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We are developing a three-dimensional (3D) numerical model that reproduces the formation of volcanic plume, the tephra
dispersal in the atmosphere and the deposition of tephra on the ground under various wind conditions. We have carried out
simulations for two extreme cases: a weak plume in a strong wind field and a strong plume in a weak wind field. When the magma
discharge rate is low and the wind speed in the atmosphere is high, the mixture of the volcanic gas and solid pyroclasts ejected from
the vent is largely distorted by the wind. The tephra particles drift leeward at the neutral buoyancy level (NBL) where the cloud
density is equal to the atmospheric density; as a result, the dispersal axis of main tephra fall deposits extends leeward. On the other
hand, if the magma discharge rate is high and the wind speed is slow, the eruption cloud (the mixture of the ejected material and
entrained air) rises almost vertically and forms a concentric umbrella cloud at the NBL. The tephra particles are transported radially
and deposit in both leeward and windward regions. In this case, the distribution of fall deposits slightly elongates in the downwind
direction owing to the wind effect. On the basis of the simulation results, the distribution of number density of marker particles and
the size distribution on the ground are obtained. These distributions can be compared with the isomass and isopleth maps based on

field observations.
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1. Introduction a result, the tephra particles are distributed concentrically on the

Explosive volcanic eruptions can cause a widespread tephra ground. In contrast, if eruption intensity is weak and/or wind
dispersal. During explosive eruptions, a mixture of solid speeds are high, volcanic plumes are highly distorted by the
particles (pyroclasts) and volcanic gas is ejected from vents into wind, leading to a bent-over trajectory. In this case, the tephra
the atmosphere. As the ejected material entrains ambient air by particles can be transported leeward and its depositional area
turbulent mixing, the entrained air expands rapidly owing to can significantly deviate from concentric distribution.
the heating from the hot pyroclasts. Consequently, the density Recent progress has been made on developing a more
of the cloud (i.e., the mixture of the ejected material and the quantitative understanding of the wind-effects on the
entrained air) becomes lower than the atmospheric density depositional patterns of tephra particles [e.g., 5]. However, in
and forms buoyant plume [1, 2]. The eruption cloud exhausts these studies, the distributions of tephra particles in eruption
its thermal energy and loses its buoyancy within the stratified clouds are given as an initial conditions on the basis of one-
atmosphere. At the level where the cloud density is equal to dimensional models of volcanic plume [6, 7]. We attempt to
that of the atmosphere (i.e., NBL), the eruption cloud spreads directly simulate the motion of tephra particles ejected from the
laterally. Tephra particles are lifted upward by buoyant plume vent in the atmosphere and their deposits on the ground using a
and transported by laterally-spreading cloud. 3D numerical model.

The flow patterns of eruption cloud, and hence, the
depositional patterns of tephra particles are controlled by the 2. Numerical model
intensity of eruption and the strength of the atmospheric wind Our numerical model is designed to simulate the behavior
[3, 4]. At high eruption intensities and/or under weak wind of a gas-particle mixture ejected into the stratified atmosphere
speeds, plume trajectories are not wind-affected. In this case, a with one-way coupling between fluid and particle motions [8]:
plume rises vertically, and subsequently it spreads radially as marker particles do not have any effect on the fluid, whereas
an umbrella cloud at the NBL. Tephra particles are separated the particle motion depends on the fluid motion. During fluid

from the vertically-rising plume or radially-spreading cloud; as dynamics calculations, we ignore the separation of solid

95



Annual Report of the Earth Simulator Center April 2013 - March 2014

pyroclasts from the eruption cloud, treating an eruption cloud
as a single gas with a density calculated using a mixing ratio
between ejected material and entrained air [9]. The governing
equations are solved numerically by a general scheme for
compressible flow. For the calculations of particle motion, our
model employs Lagrangian marker particles of ideal sphere.
The density of particles is assumed to be 1000 — 2500 kg m”~,
and about 200 marker particles are ejected from the vent every
2 sec at the same velocity as the pseudo-gas. Particle grain sizes
are randomly selected within a range of 0.0625 to 64 mm. The
terminal velocity is added to the vertical velocity of fluid motion
at every time step, until the marker particle ceases its motion

and settles as sediment when it reaches the ground surface.

3. Simulation results

In order to understand the wind-effects on the tephra
dispersal, we carried out numerical simulations for two cases: a
weak plume in a strong wind field and a strong plume in a weak
wind field.

3.1 Weak plume in strong wind field

Magma discharge rate is set to be 2.5 x 10° kg s™. The speed
of horizontal wind linearly increases with height, reaching
80 m s at Z = 10 km. The wind speed is assumed to be
horizontally uniform at each height, with vertical wind velocity
assumed to be zero. The volatile content (H,0) and magma
temperature are 2.84 wt% and 1000 K, respectively. The mid-
latitude atmosphere is applied to calculate the atmospheric
density, pressure, and temperature.

A computational domain extends 13 km vertically (Z—
direction) and 30 km x 12 km horizontally (X— and Y-
directions, respectively). The boundaries are located at X = -3,
27 km (YZ — plane) and Y = -6, 6 km (XZ — plane). Grid sizes
are set to be D/16 near the vent, where D, is the vent diameter,
and to increase at a constant rate (by a factor of 1.02) with
distance from the vent up to D/2.

Our simulation successfully reproduced fundamental features
of typical weak plumes in the strong wind fields (Fig. 1). The
plume near the vent is largely distorted by wind. A distal
horizontally moving cloud develops at the NBL (6 — 8 km
a.s.l.). Our simulations also reproduce particle separation and
sedimentation from the volcanic plume (Fig. 1c¢). The marker
particles ejected from the vent are lifted upward by the bent-
over plume, and leave from the cloud because their density is
higher than that of the gas phases. Fine particles (shown by red
points) are transported to the top of the plume, are carried by
the horizontally moving cloud, and spread leeward. In contrast,
coarse particles (blue points) leave from the volcanic plume and
fall to the ground near the vent. Medium-sized particles (light
blue points) show intermediate features between the fine and
coarse particles; they are lifted up to higher level than the coarse

particles, but do not reach the top of the plume.
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On the basis of the simulation results of marker particles
settled on the ground, we obtain the distribution of tephra
deposits (Fig. 2a) and their particle size distribution (Fig. 2b).
The results show the general features that the dispersal axis of
main fall deposits extends leeward and that the number and the
maximum size of particles decreases with distance from the

vent.

3.2 Strong plume in weak wind field
Magma discharge rate is set to be 1.0 x 10’ kg 5. The speed
U, 15tanh(Z/1000) m s™.

wind
The volatile content (H,0) and magma temperature are 4 wt%

of horizontal wind is given as

and 1053 K, respectively. The tropical atmosphere is applied to
calculate the atmospheric density, pressure, and temperature.

A computational domain extends 58 km vertically
(Z-direction) and 456 km x 456 km horizontally (X- and
Y-directions, respectively). The boundaries are located at X =
—192, 264 km (YZ — plane) and Y =-228, 228 km (XZ — plane).
Grid sizes is set to be Dy/20 near the vent, and to increase at a
constant rate with distance from the vent up to 300 m.

Typical features of the developments of an eruption column
and an umbrella cloud in the weak wind field are reproduced
in the present simulation (Fig. 3). The buoyant plume rises
vertically and is not largely affected by wind. The plume
overshoots the NBL (20 — 25 km) and reaches the height of
40 km. The umbrella cloud at the NBL spreads radially with
diameter of ~400 km at 5500 s. The center of the umbrella cloud
is located at 40 km leeward from the vent, which approximately
coincides with the position of the maximum height. Pattern
of ash dispersion is different from that from the weak plume
ejected in the strong wind field (Fig. 3c). Fine particles (shown
by red points) are transported radially by the umbrella cloud,
whereas coarse particles (blue points) leave from the volcanic
plume near the vent. Medium-sized particles (light blue, yellow,
and orange points) separate from the umbrella cloud. Between
the umbrella cloud and the ground, all the particles are drifted
leeward by the wind to considerable extent.

The distribution of number density of marker particles
(Fig. 4a) and the size distribution (Fig. 4b) on the ground show
that the particles are dispersed almost concentrically. However,
the distribution of fall deposits slightly elongates in the

downwind direction.

4. Concluding remarks

We have developed a 3D numerical model of volcanic
plumes in wind fields to simulate the dispersal and deposition
of volcanic ash particles. The present model can reproduce
the typical features of flow patterns of eruption cloud such as
buoyant plume distorted by strong wind, umbrella cloud drifted
by weak wind, and those of tephra deposits. The distribution of
number density of marker particles settled on the ground can be

compared with the isomass map based on field observations. In



addition, the size distribution of marker particles on the ground
can be directly compared with the isopleth map based on field

observations. The present model is considered to be useful
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for quantitative analyses of eruption cloud observations and

geological data of tephra deposits in the future.
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Fig.1 Results of 3D numerical simulation of a weak volcanic plume distorted by a strong wind at 700 s from eruption initiation. The wind blows
rightward (for the wind profile see text). (a) Bird-eye view of the iso-surface of & = 0.02, where ¢ is the mass fraction of the ejected material.
(b) Cross-sectional distribution of ¢ in X—Z space. (c) Side view of the distribution of marker particles. The colors in (c) represent the size of

marker particles.
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Fig.2 Depositional patterns of marker particles separated from a weak plume in a strong wind field. (a) The distribution of number density of marker
particles at 700 s from the eruption initiation. (b) The distribution of maximum size of marker particles at 700 s from the eruption initiation.
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Fig.3 Results of 3D numerical simulation of a strong volcanic plume distorted by a weak wind at 5500 s from eruption initiation. The wind blows
rightward (for the wind profile see text). (a) Bird-eye view of the iso-surface of £ = 0.02. (b) Cross-sectional distribution of ¢ in X~Z space. (c)

Side view of the distribution of marker particles. The colors in (c) represent the size of marker particles.
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Fig.4 Depositional patterns of marker particles separated from a strong plume in a weak wind field. (a) The distribution of number density of marker
particles at 5500 s from the eruption initiation. (b) The distribution of maximum size of marker particles at 5500 s from the eruption initiation.
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