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Abstract 19 

Pyroclastic density currents (PDCs) are gravity currents that frequently form during explosive 20 

volcanic eruptions. These ground-hugging density currents consist of high-temperature 21 

mixtures of pyroclasts (e.g., ash, pumice), lithics, and gas. They have the potential to generate 22 

co-PDC plumes, which detach from the underlying PDC as they buoyantly rise into the 23 

atmosphere. Co-PDC plumes, composed of fine-grained ash particles and hot gas, can reach 24 

heights of tens of kilometres, potentially dispersing large volumes of ash over continental 25 

scale areas, impacting the environment, and posing a risk to aviation. Owing to their 26 

formation mechanism co-PDCs have unique characteristics, such as fine particle sizes (e.g., < 27 

90 µm)  and a high-aspect ratio, irregular-shaped, source geometry. Here, we consider how 28 

the release of ash into the atmosphere from a co-PDC plume may differ to that from a typical 29 

Plinian eruption column, and the implications for operational modelling of the resulting ash 30 

cloud for the provision of advice to the aviation industry. We use the atmospheric dispersion 31 

model, NAME, which is used by the London Volcanic Ash Advisory Centre. We performed a 32 

sensitivity analysis to determine which co-PDC source parameters are important for 33 

modelling the associated ash clouds. We show that variations in the source geometry, i.e., the 34 

total area and aspect ratio, have a minor impact after the first ~ 6 hours in the atmosphere. 35 

 36 

Plain language summary 37 

During volcanic eruptions, fast-moving mixtures of hot gas and rock, called pyroclastic 38 

density currents (PDCs), can separate into a ground hugging dense current and a buoyant 39 

plume that rises into the atmosphere, potentially reaching heights of tens of kilometres. These 40 

plumes are called co-PDC plumes. Relative to typical, vent-derived, volcanic ash plumes, 41 

they have finer-grained particles and are sourced from irregularly shaped ground regions. Our 42 

study applied and analysed a selection of co-PDC source parameters (e.g., source area) to the 43 

atmospheric dispersion model, NAME, used by the London Volcanic Ash Advisory Centre. 44 

Changes in the source geometry, i.e. the ground shape and the area from where ash particles 45 

lift off, only show minor influences on the ash cloud shape, transport and dispersion, and 46 

mass of ash in the atmosphere. However, changes in the plume height and the rate at which 47 

ash particles are released into the atmosphere highly impact the ash cloud location, its areal 48 

coverage, and the mass of ash in the atmosphere. This improved understanding of input 49 

parameter importance could be used for future model forecasting of co-PDC ash dispersal. 50 
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 51 

1 Introduction 52 

Pyroclastic density currents (PDCs) are ground-hugging gravity currents that can occur 53 

during an explosive volcanic eruption through eruption column collapse (R. J. Brown & 54 

Andrews, 2015; Dellino et al., 2021; Druitt, 1998; Dufek et al., 2015; Giordano & Cas, 2021; 55 

T. J. Jones et al., 2023; Lube et al., 2020) or from the collapse of lava dome or flow fronts 56 

(Bonadonna, Mayberry, et al., 2002; Calder et al., 1997; Charbonnier & Gertisser, 2008; 57 

Michol et al., 2008; Sigurdsson & Carey, 1989; Sulpizio et al., 2010; Ui et al., 1999). They 58 

are a multi-phase mixture composed of hot gas and solid particles (e.g., lithics, pumice, ash) 59 

that propagate downslope with flow paths that are largely controlled by topography (Andrews 60 

& Manga, 2011, 2012; R. J. Brown & Andrews, 2015; Druitt, 1998; Dufek et al., 2015; T. J. 61 

Jones et al., 2023; Lube et al., 2020). All PDCs have the potential to generate co-PDC 62 

plumes, also known as co-ignimbrites or phoenix clouds (Andrews & Manga, 2011; Bursik & 63 

Woods, 1996; Engwell & Eychenne, 2016; Rosi et al., 2006; Sigurdsson & Carey, 1989; 64 

Sparks et al., 1997). These secondary plumes are composed of fine-grained particles and gas, 65 

which detach from the underlying PDC current by air intrusion and rise vertically by 66 

buoyancy (Andrews & Manga, 2011, 2012; Engwell & Eychenne, 2016; T. J. Jones et al., 67 

2023; Sparks et al., 1997). Within the PDC, particle sedimentation acts to lower the current 68 

density, particularly in its uppermost regions, and when below ambient atmospheric density, a 69 

plume can form (Andrews & Manga, 2012; Engwell et al., 2016; Woods & Kienle, 1994). 70 

These co-PDC plumes rise in the atmosphere until reaching a level of neutral buoyancy and 71 

disperse laterally like umbrella clouds, however co-PDCs clouds are typically much smaller 72 

(Constantinescu et al., 2021; Mastin & Van Eaton, 2020; Prata et al., 2025; Zidikheri et al., 73 

2017). In some cases, co-PDCs can become inverted downwind and descend to the ground 74 

(Engwell & Eychenne, 2016), thus increasing the ground area impacted by the co-PDC. In 75 

this contribution, we use the term ‘plume’ to refer to the near-source behaviour of the buoyant 76 

column, whereas the downwind transport and dispersion of ash is referred to as the ‘ash 77 

cloud’. 78 

 79 

Co-PDC plumes and clouds have unique characteristics and are different to typical Plinian 80 

eruption columns and their associated ash clouds. For example, co-PDCs typically have a 81 

narrower particle size distribution and are composed of smaller particles (< 90μm) (Engwell 82 
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& Eychenne, 2016; Sigurdsson & Carey, 1989). This is because during co-PDC formation 83 

and plume lift-off, the coarser (heavier) particles remain in the underlying pyroclastic density 84 

current (Andrews & Manga, 2012; Woods & Kienle, 1994). Similarly, their componentry is 85 

mostly juvenile-rich (i.e., composed mainly of volcanic ash) as the denser accessory 86 

components such as lithics preferentially remain in the main current (Engwell & Eychenne, 87 

2016; Sigurdsson & Carey, 1989). The plumes lift off from a source geometry that is of high 88 

aspect ratio (i.e., an irregular, elongated, rectangular ground footprint and not a circular vent). 89 

Furthermore, the source area is not necessarily at the eruption vent location as co-PDCs can 90 

be generated and lift-off from all parts of the associated PDC, including its entire length 91 

(Andrews & Manga, 2011; Engwell & Eychenne, 2016; Sparks et al., 1986, 1997).  92 

 93 

Some numerical 1D models have previously been used to model co-PDC plume rise (Calder 94 

et al., 1997; Woods & Kienle, 1994; Woods & Wohletz, 1991) and they assume a thermal 95 

equilibrium between particles and gas and a well-mixed, homogenous suspension (Engwell et 96 

al., 2016; Woods & Wohletz, 1991). Specifically, Calder et al. (1997), Engwell et al. (2016),  97 

Sparks et al. (1997) and Woods & Wohletz (1991) adapted steady state column models 98 

commonly used for vent-derived plumes to simulate the formation of a co-PDC plume from 99 

an underlying pyroclastic density current. Other studies such as Woods & Kienle (1994) 100 

applied a thermal model to simulate small plumes rising as a discrete, buoyant thermal rise. 101 

Multidimensional models have also been applied to co-PDC plumes. Neri et al. (2002, 2003) 102 

mainly investigated the material properties and the multiphase nature of the flow and Herzog 103 

& Graf (2010) used a 3D model to highlight the limits of 1D models for co-PDC plumes. 104 

Additionally, Engwell et al. (2016) used work from Bursik (2001) and Bursik & Woods 105 

(1996) to couple PDC and plume models to understand co-PDC plume formation 106 

requirements and the plume heights they can achieve. 107 

 108 

Co-PDCs can be generated during an explosive eruption and disperse large volumes of ash 109 

over great distances (Engwell & Eychenne, 2016), impacting the environment and potentially 110 

aviation (Engwell et al., 2016; Folch et al., 2012; Pardini et al., 2024; Webster et al., 2012; 111 

Witham et al., 2012). Despite global applicability and potential impact, relatively little 112 

modelling has been performed to consider the implications of source parameters 113 

characteristic of co-PDCs on the downwind location, extent and concentrations of ash in the 114 

atmosphere. The Numerical Atmospheric-Dispersion Modelling Environment (NAME) is 115 

used operationally by the London Volcanic Ash Advisory Centre (VAAC). Here, we perform 116 
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a set of NAME model runs to systematically evaluate the impact of co-PDC source geometry, 117 

the mass eruption rate, and the associated plume height on the modelled transport and 118 

dispersion of the volcanic ash cloud. This allows us to determine which co-PDC eruption 119 

source parameters are most important for modelling these ash clouds using NAME in an 120 

operational setting.  121 

 122 

2 Methods 123 

Ash dispersion and transportation modelling were performed using the UK Met Office’s 124 

NAME model in its Lagrangian configuration. Specifically, here, version NAME III v8.5 was 125 

used (Beckett et al., 2020; A. Jones et al., 2007). NAME simulates the transport and 126 

dispersion of particles (e.g., particulate matter, volcanic ash, wind-spread diseases, 127 

radionuclides, and pollen) in the atmosphere. In NAME, a large number of modelled particles 128 

are released into a model environment where they are advected by three-dimensional wind 129 

fields, provided by a Numerical Weather Prediction (NWP) model, and dispersed using 130 

random walk techniques which account for subgrid turbulent motion in the atmosphere. 131 

 132 

In this study, a fictitious volcanic co-PDC plume and its generated ash cloud were modelled. 133 

We assumed that a volcanic eruption produced a PDC and generated an associated co-PDC 134 

plume. Our model started at the lateral ash injection at the level of neutral buoyancy into the 135 

atmosphere and, using NAME, we modelled the transport and dispersion of the ash cloud 136 

generated by the co-PDC plume. To understand which eruption source parameters (ESPs) 137 

control the atmospheric transport and dispersion of co-PDC ash clouds, we performed 63 138 

systematic NAME model runs (and 231 additional runs for the supplementary information). 139 

The particle characteristics, eruption location, eruption start time, duration, and the field 140 

proportions (i.e., horizontal grid resolution of 0.1° in Lat and Long) were all kept constant. 141 

The source geometry and, thus indirectly, its area and location, were systematically varied. 142 

The specific ESPs used are detailed in the following subsections. In all cases, we assumed 143 

time homogeneity, meaning that for each model run the parameters did not vary as a function 144 

of time (i.e., the source area was a constant value within each run). We assumed an even 145 

vertical distribution of particles at source and no plume overshoot height and thus a reduced 146 

complexity, compared to real events observed in nature, e.g. for Mount St. Helens on May 147 

18th 1980 (Mastin et al., 2022; Sparks et al., 1986), where the plume height and mass 148 
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distribution varied during the eruption. In all runs, we also used the wet and dry deposition 149 

schemes in NAME to replicate removal of ash from the atmosphere; for further information, 150 

see Dacre et al. (2011), Harvey et al. (2018) and Webster et al. (2012).  151 

2.1. Eruption Timing, Location and Meteorology Data 152 

In this study, we use pre-processed global configured NWP data from the Met Office Unified 153 

Model (UM) (Beckett et al., 2020; A. Brown et al., 2012; Davies et al., 2005; Walters et al., 154 

2019). In addition to the weather and turbulence, unresolved mesoscale motions, which are 155 

not resolved by the NWP model, are also represented (Webster et al., 2018). We used the 156 

global configuration of the UM, which used a standard latitude-longitude coordinate system 157 

and provided a global dataset with a horizontal resolution with grid lengths of approximately 158 

10 km at mid-latitudes. The vertical resolution decreases with increased altitude, for example 159 

near ground level datasets are available at ~ 0.03 km intervals, whereas at a 30 km altitude 160 

this interval reduces to ~ 1.9 km. However, it is also worth noting that the atmosphere tends 161 

to be more stable at higher altitudes. These meteorological datasets include the wind speed 162 

and direction, temperature, pressure, clouds, precipitation, and the ground topography for 163 

each grid cell.  164 

 165 

For this project, Hekla volcano in Iceland was selected as the source location; however, our 166 

study is not unique to Hekla as we investigate the ash cloud and NAME model sensitivity, 167 

and the focus is not on any specific local topographic effects or unique volcano properties. 168 

Hekla is situated at 63.98 °N, and 19.67 °W (Global Volcanism Program, 2024) in the south 169 

of Iceland, has a vent elevation of 1490 m (Global Volcanism Program, 2024), and is 51 km 170 

away from the Atlantic Ocean, thus no interaction with seawater was considered. The release 171 

of modelled ash at a given height in the atmosphere was initialised at 09:00 UTC on the 31st 172 

of January 2022 and particles were emitted for 1 hour. This start time/day was chosen as the 173 

wind fields were not extreme and, in general, travelled in an SE direction, towards Europe. 174 

Figure 1 shows the wind fields on 31st of January 2022 at 09:00 UTC (the start of ash release) 175 

and one hour after, at 10:00 UTC (the end of ash release). The wind fields at 0.01 km, above 176 

ground level (agl), and at 8.5 km agl show large differences, as displayed in Figure 1. Near 177 

the surface (0.01 km agl; Figs. 1 a & b), the wind over Iceland was slower than over the 178 

ocean. Over Hekla, wind speeds were very low, with a slight orientation towards NE and NW. 179 

The wind field at 0.01 km agl was clearly impacted by the ground topography and the 180 
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coastline. Whereas at higher elevation (8.5 km agl (Figs. 1 c & d) westerly winds were 181 

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

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

weather regimes for the North Atlantic and European region (Neal et al., 2016) to ensure that 184 

any results we present are not unique to a specific day/time. These additional meteorological 185 

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

 187 

 188 

Figure 1.  Meteorological data for Iceland on 31st of January 2022. The red triangle shows 189 

the location of Hekla, where the simulated co-PDC plume is sourced. The top two panels 190 

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

release and (b) 10:00 UTC, the end of particle release. The colour bar ranges between 0 and 192 

22 m s-1. The wind direction and speed were relatively constant over the two hours, although 193 

the field is impacted by topography and the coastline. The bottom two panels show the wind 194 
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field at 8.5 km agl elevation for (c) 09:00 UTC and (d) 10:00 UTC. Only every third arrow is 195 

represented to facilitate a better overview. The colour bar ranges from 0 to 90 m s-1, and the 196 

wind field was relatively homogeneous.  197 

 198 

2.2. Source Geometry and Location 199 

As co-PDCs are derived from ground-hugging PDCs, the source of ash into the atmosphere 200 

may not occur from the vent location. Here, the source was always positioned immediately to 201 

the east of the volcanic vent in all runs, such that the meteorological conditions at the source 202 

location remained constant between runs. The source geometry, in plan/map view, for the co-203 

PDC plumes simulated here has a rectangular shape with a width, dx, and length, dy, and 204 

together these parameters define the source aspect ratio:  205 

𝛼 =
𝑑𝑥

𝑑𝑦
 

[1] 

  206 

All PDCs have the potential to produce co-PDC plumes, which can lift off from the entire 207 

underlying pyroclastic density current (Engwell & Eychenne, 2016; Sparks et al., 1997). To 208 

bracket the range of co-PDC source areas likely in nature, we measured the source of the 209 

largest and smallest well-documented co-PDCs. Specifically, the May 18th, 1980 eruption of 210 

Mount St. Helens (MSH) generated a large co-PDC with a lift-off from the entire blast area, 211 

A, and the 1991 eruption of Unzen generated a relatively small co-PDC plume again, from 212 

the entire PDC ground footprint (Engwell et al., 2016; Holasek & Self, 1995; Sparks et al., 213 

1986, 1997; Watanabe et al., 1999). These areas are shown in Figure 2. The area of the 214 

blast/deposit and the area of the source geometry are highlighted in dark and light red, 215 

respectively. Unzen had a total PDC deposit area of 0.4 km2 and an aspect ratio of α = 0.2.  216 

MSH had a blast/PDC deposit area of approximately 619 km2 and an aspect ratio of α = 1.7.  217 

The minimum (from Unzen) and maximum (from MSH) observed aspect ratios were used for 218 

our numerical experiment as end-member parameters. The PDC flow/blast direction has been 219 

defined as dy; therefore dx is perpendicular to the PDC flow direction. For each aspect ratio, 220 

we varied the area logarithmically between the deposit area of Unzen and MSH.  221 

The following describes how width and length are calculated using the area and 222 

aspect ratio to initialise the model: 223 

𝑑𝑥 ∙ 𝑑𝑦 = 𝐴 [2] 

 224 
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With Equation 1, dx:  

𝑑𝑥 = √𝐴 ⋅ α 

[3] 

 225 

dy with Equation 1 becomes: 

𝑑𝑦 = √
𝐴

𝛼
 

[4] 

 226 

 227 

Figure 2. PDC deposit area shown in dark red for (a) the May 29th, 1991 eruption of Mount 228 

Unzen, Japan and (b) the May 18th, 1980 eruption of Mount St. Helens, USA. Base maps 229 

were taken from Watanabe et al. (1999) with permission from Elsevier and Fisher et al. 230 

(1987) with permission from Wiley, respectively, and for (a) the associated co-PDC fallout is 231 

shown by the isopach map. The numbers refer to a mass of ash in a unit area (g m-2) where tr 232 

= trace of ash-fall deposit. The aspect ratio defining the source geometry, i.e., the area of co-233 

PDC lift off, is highlighted in transparent, light red. The orientation of dx and dy was defined 234 

by the volcano location (dy aligns with the PDC flow/blast direction; dx therefore is 235 

perpendicular to the PDC flow direction).  236 

 237 

2.3. Eruption conditions 238 

To determine the maximum height of the co-PDC plumes, HT, datasets from Aubry et al. 239 

(2021), Eychenne & Engwell (2022), Mastin et al. (2009) and Pioli et al. (2019) were used 240 

and are all reported in terms of the elevation above ground level (agl). The relationship 241 

between the maximum plume height in km, HT, and the mass eruption rate, MER, in g h-1 242 

follows an empirical power law (Aubry et al., 2023; Mastin et al., 2009; Morton et al., 1956; 243 
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Sparks, 1986; Wilson et al., 1978). The mass eruption rate, MER, also termed the source 244 

strength, describes the mass flux per total source area and is commonly derived from HT 245 

when atmospheric dispersion models, like NAME, are used operationally (Beckett et al., 246 

2024). This is because the plume height is much easier to determine in real-time (e.g., radar, 247 

lidar measurements, or visual observation) compared to the MER (Dürig et al., 2018; Folch et 248 

al., 2012; Pioli & Harris, 2019). In this study, we used the following relationship based on 249 

Aubry et al. (2023), between HT and MER: 250 

 251 

MER =  √
𝐻𝑇

0.345

0.226

 

[5]  

While the relationship of Aubry et al. (2023) has been defined predominantly using 252 

information from vent-derived plumes, due to a lack of erupted mass information for co-253 

PDCs, the plume height and mass eruption rate from the MSH co-PDC plume fall within the 254 

confidence interval of the fit, and imply that, for at least the largest co-PDC events, this 255 

relationship is appropriate. 256 

 257 

The ash plume spreads laterally at the neutral buoyancy level, where the density of the plume 258 

and the surrounding atmosphere are equal (Carey & Sparks, 1986). This constitutes the 259 

umbrella region of the plume and is characterised by a thickness, dz, which corresponds to 260 

the height interval of the ash release within the model (Fig. 3). The following equation by 261 

Carey & Sparks (1986), Morton et al. (1956) and Sparks (1986) describes the relationship 262 

between the thickness of the umbrella region and the total column height: 263 

𝑑𝑧 = 𝐻𝑇 − 𝐻𝐵 = 𝑥 ∙ 𝐻𝑇 [6] 

Where HB is the base of the spreading cloud, and x can take values in the range 0.25 to 3. 264 

Here, we use x = 0.3 due to the relationship 𝐻𝑇 =
𝐻𝐵

0.7
 provided by Bonadonna & Phillips 265 

(2003). This relationship holds true for all co-PDC plumes under the assumption of no 266 

umbrella overshoot. 267 

 268 

For our model set up in NAME, we also define the mid-point, z, within the height interval of 269 

released ash. The relationships between 𝐻𝑇, HB, dz, and z are shown visually in Figure 3 and 270 

are mathematically expressed as: 271 

𝑧 = 𝐻𝑇 −  
1

2
∙ 𝑑𝑧 

[7] 
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With substituting Equation 6 into Equation 7 we obtain the final expression for z: 272 

 273 

A full quantitative summary of the parameter ranges is presented in Table 1. 274 

 275 

 276 

Figure 3. Characteristics of co-PDC plumes. Through air entrainment parts of the ground-277 

hugging pyroclastic density current become buoyant, and a hot gas-ash mixture lifts off to 278 

form a co-PDC plume. The plume reaches a top height, HT, and spreads laterally at the level 279 

of neutral buoyancy where the particles are dispersed over a vertical thickness, dz, (between 280 

HT and HB; shaded in red) with a mid-point elevation, z.  281 

 282 

Table 1. Co-PDC source parameters defined for historical PDC and co-PDC eruptions. The 283 

minimum data (referring to the 1991 eruption of Unzen) for A, α and dx are taken from 284 

Watanabe et al. (1999), whereas the maximum data (referring to the May 18th, 1980 eruption 285 

of Mount St Helens (MSH)) for A, α, and dy are taken from Fisher et al. (1987). We used 286 

Unzen and MSH as end-members to describe potential co-PDC plume parameters and 287 

behaviour. HT is taken from data sets from Aubry et al. (2021), Eychenne & Engwell (2022), 288 

Mastin et al. (2009) and Pioli et al. (2019) and dz from Bonadonna & Phillips (2003) and 289 

Carey & Sparks (1986). 290 

Parameter Symbol Unit Min Max 

Area A km2 0.4 619 

Aspect ratio α - 0.2 1.7 

Width of source in plan view dx km 0.3 32.4 

Length of source in plan view dy km 0.5 55.6 

𝑧 = 0.85 ∙ 𝐻𝑇  [8] 



Manuscript submitted to Journal of Geophysical Research: Atmospheres 

 

Maximal plume height  HT km 1 30 

Thickness of ash release  dz km 0.3 9.0 

 291 

2.4. Particle Characteristics 292 

Ash particles that comprise co-PDCs have been found to have densities between 2200 kg m-3 293 

and 2600 kg m-3 (Bonadonna & Phillips, 2003; Watanabe et al., 1999). Given this narrow 294 

range and that Beckett et al. (2015) showed that differences in particle densities over this 295 

range have no significant impact on NAME output, we used 2500 kg m-3 for all our 296 

experimental runs. We assumed no aggregation throughout this study. 297 

 298 

The total grain size distribution (TGSD) of a co-PDC plume (modified from Marti et al. 299 

(2016)) was used for the particle size distribution (PSD) in NAME and thus specifies the 300 

diameter, d, of the particles. The range of particle diameters was split into nine bins with 1.5 301 

φ (phi) intervals between 11.25 φ and -0.75 φ, where φ is defined as 𝜑 = − log2 𝑑(mm). The 302 

calculated distribution used in this study is shown in Table 2 and all particles were treated as 303 

spheres. The mass distribution is further shown in Figure 4. 304 

 305 

Table 2. Total grain size distribution (TGSD) modified from Marti et al. (2016). The particle 306 

diameters, d, were grouped into equal bins with 1.5 φ intervals. 307 

d (φ-scale) d (µm) 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 

 308 
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 309 

Figure 4. The total grain size distribution (modified) from Marti et al. (2016) for (a) 310 

cumulative volume distribution and (b) particle size fraction. 311 

 312 

2.5. Numerical Experiments 313 

We performed two numerical experiments. In the firstexperiment, we used a constant source 314 

strength and plume height but used three different source aspect ratios changing the source 315 

area, thus the width and length of the source geometry. Here, we assume that the area and 316 

shape of the ground footprint are the same as that at the level of neutral buoyancy where the 317 

particles were released. We neglect any plume widening. This allowed us to independently 318 

investigate the impact of the source geometric properties on the onwards transport and 319 

dispersion of the ash cloud. In the second numerical experiment, we appropriately coupled 320 

the plume height, height interval of ash release, and source strength for each run and 321 

modelled a range of source geometries and areas. This represents a more realistic set of 322 

eruption conditions and allows us to test the influence of MER/HT on the simulated location 323 

and mass loadings of ash in the downwind cloud. 324 

 325 

2.5.1. Numerical Experiment 1: Source Aspect Ratio and Area 326 

This experimental set analysed the impact of the aspect ratio and total source area on the 327 

plume shape and position. The minimum and maximum aspect ratios were determined from 328 

the literature as 0.2 and 1.7, respectively and a mid-point value was calculated (0.95) to 329 

simply provide a third aspect ratio (cf. Table 1; Fig. 2). For each aspect ratio (0.2, 0.95, and 330 
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1.7), ten different source areas between 0.4 km2 and 619 km2 (Table 1) and the logarithmic 331 

mid-point were used. The full model set up conditions that comprise the numerical 332 

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

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

height, was 8.5 km. The source strength was set to 1.06 x 1013 g h-1. 335 

 336 

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

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

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

commonly presented throughout this manuscript, 31st January 2022, is described best by 340 

weather pattern number 3. For detailed information on the other chosen dates, representative 341 

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

 343 

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

each used for eleven different source geometry areas. The width and length of the geometry 345 

were determined by Equations 3 and 4. Runs (1) to (11) used an aspect ratio of 0.2, runs (12) 346 

to (22) used an aspect ratio of 1.7, and runs (23) to (33) used the mid aspect ratio of 0.95. The 347 

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

 349 

Run: α = 0.2 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

A (km2) 0.4 1 2 5 10 16 24 50 121 274 619 

dx (km) 0.3 0.4 0.6 1.0 1.4 1.8 2.2 3.2 4.9 7.4 11.1 

dy (km) 1.4 2.1 3.2 4.8 7.2 8.9 10.9 15.9 24.6 37.0 55.6 

P (km) 3.4 5.0 7.6 11.6 17.2 21.4 26.2 38.2 59.0 88.8 133.4 
 

Run: α = 1.7 (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) 

A (km2) 0.4 1 2 5 10 16 24 50 121 274 619 

dx (km) 0.8 1.2 1.9 2.8 4.2 5.2 6.3 9.3 14.3 21.6 32.4 

dy (km) 0.5 0.7 1.1 1.6 2.5 3.1 3.7 5.4 8.4 12.7 19.1 

P (km) 2.6 3.8 6.0 8.8 13.4 16.6 20.0 29.4 45.4 68.6 103.0 

 

Run: α = 0.95 (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) 

A (km2) 0.4 1 2 5 10 16 24 50 121 274 619 

dx (km) 0.6 0.9 1.4 2.1 3.2 3.9 4.7 6.9 10.7 16.1 24.2 

dy (km) 0.6 1.0 1.5 2.2 3.3 4.1 5.0 7.3 11.3 17.0 25.5 

P (km) 2.4 3.8 5.8 8.6 13.0 16.0 19.4 28.4 44.0 66.2 99.4 
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2.5.2. Numerical Experiment 2: coupled HT and MER for different A and α 350 

This numerical experiment better represents the natural case, by the appropriate coupling of 351 

the plume height HT, the vertical thickness of ash release dz, and the MER. Specifically, five 352 

different plume heights were chosen following Table 1, covering the full range of heights 353 

expected for natural co-PDC plumes.  354 

 355 

For each plume height, the associated source strength (MER) was calculated using Equation 5 356 

and the thickness of ash release by Equation 6. All other parameters, such as the particle size 357 

distribution, the eruption start time (thus meteorological conditions), and the emission 358 

duration, were kept constant and are the same as in experiment 1. These different cases have 359 

all been modelled by using two different aspect ratios and the minimum, middle, and 360 

maximum source geometry areas with both wet and dry deposition included. Table 4 provides 361 

the full model set-up conditions of numerical experiment 2, indicating the plume height dz, 362 

MER, α, A, dx, dy, and the run number for each model run. 363 

  364 
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Table 4. Source parameters for numerical experiment 2. Different total plume heights define 365 

the thickness of ash release and source strength (MER), which were tested for different 366 

source geometries (aspect ratios and areas). The designated reference number of each model 367 

run is given in brackets and highlighted in grey. The source perimeter, 𝑃 = 2 ∙ 𝑑𝑥 + 2 ∙ 𝑑𝑦, is 368 

also indicated for comparison. 369 

HT (km) z (km) dz (km) MER α Run (1) (2) (3) 

1 0.85 0.3 

1.41E+02 (kg s-1)  

= 

 5.07E+08 (g h-1) 

 

0.2 

A 

(km2) 
0.4 16 619 

dx 

(km) 
0.3 1.8 11.1 

dy 

(km) 
1.4 8.9 55.6 

P 

(km) 
3.4 12.5 133.4 

1.7 

Run (4) (5) (6) 

A 

(km2) 
0.4 16 619 

dx 

(km) 
0.8 5.2 32.4 

dy 

(km) 
0.5 3.1 19.1 

P 

(km) 
2.6 16.6 103.0 

5 4.25 1.5 

1.12E+05 (kg s-1) 

 =  

4.03E+11 (g h-1) 

0.2 

Run (7) (8) (9) 

A 

(km2) 
0.4 16 619 

dx 

(km) 
0.3 1.8 11.1 

dy 

(km) 
1.4 8.9 55.6 

P 

(km) 
3.4 12.5 133.4 

1.7 

Run (10) (11) (12) 

A 

(km2) 
0.4 16 619 

dx 

(km) 
0.8 5.2 32.4 

dy 

(km) 
0.5 3.1 19.1 

P 

(km) 
2.6 16.6 103.0 

10 8.5 3.0 

1.99E+06 (kg s-1)  

=  

7.15E+12 (g h-1) 

0.2 

Run (13) (14) (15) 

A 

(km2) 
0.4 16 619 

dx 

(km) 
0.3 1.8 11.1 

dy 

(km) 
1.4 8.9 55.6 

P 

(km) 
3.4 12.5 133.4 

1.7 

Run (16) (17) (18) 

A 

(km2) 
0.4 16 619 
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dx 

(km) 
0.8 5.2 32.4 

dy 

(km) 
0.5 3.1 19.1 

P 

(km) 
2.6 16.6 103.0 

20 17.0 6.0 

3.53E+07 (kg s-1) 

= 

1.27E+14 (g h-1) 

0.2 

Run (19) (20) (21) 

A 

(km2) 
0.4 16 619 

dx 

(km) 
0.3 1.8 11.1 

dy 

(km) 
1.4 8.9 55.6 

P 

(km) 
3.4 12.5 133.4 

1.7 

Run (22) (23) (24) 

A 

(km2) 
0.4 16 619 

dx 

(km) 
0.8 5.2 32.4 

dy 

(km) 
0.5 3.1 19.1 

P 

(km) 
2.6 16.6 103.0 

27 22.95 8.1 

1.22E+08 (kg s-1) 

= 

4.41E+14 (g h-1) 

 

0.2 

Run (25) (26) (27) 

A 

(km2) 
0.4 16 619 

dx 

(km) 
0.3 1.8 11.1 

dy 

(km) 
1.4 8.9 55.6 

P 

(km) 
3.4 12.5 133.4 

1.7 

Run (28) (29) (30) 

A 

(km2) 
0.4 16 619 

dx 

(km) 
0.8 5.2 32.4 

dy 

(km) 
0.5 3.1 19.1 

P 

(km) 
2.6 16.6 103.0 

3 Results & Discussion 370 

In this section, we will show the results from our systematic NAME model runs (as outlined 371 

in Tables 3 & 4) and consider the individual impact of different source parameters on the 372 

transport and dispersion of the co-PDC ash cloud. To do this, and to provide a common 373 

comparison across all runs, we use the horizontal position and extent of the whole ash cloud 374 

and the total column mass loading. Where the total column mass loading is the sum of all ash 375 

vertically above the ground at a given location and thus has units of g m-2. These data are 376 

extracted every hour after the emission/eruption started (t0) up until 24 hours later. We 377 
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applied a threshold of 0.2 g m-2 as it aligns to the threshold which satellite instruments can 378 

typically detect and retrieve volcanic ash (Saint et al., 2024). Furthermore, it is the lowest 379 

concentration threshold required for VAAC forecasts, if we assume the ash cloud has a 1 km 380 

thickness (Beckett et al., 2020).  381 

3.1. Impact of source area, A  382 

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

Figure 5 provides an overview of the size and orientation of all source geometries used in this 384 

study. They are shown in their true locations with respect to Hekla volcano (black triangle) 385 

and to Iceland. For context, Iceland has a total land area of approximately 104,000 km2 and 386 

the minimum and maximum co-PDC plume source areas were 0.4 km2 and 619 km2, 387 

respectively. 388 

 389 

 390 

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

our model runs. (a) A map of Iceland, showing the ground elevation using the global 10 km 392 

resolution topography data used with the NAME simulations. The colour bar shows the 393 

ground elevation in meters above sea level. The lower panels show the range of source areas 394 

for aspect ratios, (b) αmin = 0.2, (c) αmid = 0.95, and (d) αmax = 1.7 used in this study. 395 

 396 
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 397 

To compare the ash cloud generated by different source geometry areas, we plot the ash 398 

clouds from a 0.4 km2 (min) and 619 km2 (max) source area, both with aspect ratio, αmin = 399 

0.2. These results are shown in Figure 6. The simulated ash clouds grow with time, following 400 

the wind field towards the east and show similar downwind shapes. The initial latitudinal 401 

extent of the ash clouds close to the source location shows the most deviation; however, as 402 

the age of the cloud increases and it becomes more dispersed, the differences between the 403 

simulations initialised with minimum and maximum source area are insignificant. 404 

Quantitatively, the difference in cloud position was compared between these two end-member 405 

cases using the Figure of Merit in Space, FMS (Rolph et al., 2014; Warner et al., 2004): 406 

where 𝐴1 is the cloud area within one model output and 𝐴2 the cloud area in another model 407 

output. The intersection is compared with the union of these areas. The areas correspond to 408 

the forecasted cloud areas with mass loading ≥ 0.2 g m-2. High FMS values correspond to 409 

high agreement between the models. These results are shown in Figure 7a.  410 

 411 

 412 

 413 

FMS =
𝐴1 ∩ 𝐴2

𝐴1  ∪  𝐴2
∙ 100 

[9] 
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 414 

Figure 6. NAME outputs for numerical experiment 1, all using αmin = 0.2, a 1 h particle 415 

release, z = 8.5 km, dz = 3 km and MER = 1.06 x 1013 g h-1. The panels on the left are for the 416 

minimum source area, and the panels on the right are for the maximum. The area and 417 

orientation of the two source geometries are compared in relation to each other next to the 418 

parameter list at the top of the figure. For each area, four outputs are presented at different 419 

times after the eruption start t0: (a & e) 7 h, (b & f) 13 h, (c & g) 18 h, and (d & h) 23 h. 420 

Total column mass loadings are averaged over the previous hour, and we applied a threshold 421 

of 0.2 g m-2. 422 
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 423 

Figure 7.  The Figure of Merit in space (FMS) and total cloud area overlap within numerical 424 

experiment 1. (a) FMS between the plumes generated using minimum (Amin) and maximum 425 

(Amax) source area. The different coloured data points correspond to different aspect ratios. (b) 426 

Actual area overlap between Amin and Amax. (c) FMS between the plumes generated with the 427 

minimum (αmin) and maximum (αmax) aspect ratio. The different coloured data points 428 

correspond to different source areas. (d) Actual area of overlap between αmin and αmax. The 429 

lines between data points are not model fits and are just used to guide the eye. 430 

 431 

For all aspect ratios, the FMS, calculated between the ash clouds generated by model runs 432 

using the minimum (Amin) and maximum (Amax) source area, increases with time after t0 until 433 

a plateau is reached. The near-source variations are more pronounced as there is less cloud 434 

area to compare with. The plateau occurs at ~ 90% FMS for all aspect ratios but is achieved 435 

faster for the larger aspect ratios (Figure 7a). Additionally, in all cases, there is a slight 436 

decrease in the FMS after ~ 20 h. We also find that generally αmin = 0.2 has the lowest FMS 437 

values. However, the actual overlapping cloud area is still the largest for αmin = 0.2 with 438 

values up to 728,000 km2 (Figure 7b). Although, it must be stressed that this is not strictly 439 

related to the value of the aspect ratio but to the applied weather conditions. This can be 440 
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visualised in Figure 5 as the larger areas with α = 0.2 show a larger longitudinal extension. 441 

The extension in source geometry is perpendicular to the wind direction, and thus there is 442 

more variability in the particle trajectories (especially in the first few hours since t0). If the 443 

source geometry is elongated with its long axis in the dominant wind direction (i.e., the larger 444 

of dx or dy is parallel to the wind direction), there is a lower impact on differences in particle 445 

trajectories.  446 

 447 

The differences can also be evaluated in terms of total column mass loadings. For all cases, 448 

higher total column mass loadings are found closer to the source location and at times closer 449 

to the start of the release (e.g., Figure 6). Between the model runs with different source areas, 450 

small changes in total column mass loadings towards the tip of the ash cloud are noticeable. 451 

However, these are only identified within the first ~ 7 hours and at later times differences 452 

become indistinguishable. In general, even when changing the source area by three orders of 453 

magnitude, only small differences in downwind cloud shape and column mass loading are 454 

observed. This is true for the full range of aspect ratios tested and the supporting plots for α = 455 

0.95 and α = 1.7 are shown in Figures S1 and S2.  456 

 457 

3.2. Impact of the aspect ratio of the source, α  458 

To evaluate the impact of changing the aspect ratio of the source, α, we present the results 459 

from model runs for αmin and αmax at a common source area. The definition of the aspect ratio 460 

(Equation 1) as the ratio between dx and dy was chosen here to quantitatively describe the 461 

relationship between the width and the length of the source area. However, this enables 462 

aspect ratios to range between almost zero to infinity. Other definitions of the source 463 

geometry are possible, such as taking the ratio between the minimum and maximum 464 

dimension, thus quantifying how equant the source area is. 465 

 466 

Simulated total column mass loadings are shown in Figure 8 for Amax = 619 km2. There are 467 

only very small differences in the shape of the modelled cloud.  After 7 hours since t0, the tip 468 

of the ash cloud appears thinner for αmax = 1.7 (Figure 8e), compared to αmin = 0.2 (Figure 469 

8a). The FMS of the cloud area ranges from 83% to 90%. We consider these differences to be 470 

small given the order of magnitude change in source aspect ratio (0.2 vs. 1.7). Similar results 471 

are shown when comparing αmin and αmax for Amin = 0.4 km2 and the related plots are shown in 472 
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Figure S3. Here, the FMS in the cloud areas is greater, and ranges from 98% to 92% from 7 h 473 

to 23 h since t0, and thus slightly decreases with time during this 7 to 23 h period. Figure 7c 474 

compares the FMS of the ash cloud area between the minimum (αmin) and maximum (αmax) 475 

aspect ratio. In general, greater FMS values correspond to model runs with smaller source 476 

areas, whereas the actual area overlap is almost the same for all source areas (Figure 7d). 477 

Small source areas (A < 5 km2) have large FMS (> 95%) until 4h after t0 and slowly decreases 478 

with increased time after. However, at 24 h since t0 the FMS is still > 90%.  For the other 479 

source areas, A ≥ 5 km2, the FMS increases until (at least) 8 h, plateaus around 90% and then 480 

slightly decreases. The largest source area tested, A = 619 km2, has the lowest FMS overall 481 

and is 51% at 1 h since t0 and 88% at 24 h since t0 (Figure 7c).  482 
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Figure 8. NAME model outputs for numerical experiment 1, all using Amax = 619 km2, a 1 h 483 

particle release, z = 8.5 km, dz = 3 km and MER = 1.06 x 1013 g h-1. The left figure panels (a-484 

d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h) show the 485 

maximum aspect ratio αmax = 1.7. The area and orientation of the two source geometries are 486 

compared in relation to each other next to the parameter list at the top of the figure. For each 487 

aspect ratio, four outputs at different times after eruption start t0 are shown: (a & e) 7 h, (b & 488 

f) 13 h, (c & g) 18 h and (d & h) 23 h. Total column mass loadings are averaged over the 489 

previous hour, and we applied a threshold of 0.2 g m-2. 490 
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3.3. Evaluation of geometric source properties (A and α) on co-PDC ash transport 491 

and dispersion 492 

We now synthesise the results of the previous sections, that compared the impact of source 493 

area and aspect ratio, respectively. To supplement the visual comparisons between the NAME 494 

model outputs (cf. Figs. 6 and 8), we introduce the use of the relative standard deviation, 495 

%RSD: 496 

where σ is the standard deviation of the data set under study (e.g., cloud area at each hour 497 

after eruption start for all cloud areas) and 𝑥̅ is the average of the data set (i.e., the ash cloud 498 

area generated throughout experiment 1 per given modelled time). 499 

 500 

Due to the ~10 km horizontal resolution of the meteorological data used with our NAME 501 

simulations, source areas approximately A ≥ 10 km2 can have, in at least one dimension, a 502 

source geometry that is larger than the grid resolution and therefore crosses multiple 503 

meteorological grid cells. However, despite this, the total ash mass in the atmosphere is 504 

remarkably similar for all runs in experiment 1and the data almost overlap (Fig. S4). The 505 

total mass in the atmosphere has been studied for both the total data set and with the 506 

threshold of 0.2 g m-2 applied. There are only minor differences between these datasets and 507 

therefore most larger particles (in particle sizes of co-PDCs) remain within the ash cloud. The 508 

total mass in the atmosphere reaches a maximum after 1 h (the total time of particle emission) 509 

and then decays as ash is removed through wet and dry deposition (including sedimentation) . 510 

Across all model outputs of experiment 1, the maximum %RSD is 0.4%, thus we can say, the 511 

total mass in the atmosphere is not affected by changing source aspect ratio or source area. 512 

 513 

Overall, like the total mass in the atmosphere, the total cloud area, Ac, shows minor variation 514 

across all the source areas and aspect ratios investigated (Fig. 9). The only exception is at 515 

times close to the start of particle emission, t0 and thus at cloud locations close to the source. 516 

Comparing all runs in experiment 1 (grey dotted line in Figure 9a & b), close to the start time 517 

(1 h since t0), the relative standard deviation is 33%. However, these high %RSD values 518 

rapidly reduce to 9.5% after 4 h since t0 and reach a low plateau of ~ 2% after 13 h. 519 

Furthermore, the total cloud area increases and shows little deviation between the different 520 

applied aspect ratios (Fig. 9a). By further analysing the cloud area, Ac, for a set plume height 521 

(here, HT = 10 km), the influence of aspect ratio (Fig. 9b) and area of the source geometry 522 

%RSD =  
σ

𝑥̅
∙ 100 [10] 
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(Fig. 9c) can be quantitatively investigated. Firstly, comparing different aspect ratios αmin = 523 

0.2 has a maximum %RSD of 41% and reduces to < 10% after 6 h, whereas αmid = 0.95 524 

shows a maximum %RSD of 24% and becomes insignificant (≤ 9%) after 3 h, and α = 1.7 525 

shows a maximum %RSD of 19% and becomes insignificant (≤ 6.5%) after 3 h.  526 

 527 

 528 

 529 

Figure 9. Total cloud area, Ac, for numerical experiment 1. (a) The total cloud area, Ac, for all 530 

model runs across Experiment 1. Although all lines (1) to (33) are represented, they mostly 531 

overlap. The %RSD is indicated by the grey dotted line. (b) Experiment 1 separated per 532 

aspect ratio, taking all source areas into account. αmin = 0.2 has a larger %RSD, as the 533 

longitudinal distance becomes more important with the specific applied weather conditions. 534 

There is no linear relationship between %RSD and α. (c) Experiment 1 separated per source 535 

area A, where one line represents three runs each (αmin = 0.2, α = 0.95mid and αmax = 1.7). The 536 

larger the source area, the larger the %RSD. In all panels, the lines between data points are 537 

not model fits and are just used to guide the eye. 538 

 539 

Furthermore, comparing the different source areas (each averaged over all three aspect ratios) 540 

used in experiment 1 (Fig. 9c), we find that the larger the source area, the higher the %RSD. 541 

The %RSD decays with time for all source areas. Amax = 619 km2 shows the largest %RSD of 542 

33% at 1 h after particle release, whereas A = 1 km2 is only 1.8% RSD at the same time. 543 

Additionally, for a given time t, the %RSD is lower for smaller source areas. Only Amin = 0.4 544 

km2 and A = 1 km2 do not exactly follow this observation until reaching 5 h since t0, however, 545 

the %RSD is always ≤ 2%. For all source areas at 6 h since particle release, the %RSD is < 546 

10 %.  547 

 548 

Our observations that the cloud area growth is little impacted by the source geometry and 549 

aspect ratio can be explained mathematically. The cloud area can be described as 550 
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𝐴(𝑡)  = 𝐴0  + ∫ (∮ 𝜐n(x, 𝜏
 

𝜕𝐴(𝜏)

) 𝑑𝑠) 𝑑𝜏
t

0

 
[11] 

where A0 is the source area at origin, ∂A(τ) is the boundary of the cloud at time τ, and vn(x, τ) 551 

is the normal expansion rate at point x on the boundary. The derivative, describing the rate of 552 

change of the area,  553 

𝑑𝐴(𝑡)

𝑑𝑡
 = ∮ 𝜐n(x, 𝜏

 

𝜕𝐴(𝜏)

) 𝑑𝑠 
[12] 

can be studied under the assumption of a rectangular source geometry 

with width lxo and length lyo expanding at constant rates vx and vy 

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

describes:𝐴(𝑡)  =  𝑙𝑥𝑜𝑙𝑦𝑜  +  𝑡(𝑣𝑥𝑙𝑦𝑜  +  𝑣𝑦𝑙𝑥𝑜)  +  𝑣𝑥𝑣𝑦𝑡2 

[13] 

The quadratic term  𝑣𝑥𝑣𝑦𝑡2, being of leading order at t >> 0, is not impacted by the initial 554 

source geometry at the source location. This therefore explains both the decrease in the 555 

%RSD (Fig. 9) and the convergence in total cloud area between all the runs with time as 556 

shown by the FMS (Fig. 7). For t ~ 0 h and times close to the eruption start, the ash cloud 557 

expands dominantly in the wind direction (vx for our specific date here). The extent of the 558 

perpendicular dimension, with respect to the wind (lyo here), is therefore of greater influence 559 

than the parallel dimension (lxo here). The linear term 𝑙𝑥𝑜𝑙𝑦𝑜 is proportional to the perimeter 560 

(of the rectangular shape) and this therefore explains the high relative standard deviation 561 

between different aspect ratios.  562 

 563 

For typical vent-derived plumes Mastin & Van Eaton (2020) have shown that considering the 564 

associated umbrella cloud growth is crucial for accurate modelling of the ash cloud area and 565 

downwind extent. They also show, as in this study, that the difference between cloud areas 566 

decrease with time after eruption. However, umbrella cloud areas typically range between 50 567 

km2 and 1,600,000 km2 (Constantinescu et al., 2021; Mastin & Van Eaton, 2020; Prata et al., 568 

2025; Zidikheri et al., 2017) and thus are larger than typical co-PDC clouds (e.g., 0.4 km2 to 569 

619 km2). This further supports our observations that co-PDC cloud transport and dispersal 570 

(across the range of meteorological conditions tested here) is not impacted by the source area 571 

(due to the smaller contribution of the linear term in Equation 13).  572 

3.4. The impact of co-PDC plume HT and MER 573 

The modelled ash cloud shows completely different transport and dispersion patterns when 574 

changing HT, and thus MER and dz. To illustrate this, in Figure 10 we show NAME outputs 575 

at 12 h (left side of figure) and 23 h since t0 (right side of figure) initialised using a range of 576 
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plume heights (HT) for Amax = 619 km2 with αmin = 0.2. In general, modelled total column 577 

mass loadings increase with HT and the larger HT and MER are, the larger the ash cloud 578 

becomes. For HT = 1 km (Figs. 10a & f), the total column mass loading threshold of 0.2 g m-2 579 

is not reached. The cloud generated by HT = 5 km has mass loadings ≥ 0.2 g m-2 at 12 h (Fig. 580 

10b) and 23 h since t0 (Fig. 10g) but beyond 23 h, mass loadings are relatively low. The ash 581 

clouds generated by HT = 20 km (Fig. 10d) and HT = 27 km (Fig. 10e) form a relatively 582 

compact area at 12 h after particle release, however they become more elongated and 583 

stretched over wider areas for 23 h (Fig. 10i & j). For consistency, a set of model runs using 584 

Amax = 619 km2 with αmax = 1.7 and Amin = 0.4 km2 with αmin = 0.2 and αmax = 1.7 are shown in 585 

supplementary Figures S5 to S7. These combinations bracket the extremes in natural 586 

parameter space and still follow the general relationships described here. As shown in Figure 587 

11, all ash cloud areas increase with time after the beginning of particle emission (t0) and 588 

larger initial plume heights (HT), thus larger mass eruption rates, correspond to larger cloud 589 

areas.  590 
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 591 

Figure 10. NAME model outputs for numerical experiment 2, all using a 1 h particle release 592 

with different HT, MER, and dz. The figure panels on the left (a-d) are for 12 h after eruption 593 

start t0, and the panels on the right (e-h) show 23 h after eruption start t0. The outputs here are 594 

for Amax = 619 km2 with αmin = 0.2. With increasing HT and t0 + t (h), the plume size grows. 595 

Total column mass loadings are averaged over the previous hour, and we applied a threshold 596 

of 0.2 g m-2. The subplots (a & f) show no ash cloud (i.e., mass loading < 0.2 g m-2). 597 

 598 
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 599 

Figure 11. The total cloud area as a function of time for model runs within numerical 600 

experiment 2. The five different colours correspond to the different plume heights. Each with 601 

Amin = 0.4 km2 for αmax = 1.7 and Amax = 619 km2 for αmin = 0.2 as a dotted and solid line, 602 

respectively. The total plume area, Ac, increases for all plume heights with time within the 603 

first 13 h. HT = 1 km and HT = 5 km decay afterwards, while the others continue to increase. 604 

The numbers in brackets correspond to the model run number. The lines between data points 605 

are not model fits and are just used to guide the eye. 606 

 607 

Figure 12 shows the total modelled mass in the atmosphere with time. As expected, with 608 

increasing plume height (and thus MER), the total mass in the atmosphere (and the total 609 

column mass loadings in Figure 10) also increases. The maximum total mass occurs (for each 610 

plume height) after 1 h, which is the end of the emission time. The total mass in the 611 

atmosphere released from higher plumes (HT = 10 km, HT = 20 km and HT = 27 km) remains 612 

almost constant, slightly decreasing, while when HT = 1 km and HT = 5 km there is a larger 613 

reduction/decay with time. When HT = 1 km the total mass decreases to 0.004% of the initial 614 

total mass at 24 h since t0, whereas when HT = 27 km the ash cloud retains 68% of its initial 615 

total mass after 24 h.  616 
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 617 

Figure 12. Total mass in atmosphere per plume height in numerical experiment 2. For visual 618 

clarity, only Amax = 619 km2, αmin = 0.2 is shown here, but the other runs show a similar 619 

relationship. For all plume heights, the total mass in the atmosphere is greatest at 1h since t0 620 

(end of particle emission) and decays afterwards. The smaller the plume height, the greater 621 

the decay. The lines between data points are not model fits and are just used to guide the eye. 622 

 623 

3.5. Outlook and future work 624 

NAME models the long-range transport and dispersion of ash clouds. In this study, we have 625 

represented the release of ash into the atmosphere with a set of eruption source parameters. 626 

However, additional schemes can be coupled to NAME to represent vent proximal behaviour, 627 

including those for buoyant plumes and umbrella clouds (Beckett et al., 2015; Devenish, 628 

2013; Webster et al., 2012, 2020). At the expense of increased computational time, these 629 

schemes could be applied to investigate the dynamics of co-PDCs and, when coupled to 630 

NAME, their impact on the long-range transport of the resulting ash cloud. 631 

We have assumed an emission duration of 1 h. This aligns with the resolution of the 632 

averaging period used for the modelled total column mass loadings. It is expected that co-633 

PDC plumes will have a range of ash emission times corresponding to eruption parameters 634 

such as the MER and source area; however, no quantitative relationships currently exist. The 635 

emission time also becomes important if the emitted volume/mass of ash needs to be 636 

quantified to a higher accuracy. To test the sensitivity of our model outputs to the emission 637 

time, we re-ran all our model configurations with a 24 h release, the results of which can be 638 
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seen in the supplementary information (Figures S8 to S16). The key results outlined in this 639 

contribution show no difference when using this longer emission time (24 h vs 1 h). Only the 640 

total cloud area and total column mass loadings vary in their absolute magnitude.  641 

 642 

Our model runs used an emission start time of 31st of January 2022, 09:00 UTC, at which 643 

time there were westerly winds, representative of the prevailing conditions in this area. Our 644 

results suggest that long-range transport and dispersion model simulations of ash clouds are 645 

insensitive to varying emission source areas and aspect ratios, within the range of end-646 

members identified for co-PDC plumes. We would only expect there to be sensitivity if the 647 

meteorological conditions varied significantly across the area of the source, and for most 648 

meteorological scenarios, we would not expect large step changes in conditions across source 649 

areas typical of co-PDCs. There could be exceptions though, for example, the moment when 650 

there is a passage of a weather front or if there is a strong sea breeze. The sensitivity is also 651 

dependent on the resolution of the Numerical Weather Prediction (NWP) data and its ability 652 

to represent any variation. Here we have used NWP data from the Global configuration of the 653 

UM, which has a horizontal resolution of ~ 10 km, which has been shown to be optimal for 654 

representing long-range transport of ash clouds (see Beckett et al., 2020). We have repeated 655 

numerical experiment 1 for eight different weather patterns (Neal et al., 2016), describing 656 

different circulation types and therefore including different weather scenarios (Figures S17 to 657 

S58). The exact cloud shape and location vary with different weather patterns and dates, but 658 

our findings that the impact of source area and aspect ratio is negligible are confirmed across 659 

the data set. The FMS plateaus ≳ 75% for all source areas, aspect ratios and weather patterns 660 

(Figures S17, S23, S29, S35, S41, S47, and S53). Further investigations are required to 661 

determine any impact of differing seasons or climates. 662 

 663 

The applied relationship between HT and MER is well established for point sources; however, 664 

it is not clear how well this applies for elongated source geometries. Unknown, so far, is how 665 

the source area and MER are impacted by entrainment of ambient air, changing the particle 666 

concentration across the plume for these elongated source geometries. We assume 667 

entrainment to be lower along the edges of a linear plume than along the edges of a circular 668 

plume. It remains to be investigated whether large areas, i.e., Amax = 619 km2, are still likely 669 

to reach a plume height of HT = 30 km with the same MER predicted by the power law 670 

relationship derived from vent-derived plume information (Aubry et al., 2023) and whether 671 

the assumption of a uniform MER over the whole source area is suitable. Although the  co-672 
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PDC plume of MSH falls within the confidence interval of the MER relationship used here, 673 

smaller co-PDC plumes might be better described by a different plume scheme, e.g., a 674 

thermal buoyant plume, with an instantaneous mass release, meaning that the MER-HT 675 

relationship might be different (Biass et al., 2016; Bonadonna, Macedonio, et al., 2002; Druitt 676 

et al., 2002; Woods & Kienle, 1994). 677 

The use of inversion approaches, such as that outlined by Pelley et al. (2021), to optimally 678 

constrain the time-varying distribution of mass with height at the source for vent-derived 679 

plumes have proved to be powerful tools during operational response when information may 680 

be scarce. Given our results show that capturing the plume height and MER is fundamentally 681 

important for co-PDC plumes too, then the use of inversion tools for this type of event will 682 

also be beneficial. Some inversion approaches have also explored optimising source 683 

geometry for umbrella cloud releases (Zidikheri et al., 2017). Here we have shown that after 684 

the first few hours, this is not a key parameter (due to its relatively small source area 685 

compared to umbrella clouds), however such an approach could also be further explored.  686 

 687 

4 Conclusion 688 

We studied the transport and dispersion of a volcanic ash cloud generated from a co-PDC 689 

plume to assess the sensitivity to the eruption source parameters used to initialise model 690 

simulations. Co-PDC ash plumes/clouds, generated from PDCs, have unique source 691 

properties, in particular their particle size distribution and source geometry are different to 692 

typical eruption plumes. Our sensitivity study showed that changes in the source area and the 693 

aspect ratio of the source have only a minor impact on the resultant cloud location and its 694 

total column mass loadings after ~ 6 h from the start of the release. The impact, during the 695 

early hours, is greatest if the long axis of the source geometry is perpendicular to the wind 696 

direction. However, as previously established for vent-derived plumes, the plume height and 697 

corresponding mass eruption rate are leading order parameters. Here we have shown that they 698 

yield significant differences when modelling transport and dispersion of co-PDC ash clouds. 699 

This result suggests that VAACs may not need to obtain a detailed description of the co-PDC 700 

source geometry, which would be difficult to establish quickly, and rather operational 701 

response should continue to focus on assigning optimal plume heights and MERs. 702 

 703 
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Figure S53 - S58: Weather pattern 8. NAME outputs from numerical experiment 1.
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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
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used for numerical experiment 1; run # 22).
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Fig. S1: NAME outputs for numerical experiment 1, all using αmid = 0.95, a 1 h particle release,
z = 8.5 km, dz = 3km and MER = 1.06× 1013 g h−1. 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
t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S2: NAME outputs for numerical experiment 1, all using αmax = 1.7, a 1 h particle release, z
= 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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
t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S3: NAME model outputs for numerical experiment 1, all using Amin = 0.4 km2, a 1 h particle
release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. The left figure panels (a-d) show
results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h) show the maximum
aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f) 13 h, (c & 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−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 1 h (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 1 h particle release with different HT ,
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 23 h after eruption start t0. The outputs here are for Amin = 0.4 km2 with
αmin = 0.2. With increasing HT and t (h), the plume size grows. Total column mass loadings are
averaged over the previous hour, and we applied a threshold of 0.2 gm−2. The subplots (a & f)
show no ash cloud (i.e., mass loading < 0.2 gm−2).
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Fig. S6: NAME model outputs for experiment 2, all using a 1 h particle release with different HT ,
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 23 h after eruption start t0. The outputs here are for Amin = 0.4 km2 with
αmax = 1.7. With increasing HT and t (h), the plume size grows. Total column mass loadings are
averaged over the previous hour, and we applied a threshold of 0.2 gm−2. The subplots (a & f)
show no ash cloud (i.e., mass loading < 0.2 gm−2).
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Fig. S7: NAME model outputs for experiment 2, all using a 1 h particle release with different HT ,
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 23 h after eruption start t0. The outputs here are for Amax = 619 km2 with
αmax = 1.7. With increasing HT and t (h), the plume size grows. Total column mass loadings are
averaged over the previous hour, and we applied a threshold of 0.2 gm−2. The subplots (a & f)
show no ash cloud (i.e., mass loading < 0.2 gm−2).
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Fig. S8: NAME outputs for numerical experiment 1, all using αmin = 0.2, a 24 h particle release,
z = 8.5 km, dz = 3km and MER = 1.06× 1013 g h−1. 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
t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S9: NAME outputs for numerical experiment 1, all using αmid = 0.95, a 24 h particle release,
z = 8.5 km, dz = 3km and MER = 1.06× 1013 g h−1. 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
t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S10: NAME outputs for numerical experiment 1, all using αmax = 1.7, a 24 h particle release,
z = 8.5 km, dz = 3km and MER = 1.06× 1013 g h−1. 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
t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S11: NAME model outputs for numerical experiment 1, all using Amax = 619 km2, a 24 h
particle release, z = 8.5 km, dz = 3km and MER = 1.06× 1013 g h−1. The left figure panels (a-d)
show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h) show the
maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S12: NAME model outputs for numerical experiment 1, all using Amin = 0.4 km2, a 24 h
particle release, z = 8.5 km, dz = 3km and MER = 1.06× 1013 g h−1. The left figure panels (a-d)
show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h) show the
maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S13: NAME model outputs for experiment 2, all using a 24 h particle release with different
HT , 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 23 h after eruption start t0. The outputs here are for Amax

= 619 km2 with αmin = 0.2. With increasing HT and t (h), the plume size grows. Total column
mass loadings are averaged over the previous hour, and we applied a threshold of 0.2 gm−2. The
subplots (a & f) show no ash cloud (i.e., mass loading < 0.2 gm−2).
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Fig. S14: NAME model outputs for experiment 2, all using a 24 h particle release different HT ,
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 23 h after eruption start t0. The outputs here are for Amin = 0.4 km2 with
αmin = 0.2. With increasing HT and t (h), the plume size grows. Total column mass loadings are
averaged over the previous hour, and we applied a threshold of 0.2 gm−2. The subplots (a & f)
show no ash cloud (i.e., mass loading < 0.2 gm−2).
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Fig. S15: NAME model outputs for experiment 2, all using a 24 h particle release different HT ,
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 23 h after eruption start t0. The outputs here are for Amin = 0.4 km2 with
αmax = 1.7. With increasing HT and t (h), the plume size grows. Total column mass loadings are
averaged over the previous hour, and we applied a threshold of 0.2 gm−2. The subplots (a & f)
show no ash cloud (i.e., mass loading < 0.2 gm−2).
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Fig. S16: NAME model outputs for experiment 2, all using a 24 h particle release different HT ,
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 23 h after eruption start t0. The outputs here are for Amax = 619 km2 with
αmax = 1.7. With increasing HT and t (h), the plume size grows. Total column mass loadings are
averaged over the previous hour, and we applied a threshold of 0.2 gm−2. The subplots (a & f)
show no ash cloud (i.e., mass loading < 0.2 gm−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

19



Fig. S17: Meteorological data for Iceland for weather pattern 1 at 8.5 km 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 (Amin) and maximum (Amax) source
area and (d) between the minimum (αmin) and maximum (αmax) aspect ratio.
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Fig. S18: Weather pattern 1. NAME outputs for numerical experiment 1, all using αmin = 0.2,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S19: Weather pattern 1. NAME outputs for numerical experiment 1, all using αmid = 0.95,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S20: Weather pattern 1. NAME outputs for numerical experiment 1, all using αmax = 1.7,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S21: Weather pattern 1. NAME model outputs for numerical experiment 1, all using Amin =
0.4 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06× 1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S22: Weather pattern 1. NAME model outputs for numerical experiment 1, all using Amax =
619 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06×1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S23: Meteorological data for Iceland for weather pattern 2 at 8.5 km 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 (Amin) and maximum (Amax) source
area and (d) between the minimum (αmin) and maximum (αmax) aspect ratio.
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Fig. S24: Weather pattern 2. NAME outputs for numerical experiment 1, all using αmin = 0.2,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S25: Weather pattern 2. NAME outputs for numerical experiment 1, all using αmid = 0.95,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S26: Weather pattern 2. NAME outputs for numerical experiment 1, all using αmax = 1.7,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S27: Weather pattern 2. NAME model outputs for numerical experiment 1, all using Amin =
0.4 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06× 1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S28: Weather pattern 2. NAME model outputs for numerical experiment 1, all using Amax =
619 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06×1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S29: Meteorological data for Iceland for weather pattern 4 at 8.5 km 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 (Amin) and maximum (Amax) source
area and (d) between the minimum (αmin) and maximum (αmax) aspect ratio.
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Fig. S30: Weather pattern 4. NAME outputs for numerical experiment 1, all using αmin = 0.2,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S31: Weather pattern 4. NAME outputs for numerical experiment 1, all using αmid = 0.95,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S32: Weather pattern 4. NAME outputs for numerical experiment 1, all using αmax = 1.7,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S33: Weather pattern 4. NAME model outputs for numerical experiment 1, all using Amin =
0.4 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06× 1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S34: Weather pattern 4. NAME model outputs for numerical experiment 1, all using Amax =
619 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06×1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S35: Meteorological data for Iceland for weather pattern 5 at 8.5 km 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 (Amin) and maximum (Amax) source
area and (d) between the minimum (αmin) and maximum (αmax) aspect ratio.
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Fig. S36: Weather pattern 5. NAME outputs for numerical experiment 1, all using αmin = 0.2,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S37: Weather pattern 5. NAME outputs for numerical experiment 1, all using αmid = 0.95,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S38: Weather pattern 5. NAME outputs for numerical experiment 1, all using αmax = 1.7,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S39: Weather pattern 5. NAME model outputs for numerical experiment 1, all using Amin =
0.4 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06× 1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S40: Weather pattern 5. NAME model outputs for numerical experiment 1, all using Amax =
619 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06×1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S41: Meteorological data for Iceland for weather pattern 6 at 8.5 km 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 (Amin) and maximum (Amax) source
area and (d) between the minimum (αmin) and maximum (αmax) aspect ratio.
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Fig. S42: Weather pattern 6. NAME outputs for numerical experiment 1, all using αmin = 0.2,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S43: Weather pattern 6. NAME outputs for numerical experiment 1, all using αmid = 0.95,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S44: Weather pattern 6. NAME outputs for numerical experiment 1, all using αmax = 1.7,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S45: Weather pattern 6. NAME model outputs for numerical experiment 1, all using Amin =
0.4 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06× 1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S46: Weather pattern 6. NAME model outputs for numerical experiment 1, all using Amax =
619 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06×1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S47: Meteorological data for Iceland for weather pattern 7 at 8.5 km 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 (Amin) and maximum (Amax) source
area and (d) between the minimum (αmin) and maximum (αmax) aspect ratio.
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Fig. S48: Weather pattern 7. NAME outputs for numerical experiment 1, all using αmin = 0.2,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S49: Weather pattern 7. NAME outputs for numerical experiment 1, all using αmid = 0.95,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S50: Weather pattern 7. NAME outputs for numerical experiment 1, all using αmax = 1.7,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S51: Weather pattern 7. NAME model outputs for numerical experiment 1, all using Amin =
0.4 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06× 1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S52: Weather pattern 7. NAME model outputs for numerical experiment 1, all using Amax =
619 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06×1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S53: Meteorological data for Iceland for weather pattern 8 at 8.5 km 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 (Amin) and maximum (Amax) source
area and (d) between the minimum (αmin) and maximum (αmax) aspect ratio.

56



Fig. S54: Weather pattern 8. NAME outputs for numerical experiment 1, all using αmin = 0.2,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S55: Weather pattern 8. NAME outputs for numerical experiment 1, all using αmid = 0.95,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S56: Weather pattern 8. NAME outputs for numerical experiment 1, all using αmax = 1.7,
a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06 × 1013 g h−1. 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 t0: (a & e) 7 h, (b & f) 13 h, (c & 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−2.
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Fig. S57: Weather pattern 8. NAME model outputs for numerical experiment 1, all using Amin =
0.4 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06× 1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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Fig. S58: Weather pattern 8. NAME model outputs for numerical experiment 1, all using Amax =
619 km2, a 1 h particle release, z = 8.5 km, dz = 3km and MER = 1.06×1013 g h−1. The left figure
panels (a-d) show results from the minimum aspect ratio αmin = 0.2, and the right panels (e-h)
show the maximum aspect ratio αmax = 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 t0 are shown: (a & e) 7 h, (b & f)
13 h, (c & 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−2.
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