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Abstract: Improved quantitative forecasts of volcanic ash are in great demand by the aviation
industry to enable better risk management during disruptive volcanic eruption events. However, poor
knowledge of volcanic source parameters and other dispersion and transport modelling uncertainties,
such as those due to errors in numerical weather prediction fields, make this problem very challenging.
Nonetheless, satellite-based algorithms that retrieve ash properties, such as mass load, effective
radius, and cloud top height, combined with inverse modelling techniques, such as ensemble filtering,
can significantly ameliorate these problems. The satellite-retrieved data can be used to better constrain
the volcanic source parameters, but they can also be used to avoid the description of the volcanic
source altogether by direct insertion into the forecasting model. In this study we investigate the
utility of the direct insertion approach when employed within an ensemble filtering framework.
Ensemble members are formed by initializing dispersion models with data from different timesteps,
different values of cloud top height, thickness, and NWP ensemble members. This large ensemble is
then filtered with respect to observations to produce a refined forecast. We apply this approach to 14
different eruption case studies in the tropical atmosphere. We demonstrate that the direct insertion
of data improves model forecast skill, particularly when it is used in a hybrid ensemble in which
some ensemble members are initialized from the volcanic source. Moreover, good forecast skill can
be obtained even when detailed satellite retrievals are not available, which is frequently the case for
volcanic eruptions in the tropics.

Keywords: volcanic ash; dispersion modelling; inverse modelling; ensemble modelling; quantitative
forecasts; satellite retrievals; data insertion; data assimilation; ensemble filter

1. Introduction

Because of the risks posed by airborne volcanic ash to flying aircraft, dispersion model
forecasts of ash concentrations in distal plumes generated by volcanic eruptions are in
great demand by the aviation industry. Such information enables airline operators to
better manage the risk of flying during volcanic eruption events [1]. Forecasting airborne
ash concentrations is, however, not an easy task because the amounts of ash released
during volcanic eruptions are generally not accurately known, and errors in estimating
mass eruption rates can therefore be substantial [2]. In addition, appropriate model source
parameters describing the spatial, temporal, and particle-size distributions of airborne ash
are also not accurately known [3].

In recent years, however, the advent of improved satellite sensors, such as Himawari-
8 [4] and advanced remote sensing algorithms [5–9], have enabled better characterization of
the source by employing inverse modelling algorithms [3,10–25]. These algorithms provide
improved estimates of source parameters by making use of satellite-based retrievals of
quantities such as ash mass load, effective particle radius, and cloud top height. In the trop-
ics, satellite retrievals are frequently not possible because of the presence of obscuring ice
and water clouds [26], but training datasets comprised of retrievals from past eruptions [27]
can still be used to predict possible ranges of source parameters even when retrievals are
not available in real time [3].
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In this study, we aim to further improve the performance of the ‘inversion’ algorithm
described by Zidikheri and Lucas [24]. Because it is a type of ensemble filter (as described
further below), it is ideally suited for use within an ensemble ash forecasting system,
such as that currently employed operationally by the Australian Bureau of Meteorology’s
Darwin Volcanic Ash Advisory Centre (VAAC Darwin). The ensemble members in this
algorithm are created by sampling the uncertainty in the source parameters and the Nu-
merical Weather Prediction (NWP) fields used by the ash forecasting dispersion model (the
uncertainty in the NWP fields is represented by an ensemble NWP model). The filter then
accepts or rejects ensemble members based on their degree of agreement with available
satellite observations, which can be detailed retrievals of ash properties or even simple
forecaster-generated ash polygons when retrievals are not available. The accepted members
are then used to generate a refined forecast.

Despite these advantages, the formulation of Zidikheri and Lucas [24] does have some
shortcomings. Because of the simple formulation of the source term, it cannot accurately
reproduce patterns of variability arising from complex spatial and temporal variations
of the source. Errors in NWP fields not captured by the NWP ensemble and inaccurate
representation of processes, such as wet removal, can also limit the degree of agreement
between the model and satellite retrievals. These problems become especially acute in long-
lived eruptions; in such events, the time difference between the start of the eruption and the
forecasting period might be long to the extent of making the algorithm impractical for use
in routine operations. For such events, a more practical solution is to initialize the model
directly from recent satellite observations rather than from the volcanic source, which both
minimizes the effect of propagated model errors in the forecast and the simulation run
time. This approach was pursued by Wilkins et al. [28–30]; they call this approach ‘data
insertion’, which is a terminology we adopt in this study.

The data insertion approach is not without problems, however. Retrievals inevitably
contain errors, and because observations are directly inserted in the dispersion model, the
errors will be directly ingested and propagated forward in time. In contrast, in a volcanic
source-based inverse modelling framework such as used by Zidikheri and Lucas [24],
the effect of errors at specific points in the retrievals, although influencing the results,
will tend to be damped because the simulated and observed fields are only matched in a
statistical sense (for example, by minimizing the least-squares deviation or maximizing
the pattern correlation), and the simulated fields are strongly constrained by the source
term and NWP fields. To ameliorate this problem and following Wilkins et al. [29], we
initialize the dispersion model using retrievals at different timesteps. In this study, however,
we take the further step of using ensemble filtering to remove members initialized from
a given timestep that are not in good agreement with observations at later timesteps.
This has the effect of damping model errors due to observation errors because members
initialized with observations containing significant errors will be less likely to be retained
by the filter (i.e., only observations that are consistent with each other will be retained).
Another difficulty with the data insertion approach is that the thickness of the ash cloud
is generally not known; satellite retrievals only yield the cloud top height. To initialize
the dispersion model with such information, the thickness must be specified in an ad hoc
fashion; for example, Wilkins et al. [29] assume values in the range 0.5–2.0 km. In this
study, however, provided that more than one observation time is available, we again take
advantage of ensemble filtering to estimate the thickness; ensemble members with variable
cloud thickness are constructed and members with cloud thickness inconsistent with the
subsequent observations are rejected.

Satellite retrievals are frequently not available in the tropics for various reasons [26].
In many such situations, however, detections in the form of forecaster-generated coordinate
polygons are available. In these cases, it is possible to use the empirically estimated volcanic
source parameters computed by Zidikheri and Lucas [3] to estimate the total retained mass
in the distal cloud, and how it is distributed among different particle sizes, provided that
the eruption height and elapsed time from the start of the eruption are known. Another
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factor to consider when directly inserting satellite observations is that the observations
might completely miss a portion of the ash cloud because of the presence of obscuring ice
and water clouds for example. In such cases, the volcanic source-based approach has some
advantage because ash particles get propagated directly from the source and the ash cloud
coverage is not completely dependent on the observations. We hypothesize, therefore, that
it might be advantageous to combine both initialization approaches by creating a hybrid
ensemble employing both types of initialization methods and then using ensemble filtering
to reject ensemble members that perform poorly within the observation time window.

We consider these different approaches to model initialization in this study (i.e.,
volcanic source, direct data insertion, and the hybrid scheme, using both detections and
retrievals) and evaluate the results based on 14 case studies from the tropical VAAC Darwin
domain of responsibility [27]. We show that directly including data insertion can positively
impact model forecast skill in these case studies, particularly when ensemble members
employing volcanic source-based initialization are also included in the initial ensemble to
form a hybrid ensemble initialization scheme. The rest of this paper is structured as follows.
Section 2 describes the methodology in more detail. Section 3 describes the eruption case
studies and experimental setup. Section 4 describes the results, which is mainly focused
on the mass load fields. We have also included a supplementary section that evaluates
the results obtained for the effective radius and cloud top height fields, which were not
included in the main manuscript in the interests of conciseness. Section 5 contains a
comprehensive summary and discussion, while Section 6 contains the conclusions.

2. Methodology
2.1. Introduction

In this paper, two fundamentally different volcanic ash model initialization schemes
for ensemble members are considered, namely volcanic (cylindrical) (the runs abbreviated
as SRC in Table 1) and distal, the latter based on direct insertion of satellite data. For
distal initialisation, two kinds of satellite-based data are considered, namely detections
and retrievals, the latter comprising mass load, effective radius, and cloud top height fields.
When retrievals are employed, the mass load and effective radius fields are directly used to
construct the initial ash distribution as shown in Section 2.3.2. In this case, the cloud top
height may either be set to the retrieved values (the runs abbreviated as DIST (retrieval)
in Table 1), or it may be based on a rescaled version of the retrievals in which the maximum
height is varied (the runs abbreviated as DIST(VARH) (retrieval) in Table 1). On the other
hand, when retrievals are not available, which is frequently the case in the tropics (the
main region of focus of this study), then detections are used for distal initialization. In
that case, the detailed distribution of ash in the distal cloud is not known, but as shown
in Section 2.3.2, the average mass and particle size distribution can be crudely estimated
from the eruption height, the elapsed time relative to the start of the eruption, and the
optimal source parameter values. As shown by Zidikheri & Lucas [3], the source parameter
values can be estimated from a training dataset of past eruptions and are dependent on the
eruption height. Without retrievals, the initial cloud top height is assumed to be spatially
uniform, and its value treated as a variable (the runs employing this method are indicated
as DIST(VARH) (detection) in Table 1). Finally, as alluded to in the introduction, a hybrid
scheme in which some ensemble members are initialized with a volcanic source and others
by a distal source is also considered (the runs abbreviated as SRC-DIST in Table 1). Note
that in the hybrid scheme, the distal source cloud top heights are varied (they are of type
DIST(VARH) rather than DIST).
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Table 1. A summary of the different model initialization methods (each associated with either satellite-based retrievals or
detections), type of filtering observations, variable independent parameters, and the number of ensemble members used
during the analysis phase in this study. The second number in brackets for the cylinder source in the last column indicates
that more ensemble members were used in a few case studies. In these case studies, in which ash was released continuously
over a period of several days, not only was the eruption height varied but so was the start time. This was done because the
eruption start time was several days in the past relative to available observations and, therefore, it was not viable to start the
simulation at the eruption start time. This approach is described in detail by Zidikheri et al. [23].

Variant Name Initialization Type Filtering
Observations

Sampled (Variable)
Parameters

Number of
Analysis Ensemble

Members

1 SRC (retrieval) Cylinder source Retrievals and
detections Cloud top height (HT) 240 (720)

2 SRC (detection) Cylinder source Detections Same as 1 Same as 1

3 DIST (retrieval) Distal (retrieval; top
height fixed)

Retrievals and
detections

Initial time (td) Cloud
thickness (∆H) 480–1200

4 DIST(VARH)
(retrieval)

Distal (retrieval; top
height varied)

Retrievals and
detections

Initial time (td)
Cloud top height (HT)
Cloud thickness (∆H)

Same as 3

5 DIST(VARH)
(detection) Distal (top height varied) Detections Same as 4 Same as 3

6 SRC-DIST
(retrieval)

Cylinder source and distal
(retrieval; top height varied)

Retrievals and
detections Same as 4 1200–2640

7 SRC-DIST
(detection)

Cylinder source and distal
(detection; top height varied) Detections Same as 4 1200–2640

8 SRC(10×) Cylinder source Detections Same as 1, 2 2400 (7200)
9 Reference Simple line source - - 24

In each initialization scheme (SRC, DIST, DIST(VARH), and SRC-DIST), ensemble
members are formed by perturbing relevant source parameters and making use of an
ensemble of NWP fields. Each run has an analysis phase and a forecast phase. During the
analysis phase, ensemble members are either accepted or rejected based on their degree of
agreement with observations; accepted members are then run forward for the duration of
the forecast. When retrievals are available, the ensemble members are filtered with respect
to the three retrieved fields and the detection field (i.e., four fields in total); when retrievals
are not available, the filtering is with respect to the detection field only. These consider-
ations lead to seven possible variants accounting for different initialization schemes and
two possible kinds of filtering observations: (1) cylindrical volcanic distal source filtered
with retrievals (SRC (retrieval)); (2) cylindrical volcanic distal source filtered with detec-
tions (SRC (detection)); (3) distal source based on retrievals, including cloud top height,
and filtered by retrievals (DIST (retrieval)); (4) distal source based on retrievals in which
the retrieved cloud top height is varied and then filtered with retrievals (DIST(VARH)
(retrieval)); (5) distal source based on detections (height also varied) and filtered with de-
tections (DIST(VARH) (detection)); (6) volcanic and retrieval-based distal source combined
into a hybrid scheme and filtered by retrievals (SRC-DIST (retrieval)); and (7) volcanic
and detection-based hybrid scheme filtered by detections (SRC-DIST (detection)). Two
additional runs are also performed, the first of which is based on the cylindrical source
formulation filtered by detections. This run (abbreviated as SRC(10×)), however, contains
ten times the number of ensemble members of the corresponding SRC runs. The aim of
this run is to understand the possible impact of ensemble size on the presented results.
Finally, we employ a reference run to evaluate the skill of the different experimental runs
(1–8). For this control run, we use a simple line source with uniform mass in the vertical
and no ensemble filtering, as employed in many operational centres.
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2.2. Observations

A key ingredient in this study is the use of observations to initialize, filter, and finally
verify the model results. We use satellite retrievals of mass load, effective radius, and
cloud top height obtained from the National Oceanic and Atmospheric Administration
(NOAA)’s VOLcanic Cloud Analysis Toolkit (VOLCAT) remote sensing software for this
purpose [7–9]. We use the data in two ways in this study. In the first approach, for the
purposes of initializing and optimizing the model, we treat the data semi-qualitatively
and construct binary fields with values of 1 where there are valid retrievals (values greater
than zero) and 0 elsewhere (we treat these as ‘clear sky’). These data are referred to as
‘detections’ in this study in contrast to ‘retrievals’, which refer to the detailed mass load,
effective radius, and cloud top height fields. The objective of this procedure is to replicate
frequent situations in practice where there are no real-time retrievals available for a variety
of reasons such as ash clouds that are too optically thin or thick or the presence of convective
clouds, which is especially common in the tropics. In many such situations, forecasters can
manually identify the spatial extent of ash clouds in satellite imagery despite the failure
of the retrieval algorithms. We therefore take the VOLCAT detections to be proxies of
forecaster-identified ash boundaries in a real-time eruption scenario. We also initialize and
filter the ensemble using detailed retrievals and compare the results obtained with the
results obtained using only detections. It should be noted that when the data are used for
verification, it is always the detailed retrieved data that are used, regardless of whether
detections or retrievals are used for initialization and filtering.

2.3. Dispersion Model Details

The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model is used
as the forward model in this study. HYSPLIT is a Lagrangian model that transports and dis-
perses model particles introduced at the source by gridded wind fields and turbulence [31].
The gridded wind fields are provided by the Australian Bureau of Meteorology’s ACCESS-
GE ensemble NWP model, which in the version used in this study comprises 24 members
that represent uncertainty in the NWP fields [32,33]. As alluded to in the introduction and
in Section 2.1, two different approaches to representing the ash source term are considered
in this study, as described in Sections 2.3.1 and 2.3.2 below. Having been introduced
into the model at the source, ash is removed by dry deposition at the surface. Airborne
particle sedimentation is modeled by the Ganser formulation, with particles falling at rates
determined by their shape and size [34]. The shape factors are set to a uniform value of
0.8 [34] while the particle size distribution is described in Sections 2.3.1 and 2.3.2. In this
study, we focus on case studies with good satellite retrievals over most of the ash cloud,
which is generally associated with clear viewing conditions. Wet deposition is, therefore,
not explicitly modeled as it is unlikely to play a significant role under such conditions. A
maximum of 10,000 particles are employed for most experiments in this study, except for
the reference runs (see Table 1 and Section 3), which employ a maximum 100,000 particles to
enable better correspondence with the operational version of the model. The computational
grid sizes were set to 0.1 degrees in the horizontal and 1 km in in the vertical.

2.3.1. Volcanic Source

Firstly, a cylindrical source with diameter D is used, in which ash is released at time
ts = t0 + t0, where t0 is the eruption start time and ∆t0 is the start-time lag accounting for
umbrella cloud effects, to a top height, HT , base height, HB = H0, where H0 is the volcano
summit height, for a duration τ corresponding to the eruption duration. The ash mass
emission rate is given by

.
M f = ε

.
M, where ε is the fine-ash fraction and

.
M is the mass

eruption rate computed from the Mastin relationship [2]. The ash mass distribution is
assumed to follow an offset Gaussian distribution in the vertical whose shape is described
by the umbrella cloud height µh, depth δ, and umbrella-to-column mass ratio β; the particle
size mass distribution is taken to be log-normal with variability described by the mean
particle radius µr [3]. The eruption top height, HT , uncertainty range is generally deter-
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mined by satellite brightness temperature analysis. When only ash detection observations
are available, only the uncertainties in HT , ∆t0 and D are used in constructing the initial en-
semble; optimal (deterministic) values as computed empirically by Zidikheri and Lucas [3]
are employed for the other parameters. When retrievals are available, the uncertainties
in the parameters µh, δ, β, ε, and µr are also used. The reason for the different treatment
depending on observation type is explained in detail by Zidikheri and Lucas [3]; essentially
the latter set of parameters do not affect the simulated detections very much and, therefore,
sampling error becomes a significant problem when the uncertainties in these parameters
are used to form ensemble members.

2.3.2. Distal Source

In addition to the cylindrical volcanic source described in Section 2.3.1, a distal ash
initialization method, based on direct insertion of satellite data, is also considered in this
study. In this approach, ash is released in the model at N model grid locations, labelled by
the vector x, chosen to represent as best as possible the region in which there is detected ash
in the observations. Ash is released over an area corresponding to the grid size from each
point for a short duration τ′, chosen to be less than the model time step, which essentially
means that the release is instantaneous as far as the model time evolution is concerned.
Note that the satellite observations cannot completely determine the vertical extent of the
ash cloud. The cloud top height hT(x) can be estimated from satellite retrievals of cloud top
height (interpolated onto the model grid), η(x), when available, by hT(x) = HTη(x)/η0,
where η0 is the maximum retrieved height. The parameter HT is the cloud top height at the
location where η(x) is maximal and is treated as an uncertain parameter to be optimized in
the DIST(VARH) formulation (see Table 1). When we fix HT = η0, then hT(x) = η(x), so
the model cloud top height is just the retrieved height, this is called the DIST formulation.
When retrievals are not available, we assume that η(x) is constant throughout the ash cloud
(i.e., η(x) = η0) and estimate the uncertainty in HT from satellite brightness temperatures
(which are assumed to be always available) by simply finding the NWP model height that
best matches this brightness temperature. This is a commonly used technique operationally
and works reasonably well when the ash cloud is very optically thick, which is usually the
case during the very early stages of an eruption. Note that the goal of this procedure is to
find a crude estimate of the possible cloud top height; the uncertainty in this initial estimate
can frequently be reduced by ensemble filtering with respect to observations. It might
be possible to crudely estimate the spatial variations η(x) from the satellite brightness
temperatures in the absence of retrievals in some situations, but this is not pursued in this
study. For both types of observations, the base height is estimated as hB(x) = hT(x)− ∆H,
where ∆H is the cloud depth, assumed to be constant throughout the cloud. In this study
the uncertainties in ∆H were given large values (0 < ∆H < HT), but, in practice, better
initial estimates could be made by considering, for example, how optically thick the cloud
appears in satellite imagery.

As alluded to in the introduction, we treat the distal cloud initialization time td as a
variable parameter sampled from the discrete values t1

a, t2
a, t3

a . . . tn
a , where t1

a is the first
analysis time, t2

a is the second analysis time, t3
a is the third analysis time, and tn

a is the last
analysis time. Note that the condition td < ti

a (where i labels the different analysis times)
needs to be imposed for each ensemble member. This means that the first analysis time
cannot be used to filter any ensemble members. The second analysis time can only be used
to filter ensemble members initialized at t1

a. The third analysis time can only be used to
filter ensemble members initialized before t3

a and so on.
When retrievals are available, the initial mean particle radius field µr(x) is sim-

ply obtained from the retrieved effective radius ρ(x) using the relationship µr(x) =

ρ(x)exp
[
− 5

2 (log σr)
2
]
, where σr is the standard deviation of the log-normal distribution,

which is specified to have the value 2.1 as in Pavolonis et al. (2013) [7]. The mean radius is
then used to compute the particle size mass distribution g(r, x) using the log-normal distri-
bution formula [3]. The mass emission rate

.
m(x) is computed from the retrieved mass load
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λ(x) using the relationship
.

m(x) = γ A λ(x)/τ′, where γ is a scaling factor and A is the
pixel area. This scaling factor is adjusted so that the spatially averaged simulated mass load
for each ensemble member is equal to the retrieved mass load during the analysis phase.

When only detections are used, it is not possible to estimate the distributions of
the initial mean particle radius and mass loads fields in detail; instead, we estimate the
spatially averaged mean particle radius µr and mass m remaining in the distal cloud. These
estimates of spatially averaged quantities are then used at every point in the cloud instead
of the (unknown) spatially variable fields; that is, we use g(r, x) = g(r) and m(x) = m
to initialize the models. The spatially averaged fields are estimated from the cylindrical
source model as follows, assuming the eruption has ceased, the eruption duration, τ, is
known, and an estimate of the eruption height HT is available. The total mass of ash with
particle size r remaining in the cloud after a time td − t0 has elapsed is computed from the
following formula:

Md(r) = τ
∫ z=HT

z=HB

.
ms(z + v(r)(td − t0), r)dz. (1)

Here
.

ms(h, r) is the source term that describes the mass emission rate as a function of
column height and particle radius. The functional form of the source term is described in
detail by Zidikheri and Lucas [3,24]; it is dependent on the variable parameters ε, µh, δ, β,
and µr, which can in turn be estimated from the eruption height. The particle fall speed v(r)
can be estimated from the Stokes fall speed formula as v(r) = 6.0× 10−5r2, assuming the
particle density to be 2.5× 103 kg m−3, the viscosity of air to be 1.8× 10−5 kg m−1s−1, and a
shape factor of 0.8. Although the Stokes formula tends to be less accurate for larger particles
sizes, it has the advantage of having a simple expression for the fall speed, making it easier
to compute compared to more accurate formulations such as the Ganser formula [35] in
which iterative methods are required to find the fall speed [34]. The difference between
the two formulations is about 30% for particles with diameters of 100 microns, the largest
particles used in this study. These differences are modest compared to expected errors
due to uncertainties in source parameters, so employing the Stokes formula seems to be
reasonable as a first step. As well as employing the Ganser formula, other refinements
are possible such as accounting for vertical winds and removal by wet deposition; these
are, however, more complicated schemes and outside the scope of this study. The average
mass m in the distal cloud is then simply given by m =

∫ R
0 Md(r)dr/N and the particle

size mass distribution is given by g(r) = Md(r)/
∫ R

0 Md(r)dr for every grid cell in the
cloud The mass emission rate specified in the model at every release grid cell is given by
.

m(x) = m/τ′.

2.4. Ensemble Filtering

We use ensemble filtering to optimize model forecasts in this study. Ensemble filtering
is a data assimilation technique, and the form used in this study is described in detail by
Zidikheri and Lucas [24]. As discussed in the introduction, the initial uncertainty estimates
of model parameters (and all the available NWP model ensemble members) are used to
construct an ensemble of dispersion model simulations that are then filtered with respect
to observations by removing poorly performing ensemble members; ensemble members
that are accepted by the filter are then propagated forward in time for the duration of the
forecast. As can be deduced from Table 1 of Zidikheri and Lucas [24], on average about
15% of members are retained by the filter when detections are used as observations and
about 26% are retained when retrievals are used as observations in this method.

In the cylindrical volcanic source model employed by Zidikheri and Lucas [24] (and
described in Section 2.3.1), the primary variable is the eruption height; its uncertainty is in
some sense subjectively determined by the end user based on various factors such as satel-
lite brightness temperature analysis and other available information such as pilot reports.
Other parameters related to the cylindrical source mass distribution (see Section 2.3.1)
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are treated as secondary variables that are dependent on the eruption height. Both the
functional dependence and corresponding uncertainty in these parameters are inferred
by inverse modelling from a dataset of past eruptions as described in detail by Zidikheri
and Lucas [3]. In the direct data insertion approach, the distal ash source uncertainties (see
Section 2.3.2), instead of the cylindrical source uncertainties, are used to form the ensemble
of trial simulations.

In both cylindrical and distal source cases, the ensemble of trial simulations is filtered
with respect to observations to yield the refined ensemble that is used for forecasting. As
discussed in Section 2.1, we consider four types of observation fields, namely, mass load,
effective radius, cloud top height, and detection, the latter simply being a binary-valued
field indicating presence or absence of ash. The corresponding fields are also computed
for the simulations (the mass load is the vertical integral of the output concentration
field while the computations of the effective radius and cloud top height are described in
Sections S2 and S3 of the Supplementary Materials). The agreement between each ensemble
member and the observations is determined by computing the pattern correlation between
the simulated fields and observed fields for all times in the observational time window.
The pattern correlation values obtained for all four fields and times are then averaged to
obtain an overall correlation score for an ensemble member. Ensemble members yielding
correlations greater than a cut-off value are selected by the filter while the rest are rejected.
The optimal cut-off value, α, is determined by computing the Brier score,

s(α) =
1

NLNT NF
∑ f=NF

f=1 ∑l=NL
l=1 ∑t=N f

T
t=1

(
p f

lt(α)− d f
lt

)2
, (2)

which measures the degree of agreement between the modelled ensemble probability of
exceedance field and the observed field. In Equation (2)., p f

lt is the probability of exceedance
field, which is the fraction of (accepted) ensemble members at a grid point labelled by l with
the field labelled by the index f exceeding a threshold level labelled by t; NL is the number
of grid-point locations; N f

T is the number of discrete thresholds, which is dependent on the
field f ; and NF is the number of fields, which equals four as discussed above. The variable
d f

lt is binary valued. It equals one when at a location labelled by l the field labelled by f
exceeds the threshold labelled by t; otherwise, it equals 0. The ash mass load threshold
levels are specified to be 1, 10, 100, and 1000 g m−2 (N1

T = 4); the effective radius threshold
levels are specified to be 0, 5, 10, 15, and 20 µm (N2

T = 5); the cloud top height thresholds
are specified to be 0, 5, 10, 15, 20, and 25 km (N3

T = 6); and the detection threshold is
specified to be 0.1 g m−2 (N4

T = 1). The rationale behind the chosen values for the retrieved
fields is to ensure that the simulated fields are tuned over a wide range of values as possible.
For example, choosing a single threshold of 1 g m−2 for the mass load does not ensure
that the parameters are optimally tuned to forecast probabilities of exceeding 10 g m−2 as
pointed out by Zidikheri et al. [23]. A similar reasoning applies to the thresholds chosen
for the other fields, except for the detection field threshold of 0.1 g m−2, which is based
on the assumed satellite instrument detection threshold [36]. Note that the probability of
exceedance field, p f

lt(α), is dependent on the cut-off value, α, because α, which ranges from
0 to 1, determines how many ensemble members are retained by the filter and, therefore,
the fraction of ensemble members that exceed a given threshold; the higher the value of α,
the fewer the number of retained members. The optimal α value is obtained by computing
the Brier score with 11 different values of α uniformly distributed in the range [0, 1] and
taking the value that yields the smallest Brier score (iterative algorithms may also be used
to find the optimal value of α).

3. Eruption Case Studies and Experimental Setup

In this study, we investigated the utility of the different initialization schemes using a
database of VOLCAT satellite retrieval data (Supplementary Materials) from 14 eruption
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case studies [27]. The eruption case studies are shown on a map in Figure 1 and also briefly
described in Table 2.
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Table 2. A brief description of the eruption case studies used in this paper. The eruption duration values are the ones
used in the model. These are rough estimates based on inspection of satellite imagery. For cases studies prior to 2016, the
frequency of satellite data was 1 h, so duration estimates shorter than this were not possible. For the Rinjani I and II case
studies, the eruption was ongoing and, therefore, the eruption duration was set equal to the simulation duration.

Index Volcano Location Eruption Time and Date Approx. Duration (h) Estimated Height
(km a.s.l.)

1 Kelut 112.31◦ E, 7.93◦ S 1600Z/13/02/2014 3.0 26
2 Sangeang Api I 119.07◦ E, 8.20◦ S 0800Z/30/05/2014 1.0 15–20
3 Manam 145.04◦ E, 4.08◦ S 0130Z/31/07/2015 1.0 20
4 Tinakula 165.80◦ E, 10.38◦ S 2330Z/20/10/2017 1.0 17
5 Sangeang Api II Same as 2 1700Z/30/05/2014 1.0 15–16
6 Manam Same as 3 0300Z/08/12/2018 3.0 13–14
7 Soputan I 124.73◦ E, 1.11◦ N 2240Z/04/01/2016 1.0 12–13
8 Soputan II Same as 7 0600Z/05/01/2016 1.0 12–13
9 Sangeang Api III Same as 2, 5 2000Z/30/05/2014 1.0 14–15

10 Merapi 110.44◦ E, 7.54◦ S 0030Z/11/05/2018 2.5 8
11 Rinjani III 116.47◦ E, 8.42◦ S 0300Z/01/08/2016 1.0 6–10
12 Agung 115.51◦ E, 8.34◦ S 1130Z/24/05/2019 0.5 6–7
13 Rinjani I Same as 11 1200Z/04/11/2015 48.0 6
14 Rinjani II Same as 11, 13 0000Z/05/11/2015 48.0 6

In all model initialization methods described thus far, the model was perturbed
by employing an ensemble of NWP fields to drive the dispersion model. In addition,
the source term was also perturbed; this was done differently depending on the type of
initialization model and observations being employed, as summarized in Table 1. In the
cylindrical source model (SRC), the primary variable HT was randomly sampled over
its uncertainty range, thus creating 10 samples for each NWP member. In the distal ash
models (DIST, DIST(VARH)), the primary variables were the distal cloud initialization time
td, the maximum cloud top height HT , and the cloud depth ∆H, which were also randomly
sampled. The number of samples depends on the number of available observations times;
in general, it is ten times the number of available observations for each NWP field. We also
considered a hybrid scheme (SRC-DIST) in which both cylindrical and distal initialization
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methods were employed. In this case the number of samples for each NWP member
was twenty times the number of available observations. As a rough guide, with 24 NWP
members and four observation times, this amounts to about 2000 ensemble members.
These ensemble members were filtered relative to either the VOLCAT detections or the
retrieved mass load, effective radius, and cloud top height fields in the analysis phase of the
algorithm. In the forecast phase, the accepted members were propagated forward in time
for the duration of the forecast. It should be noted that irrespective of whether detections
or retrievals were used to filter the ensemble during the analysis phase, the results were
always compared against the detailed retrieved data (and not just the detections) for
verification purposes.

For the purposes of verification, we also performed reference runs relative to which
the runs described above were evaluated. The reference runs replicated how the source
is currently set up in many operational centers, such as VAAC Darwin. As described by
Zidikheri and Lucas [3], it is a simple line source with uniform mass distribution in the
vertical with the mass emission rate computed from the Mastin relationship [2] using a fine-
ash fraction value of 0.05. The particle size distribution is a commonly used one in volcanic
ash forecasting, originally based on the study of Hobbs [37,38]. The eruption height in
the reference runs was a simple estimate obtained from satellite brightness temperatures,
NWP model, and sounding temperature profiles, as is the common practice operationally.
There was no representation of source-term uncertainty in the reference runs, but there
was representation of NWP field uncertainty using the 24 ACCESS-GE ensemble members.
Furthermore, ensemble filtering with respect to observations was not performed.

4. Results
4.1. General Verification Results

In what follows, we quantitatively compare the results obtained with the different
model variant experiments listed in Table 1 (using either detections or retrievals) against
the results obtained with reference runs. Both the experimental and reference runs were
verified against VOLCAT retrieval data (mass load, effective radius, and cloud top height)
for the 14 eruption case studies, listed in Section 3, using the Brier score (Equation (2)),
which is a commonly used metric for verifying probabilistic forecasts. We then constructed
a Brier skill score S = 1− s/s0 from the experimental Brier score (s) and reference Brier
scores (s0). Given Brier scores range from 0 (best) to 1 (worst), positive skill score values
imply model improvement relative to reference runs, while negative values imply model
degradation relative to reference runs; small values close to 0 imply similar performance to
reference runs [23].

Figure 2 shows the median of the mass load, effective radius, and cloud-top height
Brier skill scores obtained for all 14 eruption cases studies for different model variants.
We can see that all ensemble filtered runs, irrespective of model variant, perform better
than reference runs as far as mass load and effective radius are concerned. However, the
cloud top height is slightly inferior to the reference when only the cylindrical source is used
(although there is a slight improvement in the analysis phase when the number of ensemble
members is increased in the detection optimized run (SRC(10×))). It is not completely clear
why the cloud top height does not perform as well as the other fields; this issue is further
discussed in Section 5. Whatever the cause, it is, however, clear from these results that with
the use of the distal ash source there is improvement in the representation of the height
field in the model. Further improvements can be achieved by adjusting the maximum
cloud top height HT (i.e., the runs named as DIST(VARH)). Furthermore, it seems that
the best improvement comes from using the hybrid scheme (SRC-DIST), in which both
cylindrical and distal sources are employed in the initial ensemble prior to filtering. It
is also clear from these results that the mass load field benefits the most from ensemble
filtering. The only exception to this rule is for the hybrid source results (SRC-DIST) when
no retrievals are available. In that case, the effective radius displays the most improvement.
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Figure 2. Brier skill scores of ash mass load, effective radius, and cloud top height averaged over 14 eruption case studies
for (a) detection-based analyses, (b) detection-based forecasts, (c) retrieval-based analyses, and (d) retrieval-based forecasts.
Different initialization methods (SRC, SRC(10×), DIST, DIST(VARH), and SRC-DIST) are considered for each of these runs,
as further described in Table 1.

Even though the benefits of employing the distal source are clear during the analysis
phase, during the forecast phase it is not as clear that there is benefit in employing the
distal source. Figure 2 shows that when only detections are used, it is only the cloud top
height that is improved relative to the cylindrical source runs; the mass load field performs
better with the cylindrical source and the effective radius results are mixed (poorer results
with just the distal source and slight improvement with the hybrid scheme). In some sense,
this is not surprising given that the mass and particle size distribution within the distal
cloud can only be crudely represented in the absence of retrievals. When retrievals are
used, there is improvement in all forecasted fields upon using the distal source within
the hybrid scheme. On the face of it, these results imply that the distal source is only
of benefit to quantitative estimates of ash cloud properties when retrievals are available,
and when retrievals are not available only the cylindrical source should be employed.
However, it should be remembered that the distal source formulation does improve the
representation of ash location, as further discussed in Section 4.2, and this could be of
benefit operationally even if the mass load estimates are not optimal. As noted in Table 1,
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the number of ensemble members used in the distal schemes (including the hybrid schemes)
in general exceed the number of ensemble members used in the purely cylindrical source
schemes by factors ranging from two to 11. To better understand the possible impact of
ensemble size on the results, we employed the cylindrical source run with ten times the
number of ensemble members in the standard run (i.e., an inflation factor of 10 in ensemble
size), as noted in Table 1. We can see in Figure 2 that, although some of the skill scores
differ slightly with larger ensemble size, there is no systematic trend in the skill scores with
the larger ensemble size. The same conclusions may, therefore, be drawn about the relative
performance of the distal source runs relative to the cylindrical source runs as for the runs
with smaller ensemble size.

To better evaluate the utility of the distal source formulation, we examine the Brier
skill scores for the individual case studies. Figure 3 shows the skill scores for all case
studies when only detections are employed, while Figure 4 shows the skill scores when
retrievals are employed. As alluded to by the median score results, generally the mass
load field shows improvement in all cases. In the detection-based simulations, there are
some exceptions, notably the Agung case when employing the SRC formulation during
the analysis phase and the Manam I case when employing the DIST(VARH) formulation
during the forecast phase. All case studies show improvement to the mass load field when
retrievals are employed. Generally, employing the distal source, whether as purely distal
(DIST(VARH)) or in a hybrid scheme (SRC-DIST), leads to significantly better results for
the mass load field than for the cylindrical source during the analysis phase. During the
forecast phase, the results are more mixed when employing detections, while lower-level
eruptions utilizing distal sources perform better when initialized with retrievals.

Improvements to the effective radius field are not as consistent as for the mass field.
We can see that, when employing the detection-based formulation, the effective radius in
the Manam I, Tinakula, and Sangeang Api cases studies is outperformed by the reference
runs. The effective radius in these case studies is somewhat improved when employing
the retrievals, but it is still not consistently good. Apart from these case studies, there
is improvement in the effective radius fields, particularly when retrievals are employed,
which is reflected in the median skill scores shown in Figure 2. As discussed in the context
of Figure 2, the cloud top height results are outperformed by the reference runs in some
cases. This is particularly the case for the high-level eruptions (Kelut, Sangeang Api I,
Manam I, and Tinakula). The results for some case studies are improved, particularly for
the lower-level eruptions (Agung and Rinjani). The worst agreement generally occurs
when employing the cylindrical source. Generally, there is some improvement to the cloud
top height when employing the distal source, particularly during the analysis phase.

4.2. Comparison of Spatial Patterns for Selected Case Studies

In this section we compare the spatial patterns of mass load (effective radius and
cloud top height patterns are discussed in Supplementary Materials) for two selected cases
studies, namely the 13 February 2014 Kelut eruption, representing short-lived high-level
eruptions, and the 4 November 2015 Rinjani eruption, representing low-level continuous
eruptions. We compare patterns obtained from VOLCAT retrievals, reference runs, runs
employing the cylindrical source formulation (SRC), runs employing the distal source
formulation (SRC(VARH)), and runs employing the hybrid scheme (SRC-DIST).

Figure 5 shows the mass load results for the Kelut case study at 14/0130 UTC; this
timestep forms part of the analysis phase, which spans the period 13/2330–14/0230 UTC.
The VOLCAT mass load retrieval at this timestep indicates a region of very high mass load
close to the leading edge of the cloud to the west of the volcano. The mass loads in the
near-source region are relatively small in comparison. The reference run (Figure 5b), on
the other hand, indicates very high mass loads throughout the ash cloud, especially in the
near-source region (exceeding 1000 g/m2 in some places). This pattern of disagreement,
and its possible cause, has been discussed elsewhere in more detail [22]. The cylindrical
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source runs (SRC) (Figure 5c,d) model the distribution of mass quite well in agreement with
the VOLCAT retrievals in both the detection and retrieval optimized version of the model.
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Figure 3. Brier skill scores obtained for 14 different eruption case studies using detection-based initialization and optimiza-
tion: (a) Mass load analyses, (b) mass load forecasts, (c) effective radius analyses, (d) effective radius forecasts, (e) cloud top
height analyses, and (f) cloud top height forecasts. Note that, even though only the detections are used for initialization and
optimization, the full VOLCAT retrievals are used to compute the Brier skill scores here. The case studies numbered 1 to 14
are described in more detail in Section 3 and in Zidikheri and Lucas (2020). They are (1) Kelut, (2) Sangeang Api I, (3) Manam
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I, (4) Tinakula, (5) Sangeang Api II, (6) Manam II, (7) Soputan I, (8) Soputan II, (9) Sangeang Api III, (10) Merapi, (11) Rinjani
III, (12) Agung, (13) Rinjani I, and (14) Rinjani II; the roman numerals indicate the time sequence for eruptions from the
same volcano. Results for three different initialization methods are shown, namely cylindrical source, distal (with top height
varied), and ‘both’, which uses a mixed approach in which some ensemble members are initialized by the cylindrical source,
while others are initialized from the distal source.
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Figure 5. Mass load fields (in g/m2) in the 13 February 2014 Kelut eruption case study at 14/0130
UTC for (a) VOLCAT retrieval, (b) reference run, (c) cylindrical source run with detection-based
optimization, (d) cylindrical source run with retrieval-based optimizations, (e) distal source run with
detection-based initialization and optimization, (f) distal source run with retrieval-based initialization
and optimization, (g) hybrid source run using detections, and (g) hybrid source run using retrievals.
The fields in (b–h) are ensemble means. The dashed lines indicate a region of interest discussed in
the text.

There is a region in the retrievals (indicated by the dashed lines) that is not cap-
tured by the simulation in either the reference or SRC runs. Using the distal formulation
(DIST(VARH)) leads to this missing region being quite well captured in both the detection
and retrieval versions (Figure 5e,f). The hybrid model versions (SRC-DIST) also capture
the missing region quite well. Surprisingly, the DIST(VARH) formulation (using only
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detections) can also capture the asymmetric distribution of mass to the west of the volcano
(with more mass in the downstream region) even though there is no explicit assimilation
of retrieved mass load data in this case. The corresponding run directly employing the
retrievals also captures this asymmetric mass distribution well, but this is less surprising
given the explicit insertion of retrieval data.

Figure 6 shows the results obtained at 14/0830 UTC, which occurs during the forecast
phase (spanning 14/0330–14/0930 UTC). In this stage, there is no optimization with respect
to observational data; the ensemble members retained by the filter during the analysis phase
are simply propagated forward in time from the analysis. The VOLCAT retrieval at this
timestep (and all timesteps after 14/0230 UTC) only indicates ash in a small region. This is
almost certainly not the only region that contained significant amounts of ash. It is almost
certain that the leading edge of the cloud at this time also contained significant amounts of
ash, and this is supported by VAAC Darwin advisories during that period, as shown in
Figure 6. The reference run predicts very high mass loads through the ash cloud (exceeding
20 g/m2); these are likely to be overestimates especially in the near-source region, as mass
loads at those levels would almost certainly be picked up in satellite imagery, but the
Darwin VAAC advisories only indicated ash further to the west of the volcano during the
event [24]. The cylindrical source runs (SRC) predict high mass loads near the leading
edge of the south-westward moving cloud and in the vicinity of the small region identified
as containing ash by the retrievals, although this region appears to be somewhat to the
north of the corresponding region in the retrievals. The distal source runs (DIST(VARH))
predict the location of ash identified by VOLCAT quite well in terms of magnitude and
location. Surprisingly, the detection-based run predicts this region somewhat better than
the retrieval-based run. The hybrid scheme (SRC-DIST) in this case produces patterns of
mass distribution broadly like the purely distal (DIST(VARH)) runs. Again, the detection-
base run appears to be broadly more consistent with the VOLCAT retrievals. The high
mass load regions in the retrieval-based runs (and also the detection-based cylindrical
source run) correspond quite well with the VAAC-drawn polygon.

Figure 7 shows the results obtained for the 4 November 2015 Rinjani I case study at
5/0730 UTC (on 5 November, 19.5 h after the nominal start time of the eruption). This
timestep forms part of the analysis phase of the simulations, which was set to be within
the interval 5/0630 UTC–5/0930 UTC. The VOLCAT retrieval at this time shows more
mass near the source compared to the downstream region, and the ash is transported in a
south-west direction before turning more to the west. In the reference run, on the other
hand, the ash is transported in a strict southward direction. Moreover, the ratio of mass in
the near-source region to the mass retained in the downstream region is far greater than
that in the VOLCAT retrieval. As a result, the cloud does not appear to extend south of
9◦ S; in fact, ash is present in the reference simulation south of 9◦ S, but it is at very low
mass load levels (less than 0.1 g/m2). This is possibly related to the presence of a bigger
proportion of large particles in the reference run, which would tend to lose mass due to
surface deposition faster (see Section S2 of supplementary section). The ash transport in the
cylindrical source runs (SRC) is significantly improved compared to the reference runs. Ash
is transported in a south-west direction consistent with the satellite observations. However,
there is still too little mass in the downstream region when compared to the observations.
The transport of ash is further improved in the distal source formulation (DIST(VARH)). In
the detection-based version, however, there is not enough mass in the near-source region
and the spread of ash is somewhat greater than in the observations. The retrieval-based
run does, on the other hand, agree quite well with the VOLCAT retrieval. The hybrid
scheme (SRC-DIST) performs similarly to the purely distal source scheme in this case with
some minor differences (ash cloud not as much spread out in the detection-based run and
somewhat less mass downstream in the retrieval-based run).
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Figure 6. Mass load fields (in g/m2) obtained for the 13 February 2014 Kelut eruption case study at
14/0830 UTC. The explanation for the different panels is the same as in Figure 5. The dashed lines
represent the Darwin VAAC polygon at 14/0830 UTC.

Figure 8 shows the results from the Rinjani I case study at 5/1430 UTC. This occurs
during the forecast phase, and it is five hours after the last analysis step; in this phase there
is no optimization with respect to observations. The VOLCAT retrieval shows that ash
has spread out more and has been transported further to the south-west. The mass is still
dominated by ash in the near-source region, most likely due to the ongoing eruption, but
there is considerable mass in the downstream region as well. The reference run does not
perform very well; ash is still transported southward, instead of to the south-west, and there
is very little mass south of 9◦ S. The cylindrical source runs (SRC) transport ash to the south-
west consistent with observations, but there is still too little mass in the downstream region,
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especially south of 10◦ S. The ash coverage is significantly improved in the detection-
based run in the distal source formulation (DIST(VARH)), but the near-source region
contains too little mass. The retrieval-based run of the distal source formulation has a better
representation of the near-source mass but is not as good at capturing the downstream
region, which contains too little mass compared to the retrieval. The hybrid scheme (SRC-
DIST) runs contain more mass in the near-source region, while also maintaining more mass
in the downstream region.
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Figure 7. Mass load fields (in g/m2) in the 4 November 2015 Rinjani eruption case study at 5/0730
UTC for (a) VOLCAT retrieval, (b) reference run, (c) cylindrical source run with detection-based
optimization, (d) cylindrical source run with retrieval-based optimizations, (e) distal source run with
detection-based initialization and optimization, (f) distal source run with retrieval-based initialization
and optimization, (g) hybrid source run using detections, and (g) hybrid source run using retrievals.
The mass loads in (b–h) are ensemble means.
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5. Discussion

The focus of this study was to evaluate the utility of employing a direct satellite data
insertion approach to improve the performance of a volcanic ash ensemble forecasting
system. This system, which is described by Zidikheri and Lucas [24], employs an ensemble
filtering scheme to optimize forecasts. It has two distinct phases, namely the analysis
and forecast phases. During the analysis phase, ensemble members that represent the
uncertainty in the source term and meteorological fields are created and either accepted
or rejected by the filter based on their degree of agreement with remotely sensed satellite
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observations available at the time of the forecast. The accepted members are then used in
the forecast phase to predict the future evolution of the ash cloud.

In the original system described by Zidikheri and Lucas [24], the source term com-
prises a cylinder of particles with diameters ranging from 0–100 µm bounded at the base by
the volcano summit and at the top by the eruption height. The distribution of mass in the
vertical is assumed to be Gaussian and the distribution among different particle sizes to be
log normal. The source term uncertainties are determined by the uncertainty in the erup-
tion height. Although other source parameters (describing vertical and particle size mass
distributions) are also important, they are determined from empirical parameterizations
that are dependent on the eruption height [3]. That makes the eruption height the sole
independent parameter that determines source term variability. The method was shown
to work quite well even when satellite retrievals were not available in real-time to filter
the ensemble members. In that case, it was shown that manually determined ash location
polygons could be used instead. Even though the cylindrical source representation works
quite well in many cases, it is a very simple representation of very complex near-source
processes and is, therefore, limited in that regard. In addition, it is problematic to apply
in long-lived eruptions where the time difference between the start of the eruption and
the period of interest to be forecasted is very long. In those situations, we expect signifi-
cant errors due to both the extreme simplicity of the cylindrical source formulation and
meteorological field errors.

In this study, we expanded our observational field to include not only the mass loads,
as was done in previous studies, but to also include the effective radius and cloud top height
fields. The results confirmed that, when employing the cylindrical source formulation, both
the mass load and effective radius forecast fields agree better with the retrievals than the
corresponding fields obtained from reference runs. The reference runs employ a vertically
uniform line source with mass emission rate determined from the Mastin relationship [2]
and a default particle size distribution based on the study of Hobbs [37]. However, it was
found that the cloud top heights obtained were in fact, on average, inferior to the cloud top
heights in the reference runs. We also developed another representation of the source term
that is based on directly inserting the satellite observations. The advantage of this approach
is that recent satellite observations can be directly ingested into the model and propagated
forward in time over the period of interest instead of relying on the model to carry the
particles from the source. In this distal source formulation, the horizontal boundaries of the
ash cloud are determined by the satellite observations, which can be detailed retrievals or
simple detections. When retrievals are available, the mass load and effective radius fields
are used to compute the total mass and size distribution of ash within the cloud, assuming
uniformity over the depth of the cloud. When only detections are available, then empirical
parametrizations used for the cylindrical source are used to infer the total mass and size
distribution within the cloud.

In the distal ash formulation, the cloud top is assumed to be uniform over the whole
cloud when detections are used and treated as a variable parameter to be optimized by
ensemble filtering; this is like how the eruption height is treated in the cylindrical source
formulation. When retrievals are used, the cloud top is a scaled version of the satellite
retrieved cloud top; the maximum cloud top height is treated as the variable parameter in
this case. The cloud thickness in both cases is also treated as a poorly known parameter
that is optimized by the application of the ensemble filter. Finally, the initialization time
is also treated as an uncertain parameter to be optimized by ensemble filtering. This
effectively means that the appropriate satellite observation used to initialize the model is
not chosen a priori, but it is randomly chosen from a sample of available observations. The
ensemble then contains a range of possible observations that are used as distal sources.
The motivation for this approach is to ameliorate the effect of observational random errors
on the forecast. This approach requires a minimum of two observations to work—one for
initialization and one for optimization—but will clearly work better with more observations.
Because of all these uncertainties, the distal source formulation is more computationally
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demanding even though the simulation run time for each ensemble member is shortened.
This is because it requires sampling over at least three dimensions (top height, thickness,
and start time) compared to the cylindrical source formulation that requires only sampling
of the eruption height.

We found that, on average, the distal source formulation unambiguously improved
the results during the analysis phase of the algorithm. Most fields performed better relative
to observations (in both detection and retrieval-based initialization approaches) compared
to the corresponding fields in the reference runs. This was also true for the cloud top height,
which was shown to be superior on average to the reference run in contrast to the results
obtained with the cylindrical source. During the forecast phase, however, only the cloud
top heights were better on average than the cloud top heights obtained from the cylindrical
source runs, although all fields outperformed the reference run fields. On the face of it,
these results suggest that the distal source formulation is ultimately of limited utility (given
that it is also computationally more intensive) except possibly for the representation of the
cloud top height. However, a closer inspection of individual case studies revealed that the
distal source can provide additional forecast skill, particularly for longer-lived, low-level,
eruptions such as the November 2015 Rinjani eruptions. In those situations, it is difficult
to model the transport of ash from the eruption start time to the period of interest for the
forecasts using the simple cylindrical source. It appears that the transport of ash is better
represented in the forecasts when the models are initialized by a distal ash closer in time to
the forecasted period in those cases.

Although the distal source formulation can ameliorate errors arising from NWP and
source errors, particularly when the start of the forecasting period occurs much later than
the eruption start time, in some situations the use of satellite information alone might
be deleterious to the forecast performance. This could occur if the satellite retrieved
field has systematic errors or if the satellite imagery does not represent the complete
ash cloud coverage due to detection errors and meteorological cloud cover. For this
reason, we have also considered in this study a hybrid scheme in which some ensemble
members are generated by cylindrical sources, while others are generated by distal sources.
This attempts to find a middle ground to minimize the chance of the system performing
poorly in operational contexts because the optimal source formulation was not used for a
particular situation.

The verification results indicate that the hybrid scheme outperforms the reference,
cylindrical source, and distal source runs for all field types during the analysis phase
irrespective of whether detections or retrievals are used. During the forecast phase, the
hybrid scheme outperforms the reference runs, but it is outperformed by the cylindrical
source and purely distal source schemes as far as mass load is concerned when employing
only detections. The hybrid scheme still outperforms the other schemes as far as effective
radius and cloud top height is concerned. When retrievals are used, the hybrid scheme
outperforms all other schemes for all field types. These results suggest that the hybrid
scheme is likely to be of most utility when retrievals are available. When only detections are
available, it may still provide useful improvements to the forecasts of ash transport in long-
lived, low-level eruptions, although the mass loads may not necessarily be very accurate. It
should be remembered, however, that both the hybrid and distal source schemes are more
computationally expensive to run, and they, therefore, are more likely to be of use for the
purposes of refining an initial forecast rather than to be used routinely.

The experiments reported in this paper were run on the Australian National Comput-
ing Infrastructure (NCI) cluster. However, the code running on NCI was not optimized to
run efficiently. Since these experiments were performed, we have significantly improved
the code and optimized it to run pre-operationally on the Bureau of Meteorology’s Cray
XC40 development supercomputer (named Terra). In its current stage of development,
the system runs 100 ensemble members in parallel on Terra, which leads to substantial
improvement in run times. For example, using the Kelut case study (one of the case studies
in this paper), the SRC run (using 216 ensemble members in the pre-operational version)
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typically runs in under 15 min on Terra. The more computationally intensive SRC-DIST
run (using 1296 analysis ensemble members in the pre-operational version) typically runs
in just under 30 min. With more hardware upgrades planned in the coming years, we
expect further improvement in run times.

6. Conclusions

Direct insertion of satellite data was found to have a positive impact on skill scores of
an ensemble volcanic ash forecasting model when applied to a dataset of 14 eruption case
studies in the tropics. The most consistent improvement of skill scores was demonstrated
in a hybrid scheme in which some ensemble members were initialized by a cylindrical
source, while other ensemble members were initialized by a distal source based on direct
insertion of data. Furthermore, the best skill scores were obtained when satellite retrievals
of ash mass load, effective radius, and cloud top height were used. However, skill scores
obtained from simulations employing only satellite ash detections were still superior to
skill scores obtained from reference runs employing model configurations like those used
in current operational volcanic ash forecasting models.

Supplementary Materials: VOLCAT satellite retrieval data used in this study are available at
http://doi.org/10.5281/zenodo.3579613.
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