10

11

12

13
14

15
16

17
18

Manuscript submitted to Journal of Geophysical Research: Atmospheres

This paper is a non-peer reviewed preprint submitted to EarthArXiv. It is

currently under review for publication in JGR: Atmospheres

Modelling the transport and dispersion of volcanic co-PDC ash clouds

using NAME: an evaluation of source geometry and mass eruption rate

M. Hagenbourger!”, F. M. Beckett?, T. J. Jones!, S. L. Engwell3

"Lancaster Environment Centre, Lancaster University, Lancaster, United Kingdom
2Met Office, Exeter, United Kingdom
3British Geological Survey, The Lyell Centre, Edinburgh, United Kingdom

*Corresponding author: Marie Hagenbourger, email: m.hagenbourger(@lancaster.ac.uk

Key Points:

e We explored the range of source parameters suitable for a co-PDC plume and the

sensitivity of transport and dispersion model simulations.

e Variations in the source geometry (area and aspect ratio) have negligible effects on

ash transport, dispersion, and mass in the atmosphere.

e Ash cloud simulation results are sensitive to the co-PDC plume height and associated

mass eruption rate.


mailto:m.hagenbourger@lancaster.ac.uk

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

36

37

38
39
40
41
42
43
44
45
46
47
48
49
50

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Abstract
Pyroclastic density currents (PDCs) are gravity currents that frequently form during explosive
volcanic eruptions. These ground-hugging density currents consist of high-temperature
mixtures of pyroclasts (e.g., ash, pumice), lithics, and gas. They have the potential to generate
co-PDC plumes, which detach from the underlying PDC as they buoyantly rise into the
atmosphere. Co-PDC plumes, composed of fine-grained ash particles and hot gas, can reach
heights of tens of kilometres, potentially dispersing large volumes of ash over continental
scale areas, impacting the environment, and posing a risk to aviation. Owing to their
formation mechanism co-PDCs have unique characteristics, such as fine particle sizes (e.g., <
90 um) and a high-aspect ratio, irregular-shaped, source geometry. Here, we consider how
the release of ash into the atmosphere from a co-PDC plume may differ to that from a typical
Plinian eruption column, and the implications for operational modelling of the resulting ash
cloud for the provision of advice to the aviation industry. We use the atmospheric dispersion
model, NAME, which is used by the London Volcanic Ash Advisory Centre. We performed a
sensitivity analysis to determine which co-PDC source parameters are important for
modelling the associated ash clouds. We show that variations in the source geometry, i.e., the

total area and aspect ratio, have a minor impact after the first ~ 6 hours in the atmosphere.

Plain language summary

During volcanic eruptions, fast-moving mixtures of hot gas and rock, called pyroclastic
density currents (PDCs), can separate into a ground hugging dense current and a buoyant
plume that rises into the atmosphere, potentially reaching heights of tens of kilometres. These
plumes are called co-PDC plumes. Relative to typical, vent-derived, volcanic ash plumes,
they have finer-grained particles and are sourced from irregularly shaped ground regions. Our
study applied and analysed a selection of co-PDC source parameters (e.g., source area) to the
atmospheric dispersion model, NAME, used by the London Volcanic Ash Advisory Centre.
Changes in the source geometry, i.e. the ground shape and the area from where ash particles
lift off, only show minor influences on the ash cloud shape, transport and dispersion, and
mass of ash in the atmosphere. However, changes in the plume height and the rate at which
ash particles are released into the atmosphere highly impact the ash cloud location, its areal
coverage, and the mass of ash in the atmosphere. This improved understanding of input

parameter importance could be used for future model forecasting of co-PDC ash dispersal.
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1 Introduction

Pyroclastic density currents (PDCs) are ground-hugging gravity currents that can occur
during an explosive volcanic eruption through eruption column collapse (R. J. Brown &
Andrews, 2015; Dellino et al., 2021; Druitt, 1998; Dufek et al., 2015; Giordano & Cas, 2021;
T. J. Jones et al., 2023; Lube et al., 2020) or from the collapse of lava dome or flow fronts
(Bonadonna, Mayberry, et al., 2002; Calder et al., 1997; Charbonnier & Gertisser, 2008;
Michol et al., 2008; Sigurdsson & Carey, 1989; Sulpizio et al., 2010; Ui et al., 1999). They
are a multi-phase mixture composed of hot gas and solid particles (e.g., lithics, pumice, ash)
that propagate downslope with flow paths that are largely controlled by topography (Andrews
& Manga, 2011, 2012; R. J. Brown & Andrews, 2015; Druitt, 1998; Dufek et al., 2015; T. J.
Jones et al., 2023; Lube et al., 2020). All PDCs have the potential to generate co-PDC
plumes, also known as co-ignimbrites or phoenix clouds (Andrews & Manga, 2011; Bursik &
Woods, 1996; Engwell & Eychenne, 2016; Rosi et al., 2006; Sigurdsson & Carey, 1989;
Sparks et al., 1997). These secondary plumes are composed of fine-grained particles and gas,
which detach from the underlying PDC current by air intrusion and rise vertically by
buoyancy (Andrews & Manga, 2011, 2012; Engwell & Eychenne, 2016; T. J. Jones et al.,
2023; Sparks et al., 1997). Within the PDC, particle sedimentation acts to lower the current
density, particularly in its uppermost regions, and when below ambient atmospheric density, a
plume can form (Andrews & Manga, 2012; Engwell et al., 2016; Woods & Kienle, 1994).
These co-PDC plumes rise in the atmosphere until reaching a level of neutral buoyancy and
disperse laterally like umbrella clouds, however co-PDCs clouds are typically much smaller
(Constantinescu et al., 2021; Mastin & Van Eaton, 2020; Prata et al., 2025; Zidikheri et al.,
2017). In some cases, co-PDCs can become inverted downwind and descend to the ground
(Engwell & Eychenne, 2016), thus increasing the ground area impacted by the co-PDC. In
this contribution, we use the term ‘plume’ to refer to the near-source behaviour of the buoyant
column, whereas the downwind transport and dispersion of ash is referred to as the ‘ash

cloud’.

Co-PDC plumes and clouds have unique characteristics and are different to typical Plinian
eruption columns and their associated ash clouds. For example, co-PDCs typically have a

narrower particle size distribution and are composed of smaller particles (< 90um) (Engwell
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& Eychenne, 2016; Sigurdsson & Carey, 1989). This is because during co-PDC formation
and plume lift-off, the coarser (heavier) particles remain in the underlying pyroclastic density
current (Andrews & Manga, 2012; Woods & Kienle, 1994). Similarly, their componentry is
mostly juvenile-rich (i.e., composed mainly of volcanic ash) as the denser accessory
components such as lithics preferentially remain in the main current (Engwell & Eychenne,
2016; Sigurdsson & Carey, 1989). The plumes lift off from a source geometry that is of high
aspect ratio (i.e., an irregular, elongated, rectangular ground footprint and not a circular vent).
Furthermore, the source area is not necessarily at the eruption vent location as co-PDCs can
be generated and lift-off from all parts of the associated PDC, including its entire length
(Andrews & Manga, 2011; Engwell & Eychenne, 2016; Sparks et al., 1986, 1997).

Some numerical 1D models have previously been used to model co-PDC plume rise (Calder
et al., 1997; Woods & Kienle, 1994; Woods & Wohletz, 1991) and they assume a thermal
equilibrium between particles and gas and a well-mixed, homogenous suspension (Engwell et
al., 2016; Woods & Wohletz, 1991). Specifically, Calder et al. (1997), Engwell et al. (2016),
Sparks et al. (1997) and Woods & Wohletz (1991) adapted steady state column models
commonly used for vent-derived plumes to simulate the formation of a co-PDC plume from
an underlying pyroclastic density current. Other studies such as Woods & Kienle (1994)
applied a thermal model to simulate small plumes rising as a discrete, buoyant thermal rise.
Multidimensional models have also been applied to co-PDC plumes. Neri et al. (2002, 2003)
mainly investigated the material properties and the multiphase nature of the flow and Herzog
& Graf (2010) used a 3D model to highlight the limits of 1D models for co-PDC plumes.
Additionally, Engwell et al. (2016) used work from Bursik (2001) and Bursik & Woods
(1996) to couple PDC and plume models to understand co-PDC plume formation

requirements and the plume heights they can achieve.

Co-PDCs can be generated during an explosive eruption and disperse large volumes of ash
over great distances (Engwell & Eychenne, 2016), impacting the environment and potentially
aviation (Engwell et al., 2016; Folch et al., 2012; Pardini et al., 2024; Webster et al., 2012;
Witham et al., 2012). Despite global applicability and potential impact, relatively little
modelling has been performed to consider the implications of source parameters
characteristic of co-PDCs on the downwind location, extent and concentrations of ash in the
atmosphere. The Numerical Atmospheric-Dispersion Modelling Environment (NAME) is
used operationally by the London Volcanic Ash Advisory Centre (VAAC). Here, we perform
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a set of NAME model runs to systematically evaluate the impact of co-PDC source geometry,
the mass eruption rate, and the associated plume height on the modelled transport and
dispersion of the volcanic ash cloud. This allows us to determine which co-PDC eruption
source parameters are most important for modelling these ash clouds using NAME in an

operational setting.

2 Methods

Ash dispersion and transportation modelling were performed using the UK Met Office’s
NAME model in its Lagrangian configuration. Specifically, here, version NAME III v8.5 was
used (Beckett et al., 2020; A. Jones et al., 2007). NAME simulates the transport and
dispersion of particles (e.g., particulate matter, volcanic ash, wind-spread diseases,
radionuclides, and pollen) in the atmosphere. In NAME, a large number of modelled particles
are released into a model environment where they are advected by three-dimensional wind
fields, provided by a Numerical Weather Prediction (NWP) model, and dispersed using

random walk techniques which account for subgrid turbulent motion in the atmosphere.

In this study, a fictitious volcanic co-PDC plume and its generated ash cloud were modelled.
We assumed that a volcanic eruption produced a PDC and generated an associated co-PDC
plume. Our model started at the lateral ash injection at the level of neutral buoyancy into the
atmosphere and, using NAME, we modelled the transport and dispersion of the ash cloud
generated by the co-PDC plume. To understand which eruption source parameters (ESPs)
control the atmospheric transport and dispersion of co-PDC ash clouds, we performed 63
systematic NAME model runs (and 231 additional runs for the supplementary information).
The particle characteristics, eruption location, eruption start time, duration, and the field
proportions (i.e., horizontal grid resolution of 0.1° in Lat and Long) were all kept constant.
The source geometry and, thus indirectly, its area and location, were systematically varied.
The specific ESPs used are detailed in the following subsections. In all cases, we assumed
time homogeneity, meaning that for each model run the parameters did not vary as a function
of time (i.e., the source area was a constant value within each run). We assumed an even
vertical distribution of particles at source and no plume overshoot height and thus a reduced
complexity, compared to real events observed in nature, e.g. for Mount St. Helens on May

18 1980 (Mastin et al., 2022; Sparks et al., 1986), where the plume height and mass
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distribution varied during the eruption. In all runs, we also used the wet and dry deposition
schemes in NAME to replicate removal of ash from the atmosphere; for further information,

see Dacre et al. (2011), Harvey et al. (2018) and Webster et al. (2012).

2.1. Eruption Timing, Location and Meteorology Data

In this study, we use pre-processed global configured NWP data from the Met Office Unified
Model (UM) (Beckett et al., 2020; A. Brown et al., 2012; Davies et al., 2005; Walters et al.,
2019). In addition to the weather and turbulence, unresolved mesoscale motions, which are
not resolved by the NWP model, are also represented (Webster et al., 2018). We used the
global configuration of the UM, which used a standard latitude-longitude coordinate system
and provided a global dataset with a horizontal resolution with grid lengths of approximately
10 km at mid-latitudes. The vertical resolution decreases with increased altitude, for example
near ground level datasets are available at ~ 0.03 km intervals, whereas at a 30 km altitude
this interval reduces to ~ 1.9 km. However, it is also worth noting that the atmosphere tends
to be more stable at higher altitudes. These meteorological datasets include the wind speed
and direction, temperature, pressure, clouds, precipitation, and the ground topography for

each grid cell.

For this project, Hekla volcano in Iceland was selected as the source location; however, our
study is not unique to Hekla as we investigate the ash cloud and NAME model sensitivity,
and the focus is not on any specific local topographic effects or unique volcano properties.
Hekla is situated at 63.98 °N, and 19.67 °W (Global Volcanism Program, 2024) in the south
of Iceland, has a vent elevation of 1490 m (Global Volcanism Program, 2024), and is 51 km
away from the Atlantic Ocean, thus no interaction with seawater was considered. The release
of modelled ash at a given height in the atmosphere was initialised at 09:00 UTC on the 31
of January 2022 and particles were emitted for 1 hour. This start time/day was chosen as the
wind fields were not extreme and, in general, travelled in an SE direction, towards Europe.
Figure 1 shows the wind fields on 31% of January 2022 at 09:00 UTC (the start of ash release)
and one hour after, at 10:00 UTC (the end of ash release). The wind fields at 0.01 km, above
ground level (agl), and at 8.5 km agl show large differences, as displayed in Figure 1. Near
the surface (0.01 km agl; Figs. 1 a & b), the wind over Iceland was slower than over the
ocean. Over Hekla, wind speeds were very low, with a slight orientation towards NE and NW.

The wind field at 0.01 km agl was clearly impacted by the ground topography and the
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181  coastline. Whereas at higher elevation (8.5 km agl (Figs. 1 ¢ & d) westerly winds were

182 present over Hekla. Although we focus on this date (31 of January 2022), as detailed in

183  Section 2.5.1, we also performed a series of supplementary model runs across the eight

184  weather regimes for the North Atlantic and European region (Neal et al., 2016) to ensure that
185  any results we present are not unique to a specific day/time. These additional meteorological

186  conditions are fully presented in the supplementary information (Figures S17 to S58).

187
(a] 31 Jan 2022; 09:00 UTC (b] 31 Jan 2022; 10:00 UTC
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189  Figure 1. Meteorological data for Iceland on 31 of January 2022. The red triangle shows
190  the location of Hekla, where the simulated co-PDC plume is sourced. The top two panels

191  show the wind behaviour at 10 m agl elevation at times (a) 09:00 UTC, start of particle

192 release and (b) 10:00 UTC, the end of particle release. The colour bar ranges between 0 and
193 22 ms!. The wind direction and speed were relatively constant over the two hours, although

194 the field is impacted by topography and the coastline. The bottom two panels show the wind
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field at 8.5 km agl elevation for (¢) 09:00 UTC and (d) 10:00 UTC. Only every third arrow is
represented to facilitate a better overview. The colour bar ranges from 0 to 90 m s™!, and the

wind field was relatively homogeneous.

2.2. Source Geometry and Location

As co-PDCs are derived from ground-hugging PDCs, the source of ash into the atmosphere
may not occur from the vent location. Here, the source was always positioned immediately to
the east of the volcanic vent in all runs, such that the meteorological conditions at the source
location remained constant between runs. The source geometry, in plan/map view, for the co-
PDC plumes simulated here has a rectangular shape with a width, dx, and length, dy, and
together these parameters define the source aspect ratio:
dx 1
- [1]

All PDCs have the potential to produce co-PDC plumes, which can lift off from the entire
underlying pyroclastic density current (Engwell & Eychenne, 2016; Sparks et al., 1997). To
bracket the range of co-PDC source areas likely in nature, we measured the source of the
largest and smallest well-documented co-PDCs. Specifically, the May 18™, 1980 eruption of
Mount St. Helens (MSH) generated a large co-PDC with a lift-off from the entire blast area,
A, and the 1991 eruption of Unzen generated a relatively small co-PDC plume again, from
the entire PDC ground footprint (Engwell et al., 2016; Holasek & Self, 1995; Sparks et al.,
1986, 1997; Watanabe et al., 1999). These areas are shown in Figure 2. The area of the
blast/deposit and the area of the source geometry are highlighted in dark and light red,
respectively. Unzen had a total PDC deposit area of 0.4 km? and an aspect ratio of & = 0.2.
MSH had a blast/PDC deposit area of approximately 619 km? and an aspect ratio of o = 1.7.
The minimum (from Unzen) and maximum (from MSH) observed aspect ratios were used for
our numerical experiment as end-member parameters. The PDC flow/blast direction has been
defined as dy; therefore dx is perpendicular to the PDC flow direction. For each aspect ratio,
we varied the area logarithmically between the deposit area of Unzen and MSH.

The following describes how width and length are calculated using the area and

aspect ratio to initialise the model:

dx-dy=A [2]
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With Equation 1, dx: [3]
dx =VA- -«
dy with Equation 1 becomes: [4]
dy = A
Y= la

@ 122°22'30" 122°00'
- =T
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Figure 2. PDC deposit area shown in dark red for (a) the May 29", 1991 eruption of Mount
Unzen, Japan and (b) the May 18", 1980 eruption of Mount St. Helens, USA. Base maps
were taken from Watanabe et al. (1999) with permission from Elsevier and Fisher et al.
(1987) with permission from Wiley, respectively, and for (a) the associated co-PDC fallout is
shown by the isopach map. The numbers refer to a mass of ash in a unit area (g m) where tr
= trace of ash-fall deposit. The aspect ratio defining the source geometry, i.e., the area of co-
PDC lift off, is highlighted in transparent, light red. The orientation of dx and dy was defined
by the volcano location (dy aligns with the PDC flow/blast direction; dx therefore is
perpendicular to the PDC flow direction).

2.3. Eruption conditions

To determine the maximum height of the co-PDC plumes, Hr, datasets from Aubry et al.
(2021), Eychenne & Engwell (2022), Mastin et al. (2009) and Pioli et al. (2019) were used
and are all reported in terms of the elevation above ground level (agl). The relationship
between the maximum plume height in km, Hr, and the mass eruption rate, MER, in g h!
follows an empirical power law (Aubry et al., 2023; Mastin et al., 2009; Morton et al., 1956;
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Sparks, 1986; Wilson et al., 1978). The mass eruption rate, MER, also termed the source
strength, describes the mass flux per total source area and is commonly derived from Hr
when atmospheric dispersion models, like NAME, are used operationally (Beckett et al.,
2024). This is because the plume height is much easier to determine in real-time (e.g., radar,
lidar measurements, or visual observation) compared to the MER (Diirig et al., 2018; Folch et
al., 2012; Pioli & Harris, 2019). In this study, we used the following relationship based on
Aubry et al. (2023), between Hr and MER:

0.226 HT [5]
MER =
0.345

While the relationship of Aubry et al. (2023) has been defined predominantly using

information from vent-derived plumes, due to a lack of erupted mass information for co-
PDCs, the plume height and mass eruption rate from the MSH co-PDC plume fall within the
confidence interval of the fit, and imply that, for at least the largest co-PDC events, this

relationship is appropriate.

The ash plume spreads laterally at the neutral buoyancy level, where the density of the plume
and the surrounding atmosphere are equal (Carey & Sparks, 1986). This constitutes the
umbrella region of the plume and is characterised by a thickness, dz, which corresponds to
the height interval of the ash release within the model (Fig. 3). The following equation by
Carey & Sparks (1986), Morton et al. (1956) and Sparks (1986) describes the relationship
between the thickness of the umbrella region and the total column height:

dz=Hr—Hg =x -HT [6]
Where Hp is the base of the spreading cloud, and x can take values in the range 0.25 to 3.

Here, we use x = 0.3 due to the relationship Hy = % provided by Bonadonna & Phillips

(2003). This relationship holds true for all co-PDC plumes under the assumption of no

umbrella overshoot.

For our model set up in NAME, we also define the mid-point, z, within the height interval of
released ash. The relationships between Hy, Ha, dz, and z are shown visually in Figure 3 and

are mathematically expressed as:

1
Z=HT—E'dZ 7l
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With substituting Equation 6 into Equation 7 we obtain the final expression for z:

z=0.85" Hy 8]

A full quantitative summary of the parameter ranges is presented in Table 1.

lift off

Air
intrusion

Ground/substrate

Figure 3. Characteristics of co-PDC plumes. Through air entrainment parts of the ground-
hugging pyroclastic density current become buoyant, and a hot gas-ash mixture lifts off to
form a co-PDC plume. The plume reaches a top height, Hr, and spreads laterally at the level
of neutral buoyancy where the particles are dispersed over a vertical thickness, dz, (between

Hr and Hs, shaded in red) with a mid-point elevation, z.

Table 1. Co-PDC source parameters defined for historical PDC and co-PDC eruptions. The
minimum data (referring to the 1991 eruption of Unzen) for 4, a and dx are taken from
Watanabe et al. (1999), whereas the maximum data (referring to the May 18™, 1980 eruption
of Mount St Helens (MSH)) for 4, o, and dy are taken from Fisher et al. (1987). We used
Unzen and MSH as end-members to describe potential co-PDC plume parameters and
behaviour. Hr is taken from data sets from Aubry et al. (2021), Eychenne & Engwell (2022),
Mastin et al. (2009) and Pioli et al. (2019) and dz from Bonadonna & Phillips (2003) and
Carey & Sparks (1986).

Parameter Symbol | Unit | Min | Max
Area A km? | 0.4 | 619
Aspect ratio o 02 | 1.7

Width of source in plan view dx km | 0.3 | 324
km | 0.5 | 55.6

Length of source in plan view dy
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Maximal plume height Hr km 1 30
Thickness of ash release dz km | 0.3 | 9.0

2.4. Particle Characteristics

Ash particles that comprise co-PDCs have been found to have densities between 2200 kg m™
and 2600 kg m (Bonadonna & Phillips, 2003; Watanabe et al., 1999). Given this narrow
range and that Beckett et al. (2015) showed that differences in particle densities over this
range have no significant impact on NAME output, we used 2500 kg m™ for all our

experimental runs. We assumed no aggregation throughout this study.

The total grain size distribution (TGSD) of a co-PDC plume (modified from Marti et al.
(2016)) was used for the particle size distribution (PSD) in NAME and thus specifies the
diameter, d, of the particles. The range of particle diameters was split into nine bins with 1.5
@ (phi) intervals between 11.25 ¢ and -0.75 ¢, where ¢ is defined as ¢ = —log, d(mm). The
calculated distribution used in this study is shown in Table 2 and all particles were treated as

spheres. The mass distribution is further shown in Figure 4.

Table 2. Total grain size distribution (TGSD) modified from Marti et al. (2016). The particle

diameters, d, were grouped into equal bins with 1.5 ¢ intervals.

d (p-scale) | d (um) | Cumulative

volume
11.25 0.41 0
9.75 1.16 0.0051
8.25 3.28 0.0415
6.75 9.29 0.1799
5.25 26.28 0.4882
3.75 74.33 0.8027

2.25 210.22 0.9433
0.75 594.60 0.9864
-0.75 1681.79 1
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Figure 4. The total grain size distribution (modified) from Marti et al. (2016) for (a)
cumulative volume distribution and (b) particle size fraction.

2.5. Numerical Experiments

We performed two numerical experiments. In the firstexperiment, we used a constant source
strength and plume height but used three different source aspect ratios changing the source
area, thus the width and length of the source geometry. Here, we assume that the area and
shape of the ground footprint are the same as that at the level of neutral buoyancy where the
particles were released. We neglect any plume widening. This allowed us to independently
investigate the impact of the source geometric properties on the onwards transport and
dispersion of the ash cloud. In the second numerical experiment, we appropriately coupled
the plume height, height interval of ash release, and source strength for each run and
modelled a range of source geometries and areas. This represents a more realistic set of
eruption conditions and allows us to test the influence of MER/H7 on the simulated location

and mass loadings of ash in the downwind cloud.

2.5.1. Numerical Experiment 1: Source Aspect Ratio and Area

This experimental set analysed the impact of the aspect ratio and total source area on the
plume shape and position. The minimum and maximum aspect ratios were determined from
the literature as 0.2 and 1.7, respectively and a mid-point value was calculated (0.95) to

simply provide a third aspect ratio (cf. Table 1; Fig. 2). For each aspect ratio (0.2, 0.95, and
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331  1.7), ten different source areas between 0.4 km? and 619 km? (Table 1) and the logarithmic
332 mid-point were used. The full model set up conditions that comprise the numerical

333  experiment 1 are displayed in Table 3. All other eruption source parameters were kept

334  constant: Hr was set to 10 km (agl) and thus yielded a dz of 3 km and z, the mid plume

335  height, was 8.5 km. The source strength was set to 1.06 x 10'* g h™!.

336

337  To ensure that any observations made also hold true for different weather patterns, we

338  perform the same set of numerical experiments for the eight different weather patterns

339  defined for the North Atlantic and surrounding European (Neal et al., 2016). The date

340  commonly presented throughout this manuscript, 31% January 2022, is described best by
341  weather pattern number 3. For detailed information on the other chosen dates, representative

342  of the other weather patterns, the reader is referred to the supplementary information.
343

344  Table 3. Source parameters of numerical experiment 1. Three different aspect ratios were

345  each used for eleven different source geometry areas. The width and length of the geometry
346  were determined by Equations 3 and 4. Runs (1) to (11) used an aspect ratio of 0.2, runs (12)
347  to (22) used an aspect ratio of 1.7, and runs (23) to (33) used the mid aspect ratio of 0.95. The

348  source perimeter, P = 2 - dx + 2 - dy, is also indicated for comparison.

Run: o = 0.2 D16 |G |66 |0 |6@ | O | d)|da)

A (km?) 0.4 1 2 5 10 16 24 50 121 | 274 | 619
dx (km) 0.3 04 | 0.6 1.0 1.4 1.8 2.2 3.2 4.9 74 | 11.1
dy (km) 14 | 21 32 | 48 7.2 89 | 109 | 159 | 246 | 37.0 | 55.6
P (km) 34 5.0 76 | 11.6 | 17.2 | 21.4 | 26.2 | 382 | 59.0 | 88.8 | 1334

Run:e=17 | 12| @) a9y | asy|ae | an | as | a9 | o | e | 22

A (km?) 0.4 1 2 5 10 16 24 50 121 | 274 | 619
dx (km) 0.8 1.2 1.9 | 2.8 4.2 52 6.3 93 | 143 | 216 | 324
dy (km) 0.5 0.7 1.1 1.6 | 2.5 3.1 3.7 54 84 | 12.7 | 19.1
P (km) 26 | 3.8 6.0 88 | 134 | 16.6 | 20.0 | 294 | 454 | 68.6 | 103.0

Run:a=095 | 23) | 2 |25 | eo|len| e | ey | 3o 3| 32) | 33)

A (km?) 0.4 1 2 5 10 16 24 50 121 | 274 | 619
dx (km) 0.6 | 0.9 14 | 2.1 3.2 3.9 4.7 69 | 10.7 | 16.1 | 24.2
dy (km) 0.6 1.0 1.5 2.2 33 4.1 5.0 73 | 113 | 17.0 | 255
P (km) 24 | 3.8 5.8 86 | 13.0 | 16.0 | 194 | 284 | 440 | 66.2 | 994

349
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2.5.2. Numerical Experiment 2: coupled Hr and MER for different A and a

This numerical experiment better represents the natural case, by the appropriate coupling of
the plume height Hr, the vertical thickness of ash release dz, and the MER. Specifically, five
different plume heights were chosen following Table 1, covering the full range of heights

expected for natural co-PDC plumes.

For each plume height, the associated source strength (MER) was calculated using Equation 5
and the thickness of ash release by Equation 6. All other parameters, such as the particle size
distribution, the eruption start time (thus meteorological conditions), and the emission
duration, were kept constant and are the same as in experiment 1. These different cases have
all been modelled by using two different aspect ratios and the minimum, middle, and
maximum source geometry areas with both wet and dry deposition included. Table 4 provides
the full model set-up conditions of numerical experiment 2, indicating the plume height dz,

MER, a, A, dx, dy, and the run number for each model run.
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365  Table 4. Source parameters for numerical experiment 2. Different total plume heights define
366  the thickness of ash release and source strength (MER), which were tested for different

367  source geometries (aspect ratios and areas). The designated reference number of each model
368  runis given in brackets and highlighted in grey. The source perimeter, P = 2 - dx + 2 - dy, is

369  also indicated for comparison.

Hr (km) | z (km) | dz (km) MER a | Run @ @ | 0
A
(k) 0.4 16 | 619
dx
(km) 0.3 1.8 | 11.1
02| dy
(ken) 1.4 8.9 | 55.6
P 3.4 125 | 1334
1.41E+02 (kg s™) (km)
1 0.85 0.3 = Run ) G) | ©)
5.07E+08 (g h") A
(k) 0.4 16 | 619
dx
17 | (km) 0.8 52 | 324
dy
(ken) 0.5 3.1 | 19.1
P
(km) 2.6 16.6 | 103.0
Run ) ® | 9
A
() 0.4 16 | 619
dx
02| (k) 0.3 1.8 | 11.1
dy
(ken) 1.4 8.9 | 55.6
1.12E+05 (kg s™) (kfn ) 3.4 12.5 | 133.4
5 425 1.5 =
4.03E+11 (g h-l) Run (10) (11) (12)
A
() 0.4 16 | 619
dx
17 | km) 0.8 52 | 324
dy
(k) 0.5 3.1 | 19.1
P
(k) 2.6 16.6 | 103.0
Run 13) 14) | (15)
A
(lm?) 0.4 16 | 619
0.2 dx 0.3 1.8 | 11.1
-1 : (km)
1.99E+06 (kg s™) dy
10 8.5 3.0 = (ken) 1.4 8.9 | 55.6
7.15E+12 (g hh) P
(k) 3.4 12.5 | 133.4
Run 16) a7 | 18
1.7 A
() 0.4 16 | 619
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(1?1):1) 0.8 52 | 324

(151{1 ) 0.5 31| 19.1

(kfn ) 2.6 16.6 | 103.0

Run 19) 200 | @D

(kfnz) 0.4 16 | 619

0o (1?;.) 0.3 18 | 111

(lflyn ) 1.4 8.9 | 55.6

3.53E+07 (ke ) (kfn ) 34 12,5 | 133.4
20 | 170 | 60 e ) -~ = =T on
(kiZ) 0.4 16 | 619

L7 (;lfn) 0.8 52 | 324

(12?;. ) 0.5 3.1 | 19.1

(kfn ) 2.6 16.6 | 103.0

Run @5) 26) | 27)

(kﬁﬁ) 0.4 16 | 619

0 (1:;1):1) 0.3 18 | 111

(kﬁl ) 1.4 89 | 55.6

1.22E+08 (ke s") (kfn ) 34 12,5 | 133.4
I L . -~ 5 o o
(kﬁﬁ) 0.4 16 | 619

L7 (1?1):1) 0.8 52 | 324

(151{1 ) 0.5 3.1 | 19.1

(k’:n ) 2.6 16.6 | 103.0

3 Results & Discussion

In this section, we will show the results from our systematic NAME model runs (as outlined
in Tables 3 & 4) and consider the individual impact of different source parameters on the
transport and dispersion of the co-PDC ash cloud. To do this, and to provide a common
comparison across all runs, we use the horizontal position and extent of the whole ash cloud
and the total column mass loading. Where the total column mass loading is the sum of all ash
vertically above the ground at a given location and thus has units of g m. These data are

extracted every hour after the emission/eruption started (o) up until 24 hours later. We
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378  applied a threshold of 0.2 g m™ as it aligns to the threshold which satellite instruments can
379  typically detect and retrieve volcanic ash (Saint et al., 2024). Furthermore, it is the lowest
380  concentration threshold required for VAAC forecasts, if we assume the ash cloud has a 1 km

381  thickness (Beckett et al., 2020).

382 3.1. Impact of source area, 4

383  First, let us consider the impact of the source area, 4, for a constant source aspect ratio, o.

384  Figure 5 provides an overview of the size and orientation of all source geometries used in this
385  study. They are shown in their true locations with respect to Hekla volcano (black triangle)
386  and to Iceland. For context, Iceland has a total land area of approximately 104,000 km? and
387  the minimum and maximum co-PDC plume source areas were 0.4 km? and 619 km?,

388  respectively.

389
3"200 Area, A, used as source:
66.5°N 1500 M 619 km? max 10 km?
66°N 2 2
0o M 274 km 5 km
65.5°N oo M 121 km? W 2 km?
65°N 1000 50 km? B 1km?
64.5°N 500 24 km? B 0.4 km? min
64°N )
0 16 km?, mid
63.5°N
=500
24°W 2294 20°W 18°W 16°W
Aspect ratio, a = 0.2 Aspect ratio, a = 0.95 Aspect ratio, a=1.7
64.2°N b 64.2°N c 64.2°N d
64.05°N 64.05°N 64.05°N
N | A2
63.9°N 63.9°N 63.9°N
63.75°N R 63.75°N 63.75°N
63.6°N 63.6°N 63.6°N
63.45°N 0 — 63.45°N 0 — 63.45°N 0 —
390 20.1°W 19.5°W 18.9°W 20.1°W 19.5°W 18.9°W 20.1°W 19.5°W 18.9°W

391  Figure 5: Orientation and size of the source for the different aspect ratios and areas used in

392 our model runs. (a) A map of Iceland, showing the ground elevation using the global 10 km
393  resolution topography data used with the NAME simulations. The colour bar shows the

394  ground elevation in meters above sea level. The lower panels show the range of source areas
395  for aspect ratios, (b) amin = 0.2, (¢) omia = 0.95, and (d) omax = 1.7 used in this study.

396
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To compare the ash cloud generated by different source geometry areas, we plot the ash
clouds from a 0.4 km? (min) and 619 km? (max) source area, both with aspect ratio, o, =
0.2. These results are shown in Figure 6. The simulated ash clouds grow with time, following
the wind field towards the east and show similar downwind shapes. The initial latitudinal
extent of the ash clouds close to the source location shows the most deviation; however, as
the age of the cloud increases and it becomes more dispersed, the differences between the
simulations initialised with minimum and maximum source area are insignificant.
Quantitatively, the difference in cloud position was compared between these two end-member
cases using the Figure of Merit in Space, FMS (Rolph et al., 2014; Warner et al., 2004):

AN 4,

[9]
=1 _"2.100
A, U A,

FMS

where A; is the cloud area within one model output and A, the cloud area in another model
output. The intersection is compared with the union of these areas. The areas correspond to
the forecasted cloud areas with mass loading > 0.2 g m™. High FMS values correspond to

high agreement between the models. These results are shown in Figure 7a.
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Figure 6. NAME outputs for numerical experiment 1, all using ami» = 0.2, a 1 h particle
release, z = 8.5 km, dz = 3 km and MER = 1.06 x 10'® g h'!. The panels on the left are for the
minimum source area, and the panels on the right are for the maximum. The area and
orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different
times after the eruption start #: (a & €) 7h, (b & f) 13 h, (¢ & g) 18 h, and (d & h) 23 h.
Total column mass loadings are averaged over the previous hour, and we applied a threshold

of 0.2 gm™.
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Figure 7. The Figure of Merit in space (FMS) and total cloud area overlap within numerical
experiment 1. (a) FMS between the plumes generated using minimum (Ami») and maximum
(Amax) source area. The different coloured data points correspond to different aspect ratios. (b)
Actual area overlap between Amin and Amax. (€) FMS between the plumes generated with the
minimum (amin) and maximum (amax) aspect ratio. The different coloured data points
correspond to different source areas. (d) Actual area of overlap between amin and omax. The

lines between data points are not model fits and are just used to guide the eye.

For all aspect ratios, the FMS, calculated between the ash clouds generated by model runs
using the minimum (4min) and maximum (4max) source area, increases with time after #p until
a plateau is reached. The near-source variations are more pronounced as there is less cloud
area to compare with. The plateau occurs at ~ 90% FMS for all aspect ratios but is achieved
faster for the larger aspect ratios (Figure 7a). Additionally, in all cases, there is a slight
decrease in the FMS after ~ 20 h. We also find that generally omi» = 0.2 has the lowest FMS
values. However, the actual overlapping cloud area is still the largest for omin = 0.2 with
values up to 728,000 km? (Figure 7b). Although, it must be stressed that this is not strictly

related to the value of the aspect ratio but to the applied weather conditions. This can be
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visualised in Figure 5 as the larger areas with a = 0.2 show a larger longitudinal extension.
The extension in source geometry is perpendicular to the wind direction, and thus there is
more variability in the particle trajectories (especially in the first few hours since #9). If the
source geometry is elongated with its long axis in the dominant wind direction (i.e., the larger
of dx or dy is parallel to the wind direction), there is a lower impact on differences in particle

trajectories.

The differences can also be evaluated in terms of total column mass loadings. For all cases,
higher total column mass loadings are found closer to the source location and at times closer
to the start of the release (e.g., Figure 6). Between the model runs with different source areas,
small changes in total column mass loadings towards the tip of the ash cloud are noticeable.
However, these are only identified within the first ~ 7 hours and at later times differences
become indistinguishable. In general, even when changing the source area by three orders of
magnitude, only small differences in downwind cloud shape and column mass loading are
observed. This is true for the full range of aspect ratios tested and the supporting plots for a =

0.95 and a = 1.7 are shown in Figures S1 and S2.

3.2. Impact of the aspect ratio of the source, a

To evaluate the impact of changing the aspect ratio of the source, a, we present the results
from model runs for amin and omax at a common source area. The definition of the aspect ratio
(Equation 1) as the ratio between dx and dy was chosen here to quantitatively describe the
relationship between the width and the length of the source area. However, this enables
aspect ratios to range between almost zero to infinity. Other definitions of the source
geometry are possible, such as taking the ratio between the minimum and maximum

dimension, thus quantifying how equant the source area is.

Simulated total column mass loadings are shown in Figure 8 for Ama= 619 km?. There are
only very small differences in the shape of the modelled cloud. After 7 hours since 7o, the tip
of the ash cloud appears thinner for omax = 1.7 (Figure 8e), compared to amin = 0.2 (Figure
8a). The FMS of the cloud area ranges from 83% to 90%. We consider these differences to be
small given the order of magnitude change in source aspect ratio (0.2 vs. 1.7). Similar results

are shown when comparing omin and otmax for Amin = 0.4 km? and the related plots are shown in
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Figure S3. Here, the FMS in the cloud areas is greater, and ranges from 98% to 92% from 7 h
to 23 h since #, and thus slightly decreases with time during this 7 to 23 h period. Figure 7¢
compares the FMS of the ash cloud area between the minimum (omin) and maximum (@max)
aspect ratio. In general, greater FMS values correspond to model runs with smaller source
areas, whereas the actual area overlap is almost the same for all source areas (Figure 7d).
Small source areas (4 < 5 km?) have large FMS (> 95%) until 4h after 79 and slowly decreases
with increased time after. However, at 24 h since fothe FMS is still > 90%. For the other
source areas, A > 5 km?, the FMS increases until (at least) 8 h, plateaus around 90% and then
slightly decreases. The largest source area tested, 4 = 619 km?, has the lowest FMS overall
and is 51% at 1 h since ¢ and 88% at 24 h since # (Figure 7c).
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483  Figure 8. NAME model outputs for numerical experiment 1, all using Amax =619 km?, a1 h
484  particle release, z = 8.5 km, dz = 3 km and MER = 1.06 x 10'3 g h'!. The left figure panels (a-
485  d) show results from the minimum aspect ratio omi» = 0.2, and the right panels (e-h) show the
486  maximum aspect ratio amax = 1.7. The area and orientation of the two source geometries are
487  compared in relation to each other next to the parameter list at the top of the figure. For each
488  aspect ratio, four outputs at different times after eruption start #o are shown: (a & e) 7h, (b &
489 £) 13 h, (¢ & g) 18 h and (d & h) 23 h. Total column mass loadings are averaged over the
490  previous hour, and we applied a threshold of 0.2 g m™.
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3.3. Evaluation of geometric source properties (4 and a) on co-PDC ash transport

and dispersion

We now synthesise the results of the previous sections, that compared the impact of source
area and aspect ratio, respectively. To supplement the visual comparisons between the NAME
model outputs (cf. Figs. 6 and 8), we introduce the use of the relative standard deviation,

%RSD:
(o)
%RSD = —-100 [10]

where o is the standard deviation of the data set under study (e.g., cloud area at each hour
after eruption start for all cloud areas) and x is the average of the data set (i.e., the ash cloud

area generated throughout experiment 1 per given modelled time).

Due to the ~10 km horizontal resolution of the meteorological data used with our NAME
simulations, source areas approximately 4 = 10 km? can have, in at least one dimension, a
source geometry that is larger than the grid resolution and therefore crosses multiple
meteorological grid cells. However, despite this, the total ash mass in the atmosphere is
remarkably similar for all runs in experiment land the data almost overlap (Fig. S4). The
total mass in the atmosphere has been studied for both the total data set and with the
threshold of 0.2 g m™ applied. There are only minor differences between these datasets and
therefore most larger particles (in particle sizes of co-PDCs) remain within the ash cloud. The
total mass in the atmosphere reaches a maximum after 1 h (the total time of particle emission)
and then decays as ash is removed through wet and dry deposition (including sedimentation) .
Across all model outputs of experiment 1, the maximum %RSD is 0.4%, thus we can say, the

total mass in the atmosphere is not affected by changing source aspect ratio or source area.

Overall, like the total mass in the atmosphere, the total cloud area, 4, shows minor variation
across all the source areas and aspect ratios investigated (Fig. 9). The only exception is at
times close to the start of particle emission, # and thus at cloud locations close to the source.
Comparing all runs in experiment 1 (grey dotted line in Figure 9a & b), close to the start time
(1 h since #0), the relative standard deviation is 33%. However, these high %RSD values
rapidly reduce to 9.5% after 4 h since #) and reach a low plateau of ~ 2% after 13 h.
Furthermore, the total cloud area increases and shows little deviation between the different
applied aspect ratios (Fig. 9a). By further analysing the cloud area, A, for a set plume height
(here, Hr =10 km), the influence of aspect ratio (Fig. 9b) and area of the source geometry
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(Fig. 9¢) can be quantitatively investigated. Firstly, comparing different aspect ratios oumin =
0.2 has a maximum %RSD of 41% and reduces to < 10% after 6 h, whereas amia = 0.95
shows a maximum %RSD of 24% and becomes insignificant (< 9%) after 3 h, and a = 1.7

shows a maximum %RSD of 19% and becomes insignificant (< 6.5%) after 3 h.
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Figure 9. Total cloud area, Ac, for numerical experiment 1. (a) The total cloud area, A, for all
model runs across Experiment 1. Although all lines (1) to (33) are represented, they mostly
overlap. The %RSD is indicated by the grey dotted line. (b) Experiment 1 separated per
aspect ratio, taking all source areas into account. omin = 0.2 has a larger %RSD, as the
longitudinal distance becomes more important with the specific applied weather conditions.
There is no linear relationship between %RSD and a. (¢) Experiment 1 separated per source
area A, where one line represents three runs each (omin = 0.2, o = 0.95mia and omax = 1.7). The
larger the source area, the larger the %RSD. In all panels, the lines between data points are

not model fits and are just used to guide the eye.

Furthermore, comparing the different source areas (each averaged over all three aspect ratios)
used in experiment 1 (Fig. 9c), we find that the larger the source area, the higher the %RSD.
The %RSD decays with time for all source areas. Amax = 619 km? shows the largest %RSD of
33% at 1 h after particle release, whereas 4 = 1 km?is only 1.8% RSD at the same time.
Additionally, for a given time #, the %RSD is lower for smaller source areas. Only Amin = 0.4
km? and 4 = 1 km? do not exactly follow this observation until reaching 5 h since #os, however,
the %RSD is always < 2%. For all source areas at 6 h since particle release, the %RSD is <

10 %.

Our observations that the cloud area growth is little impacted by the source geometry and

aspect ratio can be explained mathematically. The cloud area can be described as
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t
A(t) = Ap +f (j‘;A( )vn(x,r) ds)dr 1]
0 T

where Ao is the source area at origin, 04(t) is the boundary of the cloud at time 7, and va(x, 7)
is the normal expansion rate at point x on the boundary. The derivative, describing the rate of

change of the area,

dA(t 12
—() =f§ vp(x,7) ds [12]
dt DA(T)
can be studied under the assumption of a rectangular source geometry [13]

with width /w and length /,» expanding at constant rates vx and vy

(uniform wind field). The area as a function of time, therefore,

describes:A(t) = lLyolyo + t(Uxlyo + Vylyo) + vept?
The quadratic term vxvytz, being of leading order at # >> 0, is not impacted by the initial
source geometry at the source location. This therefore explains both the decrease in the
%RSD (Fig. 9) and the convergence in total cloud area between all the runs with time as
shown by the FMS (Fig. 7). For £ ~ 0 h and times close to the eruption start, the ash cloud
expands dominantly in the wind direction (vx for our specific date here). The extent of the
perpendicular dimension, with respect to the wind (/,» here), is therefore of greater influence
than the parallel dimension (L here). The linear term Iy, Ly, is proportional to the perimeter
(of the rectangular shape) and this therefore explains the high relative standard deviation

between different aspect ratios.

For typical vent-derived plumes Mastin & Van Eaton (2020) have shown that considering the
associated umbrella cloud growth is crucial for accurate modelling of the ash cloud area and
downwind extent. They also show, as in this study, that the difference between cloud areas
decrease with time after eruption. However, umbrella cloud areas typically range between 50
km? and 1,600,000 km? (Constantinescu et al., 2021; Mastin & Van Eaton, 2020; Prata et al.,
2025; Zidikheri et al., 2017) and thus are larger than typical co-PDC clouds (e.g., 0.4 km? to
619 km?). This further supports our observations that co-PDC cloud transport and dispersal
(across the range of meteorological conditions tested here) is not impacted by the source area

(due to the smaller contribution of the linear term in Equation 13).

3.4. The impact of co-PDC plume Hr and MER

The modelled ash cloud shows completely different transport and dispersion patterns when
changing Hr, and thus MER and dz. To illustrate this, in Figure 10 we show NAME outputs
at 12 h (left side of figure) and 23 h since # (right side of figure) initialised using a range of
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plume heights (H7) for Amax = 619 km? with otmin = 0.2. In general, modelled total column
mass loadings increase with Hr and the larger Hr and MER are, the larger the ash cloud
becomes. For Hr= 1 km (Figs. 10a & f), the total column mass loading threshold of 0.2 g m™
is not reached. The cloud generated by Hr =5 km has mass loadings > 0.2 g m™ at 12 h (Fig.
10b) and 23 h since #o (Fig. 10g) but beyond 23 h, mass loadings are relatively low. The ash
clouds generated by Hr =20 km (Fig. 10d) and Hr =27 km (Fig. 10e) form a relatively
compact area at 12 h after particle release, however they become more elongated and
stretched over wider areas for 23 h (Fig. 101 & j). For consistency, a set of model runs using
Amax = 619 km? with otmar = 1.7 and Amin = 0.4 km? with amin = 0.2 and amex = 1.7 are shown in
supplementary Figures S5 to S7. These combinations bracket the extremes in natural
parameter space and still follow the general relationships described here. As shown in Figure
11, all ash cloud areas increase with time after the beginning of particle emission (#) and
larger initial plume heights (Hr), thus larger mass eruption rates, correspond to larger cloud

arcas.
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Figure 10. NAME model outputs for numerical experiment 2, all using a 1 h particle release

with different Hr, MER, and dz. The figure panels on the left (a-d) are for 12 h after eruption

start 79, and the panels on the right (e-h) show 23 h after eruption start #o. The outputs here are

for Amax = 619 km? with omin =

0.2. With increasing Hr and o + ¢ (h), the plume size grows.

Total column mass loadings are averaged over the previous hour, and we applied a threshold

of 0.2 g m™. The subplots (a & f) show no ash cloud (i.e., mass loading < 0.2 g m).
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Figure 11. The total cloud area as a function of time for model runs within numerical
experiment 2. The five different colours correspond to the different plume heights. Each with
Amin = 0.4 km? for omax = 1.7 and Amax = 619 km? for amn = 0.2 as a dotted and solid line,
respectively. The total plume area, Ac, increases for all plume heights with time within the
first 13 h. Hr=1 km and Hr = 5 km decay afterwards, while the others continue to increase.
The numbers in brackets correspond to the model run number. The lines between data points

are not model fits and are just used to guide the eye.

Figure 12 shows the total modelled mass in the atmosphere with time. As expected, with
increasing plume height (and thus MER), the total mass in the atmosphere (and the total
column mass loadings in Figure 10) also increases. The maximum total mass occurs (for each
plume height) after 1 h, which is the end of the emission time. The total mass in the
atmosphere released from higher plumes (Hr= 10 km, Hr =20 km and Hr = 27 km) remains
almost constant, slightly decreasing, while when Hr =1 km and Hr= 5 km there is a larger
reduction/decay with time. When Hr= 1 km the total mass decreases to 0.004% of the initial
total mass at 24 h since f9, whereas when Hr = 27 km the ash cloud retains 68% of its initial

total mass after 24 h.
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—e—Hy=27 km

Total mass in the atmosphere (g)
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Figure 12. Total mass in atmosphere per plume height in numerical experiment 2. For visual
clarity, only Amax = 619 km?, amin = 0.2 is shown here, but the other runs show a similar
relationship. For all plume heights, the total mass in the atmosphere is greatest at 1h since #
(end of particle emission) and decays afterwards. The smaller the plume height, the greater

the decay. The lines between data points are not model fits and are just used to guide the eye.

3.5. Outlook and future work

NAME models the long-range transport and dispersion of ash clouds. In this study, we have
represented the release of ash into the atmosphere with a set of eruption source parameters.
However, additional schemes can be coupled to NAME to represent vent proximal behaviour,
including those for buoyant plumes and umbrella clouds (Beckett et al., 2015; Devenish,
2013; Webster et al., 2012, 2020). At the expense of increased computational time, these
schemes could be applied to investigate the dynamics of co-PDCs and, when coupled to
NAME, their impact on the long-range transport of the resulting ash cloud.

We have assumed an emission duration of 1 h. This aligns with the resolution of the
averaging period used for the modelled total column mass loadings. It is expected that co-
PDC plumes will have a range of ash emission times corresponding to eruption parameters
such as the MER and source area; however, no quantitative relationships currently exist. The
emission time also becomes important if the emitted volume/mass of ash needs to be
quantified to a higher accuracy. To test the sensitivity of our model outputs to the emission

time, we re-ran all our model configurations with a 24 h release, the results of which can be
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seen in the supplementary information (Figures S8 to S16). The key results outlined in this
contribution show no difference when using this longer emission time (24 h vs 1 h). Only the

total cloud area and total column mass loadings vary in their absolute magnitude.

Our model runs used an emission start time of 31% of January 2022, 09:00 UTC, at which
time there were westerly winds, representative of the prevailing conditions in this area. Our
results suggest that long-range transport and dispersion model simulations of ash clouds are
insensitive to varying emission source areas and aspect ratios, within the range of end-
members identified for co-PDC plumes. We would only expect there to be sensitivity if the
meteorological conditions varied significantly across the area of the source, and for most
meteorological scenarios, we would not expect large step changes in conditions across source
areas typical of co-PDCs. There could be exceptions though, for example, the moment when
there is a passage of a weather front or if there is a strong sea breeze. The sensitivity is also
dependent on the resolution of the Numerical Weather Prediction (NWP) data and its ability
to represent any variation. Here we have used NWP data from the Global configuration of the
UM, which has a horizontal resolution of ~ 10 km, which has been shown to be optimal for
representing long-range transport of ash clouds (see Beckett et al., 2020). We have repeated
numerical experiment 1 for eight different weather patterns (Neal et al., 2016), describing
different circulation types and therefore including different weather scenarios (Figures S17 to
S58). The exact cloud shape and location vary with different weather patterns and dates, but
our findings that the impact of source area and aspect ratio is negligible are confirmed across
the data set. The FMS plateaus = 75% for all source areas, aspect ratios and weather patterns
(Figures S17, S23, S29, S35, S41, S47, and S53). Further investigations are required to

determine any impact of differing seasons or climates.

The applied relationship between Hr and MER is well established for point sources; however,
it is not clear how well this applies for elongated source geometries. Unknown, so far, is how
the source area and MER are impacted by entrainment of ambient air, changing the particle
concentration across the plume for these elongated source geometries. We assume
entrainment to be lower along the edges of a linear plume than along the edges of a circular
plume. It remains to be investigated whether large areas, i.e., Amax = 619 km?, are still likely
to reach a plume height of Hr = 30 km with the same MER predicted by the power law
relationship derived from vent-derived plume information (Aubry et al., 2023) and whether

the assumption of a uniform MER over the whole source area is suitable. Although the co-
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PDC plume of MSH falls within the confidence interval of the MER relationship used here,
smaller co-PDC plumes might be better described by a different plume scheme, e.g., a
thermal buoyant plume, with an instantaneous mass release, meaning that the MER-Hr
relationship might be different (Biass et al., 2016; Bonadonna, Macedonio, et al., 2002; Druitt
et al., 2002; Woods & Kienle, 1994).

The use of inversion approaches, such as that outlined by Pelley et al. (2021), to optimally
constrain the time-varying distribution of mass with height at the source for vent-derived
plumes have proved to be powerful tools during operational response when information may
be scarce. Given our results show that capturing the plume height and MER is fundamentally
important for co-PDC plumes too, then the use of inversion tools for this type of event will
also be beneficial. Some inversion approaches have also explored optimising source
geometry for umbrella cloud releases (Zidikheri et al., 2017). Here we have shown that after
the first few hours, this is not a key parameter (due to its relatively small source area

compared to umbrella clouds), however such an approach could also be further explored.

4 Conclusion

We studied the transport and dispersion of a volcanic ash cloud generated from a co-PDC
plume to assess the sensitivity to the eruption source parameters used to initialise model
simulations. Co-PDC ash plumes/clouds, generated from PDCs, have unique source
properties, in particular their particle size distribution and source geometry are different to
typical eruption plumes. Our sensitivity study showed that changes in the source area and the
aspect ratio of the source have only a minor impact on the resultant cloud location and its
total column mass loadings after ~ 6 h from the start of the release. The impact, during the
early hours, is greatest if the long axis of the source geometry is perpendicular to the wind
direction. However, as previously established for vent-derived plumes, the plume height and
corresponding mass eruption rate are leading order parameters. Here we have shown that they
yield significant differences when modelling transport and dispersion of co-PDC ash clouds.
This result suggests that VAACs may not need to obtain a detailed description of the co-PDC
source geometry, which would be difficult to establish quickly, and rather operational

response should continue to focus on assigning optimal plume heights and MERs.
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.txt-File F1. Exemplary NAME input file ‘NAME_SI_maininput.txt’
This template can be used with NAME to reproduce all the data used for this publication. The
specific parameters and changes are highlighted in Tables 3 & 4. (This specific template has been

used for numerical experiment 1; run # 22).
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Apin = 0.4 km?, a4 = 0.95, Source Apmax = 619 km?, a,,,;y = 0.95, Source
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Fig. S1: NAME outputs for numerical experiment 1, all using a,,;¢ = 0.95, a 1h particle release,
z = 8.5km, dz = 3km and MER = 1.06 x 103 gh~!. The panels on the left are for the minimum
source area, and the panels on the right are for the maximum. The area and orientation of the
two source geometries are compared in relation to each other next to the parameter list at the top
of the figure. For each area, four outputs are presented at different times after the eruption start
to: (a & €) 7h, (b & f) 13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are

averaged over the previous hour, and we applied a threshold of 0.2gm™2.
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Fig. S2: NAME outputs for numerical experiment 1, all using a4, = 1.7, a 1 h particle release, z
= 8.5km, dz = 3km and MER = 1.06 x 1013 gh~!. The panels on the left are for the minimum
source area, and the panels on the right are for the maximum. The area and orientation of the
two source geometries are compared in relation to each other next to the parameter list at the top
of the figure. For each area, four outputs are presented at different times after the eruption start
to: (a & €) 7h, (b & f) 13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are

averaged over the previous hour, and we applied a threshold of 0.2gm™2.



Apmin = 0.2, Ay = 0.4 km?, Source Apax = 1.7, A = 0.4 km?, Source
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Fig. S3: NAME model outputs for numerical experiment 1, all using A,,;, = 0.4 km?, a 1h particle
release, z = 8.5km, dz = 3km and MER = 1.06 x 10 gh~!. The left figure panels (a-d) show
results from the minimum aspect ratio a,,;, = 0.2, and the right panels (e-h) show the maximum
aspect ratio aunq, = 1.7. The area and orientation of the two source geometries are compared in
relation to each other next to the parameter list at the top of the figure. For each aspect ratio, four
outputs at different times after eruption start to are shown: (a & €) 7h, (b & f) 13h, (c & g)
18h, and (d & h) 23h. Total column mass loadings are averaged over the previous hour, and we
applied a threshold of 0.2gm™2.
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Fig. S4: Total mass in atmosphere for all model runs in numerical experiment 1. There are only
very minor differences between model runs with different source areas and aspect ratios. The total
mass in the atmosphere starts at a maximum, which is achieved after 1h (the total time of particle
emission) and then decays as wet and dry deposition (including sedimentation) occurs and no more
particles are released into the atmosphere. The lines between data points are not model fits and
are just used to guide the eye.
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Fig. S5: NAME model outputs for experiment 2, all using a 1h particle release with different Hr,
MER, and dz. The figure panels on the left (a-d) are for 12h after eruption start ¢y, and the panels
on the right (e-h) show 23h after eruption start ¢y. The outputs here are for A,,;, = 0.4 km? with
Qmin = 0.2. With increasing Hr and ¢ (h), the plume size grows. Total column mass loadings are
averaged over the previous hour, and we applied a threshold of 0.2gm~2. The subplots (a & f)
show no ash cloud (i.e., mass loading < 0.2gm™2).
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Fig. S6: NAME model outputs for experiment 2, all using a 1h particle release with different Hr,
MER, and dz. The figure panels on the left (a-d) are for 12h after eruption start ¢y, and the panels
on the right (e-h) show 23h after eruption start ¢y. The outputs here are for A,,;, = 0.4 km? with
Qmaz = 1.7. With increasing Hy and ¢ (h), the plume size grows. Total column mass loadings are
averaged over the previous hour, and we applied a threshold of 0.2gm~2. The subplots (a & f)
show no ash cloud (i.e., mass loading < 0.2gm™2).
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Fig. S7: NAME model outputs for experiment 2, all using a 1h particle release with different Hr,
MER, and dz. The figure panels on the left (a-d) are for 12h after eruption start ¢y, and the panels
on the right (e-h) show 23 h after eruption start tg. The outputs here are for A,,q, = 619 km? with
Qmaz = 1.7. With increasing Hy and ¢ (h), the plume size grows. Total column mass loadings are
averaged over the previous hour, and we applied a threshold of 0.2gm~2. The subplots (a & f)
show no ash cloud (i.e., mass loading < 0.2gm™2).



Apin = 0.4 km?, a.,;, = 0.2, Source Apax = 619 km?, . = 0.2,
dx =0.3km, dy=1.4 km, run (1) geomet{y dx =11.1 km, dy =55.6 km, run (11)
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Fig. S8: NAME outputs for numerical experiment 1, all using au,;, = 0.2, a 24 h particle release,
z = 8.5km, dz = 3km and MER = 1.06 x 103 gh~!. The panels on the left are for the minimum
source area, and the panels on the right are for the maximum. The area and orientation of the
two source geometries are compared in relation to each other next to the parameter list at the top
of the figure. For each area, four outputs are presented at different times after the eruption start
to: (a & €) 7h, (b & f) 13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are

averaged over the previous hour, and we applied a threshold of 0.2gm™2.
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Apin = 0.4 km?, a,;y = 0.95, Source Apmax = 619 km?, a4 = 0.95, Source
dx =0.6 km, dy = 0.6 km, run (23) geomet{y dx =24.2 km, dy = 25.5 km, run (33) geometry
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Fig. S9: NAME outputs for numerical experiment 1, all using «,,;q = 0.95, a 24 h particle release,
z = 8.5km, dz = 3km and MER = 1.06 x 103 gh~!. The panels on the left are for the minimum
source area, and the panels on the right are for the maximum. The area and orientation of the
two source geometries are compared in relation to each other next to the parameter list at the top
of the figure. For each area, four outputs are presented at different times after the eruption start
to: (a & €) 7h, (b & f) 13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are

averaged over the previous hour, and we applied a threshold of 0.2gm™2.
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Apin= 0.4 km?, a,,,, = 1.7, Source Apmax = 619 km?, @, = 1.7, Source
dx =0.8 km, dy=0.5km, run (12) geomet{y dx =32.4 km, dy = 19.1 km, run (22) [eEeuEiY

7h

60°N

13 h

50°N

40°N

70°N

60°N

18 h

50°N

40°N

70°N

60°N

23 h

50°N

40°N

20°W 10°W 0° 10°E 20°E 20°W 10°W 0° 10°E 20°E

[ T

~ ° > 1 2 > o ©
S S S S @
-2

% ~ ~ ~
Total Column Mass Loadings (g m™)

Fig. S10: NAME outputs for numerical experiment 1, all using a4, = 1.7, a 24 h particle release,
z = 8.5km, dz = 3km and MER = 1.06 x 103 gh~!. The panels on the left are for the minimum
source area, and the panels on the right are for the maximum. The area and orientation of the
two source geometries are compared in relation to each other next to the parameter list at the top
of the figure. For each area, four outputs are presented at different times after the eruption start
to: (a & €) 7h, (b & f) 13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are

averaged over the previous hour, and we applied a threshold of 0.2gm™2.
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Apin = 0.2, Aoy = 619 km?, Apax = 1.7, Aoy = 619 km?, Source
dx =11.1 km, dy = 55.6 km, run (11) dx =32.4 km, dy = 19.1 km, run (22) Re[elyl=lis
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Fig. S11: NAME model outputs for numerical experiment 1, all using Ae, = 619km?, a 24h
particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3 gh~!. The left figure panels (a-d)
show results from the minimum aspect ratio qy,;, = 0.2, and the right panels (e-h) show the
maximum aspect ratio @, = 1.7. The area and orientation of the two source geometries are
compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start ¢y are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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Apin = 0.2, Apyip = 0.4 km?, Source oy = 1.7, Apin = 0.4 km?, Source
dx =0.3 km, dy =1.4 km, run (1) geomet{y dx = 0.8 km, dy =0.5 km, run (12) geomeiry
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Fig. S12: NAME model outputs for numerical experiment 1, all using A,,;, = 0.4 km?, a 24h
particle release, 2 = 8.5km, dz = 3km and MER = 1.06 x 103 gh~!. The left figure panels (a-d)
show results from the minimum aspect ratio a,,;, = 0.2, and the right panels (e-h) show the
maximum aspect ratio qy., = 1.7. The area and orientation of the two source geometries are
compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start o are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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Fig. S13: NAME model outputs for experiment 2, all using a 24 h particle release with different
Hp, MER, and dz. The figure panels on the left (a-d) are for 12h after eruption start to, and
the panels on the right (e-h) show 23h after eruption start tg. The outputs here are for A,
= 619km? with @, = 0.2. With increasing Hy and ¢ (h), the plume size grows. Total column
mass loadings are averaged over the previous hour, and we applied a threshold of 0.2gm™2. The
subplots (a & f) show no ash cloud (i.e., mass loading < 0.2gm™=2).
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Fig. S14: NAME model outputs for experiment 2, all using a 24 h particle release different Hr,
MER, and dz. The figure panels on the left (a-d) are for 12h after eruption start ¢y, and the panels
on the right (e-h) show 23h after eruption start ¢y. The outputs here are for A,,;, = 0.4 km? with
Qmin = 0.2. With increasing Hr and ¢ (h), the plume size grows. Total column mass loadings are
averaged over the previous hour, and we applied a threshold of 0.2gm~2. The subplots (a & f)
show no ash cloud (i.e., mass loading < 0.2gm™2).
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Fig. S15: NAME model outputs for experiment 2, all using a 24 h particle release different Hr,
MER, and dz. The figure panels on the left (a-d) are for 12 h after eruption start t0, and the panels
on the right (e-h) show 23h after eruption start ¢y. The outputs here are for A,,;, = 0.4 km? with
Qmaz = 1.7. With increasing Hy and ¢ (h), the plume size grows. Total column mass loadings are
averaged over the previous hour, and we applied a threshold of 0.2gm~2. The subplots (a & f)
show no ash cloud (i.e., mass loading < 0.2gm™2).
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Fig. S16: NAME model outputs for experiment 2, all using a 24 h particle release different Hrp,
MER, and dz. The figure panels on the left (a-d) are for 12 h after eruption start ¢g, and the panels
on the right (e-h) show 23 h after eruption start ty. The outputs here are for A4, = 619 km? with
Qmar = 1.7. With increasing Hr and t (h), the plume size grows. Total column mass loadings are
averaged over the previous hour, and we applied a threshold of 0.2gm~2. The subplots (a & f)

show no ash cloud (i.e., mass loading < 0.2gm™2).
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Table S1: Date manually chosen per each weather pattern. Each weather pattern describes a
different weather circulation type defined for the UK and surrounding European area.

Weather pattern | Day | Month | Year
1 25 12 2021
2 11 3 2019
3 31 1 2022
4 29 11 2018
5 16 4 2022
6 31 5 2019
7 13 6 2017
8 7 9 2020
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@ 25 Dec 2021; 09:00 UTC

25 Dec 2021; 10:00 UTC
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Fig. S17: Meteorological data for Iceland for weather pattern 1 at 8.5km agl elevation at times (a)
09:00 UTC and (b) 10:00 UTC. The Figure of Merit in space (FMS) determined by Equation 9,
shown (c) between the plumes generated using the minimum (A;,;,,) and maximum (A4, ) source
area and (d) between the minimum (a,q,) and maximum (@4, ) aspect ratio.
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Apin = 0.4 km?, @, = 0.2, Source Anax = 619 km?, @, = 0.2,
dx =0.3km, dy=1.4 km, run (1) geomet{y dx =11.1 km, dy = 55.6 km, run (11)
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Fig. S18: Weather pattern 1. NAME outputs for numerical experiment 1, all using «;,;, = 0.2,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Fig. S19: Weather pattern 1. NAME outputs for numerical experiment 1, all using au,;q = 0.95,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 103 gh~!.
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Apin = 0.4 km?, o = 1.7, Source Apax = 619 Km?, apox = 1.7, Source
dx =0.8 km, dy=0.5km, run (12) geomet{y dx =32.4 km, dy =19.1 km, run (22) [eEeuEiy
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Fig. S20: Weather pattern 1. NAME outputs for numerical experiment 1, all using a4, = 1.7,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Apmin = 0.2, Ay = 0.4 km?, Source Apax = 1.7, A = 0.4 km?, Source
dx=0.3km, dy=1.4km, run (1) geometi’y dx =0.8 km, dy = 0.5 km, run (12) geomeiry
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Fig. S21: Weather pattern 1. NAME model outputs for numerical experiment 1, all using A,,;, =
0.4km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10*® gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,in, = 0.2, and the right panels (e-h)
show the maximum aspect ratio au,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start o are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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Apin = 0.2, Aoy = 619 km?,
dx =11.1 km, dy = 55.6 km, run (11)

Apax = 1.7, Apax = 619 km?, Source
dx =32.4 km, dy =19.1 km, run (22) [e[elul=11a%
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Fig. S22: Weather pattern 1. NAME model outputs for numerical experiment 1, all using A4, =
619km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10" gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,;, = 0.2, and the right panels (e-h)
show the maximum aspect ratio u,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start ¢y are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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H

16e wy| G°g

64°N

24°W 21°W 18°W 15°W 24°W 21°wW 18°W 15°W

40 50 60
Wind Speed (m s™)

100 [d] 100

90

80

70+

—=—0.4 km? —s=—1km?
—=—2km? —=—5km?
10 km? 16 km?
24 km?  —=— 50 km?
50 - —=— 121 km? —e— 274 km?
—— =0.2 —=— 619 km?

60

FMS(e,,;, and a,,,,) (%)

0 6 12 18 24 0 6 12 18 24
t(h) since t, t(h) since t,

Fig. S23: Meteorological data for Iceland for weather pattern 2 at 8.5km agl elevation at times (a)
09:00 UTC and (b) 10:00 UTC. The Figure of Merit in space (FMS) determined by Equation 9,
shown (c) between the plumes generated using the minimum (A;,;,,) and maximum (A4, ) source
area and (d) between the minimum (a,q,) and maximum (@4, ) aspect ratio.
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Apin = 0.4 km?, @, = 0.2, Source Anax = 619 km?, @, = 0.2,
dx =0.3km, dy=1.4 km, run (1) geomet{y dx =11.1 km, dy = 55.6 km, run (11)
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Fig. S24: Weather pattern 2. NAME outputs for numerical experiment 1, all using a;,;, = 0.2,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Fig. S25: Weather pattern 2. NAME outputs for numerical experiment 1, all using au,;q = 0.95,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 103 gh~!.
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Apin = 0.4 km?, o = 1.7, Source Apax = 619 Km?, apox = 1.7, Source
dx = 0.8 km, dy = 0.5 km, run (12) geomet{y )| geometry
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Fig. S26: Weather pattern 2. NAME outputs for numerical experiment 1, all using a4, = 1.7,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Apmin = 0.2, Ay = 0.4 km?, Source Apax = 1.7, A = 0.4 km?, Source
dx=0.3km, dy=1.4km, run (1) geometi’y dx =0.8 km, dy = 0.5 km, run (12) geomeiry
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Fig. S27: Weather pattern 2. NAME model outputs for numerical experiment 1, all using A,,;, =
0.4km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10*® gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,in, = 0.2, and the right panels (e-h)
show the maximum aspect ratio au,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start o are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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Apin = 0.2, Aoy = 619 km?,
dx =11.1 km, dy = 55.6 km, run (11)

Apax = 1.7, Apax = 619 km?, Source
dx =32.4 km, dy =19.1 km, run (22) [e[elul=11a%
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Fig. S28: Weather pattern 2. NAME model outputs for numerical experiment 1, all using A4, =
619km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10" gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,;, = 0.2, and the right panels (e-h)
show the maximum aspect ratio u,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start ¢y are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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[a] 29 Nov 2018; 09:00 UTC
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Fig. S29: Meteorological data for Iceland for weather pattern 4 at 8.5km agl elevation at times (a)
09:00 UTC and (b) 10:00 UTC. The Figure of Merit in space (FMS) determined by Equation 9,
shown (c¢) between the plumes generated using the minimum (A,,;;,) and maximum (A,,4,) source
area and (d) between the minimum (@) and maximum (@4, ) aspect ratio.
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Apin = 0.4 km?, @, = 0.2, Source Anax = 619 km?, @, = 0.2,
dx =0.3km, dy=1.4 km, run (1) geomet{y dx =11.1 km, dy = 55.6 km, run (11)
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Fig. S30: Weather pattern 4. NAME outputs for numerical experiment 1, all using a;,;, = 0.2,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Fig. S31: Weather pattern 4. NAME outputs for numerical experiment 1, all using au,;q = 0.95,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 103 gh~!.
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Apin = 0.4 km?, o = 1.7, Source Apax = 619 Km?, apox = 1.7, Source
dx =0.8 km, dy=0.5km, run (12) geomet{y dx =32.4 km, dy =19.1 km, run (22) [eEeuEiy
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Fig. S32: Weather pattern 4. NAME outputs for numerical experiment 1, all using a4, = 1.7,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Apmin = 0.2, Ay = 0.4 km?, Source Apax = 1.7, A = 0.4 km?, Source
dx=0.3km, dy=1.4km, run (1) geometi’y dx =0.8 km, dy = 0.5 km, run (12) geomeiry

70°N == 70°N

60°N 1 - + 60°N

7h

70°N

60°N

13 h

50°N

18 h

23h

20°W 10°W 0° 10°E 20°E

> >
S ,\Q

v
SR

e
SR

R
Total Column Mass Loadings (g m2)

Fig. S33: Weather pattern 4. NAME model outputs for numerical experiment 1, all using A,,;, =
0.4km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10*® gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,in, = 0.2, and the right panels (e-h)
show the maximum aspect ratio au,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start o are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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Apin = 0.2, Aoy = 619 km?,
dx =11.1 km, dy = 55.6 km, run (11)

Apax = 1.7, Apax = 619 km?, Source
dx =32.4 km, dy =19.1 km, run (22) [e[elul=11a%
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Fig. S34: Weather pattern 4. NAME model outputs for numerical experiment 1, all using A4, =
619km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10" gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,;, = 0.2, and the right panels (e-h)
show the maximum aspect ratio u,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start ¢y are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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Fig. S35: Meteorological data for Iceland for weather pattern 5 at 8.5km agl elevation at times (a)
09:00 UTC and (b) 10:00 UTC. The Figure of Merit in space (FMS) determined by Equation 9,
shown (c) between the plumes generated using the minimum (A;,;,,) and maximum (A4, ) source
area and (d) between the minimum (a,q,) and maximum (@4, ) aspect ratio.
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Apin = 0.4 km?, @, = 0.2, Source Anax = 619 km?, @, = 0.2,
dx =0.3km, dy=1.4 km, run (1) geomet{y dx =11.1 km, dy = 55.6 km, run (11)
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Fig. S36: Weather pattern 5. NAME outputs for numerical experiment 1, all using a;,;, = 0.2,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Fig. S37: Weather pattern 5. NAME outputs for numerical experiment 1, all using au,;q = 0.95,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 103 gh~!.
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Apin = 0.4 km?, o = 1.7, Source Apax = 619 Km?, apox = 1.7, Source
dx =0.8 km, dy=0.5km, run (12) geomet{y dx =32.4 km, dy =19.1 km, run (22) [eEeuEiy
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Fig. S38: Weather pattern 5. NAME outputs for numerical experiment 1, all using a4, = 1.7,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Apmin = 0.2, Ay = 0.4 km?, Source Apax = 1.7, A = 0.4 km?, Source
dx=0.3km, dy=1.4km, run (1) geometi’y dx =0.8 km, dy = 0.5 km, run (12) geomeiry
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Fig. S39: Weather pattern 5. NAME model outputs for numerical experiment 1, all using A,,;, =
0.4km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10*® gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,in, = 0.2, and the right panels (e-h)
show the maximum aspect ratio au,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start o are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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Apin = 0.2, Aoy = 619 km?,
dx =11.1 km, dy = 55.6 km, run (11)

Apax = 1.7, Apax = 619 km?, Source
dx =32.4 km, dy =19.1 km, run (22) [e[elul=11a%
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Fig. S40: Weather pattern 5. NAME model outputs for numerical experiment 1, all using A4, =
619km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10" gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,;, = 0.2, and the right panels (e-h)
show the maximum aspect ratio u,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start ¢y are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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[a] 31 May 2019; 09:00 UTC bl 31 May 2019; 10:00 UTC
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Fig. S41: Meteorological data for Iceland for weather pattern 6 at 8.5km agl elevation at times (a)
09:00 UTC and (b) 10:00 UTC. The Figure of Merit in space (FMS) determined by Equation 9,
shown (c) between the plumes generated using the minimum (A;,;,,) and maximum (A4, ) source
area and (d) between the minimum (a,q,) and maximum (@4, ) aspect ratio.
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Apin = 0.4 km?, @, = 0.2, Source Anax = 619 km?, @, = 0.2,
dx =0.3km, dy=1.4 km, run (1) geomet{y dx =11.1 km, dy = 55.6 km, run (11)
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Fig. S42: Weather pattern 6. NAME outputs for numerical experiment 1, all using a;,;, = 0.2,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Fig. S43: Weather pattern 6. NAME outputs for numerical experiment 1, all using au,;q = 0.95,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 103 gh~!.
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Apin = 0.4 km?, o = 1.7, Source Apax = 619 Km?, apox = 1.7, Source
dx =0.8 km, dy=0.5km, run (12) geomet{y dx =32.4 km, dy =19.1 km, run (22) [eEeuEiy
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Fig. S44: Weather pattern 6. NAME outputs for numerical experiment 1, all using a4, = 1.7,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Apmin = 0.2, Ay = 0.4 km?, Source Apax = 1.7, A = 0.4 km?, Source
dx=0.3km, dy=1.4km, run (1) geometi’y dx =0.8 km, dy = 0.5 km, run (12) geomeiry
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Fig. S45: Weather pattern 6. NAME model outputs for numerical experiment 1, all using A,,;, =
0.4km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10*® gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,in, = 0.2, and the right panels (e-h)
show the maximum aspect ratio au,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start o are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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Apin = 0.2, Aoy = 619 km?,
dx =11.1 km, dy = 55.6 km, run (11)

Apax = 1.7, Apax = 619 km?, Source
dx =32.4 km, dy =19.1 km, run (22) [e[elul=11a%
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Fig. S46: Weather pattern 6. NAME model outputs for numerical experiment 1, all using A4, =
619km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10" gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,;, = 0.2, and the right panels (e-h)
show the maximum aspect ratio u,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start ¢y are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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[a] 13 Jun 2017; 09:00 UTC (bl 13 Jun 2017; 10:00 UTC
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Fig. S47: Meteorological data for Iceland for weather pattern 7 at 8.5km agl elevation at times (a)
09:00 UTC and (b) 10:00 UTC. The Figure of Merit in space (FMS) determined by Equation 9,
shown (c) between the plumes generated using the minimum (A;,;,,) and maximum (A4, ) source

area and (d) between the minimum (a,q,) and maximum (@4, ) aspect ratio.



Apin = 0.4 km?, @, = 0.2, Source Anax = 619 km?, @, = 0.2,
dx =0.3km, dy=1.4 km, run (1) geomet{y dx =11.1 km, dy = 55.6 km, run (11)
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Fig. S48: Weather pattern 7. NAME outputs for numerical experiment 1, all using a;,;, = 0.2,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Fig. S49: Weather pattern 7. NAME outputs for numerical experiment 1, all using au,;q = 0.95,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 103 gh~!.
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.

[ T

~ o

S

Total Column Mass Loadings (g m™)

S

S
SIS EEEN ~>
2

52

The panels on the




Apin = 0.4 km?, o = 1.7, Source Apax = 619 Km?, apox = 1.7, Source
dx =0.8 km, dy=0.5km, run (12) geomet{y dx =32.4 km, dy =19.1 km, run (22) [eEeuEiy
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Fig. S50: Weather pattern 7. NAME outputs for numerical experiment 1, all using a4, = 1.7,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Apmin = 0.2, Ay = 0.4 km?, Source Apax = 1.7, A = 0.4 km?, Source
dx=0.3km, dy=1.4km, run (1) geometi’y dx =0.8 km, dy = 0.5 km, run (12) geomeiry
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Fig. S51: Weather pattern 7. NAME model outputs for numerical experiment 1, all using A,,;, =
0.4km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10*® gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,in, = 0.2, and the right panels (e-h)
show the maximum aspect ratio au,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start o are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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Apin = 0.2, Aoy = 619 km?,
dx =11.1 km, dy = 55.6 km, run (11)

Apax = 1.7, Apax = 619 km?, Source
dx =32.4 km, dy =19.1 km, run (22) [e[elul=11a%
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Fig. S52: Weather pattern 7. NAME model outputs for numerical experiment 1, all using A4, =
619km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10" gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,;, = 0.2, and the right panels (e-h)
show the maximum aspect ratio u,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start ¢y are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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[a] 07 Sep 2020; 09:00 UTC (bl 07 Sep 2020; 10:00 UTC
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Fig. S53: Meteorological data for Iceland for weather pattern 8 at 8.5km agl elevation at times (a)
09:00 UTC and (b) 10:00 UTC. The Figure of Merit in space (FMS) determined by Equation 9,
shown (c) between the plumes generated using the minimum (A;,;,,) and maximum (A4, ) source
area and (d) between the minimum (a,q,) and maximum (@4, ) aspect ratio.
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Apin = 0.4 km?, @, = 0.2, Source Anax = 619 km?, @, = 0.2,
dx =0.3km, dy=1.4 km, run (1) geomet{y dx =11.1 km, dy = 55.6 km, run (11)
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Fig. S54: Weather pattern 8. NAME outputs for numerical experiment 1, all using a;,;, = 0.2,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Fig. S55: Weather pattern 8. NAME outputs for numerical experiment 1, all using au,;q = 0.95,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 103 gh~!.
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Apin = 0.4 km?, o = 1.7, Source Apax = 619 Km?, apox = 1.7, Source
dx =0.8 km, dy=0.5km, run (12) geomet{y dx =32.4 km, dy =19.1 km, run (22) [eEeuEiy
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Fig. S56: Weather pattern 8. NAME outputs for numerical experiment 1, all using a4, = 1.7,
a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10'3gh~!. The panels on the
left are for the minimum source area, and the panels on the right are for the maximum. The area
and orientation of the two source geometries are compared in relation to each other next to the
parameter list at the top of the figure. For each area, four outputs are presented at different times
after the eruption start to: (a & e) 7h, (b & f) 13h, (¢ & g) 18h, and (d & h) 23h. Total
column mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm 2.
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Apmin = 0.2, Ay = 0.4 km?, Source Apax = 1.7, A = 0.4 km?, Source
dx=0.3km, dy=1.4km, run (1) geometi’y dx =0.8 km, dy = 0.5 km, run (12) geomeiry
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Fig. S57: Weather pattern 8. NAME model outputs for numerical experiment 1, all using A,,;, =
0.4km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10*® gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,in, = 0.2, and the right panels (e-h)
show the maximum aspect ratio au,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start o are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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Apin = 0.2, Aoy = 619 km?,
dx =11.1 km, dy = 55.6 km, run (11)
2 .

Apax = 1.7, Apax = 619 km?, Source
dx =32.4 km, dy =19.1 km, run (22) [e[elul=11a%
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Fig. S58: Weather pattern 8. NAME model outputs for numerical experiment 1, all using A4, =
619km?, a 1h particle release, z = 8.5km, dz = 3km and MER = 1.06 x 10" gh~!. The left figure
panels (a-d) show results from the minimum aspect ratio ay,;, = 0.2, and the right panels (e-h)
show the maximum aspect ratio u,q; = 1.7. The area and orientation of the two source geometries
are compared in relation to each other next to the parameter list at the top of the figure. For each
aspect ratio, four outputs at different times after eruption start ¢y are shown: (a & e) 7h, (b & f)
13h, (c & g) 18h, and (d & h) 23h. Total column mass loadings are averaged over the previous
hour, and we applied a threshold of 0.2gm™2.
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