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The impact of explosive volcanic plumes on climate and on air traffic strongly depends on the
concentration and grain-size distribution (GSD) of pyroclastic fragments injected into the atmosphere.
Accurate and robust modelling of the evolution of GSD during pyroclast transport from the vent to the
ash cloud is therefore crucial for the assessment of major volcanic hazards. Analysis of field deposits from
various recent Plinian eruptions shows that their total GSD is well described by a power law, as expected
from the physics of magma fragmentation, with an exponent (D) ranging from 3.0 to 3.9. By incorporating
these measured GSD into the initial conditions of a steady-state 1D model of explosive eruption columns,
we show that they have a first-order impact on the dynamical behaviour of explosive eruption columns.
Starting from an initial value of D, the model tracks the evolution of GSD in the column and calculates
the dynamical consequences of particle sedimentation. The maximum height reached by the column, one
of the first-order results relevant to aircraft safety, changes by 30% for mass fluxes of 107 kgs~! or larger,
and by 45-85% for mass fluxes between 10° and 107 kgs~!, depending on exponent D. We compare our
predictions to a specially assembled set of geologic field data and remote sensing observations from
10 Plinian eruptions for which maximum column height and mass flux are known independently. The
incorporation of realistic power-law GSD in the model greatly improves the predictions, which opens new
perspectives for estimation of ash load and GSD in volcanic clouds from near real-time measurements
available from satellite payloads. Our results also contribute to the improvement of volcanic source term
characterization that is required input for meteorological dispersion models.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction triggered by the Icelandic eruptions of Eyjafjallajokull (2010) and
Grimsvotn (2011), and is continuing in the form of several inter-

Explosive volcanic eruptions inject large amounts of gas and py- national consortium projects, workshops and model benchmarking

roclast fragments into the atmosphere. The associated risks range
from minor perturbations to total shutdown of air traffic (Miller
and Casadevall, 2000), as well as from minor to major threats to
humans (Hornwell, 2007) and ground infrastructure (Baxter et al.,
2005), and finally perturbations to regional, hemispheric or global
climate systems (Robock, 2000). Currently, a large research effort is
taking place at the frontiers between the volcanology, meteorology
and satellite remote sensing communities, whose overall purpose
is to better understand the mode of ash injection into the atmo-
sphere by explosive volcanic eruptions. This effort was in large part
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exercises whose instigators include official bodies such as those
responsible for aviation safety, national and international space
agencies.

Explosive eruptions are known to vary enormously in size
(Sparks et al., 1997), measured either by their source mass fluxes
or by the total amounts of material ejected, i.e. the integral of
flux with respect to time. The over-riding demand of the me-
teorology and remote-sensing communities is for a substantially
better quantification of the so-called “volcanic source term”, which
means that researchers in volcanology should develop and val-
idate methods enabling them to predict ash injection into the
atmosphere in the vicinity of a volcano undergoing explosive erup-
tion in terms of ash flux, concentration and grain-size distribution
(GSD) of ash particles in a cloud, and finally height of injection.
On the one hand, those developing algorithms for ash detection
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from satellite measurements are faced with a non-unique inver-
sion problem (e.g., Barsotti et al., 2008), meaning that the number
of observables are less than the important variables, thus obliging
them to make assumptions about some variables in order to obtain
quantitative values for others. On the other hand, in order to carry
out meaningful dispersion modelling and predict the vertical and
horizontal distribution of ash in the atmosphere, meteorologists re-
quire input from volcanic source models as initial conditions (e.g.,
Slingo, 2010). As has been well known for decades from “routine”
meteorological (weather prediction) modelling, the non-linear dy-
namics of the atmosphere requires that any model be given the
most accurate initial conditions possible.

A number of physical processes which can interact with one an-
other take place in volcanic eruption columns (Settle, 1978; Wilson
et al,, 1978; Sparks, 1986; Valentine and Wohletz, 1989; Woods
and Bursik, 1991; Woods, 1993; Gilbert and Lane, 1994; Ernst et
al.,, 1996; Glaze and Baloga, 1996; Glaze et al., 1997; Kaminski
and Jaupart, 1998, 2001; Veitch and Woods, 2000; Bursik, 2001;
Carazzo et al., 2008a; Ogden et al, 2008; Costa et al., 2010;
Koyaguchi et al., 2010; Woodhouse et al., 2013; Degruyter and
Bonadonna, 2013) and the potential complexity of physical mod-
els must be approached with care. In order to produce effective
and robust results, these physical processes should be seen in a
clear hierarchical sense, i.e. those that have leading order, second
order etc. effects, in terms of their quantitative impact on results.
Furthermore, it is crucial that such models are based on an ap-
propriate representation of the mixture ejected from the volcanic
vent, which should be consistent with the physical processes op-
erating in the volcanic conduit below the ground surface. Leading
order and secondary aspects should there also be carefully identi-
fied.

The starting point of the current paper, is a 1-dimensional dy-
namical model of a volcanic column, i.e. in which average col-
umn properties are calculated as a function of height consistent
with a set of dynamical conservations laws (see details below),
whose performance has been successfully tested against an ex-
tensive geological data-set (Carazzo et al., 2008b). The principal
novelty of this model compared with others of similar basic archi-
tecture (Wilson, 1976; Sparks, 1986; Woods, 1988; Mastin, 2007;
Kaminski et al., 2011) is that the entrainment parameter, describ-
ing quantitatively the key process of mixing rate of atmospheric
air into the column, incorporates a dependence on local buoyancy
which has in turn been validated against an extensive experimen-
tal data-set from the fluid dynamics literature (Kaminski et al.,
2005; Carazzo et al.,, 2006, 2010). The first-order importance of
the effect of variable entrainment parameter for volcanic columns
arises from the fact that in order to rise high in the atmosphere,
they must undergo a buoyancy inversion (from negative to pos-
itive), i.e. they start out as momentum jets whereas their upper
parts are buoyant plumes. In the current work we further incor-
porate the effect of particle sedimentation from the side of the
volcanic column (Fig. 1).

Sedimentation has already been shown to be potentially of
first-order importance, by looking at plausible but schematic vari-
ations of grain-size (Woods and Bursik, 1991; Bursik et al., 1992;
Ernst et al., 1996; Folch and Felpeto, 2005; Costa et al., 2006;
Barsotti et al., 2008). Surprisingly, there has been no attempt to ex-
plore the quantitative effects on explosive columns of real volcanic
GSD that have been measured by field studies. As we will show,
enough such field data are now available to establish a reason-
able mathematical description of total GSD. In the current work,
we thus hope to contribute a set of robust first-order predictions
regarding the injection of volcanic ash into the atmosphere due to
a realistic set of eruption parameters with associated GSD. These
predictions can be regarded as a volcanic source term, i.e. appro-
priate input for meteorological dispersion models.

2. Grain-size distribution in explosive volcanic eruptions

To study the evolution of the GSD in the eruptive column,
from the vent to the umbrella, the initial step is to character-
ize the GSD at the vent. Several studies on fragmentation have
shown that rocks fragment according to a power-law distribution
(Hartmann, 1969; Turcotte, 1986; Alibidirov and Dingwell, 1996;
Kaminski and Jaupart, 1998; Kueppers et al., 2006):

NR>r) «rP, (1)

where N(R >r) is the number of particles with a radius larger
than r, and D is the power-law exponent. Although log-normal and
Gaussian laws are the most often used distributions in volcanology,
only the power law is physically representative of the fragmenta-
tion process and is able to reproduce the GSD of various mate-
rials determined in the field and produced in laboratory experi-
ments (Turcotte, 1986; Kueppers et al., 2006; Barnett et al., 2011;
Pike et al., 2011; Haug et al., 2013).

The total GSD of an explosive eruption is not straightforward
to determine: because the number of very large particles is gener-
ally rather low, significant uncertainty lies in sieving analyses for
coarse grains (Koyaguchi and Ohno, 2001), and very fine particles
tend to be transported over large distances from the volcanic vent
and are easily lost. For example, recent analyses of fine ash par-
ticles of distal fallout deposits of the 1980 Mt. St. Helens, 1982
El Chichén and 1992 Mt. Spurr eruptions show that the amount of
fine material can be significantly underestimated when working on
proximal outcrops only (Rose et al., 2008; Rose and Durant, 2009;
Durant and Rose, 2009). However, because fragmentation is a size-
invariant process (Turcotte, 1986), the power law followed by the
fragments can be determined using any (sufficiently large) range of
sizes, in particular the sizes least likely to be affected by incorrect
or incomplete sampling (Kaminski and Jaupart, 1998).

A review of total GSD available in the literature from various
Plinian deposits emplaced during recent eruptions (Table 1) shows
that power laws with exponents D ranging from 3.0 to 3.9 cap-
ture well the total GSD (Fig. 2). Uncertainties on the amount of
large and fine particles are apparent in the curve fit, but they do
not affect the determination of the power-law exponent, which is
obtained with an uncertainty of £0.1. Gaussian laws, with means
0 and standard deviations o of the distributions, are also able to
produce a good fit of the total GSD of these Plinian deposits (grey
curves in Fig. 2). The differences between power and Gaussian laws
lie first in the better ability of the Gaussian laws to account gen-
erally for the amounts of very fine (>6¢, i.e. <15.6 pym) and very
large particles (<—3¢, i.e. >8 mm). However, due to the aforemen-
tioned large uncertainties, this difference between the power-law
fit and the Gaussian law probably reflects the difference between
the actual total GSD (power law) and the truncated GSD measured
in the field (Gaussian law), as only power laws are based on a con-
sistent physical description of magma fragmentation.

In explosive eruptions, the GSD, and hence the exact value of
D, results from a combination of (primary) fragmentation in the
conduit during rapid decompression of magma (e.g., Alibidirov
and Dingwell, 1996), followed by preferential (secondary) re-
fragmentation of larger fragments to produce fine ash higher in
the conduit (Kaminski and Jaupart, 1998; Dufek et al., 2012). The
exponent D is larger than 3 when the mass of the population of
fragments resides primarily in fine ash particles, whereas values of
D smaller than 3 reflect a dominant contribution of coarse parti-
cles to the total mass of the population. Because the amount of gas
released by the magma forming a fragment depends on clast size
(Kaminski and Jaupart, 1998), D controls in turn the total amount
of gas released by the end of the fragmentation process, hence
the amount of gas available in the volcanic mixture at the vent.
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Table 1

Summary of the characteristics of the GSD available in the literature for the data-set of ten eruptions used for model validation. A¢ units correspond to the range of particle
sizes studied in the field deposit (see reference). The determination of the power-law exponent D and of the Gaussian-law parameters (mean p and standard deviation o)

is based on the reconstruction of the total GSD from field deposits (see Fig. 2).

Name of eruption Atmospheric Altitude A¢ units Power law D Gaussian law References
conditions (km) nto
St. Vincent 1979 Tropical 1.234 —2/+8 3.0 2.7+£2.0 Brazier et al. (1982);
Sparks and Wilson (1982);
Kaminski and Jaupart (1998)
Fuego 1974a Tropical 3.763 —5/+7 31 0.0+1.6 Murrow et al. (1980);
Rose et al. (2008)
Mt. Spurr Aug. 1992 Polar 3374 —-5/+10 31 3.0+25 Durant and Rose (2009)
Mt. St. Helens 1980 Intermediate 2.549 —3/4+10 31 50425 Carey and Sigurdsson (1982);
Kaminski and Jaupart (2001)
Mt. Spurr Sept. 1992 Polar 3.374 —6/+10 3.2 40+3.4 Durant and Rose (2009)
Nevado del Ruiz 1985 Tropical 5321 —6/+4 3.2 3.0+5.0 Kaminski and Jaupart (2001)
Ruapehu 1996 Intermediate 2.797 —7/+10 3.2 0.0+2.5 Bonadonna and Houghton (2005)
El Chichén B 1982 Tropical 1150 —4/+10 33 40+£25 Kaminski and Jaupart (2001);
Rose and Durant (2009)
El Chichén C 1982 Tropical 1150 —4/+10 33 40+25 Kaminski and Jaupart (2001);
Rose and Durant (2009)
Santa Maria 1902 Tropical 3.772 —5/45 3.9 3.5+2.7 Williams and Self (1983);
Kaminski and Jaupart (1998)
: T T T T T T T T T T T
250 7, St. Vincent 1979
¥ r W 1% (p=3.0 ; po=2.7+2.0)
v GSDin 1, Fuego 19740
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GSD at
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Fig. 1. Photograph of the Mt. Etna eruption on October 30th, 2002 illustrating the
effects of air entrainment and particle sedimentation on the evolution of the grain-
size distribution (GSD) from the volcanic vent to the umbrella cloud.

D thus depends on the possible re-fragmentation processes in the
conduit which themselves likely depend on the amount of gas re-
leased (Dufek et al., 2012). Complete modelling of fragmentation is
beyond the scope of this paper and here we simply take D as an
input parameter. The value of D thus exerts a major influence on
source conditions (i.e. the total GSD and the amount of gas in the
mixture) and hence, for given mass flux and total amount of gas
dissolved in the magma, will also influence the dynamics of the
volcanic plume (Kaminski and Jaupart, 2001) and the dispersion
of pyroclasts in the atmosphere. We now show how the value of

r 4 1, Nevado del Ruiz 1985
1000 7® (p=3.2 ; u+0=0.05.0)

[ 1a Ruapehu 1996

[ 1% (D=3.2 ; p+0=0.0£2.5)

50 — . El Chichon B+C 1982
E 17 (D=3.3 ; u+0=4.0+2.5)

Santa Maria 1902
(D=3.9 ; pu+0=3.5+2.7)

Particle size (¢ units)

Fig. 2. Number of particles versus particle size for various Plinian deposits. The ¢
unit is related to the particle diameter dy by dg (mm) = 279 Vertical axis corre-
sponds to the logarithm to the base 2 of the number of fragments of each particle
class A normalized by an arbitrary constant Nyf (Kaminski and Jaupart, 1998). The
slope of each black line gives the value of the power-law exponent D at the vent.
Grey curves correspond to Gaussian laws characterized by mean p and standard
deviation o. The absolute uncertainty on D, determined by changing artificially the
number of data points taken into account for the fits, is smaller than 0.1. Details on
compiled data are available in Table 1.

the power-law exponent can change the dynamics of the volcanic
column when sedimentation is taken into account.

3. A physical model of explosive volcanic columns

The dynamics of explosive volcanic columns can be studied
using various methods. 3D numerical methods have been de-
veloped based on average properties of the magmatic mixture
(gas + pyroclasts) to study the systematic behaviour of plumes
(e.g., Suzuki and Koyaguchi, 2012). Some 3D numerical meth-
ods considered the separated behaviour of the solid and the gas
in the column, but because their numerical cost is large, they
have been so far mainly used to study some specific volcanoes
and/or eruptions (e.g., Ongaro et al, 2007). Here, we rely on
the 1D steady-state “top-hat” approach which gives a useful av-
erage description of a turbulent eruption (Morton et al., 1956;
Woods, 1988) and can easily include the evolution of the GSD from
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the volcanic vent to the umbrella cloud due to sedimentation at
the column margins in order to perform a systematic study.

3.1. Conservation and constitutive equations

The macroscopic conservation laws of mass, momentum, and
energy fluxes in steady-state and for a particle-laden volcanic jet
are written as, respectively (Bursik, 2001; Costa et al., 2006):

Ny

d dQy
—(pUR?) =2p,UcR —2 2
dZ(p ) Pale +Z dz (2)
¢=1
Ny
d dQ
— (pU%R?) = —oR2+UuY =2 3
dz(p )=g(pa—pP)R*+ et 3)
¢=1
Ny
d d
E(pcpTURZ):2aneRcaTa—pagUR2+cpT %, (4)
¢=1

where R(z) is the column radius, U(z) is the average ascent ve-
locity, g is the acceleration of gravity, Qg is the flux of ¢-sized
particles (kgs~1) (distributed within 20 classes of grain sizes rang-
ing from 10¢ (1 pm) to —9¢ (0.5 m) with one ¢ intervals), ca,
T, and p, are the specific heat, temperature and density of the
atmosphere, respectively, and cp, T and p are those of the bulk
mixture. U, is the entrainment rate at the edge of the plume,
defined as Ue = aeU, where o, is the top-hat entrainment coef-
ficient of Morton et al. (1956). We consider here that the rate of
entrainment depends on the buoyancy of the column relative to
the ambient air and can be expressed as (Kaminski et al., 2005):

oz—c+ 1 ! Ri (5)
8_2 A ’

where Ri = g(p, — p)R/paU? is the local Richardson number in
the plume, and C and A are dimensionless parameters that de-
pend on the flow structure and have been constrained in previous
studies (Carazzo et al., 2006, 2008a). At that stage, we do not con-
sider thermal or mechanical disequilibrium between the volcanic
gas and the particles, which are important for large fragments
(Woods and Bursik, 1991). This limitation is likely to be of little
importance as large particles, as shown below, will be lost by sed-
imentation relatively early as the column rises.

The set of conservation equations is complemented by constitu-
tive equations for the evolution of the thermodynamic properties
of the column with altitude (Woods, 1988):

1 1—x XoRsT
_ (A =%)  XgReT

- El (6)
Y Pp P,
1—x X
Ry = Ra+ (Rg, — R E) (=), 7
- (158 (725) @
1—xg
= —_ N 8
Cp = Ca + (Cp, Ca)(l—xgo) (8)

where xg(z) is the gas mass fraction, P,(z) is the atmospheric
pressure, Rg, = 461 Jkg~'K~' and R, =287 Jkg 'K~' are the
bulk column and the air gas constants, respectively. The subscript 0
refers to initial values of the variables at the vent. The atmospheric
conditions are taken as typical polar, intermediate and tropical
conditions using the same parameterization as in Glaze and Baloga
(1996).

3.2. Particle fallout

As in previous studies (Woods and Bursik, 1991; Ernst et al.,
1996), the mass loss of ¢-sized particles from the edges of the

column is assumed to be proportional to the mass flux of particles,
Q. and to the terminal fall velocity corresponding to the size of
particles, V4, such as:

dQ Qy V

—2 = _p, =2, (9)
dz R U

where ps is a probability of sedimentation taken equal to

0.27 +£0.01 as in Ernst et al. (1996). For a given particle size, the

fallout velocity, V, is calculated using the formulae of Bonadonna
et al. (1998):

M for Re, > 500
Pa '
402 2\ 1/3
Vo=1q,( 28— P for 0.4 < Rey < 500, (10)
2254pa
d2g(pp — p)
%80 = L) for Re, < 0.4,
18

which depends on the Reynolds number of the particles,
Rey = dyVyp/1u, where dy is the particle diameter of clast ¢,
M(2) is the dynamic viscosity of air and pp = 2000 kg m~3 is the
particle density.

The set of conservation equations (Eqs. (2)-(4)), without the
sedimentation terms (i.e. dQ4/dz = 0), have been used in the vast
majority of Plinian eruption studies based on the ‘dusty gas hy-
pothesis’ (e.g., Woods, 1988; Sparks et al., 1997; Mastin, 2007;
Kaminski et al., 2011; Burden et al., 2011). Alternative models
incorporate the sedimentation terms in Egs. (2)-(4) (Folch and
Felpeto, 2005; Pfeiffer et al., 2005; Costa et al., 2006; Barsotti et
al., 2008), but they do not systematically study the potential effect
of the GSD on the plume dynamics. Here, to reach this goal, we
use power-law GSD consistent with field observations.

3.3. Exit conditions at the volcanic vent

The eruptive mass flux is the main parameter controlling the
height reached by the volcanic plume and the rate of ash injection
in the atmosphere (e.g., Wilson et al., 1978; Woods, 1988; Sparks
et al, 1997). We consider here mass fluxes ranging from 10° to
10° kgs—!, which correspond to the range of intensity of common
explosive eruptions (from sub-Plinian to ultra-Plinian). The second
important parameter is the amount of gas in the volcanic mixture,
Xg,, through its control on the jet velocity at the vent, Up. In the
following, we will use the hypothesis of a choked jet at the vent
according to which Uy is given by (Woods and Bower, 1995):

Uo = 1.8,/Xg, Rgy T0» (11)

where Tp is the magma temperature. For the sake of the argu-
ment, we will take the average temperature of andesitic magma
(Top = 1200 K) and a fraction of gas of 4 wt%. We make this choice
of using one single temperature and one single gas content to
focus on the influence of GSD, and discussion on the implication
of these hypotheses can be found in previous studies (e.g., Carazzo
et al., 2008b; Koyaguchi et al., 2010). In the following we will use
the power-law exponent together with the results of Kaminski and
Jaupart (1998) to set xg, at the vent. Under these conditions and
considering a choked plume (which yields 130 < Ug < 270 ms~!
in the range of cases we consider), all 20 classes of grain sizes
ranging from 10¢ (1 pm) to —9¢ (0.5 m) are entrained in the as-
cending column because fall velocity of all particle sizes is smaller
than Uyp.

In summary, the model applies when the population of frag-
ments is dominated by ash particles, which is commonly the case
during explosive eruptions, and when there is no strong overpres-
sure at the base of the column. This latter condition is usually
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Fig. 3. Predictions of the evolution of the GSD from the vent to the maximum height
of the eruptive column for two values of the power-law exponent: (a) D =2.9 and
(b) D =3.3. The ¢ unit is related to the particle diameter dy by dy (mm) = 27¢,
NBH corresponds to the neutral buoyancy height of the eruptive column.

met at the vent for small explosive eruptions, and within a few
hundred meters above the vent for large explosive eruptions (see
Carazzo et al. (2008b) or Suzuki and Koyaguchi (2012) for a de-
tailed discussion of these assumptions).

4. Results of the model

The set of equations is solved using a fourth-order Runge-Kutta
algorithm with an altitude step size of 1 m. The results of the
model are the evolution of the GSD in the column as a function
of height, and the steady-state maximum column height attained
as a function of the mass flux and of the power-law exponent.

The GSD imposed at the vent evolves as the mixture rises to its
maximum height, depending on the initial value of the power-law
exponent D. Two examples of the tracking of GSD in the eruptive
column are shown in Fig. 3 for a given mass flux at the vent and
standard atmospheric conditions. When the GSD is initially domi-
nated by coarse particles (D < 3; Fig. 3a), a large amount of coarse
material is quite rapidly lost by sedimentation, which leads to a
significant decrease of median particle size in the eruptive column
as it rises. Conversely, when the GSD is initially dominated by fine
particles (D > 3; Fig. 3b), the mass of particles in the column re-
mains relatively constant with altitude because fine particles do
not fallout significantly during the ascent of the plume. In other
words, large particles are always affected by sedimentation, but
their contribution to the total mass of particles is negligible when
D > 3, hence the effect of sedimentation is also quite small in that
case. Because the mass flux in the column is controlled by the
mass flux of particles, sedimentation of large clasts for D < 3 will
reduce the total mass flux in the column. This will tend to re-

—— .
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Fig. 4. Theoretical predictions of the maximum height reached by a volcanic column
as a function of the power-law exponent D for different atmospheric conditions and
source mass fluxes. In (a), the modelling takes into account a power-law GSD with
particle sedimentation. Symbols at large D value correspond to the predictions in
the case of the dusty gas hypothesis (no sedimentation). In (b), the modelling takes
into account a power-law GSD with particle sedimentation and gas entrapment.
Vertical arrows show the collapse of the plume. Solid, dashed and dotted curves
correspond to predictions made for tropical, polar and intermediate atmosphere,
respectively.

duce the maximum height of the plume because large particles
lost from the column do not transfer their thermal energy to the
entrained ambient air.

The effect of the power-law exponent on the maximum height
reached by a volcanic plume has been studied systematically. We
found first that the maximum height reached by a volcanic col-
umn is mainly controlled by the mass flux at the source and, to
a lesser extent, by the stratification of the atmosphere (Fig. 4),
which is consistent with previous studies (e.g., Wilson et al., 1978;
Woods, 1988; Sparks et al., 1997; Mastin, 2007; Carazzo et al.,
2008a; Woodhouse et al., 2013; Degruyter and Bonadonna, 2013).
A new result is the effect of the value of D on the maximum
height reached by the column. While the dusty gas hypothesis
yields a single value of the maximum column height (symbols in
Fig. 4a), the effect of sedimentation considerably changes the max-
imum height when D < 3.3. For relatively low and intermediate
mass fluxes (10° < Qo < 3 x 107 kgs~1), the maximum height
can vary by an order of magnitude for a given mass flux de-
pending on the value of D (Fig. 4a). Columns enriched in large
particles (i.e., with D < 3) are more sensitive to this effect than
columns enriched in fine particles (i.e., with D > 3) as fine par-
ticles are not significantly lost by sedimentation. For higher mass
fluxes (Qg > 3 x 107 kgs~1), the maximum height becomes rela-
tively insensitive (variation <15%) to the value of D at the vent if
the column is enriched in fine particles (D > 3), but the maximum
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height can still decrease by almost 10 km if the value of D is
smaller than 2.8. For a given mass flux, no significant change is
observed once D has reached a value larger than 3.3; the rate of
sedimentation is then low enough to be close to the dusty gas
limit.

When gas entrapment in pumices is taken into account
(Fig. 4b), a new phenomenon occurs, i.e.,, column collapse. This
happens when the mass flux at the vent is too large relative to
the momentum flux to be carried up to the height of buoyancy in-
version. Because the ratio of the two fluxes is simply the eruptive
velocity at the vent, which itself is a function of the gas present in
the mixture, it will decrease for a decreasing value of D (Kaminski
and Jaupart, 2001). For each mass flux, there is a threshold value
of D for which the amount of gas, hence the velocity at the vent,
is not large enough to attain the buoyancy inversion. In this case
of column collapse, no maximum height is reported in Fig. 4b.

The evolution with altitude of the buoyancy flux of the plume
also illustrates the effect of the sedimentation on the volcanic
column (Fig. 5). In the case where sedimentation is negligible
(D > 3.3) the buoyancy flux first increases by heating of the en-
gulfed air and then starts to decrease (due to density stratification
of the atmosphere) as the column rises in the atmosphere. If the
column reaches the tropopause, the decrease becomes faster and
larger as the stratosphere is much less dense than the column.
When sedimentation is effective (D < 3.3), the initial increase of
the buoyancy flux is reduced because the coarse particles, that
represent the thermal reservoir of the mixture, are lost by sedi-
mentation. For the same reason, the decrease of the buoyancy flux
in the upper part of the atmosphere is enhanced for coarser GSD.

Our results show that the GSD in explosive volcanic columns
has a major influence on the plume rise if the exponent of
the power-law GSD is <3.3: the maximum height is reduced by
ca. 30% for mass fluxes of 107 kgs™! or larger, and up to 45-85%
for mass fluxes between 10° and 107 kgs~!. This value of D de-
fines a threshold below which the flow is no longer well described
by the ‘dusty gas hypothesis’. For values of D smaller than 3.3,
the amount of exsolved gas at the base of the column can be
significantly reduced due to gas entrapment in large particles. In
addition, large particles will settle rapidly from the edges of the
column, which will reduce the amount of thermal energy available
to heat the entrained atmospheric air and to increase buoyancy in
the column. The combination of these two effects contributes to
lower the maximum height reached by the column, and will even-
tually produce column collapse if the mass flux is large enough.

5. Discussion

We have shown that the GSD can have a first-order influence
on the maximum height reached by a volcanic column. Now, it is
worthwhile, first, to test the model presented above by comparing
the calculations with data, second, to investigate the implications
of the model for the rate of ash injection into the atmosphere and,
third, to discuss the associated effects of wind and GSD on the
maximum height.

5.1. Model validation

To validate our theoretical model and the obtained impact of
GSD on plume dynamics, we compared its predictions with natural
cases. For this, we assembled data from a series of recent erup-
tions by seeking those for which the source conditions and the
maximum column height were determined independently (i.e. the
eruptive mass flux is not determined from the column height) and
for which the total GSD was also available. We were able to find
10 eruptions (Table 2) for which the total GSD is constrained from
the field deposits (Table 1), the average mass flux is determined
from the eruption volume and duration, and the column height is
measured either by a visual observation from the ground or on air-
planes, by isopleth maps built from the distribution of the deposits,
or by satellite-, airplane-, or ground-based radar measurements.
The predicted and measured eruptive mass fluxes are compared for
these 10 eruptions based on the maximum height reached by the
eruptive column. For each event, predicted mass flux is assessed to
match the reported maximum height of the column and its uncer-
tainty is estimated in order to account for a one-sigma standard
deviation around the mean value of the maximum height reached
by the column (Table 2).

In a first stage (Fig. 6a), we use the classical ‘dusty gas hypoth-
esis’ as defined above (no sedimentation). Discrepancies between
predicted and measured mass fluxes are considerable for all cases
except El Chichén C (1982) and Santa Maria (1902), and are more
important for small mass fluxes. The dusty gas hypothesis there-
fore does not reproduce the independent data-set, in particular for
mass fluxes smaller than 4 x 107 kgs~.

In a second stage (Fig. 6b), we use the power-law GSD at the
vent (see Fig. 2 and Table 1 for values of D) and include parti-
cle sedimentation. The predicted mass fluxes are still lower than
those measured in all cases, but are closer to the data than those
predicted using the dusty gas hypothesis. In particular, the mass
fluxes of the Aug. 1992 Mt. Spurr, 1980 Mt. St. Helens and 1902
Santa Maria eruptions are better predicted in this second case.

In a third stage (Fig. 6¢), we use the power-law GSD at the
vent and include the effects of particle sedimentation and gas en-
trapment in large pumices. These three ingredients yield a better
prediction than in the two previous stages. The best match with
data is obtained for mass fluxes of the 1974a Fuego, 1980 Mt. St.
Helens, 1996 Ruapehu, Aug. 1992 Mt. Spurr and 1979 St. Vincent
eruptions, whereas the fluxes predicted for the eruptions of Mt.
Spurr (Sept. 1992) and El Chichén (B + C, 1982) are still a bit low.

As a fourth stage (Fig. 6d), we use a Gaussian-law GSD at
the vent (see Fig. 2 and Table 1 for values of u and o) and in-
clude the effects of particle sedimentation and gas entrapment in
large pumices. The resulting mass fluxes of all the 10 eruptions
are better predicted than with the dusty gas hypothesis, but the
difference between measured and observed mass fluxes is signifi-
cantly larger than for a power-law GSD. This result is due both to
the larger sensitivity of the power-law GSD to the sedimentation
process and to the underestimation of the amount of the smallest
particles in the Gaussian-law GSD compared with the power-law.
This quantitative test, therefore, demonstrates that “real” GSD is an
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Table 2

Summary of the measured eruptive mass flux and maximum height determined independently and available in the literature for the data-set of ten eruptions used for model
validation. Methods used to estimate the maximum height are: (v) visual observation from the ground or on airplanes, (i) isopleth maps, and (r) satellite-, airplane-, or
ground-based radar measurements. The volume DRE is the dense-rock equivalent of the erupted volume. Uncertainties on mass flux and maximum height correspond to the
standard deviation of the respective independent values available in the literature for a given eruption.

Name of eruption Atmospheric Altitude Volume DRE Duration Mass flux Maximum height References
conditions (km) (km?) (h) (kgs™") above vent
(km)

St. Vincent 1979 Tropical 1234 0.14 2.5-35 (3.440.6) x 107 16+£3 (v) Anderson and Flett (1903);
Carey and Sigurdsson (1978);
Mastin et al. (2009)

Fuego 1974a Tropical 3.763 0.02 5 (3.0£0.9) x 10¢ 10+1 (v) Murrow et al. (1980);
Mastin et al. (2009)

Mt. Spurr Aug. 1992 Polar 3.374 0.014 35 (3.0£0.9) x 10° 10.5£1.0 (r) Neal et al. (1995);
Eichelberger et al. (1995);
McGimsey et al. (2001);
Mastin et al. (2009)

Mt. St. Helens 1980 Intermediate 2.549 0.24 9.1 (1.6 £0.4) x 107 17.5+£0.5 (r) Sarna-Wojcicki et al. (1981);
Carey and Sigurdsson (1989);
Carey et al. (1990);
Durant et al. (2009)

Mt. Spurr Sept. 1992 Polar 3.374 0.015 3.6 (3.0£0.9) x 10° 10.7£1.0 (r) Neal et al. (1995);
Eichelberger et al. (1995);
McGimsey et al. (2001);
Mastin et al. (2009)

Nevado del Ruiz 1985  Tropical 5.321 0.014-0.039 033 (4.04+1.4) x 107 26.5+£3.0 (i) Naranjo et al. (1986);
Carey and Sigurdsson (1989);
Carazzo et al. (2008b);
Mastin et al. (2009)

Ruapehu 1996 Intermediate 2.797 0.002 6.5 (2.04+0.6) x 10° 5.7+0.6 (1) Prata and Grant (2001);
Mastin et al. (2009)

El Chichén B 1982 Tropical 1150 04 1.8 (1.14+0.6) x 108 24 +2 (i) Carey and Sigurdsson (1986, 1989)

El Chichén C 1982 Tropical 1150 04 33 (6.3+3.2) x 107 22+£2 (i) Carey and Sigurdsson (1986, 1989);
Carazzo et al. (2008b)

Santa Maria 1902 Tropical 3.772 3.3-8.6 24-36 (8.8+5.6) x 107 3144 (i) Anderson (1908); Rose (1972);

Carey and Sparks (1986);
Carey and Sigurdsson (1989);
Carazzo et al. (2008b);
Mastin et al. (2009)

essential ingredient to be included in theoretical models to provide
a robust prediction of the mass flux of Plinian eruptions.

5.2. Rate of ash injection into the atmosphere

One of the key predictions of the model for risk assessment
is the amount of ash particles injected into the atmosphere
(Bonadonna et al.,, 2012; Prata and Prata, 2012). The fraction of fine
particles predicted by the model at the top of the column is shown
in Fig. 7a as a function of the maximum height of the column
(corresponding to different eruptive mass fluxes, e.g., Fig. 4) for dif-
ferent power-law GSD at the vent. Fine particles correspond here
to sizes smaller than or equal to 15.6 pm (6¢). When the popula-
tion of pyroclasts contains mainly fine ash particles (i.e., D > 3.3),
the amount of fine particles remains relatively constant whatever
the altitude reached by the volcanic plume. By contrast, for lower
values of D (i.e., D < 3.3), the fraction of fine particles decreases
as the plume rises due to sedimentation. This decrease is more
important above 10-20 km, an altitude range corresponding to the
height of the tropopause, depending on the atmospheric condi-
tions. At this altitude, the atmospheric density changes sharply,
which decreases the average velocity of the plume (Glaze and
Baloga, 1996), hence increases particle sedimentation.

Calculations of the rate of ash injection (Qj;fh) are illustrated
in Fig. 7b as a function of the maximum height (H) of the
eruptive column for different power-law GSD at the vent. For
heights smaller than 10 km, the rate of ash injection decreases
as D increases. In the case of a small D value and large par-
ticle sedimentation, larger mass fluxes at the vent are required

in order for the plume to reach a given height. The increase of
the rate of ash injection with the maximum height of the col-
umn can be separately fitted for tropospheric and stratospheric
heights using a power-law relationship (Q;Sh/ Qrer) = a(H/Hrep)?,
similar to the scaling law that gives the maximum height of
a plume (e.g., Morton et al, 1956; Briggs, 1969; Woods, 1988),
where Hpef = 36.4 km is the mean maximum height obtained for
Qref = 108 kgs™! at the vent. For column heights greater than
15 km, i.e. stratospheric heights, only small differences in the
rate of ash injection are observed as a function of D and av-
erage parameters (a = 2.23, b = 5.06) can be used. For column
heights lower than 15 km, i.e. in the troposphere, the GSD can
change the rate of ash injection by over one order of magnitude
for a given column height and the fitting parameters range be-
tween (a =0.38, b =2.11) for D =3.0 to (a = 0.37, b =4.01)
for D > 3.3. Although the rate of ash injection is positively cor-
related with height (i.e., with the eruptive mass flux), ash concen-
tration in the plume can be anti-correlated with height because
of reduced entrainment. This is explained by the fact that, when
the eruptive mass flux is large, the buoyancy flux remains neg-
ative over a greater range of height (see Fig. 5), which reduces
the entrainment of atmospheric air (Eq. (5) shows how negative
Richardson number reduces o). The effect of D becomes espe-
cially critical near the tropopause, i.e., between 9 and 17 km high
depending on the atmospheric conditions (Fig. 7b), because of the
decrease of the average velocity of the plume. This threshold al-
titude confirms therefore the significant effect of the tropopause
on volcanic plume dynamics for risk assessment in relation to civil
aircraft.
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Fig. 6. Predictions of the eruptive mass flux for ten Plinian eruptions of the XXth century versus the measured eruptive mass flux. Calculations are made using four
approaches: (a) classical prediction using the ‘dusty gas hypothesis’ (no sedimentation), (b) power-law GSD at the vent with particle sedimentation, (c) power-law GSD
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characteristics of the power laws (D) and the Gaussian laws (o), and Table 2 for data of the eruptive mass fluxes.

5.3. Associated effects of wind and GSD

The mass fluxes of some eruptions, i.e., Mt. Spurr (Sept. 1992),
Nevado del Ruiz (1985) and El Chichén (B + C, 1982), while better
predicted using power-law GSD at the vent with the effects of par-
ticle sedimentation and gas entrapment, are still underestimated
with the present model (Fig. 6¢). Additional factors not included
in our model and known to reduce the height of the column,
such as atmospheric wind (e.g., Degruyter and Bonadonna, 2013)
or thermal disequilibrium between gas and particles (e.g., Woods
and Bursik, 1991) may explain the underestimated mass fluxes ob-
tained for these eruptions. Atmospheric wind in particular may
also lower the maximum height of weak plumes (i.e., mass flux
smaller than 107 kgs~!) (Woodhouse et al., 2013).

One way to estimate the influence of wind on the predicted
mass fluxes is to use the analytical expression given by Degruyter
and Bonadonna (2012). According to their formula, the relative
difference between our prediction of mass fluxes and the same
prediction in the presence of wind can be written as:

AQy (BN # @ 1-1 .

Qo _<oze> 6x2%2NH I (12)
where z; = 2.8 is the maximum non-dimensional height of
Morton et al. (1956), N = 1.065 x 102 s~ ! is the buoyancy
frequency taken as constant here as a first-order approximation
and I7 is a dimensionless number quantifying the effect of wind
(Degruyter and Bonadonna, 2012). Using a classical value of 0.5

for the entrainment coefficient due to wind, g8 (e.g., Degruyter and
Bonadonna, 2013), and a mean wind velocity ¥ of 30 ms~!, which
generally appears to be the maximum mean value measured at
some sites (e.g., Bonadonna et al., 2005), we calculate the effect
of a cross-wind on the predicted mass fluxes for the ten recent
Plinian eruptions studied (Fig. 8). Such a high wind velocity in-
creases significantly the predicted mass flux of all eruptions, and
the smaller the value of the maximum height, the larger the in-
crease of the predicted mass flux. The effect of a cross-wind might
therefore account for the underestimation of mass fluxes of some
eruptions of our “wind-free” model. Nevertheless, a mean wind
velocity of 30 ms~! is too high to be applicable to all eruptions.
Furthermore, a constant cross-wind profile tends also to overesti-
mate the effect of wind relative to a real atmospheric wind profile
(Bursik, 2001), hence the calculated values of mass fluxes under
windy conditions correspond to an upper limit in Fig. 8.

One should also note that the effect of cross-wind is strongly
controlled by the value of the entrainment coefficient due to wind,
the exact value of which is poorly constrained in the literature and
can vary between 0.3 to 1.0 (e.g., Bursik, 2001; Woodhouse et al.,
2013; Degruyter and Bonadonna, 2013). Hence although the qual-
itative effect of wind is well established, a quantitative estimate
still requires more stringent constraints on the evolution of turbu-
lent entrainment in the presence of wind. Because both GSD and
wind contribute to the improvement of the model predictions, we
suggest that they should be studied together to better understand
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their combined influence on the column height and on the ash in-
jection rate as a function of the eruptive mass flux.

6. Conclusion
We have shown that the power-law GSD at the vent can play

a major role in the dynamics of eruptive columns. The incorpora-
tion of “real” GSD may reduce significantly the maximum height

of eruptive columns, by 30 to 85% depending on the source mass
flux. When the effects of particle sedimentation and gas entrap-
ment are taken into account together with a power-law GSD at the
vent, consistent with the characteristics of field deposits, we are
able to better explain the measured mass flux of various Plinian
eruptions than when using a classical model relying on a “dusty
gas” hypothesis.

Total GSD, determined by the study of tephra deposits, com-
bined with the modelling of turbulent processes in the volcanic
plume (air entrainment and particle sedimentation) demonstrates
that GSD at the neutral buoyancy and maximum heights cannot be
described by a log-normal distribution as is commonly assumed.
The use of log-normal GSD in modelling and satellite observation
thus will lead to significant errors in the estimate of ash flow rate
in the umbrella and of particle concentration in the eruptive cloud.
This is an important concern when dealing with ash loading deter-
mination for risk assessment purposes. Our model is a first step
toward improved and more robust predictions. Future develop-
ments should focus on the effect of atmospheric wind (Degruyter
and Bonadonna, 2013), thermal disequilibrium between gas and
particles (Woods and Bursik, 1991), which both reduce the height
of the column for given mass flux and are likely to affect the rate
of ash injection into the atmosphere, and on the effect of particle
re-entrainment in the volcanic column (Ernst et al., 1996). From
that point, particle aggregation and dispersion processes could also
be implemented in the umbrella cloud (e.g., Textor et al., 2006;
Costa et al., 2010; Telling et al., 2013).

The value of the power-law exponent, which characterizes the
GSD, can be assessed from field deposits for long lasting eruptive
events. However, real-time determinations would be more useful.
The various satellites used by the European Volcano Observatory
Space Services (EVOSS) under the SysteM for volcanic ASH plume
monitoring and prediction (SMASH) project are now able to give
average values of particle size at maximum height with one mea-
surement per 15 min. This significant improvement, associated
with the predictive model presented here, paves the way towards
a comprehensive alert algorithm taking into account the GSD of
any eruption.
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