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Abstract; The primary ellect of o volesnic eruplion s 1o alier the compoation of lhe
stratasphere By the divect injection of ash and gises. On average, here is o slrtaspherically
siemilicant voloanic cruption about evary 53 vears The principal effect ol such an eruplion is
the enhgncement of stratospheric solpharic acid serasol through the ox chation anid
concensalion al the oxidation prodoct Ha&0. Follimang the fermatien of the enhanced
aerosal lover, shservations bove shown a recdustion in the amannt ol disect radiation reaching
the groumd and @ concemitant inerense i diffuse rrdlintion. This is assoctated with anincrsiss
i stetospherie wemperilune and o decrease i glolal mein surfiee lesaperaturs (althongh the

gralial pattern of empx

srure changes i complex) In addition, the enbanced acresol Ly
incrensss hetergeneous processing, and this reduces |

@ levels of selive nitceges m the lower

stratosphers This inwom gives rise o either o decrense o an inerease in strtospheric e
[ewels, dependimyg on e level o chloring loading,

[ntroduction

This paper addresses the composition, chemistry,
cachintion and climate elfects caused by larae
amounts of material oected milo the strato-
sphere by voleanic eruptions. The primary eflec
of 3 veleinic cruption it alter the composition
of the stratosphere Ty the dircet injection ol ash
and gases. The gecta themselaes have o relatiely
small eflect on the atmospheric sate, bul the
sevomdary product, stratospheric sulphice acrosol,
has g major effect on stratospheric radiation,
chemistry and climate, The two most recenl large
eruptions were those of Bl Chichdn, Mexico in
April 1982 and of Mount Pinatubo, Philippines,
it Jane 1991, Detatled reviews of these eruplaons
can be feund e Hofmann (19871 and MeCormick
ef ad (1995 For reviews ol the atmospheric
effects of stratospheric acrosals, see Lamb (19710
ar Pucschel (19861, An extensive roview ol the
impact of voleanic eruptions on chimate is given
by Boohock (24000,

Iy peneral, only eruplions that penetrate mto
(he stratosphere prodoce aumespherse elfecls on
Inmascales groater than o Tew days, as concentra-
tioss of woleanic cjecta e the troposphers ane
relatively quickly deplered through precipitation,
diffusion and raineur The significant exoeptions

are long-lived eilusive eruptions which can create
a popospheric “steady state” of enhanced lovels
ol woleanic debris, The cruption of Laki in
Teeland in 1782 is one such example.

Indirect elfects ol voleanic perturbuations
considerzd elsewhere nelude:

« poaling ol the ocean surfice (Rebock & Mao
19933,

s Changes inocirrus microphysical  propertics
(hdinns of af 1593,

« changzes in polar strutospheric cloud properties
(Deshler e afl 1994)

Voleanic episode
Ll fent

A voleame event ocours when thers 15 a sudden
or continuing release ol enerpy caused by near-
surface or surface AL rhovaient, and can
inchide explosions with an ecuption plume,
Erupticn duration can range from a few minules
to hensands of wears, with the median duration
heing seven wecks (Simkin & Sicherl 1964,
Voleanic ash clouds can be prodoced  in
extremely small eruptions of duration less than
ot minute. Yicknt eruptions olien coour after
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long periods of repose, so dangerons voloanoes
iy et currently be recogirized as active, OF the
6 laggest explosive cruptions in the Tast 200
vears. 12 were the firsl historic ernption known
Iraom the voleano.

During a single erapuon, siyles of activity
and Lypes of products may change within minutes
o hours, depending upon changes in magma
composition, volatiles, or ether magma chamber
and vent conditions. The diversicy of wolcanoes
and volcamic products is die Lo Gilerences io the
compoesition ol the magma (mohen or ligquid
rockl. which conlrol its viscosicy and gas conlent,
Crases become less soluble in mapgma as it
approaches the suclace and the pressure de-
creases, The greater the gas conlent of o magn,
the maore explosive the eruplion. Additionally,
MEEnE wiler imteraction can penerate very
explosive eruplions,
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Eruptions with a Voloane Baplosivity Index
(VEL greater than 4 are Llkely 1o penvieate into
the stratcsphere {see Mewhall & Selit 1982 for
delinivion of the VELL Table 1, adapled (rom
Bluth g el (19970, Hsts such eroptions Mo 1979
tee 1994, Aldthough all penetrated into the strito-
sphere, most of these eroptions did not have a
strong elleot on the atmosphere. Fizpre [ shows
amgasure of zlobal stratospheric nerosol loading
Froan RS0 10 2000, During this period there wene
26 eruptions that produced a global stratospheric
oftical depth greater than 0002, This suggests
that, on averape, there is 8 sienifican) eruption
into the stratosphere about every 3,5 vears,

Foleanie plane

The most abundant gases tvpically released into
thee atmwosphere Trony voleams systems are wiler

Table L. Meveny Praptoons el Vodeanie Fxpfosfvaiy e © VEL 24§ o Bl of al, 19071,
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vapour (H:O0 ollowed by carbon dingide (0004
and sulphur dieside (S0:1 Voleanoes also
release smaller amounts of olher gases, tcluding
Ivdrogen sulphicde (T8, hydrozen (Ha), helipm
(Eled, varbon menexside (000, hvdrogen chloride
PHCT, bydrogen Nuoride (HEY, aatromen (Ma),
andd arzon {Ar),

In addition 1o the release ol a number ol Eases,
an explosive eruphion blasts malten and solid
roch Iragments (lephra) mio the air The larsest
fragments (hambs) Gl Back te the ground near
e vent, wsually withm 3 km. The ash (rock
Fragments with dunmeter <2 mmd, continnes
v ko the aw formmg an eruption colimnn,

Froplien columns can grow rapidly. reaching
bizighiis ol more than 20 km above 1he voleano in
less than 3 minutes. The upper surface of the
erupon cloud may be tens of desrees cooler
than the surrounding environment, owing (o
intertial cvershoot ol the erupted :m\!uw.- ahoye
the neucral bosyaney heght Woods & Kienle

[994). This can complicale the Lnnmfmuu ol

clowd height from thermal saellite imagery,

Anilesis of the Geostationary Meteorologicnl
sutetlive (GMS) and  Advaoced  Very  High
Fesolutien Radiometer (AVHRR images ol the
Mot Pinutubo eraplion plume by Holasel of
arl C1996) mave the initial plome radivs as 50 kme
ihis increased 1o abouc 275 km aller about 2
hours 45 minoles, Woods & Kienle (1954 state
that the 18 May 1980 Mount St Helens ash plume
mereased inoradivs Crom 200 km e 30 kimin ahoul
I minues. 1 also took about [0 minutes for the
A1 Aprlb 1990 Redoubt voleanic plume 1o merese
in radius fram about B ki o over 15 ke

Sedetnnie ofinied

Adter ils initial expansion the ash cloud drifts
following the local wind patterns, beeoming
separated From the voleanic source, The rutes of
drift of ash clowds wre cypically in the mnge of
200 1 kmdhe Wertieal wind shear may result in
the closd meoving i dilierent direcrions as o
fumetion of altitude, This happened following e
28 March 1982 crupticn of Bl Chichén, when the
tropospheric compenant of the ash cloud spread
i a northeasterly  divection, whereas  the
stratospheric component moved (o (he southwest
{Matson 19840,

Sawada (19949 tabulates the dimensions of the
highest ash clouds for 17 veloanie eruptions
detected using the GMS Trom December 1977 1o
Tune 195 These clouds had a tvpieal aven equiv-
alent radivs of abou G ko with the larpes)
hemp the (413 Jore 1991 Moonc Pinatuba
cloned, which had an area equivalent radios of
aborar 1230 ki

TS O VO AN CHES RE]|

For equatorial latitodes, the typical time lor
the cloud of valcanic debris 1o cirele the slobe
s measured as 21 days (Matson & Robock
FaRd) and 22 <days (Bloth e ef 19923 Jor the
cruplions of Bl Chichdn and Mounl Pinatuba
respectively, AL higher lutitudes, the e is less,
e.g. Sehoekerd e ol 1199300 show the 500 plume
flﬂn‘l the Carro Hudson {459° 5) eruption of
Avgust 1991 circled the plohe in seven days.

Foleanic sl properiies

COMATPOEITION

The physical propecties of voleanic ashes depend
maostly on therr relative proportions ol glass,
mineral ragments and mock (tagoents (Heiken
19941 Veleanic ash is abragive, mildly corrosive
and conductive (especially when wet), and may
alsa carry @ high statie charpe, Bavhuorst ef af,
(1994) wive the density of ash from the 15
Decembar eruplion of Mounl Redoubt as
2420 ofom’. Inoaddition, they Tound the
avernge aspect ralio and sarl; aee are ol an ash
p.lhu.]x Lo B 305 el 284 nm? respectively.

SEEE THSTREBLTH N
The inital particle-siee distribution of voleanic
gecta s poorly undersiood, although Sparks
ef ol (1994) nole thal 70% of gjecta lrom
explosive cruplions is less than | oo i cadins
Flobbs er e (1991 ) measored the i siog particle-
sizg dhstributions of ash enussions Trom Mount
Redoubl, Mount 51 Helens and  Mount
Augustine. The size distribolions were approxi-
mately multimede log-mormal distributions wich
aneleation mede e <005 m), an accumuol-
atiom e {rpede 005 0.5 pane), il ene or more
giant modes (rygge =003 iy, Hobbs e gf, (1991
cotsiderad the nucleation mode 1o be composed
af sulphunc acid-water drops, where tle 11,503,
wis produced etther in the voleanic throat or by
mas Lo particle conversion of the 8O- in the
eruption. plume. The accumulation and sian
miodes wers Lhought 1o be composed of nlilc:HL
particles,

The evolution of the ash cloud was principally
a decrease i the concentration at all particle
sizes, This is nol surprising as the residencs time
of a voleanic ash particls is strongly contrelled
b its mass (e sice) dand noen-spherical maorph-
ology (Mackinnen er of. 1984 Table 2 om
Bursik ot ed (1994) shows the estimated termmal
veloci Ly and tvpical residence (imes as a function
ol particle size for an ash cloud with o particle
density of 2 glom® at 129 km, Some of the
smaller particles agpregate oo clusters due 1o
clectrostatic: attraction, giving them seitling



Table 2, futinate poriacle fereend vedeciifes i
vewidernee e Adapfed ol Saoit st al T
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Feacling Fall apeed Feesidence
funl (sl e
T o 93 i
235 f.d 1% min
|73 12 26 min
85 | v 43 min
45 163 2 R
T3 {115 O h
11 11,03 1.1 davs
35 117 4.8 days
278 (AR 2 ||:|:f-..

velogitics higher than those shown, e =003 L0
mids (dacedonie e af, 1995,

It s mportant Lo realize thar mest ol the ash
ss i the early lifetime of a cloud is containad
i relitiviely Targe particles (e S of the mass of
the voleanic cloud is contamed in partcles bigger
than 2 pend which rapidly sediment oal ol the
atmosphere, This is consistent with the conclusion
ol Knollenbere & lallman (1983) that volcams
matertal impeeted e the stratosphere by large
volaunic eruptions is typically less than 1 oom in
radiug, From the measurements of Gooding ef sl
(L83 for the EDChichon eruption, The e<folding
time Ton voleanic ash is estinmated o ke about $
clays (1he etolding tme 15 the fune ic takes for an
amount o decay Lo e ol s initiad value),

Although the amount of ash injecled  lor
recent  cruplions 15 relatively well Enown,
considerable research 15 sl required Lo guantity
the eifect of ash on the stratosphere. The rela-
cively minor rale ol the ash component in climate
medilication 5 larpely due 1o itk short residence
in the atmosphiere; rapid ageregation leads 1o the
faltont of even the linest wphra within o fow
Tmdred 1o 100K kilometres rom the seurce
[Rnrrdsson & Lagp 1992)

£l

Developaient of the aerosal clod

The e of sulphur into the slralosphere is
dominmed by larpe explosive eruptions which
avcounl for abowt 600 of stratospheric sulphur

[ G GRATNGER & 1L PTG WO

bucdpet (Sedlacek or wf, TSR Pyle e ol (1990)
eslimate that on wvernpe about 0000158 Mify of
stratospheric sulphur {as 50 45 from non-
voloanic sources, while abont | MUY arises [rom
volcanic injection, Tndividual eruptions such as
those detaded in Tahle 2 may increase the S0
lorcineg by more than an order of magnitude,
Hestoric eruptions such as the TR15 Tambora and
the 1743 Laki eruptions are thousht o have
injected about 30 ML SO. equivalent) into the
siralosphers (Sigurdsson & Laj 19923

Volcanic emissions also include sulphur in the
form of Ha5 This reacts 1o foem HS which in
tieen Torma SO0 (hoongh reaction  mechanisms
nwnlving O O, o MO Sizurdsson & Laj 19420
As this process is very rapid HaS can be thought
al s an addinenal source ol S0k,

The enhancement in gas concentralions reduces
the shility of selar und werrestrial radiation o
penetrate the atmosphere in the gas absorption
bands, For example increased absorpoon by 50-
in the wavelengeh intervals TRO-235 nm, 260340
mn el 30300 e reduces the tramsmission ol
solar (B andd so reduces the pholalvsis cates of
key species such as oeone {Bekki of wf 19951
Stracospheric ozone can also be dircetly -
eoced by SOn Bekki eroaf (19937 suggest Lhat
crone production s catalysed by 5Oz abose
about 25 km, Below this level the absorption of
radintion by S0 dominntes,

Omee e the siratosphere, S0 15 oxdized to
112500 through;

SO0+ A — HEO A

HEO A+ — 805+ HO -

SOAHH0 — Thsdy
where M 15 any thivd melecule (MekKeon o of
98, The removal rate ol 50 bas an e-folding
tme of about 353 days e equatorial eruplions
iHeath e of 1985 Bluth or ol 1993 Read e o,
93],

Properiies of volcanically enhanced
stratospheric aerosol

A woleanically enhanced stratosphoric aerosol
laver i lormed as FLS00 thae has been producad

Table 3. Fetivtes of G gaonni afn SO0 ggeetond (pfo S s fieee JRO vesii BRGE S8 i,

Virlonno Laticnds Lrupiion date SO emitted (VI Refarense
E1Chiehin (R Al RE2 ! Flaslmianm & Fosen (P93
Mount Pinaiubo L5 1" Jue 1951 12-13 Pl Peters (151

Ml MeCoruack of of, {1995)
Cerro Houedson 45958 Anpasl 199] 1.3 Scheeberl g al (1990
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from the S condenses onle  presexistng
cendensation nucled such as exiting sulphoric
acid particles, and perhaps ash particles, ion
clusiers. o trace meteoric material. [t ois (his
aerosol layer, whose mass s enhanced by severnd
erders ol magnitude following o laree eruption,
which gives rise to the strang pertarbations 1o
atmospheric chemisery and radiation discussed
later,

Fleere is ne tvpical’ voleunic aerosel during
the decay of the cloud. The acrosol evolves wilh
time threngh transport amd through aerosel
processcs of  eeaporation; condensation, col-
lision, coulescence, and sedimentation, As o
resuell, estimates of thae impact of such geresol on
the radiation  budger of the Earth have
approprilely Lrge erior estinades.

Maormihnlasy

The inerease i lemperature with heizht makes
Lhe stratosphere exiremely stable, sothan there s
little vertical vonvection, The injected acroso)
cloud tends to spread with the herizontal winds
and Lo slowly descend theough sravitacional
mation, The main removal mechanism Tor
aersols s gravitanonal seltling inte the repo
sphere, after which the particles are removed by
deposition provesses, Aerosols can remain in e
strucosphere lor up 1o o lew veurs: during his
lime they can be leansported a signifcant
distunce fhem the souree

The vate of descent of the core ol the Mount
Pratube volcanic cloud was about 17 m day ! ac
23 ki (Lambert e ol 1993, which was con-
sistent with particles with un aerodyamic radius
ol abwoul .25 poy, The removal e Teom che
stratosphiere is dependent on scason and (he siee
of the particles, Pinto e, (19897 sugpested that
acrosgal residence tme in the st ratosphiere is sell-
limiting, as larger eruptions produce Inrger

Talle b Stecriesguerts avvazal o Senfelinar s S pedew e

particles that precipitate sut mone quickly, This
ioconsistent with data frem o numhber of
cruptions shown o Table 4, where the ecstimates
ol the stratospheric acrosal e-folding loss rate do
e inerenss Hnearly sith injected SO mass.

Eruptions al tropical latitudes are particularly
elfective al producing global-scale pertarbations
e the hackground stratospheric avrosol amouns,
since the werosol can be teansported aroend the
equatar in aboue 20 days, and o the poles of
both hemispheres on time-seales ol 4 lew weaks,
Figure 2 shows the evoludon o the Mown
Minatubo acrosol cloud abserved by instroments
on the Upper Atmosphere Besearch Satellice
Evident in the images s the slow descent of the
acrosol and the containment of the cloud g
trapical reservoir which s slowly eroded through
trivnsport 1o logher latitudes (principally the
winter hemispherel. Large wnounts of sulphuric
avie deposition i e cores in both the Arctic
CLiclinski 19950 and Antarctic (Debmas of o
PORZE b yens follesing magor eraplioos also
Lestily to the global spread of acrosols,

Cratnaponition

Beciuse of il low vapour prossore almost all of
the HSOy wapour condenses o Torm Tiquid
FS HA particles. The larger sulphuric aci
particles tpically contain voleanic ash parcicles
(Puczehel ef of 19940, However, it 13 nol clear if
this is an indication ol helerogeneons nucleation
ar A these are parteles that have undergone
coagululion. The weighl fraction ol sulphuric
agid in the particles i determined by the lemper-
atvre and buormwivcy {Seeele & Hamill 19813 the
higher the humidiey the lower the sulphure acid
corcentration, Lombert e af (1997 sed salel-
Lite temmperatune and water vapour measiemenls
voe cidenlate that the Mounl Pinatubo acresol
clowd had compesitions tvpically in the range

fnaetond ok CHI0E g BN E o Tt -

gl seereftfice dhotee We 500 oot qve dtiens frome Bt of o £ 0071

Lenss b drmomi bz

Violcano Sl ot Mear plabal Relerence
St elens 1.4 16 Fiper & Cornuth (19587
Adaidd 1.1 &0 Figer & Carnuth (14T
Ll hichin ? 104123 Fhalmann & Resen (1954
15 143 Biger & Carmuk (1947
I Wi o el (199
Mot Pinstube it I 1.3 [osaci of af. (1994 )

R3-HLg
1.3

Feent & Hanses | 1995
Lombert e af (1997
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S8R0 sulphuric acid by weipht, The core ol the
acrosol cloud had a compesition of about 708
sulphuric acid by weizhl (Grainger e af |99
RFoinsland 8 . 1959400,

Stoe disteifuition
W ihe H-S00 concentration s sulliciently bigh.
|1m‘nn:__!:_|:|1|:-:_:1|_-c nuclea Lo Ly oCCur Aprosnls prow
rapidly through condensation w oblain o radios
of aboul 001 wm (Hofmann 1987 and addition-
ally through coagulation to about 001 pim.

The size disteibution, sl is usually expressed
so that aiekde 15 the nomber of drops per ol
volume having o radius betseen ¢ oand e,
Severnl mathematical lnetions have heen used

Lo express a(rl, the commuonest being the sum ol

loge-nor mad distributions, e

: [_lul'—lm;:?]l-‘

ey

where M is Lthe pumber of modes and &, e and
7 are the particle number density, the mode

vading and the spread lor the b distribution
The particlessize distribution s 4 strong [unetion
of height, location, and lime since eruption
(Dreshiler o af, 1993 Lambert & ol 1997), In
peneral the dncrease o serosol densiy s
asaoctated with the siee distribution hiving more
thun one mode { Thomason 1992: Pueschel 14996,
The sive distribution is olten characterized in
rerms of the elfective radius, v delined by

L

J-::- il ety
Ju‘.lhl: "'J{urr"

Like the particle-sice distnbution, the eifiecive
radius varies strensly with alvihede, location, and
b {Cirainger of waf, 1993,

Figure 3 shows the particlessize distributions
{or measurements made & Laramie, ‘L?'f"}-'énlml:llg,
Before and afer the arrival of the BMouont
Pinatubo nerosol clowd. Fellewing the eruption,
the number of particles wos lypieally enhanced
by two orders of magnilude {Deshler of af,
1hu),

=
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Muount Pinstubo (Deshler e o 1993,

These resulls are consistent with the impacior
measuremeints ol Povschel (19963 who fownd the
acrosel surfiee area and  velume  density
increased Trom values of LA&82012 nmem? und

04002 pmem’ o early 1989 1o values of

200 pm e and LS e Yem® ubout six months
aller the eruption

Opiival properties

The influence of stratospheric aerosel an the redi-
ativis field ata particular localion ciun be wssessed
from three components:

+ the volume extinetion coellicient, [, can be
thenght of as the cross-sectional area per unit
volume that intercepts o beam of ligh

= the single seatter albedo, @, is the ratio of the
suallered energy to the enerpy that is botl
seatlered and absorbed, hence i G=0 4l
tlercepled eneipy is ubsorbed while i m=1
all imercepted enersy 15 seattered

= the asviimetry pavimeler, goowhich indicates
the distribution of directions of scallersd
light. A value of | indicates lorward seatler
g, 1 backscattering and 0 isolropic
seatttering

These purameters can be calculated using Mie
Heeory given the composition ol the aecosol gl
s particls skee distribution. Figore 4 shows these
parameters for a voleanicallv enhanced sulphueic
i eloned ws o function of wivelength. The plots
indicate 1w regimes, i the visible the exinction
15 abouta factor of [0 higher than the mlrared,
Hue single seatter albedo s close to unity while

the asymumetry parameler & aboul 0.8, s that
almost all the intercepled radintion s seatiered
mesthe an the ferward direction. Tn e infrared
the asymmetry purameter approaches 0 so tha
single scattered radincion 18 approximately jso-
trapic, However, in the infrared, single seatter
dlbedo s generally much bess than |, so that most
of the imlercepted radiution is absorbed racher
than scatlered,

Radiative changes

Stridespheric acrosols scaller mcoming solar
ricliation and  absarb  oulgoing  terrestrial
radiation. Al short wavelengths the patiern of
suilllered light 5 function of the aercsol sioe
chistribution and the composition of the particles.
Crenerally, there @5 oan merease in the salar
cidiation that is rellected back mie space: also
the amount of diffuse rudiation incdent on the
Earth's surluce increases. while there iz o
concentitan! decrease in the direet solae beam,
The change e the dicect and dilfuse rano was
noted after the eruption of Apong (Dver &
Phicks 1965 when the solar flus wis reduced by
2455 rom the mean unperturbed level, This was
concurrent with a 100%0 increase in the diffuse
Mg (D Luisi & Flerman 1977 The change in
the radintive field caused by volcunic serosols
alsey has the potential 1o alter the photolysis mies
al’ key species sueh as Op and Os that induce
chemical changes in the stratosphers (] Tuamne &
helassic 1977 Michelangeli ¢ of, 19932),

A measure of the radiative elloots of strato-
spheric: ercsols is given by the siitospheric
aptical depth, Tk, al wirvelength A, deflined by
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where J#9. the velwmoe exunction coefficienl,
chianzes with height us o lunctoe of the particle
compostion and size distribution, The peak
olobal loading followimg an eraption will ceer
at different tmes ot dillerent wavaelengths as the
aerosal size distribution evolves, Granl ef af
(19961 observed this effect when comparing
measuremients one o namber of instrumenls
follewing the erupron of Mounl Pinatubo.
Mlensurements made at longer wavelenpihs e
more sensitivie o lrser particles {which pre-
ciptlate out ol the stralosphere more quickly)
and 5o hwve an carher peak aerosol leading and
more ripid serosol decay, For example. multi-
srvelength LIDAR observation ol the sane
actesol  volume  gave  acrosel  decay rates
following the Mount Pinatube eruption of 1049
months al 335 nmoand 2.3 months al 1064 nm
[Kenl & Hansen [998%),

In addition 1o decay times changmg wiih
ghserving wavelengih, Kent & Hansen (18995)

show that the decay rate changzed as a function of

Hime since cruption, and as o Munction of loca-
fiot, Point messeremaents are unable Lo dilfer-
citite between the decay of the cloud through
dilution and decay through precipitation,

ical properties al o walcaneally enbames) sieadosphere gerosal [or a2 compasition of TE HaEtk by

Figure 5 shows the SAGE TL optical depth a
02 i frome 1984 100 1998, The extreme lefi of
the plol shows the decay ol the T Chichan
aerosol as @ lunetdon of Ume, The increase in
optical depth Mrom about G002 1o 004 nllowing
the Mount Pinatubo. cruption s the maost
striking feature of the image Alse apparent is
the chspersal of the cloud o fugh latitudes and ils
atacuanl deciy with Lime

Chemical and ozone changes

The acdd-chlorine specics (1, O HOL HOCL
amd CHOMNO are Tmportant oo striatospheric
chemistry beeause of the potential of O and C10)
o citithvse the remosal of O Additionally the
hezavy halogens, bromine and Gedine, e also
elfcient e destroving  stratospheric ozone
(Burean e ol 20000, Up o 0% enlancement
in the abundance o HOLwas observed after the
El Chichdn eruption by Mankin & Cofley
Pl o all of this change was due o the
voleanic tnjection of FO was, as halite particles
were also observed in the stratasphers and these
are thought w form TICE threugh the reaction
(Wioods ef af, IS

AW TS0, — NSO+ 2HO (L)

Fedlowing collision with an acrosol, o pgas mobe-
cule may brielly stick to the aerosol surlace or be
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vemrpaoririly absorbed o the acrosal valume, In
this way the aerosels cun promoels reactions
between specics whose reactions ure much slower
i the gas phase, The reactions between species
that invelve an acrosol particle me this way are
called heterogensaus reaclions,

Labaratery stidies have shown that;

Ma(r] [ —2H MO, (2}

procecds rupidly in the presence ol HaS0y
acroscl (Mosurkewich & Calvert 19880 The
Back ground level of sulphuric acid aeresol in the
high-Tatitude winler strtosphere 3 required 1o
caplain the low values of N0 and MO Fvans
efod 1985 and the high values ol TING; (Aostin
e af. 1986),

[0 the reactan i salution is very Tast then
the surface aren of Lthe drop s the e
controlling acrosol pavometer, 10 the reaction is
slow compired with the rate st which the
reactants diffuse into the acrosol, then (he
acrosol volume is the limiting  parametes
iHanson e el 1994) The heterogencous reac-
tion (2} is sulliciently fast that il ellfecdvely
occurs on the surfuce of the aerosol and i
limited by the amount of available serosol
surface aren. The voleanically enhanced sirato-
spherie aerosol perturbs stratospherie chemistey
by providing additional surface aven and volume
o Brelerogeneans reaclion Lo oceur,

Beaction (2) can have a significant impact on
the ratie of reactive nitropen WO, (SO N0
SO o its reservoir species, HTINGE, 1o the lower
stritosphere. Ac fow werosed loadings un increase
moaerosol surface arca decreases WO, The

svatam van be summarized (Seinfeld & Pandis
19987 as

L, AT i ] XM
N = r\"j; = \]O_'; =

0 s iy

[T (HEEERTE

N — TN,

whete the additicnn] reactants are shown above
of below the renction symbal and hy represents
phatelysis, As the acrosol aren increases thers s
a poinl reached where the rate of removal of
Mad: cxceeds the rle o formation. in which
case Lhe mle-limicing slep lor the MO s HINO,
conversion is the

Wby — N, (3]

reacton. This point occurs Tor surlace area con-
centeations greater than 0.3 g om® near alti-
tudes of 20 km. and for concentrations sreater
than about 2 mem atabout 30 km (Mills o af,
1951,

The remewal of NOs reduees the aetive cata-
Iytic destruction of 06 (see Dessler 20000, The
reduction of NO, levels additionally increnses
the snount of ClOr as the seavenging of CH
thrangh

CHH MOy — CIONG,

woreduced, Mence mereases inaerasal syrface
aread merease the wmount of reactive O

Under colder conditions the heterogencous
reastion
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can hecome signilicant (Tie & Brasscur 19953
tnpertantly, Reaction (4) dees not salurate as
the geroscl leading increases.

Additional heterogeneomis reactions thal are
included in modelling studies are (Hendricks e
erf . 190,

CIOMNOAHOT = Ol H N,
BrOy a0 — OB+ HINO:
FIO T o BrOl+-1H 0
HOBr+HBr — Bra+11-0

These reactions effvctively release chlorine ar
hromine Trom thaear relatively tnactive state and in
RN Cases move mhrogen from @ more Lo g less
resclive shate,

Observabional evidence consistent with hetero-
ECICOLE PIOCEsi e Il acroscls 15 wery srnng,
(j]w:,l,nm,._i chianges [ollowing the Bl Chichon and
Moot Phatube croplions inclode:

« lecreases i slratospheric MO (obnson of of,
199%: Kotke of af, 1993,
= enbamued levels of HNOs (Spreng & Arnokd

1994 Roinslond e ol 195940,
enhanced levels of CHO EAvallone ef af, 1993

I sclidition, modelled mud-latitode and polar

oo values are momuch better agrecment i

heteromeneous reactions on aerosols arg included
{Partman ef erd, 1990, Solomon ¢f of, 1996G),

LTI

R G OGRAINGERR &

Towwl Grone fram

o PG WA

I the absence ul' enhanced chlorne loading
of the stratosphere, a Moot Pinatabo-like vol-
GG enpition wwulnl be expected 1o enhance
oeone levels by about 345, as the 1oss of ozone in
the middle steatosphens 5 dominated by MO,
{Tie Brasseur 19957 Homaver, the high levels of
stratospheric chlorie from anthropogenic seurces
allow a decrease in ozong throwgh the catalvic
eyele

CUH — O+ 0

O — Ol 0

Mot C1 0 — Ot

Typeally, reported czone reductions of up to
| 3% were observed i Lhe teopacs Tollowing the

Maonnt Pinatubo eropion (Schoeber]l ef ol
POO5E: Wenver of of, 1993 Hofmann of af. 1554

Melice ef ol 1994 Grant of ol 1994 Runcel
& W 19950 Vigore & shows the owone loss
mesured by the Totl Ceone Mapping
Spectrometer after the Mount Pinatubo

eruption: The oxone changes observed av mid-
latitudes after the Pratibo cruption may nod b
entirely caused by heterogencous chemisiry,
because some-ol the changes were due to chianges
in 1he stratespheric zeneral circulation,

By aboul 2005 the O loading should b
dropped s that the response of the steatosphere
Lo inereass in aerosols will e orone enhance-
ment rather than depletion {Tie & Bragseur
1593},

i T
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Fig. 6 Minimmm tetal oeone amonnis reeerded by the Toss] Ovone Mapping Spectrometes in the reprion |

8

v 127N The eoated line stows the anomalously low orone measurements mide after the erupticn of Moeunt
Finatubo (e Schocher? e od, 19080 Reproduced by permission ol the American Geaplysical Union
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Radiative forcing

Facdiative forcing s o oselul measure of (e
pertivbation o the Earth’s energy budgel (hal
cectrs due tooan exlernal influence, s casier 1o
calcolale than the full chimate response (e
changes i lemperature, precipitation, cle), sines
kEnowledae of the complex feedbacks belween
different components of the clitute system s not
regquired. Radiative forcinge 1s delined gz the
change in net drradinnes ac The tropopause as a
resull ol for example, changes o the almo-
spheric composition (after the stratosphare has
been allowed 1o return o radiative equilibriom),

A negative radiative Torcing implics o net loss of

cocrgy oo the coupled surlace- lroposphere
swstem, while a positive radinyve loreing implies
aonel pain of energy. Thus negative radialive
forcing will tend o lead to o cooling o the
surlace, while a positive forcing leads o warm-
ing. Global and unnual mesn mdative rcing
et changes inoesternal influences sinee 1750
have been used by Honghton e af, (20010 1o
compare the cliecel of different anthropogenic
atl natural influences. The spatial diserboton 1s
also crucial, especially Tor short-lived species
.">'|.|i.'|'l A% agrosols O AT,

I the case of voleanoes, the main source of

radintive forcing is the lrge ierease in sirato-
spheric sulphuric acid aerosols Such sulphate
aerosols mainly scatter solar radiation back Lo
space, with the immediae effect of reducimg the
solar irradianee gt the ground and cavsing g
negative radialive forcing. Addivonally, the
relatively larpe stralographic acrosel also intermers
with absorbing long-wave radintion that would
ctherwise e emnled 1o space Trom the swreface
and lower aumosphere, and reeemits less radi-
wiion (since the stratosphere 5 al o lowe
ternperalure):. Sceme o this radiation 5 re-
emitted back towards the Farths surlaee. Thos
e system loses less long-wove radinton Lo space
and iz results inoa small positive radiative
lorcing, Sinee the acrosol tends o be Garpes
immediately leflowing the eroption {Lacis ef gf,
sy, this “preenhouse ellect” will be largest
then, Cienerallv, however, this ellect 15 over-
whelmed by the negative rudiative lorcing
iStenchikon wf af 194980 The global mean
radiative fercing due to Mount Pinalubo peaked
ab 3 W me and persisted lor approsimately two
sl R tenehiboy of e, 19,

A sl amount of absorplion of solar and
terrestrial radiation oceurs in the acrasol Taven
and this secompunied by an merease o
absorption of the rellected shortwsve radiation
abrove the aerosal e by ogone and S0 tends
to fead o heating in the statosphere inoturn

EE)

leading tooan increase o long-wave radiation
erilted downwards 1o the troposphere. Again,
this contribution o radsdive Dreing is penerally
sl Galthough the effect of the heating of this
laper s an important part of the climate response
te wolcanic aerosol, as will be dscoussed e the
nexl section),

A discussed earlier, the other particulate
materian] ejected by the cruption includes dust
and voleanic ash, These larger, heavier particles
tend to bave an impact on the radiation hudger
on sller spatial and temporal scales than the
slratospheric solphate aerosel, as (hey are much
more qquickly removed  From the atmesphere
Elonseever, locully these effects can be very large
Fheere e Tarpe uncertaintics in some of he
eritical properties ol voleanic ash, in partcala
the refractive ndex. meaning that relinble
e elling of these ellects is sl some way i the
[uture,

Sulphur dioxide pas ftsell s a0 greenbouse gas
Rekki oo of {1996} showed 1had the liletime of
SO0 wis considerably extended alter the large
Toba cruption. Stevenson o af. (2003) also
simulated an imcrease i the lifclime of {ropo-
sphueric 80k [ellowing the elffusive cruption of
Laki i [783, Such changes in 50 can allect the
concentration of O in the aunesphere (Bekki
(9933, o acdation, ceons depletion occurs i the
stratosphere when chlorine loading is high and
prone production when O loading is low (see
previons  section e more  detwils of  the
chemistey mvolved), The Tormer case (as in
Finatubao) would lead tooan additienal negative
radintive foreing, while the falter (as in Toba)
wotlld lead tooa small positive radiotive foreing.
Howeever, cven for the large Tola eroplion. the
pestbive Tadiative forcing due o these chanees
cnly slightly moderated the nesative forcing due
b the aerosols {Hekki of of, 1990). Delivdration
of the stratospherne 3= thought 1o oceur following
cruptions, «duwe e the conversion of S0 (o
sulpburic: acid aeresol. Thiz ellect potentially
resulis mea positive radiative loremg, The relative
lenpth of these elfects compared with thal of the
direet lereing om stratospheric sulphate aerosol
may hove implications for the mine-scale on
which the almosphere retorns o radiative
equilibrium following an eruption. Radiative
forcing cafeulalions (and clinate simulations)
mchuding all these effects have wvel o he
tnvestigated, although Zhong er oaf {18994)
demaonstrated that the long-wiuve heating rates in
the stracosphere due 1o veleanic sulphor dioxide
can be comparabe with those due Lo heating by
the absorption of L by 30 Kirchner ef af,
1999 demenstraded that stratespheric heating
ina GOM due o the Pinatubo eruption was
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reduced by oincludimg the radiative effect of

decreasing owon,

Eruplions that do not penetrate the strato-
sphere are usoally regarded as being unimport -
ant for longer-term o global climate mpacts as
the aeresol s removed  quickly from the
troposphere. Hewever, a1 such an effusive erup-
tion persists with any strenpth for an extended
prrind of time, it can al least produce a large
racliative Torcing over local or regional scales
This would have a large topact on the surface
Muzies of radiation, and therefore on evaporitioen,
soil maodsture, et as o well as on surlhce
temperatire | he eruption of Laki in Teeland in
[ 783 05 one such example. There s sl mech
controversy over the extent o which material
was mjected  inte the stralosphere by this
eraption. Allbough some sourees suggest there is
lttle evidence Tor stratospheric injection (g
Cirattun & Pyall 1999 and therefore we would
not cxpeel a prolonged climatic impact, Pranklin
[ 1785) sugpested that subsequent cold winters in
Furepe wers a drect result of serosol from this
crupiion. Wood (1992 and Briffa e of (1998
found cold  anemales  in the  Morthern
[ermsphere mean temperature records, o the
attribution of these ancmalies 1o the Laks
eruption is diticuit. 11 is known that significant

amounts of SO0 gas were emitled 1o the
rropesphers on oand ofl during the period June
1783 1o bebroary 1784 {Thordarsen ef af, 1496),
A vecent simulacion of these injections and the
resulting effeet on atmospheric chemstey found
that a1 weposphernic aerosol veil exlended across
much o the Morthern Hemisphere (Stevenson of
af, 0031, This is consistent with Europe-wide
ohservitions o o dry log’ (Stothers 1996}
Subseguent simulations using the resulting
sulphate aerosol distributions demonsieated il
the nesative radiative forcing caused by this
acrosol reached 45 Wim® over much of the
Nerthern Hemasphere during the month
fellowing the start ol the erupion, and peaked at
HEWmS over small regions A signilicand
Morthern Temusphere mean forcing persisted
until Marvch 1784 (Figure 7 oand Highaood &
Slevenson 20005

Time series of  radiatve lercine doe o
volcanic eruptions have becn prodoced, relying
on prosy data such as tree rings and oo cores, as
wiell as onseolegical evidence ol the type of
ceaplion, to determing the Lkely impact {ep,
Sato of af 1993 These can then be nsed m
climate madels. A recent allempt by Andronova
e ol C199% assumes That the radiatve Torcing
penerated by cach eruption is similar to that of

-2

a0

Radiafive forcing (W/im2)

J J A 5 9]

—— Marthern hemisphare mean
Southerm Haemisphens mean
= == (lobal mean

M (] J F ha A

Fig. 7. Cilabal and lemsspherie mean radiative Gorcing due Lo sulphate serasels Trom the eruplaon of Laki i
1755, The geresol distribotion s been simulated wang the chemicl ranspor medel STOCHEM b5 0
Slovensen e af (2005, and the eodiative freing caleulated wsing the Beading Inrermedinle General Cieculation

Pelonlel as i Mighmeoad # Slevenson (20050
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Pinatube, depending anly on the distribution of

e eptcal depth Trom cach eruption. That study
feund that the radiative Torcing can vary widely
due to the acmospheric cocalation and the geo-
eraphical location and strength ol the ernption,
For cruptions more distant in tme, and those in
the data-sparse Southern Hemisphere, the
calimates of radinove [oreing become increas-
agly uncertain, [ees difficult te compare voloanic
radiative forcing with other loreings such as
greenhouse gases: because they are discrele svents.
Heweser, Shine & Porster (1999 includs val-
canie forcings by considering the dillerenes
hetween ‘actve” and “quiescent” decades, con-
sidermg a lorcing of 0.8 Wim® to be approprite
when comparing the ellect in an uctive decade
that moan inactive decads,

In summary, the mamn ellecr of veleanic
cruptions i 1o prodoce o pepative radiative
loreing due vy the rellecnion ol solar radialion by
exlra slradospheric sulphate aerosal, The next
part ol the pueale s Lo determing the eileet on
climate of this radintiee loacing

— Modal
- FuﬂBuTr1

Temperalure anomaly [*C)

(b)

— Muodel
mmmm MSU T 4

.
fr =y A
Illl*'r W |“r.‘ [

Temperature anomaly (0]

Climate response

Climate response 1o voleaie cruplions is much
more complex Than a negative radiative lercing
leading 1o o surface cooling, In peneral this is
true: o global mean remperature decrease ol
around 0.2 K owas observed ot the surface
follonwing the Pinatube erupton, while the
stratesphers warmed by L K (Hooghon e of
2001, and Tigure 81 These temperature chanpes
T heen successiully simuoluted by o number of
climate models (ep, Kirchner el 1999), Angell
& Forshover (19851 shudied lemperatore records
afler six major erapuons s concluded that the
average  lemperature ot the sorface was
stanstically signilicantly colder during the live
wars aller cach eraption than during the e
it s receding the eruption,

Belatively simple energy-halance madels can
be ol great use in understanding the influenee of
individual eruptions on the slobal mean climate.
Lindeen & Ciannisis {19951 modelled the tmpae
of the TEES Korakalao cruption in this way The

Gilobal lower stratospheric temperature anomalies

Yeag)

Glabal lower tropospheric temparature anomalies

Year

Fig. & Satellite observations and nwodel predictions of Towerstratespheric and lropospherne wemperaiure
snondhics alier the eriptions o BEUChichan and Pinabe (fram Heaghoon of of 2001,
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importanee of frequent woleanic cruptions for
the plobal annnal mean temperature over he
past 150 veurs, using the tme series ol farcing
ol Sate ee ol (1993 and the assoctated un-
certaintizs, has been demonstraced in Shine &
Mighwood (2002, The importance of the
cumulative ellect ol perieds of several eruplions
can clearly be seen in Fizure % There is certainly
Justilicution lor including voeleanic forcings
climate simulutions: however, the impagt on
climate e that model is necessarily stinplified.
The magnitude of the results 5 also sensitive 1o
the walue of “climate sensilivity” that s used,
Obeervations ol lower-stralospherne temperatore
changes over the past b owears have Jed o
specalation thal trends lase not heen lioear, ool
there &5 an apparent siep chanze W0 cooler
temperatures after each largs crupliong however,
the shortest length of the dala-sel prevents any
more concrele conclusions from being drawn,
Asowell as reducing (he solar radiation
peaching the prownd, the afler-clects off an
cruplion can alter the large-seale circulation o
the atmosphere, producing complex spatial
pitterns of change. Robock (20000 and refer
ences therein, highlight the importance ol
dynamical changes broughi aboul s a resull of
thi changing aerasol. T parccular, For g tropisal
cruption the heating of the tropical lower
stratosphere by aerosol creases the merdional
temperaiuee aracdient, which can affect the
strength off the potar vortes and therefore the
strenpth of the zonal Oow o mid-latiodes,
Dynamical coupling o the stratesphere and
troposphere through the interaction of large
scale planetary wives with the mean Mo medul-
ates lropospheric lemperatures. This tvpe ol

076 T \ |

cxtendad infuence in the MNorthern Plemispher:
has been used tooexpliin the fregquent obser-
ations of warm Furopean temperatures ko
ing large tropical sruptions, despite o glohal
mestn surfnee cooling, Soch o patlern wis seen
aler Mount Pinambo and has been suceesslully
simiulated using climare malels feg Kirchner &f
e 1RO Crral e el 1993) After ocher cruplions,
inclucing that of Lakim 1755 (Stothers 19997,
Wil sumimer is experienced in Furope and 105
sugpested thal this too is the resull of comples
dvnamical changes beought daboul by the
different distribution of heating, although the
precise mechanism by which this oceees is still
the subject of much rescarch, In the study by
Higlwood & Stevenson (200031, the climule
response Lo the radiative loreing due te sulphate
acroseds wlone produced o cold  Morthern
Hermisphere mean temperature over (he s
el the cruption, scher thio a warming: howewer,
the respoense had o complex spatinl structure,

Further changes 1o the climate response conki
he dus to the indivect effect of tropospheric
acrosoli wherehy they could act as cloud con-
densation ouclei and thus abter the micraphysics
ol clouds (fensen & Toon 19920 Aler cruptions
such as Laki there could also be substantial
medification of e vepetation as a result of the
deposition o Nuorninated gases and sulphurc
acid. This might alse anrodoce unexpected
feedbacks o amplly or redoce the chmatie
impaet of voleanie eropions. Toodate there Tase
been lew attempls toquantily these effucts,

[ is worth remembering Lhal even if an
cruplion does not penctrate the straosphers
divectl, the fmpact o local chimate can be krge
immedintely following the cruption. This was

"l antirn pxeopt indireck plas valcaniz
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Fig % Evalution af glohal mein sorface temperafure derived wsing o simple climate madel, rivcliative Torcings

From Wlvhee el (20000 and aelimae sensiialy of 167 K WA tor all anthropogenic Neecings s

s 1 he

cdirect gerasel eTeer, with and without veleanic aermsal Torema, The abservations are Crom Favker ed ol (200403
and all temperatures ave shown as anomalics oo e TR0 1250 mean ol each series. Aadapred Trom Shine &

Flghwod (2002,
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particularly apparent alter the Moo S Helens
eruplion in 1950, This cruption did net produce
much enbiancement ol stratosphernic acrosol sinee
it emitted mainly inte the upper troposhen: and
lovaver stratosphere amd dud pot release much
silphine. Hence no prolonged or global sienal was
ohgerved i temperature records al this tne
Flowever, Mass & Robock (1982) demonstraied
that lecal surface temperatures were up o 8 I
conler during the daytine mnediaely aler the
eruplion,  Night-lime  lemperalures  over o
considerable region were up to B K warmer as g
result of the preenhouse clfect ol the Tow-lovel
visloanic dust.

There have been several very larze voleanic
eruptions during Earih’s histery tep Toha,
T years o). Thene is greal milerest in these
mega-eruplions, ool least Mom the medin and the
general puoblac however, i s extremely dillical
to extrapolae resulls on climate anpact from
knowndcbserved cruptions. There s Title ovi-
dence that aerosol production, ad vertainly not
Hee clitate response to those aerosols, would be
at all lnear with cruption strength, Tlowever,
recent advances in abscrvalions (parcticelarly the
acvent ol sacellice remete sensing of eoissions
and alimale response) and modelling studies
auppest Lhal we are at a point where we cun begin

o gain g mch improved anderstanding of

climate response Lo voleanic eroplions,

Summary

Oy average there s stratosphericallv signilican|

voleanic eruption aboul every 3.5 years, The

principal effects ol large volcanic ingection of

makerial inge the stralosphere are;

+ the njection of 8 Luge amount of volcanic
ash, which precipitates oul with an e-folding
v ol kool H days

+ the injection of a laree amount of sulphur,
principally in the Jorm of 805 which converts
into H=500 and condenses, enhancing the
slritosphenc acrosol loading

»areduction in the amount of direct radiation
teavhing the ground and a concomitant
utcresse in diffuse radiation

s ineredse in heteropencous processing,
mcstly ol active nitropen mle less reactive
Fovrnas

= erlher i L1i.:'..‘-|.'ci.l$f a0 an illi:l'l,:.:]‘j{_': jli Alrito-
spheric arone levels, depending on the level of
chlorine loading

* o increase insiratospheric lemperatane

= i decrease i global mean surlace temper-
ature, alchough the spatin] pattern of em-
perature changes s comples

The suthars wish o acknowledae the corrections and
imprevenents o the TANLSCTIL szl I-_.}- Ih 5,
Bk and an ancnemous reviewer, 10 A Lanibert alse
made helplal sugpesions
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