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Volcanic activity is one of the observable "dynamic phenomena" at the boundary between the atmosphere and the solid

Earth. In order to predict the volcanic eruptions on the basis of geophysical observations and reconstruct the historic volcanic

eruptions on the basis of the volcanic sediments, we are developing a numerical model for eruption cloud dynamics. The pres-

ent 3-D model has successfully reproduced the qualitative features of large scale eruption columns and umbrella clouds. The

quantitative agreement between the observations in the Pinatubo 1991 eruptions and the results of the present 3-D simulations

(e.g., eruption column height, altitude and spreading rate of umbrella cloud as a function of mass discharge rate) validates the

present numerical model. We have also successfully visualized the face structures of eruption clouds on the basis of the 3-D

simulation results.
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1. Introduction

During explosive volcanic eruptions, a mixture of hot ash
(solid pyroclasts) and volcanic gas is released from the vol-
canic vent into the atmosphere. The ejected material has an
initial density of several times as large as the atmospheric
density since it contains more than 90 wt. % solid pyro-
clasts at the vent. As the ejected material entrains ambient
air, the density of the mixture drastically decreases and
becomes less than the atmospheric density because the
entrained air expands by heating from the hot solid pyro-
clasts. As a result, an eruption column buoyantly rises up to
a height of several tens of kilometers. The eruption column
exhausts its thermal energy and loses its buoyancy within
the stratified atmosphere. At the neutral buoyancy level
(NBL) where the cloud density is equal to that of the atmos-
phere, the eruption cloud spreads laterally and an umbrella
cloud grows [1].

The height of eruption column and the spreading rate of
umbrella cloud are key observable quantities for understand-
ing of the dynamics of eruption clouds. They are obtained
from satellite images [2, 3] and from other field observa-
tions, and they reflect the source conditions at the vent such
as mass discharge rate of magma. The relationship between
the observable quantities and the source conditions has been
the central issue of the dynamics of eruption clouds.

The aim of this study is to establish the relationship
between the observable quantities of the eruption clouds and
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the eruption conditions at the vent using a 3-D time-depend-
ent fluid dynamics model for eruption cloud. The simulation
results are tested by comparison with the field observations
of the Pinatubo 1991 eruption.

2. Model Description

The numerical model of eruption cloud is based on the
model of Suzuki et al. [4]. The model is designed to describe
the injection of a mixture of solid pyroclasts and volcanic
gas from a circular vent above a flat surface of the earth in a
stationary atmosphere. We apply a pseudo-gas model; we
ignore the separation of solid pyroclasts from the eruption
cloud and treat an eruption cloud as a single gas.

The fluid dynamics model solves a set of partial differen-
tial equations describing the conservation of mass, momen-
tum, and energy, and a set of constitutive equations describ-
ing the thermodynamic state of the mixture of solid pyro-
clasts, volcanic gas, and air. These equations are solved
numerically by the Roe scheme [5]. The MUSCL method is
applied to interpolate the fluxes between grid points [6]. The
calculations are performed on 3-D domain.

One of the most essential physics which governs the
dynamics of eruption clouds is that the density of eruption
clouds varies nonlinearly with the mixing ratio between the
ejected material and air. We reproduce this nonlinear feature
of mixture density by changing the effective gas constant
and the effective specific heat of the mixture as
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where R is the gas constant, n is the mass fraction, and C| is
the specific heat at constant volume. The subscripts m, a, g,
and s refer to the mixture, air, volcanic gas, and solid pyro-
clasts, respectively. The mass fraction of air (n, ), volcanic
gas (n,), and solid pyroclasts (n,) satisfy the condition of
n, + n, + n_ = 1. Using these procedures, the equation of
state for the mixture of the ejected material and air can be

approximated by the equation of state for an ideal gas;
p= pRmT’ (3)

where p is the pressure, p is the density of the mixture, and T’

is the temperature.

3. Results

Using the 3-D pseudo-gas model, we carried out simula-

tions of explosive eruptions that generate large-scale umbrel-
la clouds in the atmosphere. The conditions of simulations
were set to cover those of the Pinatubo 1991 eruption (m, =
1085 kg/s [3, 7]). The tropical atmosphere is applied to the
atmospheric condition and the magmatic properties of the
Pinatubo 1991 ejecta are applied to the vent conditions; ini-
tial temperature of 7, = 1053 K and initial mass fraction of
volcanic gas of n,, = 0.06 [8] and specific heat for constant
volume of the solid pyroclasts (C, ) of 1100 J/(K kg) are
assumed.

Our simulations have successfully reproduced the global
features of eruption clouds (Fig. 1). Eruption clouds rise as
eruption columns or co-ignimbrite ash clouds, and then, they
generate laterally spreading umbrella clouds at high altitudes
(Fig. 2). We compare these results of the 3-D simulations
with the satellite images of the climactic phase of the
Pinatubo 1991 eruption and also with the dynamics of the
umbrella clouds reconstructed by the granulometric data of
the tephra fall deposits.

The climactic phase of the Pinatubo 1991 eruption started

Fig. 1 A representative numerical result of large-scale volcanic eruption clouds at 500 s from the beginning of eruption. Lateral

view (left) and top view (right) of the iso-surface of the mass fraction (107?) of the ejected material (volcanic gas plus solid

pyroclasts) from the volcanic vent.
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Fig. 2 A representative numerical result of eruption cloud for the case of m, = 10° kg/s at 3000 s from the beginning of eruption.

The color illustrates the cross-sectional distribution of the mass fraction of the ejected material.

122



at 1340 LT (local Philippine time) on 15 June and lasted
approximately 9 hours. A large eruption cloud was observed
from the satellite images and its dimensions were estimated
from the shadow of the cloud; the total column height was
up to 40 km at the first stage of eruption and the altitude
of top surface of the umbrella cloud was 25 km at its edge
[2, 3]. The cloud expanded up to 280 km in diameter (60,000
km?) at 1440 LT and 40 km in diameter (120,000 km?) at
1540 LT. It expanded up to 250 km upwind until 1940 LT,
covering an area of 300,000 km? and subsequently the east
end of the cloud moved westward, at which time the cloud
reached a stagnation points upwind but continued to grow
downwind and crosswind.

The evolution of the radius of the umbrella cloud in the
3-D simulation is consistent with those observed from the
satellite images [2, 3] (Fig. 3). On the basis of dimensional
analysis, if the volumetric flow rate of the umbrella cloud is
constant, the increase rate of radius of umbrella cloud is con-
stant: L3/#> = const., where L is the radius and ¢ is the time.
The value of L¥/#* with m, = 10° kg/s (L*/f* = 2.2 x 10° m/s?)
agrees with the observed increase rate of the radius of
the umbrella cloud in the Pinatubo 1991 eruption (L*/#* =
1.7-1.8 x 10* m*/s?). The total height of the eruption column
(37.4 km) and the altitude of umbrella cloud (23.3 km) with
m, = 10° kg/s are also consistent with the observations
(3440 km and 21-25 km; Fig. 4).
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Fig. 4 Characteristic heights of eruption clouds as a function of the mass
discharge rate m,. Square represent the total heights of eruption
column (H,*") based on the time-averaged levels of n,+n = 102
The error bars are based on the levels of n, + n = 10" and 10°.
Pluses represent the altitude of the spreading umbrella clouds
(H,*®). Horizontal blue zone are the range of the total height and
the altitude of the spreading umbrella cloud observed in
the Pinatubo 1991 eruption. Vertical yellow zone is the range of
the estimated mass discharge rate in the Pinatubo 1991 eruption
(m, =10 kg/s).
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Fig. 3 Radii of the spreading umbrella clouds as a function of the time
in the case of m, = 10*, 10%7, and 10° kg/s. The data observed in

10
100

Radius of Umbrella Cloud [km]

the Pinatubo 1991 eruption [2, 3] are also plotted.

The volumetric flow rate of the umbrella cloud can be
estimated from the granulometric data of the tephra fall
deposits on the basis of the tephra-dispersal model [7].
Applying this method to the Pinatubo 1991 tephra fall
deposits, the volumetric flow rates of the first and second
half of the climactic phase are estimated to be 5-9 x
10" m*s and 2—4 x 10'° m%/s, respectively. The range of the
volumetric flow rate estimated from the 3-Dsimualtions with
1085 kg/s (2.4 — 8.8 x 10 m?/s) is consistent with those

estimated from the granulometric data (Fig. 5).
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Fig. 5 Horizontal volumetric flow rates in the umbrella cloud (V) as a
function of the mass discharge rate m, for the results of the 3-D
simulations. Horizontal blue zones are the ranges of the volumet-
ric flow rate of umbrella clouds for the first (Layer C,) and sec-
ond (Layer C,) halves of the climactic phase of the Pinatubo
1991 eruption estimated from the granulometric method [7].
Vertical yellow zone is the range of the estimated mass discharge

rate in the Pinatubo 1991 eruption (m, = 105> kg/s).
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4. Summary

We have presented numerical 3-D simulations of the
dynamics of eruption columns and umbrella clouds
emplaced into the stratified atmosphere by explosive vol-
canic eruptions. Our numerical model successfully repro-
duces the quantitative features of large-scale eruption clouds
such as that of the Pinatubo 1991 eruption. This quantitative
agreement between the observations and the results of the
3-D simulations (e.g., column height, altitude and spreading
rate of umbrella cloud as a function of mass discharge rate)

validates the present numerical model.
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