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produce timely and robust hazard warnings. Structural uncertainty occurs
Funding information when a model fails to produce accurate forecasts, despite good knowledge of
Lloyds Tercentenary Research Foundation the eruption source parameters, meteorological conditions and suitable param-
eterizations of transport and deposition processes. This uncertainty is fre-
quently overlooked in forecasting practices. Using a Lagrangian particle
dispersion model, simulations with varied output spatial resolution, temporal
averaging period and particle release rate are performed to quantify the impact
of these structural choices. This experiment reveals that, for the 2019 Raikoke
eruption, structural choices give measurements of peak ash concentration
spanning an order of magnitude, significantly impacting decision-relevant
thresholds used in aviation flight planning. Conversely, along-flight dosage
estimates exhibit less sensitivity to structural choices, suggesting it is a more
robust metric to use in flight planning. Uncertainty can be reduced by elimi-
nating structural choices that do not result in a favourable level of agreement
with a high-resolution reference simulation. Reliable forecasts require output
spatial resolution < 80km, temporal averaging periods < 3h and particle

release rates > 5000 particles/h. This suggests that simulations with relatively
small numbers of particles could be used to produce a large ensemble of simu-
lations without significant loss of accuracy. Comparison with previous Raikoke
simulations indicates that the uncertainty associated with these constrained
structural choices is smaller than those associated with satellite constrained
eruption source parameter and internal model parameter uncertainties. Thus,
given suitable structural choices, other epistemic sources of uncertainty are

likely to dominate. This insight is useful for the design of ensemble methodolo-

gies which are required to enable a shift from deterministic to probabilistic
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1 | INTRODUCTION

The presence of volcanic ash poses a significant threat to
aviation safety and operations, necessitating robust fore-
casting and warning systems. Many forecasts provide
deterministic maps of ash concentrations, a critical factor
in alerting flight operators to potential hazards (Beckett
et al., 2020; Crawford et al., 2022; Gouhier et al., 2020;
Zidikheri & Lucas, 2021). However, volcanic ash forecast-
ing faces many challenges due to multiple sources of
uncertainty (Harvey et al.,, 2018; Mastin et al., 2022).
Thus, adhering to guidelines set by the International
Civil Aviation Organization, the aviation industry is
transitioning from deterministic to probabilistic forecast-
ing. This probabilistic approach acknowledges the
uncertainty in volcanic ash forecasts and will communi-
cate the likelihood of exceeding predefined ash
concentration thresholds (International Civil Aviation
Organization, 2022).

To generate probabilistic quantitative volcanic ash
forecasts, ensembles (multiple realizations of the forecast
with plausible parameters) are typically employed to
sample the uncertainty (Capponi & Saint, 2022; Dare
et al, 2016; Harvey et al., 2020, 2022; Kristiansen
et al., 2012; Webster & Thomson, 2022). There are three
sources of epistemic uncertainty: input uncertainty, para-
metric uncertainty and structural uncertainty (Rougier &
Beven, 2013). Input uncertainty stems from an incom-
plete understanding of the true value of the eruption
source parameters (e.g., eruption magnitude and dura-
tion, plume height, composition and size of volcanic ash)
and meteorological fields (e.g., 3D winds, precipitation).
Parametric uncertainty occurs due to incomplete knowl-
edge about the correct settings of the model's internal
parameters (e.g., parameterized turbulence intensity, pre-
cipitation scavenging coefficients, dry deposition rates).
Finally, structural uncertainty arises when the model
fails to accurately represent the system, even with known
correct parameters and inputs. For example, the choices
of output resolution (spatial and temporal) and omission
of physical processes such as ash particle aggregation,
umbrella cloud spreading and other processes driven by
the eruption dynamics (e.g., bent over plumes). Collec-
tively, these sources form a comprehensive probabilistic

forecasting. The results are applicable to other long-range dispersion problems
and to Eulerian dispersion models.

ash concentration, ash dosage, aviation, dispersion modelling, horizontal resolution, spatial

description of a volcanic ash model's epistemic uncer-
tainty. However, in practice, specifying these uncer-
tainties proves exceedingly challenging and often
involves a degree of subjectivity meaning that characteri-
zation of volcanic ash forecast uncertainties in an opera-
tional timescale remains a challenging task.

It is expected that flight planning and decision sup-
port systems for operators will increasingly make use of
probabilistic quantitative volcanic ash forecasts to opti-
mize airspace usage and plan more efficient routes dur-
ing significant volcanic ash cloud events (International
Civil Aviation Organization, 2022). The methodologies
employed by operational centres to generate these fore-
casts will depend on factors such as computational
resources, scientific understanding and technical profi-
ciency. Previous studies have investigated the treatment
of input and parametric uncertainty (Dacre &
Harvey, 2018; Denlinger et al., 2012; Folch et al., 2012;
Stefanescu et al., 2014), but structural uncertainty is fre-
quently overlooked despite being highlighted as a source
of uncertainty that should be considered (Folch, 2012).
There are a few volcanic ash transport and dispersion
model intercomparison studies (Heard et al., 2012;
Kristiansen et al.,, 2012; Witham et al.,, 2007) which
implicitly include structural uncertainty. However, due
to their complexity, these studies cannot isolate different
sources of uncertainty. One other study by Crawford
(2020) does vary the horizontal resolution and number of
particles released in simulations of the 2008 eruption of
the Alaskan volcano, Kasatochi. However, the focus of
their study is the development of a technique to reliably
reconstruct particle density using a Gaussian mixture
model rather than uncertainty quantification. In this
study, we contribute to the scientific understanding of
volcanic ash forecast uncertainty by designing an experi-
ment aimed at quantifying the sensitivity of flight plan-
ning decisions to structural choices only, within volcanic
ash dispersion forecasts. Additionally, we assess the mag-
nitude of the estimated structural uncertainty and com-
pare it to previous findings that quantified input and
parametric uncertainty, thereby discerning their relative
magnitudes.

Flight planning decisions are currently based on peak
along-flight ash concentrations based on forecast ash
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concentrations output every 6h out to 24 h ahead
(Webster et al., 2012). However, major engine manufac-
turers, such as Rolls-Royce, emphasize that damage can
also result from prolonged exposure to low ash concen-
trations during flights (Clarkson & Simpson, 2017; Lekki
et al., 2013). Recognizing that risks extend beyond peak
concentrations, flight operators also need comprehensive
information about the potential dangers associated with
accumulated engine ash ingestion (dosage). In this study,
focusing on the 2019 eruption of the Russian volcano Rai-
koke, we investigate the sensitivity of both along-flight
peak ash concentration and dosage to structural uncer-
tainty since both measures are necessary for effective
decision-making. This eruption has been chosen as a
focus for this study as ash emitted caused disruption to
flights in the north Pacific region.

The paper is structured as follows; in Section 2 we
introduce the Raikoke 2019 eruption, the dispersion
model NAME and our experimental design, Section 3
describes the results of the experiment in which we quan-
tify the uncertainty associated with model structural
choices, finally in Section 4 we provide recommendations
for the spatial and temporal resolution of output concen-
tration data, and (for Lagrangian models) the associated
minimum particle release rate required to allow

FIGURE 1 (a) NAME
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operators to accurately calculate along-flight peak con-
centrations and dosage.

2 | METHODS AND DATA

2.1 | Raikoke 2019

This study focuses on the 2019 eruption of the Russian
volcano Raikoke. Raikoke is an uninhabited island
located at at 48.2° N, 153.3° E in the Sea of the Okhotsk
in the northwest Pacific Ocean (See Figure 1). Its most
recent eruption started on 21 June 2019 at approximately
18:00 UTC and continued for 12 h ending at approxi-
mately 06:00 UTC on 22 June 2019. It is estimated that
ash was initially expelled to a height between 10 and
14 km (Global Volcanism Program, 2019a). Visible satel-
lite suggests that there was an umbrella cloud that
quickly advected eastwards. In the days following, the
plume moved Easterly then turned North Easterly over
the Pacific Ocean due the ash encountering an extratropi-
cal cyclone. There was moderate disruption of airspace
due to the Raikoke eruption, with over 40 airplanes being
diverted (Global Volcanism Program, 2019b). This erup-
tion is being considered as it is one of the most recent
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eruptions that deposited ash into the stratosphere and
the relatively simple meteorological situation following
the eruption.

2.2 | NAME

In this study version 7.2 of the Numerical Atmospheric-
dispersion Modelling Environment (NAME; Jones
et al., 2007) is used. NAME is a Lagrangian particle dis-
persion model that is also used to produce the simula-
tions used by the London Volcanic Ash Advisory Centre
(LVAAC), which form the basis of volcanic ash forecasts
for the aviation industry. The transport of ash is primarily
driven by 3D winds from a numerical weather prediction
model coupled with parameterizations of free tropo-
spheric turbulence and mesoscale motions. The removal
of ash from the atmosphere is modelled using parameter-
izations of sedimentation and dry and wet deposition. In
this study, it is assumed that the ash particles have a den-
sity of 2300 kg m > and are spherical. The particle size
distribution used is based on data from Hobbs et al.
(1991). NAME does not currently include a parameteriza-
tion for aggregation of ash particles or explicitly model
near source plume rise or eruption dynamics.

2.3 | Simulation set-up for the Raikoke
2019 eruption

To simulate the Raikoke eruption, a constant plume
height of 12.45 km was used and the Mastin relationship
(Mastin et al., 2009) was used to determine the mass
eruption rate. This was applied between 1800 UTC
21 June 2019-0600 UTC 22 June 2019. This is consistent
with other studies of this eruption and observations of
the eruption column (Bruckert et al., 2021; Capponi
et al., 2022; Harvey et al., 2022; Muser et al., 2020; Prata
et al., 2022). The meteorological data used to drive these
simulations is from the deterministic Met Office Global
analysis and forecast (Walters et al., 2019) and has a hori-
zontal resolution of approximately 10 km and 70 vertical
levels. The NAME simulations performed in this study
update the meteorological data every 3 h.

Ash concentrations are calculated by summing the
mass over a user defined volume by specifying a vertical
and horizontal grid spacing. Time averages are produced
using 10-min averaged data (i.e., a temporal averaging
period of 1 h will use six model concentration values to
estimate the ash concentration in a grid box). To
account for loss processes near the volcano vent a distal
fine ash fraction (DFAF) of 5% is applied (Beckett
et al., 2020).

2.3.1 | Structural choices

Currently the operational set-up used by the LVAAC has
a horizontal output grid spacing of 0.3 latitude x 0.5 lon-
gitude (approximately equivalent to 40 km grid boxes in
the mid-latitudes), 6 hourly temporal averaging period
and a particle release rate of 15,000/h (Beckett
et al., 2020; Witham et al., 2019). However, the impact of
these choices of output resolution and particle release
rate on the resulting ash concentration has not been pub-
lished in the scientific literature. To assess the sensitivity
to these structural choices, simulations with varying out-
put horizontal grid resolution, temporal averaging period
and particle release rate have been performed. The fol-
lowing values have used in this study:

« Temporal averaging of 1, 2, 3, 6,12 and 24 h

« Horizontal grid of 20, 40, 80 and 160 km

« Particle release rate of 1000, 5000, 10,000, 15,000 and
20,000 per h

Each parameter is varied independently, resulting in
120 simulations in total. The resulting simulations are
compared to a high resolution control simulation which
uses a horizontal grid of 20 km, temporal averaging
period of 1 h and a hourly particle release rate of 15,000.

2.4 | Determination of peak ash
concentration and dosage

To relate to flight routes and products currently produced
by LVAAC, we restrict the analysis presented in this
study to ash found between FL350 and FL550. This corre-
sponds to cruise altitude for both transatlantic and trans-
pacific flights. In our simulations ash concentrations are
calculated on a vertical grid with 22 flight levels
(FL) from FLO0O to FL550 with a vertical resolution of
25FL. As in Prata et al. (2019) and Webster et al. (2012)
these ‘thin’ layers are aggregated onto the three FL
ranges used by the LVAAC (FL000-FL200, FL200-FL350
and FL350-FL550). The maximum ash concentration of
the ‘thin’ layers (25FL thickness) within each range is
used as the concentration of the associated ‘thick’ layer.
The averaging performed within NAME to calculate ash
concentrations results in NAME under-predicting the
actual peak concentrations in the atmosphere. Thus, a
scaling factor representing the ratio of the peak concen-
tration to the resolved mean concentration is applied to
the ash concentration output. This is known as a peak-
to-mean factor (Webster et al., 2012). As in Prata et al.
(2019), a peak-to-mean factor of 10 is applied (Webster
et al., 2012). Note, however, that since we are interested
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in the spread of ash concentration and dosage values
rather than their absolute value in our study, this scaling
does not affect the results.

From 2025 onwards, quantitative volcanic ash fore-
casts describing the exceedance frequency of peak ash
concentration threshold values will be required
(International Civil Aviation Organization, 2022). These
threshold values are 0.2, 2.0, 4.0 and 10.0 mg m~>. In this
study we use these values to assess the implication of
structural uncertainty for decision-making.

Flight dosage is the total amount of ash encountered
along the flight path, measured in units of g s m™>. This
considers the ash concentration and the duration of the
flight. The dosage, D, is calculated using the equation:

n n ASi
D=) Citi=)» Ci— (1)
i=1 i=1 Va

where n is the number of model grid boxes along the
flight route, C; is the ash concentration in the ith grid
box, At; is the duration of exposure to the ith grid box,
As; is the distance travelled through the ith grid box and
V, is the true air speed of the flight (Prata et al., 2019).
The true air speed is the flight speed relative to the air
being flown through. This can be considered the speed
on ground with no wind.

An aeroplane can encounter a varying amount of ash
depending on the dispersion of the plume and the rela-
tive location of the flight. In addition to the peak ash con-
centration encountered along a flight, flight operators
require information about the risk of flying through low
ash concentrations for long durations. Dosage is a mea-
surement to aid this. Threshold levels have also been
identified for dosage values that advise consideration of
risk mitigation techniques. The threshold levels used
here are 1.4, 14.4 and 28.8 g s m > (Capponi et al., 2022;
Prata et al., 2019). These are equivalent to flying through
a concentration of 2 mg m~ for 0.2, 2 and 4 h respec-
tively. Thus different dosage thresholds are expressed as
diagonal lines on Duration of Exposure v Ash Concentra-
tion (DEVAC) charts (Clarkson et al., 2016).

2.5 | The relationship between peak ash
concentration and dosage

Dosage is the accumulated product of ash concentration,
C;, and duration of exposure, At;, (Equation 1). Thus it is
possible to obtain high dosage values for flights encoun-
tering relatively low ash concentrations for an extended
period of time. In this section we examine the relation-
ship between peak concentration and dosage. A high cor-
relation implies that these two variables can be used

pen Acc
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interchangeably, a low correlation suggests that both
peak concentration and dosage should be considered in
parallel when making flight planning decisions.

To evaluate the along-flight peak ash concentration
and dosage, a flight path between San Francisco (SFO),
United States, and Seoul (ICN), South Korea is consid-
ered. This route travels over the North of the Pacific
Ocean, encountering volcanic ash (Figure 1a). To calcu-
late dosage, we assume a flight true air speed, V,, of
240ms .

Figure 1b shows the ash concentration along the
flight trajectory and the accumulated flight dosage for a
flight on 24 June at 00:00 UTC, 54 h after the eruption
started. A threshold of 0.2mgm > is exceeded for a
section of the flight, between 2000 and 3500 km (equiva-
lent to 17% of the flight distance). A peak concentration
of 0.8 mg m ™ is encountered 2700 km along the flight
route (Figure 1, black cross). The dosage threshold of
1.4 gsm > is exceeded on this route from approximately
2700 km onwards (equivalent to 68% of the flight route).

Next we consider the relationship between peak con-
centration for multiple flight routes through the ash
cloud at cruise level. Rather than calculate multiple flight
routes we simply rotate the existing ash cloud about a
local origin. This is equivalent to approaching and flying
through the ash cloud from different angles. The rotation
point is mid-flight path at 57.9° latitude and 184.3° longi-
tude (Figure 1a, black dot).

Figure 2a presents the relationship between peak ash
concentration and dosage obtained along each flight
route. The calculated correlation coefficient (#* value) of
0.17 suggests a weak positive correlation. Displaying the
data as a probability distribution function enables the dis-
tribution of these measurements to be seen clearly
(Figure 2b,c). Zero values of both peak concentration and
dosage are removed. A kernel density fit to the data
shows a significant difference in the distribution of peak
ash concentration and dosage. The peak concentration
displays a uni-modal distribution (Figure 2b) but the dos-
age has a bimodal distribution (Figure 2c). At this model
time, the ash region is elongated along the south-east to
north-west axis, and contracted along the the south-west
to north-east axis (Figure 1la). Flights that are more
aligned with the south-east to north-west axis (in either
direction) will encounter the ash cloud for a long dura-
tion resulting in high dosage values. Flights that are more
aligned with the south-west to north-east axis will
encounter the ash cloud for a short direction resulting in
relatively low dosage values. This results in a bimodal
distribution of dosage. However, different flight orienta-
tions may fly through or either side of the region of high-
est ash concentrations, resulting in a uni-modal peak ash
concentration distribution.
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FIGURE 2

Distribution of the peak ash concentration and dosage for 360 flights through the ash at FL350-FL550 on 24 June 2019 00:00

UTC. (a) The distribution of data in relation to peak concentration threshold of 0.2 mg m™~* and dosage threshold of 1.4 g s m™~>. The colour

of the dot corresponds to the angle of the flight route, measured anticlockwise from true North. (b) Probability distribution function of peak

ash concentration >0.0 mg m >, fitted with a kernel density estimate (solid line). (c) Probability distribution function of dosage

>0.0 g s m >, fitted with a kernel density estimate (solid line).

This highlights that peak ash concentration is not a
good proxy for along-flight dosage. Of the 360 flight
routes considered, 245 flights (68.0%) exceed the lowest
peak ash concentration threshold of 0.2 mg m™>. A total
of 128 flights (35.6%) exceed the lowest dosage threshold
of 1.4 g s m >, a reduction of 52.2% of flights that would
potentially be considered as hazardous to aviation.

3 | RESULTS

In this section we quantify the sensitivity of peak ash
concentration and dosage to different choices of model
structural set-up. Three model structural choices (output
horizontal grid resolution, output temporal averaging
period and particle release rate) are varied one-at-a-time
(OAT) to quantify the possible maximum and minimum
range of along-flight peak concentration and dosage esti-
mated by NAME. In addition, all three parameters are
varied at the same time (multivariate sensitivity) and
compared to the OAT sensitivity analysis to evaluate
dependence between structural choices.

3.1 | Evolution of peak ash
concentration and dosage

Figure 3 shows the range of values for westbound flights
between San Francisco (SFO) and Seoul (ICN) departing

every 6 h after the start of the eruption. For output tem-
poral averaging periods longer than 6 h, peak ash con-
centration and dosage values are assumed to remain
constant for the respective temporal averaging periods.

Figure 3a,b show peak ash concentration and dosage
for the SFO-ICN flights. Peak ash concentration and dos-
age show a similar temporal variability, with high peak
ash concentration periods typically coinciding with high
ash dosage periods and vice versa. However, there is a
noticeable distinction in the structural choice to which
these two measurements show the highest sensitivity.
The number of particles released is particularly influen-
tial for estimations of peak concentration due to stochas-
tic uncertainty in the concentration values when there
are very few particles in a geotemporal grid box. The dos-
age is less sensitive to the number of particles since it is a
path integrated quantity. Dosage is most influenced by
output temporal averaging period. Larger output tempo-
ral averaging periods typically result in the total ash mass
in the atmosphere being spread over larger volume. In a
given grid box this can result in an increase or decrease
in concentration, C;, which may impact dosage if the
flight path coincides with the gridbox (Equation 1).

As a result of these structural choices, obtained mea-
surements of peak ash concentration can range over an
order of magnitude, spanning decision relevant threshold
values at specific times. For example, on 24 June 06:00
UTC it is possible to obtain peak ash concentration levels
ranging from 0.2 to 2.0 mg m > thresholds. Conversely,
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from multivariate sensitivity analysis to all three parameters (black solid lines). Relevant threshold limits are indicated by horizontal red

dashed lines.

dosage estimates typically range over a factor of 2 or
3 only.

For both peak ash concentration and dosage, the mul-
tivariate analysis demonstrates that, for certain flights,
model set-up choices can interact to increase the uncer-
tainty range. For example, at 06 UTC on 23 June 2019 a
combination of model set-up choices results in estimated
peak concentration values that exceed the 2 mgm >
threshold used in aviation flight planning whereas the
OAT testing do not.

3.2 |
choices

Finding acceptable structural

In this section we compare the peak concentration and
dosage values for each of the 120 NAME model simula-
tions against the simulation with the highest output spa-
tial and temporal resolution and a high particle release
rate (20 km spatial resolution, 1 h temporal averaging,
15,000/h particle release rate), hereafter the control simu-
lation. Here, the values from the simulations with the
range of structural choices outlined in Section 2.3.1 are
said to agree with the control simulation if they are

within a factor of 2 of the control simulation. Here, we
define FAC2 as the percentage of values that satisfy the
criteria,

0.5<C;/C. <20, (2)

where C; is the time series of 6-hourly peak concentra-
tion and dosage values from a simulation with a specific
set of structural choices and C. is the equivalent from the
control simulation. By definition, the control simulation
has a FAC2 value of 100% (hatched squares in Figure 4).

In Figure 4, the ability of each simulation to estimate
the peak ash concentration and dosage is displayed as
heat maps. Pale shades correspond to a high FAC2, and
dark shades correspond to a low FAC2. Each heat map
(6 x 4 grid) represents a constant hourly particle release
rate with variation of the output temporal averaging
period and the output horizontal grid resolution pre-
sented on the axis.

There is clear similarity in pattern between the heat
maps in which particle release rate exceeds 1000 particles
per hour (Figure 4 1B-E and 2B-E), suggesting relatively
small impact from varying the particle release rate above
this threshold. Whilst some simulations initiated with a
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FIGURE 4 FAC2 (Equation 2) for
along-flight peak ash concentration (left
column) and dosage (right column) for
all 120 model structural choices. Each
heat map displays FAC2 for varying
temporal averaging period and the
horizontal grid resolution, but fixed
hourly particle release rate. The different
particle release rate simulations are
shown from top to bottom (a—e). The
same colour scale is used in all heat
maps; pale shades correspond to a high
FAC2 while dark shades correspond to
low FAC2. Model structure setup choices
that are identified as being suitable
alternatives to the control simulation
(hatched box) are contained within the
boxes indicated with dashed black lines.

appears noisy. Thus, we consider model set-up with 1000
particles/h contain too few particles to produce a reliable
estimate of peak concentration. Note that the simulations

release rate of 1000 particles per hour obtain good agree-
ment with the control run (FAC2 > 75%, Figure 4
1A,2A), the sensitivity to different structural choices
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with 5000 particles/h are typically three times faster to
run than those with 15,000 particles/h so it is notable
that FAC2 >75% can still be achieved with the computa-
tionally cheaper simulations (with appropriate output
spatial resolution and temporal averaging).

The choice of output temporal averaging period (x-
axis in Figure 4) has significant impact on the perfor-
mance of the simulation for both peak concentration and
dosage estimates. An output time averaging period of 6 h
or longer leads to a FAC2 ranging from 35%-82% for
along-flight peak ash concentration estimates. Similarly,
FAC2 for the flight dosage estimates with averaging
periods of 6 h or longer range from 35%-88%, with
12 and 24 h temporal averaging producing FAC2 < 71%.
FAC2 for averaging periods <3 h do not vary signifi-
cantly. This suggests that output temporal averaging
periods of 3h or shorter are required to give reliable esti-
mates of peak concentration and dosage.

Finally, the choice of output horizontal grid resolu-
tion (y-axis in Figure 4) shows the smallest variability for
peak concentrations and almost no variability for dosage.
Decreasing the horizontal resolution decreases FAC2, but
by only a few percent (for particle release rates greater
than 1000 particles/h). FAC2 falls below 75% for peak

concentration estimates using the coarsest output hori-
zontal resolution (160 km) suggesting that this is not an
appropriate structural choice. Conversely, FAC2 remains
relatively high for dosage values.

Based on this analysis, the structural uncertainty in
peak concentration and dosage forecasts can be reduced
by eliminating model choices that do not result in an
accurate representation of peak concentration or dosage.
The restricted parameter values are hourly particle
release rate of 5000, 10,000, 15,000 and 20,000; temporal
averaging period of 1, 2 and 3 h and a spatial resolution
of 20, 40 and 80 km. These 36 model set-up choices are
highlighted in Figure 4 by dashed black boxes. Within
the reduced parameter space, the FAC2 of along-flight
peak ash concentration and dosage is > 76%.

The uncertainty of the reduced-parameter sensitivity
simulations as a function of time is shown in Figure 5. As
expected, the uncertainties in estimates of peak ash con-
centration and dosage are reduced throughout the time
series. In general, all model runs agree on the threshold
exceedance for along-flight peak ash concentration and
dosage. Thus, these choices of structural set-up result in
the reduced impact of structural uncertainty in the
decision-making process.
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It is noted that the new ICAO guidance stipulates that
forecast data is available at a horizontal resolution of 0.25
latitude x 0.25 longitude horizontal grid. This resolution
is situated between the 20 and 40 km spatial scale pre-
sented here. The guidance does not refer to a temporal
averaging period. However, the guidelines stipulate that
forecasts are available at 3-h increments and it would be
unlikely for the averaging period to exceed this time
period.

3.3 | Comparison with other sources of
uncertainty

In addition to structural uncertainties associated with the
model set-up choices, there are several other sources of
uncertainty. For example, uncertainties in the input 3D
wind fields and precipitation, the eruption source param-
eters and internal model parameterizations such as the
representation of turbulence and deposition. In this
section we compare the structural uncertainty to other
epistemic sources of uncertainty.

Capponi et al. (2022) performed NAME ensemble
simulations by perturbing nine parameters associated
with meteorological, eruption source parameter and
internal model parameter uncertainty. For the 2019 Rai-
koke eruption 11 1000-member ensembles were per-
formed iteratively. Each iteration uses satellite
observations to constrain the range of potential values for
each input parameter. Satellite observations from 24 June
2019 00:00 UTC were used to constrain the eighth itera-
tion of ensembles, hereafter ENS08 (Capponi &
Saint, 2022). Table 1 shows the parameters varied and
their ranges for ENS08. These parameters were chosen to
be varied following Harvey et al. (2018) and Prata et al.
(2019). It is interesting to note that there are a wide range
of parameters that give outputs that are considered a
close enough match to the satellite observations of ash
column loading. For all 1000 members in ENSO08, the
peak ash concentration and dosage along the SFO-ICN
route are calculated every 6 h. In Figure 6, the con-
strained time series of structural uncertainty is compared
to the ensemble range obtained from ENSO08.

First we compare the temporal evolution of peak ash
concentration and dosage for the SFO-ICN flights
(Figure 6). Both the peak concentration and dosage show
a delayed encounter with the ash cloud in the ENS08
simulations (occurring for flights departing 18 h later)
compared to the results in this study. As stated above, the
ENS08 simulations are constrained by satellite observa-
tions. Capponi et al. (2022) (their Figure 8C) show that
the satellite does not detect ash cloud in the vicinity of
the flight path at earlier times resulting in parameter

TABLE 1 Parameters sampled and their control and sampling
ranges for ENS08 in Capponi and Saint (2022).

Control Sampling range in
Parameter value ENSO08
Plume height (km) 12.45 9.12-26.91
MER factor 1 0.3-2.2
Ash density (kg m™) 2300 1120-2630
Source duration (h) 12 8-24
Distal fine ash 5 0.55-37.38
fraction (%)
Horizontal (vertical) 300 (100) 100-899 (33-299)
Lagrangian timescale
for free tropospheric
turbulence (s)
Standard deviation of  0.25 (0.1) 0.0025-2.7 (0.0001-
horizontal (vertical) 0.11)
velocity for free
tropospheric
turbulence (m s ™)
Standard deviation 0.8 0.27-1.74
(o) of horizontal
velocity for
unresolved mesoscale
motions (ms ')
Meteorological fields ~ Met office Met office global and

unified model  regional ensemble
global analysis  prediction system
members 0-17

values causing dispersion to this location being elimi-
nated by the satellite information.

Next we compare the uncertainty in peak concentra-
tion and dosage between the ENS08 simulations and the
results in this study. The uncertainty associated with
structural choices in the model (Figure 6, black lines) is
smaller than those associated with the constrained erup-
tion source parameter values and internal model parame-
ters (Figure 6, grey hatching). This suggests that, given
suitable choices for particle release rate, output temporal
and spatial resolution, other epistemic sources of uncer-
tainty (e.g., meteorological situation, plume height, ash
composition and representation of loss processes) are
likely to dominate peak concentration and dosage
predictions.

4 | CONCLUSIONS

This study presents an evaluation of the uncertainty in
volcanic ash concentration and along-flight dosage
caused by the structural choices within NAME. A suite of
simulations of the 2019 eruption of Raikoke are
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performed, and peak ash concentrations and along-flight
dosages along a westbound flight from San Francisco to
Seoul are calculated for FL350-500 (cruise altitude). A
high-resolution simulation with a horizontal resolution
of 20 km, temporal averaging of 1 h and a particle release
rate of 15,000 per hour is used as a control. In the control
simulation, at 00:00 UTC on 23 June 2019 the flight
encounters ash with peak concentration of 0.8 mg m™>
and a dosage of 2.6 g s m . These values are both above
the thresholds used to indicate the presence of ash by
ICAO (International Civil Aviation Organization, 2022).
To assess the relationship between peak ash concen-
tration and along-flight dosage we calculate these quanti-
ties for multiple flight routes through the same ash cloud.
A range of values were found for both quantities with
245 (68.0%) flights exceeding the 0.2 mg m > ash concen-
tration threshold and 128 (35.6%) flights exceeding the
1.4 g s m > dosage threshold. There is a weak correlation
between peak ash concentration and dosage demonstrat-
ing that both quantities should be considered when mak-
ing operational flight planning decisions. This supports
the work in Clarkson et al. (2016) that advocates the use
of dosage as a suitable metric for flight planning.
Analysis of a set of simulations that vary the number
of Lagrangian particles released per hour (1000-20,000/h),

output horizontal grid resolution (20-160 km) and
temporal averaging period (1-24 h) has been performed.
The range of structural choices that are suitable for fore-
casts of volcanic ash for aviation purposes is determined
by comparison to the high-resolution reference simula-
tion. Peak ash concentration is influenced most by the
number of particles released per hour whereas dosage is
influenced most by the temporal averaging period used.
Analysis of 17 flights, departing every 6 h after the
start of the eruption, shows that structural parameters
within the range 1-3 h temporal averaging, 20-80 km
horizontal grid and > 5000 particles released per hour
produce a good estimate of both the along-flight mea-
surements. Simulations with these choices result in
>75% of peak concentration and along-flight dosage
estimates that are within a factor of 2 (FAC2) of the refer-
ence simulation. Along-flight dosage is less sensitive to
the structural choices considered here than peak concen-
tration. This suggests that dosage is potentially a more
robust metric to use for flight planning as it is not influ-
enced as much as concentration by structural choices. It
is also interesting to note that FAC2 >75% can be
achieved with a particle release rate of 5000/h. These
simulations are typically three times faster to run than
those with 15,000 particles per hour. This suggests that
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one strategy for producing large ensembles needed to cre-
ate probabilistic forecasts may be to perform multiple
cheaper simulations with smaller numbers of particles
than are currently used in the deterministic set-up.

When comparing the impact of structural choices on
the peak concentration and dosage to the range found
using an ensemble of simulations that perturb nine erup-
tion source and internal model parameters produced for
Capponi et al. (2022), it is found that structural uncer-
tainty is smaller but not insignificant (up to approxi-
mately 20%) for both quantities. Thus, other sources of
epistemic uncertainty (e.g., plume height, mass eruption
rate and particle size distribution) are likely to dominate
predictions of peak concentration and dosage. This sug-
gests that, in the design of ensemble probabilistic fore-
casting methodologies, greater importance should be
placed on quantifying eruption source uncertainty than
structural uncertainty (provided suitable structural
choices are made). When producing production guidance
for quantitative forecasts for volcanic ash it would be
advised that temporal and spatial averaging scales for the
underlying dispersion simulations should also be
specified.

This study uses meteorological data that is most
suited to regional/intercontinental problems such as
modelling the transport of radioactive isotopes following
a nuclear accident and wheat rust spores. If higher reso-
lution meteorological data was used then different struc-
tural choices maybe required to achieve the same
accuracy in the dispersion forecasts. This maybe impor-
tant for smaller scale phenomena such as airborne ani-
mal diseases, smoke from fires and chemical accidents.
The results presented in this study are determined using
a Lagrangian dispersion model which tracks particles to
determine ash concentration. However, the results here
relating to temporal and spatial resolution are applicable
to Eulerian dispersion models, such as Ash3d (Schwaiger
et al., 2012), for long-range applications.

This study could be expanded to consider a variety of
different eruptions in different locations and to consider
a range of flight routes. Additional work could also be
performed to assess the relative importance of missing
processes to the overall uncertainty in the ash forecasts.
This work would hopefully be possible in the near future
with the inclusion of new parameterization schemes for
both aggregation and umbrella clouds in NAME (Beckett
et al., 2022; Millward et al., 2023).
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