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Absirmctt The 26 Diocember 17 explosive aetsvily al Soufriére Hills Yolaro, Monsermal, pravided an opportinsis G sty
ihe evolution of o vodcunie clowd by mergmg dita from verioes soaelliies wih wind-imjectory data, The sativiny inashed
debris avilanche that descended SS9 froe the lva dome. s the consl. and o pyroclasise density cusnent thal irsversad ihe
e e enlereed the se The slope failure anid subsegoent dome collupse occureed o e 070 wniversal fme (UTC 0840 local
i, lasted 152 minsics, and procluced on upeardly comveding voléanic ash closd 1B cloiild wimperaiures sugpes rose Lo
o 13kini The vakanse sl cloud mus umusual bevause the pyroclastic density curreil ininspirtad Bot line 2sh Lo the sea. nhere i
wagilly transfzrred itn hesi w the sea water. The evaporation of large vodunies of water pivadscad & voleanogenic meseormlogical
iV 8 clod that convected alenp with the volcanic ash cloud

The evalution ol the valcanic and YW douds was stuilied vseny sn senivopic wisd topcory model and b Cron e
el sensiors; Grevstutivmary Observaimml Exvironmenial Saeellie 8 GOES H), Advanced Very High Resolution Badjemeto
(A VHRR L, and Tostul Coone Mappang Spadtiomssier § T4 IbASE T high remposral resolution of the GOES € mapes [iBed many ol
the tinse gags ihe other salellsies leli, amd allowel geantiative retrievals 1o be perfommed using o teo-hand infrirs) ceoeol
mrethod. The three-dimensional morphaology of the voleanie elonl was eeonsarucied useng GOES £ daia ond by determiming the
bezighis ol air panseds fnom sisd-rjeetory da, The voleanic doud wis estimaiod wo contain up 10 4.5 = 107 kg of silicaie osh
Beeiwuem o, (718 LT amd 13239 0T b ash sigead of the volcanic closod was masked by the Wi elouil, wehisch Bagl @ s of up 1is
8w 0" kg of e, Boo forms when molst ale 5 convecied upmunds bo temperatanes of less than —400C and Bewaines satumited

lee formution in voleanic chomlds i specinlly lkely when ol volcanic material is coaled by ssirwater rakher than e atmsis-
phere. The efficiency ol cvapairatsmn of (B senwaler was colenbaied 1o be o 5%, hased on physseal aml Col IES K liea, TOMS daia
shiwwad the U35 i the sodeanie chiud rose higher than ike ashm the voleanic dhoid, as his oacurred 8 ssyveral other emaptions

A gomparisin beiween GOES & and AVHRR daia showed ikat AVHRE data setdeval ligher fine-pak silcaie masses nnd
highet choud areas than (OES & due i the fmer spaiia] fesolution of AVHRR e The @ffact on retrisval dots of the high
waler vapous comient in ihe kower troposphere of the tropeal ntmesphers wos guond el ke high bumsdicy in e Moniserral
reghoan coused the chamcieristic ush signul g0 the inframad ssisars 1 ke depressal By upoa 8., This signal depression coisad a
cormesponding underestimntion of the mass amd ares of the volesnie osoud whea the infrared brighiness temperalan dillerend

relreyal techniguee was msed

Cver Che Bast v deeacdes seienists have parsued progressively mare
sophisticaied methods of using satelhite dala for e study of
vosleanic clouds (eg. Krseper 1983, Prota 1999 Wen & Rose 1594,
Erotkoy o of 1999, Mosi recently, the mesping of sarcllite and
wind-Lrijectory data has provided o more holistic loek ot volomae
clouel behavior. Studies of the 1994 Bahaul eruplien demonstrated
that the eraption ¢loud congiined large amounts af oz ( Rose of al.
1985 Dol showed that the June 1992 Spary eruption chud was
sheared and thinmed from below aa & trovelled away Froem the
volcinee [ Shimnon 18R The 1982 El Chichon eruption eloud wils
fonid 1o have wepuraited into 50, and ash-rich poruons at dilferent
altitudles (Selneuber o af. 199%), In additeen, the high lemporl
resolutson of geostitlionary infrred data lkas provided an oppaor-
tiniry to perform more detailed analvsis of volcamic clouds by lilling
i the tote mupe left by palar ofbiting satellites (Rose & Schneider
PRy, The deselopment of guantitaiive algontms for retneving the
churecteristics of volerme chruds bos made it possible (o evilupie
resictions nnd chemical physicul processes in voleanic chouads as they
ket (Wen & Bose |9 Krueger of of, 1995 Krotkow e al [999)
While preliminary work hus been condueiad on e use of geo-
stnthenary saiellives in guantitniive vedeame chousl stisbies | Rose &
Sehneider 1906:; Dovies & Rose 190E)L 8 need exists for multisensor
stihies s ensare that the high teoeporal resolubion of geostlioniary
satetline dkatn i the hagh spatnlresolution of pelar orbiting saiellie
imuges are wsed o therr Tall potentil, Owver 8O0 scenies of voleanic
clowls Trom Sceufriere Hills Voleuno are avmlable for anolysas
(Davies & Rose 199H). Davies & Rose (1998 briefly describe some
aletalls of the evelution of the valennse cloud From the 6 Movembor
1997 divme collepse ol Souleére Hills Yolainae, They discass the
presenes of 8 volcanogenic meteorobogicil § Vi cloud. e the eilac
of using the braphiness temperuture difference (BTTH echnigue 1o
defineate the voleansc choud in o region with high humidine.
seventl veleanic cloiidd studics using pedar-orhizing satelliles have
shown thal separatiom of 50- feom the ash i vodeanic elonds
occurreld (Shocker 1996 Schpeider = ol 1999, Constanting of o,
200MK), et the cause ol the separition has not been explaimed, The

frequent daty provided by peosistionnry spiellites are needed 1o
study the physical und chemical processes in shori-livad vol
canic clouds,

Thee goal of this paper is 1o describe wnad .ahu!}u:' the :]}'Iumi:..\ ol
volede and Y8 cloads utilizing satellite pnd wind-trmjectory data.
This work apples dhiverse satellite and wind-trajectory. magled
teilsdaedopy v the lirgesi Soufriere Hills eraptive evenl ol 147,
the M December domse collopse. which penernied o pyroclasse
density current that traveldled 1o the coost amd entered e ssa, pro-
ducing a VM cloud frem evaporution of seawater and o voloans
clowd thpt rose to e 1 5kme To |'.'r|:|p describe and Jlluh'ﬂ'.‘ml: clouds,
dary From Geostationary Observationn] Environmental Sateflin 8
(GOES K the Advaneed Very High Resolution  Rodssmetes
(AYHRRL the Todal Crone Mapping Spectrometer {TOMSL an
isenirepic wind trapectory model, and grownd observations ore ussd

The muoin ohjectives of this study wre as follows, (o) Determine
ihe three-dimenstonal morpholegy of the volcame cloud dwsmg
wind-trifectory datn and GOES B imagery, (b Compare the
imagrery wid dish clowd retrieval dida from AYHERR @l CGGOES 5
which hove different sputinl ressditions. (<l ."'lel:.-bt.‘ the musking
effect of the WM elond when it overlapped the voleanse cloud from
the satellite perspociive. The evolution of the VM cloud is
reconstrcied, the volume of seawoler evaporated 10 form il is
extimied. andd the effeet of masking by the VM clond on retrieved
virlenmiz=clouel dida is discussed. (o} Investigaie the offecl of the
humid lower tropesphere in the Montsermul repon on refnesing
cliwid properties using the inlared brightess emperuture difler-
gnge technigue. (e Investigate the conse of the sepanition of 50,
anel volcnme ash o the Soulmsére Hills voleanie elowd,

The 26 December 1997 collnpse

The lurgesi dome collupse of the Soulnere Hills erupdion occurred
on b December 1997, The SW flunk gove way and moved down the
White River valley as a dehris avilonche iﬁpul‘l:l- e, 2L This
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Fig: 1. Ash masses o volmnde diouds. The tolal mass of ash i messiored
nnad mappod Gallow deposits i plotied apsni the mavimam maoss of fing
Phamwiter 1-25 pm ash edisered i voeléanic clouds using wo-band
mlrured saigllive dota {Bosd ef of, NEKI)

was folbowed by o fust-moving pyroclastic demity curremt whach
penerated an imporiant voleanic cloud (Bonpdonno @ wf. 2H2)
While the 26 December |U7 solcanic ash choud is lorge refative 1o
other Soufricre Hills volcanic clowds, it 15 on order of magnitwde
snaller than those of 1992 from Croter Peak of Mount Sparr,
Ak, und misre than two orders of magnilisle smalber than the
15 Auguast 199 gruption of Cerme Hsdson, Chile (Feg. 1), Details
of the 26 December 1997 cvein ane piven by Sparks er afl. (JM03),
Ad the pyroclasiic density currenl brivelixl down Whide River
Yalley 1o the s, it guickly overiook the debeiz avalunche. Sparks
ef anl. (20020 wed estimates of the volome of the dome belore and
ufter the eruption to estimnie the volome of dome materiol in the
pyroclasise density current st 35-4%5 = 10° m® (o #07% of Uhe dome),
The density current had a peak velocity of 8- ms ', and & mini-
g Ay of 107 kgs ' 1 devastated 10km” of southern Moniser-
rut amd extendad the former coastline o distance of wp to 2Hbm, The
itspersal of the muterial from the pyrocliste density current is
descnbed I:|_|,. Sparks er ol (2002 anad Ritchie et af (202} The fine
ash 0L05-62.5 pm ruddivs; Baxter o o, 1999 component of the
prroclasts density curient convected, due to thermal dilerences
betagen air heated by the hot ash and ambient air, forming »
column it rose several kilometnes uuo the atmaaphene (Cobe e al.
1990} Light ash lell over southwestern Moniserrat, as well is SE off
Montserrat on the Bland of Guodeloupe, bt most of the fine ash
wis depoaiied in the sea (Honadonnn ef af, 202} Approxomoiely
1532w 10Fm' of the 3545« 1Fm’ of dome muoierinl wus
deposted on lund, therefone ghour 3043 = 10°m® of the muteril
it pl pecounted for (Sparks ef ol 3025, This missing volume s
thought te have partly ewiered the s, and pirtly convected into
the buayant ash plume. Though the luteru] extent of the submaring
deposit is unknown, wreas with depostis up 10 30m thick were
lound, sugpesting that the bualk of the missing  muolerin] wos
dlepositeel in the sea (Spurks et f, 2007),

The activity oceurred at nighi end could pot be obsrved
directly, so we know little abowl the inberuction between the
prroclastic density currenl und the oocan. However, it is probable
thai the eniry of the pyroclasiic density currend into Lhe sea caissed
evaporation of seawater and the formation of & VM cload,

Fallowt deposits of 26 December 1997

Chnly w smpll frncteom of the airborme gsh of 26 December 1997 was
seitsed by inlrored salbellile deleetors because mueh of il wis conrser
thaii the satelbite could detect {1,512 prm radios) ond Gell owt VETY
quickly after the eruption, Andesitic ash produced by fragmenia-
o af the Moniserral lnva donse during viarous dome collapses
oontwinad 60- 70w of 5-615 jum particles and 1320wt par-

beles <5 pm (HBaxter of of, 1990 Alihough the ash was [ne-graimed
and wsild be expecied o huve o long atmospheric residence, miuch
of it fefl owt very quickly a8 accretionary Lapilli SW of the voleino
{ Bonudonna ef of. HH2). The high humidity in the tropecal almos-
phiere, and 'or the excess water in the volenunis cloud from imleraction
with the W& cloucl, may have been (actiors in the craation af the
lnrge quantity of accretionary lapill,

Meteorology of the Montserrai region

The weather m the Caribbean 5 oflen monolonos, sith e
ihai cun las For weeks. Conditions near sea level are hot and dry, and
mriiinins are ofien droped with orogrophic clouds. Bensath the
temperatune inversion (1-2km), the pir & mois with o loyer of
cumilus clouds. The wrade winds, or tropdeal ewsterlies. are pro-
nounced in the tropics between 0 and 6 km, especially durng 1he
winter. The trade winds produce prediciable sesther patierns
becuuse they travel consistently fowirds the SW at e, Tms ', while
upper kevel wimds (6 km) often iravel in o dilferent drection { Barry
& Chorley 1992 The tropopaise in late December, hassd on rsidio-
soicle datn from Guadidowpe, was aboat 16 17 km aboyve sea level.

[hita and data wmanlysis

Genstatioary Ohservational Environmental Satellire
[LellEN )

CES sensors witluee Bve bands munging from visible 1o thernal-
imfrares] {Table 1h and operie o the geosynchronons altitede ol
158 km abowe the Earth's surface. Gwostationary data are
ndvantageous when studying volcanic clowls becanse the duiln
hove i fine temporal resolution. lmages are collected approximaiely
every 30 minides compared 1o bwa e foar dmes dadly (o pelar-
orhiting saiellites, The 26 December 1997 activity was imaged by

Tabie 1. GEIES & ol AVETRE speciral o inforssarion

B CROES Mdmb Ho=alugion (km) AVHEHER A (m)
| 551175 | £ S i
a 40 4 ATZE-1.19
5 .3-T8 ] 155593
4 12-11.2 4 105113
4 I 5-12s 4 TES L]

*AVHRR subposnl resolition w00 ki bm ol baisds,
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Fig. 3 A al e volamie éloas] of Sesnlmere Hiflls Voleane, 36 Deoemmber

DO, i detarimiiiod By {G0HES Taiid 4 &l WTTY. The BT s ol the

b 4 urea only early in ihe evenl and geverilly @ ahowl 105 of 1be hand 4
e, deersising with time
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CHOES # which seans hidirectionnlly, ablermating west (o inid
enst lo west (Kidder & Vonder Haar §44y)

{ivarced Fery High Rexaliunion Roiometer (A VKRR

I AVHER is i multispecital, mirared mdsometer thot opersies

on polur=orbimmg meleorologscal spietlines opernied by the MNational
Capeani dimumpheno  Adminmtration (&OAAF wilh
speciral hands [ Lake 1] [he X December 1997 soloanic choeail
was imaged by the AVHER sensor ot PeOAA-T4, which 1s
syochionows satellite, with daviime norih-to=sonth eguatonal
crossing {Lillesaned & Kieler 19871 AVHRE bus g swath width of
dapprosimately 3800 km, ung mages the some are faice daily with
ciytime and mghi-lme passes L AL ) dain
{pixel scnbe 1.1 kmy al nodir] were ussd o thes sty (0 SR6LYES

N

| aren covernges (1

afysicil dalails ynleamic elond

a 0709 7
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Fig. 3. Selevied GOES hand 4 volcanie choud pmapss. 20 Jecember 9597
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this was corrected using wavelengih-dependeni duta collecied by
Pallack «r &, [1973), We retrieved voleanic cloud information in
two pars, to allow for differing cloud heghils. Clood beights were
oonstrined by wine trajectory dota. The aréa of the voleamic cloud
i band 4 images was measured o comgeire Uhem with arcas of the
ash i the voleanic cloud shown in the BTD images (Feg. 21, This
procedbure i subjective and was dome o estimale any under-
extimation of wsh mass in the voleanbe clowd due o the vropospheric
maisiune,

GRER aud AVHRER resulin

Hanel 4 brightmess temperatives.  (GOES 8 collectad 31 mages of the
valemie cloud om 26 December 197, approzimuiely every 30 min-
wies feom 0709 wndversal tme (LT, 03409 loeal tme) (e 8 mitutes
aller the erapiion began ), until 23:38 UT, The patiern ol movemen
of the volcanic clowd is shown by s selecied band 4 images in
Fi.glm'. 1, The voleame cloud cannol hcd.lmpp.l.nhu.l [rom meleors-
bogicul clowds in band 4, but this type of representation does show
the overall patiern of dEpersal well, and it disptays the full stee of the
cloud, even after the infrured ash signal is 100 wenk io be delecied,
Thirouglout the e |T howrs shown @ Figuee 3 the veleanbe clid
wits elongaie] hundreds ofkilometres (o the SE, while simultn-
meously migrating F20km (o the 5W (from ihe voleano 1o the cloud
cenbrohd ). The T ]I‘rl.:l.;t IfF'l:l'. Jnpshows nhuqﬂ!'d-:ﬂ'rr:d volonmic
cload, with o high optical depth reflecisd in the cold temperuture,
fociied near e voleano with an area of 70km®, and Somguied
d0km Lo the SE. The clowd wlimately rose to o 15 km, based on
comparing rdesomde dati from the Guadeloupe weallser station
(Fig 4 and 1he clod brghtness lemperatures (200 K ) denved from
hand 4 datu of high-optical-depth pisels of the closd in the two
carliest bmages (0T UT wwd 0739 UIT: the latter is not shown
in Fig. 7. The mdissonde data (Fig. 45 show that the temperature
wis 200 K at twe altitudes; i the iroposphers ol o 15 kem, and in

the sratosphers at ¢ 20km. Wind-trajeciory analyses show that
the volcanie cloud did ned mse e 30 km, therelore o 15 km was the
mukimmem oltfnde that the voleunic clomd reached.

AT reteievl renufte,  Figure 5 shows the volone clood as
discriminated by BT Figures 2 amd 3 show bow e aren of the
volcumic chvud changed with fime during 16 December. 1 increased
in spe mupidly nn fiese, showing and resching a maxkiism i1 b
1600 LT and then shvwly decrensed in size. The band 4 areas of the
elowd were larger by about an ondes of magnitole darng mish
of the doy. The difference m arens occurred in part becaee the
26 Diecember 1997 dome collapse wis smuller than other erup-
tons shown o Figare I, so the conceatration of e ash in nsuch
of the volennic clond was nod high enough For the senser 10 detect,
The voleanic ash signul lor each pisel must be strong enough 1o
override the elfects of amy hydrometeors i the volennie dowd, ar
the effecis ol high humidity depressing infmned radistion ransmis-
slon in the tropicil lower troposphere (Call & Casefles 1997),
Figure & summarizes the time trends of the 26 December 1997
vorlcnnie eboud, including mass, area and mean optical depii. This
represents Lthe BTD-deiermined ash-rich core of u lurger cloud. The
twi-dimensienal shapes of these clowd cores ane shown in Figure 5
Retrvevil results from CHOES B ane given in Tabie 2. Belween 057:39
and (63 UT the volcanic clowd aren decrensed by 40%, nnd ozl
ash mass of the volamic chmid decreasad by 75% (Fag 6h These
decreases were probably caused by interference of the transmission
al ihe ush signal o the sensor by a Y8 clond. The tinses when the
volcanic clowd ash signal was miasked by the Y& cloud is shown in
Figure 6. After 09:39 LT the totu] area and sificate nnss increased
anidl Da 30 UT and 1300 UT, respectively, with o general decrense
therenfier; The optical depih decrensed rapidly after 09:3% UT wuntil
153 UT, when 0 begin to decrease al o sbower rte. The masi-
mum mass of fine psh (45 = 10" ky) wos detected ot 07;39 UIT, ¢, 38
miniites after the explosive activity began. The voleanle cload core
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DY MNAMICS OF VOILCA NI
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AND METEOROLOGICAL CLOLDS
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Flg. 8. Selected GOHES beaghiness tempersiure dillerence (T images, 26 Devernber 1997, The siee of the valcamic clowd os outlined by BTTY b muoch smaller

than that outlined by hand 4 {Fig, 3}, & anly the dense comnes of the clead, rdher in voleanie asly, e detecied by el values less ikan

as seen with BTD dota expanded 1o 16 times its size in the bl
Hmge |]-|!_._ fah over 1106 hours o o maximeam area of hIIIHIirn'
(Fig. 5d)

Figures 7 and 8 show the spatual distnibution of the clood ophcal
deptly, fine nabh moss and mean effoctive rafion (Table 2). The
wlperithm used in the reineval model prodoces massss derved (rom
the optical depah; therefore they wre directly relnted (Fig. Th The
cloud™s overal]l kighest ash moss and optical depth ccourred in Ehe
first hour afler the onsel of the eaplosive setiviry (7:249 LT), when
ihe clowd had an averuge oplical depth af 16 and was partially
Ol ue {optical depth >4), The mass and oplical depth gemerully
decréused witdl P53 LT alibhough they increissd shphtly in the
northern secthon of the voloanic clood begmning ar 13009 UT

08K far KTD

AVHRR revlis, A single NOAA |4 AVHRR image from 1747
LT ois 26 December 1997 awiis alsd afblvssd l:|'||1 ) by the same
algorithm and tabulated with the GOES data i Table 2

Twral (zone Mapping Spectromeier | PR A

TOMSE is pn uliraviolet sapectrophotomeler Thal operales in o polar
sun-synchronaas orbit on board NASA's Earth Probe (EF) satcl-
e TOMS compares speciral radiance of the sunlii atmosphere
with rudinnce of o sunlin calibroted @iffuser plate Trom a antelliee
plitform (Krucper of al [995), EP) TOMS hus @ 2[00 km swath
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—t— Ash Mass = -e==Optical Depth

Effects
of VM
clowd

%
A

Ash Mass, x 106 kg

Fig. & Chamges in fine osh mass, and
optical depdh (unitlessi of the vwolcanic
clood on 26 Docember 1997, Dain [Tom
Table I The iwo AYHRR pomnis are
lahelled; ol of Ube others are from

12

Time, UT 12/26/97

andd M Earth covernge; it rmages the same area omce daily, with
J0km pixel siee wt nodie (MePeters er of, 1998), Four bands within
the ¥ 2-380nm region wre used bo determine fotal=colamn 503,
lisdings { Krueger o . 1995 505 concentrations ure measwred i
Davbson wmis (DU, whsch represenl the thnckness of gas al
slapdard lemperniure and pressure that affects the reflection of
ultraviolet Faiation in o eolumn that extends from the sellie o
the reflective surface, A datn visuslization snfiware puckage (10015
progridn developed by MASA (Krueger or ol 1995) caboulates e
total concentration of 50 by multiplying the DU of 50: in ench
pinel colleceed by TOMS by the area of the pixel and o conversioen
fuctor, then sumaung all of the picels o the area of iRleres

I8

GCFES. The painds hetween aboni
®ogmd 0 UT ishoded aren) ome during
1 persod of maskng clleces ol Uhe
volEinogenie idlseioliagicil dainil

iKrmeger of al. 19955, The algonithm wsexd in the progrom companes
fndiance values collacted by TOMS with pre-computed mdimees
from o look-up tntle, The book-up toble includes the 26 siondard
agome profiles and a yver of 50, with wmownts from | CHLD go 606
3L a1 20km (M. Krolkaw, pers. coman. |. The 1oal comcentralion
of 50 in the volcanic cloud wis cormecied for background levels
(L. sensor-dependent kvels) of S0, (after Constanting ef al. 2000
The EPTOMS dala are nod rectilinenr, so the 50 locuted hetween
the pisels s is caleubaied by assuming thai the anss of 50
in the choud missed by the scan is a function of the mibio betvwesn the
scan area nnd the 1odal cloud area |8, Schoefer, pers. comm. ). The
fimnl 503 muss vilue nepresents the SO0 i the eloud, including S0

Table 2. GEVEN el AVNAR infrasnd micasls asb reiviein’ ol

Time T ol Cloud arca Mean effective rmliss Mean optical Fine sk mass
LLIT) ush pixels {mi*) | i drpth o 10F kgl
{17:4H 15 L4l T4 Lt 13
17w T 1300 LA 11 43
L 4 L LA} 14 P
R 48 T 54 L0 1]
LIRS 113 LLD L 57 L.i¥ il
1M 241 400 LT L7 n
1148 413 bR Th ki £
1k 154 A TN .7 L7 din 3
144 4l Tdihy hT i 17
1M 431 T2iWy a2 4 |
[ S0 LILLT &l na i
174 7 L 52 na I8
17T 451 LI i0 n H
{T2IT)*
[[5] bt gL 45 04 1
1539 ils son 50 na LR
i) 264 LRI 4% na 4
= l:3 anT 411K 4.7 i i3
bRt ] o £ TTHH) 47 na 44
kW 126 Z2IHH) 40 .2 31

* AVHENR datn have simaller praels Thigher spatial resistutson) siooan agquivalent nomber is caloulated o coipare. Datd from
Wen & Rose | 198 Mean aptical depab is undibess. Losal time = uedversl tame (L) minus 4 Bours
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between ihe scanned pinels but encluding backgroumd values, with
an approximate ermor of W (Kreeger of al, 1995)

In addition, the aerosol index (AL is mapped from TOMS datn
Al Is & unitless, relative seabe that identifies relative pmownts of
peroseds and ush i voloanic clowds (Seftor ¢f & 99855 Al is the
difference in the lopunihms of ekseatierad radinnee at two near-

16N I

A

;

(c) 13:00 UT
a3 _,"'ﬁ?w

: —
60 W

L+ - 15N

(e) 19:39 UF
W e

wlrruviodet wavelengihs compared with what would be expected for
a pare Rayleigh atmosphere over o Lumbertian surface (Kroikos
wf o, 1989), Meteorologicul cloods kave Al walues ol approg-
mitely 0 while absorbing medin (osh clouds, smoke and dusi} kave
positive values thal morease with higher optocal deplh (a maximim
vitlue of & was used inthis study ). The practical npplication of the Al

" g 60 W
‘ |d:':-
%]
15N =
-:T'
#
ig
tl s

23:39UT ‘;“
(f) N

-E-r
. —3 |

&

Fig. 7. Spabial distshution of optical depth vuboes (unitles) watkin the volcamic clowd cores for selectod data. 26 December [P, The Sirsl (e imsages are

enlerged in smle by a Bactor of feur compared 2 the others
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16N "

07:09 UT (4x enlarged)

10:39 UT (4x enlarged)

o ) 15N i 1SN
S =
| 4 g
. ”ﬁ [ 4 [
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19:39 UT' 23:39 UT *%y,
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Fig. B. Spatml distabetiom of effective rudius retricvals of vodeanss meh (in jomb within the voloenic clowsd codes For selected data 26 Decemrber 1997, Tha first 1w

riniapes aie enlaipéd in scalé by & faclod of (oo compais] 16 the ol

scale o clowd pnalysis can be complen, bt 11 18 ssmilar 1o the inlra
redd reirievals of Wen & Fose (19945, As shown by Krotkoy e al
[REL R :I'Ig. Iy, an Al vabie (oF a given partiche size distrsbulson can be
considered linearly relaied 10 ash optical depth (hence mass) under
typicud choud conditsians. Thies, For i mean elfective madius of | jum,
an Al wilue of 10 would represent approximaiely twice the mass of
an Al vilue of 5. For other mean effective radii. the relntionship is
skl rowghly bincar, bul nod metessandy ome-lo-one. However,

the pariscle sise dusinbution s mubtimodal, the Al imass relotion-
ship plso begomes o function of muliple curves (one for cach size
dstnbiliion)

e TOMS ohservation of the voleamic chboud s availshle
il 1343 UT (Fgs 9 amd 10), neirly cotncadent witly the ansl
maxima for the valcans clowd and with one of the CGOES duls seis.
The swith that capiured the voleanic cloud terminated at the SE
edpe of the clowd (Fig ¥), =0 the SU; mass of M0 = [P kg s a
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‘DEC 28, 1997
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Fig. . TOMS 500, elosd @i 1545 UT, 3 Decermber 1997, In ihis plot the footprings of individusl piacds are photied with thels 505 barden i Dobsan units
iequivalesi 1o milll-aim cm and shown by colour sculel, Mote thai the st edpe ol the 305 el & enileiel beciuse of the edpe of the orhital swath.
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Flg, M. TOMS sercsol imdex (Al omilless) map ag 1543 UT, 36 Decermber 1997, Moile (ki the A1 mape shsows an elempsie valoanic cloud, with o very dillerend

shape mam 1he S0k (Fig. %)

mimnimum value, The TOMS Al map (Fie 10 located ash soruthh ol

Musiitserrat with am ares of o 150 000 km® (abowt 30% lerger thun
thee banel 4 nrea 0 Fig, 1) and elopgated wowards the SSE. The ash
exfended from west of Montserrat 10 the 55E wnbil] o 60 wesi
and then continued enst erenting o hook shape thnt s also con-

spicucus in the 1039 UT and (308 UT GOES B band 4 images
i Fig, 3b ond ¢). This comprson shows elerly that the ideal TOMS
Al doia, collected o solar noon, can oulkine the voleanse ash much
mare (ully than GOES or AVHRR dati. Mowe that the 505 wak
located in the enstermmost portion of the valeane closd. Separation
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off 505 and ash in voleanie ¢louds has been observed in & number of
other cases (Rose er al. 1995 Holasek o1 af, 19946 Shocker 199%;
Schmeider o ol 19995 and will be dscoised bebow.

Fsenropic wimd trafeciory mode]

An sentropic wind trajectory maodel (Allen of af. 1999 was used o
recrente the melegmlogeal conditions durg the 26 December.
19T collapse in an effort to simulate the three-dimensional dispersal
of ash in the voleanic clond. Meteorolopical datn are poor m the
tropscs becuuse the weuker Coriolis effect ot low lotituxdes cuses
wiml cly mamses bo be morne comples than 5t higher ltitudes. & quali-
ttive reconstruction of ash dispersal over time wis produced uxing
wirmd dita. Five models of the wind data by three meleoradogical
centres were analysexl i ithis study: the Mationil Melworalapical
Center (WMC), the United Kingdom Meizorology (L'KMi and
the Americin Sochety of Meteorologiss (ASM). WMC duta with o
1“3 1" gridd produced the model of the voleanic cloud that vissally
correloted maosi accarately with the position of the voleanic cload in
GOES B imagery. Using MM wind feld dato for 26 December
1997, the model was run by starting a set of 72 pir parcels distribuwied
in a 25 km dameter ring cenired on the voleano when the explosive
nciivity bepun (Schoeberl o al. 1991L In the mode] the ar parcels
are advected by wind, temperature wnd pressune villses denved from
MMO s balonced wind equutions and then interpolaied o sentropic
(constani poiential wemperature) kvels over ihe kength of time the
virlkcanic cloml was vesible by GGOES B (Schosider er of. 1999 Data
are wvailable every siv hours starting at (600 UT on 26 December
1997 .1 bour prior fo the collapsé) and they were averaped
between the six-howor intervals. The positsons of the alr pureels ol
varwrus hielghts were compared to thee position of the voleanic choud
in band 4 and BT CHFES 8 mmiges o determine the vertical extent
af the volcanic clowd.

The tsentropic wind trajeceory model wad run for o range of
aliitwdes sturting ol 0700 LT on 26 Diecember 1997 with all poinis
initilly bocaied @t the voleana, Trapeiory poinls were compuied
for mir purcels at different alti=tudes a8 four<bour migrvals (Fig 1)
The irajectory podmis were compared 1o ssizllite imoges of the
solcanic and Y& clowds 1o determane the m.u.l.l:hlrlg altirsde. Fram
comparing positions of the porcels i the trajectory results and the
orietitation of the clouds in satellite lmagery, we discovered than
the volennic clood extended Trom aboul 2 to 15km altitude, while

the ¥ M clood rose to ¢ 17 km. Wil trajectony data (Fig 11) show
that by 1200 UT on 26 December ash ol 2 km alttode hud iraved-
bed at JMkmhb~' io the west, ash af 4km aliitode had iravelled
wl 15kmh~! o the SW, and ash ol & ko aliiude had iravelled at
Iokm b southward. Ar aliitude of 8 km and above the ash moved
SE; the wipd speed wos dlkmb! al Skm and increased o
T2hmb ", 104 kmh~! and 109kmb~', respectively i 10km, 12km
and 14 ke altiiudes. Al 16km the wind specd sbowed to T km b~
By 00 UT on 27 December 1997 wind speeds a1 12 km and 14 km
wiere stmibar (98 kmb! and B5kmb', respec- tively) and in the
same direction (5E), causing co=location of ash ai these heighis
Crwverall wind speeds increased from 2 to 14 km altitode ot 1200 LT
anied Gt 2 80 12 lerny sl il st 2400 LT, Thius in general the higher
pirts of the choud travellsl farther from the yoleano.

Iriscussiom

Petermination of the threv-dimensions! movphalogy of the
vinlcanic cloud

Three-dimensiona] vializnton of the voleme eload was derved
from combining cur ohservabions. The conspicuous 55E-pointing
hoak shape in the 1039 UT and 1309 UT band 4 images (Fig. *h
nnd ¢i con be expluined by the |ﬂj¢l:fl.1l‘_l.‘ af the wind. The hook
shape (ormed bocause wind speeds 0t an altiiude of 14km
(o9 kmb"), and ot 16km (F0kmb-'), were slower than speeds
below them (13 km altitude, [19kmh ") and because hefore 13:0%
UT wineds st alistusles slove 14 km blow inoashightly (157 mome
pusterly direction. A cross-sectbonal sview ol the volaanie doud
trajectory showdng the latitude of ash i variows heighis was creabed
from wind tragctory data (Fig. 12). The phet shows the pasition of
the voleanic cloud 24 hours aller the eruption began, with the wind
figld daia averaged between 000 UT on 26 December 1997 and
(: 04k LT om 27 December 1957, By o, 07400 UT on 26 December the
windl specd gradually neressed up to o PEm aliitude, then de-
cregsed e, 12 km, amud then mcremsed agnim ciusing the voleane
cload to have an S-shaped front. This is significant becase, in the
uhsence of wind shear, the satelbiie would see overlappang livers of
fine ash at the same latitude. The wind direction on 26 Pecember
F997 v constanlly Lo the 8E (with assmuth varvimg < 157 between

Fig. 11, Isentropic trajeciony model
resulis for 36 Devember 997 Each
lime comnecta poimis of porozls mising
al equal ahitudes of I, 4, & B, 11 B2,
amd L4 k. Poimis eprésenl 4 hodds ol
marreemmeml. All seis begii b Lthe
wolcana ol 6:F LT pnad includs
MR, 1830, Bl 22T, with
gach potnl being farther from che
vudenio's poation relleotling
condinned mavenssnt by winde
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e B lkm and 16km alitede, with Bitle wind shear, thos averloppang
lnyers were seen by the safellite sepsors. This three-dimensional
visualizntion of the cloud helps us evaluate whether the asumption
of clood shape parnllel 1o the Esrth's surface is violabed seriously,

60 -
14 km
Paotential
Tamp
K ,
a0+ 10 km
220 i LEm
-
b ™
300 i L i .
L] L] 12 14 18
Latitude (Deg M)
LACrEAaITE

Fig. 1L A coss-sectiona] nortl-soarth veew of dispersed volcamic choud
parcets @l 0740 LIT om 27 December 197, 34 hows afier the start of ihe
eruption. The plot i meant 16 show how the closd's ey ai deflereni
altivmles led to an overlapping relvtionship. The verool axis s plotied
in  mesrebogical Tormas, with polential temperature (efl) and sctual
heighe iright}

Fiz. 13, Comparisen of the position of Brightnees iemperature il e

L

Becaise the ¢l oud's sloge towarde the apwind direction is slight [ nse
al . 10 km in o e of ¢ B0 kmj, i€ is very nearly parallel.

{':mr;mn.ﬂ.u'r |.l_f'.||:.|l'r.f.f||!r Fetrteven il

We compared similar volcanic clowd duts from two satellifes.
Figure 11 shows the correlnisoen af the AVHRE and GOES %
images. The GOES & image was collected about B minades hefore the
AYHRR image sl @5 o resuli the contours showing the ash
position determined from GOES 8 daty wre shified abowt 7km ME
al the pusstisen of the AVHRE ash closd, Wingd spesds reached a
miximm of [19kmb " a1 13 km alitude amd the average specd
between 2 and 15km was S1kmb ", so the ash in the AVHRR
image had been moved by wind diaring e timie between dati colle-
thons 7 km, & minutes. . 52 kmh -1, Retrievals for both dsta sets
pre compared in Table 2. Correcting for differing pisel resolutions,
the nrea of volcamic clowd detaded by AVHER |= 47% ]utﬂ'll:"r Ulian
GOES, The mean optical depth redrieved by the AYHRR is also
higher by 47%. and ihese dilferences result in the ash moss being
B1% hipher. These differences are most likely coused by the highest
spitial reselubion ol the LAC AVHRR dida, which resulis in &
larger footpring of ash clood, resulting from the addition of pinels at
the opthzally tdn MmMnges (e, BTD close to —0.5°C)

The veldeamagenic meteorologioal cloud axspcianed with fie
26 December svent

The patiern of movemesi of the ¥YM clowd, which we belacve
farmed [rom the evaporation of seawnter by the pyroclastic demsty
curreni with sepwpier (we ducosion belowi, wos novealsad h_rr the

bl

13N

TRTTH sedcainee closs] amomalies Trom CGGOES H 073 UT) and AYHRR
1747 UTE The GOES data are conbiured wiih black lines si

BT} = k3% 1.8, =25 K. The slight positiomal offset of the chood
peantion m explaised by the dme differenoes und (he prevailing winids

=
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GIOES 8 datn. Part af the 36 December volaic cloud had high
(=5 C) positive BTD) values, unlike most other sindied soleanic
clouds (Shunnon |6, Conslantine e al, 3000 Schonesder et ol
Iy, The positive BTLY valoes were ohserveéd from 0709 LT 1o
112 UT (Fig. 14). While volewnio clouds typlailly have pegative
BTD values (red sl orange in Fig. 145, and ihe lowest meteorolog-
icul clouds have posiive BT values between o 0 bo 3°C {green and

wellow), in this case o portiom of the volennie clowd hnd BTD values
=50 (hlue). These blue reglons show (he reglons wlhere the sgnal of
the ¥ M clowd domimates. The bhigh BTT vales reflecs the presenos
of ice ond |squad waier, miher thon ash. As Figure 14 illustraies, a1
(KA LT paxels =50 were concenirated west of the svolcanic cloud,
und at O7:3% UT they fringed most of the voleanic cloud amd in-
creased in nrea. The WM cloud then muiked portions of the voleanie

T =
| Guadaloupe

- 3
07:09 UT (enlarged.4x) ' 16

-

soi OO o

Flg: b4, Selecied GOES imnges, highlighting the position of the voloamie cloud wnd the viskcanogenic meteomalogicnl (V) clood, 26 Decenvher 1997, Red and
brown pitsels depict the valcamic doud (BT < <08} while bue piaels degrict ibe V5 cloud | BT = 0.
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clowd until 11:39 UT. The V& clowd ts penerally located along the
prtlers fringe of the valennic clowd near the lending edpe (Fig. 145

Mislelling of the microphyssss in vileanic Clowds shows that ice
is thie dominant phase at ¢ 6 km m aluiode where iemperatores are
generndly less than —40 “C (Hersog ef wl. [99H), Thias the VM clowd
wis most fikely composed primanly of water below 6 km and ice
above Gkm. The veleanic cloud from the eruption of Raboul in
1994 wis shown o hove abundomt joe [Rose er af. 199355 and this
wid derived from seawater entening the vent mther thin external
senwaler density currenl inferactions. The ice in the Rubaul cloud
produced highly positive BTD vulues in AVHRER imuges, which
masked the charictenstie speciml signnture of the ash in 4 similar
MEnmeT,

The VM cloud masks the chornetenistic spectm] signature of sh
in the voleunie cloud by dompensng the negative BTD value ol the
nah pineds with the highly positive BTED meteorobogical cloud piaels,
The satelbive deteces upwelling thermul endiation that is scattered and
nheorbel by clouds, amd in thes cise détects ellacts of both h}'d:l'ﬂrh-
clorrs (snow, hnil, groupel and reindrops) and volcanic ash. One
assumption of the Wen & Rose (1994) recrseval method — that the
nimagphers above nnd below the volcanic cloud is clear - is vieloied
in this cese. The muskmg effect of the Y8 closd B evident on plsis
al the veleanic choud’s physical charactenstions {Fig. 6). The maskmg
elfect wias most prominent between 07:39 UT, when the meteor-
ological cloud rose high enongh 1o disturb the charuclerisise spectral
stgriitiire of the ash, and 13:09 LT, when it began b disspate,

Although the 26 December 1997 nul|u.pm: Wk e d]t'ﬁ'.[‘llj'
observed. the idea that the VM elowd resulied from interaction
between (he pyroclastse density current and seawaler 18 sipponed
by observations and photographs of smaller Soufriere Hills vol-
canle gvents, particularly thye 12 May 199 dome collapse. The pyro-
clastic Now om 12 May 1996 involved 04 = 1P m? of dome muiteriil
tat descenided Tar River villey (Cole e afl. 20030, 1t travelled 1o the
sen where Lhe upper surge component detiched and travelled 200m
scross the sen surfnee, while the dense basal pvalanche enered the

Fig 18, Trajectory daia ifrom Fig. | 1) ar (039 LT (hiack dots with
mumshers represent aMitude in km b superimposed over the 1029 LT
hrightness temperaiure difforence map frimm Fag. 13

sen (Cole of af, 20020 The flow front velocity mereased from
H-15mu! toa maxdmum of 2¥ma~", Lofting ash plumes were seen
above the distnl end of the flow and boling water near the pyro-
clastie (un produced dense stenm that rose several hundred metres
{Cole g of, 2002).

Information about the hydrometeors in the VM clowd was
retrigved [rom the 0939 UT GOES 8 image (when the VM clowsd
had iis highesi opiical depih) using the model of Wen & Hose
{1994} and fallowing the same methadology as Riose of af. (1995)
used in the nnalysis of the ice in the Rabaw voleanic cloud. The Y
clowd wia 10000 km? and the mean effective radius of iis jce was
M gime. The total mass of ioe in ihe VM closd was (hus estimated
from the remote sensing dota ot 1.5 % 10° kg, which is ¢ 3,5 times
the mass of the sificate ush in the volcanic clond (4.3 = 107 kg).

Withowt other datn the imagery cannol resolve whether the
W8 choue] wrberlies, overlaps o overlics the voleanic chocd. The WM
clowsd had its lnrgest areg of W3S UT (12000 km®)y and, based on
wind trapetory duts, one part of the Y6 clowd was higher than the
yolcanic cloud, at @ height of Ve km or more {Fig. 15). The mngs of
trajectory-based heights Tor the VM cloud go from about 4 o
perhnps 1T kim. Al W30 UT thete appears to kave been o slower-
moving. lower (4-8km altitude) part of the VM cloud south of
Ciundalowpe and west of Dominica, and & higher (8- 17 km altiiudz)
pari becaled to ihe H:Lnfh'lm'tiniqu:’n:ﬂdﬂll_hﬂl. Ii!.- 113 UT the
nirribern section of the YA cloud dissspated amd the southem
portion incressed in sres towards the east. After 1139 UT the
remaining portion of the VM cloud continued o dissipale wntil i
wis below sutellite delection lmlis by 13:30 UT. while the volcnmic
clowd remained detectable. The evalution of the ¥ M cloud is shown
schematically tn Filgwre 16,

DHssipatson of the Y8 clowd colncided with local noon (1600
UT) on Moniscrmat, so iis disappearance may be sssocmated with
incrensing solnr radintion of & surrounding underspiurated pimosp-
lere. Also, ks Rose of of. (1995) proposed for Rabaul, the presence
ol ice in the voleanic clowd may have reduced the residenss time of




552 G. €. MAYBERRY £E7 AL

Montserrat

Fig. 16, Schemuric cross-sectional dingram of the clouds of 16 December
1997, my mern looking norh of wurous stages in the firs) hour beginning al
0700 UT (YW, wolcanic cloawd: V8. sodcanopenic meteorologsial eloud)

the ash by contitg the particles with joe, nensssing teelr mas and
dHnmeter amd comsing sceelerated fullout. The dccretsonary lapalli
deposits W of the vokeano may hove formed due 1o hydromcteor
nsh mieractions soon after the emiption, i belore the valcame
closd drled S5E of the voleana, The generation of metesrologicnl
clowds from pyroclosic density currents that reach the séa i likcly
i hove occurred ofien in the geologicnl record, for exemple in the
| 583 Borakaton eroption (Carey 1 of, 19%), and could represent an
imporiant means nl'.'llmm.phm-; pertarbalainn by large éruplinns.

Extinmarion of Hhe sy of water i Whe wilcasogei
meteoralogical elowd

The maximum meass of waler eviporated by the pyroclastic density
current wpon enlening the wea can be estimnied vsing heat-balance
equations and constraimed using mbormation on the physical
characieristics ol the ¥ cloud retrieved from GOES 8. The wm-
perature of the andestise magma s known o be BMCC [(Barcloy
ef an. |9HE), and an estimaisd 8555 of the iolal mass of ithe pyro-
clastic densiy cament renched the sea (R 5 1 Sparks, pers
comm, ). The density of demse ondesite 5 M0 kgm™ (McBirney
1983} and the temperature of the ambient sorlecs seawater derved
frovm bond 4 CAOVES 8 dlatn was 220
Tlve heut balonee equation is
gl Ty = 3TX) = im O {373 — 255 + ma I, i1

whire O, i the specific hear of pndesite, 1200V kg ™' K- iMcBirmey
E993E my s the muiss of andesie, 10 s ' kg: T, is the tempera-
fure of the Moniserml andesiie = HSNC = [I23K; €, B the

gpecific heat of waler, 41380 kg ' K" N, Is the lntent hent of

vaporizntion, 2.5 10 1 h.g" We cun then solve For mie . the witler
mass = 3,19 % 10" kg

This is 8 muximum mass of wiler, assuming nfll ol the ush thai
renched ihe sen was wssl 10 evnpornte the water with 00%
elficiency. The efficsency of evaporation would be far less than 100%
for several reasons. Larger fragments in jhe pyroclestic density
currenl probobly entered the sed, sunk, and hented lnrge quantities
ol wiler wathinut reachimg the botling padnl, so that evaporation dil
mivi ocewr. [t is fikely that much of the hem exchange may have
heated Ule water omly slightly, not eaough 0 boll. The VM cloud
wis estimated ahove to have o masimom mass of 1.5 = 10° kg
(equivalent o 4.7 = 10" 1) of water vapour ;1 B3 UT on
26 Diegember 1997, This amounts 1o on eficency of e 5% ol we
assume thad all of the HaO in the eloud came from evapomiion
induced by the henl exchange belween the pyroclasic densiny
current and the sea, 17 the entire mass of andesitic ash {1.0 = 10! kg)
wiis fed minlo a bouvant ‘thermeal’ plume model such os outlined by
Sparks erad, (1997, Ag. 7.23, po A6k acload haght ol . 15 km woukd
resule. I the entire sienm mass estimaied by the evaporaiion al
100% efficiency (3,09 % 10'" kg) was fed into o similar {hermal
moidel the height would be similar, This is close 10 the observel
hestght of both the wsh end Y8 chouds {15-17 km, see above). Exact
ngreement world be unlikely because the thermol emergy ol the
andesite wiis partly transferred to seawater evaporation amd part of
the thermal energy was dssspated into henting of seawaler withiowl
eviporation. 11 s likely that the rise of hoth the nsh and VM clowl
were neathy ammulinneous apd reinfoned coch other, so Use ledgght of
haih clouds is the resuli of their collective thermal energy,

The effects of high hemidity on voleanic cloud detection

Figure  shows the comparion of arcas of Lhe yoleanic cioud using
hand 4 alope dnd the BT method. The differences 10 anea e
lirgely dise 1o the elfects of high tropesplers humadity on o weak
volcaric clond sigonl, Coll & Coaselles (1997) uwsed real data o
vitlidute split-windew algorithms for seq ond land swribee jem-
perpiures and shiowed that under humsd comahitions armosphiers
transmisshon decreases with increased humadity. Rose & [Prato
{1997} found that high tropespheric water vapour in the tropics
drimutically affected the BTIY values by shifting voleanse clou
pineds with kw optical depth o hagher BTD values by up 1o aboist
FK., This resulied in fewer pixels boing identificd ns voleanie ash.
Use of o vartable BTD cutof 1o distinguish the voleanic cdowd is
imvestigated by Yo (20000, who used a few mwthod of dscrminat-
ing the voleanic clowd, based on atmosphenc corrections [or both
the hard 4 wiwd band § brightness iemperstures and the BT, which
also shifts the retrieval gnd sagnificantly. These cofrections illow
more dccurile cstimates of ash mnsses and areas o be used
tropicnl regions where bhamidsty 15 hagh,. Based on b T ]
prelkminary work, the masses given in Tabkle I are probably too low
by Fnctors of aboul three 1o live.

NE i irh .h_-';ur.ruh'r.lu in the 26 Decemher [9UT
wislennie chound

TOMS imapes at [543 UT of the positions of the 50 gas (Figs %
and 17) amt the voleanic ash (Fig. 100 show that the 505 was
concentrited in the eastermmost poriion of the volcame cloud.
Since only one TOMS imupe was eollected on 26 December 1997, 1
is it possible to determine il the 50y grudually separed from the
volcamie cload. or i it was lending the volonnic cloud 1o the ense.
The ensiern edge of the 50; mass 5 not well known Becise it was
ab the adge of the TOMS swath. The S0: pattern seen by TOMS 15
circular und there was no tial of $3O0- into the voleanic cloud 1o the
wesl, sngpesting tho the S0 wie separabed and was nol mieracting
with the volcanic ash by 15:43 UT, Since the 505 and the highes|
perrtion of the volcunic clowd overlapped, o s maost likety thar the
00, rose 1o di lenst the maximum height resched by ihe ash
(i, 15 kmi. 1 s elear that 50, did nol se above 17 ke which was
the height of the tropopause, becuuse the morphology ol the plunss
dhives ol reflect the elfeets of the change in wind direction and speed
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ahiove |7k The wind chungsd speed and direction dramatically
from T5kmbh ! to the SE at 17km fo 2 kmb " o the S5W al
18 km. Tahle 3 lists volkanic clouds in whach 503y separation (roim
volewme ush hove heen abserved. Four explinations lor 1he senars

tion have heen sugpested, o listed below
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Holosek e af. (1996) 3Lk ash sepuration mny oocur ! -
¥ | il sehimentpibon of ash wethin the yolcan | by
perlormed expermments that ustrmie the verticul 1 with-
ina vk cloud where a relatively lght, gns-rsch s il thee

volcumic choud gquickly rses, wnd the denser, ishaluden portion rises
more sdowly unial oculrl budyancs reached. In their

the Aprl 1982 eruption of El Chichon, Schoewder of o
propose that grovilatond] separation i more hkely b ocour 1
the & W INPEEY 18 |I'!|'| emogh b g :I'r\'|.I|.'|.' the voleaime clowd 5

whiere

iy o
i 10

few kilomedres highes than the level of sirong wind sheur
seprntion is wided by dsporate wind directions; for exnmple o
Lhe Lroposphere sirllosphers Inierlace While the voleamic clouds in
Table ¥ thal experienced scpauration were emplaced several kilo-

meires obove the tropopause, the 26 December 1997 volcome claud

i slower at 10km
dkm (1% kmh ')
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wis mol, However, wind speods wong m
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ITxkm b~y than ot 12km (104 kmh~') and

and the direction of the wind varied by onls
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atwepen [0 and 12 Em altisnde
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Separation of the 50 fram ash in velennie douds

mny b promoded b thie Presence of i drometeors (He

19098 According to Bose ¢ ol | N0 the exeess water rom hyvlro-

imieract with the ash m volcame clonds, casing

MELBHIs T
accelerated sedimenintion of ash. Sedimeniation in the 26 December
1#7T voleanic cloud may have been aoceleraied by hydromeieors
|1|..|||_|__-_| By Imtetactog berweemn the PYroclEs i density currenl amd
The phundont pooretionary Lipalh [roin Cse eruplion sug-

I - . 1
sh in the volcomic cloud

ST ET
pesl that there was inierociion berween the

and the water in the WM cloud resulling i aggregniion and pooeter-
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e diee
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mosemend of gas through a loamy, vesiculilsd magma body | Mader
IR, Whcn nn eruplion ooCuTs the gasrich CH relensed Birsl
g higher than the ensing vodkanic cloud. We do nol Know

whether any evidence Tor ihis kdea exisis, hai i wonld feguine i -

ik

rich part of the exploanom 10 hove ooCrred o Che Tirss secondds of T

vection of the clutmuied
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Raose of af

51 proposs that low SE)- concentrations were observad |n the

I IE
Rabaul volcomie clowd becnuse excess wiler in the clood roms
hydrometeors sepvenped or ahsorbed the S0y They contend tha
winrmesd becsose the 50: in the voleonse clowd wa

either ndsorbed on e ydromeieors oF wns dssoived m e super-
ed waler in the volcunss clomd, whech then formed o around
5 wisclet at o6 ke alitsde amd B2l out of the volennic cloud
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B 1 3 IL T
A amilar process could have occurned i the 26 December W

aslcanis Clod, e il | hy the highest part ol the volcinx

cloud woubd ned have expe
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Conelusions

The abundnance of satlliie, metearobogical ond groamd-based dum
pvidlnble during the 36 December 1997 dome collupse and capliive
decompression of Soulridre Hills Volcano provided sn opportunity
o mimndyse the dynamics of the voleanic and volcanopenic meteoroe-
logicul (¥M) clowds produced, even though the early parts of the
ptivity were in darkness,

The pyroclistic density current generated from the collipss
of the lnvn dome produced o yobcanic ash clood, When it reached
the s, the hot ssh heaied the sen surfice and evaporaied seawaier,
producing & VM clowt. The volennic cloud was recorded by the
CGOES 8, AYHER and TOMS sensorsc the more ephermeral Y
cloud was recorded only by GOES B due to its grenter freguency of
datn eollection.

The voleanic cloud had o mazimum mass of 4.5 107 ky of
fine (125 pm dimmeser) volcanic ash, and grew 108 maximum arei
of aboist (00000 kny? st dhout 1600 UT, Wind ditu were used 1o
enerabe a trajectory model thitl helped defing the three-dimensional
peometry of the voleanic ind VM clouds. The volcanic cload rose 10
. 15 km, growing in aren 1o the SE while it simultaneossly migrated
SW, and the WM cloud was at similar altitudes but rose slghtly
Tigher 10 4 maximum altitude of ¢, 17 km,

The VM clowd hod o muximum mass of L5« 10" kg of ice ai
(139 UT and groew b aren lor several hours, I8 interacted with ihe
voleunic cloud, adding excess water/ice to it The WM cloud masked
the wolcanie eloud from & 0739 o 1339 UT by mierfering with
the signal af the sificote ash o ithe GOES K sensor, causing
underestimations of msh moss voluss. The VM clond dissipated
alter . hours, possibly due (o evicporaiben or ke particles flling
ot off the clowd,

The higher spatial resoluten of 1the AYHRR dita shovwed s
lnrger nrea of the mmge voleanse mh pisels than the GOES B data,
The lirger area of ssh retrieved by the AYHRR sensor resulted in
meean opticil depth wmad Lotal area values thal were ¢, 45%, higher, a
totn] mass valoe than was 80% higher. These differences were higher
thun l'lﬂ':,- would hive becin [or |.u.r5r."r drup!innr.. Even ll'b|.l|.|:3|:l the
26 December |97 collapse was among the lirpest of the series of
Soulrdre Hills Volcano events of 19951999, 11 was one 1o Three
orders of magnitude smaller thun eruptions of recent yenrs clse-
where it the warkd.

The 26 December 1997 dita w4 alse provided an important
canmple of a smoll volcanic cloud with complex evolution in a
hiombd regron. Applyiag the —0.5°C BT} cutoll 1o the voleans
cloud outlines only the densest 2% of the voleanic cloud. Atmos-
pheric corrections musi be made in order 1o detecy the thin edpes of
small voleanic clouds in o humid atmosphers, The problem is mone
umipsrbant when e eruption s very smill, such as the 26 December
19497 evend, so that the ash signal is nenrly lost ai the optically thin
edpes of the voleanic choud.

TOMS data revenled that the 50 rose higher than the ash-rich
portion of the 26 December |97 volcanic cloud. The 5O may have
been higher than the ash die 1o eedimenkotion |:|11.|:|.i|15 avcelerled
fallowt ol the ash, and the sheanng of the voleanic clood by
dispanile wingd speeds ut diferent aliiodes. Alernatively it coulkl
be the resuli of the enrly relense of n gas-rich cap i the 26 Decem-
ber 1997 event or scavenging of the 50; by excess waler i the ash
clowsd below & km altiiode.
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