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Abstract

An attempt is made to obtain a model for the mode of volecanic ash
fall deposition in the present paper. Sakurajima volcano is examined as a
case, which offers useful data such as height eruption column, upper wind
velocity, grain size distribution and isopach maps of the voleanic ash.
Though there are still many problems in the application of the diffusion
theory, it is available to apply the Stokes’ law to the mode of voleanic
ash fall deposition. On the basis of this result, two empirical formulae are
obtained. Using a model formula applied in general cases, it is expected
to assume palaeo-climate and past voleanic activities.

§1. Range of application of the Gaussian Plume Model

When applying diffusion theory to volcanic ash fall, the falling terminal
velocity of the ash particles must be considered. For point source problems,
we have the diffusion formula, proposed by Chamberlain (Chamberlain, 1953),
in which the falling terminal velocity is taken into consideration. Yoko-
yvama (1971) dealt with the diffusion of heavy particles by extending
Taylor’s theorem (Taylor, 1921). There is, however, some orders of magni-
tude of difference between volcanoes and chimney stacks for source height
and discharge duration and it may be difficult to strictly deal with ash
fall by the diffusion formula. However, there are few methods to deter-
mine the parameters used in the diffusion formula. In reality, standard
deviations of crosswind concentration distribution (¢, and ¢,) vary with
the duration of the eruption. The discharge of volcanic ash usually occurs
continuously for a long period, and we cannot simply apply a time dilution
coefficient such as that proposed by Meade (1958). It is therefore desirable
to estimate the standard deviations of ¢, and ¢, using observed data, which
can then be applied to the general theory on eruption of volcanoes. This
paper deals with the dispersion problem by applying the diffusion formula
as a first degree approximation, neglecting the influence of gravity on ash
fall, in spite of the controversial points mentioned above.

The concentration profile of fine particles of volcanic ash in the surface
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layer was obtained using the Gaussian Plume Model, which provides a
basic and general formula for calculation of diffusion. The Gaussian Model
gives a diffusion formula based on the research by Sutton (1953), Pasquill
(1974), and Gifford (1968). The concentration, C, (mg/m?® is given as
follows, (Hanna, Briggs, Hosker, 1981):

. a2 2
—— exp (—y*/207)

ClQy, z)= 5

X [exp (—(z—h*/20%) +exp (— (z2+h)*207 )] (1)
Wwhere :
@ ; the strength of a continuous source (mg/sec)
h; the effective source height (m)
% ; the mean wind speed (m/sec)
y; the lateral distance from the main axis of the plume (m)
z; the distance in the vertical direction (m)
oy, 0,; the diffusion width of the plume in the horizontal and vertical
direction, respectively. (m) '
The distribution of volcanic ash fall deposition, shown in Fig. 1, from
the Minamidake Voleano, Sakurajima, which erupted in August, 1978, was
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Fig. 1. Isopach area map of the volecano ash erupted _in August 1978.
(data: Eto and Ishihara, 1982).
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used for first-hand data analysis (Egashira, Ishihara, 1982).

Kamo (1977), states that the height of the upper wind, affecting the
distribution of volcanic ash fall deposition, from the Sakurajima volcano
was about 1500 m. Accordingly, the wind at the standard isobaric surface
of 850 mb (corresponding to a height of 1500 m), obtained by radiosonde
observations at the Kagoshima meteorological observatory, was applied as
the mean wind velocity (u) contained in formula (1). Figure 1 shows a
southeast wind, with velocity (u) of 7.1 m/sec, over the main axis (I). The
height of the eruption column, 4, was assumed to be 1500 m. To estimate
the standard deviations, ¢, and o,, the BNL (Brookhaven National Labora-
tory) formula, shown in Table 1, was used, and the coefficients were
selected under the assumption that the layer was conventionally of neutral
stability, C.

An emagram was drawn using aerological data (daily observation
times at 08: 30 and 20: 30) during the period 1 Aug. to 31 Aug., 1978,
to obtain the stratification of the atmosphere affecting the diffusion of
volcanic ash. Table 2 shows the mode of diffusion, classified, according to
Hewson (1945), on the relationship between the vertical profile of tem-
perature and the shape of the volcano smoke. Strong stable layers may
occur below the 850 mb surface where the eruption source lies and the

Table 1. Brookhaven National Laboratory Parameter Values in
the formula ¢y=axP and o,=cx9. (Hanna S.R. et al., 1981)

Parameter
Type a b c d
B2 0.40 0.91 0.41 0.91
B 0.36 0.86 0.33 0.86
C 0.32 0.78 0.22 0.78
D 0.31 0.71 0.06 0.71

Table 2. Shapes of the voleanic smoke assumed by the stratification of the
atmosphere. (aerological data at the Kagoshima meteorological obser-
vatory during the period 1 Aug. to 31 Aug., 1978).

stratification of the atmosphere days shapes of the volcanic smoke (as
classified by Bierly and Hewson, 1962)

strong stable layer appeared from 0
ground surface to 900 mb layer )

strong stable layer appeared from 5 inversion in lower layer, lapse in
900 to 850 mb layer upper layer (lofting),

strong stable layer appeared from 10 lapse in lower layer, inversion in
850 to 700 mb layer upper layer (fumigation)

no stable layer from ground surface 16 weak lapse (coning)

to 700 mb layer
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Fig. 2. The relationship between the distance from the eruption source in down
wind direction and the concentration at ground surface.

dispersion of the plume may not influence the ground surface. Such cases
appeared on only 5 out of 31 days during the observation period, according
to the table. Therefore, the effect of stability was neglected for the
analysis.

Taking into account the procedures mentioned above, the surface con-
centration C/Q on the main axis, where y=0 and z=0 in the formula (1),
is shown in Fig. 2. The maximum concentration at the ground surface
appeared about 50 km from the eruption source when the mean wind speed
() was 7.1 m/sec and the height of eruption source (k) was 1500 m, assum-
ing that fine particles of volcanic ash disperse in the same way as the
diffusion of gas.

The surface layer sedimentation effect must be considered in the dis-
tribution of volcanic ash deposition more than 50 km distance from the
eruption source, especially -for very small amounts of deposition, but the
effect made little contribution to the actual deposition thickness.

§ 2. Estimate of falling terminal velocity of volcanic ash
particles from Stokes’ Law

The theoretical and observed deposits of volcanic ash were compared
on the assumption that volcanic ash particles fall while being drifted hori-
zontally as well as being diffused. Stokes’ law was applied for estimation
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of the falling terminal velocity. In general, when Reynélds number (R)=
L%%él, then Stokes’ law :
mg="6rapuW, (2)

holds. However, we assumed that Stokes law was valid up to R§2. On
this assumption, the maximum radius of volcanic ash was first examined,
where :

m ; the mass of a particle (g)
e ; the radius of the particle (zm)
" W,; the falling terminal velocity (cm/sec)
v ; the coefficient of molecular viscosity of air (in this paper, 1.78X
10™* g/ecm-sec at 15°C)
y; the coefficient of molecular kinetic viscosity of air (0.145 cm?/sec,
at 15°0)

The density of volcanic ash was assumed to be 1.3 g/cm® (Egashira and
Ishihara, 1982).

Falling terminal velocity of volcanic ash particles was first determined
using the data shown in Fig. 1. The time required, for a particle to fall
from 1500 m altitude to point A (the horizontal distance from the erup-
tion source x=>58.1 km), on the northwest main axis, was t=x/u=38183 sec
(2.27 hours), and the falling terminal velocity (W, was 18 cm/sec, obtained
2a W,

from the relation W,=h/t. If Reynolds number (R)= is equal to 2,

then the diameter of the particles (2a) equals 161 ym when W,=18 cm/sec
and »=0.145 cm?*sec. Therefore, Stokes’ law is assumed to be applicable
in the range 2a <161 pm.

Using Stokes’ law (2), the theoretical value of the particle diameter

(2&2\/ %) was determined in terms of the maximum horizontal dis-

tance (x) of particles, and compared with the observed grain size distribu-
tion. Results are shown in Fig. 3. The figure shows grain size distribu-
tion at the four observation points (cross marks in Fig. 1) : HARUTAYAMA
=2.Tkm, TAKE=5.2km, MARUOKA =14.8 km, and TOGO=43.8 km, as well
as the theoretical value of 2a. The fraction corresponding to 2¢ occupies
about 40% (by % weight) of the observed value, and the theoretical value
calculated from Stokes’ law approximately agreed with the center of dis-
tribution of observed data, adequately effective use of Stokes’ law.

Fig. 3 shows a radius peak belows 37 ym at distances of 2.7km and
52km. This effect may be caused by rain washout and the downdraft
effect of wind caused by the volcano foot slope acting as a topographical
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Fig. 8. Observed grain size distribution (Eto and Ishihara
1982) and theoretical value of the particles diameter (2a).

factor, which may decrease the effective height of the eruption and cause
fine particles to fall nearer. The effective height should be estimated
using wind tunnel surveys because theoretical treatment is very difficult.

Temperature correction for altitude is needed for applying the coeffi-
cient of molecular viscosity of air to Stokes’ law. Wind speed correction
for altitude is also desirable, but was neglected in this paper.

$3. Model of Mode of Volcanic Ash Fall Deposition

Fig. 4 shows the relationship between the ratio, d/2a, and the ratio,
x/H, where d(mm) is the deposition thickness, observed at distance xz(km),
and 2a, is the theoretical value of particle diameter, at distance xz(km),
from the eruption source, obtained by Stokes’ law. H(=1.04km) is the
mountain height. Both these ratios have zero-dimension. When limited
by Reynolds number, (2a¢ <161 p), there is a high correlation between the
two parameters, d/2a and x/H, (0.96<|r| <1.00), at a distance more than
10 km from the eruption source. Empirical formulae for these parameters
were determined for 17 sets of data, including the two sets, AUG I and
AUG II, shown in Fig. 1 from:

d/2a=B(x/H)* (3)
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Fig. 4. Relationship between x/H and d/2a.
x : distance from the eruption source (km)
H : mountain height (km)
d : deposition thickness (mm)
2a: theoretical value of the particle diameter (mm)

Coefficients A and B are considered functions of the total eruption
volume, V(km?®), where :

A=¢(V),  B=¢(V)

and the respective relationship between the coefficients 4 and B, and the
total eruption volume V, shown in Table 3, were obtained.

The range of volcanic ash distribution (hatched area in Fig. 1), due to
an eruption, was conventionally assumed from the isopach maps of volcanic
ash, and the area was measured using a planimeter. Area was multiplied
by mean thickness, to give volume, V. To obtain a non-dimensional,
empirical formula, the ratio V/dm was used, where V is the total erup-
tion volume and d, is the amount of volcanic ash, deposited per unit area
(1cm?®, in an arbitrary zone on the grain size distribution map. dm(cm®)
was determined as the mean diameter of volcanic ash particles X1 cm?
calulated as an arithmetical mean, for the observed grain size distribution.
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Table 3. Coefficients A, B, volume V (km?®) and average deposition
thickness of volcanic ash d’m(mm).

SAMPLE A B V (10~%km?) dm’(mm)
1 AUG I —3.06 4.73 189.41 1.38
2 AUG 1I —4.04 4.57 127.82 0.58
3 SEP 1 —2.28 2.26 13.50 1.08
4 SEP 1I -3.13 4.87 28.38 2.05
5 OCT I —2.10 2.74 7.91 1.32
6 OCT II —1.54 . L70 7.41. 1.04
7 NOV I —2.07 2.26 26.34 0.90
8 NOV II —2.34 3.10 23.82 1.46
9 DEC I —3.38 5.40 50.91 2.38
10 DEC 1I —1.59 1.78 21.55 1.26
11 JAN I —1.89 1.70 15.99 0.74
12 JAN II —2.27 3.59 24.89 - 3.00
13 FEB -1.62 2.00 30.84 1.20
14 JUN 1 —1.81 2.41 16.78 1.38
15 JUN II —1.86 2.17 24.75 1.00
16 JUL I -3.23 5.17 47.24 6.42
17 JUL 11 —1.86 2.22 21.77 1.30
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Fig. 5. Relationship between coefficients A,B and V/dn.
V : eruption volume of volcanic ash (km?®)
dm : amount of volcanic ash deposited per unit area (cm?)
A, B: coefficients indicated in the formula d/2a=B(x/H)4

The following empirical formulae were obtained as the result (Fig. 5).
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Fig. 6. Relationship between coefficients A, B and dn’/d,.
dm’ : average deposition thickness of volcanic ash (em)
do: observed thickness at an arbitrary point (em).

V o ,7.82 |4 2z =
o( g )= (7) (5)
Using the formulae (3), (4) and (5), the model formula :
d s V 2.42 <_ﬂ'/'_> [_ < V >—1.45]
—g = x(——dm> X\ 7 Jexp| —5.17x o (6)

was obtained, and denoted as empirical formula I. '

Fig. 6 shows the relationship between A=9¢(d,./d,) and B=q¢(d,/d),
where the coefficients A and B, indicated in the formula (3), are considered
as functions of the follows:

dn(cm): The average deposition thickness of volcanic ash calculated
by the integral mean of the thickness of the volcanic ash, d, with the
distance z, using the functional form d=ax". The lower and upper boun-
daries of the integral section were assumed to be 10 km and an arbitrary
point, x,, respectively, under the restriction of Reynolds number :
[I0 km=x=x, km].

do(cm): The observed thickness at the upper boundary (x,) of the
integral section. The empirical formula in this case was obtained as follows.

o))

o))
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According to formulae (3), (7) and (8),

_Cl’_‘ 0.52 %; 1.85 i l__ d;n -0.79
& ><<do> ><<H>eXpL 1.09><<d0> J (9)

was obtained, and denoted as empirical formula (II).

§4. Verification of the Empirical formulae and Discussion

To verify errors in two formulae I and II, the observed deposition
thickness was compared with the theoretical value calculated from the
empirical formula (Table 4). Examples for verification were the Asama
volcano, using data provided by Yoshikawa et al. (1982), and the Sakura-
jima volcano. The theoretical value agreed with observed data in order
of magnitude, with an error of less than 20 to 30% on average. Formula
IT was slightly more precise than formula I.

The strength of the eruption source was taken into consideration in
formula I, by introducing the total eruption volume V, but wind velocity
(#) has no direct relation to this formula. However, two big problems of
formula I are the definition of the distribution range of volcanic ash by
an eruption and the method for measuring volume V(km?®. The quantity
dn(cm?®) is significant, because it contains the mean diameter of falling
ash but it is difficult to obtain grain size distribution data.

Meanwhile, the mean thickness (d.), obtained as a function of distance
and thickness, is a function of wind velocity (u) which has physical
meaning.

The data used to apply the model formulae, in this report, were: the
height of eruption columns, the isopach maps of the volcanic ash deposi-
tion, grain size distribution and upper layer wind velocity. The model of
volcanic ash fall deposition, can be generally applied to various cases but
there are practical problems. Activities of different volcanoes and topo-
graphy differ and meteorological data and records of activity are often
restricted in number. Accordingly, if model formula are to be applied
generally, they should be simplified with the least number of parameters.
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