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Abstract

Prediction of ash concentrations in volcanic ash clouds for the Kirishima-Shinmoedake eruption on April 4th, 2018 is
performed on the basis of an atmospheric transport model and the Japanese meteorological satellite Himawari-8.
The retrieval algorithm for Himawari-8 (referred to as the “Optimal Volcanic Ash Algorithm’, OVAA) provides two-
dimensional properties of volcanic ash clouds, such as cloud heights and total column mass loading, whereas it does
not provide ash cloud thickness which is required to make an initial condition for the atmospheric transport model.
To estimate ash cloud thickness immediately after an eruption, here, a wind shear index is introduced. The wind
shear index includes an empirical constant parameter T¢; a small value of T, leads to thick ash clouds, whereas a large
value of T, leads to thin ash clouds. In this study, the value of 7. is optimized empirically in the following two ways:

(1) a comparison between the total column mass loadings in the prediction and that in the OVAA estimation and (2)
a comparison between the estimated ash cloud thickness and the observed ash cloud thickness by lidar measure-
ments. These two comparisons suggest the optimal value of T is 0.5—0.6, and then, the uncertainty of the ash clouds
thickness estimation to be ~700 m. In an operation, this estimation of T, can be used as a fixed value to estimate the
ash cloud thickness for a future eruption. In this case, the ash concentration predictions can be obtained immedi-
ately after the OVAA estimation. The ash concentrations prediction for T.=0.6 provides areas of high contamination
(>4 mg/m3) and low contamination (<2 mg/m3).This classification of ash concentration in ash clouds has been
required by the aviation industry, and is helpful information to assess safe areas and routes for airline operations.
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Introduction

Explosive volcanic eruptions inject a large amount of
volcanic ash into the atmosphere. Dispersed volcanic
ash is one of the most widespread volcanic hazards and
has a possibility to cause various impacts, such as on
human health, farming, lifelines, and aviation safety
(Horwell and Baxter 2006; Wilson and Cole 2007; Bar-
sotti et al. 2010). For example, significant ash emitted
from Iceland’s Eyjafjallajokull eruption in 2010 was
dispersed to an area with high air traffic density over
Europe. As a result, the air space over Europe was
almost completely closed from April 16 to 21, 2010
causing high losses for airlines (Matthias et al. 2012).
Although low ash concentration may not cause crucial
damage to the engines of airplanes, no organizations,
including the Volcanic Ash Advisory Center, could pro-
vide a reliable ash concentration prediction. Therefore,
the aviation industry required operational authorities
to predict ash concentrations for flying in low concen-
tration ash clouds (Webster et al. 2012).

Numerical atmospheric transport models can help to
predict ash concentrations (e.g., Folch 2012). These mod-
els calculate the time evolution of ash clouds on the basis
of the advection—diffusion—sedimentation (ADS) equa-
tion under a realistic atmosphere and an initial distribu-
tion of the ash particles (i.e., initial condition). Although
some of the models include additional processes, such as
aggregation (e.g., Brown et al. 2012) and wet deposition
(e.g., Dare et al. 2016), the fundamentals of the models
are based on the ADS equation. On the other hand, the

initial conditions are significantly different among the
models; some models use the empirical source model
(e.g., Suzuki 1983) as the initial condition, and other
models use the physical-based eruption source model
which includes conservation laws of mass, momentum,
and energy (e.g., Costa et al. 2006). The source term often
has large uncertainties, and significant efforts have been
invested to constrain the source term (e.g., Woods and
Bursik 1991; Stohl et al. 2011; Denlinger et al. 2012; Kris-
tiansen et al. 2012; Schmehl et al. 2012). However, even if
a perfect source term is obtained, uncertainties in model
prediction can still increase with run-time. Therefore,
some studies proposed methods to produce an initial
condition based on satellite analysis without any eruption
source models (e.g., Wilkins et al. 2016). In this case, the
initial condition (i.e., source term) for the atmospheric
transport model represents ash clouds far from the vent
as an effective “virtual source’, and is reproduced by the
data insertion method and satellite observations of the
ash clouds. On the other hand, recent studies of satel-
lite analysis make it possible to estimate the quantitative
properties of ash clouds such as the top heights and total
column mass loadings (e.g., Pavolonis et al. 2013; Hayashi
and Ishimoto 2018). Monitoring by satellites has possible
coverage over a wide area, and ash cloud properties esti-
mation are available both day and night for any volcanos
in the monitoring area immediately after an eruption.
Accordingly, one of the key tasks for ash concentration
prediction is to produce an initial distribution of the ash
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clouds for the atmospheric transport model from satellite
analysis.

In this study, we propose a way to predict ash con-
centration in ash clouds from explosive eruptions, on
the basis of the atmospheric transport model and satel-
lite analysis from Himawari-8 (Bessho et al. 2016). In
this method, the initial condition for the atmospheric
transport model represents ash clouds far from the
vent. Although satellite analysis provides the quantita-
tive properties of volcanic ash clouds, such as top heights
and total column mass loadings, it does not provide
information about the vertical profile such as ash cloud
thickness which is an essential parameter to produce the
initial condition. In the operation, it is necessary that a
prediction is issued as soon as possible. That means that
it is vital to estimate the ash cloud thickness to initialize
the ash transport model immediately after an eruption.
Therefore, ideally, it is hoped that ash cloud thickness
can be estimated from the data immediately after an
eruption without many time steps. In this study, the ash
cloud thickness is estimated by using wind shear. With
this method, if the appropriate parameter is obtained in
advance, we can estimate the ash cloud thickness imme-
diately after an eruption from one image of Himawari-8
without additional data. The combination of ash cloud
properties estimated by a meteorological satellite and
empirical estimation of ash cloud thickness makes it pos-
sible to produce the initial condition for ash concentra-
tion prediction.

Methodology

In this study, ash concentration prediction is composed
of the following three processes: an atmospheric trans-
port model, satellite analysis (referred to as the “Optimal
Volcanic Ash Algorithm’, OVAA), and making the initial
condition from the ash cloud properties by OVAA. The
step of making the initial condition includes the estima-
tion of the ash clouds thickness.

Atmospheric transport model: JMA-ATM

In this study, we use JMA—ATM (Shimbori and Ishii
2021) as an atmospheric transport model for ash concen-
trations prediction. JMA-ATM is a Lagrangian model
which calculates the dispersion of “model tracers” for
real-time ash prediction in JMA’s operation (Hasegawa
et al. 2015). The physics in JMA—ATM includes mainly
advection, diffusion, and sedimentation (ADS). The
advection process expresses ash particle transporta-
tions by the wind. In this process, we use gridded values
in JMA’s operational weather forecasting model (JMA-
GSM; JMA 2023). The diffusion process expresses the
atmospheric turbulence effect in a sub-grid scale (Louis
et al. 1982; Gifford 1982, 1984). In this process, the
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particle random motions are independent from particle
to particle. The sedimentation process is governed by
gravitational falling (Suzuki 1983). This process is calcu-
lated from the terminal velocity which mainly depends
on the particle grainsize. In addition, the initial condition
of IMA—ATM have some options for the eruption source
term such as an empirical function based on Suzuki
(1983). However, in this study, the initial condition is pro-
duced on the basis of Himawari-8, and is expressed as the
ash clouds far from the vent.

Physical properties of ash clouds from Himawari-8: OVAA
In this study, we adopt an optimal estimation method
(e.g., Francis et al. 2012; Pavolonis et al. 2013) which
retrieves the ash cloud properties using Himawari-8 IR
bands (Bessho et al. 2016). The basic ideas of this method
are based on the optimal cloud analysis (OCA; Watts
et al. 2011; Otsuka et al. 2021) for meteorological clouds.
In this optimal volcanic ash algorithm (OVAA; Hayashi
and Ishimoto 2018), the following cost function J is mini-
mized to obtain the parameters x (e.g., optical thickness
of ash cloud, effective radius, cloud top height, and skin
temperature):

J =@ - %78 @ — %)+ [ ) —3,] S [f @) — v,
1)
where x, is the prior for «, y, is the observed brightness
temperature of Himawair-8 Bands 13, 14, 15 and 16, S,
and S, are the error covariance matrix for the prior and
observation, respectively (see Additional file 1: Tables
S1 and S2 in the additional materials for details). f(x)
is the forward model to simulate observations under
the assumption that scattering objects are volcanic ash
particles.

Temperature and water vapor profiles from the JMA-
GSM (JMA 2019) is used as inputs of a radiative transfer
model (RTTOV-12; Saunders et al. 2018) for the com-
putations of clear-sky components in f(x). OVAA con-
siders the two types of surface emissivities; the sea and
land surface. The method proposed by Masuda (2006) is
used to compute the sea surface emissivities, whereas the
monthly land emissivity atlas (Seemann et al. 2008) was
used for the land emissivity. As for the computations of
the single scattering properties of volcanic ash, we made
the same assumption of volcanic ash particles (shape,
size distribution, and refractive index) as Ishimoto et al.
(2022); the shape of the volcanic ash was assumed to be
a spheroid and the scattering properties were calculated
using the T-Matrix method (Mishchenko et al. 2002),
whereas a log-normal distribution with a standard devia-
tion of 0.74 was applied for the grainsize distribution of
the ash cloud particles. We used the ash refractive index
model that adopts a parameterization with the ratio of
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non-bridging oxygens to tetrahedrally coordinated cati-
ons (NBO/T Prata et al. 2019) to take the ash composi-
tion into account. Here, the value of NBO/T in this study
is 0.2, which is consistent with the volcanic ash analysis
by the hyperspectral sounder observation (Ishimoto
et al. 2022) (see Additional file 1: Fig. S1 in the additional
materials for details). The total column mass loading is
also computed according to the retrieved results (Pavo-
lonis et al. 2013). To detect the volcanic ash, we apply a
threshold for the brightness temperature (BT) difference;
BT of Band 13-Band 14 < —0.1 K (the reverse absorption
method; Prata 1989). We use Band 14 instead of Band 15
which has a longer central wavelength (12.4 pum) band
than the traditional 12.0 um band (e.g., AVHRR Channel
5) usually used for the reverse absorption method (e.g.,
Prata 1989). This is because the water vapor absorption
on Band 15 is larger than the traditional 12.0 um band
(e.g., Murata et al. 2015), hence the ash signal (negative
BT difference) tends to be buried especially for thin ash
clouds with a BT difference of Band 13-Band 15 which
have relatively large positive values (see Additional file 1:
Fig. S2 in the additional materials for an example of BT
difference).

Initial condition for JMA-ATM

In this study, we produce the initial condition for JMA—
ATM by data insertion (Wilkins et al. 2016). In this
method, each pixel identified as ash clouds by OVAA is
treated as the source term, and source mass is given on
the basis of the total column mass loadings by the OVAA.
The ash particles as the source term are located uniformly
between the bottom and top heights of the ash clouds. In
a previous study, the ash cloud thickness is determined
from the direct observations of the ash clouds, such as by
aircraft lidar (e.g., Wilkins et al. 2014). However, in real-
time operation, it is not common to obtain the observed
ash cloud thickness. Actually, OVAA does not provide
the ash cloud thickness. The uncertainty of ash cloud
thickness causes uncertainties in ash cloud prediction,
because the advection direction of an ash cloud is gov-
erned by the wind which strongly depends on the alti-
tude. Therefore, ash cloud thickness is a key parameter to
produce the initial condition.

We propose a method to empirically estimate ash
cloud thickness by considering the wind shear in the ash
clouds. The fundamental idea of this estimation is based
on the assumption that ash clouds are thick at altitudes
with weak wind shear, whereas ash clouds are thin at alti-
tudes with strong wind shear. To express this assumption,
we introduce a monotonically decreasing function for
downward altitude as a wind shear index. The stronger
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the wind shear, the more the function decreases. Here,
the wind shear index T (z1, z2) to evaluate the wind shear
strength between the two altitudes of z; and z3 (> z1) is
defined as follows:

dv(z)
dz

T (z1,22) = exp {—C/Z2 dz} (2)

where v(z) is the horizontal wind vector at the altitude z,
d‘;—(zz) is the wind shear, and z is the ash cloud top height
obtained by OVAA. Here, C (= 0.1) [s/m] is the factor
introduced to assess the strength of the wind shear in the
consideration of the typical atmospheric condition; i.e.,
19%| is roughly 0.001 — 0.01[1/s] (|dv| ~ 1 — 10[m/s] for
dz ~ 1[km]) for typical atmospheric condition. The ash
clouds thickness is estimated by solving T'(z1, z2) = T for
z1, where T is the constant parameter determined empir-
ically; a large T, leads to thin ash clouds, whereas a small
T, leads to thick ash clouds. If a certain value of T, is
applicable for many eruption cases, the ash cloud thick-
ness can be estimated immediately after the eruption in
operation using the value of .

It should be noted that this simple and empirical
method is tentative to estimate the ash cloud thickness for
real-time operation immediately after an eruption. The
fundamental idea of this method does not consider vari-
ous conditions other than atmospheric conditions, such
as eruption conditions (type, duration, size, etc.), and
altitudes of ash clouds. Therefore, a more sophisticated
method considering those conditions would improve the
estimation. The sophistication of this method will be the
focus of the next phase of this study. In the current study,
we will show that this method with a certain value of T,
causes the ash cloud thickness estimation to be roughly
consistent with the observation in some eruption cases,
in spite of the significant simplification.

Application to the 2018 Kirishima-Shinmoedake
Eruption

Shinmoedake is an active andesitic stratovolcano, and
forms part of the Kirishima volcanic complex in Kyushu,
Japan which comprises more than 20 volcanic edifices.
In the past 20 years, Shinmoedake experienced a major
eruption in 2011, and effusive and explosive eruptions
in 2017 and 2018. Various previous studies reported the
2011 eruption (e.g., Nakada et al. 2013; Kozono et al.
2013); the climactic phase of the 2011 eruption was a
mixture of sub-plinian and vulcanian eruptive events,
successive lava accumulation (lava dome) within the
crater, and a repetition of vulcanian events after dome
growth (Nakada et al. 2013).
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This volcano is one of the most active volcanoes in
Japan, and caused ash clouds which affected aviation
safety many times in 2018 (see Tokyo VAAC website).
In particular, an eruption on April 4, 2018 (5th in Japa-
nese local time) was one of the remarkable events which
caused the highest plume in recent activities (e.g., Mat-
sumoto and Geshi 2021). In addition, the ash clouds
from this eruption were detected clearly by Himawari-8
because of few meteorological clouds being around the
volcano. In this study, we focus on this eruption which
was composed of two explosive eruptions (JMA 2018a,
b); the first eruption plume reached an altitude of 6.4 km
at 18:31 UTC, and the second eruption plume reached
an altitude of 9.4 km at 18:45 UTC, and the eruptions’
duration is approximately a few minutes each. The ash
clouds from the two eruptions were clearly detected by
Himawari-8, and OVAA provided the physical properties
of the ash clouds. In the rest of this section, ash concen-
trations prediction is performed on the basis of the ash
clouds properties estimated by OVAA.

Initial conditions and OVAA estimations
Figure 1la, b shows the ash clouds properties estimated
by OVAA. The top heights by OVAA are approximately
consistent with JMA’s reports including ground-based
weather radar observation (JMA 2018a, b; Sato et al.
2018). The total column mass loadings are also estimated
by OVAA (Fig. 1a). The OVAA estimation indicates that
the total column mass loadings for the first eruption
is larger than that for the second eruption, because the
ash cloud from the second eruption was elongated by
a strong wind shear. Most of the ash particles grainsize
estimated by OVAA is under an order of 1-10 um. This
is consistent with the fact that fine ash less of than several
tens of microns can stay in ash clouds for hours or days
(Mastin et al. 2009). The terminal velocity of fine ash par-
ticles (~10 um) is under an order of 0.01 m/s (e.g., Cheng
2009). Therefore, the altitudes of ash particles have slight
changes in short-time prediction (<~10 h). As a result,
information about the ash particle grainsize is not impor-
tant for the short-time prediction. Figure 1c, d shows
the wind shear index for the two locations; that for the
low ash cloud decreases incrementally due to the weak
wind shear (Fig. 1c), whereas that for the high ash cloud
decreases rapidly due to the strong wind shear (Fig. 1d).
Figure 2a shows tracers in the initial condition for
JMA-ATM which is made from OVAA estimation at
20:30 UTC. The initial condition reproduces the main
features of the ash cloud properties by OVAA; the hori-
zontal distribution and top height of the ash cloud. Fig-
ure 2b—d shows the vertical cross sections of the initial
condition for the three values of 7, (=0.3, 0.6, 0.9) as typi-
cal value. A small T, leads to thick ash clouds (Fig. 2b),
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whereas a large T, leads to thin ash clouds (Fig. 2d). On
the other hand, the ash clouds heights do not depend
on T, (Fig. 2b—d), because the top heights estimated by
OVAA are used. In the next section, we present ash pre-
dictions for the various values of T, (i.e., the various ash
cloud thicknesses), and optimize T, by comparing JMA—
ATM’s predictions and the OVAA estimation.

Predictions by JMA-ATM

Figure 3d-1 shows the total column mass loadings in the
predictions by JMA—ATM for the forecast lead time (FT)
of 1-3 h. The initial conditions are produced from the
ash cloud properties by OVAA and the ash cloud thick-
ness estimation for the various values of T, (=0.3, 0.6, 0.9)
(see Additional file 1: Fig. S3 in the additional materials
for other value of T;). The ash cloud in the prediction
for T,=0.3 spread to a wide area including the west of
the ash cloud area from OVAA (Fig. 3c, f). This result is
consistent with the general feature that thick ash clouds
are advected by the various wind directions at vari-
ous altitudes. Therefore, this overestimation of the ash
clouds area indicates that the value of 7, should be larger
than 0.3 for this case. In contrast, the predictions for T,
=0.6 and 0.9 (Fig. 3g-1) seem to be approximately con-
sistent with the ash cloud area by OVAA. However, the
total column mass loadings in the prediction for 7,=0.6
are more consistent with those by OVAA regarding the
max value. The total column mass loadings in the predic-
tion (FT=3 h) for 7,=0.9 has a max value over 10 g/m?
(Fig. 3I) for the max value of the OVAA estimation 6-8 g/
m? at 23:30UTC (Fig. 3c), whereas that for T,=0.6 is
approximately consistent with that by OVAA (Fig. 3c, i).
In addition, the prediction for T,=0.6 reproduces that the
ash clouds are elongated to the east and west, while the
max value of the total column mass loading is decreas-
ing during the predicted 3 h. On the other hand, the ash
clouds in the prediction for 7,=0.9 maintain the area and
the max value of the total column mass loadings in the
duration of the model prediction. The overestimation of
the max value and the underestimation of the area in the
prediction for 7,=0.9 comes from the fact that a thick
ash cloud is advected by a single wind direction at a sin-
gle altitude. Therefore, that indicates that the value of T,
should be smaller than 0.9. Based on the above results,
the predictions for T, ~ 0.6 is seemed to be appropriate
for OVAA estimation (Fig. 3a—c).

Figure 3m-o shows the ash concentration predic-
tions from the initial condition for 7,=0.6. According
to the terminology and standard from ICAO (2021), the
ash concentrations in predictions can be classified as
“high contamination (>4 mg/m3)” and “low contamina-
tion (<2 mg/m?)”, In particular, the concentrations in the
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Fig. 1 OVAA outputs at 20:30 on April 4, 2018 (UTC), the wind shear strength |dv|/dz, and the wind shear index. a The total column mass loadings
estimated by OVAA. b The top heights estimated by OVAA. The blue arrow shows the ash cloud from the first eruption (18:31UTC), and the red
arrow shows the ash cloud from the second eruption (18:45UTC). ¢ Wind shear strength (black line), wind shear index (red line), and estimated

ash cloud layer (grey) for Tc=0.6 at N31.970/E131.128 (red cross mark in inset). d Same as ¢, but for N31.516/E131.733. The red triangles show the

location of the Shinmoedake volcano

prediction for 23:30 UTC (i.e., FT=3 h, Fig. 30) are under
4 mg/m3 for most of the ash cloud area (i.e., equal to or
less than “medium contamination”). This information
about the ash concentration is helpful to assess safe areas
and routes for airline operation (Clarkson and Simpson
2017).

In this section, T, (=0.6) was tentatively optimized by
comparing the total column mass loadings in the predic-
tion and those in the OVAA estimation. The ash cloud
thickness in the initial condition governs the prediction.
Therefore, the estimation of the ash clouds thickness is a

key step in ash concentration prediction. In the next sec-
tion, further discussion of the uncertainty in this estima-
tion will be done using the lidar observation.

Discussion

In this section, we discuss two uncertainties included
in the calculation of the ash concentration prediction;
the value of T, and the observation time for OVAA. As
explained in the previous sections, T, governs the ash
cloud thickness estimation which is required to make
the initial condition for JMA—-ATM. Therefore, the
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Fig. 2 Initial conditions for JMA-ATM at 20:30 on April 4, 2018 (UTC). a The top height of the tracers in the initial condition for JMA-ATM. b The
vertical cross section of the initial condition for 7.=0.3. ¢ Same as b, but for 7.=0.6. d Same as b, but for 7,.=0.9

uncertainty in T, causes the uncertainties in the predic-
tion. Here, T, is optimized by the observed ash cloud
thickness by ground-based and satellite-based lidar. On
the other hand, OVAA also has uncertainty relating to
the observation time. We can obtain an OVAA estima-
tion every 10 min which is the time interval of the Full
Disk image for Himawari-8 (Bessho et al. 2016). There-
fore, there are options regarding which observation
times for OVAA are used for making the initial condi-
tion. Here, we compare the predictions for OVAA esti-
mations at the various observation times.

Empirical parameter T,

Lidar observation provides the top height and thickness
of the ash clouds (e.g., Wang et al. 2008). Here, we assume
the top height of the ash clouds by lidar observation as
the top height obtained by OVAA, and estimate the ash
cloud thicknesses for the various values of T, (=0.1, 0.2,

(See figure on next page.)

0.3,...,0.9). The optimal value of T, is determined by com-
paring the estimated thickness and the observed thick-
ness by lidar.

Figure 4 shows the observed ash cloud layers by
ground-based and satellite-based lidars (gray) and the
wind shear indexes T (red line) for the explosive erup-
tion cases of Mt. Etna in Italy, Mt. Cordon in Chile, Mt.
Kasatochi in Alaska, and Mt. Sarychev in Russian (Wang
et al. 2008; NASA 2016; Prata et al. 2017). The wind shear
indexes in the ash clouds are calculated from the atmos-
pheric conditions of JRA-55C (Kobayashi et al. 2014). As
we expected, these results show that the strength of the
wind shear roughly corresponds to the ash cloud thick-
ness; for example, the strong wind shear corresponds
to the thin ash cloud (e.g., Fig. 4e), and vice versa (e.g.,
Fig. 4d).

These results (Fig. 4) provide the best values of T, for
each case. The best value of Tc for each case is deter-
mined from an intersection between the wind shear

Fig. 3 a-cTotal column mass loadings estimated by OVAA (21:30, 22:30, 23:30UTC). d—f The total column mass loadings in the prediction for the
T,=0.3.The forecast lead time (FT) for d—f are 1,2 and 3 h, respectively. g—i Same as d—f, but for 7.=0.6. j-I Same as d—f, but for T.=0.9. m—o The
ash concentrations predictions in the ash clouds for T.=0.6. The ash concentrations are calculated from tracers in an unit volume with 0.04 degrees
(longitude) x 0.033 degrees (latitude) x 500 m (altitude). The initial time for the prediction (FT=0 h) is set to 20:30UTC (i.e, the initial conditions for
JMA-ATM are made from the OVAA estimation at 20:30UTC). The color scale for a-l is shown next to ¢. The color scale for m-o is shown next to o.

The black triangles show the location of the Shinmoedake volcano
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32.5N
31.5N
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Fig. 3 (Seelegend on previous page.)
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Prediction by JMA-ATM (Tc=0.3)
2018.04.04 22:30UTC (FT=2 hours)

1336
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Prediction by JMA-ATM (Tc=0.6)
2018.04.04 22:30UTC (FT=2 hours)
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Prediction by JMA-ATM (Tc=0.9)
2018.04.04 22:30UTC (FT=2 hours)
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Prediction by JMA-ATM (Tc=0.6)
2018.04.04 22:30UTC (FT=2 hours)
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Estimation from OVAA
2018.04.04 23:30UTC

130E 130.5E 131E  131.5E 132 13256 133E

Prediction by JMA-ATM (Tc=0.3)
2018.04.04 23:30UTC (FT=3 hours)

130E  130.5€ 131E 131.5€ 132 132.5E 133E

Prediction by JMA-ATM (Tc=0.6)
2018.04.04 23:30UTC (FT=3 hours)

130E  130.5€ 131E 131.5E 1326 13256 133E

Prediction by JMA-ATM (Tc=0.9)
2018.04.04 23:30UTC (FT=3 hours)

130E  130.5€ 131E 131.5€ 132 132.5€ 133

Prediction by JMA-ATM (Tc=0.6)
2018.04.04 23:30UTC (FT=3 hours)

130E  130.5E 131E  131.5E 132E
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Fig. 4 Wind shear index T (red line), the observed ash clouds layers by lidar (grey), and the wind shear strength|dv/dz| (black line). a The case

for 40.838N/14.183E on July 26, 2001. b The case for 40.333N/18.1E on July 26, 2001. ¢ The case for 40.6N/15.72E on July 25, 2001. d The case for
41.765/168.15E on June 23, 2011. e The case for 58.0N/68.56W on August 15, 2008. f The case for 56.19N/69.59W on August 15, 2008. g The case for
48.11N/178.64E on June 25, 2009. The cases of a-¢, d, e-f and g are for the Mt. Etna eruption in Italy (Wang et al. 2008), the Mt. Cordon eruption in
Chile (NASA 2016), the Mt. Kasatochi in Alaska (Prata et al. 2017), and the Mt. Sarychev in Russian (Prata et al. 2017), respectively. h The relationship
between the standard deviation (i.e,, estimation error) and the empirical parameter T

index (red line) and the bottom of the ash cloud (grey
area): for example, T, ~0.5 is the best value for the case
of Fig. 4b, because the ash cloud thickness for 7,=0.5 is
consistent with that from the lidar observation. In addi-
tion, these results also show that the wind shear index
T decreases rapidly downward in strong wind shear
(e.g., Fig. 4e), whereas it decreases slowly in the weak
wind shear (e.g., Fig. 4d). This tendency of the wind
shear index T corresponds to the ash cloud thickness
estimation; strong wind shear leads to thin ash clouds,
whereas the weak wind shear leads to thick ash clouds.
Figure 4h shows the standard deviation (i.e., estimation

error) between the estimated thickness and the
observed thickness for the 8 cases. This result indicates
that that the appropriate value of T, for these cases is
roughly 0.5—0.6 which minimizes the estimation error
for the lidar observation, and then, the estimation error
is approximately +0.7 km (+10). This value is approxi-
mately consistent with the optimal value in the previ-
ous section.

Finally, it should be noted that the eruption cases used
in this section include various cases, such as a plinian
eruption and small eruption. As mentioned in the pre-
vious section, this estimation method does not consider
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Fig. 5 Time series of the total mass in the ash clouds estimated by
OVAA for 19:00-22:00 on April 4, 2018 (UTC)

various conditions, such as eruption type and altitudes of
the ash clouds. Therefore, the consideration of the erup-
tion conditions may improve the output of this method.

Observation time of OVAA

For hazard mitigation, ash concentration prediction is
required to be calculated and issued as soon as possi-
ble after an eruption. In the Himawari-8 operation, Full
Disk images are taken every 10 min (Bessho et al. 2016).
Therefore, OVAA provides ash cloud properties within
10 min after an eruption. However, unfortunately, OVAA
estimation immediately after an eruption cannot be avail-
able for prediction.

Figure 5 shows the time series of the total mass in the
ash clouds estimated by OVAA for the eruption case in
the previous section. The total mass by OVAA increases
after the eruption as time, and approaches a certain
value asymptotically. Especially, the total mass early
immediately after the eruption is significantly underesti-
mated (e.g., 19:00-19:30 UTC). This underestimation is
accounted for by the general feature of OVAA that the
volcanic ash detection and retrieval scheme of OVAA
do not work well for high total column mass loadings.
OVAA includes the assumption that the brightness tem-
perature differences between atmospheric window bands
are sensitive to detect volcanic ash and to estimate the
parameters. However, in the case of an ash plume that is
too dense, it is well-known that the ash plume is difficult
to detect and the total column mass loading is under-
estimated by the reverse absorption method (e.g., Prata
2009; Mackie et al. 2016; Prata and Lynch 2019). There-
fore, OVAA is not available, or the estimated result is
not reliable for ash clouds with high total column mass
loadings immediately after an eruption. Actually, in this
eruption case, the OVAA estimation immediately after
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the eruption causes a serious underestimation in the
prediction.

The above discussion suggests that even if the ejected
ash is too dense, we can avoid the underestimation in
OVAA by monitoring until the total mass in the ash
clouds approaches about constant. Actually, in this erup-
tion case, the OVAA estimation is available after 20:30
UTC (i.e., 100 min after the second eruption) when the
total mass is approximately constant; the total column
mass loadings in the prediction (FT=3 h) based on
OVAA estimation at 20:30 UTC is consistent with that
from OVAA estimation at 23:30 UTC (Fig. 3c, i).

In general, large eruptions tend to carry coarse pyro-
clasts to the top of the plume due to the large plume
velocity (e.g., Carey and Sparks 1986). Therefore, erup-
tion scale (i.e., mass eruption rate) influences the optical
property of the ash clouds for satellite observation, such
as grainsize distribution. Although the “decay time” is
about 100 min for this case, it may depend on the erup-
tion condition, such as mass eruption rate.

Summary

In this paper, we proposed a way to predict ash concen-
trations in ash clouds from explosive eruptions on the
basis of an atmospheric transport model and satellite
analysis (OVAA). OVAA provides the two-dimensional
properties of ash clouds, such as the total column mass
loadings and the top heights, whereas it does not provide
the ash cloud thickness which is a key parameter to make
an initial condition for an atmospheric transport model.
Therefore, we proposed a way to estimate the ash cloud
thickness by the introduction of a wind shear index. This
method includes an empirical parameter 7, which gov-
erns the estimation result. This empirical parameter 7,
was optimized in the following two ways; (1) a compari-
son between the total column mass loadings in the pre-
diction and those from OVAA at the same time, and (2)
a comparison between the estimated thicknesses by the
wind shear index and the observed thickness by lidar.
As a result, the optimal value of T, was proposed to be
0.5—0.6. In this case, the uncertainty of the ash clouds
thickness was estimated to be about 700 m. The ash con-
centration prediction was calculated from the initial con-
dition based on the estimation by the OVAA estimation
and the ash cloud thickness estimation for 7,=0.6. The
prediction classified the concentration in the ash clouds
as “high contamination (>4 mg/m3)” and “low contami-
nation (<2 mg/m3)’i Information about ash concentration
is essential to assess safe areas and routes for the aviation
industry.
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Abbreviations

BT Brightness Temperature

FT Forecast lead Time

JMA Japan Meteorological Agency

JMA-ATM  Japan Meteorological Agency Atmospheric Transport Model
OVAA Optimal Volcanic Ash Algorithm
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