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On the 26th April 1979, La Soufrière St. Vincent volcano (West Indies) erupted producing a tephra fallout that
blanketed the main island and the neighboring Bequia Island, located southwards. Using deposit measurements
and the available observations reported inBrazier et al. (1982),we estimated the optimal Eruption Source Param-
eters, such as theMass Eruption Rate (MER), the Total EruptedMass (TEM) and the Total Grain-Size Distribution
(TGSD) by means of a computational inversion method. Tephra transport and deposition were simulated using
the 3D Eulerianmodel FALL3D. Thefield-based TGSD reconstructed byBrazier et al. (1982) shows a bi-modal pat-
tern having a coarse and a fine population with modes around 0.5 and 0.06 mm, respectively. A significant
amount of aggregates was observed during the eruption. To quantify the relevance of aggregation processes on
the bulk tephra deposit, we performed a comparative study in which we accounted for aggregation using
three different schemes, computing ash aggregation within the plume under wet conditions, i.e. considering
both the effects of air moisture and magmatic water, consistently with the eruptive phreatomagmatic eruption
features. The sensitivity to the driving meteorological model (WRF/ARW) was also investigated by considering
two different spatial resolutions (5 and 1 km) and model output frequencies. Results show that, for such
short-lived explosive eruptions, high-resolution meteorological data are critical. Optimal results best-fitting all
available observations indicate a column height of ~12 km above the vent, a MER of ~7.8 × 106 kg/s which, for
an eruption duration of 370 s, gives a TEM of ~2.8 × 109 kg. The optimal aggregate mean diameter obtained is
1.5Φ with a density of 350 kg/m3, contributing to ~22% of the deposit mass.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Volcanic plumes generated from explosive eruptions can rise up to
tens of kilometers above the vent (hereinafter a.v.) injecting large
amounts of tephra into the atmosphere. The erupted particulatemateri-
al has diameters (d) varying by several orders of magnitude. Tephra is
classified according to fragment diameter differentiating blocks (d
N 64 mm) from lapilli (2 mm b d b 64 mm) and ash (d b 2 mm). Ash
is further classified as coarse ash for particles with 64 μm b d b 2 mm,
fine ash for d b 64 μm, and very fine ash for d b 31 μm (Rose and
Durant, 2009). The particle Grain-Size Distribution (GSD) together
with the atmospheric conditions control the sedimentation processes
and, consequently, the tephra residence time in the atmosphere. How-
ever, particle-particle interactions leading to aggregation can occur
thereby affecting the transport dynamics. In addition, aggregation
sica e Vulcanologia, Sezione di
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processes can potentially increase the hazards induced by tephra fallout
on infrastructures and inhabitants in the vicinity of a volcano. Tephra
dispersal models neglecting aggregation phenomena may result on a
significant ground loading underestimation at proximal areas and over-
estimation at distal locations (Brown et al., 2012; Van Eaton et al., 2012;
Folch et al., 2016).

On 26th April 1979, La Soufrière St. Vincent volcano (West Indies)
produced a phreatomagmatic eruption due to interaction between the
shallow aquifer and magma. The phreatomagmatic phase of the erup-
tion produced a significant amount of aggregates, which were observed
in-situ during fallout andwere also evident from the grain-size features
of the collected samples. Indeed, tephra deposits showed a rich fine ash
composition at proximal and medial locations (Brazier et al., 1982,
1983). Despite these observations, quantifying aggregation formed
within a volcanic plume from field data is a challenging task due to
the aggregates tendency to disaggregate when impacting the ground
(Brazier et al., 1982). At the end of the eruption, 33 field samples were
collected providing tephra loadings at each location (Fig. 1a). These
samples are valuable to constrain simulations and quantify the role of
ash aggregation combining field measurements and models.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2017.09.012&domain=pdf
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Fig. 1. a) Location of La Soufrière St. Vincent volcano (West Indies).White dots are sample locations (detailed in Table 1) from the vent (red triangle) to Bequia Island. Location n°6 refers to
the Belmont observatory (yellow dot). b) Photo of the permanent lake inside the summit crater before the April 1979 eruptive activity. Source: André Guyard. c) Example accretionary
lapillus observed during the eruption. White bars are 100 μm in length.
(Modified from Brazier et al., 1982)
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Eruption Source Parameters (ESP) such as the eruption column
height, the Total Grain-Size Distribution (TGSD), the eruption start
time and duration are needed as inputs by tephra dispersal and deposi-
tion models. This study uses FALL3D (Costa et al., 2006; Folch et al.,
2009, 2012), a 3D time-dependent Eulerianmodel based on the numer-
ical solution of the advection-diffusion-sedimentation equation to best-
fit the ESPs using the available measurements. Simulations are initial-
ized using, for each ESP, a range of values derived from Brazier et al.
(1982) and a high resolution meteorological model (at 1 km horizontal
resolution) as driver of the FALL3Dmodel. The TGSDdescription is high-
ly dependent on the sampling distance from the vent (Costa et al.,
2016a) but also on the spatial distribution of samples and the density
of outcrops (Bonadonna et al., 2015; Spanu et al., 2016).

This paper investigates the relevance of aggregation processes on the
bulk tephra deposit for the 26th April 1979 La Soufrière St. Vincent erup-
tion. Different TGSDs are evaluated, including: i) the field-based TGSD
derived from the sample analysis; ii) a parameterization of the latter
using a bi-lognormal distribution and; iii) using a bi-Weibull distribution
(Costa et al., 2016a, 2017). Simulations also account for aggregation by
considering three different aggregation schemes implemented in
FALL3D. Results are compared with simulations in which aggregation is
neglected. ESP optimal values are obtained through a computational in-
version method previously presented by Folch et al. (2010) and Martí et
al. (2016). Simulation results are compared with field measurements by
employing a criterion as the goodness-of-fit measure test, which selects
consistent results that better reproduce the measured tephra loadings.

Section 2 provides a short overview of the eruption. In Section 3, we
describe the computational model andmethodology. Section 4 presents
the results of the comparative study on different TGSDs and aggregation
schemes. Finally, Section 5 discusses the results in terms of effect of the
parameterization used to reconstruct the main features of a short-lived
explosive eruption.
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2. April 26th 1979 eruption - La Soufrière St. Vincent

The 1979 La Soufrière St. Vincent eruptions started on the 8th April
and lasted for more than two weeks with 11 eruption columns
(Shepherd and Sigurdsson, 1982; Brazier et al., 1982, 1983). Since the
previous event on 1971, a lava dome had slowly grown in the middle
of the ~1.6 km wide summit crater lake (Fig. 1b), creating an island
that gradually filled up the crater. On the 26th April, a short-lived vio-
lent eruption started at 03:58 UTC (midnight LT) and lasted up to
04:04 UTC, with a duration of 370 s (~6 min) according to the seismic
records of the volcanic tremor signal. Meteorological observations re-
ported a cloudless night with no rain. Brazier et al. (1982) estimated
thefirst eruptive columnheight around 7–8 kmabove sea level (herein-
after a.s.l.) during the first minutes, which was measured from the Bel-
mont Observatory (~10 km far from the vent, label 6 on Fig. 1a). Then,
the plume rose up to ~14 km a.s.l., giving an approximate rise velocity
of around 25–30 m/s. The plume was strongly controlled by northerly
winds that dispersed tephra southwards blanketing most of St. Vincent
and Bequia Islands. The short duration of the 26th April event
allowed the observation of a rapid disconnection of the rising
plume from the vent of ~2–3 km after a few minutes (Brazier et al.,
1982, Fig. 14 therein). Then, satellite observations showed a split of
the plume into a major and a minor lobe. The latter one spread east-
wards over the sea with no possibility for the tephra fallout to be
sampled. In contrast, soon after the eruption the major lobe was
sampled at 32 locations on the main island and 1 on Bequia Island
(Fig. 1a and Table 1). Deposit samples were analyzed using the siev-
ing method (Walker, 1971) down to d = 90 μm with a 0.5Φ interval
(where Φ= − log2d, with d in mm) and, for ash finer than 90 μm,
employing the electrosensing zone method with an Elzone
celloscope as described by Muerdter et al. (1981).
Table 1
Coordinates of the 33 samples with the corresponding tephra loadings. The computed loading
Weibull TGSDs, respectively) under the Costa aggregation scheme (bottom panels in Fig. 6).

Field observations

Location X (°Deg) Y (°Deg) Load (kg/m

1 −61.221877 13.321861 8.94
2 −61.231127 13.313686 14.15
3 −61.230555 13.301077 4.82
4 −61.218897 13.294033 5.25
5 −61.23738 13.292358 5.22
6 −61.247055 13.277122 0.95
7 −61.256228 13.28102 0.56
8 −61.248063 13.262062 1.06
9 −61.268513 13.250857 0.43
10 −61.214102 13.249161 1.79
11 −61.228019 13.248297 1.45
12 −61.27176 13.230013 0.30
13 −61.218021 13.221249 2.32
14 −61.18733 13.209672 1.91
15 −61.228753 13.204211 0.73
16 −61.270987 13.205405 0.23
17 −61.262154 13.197381 0.51
18 −61.256024 13.195622 0.44
19 −61.238466 13.174846 0.66
20 −61.180231 13.202388 1.73
21 −61.166841 13.178468 1.13
22 −61.181437 13.165772 1.10
23 −61.227063 13.155969 1.02
24 −61.221264 13.152389 0.95
25 −61.212177 13.147087 0.89
26 −61.21363 13.142312 0.75
27 −61.201249 13.134382 0.64
28 −61.19366 13.129567 0.44
29 −61.178734 13.138937 0.57
30 −61.154047 13.146989 0.39
31 −61.15914 13.149486 0.51
32 −61.146673 13.161864 0.43
Bequia −61.230296 13.014004 0.45
One remarkable feature of this eruption was the formation of a sig-
nificant amount of loose andweakly bounded aggregates and accretion-
ary lapillus (Fig. 1c). Due to disintegration processes during tephra
fallout, in-situ observations (Brazier et al., 1982) estimated only an ag-
gregate fraction of 10% (accretionary lapillus),with ameandiameter be-
tween 1 and 3 mm. Brazier et al. (1982) showed that most of the
collected samples clearly had a bi-modal distribution and reported the
GSD of 4 samples (labels 3, 6, 25 and Bequia in Fig. 1a), which show a
fine sub-population mode at 4–5Φ. These samples are used for a com-
parative study against the computed GSDs at the sample locations.

3. Computational models and best-fitting methodology

3.1. Tephra dispersal and plume models

Tephra deposits for the 26th April 1979 St. Vincent eruption are re-
constructed using the tephra dispersal model FALL3D. The model re-
quires the eruption source term parameters of the event together with
the meteorological data over the corresponding domain (Fig. 1a). We
use the integral plume model available in FALL3D (FPlume; Folch et
al., 2016) to obtain the MER and the effective particle Grain-Size Distri-
bution resulting from wet aggregation occurring within the plume.
FPlume is based on the Buoyant Plume Theory (Morton et al., 1956) ac-
counting for wind coupling, air moisture effects and particle re-entrain-
ment, which may strongly affect tephra particle distribution along the
plume. As input, the plume model requires information about the
magma water content and the initial magma temperature. However,
FPlume does not account for disaggregation phenomena, i.e.
decomposing aggregates from particle collisions, implying that aggre-
gates are transported and deposited without being altered (Folch et
al., 2016). In our context, La Soufrière St. Vincent is a basaltic-andesitic
s are related to the optimal results for the three input TGSDs (Brazier, bi-Gaussian and bi-

Computed loadings (kg/m2)

2) Brazier TGSD bi-Gaussian bi-Weibull

– – –
– – –
0.85 0.77 0.85
3.94 3.40 3.80
0.47 0.45 0.51
0.60 0.61 0.69
0.33 0.33 0.37
0.57 0.61 0.68
0.35 0.37 0.40
6.69 6.71 7.61
2.50 2.60 2.91
0.14 0.15 0.15
3.47 3.56 3.90
2.79 2.90 3.28
1.76 1.75 1.75
0.67 0.65 0.62
0.66 0.64 0.59
0.71 0.68 0.63
1.70 1.60 1.45
2.02 2.10 2.37
0.76 0.78 0.86
1.03 1.02 1.00
1.86 1.75 1.53
1.85 1.74 1.51
1.50 1.40 1.21
1.38 1.29 1.11
1.24 1.16 0.98
1.03 0.96 0.80
0.67 0.63 0.54
0.23 0.22 0.21
0.29 0.29 0.27
0.19 0.19 0.20
0.05 0.06 0.16
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volcano with around 6 wt% of water within magmas at 1100 K (Brazier
et al., 1982;Heath et al., 1998). Besides these volcanological parameters,
FPlume uses two turbulent air entrainment coefficients (the radial and
the cross-flow air entrainment coefficients,α and β respectively) to de-
scribe the air mixing in the plume, which are critical for theMER assess-
ment (Costa et al., 2016b; Suzuki and Koyaguchi, 2015).

Within FPlume, particle-particle aggregation is controlled by the
presence of water from both magmatic and atmospheric origins
(Costa et al., 2010; Folch et al., 2010, 2016). Ash aggregation effects on
the plume transport are investigated through a comparative study
that first neglects (hereinafterNone) and, then accounts for aggregation
processes making use of:

i) Cornell scheme (hereinafter Cornell, based on Cornell et al., 1983).
This parameterization assumes an effective aggregated classwith
a diameter dAgg (orΦAgg) and density ρAgg, formed by 50% of par-
ticles with diameter 63–44 μm ash, 75% of 44–31 μm, and 90% of
ash smaller than 31 μm;

ii) Percentage scheme (hereinafter Percentage, Sulpizio et al., 2012)
assumes an effective aggregated class with a diameter dAgg (or
ΦAgg) and density ρAgg, composed by depleting of a constant per-
centage each particle class involved in aggregation (i.e. classes
characterized by primary particle diameter lower than dAgg or
greater than ΦAgg). The constant percentage is inverted to best-
fit the field deposit;

iii) Costa scheme (Costa et al., 2010; Folch et al., 2010) considers wet
aggregation under an effective aggregated class characterized by
a diameter dAgg (orΦAgg) and density ρAgg. Costa is based on two
pre-calibrated parameters, the fractal exponent (Df) and the ag-
gregate settling velocity correction factor (ψe) related to aggre-
gate porosity (Costa et al., 2010; Folch et al., 2016). This option
represents a compromise between the full aggregation processes
described by the Smoluchowski equation (Smoluchowski, 1917)
and the need to reduce the bulk computational cost.

3.2. Meteorological model

FALL3D requires time-dependentwind fields and other meteorolog-
ical variables such as air temperature and moisture over the computa-
tional domain. Here, we use the mesoscale WRF/ARW model
(Skamarock et al., 2008) at two different spatial resolutions of 1 and
5 km to furnish meteorological data every 15 min. Initial and boundary
conditions for WRF/ARW during the simulated period (i.e. from 25th
April at 00 UTC to 29th April at 00 UCT)were obtained from the Europe-
an Center for Medium-Range Weather Forecasts (ECMWF), ERA-Inter-
im-Reanalysis branch (www.ecmwf.int) which provides 4-times daily
data at 37 pressure levels (up to 1 mb) and 0.75° horizontal resolution.
A nested strategywas adoptedwith inner domains at 5 and 1 km spatial
resolution in order to investigate the role of meteorological model reso-
lution in case of a short-lived eruption on complex steep terrains like St.
Vincent Island.

3.3. TGSD estimation

Fig. 2 (bars) shows the TGSD estimated from 33 tephra deposits
(Brazier et al., 1982, hereinafter Brazier TGSD), ranging from −2 to
8Φ with two modes at 1Φ and 4Φ referring to the coarse- and fine-
grain sub-populations, respectively. The TGSD bi-modalitywas original-
ly interpreted as a result of the lack of ground measurements beyond
36 km from the volcano (Brazier et al., 1982). Later, this was attributed
by Brazier et al. (1983) to the premature fallout of fine ash deposited as
aggregates. More recently, Costa et al. (2016a, 2017) showed how the
presence of twodifferent sub-populationswithin the TGSD is a common
feature for most eruptions when they are properly sampled up to distal
region. In any case, bi-modal granulometry features within the individ-
ual grain-size distributions on tephra deposits from proximal to distal
locations are a clear field signature of ash aggregation occurrence
(Brazier et al., 1983; Durant et al., 2009). Starting from Brazier's TGSD
estimation, we described the TGSD as the sum of two lognormal distri-
butions (Fig. 2, bi-Gaussian in Φ, hereinafter bi-Gaussian distribution)
and discretized the distribution each Φ-unit by using the following the
equation (Costa et al., 2016a, 2017):

ƒbi−Gaussian Φð Þ ¼ p
1

σ1
ffiffiffiffiffiffi
2π

p e
−
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2σ2
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ffiffiffiffiffiffi
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−
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2σ2
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where Φ denotes particle diameters, p and (1− p) are the fractions of
each sub-population, μ1, μ2 and σ1, σ2 represent, respectively, the
mean and standard deviation of the two Gaussian distributions in Φ-
units. The best-fit parameters of the distribution, i.e. p, μ1, σ1, μ2, and
σ2, are reported in Table 2. The Brazier TGSDwas also described through
the sumof twoWeibull distributions (Fig. 2, bi-Weibull inΦ, hereinafter
bi-Weibull distribution) and discretized each Φ-unit by using the fol-
lowing the equation (Costa et al., 2016a, 2017):
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where, q and (1− q) are the fraction of each sub-population,λ1, λ2, and
n1, n2 represent, respectively, the scale and shape parameters of the two
distributions. The corresponding best-fit parameters (Costa et al.,
2016a, 2017), i.e. q, λ1, n1, λ2 and n2, are reported in Table 2.

FALL3D uses the input TGSD as discrete size bins. While the Brazier
TGSD provides the field-based GSDs for each bin, the GSDs derived
from both the bi-Gaussian and bi-Weibull distributions are estimated
through the Eqs. (1) and (2), respectively, and reported in Table 3. Ad-
ditionally, we assigned the mean density for each size bin accordingly
to the simple parameterization of Bonadonna and Phillips (2003) for
an andesitic magma.

3.4. Inverse problem-solving methodology

A set of FALL3D model runs was performed by exploring the ranges
of the input parameters in Table 4 (see the Appendix A for the comple-
mentary description of themodels and parameterization used). Optimal
ESP valueswere obtained by best-fitting the observed loadings with the
field measurements through the evaluation of the goodness-of-fit mak-
ing use of different statistical parameters. The goodness-of-fit method
considered the normalized RootMean Square Error (i.e. RMSE) calculat-
ed using two different weights (i.e. RMSE1 and RMSE2) by the following
equations:

RMSEj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑N

i wj Simi−Obsið Þ2
q

ð3Þ

where wj refers to the weighting factors used to determine the RMSE.
The index i corresponds to the ith sample over a set of N samples. The
terms Obsi and Simi are respectively the observed and simulated tephra
loadings and:

wj¼1 ¼ 1

∑N
i Obs

2
i

ð4Þ

wj¼2 ¼ 1

N � Obs2i
ð5Þ

These weights correspond to different assumptions on the error dis-
tribution (Costa et al., 2009). The RMSE1 is calculated withw1 and refers

http://www.ecmwf.int


Fig. 2.Histogram shows the field-based TGSD (Brazier et al., 1982). The red dashed curve represents its best-fit with two lognormal distributions and the blue solid linewith twoWeibull
distributions (Costa et al., 2016a, 2017). Analytical curve parameters are reported in Table 2.

Table 3
Grain-size distributions for the Brazier TGSD accompanied by the ones derived from the
bi-Gaussian and bi-Weibull distributions (Fig. 2).

Diameter (Φ-unit) Weight (%)

Brazier TGSD bi-Gaussian TGSD bi-Weibull TGSD

−6 0.00 0.00 0.00
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to the case of a constant absolute error, whereas the RMSE2 considers a
constant relative error implying the proportional weighting factor w2

(Folch et al., 2010). In addition to these RMSE skills, we also computed
the statistical indexes K (i.e. geometric average of the distribution)
and k (i.e. geometric standard deviation of the distribution) introduced
by Aida (1978):

K ¼ exp
1
N
∑N

i log
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Simi

� �� �
ð6Þ
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2
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Simulations are considered reliablewhenK lies between0.95 and1.05
(i.e. ±5% of the mass estimation). The optimal simulations (Table 5) are
selected when k is minimized together with RMSE1 and RMSE2. Addition-
ally, results of the simulations are chosen on the basis of the minimum
Table 2
Main parameters used to best-fit the Field TGSD (Brazier et al., 1982). For the lognormal
distribution (bi-Gaussian), p is the coarse sub-population fraction; μ1, μ2, are respectively
the coarse- and fine-grained sub-populations means; σ1, σ2 are respectively the standard
deviations of the coarse- and fine-grained sub-populationsmeans. For the bi-Weibull dis-
tribution, q is the coarse sub-population fraction; λ1, λ2, are respectively the scale param-
eters of the coarse- and fine-grained sub-populations means; n1, n2 are respectively the
shape parameters of the coarse- and fine-grained sub-populations means (Costa et al.,
2016a, 2017).

bi-Gaussian bi-Weibull

μ1 0.557 ± 0.067 λ1 0.269 ± 0.020
σ1 1.146 ± 0.059 n1 0.637 ± 0.039
μ2 4.084 ± 0.049 λ2 0.028 ± 0.001
σ2 1.344 ± 0.045 n2 0.875 ± 0.059
p 0.362 ± 0.020 q 0.495 ± 0.053
bias and the maximum correlation (Costa et al., 2009; Folch et al.,
2010), where the normalized bias is calculated as (Folch et al., 2010):

Bias ¼ ∑N
i Simi−Obsið Þ
∑N

i Obsi
ð8Þ

For solving the inversion, we sampled at regular intervals through
the ranges of the main parameters governing the tephra transport and
sedimentation. Then, we refined the search using finer steps around
the values giving the best goodness-of-fit. We started with the eruptive
−5 0.00 0.00 0.00
−4 0.00 0.00 0.00
−3 0.00 0.10 0.02
−2 2.59 1.05 0.65
−1 8.30 5.02 4.74
0 12.99 11.37 11.40
1 12.19 13.04 13.37
2 12.13 11.39 10.90
3 17.98 14.99 14.72
4 18.05 19.05 19.60
5 10.61 15.03 14.23
6 4.32 6.86 6.74
7 0.38 1.80 2.50
8 0.00 0.27 0.81
9 0.00 0.02 0.24
10 0.00 0.00 0.07
11 0.00 0.00 0.02
12 0.00 0.00 0.01



Table 4
Input parameter ranges explored within the simulations.

Input parameter Explored range

Column height (km a.v.)a 10 16
MER (kg/s)a 104 108

Exit velocity (m/s) 150 300
Exit temperature (K) 1000 1200
Exit water fraction (%)b 4.0 6.5
Cross-flow entrainment coefficient (β)c 0.3 1.0
Radial entrainment coefficient (α)c 0.1 0.15
Aggregate diameter (Φ-unit)d 0 2
Aggregate density (kg/m3)d 100 800

a The column height and MER are estimated using the FPlumemodel (Folch et al., 2016).
b Themagma exit water fraction is set accordingly to the literature (Brazier et al., 1982,

1983; Heath et al., 1998).
c The entrainment coefficients (α and β) are set to a constant value (CONSTANT option

in FPlume model, Folch et al., 2016).
d Aggregation is investigated using the following schemes: None (i.e. no aggregation),

Cornell (Cornell et al., 1983,modified), Percentage (Sulpizio et al., 2012) and Costa (Costa et
al., 2010). The complementary values are reported in Table 5.

Table 5
Summary of the optimal ESP valueswith the statistical response for the three input TGSDs
for the four-different aggregation schemes (i.e. None, Cornell, Percentage and Costa).

Brazier TGSD Aggregation scheme

Input parameter None Cornell Percentage Costa

Column height (km a.v.) 12 12 12 12
MER (kg/s) 6.8E+6 5.5E+6 7.1E+6 6.5E+6
Exit velocity (m/s) 250 250 250 250
Exit temperature (K) 1100 1100 1100 1100
Exit water fraction (%) 6 6 6 6
Cross-flow entrainment coefficient (β) 0.85 0.60 0.90 0.80
Radial entrainment coefficient (α) 0.13 0.13 0.13 0.13
Aggregate diameter (Φ-unit) − 1.5 1.5 1.5
Aggregate density (kg/m3) − 450 450 450
Computed aggregate fraction (in wt%) 0.0 34.9 31.9 00.6
Statistical metric

K 0.99 1.02 1.02 1.03
k 2.44 2.40 2.20 2.43
RMSE1 0.85 0.80 0.84 0.83
RMSE2 0.98 0.96 0.89 0.92
Bias 0.00 0.00 0.00 0.00
Correlation 0.60 0.50 0.60 0.60

bi-Gaussian TGSD Aggregation scheme

Input parameter None Cornell Percentage Costa

Column height (km a.v.) 12 12 12 12
MER (kg/s) 6.8E+6 5.6E+6 7.1E+6 6.6E+6
Exit velocity (m/s) 250 250 250 250
Exit temperature (K) 1100 1100 1100 1100
Exit water fraction (%) 6 6 6 6
Cross-flow entrainment coefficient (β) 0.85 0.60 0.90 0.80
Radial entrainment coefficient (α) 0.13 0.13 0.13 0.13
Aggregate diameter (Φ-unit) − 1.5 1.5 1.5
Aggregate density (kg/m3) − 450 450 450
Computed aggregate fraction (in wt%) 0.0 41.1 34.7 2.2
Statistical metric

K 1.01 1.01 1.00 1.05
k 2.46 2.42 2.23 2.39
RMSE1 0.86 0.82 0.86 0.84
RMSE2 0.94 0.98 0.91 0.89
Bias 0.00 0.00 0.00 0.00
Correlation 0.50 0.50 0.60 0.60

bi-Weibull TGSD Aggregation scheme

Input parameter None Cornell Percentage Costa

Column height (km a.v.) 12 12 12 12
MER (kg/s) 7.4E+6 6.6E+6 8.3E+6 7.4E+6
Exit velocity (m/s) 250 250 250 250
Exit temperature (K) 1100 1100 1100 1100
Exit water fraction (%) 6 6 6 6
Cross-flow entrainment coefficient (β) 0.95 0.80 1.00 0.95
Radial entrainment coefficient (α) 0.13 0.13 0.14 0.13
Aggregate diameter (Φ-unit) − 1.5 1.5 1.5
Aggregate density (kg/m3) − 350 350 350
Computed aggregate fraction (in wt%) 0.0 42.1 34.9 22.3
Statistical metric

K 0.95 0.98 1.00 1.02
k 2.45 2.27 2.09 2.18
RMSE1 0.91 0.86 0.95 0.89
RMSE2 1.03 0.94 0.93 0.89
Bias 0.00 0.00 0.00 0.00
Correlation 0.60 0.60 0.70 0.60
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column height by exploring from 10 to 16 km above the vent. Through
the relationship between the column height and the MER (Folch et al.,
2016), column heights were obtained varying MERs from 104 to
108 kg/s. The exit velocity, temperature and water fraction are sampled
from 150 to 300 m/s, 1000 to 1200 K and 4 to 6.5%, respectively. In ad-
dition to these ESPs, FPlume needs two entrainment coefficients (α and
β),whichwere explored from0.1 to 0.15 and from0.3 to 1.0, respective-
ly. Regarding the aggregation parameterization, the diameter (ΦAgg)
and density (ρAgg) of the aggregated class were chosen within the
ranges 0 to 2Φ, for ΦAgg, and 100 to 800 kg/m3, for ρAgg.

4. Results

Here we present the results of the solution of the inverse problem
together with sensitivity studies on tephra dispersal making use of: i)
three different TGSD and, ii) the effects of different ash aggregation pa-
rameterizations. A sensitivity study on themeteorological model spatial
resolution was also performed and is available in the supplementary
material (Fig. S).

4.1. ESP estimation solving an inverse problem for the different TGSD

For the sake of clarity, the following section reports the use of the
Costa aggregation scheme but all the optimal set of ESPs are summa-
rized in Table 5 together with the statistical response. The interdepen-
dency of many of the input parameters implies that the reported
optimal results are not unique (e.g. Anderson and Segall, 2013) and
may differ with other ESP combinations (e.g. Connor and Connor,
2006; Scollo et al., 2008). The inversion procedure consists of running
hundreds of simulations covering the ranges of the main parameters
(Table 4) and choosing the combination that optimizes the tephra trans-
port and sedimentation. To be concise, we reported in Fig. 3 themain pa-
rameter (i.e. column height) having substantial effect on the resulting
tephra loadings and therefor on the best-fit agreement with the mea-
sured loadings. Fig. 3 summarizes the results in terms of RMSE1, RMSE2
and k showing how the goodness-of-fit is affected by varying pivotal pa-
rameters such as the column height (and the associated MER) with the
Costa aggregation scheme. Sensitivity studies show that the effect of
the column height (and associated MER) on k and RMSEs is much more
significant than on other parameters. As an example, the tephra loading
appears to not be considerably affected varying the aggregate density.
However, k is minimum for ρAgg = 450 kg/m3 for the Brazier and bi-
Gaussian TGSDs and 350 kg/m3 for the bi-Weibull distribution.

The optimal simulations for each TGSD with the Costa scheme sug-
gest an eruptive column height of 12 km a.v., a resulting Total Erupted
Mass (TEM) of ~2.5 × 109 kg, ~2.4 × 109 kg, and ~2.8 × 109 kg for the
Brazier TGSD, bi-Gaussian and bi-Weibull distributions, respectively.
These values are consistent with the TEM provided by Brazier et al.
(1982), i.e. ~9.6 × 108 kg, which is ~40% lower than our simulation re-
sults. Considering a constant MER through the 6 min of the eruption,
the corresponding MERs for each distribution are of ~6.5 × 106 kg/s,
~6.6 × 106 kg/s, and ~7.8 × 106 kg/s, respectively. Regarding the
plume air entrainment coefficients, the best-fit values for this short-
lived eruption of La Soufrière St. Vincent volcano give a radial entrain-
ment coefficient α of 0.13 and a cross-flow entrainment coefficient β
of 0.95, which are within the typical ranges (Costa et al., 2016b).



Fig. 3. Summary of the procedure used to solve the inverse problem showing the statistical indices (RMSEs, k, Bias and Correlation) variations as function of total column height (and
associate MER) for the three input TGSDs.
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The bi-Weibull distribution combinedwith the Costa scheme give sta-
tistical indexes of K = 1.02 and k = 2.18 for the optimal simulation,
whereas both the RMSE1 and RMSE2 are calculated at ~0.89 (see Table 5
for a full description of the results). These values indicate an error associ-
ated with the ESP estimation similar to the uncertainty associated with
other classical methods (Bonadonna and Costa, 2012, 2013; Bonadonna
et al., 2015). Fig. 4a shows the comparison between the measured and
the computed tephra loading values on a logarithmical scale at the 31
considered locations (Fig. 1). Overall, the best simulations indicate that
94% of the tracked samples fall between 1/5- and 5-times the observed
values and 6% (the 2 most proximal samples) fall nearby the 1/10- and
10-times. Fig. 4a also compares the results obtained with the bi-Weibull
distribution accounting for aggregationusing theCosta schemeandno ag-
gregation. It also displays the best simulations for the bi-Gaussian distri-
bution and the Brazier TGSD with the Costa scheme. Overall, Fig. 4a
illustrates how accounting for aggregation processes improves those
neglecting it. Table 5 summarizes the goodness-of-fit results obtained
for the three TGSD employed in combination with the different aggrega-
tion schemes. The table shows similar RMSEs (i.e. RMSE1, RMSE2) and k
index values, although obtained through different parameterizations.
This reflects the convergence of the simulation to best-fit the field mea-
surements. However, despite this similarity, Fig. 4a suggests considerable
differences associated with the tephra loading at the Bequia location
(0.45 kg/m2). The simulations under aggregation improve the fitting al-
most by a factor 6. The 31 different computed loadings can be compared
with the field measurements in Table 1.

In addition to the best-fit tephra loadings, the observed accumula-
tion rate (in kg/m2/min) made at the Belmont Observatory (label 6 in
Fig. 1a) is also compared against themodelled rate (Fig. 4b). The dashed
line indicates a maximum accumulation rate of ~3.8 kg/m2/min around
25 min after the eruption start. This trend is reproduced by the model
but required a 15-minute time shift on the meteorological database to
capture the proper accumulation-loading rate, which is attributed to a
meteorological model phase error that does not represent correctly
themeteorologicalfields. Froma computational point of view, this oper-
ation is done by shifting the eruption start by −15 min. In this case, a
maximum of ~1.8 kg/m2/min, which is of the same order of the mea-
sured value, is obtained around 25 min after the eruption start.

Fig. 5 shows the tephra loading map for the optimal simulation, i.e.
with the bi-Weibull distribution and the Costa scheme. Besides the tephra
blanket covering most of the St. Vincent and Bequia islands, the map pre-
sents an areawith an expandedmaximumspreading south-eastwards (i.e.
following the load limit of 2 kg/m2), which is associated with the aggre-
gates fallout (see the time-series Animation Loading in the supplementary
material). In this case, ash aggregation is contributing to ~22.3% of the
tephra fallout deposit. A time-series animation of the computed aggregate
deposition is available in the supplementary material (see Animation Ag-
gregate Loading). Further details on the effects of ash aggregation scheme
on simulation results are described in the following Section 4.2.

4.2. Sensitivity to parameterizations of ash aggregation

For the sake of clarity, ash aggregation results are presented in sub-
sections referring to the use of a TGSD (i.e. Brazier TGSD, bi-Gaussian
and bi-Weibull distributions respectively). For each case, we show the
tephra loading (Fig. 6) and aggregate loadingmaps (Fig. 7). The columns



Fig. 4. a Comparison between the observed ground loadings and its best-fit computed values for the 31 sample locations (loading details in Table 1). Reported results refer to the use of the Costa
scheme (Costa et al., 2010) with the Field TGSD (squares), the bi-Gaussian (triangles) and the bi-Weibull distributions (unfilled red circles). Blue spheres stand for the bi-Weibull distribution
neglecting aggregation (i.e. None scheme). b Comparison of the tephra accumulation loading rate from field-based observations (Brazier et al., 1982) at Belmont Observatory (black dots with
dashed line) with the computed rate (red dots with solid line).
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in Figs. 6 and 7 display the results for each TGSD while rows illustrate
the different aggregation schemes (i.e. None, Cornell, Percentage and
Costa). Overall, Fig. 6 highlights the effect of each aggregation parame-
terization on the tephra transport and deposition (the corresponding
aggregate mass fractions are regrouped in Table 5). Regarding the ag-
gregated class, simulation results give optimal values for the effective
aggregate diameter of 0.35 mm (ΦAgg = 1.5). The best density value is
obtained at 450, 450 and 350 kg/m3 for the Brazier TGSD, bi-Gaussian
and bi-Weibull distributions respectively. The fractal exponent (Df) re-
quired by the Costa scheme is set at 3. The optimal input aggregate frac-
tion needed by the Percentage scheme is obtained at 50% to the fines
(~35% for the TGSD).

4.2.1. Ash aggregation results for the Brazier TGSD
Tephra loadingmaps resulting from the use of the Brazier TGSD (left

column in Fig. 6) show the effect of the four aggregation scheme on the



Fig. 5.Best tephra loadingmap resulting from theuse of the bi-Weibull distribution and the Costa scheme. Color bar and samples color scale are adjusted tomatchwhencomputed loadings
lie within the observed range value. The figure is generated using the Kriging gridding method described in Yang et al. (2004).
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deposit. Results give computed aggregate mass fractions from 0% (as-
suming no aggregation) to ~35%. Although themaps show similar teph-
ra deposits for None, Cornell, Percentage and Costa schemes, the
aggregate mass fraction given by Costa is very low (~0.6%), suggesting
almost no presence of aggregates on the deposit. Cornell and Percentage
schemes have a similar much higher aggregate fraction (~35% and
~32%, respectively), thus improving the reconstruction of the deposit
at Bequia.None and Costamethods are not able to capture thefieldmea-
surement at Bequia Island but Cornell and Percentage schemes do. Fig. 7
(left column) presents the computed aggregate-loadings and shows the
different contributions between the aggregation scheme.

4.2.2. Ash aggregation results for the bi-Gaussian TGSD
Tephra loading maps associated with the use of the bi-Gaussian

distribution are summarized in Fig. 6 (central column). The estimated
aggregate mass fraction ranges from 0% to ~41%. As observed in
Section 4.2.1, Costa results in a low aggregate fraction (~2.2%),
explaining the similarity between the maps for None and Costa. Then,
Cornell and Percentage schemes indicate similar but greater fractions
(~41% and ~35%, respectively), increasing the deposit at Bequia visible
on Fig. 6. Again, None and Costa schemes are not able to capture the
field measurement in Bequia Island, whereas Cornell and Percentage
schemes show a better agreement (Fig. 7, central column).

4.2.3. Ash aggregation results for the bi-Weibull TGSD
Tephra loading maps associated with the use of the bi-Weibull dis-

tribution are summarized in Fig. 6 (right column). The computed aggre-
gate mass fractions range from 0% to ~42%. The use of the bi-Weibull
distribution gives a different behavior with respect to the Sections
4.2.1 and 4.2.2. For this particular case, the Cornell, Percentage and
Costa schemes show very similar tephra loadings together with similar
aggregate fractions (~42%, ~35% and ~22%, respectively). In particular,
the statistical analysis (i.e. RMSEs, K, k, bias and correlation) in Table 5
shows the best performance for the Costa and Percentage schemes. The
agreement is also visible through the simulated tephra deposits, capable
to capture the loadings measured in Bequia. Fig. 7 (right column) illus-
trates the aggregate loading maps, which are very similar in this case.

5. Discussion

This study aims at reconstructing themain features of the 26th April
1979 eruption at La Soufrière St. Vincent volcano, constraining ESPs and
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ash aggregation processes using the FALL3D tephra dispersal model to-
gether with a 1 km resolutionmesoscalemeteorological model. Simula-
tions are validated against all available data in terms of tephra loading,
grain-size distribution and plume observations. This study allows us to
gain insight into aggregation parameterizations aswell as on the control
of the driving meteorology on these processes.

Considering the proximal area (i.e. b10 km from the vent), the deposit
mapped may have fallen from the rising column rather than from the
downwind cloud. Although the gravitational spreading (Costa et al.,
2013) is taken into account by the FALL3D code, the resulting tephra load-
ings may show significant discrepancies due to the high unstable plume
conditions and complex multiphase processes near the vent (e.g.
Manzella et al., 2015; Cerminara et al., 2016; Del Bello et al., 2017). Sub-
stantial differences between the computed and measured loadings were
observed for the two closest points from the source (labels 1 and 2 in
Fig. 1). Because the tephra dispersal model limitations at very proximal
region, we did not consider these two points. The eruptive column is de-
scribed by the FPlumemodelwhich, for each grain-size bin (characterized
by particle size, density, and shape), provides the mass flow over the en-
tire range of elevations. Then, making use of the meteorological database
FALL3D computes the transport and deposition for each grid node (i.e.
longitudes and latitudes) and the elevation layers.

Amongst the main ESPs, the input TGSD plays a pivotal control on
tephra deposition (Costa et al., 2016a) and aggregation (Folch et al.,
2016), but is particularly difficult to estimate, especially for the fine ash
tail (Costa et al., 2016a and references therein). For this reason,we carried
out a sensitivity study on the TGSD by considering different estimations
(Section 3.3). Results associated with the TGSDs demonstrate ash aggre-
gation to be highly dependent on the TGSD tail description (i.e. Φ N 5),
but also on the aggregation scheme (Table 5). While Brazier TGSD has
only ~15.3% of fine ash (bars in Fig. 2) the bi-Gaussian distribution con-
tains ~24.0% (red dashed line in Fig. 2), and the bi-Weibull distribution
~24.6% (blue solid line in Fig. 2). In our context, fine ash enrichment im-
plies a greater aggregation contribution on themedial bulk tephra fallout,
which is illustrated in Fig. 6. This figure shows (from left to right) that
enriching in fine ash reproduces slightly better the tephra dispersal and
deposition independently from the aggregation scheme used. This is ob-
servable by the extent of the computed tephra fallout towards the Bequia
Island. However, neglecting aggregation (top panels in Fig. 6) returns
identical results regardless of the TGSD used, highlighting the non-
uniqueness parameterization to best-fit the field observations. These re-
sults illustrate how important it is to consider aggregation together
with the correct fine ash tail description of the distribution. In particular,
results from the Costa parameterization give aggregate mass fractions
from ~0.6–2.2% (i.e. for Brazier TGSD and bi-Gaussian distribution, re-
spectively) to ~22.3% (i.e. for the bi-Weibull distribution). These values
indicate a strong dependency on TGSD estimation as indicated in Figs. 6
and 7. The Percentage (and Cornell) scheme (detailed in Section 3.1) indi-
cates more stable loadings through the three TGSD and show a good
agreement with the observed deposit. However, the Percentage scheme
has a slightly better performance (Table 5)with respect to the optimal re-
sults obtained for the bi-Weibull TGSD with the Costa parameterization.
The Percentage scheme, which has the lowest k and highest correlation,
suggests similar ESPs than the other schemes but aggregatemass fraction
of ~35% (Table 5). Nonetheless, the remarkable result shown by Fig. 6 is
the non-uniqueness solution to best reproduce the field deposit, which
is attributed to the interdependency of the main parameters that lead
to a set of reliable parameterizations.

Fig. 8 brings together the four GSD displayed in Brazier et al. (1982)
for samples 3, 6, 25, and Bequia, respectively (located at 6, 10, 21, and
36 km from the vent; Fig. 1a). For the sake of clarity, Fig. 8 reports GSDs es-
timatedwith thebi-Weibull distribution. Theparagraph refers to theuseof
Fig. 6. Overview of the tephra loading maps obtained for the three input TGSDs together wit
reported in Table 5. Color bar and samples color scale are adjusted to match when the com
Kriging gridding method described in Yang et al. (2004).
the Costa aggregation scheme. The figure shows the computed and mea-
sured GSD (hereinafter Field GSD) for all the diameter bins (i.e.−4 b Φ
b 8). Field GSDs present coarse and fine sub-populations. On one hand,
the coarse sub-population peaks atΦ= 0 (sample 3),Φ= 1 (samples 6
and 25) and at Φ = 2 (sample Bequia) representing tephra settling as
free particles. The corresponding computed modes and variances of
these GSDs are in agreement with the field observations. On the other
hand, the fine sub-population, which is composed of particles that depos-
ited as aggregates (mostly destroyedwhen impacting the ground, thereby
releasing fine ash in the deposit) was not properly simulated, especially at
proximal locations reflecting thedifficulty to accuratelydescribe the coarse
tail of the TGSD without a proper sampling of the proximal area
(Andronico et al., 2014; Spanu et al., 2016). Discrepancies for the fine
sub-population can be explainedby the ash aggregation schemes that con-
sider only one single effective aggregate class rather than a distribution of
aggregates with different sizes and densities (Mastin et al., 2016).

The best-case simulation results obtained for an effective aggregate
diameter of ΦAgg = 1.5 and a density of 350 kg/m3 using the Costa
scheme with a bi-Weibull TGSD indicate aggregate fractions of ~0.1%,
~0.4%, ~5.8% and ~78.2%, respectively, for the samples 3, 6, 25 and Bequia
(i.e. Agg class on each panel in Fig. 8). These values can be comparedwith
data from the relative Field GSDs, summing the measured mass fractions
corresponding to the particle classes considered to settle as aggregates.
The sum concerns the empty classes for None aggregation (Fig. 8), i.e. Φ
≥ 3 for sample 3, 6, and 25 andΦ ≥ 4 for the Bequia sample. The resulting
sums give ~68.0%, ~56.0%, ~61.1% and ~43.6%, respectively (Agg class in
Fig. 8). From a computational point of view, these latter fractions would
be assigned, at least partially, in the aggregate class. While the values as-
sociatedwith the samples 3, 6 and 25 are not in agreement with the sim-
ulations, the performance for the Bequia is better.

The optimal simulation performed with the bi-Weibull distribution
and the Costa scheme predicts an aggregate fraction of ~22.3%, contribut-
ing to the tephra depositwith ~0.5 kg/m2 asmaximum. The time-series of
the sedimentation associated with the effective aggregated class can be
used to identify the area impacted by the deposition of aggregates,
which is located south-westwards from the main island and over the
ocean (see Animation Aggregate Loading in the Supplementarymaterial).
These results agreewith the observation of a bi-modal grain-size distribu-
tion as well as a secondary thickening in the tephra fallout described in
Brazier et al. (1983), and more recently in Mastin et al. (2016) for
Mount St. Helens (18th May 1980).

Fig. 8 highlights also the effect of air moisture on tephra dispersal
and deposition by comparing GSDs obtainedwith the Costa scheme. Sam-
ples 3, 6 and 25 indicate a weak effect of the air moisture on the deposits,
which is consistent with the local atmospheric conditions reported in
Brazier et al. (1982) together with the phreatomagmatic feature of the
eruption (Shepherd and Sigurdsson, 1982). In contrast, effect of air mois-
ture is significant for the Bequia deposit (bottom right panel in Fig. 8).
While the best results in Fig. 5 are obtained considering air moisture
(~22.3% of aggregation), this fraction drops to ~0.8% when assuming
only dry entrained air in the atmosphere. This indicates that atmospheric
moisture significantly contributed to ash aggregation processes for the
26th April 1979 eruption. This also highlights the model sensitivity to
air moisture, especially in tropical zones.

6. Conclusion

On 26th April 1979, a short-lived explosive eruption occurred at La
Soufrière St. Vincent volcano generating an eruptive plume that raised
about 13 km above the vent. Tephra dispersal was mainly governed
by a wind blowing southwards, allowing tephra samples to be collected
at 33 locations from the vent up to Bequia Island at 36 km southwards.
h the four aggregation schemes (i.e. None, Cornell, Percentage and Costa). The details are
puted loadings lie within the observed range value. The figure is generated using the



Fig. 7.Overviewof the aggregate loadingmaps obtained for the three explored TGSDs and the four aggregation schemes (i.e.None, Cornell, Percentage and Costa). Thedetails are reported in
Table 5. Color bar and samples color scale are adjusted to match when the computed loadings lie within the observed range value. The figure is generated using the Kriging gridding
method described in Yang et al. (2004).
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Fig. 8. Comparison of the Field GSD (i.e. labels 3, 6, 25 and Bequia) provided by Brazier et al. (1982)with the correspondingGSD calculated by FALL3D. Light grey bars represent the sum of
the fine particle classes assumed falling as aggregates.

Parameters and models

Time meteo domain From 25/04 to 28/04/1979
Grid: bottom left
(Longitude / Latitude)

-61.31 / -12.93

Grid: top right
(Longitude / Latitude)

-61.08 / 13.40

Time step meteo data (min) 30
Grid nodes:
(Longitude / Latitude)

70 / 101

Altitude layers (500 m step) From 0 to 14500
Vent coordinates:
(Longitude / Latitude)

-61.180743 / 13.333557

Vent elevation (m) 1220
Eruption duration (sec) 370
Eruption column model FPlume a

Terminal velocity model Ganser b

Vertical turbulence model Similarity c

Horizontal turbulence model RAMS d

RAMS Cs 0.3
Wet deposition No

a The eruption column model used is based on the Buoyant Plume Theory (BPT) as
described in Folch et al. (2016).

b The semi-empirical parameterization for the terminal settling velocity calculation is
done through the Ganser option as described in Ganser (1993).

c The vertical component of the eddy diffusivity tensor, Kz, is estimated using the Sim-
ilarity option as in Costa et al. (2006) and Ulke (2000).

d The horizontal component of the eddydiffusivity tensor,Kh, is evaluated as in Pielke et
al. (1992) by the RAMS option.
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Field measurements were used to estimate Eruption Source Parameters
(ESP). A previously estimated TGSD (Brazier et al., 1982) was
complemented with both the sum of two lognormal and the sum of two
Weibull distributions. Starting from these three input TGSDs, we best-
fitted all the available data including tephra loading, grain-size distribu-
tion and plume observations. The effect of ash aggregation was also
investigated by comparing three aggregation schemes with simulations
neglecting aggregation phenomena. In order to better reconstruct
the main eruption features, several hundreds of simulations were run
with aggregation under wet conditions. The optimal results obtained
using the FALL3D tephra dispersal model were selected through a good-
ness-of-fit method. These indicate a column height of ~12 km above the
vent, a mean Mass Eruption Rate of ~7.8 × 106 kg/s, and a Total Erupted
Mass of ~2.8 × 109 kg obtained for an eruption duration of 6min. Best re-
sults suggest an estimationof ~22% for thefine ash fraction involved in ag-
gregation processes. This work highlights the need for further field-based
aggregation studies to better characterize the aggregation processes.
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Appendix A. Appendix

This section displays the others parameters and models used to run
the simulations.
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