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In order to evaluate airborne ash densities, a real-
time volcanic ash dispersion model, PUFF, is applied
to the February 13, 2014 eruption of Kelud volcano
in Indonesia. The emission rate of the ash mass from
the vent is estimated based on the empirical formulae
tested at Sakurajima volcano using ground deforma-
tion and seismic monitoring data.

According to the result of the PUFF model simula-
tion, the circular shape of the anvil ash cloud 17 km
in height extends during the first two hours over a
radius of 200 km from the volcano. The core region
within 50 km of the volcano shows an airborne ash
density of 1000 mg/m3. Three hours after the initial
eruption, the area with 100 mg/m3 extends 300 km to
the west, covering Yogyakarta Airport. Due to low-
level winds, Surabaya Airport to the northeast also be-
comes part of the area with 100 mg/m>. The result of
the ash plume dispersal 7 hours into the eruption indi-
cates that the entire island of Java is in the danger zone
for commercial airliners, as ash exceeds 10 mg/m?3. Al-
though satellite images show that the ash plume is lo-
cated only in the southern half of western Java, the
simulation results quantitatively indicate much wider
extents of the aircraft danger zone.

Keywords: PUFF model, Kelud volcano, aviation safety,
airborne ash density, ash dispersion

1. Introduction

Volcanic ash floating and traveling in the air far from
the erupting volcano is a great concern to aviation safety.
The first major incident caused by volcanic ash occurred
in June 1982. British Airways Flight 9, a B-747, was fly-
ing over Galunggung, a volcano in Indonesia. All four
engines stopped for 12 minutes due to the intake of dense
floating ash from the volcano. However, the cause of the
engine failure was not immediately clear to either the crew
or air traffic control. The aircraft was diverted to Jakarta
and, thanks to the recovery of some of its engines, landed
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safely. When a commercial airliner encounters an air-
borne ash plume, the damage is an estimated 1 million
US dollars for the replacement of the jet engines, and 1
billion US dollars if the aircraft crashes, the worst case
scenario.

The first well known report of a serious encounter with
an airborne ash plume was an incident involving a KLM
jumbo jet approaching Anchorage International Airport
from Europe in December 1989. At that time, the air-
craft was flying over Mt. McKinley, Mt. Redoubt was
erupting and ejecting large amounts of ash into upper tro-
posphere, and the ash had traveled 300 km northeast from
the volcano. All four engines stopped due to the intake
of volcanic ash, which melted and jammed in the engines.
The aircraft stalled and lost power, dropping to 10000 feet
above the ground (Hobbs et al., 1991; Casadevall, 1994).
It was quite fortunate that jammed ash cooled and passed
out of the engines, allowing it to recover.

After this incident, the International Civil Aviation Or-
ganization (ICAO) established Volcanic Ash Advisory
Centers (VAAC) in 9 sectors around the world. The Tokyo
VAAC, established in 1997, is one of the 9 VAACs (see
Onodera, 1997). The Darwin VAAC covers the area of
Oceania including Indonesia. However, similar incidents
involving commercial airliners encountering volcanic ash
have occurred many times along Oceanian routes. These
incidents have been caused by ash from the Pinatubo erup-
tion in 1991 as well as from a number of other active
volcanoes, including Galunggung, Guntur, Kelud, Mer-
api, and Semeru in Indonesia.

Kelud volcano (1.731 km asl) in Indonesia was the
scene of a major Plinian eruption at 15:50 UTC (22:50
local time) and again at 16:30 UTC (23:30 local time)
on February 13, 2014. The umbrella-shaped ash plume
reached well into the stratosphere. According to GMS
satellite monitoring (see Fig. 1), the top of the plume,
reaching nearly 17 km in height, spread nearly evenly
around the volcano. The circular anvil cloud reached a ra-
dius of about 100 km during the first hour, and it expanded
to 200 km two hours after the initial eruption owing to the
explosive momentum of the initial velocity and the diverg-
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Fig. 1. Eruption plume of Kelud volcano in Indonesia on February 13, 2014. The lines indicate the area and dispersal
for each hour from 16:32 UTC (red circle) to 24:32 UTC. (Figure by F. Maeno and others, under preparation).

ing mass flux from the volcano. The circular shape of the
plume top started to drift westward across the island of
Java holding the same radius at three hours after the erup-
tion, and it continued moving westward with a gradual
spread due to diffusive mixing. Nine hours into the erup-
tion, the center of the plume top had drifted about 600 km
westward over the Indian Ocean. By that time, the plume
top had a radius of 300 km. The estimated ash fallout was
8 cm thick over an area with a radius of 25 km from the
volcano. The depth decreased to 1 cm at 280 km west
near Yogyakarta and at 140 km northeast near Surabaya.
In fact, ash fallout 50 cm thick was reported at Ngantang
in Malang. A thickness of 2 cm was reported at the air-
ports of Surabaya, Yogyakarta, and Solo. The airports
closed and 150 domestic flights were canceled on Febru-
ary 14. Slight fallout was also reported at Borobudur Tem-
ple and Bandung in West Java. Four people died in the
eruption, and 200,000 people within a 10 km area around
the volcano were evacuated by February 15, according to
the official report by the local newspaper February 17 in
Jakarta.

In order to reduce the hazard to the aviation industry,
the VAAC has developed a number of ash plume dis-
persion models. Refer to Leadbetter et al. (2010) for
the recent NAME model applied for the Eyjafjallajokull
eruption in April 2010, Thomas and Watson (2010) for
the application of satellite monitoring, Folch (2012) for
the review of the tephra transport and dispersal model,
and comprehensive reviews by Prata (2009) and Onodera
(2013) for the volcanic hazard and aviation safety. Previ-
ously, a 3D turbulent diffusion model was developed by
Armienti and Macedonio (1988) using observed upper air
wind data and was applied to the Plinian eruption of Mt.
St. Helens in 1980. Glaze and Self (1991) constructed
a turbulent diffusion model considering the vertical wind
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shear and applied it to the Usu volcano eruption in 1977
to explore the distribution of ash fall. Hurst and Turner
(1999) developed a 3D turbulent diffusion model, ASH-
FALL, to predict volcanic ash fall for operational use.
Heffter and Stunder (1993) developed a transport disper-
sion model, Volcanic Ash Forecast Transport and Disper-
sion (VAFTAD), to predict the transport and dispersion of
volcanic ash after an eruption. The Tokyo VAAC oper-
ates the Lagrangian and Eulerian models to forecast the
position of volcanic ash clouds (Tokyo Aviation Weather
Service Center, 2001).

In addition to these activities, Tanaka (1994) has devel-
oped a real-time volcanic ash plume tracking model, the
PUFF model, at the Geophysical Institute of the Univer-
sity of Alaska Fairbanks. The PUFF model was applied
to volcanos in the northeastern Pacific Rim by Searcy et
al. (1998). The PUFF model has been operational un-
der the Alaska Volcano Observatory since the eruption of
Redoubt volcano in 1990 (Tanaka, 1991; Kienle et al.,
1991; Dean et al., 1993). Since then, it has also been used
by the US Geological Survey, US National Weather Ser-
vice, Japan Airlines, Japan Weather Association, and the
University of Tsukuba, Japan. In this Lagrangian model,
forecast wind data are provided by UNIDATA, and the
plume sources, transport, diffusion, and gravitational fall-
out are considered in the model. The performance of the
volcanic ash tracking model PUFF has been examined
for Alaskan volcanos (Tanaka et al., 1993; Akasofu and
Tanaka, 1993), for Usu volcano (Tanaka and Yamamoto,
2002), and for many actual eruptions occurring in the
world, including Sakurajima volcano in Japan. It is the
current forecast model of the Alaskan Volcano Observa-
tory.

Recently, Eliasson et al. (2015) have reported the air-
borne measurement of an ash plume from Sakurajima vol-
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cano. By comparing the ash fallout predicted by the PUFF
model to that actually measured by the dense observa-
tion network around Sakurajima, the discharge rate of ash
mass from the crater was estimated by an empirical for-
mula using seismic monitoring and ground deformation
data (Iguchi, 2012; 2015). A combination of the real-time
PUFF model simulation and the real-time seismicity, tilt
and strain monitoring enables the quantitative evaluation
of airborne ash density as well as of the distribution of
ash fallout on the ground. The prediction system may be
applicable to any other volcanoes in the world under the
assumption that the relationship derived for Sakurajima is
applicable.

The purpose of this study is to simulate, using the PUFF
model, the volcanic ash plume dispersal from the Febru-
ary 13, 2014 Kelud volcano. The plume height and emis-
sion rate of ash ejected from Kelud volcano are estimated
using the empirical formula developed at Sakurajima vol-
cano. In this study, the 3D distributions and temporal vari-
ation of airborne ash is estimated quantitatively using the
PUFF model. According to the assessment of aviation
safety by ICAO, an ash density of 4 mg/m® and above is
considered to be the danger level for commercial airliners
(Kelleher, 2010). The PUFF model simulation is expected
to identify the location and spread of the danger zone for
the major eruption event of Kelud volcano in Indonesia.

2. Description of the PUFF Model

The PUFF model for real-time volcanic plume predic-
tion was constructed by Tanaka (1994) and reported in
detail by Searcy et al. (1998) as an application of pol-
lutant dispersion models (e.g., Praham and Christensen,
1977; Suck et al, 1978; Kai et al, 1988). The model is
based on the three-dimensional (3D) Lagrangian form of
the Navier-Stokes equations. A transport model can be
represented either by an Eulerian or a Lagrangian form.
Eularian models solve for variables at fixed locations or
grid points: Lagrangian models calculate the trajectories
of an ensemble of particles. We assume a vertical column
of initial ash particles transported and diffused by winds
and turbulence in the 3D space. In the Lagrangian frame-
work, material transport is conducted by the fluid motion,
and diffusion is represented by a stochastic process of ran-
dom walk (e.g., Chatfield, 1984). Here, the plume disper-
sion model is constructed by a sufficiently large number
of random variables r;(¢), i = 1 ~ M, representing posi-
tion vectors of M particles from the origin of the volcanic
vent. Gravitational fallout is superimposed on the process
of diffusion and transport.

With a discrete time increment At, the Lagrangian form
of the governing equation may be written as

ri(0) =38, i=1~M, for t=0,

ri(t+At) = ri(t) + VAt +ZAt + GAt, ey
i=1~M, for >0,

where r; = (x,y,7) is a position vector of the i-th particle
at time ¢. S designates the initial locations of the particles
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as a source term. V = (u,v,w) is the local wind veloc-
ity to transport the particle, Z = (cp,,cp,¢y) is a diffusion
velocity containing diffusion speeds generated by Gaus-
sian random numbers, and G = (0,0, —w;) is the gravita-
tional fallout velocity approximated by extended Stokes
Law. Note that the diffusion Z depends on the direction,
and the gravity settling G depends on the particle size.

For the computation of the transport, the wind veloc-
ity V is obtained from the real-time Grid Point Values
(GPV) data provided by the global spectral model (GSM)
of the Japan Meteorological Agency (JMA). The GPV
data contain weather prediction data from the initial time
to 168 hours (7 days) into the future, updated by daily
analysis-forecast cycles. The GPV data with 6-hour in-
tervals are first interpolated to the model’s time step of
5 minutes using a cubic spline method (see Burden et
al., 1981). Then, the wind velocity at an arbitrary spa-
tial point is evaluated using the 3D cubic-splines from the
nearby gridded data of 1.25° longitude-latitude intervals
and 16 vertical levels from the surface up to 10 hPa. For
the real-time PUFF model prediction, the forecast wind
data needs to be used. However, for the simulation of a
past eruption event, as is the case in this study, the forecast
wind data have been replaced by a sequence of initial and
forecast data provided by the analysis-forecast cycles. Be-
cause the vertical wind speed in GSM is small compared
to the fallout speed, the vertical wind is not considered in
this study.

The diffusion speed ¢ of the random walk process may
be related to the diffusion coefficient K as ¢ = /2K /At,
where At is set to 5 min in the model. We have re-
peated diffusion tests with various values of K, and the
resulting dispersals are compared to satellite images of
actual dispersals from several volcanic eruptions in the
past (Tanaka and Yamamoto 2002). With these diffusion
tests, we find that the appropriate horizontal diffusion co-
efficient is Kj, = 150 (m?/s). Since the vertical diffusion is
considerably smaller than the horizontal diffusion, we set
K, = 1.5 (m?/s) in this study. The vertical diffusion is neg-
ligibly small, compared to the gravitational settling. The
diffusion coefficients are consistent with in situ observa-
tion documented by Eliasson et al. (2015). The default
values are used for the first numerical experiment in this
study. Then the default values are modified in the second
numerical experiment as will be described in the source
term.

Gravitational settling is based on an extended Stokes
Law for the settling of particles of various grain sizes a.
For the volcanic ash, the size may vary widely from fine
ash to boulders. According to Khvorostyanov and Curry
(2002), the terminal fall speed w; is approximated by the
grain size a and is controlled by a continuous shift from
the viscous range to inertial range, as formulated below:

1
we_do|feas 117 1
Woal{(ao)+4} 2], N )

where ag = 150 um is the particle size separating the vis-
cous range and inertial range. The parameter wy= 1.0 m/s
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Fig. 2. Terminal fall speed (m/s) as a function of particle
diameter (m). Small particles obey the 2 power law of grain
size, and large particles obey the 1/2 power of grain size.
The two slopes are separated by the Stokes law limit.

is the terminal fall speed characterized by ag. Fig. 2 shows
the terminal fall speed w; as a function of the grain size
a over the range from 1 um to 1 m. For particles larger
than ag, the fall speed is controlled by the inertial resis-
tance with the power 1/2 exceeding wg, whereas for parti-
cles smaller than ag, the fallout speed decreases from wy,
controlled by the viscosity with the power 2. The fall-
out speed in this study is quite similar to the terminal fall
speed documented by Fig. 1 of Folch (2012). The bound-
ary of the two regimes is referred to as the Stokes law
limit.

Actual eruptions contain from large fragments of up to
a few meters in diameter to fine ash with particle sizes un-
der 1 um. Large particles settle out within a short time,
and the particle size spectrum in the ash plume tends to
decrease in scale. Because we are interested in the par-
ticles that can travel for several hours, we have assumed
an initial particle size of logarithmic Gaussian distribu-
tion with its standard deviation 1.0 centered at —4.5 on a
log scale, meaning a particle size of 32 um. The grav-
itational settling in the PUFF model was examined in
Searcy et al. (1998, see their Fig. 3) for various parti-
cle size distributions. The results demonstrate that par-
ticles greater than about 10~* m fall out within the first
few time steps, and the remaining particles stay in the air
for several hours. There have been a number of studies
done on the total grain size distribution, e.g., by Macedo-
nio et al. (1988), Woods and Bursik (1991), and Rust and
Cashmann (2011). Refer to these studies for details and a
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mathematical description of grain size distributions.

Modeling the source S of the eruption, the number
of particles released at every time step may be adjusted
in order to draw optimal statistical information from the
model products. In this study, we generate a maximum
of My = 5000 particles uniformly in time using a uni-
form random number generator over the time step A,
which scales the emission rate. Although it is possible
to increase the number toward the limit of computer ca-
pability, we avoid excessive complication and sophistica-
tion for the application of an urgent operational predic-
tion with restricted available information. Table 1 lists
the time change of the emission rate (10° ton/hour) and
plume height (km) as the input for the PUFF model, es-
timated by the seismicity, tilt and strain record near the
Kelud volcano (see Iguchi 2015). The plume height z,
reached 17.1 km, and the emission rate € was 21.7 x 10°
ton/hour during the first hour. Based on the maximum
number of M assigned for this maximum emission rate
€, we find that one particle contains 360 tons of ash mass.
The number of source particles M for one time step de-
creases with time scaled linearly with the emission rate
E.

Given an initial vertical velocity of the emission with a
specified damping (e-folding) time 7, the particles gen-
erated by a uniform random number in time are redis-
tributed in the vertical from the vent z; to the plume top
level z;. Using time integration for the vertical velocity
and elimination of the initial velocity, the final form is
given as z(r) = zp — (22 — z1) exp(—1/7) during the time
step At. Since z; and zp are given, we can put a large
number of particles near the plume top by adjusting the
damping time 7, which is set to 30 s in this study. The
resulting ash distribution (see Fig. 7) contains more par-
ticles near the plume top, as shown by exponential form
in Fig. 2 by Searcy et al. (1998). Therefore, the source
S = (x,y,z) contains the 3D location of an initial particle
with an additional property being the particle size a.

Compared to the satellite observation in Fig. 1, it has
been found that the diffusion speed estimated by previ-
ous studies appears to be too small for the Kelud volcano
eruption used in the present study (see Figs. 4 and 5). The
upward mass flux converges near the plume top and then
diverges horizontally, indicating a considerable amount of
diverging mass flux around the volcano. The diffusion co-
efficient is thus amplified in the vertical direction by a lin-
ear scaling around the volcano. The amplified diffusion
coefficient is reduced in the horizontal direction by the
Gaussian function scaled by a radius from the vent as

()
14+ —exp —(—) . N )
20 ro

We set zp = 330 m and rp = 300 km in this study by ad-
justing the initial ash dispersion to match the satellite im-
agery. The large diffusion near the volcano represents the
initial momentum of the mass flux diverging from the ver-
tical column over the volcano. The large diffusion con-
verges to the default values at the great distance. In this

C;l:ChX

Journal of Disaster Research Vol.11 No.1,2016



Numerical Simulations of Volcanic Ash Plume Dispersal from
Kelud Volcano in Indonesia on February 13, 2014

Table 1. Time change of the emission rate £ (10° ton/hour), number of particles released
for one time step M, and plume height z, (km). Both local time and UTC are specified.

Local time Emissionrate My  Plume height UTC
20142 1323 00 21.7 5000 17.056 2014213 16 00
2014 2 14 00 00 14.1 3248 15.321 2014213 1700
20142 14 01 00 9.39 2163 13.839 2014213 18 00
2014 2 14 02 00 6.37 1467 12.562 2014213 1900
20142 14 03 00 441 1016 11.453 20142132000
2014 2 14 04 00 3.09 711 10.486 20142132100
2014 2 14 05 00 221 509 9.636 20142132200
2014 2 14 06 00 1.60 368 8.885 201421323 00
20142 14 07 00 1.17 269 8.219 20142 14 00 00
2014 2 14 08 00 0.865 199 7.625 20142 14 01 00
2014 2 14 09 00 0.648 149 7.093 2014214 02 00

study, the default values are used for the first numerical
experiment. The default values are then modified in the
second numerical experiment in reference to the satellite
imagery analyzed after the eruption.

The governing model equation is integrated in time,
and the distribution of the particles in the atmosphere
is presented in various mapping projections. The total
number of the plume particles M in the atmosphere in-
creases with each time step. When the particles drop to
the ground, the fallout locations are recorded. Likewise,
when the particles have moved out from the prescribed
computing domain, they are removed from the computa-
tion. The distribution of total ash fallout is computed by
counting the total number and total mass of the ash parti-
cles in a unit area on the ground. Likewise, the distribu-
tion of the airborne ash density is computed by counting
the total number and total mass of the ash particles in a
unit volume in the atmosphere. The output products of
the map projections are drafted using the Generic Map-
ping Tools software (Wessel et al. 2013) and are open to
the public through the SATREPS Web Site.

3. Result of the Model Simulation

The performance of the PUFF model simulation of the
ash dispersal relies totally on the accuracy of the wind
data provided by IMA/GSM. The output data from GSM
with 1.25° longitude-latitude grids are coarser than the
meso-scale numerical weather prediction models. How-
ever, they have the advantage of covering the entire world
so that the PUFF model is applicable to any volcanic erup-
tion in the world, although the parameters in the model
may need further calibrations.

Figure 3 illustrates the distribution of geopotential
height and wind vector at 100 hPa and 700 hPa levels at
18:00 UTC on February 13, 2014 (1:00 am local time).
The real-time GPV data are provided by the Japan Me-
teorological Agency through the portal site at the Center
for Computational Sciences of the University of Tsukuba.
The 100 hPa map shows that strong easterly winds blew
at 25 m/s over Java at an altitude of about 16.5 km. In
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contrast, the 700 hPa map shows a southwesterly flow of
9 m/s over Kelud volcano.

Figure 4 illustrates the results of the PUFF model sim-
ulation of the ash plume dispersal 1, 3, 5, and 7 hours after
the initial eruption that started at 16:00 UTC. The colors
indicate different plume heights. For the first experiment,
we used the default parameters of the particle source at
the vertical column over the vent and a uniform diffusion
coefficient, as used in Tanaka and Yamamoto (2002). The
result for 1 hour after the onset of the eruption shows a
point source of the plume due to the small amount of dif-
fusion. Three hours after the onset of the eruption, the
ash plume starts to drift westward with the strong east-
erly flow at an altitude of 17 km. The result for 5 hours
after the eruption shows further westward drift with the
plume top (red) reaching Yogyakarta. Plume height de-
creases at the source region. Interestingly, the lower part
of the plume (blue) moves northeast, reaching Surabaya.
The result for 7 hours after onset shows the plume top
(red) reaching 107° E. The shape and extension of the ash
plume is somewhat different from that in the satellite ob-
servation in Fig. 1.

Figure 5 depicts zonal-height (X-Z) and meridional-
height (Y-Z) cross sections of ash plume dispersal for
every hour starting from the onset of the eruption. The
plume shape for the first hour is a simple vertical col-
umn over the vent. The result of the X-Z section shows
a westward movement of airborne ash caused by winds
at high altitude. The plume height gradually decreases
over the vent with time, and the area of high concentra-
tion tilts westward with respect to height. The result of
the Y-Z section shows that the upper level plume moves
northward, and the middle level plume moves southward.
Then, the lower level plume moves northward again, indi-
cating a complicated vertical wind shear in the meridional
wind. It is clear that the initial plume has an umbrella
shape according to the satellite imagery, and the simple
vertical column of ash is insufficient to represent the ob-
served ash dispersal.

The same PUFF model simulation was conducted with
an improved formula for the particle source and locally
enhanced diffusion coefficient described in section 2 of
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13, 2014 (1:00 am local time). The real-time GPV data is provided by Japan Meteorological Agency through the Center
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Fig. 5. Ash plume dispersal in zonal-height (X-Z) and meridional-height (Y-Z) cross sections for each hour from the
onset of the eruption at 16:00 UTC. Default parameters are used for particle source and diffusion.
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this study. Fig. 6 illustrates the results of the improved
model simulation of the ash plume dispersal 1, 3, 5, and
7 hours into the eruption that started at 16:00 UTC. The
result for 1 hour after the onset of the eruption shows a
plume top rounded by the enhanced diffusion. The exten-
sion of the circular plume agrees with the satellite images
in Fig. 1. Three hours after the onset of the eruption, the
ash plume starts to drift westward, carried by the strong
easterly flow at the altitude of 17 km. The result after
5 hours shows further westward drift with the plume top
(red) reaching Yogyakarta. Plume height decreases at the
source. The lower part of the plume (blue) moves north-
east, reaching Surabaya. The result for 7 hours after the
onset of the eruption shows the plume top (red) between
106 and 110° E, as is consistent with the satellite imagery
in Fig. 1. The location shifts slightly northward in the
model simulation. This may be caused by a difference
in direction between actual winds and those in the model.
Part of the plume clearly moves to northeast from the vent
as shown by the low level particles (blue).

Figure 7 illustrates zonal-height (X-Z) and meridional-
height (Y-Z) cross sections of ash plume dispersal for ev-
ery hour, starting from the onset of the eruption with im-
proved parameters. The plume for the first hour has an
anvil shape with a large spread at the plume top in both in
X-Z and Y-Z sections. The result of the X-Z section shows
a flat plume top extending westward, pushed by winds at
high altitude. A minor counter flow is seen at the top level,
caused by the large diverging flow near the volcano. There
are many particles settling out of the anvil plume on the
west side of the volcano. The plume height gradually de-
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creases with time over the vent, and the area of high con-
centration tilts westward with respect to height. The result
of the Y-Z section shows a clear anvil shape extending
north and south from the volcano forming an umbrella-
shape of the ash plume. The upper-level plume extends
northward, and the mid-level plume extends southward.
The lower level plume extends northward again, indicat-
ing a complicated vertical wind shear in the meridional
wind.

Figure 8 (left) shows the particle distribution for ash
fallout that accumulated over the course of 56 hours from
the start of the eruption. The fallout covers almost the
entire island of Java, including Bandung and Solo in the
west. It also covers Surabaya to the northeast. Interest-
ingly, there is no ash fallout east of the volcano. Be-
cause one particle contains 360 tons of ash mass, we
can estimate the concentration of ash fallout in units of
g/m?. Fig. 8 (right) shows the contours of the ash fall-
out in common log-scale, i.e., 2 denotes 100 g/m?. The
1000 g/m? contour extends 70 km to the west of the vol-
cano. The 250 g/m? contour reaches Surabaya while the
200 g/m? contour extends up to Yogyakarta. The result
seems to be less than that in the actual fallout reports.
The discrepancy may be caused by the grain size distri-
bution with the mean size of 32 um. If the mean size is
set much larger, the result would show more fallout near
the volcano. Since the current model is adjusted for avia-
tion purposes, such an attempt is beyond the scope of this
study.

Figure 9 gives a 3D perspective of the volcanic ash
plume dispersal from Kelud volcano at 23:00 UTC on
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For plotting purposes the particle number is reduced to 1/10.

February 13, 2014. The figure is for 7 hours after the
onset of the eruption. The colors of particles indicate dif-
ferent plume heights, and the projection onto the ground is
marked by black dots. Since the plume top reaches 17 km,
strong easterly winds transport the ash plume westward,
tilting it in that direction. The figure shows fallout of large
particles from the anvil ash cloud.

Finally, Fig. 10 shows the distribution of airborne ash
density (mg/m?) for 1, 3, 5, and 7 hours after the onset of
the eruption. The values are in common log-scale, i.e., 2
denotes 100 mg/m?>. In the result, the values of the high-
est density in the vertical column are projected onto the
ground. For the result 1 hour after the onset of the erup-
tion, the circular shape of the ash plume is clearly identifi-
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able. In the core region, there is a contour of 1000 mg/m3
within 50 km from the volcano. The outer contour, la-
beled 1, represents an ash density of 10 mg/m>. This
area is clearly recognized as an aviation danger zone. For
the result 3 hours after the eruption, the core area with
1000 mg/m? is unchanged located within 50 km west of
the volcano. The area with 100 mg/m> extends 300 km
to the west of the volcano and covers Yogyakarta Air-
port. Surabaya Airport to the northeast is also covered
by the area with 100 mg/m?>. The area of ash density with
10 mg/m? is close to the area with 100 mg/m?>. The result
suggests that the ash density changes abruptly from the
safe zone to the danger zone at the edge of the airborne
ash plume. After 5 hours, the contour of 1000 mg/m?
almost disappears. The area with 100 mg/m® occupies
most of the island of Java, except for the western and
eastern edges of the island. The area with 10 mg/m> ap-
pears slightly outside the contour of 100 mg/m?>. Finally,
7 hours after the eruption, the area with 10 mg/m> cov-
ers almost all of Java, except for its eastern edge. The
result suggests that even the Soekarno-Hatta International
Airport in Jakarta is inside the danger zone for commer-
cial airliners, as the level exceeds 10 mg/m®. Although
the satellite images in Fig. 1 show the location of the ash
plume to be only in the southern half of western Java, the
simulation results indicate a rather wide area of the dan-
ger zone. The airborne ash density simulated by the PUFF
model provides quantitative information about the possi-
ble extension of the danger zone for the eruption event of
Kelud volcano in February 2014.

4. Conclusion

A major Plinian eruption occurred at Kelud volcano at
15:50 UTC on February 13, 2014. The ash plume reached
well into the stratosphere at 17 km above the ground. Ac-
cording to GMS satellite monitoring, the plume top spread
to take on an anvil shape around the volcano. The initial
explosive momentum of the eruption extended the radius
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of the ash cloud to 200 km within the first two hours. The
circular shape of the plume top drifted westward across
Java, gradually spreading due to diffusive mixing. By
9 hours after the initial eruption, the center of the plume
top had drifted 600 km westward.

In this study, the sequence of airborne ash disper-
sal from Kelud volcano was simulated using the PUFF
model. The emission rate of ash mass from the vent was
estimated from the empirical formulae tested at Saku-
rajima volcano using seismic monitoring data (Iguchi,
2015). In this study, the 3D distributions and extension of
ash density was estimated quantitatively using the PUFF
model. According to ICAO, an ash density of 4 mg/m>
and above is considered dangerous for commercial airlin-
ers.

According to the result of the PUFF model simula-
tion, the circular shape of the anvil ash cloud at 17 km
height had extended for the first two hours over a radius
of 200 km from Kelud volcano. The core region within
50 km of the volcano showed an airborne ash density of
1000 mg/m®. The density dropped to 10 mg/m? at the
edge of the anvil ash plume at 200 km from the volcano.
It was demonstrated that a simple vertical column of ini-
tial particle source was insufficient to represent the ma-
jor Plinian eruption. Three hours after the onset of the
eruption, the area with 100 mg/m? extended 300 km west
of the volcano, covering Yogyakarta Airport. Due to the
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low level wind, Surabaya Airport to the northeast was also
covered by the area with 100 mg/m?>. The result of the ash
plume dispersal 7 hours after the onset of the eruption in-
dicated that almost of the entire island of Java was covered
by the danger zone for commercial airliners, as ash ex-
ceeded 10 mg/m>. Although the satellite images showed
the location of ash plume to be only in the southern half
of western Java, the simulation results quantitatively indi-
cated the wider danger zone for aircraft.

The horizontal distribution of ash fallout was estimated
using the model simulation. The results indicate 250 g/m?
of ash fallout at Surabaya, and 200 g/m? at Yogyakarta.
These results are substantially smaller than the amount
stated in the actual fallout reports. The discrepancy may
have been caused by the grain size distribution centered
at 32 um. Further improvement is needed for the PUFF
model simulation to correlate well with ground observa-
tions.
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