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20. Abstract (Continued)- ‘ ‘  4,
volca nic eruption clouds can be modelled after hesea~wWana1ogous phenomena .
In this report average ejection velocities 

~ 
at a volcanic vent ranging from

20 rn/ sec to 200 rn/ sec are assumed to represent a wide range of eruption
in t ensi ty, from Str ombolian t o Vu lcania n t ypes, ef er up4k~~.9 For eruption
velocities vary ing from 20 rn/ sec to 200 rn/ see, cloud heights estimated by the
turbulent jet model range from 1500 m to 6500 m (mid-lat i tude eruption) while
cloud hei ghts estimated by the industrial plume models range from 900 m to
10, 000 rn . These estimates are considered to be roug hl y comparabl e in view
of the assumptions and extrapolations involved in apply ing t hese models to
explosive eruption conditions and agree quite well with reported heights of
eruption clouds. The fact that comparable estimates of cloud height are pro-

5 duç i~~y~th~ two very different models suggests t ha t both momentu m an d
—

~
‘

, thermal buoyancy play an important role throughout the main portion of an
er uption cloudt s t rajectory.e~For these eruption conditions (20 rn/ sec ~ w0 ~,-~~ 200 rn/ see) , nei ther moinéntum nor thermal buoyancy appears to dominate
the process of cloud rise to altitudes of 10 km above an actively erupting
volcanic vent. An order of magnitude variation in eruption velocity from

20 rn/ sec to w0 = 200 rn/ sec results in a factor of 3 to 4 increase in
avera ge cloud hei gh t predicted by the turbulent volcanic jet  model and a factor
or 2. 5 i ncrease in median cloud height predicted by a selec t group of industria 1~plu me models . However , both models also demonstrate that changes in crossi
wind velocity by factors of 2 to 5 can result in variations in cloud height of sim
ilar magnitude. Therefore, reported hei ghts of eruption clouds without refer-
ence to local crosswind conditions at the t ime of an eruption cannot be directly
compared to gau ge the relative explosiveness of differe nt volcanic eruptions .

a ,~~_ —
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Rise of Volcanic Eruption Clouds :
Relations h i p Between Cloud

Heig ht and Eruption Intensity

I. I\TQtH)( (:TIO\

Exp losive volcanic eruptions inject large quantities of ash and gas into the

ea rth ’s at mosphere . The length of t ime these different volcanic products reside

in the at mosphere can vary from several hours to several years. As a result , an

individual er u pt ion can produce meteorological effects that range in time from

several days to several years and can range in space from a localized region to

the entire planet .
Regional meteorology can be significantly altered by a majo r ex plosive erup-

t ion . Airborne ash and volcanic gases can effectivel y insulate the earth ’s surface,

modif ying diurnal temperature variations and producing a short-term warming of

F the region. Rainwater  from clouds contaminated with volcanic gases can be highly

acidic and may pollute local ground water .
The long term atmospheric effects of an eruption are produced by particulate

dust and gases that have much longer atmospheric residence times. Major explo-

sive eruptions can have a significant impact on the chemical budget and radiation

budget of different portions of the atmosphere. Volcanic eruptions appear to be

the dominant source of atmospheric chlorine 1 which plays an important role in

(Received for publication 22 June 1976)

1. Ryan , J .A. , and Mukherjee , N .R .  ( 1975) Revs. Geophys. and Space Sci.
13:650-688.

7

II

- - 

-- 

-



—T
~~.,T- . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5-~!~•~r3 ’ ~~~~~~~~~~~~~~~~~~~~~~~~~ - - ----5— ..

(1/ I I I IC chemica l  r e z a ( - t I I l f l . s  in the s tr a t I .5phere . 2 Sulph u r  diox ide ga s produced by

t o1I~~
I t ) Z (  a -r u p ! o ,n ~ is ti i-d at  i v € - l v  I l Inlar source of a tmospher ic  sul phur 3 hut can

si g n i f i c a n t ly  inc c: - a -  1 ~
- ‘I i n -~ tv  of the st r a tosp heri c’ aerosol layer by gas phase

\uI:a tj of l  t I  .50l 1)11 1tt’  I : a r t i  ~~~ The injection of large quanti t ies of si l icate

dust part id a - -. . ( j  , t 1  ph i t  r ga -o-. i n t o  the  a tmosphere  can produce a cooling of the

E’ :a r U s  su rt :o -a I \  r t - - , - :~ - OIL’ g lobal albedo or an increased greenhouse wa rming

III Ih e  -,ux ta I e  due t i  ‘h a -  j I ll i t ’ . thesc volcanic producL. to in f ra red  radia t ion

a n i t t e d  f t a  h. I t t  I ,  ‘( ja ,- . Th e or et t e a l  ca lcu la t ions  of Pollack et al 7 m d i  —

ca N -  t h a t  a-, Ia ~~I’  - I ) ,  . 1  ~~r j I  lt- - . t - t t l t ’  out of the a tmosphe re, global cooling

l a— c on es Ut a— ~~~I - t - - I - t n i . 1 1 ( 1 1 ~~.

The it  n - , I ’ - x  I I  f l p : I ( - t  of a p a i -t o -u l a r  e rup t ion  is largel y de termined  by the

: a l t i ~ ttde.s at which  , l l - t a i i  Iu ~ t I l l  ga~ enter  and are mixed into the a tmosphere .

Preci p i ta t ion  in the  t ropo sphe re  e f fec t ive l y \Y ashes these mater ia ls  out of the lower

atmosphe re. Tropospheric weather  s st e ii~i also mix  large a i r  masses over rela-

t ive ly  short periods of t ime , rap idl y reducing the  concent ra t ion  of volcanic products .

The lower boundary of the t roposp here is the ear th’ s surface  which provides a

var ie ty  of geological , biolog ical and anthropogenic sinks for airborne volcanic

products.  Long term a tmospheric effects from individual  eruptions are therefore

limited to eruptions that  succeed in penetrat ing the upper levels of the troposphere

and introduce volcanic dust and gas into the s t ra tosphere . 8, 9 The average heig ht

of the tropopause varies latitudinally from approximately 9 km at the poles to

approximately 16 km at the equator .
The rise of an eruption cloud is controlled by the upward momentum of ash and

gas at the mouth of a volcanic vent and by the thermal  buoyancy of the volcanic
gases. The initial  rise of dust and gas in an eruption cloud is largely determined

by the exit velocity of the material .  At  higher alt i tudes the initial momentum of the
volcanic dust and gas has been substantially dissipated and the subsequent rise of
the eruption cloud is predominantly determined by the relative buoyancy of the hot

volcanic gases . This transit ion is sometimes reflected in the morphology of the

2. Rowland , F. S. , and Molina , M.J.  (1975) Revs, Geoph ys. and Space Sd.
13:1—35.

3. Kellogg, W. W . , Cadle, R. D., Allen , E. R., Lazarus, A . L., and Martell,
E.K. ( 1972) Science 175 :587-596.

4. Harker, A .B. (1975) J.Geophys.Res. 24:3399-3401.

5. Lazrus, A .L. , and Gand rud , B. W. (1974) J.Geophys.Res. 79:3424-3431.

6. Dyer, A.J. and Hicks , B ,B .  (1968) Q u a r t. J .R o y .  Meteorol. Soc. 94:545-5~ 4.
7. Po’~~ek, J .B . , Toon , O.B. , Sagan , C. , Summers, A. , Baldwin , B. , and

Van Camp, W. (1976) J.Geophys. Res. 81:1071-1083.

8. Lamb, H, 1-1. (1970) Phil. Trans. Roy. Soc. London 266:425.

9 . C ronin , J. F. (1971) Science 172 :847-84fl.

8

__ —~~~~~~ 
_ --~~~~~.-_ -~~~~~~ . --  -~~~~



- ~~~~~

—- - — 

~~~~~ ~~~~~~~~~~~~~~~~~~ 

-- - -----.

~~~~~

- - -----
-

~~~~~~~~~~~~~~~~~~~ 

~~~~- --—~~~~~~~ —~.----. ---‘~~~~~- - - - ,.~ 
_ .-‘ _,Pi ~~~, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

erupt ion  cloud . The l o n er  p i t t i o r t  of the cloud I o f l t t i l f l . ,  a l a rg e r-  ( ‘ i ’ r t I (~n t I - a t  ion of

~ i~l i 1  E - )  c- i - ta  and can appea r  much d a r ke r  than  the  upper -  por t ion  of t i t i  - - I I  ,u ’l - In

such  t t S C S  the lower  p o r t i o n  of the cloud i,s , , n : c t t t :  es r - e f e r x - a - , I  t o  as the ash

cloud s whc -rea . s  the uppe r, lig hter - —color -ed port ion is some t imes  h- - t e d  the  vapor

cloud.  In other instances eruption clouds have a u n i f o r m  grey appear ance .

Hepor ted  hei ghts of e rup t ion  clouds genc-ral ly i - e l i - i -  to he m a x imu m  he ig ht h i  t he

condensed vapor cloud observed  a h , v e  an t o - t i v e l y  e rup t ing  volcanic vent.  ~ i g n i f —

i r a l t  z 1 t : t I u t t 5  of p a r t i c u l a t e  dust  and gas may ac tua l l y r ise beyond the top of th e

I se r vahl e  cloud.

The m a x i m u m  height  of an erupt ion cloud is related to the i n t e n s i t y  of the

exp lo sive  e rupt ion .  The mo st  in tense  exp losive e rupt ions  ar-c cha rac t e r i zed  by

ej e c t i o n  ve lo c it i e~ on the order  of hundreds of meter s  per second and large mass

flux ra tes .  In the past  the c la s s i f i c a t i o n  of d i f f e r en t  s ty les of exp losive erupt ion

has been q u a l i t a t i v e l y based upon a va r i e ty  of par -ameters , inc luding  the  v iscos i ty

and chemical  composi t ion  of the er-upted magma , and the violence of a pa r t i cu la r

eruption measured in t er m s  of h iss of l ife or the extent  of p rope r ty  d c - s t r u c t i l h n .  10

M o s t  c lassi f i ca t ion  schemes include a general descr ipt ion of the si ze  and s t ruc tu re

of the e rup t ion  cloud associated wi t h  a par t icular-  t~ pe of exp losive erupt ion . Such

desc r ip t ions  suggest tha t  the s i ze  of an erup t ion  cloud is approximate ly correlated

with  e rupt ion  intensi t y, wi th  small  clouds , r -is ing to heig hts of several hundred

meters , associated with weakl y-exp losive Strombolian-s ty le eruptions , and larger-

clouds , rising to hei ghts of several k i lometers , associated wi th  violentl y-explosive

Vulcanian-stvle eruptions. Thus the height of an eruption cloud can be considered

to he an approximate index of eruption i n t e ns i ty .  Repor t s  of the  heights of erupt ion

clouds observed in remote areas, where  ground-based observations of act ive

eruptions are hazardous or- impossible, have been used to qual i ta t ivel y gauge the

relative in tens i ty  of such eruptions .

!- P1 RPO 4 OF This STi U\

The ph ysical processes which  are responsible for the rise (I f eruption clouds —

the upward mOmentum and thermal buoyancy of the erupted matorial  — play impor-

t a f l l  -eIc- --~ in other phenomena. The expansion of a turbulent jet  in free flow (that

i s , unconf ined by lateral boundaries) is controlled by the rate  at which  the fo rward

~~, ) ; ‘ ( f l t U f l 1  of the je t  is dissipated . The s t ruc tu re  of turbulent  jets is a classical

10 . MacDonald , G .A.  (1972) Volcanoes, Prentice-Hall, Englewood Cli f fs , N .J. ,
i10 op.

(-I
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I t  f l u i d  ) I ( & ’ t i a ) i i ( s .  i i i e -  t b ~~- r n n i i l  h o o v a n i - v  of r ndu . s t r - i a l  wash -  ~~~~~
p i- -v I d a ’  -, a n - a - i - h t m l i i i  h r  i i  lov ing  such n :  -~~ e - m a t e r i a l s  upwards  thr -ough t l i t

at  :l, - i t i s - e :i~~ 1 e n s u r i n g  t h i e l  , d i  ~p - r . s : i 1  ov e r  a w i d e  area.  The r e l e a s e  and dis —

p a - c  - j : i  of su ch  indus t  -ia l  e l l h t i c - i t s  in the : mt r n o s p l t c -r e  h a v e  been descr ibed  by a

i t t . a i i ’ t v  of tha n i - t i c n t l  and a - c : p t i O a l  ~t u I t i ( - 5  ( s i c , for -  t - x : i i t p le , .su xi I l a v  h~
J3 r ~~~~ 

12 ) 1 } : - r ise  of v o l c a n i c  , - r u n i j O  - h ulL i - t i n t  i c -  m o d elled a f t e r  these  t n l i

anal - g e u —  phenomena .  —d o -h i  ~~~h - 1 —  t i l l -  t I - \ - a - l ’ - ) a - h in  hi s  - i t i ’ d v  to investigate (lie

- i - h t m l  i11 i~~hi p be tween c-i -opt  u i  c - I ,  i i i  I - i d  tu tu c t-t O condi t ion s  at a volcanic vent .

T h e  pu -pose of t h i s  s tud i~ t n I - h - i ’ t :  ( I )  to ‘ i c - I I - d - : t I i r I e  if  t h e  r - m - ,e of erupt ion clouds 

ed, r n n i n a n t l v  cont i - o lled liv (l ie in i t ,~ i t  n : a - i t u m  or ther - nal  b u oy a n c y  of vol-

canic p r o d u c t s ;  and ( 2 )  to ‘ I c - t i -  t i -  i i i -  i f  the  I c - i g h t -  of e ru p t i o n  clouds are an accu —

-ate  r-e flection of r e l a t ive  ecu pt ion I i t e i t  - i t  \

I F~~ Pli lJ\ 1 1 ( 1 1  I) RI$ I —  I RI ~I I- . —

:1. 1 1 urba, I a-nt ,j .-t F Ia,~s in t he- ~ tr11aa ~p Ii i ra-

D e scr i p t i o ns  of the s t r u c t u r e  of er-option clouds have been made princi pall y

by ground-based  observers  who have repor ted the shape and size of such clouds.

Hi ghly va r - i ah l e  ~- inds , large quant i t i es  of pa r t i cu la te  ash , and occasional e lec t r ica l

( i r a -i a s s o ci a t e d  wi th  erupt ion clouds make aer ial  observations di f f i cu l t  (see, f o r

c - x : c i : : p le, Th o r -a m - i n s s o n  and Vonnegut 13 ). As a r -esu lt , very li t t le is known about

the in t e r n a l  s t r -u c t u r e  of e rupt ion  clouds or about var ia t ions  in local meteorological

c i ’  I i t i ’ni  ( t o r  examp le , t empera tu re  gr -achient s , humid i ty ,  or wind s t r u c t u r e)  in

the v i c i n i t y  of e rup t ion  clouds.

An ap p r o x i m a t e  model of the  in ternal  s t ruc ture  of eruption clouds may possibly

he t , i - o v i d c - ’ I  by  t u d j e~ of s im i l a r ly shaped c loud- form s t ruc tures  such as experi-

men ta l  conver t  i v , -  plumes (Benech 14 ) , models of cumulus cloud formation (Squires

and T ur n i - r 1
~~) , and expe r imen ta l  l e t s  ( 1-f id y and Fr iedlander 16; Morris 17). Ejection

11. Schh ich t ing ,  II . (1968)  Boundary Layer Theory,  McGraw-Hi l l , New York ,
714 pp.

12 . Briggs , G . A .  (1969) Plume Rise ,  AEC Cri t ica l  Rev iew Series USAEC, Report
TID-2 5075 , Ill pp.

13 . Thorarinsson, a. , and Vonnegut , B. ( 1964) B u l l .Am .  1\Ieteorol. Soc. 45:
440-444. *

— 14 . Benech , B. ( 1976)  J . A p p l. Meteor . 15:127-137 .
15 . Squires , P. , and Turner , J. 5. ( 19 62 )  Tellus 1 4 : 4 2 2 - 4 3 4 .

i i ; . ru dy, G .M . ,  and Fr iedlander, D. K. ( 1 P 64 )  J. A m .  Inst. Chem. Engi’ . 10:
11 5-124. 

—

17 . M o r r i s , D .c.. ( 1h6 8)  Bull .Am . M e t e o r . Soc. 4( 1 :1054- 1058 . —
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v t - b c i t i e  u l , er v -ul  d u r i n g  exp los ive  v o l c a n i c  eruption .s (( houet  et al ’ ti ) a r-c

t~ - p i i - tu 1l~ m u c h  g r e t m t i - m -  t h o u  up d r a f t  v c - l o c i t i e s  produced b -on v e c t i v e  p roces se s
i n h i -  : a t i u i , s p h e r e . E r u p t i o n  velo - i t i e ;  cur - respond  l i t o r ’c  c l o s e l y  to exi t  c o n d i t i o n s
at the mouth  of a c-t t han  to up d r : c t t  v e l o c i t i e s  at the  base of cu m u l u s  clouds or-
e x p e r i m e n t a l  the r -m a l  p lumes . In addition , the t emp e r a t u r e  c o n t r a s t  be tween
volcanic ga.-1es and the artibi ent atmosphere is more nearly approximated by some

types of e x p e r i m e n t a l  je ts  (fo r examp le , ( a l laghan and Rugger i 19 ) than by upr l raf ts
as s oc i at e d  wi th  cumulus  cloud fo rmat ion .

The expansion of a t u rbu len t  jet  in free flow ( t h a t  is unconf ined  by l a te ra l
boundaries ) is t h - t ’ - r - r i t i n e d  by the rate at wh ich  the forwar- d momentum of the  jet  is
d i s s i p a t e d .  11 , 20 S i m i l a r l y the i n i t i a l  r i se  of an e rupt ion  cloud is pr inci pall y
d e t e r m i n e d  by the upward  momentum of dust  and gas ejected f rom a volcanic vent .
The i n t e r n a l  s t r u c t u r e  of a tu rbu len t  je t  may serve as a simple , f i r- s t -o rde r  model
of the internal structu i-e of an explosive eruption cloud near the volcanic vent
whe re t he rise of du st and gas is control led by the i n i t i a l  upward momentum of
these materials . One method of ext imating the atmospheric penetration of a

turbulent volcanic let IS to compare the upward  veloci ty  of the je t  w i t h  c rosswind
velocit ies  above the volcanic vent at various a l t i tudes . The in i t ia l  upward momen-
tum of the volcanic dus t  and gas can be considered to be effect ivel y a r res ted  at
th e al t itude at which the ve rt ical veloci ty of the je t, a , becomes comparable  to
the local crosswind velocity, u. Experimental studies of the  ac tua l  behaviour of
a turbulen t jet  in a crosswind have been reported by Keffer  and Baines 21 and

- 22Pat r ick .
The var ia t ion  of vert ical  velocity w wi th  range from a volcanic vent can be

~e5crib ed by an expression for turbulent  jet  f low: 11

w(x , z) i— ~~~~ 2 ( 1)
(i+f l~~)

18 . Chouet , B. , Hamisevicz, N . , and McGetchin , T .R .  (1974) J .Geophys .R es .
79 :4961-4976 .

19. Callaghan , E. E. , and Rugger i , H. S. (1948) Invest igat ion of the Penetration
of an Ai r  Jet Directed Perp~~ dicul to an A i r  Stream, Report  NACA-
TN -l6 15, National Advisor y Commit tee  for Aeronautics .

20. Pai , S. (1954) Fluid Dynamics of Jets , Van Nostrand , New York , 221 pp.
21. Keffer , T. F. , and Baines , W , D. (1963) J. Fluid Mech. 15:481-497 .
22. Pat r ick , M . A .  (1967) Trans. Inst. Chern. Eng. ( London) 45 :16-3 1.
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n l i t - i - c -

K ( 1 .  1)

F 0. 0256 b \i
(I I)

1 3K x
~~ 

.5~~~~~~~~

x h i c , r i i o n t a l  d i - ~t o n c e  m e a s u r e d  f ron t  et c c ’nter lj ne  (meter - )

z = ~~ rt  ical d i s t ance  i t i e a s u - a- d  f rom the nic ,u th  of the  vent (me te r)

ave-rage ex i t  v e - l o d i t \  at the vent ( m i t e t i - - sec)

b half  w i d t h  of the  n i t , taken here as one-ha l f  t i n -  vent d i amete r  (m e t e r )

This equat ion is app l i cab le  to the  reg ion in w h i c h  t u r b u l e n t  f low is fu l ly  developed ,
which  normal l y oc c u r s  at a hu -, i n st r -ean t  r -ange t , f  app rox ima te ly  10 vent di ame te r s .2°

Along the center l ine  of the je t , (t hat  is , d i r e c t l y  tm h o vc -  the volcanic vent)  x = 0 and

Eq. ( 1)  r educes to

3 K  -w(z)  ~~~
— — — —  (2 )
Bin ~ z

0

In order to app ly this  tu rbu len t  j e t  inio d , ’)  to -xp los ive  erupt ion condit ions , it
is nece ssar -y  to assume an average ex i t  v~- 1oc itv  for the et -upt ed ash and eas .
Q u a n t i t a t i v e  descr ipt ions  of d i f f e r e n t  t~ pea- of t - x p lo.-~i vt ’ i - r u j t i nis in terms of

eject ion ve l oc i tL -s  or mass f lux rates are l i m i t e d . Qu : i h i t a t i v e l y , e rup t ion  in t ens i ty
i.~ considered to he related to the exp losiveness of d i f f e r e n t  ‘vpu - s of e rupt ions . 10

( houet et a118 have observed gas exi t  v e l o c i t i c - s  d u r i n g  ind iv idua l  exp losive bu r s t s
of St ron iho lian- tvpe  e rupt ions  tha t  r ange f rom 110 m sec to 20 m ’  -a-c . In the past ,

paroxysmal  exp los ive  e rup t ions  have been accompanied  by r -~-p e r - t s of repeated

thunder  and the f i r i n g  of ships ’ guns at some d is tance  f rom h e  : t c t i v - l ~ e rup t ing
-~u , 1ran e , suggest ing that  gas exit ve loc i ty  f luc tuated  around the  s ; u - - I of sound

~~300 rn se- i - . Such r -eport .s occurred dur ing  the 1883 K r a k : m t t erup t i on s 1 and the
1902 eruption of Santa Maria Volcano in Guatemala. 24 Thus ~~~a~~~a~~ ’ ex i t  vc l c , r i t i c
of approx imate l y 300 itt see may be ten ta t ive l y assoc iated w i t h  m a s s i v e  P l in i an—
scale eruptions .

23. Symons , G.J .  ( 1888) The Eruption of Krakatoa and S u b s e q uen t  Ph en o m e n a ,
Repor t  of the Krakatoa commit tee  of the Royal  Sccict v , r e p r i n t e d  by I -Ie l io
!l s -iociates , Inc. , Tucson , Ar izona , 1974.

24 . R ose , W. I. (1972) Bulletin Volcanologique 36:2 5-4 .
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In this s t u dy  t he  m m l a x i r l m u t i c  he ig ht of an e r u p t i o n  c loud  a i l l  Is -  :c,~~u m u i e c I  to be
i- el :i t ed  to liii- t i m e —a ~

- - r : c g c - c I  c r -up t ion vt -b - i  ty  c c f  g:c and f ine  a , }c at the i r to u t hm of

:i vok -anic  vent . In otiier ac r-ds , f l u ct u a t  1(105 in erupt ion ye I cc - i t t -  a r -c  m a t  eons id —
em-cd to be iml ) o i -tan t  in c h - t - m u , i r i i r i g  t i m e hei ght (if an e rup t i on  cloud . A v e r - a g . -  exit

velin- itie-i ranging fr-omit 20 nm / se - c - to 200 m r m  -ec t ire  t i s s u t  ( - ( h  t o  m ( ’pr ’a s ( n t  i a mdc -

m t c m i g e  i t  e rup t ion  in tens  its- , f r - om i t  St x - m c m i i b o l i a n  t i c  V ok - a n i a n  t y i ce~ of c - t -up t ion . Much
l a r g a - r  et -u p t i o n  v e l c c c i t i e s  on time e m - c U r  (If 600 i i i  / 

~ec h a v e  l ice - tm in fer -r ed  for t i n -

ba l l  i -  I m u -  t r - a r m s  lation of large h , l c  ,c Ls of e~ cc t o  a r id for  t i re  f o r ni at  ion c~f (-co n icla  r\

c - n - o t t - c s  c o mr i n i or r l y  i c h u s t - r e a - c I  i t  ‘h i s t : c r t c e s  of s e v - c a l  k i l o m e t e r - s  I m - c c m n  volcanic

v -rt t s . 
2 Such v c ’ l c c ( ’ i t i e s  are pr -ohab ly  riot r ep re sent a t ive  oh aver-age e x i t  c onditions

dur ing air e r u p t i o n  but r a t h e r  are a s s o c iat e d  w i t h  t rans ien t  explosive pulses .
I - i g i m i - e  I pr -esents  the  var - ia t ion  of cen te r - l i ne  ~c - t  v e l o c i t y  w i t h  alt i tude described

Icy 1 : 1 .  ( 2 )  for :m c i r cu l a r -  vent w i t h  d i ame te r  D 100 m over a range of eruption
i n t e n s i t y  (tha t  is , d i f f e r e n t  values of e rupt ion  ve loc i ty  w 0). Also shown in Figure 1

is a series of ver-tical wind profiles repmesenting averaged winter crosswind con-

ditions in the Northern Hemisphere. These averaged wind profiles show that zonal

w e s t e r l y flow is s t ronger  at mid- la t i tudes  (Washington  D.C. and Florida) than at
sub poiar la t i tudes  (Greenland and the A l e u t i a n s) .

At  a par t icu lar  a l t i tude the centerl ine velocity along the jet  represents the j
m a x i m u m  upward veloci ty of any part of the eruption cloud. The maximum height
to which  volcanic dust and gas will  rise as a result of thei r init ial momentum can
be approximate l y es t imated  as the alt itude at wh ich the je t  centerline velocity equals
the local c rosswind velocity .  Fi gure 1 indicates that for an eruption velocity of
‘-
~~~~ 20 m -‘sec (Strombolian-scale eruptions) the height of an eruption cloud may
vary ~r c c n n n  ~~l l  1500 - 2000 m at mid-latitudes to ~ H ~~3500 - 4000 in at sub polar
l a t i t u d e s ;  w h i l e  for an erupt ion velocity of w = 200 m/sec (Vulcanian-scale erup-
t i c , m i s )  t i s -  b m e i g h t  of an erupt ion cloud may vary from iliF! 5000 - 6500 in at m id-
l at i i ude~, I c ,  ~ I l - 11000 - 17000 m at subpolar lat i tudes. These are maximum
e,timates of atmospheric penetration based upon the cent erline veloci ty of the je t ,
not the a ve-r a g e  et y e l  c i ty  at a part icular  al t i tude.

These (-l oud height - .stintates indicate that an order-of-magnitude increase in
erup t ion v e - l c c c i t t -  should  re - co l t  in a factor of 3 increase in the average height of an
erupt ion cloud produced by a m i d - l a t i t u d e  eruption , and a slightly larger factor of
4 increase in the avera ge height of an eruption cloud produced by an eruption at
sub polar l a t i tudes . This method c c f  e s t imat ing  the height of an eruption cloud also
ind ica te s  the imp o r t a n t  influence that  crossa-inds have on cloud height. For a par-

t icu lar  value of er uption velocity the average height of an eruption cloud produced
at subpo lar lati tudes is approximatel y twice the average heigh t to which an eruption
cloud would r ise in the stronger wester ly flow that  occurs at mid- la t i tudes .

25 . Fudali , H . 1- . , and Melson , W. G. ( 1972) Bulletin Volcanologique 33:383-402.
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J ET CE NT ERLIN E VELOCITY
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Figure 1. The Centerline Velocity of a Turbulent Volcanic Jet (heavy lines) Corn-
pared wi th  Averaged Crosswind Velocities (li ght lines) at Various Al t i tudes .  Jet
center l ine velocity is calculated by Eq. (2) for different  values of w , the eruption
velocity at a volcanic vent. Eruption velocities ranging from 20 m/~ec to 200
rn/ sec are assumed to represent a wide variation in eruption intensity, from
Strombolian-scale eruptions to Vulcanian-scale eruptions; a vent d iameter
D = 100 in has been assumed in all calculations. Wind profiles are averages for
the win ter season in the Northern Hemisphere. [Handbook of Geophys. and Space
Environments (1965), Tables 4-12 through 4-18. 1

14



-- ---c---- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

----:--—- ------—-—-.---—---- - --- - —- —
,———----- - -- —---------- - — ~

-- 
~~~~~~~~~~~~~~~~~~~ 

--
~~:

-
~~~~~

Crosswinds car t  fo r-ce an er -uption cloud to bend o c - r  and become h o r i z o n t a l

downrange of the volcanic vent.  Tlìe actual  t r a j ec to ry  of an erupt ion cloud i t m the

presence of the prevailing cr - t c sswinds  sh own in l- ’i gure 1 can be roug hl y an t i c i pated
by the angle formed by the  intersect ion of individual  wind profiles and je t  center-
l ine veloci ty  curves . The a’ 100 n i / sec erupt ion velocity cur-ye shown in

1-igure 1 converges at a smal l  angle wi th  the wind p r -of i l e  for Thule , Gi-eenland at

an a l t i t ude  of 12 km. A comparison of these twc ,  curves  indicates that  hor izon ta l
crosswind velocities are 70 percent as s t rong as t ime  ver t ica l  center- l ine velocity
of the volcanic et over a l t i tudes  of 8 to 12 km . An eruption of t h i i  i n tens i ty  into
this cx-osswind environment  would thus produce an er -upt n)n  cloud that  bends in a
wide arc fr -om the local v e r t i c a l  d i rec t ion .  In contrast  the - 100 rn/ sec  eruption

~- e - l c c i t v  curve intersects  the wind profi le for Washington , D. C. at a much larger
ang le at an a l t i tude  of :isoo rn . In this  case , the erupt ion cloud would bend

through a niuch smal le r  arc in nt aking the t r ans i t ion  front  p redominan t ly  ver t ical
to pr - edomn inan t l y hor izon ta l  motion .

F i g u r e  1 indica tes  tha t  the average a tmospher ic  penetr -at ion of an eruption
cloud produced by a turbulent  volcanic jet  should be greater for eruptions occur r ing
at sub polar la t i tudes , where  zonal wes te r ly flow in the mid- t roposp here is gener-
a l ly  aeaker  t h a n  at middle la t i tudes . As nt entioned previously, the average height
of the tropopause is lowest near - the poles (~ 9 km) so that  direct  int roduct ion c cf

volcanic dust  and gas into the s t ra tosphere may, on the average, be more easil y
accomplished by exp losive eruptions at subpolar la t i tudes (for example, 195( 1

Beivmiann y e rup t ion  in Kamchatka;  1912 Katmai eruption in Alaska).  Similar ly,
zonal wester ly flow iii subtrop ical lat i tudes is weak in comparison with the mid-
l a t i t u d e we t c n - l i e s . However- , the average hei ght of the tropopause is greatest in
equator ia l  regions (~ 1( 1 km).  Thus massive Plinian-style eruptions are generally
required to d i rec t l y introduce volcanic dust and gas into the stratosphere at sub-
t rop ical lati tudes (for example , 1883 Krakatoa eruption in Indonesia; 1963 Mt . A gtmng
eruption in Bali).

:i. 2 his.  of I nclu =1 Ii sI P I urne~

Waste  gases and fine par t iculate  material released from industrial smokestacks
fornt  p lumes that are sometimes clearly visible. The rate at which industrial
effluents enter  the atmospher-e , though widely variable, is generally similar to
some forms of fumarolic  and weakl y-explosive volcanic activity. The maximum gas
discharge rates of ccc m ,tm erc i a l  power plants are on the order of l0~ m3/sec
(Table 5. 1, Ref 12) in comparison to a peak gas flux of 2 X ~~~ m

3 /sec obser ved in
the initial  phases of individual  explosive burs ts  from a volcanic vent at Stromboli
by Chciuet et al •

18 The rate at which thermal  energy is released by such industrial
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t a c i h i t i e s  is t y p i c a l ly  less than S y ~~~ cal ’ sec , whereas the gas phase t ransport
c c f  t reat  away from the  surface of the permanent  lava lake at the Nyir -angongo - -

- - 8 26\ c .c l c a r i c c  has been es t imated  to be 10 cal/ sec by Delsemme (see also
mil ( cz u  ru ~~~~

.

Er - op t ion  cloud heights  of several hundred meters  observed for Strombolian-
sty le ct-options (see A~~~endix A) are comparable to the plume hei ghts reported for
a v a r i e t y  of indus t r ia l  sources (see , for example Briggs 28 ). In the case of major
exp losive erupt ions  ( tha t  is , Vulcanian-scale  eruptions) exi t  conditions at volcanic
y e n / s  d i f f e r s ign i f ican t l y f rom those commonly found at the mouths of industr ial
smokes tacks . 1- x i t  velocities and mass flux rates associated with major exp losive
erupt ions  greatly exceed the rate at which industr ial  effluents typ ically enter the
a t r i o s p here. (For example, Thorarinsson and Vonnegu t 13 est imate that during the
in i t i a l  s tages of the 19( 13 Surtesy et -uptioni , thermal  energy was emitted at a rate
- 10 - -in excess of 10 cal sec . )  As a result , eruption clouds produced by Vulcanian-
sty le  eruptions can easi ly dwarf  most indus t r ia l  plumes . The crosswind environ-
ment into which  industr ial  eff luents  and volcanic dust  and gas are emitted may also
be qui te  d i f ferent.  Explosive eruptions commonl y occur at the summits  of large
stratovolcanoes where crosswinds are likely to be considerably stronger than
those typically encountered by industr ia l  eff luents .

A variety of theoretical  and empir ica l  expressions have been proposed to
est imate the maxirnunt rise hei ghts of in dus t r i a l  plumes . Application of these
industrially-based formulae to exp losive erupt ion conditions involve s an extrapola-
tion of these various expressions beyond the range of exit conditions for which  they
were developed. As mentioned previously,  there is an approximate correspond-
ence bet ween the heights of plumes produced by large indus t r i a l  sources and the
hei ghts of eruption clouds produced by aen k ly - e x p losive Strornbolian-style erup-
tions. At  these scales ver t ical  p e n e t r a t i o n  of the a tmosp here by indus t r ia l  l) lu flies
and eruption clouds is roughl y compar-able. Extr-apolat ion of i n d u s t r i a l l y-based
plume rise expressions beyond this  scale to more explosive eruption condit ions ia
employed here as a means of invest i ga t ing  the  r -elat ionshi p between the heights  of
eruption clouds and eruption in tens i ty .  The rise of industr ia l  p lumes is predom-
inantly controlled by the thermal buoyancy of indus t r ia l  eff luents .  Es t imates  of
the heights of eruption clouds based upon the behavior of indus t r ia l  plumes can be
compared wi th  reported cloud hei ghts and est imates of eruption cloud h e i ght based
upon the turbulent jet model in order to assess the relative importance of th er t -mta l
buoyancy in the rise of eruption clouds.

26. Delsemme, A, ( 1960) Centre National de Volcan , Publ . 7: 1199-707 .
27. Shintozuru , D. ( 1968) Bulletin Volcanologique 32:383-394 .
28 . Bri ggs , G.A. ( 1971) Nuclear Safety 12 :15-24.
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The rise of i n d u s t r i a l  p lumes  emana t ing  from smokestacks has been found to

d epend upon : ( I )  the ve loc i t y  of the e f f luent  at the mouth of the stack , (2 )  the
tempera tu re  contrast  between the e ffluent  and the ambient atmosphere, (3) the

m c c .ss sectional area of the stack, (4) the average crosswind speed at the height

i t  wh ich  the eff luent  is released , and (5 )  the thermal s t ruc tu re  of the atmosph e r e
( t hat is , the var iat ion of envir-oninental  t empera tu re  wi th  height) . The following
f o rm u l a e  emp loy various combinations of these parameters  to est imate the maxi-
mum heights of i n d u s t r i a l  plume-s (see also Figure 2) . These formulae have been

2°discussed in gr - e a t e i -  d e t a i l  by Briggs . -

ERUPTION CLOUDS THER%~AL PLUME MODEL

-
_

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

~~~~~~~~~~~~-~~~~~

Fi gure 2. Parameter-s Emp loyed in the Indu str ial  Plume Forntulae Used for Pre-
dicting Plume Rise .

29. Briggs , G . A . (116 8) Momentum and buoyancy effects , in Meteorology and
Atom i c  Energ~ , D. Slade (Ed) , USAEC Report TID 24190.
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1. ! l c i l l a t m h (Oak I t i i . l gc-) I - i c r t i i i ib i 1° ( I  tV c3 )

~~h h  I . - d )  
(
~~c c )  4 . 0  ~o

5 s-!-!- (Q
11 

is h e a t  f lux in i - a l  see)

2. f ) a v i n l s o n - B r - y a t m h _ i i  c r n i u l a 1 ( I  t i S 4 )

~~h I  I )  
(

~~~_~. 4 

(I .

( . Bosanquct F o r - n m u l a 32 
f -Stable conditions , wind y (1957)1

0. 6l 5 X 0
1 - 2

i~ll  A u  f 1 + f 2 — 2 1 - 2

((;2) 0.57)

(See Bosanquet ’32 for def in i t ion  of variables A and X ;  values of funct ions
and 19 are given in tabular  f o r m a t )

4 . 13o-sanquet Forn-mula 32 
[Stable conditions , calm ( 1957 ) 1

~~i i =
O. 666 ( g Q~~~T\

1 4  
( t + t  ) 3/4 -!. t 3/4  0 . 2 8 3 ( Q ’~’/2

- 2 
~ 

T j  0 2 0 a ~ w /

(See Bosanquet 12 for definition of variables a, t and t 0; Q is effluent
discharge rate in m 3

/ sec)

5. Stiimke Formula3~ (1963 )

= I . SD (-;
~

--) + 65.0 D312 
( A T)

l / 4

30. Holland , J. Z. (1 953 )  USAEC Report  ORO-99 , Weather Bureau , Oak Rid ge
T cnn.

31. Davidson , W . I - . ( 19 5 4 )  ‘l r -ans . Conf. m d .  Wastes,  14th Annual  Meeting,
pp. 38-55 , Indus t r i a l  h ygiene Foundation of Amer ica .

32 . Bosanquet , C. H. ( 1 9 S 7 )  J. In st.  Fuel 30:322—328.
33. St~ rnke , H. ( 1963) 1 . S. Atomic  Energy  Commission Report  ORNL - TR- 0 7 7 ,

Oak Ridge Nat ional  Labo ”atory.
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i r i ~~us  i - c r  c i i l a 1 
(~~ad h c 1 c  c c c r i c l m t i c c i c -  \% in (h y ( l t l I c ~d ) J

~~i i  L 0 ( ± ~~) 
~

7 . l i i g ~ .’ I c c i 1 ! l u la  ~t a h c I c -  c a c n c h i t I c c r t ~~ c a l r i m  ( l d d i c ! d ) I

1 . _ I  4
~~i h  ‘ . 0

a h i - c e

~~1 I p lume r i se  h e i g h t  d cc c v i -  vent  (m )

I) — v e n t  d i a m e t e r  ( or )

— ve t -t i c a l  exi t  ve loc i ty  at  v c - r r t  mou th  (nt  , see)

u averag e  c rc , s - c wind  speed (m u ‘sec-)

~ T d i f f em - enc e  in a b s c c l u t e  t emp era tur -e  be tween anmbien t  air and e f f luen t
gas (°K)

T • 
- absolute t e m p e r - a t u r - e  of e f f luen t  stack gas (°K)

Ta absolute t en ipe r - a tu r e  of ambient  a tmosphere  ( °K)

buoyancy flux 1- -‘ g~41) w ( D )
2 

(nt 4 / sec3)

S = a tmosp her ic  s t ab i l i t y  parameter  -~~~~-~~~~~~~ -_, (1 ,- s ee 2)

9 8°K
— r F -~ 1000 in

- - - (d .r environmental  lapse rate  = aT ,: d Z  ( K ‘ ni t )

4 g g rav i t a t iona l  acce lera t ion  (9 . 8 ru see 2 ) --

These various formulae are  based upon both laboratory experiments  and obser-

vations of the ac tua l  behavior  of indus t r ia l  p lumes . Each formula  produces reason-

abl y accura te  es t ima tes  of p lunt e  r i s e  w hen  app lied to cer ta in  types of meteorolog-

ieal  condit ions and a specif ic  r-ange of e f f l uen t  sour -c -c  s l r i - n g t h i .  No single technique

can accura te l y predict  p lume hei ght in all cases . h - c r  examp le , the Holland (Oak

- 
- Hidge)  formula  is based upon w i n d  tunnel  e x p e r i m e n ts  and em p i r i c a l  observat ions

at relat ivel y smal l  power p lants operat ing in the  1950 ’ s . When app lied to explosive
er-upt ion  c o n d i t i c c .  the  Holland (Oak R id ge )  f o r m u l a  ; c m - e c h i c t s  u n r e aso n a b l y  large

cloud h e i g h t s .  (For values of g rea te r  than l 0~~ ea l/ se  the h olland formula

1°
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pm - ( -dh m ( - t s  et -uption cloud heig hts on the order of 50 km. ) The remaining equations
p u - e -~ ented abc ,v - produce rea l i s t i c  es t imates  of erupt ion cloud height when app lied

t c c  explosive eruption condit ions assun ed in this stud y. By considering several

methods of e s t i m a t i n g  plume height it is possible to make a meaningful  estimate of

e r u p t i o n  cloud hei ght based upon the behavior of industrial  plumes.

l able I presents the c-alculated heights of eruption clouds above an activel y-

e r u p t i n g  v c l r - a n i c  vent for the case of a volcanic ga-s (T , = 373°K) entering the

ambient  atmosphere (T a 
S 273°K) v ia  a circular vent o ’ diameter U 100 in. It

has been assumed here that  the erupted gases expand rap idl y and cool from the

t e m p e r a t u r e  at which  the magma is erupted to 100 °C such that they effectively exit

the cra ter  at the la t ter  temperature. Small changes in Ta or T 5 will not greatly

af fec t  cloud height estimates in Table 1. These est imates have been rounded to the

neares t 100 in in recognition of the large extrapolations involved in apply ing the

indus t r i a l  plume formulae  to exp losive eruption conditions. Actual  observations

of the heights of erupt ion clouds are commonly est imated to the nearest ki lometer

(see A ppendix A) .  A var ie ty  of combinations of eruption velocity and crosswind

velocity has been chosen to represent an increase in eruption intensity from the

lef t  to right of Table 1. Exp losive eruptions typically occur at the summits  of

large stratovolcanoes where average crosswind velocities are on the order of

10 to 30 n i — s e c .
Es t imated  heights of eruption clouds vary from 900 - 10, 000 m for Strombolian-

scale eruptions (w 0 = 20 m/ sec)  to 3200 - 8500 m for Vulcanian-scale eruptions
(W ~ 200 m/ sec)  in Table 1 . The Stn ~imke formula  appears to predict unreasonably

large cloud heights (~~H 10 kin) for r e la t ive ly small , Stromoolian-scale eruptions

F (w 20 in ‘ see); and the Briggs and Bosanquet formulae for calm conditions may

be cons idered to be inappropriate for the upper levels of the atmosphere where

crosswind velocities are usually greater than 5 n t/ sec. A more selective range of

est imates can he based upon the Davidson-Bryant, Bosanquet (stable conditions ,

wind y) and Briggs (stable conditions , windy)  formulae . Disregarding the Stiimke

formula , est imates of cloud height in the presence of a crosswind vary from 900 -

4000 in for Strombolian-scale eruptions (w 20 n-c / s e c )  to 3200 - 8400 in for
Vulcanian-scale eruptions (w 0 = 200 rn/ see) .  Based upon these estimates, it would
appear that  an order of magnitude variat ion in eruption veloci ty  wil l  not necessarily
result in a major  change in eruption cloud heigh t . A comparison of the median

value of cloud hei ght selec ted from the range of estimates predicted for these two
cases of eruption conditions suggests that  an order of magnitude increase in erup-
Hon intensit y should result in a factor of 2. 5 increase in median cloud height.

A comparison of the Davidson-Bryant, Bosanquet (stable conditions , wind y) ,
and Briggs (stable conditions , windy) formulae for an eruption velocity of w0 = 200

rn/ sec under different  crosswind condit ions indicates tha t  cloud height varies from

20
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~~I I  = 3700 — 8400 in t c r  c r c ~~sWj i td  u 10 i t t/ sec  to ~~l1 = 3200 — 5300 in hei r er o s- .-

w ind u 20 m ’ sec - . Thus var ia t ions  in c- rm s swind  conditions may potential l y he as

s ign i f i can t  as var -ia t ions  in n e rupt ion velocity in de t e rmin ing  the hei ght of an erup-

t ion cloud. In addi t ion , Table I demonst ra tes  that var iat ions in the t he rn t al  struc-

tu u - e  of the a t m o s p h e r e  (F) can also Itave an impor tant  inf luence  on erupt ion cloud

he igh t .

I. I l l =~ I

The physical  mi techani sms responsible for the rise of an eruption cloud are the

upwa u -d  n a c n t e n t u m  and thermal  buoyancy of the volcanic  dust and gas . Each of the

ana logous  phenomena employed l u e r e  to model the r ise of an eruption cloud is pr in-

ci pa llv dependent  on cO O  of these two physical nmec ira n -n i sms.  By comparing cloud
height  e s t i m a t e s  p roduced  by these  two  ve ry  d i f fe ren t  models , it may be possible

- i r e c - r -  wh ich  c1 t h e  twn  mechan i sms  pla s a more int ipor -tant role in the rise of

vc, lcan ic  e rup t ion  clouds.
I - : s t imates  of e r -option cloud height based upon the tu rbu len t  je t  model are a

- l e a su r e  of a tmospher ic  penetra t ion produced by the upward momentum of volcanic

dust  and gas . Cloud height est imates based upon the indus t r ia l  p lume m odels are

a mtr easure  of a tmosp h en - ic  pene t r a t i on  produced by tire thermal buoyancy of volcanic
gas . For eruption velocit ies  vary ing fr-or -n 20 to  200 m ‘see , cloud heights es t im ita ted
by t h - -  t u rbu len t  je t  model r ange from 1500 - 6500 rn (ut- rid-latitude eruption in

Figure 1) , whereas cloud heights es t imated  by t lte industr ia l  p lunte models range

f r o n t  900 - 8400 m (prefer red  models neglecting Str iimke Formula and calm con-
di t ions in Table 1). These est imates  of cloud height ar e  consider-ed to be roughl y
contparable in view of the assumptions and extrapolat ions involved in appl y ing the

models to exp losive eruption conditions . The fact that  general ly  s i m i l a r  e s t ima tes
of cloud hei ght are produced by two very d i f fe ren t  models suggests tha t  both m ito i t i en -
turn  and thermal  buoyancy play an important  role throughout  the  u~ta in  portion of an

eruption cloud’s trajectory. For these eruption conditions (20 iii sec ~ w ~ 200
n t - s e c t  neither momentum nor thermal  buoyancy appears to dominate the  ) n a c c ( 5  S

~ f cloud rise to al t i tudes of 10 km above an act ively-erupt ing volcanic vent.

Both the tu rbu len t  jet  and the indus t r i a l  plume models indica te  tha t  for con-
stant  crosswind conditions ‘ire height of an eruption cloud should increase  as erup-
t ion intensity (tha t  is , average eruption ve loc i ty  w0

) increases . An order -  of rttag-
n i tude  var ia t ion in eruption velocity front w0 20 n t -  sec to = 200 n i t  sec resul t s
in a factor of 3 to 4 increase in average cloud height predicted by the tu rbu len t
volcanic j et model ,=nd a factor of 2. 5 increase in median cloud hei ght predicted by

the select group of industrial  plume models discussed ear l i e r - . h owever - , both

-) -,

- ~~
- -  —~~~~~~~ —— - - - -

~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

n n c , c l e l , n  a I . su c  h e n i i c c n i = t r a t (  t h a t  c h i L n i g e S  in c r05 .5 0 m d  ‘i . loci t~ b ’  f a c t o r s  c c l  2 to 5

c ; c n l  n - e s t r l t  in ~-a n i a t  ic  cm1 in c loud h e i g h t  of imhl ar magni tude .  The models ind ica te

tha t  a ~- c c l c a n i c  cloud pr -oduced b y a l a r g e — s c a l e  exp lo s m v e  e rupt ion  in a s t rong

c t c s  - ‘.~ inch  i n t v i r c c n m t i e n t  could r ise to s m i t a l l e r  hei ghts than  a volcanic cloud produced

by a , s h c u - a t c - - s c a l e  explosive  e rup t ion  in a i~~~ak r r cc s~~w m n d  environment . Then - c—

t c c t  the a p p a r e n t  heights of e r u p t i o n  Cl(cud s do not necessar i ly  reflect re la t ive

i- - t u h c t i c . c m c i n t e n s i t y .  Reported heig hts of eruption clouds wi t im out  re ference to local

c : rccs swind  condit ions at  the t i u , c- of eruption cannot  he d i r e c t l y  compared to gauge

the n-d a t ive  exp los i vene.s s of different volcanic eruptions .

The r ange of erupt ion cloud heigh ts predicted by the turbulent  jet  and the

i n d u s t r i a l  p lume models for average eruption velocit ies varying  f rom 20 to 200

r n / s e c  is genera l l y less t i tan 10 km. This agrees quite well wi th  the range of

observed eruption cloud heights  reported to the Center for  Short Lived Phenomenon

over th e period 1970-1974 (see Append ix A ) .  Such eruptions may in t roduce  large

quan t i t i e s  of p a r t i c u l a t e  dust and volcanic gas regionally into the troposphere hut

do not d i rect ly  penet ra te  the t ropopause.  Volcanic dust and gas produced by erup-

tions of this size may never theless  enter  the s tra tosp here via s t ratosphere- tropo-

sp here exchange proceSSes .

Maximum observed eruption cloud hei ght-s reported over the period 1970- 1974

ranged up tcc 1 2 km for  the February 1973 eruption of Fuego Volcano , Guatemala

and 15 km for the surnn te r  1970 eruption of hlekIa , Iceland (see Appendix A). Both

of these  e rupt ions  occurred outside the 300 _60 0 la t i tude  band where  zonal wester ly

flow is best developed. The IlekIa eruption should have injected mater ial  d i rec t ly

into the s t ra t o sp here. Widespread s t r a to sp heric  ef fec ts  produced by the Fuego

erupt ion  t : c ’a- been reported b~- several  invest igators~~~’ 
36 , 37 , 38

Even g r e a t e n  e r u p t i c - n  cloud hei ghts  ranging up to 20 km to 40 km have beer4

i n f e r r e d  i c r  r p t , I . - ’ c - - j  for - a t : c - , t r c c p h i i c  P l i n i a n — sc a l e  explosive eruptions in the past

( La n i t l c . 1070 ; ( r c c r i m n c , 10 7 1) . Erup t ion  velocit ies greater than 200 rn/ sec  are

requ i r ed  by I c c - t i ,  t he  i r c r l u - , t r i a i  p l u m e  models and the turbulent  je t model in order

‘I ~c i  c - h i -  - a r c - n  c loud s i g h t s  c r - e a t e r  t han  20 km under reasonable crosswind

condi~t c ~~ (U 5 r i  ‘ sc - - ) . b’ r -e - = c i - : a h - l y  such average eruption velocities must  be

ma in t a ined  ~- - r  -, c c a c-  p er  r d  of i - ( i n  the order of several hours ?) to permit the

e r u r u ’ L-  - 1  clo ud to - c ’ - -  - ‘ - - i s x i n u r n  height. Firs t hand measurements of eruption
- ; , - i o e m t m ( - - ari d cro4~~ - : -  I - c f l d m t u c  - r i - c  du n - i n g  such catastrophic explosive eruptions

34. b e r . - n  - I . .  R .  ( 10 7 5 )  Hev . Geophvs.  and Space Sd. 13:459-474.

i s . Feglev , I’ . • and b . l l ~.,, II .T.  ( 19 7 5 )  Geop hys. Res. Lett. 2 :139-141.
n \ h c  ( - r -  i c  k ~I.  P. , and 1-u l le r , W. H . ( 19 75 )  Appl .Opt .  14 :4— 5 .

17 . 5 h - i n c~ - , .-\ . }L , and \1. -un -l , ‘~i. p. (1975) Science 188:477-478.

t H . V cj l i . l- . K . ( 1 9 75)  -s-te nre l 8 9 : 4 8 — = 0 .
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R- - d : i c l l c h , l \  u - a - c - . ‘ I I c e n e t c u c -  i t  is d i f f i e ~n l t  to d c t r - r i i j r ie if  ( - , t u I . a t c - - of

c ’ - L c _ei c - r - i c ; c ? l - :l ~~- l o c m t \  I I  t ime c t c k - ~ of I~OO nm sc- c — 500 i i  ., c - c -  m i m i - n - c d b y
a n - i n c  c c  t C c l  - - u - u j c t  i - c i  -loud I c-I  g h t s  w i t l u  model pred j et  i m i n i - , , a r e  n - ca -ic,nab l e

cm t I - - .,e a .s s m \ c -  P h i n m i a n — s - t c l c  c - r - up t i cj ru s .
1 I i . -  i - c  c - I  such gi g am i t h -  er - cmption c louds nitay a l so  I -c - in f luenced I c ’ :
1) A t n : -- ,~~t i e r j c ’  Th e rm a l  St n - c m c t u m - e .  E rup t ion  clouds r is ing above 10 km n r t l c \

- -  c l c c m i : l . e l t h ,  c o n t r o l l e d  h c \  r u n a w ay  c o n l v e ( t i o r r  in an atmosp h e r e  - c l i m e t i n -  m m c i —
- -~ c c l i i  Il q c - e  i a t c -  \v a .s s l i g h t l y  g r ea t e r  t iman  the a c l i a h i a t i m i  lapse r a t e  ( t h a t  j

c~ni ‘ :  - I - I l i t  O c r !  ) . In sucht  ar t  env i ronn i ten t , the in t r o d u c t i o n  of vol c - an t i c  dus t and
g - c ~ ( c i n c h - i - t c c m - - l a r -gc - — s c - a l c  c c i t ~~~c t n o n r . ( )h.— e r - v a t i o n s  of the behavior -  nd ’ i n c i i o - , t  i - i a l
d l i !  ac I n c i c - m c t  u - I l l or uns t ab l e  c t  c I c ~~ j ) h - t - i e  condi t ions  are l imi t ed .  12 

~ is d i f f i c u l t
- - - - d I n  d c -  -x : c c t l \  l c c , , i  m i t u c h  f a r -t h or  an en-option cloud m i r igh t  m i s c- in such ad iaba t ic

c r  s u p e n - : m d i _ c h c t i c - - a c c  l i t  l c d ! -, .

I I c - n - r u r a l  :i-; - - c  l a er. e a rn  n - c - s t  n - j e t  c o n v e c t iv e  motion in the a tnt r osp hrt - r - e.
l n r v d - r - . s n c c n m . n  I c r - C  p roduced  by h e a t i n g  of the ear th ’ s su r face  and are typ ical ly  ec .c n i i i n i e i

to the lower -  2 k in  of t h e  z c t n m r o s p hi ere.  At  such a l t i t u d e s  the u p w a r d  ut i on ientum of
v o lcan ic  c b s  and gas c c-e te d  by an explos ive  eruption should generally be s u f f i c i e n t

c~~r r~ an e r u p t  ion c - loud  th rough  an invers ion l ay e r  (see Figure 1). There fore , —

‘ h i m -  c n - e , c - n e e  if n y c - i s b n l aye r - s  in the  lower atmosp here should not usual l y influ-
ence the u - i s o  of exp h c c s i v e  e r u p t i o n  clouds.

( 2 )  ~\ n n c . ,mn a Ia c r i  - h ’ c (~ c lnn  Upper -  Level Winds.  As discussed above , both the
i n d c m s t r i a l  plume  : n c d e 1 ~ and the tu rbulen t  jet  mt -model are sensi t ive to var ia tions  in
cr - osswind  s t r e n g t h  at the t i n e  of an eruption . U n u s u a l ly calm condi t ion .s  al of t

(u < ~ itt see) wil l  pe rmi t  erupt ion clouds produced by eruption ve loc i t i es  les-
than  200 it t / s e c  to a t t a i n  a l t i t u d e s  grea ter  than -

~~ 15 km according to both types  of
n- c. cdels presented here .  Su -h calm condit ion -s  nt ay occur as the resul t  of a t c c n - t i ~i-

t c cu s  configu n-ation of t roposp heric  wea the r  s y s t e m s  at the t ime  of an e r u p t i c - ~~.
t I )  Sustained Erup t ion  Condi t ions.  An indiv idual  eruption can pass t iu r o u g h  a

series of phase~ a l t e r n a t i n g  between -Strombolian and Vulcanian s ty les  of e i U j  I c c i ,

occasionally c u l n t t i n a t i n g  in a mass ive  Pl inian-scale  eruption (w t O O  nir see ~) .

During periods of sus ta ined er-uption , the eruption cloud pr -oduced by t h e  n u t  o- I
exp losive phases of l c c t i v i t v  m a y  establish a natural  vert ical  condui t  in 1 1 m m -  l i t .  -

phere . It is possible t h a t  ga-s and dus t  released during a shor t- l ived inc ’e:c., e in

erupt ion i n t e n s i t y  may r i se  throug h the pre-exis t ing cloud coluntrn to produce a
si gni f ican t  increase in the maxin tunt  height of an erupt ion  cloud . The inc m - c asc -  in
cloud height  produced by the t ransient , more exp losive phase may pers ist through
lat e r  erupt ive  phases. Thus , the -~served maximum height of an eruption cloud
may depend to an iniportant degrec - a the chronolog ical sequence of erupt ive phases
produced dur ing  a single period of eruption , and not necessari ly on tire tinte-
ave raged en - u  I d ion condi t ions.
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1 . T u r h c i n l c - r m t  n - I  a n n - b  u m n c h m ~~I i - n 1 c I r c u s ’  i s  c l c - h .  c ,I i c c l c - l c r n u c  e r u p t i o n )  c louds ~~~~ -—
‘ b i c i c c c n c j d l c m : d l c l c -  i - u s c -  i l c u c ! i  d c , ’ c ’ d  a ! I c i ! L e  of ( - n - u l d t i o n i  c - c . c n m c h u t m c c n m s  I c c e  1x l ) l ( c . s ive

c -r -up t ion -ms c c c c i m i r ’ i r - m g  in I i , -  : - ~~d — l c c I n ! c c - t c - -, . 1 1 c m  I c t i  c , - l d l i & - n ’ t e  pene t ra t ion  of a tot ’ —

p t  is ~~~~~~~~~~~ (h ue to t h m c -  m a c i l c c - ! m t  u r n  m c i  t he  e l m - c - t e d  i l i a t e m - m l d l . —, ; t ine a t i o c c - , —

p b u e n ’ i c ’  ~m( ’n -m et n~ m t i c c r n  of I c n i  i o c h m .~ t n - u c l  p l u - i c -  i .s c m i i i -  i i m a l l v  - t u e  to 1 1 m m -  t l u e r m t - m a l  I ! u c c v a n u c \

c c i  m u m - l u - — I m - i a l  e f f l u & - n i t - — _ ‘h u m ’ S m u t  t h ~i t  - ‘ - a  c ; c i  c h i c  - l c tvl l i m - i g h i t  e . s t i n i c a t c - .s arc- p ro—

h ue -ct cc t h m ~- — _ m -  two \ -( -u ’\ -  - h i d - u - c -  n i t  ma c i d o ls  u c c - c - s t .s t i n t both n l c c c n ; i e n m t u u - m m  and l c c - i - m n a l

I - i i \ c i m c ’\ l c l l m \  an I n n m h m m d n - t l c m m t  n - c - I c -  ‘ I c i c , u i ~ ’ I c - u i t  1 1 c m -  : s a i r m  p or t ion  of an er up t ion  cloud s
- 1! c - c  - I c  - i \ .

2 . Esi i c o m I c - c l  l i c - i m . i h i t  s of er -up d i - c i t  d c  c~~~ t -  based  upon t c r r h u ) e n i t  el and in d u s t r i a l
d u a n e  c c c c h m - l -  : c m e  s m - n i - , i t j v c ’  f -  a s sumed  c r o s s - .-. m d  cond i t ions .  Bot lu lvpe .s of i i c c i k - l . s

i n d i c a t e  (h ; . mt  c-~u r i a t i c m n s  in er i mpt ion  in tens  i ts -  and ( -r - u s sw i n d  ve loc i ty  can u - c - s u i t  in
- h m i m n m g e s  in c-loud he igh t  t h a t  an -c of s i m i l a r  m -nag r n i tude .  R e p o r t s  of m c I - s e r v e d  c rop—
i c c n ’  cloud he ig h ts r a n - t h y  include i n f o r m a t i o n  about local i u c - t m - c c r o l o g i c a l  condit ions ,
m mu 1 u m - u i t l v  d u c -  tc . c t h e  n-c-mote  l oca t ion  ( c i  m a n y  nt -majo r  explos ive  e rup t ions . The

hei ght of an em - c i p t ion  cl ii has in ti - me past been r egarded as a r e l a t i ve  index of

-- i - o p t  ion i n t en s i t ~- espee - - m l i v  in i-u ses  cc - h - men - c ground u c h - c e r v a t i o n s  of the - c c - t u a l
e r -opt ion  a r - c  d i f f i c u l t  - - c  spa r -se .  This  st u d y i n d i c a t e s  t i m a t  t he  he ights of m n - o p t i o n

cl oud.s do c s - I u i c c - m . - s s a ri ly  r c-l ’lec t r e l a t i v e  E - r -up t ion  i n t e n s i ty  (n teasured  here  as

~cve~ -~c c -  ex i t - c - l i c e  i t v  it  I l i e  v c c h m - l c n i c  v e n t ) .  O b s e r v a t i o n s  of e r up t i o n  cloud h e i g h t

i n l a y  vm ~f p r o c - i d e  a n - c- - I n t L - c  index of e r up t i o n  i n t e n s i ty  if they can be reported w i t h
n c - i c - n m - n c  c to local c r o s s w i n d  condi t ions  at the t ime  of the erupt ion.  Knowled ge of
the  t h e r m a l  s t r t u - t u n ’ c - of ‘l i e  a tnt ’mosp h ere  would also be useful  in relat ing observed
hei gh t s  of eruption clouds to sum-face eruption conditions .

1 b a ’  t cm r b u l e n t  m- ~ a r t- -i m n d u s t r i a l  p lume ntto deis a l s m c  i nd ica te  tha t  e i the r

the  m ccm ent cm m or t fm e t he rma l  buoyancy of volcanic dus t  and gas can carry  an
erup t ion  cloud to he igh t s  on the order  of 5 to 10 km. Clouds r i -s ing  to s im i l a r
hei ghts  n c n c  ~h im s l i t ’  p roduced  by large  areal sources  of hot volcanic ga-s ejected at
s m a l l  e rup t ion  : c- ioi ’ it i e s  and s m a l l , v i ole n tl” - e xp l osive sow-c-e s  of volcanic gas

and dust  elected ct large e rup t ion  ve loc i t i e s.  Therefore , even if local crosswind
condi t i ccns  are noted , t in e  apparentt  heig hts of e rup t ion  clouds may not a l w a y s  provide
a u s e f u l  index to r c l ; c f m v e  e rup t ion  i n t e n s i t y .

The tu rbu len t  c - f  i nr l u , st r i a l  plume ut -models  can be used to i n f e r  n t i n imun t
erupt ion v~~loe i t i e s  1, c r sc n c s n m ’ . P i e  explosive eruptions which have in the past
produced clouds r - i - i r m c i  t i c  hei ghts  of 20 km or more (for example , t h c -  1883 Krakatoa
erupt ion) .  I - o r  u - e a . s c c n a t - h -  c ro s s w i n d  conditions (u > 5 r n - s e e )  both ty p e s  of
models require eruption - - m - I c - - i t i m - s  p - u - e a t e r ’  than 200 rn/sec in order- to predict

cloud hei ghts  g r e a t e n -  t han  20 km . The fo rmat ion  of such gigant ic  eri,np t i on  clouds 
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rmi ~m~ 1115c c d i m - I c c - i c c  I im po ni  : (a )  m c m v i  n - c c i t  - c - c c n i :c o~~e u - a i m  - -, in t ime  upper  t r - c , I c c c s h u l ! m - r m -

h m c l i  l a v c c n ’  i z m i - g e — — c c - l c l e  m c c n m v m ’ c ’ t i ( c n , ( I - )  : i n u c d i - O m l c ) u s l ’ c c -al rm t m - n - c c s - i  - - - m c d  m - c m i c h i t u c c n . —,

in n t im e  c-upper  I n c  - 1 c c - c i c h s m - n m ’ _ m c ! ’  I t )  t n r c r m - , i m - i c t  u r i c  n - c - I c  - c - —  in  i -r up t o cn  in t ens i t  - dur ing

mc i - n o d — , s u s t ; c t n m - - -l  e x p l c - s n u c -  l c d - I n n ’’, .

I - I nO . 1 i c  i f l \  m - t t g l c ’ i c c l t — _ o/  m \ I d l c , s n - c m -  v- P an ic  m ’ m c ; - n c m  n c - n s -~ should include

c f  l c - m : m h  , s , - c m ’ n r -  - n o  1 c - c n t c h m t m c n u _ , m i u n ’ i n g  t h u -  -n ’O l ) t io n  t h e r e  pccs s ib l e . 
v c ’ i c c f l s  m c i  g r o u n d — I c c ’ e - t  r e r - n - ~ shm ccnl r l  i n c e l u d e  n u i e L c s u n - e n u i c - n t s  of air

t t ’ l o I c c r I m t i l r e  s u s - :  - -  - -  ~- i  c - —~~u n ’c- -.-. u nd - 1 c m - c  -I , arid ‘ I c c -  s c u n - f a m - - c oncen t ra t ion  c , f

— cic d c n s t  : c n u d h  c c - , . I ) ; c i I V  l m m ’ i i c l  \-‘lm t r c c n m s  . s lrou ld  in -lode  i c d m - l i S O r e P i e n t  of

P m -  h t e i -j l i t  c l i d h  , - ‘ d c ’ r -n a l  ~i t i - u l m - t c c n s-  m c f  t i re  c- l c ~onl , radial  t e m pe ra tu re  and pm’e ~~~u 1-e

vI n ’ i : c t m m , f l  1 -c , u t  I b m ’  c - I c  u i - I , b c-al c - c c _cs s c  in c h  p ro f i l e s  and I a b c ~ c - n -o tt - -u , and volcanic

gas c u b  l u s t  e c c f l e e i i t  r : ut i or n  in h i m ’  v i c i n i t y  of the cloud. Simultaneous observat ions

of t b , i  -c n a tu re  could he u e d  i~ o m d c l  the  s t r u c t u r e  of s u c s h m  clouds in c c n ’ r j e r ’  to c i ~ - i e r

a: nc- the n ; c n n n e r ’  m m  w h i c h  l I ce  in t r o d o c c  volcanic dust  and gas into t Ir e r ’ a n ’ t h c ’s

a tmosp here . Such knowledge would p r o v i d e  an impor t an t  point of re ference  in

u msse s in g  t i re  re la t ive  impac t  of anthropogenic sources of e f f luents  which  are

episodica l ly  injected di rect l y into the upper levels of the a tmosphere .
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A ppend ix A

Observed Eruption Cloud Hei ghts

Reported heights of volcanic eruption clouds come from a va r i e ty  of sources .
The fo l lowing  l i s t i n g  of observed erupt ion cloud hei ghts has been compiled from a

series of A n n c m u l  Re p o r t s  of the Center for Short-Lived Phenomena covering the
period 1 97 0 _ 1 1 m 7 4  and supplent ented using other sources where  noted . (In cases
when -e a v a r i e t y  c f cloud heig hts has been reported for a single period ccf e rupt ion

at ,m n individual  volcano the maximunt t  reported hei ght has been included in this

I i s t m n t g . )  This l i s t ing  is not necessar i ly comprehensive; ra ther  it indicates the
range of e rup t ion  cloud hei ghts tha t  are actually observed in na ture . It is fre-
quenc t lv  d i f f i c u l t  to  de t e rmine  if reported cloud heights have been mea ured w i t h

n i - s p i - - i~~ s ’a  l m ’ v e l  the  e levat ion of the erupting vent , or the elevation of the
o b s e r v eu - , Repor ts  of c-loud height  less than 1000 m usually are made by observe r-s

near the e r u h ) t m n i L  volcanic vent and typically refer to height above the vent.  Repor ts
of cloud height  gr eater  than  10, 000 m are usually made by ground-based or ai rborne

obser vers at son -me dis ’ ances f rom the erupt ing vent . Aer ia l  observations typica l l y
refer  to height above sea level , whereas  ground-based observations contntonl y
re fe r -  to height above the  observer . Tabulations of observed and inferred eruption

8 ii
clo ud heights reported before 1970 have been presented by Lam b and Cronin.  ‘ ‘
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Table A l .  Obs erved E r - c -mp t ion C loud I leigitt s

- - - - 

Reported He ig ht
Appz -ox i ona te  of the E rup t ion
Date  of t ime  Cloud

- 

F, rup t ro n ’i Location (mete rs)
_ —

25 ( m et  1989 Bezymianny  Volcano , 2000
K amcha tka  Peninsula , [‘SSH

~ 7 N o v  l O F t  Mt . Lokon , Indonesia 500
27 Dec l t m F t i  Cerro Negro , Nica rag ua 700

I 30 Mar I 70 San Mi guel Volcano, 400
El Salvador (above the

cra ter  f loor)
21 A p r ’  1970 SIt . Aso , Japan 150

(above the
cr-ater floor)

S \ 1a~ - 5  Jul  1970 I lek la , Iceland 15, 000
I 11 SIa\  1970 K ax -in t sky  Volcano , 8000

Kamchatka  Peninsula , USSR
29 SIa\  1970 Suwanosezima Volcano , Japan 2000-3000
25 Aug 1970 Tehica Volcano , Nicarag u a 500
Sep-Dec 1970 Ak i t a - Komagatake Volcano , Japa n 400
20 Sep 1970 Beerenberg Volcano , 5000-6000

Jan Mayen Island , Greenland Sea
16 N c v  1970 Sakurazima Volcano , Japan 2100
11 Jan 1971 Sakurazima Volcano , Japan 3000
3 Feb 1971 Cerro  Negro Volca no, Nicara gua 8100
16 Feb 1971 Sakurazima Volcano , Japan 1800
10 Apr  1971 Sakura zima Volcano , Japan 2000
Sep 1970-June 1971 Akit a -Komaga take  Volcano, Japan 1100

(above the
crater)

19 Jul 1971 White  Island Volcano , Nor th  2000
Island , N ew Zealand

18 Aug 1971 Mt.  Hudson , Ch ile 7000
above eu level

-
~~ 5000 n-m eters

above summi t )
18-22 Jun 1972 Alaid Volcano, Kuril Island , U SS R 4000-8000
21 Jun 1972 Poas Volca no, Cos t a R ica 3000
13-15 Sep 1972 Sakurazima Volcano , Japan 3000-4000
6 Oc t 1972 Mt. Merapi , Ja va, Indones ia 3000
Dec 1972 A nak Krakatoa , Indonesia 1600
23 Jan-3 Jul 73 Helgafell Volcano , Iceland not reported
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Fable A 1. Obser ved Eruption C loud Heights (C ont inued )

I Reported J le ight l
A p p r o x i m a t e  of the Eruption
Date of the  Cloud
E ruption Location (m eter s)

22 Feb 1973 I-’uego \‘m m l c a nmc , Gu a t e n m a l a  12 , 000

18 A pr 197 3 A s a n t a  \‘olca nmc , Japan 4500
1 Slay  1973 Long Is lan d , New Guinea 150
Jun 1973 Sakuraz inn a  Volcano , Japan 5000

14 J ul 1973 Tiatia Volcano , Kur i le  Islands 5500
1 5511

14 Jul 1973 Curacoa Reef Submarine 5000
Eruption, Tonga Islands

16 Sep 1973 Santiagin ito Volcano , Guatemala 8000
1974 Sakurazima Volcano , Japan 2000-3300
23-28 Feb 1974 Reventador  Volcano , Ec’uador 1000 -

14 Oc t 1974 Fuego Volcano , Gua temala  7000
(Bonis , 197( 1)

i S  Oct 1974 Kiyuchevskoy Volcano , 2000-3000
Kamchatka Peninsula , USSR 
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