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Themaximum height of an explosive volcanic column, H, depends on the 1/4th power of the eruptive mass flux, Q,
and on the 3/4th power of the stratification of the atmosphere, N. Expressed as scaling laws, this relationship has
made H a widely used proxy to estimate Q. Two additional effects are usually included to produce more accurate
and robust estimates of Q based on H: particle sedimentation from the volcanic column, which depends on the
total grain-size distribution (TGSD) and the atmospheric crosswind. Both coarse TGSD and strong crosswind have
been shown to decrease strongly themaximum column height, and TGSD,which also controls the effective gas con-
tent in the column, influences the stability of the column. However, the impact of TGSD and of crosswind on the dy-
namics of the volcanic column are commonly considered independently.We propose here a steady-state 1Dmodel
of an explosive volcanic column rising in awindy atmosphere that explicitly accounts for particle sedimentation and
wind together. We consider three typical wind profiles: uniform, linear, and complex, with the same maximum
wind velocity of 15 m s−1. Subject to a uniform wind profile, the calculations show that the maximum height of
the plume strongly decreases for any TGSD. The effect of TGSD onmaximumheight is smaller for uniform and com-
plexwind profiles than for a linear profile orwithoutwind. The largest differences ofmaximumheights arising from
different wind profiles are observed for the largest sourcemass fluxes (N107 kg s−1) for a given TGSD. Compared to
nowind conditions, thefield of column collapse is reduced for anywindprofile and TGSDat the vent, an effect that is
the strongest for smallmassfluxes and coarse TGSD. Provided that themaximumplumeheight and thewindprofile
are known from real-time observations, themodel predicts themass discharge rate feeding the eruption for a given
TGSD. We apply our model to a set of eight historical volcanic eruptions for which all the required information is
known. Taking into account the measured wind profile and the actual TGSD at the vent substantially improves
(by ≈30%) the agreement between the mass discharge rate calculated from the model based on plume height
and the field observation of deposit mass divided by eruption duration, relative to a model taking into account
TGSD only. This study contributes to the improvement of the characterization of volcanic source term required as
input to larger scale models of ash and aerosol dispersion.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Magmatic gases and ash injected into the atmosphere by explosive
volcanic eruptions present a number of potentially severe hazards rang-
ing from fatalities and health problems to major air traffic disruptions
(Miller and Casadevall, 2000; Hornwell, 2007; Watson, 2015; Witze,
2015). These hazards are mainly related to the amount of ash injected
in the volcanic plume that itself is closely related to the eruptive mass
flux and to the total grain-size distribution (TGSD). Field evidence of
the TGSD of volcanic particles carried by a Plinian column are provided
by ground-based and airborne LIDAR observations (Marenco et al.,
2011), satellite measurements (Prata and Prata, 2012; Guéhenneux
et al., 2015), direct aircraft sampling (Johnson et al., 2012; Turnbull
et al., 2012), and analyses of pyroclastic deposits (Durant and Rose,
2009). Decades of near real-timemeasurements suggest that the popu-
lation and concentration of solid fragments vary substantially from the
volcanic vent to the maximum plume height during a single eruption.
Predicting quantitatively the evolution of the population of particles in
the atmosphere is not straightforward although it remains cardinal for
the assessment of volcanic hazards related to Plinian eruptions.

The complex behavior of the gas–particlemixture ejected at the volca-
nic vent stems from the non-linear evolution of the bulk density of the
column as it rises and mixes with the atmosphere. Cold atmospheric air
is engulfed by turbulent entrainment at the edges of the column and is
heatedupby thehot solid fragments. If theseprocesses sufficiently reduce
the bulk density of the mixture, a positively buoyant plume is formed
(Sparks and Wilson, 1976; Woods, 1988). The evolution of the density
of the mixture in the column, hence of its dynamics, depends on the rel-
ative concentration of air and magma fragments in the flow. The
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concentration of volcanic fragments in the column is progressively re-
duced at increasing height above the vent by particle sedimentation and
by dilution of the volcanic mixture through turbulent entrainment at
the edges of the column. The physics of these twoprocesses, and especial-
ly their relation to the eruptivemass flux, has to be included in amodel of
volcanic plume to predict the concentration andflux of ash injected in the
volcanic cloud.

Tofirst order, themaximumheight of an explosive volcanic column,H
(km), depends on the eruptive mass flux, Q (kg s−1), and on the stratifi-
cation of the atmosphere, N (s−1) (Morton et al., 1956; Settle, 1978).
Expressed as scaling laws, the relationship between H, Q, and N has
made the observed maximum height H a widely used proxy to estimate
the eruptive mass flux (Wilson et al., 1980). However, for more accurate
and robust estimates of Q based on H, two additional parameters also
need to be taken into account: the TGSD of particles injected into the at-
mosphere,which controls particle sedimentation and the fraction ofmag-
matic gas released at fragmentation (Girault et al., 2014), and the strength
of the atmospheric wind (Bursik, 2001). Previous studies have made sig-
nificant progress in identifying the key parameters governing turbulent
entrainment in a volcanic column (e.g., Woods, 1988; Kaminski et al.,
2005; Ogden et al., 2008; Suzuki and Koyaguchi, 2010) and particle sedi-
mentation from a volcanic column (e.g., Woods and Bursik, 1991; Folch
and Felpeto, 2005; Costa et al., 2006, 2010; Barsotti et al., 2008; Girault
et al., 2014; Le Roux, 2014;Manzella et al., 2015). A range of observation-
al, theoretical, numerical, and experimental approaches have shown that
low-altitude winds tend to enhance turbulent entrainment and to bend
the eruptive column, hence reducing its maximum height (e.g., Bursik,
2001; Degruyter and Bonadonna, 2012; Woodhouse et al., 2013;
Carazzo et al., 2014;Mastin, 2014). The quantitative influence of this pro-
cess on the evolution of the TGSD and of ash concentration has not been
thoroughly tested yet, and wind effect and particle sedimentation have
only been explored independently. In this paper, we propose to fill this
gap using a 1D steady-statemodel of a particle-laden volcanic column ris-
ing in awindy atmosphere. This model is built on previousmodels devel-
oped by our group (Carazzo et al., 2008a,b; Girault et al., 2014) and is
compared to other 1D and 3Dmodels in the framework of the benchmark
exercise (see Costa et al., 2016).

2. A theoretical model of a turbulent volcanic plume in a windy
atmosphere

For the sake of completeness, we describe the equations of the
model presented in Girault et al. (2014) re-derived to include the effect
of a crosswind. Themodel is set in a Cartesian coordinate system, with z
Fig. 1. Photograph of the 2006 Mt. Augustine eruption and coordinate syst
and x denoting the vertical and horizontal distance from the source, re-
spectively. Equations are written using a “Top-Hat” formalism and in a
plume-centered coordinate system such as (Hoult et al., 1969; Hewett
et al., 1971):

dx
ds

¼ cos θ; and
dz
ds

¼ sin θ; ð1Þ

where s is the curvilinear abscissa along the plume axis, and θ is the in-
clination of the plume centerline relative to the horizontal (Fig. 1).

2.1. Conservation laws

We use the formulation of Woods (1988), subsequently refined by
Bursik (2001), for the conservation of mass flux,

d
ds

ρUR2
� �

¼ 2ρaRUe þ
XNϕ

ϕ¼1

dQϕ

ds
ð2Þ

of axial and radial momentum fluxes,

d
ds

ρU2R2
� �

¼ ρa−ρð ÞgR2 sin θþW cos θ
d
ds

ρUR2
� �

þ U
XNϕ

ϕ¼1

dQϕ

ds
ð3Þ

ρU2R2
� �dθ

ds
¼ ρa−ρð ÞgR2 cos θ−W sin θ

d
ds

ρUR2
� �

ð4Þ

and of thermal energy flux,

d
ds

ρcTUR2
� �

¼ 2ρacaTaRUe−ρagUR
2 sin θþ cpT

XNϕ

ϕ¼1

dQϕ

ds
ð5Þ

where R is the column radius, U is the average vertical velocity, g is the
acceleration of gravity, and πQϕ is the mass flux of ϕ-sized particles
characterized by the specific heat cp. Ta(z), ρa(z), and ca are the temper-
ature, density, and specific heat of the atmosphere, respectively, and T,
ρ, and c are those of the bulk mixture. Ue is the “entrainment velocity”
at the edge of the plume, and W is the wind speed.
ems used in this study (see text and notation for symbol description).
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2.2. Entrainment rate

The rate of turbulent entrainment of ambient air into the plume (Ue) is
parameterized using (Hewett et al., 1971):

Ue ¼ α U−Wcos θj j þ β Wsin θj j ð6Þ

where α is the “Top-Hat” entrainment coefficient of Morton et al. (1956),
and β= 0.5 is the coefficient quantifying additional entrainment related
to the presence of wind (Devenish et al., 2010; Mastin, 2014). The exact
value of β is not well constrained, and literature estimates vary generally
between 0.1 and 1.0 (e.g., Bursik, 2001; Degruyter and Bonadonna, 2013;
Woodhouse et al., 2013; Suzuki and Koyaguchi, 2015). We consider that
the entrainment coefficientαdepends on the buoyancy of the column rel-
ative to the ambient air and can be expressed using a simplification of the
parameterization proposed by Kaminski et al. (2005):

α ¼ C
2
þ 1−

1
A

� �
Ri ð7Þ

where Ri=g(ρa−ρ)R/(ρaU2) is the local Richardsonnumber in the erup-
tive column. C and A are dimensionless parameters that depend on the
flow structure andwhose values have been constrained in previous stud-
ies (Carazzo et al., 2006, 2008a). Ri can reach extreme negative values in
the column, typically when the ascent velocity decreases to zero close to
the maximum height. To avoid α b 0 that would correspond to
“extrainment”, we set α=0 as a minimum value of the entrainment co-
efficient. The maximum value, α = 0.17, is obtained using Eq. (7) for a
pure plume at large distance from the source (see Carazzo et al., 2006
for calculation details).

2.3. Constitutive equations

The set of conservation equations is complemented by constitutive
equations giving the evolution of the thermodynamic properties of the
columnwith altitude. These properties evolve as a function of tempera-
ture and pressure, and as a function of the fraction of gas in themixture
assuming no thermal or mechanical disequilibrium between the phases
(Woods, 1988):

1
ρ
¼ 1−xg

� �
ρp

þ xgRgT
Pa

ð8Þ

Rg ¼ Ra þ Rg0−Ra
� � 1−xg

xg

� �
xg0

1−xg0

� �
ð9Þ

c ¼ ca þ cp−ca
� � 1−xg

1−xg0

� �
ð10Þ

where ρp = 2000 kgm−3 is the average density of the particles, xg(z) is
the effective gas mass fraction in the flow (i.e., the total fraction of gas
minus the amount of gas trapped in bubbles in magmatic fragments),
Pa(z) is the atmospheric pressure, and Rg0 = 461 J kg−1 K−1 and
Ra = 287 J kg−1 K−1 are gas constants for the bulk column and the
air, respectively. The subscript 0 refers to initial values of the variables
at the vent. Pa(z) and Ta(z) change with altitude and depend on the at-
mospheric conditions.
Table 1
Values of the effective gas mass fraction at the vent xg0 for different values of the power-law e

Power-law exponent, D 2.7 2.8 2.9 3.0
Effective gas mass fraction, xg0 0.11xtot 0.18xtot 0.31xtot 0.4
2.4. Particle fallout

Themass loss ofϕ-sized particles from the edges of the column is as-
sumed to be proportional to the mass flux of particles and to the termi-
nal fall velocity of the particles, Vϕ, such as (Woods and Bursik, 1991;
Ernst et al., 1996; Folch and Felpeto, 2005; Barsotti et al., 2008; Girault
et al., 2014):

dQϕ

ds
¼ −p

Qϕ

R
Vϕ

U
ð11Þ

where p is a probability of sedimentation taken equal to 0.27 as in Ernst
et al. (1996) andGirault et al. (2014). For a given particle size, the fallout
velocity, Vϕ, is calculated using (Bonadonna et al., 1998):

Vϕ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3:1gdϕΔρ

ρa

s
for Rep≥500; ð12Þ

Vϕ ¼ dϕ
g2Δρ2

225μρa

� �1=3

for 0:4≤Repb 500; ð13Þ

Vϕ ¼ d2ϕgΔρ
18μ

for Repb 0:4; ð14Þ

where Δρ=(ρp − ρ), Rep= ρdϕVϕ / μ is the particle Reynolds number,
dϕ is the particle diameter or the effective particle diameter for non-
spherical particles (e.g., Pfeiffer et al., 2005), and μ(z) is the dynamic vis-
cosity of air, which varies with altitude and depends on Ta(z). Eq. (11) is
used to calculate the particle mass fraction xp(z) such as:

xp ¼ 1

ρUR2

XNϕ

ϕ¼1

Qϕ: ð15Þ

2.5. Exit conditions at the vent

The exit conditions at the vent are the same as in Girault et al. (2014).
We considermass discharge rates ranging from 103 to 1010 kg s−1, con-
sistent with the range for explosive eruptions constrained by historical
events and field studies. Magma temperature is taken as the average
temperature of andesitic magma (T0 = 1200 K) and the total mass
fraction of gas is set to xtot = 4 wt%. The effective amount of gas
in the volcanic mixture at the vent, i.e., not trapped in large parti-
cles, is calculated using the power-law exponent of the TGSD at
the vent together with the results of Kaminski and Jaupart (1998,
2001). Table 1 gives the values of the effective gas mass fraction
for different values of the power-law exponent D. We use the hy-
pothesis of a freely decompressing jet with exit velocity U0

(Woods and Bower, 1995):

U0 ¼ 1:8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xg0Rg0T0

q
ð16Þ

where T0 is the magma temperature and xg0 is the effective gas con-
tent at the vent.

Following Girault et al. (2014), we distribute the TGSD of volcanic
particles within 20 classes of grain sizes ranging from 10ϕ (1 μm) to
−9ϕ (0.5 m) with one ϕ intervals. To be consistent with the results of
explosive fragmentation in the volcanic conduit, the TGSD at the vent
is taken as a power-law distribution (Alibidirov and Dingwell, 1996;
xponent D of the TGSD. In our calculations, we take a total gas mass fraction xtot of 4 wt%.

3.1 3.2 3.3 3.4 3.5
9xtot 0.64xtot 0.78xtot 0.87xtot 0.92xtot 0.95xtot



Fig. 2. Dimensionless wind profiles used in this study. Solid black, dashed red, and solid
blue curves correspond to uniform, linear, and complex wind profile, respectively. The
maximum wind speed is set to 15 m s−1. The tropopause height is equal to 9 km for
polar, 11 km for intermediate, and 17 km for tropical atmospheres.
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Kaminski and Jaupart, 1998; Kueppers et al., 2006) such that the total
mass of particles is given by:

Mtot ¼ −λ
4
3
πρp

D
D−3

r3−D
max −r3−D

min

� � ð17Þ
(a)

(c)

Fig. 3. Predictions of the evolution of the TGSD from the vent to themaximumheight under (a)
made under tropical atmosphere formass fluxQ0=3× 106 kg s−1 and a power-lawexponentD
fraction values for each class of particle size.
where λ is a normalization constant, and rmin and rmax are the smallest
and largest particle radius of the distribution. For a given set of mini-
mum and maximum grain sizes, the exponent D fully characterizes
the power-law distribution (e.g., Hartmann, 1969; Turcotte, 1986;
Kaminski and Jaupart, 1998). All classes of grain sizes considered here
are injected into the ascending column, because their fall velocity is
smaller than the exit velocity at the vent. We do not consider aggrega-
tion effects although this process can drive the premature fallout of vol-
canic ash smaller than 10 μm(e.g., Costa et al., 2010; Telling et al., 2013).

2.6. Atmospheric and wind conditions

The atmospheric Pa–Ta conditions are taken as typical polar, inter-
mediate (i.e., mid-latitude), and tropical, using the same parameteriza-
tion as in Glaze and Baloga (1996). The tropopause height is taken as
9 km, 11 km, and 17 km for the polar, intermediate, and tropical atmo-
spheres, respectively. We also consider horizontal crosswind in the at-
mosphere. Three choices of horizontal wind speed profile versus
altitude are considered (Fig. 2). The “uniform wind profile” sets a con-
stant crosswind speed from the volcanic vent up to the maximum
height of the column. The “linear wind profile” corresponds to a linear
increase of wind strength from no wind at the Earth's surface to a max-
imumwind speed at the tropopause height. The wind speed is then set
constant above the tropopause. The “complexwindprofile” is a parabol-
ic profile, taken as a first-order model for typical wind conditions in the
atmosphere (Hedin et al., 1996). In this case, the wind speed is set at ca.
5 m s−1 at the Earth's surface and increases to a fixed maximum wind
speed of 15 m s−1 at the tropopause. The wind speed then decreases
above the tropopause until it reaches 2/3rd of its maximum value and
keeps this constant speed at higher altitude (Fig. 2). Hereweuse a single
(b)

(d)

nowind conditions, (b) uniform, (c) linear, and (d) complexwind profiles. Calculations are
=2.9. For each altitude step, the line corresponds to the interpolation of the discretemass
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maximum wind speed value (15 m s−1) in order to focus on the influ-
ence of the shape of wind profile and of the TGSD of particles.

3. Results

The set of equations is solvedusing a fourth-order Runge–Kutta inte-
gration scheme with an altitude step size of 1 m. The model tracks the
evolution of the TGSD in the eruptive column versus height, and pro-
vides the maximum height attained by the column as a function of the
input parameters, mass flux and power-law exponent at the vent, and
crosswind profile. By-products of the model are predictions of the
TGSD in the eruption cloud, and the mass fraction of ash at the top of
the column.

3.1. Evolution of TGSD in the eruptive column

Wefirst illustrate the effect ofwind on TGSD evolution in the column
for a coarse (Fig. 3) and a fine TGSD (Fig. 4). In the case of a coarse TGSD,
i.e., forD b 3,where large fragments represent themain fraction of mass
in the TGSD at the vent, the evolution of the TGSD remains similar to
first order whatever the wind conditions (Fig. 3). In the case of a fine
TGSD, i.e., for D N 3, where small fragments represent the main fraction
of mass in the TGSD at the vent, a strong decrease of 10% to 40% of the
maximum height is observed for all wind profiles compared with the
no wind case (Fig. 4). This dramatic reduction of column height com-
bines with an increase of the proportion of large fragments in the col-
umn at maximum height (Fig. 4). The size of the largest particles still
in suspension in the volcanic column at the maximum height (called
here “cutoff” size) depends on the wind profile considered. Indeed,
compared with the no wind case (that yields a cutoff at 0ϕ at 18.3 km
(a)

(c)

Fig. 4. Predictions of the evolution of the TGSD from the vent to themaximumheight under (a)
made under tropical atmosphere formass fluxQ0=3× 106 kg s−1 and a power-lawexponentD
fraction values for each class of particle size.
high), the combined effects of the reduction of maximum height and
the increased proportion of coarse fragments are more remarkable for
a uniform wind profile (cutoff at −1ϕ at 10.7 km high) than for linear
and complex wind profiles (cutoff at −0.5ϕ at 15.9 km high in both
cases). This is explained by the larger value ofwind speed below the tro-
popause for the uniform wind profile compared with other wind
profiles.

3.2. Effects on column height

To first order, both for nowind and for all wind conditions, themax-
imum height of the column remains mainly controlled by the mass flux
and, to a lesser extent, by the atmospheric conditions (Fig. 5), which is
consistent with reference scaling laws obtained in previous studies
(Wilson et al., 1978; Woods, 1988; Sparks et al., 1997; Carazzo et al.,
2008a; Degruyter and Bonadonna, 2012; Woodhouse et al., 2013). The
effect of crosswind contributes to the trend of maximum height as a
function of the mass flux, and is itself a function of the TGSD.

A transition due to the effect of TGSD is observed aroundD≈ 3.3. For
a TGSD at the ventwithD ≤ 3.3, themaximumheight is reduced by up to
an order ofmagnitude relative to TGSDwithD ≥ 3.3, both in a stable and
windy atmosphere (Fig. 5). Fig. 6 shows that particle sedimentation re-
mains important up to D ≤ 3.3 and reduces the thermal energy available
in the column to produce buoyancy (hence to increase the column
height). Interestingly, the proportion of the original amount of particles
still present at maximum height remains almost constant for all wind
conditions (Fig. 6). This result confirms that wind affects air entrain-
ment in the column, but not particle sedimentation, which is mainly
controlled by the value of D. For D ≥ 3.3, the effects of sedimentation
and gas entrapment are limited to large fragments that represent a
(b)

(d)

nowind conditions, (b) uniform, (c) linear, and (d) complexwind profiles. Calculations are
=3.3. For each altitude step, the line corresponds to the interpolation of the discretemass
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negligible mass fraction of the TGSD, hence the mass of fragments car-
ried – and the source of buoyancy – remains almost constant.

For a given TGSD and mass discharge rate at the vent, crosswind re-
duces the maximum height attained by the eruptive column (Figs. 5
and 7), due to an extra contribution of entrainment related to wind
(Eq. (6)), which is consistent with the work of Bursik (2001). A uniform
wind profile reduces more efficiently the maximum height for a given
mass flux, TGSD at the vent, and atmospheric conditions than a complex
wind profile, and especially a linear wind profile for which the smallest
reduction of maximum height occurs (Fig. 7). However, this effect re-
mains relatively limited compared to other effects, such as sedimentation
and gas entrapment (e.g., Figs. 5a and 7a).

3.3. Effects on column collapse

First, for mass fluxes larger than 3 × 107 kg s−1 and for no wind and
all wind conditions, small D values induce a collapse of the column
(Fig. 5). These results are consistent with those presented in Girault
et al. (2014) for no wind conditions. However, in a windy atmosphere,
the formation of a buoyant plume is favored for D b 3, compared with
no wind conditions (Fig. 5). For example, as shown in Fig. 8 for a given
TGSD at the vent, mass flux, and atmospheric conditions, a buoyant
plume develops for D = 2.9 in a windy atmosphere, whereas column
collapse occurs under no wind conditions. This result is consistent
with those of Degruyter and Bonadonna (2013).

Second, if the exponent of the TGSD is larger than 3, i.e., when small
fragments dominate the mass fraction of particles, atmospheric wind
further reduces the field of column collapse: crosswind increases the
mass flux threshold at which collapse occurs relative to no wind condi-
tion (e.g., from Q0 N 108 kg s−1 for D N 3 to Q0 N 109 kg s−1 for D N 3.3;
(a)

(c)

Fig. 5. Theoretical predictions of the maximum plume height as a function of the power-law e
(c) linear, and (d) complex wind profiles. Solid, dashed, and dotted lines correspond to predic
Fig. 7). The stabilization of the column ismore remarkable for a uniform
wind profile than for a complex wind profile and, especially, a linear
wind profile (Figs. 5 and 7), because the rate of entrainment due to
wind is the largest for a uniform wind profile. Furthermore, predictions
of column collapse conditions for a linear wind profile are similar to
those in the no wind case (Figs. 5 and 7). This is explained by the fact
that, in addition to source conditions, column collapse, which occurs
at a rather low altitude, is largely controlled by atmospheric conditions
close to the vent. As the wind speed is close to zero at low altitude for a
linear profile (Fig. 2), the conditions for collapse are similar to the no
wind case.

Our results thus demonstrate that, for allD values, i.e., for all TGSD at
the vent, a larger entrainment rate makes the eruptive column more
stable and reduces the field of column collapse. This effect is more pro-
nounced for small mass fluxes when large particles dominate the TGSD
(D b 3) than for larger mass fluxes when small particles dominate the
TGSD (D N 3).

4. Application to a set of well-constrained eruptions

Provided that the maximum height of the eruptive column, wind
conditions, and TGSD of particles at the vent are known, ourmodel pro-
vides an estimate of the eruptive mass discharge rate. We apply the
model to a set of eight Plinian eruptions of the XXth century that we
have identified in the literature, for which all the required field data
are known (Table 2). We put forward this set of assembled field data
as a contribution to the benchmark volume.We compare the estimated
mass fluxwith the calculations obtained based on themaximum height
for nowind conditions and when the actual wind speed profile for each
eruption is taken into account.
(b)

(d)

xponent D for different mass discharge rates under (a) no wind conditions, (b) uniform,
tions made for tropical, polar, and intermediate atmospheres, respectively.



Fig. 6.Ratio of the particlemass flux atmaximumheight (ΣQϕ
H) to the source particlemass

flux (ΣQϕ
0) as a function of the power-law exponent D for two different mass discharge

rates under no wind conditions, uniform, linear, and complex wind profiles.
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In the following, wewill not consider the uncertainty in the estimate
of deposit volume (e.g., Bonadonna and Costa, 2012), the variability in
mass discharge rate and column height (e.g., Bonadonna et al., 2015a),
the range of possible parameters of wind entrainment or the variability
in wind data (e.g., Bonadonna et al., 2015b), or the method of height
measurement (e.g., Tupper and Wunderman, 2009). Uncertainties on
the estimated mass flux of historical eruptions are mostly controlled
by the uncertainty on the volume of erupted material directly inferred
(a)

(c)

Fig. 7. Predictions of mass discharge rate from observed maximum column height for different
wind profiles. Solid, dashed, and dotted lines correspond to predictions made for tropical, pola
from measurements in the field. In the case of model predictions, the
uncertainty of the calculatedmass flux is obtained from 20 runs that ac-
count for the one-sigma standard deviation of the estimated maximum
height. We retained the mean value of this series of runs and used the
one-sigma standard deviation to assess first-order variability in the cal-
culations (Table 2). A full analysis of the sources of uncertainties is nev-
ertheless beyond the scope of the paper.

4.1. The 1974 Fuego eruption

The climax of the October 14, 1974 eruption of Fuego volcano in
Guatemala produced a sustained Plinian column over a period of 5 h
(Murrow et al., 1980; Rose et al., 2008). Themaximumplumeheight es-
timated by visual observations from the ground is 10 km above the cra-
ter (Mastin et al., 2009). The total erupted volume varies from 0.021 to
0.06 km3 DRE (dense-rock equivalent of the erupted volume), which
gives an average mass flux of erupted material of 6 × 106 kg s−1 (Rose
et al., 2008; Mastin et al., 2009; Bonadonna and Costa, 2012). The
power-law exponent D is calculated to be 3.1 for this eruption
(Murrow et al., 1980; Rose et al., 2008; Girault et al., 2014). Wind veloc-
ity profiles were determined from radiosonde data on October 14, 1974,
above Guatemala City and can be found in Mastin (2014).

4.2. The 1980 Mt. St. Helens eruption

The May 18, 1980 eruption of Mt. St. Helens volcano produced a
sustained Plinian plume during the B2 phase that lasted 25 min
(Sarna-Wojcicki et al., 1981; Carey and Sigurdsson, 1982; Carey et al.,
1990). Radar measurements show that the buoyant plume rose to a
maximum height of 17.5 km (Carey et al., 1990). The total erupted
(b)

(d)

TGSD at the vent under (a) no wind conditions, (b) uniform, (c) linear, and (d) complex
r, and intermediate atmospheres, respectively.



Fig. 8. Dimensionless mass discharge rate (normalized by the source mass discharge rate)
as a function of dimensionless height (normalized by the altitude of the tropopause) for
different power-law exponents of the TGSD of particles at the vent in the absence of
wind (dashed lines) and for a uniform wind profile (solid lines). In the calculation condi-
tions of the figure, column collapse occurs for D = 2.9 in the absence of wind, whereas a
buoyant plume forms under uniform wind profile conditions.
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volume is estimated to be around 0.24 km3 DRE, which gives an average
mass flux of eruptedmaterial of 2.7 × 107 kg s−1 (Carey and Sigurdsson,
1982, 1989; Degruyter and Bonadonna, 2012). The power-law expo-
nent D is calculated to be 3.1 for this eruption (Carey and Sigurdsson,
1982; Girault et al., 2014). Wind speed profiles were measured at
Table 2
Summary of the characteristics of a well-constrained set of eight Plinian eruptions of the XXth c
(see Fig. 8). Uncertainties on estimated mass flux and maximum height account for one-sigma
for a given eruption. Values of power-law exponentD, estimatedmaximumheightHmax, estima
the references cited in the table (see Girault et al., 2014). The TGSD of particles at the vent is re
from the eruption volume and duration. Themaximum column height is determined either by
files are deduced from the reanalysis of an atmospheric model (NCEP/NCAR Reanalysis 1 data)

Name of
eruption

Atmospheric
conditions

Altitude
(km)

Power law
exponent D

Observed Hmax

above vent (km)
Estimated Q0

(kg s−1)

Fuego 1974a Tropical 3.763 3.1 ± 0.1 10 ± 1 (6.0 ± 4.2) ×

Mt. Spurr
Aug. 1992

Polar 3.374 3.10 ± 0.05 10.5 ± 1.0 (3.0 ± 0.9) ×

Mt. St.
Helens 1980

Intermediate 2.549 3.10 ± 0.05 17.5 ± 0.5 (2.7 ± 2.0) ×

Mt. Spurr
Sept. 1992

Polar 3.374 3.2 ± 0.1 10.7 ± 1.0 (3.0 ± 0.9) ×

Nevado del
Ruiz 1985

Tropical 5.321 3.2 ± 0.1 26.5 ± 3.0 (4.0 ± 1.4) ×

Ruapehu 1996 Intermediate 2.797 3.2 ± 0.1 5.7 ± 0.6 (2.0 ± 0.6) ×

El Chichón
B 1982

Tropical 1.150 3.30 ± 0.05 28 ± 6 (6.0 ± 1.2) ×

El Chichón
C 1982

Tropical 1.150 3.3 ± 0.1 25.5 ± 5.0 (4.0 ± 0.8) ×
Spokane, Washington, between May 17 and May 19, 1980, and can be
found in Sarna-Wojcicki et al. (1981) or Mastin (2014).

4.3. The 1982 El Chichón eruptions

The 1982 eruption of El Chichón volcano in Mexico consisted of
three main explosive events on March 29 (phase A-1), and April 4
(phases B and C) that produced phreato-Plinian and Plinian columns as-
sociated with pyroclastic density currents (Sigurdsson and Carey, 1984;
Varekamp et al., 1984; Carey and Sigurdsson, 1986). Visual observations
and radar measurements show that the Plinian column reached a max-
imumheight of 24–32 km during phase B and 22–29 kmduring phase C
(Carey and Sigurdsson, 1986; Schneider et al., 1999). The mass flux of
erupted material is calculated to be 6 × 107 kg s−1 for phase B and
4 × 107 kg s−1 for phase C based on the total erupted volume (DRE of
0.4 km3 for both phases) and eruption duration of 7 h and 4 h for
phase B and C, respectively (Carey and Sigurdsson, 1986). The power-
law exponent D is calculated to be 3.3 for both phases of this eruption
(Rose and Durant, 2009; Girault et al., 2014). Wind speed profiles
were obtained from radiosonde data and can be found inMastin (2014).

4.4. The 1985 Nevado del Ruiz eruption

The 1985 eruption of Nevado del Ruiz in Colombia ejected
3.5 × 1010 kg of volcanic fragments in the atmosphere during 20 min
corresponding to an average mass eruption rate of 4 × 107 kg s−1

(Naranjo et al., 1986). The column rose to a maximum height of
26.5 km above the vent (Naranjo et al., 1986). The power-law exponent
D is calculated to be 3.2 for this eruption (Kaminski and Jaupart, 2001;
Girault et al., 2014).Wind speed profiles can be found inMastin (2014).
entury used in this study, and of themass fluxes predicted by the model for each eruption
standard deviation around the arithmeticmean value of the data available in the literature
tedmass fluxQ0, and predictedmass fluxQ0 under nowind conditionswere derived from
constructed from sieve data on field deposits. The average mass discharge rate is obtained
a visual observation, from isoplethsmaps, or by radar measurements. Thewind speed pro-
by Mastin (2014).

Predicted Q0

(kg s−1)
with no wind

Predicted Q0

(kg s−1)
with wind profile

References

106 (1.7 ± 0.5) × 106 (3.6 ± 1.1) × 106 Murrow et al. (1980), Rose et al.
(2008), Mastin et al. (2009),
Bonadonna and Costa (2012)

106 (1.9 ± 0.6) × 106 (2.6 ± 0.9) × 106 Neal et al. (1995), Eichelberger
et al. (1995), Schneider et al.
(1995), Bluth et al. (1995),
Rose et al. (1995, 2001), McGimsey
et al. (2001), Durant and Rose (2009)

107 (9.4 ± 2.1) × 106 (2.2 ± 0.5) × 107 Sarna-Wojcicki et al. (1981), Carey and
Sigurdsson (1982, 1989), Carey et al.
(1990), Kaminski and Jaupart (2001),
Durant et al. (2009), Degruyter and
Bonadonna (2012)

106 (9.6 ± 3.6) × 105 (3.0 ± 1.0) × 106 Neal et al. (1995), Eichelberger
et al. (1995), Schneider et al. (1995),
Bluth et al. (1995), Rose et al.
(1995, 2001), McGimsey et al.
(2001), Durant and Rose (2009)

107 (1.7 ± 0.4) × 107 (3.1 ± 0.7) × 107 Naranjo et al. (1986), Kaminski
and Jaupart (2001)

105 (1.1 ± 0.5) × 105 (2.8 ± 1.0) × 105 Prata and Grant (2001), Bonadonna
and Houghton (2005)

107 (4.4 ± 3.4) × 107 (6.4 ± 4.2) × 107 Carey and Sigurdsson (1986),
Schneider et al. (1999), Kaminski
and Jaupart (2001), Rose and
Durant (2009)

107 (2.7 ± 2.0) × 107 (4.6 ± 3.0) × 107 Carey and Sigurdsson (1986), Schneider
et al. (1999); Kaminski and Jaupart
(2001), Rose and Durant (2009)
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4.5. The 1992 Mt. Spurr eruptions

The 1992 eruptions of the Crater Peak vent of Mt. Spurr volcano
consisted of three events on June 27, August 18, and September 16–17
(Rose et al., 2001). Meteorological radar data (Rose et al., 1995) and
AVHRR/TOMS satellite observations (Bluth et al., 1995; Schneider
et al., 1995; Rose et al., 2001) show that the column rose to a maximum
height of 10.5 kmand 10.7 kmduring theAugust and September events,
respectively. The mass flux of erupted material is calculated to be
3 × 106 kg s−1 for both events based on the total erupted volume and
eruption duration (Eichelberger et al., 1995; Neal et al., 1995;
McGimsey et al., 2001). The power-law exponent D is calculated to be
3.1 for the August event and 3.2 for the September event (Durant and
Rose, 2009; Girault et al., 2014). Wind speed profiles were measured
at Anchorage, Alaska, and can be found in Rose et al. (2001) or Mastin
(2014).

4.6. The 1996 Ruapehu eruption

The 1996 eruption of Ruapehu in NewZealand produced a sustained
Plinian column during 6.5 h that reached a maximum height of 5.7 km
(Prata and Grant, 2001; Bonadonna and Houghton, 2005). The eruptive
mass flux is calculated to be 2 × 105 kg s−1 based on eruption duration
and total erupted volume (Bonadonna and Houghton, 2005). The
power-law exponent D is calculated to be 3.2 for this eruption
(Bonadonna andHoughton, 2005; Girault et al., 2014).Wind speed pro-
files were obtained from radiosonde data and can be found in Mastin
(2014).
(a)

(b)

Fig. 9. Predictions of the eruptivemassflux for awell-constrained set of eight Plinian eruptions
of the XXth century versus the estimated eruptivemass flux (a) under nowind conditions and
(b)using themeasuredwindprofile available for eacheruption. Blue, red, andgreencolors cor-
respond to D=3.1, D=3.2, and D=3.3, respectively (see Table 2).
4.7. Comparisons with the model

As shown in Fig. 9, the addition of actual wind profiles to the model
initially developed in Girault et al. (2014) greatly improves the agree-
ment between the predictions of the mass fluxes feeding the eruptions
considered and those observed. This improved agreement with the ob-
servations is particularly striking for the examples of the 1985 Nevado
del Ruiz and Sept. 1992 Mt. Spurr eruptions. For the 1996 Ruapehu
eruption, a well-known weak plume, the effect of wind reduces the
maximum height by a factor of about 3 only, as shown from the differ-
ence between Fig. 9a and b. However, the combination of initial TGSD
and sedimentation has been found to reduce the maximum height by
a factor of about 3 also (Girault et al., 2014). Thus, the maximum height
of this eruption is reduced by a total factor of about 9 relative to the pre-
diction for a plume with no wind and no sedimentation, in agreement
with the factors 5 to 20 found by Mastin (2014).

Quantitatively, considering the whole data-set, the prediction is
underestimated by 51 ± 6% on average in the model without wind
(Fig. 9a), and by only 20 ± 5% when wind is taken into account
(Fig. 9b). These predictions are much closer to the observations than
those based on the dusty gas hypothesis, which underestimates by
more than 90% the estimated eruptivemass flux of the considered erup-
tions (Girault et al., 2014). Comparison of the predictions of our model
with this specially assembled set of natural data clearly demonstrates
that, in order to achieve a robust prediction of the mass flux feeding
Plinian eruptions, it is crucial to include in theoretical models both the
power-law exponentD of the TGSD of particles at the vent and the actu-
al crosswind speed profile.
5. Conclusions

We have shown that the TGSD of particles at the vent, which con-
trols sedimentation, release of gas at fragmentation hence effective
gas content in the flow, and atmospheric crosswind, which governs in
part the rate of entrainment, are major influences on the rise of an ex-
plosive volcanic column. Their combined effect reduces the maximum
height attained for a givenmass flux (mainly for D N 3) and inhibits col-
umn collapsewhen the TGSD at the vent is dominated by large particles
and when mass fluxes are large. Taking into account TGSD at the vent
with particle sedimentation and gas entrapment together with actual
wind speed profile, we obtain predictions for the mass flux of a range
of well-constrained Plinian eruptions in good agreement with estimat-
ed values.

For the incorporation of crosswind in turbulent models of eruptive
columns, one pivotal parameter is the turbulent entrainment coefficient
due to wind, β. Its close relation with the entrainment coefficient of the
volcanic plume, α, should be studied in detail, for example using ana-
logue experiments in the laboratory (Carazzo et al., 2014) and numeri-
cal simulations (Suzuki and Koyaguchi, 2015). For future development
of the model presented here, detailed attention should be given to the
thermal disequilibrium between gas and particles (Woods and Bursik,
1991; Carcano et al., 2014), which also affects the dynamics of plumes
rising in a windy atmosphere, reducing the maximum height attained
by the volcanic column. In addition, the effect of atmospheric humidity,
known to reduce the maximum height of weak plumes, could be con-
sidered (Woods, 1993; Degruyter and Bonadonna, 2012; Woodhouse
et al., 2013).

Themodel presented here paves the way toward a better prediction
of the rise of Plinian columns in a windy atmosphere, which is an essen-
tial ingredient to the assessment of associated volcanic hazards to
humans, air traffic, and buildings. This study of the combined effects of
realistic TGSD and crosswind on the dynamics of explosive volcanic col-
umns contributes to the improvement of the characterization of volca-
nic source term required as input to larger scale models of ash and
aerosol dispersion.
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Notation

A: buoyancy parameter, see Carazzo et al. (2006, 2008a) for details
C: shear stress parameter, C = 0.135
c: specific heat of the volcanic plume, J K−1

ca: specific heat of the atmospheric air, 998 J K−1

cp: specific heat of the particles, 1100 J K−1

D: exponent of the power-law distribution of particles, dimensionless
dϕ: particle diameter, m
g: acceleration of gravity, g = 9.807 m s−2

H: maximum height, km
Mtot: total mass of particles, g
N: Brunt–Väisälä frequency, s−1

Nϕ: number of classes of particle size, Nϕ = 20
p: probability of sedimentation, p = 0.27
Q: mass discharge rate, kg s−1

Qϕ: mass flux of particles, kg s−1

R: radius of the column, m
Rg: gas constant of the volcanic column, Rg0 = 461 J kg−1 K−1 at the vent
Ra: gas constant of the atmospheric air, Ra = 287 J kg−1 K−1

Ri: Richardson number, dimensionless
rmin: smallest particle radius of the TGSD, m
rmax: largest particle radius of the TGSD, m
s: curvilinear abscissa along the plume axis, m
T: temperature of the volcanic plume, K
Ta: temperature of the atmospheric air, K
U: velocity of the volcanic plume, m s−1

Ue: rate of turbulent entrainment of ambient air into the plume, m s−1

Vϕ: terminal fall velocity of the particles, m s−1

W: speed of the crosswind, m s−1

x: horizontal axis, m
xg: effective gas mass fraction, dimensionless
xp: particle mass fraction, dimensionless
xtot: total gas mass fraction, dimensionless
z: vertical axis, m
α: “Top-Hat” entrainment coefficient, dimensionless, variable
β: entrainment coefficient due to wind, dimensionless, β = 0.5
λ: normalization constant
μ: dynamic viscosity of atmospheric air, Pa s, variable
ϕ: particle size notation, dϕ (cm) = 2−ϕ

ρ: density of the volcanic plume, kg m−3

ρp: density of particles, ρp = 2000 kg m−3

ρa: density of the atmospheric air, kg m−3

θ: inclination of the plume centerline relative to the horizontal, degree
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