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Abstract. Results from the first chemistry-transport model Laki did not use atmospheric models; this study suggests
study of the impact of the 1783-1784 Laki fissure eruptionthat these earlier estimates have been generally too large in
(Iceland: 64 N, 17 W) upon atmospheric composition are magnitude, and too long-lived. Environmental effects fol-
presented. The eruption released an estimated §$)Tas  lowing the Laki eruption may have been dominated by the
SO into the troposphere and lower stratosphere. The modelidespread deposition of S@as rather than sulphuric acid
has a high resolution tropopause region, and detailed sulphwaerosol.

chemistry. The simulated S(pblume spreads over much of
the Northern Hemisphere, polewards-e40° N. About 70%

of the SGQ gas is directly deposited to the surface before it
can be oxidised to sulphuric acid aerosol. The main 80 1 Introduction

idants, OH and KO, are depleted by up to 40% zonally,

and the lifetime of S@ consequently increases. Zonally av- Large explosive volcanic eruptions of the past have signifi-
eraged tropospheric SQ@oncentrations over the first three cantly influenced Earth’s climate (Robock, 2000). The cru-
months of the eruption exceed 20 ppbv, and sulphuric acictial factor in determining the climate impact is not nec-
aerosol reaches2 ppbv. These compare to modelled pre- essarily the magnitude of the eruption, but is thought to
industrial/present-day values of 0.1/0.5 ppbw@0d 0.1/1.0  be the quantity of sulphur dioxide ($Pinjected into the
ppbv sulphate. A total sulphuric acid aerosol yield of 17-22 stratosphere. Oxidation of the $@enerates sulphuric acid
Tg(S) is produced. The mean aerosol lifetime is 6-10 days,aerosol, which can persist for typically 1-2 years in the mid-
and the peak aerosol loading of the atmosphere is 1.4-1.%tratosphere, and spread to cover much of the globe, as ob-
Tg(S) (equivalent to 5.9-7.1 Tg of hydrated sulphuric acid served following the June 1991 Mt. Pinatubo eruption (Min-
aerosol). These compare to modelled pre-industrial/presentis et al., 1993). Stratospheric volcanic aerosol perturbs the
day sulphate burdens of 0.28/0.81 Tg(S), and lifetimes of 6/5planetary energy budget by reflecting sunlight, radiatively
days, respectively. Due to the relatively short atmospheriovarming the aerosol layer, and cooling the underlying atmo-
residence times of both $S@nd sulphate, the aerosol loading sphere, potentially affecting climate. Radiative perturbations
approximately mirrors the temporal evolution of emissions can also generate significant dynamical feedbacks that may
associated with the eruption. The model produces a reasoraffect climate (Robock and Mao, 1992).

able simulation of the acid deposition found in Greenland Eruptions that are mainly restricted to the troposphere
ice cores. These results appear to be relatively insensitive tgre much less likely to alter climate, for two main reasons.
the vertical profile of emissions assumed, although if moregijrstly, the SG will not all be oxidised to aerosol, as gas de-
of the emissions reached higher levelsl@ km), this would  position processes operate on similar timescales to oxidation.
give longer lifetimes and larger aerosol yields. Introducing Secondly, the aerosol generated will be efficiently removed
the emissions in episodes generates similar results to usingy deposition processes, and it will have a tropospheric life-
monthly mean emissions, because the atmospheric lifetimegme of only days to weeks, compared with months to years
are similar to the repose periods between episodes. Most pren the stratosphere. However, if the volcanic S@urce is
vious estimates of the global aerosol loading associated Wiﬂlbng-lived and sufficiently large, and if the emissions are ef-
ficiently oxidised to aerosol, then they also have the poten-
Correspondence td. S. Stevenson (davids@met.ed.ac.uk) tial to significantly perturb the Earth’s radiation budget and
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climate, in just the same way as present day anthropogenitevels, and that the aerosol generated remained aloft at these
SO, emissions (Penner et al., 2001). levels for over a year.

In June 1783, a major Icelandic fissure eruption began, at In this work, the impact on atmospheric composition re-
a volcano that has subsequently become known as Laki. Theulting from the Laki eruption has been simulated for the first
eruption had several eyewitnesses, and was recorded in detaiime using a global 3-D chemistry-transport model (CTM).
by Steingimsson (1998). A recent review by Thordarson and The CTM includes relatively detailed descriptions of gas-
Self (2003) gives a detailed description of the eruption. Overphase and aqueous-phase sulphur and oxidant chemistry, de-
eight months, an estimated 15 kwf basaltic magma and 61 position processes, and has a well resolved tropopause re-
Tg(S) were emitted as S with about 60% of this released gion; its main weaknesses are the relatively coarse horizon-
during the first six weeks of the eruption (Thordarson et al.,tal resolution (8), and the lack of any aerosol microphysics.
1996). The eruption involved fire-fountaining of magma to The CTM simulates the formation, spread, and deposition
an altitude up to 1.4 km, and this was topped by an ash clouaf the aerosol, and the associated depletions of the oxidants
reaching to a maximum height of between 9 and 13 km, or(H,O,, OH, and Q) that convert gaseous and dissolved,SO
around tropopause levels- {0 km over Iceland in summer). to sulphate. Other simulations of the model, for 1990 condi-
The eruption was one of the largest individual tropospherictions and for pre-industrial conditions, provide baseline dis-
pollution events of the last 250 years, and the quantity oftributions of species to allow comparison of the model with
SO, released was comparable to the total annual present-dagecent observations and other models. Acid deposition to
anthropogenic input to the atmosphere: 7X9gs SQ in Greenland is simulated by the model, and is compared with
1990 (Olivier et al., 1996). A dry fog, or aerosol haze at ice-core records. The sulphate aerosol fields have been used
both ground level and altitude, was recorded over much ofin a complementary study (Highwood and Stevenson, 2003)
Europe during the second half of the year (Stothers, 1996to calculate radiative forcings and assess the climatic impact
Grattan and Pyatt, 1999), and similar phenomena were obef the Laki eruption. This study finds that the simulated cli-
served in Canada and China (Demaree et al., 1998), suggeshate impact is broadly consistent with the observed climate
ing that a hemispheric-scale tropospheric sulphate aeros@nomalies, and gives further support to the modelled aerosol
cloud formed. distributions.

Ice-cores record large volcanic eruptions as acidic lay-
ers; the amount of acid deposited is used as a proxy for
the aerosol loading caused by the eruption, and hence th2 Chemistry-transport model
likely climate impact (Robertson et al., 2001). Several stud-
ies of Greenland ice-cores have found evidence of the LakWe used a new version of the UK Met Office 3-D Lagrangian
eruption, in the form of an ash layer and a peak in sulphateCTM STOCHEM (Collins et al., 1997, 1999, 2000), devel-
(Clausen and Hammer, 1988; Fiacco et al., 1994; Zielinski,oped at the University of Edinburgh (STOCHEM-Ed). The
1995; Clausen et al., 1997). Laj et al. (1990) found a deple-main improvements over previous versions are increased ver-
tion of hydrogen peroxide ($0») coincident with this sul- tical resolution in both the driving general circulation model
phate peak. Fiacco et al. (1994) dated the ash layer from Lak{GCM) and the CTM, particularly around the tropopause.
as 1783, with the sulphate peak arriving a year later, indicatSTOCHEM-Ed is closely coupled to the Unified Model
ing that the sulphate had remained airborne for about a yea(UM) GCM (Johns et al., 1997), directly receiving meteo-
implying a significant stratospheric aerosol layer formed.rological fields every 3h (Johnson et al., 2001). The UM
More recent Greenland ice-core studies (Clausen et al., 199%yas configured as an atmosphere-only GCM with a resolu-
Mosley-Thompson et al., 2002), however, place the sulphatdion of 3.75 longitude by 2.8 latitude, with 58 vertical lev-
peak in 1783, and indicate a much shorter lived, mainly tro-els between the surface and 0.1 hPa. Recent climatologies of
pospheric aerosol layer existed. The proximity of Greenlandsea-surface temperatures and stratospheric ozone were used.
to Iceland raises the possibility that Icelandic eruptions may Several aspects of STOCHEM have been compared
be more frequently recorded in the ice core record, and theiwith observations, including transport and mixing on short
magnitudes overestimated with respect to more distal eruptimescales (Stevenson et al.,, 1998a) and long timescales
tions (Zielinski, 1995). In particular, major Icelandic erup- (Collins et al., 1998), and the magnitudes, distributions
tions restricted to the troposphere may deposit large amountand seasonal variations of nitrogen oxides (NGydroxyl
of acid to Greenland, without necessarily generating a large{OH) and peroxy (H@) radicals (Collins et al., 1999), car-
scale climate impact. bon monoxide (CO) (Kanakidou et al., 1999a), ozong)(O

Previous assessments of the aerosol generated by LakKanakidou et al., 1999b), and aerosol species (Derwent et
(Thordarson et al., 1996; Stothers, 1996; Thordarson andl., 2003). The model has also taken part in several inter-
Self, 2003) have not employed atmospheric models, and haveomparisons regarding transport and chemistry (Olson et al.,
assumed that all of the SQ@eleased was converted to sul- 1997; Isaksen et al., 1999; Rasch et al., 2000; Prather et al.,
phuric acid aerosol. Thordarson et al. (1996) suggested th&2001). In all these studies, STOCHEM typically performed
>75% of the emissions were injected at around tropopausevell within the range of other current models. This published
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validation work uses older model versions compared to thenamic and convective cloud distributions are generated by
one used here, but several features of the new model versiathe driving GCM, and passed to the CTM every 3 hours.
have been tested in similar ways, and generally performed\queous-phase chemistry is switched on within clouds. The

well, albeit this work has not yet been published. model treats the aqueous-phase chemistry of several soluble
species, including S§)ammonia (NH), nitric acid (HNG;),
2.1 Transport and mixing H20O, and Q. In the presence of cloud water drops, gases are

partitioned between gaseous and aqueous phases according
STOCHEM-Ed uses a Lagrangian transport scheme, dividto their Henry’s Law coefficients. Compounds dissociate into
ing the atmosphere into 50000 equal mass air parcels. Theg®eir constituent ions in water. These two processes are rapid
parcels are advected by winds from the GCM with a 4th or-(Adams et al., 1999), and equilibrium is assumed. Reactions
der Runge-Kutta algorithm, using linear horizontal interpola- of HSG; and SC@‘ with dissolved HO, and G to form sul-
tion and cubic vertical interpolation, and adding a small ran-ppate (S@‘) are significant S@ oxidation pathways. Any
dom walk comppne.nt to S|mulat§ turbulent diffusive miXing. 4mmonium ions (NEJ) present combine with Sfp ions to
The parcels maintain an approximately even global d|str|bu-form ammonium sulphate aerosaNHz),SQs). The re-
tion with time. Convective mixing is implemented by fully .\ 5ining sulphate ions form sulphuric acid aerosol. After
mixing a fraction of the parcels beneath a convective CIOUdeach 5-min chemical timestep, aqueous and gas phase con-
top. The prec!p|tat|c?n ra}te gnd fra_ctlonal cloud cover det_er'centrations re-equilibrate. Modelled aerosol distributions do
mine the, fract|02nzm|xed, this fraction has been tuned USINGnot influence the photolysis rates. The model includes no
observations of??Rn (e.g., Stevenson et al. (1998a)). Inter- aerosol microphysics; nucleation, coagulation and condensa-

parcel mixing occurs between parcels occupying the samgq, hrocesses are assumed to occur rapidly. Gas-phase sul-

grid-box aft%r e‘:’}Ch _1:‘ advegtiolnhsfpd Tlhe glrid ulsed forohuric acid is therefore assumed to convert instantaneously
mixing is 5 by 5°, with 22 vertical hybrid ¢) levels (6 lev- ., yho oquivalent mass of accumulation mode aerosol.

els with An=0.1 betweem=1.0 andn=0.4, 15 levels with One change to the chemistry in this model version is

A7=0.025 between=0.4 andy=0.025, and a top level be- implementation of the conversion of dinitrogen pentoxide

tweenn=0.025 and;=0.0003). Hybrid co-ordinates are ex- . : , .
. . X i N I (NAER Iph I:
plained further in Collins et al. (1997), but can be conS|dered( 20s) to nitrate aerosol ( ) on sulphuric acid aeroso

as approximately equal to pressure divided by surface pres- A

sure. STOCHEM-Ed therefore has a vertical resolution ofN2Os — 2NAER 1)
about 25 hPa (600 m) around the tropopause. The same grid

is used for data output, and 3-D emission fields, such as lightwhere the current model SA concentration field is used to

ning NO and volcanic S@. calculate the rate constanty(k 5.0x10-14[SA]), in a sim-
ilar way to Dentener and Crutzen (1993). This inherently
2.2 Chemical mechanism assumes a globally fixed aerosol size distribution and surface

area. Previously, a fixed global rate constant was used for this
Seventy chemical species are simulated, with a compreheneaction. Using the SA distribution to weight the reaction
sive description of tropospheric chemistry. Within each air tends to reduce NQconcentrations, particularly in polluted
parcel, these chemical species take part in 174 photochengreas.
ical, gas-phase, and aqueous-phase chemical reactions, de-
scribing the chemistry of methane (GHCO, NQ, Oz, and 2.3 Emissions
11 non-methane hydrocarbons (NMHC) (Collins et al., 1997,
1999). The scheme allows detailed calculation of diurnal andSurface trace gas emissions are added to air parcels within
seasonal variations of oxidants, which are crucial to the sulthe (GCM derived) boundary layer above their sources. Grid-
phur chemistry. ded emission distributions with a horizontal resolution of 5
The chemical mechanism also has a detailed descriptiorx 5° are used. When several air parcels occupy the boundary
of several sulphur compounds, including dimethyl sulphidelayer for the grid square, emissions are divided equally be-
(DMS) oxidation (Jenkin et al., 1996) and aqueous-phase retween them. If no air parcels are present, for example when
actions. The main sulphur reactions and equilibria includedthe boundary layer is very shallow, emissions are stored until
are shown in Table 1. In the gas phase, reaction of \Bith the next time-step, ensuring mass conservation.
OH is the main oxidation pathway. An important natural  Global annual emissions totals for various categories and
source of S@ and sulphuric acid aerosol (SA) is gas-phasegases are shown in Table 2. These values are for the 1990
oxidation of DMS by OH in sunlight, and by the nitrate radi- scenario, but all the natural emissions (except volcanig SO
cal (NGg) in darkness. Oceanic plankton are the main sourcen the Laki scenarios) remain constant in all of the experi-
of DMS, but there are also some emissions from soils. ments. In the 1860 and Laki scenarios, anthropogenic emis-
Aqueous-phase oxidation of @ a major route for sul- sions are set to zero, and biomass burning totals are re-
phate aerosol production (Langner and Rodhe, 1991). Dyduced to 20% of their 1990 values (Stevenson et al., 1998b;
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Table 1. Sulphur chemistry: Gas- and aqueous-phase reactions, equilibria and Henry's Law coefficients. [M] is the molecular density of air

D. S. Stevenson et al.: Atmospheric impact of the 1783 Laki eruption

(molecules cm3), [H]is the hydrogen ion concentration (mofl), T is temperature (K)T* = 1/T — 1/298

Gas-phase reactions

Rate constants

SO, + OH + M — HySO4 + HO»

DMS + OH— CH3SO + HCHO

DMS + OH— DMSO + HO,

DMS + NO3 — CH3SO + HCHO + HNQ

CH3SO + O3 - CH3S0O, + Oo

CH3S0 + NG, — CH3SO, + NO

CH3SO, + O3 — CH3SO3 + Oy

CH3SO, + NO; — CH3SO3 + NO

CH3SOy + O — CH302 + SO,

CH3SO3 + HO, — MSA

CH3S0O3 + Op — CH30, + SA

CH3S0O3 + HCHO — MSA + CO + HO,

DMSO + OH— DMSO;, + HO,

DMSO, + OH — CH3SO,CH»0»

CH3SO,CHy02 + NO — NOo + HCHO + CH3SO,
CH3S0O,CH,0, + CH30, — HO, + 2HCHO + CHSO,

complex: A6(A3)1/A7)
9.6¢1012 exp(-234r")
complex’

1.9x 10~ 13exp(5201)
6.0x1013

8.0x10712

3.0x10713

4.0x1012

5.0x 1013 exp(-(1.0+(8656I")))
5.0x10"11

5.0x 1013 exp(-(1.0+(110717)))
1.6x10715

5.8x10~11

1.0x10712

4.1x10-12 exp(180r)
3.0x10713

Species

Henry's Law coefficierts

SO
O3
HNO3
H20,
NH3
CO

1.23x10° exp(31207%)
1.1x10~2 exp(23007*)
3.3x 100 exp(87007*)
7.36x10% exp(66217*)
7.5x 10! exp(34007*)
3.4x 102 exp(24207T*)

Aqueous-phase equilibria

Equilibrium consténts

SOp + HyO = H* + HSQy
HSQy = H* +SG~
HNO3z = NO7 +H™T

NH3 + HpO = NH + OH~
COp + HpO = H* + HCOy
Hp,O = HT + OH™

1.7x10~2 exp(20907*)
6.0x 108 exp(11207*)
1.8x10~° exp(-450.0T*)
1.8x10~° exp(-450.07*)
4.3x10 7 exp(-913.07*)
1.0x10~14 exp(-6716.07%)

Agueous-phase reactions

Rate constants

HSO;~ + HyOp — HT + SO42~ +HoO  ([HT]/([H 11+0.1)) 5.2x 10 exp(-3650T*)

HSO3~ + O3 — H* +SOy%~ + Oy
S032~ + 03 > SO42~ + Oy

4.2x10° exp(-4131T*)
1.5x10% exp(-9967T*)

aUnits (Cms m0|ecu|e—1)(no. of reactants- 1) S—l;

bUnits mol 1 atm1;
cUnits (mol |—1)(no. of products— no. of reactant}a’

dUnits molm1s1;

¢A1=[M]3.0x 10-3(T/300)~33; A2=1.5x10~12; A3=0.6; A4=0.75-1.27logpA3;

A5=A1/A2; A6=A1/(1+A5); A7=1+(log 0A5/A4)2;

F(1.7x10742[0,]exp(7810/T))/(1+(5.5 10~ 310, ]exp(7460/T)))
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Table 2. Emissions for the 1990 scenario. Units are Tgyrrexcept S@ and DMS emissions which are 7§ yr—1, and NG and NH;
emissions which are T&l) yr—1. “Other natural” includes 8.8 T@) yr—1 from background volcanic emissions, 5(Ry yr—1 from light-
ning, 69 TgCH,) yr—1 from tundra, 89 T¢CH,) yr—1 from wetlands, and 27 TEH,4) yr—1 from termites. Anthropogenic NQincludes
0.5 TgN) yr—1 from aircraft

Species Anthropogenic Biomass Vegetation Soils Oceans Other Total
burning natural

SO, 71.2 14 - - - 8.8 814
DMS - - - 1.0 15.0 - 16.0
NH3 39.3 35 - 24 8.2 - 53.4
NO, 23.3 7.1 - 5.6 - 5.0 41.0
CHy 282.0 55.0 - - 13.0 185.0 535.0
CO 393.0 500.0 150.0 - 50.0 — 1093.0
Ho 20.0 20.0 - 5.0 5.0 - 50.0
CoHg 5.1 3.6 35 - - - 12.2
C3Hg 5.3 1.0 35 - 0.5 - 10.3
CsH10 45.8 2.1 8.0 - - - 55.9
CoHg 5.8 7.1 20.0 - - - 32.9
C3Hg 7.9 8.2 20.0 - - - 36.1
CsHg - - 450.0 - - — 450.0
C7Hg 7.1 5.5 - - - - 12.6
CgH1o 7.2 11 - - - - 8.3
HCHO 11 1.3 - - - - 2.4
CH3CHO 25 4.0 - - - - 6.5
CH3OH 6.0 7.5 - - - - 13.5
CH3COCHg 21 0.5 20.0 - - - 22.6

Brasseur et al., 1998; Wang and Jacob, 1998; Mickley et al.time and space (Andres and Kasgnoc, 1998), having spikes
1999; Hauglustaine and Brasseur, 2001). associated with eruptions, these emissions are thought to give
For the 1990 scenario, anthropogenic emissions distribu? rea;onable representation of thg typigal .distributions a'nd
tions and totals from the EDGAR database (Olivier et al., Magnitudes of background volcanic emissions. The emis-
1996) are used. All anthropogenic categories except biomas&ons are added to the model over the vertical range from
burning are included, for NQ CO, CHy, SOy, NHs, and the surface up to~300 hPa, as most volcanic @ re-
NMHCs. We use the term anthropogenic for these |umpeoleased during explosive eruptions and from elevated sources,
emissions that exclude biomass burning, although bumindﬂirectly entering the free troposphere (Graf et al., 1997). The

has both anthropogenic and natural components. The anthrén©del’s present-day sulphur cycle is analysed in more detail
pogenic emissions have no seasonal variation. in Stevenson et al. (2003).

For biomass burning, we use monthly varying magni- 5 4 Dry and wet deposition
tudes and distributions from Cooke and Wilson (1996), to-
gether with totals from IPCC OxComp (Prather et al., 2001).\jthin the boundary layer, dry deposition rates are calcu-
Emissions from vegetation (Guenther et al., 1995), soilSjateq using a resistance analogy scheme (e.g., Seinfeld and
(Yienger and Levy, 1995), wetlands, tundra (Matthews andpandis (1998)), with inputs of species-dependent deposition
Fung, 1987) and the oceans also vary monthly. Isoprenge|ocities, the boundary layer height, and an effective verti-
(CsHs) emissions from vegetation are linked to local so- ¢4 eddy diffusion coefficient derived from the surface stress,
lar zenith angle, as they are light and temperature sensitiveyet flux, and temperature. There is no dependence of depo-
Four-dimensional (latitude-longitude-altitude-month) emis- sjtion on vegetation type. Deposition velocities vary between
sions of NQ from lightning (Price and Rind, 1992) and air- land, sea and ice, with values for $6f 6, 8 and 0.5 mnsl
craft (Isaksen et al., 1999) (for the 1990 case) are included. respectively (Erisman and Baldocchi, 1994), and values for
Background volcanic S9emissions total 8.8 T)yr 1, sulphate (SA andNH4)2S0Oy) of 2, 1, and 0.05 mmgt (We-
based upon emissions for 1980 (Spiro et al., 1992). Theseely et al., 1985). Several other important species are dry
data show peaks associated with the Mt. St. Helens eruptiodeposited, including kD, O3, NO, and NH.
in 1980, and the continuous high $0utput from Mt. Etna Soluble species are subject to wet removal, through precip-
on Sicily. Whilst volcanic emissions vary considerably in itation scavenging. This includes $Gsulphate, HO, and

www.atmos-chem-phys.org/acp/3/487/ Atmos. Chem. Phys., 3, 487-507, 2003
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NHs. Species-dependent scavenging coefficients are takeis also evidence that a strong Elfidéi occurred during 1782—
from Penner et al. (1994), and vary between dynamic andL783 (Ortlieb, 1993). Further simulations of the Laki erup-
convective precipitation. Coefficients for $@re 0.8 and tion may benefit from the assimilation of this meteorologi-
1.5 cnr ! for dynamic and convective precipitation, respec- cal data, however this was not attempted here. Rather, we
tively. Equivalent values for sulphuric acid aerosol are 5.0use the GCM to generate data representative of the 1990s.
and 1.5 cml. These coefficients are then used with precip- The results should not, therefore, be expected to simulate
itation rates, and scavenging profiles, to calculate loss ratethe observed day-by-day spread of the aerosol. However,
for all soluble species from each air parcel. The normalisecthey should indicate an approximate evolution of the aerosol
scavenging profile for dynamic precipitation increases lin-cloud under a typical time-varying meteorology. Previous
early with pressure from zero at 400 hPa to one at 800 hPagxperiments using a different year’'s meteorology produced
remaining at this value down to the surface. A similar pro- qualitatively similar results (Stevenson et al., 2001). Each in-
file is used for convective precipitation, but with the profile tegration started in September, and continued for 17 months.
starting at the cloud top. Wet scavenging is only activatedThe first 4 months are considered as spin-up of STOCHEM-
when the precipitation rate exceeds #kgm—2s1. Very Ed, and are not used in the following analysis. The GCM is
little wet deposition occurs outside the tropics at altitudesinitialised from a dump for September 1996, and is already
above~400 hPa, due to the lack of deep convection in thesefully spun-up.
regions. The five emission scenarios represented atmospheres of
the present-day (1990), the pre-industrial era (prior to
2.5 Stratospheric ozone and stratosphere-troposphere ex-1860), and three cases for the pre-industrial with the emis-
change sions from the Laki eruption superimposed. The three Laki
simulations use the same magnitude of emissions, but apply
Ozone is a gas crucial to tropospheric chemistry, and needdifferent vertical profiles and temporal evolutions. In the first
to be simulated realistically in order to accurately calculatecase (termed “Lo”), emissions are evenly distributed form the
other oxidants such as OH and®. Several other stud- surface to~300 hPa {9 km). In the other two cases (“Hi”
ies with STOCHEM have focussed upon tropospheric O and “Hi_pulse”), 25% of the S@is emitted between the sur-
(Collins et al., 1997, 2000; Stevenson et al., 1998b). Theface and~700 hPa £3 km), and 75% around tropopause
input of stratospheric ©is an important part of the tropo- levels (~300-175 hPa~9-13 km). In total, 32% of the
spheric Q budget. Previous versions of STOCHEM only emissions are above the tropopause. The estimated vertical
extended te~100 hPa, and estimated the influx using vertical profile of emissions is derived from models of volcanic erup-
velocities and an @climatology (Li and Shine, 1995) in the tion columns (e.g., Woods (1993)), driven by estimates of the
lower stratosphere. In this work, we impose thisdDmatol- magma eruption rate, gas content, and vent morphology, all
ogy above the tropopause, and allow the advection schemef which can be estimated from eyewitness accounts of the
to transport @ downwards. To limit downwards mixing, eruption and examination of the eruption products (Thordar-
no inter-air parcel mixing across the tropopause is allowedson and Self, 2003).
S0 cross-tropopause transfer is achieved only through advec- The real vertical profile of emissions is unknown, but is
tion. Most current CTMs (Prather et al., 2001) parameteriseprobably more likely to resemble the “Hi” cases, as most vol-
or limit stratosphere-troposphere exchange (STE) to generateanic gases will be released during the most explosive phases
realistic influxes of @, because they lack tropopause resolu- of the eruption (which also reach the greatest altitudes), and
tion. However, because STOCHEM-Ed has a high resolutiorare likely to be detrained from the top of the eruption cloud
tropopause, we find that the source of stratosphegis@-  (Woods, 1993). A significant amount of S@as also prob-
alistic (~450 TgO3) yr~1) using the true advection. This ably released close to the surface, directly from the fissures
suggests that STE in general should also be reasonable, arhd lava flows. The split of 75%:25% was derived from pre-
this will be important in realistically transporting volcanic liminary modelling (S. Self, pers. comm., 2002), and is sim-
emissions and their products in the tropopause region. ilar to the ratio of 80%:20% reported by Thordarson and Self
(2003). The “Lo” case, with a higher proportion of gas re-
leased at lower levels, reflects the uncertainty in this split, the
3 Experiments uncertainties in the actual heights of the eruption clouds, and
the possibility that some of the gas could be detrained before
Two years of meteorological data generated by the GCMreaching the cloud top. As such, the “Lo” case probably rep-
were used to drive five repeat experiments with STOCHEM-resents the lowest reasonable range of altitudes for the SO
Ed. These data did not vary between experiments, only themission.
emissions changed. It should be noted that no attempt was For the Laki simulations, we added an extra source of SO
made to simulate the meteorological conditions of 1783-to the grid over Iceland, using the emissions estimated by
1784. Synoptic daily weather maps of the 1780s over Eu-Thordarson et al. (1996), which total 61 (8). Thordar-
rope have been constructed (Kington, 1978, 1988), and therson et al. (1996) described the evolution of the eruption, and
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S0, emission fluxes from Laki and added them between 1 June and 31 January, rather than
L S the actual dates of the eruption (8 June 1783 to 7 February
1784). Thordarson et al. (1996) estimated that 60% of the
SO, was released in the first 1.5 months, a further 30% over
the next 3.5 months, and the remaining 10% during the fi-
nal 3 months. These figures translate to 0.8QSjday !

in June, 0.49 T¢S)day 1 in July, 0.35 TgS)day ! between
August and October, and 0.14 [®)day ! from November

to the end of January. It should be noted that the daily emis-
sions, when averaged monthly, do not generate exactly the
same time evolution; this reflects differences in the eruption
evolution reported by Thordarson et al. (1996) and Thordar-
son and Self (2003).

Daily

Monthly mean

w

Tg(S)/day

LN I8

N/ I

50 100 150 200 . .
Days after start of eruption 4 Results and discussion

Fig. 1. Laki SO, emissions. Monthly mean emissions are derived 4.1 ~ Sulphur dioxide and oxidants
from Thordarson et al. (1996) and are used in the Laki Lo and
Hi scenarios. Daily emissions are derived from Thordarson andFigure 2 shows zonal June—July—August (JJA) mean B0
Self (2003), and assume emissions fall to (1/e) of their initial value 1990, 1860, and the three Laki experiments. Table 3 shows
by the final day of each episode. Daily emissions are used in theannual mean and JJA global budgets for,SMd sulphate
Hi_pulse scenario. Note that monthly emissions differ somewhatfgr g|| experiments, showing the figures for Laki relative to
between the two cases, but total emissions are the same. 1860. For the 1990 scenario, annuakbS@nissions total 81.3
Tg(S), from anthropogenic, volcanic, and biomass burning
sources. A further 11.7 T§)yr—! comes from the oxidation
estimated the associated S€missions using the “petrologic  of DMS, yielding a total annual SOsource of 93 T¢S).
method”. This technique takes advantage of the fact thatrhe 1860 scenario has the same volcanic source, 20% of the
glass inclusions, trapped within phenocrysts in the lava, rephiomass burning source, and no anthropogenic source. The
resent samples of undegassed magma. By analysing the sul860 DMS source remains the same, but slightly more SO
phur content of these inclusions, together with the sulphuris generated from it, due to small changes in the DMS oxida-
content of degassed lava, the quantity of sulphur released p&jon chemistry. The Laki scenarios are the same as the 1860
unit volume of magma erupted was deduced. Unfortunatelyscenario, with the addition of 61 T§) over Iceland for the
Thordarson et al. (1996) fail to report an uncertainty associ-8 months June to January.
ated with the total emissions. These authors do report uncer- |n the 1990 scenario, 41% of the $@ deposited to the
tainties in the glass inclusion analyses of betwg®% and  syrface, predominantly by dry deposition. The remaining
+17%. COUpled with an Uncertainty in the total volume of SOZ is converted to Su|phate aerosoL parﬂy by gas-phase
magma released, we estimate an uncertainty of at#26%  OH oxidation (6%), but mainly by aqueous-phase oxidation,
on the figure of 61 T¢5). The petrologic method is generally - through the reactions involving 4@, (34%) and @ (18%).
accepted to give a minimum for the gas released upon erupthe total SQ atmospheric burden is 0.29 T9), and divid-
tion (Wallace, 2001), which suggests that the real emissionng this by the total loss rate gives a global annual mean life-
is more likely to be larger than 61 T§). There are further  time (rso,) of 1.1 days. Several recent model studies of the
uncertainties associated with processes in the eruption plumgresent-day tropospheric sulphur cycle are reviewed by Koch
itself which we are unable to quantify here. et al. (1999), and have burdens in the range 0.20-0.6$)Tg
Using historical data from observations, the variation of and lifetimes of 0.6—2.6 days. Results from STOCHEM-Ed
the eruption rate with time was also estimated. These tware towards the lower end of these ranges. Figure 3a shows
quantities yield the time evolution of the sulphur emissionsthe zonal JJA mearso, for 1990, calculated from the zonal
(Fig.1). The daily emissions have been calculated usingnean SQ distribution (Fig. 2a) and the zonal mean total loss
emissions attributed to each of a series of episodes docurate for SGQ, from both oxidation and deposition. Lifetimes
mented by Thordarson and Self (2003). For each episodaange from 0.2 days in the marine boundary layer of the
emissions are assumed to fall to (1/e) of their initial value Southern oceans to over 50 days in the polar upper tropo-
by the last day of the episode. Between episodes, emissiorsphere (UT). One reason for the increase in lifetime with al-
are assumed to be zero. These daily emissions have beditude is the general decrease in abundance of clouds with al-
used in the “Hipulse” scenario. For the “Lo” and “Hi” sce- titude in the free troposphere, limiting the aqueous oxidation
narios we used monthly mean emissions in the simulationspathway. In the tropicsso, is under 2 days almost through-
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Fig. 2. Zonal, June-July-August (JJA) mean S€oncentrations (ppbv) for(a) 1990; (b) 1860; (c) Laki Lo; (d) Laki Hi; and (e) Laki
Hi_pulse. The dotted line is the tropopause.

out the troposphere. At Icelandic latitudesgp, lengthens  both the higher mean altitude of emissions, and the lower lev-

from about 0.5 days at the surface to over 10 days in the UTels of the main oxidants at these levels. Figure 2b shows the

The short lifetime of S@leads to steep gradients in concen- SO, distribution for JJA 1860. When compared with Fig. 2a,

tration around the source regions and low concentrations amany similar features can be seen, particularly in the trop-

sites remote from these emissions (Fig. 2a). ics and the SH. These are due to the common natural emis-
In the 1860 scenario, where much of the S@iginates ~ SIons’ sources in these two scenarios. The peak values in the

from volcanoes and is released at higher altitudes, a smallgpre-industrial NH are mainly due to volcanic emissions from

fraction (19%) is deposited. Compared to 1990, a slightlytaly, N. America, Iceland and E. Asia.

larger fraction goes through the8, oxidation route rather Figures 2c—e show JJA SOdistributions for the Laki

than the @ reaction. Both @ and O, were lower in pre-  cases. This shows that Laki enhanced summer EDally

industrial times, but whilst B0, increases since 1860 have by over 20 ppbv, with concentrations over 100 times higher

been centred on the tropicsz dcreases have been mainly in than peak values in 1860. Large increases inp $@e

the Northern Hemisphere (NH), co-located with the rising in- seen polewards of30° N. In the Laki Lo case, the SO

dustrial SQ emissions. This explains the greater importanceperturbation is limited to the troposphere, but in the Laki

of the O3 oxidation path in the 1990 simulation. The 1860 Hi cases, some of the high level emissions are transported

SO, burden is 33% of the 1990 value, and its global annualequatorwards in the lower stratosphere (LS). Longep SO

mean lifetime is 1.6 days (44% longer than in 1990). Fig- lifetimes at altitude generate higher S@oncentrations,

ure 3b reveals a slightly shorter $@fetime near the surface particularly polewards of 60N. Lower tropospheric con-

in 1860 compared to 1990, but a longer lifetime in the free centrations are similar in all three Laki cases.

troposphere. The longer globally averaged lifetime reflects
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Fig. 3. Zonal, June-July-August (JJA) mean Slietimes (days) for:(a) 1990;(b) 1860;(c) Laki Lo; (d) Laki Hi; and (e) Laki Hi_pulse.
The dotted line is the tropopause.

By looking at the difference in the budgets between theshows small increases, due to a chemical feedback associated
Laki and 1860 scenarios, we can see the simulated fate ofvith the OH depletion. Tropospheric ozone is also slightly
the SGQ emitted by Laki. Most (64—72%) of the emitted O reduced (typically by 1-2%), but this is mainly related to
is deposited to the surface, roughly equally divided betweerlowering of NG, associated with the elevated aerosol con-
wet and dry deposition. The remaining £ converted to  centrations (Eq. 1), rather than chemical reaction with dis-
aerosol, with about half being oxidised in the gas-phase, theolved SQ. These oxidant depletions cause increasesdg
rest mainly through the $0, reaction. This is in contrastto (Fig. 3c—e). The lifetime of the Laki S{Os 9-20 days, 6-12
the 1860 atmosphere, where aqueous-phase oxidation donimes the background 1860 value (Table 3). These increases
inates over deposition and gas-phase oxidation. Comparingre partly due to the fact that the Laki emissions are in a re-
the Laki and 1860 scenarios for JJA, oxidation in the gas-gion of the atmosphere wheregg, is greater than the global
phase increases by a factor of 12—14, but in the aqueousnean value, and partly because oxidants are depleted by the
phase only increases by a factor of 2.3-2.7. The high levelsnassive S@injection.
of SO, cause depletion of its oxidants (Fig. 4)2®% is most The average lifetime of the Laki SCappears to be sur-
strongly affected, and aqueous-phase oxidation approachesisingly short, given the SOdistributions (Fig. 2) and the
saturation more rapidly than gas-phase oxidation. The largestonal mean lifetime (Fig.3). However, the relatively short
depletions in HO2, of over 30% in the zonal JJA field, occur lifetime towards the surface tends to dominate the calcula-
in the cloudy storm-track regions (50-%68). OH depletion  tion, and limits the concentration increases seen here. In ad-
reaches 18%, and is co-located with the regions of B©  dition, transport from the UT and LS moves Sidto regions
crease (Fig. 2). Over the relatively cloud-free Arctig®3  where lifetimes are shorter. Local lifetimes for Laki 5@
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Table 3. Sulphur dioxide and sulphate budgets. Fluxes have units (8)T tptalled over the year for the annual figures, and over June-July-

August for the JJA figures

Annual JJA
1990 1860 LakiLo LakiHi Hipulse 1990 1860 LakiLo LakiHi Hpulse
-1860 -1860 -1860 -1860 -1860 -1860
SO, sources
SO, emissions 81.3 9.0 61.3 61.3 61.1 204 23 44.3 44.3 47.0
DMS — SO, 11.7 12.2 0.0 0.0 0.0 3.0 3.1 0.0 0.0 0.0
SO sinks
SO, + OH 6.0 1.9 8.3 9.8 8.6 1.9 0.6 7.4 7.8 6.8
Hsog(aq) +Hy02(4¢) 31.7 11.0 6.8 9.6 7.7 101 3.0 4.9 6.1 5.0
HSO3(¢“1) + O3(4¢) 0.2 0.1 0.1 0.1 0.1 0.0 0.0 0.1 0.1 0.1
Sog(aq) + O3(4¢) 16.8 4.3 1.6 2.1 15 3.3 0.9 0.2 0.3 0.3
SO, dry deposition 28.9 1.8 21.0 17.1 19.6 6.7 0.4 15.2 12.3 14.9
SO, wet deposition 9.3 2.2 23.3 22.4 23.0 15 0.5 15.2 14.3 15.1
SO, burden (Tg(S)) 0.29 0.09 151 2.67 3.25 0.18 0.07 4.36 6.60 8.36
SO, lifetime (days) 1.1 1.6 9.0 16.0 19.6 070 1.2 9.3 14.7 18.1
Annual JIA
1990 1860 LakiLo LakiHi Hipulse 1990 1860 LakiLo LakiHi Hpulse
-1860 -1860 -1860 -1860 -1860 -1860
Sulphate sources
SO, + OH 6.0 1.9 8.3 9.8 8.6 19 06 7.4 7.8 6.8
Aqueous phase S(bxidation ~ 48.8 15.4 85 11.7 9.3 134 3.9 5.1 6.5 53
DMS — HySOy 0.3 0.1 0.0 0.0 0.0 01 0.0 0.0 0.0 0.0
Sulphate sinks
H2S0y dry deposition 2.6 0.7 2.0 2.1 1.8 09 02 15 14 1.2
H,S0Oy wet deposition 214 9.7 14.7 19.2 15.8 6.1 2.5 10.3 11.6 10.0
(NH4)2S0y dry deposition 4.1 0.8 0.1 0.1 0.1 11 02 0.1 0.1 0.1
(NH4)2S0Oy4 wet deposition 27.0 6.1 0.1 0.2 0.2 7.1 1.6 0.1 0.1 0.1
H2SOy burden (Tg(S)) 040 0.19 0.30 0.54 0.48 051 0.20 0.91 1.14 0.99
(NH4)2S0y burden (Tg(S)) 041  0.09 0.0 0.0 0.0 0.45 0.10 0.0 0.0 0.0
Total sulphate lifetime (days) 5.4 5.8 6.5 9.1 9.8 5.8 5.9 6.9 7.9 7.9
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JJA, after accounting for transport effects are 25 days in theposition dominates over dry. Dry deposition only operates

LS, 12 days in the UT, and 5.3 days in the LT. in the boundary layer, but wet scavenging occurs throughout
and beneath precipitating clouds. The local sulphate lifetime
4.2 Sulphate (tso,) is therefore determined by purely physical processes,

and is invariant between scenarios (Fig. 6). In the UT outside
Sulphate is the product of S@xidation; there is also an in-  the tropics there are less clouds, and the effective lifetime in
significant pathway direct from DMS (Table 1). Sulphate is these regions is controlled by the timescale of transport into
partitioned into two species in the model: ammonium sul-regions where sinks do operate. Global megs, do vary
phate and sulphuric acid. In the 1990 scenario, the relativeljpetween scenarios, as they also reflect the sulphate distribu-
high anthropogenic emissions of Nihean that over halfthe tion. The 1990 scenario has a global annual mesgs) of
sulphate burden exists as ammonium sulphate. In the 1868.4 days, and a burden of 0.81 Tg(S). LikeSMese values
scenario, NH emissions were lower, and only about a third fall within the ranges found in previous modelling studies:
of the sulphate was ammonium sulphate. The extra sulphateso,: 3.9-5.7 days; sulphate burden: 0.53-0.965)¢Koch
formed following the Laki eruption is almost exclusively sul- et al., 1999). Mean sulphate lifetimes for the Laki cases are
phuric acid aerosol, as there are very few free ammoniuntip to 10 days, as a significant fraction of the sulphate is in
ions. Sulphate distributions (Fig. 5) are smoother and morghe UT/LS where the local lifetime is relatively long. Local
widespread than their precursor, reflecting the longer sullifetimes for Laki SQ, after accounting for transport effects,
phate lifetime. Laki sulphate levels reach 1-2 ppbv overare 67 days in the LS, 10 days in the UT, and 5.3 days in the
much of the summer troposphere polewards 6€° N, com- LT.
pared to 1990 levels of 300-500 pptv in NH mid-latitudes.

The only sinks for sulphate are deposition, and wet de-
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Fig.5. Zonal, June-July-August (JJA) mean $€oncentrations (ppbv) for(a) 1990; (b) 1860; (c) Laki Lo; (d) Laki Hi; and (e) Laki
Hi_pulse. The dotted line is the tropopause.

4.3 Comparison of the 1990 scenario with observations emissions grid over Europe. In addition, the use of meteoro-
logical data from a climate model, rather than analysed data,
Figure 7 shows monthly mean modelled Sénd sulphate  will mean that cloud and precipitation distributions, winds
from the 1990 experiment, and observed values from thre@nd boundary layer heights may not be representative of the
European stations: Spitzbergen in the Arctic; Tange in cenconditions prevailing when observations were taken. These
tral Europe; and Roquetas in SW Europe (Hjellbrekke et al. factors, combined with the short lifetime of $Qnake it a
1996). The figure shows model results for 17 months (theparticularly difficult gas to compare with measurements. De-
full run length, excluding the first 4 months spin-up), with 12 spite these problems with $Owhich are typical of models
months of observations. Differences in the intitial and final 5 (Restad et al., 1998; Koch et al., 1999), the reasonable agree-
months indicate interannual variability arising from the me- ment with sulphate is encouraging, and gives us confidence
teorology, which is quite large for these relatively short-lived in the results. A more detailed validation of sulphur species
species. At all three sites, the magnitudes and seasonal cyn the model is presented by Derwent et al. (2003).
cle of sulphate and S{are reasonably reproduced, although
SOy is slightly less well modelled. Over central Europe, ;SO Also plotted on Fig. 7 are the modelled results from the
is over-estimated by the model, typically by a factor of over background pre-industrial run, and the Laki scenarios, with
two. At Spitzbergen and Roquetas, the,S€cle is mod-  the results scaled to fit on the plots. These show the major
elled better, but there are significant differences in severalnfluence of the eruption on European air quality during the
months. These problems are probably related to the resasummer of 1783, and the likely impact of a similar eruption
lution of the model, and in particular the coarsé (6 5°) today.
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have been dominated by the widespread deposition of SO
18 gas rather than sulphuric acid aerosol.
16 Figure 10 shows modelled monthly total sulphur and
14 H>SOy deposition fluxes to a grid-square in central Green-
land for the Laki cases. Sulphur deposition increases by
~2 orders of magnitude above background levels at the
3 start of the eruption, but rapidly declines to normal levels
82 once the eruption ends. Peak modelled fluxes rea2@0
6 < mg(Sym~—?month 1. The majority (~85%) of the sulphur is
4 deposited as Sfrather than HSOy. Modelled sulphur de-
2 position to Greenland over the year following the eruption
0
N

Sulphate lifetime (days)

0.1f

Vertical level / nj -units

totals 360-500 m@m~—2, compared to background levels
of ~8.6 mgS)m—2 in 1860 and roughly double that value
in 1990. There is no strong indication in the Laki simula-
1 2 5 10 20 50 100 200 500 tions of a peak in the following spring, as suggested by one
ice core study (Fiacco et al., 1994). Instead, these model re-
Fig. 6. Zonal, June-July-August (JJA) mean Sldetime (days) for  sults support later ice-core studies (Mosley-Thompson et al.,
the five scenarios (all scenarios are the same). The dotted line is th2002) that indicate a sulphate peak in 1783, coincident with
tropopause. the eruption.
Table 4 shows measuredb,5O4 accumulations in several
) N Greenland ice cores (Clausen and Hammer, 1988; Zielinski,
4.4 Temporal evolution of the Laki impact 1995; Clausen et al., 1997; Mosley-Thompson et al., 2002),
compared to our model results. Modelled background values,
Given the relatively short lifetimes of both $S@nd sulphate  5nd the total HSOy deposition associated with the eruption,
in the troposphere, the temporal evolution of the Laki erup-are both in reasonable agreement with measurements. This
tion impact is mainly controlled by the variation with time suggests that any deposited S®as not oxidised to ng
of the emissions. Figure 8 shows the evolution of the zonalyfter deposition; possibly it was re-emitted, or preserved as
mean sulphate from Laki in the model, for the surface, UT, 50, and just not measured by any of the techniques applied
and LS. The impact of the eruption is essentially restricted toj the ice-core analyses. There is experimental evidence that
the NH, with only a small amount of transport into the SH in g, deposition to snow decreases with decreasing temper-
the LS. Sulphate peaks in the second month of the eruptiontyre (Dasch and Cadle, 1986), and this effect is neglected
(July). In the lower troposphere, as soon as the emissiong, the model, so S@deposition to Greenland and the Arctic
shut off in February, the anomaly ceases. This is also mainlynay have been overestimated. Any reduction in deposition
true of the UT/LS, although the |Onger Su|pha'[e lifetime in (Or re_emission) of S@to (from) snow would further en-
this region allows a minor perturbation to persist for a few hance S@ concentrations in the lower troposphere. Model

months. results from the Hipulse case are lower than the other cases,
- despite using the same total emission. This gives an indi-
4.5 Sulphur deposition cation of the importance of meteorological variability in the

results; because the hpulse scenario emissions are released
Annual total sulphur deposition fields for the five cases areat different times compared to the monthly mean cases, they
shown in Fig. 9. Total sulphur deposition is the sum of wet sample different meteorology, and less of the aerosol is de-
and dry deposition of S H,SO4 and(NH4)2S0O4. Annual  posited to Greenland. Overall, the deposition fields (Fig. 9)
totals for each process are given in Table 3. Much of the sul-are quite similar, but deposition at specific sites is subject to
phur is dry deposited as $@as; wet deposition of SOs  much more variability between scenarios.
unlikely to be distinguishable from wet deposition of $0Oy
aerosol. Present-day deposition peaks over the three indugk.6 Total aerosol yield and peak atmospheric loading
trial centres, but is many times higher than pre-industrial lev-
els over much of the NH. Much of the Laki sulphur was de- The modelled global atmospheric burden of3@, rises
posited over Iceland, but large amounts also reached northfrom background levels 6£0.2 T((S) to ~1.7 Tg'S) in July,
ern Europe and Asia. Acid deposition from sulphur and otherfollowed by an approximately exponential decay back to nor-
volcanic volatiles, including HF and HCI, is thought to have mal values over the next 12 months (Fig.11). In the Laki
been responsible for much of the crop damage and livestocki cases, the decay is slower, and slightly elevated levels of
deaths in Iceland and the famine that followed the eruption.~0.3 TgS) still exist after a year. The total atmospheric
Away from regions of significant rainfall, environmental ef- aerosol mass is likely to be larger by a factor (134/32), as
fects from sulphur deposition following the eruption may HoSOy typically exists as HS0O4.2H,0. This indicates a
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Fig. 7. Comparison of 1990 modelled surface 5ahd SQ (e) with recent observations) (Hjellbrekke et al., 1996) at 3 European sites.

The plot extends over 17 months of model results; observations are repeated for the second year. Also shown are results from the 186(
scenario (thick green line), and the three Laki scenarios (solid blue, dashed magenta and dotted brown lines), reduced by up to a factor of
100 to fit on the plots.

Table 4. Modelled and measured %O depositions to Greenland Ice, for the Laki eruption, and background levels at the time of the eruption

Background HSO, Laki HoSOy
[mgS)m—2yr~1]  [mg(S)m—?]

Modelled (this work)

Laki Hi 5.0 63
Laki Lo 5.0 65
Laki Hi_pulse 5.0 35
Measured

Clausen and Hammer (1988) (Table 1V)

(HT/ECM technique: 11 cores) 8i6t.4 56+23
(soﬁ— technique: 4 cores) 2490.7 55+5

Zielinski (1995) (Table 6)

GISP2 (SG" technique) - 19

Clausen et al. (1997) (Table 3)

DYE 3 (ECM technique) 7.9 33
GRIP (ECM technique) 4.3 23

Mosley-Thompson et al. (2002)
PARCA cores: range from 6 cores - 18-107
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Fig. 8. Temporal evolution of the zonal mean Laki $(ptv) for Laki Lo (a—c), Laki Hi (d—f) and Laki Hipulse(g—i) at three levels in the
model: the surface (a, d, g); the upper troposphere (b, e, h); and the lower stratosphere (c, f, i). Background 1860 levels have been subtractec

peak global aerosol loading 6f7 Tg, similar to the estimate occurs mainly because Laki was much closer to Greenland
of Stothers (1996). than the nuclear test, and added material to the atmosphere at
mates of the total aerosol yield from Laki, either derived proat posit : .

a good method for calculating volcanic aerosol yields if the

from Greenland ice core deposits (Clausen and Hammeréru tion is relatively close to the deposition site, or if mate-
1988; Zielinski, 1995; Clausen et al., 1997), or from ob- p y P '

served optical depths (Stothers, 1996), or inferred from emis{ﬁ!isrt]?;tggeﬁfg;ﬂ similar heights to the nuclear explosion
sions (Thordarson et al., 1996; Thordarson and Self, 2003). ! P '
The Iargest. estimate is from Clausen and H"’“T"“er (1988)4.7 Missing feedbacks and other uncertainties
who used ice core measurements together with measured

de_posmon of nuclear bomb products from a high Norther_nThe model results presented here represent a new approach
latitude test of known magnitude, to infer an atmospheric d with previous assessments of the atmospheric im-
aerosol loading for Laki of 91 T(&). compared with pr . osp
pact from the Laki eruption. However, there remain large un-
Our work indicates total aerosol production from Laki of certainties in the results. Several potentially important cou-
17-22 TdS). Due to the relatively short atmospheric life- plings have not been included in the simulations described
time of the aerosol, its peak burden is onil.7 TgS) here. The modelled aerosol does not influence the model
(Fig. 11), as discussed above. Our modelled estimate ophotolysis rates, which are important in determining oxidant
deposition to Greenland is similar to Clausen and Hammeiconcentrations (Tie et al., 2001). There is also no dynamical
(1988); the larger estimate of aerosol yield by these authorgéeedback of the aerosol on the model’s meteorology, either
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Fig. 9. Northern Hemisphere annual mean total sulphur deposition fIU)(S$r(g_2 yr_l) for: (a) 1990;(b) 1860;(c) Laki Lo; (d) Laki Hi;
and(e) Laki Hi_pulse.

through the radiation code or through the cloud schemelevel emissions may have been oxidised more efficiently and
However, the climatic impact of the aerosol is examined us-remained airborne for a longer period than calculated here.
ing a decoupled methodology in the second part of this workFor lower altitude emissions the reverse would be true. The
(Highwood and Stevenson, 2003). Possibly the largest uncerestimated emissions only represent a minimum total magni-
tainty associated with the Laki eruption is the height profile tude. On the other hand, no attempt has been made to model
of the SQ emissions. We have used two different profiles chemistry in the volcanic plume, and there may have been
in an attempt to span a wide range of possibilities. Nev-significant removal of sulphur from the system, for example
ertheless, the SOcould have been predominantly emitted by uptake on ash particles. The broadly similar conclusions
at either lower or higher altitudes than used here. Highemreached for both the Laki Lo and Laki Hi scenarios suggests
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Table 5. Estimates of the total aerosol yield and peak global aerosol loading of the atmosphere from the Laki eruption

Total aerosol yield Peak aerosol loading

[Tg(S] [Tg(9)]
This work
Laki Lo 17 1.4
Laki Hi 22 1.7
Laki Hi_pulse 18 1.6
Clausen and Hammer (1988) 91 -
Zielinski (1995) 11-14 -
Stothers (1996) 49 15
Clausen et al. (1997) 33-50 -
Thordarson and Self (2003) 65 -

that the vertical profile may not be a crucial factor. Introduc- As OH concentrations rise, so will concentrations of the hy-
tion of eruption episodicity modulates the results somewhatdroperoxyl radical (H@). At high radical concentrations,
but because of the similarity between the lifetimes 0£,SO radical loss rates are proportional to [IJ® (HOx = OH +
and SQ, and the lengths of the episodes and repose periodslO;), and this acts as a strong buffer on radical concen-
(days-weeks), this does not significantly affect the resultstrations rising further. Any rise in OH will therefore be
The lack of aerosol microphysics in the model introduceslimited by the availability of @, sunlight, and radical self-
further uncertainty, particularly concerning aerosol removal.destruction. The importance of magmatic water will also de-
No account of aerosol sedimentation is included, but this iscrease as the plume mixes with the background atmosphere,
probably only a significant process in the stratosphere, andavhich is likely to occur on timescales of hours to days, much
in areas where vertical transport is very slow. The local life- less than the chemical lifetime of $@ the UT/LS (12-25
time of 67 days in the LS is determined by transport; anydays). Overall, we suspect that magmatic water vapour will
sedimentation will tend to reduce this lifetime. locally increase oxidant levels (and hence sulphate produc-
Thordarson and Self (2003) estimated that about 230 Tgion), but will have a limited impact at larger scales. The
of magmatic water vapour was released with the S&hd  neglect of magmatic water vapour is not expected to have a
suggested that this would be more than enough to oxidise thenajor influence on our results.

SO, to aerosol. However, SOdoes not react directly with Anoth ible | ¢ t heri ition that
water to produce sulphuric acid. Water is an important pre- nother possible impact on atmospheric composition tha

cursor of the two major SPoxidants, OH and KOy, and we have neglected involves the effect of sulphur deposition
levels of these oxidants can be expected to increase as WatElQm Laki upon the global source of methane, which may

vapour levels increase. However, there is a large amount o ave been significantly reduced. Recent findings show that

water readily available in the atmosphere, and ambient tem—6\'e'S of sulphur deposition comparable to those reported

peratures will limit the increase in water vapour, such that?er?q ca? 5|gn|tf||ca(rj1tly re(:jdlt.JcedQI-egssu_)nst frr)ngg;uralA
humidity cannot exceed 100 %. Assuming that the plume.res water wetlands and fundra (Gauci et al., ; ). An
rapidly comes into thermal equilibrium with the environ- increase in the sulphate supply to these areas is thought to

ment, and a conservative estimate of 50 % humidity in thesttl):hulatelrr;]wtroblaé cc')mpgtltut)n'lntanaetroblc S?IIS bythen-
background air above Iceland, then water vapour levels will,a Ing sulphate-reducing bacteria to out-compete methane-

at most, double, with perhaps similar increases in Oxidamproducing micro-organisms for available substrates (Lovely

levels, and hence sulphate production. However, to generatg':'jd KtIQQI, (1:983)' Wetland;tﬁnt(:] tuEerz]i fotrmed thetm?Jor ﬁ)re-
OH, UV radiation and ozone are also required, in order to'" tuz na .dHt‘ sr(])_u;]ces,t\r/]w | ?’t ég esM ct(t)r:]cen ra ('102 0-
generate excited oxygen atoms(tD)): cated in mid to high northern latitudes (Matthews and Fung,

1987). It is likely that many of these GHsources, and in

O3 + hv—0O(D) + O, 2) particular those in Scandinavia and Siberia, will have been
sufficiently impacted by the sulphur deposited from Laki for
O(*D) + H,O—>20H (©) atmospheric Chllevels to have been reduced. These effects
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504 D. S. Stevenson et al.: Atmospheric impact of the 1783 Laki eruption
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15 b _17 ] These results also have implications for the similar, but
e } ] much larger, flood basalt eruptions of the geological past,
O 10°F =, ] e.g. the Roza eruption (Thordarson and Self, 1996). Previous
o) [ i_: ] studies of these have generally assumed that all of the&O
£ 5¢ ] . . leased went on to form aerosol, and hence affect climate. At
0 : | = ] much larger S@loadings than Laki, oxidant depletion in the
' e ‘ = troposphere is likely to be even more intense (although this
JFMAMJ JASONDJFMAM may depend on the latitude and season of the eruption), and

an even higher proportion of the S@ill be deposited rather
than form aerosol. The environmental effects of widespread
SO, deposition (Grattan, 1998) may outweigh climate per-
turbations, and may also affect temperature proxies such as
tree-rings (Pearson et al., 2002). Volcanic aerosols formed
may have continued well beyond the period of the eruption,in the troposphere or LS should not be assumed to have at-
possibly for several years. Perturbations to atmospherig CHMospheric residence times similar to the 1991 Mt. Pinatubo
are known to decay with decadal timescales (Prather, 19942erosol (1-2 years), which was injected to heights of 20-25
Derwent et al, 2001), so this process could introduce a relkm. A recent study by Blake (2003) suggests that histori-
atively long-lived climate impact. Further investigation of cal explosive eruptions only generated a significant climate
these mechanisms and uncertainties is beyond the scope #ppact if they injected material to altitudes of 1.5 times the

Fig. 10. Simulated monthly(a) total sulphur andb) H,SOy de-
position fluxes (M@S) m—2 monthfl) to central Greenland, for the
three Laki scenarios.

this paper and requires further research. local tropopause height. At these altitudes, the aerosol will
have a residence time similar to the Mt. Pinatubo aerosol, but
4.8 Implications for similar eruptions at lower heights, aerosol will be removed more rapidly.

Eruptions similar to Laki have a return period of a few hun-  This modelling study has some deficiencies in its treat-
dred years, for example the Eldggruption from Iceland in  ment of the LS (e.g. lack of complete stratospheric chem-
the tenth century (Stothers, 1998). A similar eruption todayistry), however it suggests that we should exercise caution
would add to anthropogenic pollution, and could pose ma-when considering the climate effects of eruptions that only
jor air quality problems in terms of SQand particle con- reach the LS, as aerosol residence times in this region may
centrations (Fig. 7). It may also provide an opportunity to not be sufficiently long to significantly perturb climate. On
observe the troposphere under a very high aerosol load, poshe other hand, if the eruption is long enough in duration,
sibly revealing details about the direct and indirect affectsthen sustained SOemissions may generate tropospheric
of aerosols, an area of high uncertainty in models of futureaerosol with potential to affect climate, in just the same way
climate change (Penner et al., 2001). as present-day anthropogenic S€nissions.
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5 Conclusions Andres, R. J. and Kasgnoc, A. D.: A time-averaged inventory
of subaerial volcanic sulfur emissions, J.Geophys. Res., 103,

Simulations of the global tropospheric sulphur cycle with 25251-25261, 1998.
a 3-D chemistry-transport model have been performed foBlake, S.: Correlations between eruption magnitude; f€ld, and
1990, 1860, and during the 1783-1784 Laki eruption. Sul- surface cpoling, in: Volcanic degassing: _Experiments, Models,
phate and S@budgets and concentrations from the present- Observations and Impacts, eds. Oppenhiemer, C., Pyle, D., and
day case compare well with observations and other state-of- Barclay. J., Geol. Soc. Spec. Pub., in press, 2003. .
the-art models. The model allows the fate of the,8@itted ~ ©'aSseur G. P, Kiehl, J. t, tller, J. F., Schneider, T., Granier,

. . . C., Tie, X. X., and Hauglustaine, D.: Past and future changes
by Laki to be analysed in detail. Peak zonal mean concentra- . \ ) - :
. - in global tropospheric ozone: Impact on radiative forcing, Geo-
tions during the summer of 1783 ar€0 ppbv SC_Q (cf. 0.1 phys. Res. Lett., 25, 3807—3810, 1998.
and 0.5 ppbv in 1860 and 1990) an@ ppbv SCi (cf. 0.1  Clausen, H. B. and Hammer, C. U.: The Laki and Tambora erup-
and 1 ppbv in 1860 and 1990). About 70% of the volcanic tions as revealed in Greenland ice cores from 11 locations, An-
SO is deposited before it has the chance to form aerosol. nals of Glaciology, 10, 16—22, 1988.
The remaining S@is oxidised by OH in the gas-phase and Clausen, H. B., Hammer, C. U., Hvidberg, C. S., Dahl-Jensen,
mainly by HO, in the aqueous-phase, causing a signifi- D., Steffensen, J. P., Kipfstuhl, J., and Legrand, M.: A com-
cant depletion in both of these oxidants. This oxidant de- parison of the volcanic records over the past 4000 years from
pletion significantly increases the local lifetime of §@nd the Greeland Ice Core Project and Dye 3 Greenland ice cores,
the mean lifetime of Laki S@is 9-20 days (cf. 1.6 and 1.1 _ J- Geophys.Res., 102, 26707-26723, 1997.

days in 1860 and 1990). The model generates a total of 17.5°1NS: W. J., Stevenson, D. S., Johnson, €. E., and Derwent, R.
G.: Tropospheric ozone in a global-scale 3-D Lagrangian model

22 Tg@ O.f sulphuric acid aerosol from the erupt!on, with a and its response to N@emission controls, J. Atmos. Chem., 26,
mean lifetime of 6-10 days (cf. 5.8 and 5.4 days in 1860 and 553 574 1997

1990). The peak total aerosol loading of th? atmos_phere i ollins, W. J., Stevenson, D. S., Johnson, C. E., and Derwent, R. G..
"‘_1-7 T9S), gengrally much lower than previous estimates; A simulation of long-range transport of CFCs in the troposphere
this compares with burdens of 0.28 and 0.819gn 1860 using a 3-D Global Lagrangian model with 6-hourly meteoro-
and 1990. In the lower stratosphere, aerosol has a longer life- logical fields, Air Pollution Modeling and Its Application X,
time (~2 months), but most of the aerosol generated has been 227-235, 1998.

removed by the end of the eruption. Simulated deposition ofcollins, W. J., Stevenson, D. S., Johnson, C. E., and Derwent, R. G..
H2S0Oy to central Greenland is in reasonable agreement with - Role of convection in determining the budget of odd hydrogen
measurements, and approximately coincides with the erup- N the upper troposphere, J. Geophys. Res., 104, 26 927-26 941,
tion. These results have implications for large-scale volcanlcCo”inS, W. J.. Derwent, R. G., Johnson. C. E., and Steven-

eruptions that add large quantities (_)fﬁ@the_troposphere son, D. S.: The impact of human activities upon the pho-
and lower stratosphere. Some prewous studies have wrongly tochemical production and destruction of tropospheric ozone,
assumed that most of this S@ill form aerosol with rela- Q.J.R. Meteorol. Soc., 126, 1925-1952, 2000.

tively long atmospheric residence times. This study suggest&ooke W. F. and Wilson, J. J. N.: A global black carbon aerosol
that much of the S@will be deposited before oxidation, and  model, J. Geophys. Res., 101, 19 395-19 409, 1996.

that aerosol residence times will be of the order of weeks,Dasch, J. M. and Cadle, S. H.: Dry deposition to snow in an urban
rather than the commonly assumed 1-2 years, which is more area, Water Air and Soil Pollution, 29(3), 297-308, 1986

appropriate for large explosive eruptions that add material tdPemaree, G. R., Ogilvie, A. E. J., and Zhang, D.: Further documen-
the mid-stratosphere. tary evidence of northern hemispheric coverage of the great dry

fog of 1783, Climatic Change, 39, 727-730, 1998.
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