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ABSTRACT: During volcanic eruptions, aviation stakeholders require an assessment of the
volcanic ash hazard. Operators and regulators are required to make fast decisions based on
deterministic forecasts, which are subject to various sources of uncertainty. For a robust decision
to be made, a measure of the uncertainty of the hazard should be considered but this can lead to
added complexity preventing fast decision making. Here a proof-of-concept risk matrix approach
is presented that combines uncertainty estimation and volcanic ash hazard forecasting into a
simple warning system for aviation. To demonstrate the methodology, an ensemble of 600
dispersion model simulations is used to characterise uncertainty (due to eruption source
parameters, meteorology and internal model parameters) in ash dosages and concentrations for a
hypothetical Icelandic eruption. To simulate aircraft encounters with volcanic ash, trans-Atlantic
air routes between New York (JFK) and London (LHR) are generated using time-optimal routing
software. This approach has been developed in collaboration with operators, regulators and

engine manufacturers; it demonstrates how an assessment of ash dosage and concentration risk
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can be used to make fast and robust flight-planning decisions even when the model uncertainty
spans several orders of magnitude. The results highlight the benefit of using an ensemble over a
deterministic forecast and a new method for visualising dosage risk along flight paths. The risk
matrix approach is applicable to other aviation hazards such as SO, dosages, desert dust, aircraft
icing and clear-air turbulence and is expected to aid flight-planning decisions by improving the

communication of ensemble-based forecasts to aviation.

KEY WORDS ash concentration; ash dosage; dispersion modelling; risk matrix; aviation; flight
planning; ensemble forecasting
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1. Introduction

Flight-planning decisions during volcanic eruptions pose many challenges to the aviation
industry. An important issue in the decision-making process is the economic impact of grounding
and re-routing aircraft during an eruption event and the potential for damage to the engines due
to flying in ash clouds at low concentration levels that do not cause an immediate safety risk.
While aircraft encounters with volcanic ash are a known safety issue (Casadevall, 1994; Prata
and Tupper, 2009; Guffanti and Tupper, 2015), there have been many incidents which suggest
that aircraft engines can tolerate low concentrations of ash without catastrophic engine failure. A
total of 131 incidents were reported between 1953-2009 and a further 122 were documented for
the period from 2010-2016 (Guffanti et al, 2010; Christmann et al., 2017). The increase in
documented aircraft encounters between 2010-2016 may be partly a result of better reporting
and the publicity of the 2010 Eyjafjallajokull eruption in Iceland. However, as the number of
aircraft flying in volcanically active regions around the globe continues to grow—Airbus
projects a doubling of passenger aircraft from 2017-2036 (Airbus, 2017)—the number of aircraft
encounters with volcanic ash and gas clouds are likely to increase with the potential to lead to
serious global economic impacts. In this paper a new way of calculating and communicating
volcanic ash forecasts which allows the aviation community to assess the risks associated with
flying along a given route and to make flight-planning decisions is presented.

The eruptions of Eyjafjallajokull (Iceland) in April and May 2010 had a profound economic
impact on the aviation industry. So much so that it prompted changes to the approach taken by
regulators towards flying in ash-contaminated airspace. At the time, the International Civil
Aviation Organization (ICAO) recommended that all encounters with volcanic ash clouds should

be avoided, regardless of the ash concentration (ICAO, 2007). This approach became
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unworkable during the crisis which put pressure on regulators to re-open controlled airspace
where ash concentrations were forecast to be low. In response, the UK Civil Aviation Authority
(CAA) in consultation with Rolls-Royce, the UK Met Office, international and European
regulators and aviation experts developed quantitative peak concentration limits (Witham et al.,
2012; Clarkson et al., 2016). Currently, the ICAO EUR/NAT (European and North Atlantic)
Volcanic Ash Contingency Plan uses peak concentration limits to define low (< 2 mg m?),
medium (2-4 mg m>) and high (> 4 mg m™) ash contamination levels (ICAO, 2016). The
European Aviation Safety Agency (EASA) and UK CAA have adopted these ash contamination
levels and operators are required to have a Safety Risk Assessment approved by their National
Aviation Authority before considering entering airspace forecast to contain medium or high ash
contamination levels (CAA, 2017).

The UK Met Office and Météo-France currently provide quantitative peak concentration
forecasts (defined in Section 2) as supplementary information to Volcanic Ash Advisories and
Volcanic Ash Graphics issued by the London and Toulouse Volcanic Ash Advisory Centres
(VAACGs), respectively. Peak concentrations, however, do not take into consideration the
situations where an aircraft may be flying through a low concentration ash cloud for a long
period of time, which may lead to engine damage (Wylie et al, 2017), or a moderate
concentration for a relatively short period of time, which may not lead to engine damage.
Volcanic ash dosages represent the accumulated concentration over time along an aircraft’s
route, thus accounting for the situations above.

Recently, Rolls-Royce announced an ash dosage threshold below which exposures will not
lead to significant reductions in flight safety margins (Rolls-Royce, 2017). Up to ash

concentrations of 4 mg m™ the threshold has been set at a dosage of 14.4 ¢ m™ s. This value was



79

80

81

82

83

84

&5

86

87

88

&9

90

91

92

93

94

95

96

97

98

99

100

101

Volcanic ash dosage and concentration risk

calculated based on the assessment that a Rolls-Royce engine should be able to maintain all
safety margins after spending 1 h in a concentration of 4 mg m™ or 2 h in a concentration of 2
mg m>. As a result of limitations set by EASA the appropriate dosage above 4 mg m™ has not
been defined. These recent developments motivate the need to develop a framework that
combines quantitative ash concentration forecasts with air route data to quantify ash dosages
along flight paths and their uncertainties.

The move to quantitative ash concentration limits has driven rapid development and
improvement in volcanic ash concentration forecasting (e.g. Stohl et al., 2011; Dacre et al.,
2011; Devenish et al., 2012; Millington et al., 2012; Webster et al., 2012). However, dispersion
model simulations are subject to various sources of uncertainty which are currently not taken
account of by operational deterministic forecasts. Communicating this uncertainty to aviation
stakeholders is of prime importance as this information can be used to make better-informed
decisions (Mulder et al., 2017).

The major sources of uncertainty in volcanic ash transport and dispersion models include
uncertainty in the eruption source parameters (e.g. mass eruption rate and plume height), internal
model parameterisations (e.g. wet deposition and free tropospheric turbulent mixing) and the
driving meteorology (Folch, 2012; Harvey et al., 2018). The challenge is then to develop a
robust methodology which accounts for these uncertainties objectively, but also allows for fast
decisions to be made by operators and regulators. Robust decisions from quantitative data require
a measure of their uncertainties. A common method for representing uncertainty in weather
forecasting is to develop an ensemble: a set of model realisations created by perturbing various
uncertain parameters used at the start of each model run (e.g. Palmer, 2002; Buizza et al., 2005;

Gneiting and Raftery, 2005). An ensemble (probabilistic) forecast allows for a robust decision as
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it can be used to quantify the likelihood of a certain event occurring. It is therefore logical to
extend ensemble forecasting methods to dispersion modelling of volcanic ash concentrations. An
example in the context of the ash—aviation problem would be the likelihood of the ash
concentration being above a certain threshold. However, too much (or too complex) information
can prevent a decision-maker from making a fast decision, which is generally a requirement in
operational settings. This issue is often referred to as ‘information overload’ and was raised as a
major concern by operators and regulators during and following the 2010 Eyjafjallajokull crisis.

The UK Met Office National Severe Weather Warning Service utilises the concept of a risk
matrix to communicate ensemble-based forecasts of severe weather events to the public (Neal et
al., 2014). Risk is defined as the product of the likelihood and impact of an event occurring. A
risk matrix is constructed by discretising likelihoods and impacts into different ranges and
assigning a risk severity to each combination of the impact and likelihood ranges. This approach
addresses the issue of information overload by condensing probabilistic information into
appropriate courses of action to be taken by the relevant stakeholders (e.g. the public, an airline
operator, emergency services etc.). In the present study, this approach is adapted to the ash—
aviation problem by considering ash dosage and peak concentration as impact and using
ensemble modelling to quantify their likelihood.

The aim of this paper is to develop a proof-of-concept methodology for implementing a risk-
based approach to flight planning; using ash dosage and concentration encountered by an aircraft
along its flight path (hereafter known as ‘along-route ash dosage and/or concentration’). To
generate ash concentration data, a hypothetical Icelandic eruption scenario resulting in ash
dispersal across the North Atlantic was simulated using the dispersion model used operationally

by the London VAAC (LVAAC). Trans-Atlantic air routes were generated using time-optimal
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routing software to simulate ash encounters permitting ash dosage calculations. An ensemble
dataset was developed (based on uncertainty in the meteorology, eruption source parameters and
internal model parameterisations) to estimate the likelihood of certain ash dosage and peak
concentration ranges. The ash dosage risk was then calculated for various flight routes to

demonstrate how airline operators might use this information.

2. NAME model setup

The Numerical Atmospheric-dispersion Modelling Environment (NAME; Jones ef al., 2007) is a
Lagrangian dispersion model used operationally by the LVAAC. The Lagrangian representation
of atmospheric dispersion within NAME allows for each model particle to be tracked as it is
advected by the three-dimensional wind fields. If the size (volume), shape and density of a
particle are known its mass can be calculated. Mass concentration fields are calculated in NAME
by dividing the total mass of particles in a given grid box by its volume.

In the present study, NAME (version 6.5) was used to simulate a hypothetical Icelandic
eruption using the default setup of the LVAAC. Ash (mass) concentrations were output onto a
global grid of 800 by 600, corresponding to a grid resolution of approximately 0.451 ° longitude
by 0.301 ° latitude (~40 km horizontal resolution), at 22 flight levels (FL) from FL0O0O to FL550
(1013.25 to 91.15 hPa) with a vertical resolution of 25FL. Note that flight levels are defined as
standardised pressure altitudes expressed in units of hundreds of feet and are based on the ICAO
standard atmosphere. The concentration fields were output every 6 h using a 6 h time average
with a total run time of 66 h. The eruption plume was defined as a uniformly distributed vertical
line source extending from the volcano summit to the eruption plume height and the particle
release rate was set to 15000 h!, which is consistent with the model set up at the LVAAC

(Witham et al., 2016). Finally, to convert to peak concentrations, the mean ash concentration
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fields output by NAME were multiplied by a factor of 10. This is known as the ‘peak-to-mean’
factor and has been adopted by the LVAAC to account for peak concentrations that cannot be
resolved by the NAME model (Webster et al., 2012). This model configuration is referred to as
the ‘thin layer’ setup hereafter and is equivalent to the ‘25FL layer scheme’ described in Webster
et al. (2012). The output from the thin layer setup in NAME was then post-processed to produce
the LVAAC’s ‘thick layer’ product. The ‘thick layer’ product was produced by dividing the
vertical grid into three flight level ranges (FLO00-FL200, FL200-FL350 and FL350-FL550) and
then setting the maximum ash concentration of the thin layers (25FL thickness) within each

range to the concentration of each thick layer (Figure 1).

2.1.  Meteorological data

The meteorological data that were used to drive NAME includes two datasets: an analysis dataset
produced by the Met Office Unified Model (MetUM; Cullen, 1993; Brown et al., 2012) and an
ensemble dataset produced using the European Centre for Medium-Range Weather Forecasts
(ECMWF) Integrated Forecast System (IFS) (Buizza ef al., 1999). The MetUM analysis fields
have a horizontal resolution of ~17 km and vertical resolution of ~0.7 km in the upper
troposphere/lower stratosphere (UTLS). The time resolution of the MetUM data is 3 hourly
alternating from analysis to forecast fields every 3 h. At time intervals smaller than 3 h, the
meteorology fields are linearly interpolated. The MetUM dataset was used to drive NAME for
the control run (described in Section 2.2). The ECMWF IFS (cycle 43r1) was used to create an
ensemble of forecast meteorology. These data were archived at a horizontal resolution of 16 km
(T1279 spectral truncation) and vertical resolution of ~1.4 km in the UTLS with a time
resolution of 3 h and forecast lead-time of 66 h. These data were then extracted onto a regular

latitude/longitude grid of 0.125 ° by 0.125 ° and the precipitation, surface stresses and sensible
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heat flux fields were post-processed so that they could be read in by NAME. To account for
uncertainty in the initial meteorological fields, the ECMWF IFS Ensemble Prediction System
(EPS) was used to produce a 20-member meteorological ensemble. The EPS utilises the singular-
vector approach (Buizza and Palmer, 1995) to perturb initial conditions in the meteorology and a
stochastic physics scheme (Buizza et al., 1999) to account for model uncertainty. The ECMWF
dataset was used to investigate four sources of uncertainty in dispersion modelling: eruption
source parameters, internal NAME model parameters, initial meteorological conditions and error

growth with increasing forecast lead-time.

2.2.  Icelandic eruption scenario

The parameters used to define an eruption in NAME are referred to as eruption source
parameters (ESPs). These include the timing, location, duration, plume height, geometry and
vertical ash distribution of each eruptive phase during an event as well as the mass eruption rate
(MER) and microphysical properties of the distal fine ash particles (shape, density and size
distribution). In the following, the control run ESPs for the Icelandic eruption scenario are
described.

An explosive eruption from an Icelandic volcano has the potential to release volcanic ash at
aircraft cruising altitudes. Depending on the weather conditions, this type of eruption could result
in widespread ash dispersal across the North Atlantic and neighbouring landmasses, disrupting
trans-Atlantic air-traffic. The Katla volcano (19.083 ° W, 63.633 ° N, 1490 m a.s.l.) was selected
for the eruption scenario as it is an active volcano in Iceland with the potential for an explosive
ash-rich eruption. The eruption plume height was set to 15 km a.s.l. with a duration of 16 h to
ensure significant ash dispersal at cruise altitude (~10 km). Following the current approach of the

LVAAC, the MER was calculated from the plume height using the empirically-derived Mastin et
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al. (2009) relationship. As the total grain size distribution is not modelled in NAME, the fraction
of mass due to fine ash (diameters < 100 um) must be considered. This is known as the distal
fine ash fraction (DFAF) and is also included as an ESP here. As the DFAF is the percentage of
mass assumed to remain in the atmosphere after an initial eruption, the MER is scaled by this
percentage. A DFAF of 5% was chosen as this is the default value used by the LVAAC for an
Icelandic eruption (Witham et al., 2016). Similarly, the LVAAC’s default ash size distribution
was used (see Witham et al., 2016 Table 1) and the shape of the particles were assumed to be
spherical.

The eruption start time was set to 1 January 2017 at 0300 UTC as during this time an upper-
level ridge had formed over Iceland and the North Atlantic Ocean. This winter-time weather
regime is representative of the W3 and W4 categories identified by Irvine et al. (2013) as
frequent modes of variability in the North Atlantic. This meteorological situation occurs one
third of the time during the winter months and is characterised by northerly flow from Iceland
and persistent anticyclonic flow over the North Atlantic. In this scenario, volcanic ash from an
Icelandic eruption is dispersed toward the south and circulated over the North Atlantic for
several days. Due to large scale subsidence there is very little precipitation in this scenario and so
the amount of wet deposition is expected to be small. The control run ESPs are summarised in
Table 1 and the evolution of the ash cloud over 66 h in the control run simulation for the thick

layer concentrations from FL350-FL550 is shown in Figure 2.

3. Ensemble simulations

There are many ways to represent uncertainty in model simulations. In this paper, an ensemble of
NAME simulations is created by varying the meteorology, ESPs and internal model parameters.

Latin Hypercube Sampling (LHS; Iman and Conover, 1980) is a statistical technique that can be

10



217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

Volcanic ash dosage and concentration risk

used to efficiently generate an ensemble which ensures orthogonality between input model
parameter sets. The LHS method was used to generate a Latin Hypercube with 9 dimensions (i.e.
9 dispersion model input parameters were varied) and was sampled 600 times resulting in an
ensemble of 600 members. These simulations were conducted on the JASMIN ‘super-data-
cluster’ (Lawrence et al., 2012) and took less than 1 h to complete for a 24-h ensemble forecast.
This runtime (and ensemble size) potentially allows an operational VAAC to provide 24 h
ensemble forecasts every 6 h; provided that they have sufficient computer resources and an
operational meteorological ensemble prediction system set up. All model parameters considered
in the LHS analysis were sampled from a uniform distribution. By sampling from a uniform
distribution, it is assumed that all values between their specified ranges are equally likely. The 9
model parameter choices (and their specified ranges) are listed in Table 1 and are described in

the following sections.

3.1.  Meteorological initial conditions and forecast error growth

It has been demonstrated that even for short lead-time forecasts (< 72 h) small differences in the
forecast wind fields can lead to large spread in the forecast ash clouds (Dacre and Harvey, 2018).
As described in Section 2.1, uncertainty in the initial meteorological fields as well as error
growth in the forecast fields were represented using the ECWMF dataset. These data make up a
20-member ensemble of meteorology. For the LHS sampling, ECMWF members were sampled
from a uniform distribution between 0 and 19. The random variable sampled from this range was
then rounded to the nearest integer. This index was then used to select (at random) an ECMWF

ensemble member for each of the 600 parameter sets.

3.2.  Eruption source parameters

11
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To represent the uncertainty associated with the ESPs, a range of uncertainty (i.e. maximum and
minimum values) was assigned to each control run ESP and then randomly sampled from a
uniform distribution between the specified ranges (Table 1). The plume height, DFAF and MER
were selected for the LHS analysis as output from NAME has been shown to be the most
sensitive to these parameters (e.g. Dacre et al., 2011; 2013; Harvey et al., 2018). The source
timing (i.e. eruption onset) and duration were chosen to illustrate how uncertainty in these
parameters can lead to uncertainty in the timing and location of the modelled ash cloud.

The ranges selected for each ESP were made based on typical ranges reported in the
literature (e.g. Mastin et al., 2009; Devenish et al., 2012; Dacre et al., 2013; Harvey et al., 2018).
It is acknowledged that there is a degree of subjectivity in these choices; however, their specific
values do not alter the methodology developed to implement a risk-based approach (described in

Section 6) that can be used for making robust and fast flight-planning decisions.

3.3.  Internal model parameters

Dacre et al. (2015) have shown that the internal model parameters used in NAME to represent
free tropospheric turbulence can significantly impact the vertical depth (thickness) of volcanic
ash clouds and hence peak concentrations. These internal model parameters were also
investigated by Harvey et al. (2018) and were demonstrated to be the largest internal model
parameter contribution to uncertainty in NAME output. To represent uncertainty in free
tropospheric turbulence, the standard deviation (o) and Lagrangian timescales (t) of the
horizontal and vertical velocity components were sampled from a uniform distribution using the
range specified in Harvey et al. (2018). The horizontal and vertical components of these
parameters were varied in proportion to each other so that the shape of the turbulent eddies

parameterised in NAME is preserved. It is also noted that the horizontal component of standard

12
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deviation of the free tropospheric turbulence was sampled on a logarithmic scale. Finally, the
standard deviation of the horizontal velocity for unresolved mesoscale motions was also sampled

from a uniform distribution following the ranges used in Harvey et al. (2018).

4. Along-flight ash dosage

To simulate aircraft encounters with volcanic ash, flight routes were generated using time-
optimal routing software developed by Irvine et al. (2016), which was based on the methodology
of Lunnon and Marklow (1992). The ‘flightCode’ program uses latitude and longitude pairs
representing the origin and destination airports for a given route, the constant true airspeed of the
aircraft and horizontal wind data at a given flight level. The code assumes that the aircraft is at a
fixed altitude and so take-off and landing are not considered. The output of flightCode is a set of
waypoints (latitude and longitude pairs) representing the fastest (time-optimal) route for the
specified airport pairs at a given instance in time given the prevailing wind at a given altitude.

In the present analysis, trans-Atlantic flights were generated assuming a constant true
airspeed of 250 m s! (900 km h') and the MetUM dataset was used to provide horizontal wind
data at FL350 (assumed to be the cruise altitude of the aircraft). The eastbound and westbound
time-optimal routes from New York (JFK) to London (LHR) were calculated for each time step
of the dispersion model output (i.e. at 6 h intervals for 11 time steps).

The along-flight ash dosage is defined as the ash concentration multiplied by the time spent
in that concentration (duration of exposure) along an aircraft’s flight path, which means that the

dosage, D, is expressed in units of grams per cubic metre seconds (g m? s):

13
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n
As;
i=1 i Va

n
i=1
where n is the number of dispersion model grid boxes intersected by the air route, At; is the
duration of exposure in the ith grid box, C; is the ash concentration of the ith grid box
intersected, As; is the distance travelled through the ith grid box and V, is the true airspeed of the
aircraft. This definition means that dosage always increases monotonically along the route and is
distinct from Peterson and Dean (2007) who use ‘ash exposure’ (g m?) to quantify the potential
damage to aircraft intersecting ash clouds and Prata and Prata (2012) who defined dosage as the
accumulated mass of ash (g) along an aircraft’s route. The definition adopted here (g m™ s) is
consistent with the definitions used in Kristiansen et al. (2015), Clarkson et al. (2016), Wylie et
al. (2017) and Prata et al. (2018); however, Clarkson et al. (2016) refer to dosage as a ‘dose’ in
their paper. All dosage calculations reported here assume that the modelled ash concentration
fields at a given time step are static (i.e. do not change with time) as the aircraft flies from the
origin to destination at its true airspeed. Note also that these ash concentrations correspond to the
post-processed ash concentrations at the FL350-FL550 thick layer level (described in Section 2)
and may result in overestimates of the along-route dosage at FL350 due to the application of the
peak-to-mean ratio and the approach of taking the maximum concentration of the thin layers

between FL350 and FL550 when determining the ‘thick layer’ concentration.
5. Representation of uncertainty
5.1.  Model agreement maps

The ensemble simulations (described in Section 3) were used to calculate the likelihoods of ash

concentrations exceeding different thresholds, based on output from NAME. Specifically, the

14
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likelihoods represent the percentage of ensemble members that predicted an ash concentration
above a certain peak concentration threshold. Based on discussions with regulators and operators
these likelihoods were split into three ranges: less likely (0—10%), likely (10-90%) and very
likely (90-100%). It is noted that while regulators and operators suggested a three-category
system, the actual values of these boundaries were chosen by the authors to illustrate the present
method. In an operational setting, these values may be altered by the user to reflect their risk
appetite. Given that these percentages represent the level of agreement between ensemble
members these maps are referred to hereafter as ‘model agreement maps’ and do not strictly
constitute likelihoods. For ensemble simulations to represent true likelihoods they should be
calibrated using past observations and forecasts. However, in order to illustrate the proof-of-
concept risk matrix method in this paper, uncalibrated ‘model agreement’ values are used to
represent ‘likelihoods’ (described in Section 6). The likelihood boundaries represented on the
model agreement maps, however, depend on the ash concentration threshold chosen. The choice
of threshold was raised in meetings with various aviation stakeholders and thresholds ranging
from 0.2-10 mg m™ were suggested.

To demonstrate how model agreement maps depend on ash concentration thresholds, four
model agreement maps (for FL350-FL550 at T+30) were generated; corresponding to four ash
concentration thresholds: 0.2, 2, 4 and 10 mg m™. Figures 3(a)—(d) show both the horizontal and
vertical model agreement maps for each of the peak concentration thresholds analysed. Note that
the vertical cross-sections were constructed by first calculating the time-optimal route at FL350
from JFK to LHR (return) and then calculating the ash concentration along this route for each

thick layer level. The ash concentration contours corresponding to each peak concentration

15
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threshold from the control run are also overlaid on Figures 3(a)—(d) to demonstrate where an ash
cloud boundary might be drawn for a single (deterministic) forecast.

The horizontal model agreement maps reveal regions where there is high confidence in the
location of the ash cloud and concentration and regions where there is low model confidence.
Figure 3(a) shows the 0.2 mg m™ ash concentration contour for the control run, which may be
used to determine the extent of a modelled ash cloud (Witham et al., 2012). The model
agreement map indicates that over the western part of the British Isles a considerable percentage
(>10%) of ensemble member simulations contained ash above 0.2 mg m whereas the control
simulation (black line) did not. This result demonstrates that, for this scenario, a single
(deterministic) model simulation would not have forecast ash concentrations above 0.2 mg m
over this region while the ensemble, which accounts for uncertainty in the deterministic
simulation, shows that ash over this region was ‘likely’ (10-90%). Comparison of the different
ash concentration thresholds demonstrates that when the threshold is increased the region of
uncertainty increases relative to the control run (deterministic forecast). This is illustrated by
Figure 3(d) where the control run contour of 10 mg m™ covers a small region over the middle
section of the westbound flight path and the ensemble indicates that ash concentrations above 10
mg m> are ‘likely’ (10-90%) over a larger region of the North Atlantic. The region of
uncertainty relative to the control run also increases with increasing ash concentration threshold
for the vertical model agreement maps, where this approach quantitatively shows the degree of
confidence in the model for ash concentrations at the three thick layer regions. In the bottom
panel of Figure 3(a), at approximately 5000 km along the route, the control run simulation

indicates ash at low altitudes; however, the model agreement contours indicate that > 10% of the
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ensemble members resulted in ash concentrations above 0.2 mg m™ at cruise altitude (FL350—
FL550 thick layer level).

In general, the area covered by each likelihood category was reduced as the ash concentration
threshold was increased (compare Figures 3(a)—-(d)); however, the uncertain region over the
western part of the British Isles remained largely the same for thresholds up to 10 mg m
(Figures 3(a)—(d)). This indicates that 10-90% of the ensemble members forecast ash

concentrations above 10 mg m~ over this region (Figure 3(d)).

5.2.  Model agreement along routes

The ensemble approach can also be used to represent the uncertainty in ash dosage calculations.
However, as the dosage is calculated along a flight path, the model agreement values are
displayed as the percentage of ensemble members that predict the dosage to be above a certain
dosage threshold along the air route. Figure 4(a) shows the model agreement along the route
from JFK-LHR (return) at FL350-FL550 and T+30 using the Rolls-Royce airworthiness
threshold of 14.4 g m? s. When the model agreement is calculated along the route, the likelihood
of the aircraft engine exceeding the dosage threshold increases along the route. For comparison,
Figure 4(b) shows the same model agreement along the route but for a doubling of the dosage
threshold (i.e. 28.8 g m> s). As with the ash concentration model agreement maps, when the
dosage threshold is increased, the likelihood categories are affected. For this example, when the
dosage threshold is doubled, the distance the aircraft can travel while remaining in the ‘likely’
category increased by a small amount while the distance travelled in the ‘very likely’ category
reduced (compare Figures 4(a) and (b) at the location of the westbound aircraft). This small

difference suggests that an operator may make a similar decision for both dosage thresholds for
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this particular scenario. However, for a different air-route or eruption scenario a change in the
dosage threshold may have more of an effect on the likelihood boundaries.

Displaying model agreement as maps and along air routes provides aviation stakeholders
with a new method for displaying ensemble-based ash concentration and dosage information.
While this approach has been demonstrated for the JFK—LHR route, operators could apply the
same analysis to different or multiple flight tracks. The main advantage in displaying the data
this way is that decision-makers are provided with information about the confidence of the model

forecasts, which may improve flight-planning procedures.

6. Risk maps and routes

While the concept of model agreement is useful in that it can be used to indicate the likelihood of
a given impact (e.g. ash concentration and dosage) at a certain flight level and time, multiple
figures must be generated for varying thresholds of interest and may prevent an operator from
making a fast decision due to information overload. A risk-based approach has been shown to
reduce this issue for other hazards by condensing the ensemble information into a single map
(e.g. Neal et al., 2014); thereby permitting multi-layered information in operational settings and

providing the users with the relevant information needed to make a decision.

6.1. Ash concentration risk matrix

To construct a risk matrix both the impact and likelihood of the hazard must be combined
(shown schematically in Figure 5(a)). For the ash concentration risk matrix, the impact was
defined based on the following ash concentration (C) ranges (inmgm3): 0.2 < <2,2<(C <
4 and C = 4. For the likelihood ranges, the same ranges in Section 5 were used: 0-10 % (less

likely), 10-90 % (likely) and 90—100 % (very likely); resulting in a 3 by 3 matrix (Figure 5(b)).
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The boxes in the risk matrix each correspond to a different combination of impact and
likelihood. Following the approach of Neal et al. (2014), each box was assigned a colour using a
three-colour warning system (yellow, amber and red). The colours then correspond to a decision
to be made or action to be taken by the stakeholder. For example, if it is very likely (90-100%)
that the peak concentration will be low (0.2-2 mg m?) the risk level is shown in the top left box
of the ash concentration risk matrix (Figure 5(b)). The decision of a flight-planner in this
situation might be to allow the aircraft to fly its scheduled route and continue to check updated
forecasts. On the other hand, if it is very likely (90-100%) that the peak concentration will be
high (> 4 mg m) the risk level is shown in the top right box of the matrix. In this situation a
different action might be taken such as re-routing the aircraft. To illustrate how the risk matrix
might be used to make fast and robust decisions, the following example actions were assigned to
each colour warning (Figure 5(¢)):

1) Yellow = Schedule route; check updated forecasts

2) Amber = Load more fuel; check updated forecasts; perform engine checks

3) Red = Consider alternative routes
Figures 6(a) and (b) show risk maps in the horizontal and vertical, respectively, for the same
valid meteorological time and altitude shown in Figure 3. Note that at each location on the risk
maps the colour warning corresponding to the maximum risk level is shown. For example, in a
location where the likelihood of the ash concentration exceeding 4 mg m™ is less likely (i.e. an
amber warning) and the likelihood of the ash concentration being 0.2-2 mg m? is likely (yellow
warning), the latter is ignored in favour of the higher risk level. The horizontal risk map (Figure
6(a)) shows that amber and red warnings would be issued for airspace over the western part of

the British Isles while the areas between Iceland and the British Isles and over large parts of the
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North Atlantic would be issued with red (high risk) warnings. In this situation, the decision for
aircraft planning routes over the amber regions of the risk map could be to load more fuel and
perform engine checks. Figure 6(b) shows that aircraft flying the time-optimal eastbound and
westbound routes between JFK and LHR at cruise altitude (FL350-FL550) would fly through
high risk regions; this means that alternative routes should be considered.

The risk-based approach to ash concentrations demonstrates how the four maps of Figure 3
can be condensed into one single figure, which can be used to make fast decisions and overcome
the issue of information overload for operators. It can also be used to see why each warning is
issued by illustrating which box in the risk matrix a particular location of interest corresponds to.
For example, the location annotated with a ‘+’ within the amber region southwest of the British
Isles in Figures 7(a) and (b) corresponds to the bottom right box in the ash concentration risk
matrix. This means that < 10% of the ensemble member simulations resulted in ash
concentrations greater than or equal to 4 mg m™ at this location. The risk-based approach allows
for multiple layers of information about the ensemble of ash concentration forecasts. This is
useful, for example, in an operational environment where a simple colour warning may be
required for operators and regulators to take fast or immediate action. Intermediate information is
displayed by identifying a location in the risk matrix. This allows decision makers to distinguish
between, for example, amber warnings generated from a less likely (< 10%), high impact (> 4

mg m~) forecast and a likely (10-90%), medium impact (2—4 mg m™) forecast.

6.2.  Ash dosage risk matrix

The ash concentration risk, however, does not consider the potential risk of flying through low
ash concentrations for long durations of exposure or the potential to fly through high ash

concentrations for short durations of exposure without experiencing engine damage. To account
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for these situations a dosage risk matrix was constructed (Figure 5(d)). The ash dosage, D,
impact was defined by the following ash dosage boundaries (in g m? s): 1.44 < D < 14.4,
144 < D <288 and D > 28.8 and the likelihood ranges were the same as those used for the
ash concentration risk matrix.

Figure 7(a) shows the along-route dosage risk corresponding to the dosage risk matrix
described above. Visualising the dosage risk along the route shows that an aircraft flying from
JFK to LHR return is predicted to encounter a region of high risk towards the end of the
eastbound section of the flight. In this case, a flight-planner may decide to ‘consider alternative
routes’ for the aircraft based on the red colour warning (Figure 5(c)).

This method can also be adapted so that both along-route dosage and peak concentration risk
are taken into account (Figure 7(b)). In this approach, the risk level corresponding to the higher
risk is selected. For example, in the section of the eastbound route between 40 ° W and 30 ° W
the peak concentration-based risk is higher than the dosage-based risk and so the route is
coloured according to the ash concentration-based risk level. This approach assumes that a high
peak concentration should be considered a high risk to the aircraft regardless of the duration of
exposure and is therefore more restrictive than using the dosage alone to determine the risk.
Current advice from Rolls-Royce is to perform engine checks if an aircraft is suspected to have
flown through peak concentrations greater than or equal to 4 mg m- and that dosages are a more
appropriate measure of engine susceptibility to volcanic ash (Clarkson and Simpson, 2017).

Figure 7(c) shows the full range (minimum and maximum) of possible along-route ash
concentrations and dosages generated from the ensemble for an aircraft flying through the thick
layer level (FL350-FL550) at T+30. The range of dosages produced by the ensemble was from

4.5-2000 g m> s (median of 160 g m* s) and the range of peak ash concentrations was from 0—
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670 mg m> (ensemble median maximum of 38 mg m™). Analysis of the probability density
functions (PDFs) of the maxima of the along-route ash concentration and dosage shows that
these variables follow lognormal distributions (Figures 8(a), (b)). The along-route ash
concentration and dosage ensemble maxima (upper bounds of the shaded regions in Figure 7(c))
are therefore representative of rarely occurring extreme values. The occurrence of extreme
values in the ensemble, however, does not preclude the use of a risk matrix. To understand how
the risk warning is determined from the distribution of the ensemble, these data can be
represented by ‘risk PDFs’ (Figures 8(c), (d)) using ash concentration and dosage risk matrices.
Here the elements of the risk matrix are assigned numerical values (1-9) and the highest risk
value intersected by the distribution (re-binned according to the risk matrix impact boundaries)
determines the risk level. This approach has recently been suggested for a probabilistic, multi-
level wildfire warning system in Chile (Dacre et al., 2018). An alternative, less conservative,
approach could be to use the mean or modal risk level. Figures 8(c) and (d) show that while
extreme values are present in the ensemble, the majority (> 90%) of the along-route ash
concentration and dosage maxima also exceed the maximum impact boundaries of the risk
matrices (defined in Sections 6.1 and 6.2). Therefore, one could be confident in a red risk
warning issued for the maximum ash concentration and dosage encountered along a return route
from JFK-LHR at FL350-FL550 and T+30. The advantage of this third layer of information is
that the forecaster can identify when the risk warning is due to outliers (i.e. a small number of
ensemble members predicting a high impact) and when the risk warning is confident (i.e. all
members predicting the same impact). Thus, even though the LHS dispersion model ensemble

members spanned several orders of magnitude in both the along-flight ash concentration and
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dosage, the risk-based approach can still be used by flight-planners to make fast and robust

decisions.

7. Discussion and conclusions

The methodology described in this paper has been developed to show how a dispersion
model ensemble can be used to make fast and robust decisions during a hypothetical Icelandic
eruption scenario. The ability to make fast decisions, however, is contingent upon the forecast
service organisation having the computer resources necessary to conduct an ensemble forecast in
a short period of time. The method was applied to both volcanic ash concentrations and dosages.
To permit dosage calculations, aircraft routing software was used to generate time-optimal
eastbound and westbound trans-Atlantic flights from New York to London through a simulated

ash cloud over the North Atlantic.

To characterise the likelihood of certain ash concentration and dosage thresholds, the
concept of model agreement was used. Model agreement values rely on setting ash concentration
and dosage thresholds and were shown to be useful in visualising model confidence. Comparison
of the control run and the model agreement maps highlighted the importance of quantifying the
uncertainty in a deterministic forecast with an ensemble. In an operational context, these maps
could be used to plan flight paths closer to the ash cloud boundary in regions where model
confidence (agreement) is high than in regions where model confidence is low. This method is an
improvement to the subjective approach where the decision-maker infers their own uncertainty
by drawing a buffer (typically of uniform distance) around the deterministic ash cloud boundary

to indicate their perceived confidence in an ash concentration forecast (e.g. Mulder et al., 2017).
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To address the issue of information overload, risk matrices for both ash concentration and
dosage were constructed. These were used to demonstrate how fast decisions can be made when
taking uncertainty information into consideration. The risk matrix relies upon two key choices:
the choice of the likelihood boundaries and the choice of the impact (dosage and/or ash
concentration) boundaries. The choice of the likelihood and impact boundaries shown here were
based on discussions with aviation stakeholders and illustrate how this method can be
implemented. In an operational setting, these boundaries would be set prior to an eruption by the
user to reflect their risk appetite. One of the key advantages of this approach is that it allows the
user to make decisions even when faced with large sources of uncertainty in the model forecasts.
Additionally, visualising the dosage risk along the aircraft’s route may be useful on an airline

operator fleet-scale where multiple risk routes are viewed on the same map.

The risk-based approach also encompasses varying levels of complexity. As shown with
the amber region example, an aircraft pilot may just require a colour warning to respond to the
hazard, while a dispersion modelling expert can query further to see what combination of
likelihood and impact caused the colour warning. A third step can be taken by looking at risk
probability density functions to identify when the risk warning is a result of outliers in the
ensemble and when the risk warning is confident. To effectively communicate this approach to
aviation stakeholders, the Volcanic Dosage And Risk Tool (VDART) has been developed

(accessible at http://www.met.reading.ac.uk/ash-dosage). The VDART interface has been

designed as a demonstration tool to illustrate how probabilistic forecasts of ash concentration and
dosage risk can be used to make fast and robust decisions. The web-tool was developed in

collaboration and consultation with aviation industry regulators, operators, engine manufacturers

24



524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

Volcanic ash dosage and concentration risk

and the UK Met Office and takes advantage of interactive data visualisation to communicate

uncertainty information.

Finally, this approach could potentially be applied to historical eruptions or extended to
other aviation hazards such as SO, and desert dust dosages or meteorological hazards such as
aircraft icing and clear-air turbulence. In cases where the model parameters are well constrained,
the ensemble could also be used for post-analysis when an engine manufacturer or airline

operator is trying to diagnose the likely range of dosages their engines have been exposed to.
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Tables
Parameter Control value Sampling range
Plume height (km) 15 13to 17
Mass eruption rate factor 1 1/3to 3
Source duration (h) 16 6 to 26

Source timing (UTC) 0300 1 Jan 2017 0300 to 1300 1 Jan 2017
Distal fine ash fraction (%) 5 1to 10

Horizontal (vertical) Lagrangian 300 (100) 100 to 900 (33.33 to 300)
timescale (7) for free tropospheric

turbulence (s)

Standard deviation (o) of horizontal | 0.25 (0.10) 0.0025 t0 2.5 (0.001 to 1)
(vertical) velocity for free

tropospheric turbulence (m s!)

Standard deviation (o) of horizontal | 0.8 0.27t0 1.74

velocity for unresolved mesoscale

motions (m s™)

Meteorological fields MetUM analysis ECMWF members 0 to 19

Table 1. Control run parameters selected for Latin Hypercube Sampling.
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686  Figure 1. Schematic showing the difference between the thin layer and thick layer LVAAC setup of NAME.

33



687

688

689

690

691

A. T.Prataet al.

2017-01-01 0900 UTC (T+6) 2017-01-01 1500 UTC (T+12)

petle F— Pt olas

2017-01-01 2100 UTC (

g ¢ >
c S~—5 ‘

Ash concentration [mg m=3]

—— 250 hPa geopotential height [dam] < ] ]
0.2 2 4 6 8 10

Figure 2. Ash concentrations for the control run simulation for the Katla (indicated by the red triangle) eruption
scenario with 250 hPa geopotential height contours overlaid. The control run start time is 0300 UTC on 1 January
2017. Concentrations have been post-processed to produce the LVAAC's thick layer product from FL350—FL550.

(a) 6, (b) 12, (c) 18, (d) 30, (e) 48, (f) 66 hours after eruption.
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Figure 3. Percentage of ensemble members at T+30 that resulted in ash concentrations above (a) 0.2 mg m=, (b) 2
mg m>, (¢) 4 mg m3 and (d) 10 mg m™. Each panel shows the geographic model agreement and the relevant ash
concentration contour for the control run (black line) at the FL350—FL550 thick layer level (top) and the vertical
cross-section of model agreement and the relevant ash concentration contour along the JFK-LHR and LHR-JFK

time-optimal routes (bottom).
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Figure 4. Percentage of ensemble members that resulted in ash dosages above (a) 14.4 gm™s and (b) 28.8 gm™s.
Percentages have been calculated along the time-optimal eastbound and westbound flight routes between JFK and

LHR at T+30 for the FL350-FL550 thick layer level.
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Risk = Impact x Likelihood
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703

704 Figure 5. Schematic showing (a) a generic risk matrix, (b) how the ash concentration risk matrix was constructed, (c)
705 example actions that could be taken by a decision-maker in response to a yellow, amber or red warning and (d) how

706 the ash dosage risk matrix was constructed.
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Figure 6. (a) Horizontal ash concentration risk map for the thick layer level (FL350-FL550) at T+30. (b) Vertical
risk maps for each thick layer corresponding to the return JFK—LHR route (plotted on (a)) at T+30. The “+’

annotated on the risk matrix (inset of (a)) corresponds to the risk level at the location of the “+’ on (a) and (b).
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Figure 7. (a) Dosage risk for the New York (JFK) to London (LHR) trans-Atlantic air-route at T+30 and thick layer

level FL350-FL550. (b) Dosage and ash concentration risk for the same route in (a). (c) Along-route ash

concentration and dosage. Values annotated are the ensemble median maximum values correct to two significant

figures; shaded regions correspond to minimum and maximum of the ash concentration and dosage.
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Figure 8. Normalised probability density functions (PDFs) of the maxima of the (a) along-route ash concentration
and (b) along-route dosage for the return air-route from New York (JFK) to London (LHR) at T+30 and thick layer
level FL350—FL550 (lines plotted over each histogram indicate a Lognormal distribution fit). The ‘risk PDFs’
corresponding to the distributions shown in (a) and (b) are illustrated in (c) and (d), respectively. Note that the
numerical values annotated on (c¢) and (d) indicate the risk level, with the risk issued shown in bold). The pink and
blue histograms plotted over the risk matrix have been re-binned according to the impact boundaries shown in

Figure 5.
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