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Abstract

A physics-based model to estimate source conditions for a tephra-dispersal model is developed. The source condi-
tion is generally expressed by a distribution of released particles along an eruption plume (referred to as “source
magnitude distribution” SMD). The present model (NIKS-1D) calculates the SMD and the column height for given
vent conditions (e.g. mass eruption rate and magma properties) on the basis of an eruption column model below
the neutral buoyancy level (NBL), a downwind gravity current model around the NBL, and a particle sedimentation

model. It quantitatively reproduces the following features of the SMD for typical explosive eruptions: (1) a significant
amount of coarse particles are released from the rising eruption column, whereas most of the fine particles are carried
to the NBL, (2) in a downwind gravity current, the coarse particles tend to decrease more rapidly with distance from
the vent than the fine particles, (3) the SMD from the downwind gravity current decreases with distance more slowly
in a strong ambient wind than that in a weak ambient wind, and (4) the SMD from the downwind gravity current

for eruptions with large mass eruption rates decreases with distance more slowly than that for eruptions with small
eruption rates. NIKS-1D includes a new parameter, u, which represents the ratio of the volumetric flux at the source of
the downwind gravity current to that of the eruption column model at the NBL. This parameter is determined by the
physics of the entrainment process around the connection between the eruption column and the downwind gravity

forecasting immediately after an eruption.

forecasting

current, and depends on the intensity of eruptions. We propose an empirical formula to calculate the value of u as
a function of the mass eruption rate on the basis of the observation data from two well-studied eruption events. In
a real-time tephra-dispersal forecasting system, NIKS-1D estimates the mass eruption rate from the observed plume
height, and calculates the SMD from the estimated mass eruption rate as a source conditions for a tephra-dispersal

Keywords: Volcanic plume, Eruption column, Gravity current, Particle sedimentation, Real-time tephra-dispersal

Introduction

When an explosive volcanic eruption occurs, a large
amount of tephra is injected into the atmosphere. The
tephra fallout covers a wide area over short periods of
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time, and is the most widespread volcanic hazard. Besides
the impact of tephra fallout on the ground due to its
mass loading, air-borne ash constitutes a serious threat
to aviation safety (e.g. Casadevall 1994; Guffanti et al.
2010; Clarkson et al. 2016; Liang and Xu 2021). For the
hazard mitigation, issuing information about tephra-dis-
persal forecast immediately after an eruption is of utmost
importance.
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In tephra-dispersal models for a real-time forecasting,
the distribution of released particles along a plume (“source
magnitude distribution (SMD)”) is used as a source term.
Therefore, the uncertainties of the tephra-dispersal forecast
primarily inherit the uncertainties of the SMD (e.g. Folch
2012). To estimate the SMD accurately, understanding the
plume dynamics is essential. In the real-time tephra-dispersal
forecasting system of the Japan Meteorological Agency (JMA),
the SMD is provided on the basis of an empirical model
(Suzuki 1983; Hasegawa et al. 2015). The empirical model rep-
resents the SMD from a vertical plume, and does not consider
the eruption plume dynamics or the sedimentation theory. On
the other hand, recent studies have shown that the SMD criti-
cally depends on the dynamics of the eruption plume and the
sedimentation processes from a turbulently mixed plume (e.g.
Bursik et al. 1992; Bursik 2001; Koyaguchi et al. 2009; Girault
et al. 2014, 2016). The amount of particles released from an
eruption plume is governed by its shape and rising velocity,
which is in turn controlled by the ambient wind and the vent
conditions such as the mass eruption rate. For an improve-
ment of the tephra-dispersal forecast for various eruption con-
ditions, it is essential to evaluate the physical processes in the
plume dynamics and the sedimentation processes.

In this paper, we develop a physics-based SMD model
(referred to as “NIKS-1D” hereafter) for the tephra-dis-
persal forecasting that considers the plume dynamics
(e.g. Woods 1988; Bursik et al. 1992) and the sedimen-
tation theory (e.g. Bursik et al. 1992; Bursik 2001; Koya-
guchi et al. 2009). To estimate the SMD immediately
after an eruption, NIKS-1D also includes an inver-
sion algorithm to estimate the mass eruption rate from
the observed plume height. We expect that NIKS-1D
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improves the accuracy of the SMD used in JMA’s current
real-time tephra-dispersal forecasting system.

Methodology
Framework of NIKS-1D
We are concerned with the amount of tephra-particles
released from eruption plumes per unit length and
unit time (i.e. the SMD). The SMD is controlled by the
shapes of eruption plumes as well as the column dynam-
ics (e.g. rising velocity). Generally, an eruption plume is
composed of two parts: an eruption column below the
neutral buoyancy level (NBL) and a downwind advec-
tion current around the NBL. The height of the eruption
column is governed by the vent condition (e.g. mass
eruption rate, Woods 1988), and its shape is influenced
by the wind field (e.g. Bursik 2001). The downwind
advection current around the NBL is described as the
crosswind-direction spreading due to the gravity cur-
rent (e.g. Bursik et al. 1992). The SMD can be expressed
as particles released from these two parts of the plume.
The NIKS-1D model is defined as a combination of the
three models: an eruption column model below the NBL,
a downwind gravity current model around the NBL, and
a particle sedimentation model (Fig. 1). The interaction
between the plume and an ambient wind expresses the
plume bending (Bursik 2001). The downwind gravity current
model includes dynamics that express crosswind spread-
ing of a plume as a gravity current coupled with downwind
advection (Bursik et al. 1992). In addition, the particle sedi-
mentation model describes the process of particles segrega-
tion from the side of the eruption column and the base of
the downwind gravity current (e.g. Bursik et al. 1992; Bursik

Wind

Eruption column model
(Woods 1988, Bursik 2001)

Entrainment coefficient: «, B

Volume flux ratio: u="V;/V

Downwind gravity current model
(Bursik et al. 1992a)

Spreading parameter: A

Sedimentation model
(Martin & Nokes 1988, Koyaguchi et al. 2009)

Fig. 1 Schematic illustration of NIKS-1D and uncertain parameters (described in red) for physical processes in NIKS-1D
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2001; Koyaguchi et al. 2009). The combination of these three
models makes it possible to express the plume dynamics and
the SMD for various eruption conditions. See Table 1 for the
notations and the preset values used in the later sections.

Eruption column model

Eruption column models calculate steady distributions of
physical quantities such as density, velocity, and tempera-
ture with height by integrating conservation laws of mass,
momentum, and specific enthalpy fluxes (e.g. Woods
1988). We use a steady 1-D model for a bending erup-
tion column in a wind field developed by Bursik (2001),
where the effects of the particle fallout are considered.
This model takes into account an interaction between the
eruption column and the ambient wind, and calculates
the bending of the plume. In this model, the conservation
laws along the plume are formulated as follows,

d 2 dQy
- wpr?|vl) =2mp,Uer + %j — (1)
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MRy + nyRy,

Ry =————
8 p— (5)
Cp =1y Cpa + nyCpy + (1 — m)Cps (6)

where n, is the air mass fraction, n, is the volcanic gas
mass fraction (n = n, + ny), R, is the gas constant for the
air, Ry is the gas constant for the volcanic gas, and Cpy is
the specific heat of the volcanic gas.

In the steady 1D eruption column model, the rate of
the turbulent entrainment of the ambient air into the
plume U, is parameterized as follows (Morton et al.
1956; Hoult et al. 1969; Hewett et al. 1971; Woods 1988;
Bursik 2001; Devenish et al. 2010),

U, = a|lv —wcos8| 4+ Blwsin 6] (7)

where v = |v|, w = |w|, @ and B are the radial entrainment
parameter and the wind-entrainment parameter, respec-
tively. This formulation of U, is based on the assumption
that the entrainment process for the bending eruption
column depends on the two mechanics: the velocity dif-

i( lvlv) =r(p — p g + 2mpLrw + "Z aQ, ferences parallel to the plume axis (the first term of Eq.
i’ TP TP E T 2P = ds &) (7)) and the velocity differences normal to the plume axis
(the second term of Eq. (7)).
d v? . dQ
%(nCPT/WzW') :Zﬂpauer<cpaTa+2 —npar2|v|gs1n6+CpsTZTS¢ (3)
¢

where s is the local coordinate for the vent location along
the centerline of the plume, v is the average velocity vec-
tor of the plume which has a direction of the local coor-
dinate s, p is the bulk plume density,  is the plume radius,
pa is the ambient air density, g is the gravitational acceler-
ation (g = (0,0,9)), 0 is the local angle of the plume (i.e.
bending of the plume), w is the horizontal wind veloc-
ity vector, T is the temperature of the bulk mixture, T is
the ambient air temperature, Cj, is the specific heat of the
bulk mixture, Cp, is the specific heat tci)f the air, and Cps
is the specific heat of the pyroclast. —% is the released
mass along the plume per unit time and unit length (i.e.
[kg/(s m)]), and we call it SMD (i.e. SMD= —dd%).

The set of the conservation laws of Egs. (1)-(3) is com-
plemented by the equation of state (Woods 1988),

1 1-n nRgT

i + 4
p Pp p @)

where 7 is the gas mass fraction, Ry is the gas constant of
the bulk mixture, p is the pressure, o, is the density of the
pyroclasts. The thermodynamical properties of the mix-
ture are expressed by

NIKS-1D solves the set of the conservation laws (1)-(3)
using the fourth-order Runge-Kutta algorithm with a step
size of ds, and provides the shape of the eruption plume
(e.g. the heights of the plume top and the NBL) as well as
the SMD from the input parameters related to the magma
properties, the atmospheric condition, and the eruption
condition at the vent. For given magma properties (see
Table 1), the eruption condition at the vent is specified by
giving the exit velocity vy and the mass eruption rate M;
the vent radius is calculated from M = wrpovo. In this
study, we assume that the exit velocity v equals the sonic
velocity (i.e. Mach 1;vp = /nR,T).

In a real-time tephra-dispersal forecasting, the mass
eruption rate M is required to execute NIKS-1D imme-
diately after an eruption. Therefore, NIKS-1D includes
an inversion to estimate the mass eruption rate M from
the observed plume height.

Downwind gravity current model

After the bending plume reaches the NBL, the eruption
plume is laterally advected by the ambient wind while
spreading orthogonally to the wind direction. This behav-
ior of the laterally advected part of the bending plume is
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Table 1 List of material properties and values of parameters

Symbol Definition Value Unit
G specific heat of bulk mixture - J/kg/K
Coa specific heat of air 1004 J/kg/K
Cov specific heat of volcanic gas (water vapor) 1810 J/kg/K
Cos specific heat of pyroclast 1100 J/kg/K
D power-law exponent for the TDSD at the vent (Girault et al. 2014) 3 -

% emission mass along a plume per unit time and length (SMD:%) - kg/sm
ds step size of integral 1 m

g acceleration of gravity (g = (0,0, 9)) 9.80665 m/s?
H plume height - m

h thickness of the downwind gravity current - m

M mass eruption rate - kg/s
N Brunt-Vaisala frequency - 1/s

n gas mass fraction - -

Na air mass fraction - -

Ny volcanic gas mass fraction (water vapor) - -

Nvo volcanic gas mass fraction (water vapor) at the vent 0.05 -

p pressure in a plume - hPa
Qg mass flux for grainsize ¢ - kg/s
Rq gas constant for bulk mixture - J/kg/K
Ra gas constant for air 287 J/kg/K
Ry gas constant of volcanic gas (water vapor) 462 J/kg/K
r characteristics radius of eruption column - m

s local coordinate for the vent location along the centerline of the plume - m

T temperature of bulk mixture - K

To temperature of bulk mixture at the vent 1000 K

Ta temperature of ambient air - K

Ue entrainment velocity - m/s

L width of the downwind gravity current - m

Vo volumetric flux at NBL in the eruption column - m3/s
Vi volumetric flux for the downwind gravity current - m3/s
Ve terminal velocity of pyrocrast with grainsize ¢ - m/s

Vo velocity of bulk mixture at the vent (Mach 1;vo = /nRyT) 152 m/s

v velocity of bulk mixture (v = |v)) - m/s
w = (Wy,wy,0) horizontal ambient wind velocity (w = |w|) - m/s
Whbl ambient wind speed at the NBL - m/s
Xy horizontal distance from the vent - m

z altitude - m

o radial entrainment coefficient 0.06 -

B wind entrainment coefficient 0.2 -

] grainsize of pyroclasts —6,—=5,---,+6 ¢-scale
A spreading parameter for the downwind gravity current (Bursik et al. 1992) 0.83 -

n ratio of volumetric flux (u = V4 /Vp) - -

0 density of bulk mixture - kg/m?3
Pp density of pyroclasts 1000 kg/m?
Pa density of ambient air - kg/m3
0 local angle of the plume (vending of plume) - radian
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understood as a gravity current coupled with the ambi-
ent wind (referred to as the “downwind gravity current”).
Under the assumption that the volumetric flux remains
constant with distance, the downwind gravity current is
calculated by a simple model as follows (Simpson 1987;
Bursik et al. 1992),

dL NV,
ds = Wil ®)

where L and Vj are the width and the volumetric flux of
the downwind gravity current, respectively, N and wyy,
are the Brunt-Viisild frequency and the ambient wind
velocity at the NBL, respectively, 4 is the spreading con-
stant of order unity that depends on a flow geometry
(Bursik et al. 1992). The Brunt-Viiséld frequency N has
the order of 1072 [1/s] for a typical atmosphere. Equation
(8) expresses how the spreading of the downwind gravity
current depends on the volumetric flux V7 and ambient
wind speed wyy,. It has analytical solutions as follows,

VYNVAGs = 50) + wiyl3

Wnbl

L(s) = )

|21
VNVi(s = 50) + whyl?

h(s) =

(10)

where sy denotes the position of the beginning of the
downwind gravity current. Here, the thickness of the
downwind gravity current A(s) is obtained from Eq. (9)
and the relationship Vi = Lhwyp. A source condition
for the downwind gravity current model (the mass flux
Qg the volumetric flux V1, and the width of the plume
at the beginning of the downwind gravity current L) is
provided from the output of the eruption column model
at the NBL (the mass flux Qg and the volumetric flux
Vo). We assume that Qg is continuous at the connection
of the eruption column and the downwind gravity cur-
rent. On the other hand, V7 is considered to be substan-
tially greater than Vj because of the entrainment of the
ambient air around the top of the eruption column (e.g.
Suzuki et al. 2005). To express this effect, we introduce a
new parameter, u = V7/Vo(> 1); we evaluate the value of
this parameter in a later section. The width at the begin-
ning of the downwind gravity current (Lo) is determined
such that it satisfies the continuity of the SMD (i.e. — dd%)
between the eruption column and the downwind gravity
current at the NBL as follows,

dQy _ 9%
[ds - { ds (11)

:| eruption column :| gravity current
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We consider that the above method to connect the erup-
tion column and the downwind gravity current models is
a tentative one. This method does not fully describe the
behavior around the top of a strong plume generated by
an eruption with a large mass eruption rate, where the
formation of an umbrella cloud plays a role in the tephra
dispersal (Koyaguchi and Ohno 2001a, b; Bonadonna and
Phillips 2003; Costa et al. 2013). A more sophisticated
method that takes the dynamics of umbrella clouds into
account needs to be developed in future studies.

Sedimentation model

The pyroclasts in the plumes are released from the side of
the eruption column and the base of the downwind grav-
ity current into the surroundings atomosphere (e.g. Woods
and Bursik 1991; Bursik et al. 1992; Koyaguchi et al. 2009).
To express a distribution of released particles along an
eruption plume (i.e. SMD), we adopt the settling model for
a turbulent fluid as follows (Martin and Nokes 1988),

dQg _ 3S vy

ds vy

(12)

Here, vy is the terminal velocity for particles of grainsize
¢, v is the velocity of the plume tangential to the plume
axis (i.e. the direction of local coordinate s). §V is the
control volume, and §S is the “sedimentation area” for the
control volume § V. For the terminal velocity vy, we use a
formula proposed by Klawonn (2014), in which vy is cal-
culated on the basis of the formula of Cheng (2009) with
a reduction of 5% to account for the deviation from sphe-
ricity for actual volcanic particles.

The configurations of §V and 4S are different between
the eruption column model and downwind gravity cur-
rent model. §V is expressed as a truncated cone with
the height of ds for the eruption column model (Fig. 2a),
whereas it is expressed as a rectangular box with the
thickness /4, the width L, and the length ds for the down-
wind gravity current model (Fig. 2b). The values of §V are
calculated as

SV = nr’ds (eruption column model)
"\ Lhds (downwind gravity current model).

(13)
On the other hand, éS is defined as the projection of the
lateral area of the control volume onto the ground for the
eruption column model (Fig. 2a), whereas it is defined as
a bottom area of the rectangular box for the downwind
gravity current model (Fig. 2b). For vertical eruption
columns, the projection of the lateral area of the control
volume onto the ground is simply given by 7 (r7 — r?)
(Bursik et al. 1992), where r1 and r; are radii of the bottom
and top of the truncated cone. In this study, the effects of
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(a) Erunption column model

Centerline

Projection

Ground

Ground oS

(b) Downwind gravity current model

ds
% il

Projection

current model

Fig. 2 Schematic illustration of the control volume 8V and sedimentation area 3S. a The bending eruption column model. b The downwind gravity

a bending eruption column are considered as is shown in
Fig. 2a. In this case, §S are approximately calculated as,

n(rs —r?)sing
58S =

previous studies: ®=0.06 and $=0.2 (Suzuki and Koya-
guchi 2015), 2=0.83 (Bursik et al. 1992). In addition to

(eruption column model, 0 + ¢ > 7/2)
[(rl + ro)dl + (© + %)(r% — r%)] sin6 (eruption column model, 0 + ¥ < 7/2)

(14)

Lds (downwind gravity current model)

where ©, Y and dl are defined as

® =sin"! <r2d_sr1 tan@) (15)
1 f{re—n
=tan!
Y =tan < 7 ) (16)
dl =ds cot 0 cos O. (17)

All these geometrical parameters (i.e. ®, ¥ and dl) are
determined from the results of the eruption column
model.

Model parameters in NIKS-1D

NIKS-1D consists of the combination of the eruption col-
umn model, the downwind gravity current model, and
the sedimentation model. Therefore, NIKS-1D inher-
its uncertainties associated with parameters included in
each model (Fig. 1); the eruption column model includes
the parameters about the entrainment process (i.e. o,
B), and the gravity current model includes an uncer-
tain parameters about flow geometry (i.e. 1). In this
study, the values of these parameters are following the

these parameters, NIKS-1D includes a new parameter
at the connection of the eruption column model and the
gravity current model; the parameter to parameterize the
entrainment process at the top of the eruption column
(i.e. u = V1/Vp). In a later section, we discuss the effects
of 1 on the output of NIKS-1D ("Run 2: the effects of p"
section). In addition, a formula to provide the recom-
mended value of u is proposed on the basis of the obser-
vation data of the real eruption cases (The estimation of
U section).

Result

In this section, we present typical results for NIKS-1D
defined in the previous section. An outline of the settings
for four Runs is shown in Table 2. Firstly, we present the
result of NIKS-1D with the typical condition as a refer-
ence to the other Runs ("Run 1: a reference" section).
Secondly, we focus on the effect of u which is the new
parameter introduced in NIKS-1D ("Run 2: the effects of
" section). Finally, in order to describe the model results
for the typical conditions, we perform parametric studies
for an ambient wind ("Run 3: the effects of ambient wind"
section) and a mass eruption rate ("Run 4: the effects of
the mass eruption rate" section).
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Table 2 Settings for Runs 1-4. Other settings are shown in Table 1. The ambient wind is set to be vertically uniform. The relationship
w = (M) (Eq. 18) is used to set the value of u for Runs 1,3,4 (see The estimation of u section in detail). The boldface means different

values from Run 1

Run Value of 11 M kg/s] Wind [m/s] Section

Run 1 36 107 20 Run 1: a reference section

Run 2 10 107 20 Run 2: the effects of u section

Run 3 3.6 107 60 Run 3: the effects of ambient wind section

Run 4 49 10° 20 Run 4: the effects of the mass eruption rate section

Run 1: a reference

As a reference, we set the input parameters of Run 1 such
that its mass eruption rate is approximately equal to that
of the Mt. St. Helens 1980 eruption. In this eruption, a
downwind gravity current with an elongated parabolic
outline was established after the initial formation of an
umbrella cloud (Sparks et al. 1986; Bursik et al. 1992).
Because NIKS-1D does not fully describe the effect of
the formation of an umbrella cloud, it is considered that
this eruption is roughly maximum eruption case to which
NIKS-1D is applicable.

Figure 3a shows the centerline of an eruption column
(red line). The eruption column is bent by an ambient
wind, and connects to the downwind gravity current at
the NBL (10309 [m], blue line in Fig. 3a). Figure 3b shows
the top and side views of the downwind gravity current;
the width of the downwind gravity current increases (red
line), whereas the thickness decreases with distance from
the vent (blue line).

Figure 4a shows the proportion of particles to reach the
NBL for different grainsizes. Most of the pyroclasts finer
than ¢=0 reach the NBL, whereas considerable parts of

coarse particles tend to separate from the rising erup-
tion column. Figure 4b shows the SMD from the erup-
tion column as a function of altitude. The SMD for the
coarse particles tends to be larger than that of fine parti-
cles, which accounts for the tendency that coarse parti-
cles separate from the rising eruption column in Fig. 4a.
Figure 4b also shows that the SMD remarkably decreases
with height below the altitude of 1km for any grainsize,
whereas it is approximately constant above 1km except
for ¢ = —6,—5. The remarkable decrease in the SMD
below the altitude of 1km results from the fact that the
radius of the eruption column is so small that §5/8V in
Eq. (12) has large values at low altitudes.

Figure 4c shows the SMD from the downwind grav-
ity current; the SMD for the coarse particles (e.g.
¢ = —6,—4) decreases rapidly with distance from the
vent, whereas changes of the trend in the SMD for the
fine particles (e.g. ¢=4, 6) are moderate. The slight
increase in the SMD with distance for fine particles
results from the fact that the width of the gravity current
increases with distance (see the red curve in Fig. 3b); the
supply rate of particles per unit area from the downwind

Run 3 Run 4
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gravity current decreases with distance even for the fine
particles.

The quantitative features observed in the results of Run
1 depend on the eruption and atmospheric conditions as
well as model parameters. In the rest of this section, we
investigate the effects of the new parameter (i.e. ), ambi-
ent wind, and the mass eruption rate.

Run 2: the effects of
The volumetric flux at the beginning of the downwind
gravity current (V1) is generally greater than that of the
NBL of the eruption column (V{) due to entrainment at
the top of the eruption column (e.g. u = V1/Vp = 3.6 in
Run 1 as recomended value; see Table 1). To evaluate this
effect on NIKS-1D, we show the results for u = 1 (i.e. the
case of no entrainment at the top of the eruption column)
in the second columns of Figs. 3 and 4. Because the erup-
tion column model does not include u, the results con-
cerning the eruption column model are identical between
Run 1 (Figs. 3a, 4a,b) and Run 2 (Figs. 3¢, 4d,e).

The parameter u significantly influences the results of
the downwind gravity current (Figs. 3d and 4f). Figure 3d

shows that the larger u leads to the larger width and
thickness of the downwind gravity current; the solu-
tions of the downwind gravity current model indicate
that width L(s) and thickness /(s) are proportional to
s and /i /s, respectively. Figure 4f, on the other hand,
shows that the SMD (i.e. —dQg/ds in Eq. (12)) for Run
2 decreases more rapidly than that for Run 1. This ten-
dency is explained by the fact that the decay constant of
Qg in Eq. (12) is proportional to 1/A.

The above result indicates that u governs the width of
the downwind gravity current. That implies that u can
be estimated from the observed width of the downwind
gravity current such as satellite observations. In a later
section ("The estimation of p" section), we will attempt to
estimate p from the actual eruption cases, and propose
recommended values p as a function of the mass erup-
tion rate.

Run 3: the effects of ambient wind

The third columns of Figs. 3 and 4 show the results for
the strong ambient wind (see Table 2). As pointed out in
previous studies (e.g. Bursik 2001), the strong ambient
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wind leads to a bending plume and low plume height
(Fig. 3e). The major causes of these trends are a supply
of large horizontal momentum to the plume from the
strong ambient wind and an increase in the dilution rate
of the buoyancy of the plume due to large entrainment
associated with the strong ambient wind. Figure 4g shows
that the strong ambient wind slightly decreases the pro-
portion of particles to reach the NBL. This tendency is
explained by the fact that the SMD of the eruption col-
umn (Fig. 4h) slightly increases by the increase of % due
to the plume bending.

The strong ambient wind also affects the shape of the
downwind gravity current. Figure 3f shows that the strong
ambient wind leads to the small width of the downwind
gravity current, whereas the thickness slightly depends
on the ambient wind speed. The solution of the gravity
current model (Egs. (9)(10)) indicates that the width L(s)
is proportional to 1/wyp;, whereas the thickness A(s) is
almost independent of wy,) except for the region around
the source (i.e. s ~ s in Eq. (10)). The slight difference in
the thicknesses between Run 1 and Run 3 results from
slight changes in the Brunt-Viiséld frequencies N and vol-
umetric fluxes V7 due to the change of the NBL. Figure 4i
shows that the SMD from the downwind gravity current
for Run 3 decreases with distance more slowly than that
for Run 1. This tendency is explained by the fact that the
decay constant of Qg in Eq. (12) is proportional to 1/wyp|.
As a result, the strong wind has an effect to carry the
pyroclast far from the vent, and tends to keep the mass
flux in the downwind gravity current.

Run 4: the effects of the mass eruption rate
The fourth columns of Figs. 3 and 4 show the result for
the small mass eruption rate (see Table 2). The small
eruption rate leads to a low plume height (Fig. 3g) and
small width and thickness of the downwind gravity cur-
rent (Fig. 3h) when compared to the previous model
Runs. These features of the downwind gravity current are
accounted for by a small volumetric flux due to the small
mass eruption rate; the solutions of the downwind gravity
current model indicate that the width L(s) and thickness
h(s) are proportional to /V1s and /V1 /s, respectively.
According to the column dynamics model (e.g. Mor-
ton et al. 1956; Woods 1988; Bursik 2001), the small mass
eruption rate leads to a decrease in a rising velocity of
the plume v. The small velocity of the plume (i.e. Run 4)
results in the large SMD from the eruption column (see
Eq. (12)). Due to this effect, the mass of coarse parti-
cles (¢ <3) that reaches the NBL is remarkably reduced
for the small mass eruption rate compared with Run 1
(Fig. 4j). Figure 41 shows that the SMD for the small mass
eruption rate decreases more rapidly than that of the
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large mass eruption rate. This tendency is explained by
the fact that the decay constant of Qg in Eq. (12) is pro-
portional to 1/A.

Discussion

In this section, we firstly attempt to estimate the values
of u, which is the new parameter to connect the erup-
tion column model and the downwind gravity current
model. As shown in the previous section, u significantly
influences the behavior of the SMD from the downwind
gravity current. Therefore, an accurate estimation of u
is indispensable for NIKS-1D to be applied to an opera-
tion for the real-time tephra-dispersal forecasting. After
the estimation of i, we explain the outline of a real-time
tephra-dispersal forecasting system including NIKS-1D
under development ("Outline of the real-time tephra-dis-
persal forecasting system" section).

The estimation of 1

Previous studies indicate that the entrainment process
around the top of the eruption column is characterized
by complex interaction between the turbulence inside
the eruption column and the upward/downward motion
around the NBL, and that it strongly depends on the
mass eruption rate (Bonadonna and Phillips 2003; Suzuki
and Koyaguchi 2009; Suzuki et al. 2016; Devenish and
Cerminara 2018). In this study, we attempt to parameter-
ize p as a function of the mass eruption rate on the basis
of observation data.

The analytical solution for the downwind gravity
current model indicates that the volumetric flux V; can
be estimated from an observed width of the downwind
gravity current, because the Brunt-Viisild frequency N
and wind velocity wyp,) are known from the atmospheric
conditions (see Eq. (9)). On the other hand, the volu-
metric flux Vj at the NBL is obtained from the erup-
tion column model. Consequently, we can determine
the value of u using the estimated V7 and Vj. Here, we
first estimate p from the observed width of the down-
wind gravity current for well-studied eruption events
with different mass eruption rates (the Mt. St. Helens
1980 eruption (M ~ 1 x 107[kg/s]; e.g., Sarna-Wojcicki
et al. (1981); Sparks et al. (1986)) and the Ruapehu
1996 eruption (M ~ 2 x 10°[kg/s]; e.g., Mastin et al.
(2009)), and show that the estimated u leads the SMD
to be consistent with the SMD estimated from the
tephra-fall deposits for those eruption events ("St.
Helens eruption on May 18th 1980" and "Ruapehu
eruption on June 17th 1996" sections). On the basis of
these results, we attempt to parameterize u as a func-
tion of the mass eruption rate (Relationship between
parameter g and mass eruption rate M section).



Ishii et al. Journal of Applied Volcanology (2022) 11:15

St. Helens eruption on May 18th 1980

For this eruption case, the plume established an elon-
gated parabolic outline at 10:45 PDT on the 18th May
1980; the width of the plume at the distance x was esti-
mated as L(x) ~ 588./x; the effect of the source posi-
tion of the downwind gravity current is assumed to be
sufficiently small compared with the whole shape of the
downwind gravity current (Bursik et al. 1992). By substi-
tuting this estimation of L(x) to Eq. (9), we can obtain
u=3.6 with the Brunt-Viisild frequency N=4.2x102
[1/s], the wind velocity wy,=25 [m/s] and the volumetric
flux Vo=0.87 [km?/s] at the NBL (~12.6 [km] asl) calcu-
lated by the eruption column model in NIKS-1D with the
settings of the Table 1 and an atmospheric condition at
the time of the eruption. Here, the atmospheric condition
is obtained by interpolating the gridded data of the global
atmospheric reanalysis (JRA-55C; Kobayashi et al. 2014)
to the location of St. Helens for 11:00 PDT on the 18th
May 1980.

Using the estimated p (=3.6), the SMD can be calcu-
lated from NIKS-1D. On the other hand, the SMD can
be estimated independently from the tephra-fall deposits
(see Fig. 3b in Bursik et al. 1992). Figure 5 shows that the
SMD from NIKS-1D is roughly consistent with the SMD
based on the tephra-fall deposits.

Ruapehu eruption on June 17th 1996

For this eruption case, the plume established an elon-
gated parabolic outline at 08:30 NZT on the 17th June
1996 (Bonadonna et al. 2005); the width of the plume
at the distance x can be approximately estimated as
L(x) ~ 158,/x from satellite imagery (Bonadonna et al.
2005). By substituting this estimated L(x) to Eq. (9), we
can obtain pu=4.7 with N=3.2x1072 [1/s]), w,,=28
[m/s], and Vp=0.079 [km?3/s] at the NBL (~6.4 [km] asl)
calculated by the eruption column model in NIKS-1D
with the settings of Table 1 and an atmospheric condition
at the time of the eruption. Here, the atmospheric condi-
tion is obtained by interpolating the gridded data of the
global atmospheric reanalysis (JRA-55C; Kobayashi et al.
2014) to the location of Mt. Ruapheu for 06:00 NZT on
the 17th June 1996.

Using estimated p (=4.7), the SMD can be calculated
from NIKS-1D. On the other hand, the SMD can be esti-
mated independently from the tephra-fall deposits (Kla-
wonn 2014). Figure 6 same as Fig. 5 shows that the SMD
from NIKS-1D is roughly consistent with the SMD based
on the tephra-fall deposits.

Relationship between parameter . and mass eruption rate M
The estimation of p for the two eruptions suggests that
the parameter u decreases with the mass eruption rate.
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Figure 7 shows that the tendency of the variation in p esti-
mated from the two examples is crudely parameterized by
a relationship between u and log, (M (kg/s)) as

n=a-— bloglo(M) (18)
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Fig. 7 Relationship between the parameter u and the mass eruption
rate M. The value of u for the Pinatubo 1991 eruption is based on
Suzuki and Koyaguchi (2009)

where a=8.1 and »=0.65. Although the strong plume is
out of scope in NIKS-1D, this parameterization seems
to be consistent with the strong plume generating an
umbrella cloud; the 3-D simulation of the umbrella cloud
for the 1991 eruption of Mt. Pinatubo indicate that the
value of u(= V1/Vp) can be as small as 2 when the mass
eruption rate is as large as 10” [kg/s] (Suzuki and Koyagu-
chi 2009).

In this section, i which is needed to execute NIKS-1D
was parameterized by the relationship between p and
M in Eq. (18). We emphasize here that this relationship
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is tentative one and that further observations, as well as
theoretical studies about the entrainment process around
the top of the plume, will improve the parameterization
of w in the future.

Outline of the real-time tephra-dispersal forecasting
system

In this section, we briefly explain the outline of the real-
time tephra-dispersal forecasting system in the JMA
using NIKS-1D. Figure 8 shows a flowchart of the real-
time tephra-dispersal forecasting system under develop-
ment. This system is composed of three steps as follows.
The first step is the estimation of the mass eruption rate
M by the inversion based on NIKS-1D from the observed
plume height with various sources (e.g. satellite analy-
sis and pilot reports, etc.). The second step is a calcula-
tion of the SMD by NIKS-1D from the mass eruption
rate M estimated in the first step. The SMD calculated
in this step is used as an initial condition for a tephra-
dispersal model in the next step; the effect of variation
in sedimentaion area (8S) is taken into consideration as
necessary. The third step is a calculation of the tephra-
dispersal forecasting by a tephra-dispersal model (JMA-
ATM, Shimbori and Ishii 2021). After these steps, the
information about the tephra-dispersal forecast is sent
to local governments and JMA branch offices around the
volcano, and posted on the JMA website. Here, the first
step and second step have computational costs of a few
seconds, each. The third step has computational costs
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ey =
<
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JMA’s branch office

Plume Top | _input Inversion
height | |1 D) R

| st Step

Mass eruption
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Fig. 8 Schematic flow chart of the real-time tephra-dispersal forecasting system for an example of an eruption event with a plume height of 12
[km]. A numerical weather forecast data of the JMA (JMA 2019) is used as an atmospheric condition in all the steps
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of a few tens of seconds. These computational costs are
much shorter than the time-scale of the acquisition of
the column-height data. In this sense, we consider that
the information about the tephra-dispersal forecast is
expected to be issued in real-time.

The model developed here (i.e. NIKS-1D) is concerned
with the first and second steps. In the system used in JMA
at present, the mass eruption rate and the SMD are esti-
mated on the basis of two empirical models: the power-
law for the mass eruption rate (Morton et al. 1956; Mastin
et al. 2009) and the empirical function for the SMD (Suzuki
1983), respectively. We propose that the mass eruption
rate and the SMD are estimated by physics-based mod-
els. The accuracy of NIKS-1D is expected to be improved
through further observations as well as future theoreti-
cal studies about plume dynamics, which will improve
both estimations of the mass eruption rate and the SMD.
For example, NIKS-1D uses petrological and geophysical
data at the vent (e.g. initial temperature and exit velocity)
as model parameters. This means that constraints of these
model parameters by additional petrological and geophysi-
cal observations will lead to improvements of the tephra-
dispersal forecasting based on NIKS-1D.

Summary and future work

In this study, we proposed the one-dimensional plume
model (NIKS-1D) for the real-time tephra-dispersal
forecasting system. This model was implemented as a
combination of the eruption column model, the down-
wind gravity current model, and the sedimentation
model. The combination of these three models makes it
possible to calculate the SMD from the eruption plume
which is used as an initial condition for the tephra-dis-
persal model. To comprehend the characteristics of the
SMD from NIKS-1D for typical conditions, we studied
the effects of ambient wind and mass eruption rate. On
the other hand, the combination of the eruption col-
umn model and the downwind gravity current model
requires a new parameter p which is related to the
entrainment around their connection. We estimated u
for real eruption cases, and propose recommended val-
ues u as a function of the mass eruption rate. We also
discussed the role of NIKS-1D in the real-time tephra-
dispersal forecasting system under development; in this
system, NIKS-1D is used to estimate a mass eruption
rate from an observed plume height, and provide the
SMD for the tephra-dispersal model.

The advantage of NIKS-1D is that it is based on
the plume dynamics. Therefore, further theoretical
understanding and observations of plume dynamics
can lead to improvements of NIKS-1D while used in
an operation. For example, the basic idea of NIKS-1D
is naturally extended to the umbrella clouds which
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spread radially at the NBL just above the vent as a
turbulent gravity current (e.g. Koyaguchi and Ohno
2001a, b; Bonadonna and Phillips 2003; Suzuki and
Koyaguchi 2009; Costa et al. 2013; Johnson et al.
2015); substituting the umbrella cloud model for
the downwind gravity current model is expected
to improve of NIKS-1D, particularly for large-scale
eruptions.

Finally, we point out the limitations of the real-time
tephra-dispersal forecasting system including NIKS-1D.
NIKS-1D does not consider some processes that can affect
the plume dynamics and the tephra-dispersal such as par-
ticle aggregation (e.g. Brown et al. 2012; Macedonio et al.
2016) and water phase change (e.g. Mastin 2007). Some
of the hypotheses used in the eruption column model
(e.g., the entrainment hypothesis) are still inconclusive in
a quantitative sense (e.g. Costa et al. 2016). These limita-
tions of NIKS-1D can introduce bias or uncertainties in
the result of the tephra-dispersal model via the SMD. The
estimation of the mass eruption rate from observed plume
heights is another possible source of uncertainty. Prelimi-
nary reports of plume heights based on monitoring cam-
eras and pilot reports often have a large uncertainty, which
causes an uncertainty in the input parameter for NIKS-
1D. In an operational environment, the information about
these uncertainties will be as vital as the forecast itself.
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