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Dynamics of Volcanic Eruption Clouds: Recent Progress of Numerical Models

Yujiro J. Suzukr™

The dimensions of volcanic plumes (i.e., heights and spreading area) are the key observable data to estimate the
intensity of eruptions, and they are commonly used as an initial input for the calculation of tephra dispersal models. The
relationship between these observed data and the eruption conditions such as mass eruption rate in the various

atmospheric conditions has been investigated by analytical methods, simple numerical models, and large numerical

simulations. In this paper, we have overviewed the recent progress of these numerical models. The latest three-

dimensional fluid-dynamics model of eruption clouds has been tested from a viewpoint of comparison with the observed
data of the Pinatubo 1991 eruption, the Shinmoe-dake 2011 eruption, and the Kelud 2014 eruption. To develop an
operational model of eruption clouds, the effective values of the empirical constants used in the simple numerical
models are estimated on the basis of the simulation results of the three-dimensional model. We propose the diagrams to
quickly estimate the plume height when the eruption and atmospheric conditions (e.g., mass eruption rate and wind

velocity) are given.
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1. 130 & I

KIS D 7 4 F 3 7 Z1%, Morton et al. (1956) D it
By e WF2EIC06 F D, 1980 4R 1 IRILE TV (I 212,
Woods, 1988) |2 & o CEMMN BB S, Z0H%
BN - BERY - EEBRIWIZEIC X o CTER N % B HE
ATE RS RHERRRE O KIE 210 LT BiE S 2 L —
Toa UAERE IR L - o R E O LR EH O
FENT S ATV B (51 212, Suzuki and Koyaguchi, 2015;
Van Eaton et al.,2015). 2 Z°C [ ] 21, KOH»50
W & 2 ALY A E N KR DBRE D S 7 5 EA
RAHTR & BT 5. KETR TR SN~ 7~ OB
(KW 55/ & R E —#ICEB) L T 5 85
Blix, BBLZOEO0 [HE] L LCRAEEY 25, K
& KW IEAH L BE L, K & Al E e
MEZR B 2R, KILEREY 554 2> 5 DM 54 F X &
A ST A%, BEBIS ) OB S AT T

LGBV LR ) = Vb b EZLNA.

KI5 4 F 3 7 AL, BEHY - KEOBRAL
AL ) B O JEMIE 20 B BRI X o TR H#
ENs (MR, 2008). BEEEMKILEATIL, K2
KINA AL &S ITKOPSEEY = v MIRICHEE T 2.
— A M T D 90wt% ML ESSKIEE TH B 720,
B S RIE KO TRAOBE» ST HOEEL b
D, FORD, KOAMS LA LERY AL, B
Lo TRMET LA TFHREIND, LAHBICHEE
v M ERKOERCH A FRI @ gsAE L, i
WERBOREDRET 5. FERTH 2K OBER
HRE VD, EHPIZEY A F 7RSI O 2
TR, W e KRKoOREY (Bl O%E
BETFT2., CorE, o RAENYALI LT
Ehne, BEEIIRRELD BEVIRELZRD, ERLIT
WTF DKW E D, —H, MEMPLZEORAEIY
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Fig. 1.

Schematic illustration of flow patterns of eruption cloud and depositional patterns during

explosive volcanic eruptions, as a function of eruption intensity and wind strength.

TREAE 2 TERC T 5. BRI, A O TR B E 7 &
L2 o0 MIKEL ML (BIE SN, BEIE, BUE
Wi ZFFORKPT, RKAEELHYE SE (%
371, Neutral Buoyancy Level: NBL) (239 % & /KFH5[1]
WZHERT 5.

Fig. 1 TR & 912, BEREAE & RPISHER S % o
ZEN, MEE (SR LROBS I L o TELT
% (Bonadonna ef al., 2005 ; Bonadonna et al., 2015 ; Suzuki
and Koyaguchi, 2015). &K@ DS R D522 % #E4H T &
BT ET IS, AR ZIZIZEEIC RA L, 3
JIHRAL BT LG AR ISR R U AR BRI 2 R 2 (G
LTI, ‘strong plume’ & F53) . AETIMEE X, FIPHGAAH
NEEDO R LR AE ) & BB TSR T %
[FEJjit) & LTIRAS %S (Holasek et al., 1996). —77,
M KEREE L6 LR D52 B DSl Iy, WA (RIS & o
TRELZRVE, WEIIFS) A7 TR NS S
L. COWEEEIL, EOWRLD L L AR L o T
BENMEET L. IS 2 oOFHEBIRIE X, Fk
SLCCEIIH L MO S O % 2, AARIEE &k
L 72 KPR RS Ol 73 3L Ao & o T2 BRI 2 L
=Nk hb.

KW ORFEE FIROWEEDFNDI8Y — 225, K
Yo - HERERR 2 5 { ZHL$ % (Carey and Sparks,
1986). BT k& L CRRdk S BRI D% < 14,
REJEAEIC K o CRZEE CRD RIS otk AR D
L AR RME LS & o CHif S, MEmA O HEfi L
THIEANRE T 5. &0 AR 2 KR 30 TR ATR &
<, ARBUNEIH 2 7K SPHE R I |2 53 3 2 Rif LS PEJREARE: 20> & e

BLL720, BECKAOMNIIITE AL HEEZZITT,
[l ] & LTl afiv-ciE T3 5. —h, bEss
Botum & Z2IEF IS 2 KFE (IR 1, #im
FEEAVNS AR - KRR N OFEFLIC & -
T BET 2 2 A TET, RINMMICE > TR
HEE T 2. JWOBEI/NS S ERIEDIEET DY
A, BT TIZEOHIRICHERE 3 2 2 L3RS
N5 (Fig. 1). B OREATRGHEITIE, KPR
25 AN K ASHERE T 5. s 2 DO IR
BCl, KA E L - BT RIOW GRS 525, €
Do ATINTIEI IR 7 5.

WKl & KEIRTED G- 2 Sz a1 (1) W i
(K O ERE) LRI, (2) BT KW D ZEM 55
fi, (3) KWL DOFAELEM, %1585 2 & A3 KILEE 5 A
FIZAIBWIERETHL. INH5DH 5 (2) BT
Wl D22/ A3, KI5 TREN & 2 s )
KR EN D720, Bt - OB LTk 2 &8
TELD, FFLIEHE (016, KiFHES) 12D, F
72, (3) KW DO FEA MBI L CRBBERESY S 2 L —
> 3~ (Suzuki and Koyaguchi, 2012) & &4 7 7
0 —F THIEANED 5T\ 5785, KT RO B 7%
EReA B R BET 2 LEPD Y SRR L B,
AATIE, FAS (1) WIS EE - JERES & KK = B
WZEH LR SN0 BUIR A AT 5.

2. KRIUFEEET IV
NOLMEEIEZE L, &R R FHEREA % 22 72 1950 4EAX
WRTCFEATIC £ Al dL iy 70 JERE DS, S, 2 DR DFET
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Table 1. Summary of the eruption column models. In “FPluMe”, the entrainment coefficients, k and /3,
are given as a function of Richardson number (Ri).
Name Dim. Fallout Wind k B References
Woods1D 1D No No 0.09 - Woods (1988)
BENT 1D Yes Yes 0.15 1.0 Bursik (2001)
Degruyter1D 1D No Yes 0.1 0.5 Degruyter and Bonadonna (2012)
Devenish1D 1D No Yes 0.1 0.5 Devenish (2013)
FPluMe 1D Yes Yes ARi) g(Ri)  Folch et al. (2015)
PlumeMoM 1D Yes Yes 0.09 0.6 de’Michieli Vitturi ef al. (2015)
Plumeria 1D No Yes 0.09 0.5 Mastin (2007, 2014)
PlumeRise 1D No Yes 0.09 0.9 Woodhouse et al. (2013)
Wohletz2D 2D No No - - Wohletz et al. (1984)
ATHAM 3D Yes Yes - - Herzog and Graf (2010)
ASHEE 3D Yes Yes - - Cerminara et al. (2016)
PDAC 3D Yes Yes - - Esposti Ongaro et al. (2007)
SK-3D 3D No Yes - - Suzuki and Koyaguchi (2013)
FROREELIZ, 1 RTETV, TLTERTET W IR
Hr=A4k™"2N"4m} (1)

W&o THD BN TE 1950 FEROWT I E T V=
ZOFRBEILTH 5 1980 FARNMET L 72 1 KICET IV,
ARV S <, BIENRISAICIEZKRIEET VLD
HRZESH 5, IO I KLY I 2= a3y Off
B, INSOERDET VS —EDOFREDH B Z LS
HAHPICR)DDHL. TH LI Enb, ERkOET
WVOIEBER e, HmERZEEL TR
REZVCEETH L. KRFTIE, H I 2 K TR E 7L,
1RTCET N, TLTAROIEETH D 3 KILET IV,
D3 DNV THERLT 5.

—fkiZ, MEOFHR LIE, KRAHOEEOR) X % ik
TFEMRL S & Th D, EEO SR Sk oL
WIS T 720, IEEHIREEWA 5 3 KICET
WHEERBLC AN CH D, L L, BTG58
EL, TOKRBNREES BB L ZHMELLL2VwER
e SN, ISR FAUCHE) B - KROWE
& AL L 72 IRTTIgAT £ 7V PR 1 IRTTE 7V CTfif
Wb ENTEL,

Table 1 (N FE TIIRFESN TV LIEMET IO
{OPERT. W, FH—0OBAkENt - KRa&EMt5 2
B bETNVCERIELEHE, TNO0RIIEORE
DEDELBLPIZOWT, 2013 EPSER 7O Y 27 b
TAVCEI inter-comparison Project 251711 T8 1Y (Costa et
al.,2016), JVGR iEDFFES (#ffih) ICF b5 T
L2 oTnW A,

2-1 RTEHBETIV

KA 531N E <, R & ORI EEE & 23T
P TE L EVIHMED D & WO EE Hrl[m]
RTINS,

EWV) XD HIEE kg sT'] @ 14 FHITEL S
(Morton et al., 1956; Carazzo et al.,2008). = ZC, A4 (Xif
i - KIOTORMER &~ 7~k & 4R, kTR
KO AAMELETZ ML A VAV MRE
N[s™') BREEEORENEET 7TV b - T4
FIRBBCTH 5. oL, K25 S B ALK
&7 0 OO (B) THR)VF—H%, B A&
RERAK T HERAHRCTHL LI 5 2 & CET AL
FoIE R EINDG, EVIHHiEEERL WD, TORIT
FRATE TOVIE, SR 6 OB, — k7 KSR E S (%
EENFESILST—E), KAPoE#EY, %K
HELTWA7D, REDEMEE He BB L 20 RME
LVICREEL. oML AV ALY MEEKIE, [V oy
R T I— L7 EOWEFIC BT, FFFAE I At
HIEIIA R SICB U A MBI+ 5] L) =
ML A YAy MG (Morton ef al., 1956) 12320\ C
B,

U.=kU (2)
LERLE NS, 22T, [WEE] EXT 5720,

PR & W UiR g 5 b 0% [kl L5 U,
THUY SAHEEE, U IR OB BEE (RS SI2B09
D, b L IR AL TORE) THDH. kOfl
XM D RN IR % NI DWW R BRE A DL S
Mastin et al. (2009) 1%, %% { OBl T— & % Hwv, 1
U S,

Hy=2.0077324 (3)

TP CTELIERE LT 22T, Vold KO TORE



388 BTG EB

WEmTH Y, HERICHATL28THL. ZORERA,
5, MRS AR 1/4 0 (1)) 288
EZWN Lo TWwD I EMgrsh. 72720, (3) i3
A G REIREL H— DR TEL TV A 720RED
REw

Degruyter and Bonadonna (2012) 1%, (1) :U& R L, Jal
W B MM T E B [ - B | BfR
PETFNVEREL.

1o=A "IN H} + BB2U ina N*H3 (4)

Z 2T BIFIOUREL Uing FHETH D, BIZHIC &
LIV LA YA MRET,

Ue=kU—Usying cos 01+ B|Uyina sin 0 (5)

ORFRNHFTEFKSNS (Hoult e al., 1969 ; Hewett et al.,
1971). 222, QXM O HGHh L B O %3/ T
5. AT & H A OBIRNIC X 2R A

B TIPS T B M IS K A AR R LT
Wh, BITIE, k& FBRICERN TR R 12D W REER
EAHHN L, (4) Xk, KEKE2ZEE N i #
Uging (S Z W27 5 v & v [BEDTER
B, Fiz, WEMER & EEEE OGRS, B L R
Le WAl —1a L, BOEEIC X 24705 I Bl
IZABECE B0 8 ) R D AMIIFE D A%, BHEED
NS ERBEDSRENET IV TH L. EBROBIIEGI~O
1# Jfl 1X Degruyter and Bonadoona (2012) A%ikA TV %,

2-2 EE1RTETIV

WE O EHR 1 RITET IV (B 212, Woods, 1988) 1,
I O I FE AL T R AR, A R 7K
[1REE2RH) SN TEL, ZOEFIVTIE, Bz E
EHIMNE—EDE S THEIL, 8l S 7z 458 S X H
FAHE ; control volume) (2 DOWTHEE - EBjE - T4 )L
F— ORI, REHENX, =AVF-HREAEE D
LT, BRI PR COYHEE Y S SOBEBE L
TRODB, ZOEFVIZZY ML A vy MEEE (R
(1)) 1ZHI > T2 720, MEHEE X R R ORI~
MLA YA Y MRk OREREICIKTET 5. F72, —ik
12X CHWH LA Woods (1988) E 7 VI, JEODEH
WA IZRS LT,

EH 1 RITET IV ORERD S, NGO E T &
BIZHERTED L% o7 (Fig. 2). i 800C, X
I COSME 3wt% O~ 7 < DS R IR &
INT YA L7ZIRBETHEH L 2234 st EA 2 oR$. KD
TIREHE G KA T EI R 38 RS, BT
ST A, WAL R L DICRAEIY AA, A
iR L TR 2km T CREAE1-033 FThE< 2 5.

ZORER, B EELEE, R LT R ZRT
L. B 13km ZEEZ S EEEIIFOEE L )E 2o
THAL, & 17km TEAEEIEYO L2 5.

D FE L e 1 KITE 7V Bursik (2001) 12
LoTRESIN. ZoEF VT, 5) REFMLCHE
W& REDOBREHE S, JICrz7 O IR %
FH L7 L7225 T, Woods (1988) EFIVTIdk &5
Z 575, Bursik (2001) EFNV Tk k & B %5 2 5 WEH
HbH. TOETFTNTIE—HADRDARHIY P H Z L
TEZD, EERESN TS E T IV (de’ Michieli
Vitturi ef al., 2015) 135 S 12 & > THEIA & A D B
DRFGEM T 5 EFEEAFHET 5 LN TES.

Bursik (2001) € 75V O EFHH A M % Fig. 2 OB TR
T, 10ms ' O—FREAMELTEBY, FRLStOBEH
S L RERBIIAOEE L EE L H\WET IV TORH
(Fig.2 OFf) LW UMEE 7z ZORE, A% »
BA XS EDSDLGEDIE ) S IZKT T 5
(WL 12km). & OREEEOM T IE, JAO 2
L) I ZTEA T B RADOEDHEIMNT 5720, WA L
DL ORKEERT A LI ANVF—RHE®RLTL
FHOLAHTEL. BEOER 1 RICETIVE,
MREIZOWT @A LE ) XEHNTEY, =
YR LA YA MREK B WTRRHAS AN
Bgr 645 5 N7 RRBRAE % > T B & ) [EDMRIR R
5.

2-3 FEHSRTETI

BIE TIZBRRIAIZ AL L 7 v EARE L 72 28 5 I o0 i
M 2RI TV 225, O T IR o Y
LD/ ZRICET IV T 5. BEOIEE S
Z ) EFIVIL, Wohletz ef al. (1984) DEF VIS
e 5 VX A Bl R & ARGE L, 2 ROCET VR RS L 72,
Z D%, Valentine and Wohletz (1989) %> Neri and Dobran
(1994) 72 EHSKIEW O 53 H 70 & % 8 L 7 8% 70 et PR
QRTLETFNERFEL. TNODEFVIZE-T, B
JHE PR O A X0 R 3 0 KW D 583 251 Lo C
TSNz, EEFZRD) SNOLDOEF VT, EBEO
LI & KRR DIRED T ATOING 2, T
FLA YAy MEELZ: ERENEICE T 508 % v %
BT\,

JEFIRTEFNVIE, HERKY I 2L —F R EDkRR
AR D FE L ST FLEOMSHBM L L 421, 2000 4
RAIZA - THIZE E N7z (Suzuki et al., 2005; Textor et al.,
2005). 3 RICETIVCTOMNIT, D 3 KRS &
RS DS ) & REOTRE IR E 2 K72 LT
WD 2k, 3 RICTTE S L2 ERRE i (LA B 2 ot
ETIVTHBEEINTZDDLITRELGE) ZEIRENT
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Fig. 2. Simulation results of steady one-dimensional models. The vertical profiles of (left) the mass

fraction of the ejected material, (center) the density difference from the stratified atmosphere at the
same vertical position, and (right) the upward velocity. Solid curves represents the results derived

from the model by Woods (1988), whereas dashed curves represents the results derived from the

model by Bursik (2001).

(Suzuki et al., 2005). Z O, BUEF TR 10 £/, Dok
EN7z3WICET IV (B 21X, Esposti Ongaro et al., 2008)
BN CODRESN, S A F I 7 AENTICBITSE
ko TETWAD

T 3 WICET VIZLHARET IV L GUA A ET IV
D2ODTN—=TICBBLEHHINL. SZHAET IV
(81 212, Esposti Ongaro et al., 2008) (%, [F+H % it &
LT, S - EHZENE O R - S #E - TRV
F—REXTBATLTHELSDDOTH L. MMz, K
Wy OFi % 2 FlEH % #ifl & 34 3 ME TV (Nerietal.,
2007), BEOREL LS €TV (Esposti Ongaro et al.,
2012) R ENHL. Fz, FAMIBELTD, WhHEERL
KEEE, SO, AN, KOMENEZRELIzb D
(Herzog and Graf, 2010), KUK DESEDORY % EFE L 72
3 @ (Textor et al., 2006 ; Van Eaton et al., 2015) 7% EHf4
BEMBRETFNVPREIN TV S, ZHHRETIVTH,
K & SAH O B = - EB) T AL F— - BT AL F—
DOEHUTHERER R RALENZ R Y, F S O
BAROHFIEIA RAGEPHV SN TS Z EIERD
WETHL. T2, KW xEkHs Lo TWwab7:
&, AEBIOR Tl - HROMT 2 Blg T2 2 Lo L
WEWIHRTEL H 5.

B 2TV (B 212, Suzuki et al., 2005) &, ZH
FRETINVEEELY, S KILTA+KRA) L REfRT
& B KW % SEUIC O L Dok e LTIRD . ZDE
TIVTUE, KT & £, G & i L2 BCP
TREBICE L, MxHEDL POt RESINS. ZOREIC

Lo T, BT % & ORI 2 BRI O IRE T A2
KTEBT LTS, 72720, MEHREOIERIE

ZAbiE, B - REORE LI - TRIKER & Lk
EZALE DL ZETHIIT S, ZhUE, Tabb, FEf

R OB Ol E LTSNS 2 & 2 BT
5. HHESAOREFENEHWTWwb 720, EEY 1
F 7 AL EHERGHESAOF LT - A =2 A

TR (T2, A4 7R TRk T&, — ks
JEABIERAR A F — A CRERIE S 5 2 EATREIC AR 5.

BHEDHS TH DL —H, AM%@%@ﬁ%@‘% 2HES
B TANVF—OPELEHHT LI LN TE R

Suzuki and Koyaguchl (2013) D EEM A A E T IV T,

W OGHEC L B A F I 7 ANOR 82 WAL L

“C\ﬂZﬁb‘, ﬁf%@#ﬁ%ﬁbﬂéﬁ@fiﬁ 2> TREIT 5
Ff (=bL—¥—FF) OBXEHTsILT, X
W Olfizk - HROME ZFEICBIg TS5, ZoET
VT, B 1/16mm 2> 5 16mm £ TOFFATT 54
EIINTZEEO b L —F =R T8, KA 5 ST A
k [f UHEETHM 3 5. 2ok, RTIEED LR
SOPII & 2T O, TR U#EE % R o 720K
BOBHITALIETS. ZOLI R ML —H—kT*%
B ANTZEMA ZET IV &, K % dii & LTl
IEMRETNVICE—RE—HED Y, PP BEE %

5. WETIX, FEVHELZBUTAETV+ L —
H—%iF (Suzuki and Koyaguchi, 2013) > VEJH F B4 2
DWCEHEH R ZBIIRT .
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3. EEEIRTETIVICLZEEOER

JEAR, B e RINBEMSE RS Cfrb s K 9512 D)
T O 5l € TOVARFEDS T BELZ 2o o CE T b, Fig. 1
TRL72EDC, WIS A F 3 7 ATWEKGEREE & RO 5
BOBRIZE > TL Y= LHWET 5. JAOFE)I/NS
WIEKFFIE LT7 141 Er - ¥R 1991 4EMEK, AL
DRBDPRE CEREF & L CHEBILETRE 2011 4F1
K, ZNEDOHRHBREREBE LT Y FATT - 7
JV— b 2014 EEBADSZET BN L. BT — & HEE R
NS OBEKREFIIE L, FEEF 3IKITETVICLDH
By Ial—YarORFO/BREBNTS.

3-1 74UEY - EFVR 1991 FEX

TAVEYDOLY Y BWEICMET S EF Yy RKKILT
X, 1991 4E 6 A 15 HIZH 9 W #kE 9~ 2 KB 2 mE K
AL, A & KRS DR S /e (Scott
etal., 1996). WO R EEEL 40km (2 bE L, 4EH]
M X B 25km CHEA L 72 (Holasek ef al., 1996). 4
RIS L, BN BHAA TR 3 TR EE & CIRLG PRI IE R L
ZOHEZEQRICZ L o THEMARICR S /. B EORE
M7 OB 2, P S HERE L 72 KW o F AR 12
Lo TRBHOBEIT 11~14X10%kg & RFEL Sz
(Wiesner et al., 2004). —77C, BRI D KA
IREG 7 — & QNI 5, BEIHRHEIRE R 2559 3.5~9 W]
ERRED 5N T\ b (Tahira ef al., 1996). KW
KRR TR A 2 L TE N IR
0.32~1.26 X 10°kg s ' & A&k & 5N % (Suzuki and
Koyaguchi, 2009). FEX AR HEAET LT, K
WAL R o 72 L E 2 HNTWwb (Koyaguchi et al.,
2010).

YR 1991 FFRPK & JREHR 3 IRICET NV CTHILL
BT — % L E L7z, KO TORMZEIL 1.0X10°kgs ™!
ERE L 7
Weather Forecasts (ECMWF) (2 X 5 R RN 7 — %
(Costaetal.,2013) # KADIEME Lz, ¥ 32—
Toa y OFER, WA L AR O AL S e
(Fig.3). MEMAEIEH 40km T CTEL, & 25km T
(EZEL PRI AR R ASPE R L 72 Z o fE R Bl
T =5 LERMICIHERICE { —E T 5 (Suzuki and
Koyaguchi, 2009). %72, Over-cooling & /X412 MM I
FROMRIRE R (Woods and Self, 1992) L AxFI M1 0 4R H)
G oo BISRIEHB SNz, KO, B
FE#E A 5 7 A Fountain fif 1AM L (Fig. 3b), ZZ45
OIS KT ASTe A L7z, 72721, IR &
N7z &) EBEOKIRFEEL, FHEBETIRON
ol Me—H—RFfOrIalb—arilio
T, BN TOKEW A AN S LN TE

¥ 72, European Centre for Medium-Range

@)
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Fig. 3. Simulation results of the Pinatubo 1991 eruption.
(a) Bird-eye view of the iso-surface where the mass
fraction of the ejected material is equal to 0.01. (b)
Cross-sectional distribution of the mass fraction of the
ejected material in x—z space. (c) Cross-sectional
distribution of the marker particles.

(Fig. 3¢). MEMEAEA SN LT 1L Lo 20070, 4
TR & Cali N /-2 1M L CRATEZBET 3 240
T, TR I W T AR TR SN,

Fig. 4 12, KR EHETO ML —H =k F D55 ik
WEIRT. ARBEEOKICHE, REIIHET 5K
P2 TGO IIRICHER L T2 (Fig 4a). sEAIZA
D, TNHOREHITHE 3 2 KO % { 5% 0mm L
TOMMP R T THEINTWE, 2o, AL#E
BB SN EEE (Fig. 4a OFEM TR 72H
M) EBBLE—HT 5. WETOHRM A (Fig. 4b)
b, ZIZFAMLARZ R L, EBEOREMTORET KO
Z2[5545 (Fig. 4b DR L EMEMIC—3T 5. EED
W (Wiesner et al., 2004) 55 1%, B FK#EozE
A DSV AN T WS 2 Db h5bA%, 2k
MR R & o Tt SN KR L £ 2 5 h
5. ZOWREH O T K O ZEM 54 % BT 572
DIZIE, FHICEBHOY 32— a v REER S

32 FAE 2011 FEHEX

FEILFIHE TI, 201145 1 H 26 H25 27 HIZH T
THTT) =7 VA3 EISSE L7z, 2N
IER AR R L, AL — 4 —12X > T 6.5~8.5km
DB ASBEA S A7z (Fid - 10, 2013) . ARBHIO L — 47—
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(a) Pyroclasts in the atmosphere
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Fig. 4. Distribution of the Lagrangian marker particles for
the Pinatubo 1991 eruption, with (a) top view of the
particles accumulated in the atmosphere and (b) par-
ticles which deposit on the ground. In Fig. 4a, ellipse
represents the edge of umbrella cloud on the basis of
the satellite image. In Fig. 4b, solid curves are the
thickness contours (in mm) by Wiesner et al. (2004).

(SAR) 12 & 2 AMIE T — & L EFHEHC & 2 Wi
7 — 5 ZMHAEDELTHET, KEIBIT LA
1L13~1.85 X 10°%g s ' L @ ETRESN TV S
(Kozono et al., 2013).
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Fig. 5. Simulation results of the Shinmoe-dake 2011

eruption. (a) Bird-view of the iso-surface where the
mass fraction of the ejected material is equal to 0.002.
(b) Cross-sectional distribution of the mass fraction of
the ejected material in x—z space. (c¢) Cross-sectional
distribution of the marker particles.

Ial—Yarli KOCToEMERE, BEliEo¥y
fl15%10°%kgs™ ' Z—FEMHE LTIRELR. 72, A%
E 7V IMANHM (22D CRME S 7RI D 55 5K
IWEA OS5 (Hashimoto ef al., 2012) % KA D# S
e L7z, YIalb—YaryoiiE Iz TkEL
B L EE A ER SN (Fig. 5). BWEIC X - TK
CE 2 & BB L, 2 O% 6~8km DFEFETK
SERMICIER L7z, C ORISR R L — & — Bl
WREBAWTHDL, PL—F KT OREOME, Bk
MELJE & RSP PR R A & LA (9 | S HERL - BT 9 % K
ORETF OB E N7 (Fig. 5¢).

Fig. 6 12, K& EHETO ML —H =k T D54 kk
BERY. KT ORT1d L2220 S TH~HH
HAGATHIRAT > 727 (Fig. 6a), MO R 5347 il
XA A~ AT M OS2 (Fig. 6b). Bifiiy 3 2 L —
VaUREREBT LS A, OIS T
K D22 A7 O F A O#E L, 78 T oJal
MOFEWIZLEDDTH S LHP LA (Suzuki and
Koyaguchi, 2013). K&H @ b L — 4 — ki 055340 F7 1)
1, BRERICHRE SN N TRAEGRE L L
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(a) Pyroclasts in the atmosphere
32°007f

31°30" | 5
130°30”

(b) Fallout

131°00” 131°30”

32°00”

10

131°00” 131°30”

130°30”

Fig. 6. Distribution of the Lagrangian marker particles at
12 min from the eruption initiation, with (a) top view
of the particles accumulated in the atmosphere and (b)
particles which deposit on the ground. Solid curves in
Fig. 6b represent the isomass contours based on the
field observations (Maeno et al., 2014a).

F7o, YIalb—Ta yOREE SN ETHETREY O 5
A H B A R (Miyabuchi et al., 2013 ; Maeno et al.,
2014a) LEATH o7z, FHHERROE R 5 HGEEICIE,
Miyabuchi ef al. (2013) TG S LTV 2 75l 72 5345 & 58
BT 2 UEDDH L.

3-3 ARNXIT - 7Ib— b 2014 R

AV RATTOY v T EEREIAET S 70— MKl
T, 2014 4E 2 13 HIC 2~3 Beflikse 3 5 7)) = —3K
WS ASFELE L 72, WERERE 0D f5 v v FE 1 25~30km (25
L, B 17~18km TARIEHE ALK L 72 (Kristiansen et
al.,2015), AR 220 BB R A S, T
BNZIEO -, HEIRAE 2 & 44 5 N7zl T K Ofs %
MBI CHE 2 2 & T, PR R EHEIL 3.6~7.0X 107
kgs ' L RAED H72 (Maeno er al., 2014b).

7IV— T 2014 SEBKFE F IEER 3 RICET IV T
Ial—TarL7 WREE 36x107kgs ' &L, A
RIFITERIT D Global Spectral Model |20 72 FH AT
F—rl RV YIal—Ya rOfER 1ZITEE
(Z B DA & JEUT NS R L 7o AR 4 P

X [km]

50

X [km]

Fig. 7. Simulation results of the Kelud 2014 eruption. (a)
Bird-view of the iso-surface where the mass fraction of
the ejected material is equal to 0.002. (b) Cross-sectional
distribution of the mass fraction of the ejected material
in x—z space. (c¢) Cross-sectional distribution of the
marker particles.

L7z (Fig. 7). WK 1 RERITR1C, AT oo & Flid ok
PR 50km 123 L TV AA, BT ENER 90km £ T
MENTWD, B DRTIZLEEZDS, IS ORI
NTHRM ST L7, WAL R AR 7> &
BEL 72 b L —H—h71d, TR TSR ST
LR HREREC & 72 (Fig. 7).

KA EHETO L —F—kT 05 fiE R (Fig. 8)
X, JRORENS VA (Fig. 4) EREWEE (Fig
6) LIxFAR o7 K& O KE AT X R
ex LCwab2s, HERW AL TENCMEL Tw b,
KA T 2 KB o 5, N L2 g
(Kristiansen et al., 2015 ICFELVY) BB I Z—3L,
BN O 2B T KK O 454 E W EFA 7 — % (Maeno
etal,2014b) EEVEMIZ—EHL TS, 4tk BHIZEEM
I - MEEASTEETH 5.

4. ERHEEETILOBEICET T
RIEICARL72L 912, 3 KIGE T IVIZFER OB OB

"7 4 % 3 ¥ 7K http://weather.uwyo.edu/upperair/sounding html
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(a) Pyroclasts in the atmosphere

11° 112° 113°

(b) Fallout

11°

112° 113°

Fig. 8. Distribution of the Lagrangian marker particles at
12 min. from the eruption initiation, with (a) top view
of the particles accumulated in the atmosphere and (b)
particles which deposit on the ground.

WF— 2 HB 52D TEDLD, KBFEHEBEL H
TH UL OOFEIZEAM D S8 Ah 5 720%EHIC
A7z, —F, E® 1LRICETIVIE, =2 LA U2
VMR K B ERMGE L UL B v A
HEN, FEPED LOEREN G, £2T, 3Kk
JCETIVE VTR IZ B 2FERIN % b, B OE%
DD ENTENL, ZOflEEHV2EE 1 IRTET IV
FEEEOSCEMNEME 7L BEETIV) E2 b,
IV NLA YA MREE, BROTAFI 7 A%

WETHROEER/SF A= THY (Morton ef al.,
1956), HEHICL L DENFEREH, S ZN 5 OEILES) &
CTHEY 52 v FT~0.07, FJITHREITL T V-2
T0.10~0.15 TH S & HAE D 51T &7z (Papanicolaou
and List, 1988; Wang and Law, 2002). M EE O IEHEIE
TALDSIRE RN 22 2 U HEMEA D 5 728, Kaminski et
al. 2005) Z X F TF L ¥ 7)) a— ) kKEHOEN
FEREATV, k OMEIZKIFIET0.07 L b/
Y1552 & %R L7 Dellino ef al. (2014) 1%, KILK

EEEN A EHCIENATORKERZ TV,
Ty FOKDS kOMED0.11 THAHI L ERRLT
INBIEKIHEDFEMW 2 k OETH Y, [ G-
WECJT s ] BAARIIRE T 2 RN 2 k OHIZEIE O 3 kT
Yial—varEHuTRDRITIUER S v,

3WILET NV E AV kORFED DL, FISEMUT A
EFIVEER 1 RICE TN TS N7 R % ey
HZEIZE 5T, ERRMEARD 54172 (Suzuki et al.,
2005 ; Suzuki and Koyaguchi, 2009 ; Suzuki and Koyaguchi,
2015). FNHDY I 2L —va YEERICED L, HK
1 2011 4EREK TR S 1172 & 9 7% weak plume T, & IE
0.06 F2£CTdH 1) (Suzuki and Koyaguchi, 2015), ¥ 7K
1991 4EHE K D X 9 7 strong plume Tl 0.1 FETH 5 =
L AR EN7z (Suzuki and Koyaguchi, 2009).

JUZE BTy M LA vk MEELB I, BZE0
FHEEE (Briggs, 1969) R ZEMNFEER (Hewett et al., 1971;
Hoult et al., 1969) |2 £ > T 0.6~1.0 & ifED SN TE 7.
INHOFERD, KEBUE R IR EL O E N %
BENTWAEWED, BEOEHEY I2L—3a %l
WCEMN R EE KD 2T 1E7% 5 %2\, Suzuki and
Koyaguchi (2015) 1, $k4 ZJEO 707 7 4 )V & Ji#H %
MGG 2 FER 3 RILy Iab—2a v T
WV, BOMED02~03 THDHI L a7z

WLy I alb—Ya s onik BEMo %
W LRICET VT, MR L PR & 5 2 7o 8 A O
T B L BN FIMITE A (Fig. 9). ¥/~
{2 800T, KO TOLME 3wt% T, HIEEERR % R
ELTWD, BIEO/NSWIEIEIZIE, £=0.06, =02 %
{52 L (Figs. 9aand 9c), B K & WIEMEIZIX £ =0.1,
B=02 ZM5E L7z (Figs. 9b and 9d).

FEAE U OBE, M 100k s~ OBER S
1T 6km FEEET, W{HEROIME & & I122 DS BN
4% (Fig.9a). WEHHEA10"5kgs ! $TH 2 &R
FEE L 46~48km T TiET A, ZNL D DN
{7 % L AR I L CRIIEAY5E4 T % (Fig. 9b).
W A [ L 7o E, DS AT 5 (T LR (LK
TEA, Fo, BMHEENEVITZE, ROBEIINEL RS
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(b) Total heights of strong plume

(a) Total heights of weak plume
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0.10 and

0.2, and (b, d) £

0.06 and B

0.2. Figures 9a and 9b illustrate the total heights of weak and strong plumes, respectively, whereas Figs. 9c and 9d

Fig. 9.

A=

illustrate the neutral buoyancy levels of weak and strong plumes, respectively. The gray zones in Figs. 9b and 9d

represent the conditions of column collapse.
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3/ICY I ab—va vl EonwCcn oy LA Ay
MaEk BERUEL, TS EFMVAER 1 RICET
VAEHEHETLVE LTHHTHL I EHRL.
HIEE 2Tl /NHUBERE K & KRBV A0 % & OfAs
D 5T\ T, PHB A CAE R IEDTRD LT
W5, F7z, B OEIZ/NBIEE DA TRED T
b, @ 5 DWW RE 7 SE A EIE E TV 2 fR S
FTHIUE, B BAEE L RASGHDIL VT 2 =5
ALY T4 BAT, k& BOFEHMIME, b L ATBEEE
HIRD LT D

FFREFIHE LT 7V % A 5 CTHEXIER Z SRETT
W3 21203, BHEETVOREELISMZ, BIHKE DM
FLWHER D, 2015 0SB E B L TV D55
BE [OEDbY 85 L2/ - BRI GEAEDIN 1 & 8L
N REOBINZ & > T2 E T XD S E G A HUS:
TE, WY A+ 37 A0 - BRIZRKWIZRIZIo L
EZobNA, Fi, KRV —F =% 72BN O
WA b ATEB Y (Makieral., 2012), WEKHERE % IEFE
WCHRZDZEDRTEDL LR N DOOH 5.

ARG T 225 728, KIS A St O PeE b
YA F IV ACBNWTERRMEODLEOTH S
[N G- e | BIFR UL, M kR AR
BT D05, KIERISE AT DR G R= AL
Bz bEZ N5, KOMEOEDN 2GR k
1%, FEEINESWiliE & D 2 &R (Kaminski et al.,
2005), FEERIY) (Carazzo et al., 2008), & L CTHfiEN) (Suzuki
and Koyaguchi, 2012) [Z/RENTW5. F72, KOTH
JEME 3 2B IR AREAMRT 35 2 & AYERRY IR
ENTwb (Solovitz et al., 2011 ; Saffaraval et al., 2012) .
L2L, INHDkDMEIZERSN/z287 A—F ZERTL
PRIED SNTwav, F72, DK s A St 5
ZHFE ThbHKOMEID B O, DS
NTHELT, 3IRTEF ML ZEHEOEHEY I 2L —
PR N aVACRS S-S (W

Bl 24

KETHWHERTEO—HIL, JUN KSR RIS
JehgE & — OB HE R S X 7 & LEERTIER S
R OWIRY I 2 L — %, T KEMENFERT EIC 515
B AT ARFH L7z, BRONEL, /AR
Antonio Costa [X & OILFWIIERL T4 A7 v ¥ a VT4
SWTWET. F7o, WEZHO/NEBEE L, A
OFEAFER L, BLUEAEED S HME C OFERN
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