenario. While
estimates of possible column height, eruptive volume, and eruption duration should be supplied, such estimates
are often very uncertain, especially for long-quiescent volcanoes. Depending on the volcanic system, even the
location of the eruptive vent can be unknown or subject to high uncertainties. Despite uncertainties and un-
knowns, eruption scenarios are defined from historical and/or geological records of the volcano under study (or
analog volcanoes), expert opinion (M. S. Bebbington et al., 2018), reconstructed ESPs (Aubry et al., 2021;
Engwell et al., 2021; Mastin et al., 2009), and observational data collected during similar volcanic events. In some
instances, long-term hazard assessment investigating impact on aviation has been conducted for a single specific
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Figure 19. Some results of the long-term hazard assessment conducted at Jan Mayen volcano (Norway). The three panels display the probability of exceeding ash
concentrations of 0.2 (left), 2 (middle), and 4 mg/m? (right) at FL050. The eruption scenario considered to construct these maps assumes Volcanic Explosivity
Index = 4, total erupted volume >0.5 km?, and a duration of 1-5 days (referred to as large class). Figure extracted from Titos et al. (2022).

eruptive scenario (Barsotti et al., 2018; Bonasia et al., 2014; Folch & Sulpizio, 2010; Sulpizio et al., 2012), in
others these studies have been performed by accounting for a plethora of scenarios and conducting a fully
probabilistic hazard assessment (Biass et al., 2014; Montesinos et al., 2022; Titos et al., 2022; Volentik &
Houghton, 2015).

In addition to which scenario to simulate and how, it is also important to account for the variability of the
meteorological conditions under which eruptions may occur. Such future conditions are uncertain but, at the same
time, need to be carefully constrained since they influence the release of tephra particles into the atmosphere and
their subsequent atmospheric transport and deposition. Considering the complexity of the problem, probabilistic
approaches enable these analyses, including the many sources of uncertainty present in both eruption and
meteorological conditions. To do this, ensemble-based simulations are performed as done for the ensemble-
forecasting. In the case of probabilistic long-term hazard assessment, the eruption conditions are sampled from
probability distributions (probability density functions) derived from analyses conducted over the investigated
volcano (e.g., from historical/geological records, expert opinion, observations), or the scenario is predefined and
identified by a specific set of parameters (scenario-based approach). The meteorological conditions are sampled
from a reanalysis data set of a sufficient duration to incorporate much of their likely variability (usually one or two
decades). This means that the eruption start time is defined stochastically by randomly sampling a start date in the
reanalysis data set. This methodology assumes that a record of past meteorological conditions is representative of
the future state of the atmosphere. We highlight that the rapid climate changes driven by anthropogenic activities
may have some effects on this hypothesis. It is now clear that volcanic activity (from pre-eruptive to post-eruptive
processes) can be impacted by climate change and such effect should be taken into consideration in the light of
volcanic hazard assessment (Aubry et al., 2022). Once a proper set of initial volcanological and meteorological
conditions has been defined, ensembles of simulations are run in order to produce the probabilistic outcomes of
interest. Usually, hundreds to thousands of simulations need to be performed to fully capture the variability of the
conditions under which tephra emission and dispersion take place. However, the computational times are not
subject to the limitations typical of the operational forecasting (Bonasia et al., 2014; Titos et al., 2022).

Long-term hazard assessment is a fundamental tool for volcanic hazard mitigation and extensive analyses should
be performed to cover the majority of the active or quiescent volcanoes, especially those considered hazardous
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and located in densely populated areas. We also remark the importance of updating old analyses in the light of
new observational data and recent advances in numerical modeling.

5. Conclusions and Future Directions

Recent decades have seen a substantial advancement in our conceptual understanding of what drives tephra
plumes and the dynamics of volcanic clouds. Quantitative descriptions of tephra generation within the conduit,
plume ascent, and cloud dispersal have become possible through the application of principles from disciplines,
such as fluid dynamics and thermodynamics. These contributions have facilitated the development of numerical
models, which, as a consequence of advances in computational capacity and capability, have now become
fundamental tools in volcanology for both research and hazard-oriented applications.

A growing number of techniques and applications that are well-established in atmospheric science are being
increasingly applied to the study of volcanic processes, significantly enhancing the modeling of tephra dispersal.
For example, data assimilation and plume-in-grid models (Carrassi et al., 2018; Karamchandani et al., 2002;
Marécal et al., 2023; Sun et al., 2022), which are common in atmospheric science, have only begun to be explored
in volcanology over the past decade, and their application is expected to expand rapidly in the future. This process
has evolved and benefited from our increasing capabilities for observing tephra plumes and clouds from different
platforms (ground, space, and airborne). These observations are of paramount importance today, enhancing the
theoretical understanding of explosive eruptions, the modeling, and the hazard assessment. As a consequence, a
large number of eruptions can be considered well-studied today, including low-magnitude events that were
generally underrated.

Nevertheless, the natural variability exhibited by explosive eruptions in terms of their style, location, and peculiar
features makes it extremely challenging to attain a comprehensive understanding of their dynamics and com-
plicates our monitoring capabilities. A key challenge has always been to relate models to observations. Large
plumes occur infrequently, and all plumes, both large and small, have been difficult to characterize, given the
limitations of satellite technology, ground-based instrumentation, and visual observations. Global compilation of
observations of plume height and MER, for example, seem not accurate enough to resolve effects of wind or
humidity, which we predict are important (Aubry, Engwell et al., 2023; Mastin, 2014). Thus, observational
improvements are likely the next frontier, and are advancing rapidly. Utilizing such observations to enhance
modeling, particularly for poorly explored processes like aggregation and in-plume water changes, and achieving
a deep integration between monitoring and modeling is another key aspect for the future.

5.1. Future Trends in Ground-Based Monitoring

Emergent technologies, such as infrasound (Fee & Matoza, 2013) and global lightning detection networks (Nag
et al., 2015), are expected to improve and be consolidated as monitoring techniques. This will undoubtedly
facilitate early detection of explosive eruption, with benefits for timely risk mitigation plans. The extensive data
set obtained through these systems will likely contribute to the training of machine learning algorithms for the
rapid discrimination and possibly quantification of volcanic activity. Examples can be already found in Cannata
etal. (2011), L. M. Watson (2020), Witsil and Johnson (2020), and we expect that applications will increase in the
future. Such a trend is expected to involve other mature monitoring techniques, such as visible and thermal
cameras among others. Prototype workflows for automated plume detection and, for example, estimation of
plume height without the need for an operator are currently emerging, despite not yet being used operationally
(Aravena et al., 2023; Corradino et al., 2020; Guerrero Tello et al., 2022; Simionato et al., 2022; Valade
et al., 2014; Wilkes et al., 2022).

At the present time, good chances exist to provide real-time estimates of plume/cloud height during explosive
eruptions (as we discussed in Section 3). However, real-time information on particle size is still missing due to the
inherent difficulties in retrieving this parameter while the eruption is ongoing. Developments in existing moni-
toring techniques are expected to fill this gap. In recent years, studies conducted at Sakurajima (Japan), Mount
Etna (Italy), and Stromboli (Italy) have shown that disdrometers are promising tools for real-time characterization
of tephra particles and ground accumulation (Freret-Lorgeril et al., 2019; Freret-Lorgeril, Bonadonna, Rossi,
et al., 2022; Kozono et al., 2019; Takishita et al., 2022). In particular, recent studies have demonstrated the
capacity of optical disdrometers to provide information on both individual particles and falling aggregates
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necessary to derive the TGSD needed for tephra dispersal forecasting (Freret-Lorgeril, Bonadonna, Rossi,
et al., 2022).

Multi-sensor strategies that combine different methodologies and sensors provide additional insights into ESPs,
such as plume height, MER, and TGSD (Corradini et al., 2016; Freret-Lorgeril et al., 2021; Freret-Lorgeril,
Bonadonna, Corradini, et al., 2022; Poret et al., 2018; Scollo et al., 2020). However, their application is not
straightforward, especially in real-time scenarios. Reasons include frequent limitations in the monitoring appa-
ratus at specific volcanoes, as well as variability in eruption style and conditions that hinder the use of various
tools due to the limits of each technique. When possible, multi-sensor approaches have proven to be successful in
enabling a comprehensive characterization of source dynamics (especially if also including data from satellite-
based sensors) and improving the initialization of numerical models, including both plume models and
TTDMs. However, further tests and verification are needed to expand this approach to various volcanoes and
eruption styles.

UV cameras used in volcanology for measuring SO, emissions, can be deployed for the detection and charac-
terization of volcanic ash plumes (Burton, 2016). Although UV cameras have not yet been extensively used for
the ground-based quantification of ash emission, a few studies show promising results. The first application was
proposed by Yamamoto et al. (2008) at Santiaguito volcano. By combining field measurements and fundamental
fluid-dynamics, the authors proposed a method to constrain ash mass distribution inside the plumes produced by
small scale eruptions. In a subsequent paper also focused on mild explosions at Santiaguito volcano, Esse
et al. (2018) show that with UV imaging it is possible to quantify ash settling velocity by measuring the depo-
larization of scattered sunlight by non-spherical ash particles.

Unmanned Aerial Vehicles (UAVs) have been recently deployed for the real-time detection of volcanic plumes
and clouds. Compared to research aircraft, UAVs are less expensive, safer and enable more deployable in-
struments to monitor low-intensity ash emissions. Since the pioneering campaign conducted by McGonigle
et al. (2008) at La Fossa crater (Italy) to measure fluxes of volcanic carbon dioxide, new campaigns have been
conducted at Mount Ontake (Japan; Mori et al., 2016), Yasur volcano (Vanuatu; Gomez & Kennedy, 2018), and
Fuego volcano (Guatemala; Schellenberg et al., 2019). The aim of these studies is to demonstrate that UAVs
equipped with appropriate instruments can help to detect ash plumes, sample ash particles and, as shown by
Gomez and Kennedy (2018), to reconstruct the 3D structure of the plume.

Finally, we highlight the growing role of social media in crowdsourcing and sharing observations about volcanic
eruptions and potential volcanic crises (Balangue-Tarriela et al., 2022). This role is twofold. On one end, the rapid
dissemination of information builds social awareness of volcanism. On the other hand, photos and videos from
people witnessing an eruption can provide valuable observations of that event, essentially filling gaps when
official monitoring systems are lacking or rendered inoperative by the event.

5.2. Future Trends in Satellite-Based Monitoring

Since the first attempts to objectively and quantitatively monitor volcanic ash from satellites were made,
tremendous advances in sensor technology have occurred. Perhaps the most significant paradigm shift in sensor
technology over the last decade has been the move toward advanced geostationary imagers. Advanced geosta-
tionary imagers (e.g., ABI, AHI, FCI, AMI, AGRI) now have high temporal (1-10 min) and spatial (0.5-2 km)
resolution in addition to new channels that capture the spectral signature of common volcanic cloud constituents
such as SO,, sulfates, ash, and ice. For example, A. T. Prata et al. (2022) found that by using multiple thermal
infrared channels, which are now available from most advanced geostationary imagers, allow for the retrieval of a
wider range of ash particle sizes than traditional approaches which only use two channels (i.e., the 11 and 12 pm
channels). The practical implication of this finding is that drifting ash clouds may now be tracked for longer as
smaller particles will have longer atmospheric residence times (Rose & Durant, 2009; Rose et al., 2001). Geo-
stationary satellites now cover almost the entire globe (with Sun-synchronous satellites covering the poles), which
has led to new geometric height estimation methods (Horvath, Carr, et al., 2021; Horvéth, Girina, et al., 2021) and,
owing to their overlapping fields of view, offer the opportunity to estimate height at high temporal frequency
based upon parallax methods (Carr et al., 2022; Proud et al., 2022). The higher temporal frequency of modern
satellites increases the opportunity of catching the maximum height of a fluctuating plume such as that in the 2022
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Hunga eruption (Proud et al., 2022). Some of the new generation of geostationary satellites also host lightning
mappers such as the Geostationary Lightning Mapper onboard GOES third generation satellites, Lightning
Mapping Imager onboard the FengYun-4 series and the recently launched Lightning Imager onboard the Meteosat
Third Generation satellite, MTG-I1. Volcanic lightning can be detected from lightning mappers positioned in
geostationary orbit (e.g., Schultz et al., 2020) and so it is expected that methods for monitoring volcanic ash using
lightning mappers will be developed into the future. In addition, the tremendous amount of data that geostationary
satellites generate mean that research is now moving toward machine learning algorithms to not just improve ash
discrimination (Gray & Bennartz, 2015; Pavolonis et al., 2015b; Petracca et al., 2022; Picchiani et al., 2011) and
retrieval algorithms (Bugliaro et al., 2022; Piontek, Bugliaro, Kar, et al., 2021; Piontek, Bugliaro, Schmidl,
et al., 2021; Piscini et al., 2014) but also take advantage of the unique temporal information that these satellites
provide.

Advances in hyperspectral thermal infrared sounding of ash from polar orbit are expected to continue into the
future with the launch of the IASI-New Generation (IASI-NG) sensor (Crevoisier et al., 2014; Vittorioso
et al., 2021). The improved spectral resolution afforded by IASI-NG (double that of IASI) will lead to improved
ash cloud height estimation, better ash composition characterization and may lead to algorithms that retrieve the
ash particle size distribution directly (F. Prata & Lynch, 2019). Though there is a long heritage of algorithms
developed for hyperspectral UV sensing of non-volcanic aerosols (Torres et al., 2007), for volcanic ash, these
measurements are yet to be fully explored, in part due to the limited amount of complex refractive index data
available (Carn & Krotkov, 2016). However, recent efforts have been made to better constrain these unknowns
(Ball etal., 2015; Reed et al., 2018; Rocha-Lima et al., 2014) and it is expected that hyperspectral UV retrievals of
volcanic ash will be developed in the future. Whilst much of the research on UV ash monitoring has involved
analysis of Sun-synchronous satellites, the DSCOVR/EPIC platform, which is positioned at the Earth-Sun
Lagrange point 1 (L1), has led to advances in tracking volcanic SO, at high cadence (every ~1 hr for the sun-
lit Earth; Carn et al., 2018) and can also be used to track volcanic ash using the UVAI (Gorkavyi et al., 2021). In
the future, we expect to see more studies that leverage improved temporal tracking of ash from UV sensors in
geostationary orbit such as GEMS with coverage over East Asia, the recently launched TEMPO with coverage
over North America and the soon to be launched Sentinel-4 mission with coverage over Europe.

Whilst the majority of space-borne lidar research on volcanic ash has utilized CALIPSO data, the mission ended
on 1 August 2023. The ICESat-2 mission is also an elastic backscatter lidar (Abdalati et al., 2010) and could
therefore be used to monitor the vertical properties of ash clouds (e.g., geometric height and thickness); however,
with the recent launch of the EarthCARE satellite (on 29 May 2024), new measurements from its Atmospheric
Lidar (ATLID; Van Zadelhoff et al., 2023) offer an opportunity to continue the legacy of CALIPSO for volcanic
ash monitoring. As discussed in A. T. Prata (2016), the EarthCARE mission (Illingworth et al., 2015; Wehr
et al., 2023) promises to deliver advances in sensor synergy akin to NASA's A-train (Stephens et al., 2002) but
aboard a single satellite platform, which includes a lidar, radar, multi-spectral imager, and broadband radiometer.
Though the EarthCARE era has only just begun, we expect that its temporally and spatially collocated mea-
surements utilizing both passive and active sensors across the visible, infrared, and microwave parts of the
electromagnetic spectrum coupled with the new paradigm of advanced geostationary sensors will provide a more
complete picture of volcanic ash dispersion into the atmosphere from source to long-range transport.

Though we expect to see further advances, some gaps in our present satellite-based ash monitoring capabilities are
worthy of discussion. Namely, the inability to actively profile volcanic ash clouds (i.e., using lidar) at high
temporal frequency and the limitations in retrieving certain particle size ranges that fall within tephra TGSDs. A
lidar positioned in geostationary orbit would potentially allow for time and height resolved measurements of the
4D evolution of ash clouds. Direct observations of ash concentration, permitted by geostationary lidar, would
provide a valuable data set for verifying dispersion model output and support new ash concentration forecast
requirements from VAACs. Until geostationary lidar is achieved, it seems that the best technique to overcome this
limitation is to combine polar-orbiting and geostationary imager measurements (for horizontal dispersion in-
formation) with dispersion models (for vertical profile information) using data insertion, assimilation and/or
inversion (described in Section 4).

To date, algorithms designed for UV, visible, and thermal infrared measurements have been successfully applied
to determine the properties of micron-sized ash particles and similar techniques have been applied to microwave
sensors to retrieve properties of millimeter-sized ash particles. However, techniques to determine ash particle
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sizes lying between these size ranges are still in their infancy. The far-infrared (FIR; 15-100 pm) and terahertz
(THz) regions (0.1-10 THz; 0.03-3 mm) of the electromagnetic spectrum can be used to study sub-millimeter-
sized particles from space (Eriksson et al., 2020; Li et al., 2023; Palchetti et al., 2020). Examples of upcoming
missions aiming to retrieve ice particle properties in these size ranges include the Far-Infrared Outgoing Radiation
Understanding and Monitoring (FORUM) mission (Palchetti et al., 2020; selected by ESA for launch in 2027) and
Ice Cloud Imager onboard the MetOp-Second Generation mission (Eriksson et al., 2020; scheduled for launch in
2026). The challenge in the context of tephra monitoring in the atmosphere will be to determine how these FIR
and THz measurements can be applied to volcanic ash clouds.

5.3. Future Trends in Modeling and Services

The April-May 2010 eruption of Eyjafjallajokull marked a turning point in tephra dispersal prediction and led to
the definition of new guidelines for flying in the presence of volcanic clouds, shifting from a “zero-ash tolerance”
to an “ash-avoidance” approach. This policy requires robust forecasting products based on a proper treatment of
the many sources of uncertainties affecting the use of TTDMs (e.g., uncertainties in source term conditions,
meteorological input and model parametrization). The first IAVCEI-WMO workshop on Ash Dispersal Forecast
and Civil Aviation held in Geneva in October 2010 aimed at defining the needs of the tephra dispersal community
with the objective to improve the numerical forecasting of volcanic clouds from a collaborative effort between
researchers and operational institutions. The main recommendations and conclusions highlight the importance of
dealing with uncertainties by producing ensemble forecasting combining TTDMs with observations (Bonadonna
et al., 2012). These recommendations are still valid today for the definition of the new operational products
supplied by the VAACs (Engwell et al., 2024). In this sense, between the end of 2024 and 2025, VAACs will start
producing Quantitative Volcanic Ash information (QVA) in a progressive way for significant ash clouds, where
significant indicates an ash cloud that poses a widespread impact on aircraft operations and air navigation
(ICAOQ, 2021). QVA information will be a deterministic and probabilistic numerical ash concentration dispersion
forecast based on the thresholds provided by the International Coordinating Council of Aerospace Industries
Associations, from very high (>10 mg/m?) to very low (<0.2 mg/m®) concentrations.

The need to produce probabilistic operational forecasts highlights two important topics: the proper definition of
the eruption source conditions (usually through Probability Density Functions) and the growing role of High-
Performance Computing for volcanological applications.

When possible, field measurements and observational data (possibly indicating measurement uncertainty) should
be used to define the main ESPs such as column height, MER, eruption duration and TGSD. Numerical modeling
will likely benefit from the increasing observational capability of volcanic phenomena and advancing in mea-
surement techniques of erupted products. Recent works show that numerical outcomes are greatly improved when
observational data (with their uncertainties) are used to initialize and guide TTDM simulations for both hazard
assessment and reconstruction of past events (Andronico et al., 2024; Dioguardi et al., 2020). To this end, research
and operational institutions need to communicate efficiently to ensure that information on eruption dynamics is
shared clearly and without ambiguity. Moreover, the increasing use of multi-sensor strategies, which combine
data from various analyses and sensors, will likely contribute to improving the definition of the inputs required by
TTDMs (and also plume models). For example, a better characterization of TGSD from analyses of tephra fall
deposits, combined with satellite retrievals of ash cloud properties, will enhance our ability to simulate tephra
dispersion and deposition (Freret-Lorgeril, Bonadonna, Corradini, et al., 2022; Poret et al., 2018). This is because
the concentration of ash in the atmosphere is highly sensitive to the TGSD used to initialize the models, but TGSD
is often highly uncertain, especially in real-time applications (Pardini et al., 2016; Scollo et al., 2008).

With present computational capabilities and data volumes entering the Exascale Era, scientists are becoming able
to combine capability computing (i.e., higher resolution, increased degree of model sophistication, multi-scale,
multi-physics) and capacity computing (multiple scenarios to deal with uncertainties, data assimilation, fusion of
models and observations and hybrids thereof) into emerging products and services. For example, since 2018 the
EuroHPC Center of Excellence for Exascale in Solid Earth (ChEESE) is developing models, workflows, and
services, with a particular focus on volcanology (Folch et al., 2023) that are paving the way for a number of future
HPC-oriented applications, including:

¢ A comprehensive portfolio of probabilistic volcanic dispersal hazard maps quantifying the long-range hazard
posed to aviation by multiple volcanoes, something not available yet. As an example, ChEESE-2P (second
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phase of ChEESE, 2023-2026) is exploring the impact on the main long-range air routes potentially caused by
thousands of eruption scenarios originating from volcanoes across Europe, yielding the first integrated
mapping accounting for multi-source at continental scale.

As done in other application areas (e.g., urban-scale pollution), wind downscaling strategies are being adopted
also for tephra dispersal modeling to capture local-scale effects and make current volcanic forecasts realistic
below km-scale resolutions. This aspect is pivotal for a proper response during crises and prompt early-
warning of proximal fallout and severe ash/gas pollution conditions expected in populated regions around
volcanoes.

Highly-resolved and accurate three-dimensional multiphase computational fluid dynamic plume simulations
(e.g., Brogi et al., 2021). An emerging trend here is the multiscale simulation capability of phreatic eruptions
(from sub-meter scale for the initial water flashing phase to kilometer scale for the flow and ballistic impacted
area) and related urgent computing simulations to be used in the framework of a volcanic unrest and related
longer-term hazard assessments.

Ensemble-based approaches to optimally reconstruct the tephra fallout deposits from recent or even from
ancient eruptions, for which the meteorological conditions are unknown (e.g., L. Mingari et al., 2023). This is
relevant for quantifying and better constraining past eruption scenarios, and therefore improving our future
hazard assessments, including those related to atmospheric concentration.

The use of digital twins for volcanic systems and related impacts. Digital twins are virtual lifecycle envi-
ronments that contain a data-informed replica of a real system, model-based prediction capabilities for future
scenarios and, if possible and ideally (e.g., twins on industrial applications), the ability to provide feedback to
modify the real system. Such environments are particularly tailored to assist in hazard assessment, territorial
planning, early warning forecast, and urgent computing. For example, the Horizon Europe DT-GEO project
(2022-2025, GA No. 101058129) is deploying a pre-operational prototype of digital twin on geophysical
extremes addressing, in particular, specific hazardous phenomena from volcanoes (volcanic unrest, ash and
gas dispersal, lava flows). The longer-term ambition of this project is the integration of volcano twin com-
ponents in the Destination Earth initiative that is implementing a highly-accurate digital model of the Earth
(Bauer et al., 2021).

Last but not least, the emerging potential of machine learning (and of artificial intelligence in general) in the
detection and forecasting of tephra, yet limited to a few ash retrieval algorithms. On the other hand, the use of

large synthetic data sets from TTDM:s to train data-driven models is almost unexplored, despite the promising

results obtained in other atmospheric dispersal applications (e.g., Mendil et al., 2022), when machine learning

models are used in unseen conditions (i.e., not included in the training data set).

Glossary
Ash:

Detection:

Discrimination:

Explosive eruption:

Magma:

Mass Eruption Rate (MER):

solid fragments (tephra) produced during explosive eruptions with a
diameter less than 2 mm. Fragments with a diameter of less than 63 pm are
typically referred to as fine ash.

the ability for a sensor to measure a change in optical depth at the
wavelength being measured.

the ability to distinguish tephra from other features. For instance, it in-
volves differentiating volcanic ash from other elements in a typical sat-
ellite scene (e.g., from a clear land/ocean surface, clouds, aerosols, and
gasses).

an eruption in which magma is fragmented into solid clasts by gas pres-
sure before exiting from the vent.

molten rock inside the earth consisting of three main components: silicate
melt, solid crystals and gas bubbles.

amount of material erupted from a volcano within a time unit, typically
measured in kilograms per second (kg/s).
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Neutral buoyancy level:

Retrieval:

Tephra:

Volcanic Explosivity Index (VEI):

Volcanic cloud:

Volcanic plume:

altitude at which the density of the plume is equal to the density of the
atmosphere.

is used to refer to the conversion of satellite-measured radiances to some
physical property of the ash cloud/plume such as effective radius, optical
depth and cloud-top height.

general term that refers to all fragmental material produced by a volcanic
eruption. Tephra is classified into: blocks and bombs (>64 mm in diam-
eter), lapilli (2-64 mm in diameter) and ash (<2 mm in diameter).

an eight-point scale (ranging from 0 to 8) used to measure the size of an
explosive eruption based on factors such as magnitude (total mass or
volume of material erupted), intensity (rate at which magma is dis-
charged), and destructive power.

mass of volcanic particles and gasses that drifts downwind from a volcano
due to atmospheric winds.

hot mixture of volcanic particles, gasses and entrained atmospheric air
form during explosive eruptions. A plume rises vertically in a volcanic
column and then spreads horizontally forming the umbrella cloud.

Advanced Geostationary Radiation Imager

Advanced Technology Microwave Sounder

Cloud-Aerosol Lidar with Orthogonal Polarization

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations

European Centre for Medium-Range Weather Forecasts

Geostationary Observing Environment Series

Hybrid Single Particle Lagrangian Integrated Trajectory Model

Acronyms

ABIL: Advanced Baseline Imager

ACC: Area Control Center

AGRI:

AHI: Advanced Himawari Imager
AIRS: Atmospheric Infrared Sounder
AMI: Advanced Meteorological Imager
ATMS:

BT: Brightness Temperature

BTD: Brightness Temperature Difference
CALIOP:

CALIPSO:

CMC: Canadian Meteorological Centre
CrlS: Cross-track Infrared Sounder

ESP: Eruption Source Parameter
ECMWE:

FLEXPART: FLEXible PARTicle dispersion model
FCI: Flexible Combined Imager

GOES:

GMS: Geostationary Meteorological Satellite
HYSPLIT:

HPC: High-Performance Computing
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IASL: Infrared Atmospheric Sounding Interferometer
IAVW: International Airways Volcano Watch
ICAO: International Civil Aviation Organization
IMO: Icelandic Meteorological Office
INGV: Istituto Nazionale di Geofisica e Vulcanologia
IMA: Japanese Meteorological Agency
MER: Mass eruption rate
MIPAS: Michelson Interferometer for Passive Atmospheric Sounding
MOCAGE: Modgle de Chimie Atmosphérique 2 Grande Echelle
MODIS: Moderate Resolution Imaging Spectroradiometer
MLDPO: Modele Lagrangien de Dispersion de Particules d'ordre zéro
MSD: Microwave Spectral Difference
MWO: Meteorological Watch Office
NAME: Numerical Atmospheric-dispersion Modeling Environment
NCEP: U.S. National Centers for Environmental Prediction
NILU: Norwegian Climate and Environmental Research Institute
NOAA: U.S. National Oceanic and Atmospheric Administration
OMI: Ozone Monitoring Instrument
OMPS: Ozone Mapping and Profiler Suite
SVO: State Volcano Observatory
TOMS: Total Ozone Mapping Spectrometer
TROPOMI: TROPOspheric Monitoring Instrument
TTDM: Tephra transport and dispersion model
USGS: US Geological Survey
UVAL UV Aerosol Index
VAAC: Volcanic Ash Advisory Center
VISSR: Visible-Infrared Spin Scan Radiometer
VOLCAT: VOLcanic Cloud Analysis Toolkit
VONA: Volcano Observatory Notice for Aviation

Data Availability Statement

All the data supporting figures extracted or adapted from published papers are available through the references
cited in the captions. The dataset used to produce Figure 4d can be accessed from the IVESPA website ivespa.co.
uk (Aubry et al., 2021). The simulations performed to produce Figures 15 and 17 were done using the FALL3D
numerical model available at https://zenodo.org/records/6343786 (Folch, Costa, et al., 2022), while the meteo-
rological data is sourced from the Global Forecasting System 0.25° resolution produced by NCEP (NCEP, 2015)
accessed on 01 October 2023. The result files of the FALL3D simulations shown in Figures 15 and 17, along with
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