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Fluid dynamics of very large plumes generated by explosive
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R HEAER'. a9 PV h=A% MED R
*Yujiro Suzuki', Antonio Costa® Takehiro Koyaguchi'

1. RERREMEBRRA. 2. 44 ) 7EILMERYIEE MUEHR KRR
1. Earthquake Research Institute, The University of Tokyo, 2. Institute Nazionale di Geofisica e Vulcanologia

Explosive super-eruptions releasing several hundreds to thousands of km?® of magma with extremely
intense flow rates occurred in the geological past of the Earth. They impacted significantly the climate and
global ecosystems. Because of lack of direct observation, plume dynamics of these eruptions are poorly
understood. Simple integral models based on the Buoyant Plume Theory (Morton et al., 1956; Woods and
Wohletz, 1991) have been commonly used to describe them. The validity of the assumptions behind these
models (e.g., self-similarity, constant air entrainment coefficient) should be validated, because the
dynamics of super-eruptions can be totally different from a simple buoyant plume. We used a
three-dimensional (3D) computational fluid dynamic model (Suzuki et al., 2005) to investigate the main
features of these gigantic plumes characterized by Mass Flow Rate (MFR) ranging from 10°to 10" kg/s.
The lower end of the range corresponds to the most intense Plinian columns such as the 1991 Pinatubo
eruption, while the upper end to the most extreme co-ignimbrite plumes such as the Toba eruption
occurred 74 ka.

We performed 3D simulations of super-eruptions and compared these results with those of the previous
models. At the steady-state for low and intermediate MFR, radii of the umbrella cloud spread as function
of time with the same asymptotic behavior predicted by simple box models (Woods and Kienle, 1994) and
this dependence can be used to estimate MFR. Simulation results also indicate that the co-ignimbrite
plume radius,, growths with MFR with the same scaling for MFR vs run-out distance predicted by previous
simple models of pyroclastic flows by Bursik and Woods (1996). On the other hand, the maximum heights
simulated by the 3D model showed the complex dependency on the MFR, which are significantly different
from those of the simple integral model (Woods and Wohletz, 1991). This difference indicates that it is
necessary to consider new scaling laws of the effective air entrainment coefficients for using the simple
integral models as an extrapolation in order to reproduce the gigantic plumes. Results have large
implications on the assessment of the intensity and the impact of these explosive super-eruptions on the
Earth climate and past ecosystems.
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During an explosive volcanic eruption, a hot mixture of volcanic particles and gas is continuously ejected
from the volcanic vent and develops an eruption column. When the density of the mixture remains higher
than that of the ambient air, the eruption column collapses to produce pyroclastic density currents
(PDCs). PDCs are characterized by strong density stratification, whereby a dilute current (particle
suspension flow) overrides the dense basal current (fluidized granular flow). The dynamics of PDCs is
affected by physical processes within each of the dilute and dense parts, such as thermal expansion of
ambient air entrained into the dilute part and basal resistance in the dense part. It also depends on the
particle transport between the dilute and dense parts. We aim to understand these effects on PDC
dynamics and the resulting run-out distance, by using numerical simulations.

We have developed an unsteady two-layer model to describe density currents with strong density
stratification. In this model, each of dilute and dense parts is assumed to be uniform in any vertical section
and is formulated by shallow-water equations. In the dilute part, the effects of particle settling,
entrainment of ambient air, thermal expansion, interfacial drag between the dilute and dense parts, and
resistance of ambient at the flow front are taken into account. In the dense part, the effects of basal
resistance, sedimentation, and the particle supply from the dilute part are included. The equations are
numerically solved by the finite volume method using the HLL scheme. A stationary dilute mixture with its
higher density than that of the ambient air is initially (i.e., t = 0) set in the rectangular reservoir with a solid
backwall, and an additional mixture with the same composition as the initial mixture is supplied to the
reservoir at a constant rate at t > 0. A density current is produced on a horizontal ground surface by an
instantaneous release of the mixture at t = 0 and the subsequent steady supply of the mixture in the
reservoir.

We calculated time evolution of a PDC (e.g., thicknesses and velocities of dilute and dense parts, and
thickness of deposit). The result is divided into two stages. In the first stage (Figure 1a), the dilute part
propagates, and the dense part develops. Because the dense part propagates slowly owing to basal
resistance, the maximum run-out distance in this stage is determined by the front position of the dilute
part (L,). In the second stage (Figure 1b), the density of the frontal region of the dilute part falls to that of
the ambient air owing to particle settling and thermal expansion of entrained air. The mass of this frontal
region ascends from the current into a co-PDC plume (i.e., co-ignimbrite ash cloud), whereas the dilute
part around the source forms a steady dilute density current. The run-out distance of the steady current (L
) is much shorter than L,. Subsequently, the dense part extends beyond L,, and the run-out distance of
the PDC is determined by the front position of the dense part (L,).

Previously, the run-out distance of PDC was estimated on the basis of a steady one-layer dilute PDC

model (Bursik & Woods, 1996). This run-out distance corresponds to Ly, and does not represent L, or L.
Therefore, the run-out distance proposed by the previous study may be underestimated.
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Figure 1 Schematic illustrations showing
time evolution of a PDC.
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Japan Meteorological Agency (JMA) has been developing a retrieval system to provide volcanic ash
products from HIMAWARI-8 infrared measurements through a volcanic ash detection/evaluation
algorithm. For the estimation of ash cloud parameters, i.e. cloud top height, optical depth, particle size,
and associated mass loading, accurate radiative transfer calculations in the modeled atmosphere are
important. Because optical properties of the ash clouds strongly depend on the ash refractive index, a
dataset of spectral refractive index in the infrared region for various types of volcanic ash materials is
desirable. The current models of refractive index for volcanic ash, which were published more than thirty
years ago, are insufficient in spectral resolution as well as in the number of alternatives for the use of
multi-channel satellite remote sensing.

As reported in the literatures, refractive index of volcanic rocks and/or ash materials at infrared
wavelengths had been estimated in laboratory from the spectral reflectance for the applied infrared light.
The situation of satellite infrared sounder measurements for volcanic ash clouds in the atmosphere over
land/ocean is essentially similar to the laboratory measurements. It suggests that the ash refractive index
can be estimated from the infrared spectroscopy by satellites in condition of no ice/water clouds
contamination and if the other unknown parameters, i.e. the ash cloud parameters, the atmospheric
profile, and surface temperature/emissivity, are determined in advance or derived simultaneously. The
estimated refractive index of the ash material by satellite infrared sounder has a potential to improve
volcanic ash retrieval by HIMAWARI-8 for the same ash clouds and also for the ash clouds erupted from
the same type of volcanos. In this work, a refractive index model, which derived from the measurements of
infrared sounders, AIRS and IASI, for some volcanic events is proposed.
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Pyrrhotite oxidation as a tool for reconstructing thermal structure of
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Entrainment of ambient air is a key process in eruption cloud dynamics as it thermally expands and
produces buoyancy. Because magma fragments (pyroclasts) are cooled and oxidized by air entrainment,
petrological analysis may evaluate independently the entrainment process. To quantify the degree of
interaction between fragmented magma and entrained air, we focused on oxidation of pyrrhotite (Po, Fe,
S) in the pyroclasts. In this study, we simulated cooling of pyroclasts to examine the coupling between
degree of oxidation and eruption dynamics. Cooling of pyroclasts was simulated using a newly-developed
routine for a three-dimensional (3-D) eruption column model, while oxidation kinetics of Po are already
relatively well understood. By testing the parameter sensitivity of the degree of oxidation and comparing
simulated and natural oxidation degrees for a Plinian eruption, we examined the usefulness of Po
oxidation as a marker for magma-air interaction and an indicator of eruption-column thermal structure in
the 3-D model.

Three simulations with different mass discharge rates and magma temperatures were performed based on
the 3-D eruption column model. In the simulations, two types of thermal structures corresponding to jet
flow and fountain flow (Suzuki and Koyaguchi 2012) were observed with magma discharge rates of 10°
-10" kg/s and ~10° kg/s, respectively. Both of the flow types included an “unmixed core” (or high mass
fraction zone) in the column. The fountain-type maintained high temperature longer than the jet-type
because the fountain-type unmixed core was not eroded until extensive air entrainment occurred at the
top of the fountain.

The oxidation degree of pyroclasts was then calculated on the basis of predicted temperature change of
particles in the eruption column. Po in volcanic rocks is often oxidized to form magnetite (Mt, Fe,O,) and
then hematite (Hm, Fe,O,) (Matsumoto and Nakamura 2012). The growth rate of Hm from Mt can be
applied to measure the oxidation degree of pyroclasts as it has been determined experimentally (Paidassi
1958). Calculations of Hm width were made for approximately 300 to 1000 oxidation markers in the
eruption column for each simulation condition, and expressed as frequency distributions of oxidation
degree. Our calculations showed that Hm-width distribution varied according to the mass discharge rate
(i.e., flow type) and initial magma temperature. The distribution of oxidation degree was broad in the case
of fountain-type, whereas it was narrow in the case of jet-type. In addition, an eruption column which has
a high initial magma temperature and jet-like structure was characterized by a long-tailed distribution,
which results from a presence of high oxidation degree markers. These results indicate that Po oxidation
can be potentially used for characterizing the thermal structure of eruption columns.

We also compared calculated Hm widths with petrographic data from the Sakurajima 1914 Plinian
eruption. The Hm widths based on the simulation were approximately one-third the thickness of those
observed in natural pumices. Three potential explanations for this discrepancy are: (1) thermal
conduction of the pumice clasts, which is neglected in the present 3-D model, affects the Po reaction
degree; (2) Po reaction rate was underestimated; and/or (3) Po oxidation started in the volcanic conduit
before magma fragmentation, possibly accompanying open-system outgassing of the magma.
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Volcanic ash plume observation by weather radars
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In the Japan Meteorological Agency (JMA), there are two major operations related to volcanic ash
forecasting: the Volcanic Ash Fall Forecast (VAFF) and the Volcanic Ash Advisory (VAA). The VAFF
provides information for local governments and residents who may be affected by ash fall from volcanoes
(Hasegawa et al., 2015). The VAA is issued to airline companies and aviation authorities for safe aviation
services.

In these operations, the forecasts are calculated by atmospheric transport models including advection
process, gravitational fall process and deposition process (wet/dry). The most important and uncertain
factor of the models is the initial condition of volcanic ash. In operations, the initial condition is based on
the empirical model of Suzuki (1983). Since it includes many assumptions and empirical research, it often
fails to reproduce actual plumes of volcanic eruptions.

On the other hand, in recent years, research of observation techniques of volcanic ash by weather radar
and satellites have advanced. The Meteorological Research Institute (MRI), one of the facilities of JMA, has
started observation using two different types of weather radar. Besides, in 2015, the Himawari-8
geostationary meteorological satellite was put into operation. Himawari-8 has sixteen observation bands
as against five in its predecessor, MTSAT-2. Using this abundant observation data of new-generation
satellite, physical quantities of volcanic ash clouds (including top height, mass loading and particle radius)
can be retrieved (Hayashi et al., JoGU2016).

In the present study, using both radar and satellite observation, we are developing a volcanic ash data
assimilation system to improve initial conditions of the atmospheric transport models.

We have adopted the three-dimensional variational data assimilation scheme (3D-Var), which has low
computational cost and is suitable for creating initial conditions immediately after an eruption occurs.
Analysis variables are concentration of ash and size distribution parameters (median particle size and
dispersion) which are mutually independent. It is assumed that observation error covariance matrix is
diagonal, and background error covariance matrix has the relationship between correlation and distance
and has the Gaussian form (Ishii et al., JpGU20186).

From the radar observation, it is expected that we can obtain three-dimensional ash concentration in the
atmosphere and parameters of ash particle size distribution in the atmosphere. On the other hand, the
satellite observation is expected to provide only two-dimensional parameters of ash clouds such as mass
loading, top height and particle radius. Currently, we are trying to estimate the thickness of ash clouds
using vertical wind shear.

Here, we show two case studies of data assimilation system. One is the February 14th, 2014 eruption case
of Kelut in Indonesia for an experiment of data assimilation with virtual radar observation, and the other is
the May 29th, 2015 eruption case of Kuchinoerabujima in Japan for an experiment of data assimilation
with actual satellite observations.
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A sequence of plinian eruption preceded by dome destruction at
Kelud volcano, Indonesia, on February 13, 2014: insights from tephra
fallout and pyroclastic density current deposits
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A plinian-style eruption with a radially spreading umbrella cloud occurred on February 13, 2014, at Kelud
volcano, Indonesia. We present the sequence of this plinian event based on a geological study of the
eruptive products, analysis of satellite images of the eruption plume, and surface features of the volcanic
edifice before and after the eruption. The eruptive deposits were divided into four major depositional
units (Units A, B, C, and D) and used to determine the sequence of events. The plinian phase was
preceded by partial destruction of the existing lava dome and generation of high-energy pyroclastic
density currents (PDCs) with a maximum runout distance of 6.8 km mainly towards the NE. The PDCs
produced a series of depositional subunits (Units A; ,) and caused surface damage (blown-down trees and
vegetation) over an area of 12 km? (stage 1). The main phase of the eruption was characterized by a
strong eruption plume that produced widespread fallout tephra (Unit B) over East and Central Java (stage
2). The winds above the volcano significantly affected the tephra dispersal process. In stage 3, the plinian
column collapsed, generating dense PDCs that flowed down the volcano valleys, producing pumiceous
lobate deposits (Unit C). The declining phase of the eruption produced fine-rich fallout tephra layers (Unit
D,.,) from low-level eruption plumes and/or ash lofted from PDCs. The eruption sequence constructed
from field observations is supported by geophysical observations, including remote seismic and
infrasound signals, total electron content variation, lightning strokes, and satellite observations. The initial
high-energy PDCs and fallout tephra contained juvenile pumice and dome-derived lithic clasts, and
isolated crystals originated from the fragmentation of porphyritic magma. The deposit features and
componentry suggest that newly ascended magma triggered the destruction of the lava dome and the
generation of high-energy PDCs, and during the subsequent climactic phase the dome was completely
destroyed. Thus, the pre-existing lava dome significantly affected the course of the eruption. This type of
eruption sequence has not been previously documented in the historical records of Kelud volcano
activity. The total volume of erupted material was estimated as 0.25-0.50 km? (bulk deposit volume),
corresponding to 0.14-0.28 km® in DRE, and the mean eruption rate as 6.5 +2.8 x10” kg/s. The scale of
the 2014 eruption had a VEI of 4, and was one of the largest eruptions at Kelud volcano over the past
century. The eruption sequence and estimated physical parameters of the 2014 eruption will help assess
future volcanic activity and potential hazards at Kelud volcano.

F—O—R: V=TV, KEMEER. BAR BER—L, TI—F
Keywords: Plinian, pyroclastic density current, blown-down tree, lava dome, Kelud
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A One-dimensional Steady State Model of a Buoyancy-generating
Turbulent Plume and its Application to Volcanic Eruption Columns
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b L TS BREMAENROEAR TSI —LICEALTERL. TIL—LRNOREOLEEEEISIICLD
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FEBER TN —LORETNBRTH D, —HFAFELSTICHBRARTO L VIRENAER TSI —LICEL
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Backscattering characteristic of volcanic eruptions based on LIDAR
observation around Sakurajima Volcano
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NIUD 53E A ICERE S N7 LIDAR (Light detection and Ranging) IC & > THEARICKTHREZEL TWS K
IWRA BRI SN, RIFICK 2 L —H —HOHWE L2 R T HELAE PR TOIREEEZ R T RAFEEEICDOVWTE
MINTE (BIAIE, Sassen et al., 2007). KR Tl, 2009F LR, MIUBAMHNZHT BB NILOBIIAO
DLEEEWNRE L CLIDAREAIZTW, KUK EZELEES K OB BEEOHELEE & RALEEOREELLS
KUEEAmAERELMI L.

HEEE I REAREEDSRBEN KO LEZICE NT0.05~0.10E BERAKDIEE R ED D, KEHID
RBEIENEAO LN, BRELREIXXORN TRKREELAY, BRI N2 ABEICHENRTWIZLED > T, K
T30, RABEEISIBM L. KEORREEEZ KD, LR LARKEDEMICL Y AKOLETIEZ I
KMEAEF L, IR F O KIUIKFLFOEIEIERHICE S WMo TWo e HE L L.

— 7, BREICHRESNZAXUKRE EOEEORALEEE TRIBEN0.40~0.45L, ES K UHBEE & LHER
LTREL Ao/ BIC, BREAREEROAOLETIIRKO.72ORABHEELN B ON. ZOBWMRILE
SHERXONSHNS &, RIBITET L, 0.45~0.50DEICINER L 7=. KO LZEEIEIRTHF TH % KIUIKRE
PEL BWVRNBEENESONZEDEEZIONS. — A, ZOETICDOWVWTIE, KILUKKFOILES L VET
IC&K B KKK FOREDFEDY, BELFICHD LEIRELITEEDOSIICK Y EHR I NZKEDREAD
ZTDRERREEHERTES.

F—U—R:BEREE XURESCEE 45— HEGRE. RAFHE. %S

Keywords: Volcanic smoke colored white, Volcanic smoke include volcanic ash, LIDAR, Backscattering
intensity, Depolarization ratio, Sakurajima Volcano
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