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Abstract

Explosive volcanic eruptions can inject sulfur dioxide {5@to the stratosphere,

which forms stratospheric sulfate aerosol that can significantly impact the climate.
The radiative forcing of an eruption dependssereral eruption source parameters:

the mass of Sgemitted, the latitude and the emission height. However, the combined
effects of these parameters are not well understood. Reconstructions of historic
volcanic radiative forcing, which are essential foderstanding the role of volcanism

on climate variability, are derived from ice core sulfate records, but rely on
relationships between ice sheet deposition, stratospheric aerosol burdens and radiative

forcing from limited observations.

The aim of this th&is is to understand the impact of explosive volcanic eruptions on
radiative forcing and volcanic sulfate deposition. The role of individual and combined
eruption source parameters are comprehensively investigated using interactive
stratospheric aerosol mels, perturbed parameter ensembles and statistical

emulation.

The results demonstrate that radiative forcing is primarily determined by the SO
emission magnitude, is stronger for tropical eruptions and has a greater dependency
on the injection height the eruption is tropical. The ice sheet deposition is relatively
independent of the injection height. The results reveal complex combined effects of
the eruption parameters and illustrate the importance of explicitly simulating aerosol

microphysical proceses to determine aerosol mass, size and lifetime.

A wide range of eruptionealisationgs found thatproduce ice sheet deposition that

is consistent with iceorederived estimates for historic eruptions in the last 2500
years. These eruptions have a ganin timeintegrated radiative forcing

(> ~300MJ m) that is not considered in reconstructions. Sulfate deposition differs
considerably between models for the 1815 eruption of Mt. Tambora. The results
suggest there is a large uncertainty in radiativeifig derived from ice cores.
Consequently, the efficacy of volcanic radiative forcing derived from previous

reconstructions may be incorrect.
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Chapter 1 Introduction

1.1 Motivation

Explosivevolcanic eruptionshat inject sulfur dioxidéSQ;) into the stratospheiare
significantdrivers of naturalclimate variability(Hegerl et al., 2007; Myhre et al.,
2013; Schurer et al., 2013; Sigl et al., 208} is oxidizedto sulfuric acid vapour
(H2SQy) that nucleateso form sulfate aerosgdarticlesor condenses onto existing
aerosol particlege.g. Turco et al., 1979; Hamill et al., 1993)lfate aerosgbarticles
scattershortwave (SW) radiation antb a lesser extenabsorb longwave (LW)
radiation (Labitzke and McCormick, 19923nd thereforevolcanic eruptionscan
significantl y #vehalanceThelsatteing of SW Gadiation keads a
to surfaceand troposphericooling which is the net radiative effecffollowing
volcaniceruptions.Stratospheric sulfate aerosmn be transported globaliynd has
a lifetime of severalyearsbefore it is depositebtthe surfaceresulting inglobal
negativeradiative forcing for a number of yeai&he last eruption to occur in which
significant SQ (10-20 Tg)was injected into the stratosphere was that of Matalyo
in 1991. This eruption & to approximatelyD.4-0.5°C of surfacecooling in 1992
(Dutton and Christy, 1992; McCormick et al., 1995)

The magnitude of aerosol scattering and absorptma henceadiative forcingis
dependent on the aerosol particle size distribytiaeis et al., 1992)The same mass
of aerosol distributethto a large number of smallarticles has a greater scattering
efficiencythanwhen distributed into a small number of lapgeticles Larger aerosol
particlesalso sedimenmnore quckly out ofthe atmospherg.g. Pinto et al., 1989)n
addition to the direct radiative effects, sulfate aer@suoticlescan alsoindirectly
affect radiative forcing bynodifying cloud alkedo and lifetimée.g. Jensen and Toon,
1992; Sassen, 1992; Schmidt et al., 2010; 2012; Gettelman et al., 2adijonal
indirect radiative effectscan result from chemical and dynamical changes in
stratospheric ozonecaused by modification of stratospheric circulationand
acceleréion of heterogeneous chemistry on volcatig enhanced aerosol surface
area(e.g. Tabazadeh et al., 2002; Tilmes et al., 2008; Dhomse et al.,. 2015)



2 Chapter 1 Introduction

summary of thed mpact of vol canic eruptions on t

presented ifrigure 11.

Explosive eruptiongan have many impacts atimate (Robock, 2000; Col®ali,
2010; Timmreck, 20123s well azenvironmental and societal consequersiesh as
crop failure, famine, plague and w@&uma et al., 2015; Toohey et al., 2016a; Nooren
et al., 2017) Eruptions can reduce global precipitationdue to the reduction of
incomingSW radiation(Trenberth and Dai, 2007; Schneider et al., 2009; Fyfe et al.,
2013; lles and Hegerl, 2014®educe the Asian and African summer monsoons due to
preferential cooling of lande.g. Man et al., 2014; Zambri et al., 20&ARd can shift

the position of the Inter Tropical Convergence Zone (ITCZ) if the volcsulfate
aerosol is hemispheatly asymmetriqHaywood et al., 2013; lles and Hegerl, 2014;
Baldini et al., 2015; Ridley et al., 2B It has also been suggested that tropical
stratospheridieating due to absorption of LW radiatican lead to winter warming

in Europe byenhancing theneridional temperature gradient and ¢ags stronger
polar vortex, whichforces a positive North Atlantic Oscillation (NAO) phase
(Robock, 2000; Fischer et al., 2007; Toohey et al., 2014; Bittner et al., 2016; Zambri
and Robock, 2016 However this mechanism remains uncertgag. Stenchikov et

al., 2002; Polvani et al., 2018)

Stratosphere

ash cirrus clouds diffuse
rainout

iropospherlc aerosols infrared
(lifetime 1-3 weeks)

* SO,—p H.,SO, =
indirect effects on
louds

reduced
direct flux

Quiescent volcanis

gt cooling

Figure 1.1: Impact of volcanic eruptions on Earth's radiative balafogure from
Fischer (2006)
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Theclimatic impact ofanexplosive eruption does not scale linearly with the mass of
SO emitted into theatmospherg(Rampino and Self, 1982;ifRo et al., 1989;
Timmreck et al., 2010; English et al., 2013; Metzner et al., 2B6E4he SQ emission
magnitude increasemore Ho.SOQw vapouris produced and the high camtrations
lead to increaseld>.SQs vapourcondensationatesand the growth of aerosol particles
Growth also occurs asapticlescoagulateand theaerosol size distributiois shifted
towards larger valug®into et al., 1989)T'he reducedadiativescattering efficiency

of these particleand their enhanced sedimentation réitegs the climatic impact.

Hydroxyl radicals (OH) needed to oxidise the,Sfan also become depleted after
large SQ injections(Pinto et al., 1989; Bekki, 1995; Bekki et al., 199@sulting in

a slower conversion of S@to sulfate aerosol. Climate model simulations without
aerosol microphysics of the supsnuption of Toba ~74,000 years a@ones et al.,
2005; Robock et al., 2009vhichsome studies estimate have released more than
100 times the S&that wasemittedby 1991 Mt. Pinatubo(e.g. Rose and Chesner,
1990; Zielinski et al., 1996 predict surface cooling more than 3 tinggsaterthan
that predicted from models with aerosol microphy§iégexmreck et al., 2010)

In addition tothe SQ emission magnitude, there are otpespertes of an eruption,
known aseruption source parameteamdfactors related to when the eruption ocgurs
that can influence thmagnitude of thelimatic impact. These include the¢itadeand
theinjection height of the S£emissionsthe season agruption(e.g. Toohey et al.,
2011; Stevenson et al., 20laf)dthe phase of the Quasi Bienniacllation (QBO)
which describes thélirection of zonal wind in the tropical stratosphéBaldwin et
al., 2001) Thelatitudeandthe injection heighat which the S@is emittedcanaffect
thetransport lifetime and size distribution of theulfateaerosolthat is formede.g.
(Niemeier et al., 2011; Arfeuille et al.,, 20143ulfate aerosoin the tropi@l
stratospherean be transported to both hemisphgneth preferential transport to the
winter hemispherée.g. Holton et al., 1995This transport is also modulated by the
QBO, as the stronger easterly phasestricts meridional transpomf aerosol
(Hitchman et al., 1994; Punge et al., 208@9Vvasobserved after the 1991 eruption of
Mt. Pinatubo(Trepte and Hitchmarl992; Trepte et al., 1993Vost of the sulfate
aerosolformed after higHatitude eruptions is confinedithin the hemispherén
which theSOG, was emittede.g. Oman et al., 2005; Jones et al., 20%#atospheric

heatingfollowing the absorption of LW radiation by the sulfate aergsoticlescan
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loft theaerosol to higher altitudescrease the aerosol lifetime, aaftect the cross
equatorial transpoftyoung et al., 1994; Timneck et al., 1999; Niemeier et al., 2009;
2011; Aquila et al., 2012)rhroughout this thesis, both the eruption properties and
external factors are referred to as 'eruption sopacameters'.

Although somestudies have explored the influence of eruption source parameters
(Section 1.3) they focus on a limited set of parameter valardthere ardimited
studies that include interactivsulfur chemistry and aerosol microphysics
Consequentlytheindividual and combined effects of eruption source parameters

radiative forcing areot fully understood.

Stratospheric volcanicuifate aerosol is eventually deposited to the surface and can
be incorporated into polar ickee core slfate records provide@mprehensive record

of volcanism withannualresolutionand are usetb reconstrucvolcanic radiative
forcingon millennial timescalege.g. Gao et al., 2008; Crowley and Unterm@1,2,
Toohey and Sigl, 2017However, translating measured sulfate concentrations in
Greenland and Antarctic ice coresa global radiative forcingis highly uncertain,
with assumptionsieededo estimate theulfate aerosdburden and for theaerosol
size, eruption latitudenjection heightand eruption seasdBection 1.4) Because of
uncertainties in the potential eruption source parameterseflimiting radiative
effects, here issignificant uncertaintyin the radiéive forcing derived for historic
eruptionghat has not beeassessedReconstructionsf radiative forcingare essential

for understanding the variability of past clim&eeg. Hegerl et al., 2007; Crowley et
al., 2008; Sigl et al., 201H)ereforeheuncertaintyhasimplications forassessing the
role of volcanism especially in relation to othetimate forcingagentssuch as solar
radiation, greenhouse gases, anthropogenic aerosols and @ayddansen et al.,
2005; Atwood et al., 2016)

The primaryfocus of this research is to disentangle and quantifgffeetsof eruption
source parameters on radiative forcing @&wel sheetsulfate depositionn order to
understand the impact of past explosive volcarasihthe potential impact of future
eruptions Similarly, understanding these relationshigalso important to assetbse
impact of sulfate climate geoengineering, of which explosive volcanic eruptions are
the natural analogudy using a stateof-the-art interactive aerosol microphysics
mode| the chemical and physical evolution and radiative forcing of volcanically

enhanced stratospheric sulfate aeraseinvestigated
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1.2 Stratospheric sulfate aerosol

The stratospheric aer os o-$tatidnayylsebetvoeen 6 J un
roughly 15 kn and 25 km(Junge et al., 1961hat is composed mostly afjueous
sulfuric acidsolution dropletgH>.SQs-H20), commonly referred to as sulfate aerosol
(Kremser et al., 2016)Under nonvolcanic conditions, the aerosol is maintained
mainly by tropospheric emissions of sulfgbeecursor gases such as.S€arbonyl

sulfide (OCS)anddimethyl sufide OMS) (SPARC, 2006; Kremser et al., 2016at

are transported into the stratosphémem the troposphere through theopical
tropopause layerThe aerosollayer is controlled bythe largescale stratospheric
circulation, isentropic mixing (rapid mixing along lines of constant potential
temperature)particlesedimentation and removaparticlesat the bottom of the layer

and evaporation ofthe particles at theop of the layer(SPARC, 2006).A
comprehensive review of stratospheric aerosol has been conducted by Kremser et al.
(2016).

1.2.1 Stratospherictransport

Strong onal winds in the sttasphereresult inaerosolcirculaing the globe in a
matter of week¢Bluth et al., 1992)The vertical and meridional transport of aerosol
is controlled by thé8rewerDobson CirculationBDC), whichis a largescaleresidual
circulationthat includes upwelling at the tropics, poleward transportdasdent at
the polegHolton et al., 1995; Butchart, 2014 is a wavedriven circulation, arisig
due to momentunfrom breaking Rossby andgravity wavesand is seasonally
dependent with stronger transport towards the winter hemispratestrong descent
over the winter polar vortefHolton et al., 1995)The meridional transport includes
two-way quasthorizontalmixing in the midlatitudesia isentropicsurfacesin what
isreferredtoa s t hzo mwh@hrisfmostpronounced in the winter hemisphere
(Holton et al., 1995; Haynes and Shuckburgh, 2000)

Meridional mixing between the tropics and midlatitudes is restricted due to the
presence of subtropical transport barriaround 15to 30° latitude and between
roughly 21 and 30 kmknown as thedeaky tr o p i ¢ a(Plump,il1@06; deu and
Plumb, 1999)The barriefleads to the formation of a tropical aerosol rese that
builds up following tropical eruptions(Trepte and Hitchman, 1992A further

meridionaltransport barrier exists at the edge ofwheter polarvortex(e.g. SPARC,
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2006).These barriers arise from strong gradientsotential vorticity (e.g. Niemeier
and Schmidt, 2017)

The strength and location of thsubtropical barrieand meridional transpt is
stronglymodulated by the@hase of theQBO (e.g. Punge et al., 2009)uring the
easterly phasehebarrier is strongethere is inceased ascent within the tropical pipe,
and meridional transport is weakbr.contrastduring the westerly phagiee tropical

pipe is widened and there is stronger transport to the f@teditchman et al., 1994)

The BDC is commonly split inttaster shallow branches that exist below the tropical
pipe in which transport occurs all year to both hemispheres, and a slower deeper
branch that describes the stronger mass transport to the winter hemi§ptere,

2002; Butchart, 2014An overview of the stratospheric circulation is shown in Figure
1.2. In general the stratospheric circutatican be split into fouregimes the polar

winter vortex, the surf zone, the tropical pipe and the summer hemisphere.

Summer hemisphere Tropical pipe Surf zone Polar vortex
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Figure 1.2: Latitudealtitude cross section for NH sumnstowing the zonal mean
stratospheric circulation. The shaded area marks the lowermost stratosphere where
isentropic surfaces span the tropopause. The dark grey line marks the tropopause.
Wiggly arrows depictransport along isentropes. Arrows represent mean circulations
and transport barriers are shown by dashed lines. Transport barriers in the tropics mark
the edges of the o6l eaky tropical pi ped
polar vortex. Key mimphysical processes are displayed in italics. Figure adapted
from Holton et al. (1995) anBonisch ¢al. (2011)
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Exchange ofnaterial between the stratosphere and troposptena's viasentropc
transportwhenisentropic surfaces intersect the tropopatls®ugh crosssentropic
transportduring ascent in the tropical pipand crosssentropic tansport during
descent in the polar vorte)Stratospher¢roposphere exchange also occura
tropopause folden the extratopicsthat are intrusions of stratospheric aimto the
tropospherde.g. Shapiro, 1980which areconsidered to be the dominant removal

procesdor stratospheri@aeroso(SPARC, 2006).

The mean residual circulation is relatively sloampared tdhe isentropicmixing
and aerosol reaching the stratosphere via the tropical pipieh is subsequently
transported globally, may reside in the stratosphere for.\Rapsdisentropicmixing
outside of the tropical pipdropospheric folds, and polar desceesults in a much
shorterlifetime on the order of month®r aerosolintroduced into thestratospheric

mid- to highlatitudes (e.g.Kremser et al., 2016)

1.2.2 Sulfur chemistry and aerosol microphysics

In the stratosphere S@as a lifetime of several weele.g. Bluth et al., 1992with
oxidation to HSOQw occurring primarily by reaadbh with OH. Sulfur reactions
included in the model used in this theaielistedin Table A.2 New sulfate aerosol
particlesare formed by binarjnomogeneousiudeationin which SQ; and HO
condense to formH>SQs-H2O droplets. Binary homogereous rucleation of new
aerosol particlesoccurs when the vapours are supersaturatedexceeding the
equilibrium vapour pressureljith respecto thesolutiondroplet(Seinfeld and Pandis,
2016) H>SOQw vapour is also converted to liquid 2$0y via condensation
(heterogemous nucleationpnto existing sulfate particleasnd can also condense onto

ions or meteorismoke patrticles (Kremser et al., 2016).

The aerosol particles are in equilibrium with the water vapour and therefore grow and
shrink by the uptake or evaporation of water depending on the temperature and
relative humidity.In the lower stratospherehe aeosol particlesalso grow by the
condensation of }5Qs because the partial pressure eSEy exceeds itequilibrium
vapour pressureover HSQs-H>O solution droplets However, in the upper
stratospkreabove ~ 35 knwhere temperatures are higterdthe H.SQw and HO

partial pressureare low theH>SQs-H-O dropletscan evaporate completgl@garslaw

et al., 1997; Hamill et al., 1997; SPARC, 2006)SQ; vapour carthennucleate and
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re-condense during descent at high latitudes. Photolysis®OHvapour produces

SO, which is transported via the BDC to the poles. In the absence of OH, a reservoir
of SO builds up in the polar winter, which is subsequently oxidized during polar
spring, and results in new sulfate particle format{bhlls et al., 2005) Aerosol

particles growfurther by coagulation and eventually sediment out of the atmosphere.

Aerosolsize and number concentrations samy over several orders afagnitude
and therefore an aerosol populatisdescribed usingn aerosasize distribubn (e.g.
Seinfeld and Pandis, 201d}he size distbution is essential for understanding how
the aerosolimpacs radiation, chemistry, cloud propertiesand aerosol lifetime
Aerosols are typically split into seversize categories k nown ahata@ mode s 6
bestrepresergd by log-normal distributionsThese include nucleation modwith
particles less thar0.01um in diameter, arAitken modewith particles in the size
range ~0.01 to ~0.1 um, anaccumulation modéom ~0.1to ~2.5 um and a coarse
modewith particlesgreaterthan 2.5 um in diameter(Seinfeld and Pandis, 20L&\
typical distributionof the size modes again$ie aerosovolumeis shown in Figure
1.3. The size ranges the aerosol model used in this thesisliasted inTable A.3

VOLCANIC ASH

vol%

I \I e I l 1

0.001 0.01 0.1 1 25 10 100 1000 2000

Particle diameter (um)

Figure 1.3: Aerosol sizdistribution of volcanic particles-igure fromDurant et al.
(2010)

Nucleation of new sulfate aerosol particles increases the number concentration in the
nucleation mode. Condensation of gaseopS@ and water uptake leads to growth

to Aitken sized particles. High concentrations of smaller particles favours coagulati
and with continued condensation, particles grow to the accumulation size, the mode
in which the majority of volcanic sulfate aerosol residasntinuedgrowth leads to

coarsemode aerosol, but these particles are most efficiently removed by gravitationa
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settling (sedimentation). Sedimentation complicates the transport of sulfate aerosol,
actingin addition tothe largescale stratospheric circulation and meridional mixing.
Similarly, upwelling following LW absorption also alters the transport of aerosol
Aerosol lifetime following large explosive eruptions is explored in Chapter 3.

Once in the troposphere, aerosols may be removed by dry deposition or wet
deposition, either by nucleation scavenging or impaction scavenging. These processes

are describedchi Appendix A.3 as part of the model description.
1.2.3 Radiative forcing

Scattering and absorption of radiatiby aerosolsassumed to be sphericzdn be
calculatedby Mie theory The scattering and absorpticare functiors of the
wavelength oincidentradiaton, particle size and the complex refractive indekich
describesthe particle optical propertigSeinfeld and Pandis, 2016Jhe sum of
scattering and absorption tise extinction whichis the total attenuationfoncident
radiation Propertiesused todiagnose theadiative effects of aerosatl addition to
extinctionincludethe singlescattering albed¢SSA), which is the ratio of scattering
to the extinction the asymmetry parameter, whidbscribesvhether more light is
scatteedin the forward or backward dirBon, and the aerosol optical deghOD),

which is theverticalintegral of extinction

Extinction is most efficienper unit massvhen particles are similar in size to the
wavelength of incident radiation. Small volcanic aerosols in the nucleationitked A
modes have aegligible scattering effect so must first grow to optically relevant sizes
in the accumulation mode. For a given massufate aerosol, theSW radiative
forcing is strongly dependennhdhe aerosol size distributi@@mmonly describey

the effective radius (&). The Resr is the areaveighted mean radius of an aerosol
distribution €alculated a8 times the total volume concentration divided by the total
surface area concentratiomhe SW forcing (per unit mass) decreases as the R
increases from-0.2 um. In contrast, the LWforcing (per unit mass) iselatively
independent of & at radii rekvant for volcanic aeros¢t0.2 to 2um) (Lacis, 2015)
SW forcing by sulfate aerosoltisereforeproportional to the aerosol surface area and
LW forcing proportional to the aerosol ma#sRes is greater than ~gm, the LW
forcing can exceed the SW forcing, resulting iface warmingLacis et al., 1992)
The magnitude ofstratosphericheating and subsequeatrosollofting is also

dependenbn thevertical distribution of aerospkince theheatirg depend on the
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temperatue of the stratospheandwhether the LW absorptiofby eithersolar near
infrared orterrestrialradiation) exceeds théocal LW emission(Stenchikov et a)
1998; Robock, 2000; Lacis, 2015)he LW forcing also depesdn the surface
albedo and the presencectoud below the aerostdyer(e.g. Stier et al., 2007)

1.3 Previousmodelling studies oferuption source

parameters

1.3.1 SO; emission magnitude

Several studies using models witkizeresolved aerosol microphysg have
demonstratedhe selflimiting radiative effecs of large S@ injectionsdue to an
increase in the aerosol particle size distribufi@mto et al., 1989; Timmreck et al.,
2009; 2010; English et al., 2013; Arfeuille et al., 2014; Metzner et al., 2014)
However,studies are mostly based topical Pinatubelike eruptionscenariosand
the nonlinearity in radiative impacts with increasing 2@assis model dependent.
For exampleEnglish et al. (20133howed thatdr an eruption 100 times that of 1991
Mt. Pinatubo, theglobal meanAOD (at 525 nm) was only 20 times higher.
Conversely, also for an eruption ~100 times that of Pinaflibunreck et al. (2010)
simulatedalargerpeakglobal mearAOD (525 nm)of 4.0compared to 2.5 in English
et al. (2013) The two studies also found differences in theatlan of the radiative
effects. English et al. (2013) emittezlightly more SQ@than Timmreck et al. (2010)
(1000 Tg S vs. 850 Tg @nd included van der Waals fesn the model coagulation
schemewhich resultsn larger particles. Timmreck et al. (2010) alsduded aerosol
heating, which English et al. (2013) suggested could result in smatlan&®a larger
AOD because the aerosol would be more quickly dssgaefrom the tropics following
an increase in upwellingA further differencein the two studies is the aerosol
microphysics scheme used. Timmreck et al. (2010) used a modal sohgme
prescribed mode widthwhereas English et al. (2013) used a seatibim schemén
which the aerosdk represented by discrete size bifibe representation of aerosol
in either modal or sectional schemes can affect the evolution of the aerosol size
distribution (Weisenstein et al., 2007; Kokkola et al., 2009; Mann et al., 2012)
the more sophisticated sectional schemesramecomputationally expensivé&ven
so, modal schemes are capable of reproducing aerosortepeagreement with
sectional schemes (e.g. Mann et al., 204 which compare well to observations
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including simulations following the 1991 eruption of Mt. Pinatuiddemeier et al.,
2009; Toohey et al., 2011; Dhomse et al., 2014; Mills ep@l.6; 2017)

Metzneret al. (2014) simulatetlopical eruptions witla large rangef SG emissions
from ~0.5 Tg SQto ~700 Tg SQ and found a linear relationship between emission
and peak globaheanAOD for SO injections less than ~5 Tg $Gandanonlinear
relationshipfor larger emissions that could be approximated by a 2/3 power scaling
of aerosol massVolcanic forcing reconstructions thealculatevisible AOD from
estimated sulfate masSgction 1.4)ftenuse a 2/3 power scaling for large eruptions
to accounfor aredued scattering efficiency due to the formatiorasfjer particles
and lower number concentrationsecause ofpreferential condensatiorfover
nucleation) and coagulatia.g. Cromey and Unterman, 2013roohey and Sigl,
2017) Conceptually, thisidealized relationship arises becauseisible AOD is
proportional to the total crosectional area of the aerosol particles, whereas the
aerosol mass is proportional to the volume of the part{@euille et al., 2014;
Toohey et al.,, 2016b)However, the nofinear scaling is highly uncertain and is
applied to large eruptions definebove somehreshold which varies between
studies. For exampl€rowey and Unteman (2013) apply the power scaling for
eruptions greater that991 Mt.Pinatubo (~1€0 Tg SQ) but Toohey et al. (201)

for eruptionsgreater thari815 Mt.Tambora (~60 Tg S£).

1.3.2 Eruption latitude and injection height

The lifetime of stratospheric aerosntreases with distance from the tropopause and
is longerfor aerosol at the equatbecause itan be spread globally by the BI}g.
Robock, 2000)In the tropics, the injection height of the S€nissions can affect the
level of tropicalconfinementwithin the tropical pipewhether it is transported by the
upper or lower branches of the BDC, and subsequenttynivey of crosstropopause
transport Several studies have conducted sensitivity testsspacific tropical
eruptionge.g. 185 Tamborand1257 Samalasind found fgher altitude emissions
resuledin stronger extratropical transpantthe middle stratosphe(Arfeuille et al.,
2014; Stoffel et al., 2015nda stronger hemispheric asymmetnyaerosol burden
dueto the seasonallyarying BDC (Stoffel et al., 2015Aquila et al. (2012glso
demonstratedh simulationsof a Pinatubdike eruption that higher injection heights
resuledin longer aerosol lifetimdue to transport in the middle stratosphereereas

injection into the lower stratospheresuledin faster aerosol removahquila et al.
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(2012) also showed thtteinclusionof radiatively-coupled aerosalasnecessarjo
loft the aerosoto higher altitudeswhichincreasd meridional mixing although he
amount of heatingnd whethesubsequent loftingias significant to move the aerosol
to the middle stratospheveas dependent on tmeass ofSOG, emitted Toohey et al.
(2016a)alsofoundthat a higher injection height for eruptions aéMZ~24 km vs.

~16 km) resulted in a longer aerosol lifetime.

The importance of radiativelgoupled aerosol anthe QBOon the level of tropical
confinement of sulfate aerosbhve beendemonstrated in several geoengineering
studies in which S@is contnuously emitted at the equat(iMiemeier et al., 2011;
Niemeier and Schmidt, 2017; Tilmes et al., 2017; Kleinschmitt et al., 2018; Visioni et
al., 2018) These studies illustrate that the role of injection height is complicated by
the level of tropical upwelling and tropical confinement and by subsequent patrticle
growth, often with opposite effe. For examplehigher injetions into the tropical

pipe led to a larger tropical burden due to increased tropical confinement and reduced
meridional transport, and a larger global mean radiative fofeirng Niemeier et al.,
2011; Niemeier and Timmreck, 2013)Jowever, particle growth can reduce the
forcing comparedo a loweraltitudeinjection (e.g. Tilmes et al., 2017; Kleinschmitt

et al., 2018) The impact of injection height depends on exactly where the aerosol
forms in relation to the tropical pipe and whether upwelling leads to increased
confinement or increased meridional transport in the upper branch of the BDC, with
effects subsequently cotigated by aerosol microphysicBarticle growth was not
included by Aquila et al. (2012although the microphysics surrounding a continuous
injection with a constant supply 8, or H>SOs vapourdiffers compared to a single
volcanic injectionfor exampe byfavouing nucleation (e.gNiemeier et al., 2011)

Since aerosol is rapidizonallyhomogenized in the stratosphere, the longitude of an
eruption is nota factor in determiningts climatic impact Toohey et al., 2011).
However, thelatitudinaltdepemlent stratospheric dynamics (Figure 1.2) result in a
strong dependency of aerosol transport and lifetand subsequently the amount of
polarsulfate deposibn, on the latitude of eruptiotdowever, there have been limited
studies that havguantifiedthe change in radiativiercing and depositiofollowing
eruptionsacross a range iatitudes, with studies fousing either on tropicglToohey

et al., 2011; Aquila et al., 2012; Toohey et al., 2013; Stoffel et al., 2015ph-
latitude eruptiongOman et al., 2005; 2006; Kravitz and Robock, 2011; Pausata et al.,
2015)in isolation
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In a study of historical eruptions since 16B&euille et al. (2014) found that higher
latitude euptionslead to smaller & than tropical eruptions, which they suggested
wasbecausdarger aerosol particles in the tropigsrerelativelylonger liveddue to
upwelling but they did not include aerosol radiative heating nor a QiBQheir

simulations

Jones et al. (2017pvestigatedthe change inaerosoldistribution for a range of
eruptions withlatitudes betweeB0°S and 60N and for injection heights of 115
km, 1623 km and 228 km Results demonstrated raincreased hemispheric
confinementand shorter lifetime of aerosdbr the higher latitude eruions, and
greatst global spread ankdighestAOD for the highesaltitudeinjectiors. However

the study islimited by the lack of sizeesolved aerosol microphysics, such that
changes to scattering and sedimentation efficiencies were not included.

Toohey et al. (2016axamined the influence aruptionlatitude on polar sulfate
deposition in order téind possible cadidate locations for two eruptions that occurred
in 536 CE and 540 CE that matched sulfate deposition derived from ice Secgsr{
1.4). They simulatech range oferuptionsbetween S and 56N, with results
suggesting that the 53BE eruption could have been at a latitude 48°N or 5N
(both latitudes produced similar radiative forciray)d the 540CE eruption at a
latitude near to 19I. This wasthe first study to comprehensively assess the impact
of multiple eruption source parameten sulfate depositio(the study also included
perturbations to Sgemission, height and season), but is specific to these two eruption
case studieswith an otherwiselimited range in latitude height and emission
magnitudescenariosThis study also keked a QBCandalthoughthe modehas been
shown to simulate well the observed spatial pastersulfate depositiomompared

to ice core record®r severamajoreruptionsthe magnitudef the simulated sulfate

depositionwasroughly 5 times too largéfoohey et al., 2013; Sigl et al., 2014)

Toohey et al. (2014 also demonstrated that extratropical emumtican still lead to
significant surface cooling comparable to that from tropical eruptioeentrast to
Schneider et al. (2009yho suggestd that extratropical eruptions haealy ashort
lived climatic impat. Observational studies have also demonstratedsthraeSO;
injected into the lower stratosphexehighlatitudes can be transported to the tropics
where it can be spreaglobally (Kremser et al., 2016 and references therdin)

remains an open question as to how highatitudeof aneruption could be anstill
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have aglobalclimatic impact that rivalthat fromtropical eruptiongjiven differences

in injection height andthe mass 08O, emitted
1.3.3 Eruption season

The seasonal dependence of stratospheric dynd®action 1.2.1) stronglgffects
the crossequatorial transport of satospheric aeros@nd he preferentialtransport
towards the winter hemisphehnas beemlemonstrated by several stud@sropical
eruptionsusingGeneralCirculation Models(GCMs) (Toohey et al., 2011; Aquila et
al., 2012; Toohey et al., 201 %toffel et al., 2015; Stevenson et al., 204nAy

parameterized transport moglé.g. Ammann et al., 2003; Gao et al., 2008)

In the high latitudetransport isnoduldedby thestratospheric wind&.g. Timmreck

and Graf, 2006)the strength ofmeridional mixing and the polar vorté&.g. Holton

et d., 1995) and theclimatic impacs of eruptions have a strosgnsitivity to season
because of varying insolatige.g. KravitzandRobock, 2011)Photolysis is stronger

in the summer resulting in higher OH concentrations and a faster conversioa of SO
to HoSQs vapourafter summer eruptionge.g. Schmidt et al.,, 2010Kravitz and
Robock (2011emonstrated thmle of seasonallwaryinginsolation orthe radiative
forcing of NH high-latitudeeruptiors with SO; emissions between 1.5 and 5, Bgd
found only summer eruptionef 5 Tg SO, led to detectable effects osurface
temperature.Despite simulations havingsimilar AOD perturbations between
eruptions in March, June and August, June eruptions had larger peak SW radiative
forcing. Both the AOD and radliive forcing follaving an eruption in December were
very smallcompared to the other seasoKsavitz and Robock (2011) also showed
seasonally varying deposition rates with higher deposition in the midlatitude storm
tracks during spring and summer andnagdeposition near 38 during the winter
because dfrgescale subsidencklowever, this study used a fixed aerosol dry radius
of 0.25 pmandhencechanges in particle size and subsequent radiative effects were

not included.

Toohey et al. (2011) investigated thediative foréng of tropical eruptions with
differentemission magnitudeand eruption seassasingaglobal aerosol model and
found theseason to influence the aerosol sdistribution as well asthe aerosol
transport The smallestResf and largest radiative forcing occurred for a January
eruption if the S@injection was 17 Tg (comparable to 1991 Mt. Pinatubo), but for a

July eruption ifthe mass 080, emitted was 700 Tg (a neswpereruption). In both
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cases, the smaller particles were found to coincide with aerosol mass being shifted to
higher altitudes, either as a result of seasonal changes in tropical upwelling (in the 17
Tg case) o dynamically induced changes in zonal winds and tropical upwelling
because of aerosol heating. The mechanism leading to smaller particles remains
uncertain. This studgemonstratethe combinedeffects of different parameters but

was limited by the lackfaa simulated QBGand a single injection height (~24 km)

which mayaffect the reported sensitivities to season angled@ssion

In a further studyToohey et al. (2013)nvestigated thesensitivity of polar sulfate
deposition to theeruption season (Januawg. July eruptiond and SQ emission
magnitude (8.5 Tg 700 Tg)following tropical eruptionsat 13N. Model results
suggested that the sulfate deposition efficiency to the ice Joedised as the ratio

of sulfate deposition flux to the maximum hemispheric stratospheric sulfate burden)
was sensitive to season once the injection was greaterlthdary, with higher
efficiencies on both ice shedts July eruptionsThese efficiencieare equivalent to

the transfer functions used to estimagzosolburdendrom ice-corederived sulfate
deposition $ection 1.4). ForGreenland the higher efficiencies occurred in July
becausealeposition was similar between the seadmutsin January th&NH burden

was largebecause of the BD@n contrast, the SH burdens were relatively insensitive
to the eruption month, but the deposition on Antarctica was higher for July eruptions.
Aerosol heatingled to drong dynamical anomalies and strongeslar vatices
following the larger eruptions, which impeded transport to the high latitudes.
Subsequently, eposition efficiencies were modulated by thegnitude of the
dynamical anomalies combined with the decay of the sulfate aerosol, both of which
were depeneht on the magnitude of the S€@missiorbecause of increasesparticle

size Greenland deposition waalso higher than Antarctica depositioand the
relationship between the two increasehlinearly with increasing S@mission. The
higher Greenland deposition wastiributed toboth the NH injection location and
stronger NH meridional circulatiomlthoughSigl et al. (2014using the same model

and simulation setip, found that Antarctic sulfate deposition was not significantly

different for eruptions located atS! compared tohte simulations at P5l.

Toohey et al. (2013)Isofoundthatthe largeseruptiong>700 Tg)during NH winter
resultedn Greenland deposition thafs5 times the Antarctic depositiofhe results
also showedhat different eruption magnitudes in differeseasons (170 Tg in July
vs. 300 Tgn January)edto similarAntarctic depositiofluxes Consequentlythese
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results highlight the uncertainties in translating measured ice core sulfate to
atmospheric sulfate burdens givem unknown season of eruptiand varying S@

emissiors.
1.3.4 Summary and research gap

Despite several studieof the radiativeeffects of different explosive eruptions, there

has been no systematic assessment of multiple eruption source parameters in one
model.Theradiative forcingof an eruption is dependembt onlyon each parameter
butalsoon their specific combinatioistudies havenvestigatecparametegeffectsin

isolation and focusd mainlyon tr opi c-al ke®®i eat ptvihan scenari o
limited numberof SG emissiormagnitudes, injection heights and latitutlest have
beeninvestigated Inter-model results ardifficult to compare due to differences in

the values of parameters perturtzed howSO, emissionsare mplementedn each

model For example, taidies differ in the depth of the injection plume perturbed,
ranging from single grid box injections (e.g. hey et al., 2018, to plumes greater

than 21 km in height (Stoffel et al., 2019 he inclusion of aerosol microphysical
processeshighly-resolved stratospheric dynamics and radiatheslypled aerosah

models is a necessity if the effects of these parameters are to be comprehensively
investigatede.g. Timmreck et al., 2018owevernot all stuies have includesize

resolved aerosdOman et al., 2006; Kravitz and Robock, 2011; Aquila et al., 2012;
Jones et al., 2017manylack a QBO(Toohey et al., 2011; English at., 2013;
Toohey et al., 2013; Arfeuille et al., 2014; Toohey et al., 20b6dxck aerosol

induced radiativéheating(English et al., 2013; Arfeuille et al., 2G1@homse et al.,

2014).



Chapter 1 Introduction 17

1.4 Reconstructions of historic volcaniaadiative forcing

Reconstructions of volcaneruptionsareneeded amputdatasetin GCMs dtheras

SO emissionsf the model is coupled ta sulfur chemistry anderosol microphysics
scheme, or as a prescribed data$efpatially and temporally evolvingfratospheric

AOD (sAQOD) or radiative forcingdSchmidt et al., 20115ince aerosol microphysics
schemes are computationally expensive, many models remain uncoupled when

conductingong historic climate simulations

SO emissiors, sulfate burdemandor AOD can be derived from satellite retrievals
(e.g. Carn et al., 201@nd grounebased optical measurememtsenavailable(Sato

et al., 1993; Stothers, 1996; Stenchikov et al., 1998; Stothers, 2001; Thomason et al.,
2018) although uncertainties exist becausérnofted spatial coverage of observations

and saturation of the satellite sensors under high aerosol lo@dingintuna et al.,

2002; Arfeuille et al., 2013remser et al., 2016)nformation regarding thelimatic

impact ofhistorical eruptiondeforethe availability ofmodern instrumestcan be
derived from temperature proxy reconstructidesy. Briffa et al., 1998; Esper et al.,
2013; Sigl et al., 2015; Schneider et al.12Phistoricalrecords(e.g. Ludlow et al.,

2013; Sigl et al., 2015; Toohey et al., 201&addocumented optical phenomenach

as sunsetsand the visibility of sunspot§Stothers, 1984)Early indices of past
volcanism such as the Dust Veil Index bgmb (1970)and Mitchell (1970)were

based on these combined sources of information along with optical measurements
when availableThe mass of sulfur emitted by an eruption can also be estimated from
petrological and geochemical studies of eruption dep@sigs Devine et al., 1984;
Metzner et al., 2014; Vidal et al., 201Blpwever, these atanited datasetwith large
uncertaintiesand the most valuable source of information regarding historical
volcanism comes from sulfate measured in ice c¢eey. Hammer et al., 1980;
Clausen and Hammer, 1988; Robock and Free, 1995; Zielinski, 1995; Robertson et
al., 2001) which provide millennial records of volcanism with high temporal

resolutiondue to annual layerin@.g. Sigl et al., 2015)

However, tansfer functionsare necessarto convertthe sulfate deposited on ice
sheetsto stratospherisulfate burdens and/or estimates of th&®OD and radiative
forcing. These transfer functions aderived from observations of the relationship
between the sulfate deposited on ice sheets and sulfur burd&@bDrfollowing the
1991 eruption of Mt. Pinatub@.g. Gao et al., 2007; Crowley and Unterman, 2013)
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from the relationship between radioactive material in #tmosphereand that
deposited on the ice sheets following nuclear weapons testing in the 1950s and 1960s
(e.g. Clausen and Hammer, 1988nd fromclimate model simulation§Gao et al.,

2007) It is not known whether these transfer functions are robust, particularly for
larger eruptionge.g. Toohey et al., 2013ection 1.3.3)Additionally, atmospheric
variability can also impact the relationshiptiveen stratospheric loading and sulfate
deposition (Toohey et al., 2013). Furthermore, ice core measurements are not evenly
distributed over the ice sheets, and depositiamies spatially due to local
accumulation rags, méeorology and snow driftesuting in different estimates ofe
sheetdeposition depending on the ice cores usedhamdthey are weightetdb form

a regional averager 6 ¢ o mp ¢eg. ColeDai et al., 1997; Zielinski et al., 1997;
Cole-Dai et al., 2000; Gao et al., 2006; 2007; Stoffel et al.5201

It is also difficult to determine whethéie sulfate deposited is from tropospheric
aerosalfor examplefrom local effusive eruptionsvhich will not have a large global
climate impact compared stratospherignjecting eruptionsbut could result in large
deposition signalsSome attempts haveeen madeo differentiate stratspheric
sulfate from tropospheric sulfate basedsmtopic anomaliege.g. Baroni et al., 2007;
2008; Lanciki et al., 2012)ut the applicabilityof this method has not been fully
demonstrated and is subject to discussion.

Finally, there areuncertainties in the dating of ice corewhich affectthe

reconstructions and also the attribution of¢oge signals to known eruptions, often

used as volcanic o6tie pointsd foForsynchroni z
example, a large sulfate signal in the i centurywas originally assigned to an

eruption in 1452/53 of Kuwae Vanuatu/Gao et al 2006) but was rdated to 1458

following new highresolution ice core record®lummer etal., 2012; Sigl et al.,

2013) Because of a lack of robust evidersteh as the inclusion of identified tephra

alongside the measuredlfate this signal isnot attributed to Kuwae andaésnsidered

unidentifiedby Toohey and Sigl (2017).

1.4.1 Identifying volcanic sulfur signals in ice cores

Measurements of sulfusulfate and total aciditin ice corescan be used to detect
volcanic eventsAcidity records are less reliable because acids other than sulfuric acid
(e.g. nitric, hydrochloric and hydrofluoric acids) can contribute to the measurements

and the acids can be reduced byesd&ao et al., 2006 Volcanic sulfatemust be
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identified from ice core sulfatmeasurementhat also includsulfate deposited from

sea salaind biogenic and anthropogenic sour@eg. ColeDai et al., 1997; Plummer

et al., 2012)The seasdt component is removed based on the measured sodium ion
concentration and the ratio between Na&®ONaCl in seawater (Robo@ndFree,
1995). The volcanic contributionto the remaining norseasalt total sulfate
concentrationis derived byusing runningmeans and medians (with large volcanic
events already removed) and filtering to account famvolcanic variations, and
identifying sulfate peaks which are above background lgeets Langway et al.,
1995; ColeDai et al., 1997; Traufetter et al., 2004; Castellanal.e 2005; Ferris et

al., 2011) Identifying the peés can be subjective and differestatisticaldetection
thresholds are usedommonlybased oreitherthe standard deviatiqie.g. Delmas et

al., 1992; Coléai et al., 1997pr median absolute deviatiaf the average sulfate
concentrationge.g.Gao et al., 2006; 2008; Sigl et al., 20IAhe more conservative
extraction criteria will be biased for medium to large events, but the less conservative
criteria mayidentify false volcanic signalas a result of random variability in
background concentrations t er me d 0 fea.lTsdettqr et al.j 2004;\Ferrs 6
et al, 2011)

Identified volcanic concentrations are integrated overdilmation of the volcanic
signal to obtain the total sulfate deposited for each erugpéan Traufetter et al.,
2004). Sulfate depositionfluxes arecalculated from the identified volcanic sulfate
concentrations by multiplying by the annual ice accunariatate(e.g. Gao et al.,
2006) Simultaneous spikes in Greenland and Antarctica ice corsufate
concentrationgermedbipolar deposition signals acemmonlyattributed to tropical
eruptions with sulfate recorded only on one sheet attributexktatropical eruptions
(e.g. Crowley, 2000; Ammann et al., 2007; Gao et al., 2008; Toohey et al., 2016a)

1.4.2 Volcanic forcing reconstructions derived from ice cores

Thetwo recommended forcing reconstructions for use ifPdlaeoclimate Modelling
Intercomparison Proje&thase Thre@PMIP3) LastMillennium simulationgSchmidt

et al., 2011)which arethe most commonly used reconstructioverethe ice core
volcano index (IVI2)by Gao et al. (200&ndthe ice core index (ICI) b€rowley et

al. (2008) which isdescribedoy Crowley and Unterman (2013)n update to these
reconstructiongeVolv2k), provided by Toohey and Sigl (2017) is recommended for
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use in the PMIP4 transient simulatioidsingclaus et al., 2017y hese forcing series

aredescribed belovand are shown in Figue4.
1.4.2.1 Gao etal. (2008)

The Gao et al. (2008) reconstruction is base84%ite core record from the Arctic

and Antarcti@and provides imeseries of globahndhemispheric totadulfate aerosol
injections and sulfate aerosol mass as a function of latitude, altitude and month for the
years 502000 CE. Individual ice core sulfateaposition records were averaged to
create Greenland and Antarctic medne cores were weighted to accountdpatial
variation in sulfate deposition based on the average ratio between individual ice core
records and that of the ice sheet mean for 5laitude eruptions (1809 Unknown,
1815 Mt. Tambora, 188Rrakatau,1963 Mt.Agung and 1991 Mt. Pinatubo).

Ice sheet deposition was convertedhe total mass of stratospheric aerosol formed
after each eruptionsingtransfer functionslerived by Gao el. (2007). Two separate
functions were deriveane for highlatitudeand one for lowatitudeeruptions, based
on nuclear bomb tests, satellite observatiohserosol mass$ollowing the 1991
eruption of Mt. Pinatubo anclimate model snulations of the 1783 Laki, 1815 Mt.
Tambora, 1912 Mt. Katmai and 1991 Mt. Pinatubo eruptions.

The evolution of the sulfate mass was derived from a simple sgatigbral transport
parameterization schen{&rieser and Schoénwiese, 1998pt simulates transport
between the tropics, extratropics and poferosol mass buiup linearlyduring the

first 4 months after an eruptt and decreadeexponentially with a globaiheane-
folding time of 12 months Aerosols were assumed to have the same vertical
distribution asobservedafter 1991 Mt. Pinatubbased on 11 lidameasurements
(Antuna et al., 2002)

Stratospheric erosol mass is commonly converted nd-visible SAOD using a
simplelinear scalingsuch adividing the mass by 150 Tg as suggeste®tothers
(1984)but this does not consider chandgesulfate aerosol particle size (Pinto et al.,
1989. sAOD canbe scaled to radiative forcingy multiplying it by-20 W m? as
suggested bWigley et al. (2005)although the conversion factoetweerthe two is
uncertainwith previousestimatesanging from21 W m? (Hansen et al., 200 -30

W m? (Lacis et al., 1992) A scaling of-25 W m? per unit ofSAOD based on
simulations of the 1991 Mt. Pinatubo eruption with the Gth8ate mode(Hansen

et al., 2005)s used in thdPCC AR5 (Myhre et al., 2013)However, recent studies
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with other climatenodels that account for aerossbbud interactions suggest that the
total volcanic forcing peunit SAOD isroughly 30% smallerthan reported by the
IPCC AR5 (Gregory et al., 2016; Larson and Portmann, 20T6&g relationship
between sAOD and radiative forcimgalsodependent on the latitude and season of
an erupion (Andersson et al., 2018)ndthe sulfate aerosol particle sidestribution
(Lacis et al., 1992)whichremains unknown for all largmagnitude eruptions other
than 1991 Mt. Pinatubo.

1.4.2.2 Crowley and Unterman (2013)

The Crowley and Unterman (2018) Crowley et al. (2008)constructiorprovides
time serienf SAOD at 550 nm andRest for four equalarea latitude bandst a time
resolution of ten daysver the year800-2000CE. It is based or25 ice coresulfate
records In Greenland ice cores were averaged to create the Greenland corbposite,
in Antarcticathe contributios from each ice coreereareaweighted depending on

snowaccumulation rates.

Ice sheet compositegerescaled to peakRAOD at 550 nnbased on theelationship
betweenice sheetsulfate deposition followingthe Pinatubo and Hudson 1991
eruptionsand satelliteobservedsAOD from Sato et al. (1993)For eruptions of
Pinatubo size and smaller this scaling is linear,foutarger eruptions a 2/3 power

scaling is appliedSection 1.3.1).

The temporal evolution of SAOBr different latitude band®llowing low latitude
eruptionsis based on that observed aft®91 Mt.Pinatubowith linear increasgin
sAODuntil the peak valutollowed by aplateau and exponential decaye temporal
evolution for mid to high latitude eruptions is basedt® 1912 Novarupta eruption
(Stothers, 1996Ret is estimated from the SAOD topmwer of 1/3.

1.4.2.3 Toohey and Sigl (2017)

TheeVolv2k reconstruction provided by Toohey and Sigl (20a@ludes estimates
of the magnitude®f major stratospheric SOnjectionsand monthly zonal mean
SAOD timeseriesrom 500 BCE to 1900 CHt is based on # mostcomprehensive
array of higlty temporallyresolvedAntarctic ice cors (Sigl et al., 2014; 2015)
revised transfer functiongnd sAOD calculated usinghe Easy Volcanic Aerosol
(EVA) forcing generatofToohey et al., 2016b)
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The ice core recordaclude improvements isynchronization andading (Sigl et al.,
2014; 2015), which hee resolved previous inconsistencies between volcanic aerosol
burdensinferred from ice coresma cooling derived from dendrochronological
climate reconstructions (Sigl et al., 2015). tmwe composites for Antarctica are
basel on between 8 and 17 ice cores that wesghted in the overall averagsing

the spatial variability of deposition (Sigt al., 2014). Three ice cores were used for
the Greenland averages, which were given equal weélgetlimited number of ice
cores is a source of uncertainty, but individual records were found to be highly
correlated with the compositesiggesting that amall number of ice cores can

representhelargescale sulfate deposition.

Ice-corederived composites are scaled to the stratosphern@anition as in Gao et
al. (2007) except transfer functions are assumed to represent the relationship between
deposited sulfate and sulfate mass in the stratosphere as opposed to sulfate aerosol as

in Gao et al(2007), which is assumed to contain 25%ewxdity mass.

The EVA forcing generator creates spagmporal estimates of the optical properties
(including extinction SSAand asymmetry factqSection 1.2.3) of volcanicsulfate
aerosol from an initial S®injection. It is a parameterizedhreebox model of
stratospheric transponvith transport and mixing based eulfateaerosol observed
after 1991 Mt. Pinatubdulfate mass is scaled to SAQIDd aerosoRes Similar to
Crowley and Unterman (2013)vith a nonlinear 2/3 power relationshipbetween

sulfate mass and sAOIDr eruptions greater in magnitude than 1815 Mt. Tambora
1.4.3 Summary and research gap

Ice core records of sulfate are an invaluable source of informaggarding past
volcanism, but considerable uncertainties remain in translating measured sulfate into
stratospheric S&injections, sulfate aerosatass SAOD and radiative forcing. The
reconstructions are based on scaling the sulfate measured in ice basmed, on
observed quantities aftereti991 eruption of Mt. Pinatubo. Althougbme attempts

are made to account for changes to aerosol particle size for larger eruptions, these
assumptions remain uncertain. The spatial and temporal evolution of aeralsal is
based on either simple parameterized transport schemes and/or of that following the

eruption of Mt. Pinatubo.
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Figure 1.4: Reconstructions ajlobal mearsAOD at 550 nnfor years850-1850for

annual mean&) anda smoothed time serider visualisation(using a 2lyear wide
triangular filter) (b). Reconstructions includ&RA08 (Gao et al.,, 2008 CU13
(CrowleyandUnterman 2013)andEVA(2k) (TooheyandSigl, 2017. Figurefrom
Jungclaus et a(2017).

The reconstructions are broadly in agreement (Figur but there are important
differences. These include the magnitude of forcing for the largest events (e.g. 1257
Samalas) because of different assumptions in the scaling g@@rarations, and
differences in the forcing surrounding the 178384 Laki eruption depending on
whether the sulfate signal is corrected to account for tropospheric as opposed to
stratospheric aerosol (CrowlapdUnterman, 2013). Further differenceshie earlier

parts of the reconstructions arise due to the ice core records used, the identification of

events and the ice core age model (Sigl et al., 2015).

Climate model simulationsusing prescribed reconstructiorsverestimate the
tropospheric cooling ftowing large eruptiongompared tdreering climate proxies
(e.g. Brohan et al., 2012; Zanchettin et al., 2015; Wilson et al., 2Bd&3)ble easons
for the discrepancy includenderestimated volcanic coolirgrived fromtreering
reconstructiongAnchukaitis et al., 2012; Stoffel et al., 2015; Wilson et al., 26h6)
that the modelled forcing is too higb.g. Marotzke and Forster, 20 1@hich in turn
is related to the uncertainties in tleeonstructionpresented aboyéow the forcing
is implemented in each mod@.g. as sSAODbr radiative forcingandthe spatialand

temporalresolution)andthe modelclimatesensitivity(e.g. Gregory et al., 2016).
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Stoffel et al. (2015demonstrated that the discrepancy between simulated cooling
after tre 1815 eruption of Mt. Tamboead that estimated from tree rings is reconciled
when using a new temperature reconstruction based enrige@idth and maximum
latewood density, and simatlons witha GCM coupled withsizeresolvedaerosol
microphysics Models with coupled aerosol microphysics modules are necessary to
explicitly model stratospheric sulfate aerosol to accountofith theselflimiting
microphysical processefSection 1.3.) but alsothe influence of stratospheric
circulation on the aerosol spatial distributi®ectiors 1.3.2-3) (e.g. Toohey et al.,
2011; Arfeuille etal., 2014; Stoffel et al., 2015These modelsesolve the sulfate
aerosol with altitude, which isecessarfor simulatingthe location of stratospheric
warmingas well as thetratospheric transpde.g. Arfeuille et al., 2014)'heabsence

of vertically resolvedforcing in most reconstructionss a limitation of these

prescribedlatasets

However evenin coordinated simulationsf the 1815Mt. Tamboraeruption using
other climate models with sizesolving aerosol microphysics, simulatedOD
variedconsiderablyZanchettin et al., 2016 hese simulations are expal further

in Chapter 2 with a focus on the sulfate depositiord the implications for
reconstructing volcaniaerosoradiativeforcing. Finally, microphysical simulations

are limited by uncertain eruption source parametsesl wo initialize the erugins.
Results where eruption source parametiens historical eruptionsare derived
independently of transfer functions or any scaling between sulfate, sAOD and

radiative forcingare presented inl@apters4.
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1.5 Aims and research questions

1.5.1 Summary of research rationale and thesis aims

Largemagnitude explosive volcangzuptionsare important drivers of natural climate
variability (Section 1.1)but the evolution of volcanicallyenhanced stratospheric
sulfate aerosoland its radiative effects amomplex Section 1.2). To understand
aerosol evolution and to simulate the radiativpast of eruptions, it is necessary to
use GCMs coupled to interactive aerosol microphysics schefnegtion source
parameters impact tr@mospheriacesponse buihere has beeno systematic study

of the interaction of multiple eruption source parameteith an interactive
stratospheric aerosol mod@&ection1.3). As the SQ injection magnitude increases,
theradiative forcingscales nontlinearly (e.g. Pinto et al., 1989), but exactly how the
forcing scales when other eruption source parameters are dar® unknown
Reconstructionsef volcanic radiative forcing derived from ice sheet sulfate deposition
are based predominantly treobserved sulfate aerodmirdenand sAOD following

the 1991 eruption of Mt. Pinatub8ection 1.4). It is unknown whethd#re radiative
impacts of other historical eruptions evolved similarly to 1991 Mt. Pinatubo, and there
have been limited modelling studies that have assessed sulfate deposition following
different eruptiorrealisations. Reconstructions used to drive climatedel
simulations remain uncertafa.g. Toohey and Sigl, 201, @nd many volcanic sulfate
signals in ice cores have not been attributed to specific eruggogiset al., 2015)
Consequently, there is a largap inour understandingf the effects of miption
source parameters on both radiative forcing and sulfate deposition following large

magnitude explosive eruptions, which this thesis aims to address.

Because interactive stratospheric aerosol models are computationally expensive, the
number of simlations that can be run is limited. Therefore the research in this thesis
also uses statistical emulation to facilitate a more comprehensive analysis of eruption
source parameters. An emulator is a surrogate statistical model that can be used in
place ofthe computationally expensive model. This approach has not been used in
studies of volcanic eruptions and their radiative effects before. A detailed description
is included inSection 1.6.2.
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This thesis has two main aims and the following research questions:

1. To assess theeffect of eruption source parameters including the S@
emission, injection height andhe eruption latitude and season, orsAOD
and radiative forcing.

a) Can statistical emulatidme used to investigate the SAOD and radiative
forcing of large stratospherinjecting eruptions and to explore the
interacting effects of multiple eruption source parameters?

b) How do individual and combined eruption source paramet
perturbations affect the sAOD and radiative forcing of large
stratospherignjecting eruptions?

c) Which eruption source parameter is more important in determining the

radiative response?

2. To examine the uncertainties in historic volcanic radiative forcing
reconstructions based orvolcanic sulfate deposited on polar ice sheets
a) How well canmodelssimulate the deposition of sulfate on the ice
sheets following a large stratosphenfecting eruption such as 1815
Mt. Tambora?
b) How do variations ineruption sarce parametevaluesimpact the
sulfate deposited on polar ice sheets?
c) How accurately caeruption source parameters be constrained from
ice core sulfate records?
d) How accurately can the radiative forcing of an eruption be constrained

from ice core sulfarecords?

1.5.2 Research novelty andgpublication roadmap

This thesis presents the first study to comprehensively investigate and quantify the
atmospheric effects of different eruption source parameters, facilitatectayeof-

the-art interactive stratosphera@rosol model anstatistical emulatiofSection 1.6.

Firstly, this thesis examines the sulfate deposition after the eruption of Mt. Tambora
in 1815 simulated by four models with simsolved aerosol schemes and compares
to ice core measurements (ChapteM2yshall et al., 2018) Secondly, Chapter 3
explores the effects of eruption source parameters on radiative forcing using a

perturbed parameter ensemble of hypothetical, yet realistic eruptions in which



Chapter 1 Introduction 27

different masses of SQ@re injected into different parts of the stratosphere (Marshall

et al.,under review). This chapter uses the novel approach of building emulators that
describe the covarying effects of the eruption source parameters so that several
thousand samples of model output can be estimated. Finally, Chapter 4 examines ice
sheet sulfateleposition in the ensemble of simulations and using emulators explores
the relationship between ice sheet sulfate deposition, eruption source parameters and
radiative forcing (Marshall et al., in preprhe mapping of each publication to the

aims and resech quesons is presented in Figure 1.5

e Aim 2
* Research questions 2a and 2c

e Aim 1
Pa per 2 * Research questions 1a—1c

* Aims 1 and 2

* Research questions 1b, 2b — 2d.

Paper 3

Figure 1.5: Publicationroadmap
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1.6 Research approach

To conclude this chaptethe methods used in the three publications are outlined

Further specific detailare included in each publication
1.6.1 Interactive stratospheric aerosol modelling

The research presented in thiigsis uses ammteractve stratospheric aerosol model

(UM-UKCA) composed of t he Met Of ficebds Hadl ey C
Model version 3 (HadGEM3)which is aconfiguration of the Unified Model (UM)

(Davies ¢al., 2005; Walters et al., 2014pupled with a whol@atmosphere chemistry
schemdMorgenstern eal., 2009; O'Connor et al., 201@nd the modal version of the

GLObal Model of Aerosol Processes (GLOMAbde) (Mann et al.,, 2010)

Chemistry and aerosols are specified by the UK ChemistryA@ndsol (UKCA)

frameworkand are simulated onlindhe model configuration used here includes

coupling between aerosol microphysics, atmospheric chemistry, radiation and

dynamics The QBO is internally generated

GLOMAP-mode isa comprehensive aerosol mophysics model that simulates size
resolved aerosol mass and number concentraitiasvenlog-normal modesfour
soluble modes (nucleation, Aitken, accumulation and coarse) and three insoluble
modes (Aitken, accumulation and coarsd) includesthe full lifecycle of aerosol
comprising primary emissions, nucleation, condensation, coagulatdoud
processingand wet and dry depositioft. also includes the evaporation of sulfate
particles at high vapour pressuf@homse et al., 2014)ften not inclided in studies
(e.g. Aquila et al., 2012)GLOMAP-mode was developed as a less computationally
expensive version of the sectional version, GLOMA®R (Spracklen et al., 2085
200%) but is able to reproduce aerosol properties with good comparigbe tmn
schemgMann et al., 2012)

Radiative forcing iscalculatedas the differece between the tepf-the-atmosphere
(TOA) outgoingall-sky netradiative flux (SW+LW) in a simulation with the volcanic
perturbation and a control simulation without the volcanic perturbafius.includes
theinstantaneous radiative forciagsing from aeroso}sndrapid adjustmentsuch

as changes to clouds, temperature and water vagodrs therefore defined as an
effective radiative forcingBoucher et al., 2013seasurface temperatures (SSTs) are

prescribed)A detailed model descriptias includedin Appendix A.
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1.6.2 Gaussianprocess emulation
1.6.2.1 Overview

Interactive stratospheric aerosol modaie computationally expensiwehich limits
the number o$imulations that can bem. An emulator is a surrogate statistical model
that can be used in place of tmemputationally expensive modtl increase the
number of available simulationhe emulatomaps a model output responsateet
of input parametes andis used to predict the model tput for combinations of the
input parameterthat were nobriginally simulatedby the model Emulation is used
in Chapters &and 4of this thesisTheinput parameters varieate the mass of SO
emitted by an eruptioandthe injection height and latitudef the emissionsThe
model output (e.g. radiative forcingpre each defined dsnctiors of these input

parametersfor example
GE'QOAONEDBYIQaE Qi AOQEGEQ D "THTE (O 6 Q0 1 (L.1)

The emulator is extremely fast to evaluated can be sampled d@housandsof

parameter combinatioms a matter of seconds is then possible to condustiatistical
analysis, includingariancebasel sensitivity analysisising theemulator predictions
The emulator facilitatesnalysis that is not feasiblesing the computationally

expensive modeailone

1.6.2.2 Building a Gaussian process emulator

A Gaussian proceg&P)is a probabilitydistribution for a functiomefined by anean

function @ 8) and a covariance functid &8 ):
"08x "00a 8hods (1.2)

A GP emulabr represents the modetsponseas a GP.The emulator is built by
combining model output data with prior beti@bout how the model output varies
responsed the input parametersheseprior beliet include information on the form

of the model outpusuch asvhether it has a constant mean, or a linear trend, or even
a quadratic formulgspecified by the mean figtion where hyperparameters specify
the coefficients of the mean functiprand how smoothly it varigspecified by the
covariance functionvhere hyperparameters specify the degree of smoothness in the
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responsg The hyperparameters of therior distribdion are estimated using

information froma specially designedet of data pointk nown as Otraining r
which are the model outputs for a set of simulations of the expensive nbdsl.

formstheposterior distribution, which is the emulattins a $atistical approximation

for the model output in that it provides a probability distribution for the function of

the input parameters (Eg. 1.1) with a mean predictionithetpolatesthe model

simulateddata pointsand a associatedariance measuring ¢huncertainty in this

mean predictiofO'Hagan, 2006)

Figure 16 shows examples of @emulation for a simple function involving omgut
parametero( O 6 Ha g a nThe s@afted @iptshow themodeloutput of training
runsfor different values otband the solid lines mark the emulator mean prediction.
The dashed lireshowthe uncertainty around the emulator predictidie emulator
mean passes through the datangmand is updated as more training runs are included
(panels(a) T (c)). At the data points the emulator mean has zero uncertanckyhe
uncertaintyincreases away from the data poidts.more data points are used to build
the emulator, theprediction uncertainty also decreasem panel (d) different
hypeparameteshave been used in the GP tepresenailower degree of smoothness

of the model outputConsequently, the interpolation becomes less smooth and the

uncertaintygrows.

dat2
dat3

(a) (b)

dats
dat3a

(c) X (d)

Figure 1.6: Examples of Gaussian process emulation for a simple fun®emels
(a)(c) show the how the emulator mean prediction varies as the number of training
points is increased from 2 to 5. Panel (d) shdvesemulator mean prediction based

on 3 training points but with a different assumption on how smoothly the model output
variesFi gure from O6Hagan (2006) .
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In this thesisthe emulators are built by assuming that the prior distribution has a

linear mean foctiorn

ae I T o I @ I ® (1.3)

wherethe hyperparametér is a constant anthe hyperparametefs are regression
coefficients for each of the three input parametés$to hand & (SO emission,
injection height anthtitude).Thesecoefficientsare estimated during tHigting of the
emulator. The smoothness of the model outputhich describeghe degree of
correlation betweenpairs of data pointsis specified by the Ma@n covariance
function It ensures thanput values that are close together in parameter space have
similar model outputsThe Maérn covariance functiois chosen as it caseal with
some departure from the smoothness assumption madeloutput which is likely

the case fothe model otputs considered in this thesis.

The hyperparameters of themean and covariance functions are updaisthg
maximum likelihood estimation ahe training datao form a posteriolGP. The
updatedmean function provides the estimation of the elazlitput and thepdated
covariancefunction providesan estimate of thancertaintyon thepredicted model
output. Technical statistical details regarding the formation of GP emulators can be
found inO'Hagan (1994and the appendices dfee et al. (2011andJohnson et al.
(2015) In this thesishie emulators are built usinige R package Dickriging and the
function km()(Roustant et al., 201R Core Team, 2017)

Although n generalthe GP emulatoris built so that themean predition passes
through the data points with zero uncertaitittis also possible to update the emulator

fit so that it does not pass directly through the data points. This is useful when there
is uncertainty in thenodel outpufor exampldf the model is ®ochasticThis is often

the case of climate model outpdite to internal variabilitypecause changes the

initial conditions could lead to differentnodel output given the same input
parametersAn emulator fitthat does not need to pass through theadatints is
achieved by specifying noise variance on each model output when building the

emulator(e.g. Salter and Williamson, 201@)his approach igsed in Chapter 4.

Once the emulator has been builmust bevalidatedto assess whether the emulator

is asufficiently goodestimate of the actual model outpyalidation isconductedy
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using the emulator to predict the model otitfon a set of additional simulations of
the expensive motleand comparing themulatorpredictionsand their uncertainty
with the actual outpuf he addi ti onal si mul atiMosts are term
of the model output must lie close to the emargtrediction and within the emulator

prediction uncertainty bounds.
1.6.2.3 Design of the model simulations

The design Dthe training runsof the modelis importantto achievethe maximum
amount of informatiorabout the model dput on which the emulator isuilt, with a

limited number of simulationg ypical experimental desigms which the sensitivity

of model output to input parameters is tested often pedindie parameterm so
calledoneata-time (OAT) tests(e.g. Spracklen et al., 2005Ibut this leaves much

of a multidimensional parameter space unexpl¢sadtelli and Annoni, 2010DAT
sampling is also inefficient if one of the input parameters has a weak effet iof

the parameter space as all other simulations which are lined up in this dimension
provide no further informatiamA spacefilling factorial analysis & be usedvhere
combinations of the parameters are perturbed, but the numéegpeiments rapig
increases per parameter dimensamd similarly, simulations can be wasted if they

are lined up in a part of parameter space where there is apasaketeeffect An
example of tkse two designis shown in Figure Ya. A better approach is to design
simulations that aréoth spacefilling butdistributed randomly across the parameter
spaceandan examplés shown in Figure Zb. In Figure 17b each of the simulations

has a different value of the three input parametéris possible toexplore how
parameters interact to effect model outpud fewer simulations are required than in

a factorial designl n t hi s thesis simulations are desig
hypercube(McKay et al., 1979; Morris and Mitchell, 1995)hich maximises the
minimum distance between sample points in the parameter space. It is based on the
Latin square, an example of which is the sudoku puzzle where no row or column can
corntain the same numbée.g. Lee et al., 2011; Xu et al., 2011)

The number of training runs necessary to represent a complex modkhmyn,but

a general rule of thumb is to use the number of parameters being explored multiplied

by 10(Loeppky et al., 2009)'he number of additional validation runs is set to three

times the number of parametgfsBa st os and .Obthisatgesis)two 2 00 9)

separatenaximin Latin hypercubes are used to degiigrtraining and validation runs.
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Figure 1.7: Sampling techniqueis a factorial experimental design (&ersusLatin
hypercube sampling (b)n (a) eachtriangle represents an experimexst part of a
factorialdesignand the grey triangles shawo example OAT testeach ofwhichis
along one dimensiodeparting from a single baseline (black triangle).

1.6.2.4 Sensitivity analyses

Variancebased sensitivity atysis decomposese totalvariance in an output into
contributions from individual inputand sets of inputdn this thesis it is used to

evaluate the contributions that different eruption source parameters make to variance

in amodel output, such as radiative forcing.

The percentage contributions reported in Chaptae calculated using the extended
FAST (Fourer Amplitude Sensitivity Testhethod(Saltelli et al., 1999)provided in

the R package sensitivi{fPujol et al., 2017)The sensitivity analysis provides a main
effect variance, which is the percentage of variance that an individwaimpter
contributes to the total variance, and a total variance which includes the main effect
andadditionalvariance due tds interactionswith otherparametersThe emulator is

used to provide a large sample of model output on which the sensitialyses is
conducted.

1.6.2.5 Emulator constraint

An imporant application oémulatos is thatheycan be used toonstrain the values
and combinations of input parameters that result kma@avn measured valudhis
concepti s known as O te.ng.Ctaig etyal.,, h9a6t Wikiamsog ét al.,
2013; 2015; Andrianakis et al., 201andis usedin Chapter 4 to find combinations
of eruption source parameters that prodoeesheet sulfate deposition consisterthwi

ice-core-derived eBmates.
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Abstract

The eruption of Mt. Tambora in 1815 was the largest volcanic eruption of the past 500

years. The eruption had significant climatic
a summer 0, and remains a valuable event fro
effects of large stratospheric volcanic sulfur dioxide injections. The eruption also

resulted in one of the strongest and most easily identifiable volcanic sulfate signals in

polar ice cores, which are widely used to reconstruct the timing and atmospheric

sulfate loading of past eruptions. As part of the Model Intercomparison Project on the

climatic response to Volcanic forcing (VolMIP), five statiethe-art global aerosol

models simulated this eruption. We analyse both simulated background (no Tambora)

and vdcanic (with Tambora) sulfate deposition to polar regions and compare to ice

core records. The models simulate overall similar patterns of background sulfate

deposition, although there are differences in regional details and magnitude. However,

the volcant sulfate deposition varies considerably between the models with

differences in timing, spatial pattern and magnitude. Mean simulated deposited sulfate
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on Antarctica ranges from 19 to 264 kg'kfand on Greenland from 31 to 194 kg

km' 2 as compared to tlraean icecore-derived estimates of roughly 50 kg kifor

both Greenland and Antarctica. The ratio of the hemispheric atmospheric sulfate
aerosol burden after the eruption to the average ice sheet deposited sulfate varies
between models by up to a factdild. Sources of this intanodel variability include
differences in both the formation and the transport of sulfate aerosol. Our results
suggest that deriving relationships between sulfate deposited on ice sheets and
atmospheric sulfate burdens from mosiehulations may be associated with greater

uncertainties than previously thought.

2.1 Introduction

Mt. Tambora in Indonesia (8.3, 118.0 E) erupted in April 181%e.9. Oppenheimer,
2003)and had a considerable impact on climate, leading to widespread tropical and
Northern Hemisphere (NH) mean coolingbfLl°C and a fiyear witho
in 1816 (e.g. Raible et al., 2016\olcanic sulfate aesol, produced from the
oxidation of sulfur dioxide (S& emitted into the atmosphere by volcanoes, is
transported throughout the atmosphere and deposited to the surface by both wet and
dry processes, and some is eventually incorporated into pola:gcé&kobock, 2000)

Bipolar volcanic slfate deposition signals are presumed to result from tropical
eruptions, whereby sulfur entering the tropical stratosphere is converted to sulfate
aerosol, which is transported globally by the Bréwabson circulatiorfe.g. Trepte

et al., 1993; Langway et al., 1995; Robock, 2000; Gaal.eP007) Polar ice core
deposition signals typically start arauf.5 1 year after a large tropical eruption and
remain elevated for approximately 2 years(Robockand Free, 1995; Sigl et al.,
2015) Throughout the last 2500 years, polar ice core records show over 200 sulfate
spikes, which have le& used to estimate the timing, evolution and magnitude of
radiative forcing of climate caused by volcanic eruptions during this period (Sigl et
al., 2015). The 1815 eruption of Mt. Tambora produced the sixth largest bipolar
sulfate signal of the last 25@@ars (Sigl et al., 2015).

Determining the stratospheric aerosol properties of the 1815 Mt. Tambora eruption
such as spatial extent of the sulfate aerosol cloud, aerosol optical depth and aerosol
size distribution bears substantial uncertainties, whitimately affects the

guantification of its climatic impacts using climate models. As part of the Model
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Intercomparison Project on the climatic response to volcanic forcing (VolMIP)
(Zanchettin et al., 2016)vhich is a Copled Model Intercomparison Project Phase 6
(CMIP6) endorsed activitgEyring et al., 2016)coordinated simulations of the 1815
eruption of Mt. Tambora were performed with five stateéhe-art global aerosol
models. Our study, motivated by the uncertainty that remains in the climatic forcing
from thiseruption, investigates the sources of uncertainty in the sulfate deposition to
polar regions in these simulations and discusses implications for reconstructions of

historic volcanic forcing.

Previous reconstructions of volcanic sulfate aerosol propersied to force climate
models scaled the average sulfate deposited on Antarctica and Greenland to the
hemispheric atmospheric sulfate aerosol bui@eg. Gao et al., 2007; Crowley and
Unterman, 2013; Sigl et al., 2019caling factors (ratios of the hemispheric sulfate
aerosol burden to the sulfate deposited at the poles) were based on the ratio of these
two quantities as obsexd after the eruption of Mt. Pinatubo in 1991 and from the
estimated atmospheric burden and measured deposited radioactive material after
nuclear bomb tests. Previous climate model simulations of the ratio between
atmospheric sulfate burden and polar d&teal sulfate were also used to derive the
scaling factorgGao et al., 2007; 2008J hese scaling factors may not hold for larger
eruptions where volcanic sulfate aerosol particles can grow larger, increasing their
sedimentation rat@.g. Pinto et al., 1989; Timmreck et al., 200%ohey et al. (2013)

also found that differences in the dynamical response to-taagmitude eruptions
changed the spatial distribution of the deposited sulfate. Furthermore, available ice
core measurements are not evenly distributed over both ice capkarge spatial
variations in the sulfate deposition fluxes can exist between individual ice cores due
to differences in local accumulation rates and sulfate redistribution by snow drift
(Clausen and Hammer, 1988; Gai et al., 1997; Zielinski et al., 1997; Cdai et

al., 2000; Wolff et al., 2005; Gao et al., Z)0Gao et al., 2007)It is therefore
important that a range of ice core records from differeagghical regions is used

to estimate the average volcanic sulfate deposited on each ice cap. Previous studies
using only a few ice cores to reconstruct volcanic forcing histories may be (@aged
Zielinski, 1995; Zielinski et al., 1996; Crowley, 2000lthough it has been
demonstrated that deposition fluxes derived from single ice cores at high
accumulation sites are representative of total ice sheet depd3itiohey andSigl,

2017) Gao et al. (2007), who analysed 44 ice cores to investigate the spatial
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distribution of volcanic sulfate deposition during the last millennium, found larger
average deposited sulfate on Greenland (mean deposition of 59 Kgiking 22 ie
cores) than on Antarctica (mean deposition of 51 kg k7 ice cores) for the
eruption of Mt. Tambora. However, Sigl et al. (2015) found, using additional high
temporalresolution ice core records in Antarcti¢®igl et al., 2014) average
Antarctic deposited sulfate of 46 kg krfand a smaller average deposited sulfate on
Greenland of 40 kg krh?2 with both averages smaller than the averages provided by
Gao et al. (2007). Although in Sigl et al. (2015) the Antarctic average was derived
with 17 ice core records, the Greenland average was calculated from only 2 ice cores
(NEEM andNGRIP) compared to the 22 cores used for Greenland in Gao et al.
(2007).

Previous modelling studies that have investigated the sulfate deposition from the 1815
eruption of Mt. Tambora have failed to reproduce the magnitude of the measured
deposited sulfi@ on both ice caps compared to ice core records, although the models
were able to capture the spatial pattern (Gao et al., 2007; Toohey et al., 2013). Gao et
al. (2007) found the modsimulated mean deposited sulfate to be a factor of 2 greater
than thdce-corederived estimate, with average Antarctic deposited sulfate of 113 kg
km' Zand smaller Greenland deposited sulfate of 78 KgXhoohey et al. (2013), in
contrast, found higher deposition to Greenland and, although matching the spatial
pattern ofdeposited sulfate on Antarctica remarkably well, found msaeulated

mean deposited sulfate to @4.7 times greater than inferred from ice cores.
Differences between simulated and measured deposited sulfate could be caused by
inaccuracies in the model representation of several physical processes such as the
formation and transport of sulfate aeroseljismentation, crosgsopopause transport

and deposition processés.g. Hamill et al., 1997; SPARC, 200@either of the
models used by Toohey et al. (2013) and Gao et al. (200dédyewta representation

of the quasbiennial oscillation (QBO), which may significantly impact the initial
aerosol dispersion (e.g. Trepte et al., 1993). Furthermore, uncertainties exist in the
source parameters used for simulating the eruption in magd#isas the Sgemission

magnitude and emission height.

In general, sulfate deposited on the polar ice caps is only a small fraction of the sulfate
deposited globally (e.g. Toohey et al.,, 2013) and there remains uncertainty
surrounding the partitioning othe 1815 Mt. Tambora volcanic sulfate aerosol

between both hemispheres. Model results can aid in the interpretation of the ice core
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estimates by allowing us to assess the relationship between the simulated atmospheric

sulfate aerosol burdens and the sirtedadeposited sulfate.

In this paper we focus on the mod#@hulated sulfate deposition and the implications

for reconstructions of historic volcanic forcing by analysing dieposited sulfate
simulated by four global aerosol models and comparing tode records. Section

2.2 describes the model simulations and ice core recor8scinon 2.3 we assess the
sulfate deposition simulated under both background (no Tam!@a@)qn2.3.1) and
volcanically perturbed (with Tambora) conditiore¢tion 2.3.2) and compare the
simulated deposited sulfate to ice core measurements. We investigate the relationship
between hemispheric atmospheric sulfate burdens and mean ice sheet deposited
sulfate inSection 2.3.3 and explore reasons for model differenceSettion 2.4.
Conclusions are presentedSacion 2.5.

2.2 Models and ice core data

2.2.1 Model descriptions

Of the five models that took part in the coordinated simulations of the 1815 eruption
of Mt. Tambora (Zanchettin et al., 2016), only four simulated the sulfaesdiem

and are therefore included in our study. Model details are listed in Table 2.1. In each
model aerosol formation and growth is simulated through parameterizations of
nucleation, condensation and coagulation. Three of the four models have modal
aero®l schemes in that the aerosol particle size distribution is represented by several
log-normal modes. SOCQORER has a sectional scheme where the aerosol particle
size distribution is represented by 40 discrete size bins. The models simulate the
transport dstratospheric aerosol through sedimentation and4secgke circulation by

the BrewerDobson circulation. The QBO is simulated by all models except for
MAECHAM5-HAM and is either internally generated (UWKCA) or nudged
(CESM1(WACCM) and SOCOIAER). In CESM1(WACCM), MAECHAM5HAM

and UMUKCA dry deposition schemes are resistabhased and wet deposition is
parameterized based on model precipitation and convective processes, with aerosol
removal calculated via firgirder loss processes representingloud and below

cloud scavenginStier et al., 2005; Mann et al., 2010; Lamarque et al., 2012; Liu et
al., 2012; Bellouin et al., 2013; Kipling et al., 2018) SOCOL-AER dry deposition

is calculated by multiplying concentrations in the lowest model level by fixed values
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depending on surface cover. Wet deposition in SO@EBR is not relatedo the
precipitation in the model and.BHBOs wet deposition is approximated based o8&
lifetime (Sheng et al., 2015bApart from MAECHAMS5HAM, the models include
interactive hydroxyl radi (OH) chemistry, allowing OH concentrations to evolve
throughout the simulationsS¢ction 2.4.1.1). Photolysis rates are not impacted by

sulfate aerosol in any of the models.

All four models simulate the 1991 eruption of Mt. Pinatubo in reasonable agreement
with observations of the sulfdbeirden, aerosol optical depth and stratospheric heating
(Niemeier et al., 2009; Toohey et al., 2011; Dhomse et al., 2014; Sheng et%4; 20
Millsetal.,2016) gi ving confidence in the model
simulate the atmospheric and climatic effects of a langgnitude eruption.
However, the models vary in the details regarding the niadeslervation
comparisons. For example, MAECHAMSAM (Niemeier et al., 2009) and SOCOL

AER (Sheng et al., 2015aimulated a to@apid aerosol decay and UMKCA
(Dhomse et al., 2014) had a low bias in the mstaulated aerosol effective radius
compared to observatis. Possible reasons for these differences include omitted or
underrepresented influences from meteoric particles, too large sedimentation and
crosstropopause transport and téast transport from tropics to high latitudes.
Conversely, the models differ the amount of emitted S@equired to achieve good
comparisons to observations with the mass of&Sitted by the four models ranging
from 10 Tg for UMUKCA (Dhomse et al., 2014) and CESM1(WACCM) (Mills et

al., 2016, 2017) to 124 Tg for SOCOEAER (Sheng et al., 2015a) to 17 Tg for
MAECHAM5-HAM (Niemeier et al., 2009; Toohey et al., 2011). For thésoa, the

use of a common protocol in tresudy Secion 2.2.2)enables us to better attribute
potential differences in the results to model processes rather than to the eruption

source parameters.
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Table 2.2: Model parameters used for the Tambora simulations.

Parameter Value in this study
SO, emission 60Tg SO,
Eruption length 24h

Eruption date 1 Apr

Latitude Equator?

QBO phase Easterly

SO, injection height 22-26 kmP

2 80, was emitted at 0° N in CESM1(WACCM), MAECHAM5-HAM and
UM-UKCA and at 8° S in SOCOL-AER and at a longitude of 118° E. b The
altitude distribution for the SO, emission varied slightly between the models:
SOCOL-AER’s SO9 emission flux was between 22 and 26 km, increasing
linearly with height from zero at 22 km to max at 24 km and then decreasing
linearly to zero at 26 km. MAECHAMS-HAM injected at a single model level
at 30 hPa (~ 24 km). UM-UKCA and CESM1(WACCM) used a uniform
injection between 22 and 26 km but as the models are not on regular grids and
their vertical resolutions differ, the distribution of the emission over the model
grid boxes cannot be exactly the same. As a result, the injection profiles
differed slightly between the models.

2.2.2 Experiment setup

The parameters used for the Mt. Tambora simulations are listed in Table 2.2. Each
model simulated the eruption by emitting 60 Tg ob8CQthe approximate location of

Mt. Tambora between approximately 22 and 26 km (see details in Table 2.2 regarding
the injection details for each model) and during the easterly QBO phase. This SO
emission estimate is based on both petrological and iee egtimategSelf et al.,

2004; Gao et al., 2008but there remains uncertainty regarding the amotisQ
emitted, which could range betwePn30 and 80 Tg S&Xe.g. Stoffel et al., 2015)
Nevertheless, 60 Tg S@emains our best estimatehdre is also uncertainty in the
altitude of the emission and QBO phase due to the lack of observations. Therefore,
the injection altitude and QBO phase were chosen to match those of the 1991 Mt.
Pinatubo eruption based on satellite and lidar observatMo€ormick and Veiga,

1992; Read et al., 1993; Herzog and Graf, 20T0g eruption was simulated by
emitting the S@Qover 24 h on 1 April.

In MAECHAM5-HAM, SOCOL-AER and UMUKCA simulations were
atmospher®nly with presdbed preindustrial sea surface temperatures. In
CESM1(WACCM) the simulations were run in a preindustrial coupled atmosgphere
ocean mode. Climatological preindustrial settings were used for greenhouse gas
concentrations, tropospheric aerosols and ozodefased by each modelling group.

The simulations were run f@ 5 years and included five ensemble members, except
for CESM1(WACCM), which had three members only. The models include

additional species and processes compared to earlier modelling studit of
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Tambora (e.g. Gao et al., 2007; Toohey et al., 2013}UKZTA for example includes
meteoric smoke particle@rooke et al., 2017and an internally generated QBO.

Model output is in the form of monthly means.
2.2.3 Ice core data

The ice cores used in this analysis are providedables Bl and B2 in the
Supplement{Appendix B) The Antarctic ice cores are the most extensive array of
annually resolved cores that have been used to reconstruct historic volcanic forcing
(Siglet al., 2014, 2015). Greenland ice core records have been compiled from several
studies (Table B). Further ice core measurements of the natural background sulfate

deposition fluxes were taken frooamarque et al. (2013)

Sulfate deposition fluxes are derived from ice cores by multiplying measured sulfate
concentrations by the annual ice accumulatior.r&b derive the volcanic sulfate

deposition flux contribution the natural sulfate background level (e.g. due to marine

biogenic sulfur emissions) is calculated in each ice core (thevaioanic

contribution) and a threshold flux value is chosen, abovehndulfate is assumed to

be of volcanic origin. The iceorederived volcanic sulfate deposition flux is then

calculated as the difference between a year with the volcanic contribution and the

mean of the nowolcanic years, and the resulting reporteccaalc sulfate deposition

flux is the sum of the fluxes in these perturbed y@aesris et al., 2011; ColPai et

al., 2013; Sigl et al., 2013pur comparableodetsimulated volcanic deposition flux

is calculated as the sum of the sulfate deposition anomalies (perturbed run minus

control run) over the duration of the simulations. For SO@Q®R, which has a

sectional aerosol scheme, diagnostics are availabtedavet and dry components of

the sulfate deposition. For modal models, each of these components is further split

into the contribution from each aerosol size mode simulated in the models (e.g.

nucleation, Aitken, accumulation, coarse). The sulfate d@gmoglux is calculated

(comparable to the ieeorederived values) as the sum of all of these wet and dry

components with a composition of $Qonly. In the following sections, we define

At ot al depositiono as r ef eanfluxes.gVetelinet he sum of
Avol canic sulfate depositiono to specify the
to the eruption of Mt. Tambora and use fAcumul

time-integrated volcanic sulfate deposition fluxes.
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To comparethe modelsimulated results with ice core values, we calculate two
statistical metrics: the normalized mean bias (NMB) and correlation coeffic)ent (
NMB is defined by:

006 ————— (1)

where Qs the icecorederived sulfate deposition and; M the simulated sulfate
deposition in the model grid box containing the ice core. N is the number of ice core
records. For both NMB and r, each ice core is given equal weighting. We define a

high correlaibn asr > 0.7 and low correlation as< 0.3.

2.3 Results

2.3.1 Preindustrial background sulfate deposition

Figure 2.1 shows the average annual sulfate deposition fluxes in the preindustrial
control simulations (no Tambora) for each model. Areas of high backgsuliade
deposition fluxes are found in close proximity to sulfur emission sources such as
continuously degassing volcanoes (e.g. in South America and Indonesia) and along
and near midlatitude storm tracks {80°) where aerosol is removed effectively by
precipitation (except SOCORER, where the deposition is not affected by
precipitation). Continuously degassing volcanic emissions are not included in
MAECHAM5-HAM. Sulfate deposition fluxes are higher over the oceans than over
the land, mainly due to the ésion of marine dimethyl sulfide (DMS). In general,
Figure 2.1 shows that the models have similar background sulfate deposition patterns,
with the global mean total (wet + dry) sulfate deposition flux ranging from 78 kg SO
km' 2yr' YCESM1(WACCM)) to 17%g SQ km' 2yr' (UM-UKCA).

We find that the preindustrial background global mean atmospheric sulfate burdens
are similar between CESM1(WACCM), MAECHAMS3AM and SOCOLAER but

D 2i 3 times larger in UMJUKCA (Figure B.1 in the Supplement). Sulfur source
speces included in each model are listed in Table 2.1. Although the models have
similar background sulfate deposition patterns, the partitioning of wet and dry
deposition fluxes differs markedly between tmodels (Figre 2.1, Table 2.3).
MAECHAM5-HAM deposit very little sulfate by dry processes compared to the

other models with annual global dry deposited sulfate a factDr4ff less than the
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global wet deposited sulfate. In SOCBER, dry deposited sulfate is approximately
half the magnitude of wet depasit sulfate.

Dry deposition Wet deposition Total deposition
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Mean: 12.3 Mean: 65.5 Mean: 77.8
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Figure 2.1: Preindustrial background annual dry, wet and total (wet + dry) sulfate
deposition fluxegkg SO, km' 2yr' § (left to right) for each model (top to bottom).
The value shown ithe top righthand corner of each plot refers to the global mean
sulfate deposition flux. Background fluxes are averages of the annual deposition from
five control simulations each with 4 years of data for-UMCA, three controls each

with 5 years of datéor CESM1(WACCM) and one control with 5 years of data for
MAECHAM5-HAM and SOCOLAER.
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Table 2.3: Annual global deposition fluxes of SBQ1and SQ (SO, + SQy) for dry
deposition, wet deposition and tbtiy + wet (Tg S yr } in the preindustrial controls

and in the ACCMIP multmodel mean (see text).

Model Dry SO,  WetSO;  Total SOz Dry S04 WetSOs Total SOy Dry SOy  WetSOyx  Total SOx
CESM1(WACCM) 5 11 16 2 11 13 7 22 29
MAECHAMS-HAM 2 2 4 0.5 19 19 3 21 24
SOCOL-AER 12 13 25 6 13 19 18 26 44
UM-UKCA 7 5 12 4 25 29 11 30 41
ACCMIP multi-model mean - - - - - - 11 23 34

The sulfate deposited on Antarctica and Greenland is a very small fraction (less than

1 %) of the sulfate deposited globally. In MKCA the sulfate deposited on the

polar ice sheets is dominated by dry deposition, which is supported by observations
(Legrand and Mayewski, 1997specially in the Antarctic interigWWolff, 2012). In
contrast, in MAECHAMBHAM, SOCOL-AER and CESM1(WACCM) the sulfate

deposited on the polar ice sheets is dominated by wet depositionstugge issue

with the deposition or precipitation representation. However, we find that the

simulated total precipitation compares well between models both globally and over

the poles (FigiresB.2 and B.3) indicatinghe differences in wet and dry depasn

partitioning

ar e

due

t o

each

model 6s

The annual global deposition for both S&hd SQ is listed in Table 2.3 foeach

model. Included for reference is the equivalent preindustrigl &, + SQ)

deposition from the mukmodel man of the Atmospheric Chemistry and Climate
Model Intercomparison Project (ACCMIP) (Lamarque et al., 2013, their Table S4a).

The ACCMIP simulations were set up as tigliee experiments and the mutiodel

mean listed is an average of seven models:WKCA compares well to the ACCMIP
multi-model mean for dry SQ but the wet SQis 7 Tg S yr thigher and the SO

deposition (29 Tg S ¥} is also much higher when compared to the other models

(13i 19 Tg S yr 3. MAECHAMS5-HAM has a similar total for wet SOconpared to

the ACCMIP multtmodel mean, but dry deposition is a factor of 4 lower.

CESM1(WACCM) has a similar total for wet ®Qleposition compared to the
ACCMIP multi-model mean but total SOis 5 Tg S yr tlower. SOCOLAER
simulates the highest dry SQ18 Tg S yf j and total SQ (44 Tg S yt § with total
SOk 10 Tg S yr ‘greater than the ACCMIP muithodel mean.

der

Following the analysis of Lamarque et al. (2013) we have taken the average sulfate

deposition fluxes from 1850 to 1860 (a mawicanic period) irseveral ice cores from

Antarctica and Greenland and compared the ice core fluxes to the modelled polar
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sulfate deposition fluxes in the contsimulations (Figre 2.2). Icecore metadata

are included in th&upplement (Table B.2).

@ [T

CESM1
(WACCM)

MAECHAM5
-HAM

SOCOL-AER |

UM-UKCA

0 3 6 15 30 60 150 300 600
kg S04 km2 yri

Figure 2.2: Total (wet + dry) sulfate deposition fluxes (kg S&m' 2yr' § for
Antarctica (a) and the Arctic (b) for the preindustrial background from the control
simulations (shading) compared to preindustdaldore sulfate fluxes (filled circles),
averaged for 1850 to 1860.
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Overall, CESM1(WACCM), MAECHAMBHAM and UM-UKCA simulate similar
background polar sulfate deposition patterns and magnitudes and compare well to
preindustrial ice core sulfate fluxes. Seatplots of the ice core fluxes vs. those
simulated by each model are shown in Figure 2.3. SOBBR simulates slightly
higher deposition with reduced regional variability compared to the other models
(Figure 2.2). However, compared to the ice coresnatlels capture the lower sulfate
deposition in the interior of Antarctica and higher sulfate deposition toward the coast.
The models overestimate Antarctic deposition, particularly in West Antarctica.
Antarctic NMB (Section 2.2.3, Eq. 1) ranges from 1.3UUKCA) to 3.9 (SOCOL

AER) but we find that the modsimulated Antarctic sulfate deposition and Antarctic

ice core values are highly correlated for all models wigbove 0.9 (Figure 2.3).

Deposition over the Arctic is also well captured, with MAECHAMBM and

CESM1(WACCM) slightly underestimating the sulfate deposition fluxes, both with
N MB
has the highest Arctic deposition with a NMB of 1.7. None of the models capture the

of

low flux recaded in Alaska as also found by Lamarque et al. (2013).
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Figure 2.3: Scatter plots of preindustrial background ice core sulfate deposition fluxes
vs. simulated preindustrial sulfate fluxes (kg43@' ?yr' J in the Antarctic (teal

points) and in the Arctic (orange points) for each model. Simulated values represent
the grid box value where each ice core is located. The dashed line marks the 1:1 line.
Included in the legends are the mean bias, normalizzghrbias (NMB) and the
correlation coefficientr( for the Antarctic and Arctic.
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The background polar sulfate deposition flux is highly correlated with the simulated
mean polar precipitation for CESM1(WACCM), MAECHAM3AM and UM-

UKCA. Correlation coefficiats in the Arctic (6090°) are between 0.8
(MAECHAM5-HAM and UM-UKCA) and 0.9 (CESM1(WACCM)). The correlation
coefficients are sliglttlby°jwitbg=hCOrforalln t he Ant a
models. In SOCOIAER, the higher NMB between simulated pdalfate deposition

fluxes and ice core values is due to the more simplified deposition scheme in this
model , which is not connected to the model 0s
the Antarctic precipitation in each model matches measured accumulkts in ice
cores(FigureB.3) andwith a high correlation with values of between 0.7 (SOCOL

AER, included for reference) to 0.9 (CESM1(WACCM), WKCA). UM-UKCA

and CESM1(WACCM) have very small NMB &f 0.1. MAECHAM5HAM has a

slightly higher NMB 010.6 and SOCOIAER a NMB of 0.8. In the Arctic, the models

also capture the precipitation reasonably well compared to the accumulation in the ice
cores, with NMB of between 0.1 (WWKCA) and 0.5 (CESM1(WACCM)) but low
correlation coefficientsr(ies betwea 0.1 and 0.2 for all models). Thus, compared to

the ice cores the models capture the magnitude and spatial pattern of the background
polar precipitation. Overall, the magnitude of the deposited sulfate in
CESM1(WACCM) and MAECHAMBSHAM, where deposition tahe ice sheets is
dominated by wet deposition, is expected to be driven by the snow accumulation rates
across the ice sheets, which are well represented byodkls (Figire B.3). In UM-

UKCA, although the polar deposition is correlated with the polanipitation, the ice

sheet sulfate deposition mostly occurs by dry deposition. This is because this model
deactivates nucleation scavenging when more than a threshold fraction of the cloud
water is present as ice, greatly reducing the aerosol scavengitamregions. In
SOCOL-AER, fewer regional details are captured since the deposition scheme is
simpler and is not connected to precipitation, and therefore the deposition mostly

reflects the tropospheric distribution of sulfate.

In summary the models sifate similar overall patterns of background sulfate
deposition fluxes, although there are differences in the regional details and magnitude.
The similarities and realistic deposition patterns amongst the models suggests that the
background sulfate emissigntransport and deposition processes are reasonably

parameterized. Although SOCEAER is less able to simulate regional details, its



Chapter 21L815Mt. Tamborasulfate deposition 65

simplified deposition scheme is still sufficient for the analysis of interhemispheric

differences and the temporal evotutiof deposition.
2.3.2 1815 Mt. Tambora eruption sulfate deposition

2.3.2.1 Global sulfate deposition

(a) Zonal mean sulfate deposition (b) Cumulative deposited sulfate
CESM1(WACCM)

Latitude
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MAECHAM5-HAM
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Figure 2.4: Zonal mean volcanic sulfate depositithyy SQ km' ?montH  (a) and
cumulative deposited sulfate (& km' § (b) for each model (ensemble mean). The
red triangles mark the start of the eruption (1 April 1815). Volcanic sulfate deposition
is calculated as the difference in total sulfate deposition (wet + dry) between the
perturbed and control simulatioaad this anomaly is summed over ih& years of
simulation to produce the cumulative sulfate deposition maps (right column).
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Figure 2.4 shows the zonal mean monthly volcanic sulfate deposition (a) and
cumulative deposited sulfate (b) simulated by eactiehand highlights intemodel
differences in the timing and spatial distribution of the deposited sulfate. Deposition
occurs rapidly in MAECHAMBHAM with 35 % of the global deposition occurring

in 1815 and the majority (60 %) occurring in 1816. SOGAHR simulates the sulfate
deposition starting slightly later than in MAECHAM®AM, with the majority of the
deposition (75 %) occurring in 1816. In contrast, only 9 % of deposition in UM
UKCA occurs in 1815, with 55 % in 1816 and 29 % in 1817. In CESM1(WACCM)
the deposition occurs even later, with no deposition occurring in 1815. Instead, 32 %
is deposited in 1816, 46 % in 1817 and 17 % in 1818. Deposition is longest in duration
in CESM1(WACCM) and global sulfate deposition remains elevated at the end of the
simulation (Figure 2.5). In MAECHAM34AM deposition returns to near
background levels b 30 months after the eruption aDdl0 months for UMUKCA

and SOCOLEAER. We find individual ensemble members are similar for each model
and the ensemble spread in thabgl volcanic sulfate deposition over time is small,

as shown in Figure 2.5.
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Figure 2.5: Global volcanic sulfate depositigiig S month ) (solid linesi left axis)

and global cumulative deposited sulféley S) (dashed linek right axis) for each
model (colours). Ensemble mean is shown by the solid line; shading marks 1 SD. The
grey triangle marks the start of the eruption (1 April 1815).
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Table 2.4: Global cumulative deposited sulfate (Tg S) from dry and wet processes for
each model (ensemble mean).

Model Dry Wet Total

deposition  deposition  deposition
CESM1(WACCM) 24 254 27.8
MAECHAMS-HAM 0.2 28.7 289
SOCOL-AER 1.0 28.5 295
UM-UKCA 3.7 25.4 29.1

In UM-UKCA and CESM1(WACCM) most of the volcanic sulfate is deposited at
midlatitudes (3060°). This contrasts wittMAECHAM-HAM, where the deposition
is globally more uniform, with greater deposition in the polar regions and high
deposited sulfate exceeding 360 kg 4Skn' 2over West Antarctica, which is
completely absent in the other models. In SOGAHR, deposition igreatest in the

Southern Hemisphere (SH) midlatitudes.

The models vary in the simulated relative contribution of wet deposition of sulfate
and dry deposition of sulfate to the global cumulative deposited sulfate (Table 2.4),
although the total depositios always dominated by wet deposition, as was also the
case with the background sulfate deposition (Figure 2.1, Table 2.3). Dry deposited
sulfate in MAECHAMS5HAM is a factor of 15 lower than the dry deposited sulfate
simulated by UMUKCA and CESM1(WACCM). ®COL-AER also simulates fairly

low dry deposited sulfate (1.0 Tg S).

2.3.2.2 Ice sheet sulfate deposition

Although the models simulated similar preindustrial background (no Tambora) polar
sulfate deposition (with the exception of SOGBER) (Figure 2.2), the simated

polar volcanic sulfate deposition varies in time, space and magnitude between the
models. Figure 2.6 shows the simulated cumulative deposited sulfate for each model
compared to the cumulative deposited sulfate measured in ice cores from Greenland

andAntarctica for the 1815 Mt. Tambora eruption.

In general, the ice cores from Antarctica show lower volcanic sulfate deposition in
East Antarctica and higher deposition over the Antarctic Peninsula, with deposited
sulfate ranging from 13 kg S@m' %[East Antarctica, core NUSG7) to 133 kg S@

km' 2(Antarctic Peninsula, core Siple Station). In Greenland the ice core estimates
range from 25 kg S£&km' %(core B20) to 85 kg S&km' 4(core D3).
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Figure 2.6: Cumulative deposited sulfate (kg SKM' § integrated over the whole
duration of model simulatior(5 yearspn Antarctica (a) and Greenland (b) for each
model (ensemble mean). Ice core cumulative deposited sulfate values are plotted as
coloured circleslce cores from adjacent sites or in clpseximity (Table B.1have

been slightly relocated to avoid cores completely overlapping. Scaled versions for
MAECHAM5-HAM and SOCOLAER are included in thBupplement (Figre B.4).
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We find MAECHAM5-HAM and SOML-AER simulate too much deposited sulfate

on Antarctica and Greenland compared to the ice cores records (also seen in Toohey
et al., 2013), whereas HHUKCA and CESM1(WACCM) simulate deposited sulfate
much closer to the ice core values (Figure 2.6). Fdawtica the NMB are 3.9 for
MAECHAM5-HAM, 2.0 for SOCOLAER, 10.5 for CESM1( WACCI
UM-UKCA. For Greenland the biases are slightly lower: 2.5 for MAECHANFSM,

1.7 for SOCORAER, 0.03 for CESM1 ( WA GUKEA. and
However, although MECHAM5-HAM is the model with the highest bias between

the simulated cumulative deposited sulfate and ice core values, we find that the
simulated Antarctic cumulative deposited sulfate in MAECHAMNIBM is highly
spatially correlated with the ice core values= 0.8) and Greenland deposition is
moderately correlatedr (= 0.6). Hence MAECHAMBHAM captures the spatial
pattern of the deposited sulfate, especially in Antarctica, with greater deposition on
the Antarctic Peninsula and lower deposition in East Atita, but the magnitude of

the deposition i®) 3.7 times too large. Figure 2.7 shows the ice core values vs. the
modelsimulated cumulative deposited sulfate. Correlation coefficients are less than
D 0.5 for all models except MAECHAMBIAM, although thesenodels have lower

mean biases. A figure where the simulated deposition in MAECHAMY has

been reduced by a factor of 3 to illustrate the \wefitured spatial pattern of
deposition is includeth Figure B.4 (SOCOLAER is also included in this figure).

Both UM-UKCA and CESM1(WACCM), which are the highersolution models,
simulate a strong gradient in deposition between the low deposition over land and
high deposition over sea and, although they match the magnitude of the cumulative
deposited sulfate moreclosely on the ice sheets than SOC®ER and
MAECHAM5-HAM, they fail to produce the high values of cumulative deposited

sulfate on the Antarctic Peninsula.
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Figure 2.7: Scatter plots of cumulative depositedifate (kg S@km' § due to the
eruption of Mt. Tamboraecorded in ice cores vs. that simulated by each model
(ensemble mean) in Antarctica (teal points) and Greenland (orange points). Simulated
values represent the grid box value where each ice core is located. The dashed line
marks the 1:1 line. For each & and for Greenland and Antarctica the mean bias,
normalized mean bias (NMB) and correlation coefficiehtoetween the simulated
deposited sulfate and ice core values are shown in the legend. There is an increased
y-axis scale for MAECHAMBEHAM.

The pobr deposition in UMUKCA and CESM1(WACCM) more closely follows the
d,

precipitation (averaged over the 4 years after the eruption) and polar cumulative

model s06 precipitation fiel wi tiB0)correl ati o
deposited sulfate (ithe 4 years after the eruption) of 0.7 and 0.9, respectively. Polar

correlation coefficients for MAECHAMSAM are 0.6 in the Arctic and 0.4 in the

Antarctic. Figure 2.8 shows the zonal mean precipitation and zonal mean cumulative

deposited sulfate in eaahodel. The precipitation in the models is very similar,

suggesting that the differences in mesdehulated volcanic sulfate deposition arise

from differences in the transport of the sulfate aerosol to the polar regions and/or the

deposition schemes therhses. The ice sheet sulfate deposition in WMCA

remains dominated by dry deposition.
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Figure 2.8: Zonal mean precipitation (mm'y} averaged over the first 4 years after
the eruption (a, dashed lines) armhal mean cumulative deposited sulfate (kg SO
km' § in the first 4 years after the eruption (b, solid lines) for the ensemble mean in
each model (colours).

Figure 2.9 shows for each model the simulated-arean volcanic sulfate deposition

to the Antartic and Greenland ice sheets over time, compared to two of the highest
resolved and most precisely dated ice cores ({@elConnell et al., 2007; DIV2010:

Sigl et al., 2014). We find that deposition to both ice sheets peaks first in
MAECHAM5-HAM, followed by SOCOLAER, then UMUKCA and
CESM1(WACCM). The main phase of deposition recorded in the two ice cores falls
in time between that simulated by MAECHAMYAM and the other models.
Compared to DIV2010 and D4, the deposition to the ice sheets in MAECHAMS
HAM is too quick, lut too slow in CESM1(WACCM) and UNUKCA, although the
timing is still relatively well captured for all models. The onset and duration of
deposition to the ice sheets simulated by SO@ER is most comparable to the two

ice cores, suggesting a good représon of the volcanic aerosol evolution, but
simulated deposition is too large (see Figure 2.6). The timing of the ice sheet

deposition is further explored Bection 2.3.3.
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Figure 2.9: Simulated areaneanvolcanic sulfate deposition (kg S®m' “montH 3

to the Antarctic ice sheet (a) and Greenland ice shedbr(l®ach model (colours).
Each ice sheet mean is defined by taking anarighted mean of the grid boxes in
the appropriate regions oncdaad sea mask has been applied. Solid lines mark the
ensemble mean and shading is 1 SD. (c) Deposition fluxes from two mogsblyed

ice cores (DIV2010 from Antarctica and D4 from Greenland). The scale is reduced in
(c). The grey triangles mark the staf the eruption (1 April 1815).

2.3.3 Ice sheet sulfate deposition and relationship to sulfate burdens

The temporal and spatial evolution of the volcanic sulfate deposition ultimately
reflects the evolution of the atmospheric volcanic sulfate buréégsie 2.10 shows

the zonal mean monthly mean and global monthly mean atmospheric volcanic sulfate
burdens for each model. MAECHAMBAM has the fastest conversion of 5t

sulfate aerosol, with the global peak sulfate burden occurring only 4 monththafter
eruption (Figure 2.10b). This fast conversion is likely due to the lack of interactive
OH in the model (Table 2.1), since OH does not become depleted by reaction with
SO. In UM-UKCA and SOCOLAER the peak global sulfate burden occurg 6
months aftethe eruption, but the global burden in SOG®ER decays more rapidly

than in UMUKCA. The global burden in CESM1(WACCM) peaks 12 months after
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the eruption and remains elevated for another 3.5 years (until the end of the
simulation) and hence deposition@ESM1(WACCM) is longer lived. The delay in

full conversion of S@to sulfate aerosol in these models is due to initial depletion of
OH, which we explore further isection 2.4.1.1. In all models there is stronger
transport of the sulfate aerosol to the &tnpared to the NH (Figure 2.10a) due to

the Brewer Dobson circulation, which is stronger in the winter hemisphere.
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Figure 2.10: (a) Zonal mean atmospheric sulfate burdens in each model (kg SO
km' § (ensenble mean) and (b) global atmospheric sulfate burdens (Tg S) in each
model (colours)Ensemble means are shown by the coloured lines; shadings mark 1
SD. Sulfate burdens are monthly mean anomalies. The grey triangles mark the start
of the eruption (1 Apti1815).

Table 2.5: Greenland and Antarctica ice sheet mean cumulative deposited sulfate and
ratio (Antarctica deposition / Greenland deposition) and peak NH and SH sulfate
burdens (total atmospheric column burden anomaly) and ratio (SH burden / NH
burden) for each model (eemble mean)Also included is the equivalent mean
deposited sulfate on each ice sheet calculated from ice cores (Gao et al., 2007; Sigl et
al., 2015).

Model Mean Antarctica  Mean Greenland Antarctica / Peak SH Peak NH SH/NH
deposited sulfate  deposited sulfate Greenland  sulfate burden  sulfate burden burden

(keSOskm™2)  (kgSO4km™2)  deposition ratio (TgS0y) (TgS0y4) ratio

CESM1(WACCM) 36 109 0.3 58 34 1.7
MAECHAMS-HAM 264 194 1.4 50 36 1.4
SOCOL-AER 163 148 1.1 56 32 1.8
UM-UKCA 19 31 0.6 56 29 1.9
Sigl et al. (2015) 46 40 1.2 - - -
Gao et al. (2007) 51 59 0.9 - - -
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Here we consider the relationships between the NH sulfate burden vs. the SH sulfate
burden, the cumdative sulfate deposited on Antarctica vs. Greenland and, most
importantly, between the hemispheric sulfate burdens and the sulfate deposited on
each ice sheet.

In all models the SH peak atmospheric sulfate burden is greater than the NH peak
atmospheric@fate burden (Table 2.5). Ratios between the SH and NH peak burdens
are between 1.4 and 1.9. However, despite the larger SH burden, only MAEGHAMS
HAM and SOCOLAER simulate greater Antarctica mean deposited sulfate than in
Greenland. CESM1(WACCM) has themallest deposition ratio (0.3) with mean
Greenland deposited sulfate of 109 kgs$@' 2compared to 36 kg SCkm' 2in
Antarctica. MAECHAM5HAM and SOCOLAER have the closest deposition ratio

to that derived by Sigl et al. (2015), but with mean deposiiédte D 4i 6 times
larger than the Sigl et al. (2015) estimates. Conversely, and as simulated-in UM
UKCA and CESM1(WACCM), the mean deposited sulfate deduced by Gao et al.
(2007) for the eruption of Mt. Tambora showed slightly more mean deposited sulfate
on Greenland relative to Antarctica, with a ratio of 0.9, although this ratio is still much
larger than in UMUKCA and CESM1(WACCM). In contrast to MAECHAMBAM

and SOCOLAER, where the deposition ratio mirrors the hemispheric split of the
sulfate aerosdurdens deposition ratios for both UNUKCA and CESM1(WACCM)

are dissimilar to the ratio of the hemispheric peak burdens.

Figure 2.11 shows the simulated deposition to each ice sheet over time as in Figure
2.9, except we compare to the hemispheric sulfatddns. In MAECHAMBHAM

the NH sulfate burden peaks only 2 months after the eruption and the SH burden peaks
4 months after the eruption. The ice sheet deposition follows suit with the majority of
deposition to Greenland occurring 8 months after the enupind peak deposition to
Antarctica occurring 14 months after the eruption. However, in the other models the
SH burden peaks before the NH burden. The SH burden is greatest between 5 and 7
months after the eruption in these models and the NH burden Ipetakesen 10 and

12 months after the eruption. In contrast to MAECHAMABM, there are no clear
separate peaks between the deposition to each ice sheet. In SAEFOhoth the
majority of Greenland and Antarctic deposition occurs between 10 and 20 months
afterthe eruption, which was found to compare well to the timing recorded in two ice
cores (Figure 2.9). In UNMUKCA and CESM1(WACCM) the main phase of

deposition is longer lived and occurs between 10 and 30 months after the eruption.
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Overall, decay of the atmspheric sulfate burden and deposition to the ice sheets in
MAECHAM5-HAM is rapid, occurring within the first 20 months after the eruption,
suggesting a fast transport of sulfate aerosol to the poles. We find that in tBegfirst
months after the eruptidhe sulfate burden in UNUKCA and CESM1(WACCM) is
restricted betweeD 60° S andD 40° N (Figure 2.10a), with strong gradients in sulfate
burden across the SH polar vortex and NH subtropical edge, whereas more sulfate is
transported to the poles in MAECHAVHAM and SOCOLAER. Reasons for this

are explored irSection 2.4.
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Figure 2.11: Hemispheric atmospheric sulfate burdens (Tg)$s»lid lines show the
ensemble mean and shading is 1 SD) and-raesn ice Beet volcanic sulfate
deposition as in Figure 2.9 (dashed lines) (kg 8® “montH 3 for each modelThe

grey triangles mark the start of the eruption (1 April 1815). There are different scales
on each secondary y axis for ice staggosition.
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Table 2.6: Burdento-deposition (BTD) factors (x 2&m?) between the hemispheric
peak sulfate burden (Tg $Q(total atmospheric column burden anomaly) and the
mean ice sheet cumulative depasiseilfate (kg S@km' § for the four models and
from Gao et al. (2007Y.he Gao et al. (2007) factors are interpreted as in Toohey and
Sigl (2017) assuming the total burden is the mass afr®Dincluding the mass of
water. Included are the values fohdé ensemble mean factor and the range from
individual ensemble members.

NH_BTD (10? km?) | SH_BTD (10? km?)
Model Ensemble mean  Ensemble range | Ensemble mean  Ensemble range
CESM1(WACCM) 0.31 0.29-0.34 1.63 1.44-1.96
MAECHAMS-HAM 0.19 0.14-0.24 0.19 0.17-0.20
SOCOL-AER 0.22 0.20-0.24 0.34 0.32-0.35
UM-UKCA 0.97 0.74-1.14 291 2.67-3.30
Multi-model mean 0.42 - 1.27 I
Gao et al. (2007) 1 - 1 -

Next, we calculate the ratio between the hemispheric peak atmospheric sulfate
burdens (Tg S&) (representing the total amount of sulfate aerosol that has formed)
and theaverage amount of sulfate deposited on each ice sheet (kgrS&for each

of the models. We refer to this ratio as the burttedeposition (BTD) factor, which

is equivalent to the scaling factors derived by Gao et al. (2007) calculated from the
observd relationship between the atmospheric burden and deposition of radioactive
material after nuclear bomb tests. BTD factors are important for estimating the
hemispheric atmospheric sulfate burden and subsequently estimating the forcing of
historical volcani eruptions based on ice core sulfate deposition rec@atgign

2.1). We calculate the BTD factors for both NH (NH_BTD) and SH (SH_BTD) (Table
2.6). BTD factors for MAECHAMSHAM are the same for both the NH and SH, as

in Gao et al. (2007), butfactor of 5 lower than Gao et al. (2007). CESM1(WACCM),
SOCOL-AER and UMUKCA simulate smaller NH_BTD than SH_BTD, but these
factors are different in each model, with the NH_BTD ranging from 0.22 krih®
(SOCOL-AER) to 0.97 x 18km? (UM-UKCA) and the SHBTD from 0.34 x 18

km? (SOCOL-AER) to 2.91 x 18km? (UM-UKCA). All models simulate a NH_BTD

less than 1 x km?, but SH_BTD is less than 1 x %1km? for only MAECHAMS5-

HAM and SOCOLAER due to the much larger Antarctic deposition in these models
compaed to UMUKCA and CESM1(WACCM). Overall, the NH_BTD factors
differ by a factor of 5 between the models and SH_BTD by a factor of 15. The multi
model mean NH_BTD factor is 0.42 x°1Km? (D 60 % smaller than in Gao et al.,
2007) and multimodel mean SH_BTmRactor is 1.27 x 10km? (D 30 % greater than
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in Gao et al., 2007). We also find variability in the BTD factors across the individual
ensemble members for each model arising due to internal variability, but ensemble

spread is smaller than the inteodel pread.

We also test the sensitivity of the derived model BTD factors in Table 2.6 by taking
polar deposition (6M0° N/S) as opposed to ice sheet deposition, given that both UM
UKCA and CESM1(WACCM) simulate strong gradients in cumulative deposited
sulfate across the laridea boundary (Figure 2.6). We find that the BTD factors
remain similar for SOCOIAER and MAECHAMS5HAM but are reduced by up to a
factor of 3 in UMUKCA due to the mean polar cumulative deposited sulfate being
greater than the mean ice shemimulative depositeculfate (Table B.3). In
CESM1(WACCM) the SH_BTD is also reduced by a factor of 3, but the NH_BTD
remains similar. Overall, the spread in the BTD factors between the models decreases
and results in a reduction of the mutibdel mearNH_BTD factor from 0.42 x 10

to 0.28 x 18km? and the SH_BTD from 1.27 x 1@ 0.54 x 18km?.

2.4 Discussion

2.4.1 Differences in deposited sulfate

The spatial pattern and magnitude of deposited sulfate depends on the sources of
atmospheric S¢) the transport ahmixing of the sulfate aerosol formed throughout

the stratosphere and across the tropopause and wet and dry deposition pfecpsses
Hamil et al., 1997; Kremser et al., 2016) the preindustrial background state (no
Tambora) (Figure 2.1), all four models examined simulate similar patterns of sulfate
depositon, with more sulfate deposited at the midlatitudes and in oceans and near SO
sources such as continuously degassing volcanoes. In the polar regions, the models
also simulate similar sulfate deposition (with the exception of SCBBR) with
reasonable comparison to ice core records (Figure 2.2). This indicates that the models
are realistically simulating aspects of the formation and transport of background

sulfate aerosol and subsequent deposition processes.

However, under the volcanically perbed conditions (with Tambora), the simulated
volcanic sulfate deposition differs between all models, with differences in timing,
spatial pattern and magnitude. Compared to ice core records of cumulative deposited
sulfate for 1815 Mt. Tambora, MAECHAMBAM and SOCOLAER simulate much

higher deposition to polar ice sheets, whicD 8 5 times greater than the mean-ice
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corederived estimates by Gao et al. (2007) and Sigl et al. (2015)UWNA and
CESM1(WACCM) simulate deposition closer in magnitude t® itte core records
although in UMUKCA the sulfate deposited on both ice sheel¥ 2stimes too small
compared to the mean tcerederived estimates. In CESM1(WACCM) the sulfate
deposited on Antarctica is slightly too small dut2 times greater in Grekmd
compared to the mean icerederived estimates. Considering the models are more
comparable in the background state it is likely that the -midel differences in
volcanic deposition are due to differences in the formation of the volcanic aehnesol, t
stratospheric transport of volcanic aerosol and stratospghspesphere exchange,
since in the background state most of the deposited sulfate is of tropospheric origin.

These processes are discussed in the following sections.
2.4.1.1 Volcanic sulfate formation and transport

The timing and duration of sulfate deposition mirrors that of the atmospheric sulfate
burdens. In MAECHAMBHAM the atmospheric sulfate burden peaks sooner and
decays more quickly than in the other models, and ice sheet deposition occurs more
rapidly (within the first 2 years after the eruption). The atmospheric sulfate burden in
CESM1(WACCM) is still elevated 4 years after the eruption, and hence the deposition
signal is also longer lived (Figure 2.5). MAECHAMYAM is the only model that
hasprescribed OH (Table 2.1). OH may become depleted in dense volcanic clouds by
reaction with S@ affecting the rate of sulfate aerosol format{Bekki, 1995) The
background stratospheric OH concentnasi@re similar between the models (Fig

B.5) butin SOCOLAER, UM-UKCA and CESM1(WACCM), in the first 2 months

after the eruption, stratospheric tropical OH becomes depleted, with ensemble mean
peak reductions of between 15 and’88Figure B.6). Thisreduces the rate of sulfate
aerosol formation compateto MAECHAM5-HAM, where the S@will be more
rapidly oxidized, and explains the later peaks in sulfate burdens in these models.

The rapid decay of the sulfate burden in MAECHAMBM also indicates that this

model could have faster accumulation of paricend stronger sedimentation
compared to the other models. Although beyond the scope of this paper a more
detailed examination of the aerosol microphysical processes and the size of the aerosol
particles, on which sedimentation is dependent, will facitagreater understanding

of some of the model differences identified here.
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The high biases in cumulative deposited sulfate in MAECHA#SM and SOCOL

AER compared to ice cores may be caused by a high bias in poleward aerosol transport
(e.g. Stenke et al., 2013; Toohey et al., 200y ECHAM5-HAM and SOCOLAER

also have the lowest resolution of the four models (Table 2.1), which may contribute
to the high deposition bias since stratospheric circulation and-tropggpause
transport is better represented in higresolution models (e.g. Toohey et al., 2013).
Gao et al. (2007), using the GISS ModelE, found that simulated deposited sulfate over
the poles after the eruption of Mt. Tambora was a factor of 2 too large but that the
spatial pattern of deposition recorded in ice cores was well captured. GISS ModelE
had a much lower resolution than the models used hére $) and a simplified
scheme dr stratospheric aerosol microphysics. SOGAHR and MAECHAM5

HAM have the same dynamical cores and therefore we expect transport to be similar
in these models. Hence, the differences in simulated volcanic deposition between
SOCOLAER and MAECHAMS5HAM are likely due to aerosol growth and
sedimentation, and the deposition schemes. InWKCA and CESM1(WACCM)

the poleward transport of volcanic aerosol may be too weak or midlatitude deposition

too strong.
2.4.1.2 Dynamical effects

The direction and strength of theagtrspheric winds impacts the transport of sulfate
aerosol and hence where it is deposited. -UKICA, CESM1(WACCM) and
SOCOL-AER have similarly defined QBOs with downward propagating easterly and
westerly winds, with the eruption simulated in the easterBsph MAECHAM5

HAM does not include a QBO and although stratospheric winds were easterly in the
MAECHAMS5-HAM simulations, we find that these winds &0 m $ ‘weaker than

the easterly phase winds in the other modeigufe B.7). This may contribute tche
quicker transport and subsequent deposition to the poles in the MAECHWbH

simulations.

In addition to midlatitude tropopause folds, a further location of érog®pause
transport of sulfate aerosol is the polar winter vortex (e.g. SPARC, 2006 sKret

al., 2016). The polar vortex inhibits poleward transfeg. Schoeberl and Hartmann,
1991) and it has been suggested that variations in the strehiida polar vortex may
modulate volcanic aerosol transport and deposition to polar ice sheets (Toohey et al.,

2013). We find that the strength of the background climatological winds differs
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slightly across the models, with the strongest polar jets sietulan
CESM1(WACCM) and the weakest in MAECHAM3AM (maximum zonal mean
zonal winds are 52 m $in CESM1(WACCM) and 32 m' sin MAECHAM5-HAM;

Figure B.8). All models simulate a strengthening in the NH and SH polar zonal winds
in the first year after the gption; CESM1(WACCM) simulates the largest zonal
mean anomalies and MAECHAM3AM the weakest. Figure 2.12 shows the zonal
mean zonal wind averaged over the first year after the eruption in each model. Peak
zonal mean SH polar zonal wind is 58 ' CESML(WACCM), 46 m §1lin
SOCOL-AER, 45 m 5 lin UM-UKCA and 38 m s'in MAECHAM5-HAM. Inter-

model differences in polar vortex strength may therefore contribute to differences in
polar sulfate deposition. Following this hypothesis, the strong SH polar vortex
simulated by CESM1(WACCM) may contribute to the lower depositéidtsuon
Antarctica in this model and, likewise, the relatively weaker polar vortex in
MAECHAM5-HAM may contribute to the greater deposited sulfate on Antarctica. In
contrast, UMUKCA simulates average polar vortex winds but the smallest deposited
sulfateon Antarctica. Therefore, it appears to be a combination of factors that drive

the intermodel differences in simulated polar volcanic sulfate deposition.

100 CESM1(WACCM) 100 _.MAECHAMS5-HAM

50 50
40 40
T 30 T 30
£ 101 1120 £ 101 1H20
v 10w @ 10
2 0o & 3 o E
o 107 1 H-10 o 107 1 4-10
o L -20 o > -20
-30 -30
3 L n n L n _ 3 . " n n n _
10°—60-30 0 30 60 40 106030 0 30 60 40
Latitude Latitude
100 SOCOL-AER 100 UM-UKCA
i . R 50 By W 50
40 40
© 30 ) 30
£ 10%¢ 1 =20 £ 10°} 1120
P * 10 % o ® 10
@ o E 3 0o E
¢ 107} 1 H-10 0 107} 1 14=10
= - -20 = . -20
-30 -30
103 e -40 103 — -40
-60-30 0 30 60 —60-30 0 30 60
Latitude Latitude

Figure 2.12: Zonal mearzonal wind (m 5} averagedver the first year after the
eruption (April 1815April 1816) in each model simulation (ensemble meZaohal
wind is output on 36 pressure levels in WMNKCA, 33 pressure levels in
MAECHAM5- HAM and 32 pressure levels in SOC@ER. Zonal wind in
CESM1WACCM) is output on an atmosphere hybrid sigpmnassure coordinate and
has been interpolated to the pressure levels used HUKI®IA.
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2.4.1.3 Deposition schemes

Differences in the deposition schemes contribute to the intermodel differences. The
simplified scheme I SOCOL-AER results in deposition following more closely the
atmospheric distribution of sulfate. The differences between wet and dry deposition
simulated across the models are due to the individual deposition scheme
parameterizations. The implication okee differences in dictating the resulting total
sulfate deposition remains uncertain. However, since-mtetel differences in
volcanic sulfate deposition patterns appear unrelated to differences between
climatological wet and dry deposition patternse throportion of wet vs. dry
deposition is likely of secondary importance compared to differences between the
models in aerosol transport processes including sedimentation and stratosphere
troposphere exchange. Smoother topography in the {mgefution mdels will also

influence the spatial pattern of deposition.

The realistic deposition of background sulfate suggests that the scavenging and
deposition processes in the models are reasonably parameterized and thus-hat inter
model differences in the Tamboase are more likely due to differences in
stratospheric transport and stratospheoposphere exchange as described above.
However, due to the higher sulfate burdens in the perturbed case, differences in
deposition due to the schemes may become moreopnzed. Scavenging and
deposition parameterizations are highly uncertain, and the chance that such
parameterizations become unrealistic under the large sulfate aerosol loadings
associated with a Tambora eruption cannot be discounted and should be arplored

future work.
2.4.2 Implications for model differences in simulated sulfate deposition

Using just four global aerosol models, we find large differences in the mean deposited
sulfate on the Antarctic and Greenland ice sheets. Themattel mean BTD factors,

which relate the atmospheric sulfate burdens to the deposition at the ice sheets, differ
from the estimates by Gao et al. (2007)0bg0 % in the NH andD 30 % in the SH,
although the Gao et al. (2007) estimates are within or close to themaulél spred.

We find that the multmodel spread in BTD factors is reduced when we take a polar
cap average of deposition as opposed to the average ice sheet deposition because
simulated deposition is more similar amongst the models when a greater area average

is cansidered. Due to the large gradient between land and sea deposition simulated in
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CESM1(WACCM) and UMUKCA, mean polar deposition does not represent the
mean ice sheet deposition and BTD factors are therefore sensitive to the areas chosen
to represent thee sheet deposition. This makes it difficult to estimate accurately the
relationship between ice sheet deposition and sulfate aerosol loading in the models.
We highlight this to emphasize caution when determining BTD factors in future
modelling studies. Hthermore, although these simulations aimed to follow a
common protocol, the injection setup did differ between models due to differences in
the ways modelling groups interpret and simulate a volcanic injection (Table 2.2).
This is a common problem in mislhodel comparisons and makes it more difficult to

isolate and attribute model differences.

We did not expect the models to be able to simulate the exact deposition at each ice
core location given the large natural variability in local weather and sndermpst

which will be different in the models, uncertainties in estimatingcarederived
volcanic sulfate deposition and in model inputs (e.g. magnitude and altitude of the
volcanic sulfur emission), and, fundamentally, that in the real world theremas o

one reakation of weather. Regarding the model inputs, there are no direct
observations of the injection altitude of &tm the 1815 Mt. Tambora eruption, and
often simulations are initiated with S@jected at heights lower than the estimated
injection altitude to account for sdlffting as the aerosol forms. Interodel
uncertainty is also initiated as soon as models convert the same input emission to their
grids. Here, simulations followed a common protocol, but it may be that to better
simulate the eruption of Mt. Tambora, sensitivity to injection height should be
explored. Models may also contain inaccuracies due to uncertain physical
representations and coarse resolution, and several ice core locations will be
represented by the same modedidgrox. The differing resolutions between the models
also means that the number of grid boxes and area that defines each ice sheet differs
slightly between the models. Sulfate deposition fluxes have a large spatial variability
due to differences in precipiion, the local synoptic conditions at the time of
deposition and posteposition movement through wiiggisher et al., 1985; Robock

and Free, 1995; Wolff et al.,, 2005peposition fluxes can vary by orders of
magnitude, even between ice cores that are located close to each other. For example,
in a very lowaccumulation site in Antarctica (Dome Qautier et al. (2016pund

that in five cores drilled 1 m apart, two cores missed the Tambora sulfate flux signal
completely, which they attributed to snow drift and surface roughness. They reported
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that the mean dix between these five cores is uncertairb30 %, highlighting the
uncertainties in sulfate fluxes reported from single cores at such-aclownulation
site. This appears to be an extreme case, however, and the 1815 Mt. Tambora signal

is clearly identifable in all other Antarctic ice cores (Sigl et al., 2014).

Furthermore, the phase of the QBO at the time of the eruption is unknown, and here
we have only used simulations where the; 8emitted during the easterly phase.
Toohey et al. (2013) also fouridat deposition to the poles varied as a function of
SO injection magnitude and season, and their simulations of a Task®exuption
showed greater deposition to Greenland than Antarctica. However, the volcanic
eruptions in Toohey et al. (2013) wesienulated in January and July, located &t 15

N, which may explain the bias towards Greenland deposition. Further work is required
on the influence of the QBO phase and injection height on the Antarctic and
Greenland deposition efficiency.

Our multimodel mean NH_BTD factor 3 60 % lower than previously derived (Gao

et al., 2007), which if used to estimate the NH atmospheric sulfate burden of other
historic tropical eruptions from their mean Greenland deposited sulfate would result
in lower burdens and likely less volcanic cooling. Medehulated NH cooling
following largemagnitude volcanic eruptions has been overestimated in the past (e.g.
Stoffel et al., 2015; Zanchettin et al., 2016). However, our rudilel mean
SH_BTD factor isD 30 % greater than Gao et al. (2007), which would result in a
larger SH sulfate burden estimate. Applying our BTD factors (NH: 0.42; SH: 1.27) to
the mean Greenland and Antarctic deposited sulfate from the 1257 Samalas eruption
(90 and 73 kg kMm? respectivel; Sigl et al., 2015) results in a considerable
hemispheric asymmetry in the estimated sulfate burdens. We calculate an SH burden
that isD 2.5 times the NH burden, despite the eruption occurring in the tropics. This
could result in further differences iaerosol optical depth and volcanic aerosol
radiative forcing, and hemispheric asymmetry in atmospheric sulfate burdens has
been shown to shift the Intertropical Convergence Zone, leading to precipitation
anomalies(e.g. Haywood et al., 201.3However, this asymmetry seems unlikely,
given that cooling in the SH after large tropical eruptions appears limited in proxy
records(Neukom et al., 2014)
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2.5 Conclusions

We have analyskthe volcanic sulfate deposition in model simulations of the 1815
eruption of Mt. Tambora using four statéthe-art global aerosol models
(CESM1(WACCM), MAECHAM5HAM, SOCOL-AER and UMUKCA) and
compared the simulated deposited sulfate to a compreheasiag of ice core
records. We have also investigated the simulated sulfate deposition under
preindustrial background conditions (without the eruption of Mt. Tambora). Although
the models simulate relatively similar background sulfate deposition fluxes, th
models differ substantially in their simulation of the Mt. Tambora volcanic sulfate
deposition, with differences in the timing, spatial pattern and magnitude.
CESM1(WACCM) and UMUKCA simulate similar deposition patterns, with the
majority of sulfate depsited at the midlatitude storm belts. On the ice sheets, UM
UKCA simulates too little deposited sulfate compared to meatacederived
estimates 2 times too small). In CESM1(WACCM) deposited sulfate on Antarctica

is also slightly too small, but degited sulfate on Greenland 2 times too large
compared to the mean icerederived estimate. In MAECHAMSBIAM and
SOCOL-AER, the sulfate is deposited further across the globe and these models
simulateD 3i 5 times too much deposited sulfate on the eets compared to mean
ice-corederived estimates. However, MAECHAMSAM is the only model to
capture the spatial pattern of deposited sulfate compared to ice cores, especially in
Antarctica.

Because the background deposition is more comparable betwemodeds than in

the perturbed case, differences in the volcanic sulfate deposition are likely due to
differences in the formation of the volcanic aerosol, the stratospheric transport of
volcanic aerosol and stratosphidreposphere exchange. In additionffatences in
deposition due to the deposition schemes may become more pronounced under the
higher sulfate loading. We suggest that differences in model resolution, modelled
stratospheric winds, aerosol microphysics and sedimentation and deposition schemes

have all contributed to the range in medehulated volcanic sulfate deposition.

We have calculated BTD factors between the mean deposited sulfate on each ice sheet
and the corresponding hemispheric peak atmospheric sulfate burden for the Mt.
Tambora simlations. The BTD factors differ by up to a factor of 15 between the

models. The mukimodel mean BTD factors also differ to BTD factors currently used
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to deduce historical volcanic forcing (e.g. Gao et al., 2007, 2008; Sigl et al., 2015).
Our range in déved BTD factors highlights uncertainties in the relationship between

atmospheric sulfate burden and ice sheet deposited sulfate as simulated by models.

Given that GISS ModelE (Gao et al., 2007) did as good a job at simulating the
deposited sulfate fromigheruption as these newer, higlesolution models, which

also have more sophisticated treatments ctgaerosol conversion, and the fact that
the four models used here simulate very different sulfate deposition, it remains an
open research questios & the optimal model configuration for this problem. A
detailed analysis of the differences in sulfur chemistry and the aerosol formation and
transport in each model will further aid in the interpretation of these results. Dedicated
multi-model compariso projects with processriented comparisons, such as the
Interactive Stratospheric Aerosol Modelling Intercomparison Project -8
(Timmreck et al., 2018)will be imperatve to disentangling the reasons for model
differences. Using idealized prescribed aerosol forcings such as Easy Volcanic
Aerosol (Toohey et al., 20160 future VolMIP experiments will also provide the
opportunity to better understand model diversity. Simulations of other-large
magnitude volcanic eruptions will also enable the calculation of additional-multi

model BTDfactors, which will aid in the calculation of historic volcanic forcing.



References

Bekki, S. 1995. Oxidation of volcanic SO2: A sink for stratospheric OH and H20.
Geophysical Research LetteP2(8), pp.913916.

Bellouin, N., Mann, G.W., Wadhouse, M.T., Johnson, C., Carslaw, K.S. and Dalvi,
M. 2013. Impact of the modal aerosol scheme GLOMA®e on aerosol
forcing in the Hadley Centre Global Environmental Mod&lmospheric
Chemistry and Physic&3(6), pp.30273044.

Brooke, J.S.A., Feng, W., CarrilloSanchez, J.D., Mann, G.W., James, A.D.,
Bardeen, C.G. and Plane, J.M.C. 2017. Meteoric Smoke Deposition in the
Polar Regions: A Comparison of Measurements With Global Atmospheric
Models.Journal of Geophysical Researéltmospheresl2220), pp.11112
11130.

Clausen, H.B. and Hammer, C.U. 1988. The Laki and Tambora eruptions as revealed
in Greenland ice cores from 11 locatioAsnals of Glaciologyl0, pp.1622.

Cole-Dai, J.H., Ferris, D.G., Lanciki, A.L., Savarino, J., Thiemens, M.Hl an
McConnell, J.R. 2013. Two likely stratospheric volcanic eruptions in the
1450s CE found in a bipolar, subannually dated 800 year ice core record.
Journal of Geophysical Researéltmospheresl1814), pp.74597466.

ColeDai, J.H., MosleyThompson, E., Wigt, S.P. and Thompson, L.G. 2000. A
4100year record of explosive volcanism from an East Antarctica ice core.
Journal of Geophysical Researéltmospheresl05D19), pp.2443124441.

Cole-Dai, J.H., MosleyThompson, E. and Thompson, L.G. 1997. Annually exsolv
southern hemisphere volcanic history from two Antarctic ice cdoesnal of
Geophysical Researeitmospheresl02AD14), pp.1676416771.

Crowley, T. 2000. Causes of climate change over the past 1000 $e#ace.
2895477), pp.27R77.

Crowley, T. ad Unterman, M.B. 2013. Technical details concerning development of
a 1200 yr proxy index for global volcanisiarth System Science Daf1),
pp.187%197.

Dhomse, S.S., Emmerson, K.M., Mann, G.W., Bellouin, N., Carslaw, K.S.,
Chipperfield, M.P., Hommel, RAbraham, N.L., Telford, P., Braesicke, P.,
Dalvi, M., Johnson, C.E., O'Connor, F., Morgenstern, O., Pyle, J.A., Deshler,
T., Zawodny, J.M. and Thomason, L.W. 2014. Aerosol microphysics
simulations of the Mt. Pinatubo eruption with the UNKCA composition-
climate modelAtmospheric Chemistry and Physitd(20), pp.1122111246.

Eyring, V., Bony, S., Meehl, G.A., Senior, C.A., Stevens, B., Stouffer, R.J. and
Taylor, K.E. 2016. Overview of the Coupled Model Intercomparison Project
Phase 6 (CMIP6) experimahtdesign and organizatio@eoscientific Model
Development9(5), pp.19371958.

Ferris, D.G., Col®ai, J., Reyes, A.R. and Budner, D.M. 2011. South Pole ice core
record of explosive volcanic eruptions in the first and second millennia A.D.
and evidence foa large eruption in the tropics around 535 AJournal of
Geophysical Research: AtmosphereEsyD17), D17308.

Fisher, D.A., Reeh, N. and Clausen, H.B. 1985. Stratigraphic Noise in Time Series
Derived from Ice CoredAnnals of Glaciology7, pp.7683.

Gao, C., Oman, L., Robock, A. and Stenchikov, G.L. 2007. Atmospheric volcanic
loading derived from bipolar ice cores: Accounting for the spatial distribution

86



References 87

of volcanic deposition.Journal of Geophysical Researéitimospheres.
112(D9), D09109.

Gao, C., Robck, A. and Ammann, C. 2008. Volcanic forcing of climate over the past
1500 years: An improved ice cebased index for climate modelournal of
Geophysical Researetmospheresl13D23), D23111.

Gao, C., Robock, A, Self, S., Witter Jeffrey, B., Steffenson, J.P., Clausen Henrik, B.,
SiggaardAndersen, ML., Johnsen, S., Mayewski Paul, A. and Ammann, C.
2006. The 1452 or 1453 A.D. Kuwae eruption signal derived from multiple
ice core records: Greadt volcanic sulfate event of the past 700 yekmstnal
of Geophysical Research: Atmosphefisl(D12), D12107.

Gautier, E., Savarino, J., Erbland, J., Lanciki, A. and Possenti, P. 2016. Variability of
sulfate signal in ice core records based on fivéicage coresClimate of the
Past.12(1), pp.103113.

Hamill, P., Jensen, E.J., Russell, P.B. and Bauman, J.J. 1997. The life cycle of
stratospheric aerosol particleBulletin of the American Meteorological
Society.78(7), pp.13951410.

Haywood, J.M., Jags, A., Bellouin, N. and Stephenson, D. 2013. Asymmetric forcing
from stratospheric aerosols impacts Sahelian raiNaliure Climate Change.
3(7), pp.660665.

Herzog, M. and Graf, H.F. 2010. Applying the thd#mensional model ATHAM to
volcanic plumesDynamic of large cegnimbrite eruptions and associated
injection heights for volcanic gase&eophysical Research Letter37,
L19807.

Kipling, Z., Stier, P., Schwarz, J.P., Perring, A.E., Spackman, J.R., Mann, G.W.,,
Johnson, C.E. and Telford, P.J. 20Cnstraints on aerosol processes in
climate models from verticalyesolved aircraft observations of black carbon.
Atmospheric Chemistry and Physit8(12), pp.5969%986.

Kremser, S., Thomason, L.W., von Hobe, M., Hermann, M., Deshler, T., Timmreck,
C., Toohey, M., Stenke, A., Schwarz, J.P., Weigel, R., Fueglistaler, S., Prata,
F.J., Vernier, J.P., Schlager, H., Barnes, J.E., AnMiaaero, J.C., Fairlie,

D., Palm, M., Mahieu, E., Notholt, J., Rex, M., Bingen, C., Vanhellemont, F.,
Bourassa, A., Plane,M.C., Klocke, D., Carn, S.A., Clarisse, L., Trickl, T.,
Neely, R., James, A.D., Rieger, L., Wilson, J.C. and Meland, B. 2016.
Stratospheric aeros@bservations, processes, and impact on climate.
Reviews of Geophysids4(2), pp.278335.

Lamarque, J.F., Deener, F., McConnell, J., Ro, C.U., Shaw, M., Vet, R., Bergmann,
D., CamerorSmith, P., Dalsoren, S., Doherty, R., Faluvegi, G., Ghan, S.J.,
Josse, B., Lee, Y.H., MacKenzie, |.A., Plummer, D., Shindell, D.T., Skeie,
R.B., Stevenson, D.S., Strode, S., ZeBg Curran, M., DaRklensen, D., Das,

S., Fritzsche, D. and Nolan, M. 2013. Muitiodel mean nitrogen and sulfur
deposition from the Atmospheric Chemistry and Climate Model
Intercomparison Project (ACCMIP): evaluation of historical and projected
future cangesAtmos. Chem. Phy$3(16), pp.79973018.

Lamarque, J.F., Emmons, L.K., Hess, P.G., Kinnison, D.E., Tilmes, S., Vitt, F., Heald,
C.L., Holland, E.A., Lauritzen, P.H., Neu, J., Orlando, J.J., Rasch, P.J. and
Tyndall, G.K. 2012. CAMchem: descriptiorand evaluation of interactive
atmospheric chemistry in the Community Earth System Md@aebscientific
Model Developmen&(2), pp.369411.

Langway, C.C., Osada, K., Clausen, H.B., Hammer, C.U. and Shoji, H. 199%, A 10
century comparison of prominent bipolar volcanic events in ice ctoasal
of Geophysical ReseargitmosphereslOQD8), pp.1624116247.



88 References

Legrand, M. and Mayewski, P. 1997. Glaciochemistry of polar ice cores: A review.
Reviews of Geophysic35(3), pp.2B-243.

Liu, X., Easter, R.C., Ghan, S.J., Zaveri, R., Rasch, P., Shi, X., Lamarque, J.F.,
Gettelman, A., Morrison, H., Vitt, F., Conley, A., Park, S., Neale, R., Hannay,
C., Ekman, AM.L., Hess, P., Mahowald, N., Collins, W., lacono, M.J.,
Bretherton, C.S.Flanner, M.G. and Mitchell, D. 2012. Toward a minimal
representation of aerosols in climate models: description and evaluation in the
Community Atmosphere Model CAM%5eoscientific Model Development.
5(3), pp.709739.

Mann, G.W., Carslaw, K.S., Sprackled.V., Ridley, D.A., Manktelow, P.T.,
Chipperfield, M.P., Pickering, S.J. and Johnson, C.E. 2010. Description and
evaluation of GLOMAPmode: a modal global aerosol microphysics model
for the UKCA compositiorclimate modelGeoscientific Model Development.
3(2), pp.519551.

McConnell, J.R., Edwards, R., Kok, G.L., Flanner, M.G., Zender, C.S., Saltzman,
E.S., Banta, J.R., Pasteris, D.R., Carter, M.M. and Kahl, J.D.W. 2007. 20th
century industrial black carbon emissions altered arctic climate forcing.
Science317(5843), pp.13841384.

McCormick, M.P. and Veiga, R.E. 1992. SAGE Il measurements of early Pinatubo
aerosolsGeophysical Research Lettel$(2), pp.155158.

Mills, M.J., Richter, J.H., Tilmes, S., Kravitz, B., MacMartin, D.G., Glanville, A.A.,
Tribbia, J.J., Lamarque, J.F., Vitt, F., Schmidt, A., Gettelman, A., Hannay, C.,
Bacmeister, J.T. and Kinnison, D.E. 2017. Radiative and Chemical Response
to Interactive Stratospheric Sulfate Aerosols in Fully Coupled
CESM1(WACCM).Journal of Geophysical Rese&rétmospheresl2223),
pp.1306113078.

Mills, M.J., Schmidt, A., Easter, R., Solomon, S., Kinnison, D.E., Ghan, S.J., Neely,
R.R., Marsh, D.R., Conley, A., Bardeen, C.G. and Gettelman, A. 2016. Global
volcanic aerosol properties derived from emissionsQ0®14, using
CESM1(WACCM).Journal of Geophysical Researgltmospheres121(5),
pp.23322348.

Neukom, R., Gergis, J., Karoly, D.J., Wanner, H., Curran, M., Elbert, J., Gonzalez
Rouco, F., Linsley, B.K., Moy, A.D., Mundo, I., Raible, C.C., Steig, E.J, va
Ommen, T., Vance, T., Villalba, R., Zinke, J. and Frank, D. 2014.-Inter
hemispheric temperature variability over the past millennNature Climate
Change4(5), pp.362367.

Niemeier, U., Timmreck, C., Graf, H.F., Kinne, S., Rast, S. and Self, S. Ri0£.
fate of fine ash and sulfur from large volcanic eruptioAtmospheric
Chemistry and Physic8(22), pp.9043057.

Oppenheimer, C. 2003. Climatic, environmental and human consequences of the
largest known historic eruption: Tambora volcano (Ind@)es815.Progress
in Physical Geography7(2), pp.236259.

Pinto, J.P., Turco, R.P. and Toon, O.B. 1989. 48eiting physical and chemical
effects in volcanic eruption cloudslournal of Geophysical Research
Atmosphere®94(D8), pp.1116511174.

Raible,C.C., Bronnimann, S., Auchmann, R., Brohan, P., Frolicher, T.L., Graf, H.F.,
Jones, P., Luterbacher, J., Muthers, S., Neukom, R., Robock, A., Self, S.,
Sudrajat, A., Timmreck, C. and Wegmann, M. 2016. Tambora 1815 as a test
case for high impact volcanicruptions: Earth system effectdViley
Interdisciplinary Review€limate Changer(4), pp.569589.



References 89

Read, W.G., Froidevaux, L. and Waters, J.W. 1993. Microwave limb sounder
measurement of stratospheric SO2 from the Mt. Pinatubo Volcano.
Geophysical Researdletters.20(12), pp.12991302.

Robock, A. 2000. Volcanic eruptions and clima®eviews of Geophysic38(2),
pp.192219.

Robock, A. and Free, M.P. 1995. Ice cores as an index of global volcanism from 1850
to the presentJournal of Geophysical Researgfimospheres.100(D6),
pp.1154911567.

Schoeberl, M.R. and Hartmann, D.L. 1991. The dynamics of the stratospheric polar
vortex and its relation to springtime ozone depleti®@~ence 251(4989),
pp.4652.

Self, S., Gertisser, R., Thordarson, T., Rampino, Ml Wolff, J.A. 2004. Magma
volume, volatile emissions, and stratospheric aerosols from the 1815 eruption
of TamboraGeophysical Research LetteBd(20), L20608.

Sheng, J.X., Weisenstein, D.K., Luo, B.P., Rozanov, E., Arfeuille, F. and Peter, T.
2015a.A perturbed parameter model ensemble to investigate Mt. Pinatubo's
1991 initial sulfur mass emissiomtmospheric Chemistry and Physics.
15(20), pp.1150411512.

Sheng, J.X., Weisenstein, D.K., Luo, B.P., Rozanov, E., Stenke, A., Anet, J.,
Bingemer, H. and Peter, T. 2015b. Global atmospheric sulfur budget under
volcanically quiescent conditions: Aerosmiemistryclimate model
predictions and validationlournal of Geophysical Researeitmospheres.
120(1), pp.256276.

Sigl, M., McConnell, J.R., Layman, L., Maselli, O., McGwire, K., Pasteris, D.,-Dahl
Jensen, D., Steffensen, J.P., Vinther, B., Edwards, R., Mulvaney, R. and
Kipfstuhl, S. 2013. A new bipolar ice core record of volcanism from WAIS
Divide and NEEM and implations for climate forcing of the last 2000 years.
Journal of Geophysical Researéltmospheresl1§3), pp.11511169.

Sigl, M., McConnell, J.R., Toohey, M., Curran, M., Das, S.B., Edwards, R., Isaksson,
E., Kawamura, K., Kipfstuhl, S., Kruger, K., Layman, Maselli, O.J.,
Motizuki, Y., Motoyama, H., Pasteris, D.R. and Severi, M. 2014. Insights
from Antarctica on volcanic forcing during the Common Brature Climate
Change 4(8), pp.693697.

Sigl, M., Winstrup, M., McConnell, J.R., Welten, K.C., Plunk&t, Ludlow, F.,
Buntgen, U., Caffee, M., Chellman, N., Dalnsen, D., Fischer, H.,
Kipfstuhl, S., Kostick, C., Maselli, O.J., Mekhaldi, F., Mulvaney, R.,
Muscheler, R., Pasteris, D.R., Pilcher, J.R., Salzer, M., Schupbach, S.,
Steffensen, J.P., VintheB,M. and Woodruff, T.E. 2015. Timing and climate
forcing of volcanic eruptions for the past 2,500 ye&fature.5237562),
pp.543 549.

SPARC. 2006. SPARC Assessment of Stratospheric Aerosol Properties (ASAP). L.
Thomason and Th. Peter (Eds.), SPARC Regor 4, WCRP124, WMO/TD
T No. 1295, available atww.spareclimate.org/publications/spareports/

Stenke, A., Schraner, M., Rozanov, E., Egorova, T., Luo, B. and Peter, T. 2013. The
SOCOL version 3.0 chemistglimate model: description, evaluation,dan
implications from an advanced transport algorithBeoscientific Model
Developments(5), pp.14071427.

Stier, P., Feichter, J., Kinne, S., Kloster, S., Vignati, E., Wilson, J., Ganzeveld, L.,
Tegen, I., Werner, M., Balkanski, Y., Schulz, M., Bouchet, Minikin, A.
and Petzold, A. 2005. The aerostimate model ECHAMBHAM.
Atmospheric Chemistry and Physibspp.11251156.



90 References

Stoffel, M., Khodri, M., Corona, C., Guillet, S., Poulain, V., Bekki, S., Guiot, J.,
Luckman, B.H., Oppenheimer, C., Lebas, N.nB&®n, M. and Massen
Delmotte, V. 2015. Estimates of volcaniluced cooling in the Northern
Hemisphere over the past 1,500 yehligture Geoscienc&(10), pp.784788.

Timmreck, C., Lorenz, S.J., Crowley, T.J., Kinne, S., Raddatz, T.J., Thomas, M.A.
andJungclaus, J.H. 2009. Limited temperature response to the very large AD
1258 volcanic eruptiorGeophysical Research Lette®&, L21708.

Timmreck, C., Mann, G.W., Aquila, V., Hommel, R., Lee, L.A., Schmidt, A., Bruhl,
C., Carn, S., Chin, M., Dhomse, S.Biehl, T., English, J.M., Mills, M.J.,
Neely, R., Sheng, J., Toohey, M. and Weisenstein, D. 2018. The Interactive
Stratospheric Aerosol Model Intercomparison ProfERA-MIP): motivation
and experimental desigeoscientific Model Developmentl(7), pp.258%

2608.

Toohey, M., Kruger, K., Niemeier, U. and Timmreck, C. 2011. The influence of
eruption season on the global aerosol evolution and radiative impact of
tropical volcanic eruptionsAtmospheric Chemistry and Physickl(23),
pp.1235112367.

Toohey M., Kruger, K. and Timmreck, C. 2013. Volcanic sulfate deposition to
Greenland and Antarctica: A modeling sensitivity studiurnal of
Geophysical Researeitmospheresl1§10), pp.47884800.

Toohey, M. and Sigl, M. 2017. Volcanic stratospheric sulfjedations and aerosol
optical depth from 500 BCE to 1900 CEarth System Science Da&{(2),
pp.809831.

Toohey, M., Stevens, B., Schmidt, H. and Timmreck, C. 2016. Easy Volcanic Aerosol
(EVA v1.0): an idealized forcing generator for climate simulations.
Geoscientific Model Developme8{11), pp.40494070.

Trepte, C.R., Veiga, R.E. and McCormick, M.P. 1993. The poleward dispersal of
Mount Pinatubo volcanic aerosollournal of Geophysical Research
Atmosphere€98(D10), pp.1856318573.

Wolff, E.W. 2012. Chmical signals of past climate and environment from polar ice
cores and firn ailChemical Society Reviewkl(19), pp.62476258.

Wolff, E.W., Cook, E., Barnes, P.R.F. and Mulvaney, R. 2005. Signal variability in
replicate ice coredlournal of Glaciology51(174), pp.462468.

Zanchettin, D., Khodri, M., Timmreck, C., Toohey, M., Schmidt, A., Gerber, E.P.,
Hegerl, G., Robock, A., Pausata, F.S.R., Ball, W.T., Bauer, S.E., Bekki, S.,
Dhomse, S.S., LeGrande, A.N., Mann, G.W., Marshall, L., Mills, M.,
Marchand M., Niemeier, U., Poulain, V., Rozanov, E., Rubino, A., Stenke,
A., Tsigaridis, K. and Tummon, F. 2016. The Model Intercomparison Project
on the climatic response to Volcanic forcing (VoIMIP): experimental design
and forcing input data for CMIP&eoscierific Model Development(8),
pp.27012719.

Zielinski, G.A. 1995. Stratospheric loading and optical depth estimates of explosive
volcanism over the last 2100 years derived from the Greenland Ice Sheet
Project 2 ice corelournal of Geophysical Researgltimospheres100(D10),
pp.2093720955.

Zielinski, G.A., Mayewski, P.A., Meeker, L.D., Gronvold, K., Germani, M.S.,
Whitlow, S., Twickler, M.S. and Taylor, K. 1997. Volcanic aerosol records
and tephrochronology of the Summit, Greenland, ice calesrnal of
Geophysical ReseareDceans102C12), pp.266226640.



References 91

Zielinski, G.A., Mayewski, P.A., Meeker, L.D., Whitlow, S. and Twickler, M.S. 1996.
A 110,000yr record of explosive volcanism from the GISP2 (Greenland) ice
core.Quaternary Researcd5(2), pp.109118






Chapter 3 Exploring how eruption source
parameters affect volcanic radiative forcing using

statistical emulation

Lauren Marshall?, Jill S. Johnsoh Graham W. Mant?, Lindsay Leé Sandip S.
Dhomseé, Leighton Regayrfe Masaru Yoshioka Ken S. Carslalv and Anja
Schmidé*

1School of Earth and Environment, University of Leeds, Leeds, LS2 9JT, UK
’National Centre foAtmospheric Science, University of Leeds, Leeds, LS2 9JT, UK
3Department of Chemistry, University of Cambridge, Lensfield Rd, Cambridge CB2
1EW, UK

“Department of Geography, University of Cambridge, Downing Place, Cambridge
CB2 3EN, UK

This chapter is andaptation of the following publication submitted fournal of
Geophysical Research: Atmosphembkere the reference style andure, table and

section numbers have been updated for continuity throughout the thesis:

Marshall, L., Johnson, J. S., Mann, @., Lee, L., Dhomse, S. S., Regayre, L.,
Yoshioka M., Carslaw, K., and Schmidt, A. 201Bxploring how eruption source

parameters affect volcanic radiative forcing using statistical emulation.

The supplement to this paper is included in Appendix C.

Key Points:

1 We demonstrate the feasibility and value of using statistical emulation to
quantify the radiative impact of volcanic eruptions

1 Emulated response surfaces illustrate the dependencies of model output such
as net radiative forcing on eruption soureggmeters

1 Emulated response surfaces can also be used to constrain the eruption source

parameters for a particular volcanic response
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Abstract

The radiative forcing caused by a volcanic eruption is dependent on several eruption
source parameters such ae tihass of sulfur dioxide (SPemitted, the eruption
column height and the eruption latitudeer@ral circulatioomodels with prognostic
aerosol and chemistry schemes can be used to investigate how each parameter
influences the volcanic forcing. Howevengtrange of mukdimensional parameter

space that can be explored is restricted because such simulations are computationally
expensive. Here we use statistical emulation to explore the radiative impact of
eruptions over a wide egarying range of S@emission magnitudes, injection heights

and eruption latitudes based on only 30 simulations. We use the emulators to build
response surfaces to visualize and predict the sulfate aerimdding decay time, the
stratospheric aerosol optical depth and net taidorcing of thousands of different
eruptions. We find that the volcanic stratospheric aerosol optical depth and net
radiative forcing are primarily determined by the mass of &@itted, buteruption

latitude is the most important parameter in detemmginhe sulfate aerosotfelding

decay time. The response surfaces reveal joint effects of the eruption source
parameters in influencing the net radiative forcing, such as a stronger influence of
injection height for tropical eruptions than higttitude eruptions. We also
demonstrate how the emulated response surfaces can be used to find all combinations
of eruption source parameters that produce a particular volcanic response, often

revealing multiple solutions.

3.1 Introduction

Volcanic eruptions emit SOnto the atmosphere, which is oxidisswtiforms sulfate
aerosol. Sulfate aerosol is very effective at scattering-sfeoré radiation, leading to
surface cooling for a few years following a lamgagnitude stratospheric volcanic
eruption(e.g. Robock, 2000)The climatic effect oan eruption depends on several
eruption source parameters, such as the mass oér8i@ed, the height of the SO
emissionsandthe latitude of the volcan.g. Robock, 2000; Timmreck, 20125
well asthe season of eruptide.g. Toohey et al., 2018nd the phase of the Quasi
Biennial Oscillation (QB®(e.g. Thomas et al., 2009) is important to understand
the potential climatic impact of an eruptiororder to evaluatiheeffects of historical

eruptions and to assess the possible effediguk eruptios.
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Several modelling studies have investigated the influence of important eruption
source parameters but for only a limited number of erupiiergs Niemeier et al.,

2009; Timmreck et al., 2010; Toohey et al., 2011; English et al., 2013; 2013; Dhomse
et al., 2014Metzner et al., 2014jones et al., 2017These studies also fas on the
effects of variations in individual parameter values, which leaves almost all of the
multi-dimensional parameter space unexplored. This modelling approach therefore
creates a major problem for model interpretation if the parameter variationsdrave
linear effects or if combinations of parameter perturbations have effects that cannot

be predicted from the combined effects of individual parameters.

The effects of eruptions vary a lot across the range of possible source parameters.
Studies invesgating the influence of SCGemission magnitude have shown that the
climatic impact becomes sdifiting as the mass of emitted S{@creasege.g. Pinto

et al., 1989; Timmreck et al., 2009; English et al., 2048tzner et al., 20)4ue to

the formation of larger sulfate aerosol particles, which have a smaller optical depth
per unit mass than smallparticles and are quickly deposited to the surface (Pinto et
al., 1989).Furthermore, in eruptions with large S@missions, hydroxyl radicals

(OH) in the ambient atmosphere, needed to oxidize the &b become depleted
(Pinto et al., 1989Bekki, 1995) Eruptions in which the SOs emittedhigherinto

the stratosphere can have a greater climatic impact due to the residence time of
stratospheric air increasing with distance from the tropopause and global transport if
emitted at the equator (e.g. Robock, 2000). For stratospijeoting eruptions ta

high latitudes, aerosols are confined within the hemisphere and deposited to the
surface more quicklfe.g. Oman et al., 2005; 2006; Kravitz and Robock, 201i¢

effect of each of these parameters could be more or less important depending on the
value of the other parameters, amdomprehensive and sgstatic investigation of

such interactions whilst accounting for changes to the aerosol particle size

distribution, has not been conducted.

I n this study, we use t he(Saaksetnlol®@8Fd of 0O c
model emulation(O'Hagan, 2006}o efficiently map out howthe outputs ofan

interactive stratospheric aerosol mo@léM-UKCA) vary across a thregimensional

parameter spac&/e do this by building surrogate statistical models (emulators) of
several global model outputs (describe®attion3.2) based on a set of simulations

of eruptions with different S€mission magnitude, injection height and latitude. We

do not investigate the influence@fuptionseason or QBO phase. The emulator maps
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the relationship between the model output (such as radiative forcing) and the eruption
source input parameters within an uncertainty (compared to the original model) that
can be quantified. The emulator is very fast to evaluate and can be used to determine
the impact of eruptions with parameter combinations that we did not explicitly
simulae, in a matter of second&s such, we can analyse model output without further
runs of the computationally expensive model. &dalyse how diagnostics describing

the atmosphericimpact of an eruptionSection 3.2.4) vary with different SO
emission magmudes, injection heights and latitudes and we are able, for the first time

to determine the effect of individual and combined parameter perturbations on the

volcanicradiativeforcing.

Section 3.2 describes the methods used in this study, includingcpleeineental
design of the UMUKCA model simulations and details of the statistical emulation.

In Section 3.3.1 we show results from the simulations ar&ation 3.3.2 we present

the results from the statistical emulators. We demonstrate the valuearhtit@tors

in Section 3.3.3 by investigating the atmospheric impact of the 1991 eruption of Mt.
Pinatubo given a range in the estimated mass ee8&tited and the injection height

of the emissions. We also demonstrate how the emulators can be used to find
combinations of eruption source parameters for any given value of the model output.

A summary and conclusions are foundsaction 3.4.

3.2 Methods

3.2.1 Model description

We usetheinteractive stratospheric aerosobdel UMUKCA, which consists of the

UK Met Office Unified Model (UM) general circulation modsdupled with the UK

Chemistry and Aerosol scheme (UKCAW). this study UMUKCA is based on the

nGl obal At mospher e 4the UM@GMaMe)s etalo B0l4bgtur at i on of
includesthe GLOMAPRmode aerosol microphysics scherfddann et al., 2010;

Bellouin et al., 2013)which simulates aerosol mass and number concentrations using

7 log-normal modesand UKCA wholeatmosphere chemistryvhich combines the

previous stratospheri@gorgenstern et al., 200@nd tropospheri¢O'Connor et a.

2014)chemistry scheme3he model has a horizontal resolution of 1.875° by 1.25°

with 85 vertical levels up to 85 km, resulting in wedbolved dynamics in the

stratosphere and an internally generated Q@®@. Osprey et al., 2013We
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performed atmosphei@nly free-runningsimulations with pescribed climatological
seasurface temperatures and gea extent repeating at year 2000 conditions
(Reynolds et al., 2007)Concentrations of greenhouse gases and edepleting
substances were also set at year 2000 levels.

The model setip is based upon the UMKCA versiondescribedn Dhomse et al.
(2014), which includesstratospheridroposphéc aerosol and interactive sulfur
chemistry(including interactive hydroxyl radical (OH) chemistrghd simulated well
the variations in stratospheric aerosol properties prior to and following the 1991
eruption of Mt. Pinatubo compared to observatiomme model trets the full lifecycle

of stratospheri@erosolparticlesfrom initial injection of sulfur containing spesie
formation of gagphase sulfuric acid following oxidation principally by Qiitial
particle formation vidinary homogeneous nucleat (Vehkamaki et al., 2002and
subsequengrowth via condensation and coagulation. Aergsoticles are removed
from the stratosphere bgedimentationand dynamical exchange of air to the
troposphere, where they are putaally deposited by wet and dry depositiéior the
model simulations here, aerosol radiative heating is incl(idedn et al., 20153nd
the interactive stratospheric aerosol capability has been further impidraake et
al., 2017)to allow sulfuricparticles to form heterogeneously on transpomedeoric
smoke particle core@VISP). The same model sap has also been applied in pre
industrial conditions for the UNUKCA 1815 Mt.Tambora simulations idanchettin

et al. (2016 andMarshall et al. (2018)

In the chemistry scheme aerosol surface area is prescribed for the year 2000
(Thomason et al., 2008)nd therefore the simulations do not account for the
acceleration of heterogeneous chemistry on volcaniemhanced aerosol and
subgquent radiative effectsom changes to stratospheric ozonélowever, the
chemical indirect effects from the eruptions arising from radiatigamically
induced changes in stratospheric ozone, water vapour and changes in heterogeneous

chemistry from motfied polar stratospheric clouds, are resolved.
3.2.2 Choice of eruption source parameters and their values

We investigate the effects of three key eruption source parameter&nd€sion
magnitude, injection height and latitude, which are known to influereeliimatic
impact of a volcanic eruptiorSéction 3.1).We choose to only perturihesethree

parameters for simplicity so that we can assess the feasibility of using statistical
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emulation in studies of volcanic forcinghe range of values over which werfurb
each eruption source parameter is listed in Table 3.1 and the rationales behind these

ranges are described below.

Table 3.1: Eruption source parameters and range in values that are perturbed in this
study.

Parameter Parameter range

SO, emission magnitude 10i 100 Tg SQ
Injection height 15725 km

Latitude 80 S 80N

The SQ emission magnitude range of 10 Tg to 100 Tg is chosen to cover an order of
magnitude in eruption emission strength. This range also spans the estimated
emissions from largenagnitude historical volcanic eruptions, often used asctesss

to investigatehe climatic effects of large sulfur injections, such as 1991 Mt. Pinatubo
(~10-20 TgSO,, Timmreck et al., 2018 and references therein) and 1815 Mt. Tambora
(~60 TgSQO,, Zanchettin etla 2016 and references therein). We vary the injection
height over the range 185 km, with an injection depth of 3 k(ne. injections from

15-18 km to 2528 km), so most of the SQwill be injected into the stratosphere. Our
latitude range is negglobd to assess the full range of possible eruptions, omitting

only the very highest latitudes at the edges of the model domain.
3.2.3 Simulation design

The eruptions werasimulatedusing parameter combination§.e., SQ emission,

injection height, and latitude)ekected using thepsacefiling 6 ma x i lmtinn 6

hypercube design algorithrMorris and Mitchell, 1995)resulting in excellent

coverge ofthe threedimensional parameter spaceigiife 3.1). The O&édmaxi mind
algorithm maximizes the minimum distance between all pairs of points in- three
dimensional space so that each simulation is as far away as possible in parameter

space from other simulations. Based on previous model emulation Sluekest al.,

2011; Johnson et al., 2019nd following the recommendation bbeppky et al.

(2009) we used 10 simulations per parameter in the design, resulting in a total of 30
Ssimulations to construct our emul ator s, We

runsao. We al s o r a rhatare Gsadrta vhlidate thé dmulatorongd at i on s
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built, referred

emulation itself).

t o0Sectior 3.205vfa fuithdradetailoan the un s 6

Figure 3.1 shows our simulation design with each triangle representing a model

simulation. All eruptions are 24 hours in duration and are simulated on 1 July, during

the easterly QBO phase, and at 160°E longitude where many real volcanoes exist, and

eruptons are frequenfGlobal Volcanism Program, 2013). The longitude of an

eruption is not important for determmg the climatic impact (e.g. Toohey et al., 2011)

since aerosol in the stratosphere is rapidly transported around the globe, but our

simulations have the added benefit of covering realistic eruption locations. Each

simulation was run for 38 months follovgrthe eruption and we analyse monthly

mean model output. Walso ruracontrol simulation with no eruption to diagnose the

volcanic anomalies
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Figure 3.1: Volcanic eruptions simulatedEach triangle repsents amodel
simulation that was conducted using UMKCA. The location of the triangle
indicates the latitude and injection height of the 8@ission for each eruption. The
injection height indicates the bottom of the emitted plume; emissions areudestrib
linearly between this value and 3 km higher, which is shown by the dots above each
triangle. The size of the triangle represents the mass pé®Bted. The simulations

span S@emissions between 10 Tg and 100 Tg, latitudes between 80°S and 80°N and
injection heightsvith a columnbottombetween 15 km and 25 km. Red triangles are
training runs, which are the simulations used to build the statistical emulators. Black
triangles are simulations which were used to validate the statistical emulators after
they were built. There are two simulations (one training run and one validation run)
at ~63°S and ~17 km which have Sgnissions of 35 Tg and 45 Tg and are not easily
distinguished by the marker size scale. The dashed grey line shows the simulated July
monthly mean zonal mean tropopause height.
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3.2.4 Model outputs

We focus on three key model outputs that deteertie magnitude and duration of
the volcanic forcing: 1) the globablcanicsulfate burden -€olding decay time (in
months), 2) the timéntegrated glbal meanvolcanic stratospheric aerosol optical
depth (sAOD) at 550 nm (in months), and 3) the timegrated global mean net
radiative forcing (in MJ nd). The derivation of each output is outlined below.

The sulfate dolding decay time is defined asettime it takes for the global volcanic
sulfate burderti.e. the sulfate mass anomaly compared to a quiescent backgtound)
decay to 1/e of itpeakvalue. This is a measure of the sulfate aerosol lifetime, which
will determine the longevity of the volcamradiative forcing. Volcanic sulfate aerosol

does not decay with a constarfoéding timescalde.g. SPARC, 2006}herefore we
calculate an averagefelding time from the fit of a linear regression line to the natural
logarithm of the global sulfate burden anomalieg. Pitari et al., 2016)We fit the
regression line from one month after the peak burden until the burden has decayed to
below 1 of the peak burden. This calculation method accounts for different
durations of the atmospheric volcanic perturbations between the different eruptions.
We refer to this as-ftoHadi dhagv arexcqpe ¢ li aneadl
of the derivations included in the Appendix.

Integrated global mean sAOD is the sum of the monthly mean anomalies in global
mean sAOD at 550 nm following each eruption, which is influenced by the number
and size of sulfate aerosol particles. Integrated global meardiegtwa forcing is the

sum of the topf-the-atmosphereoutgoing global mean alkky net radiative flux
anomalies (shortwave (SW) + longwave (LW)). The anomalies are integrated over 38
months (until the end of tr@mulation). For all eruptions the anoneslihave decayed

to below 10% of the peak anomaly by the end of the simulation.
3.2.5 Emulation and sensitivity analysis

For each model output we constracGaussian process emulatioat maps hovihe
outputdepends otthe input parametever the threglimensonal parameter space.

The emulator is a surrogate statistical representation of theJKI®IA model. It is

built by assuming that the model response is a Gaussian process and updating the
parameters of this Gaussian process with the traiétg(Kennedy and O'Hagan,

2001; O'Hagan, 2006)An overview of this statistical methodology is given in
Appendix A of Johnsoet al.(2015) and Lee et al. (201I)he emulator idastto

aswudl fa
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evaluate and can be used to pretiiebutputquantityat any combinatioof theinput
parameters, enabling mutimensional response surfaces of output behaviour across

parameter space to be generated.

Emulators have been used in several studies to analyse complex models in multiple
scientific fields including tsunami modellin@arri et al., 2012)aerosol and cloud
modelling(e.g. Carslaw et al., 2013; Lee et al., 2013; Hamilton et al., 2014; Regayre
et al., 2014; Johnson et al., 2015; 2046yl galaxy formatioffVernon et al., 2010;
Rodrigues et al., 2017A recent study byHarvey et al (2018)also successfully
applied this approach to volcanic ash modelling of the Z3j&fjallajokull eruption

to understand the influence of eruption source parameters and internal model

parameters on the simulated output.

Each emulator is construckérom the output of the training runsing thestatistial
software RR Core Team, 20)and the DiceKrigingpackagdRoustant et al., 2012)

We build separate emulators for the average global sulatieliag decay time, the
integrated global mean sAOD, and the integrated global mean net radiative forcing
(Section 3.2.4)The emulators are built assuming a linear mean function that includes
all parameters and Matérncovariance structure, which allows for slight variations

in smoohness in the output response (Rasmussen and Williams, 2006). Further details
regarding fitting the emulators using these assumptions can be found in Johnson et al.
(2015).To validate the emulators, we use them to predict the model values at the
parametersetting of each validation run and compare the prediction to the actual
model outpit of these rungFigure 3.2). For the integratedjlobal meansAOD, the

model output lies within the 95% confidence bounds of the emysagaliction for

the majority of thevalidation rurs. For theintegratedylobalmeamet radiative forcing
theemulator also performs well butaeserly confident, with the emulator predictions
having small confidence bounds that do not always cross the 1:1 line marking a perfect
emulator prdiction. We only take forward the emulator mean prediction for our
analysis, which lies very close to the 1:1 line in all case&r our purposes it does

not matter that the emulator is too confidahtimes. The average global sulfate e
folding decaytime emulator validates less well. There is more variability in how
closely the emulator can predict model output in this case, with three validation points
that are oveestimated by the emulator, and for which the model output lies outside
the 95% confidnce bound of the emulator prediction. This emulator is less confident
in its predictions overall (the 95% confidence bounds are larger). However, the e
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folding timescale evolves differently throughout the decay period for each of our
simulated eruptionsvéry few of our eruptions simulated exhibit perfect exponential
decay of the global sulfate aerosol burden). Hence the tightness of the fit of the
regression line to the sulfate burden decay timeseries varies between simulated
eruptions. Because this maddeutput cannot perfectly describe the sulfate decay
behaviourof all eruptions simulated, we expect greater uncertainty in the emulator

representation for this output and conclude that this emulator fit is not unreasonable.

Using the validated emulators, we samplch output quantity @housands of
parameter comhbations of the S@emission magnitude, injection height and latitude
that we did not explicitly simulate with UNMJIKCA. By densely sampling the
emulators acrogbe parareter space defined by the ranges in Table 3.1, we can map
response surfaces that showwheach output responds to changes in the input
parameters. We can also use statistical techniques swahi@scebased sensitivity
analysig(Saltelli et al., 2000 quantify the sensitivity of eaabutputto variation in
individual parameters. This is achievedilmplemening theextended FAST (Fourier
Amplitude Sensitivity Te3 approach oBaltelli et al. (1999jo decompose the total
variance in the output quantity over the parameter space into individual and joint
parameter contributionsS¢ction3.3.2.3)ushg t he R pac KRuglet 6sensitiv
al., 2017).

(a) Average global sulfate e-folding decay time (b) Integrated global mean sAOD (c) Integrated global mean net radiative forcing
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Figure 3.2: Validation of each emulatolForeach model output {&), the value of the
model output for the 11 validation runs is plotted against that predicted by the
emulator (red circles). Theertical lines are 95% confidence bounds on the emulator
predictions. The solid grey line marks the 1:1 line, indicating a perfect prediction by
the emulator.
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3.3 Results and discussion

3.3.1 Model output over the set of eruption simulations
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Figure 3.3: Model outputs versus the eruption source paraméperall 41 model
simulations (training and validationfachplotted pointrepresents the output of one
model simulation. For eadutput quantity ganels a d), we show the outputalue

vs. SO emission(left), latitude (middle) and injection height (right). For the left hand
plots the colour of the points indicates the latitude of the eruption in each simulation
and the size indicates tigectionheight (the larger thgoint, the higher the injection
height). For the plots in the middle, the colour representsi#fss oSO, emittedand

the size indicates the injection height. On the right, the colour indittedenass of

SO emitted and the size represents the latitude of the eruption (smaller for low
latitudes, larger for high latitudes).
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Before emulatingwe first examin¢he model outpudicross thd 1 simulations. Figure

3.3 shows the averaggobal sulfatee-folding decay time He integrated global mean
sAOD anomalies, and the integrated global mean net radiative forcing. In addition,
we also show the netdiative forcing efficiency calculateals the integrated net
forcing divided by the mass of S@mitted(MJ mi%Tg SQ). Eachof these output

quantities is shown for each simulation plotted against the eruption source parameters.
3.3.1.1 Sulfate burden efolding decay time

Figure3.3a showghat theaverage global sulfatefolding decay times dependent

on latitude withlonger efolding decay times for eruptiorad low latitudesesulting

from slowerremovalof the aerosglandshorter efolding decay times for eruptions at
high latitudes resulting frorfasterremoval of the aerosol. These differences are due
principally to the stratggheric BreweiDobson circulation (BDC), which is
characterized by upward motion at the tropics, poleward transport and downward
motion at the pole@Holton et al., 1995; Butchart, 2014)heglobal sulfate dolding

decay times also decrease with increasing 8@ission magnitudes because of
growth to larger particle siseand increased gravitational sedimentation. The e
folding decay time generally increases as the injection height incrgai¢be height

of the SQ emission is ~20 kmalthough the response is weaker compared to that of
the eruption latitude and S@mission The increase in decay time with injection
height is a result of longer air residence time. However, for injeceaghts greater

than ~20 km the-flding decay time starts to decrease. The decrease avénage
decay time (i.e. shorter aerosol lifetime) above ~20 km is contrary to the general
increase in air residence time with heidigcause it is complicated byerasol
microphysical processes (i.e. aerosol growth) and latitieendent circulation
features and meridional transport barriers, such as the tropical pipe (Plumhb, 1996)
The average decay time reflects several phases of the aerosol evolution. Foeexampl
longerlived volcanic sulfate aerosol particles have more time to grow by
condensation and coagulatiand therefore sediment more rapithyer during the
aerosol decagysuch that the averagef@ding time decrease$Ve find that the ratio

of the intgrated global mean sAOD at 550 nm to the sA&MD020 nm, which is a
proxy of particle size, decreases with increasing injection height, indicating larger
particles are formed on average for eruptions with hightéude injections (not

shown). Sedimentaon rates are also higher with increasing altitude since the air
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density is reduced.he influence of stratospheric dynamics and aerosol microphysics

are explored in greater detail $ection3.3.2.2.

By examining the colours of the points in the top fehel of Figure 3.3a we can
begin to see joint dependencies between theedtdssion magnitude and latitude in
influencing the dolding time: for low latitude eruptions (yellow points) the reduction
in the efolding time with increasing SOemissionappeirs stronger than for high
latitude eruptions (purple points). Overall the average sulfate aerésdirey decay
time is strongly variable, ranging from 4 months to 12 months (Table 3.2).

Table 3.2: Model autputs considered and summary statisticss the 41 eruptions
simulatedIncluded in parentheses are the eruption source parameter combinations of
the simulation that resulted in the minimum and maxinfmmeach modebutput The
injection height value mresents the bottom of thek&-thick initial plume.Values

have been rawded to the nearest integer.

Model output Minimum Maximum
(a) Average global sulfate-e 4 12

folding decay time (months)  (72°S, 98 Tg, 16 km)  (14°N, 25 Tg, 19 km)
(b) Integrated global mean sAOLC 1 13

(months) (69°N, 11 Tg, 25 km) (7°N, 92 Tg, 21 km)
(c) Integrated global mean net -68 -692

radiative forcing (MJ nd) (69°N, 11 Tg, 25 km) (7°N, 92 Tg, 21 km)
(d) Forcing efficiency (MJ ni/Tg -2 -11

SO) (72°S,98 Tg, 16 km)  (14°S, 24 Tg, 22 km)

3.3.1.2 Integrated global mean sAOD and net radiative forcing

Integrated global mean sAOD (Figure 3.3b) ranges from 1 to 13 months (Table 3.2)
and has a strong dependency on the mass o&@ted with higher integrated sAOD

for greater S@ emissions. This is due primarily to the formation of more sulfate
aerosol mss. Integrated global mean sAOD is also greater for lower latitude eruptions
and for eruptions with the altitude of the S€nission near 20 km, likely reflecting

the increase in aerosol lifetirend a decrease in scattering efficiency for higher
altitudeinjections following the formation of larger particle®s with the sulfate e
folding decay time (Figure 3.3a), there is greater variation in the integrated SAOD

versus the injection height.

Integrated global mean net radiative forcing (Figure 3.3c)sis stronger for larger
SO emissions, low latitude eruptions and injection heights around ~20 km. The
integrated net radiative forcing ranges fre®® MJ m? to -692 MJ n¥. Like the
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sulfate efolding decay time, we can also begin to see some joint deperde
between the amount of S@mitted and latitude in the increase in net radiative forcing.
Net radiative forcing strengthens more rapidly (becomes more negative) with
increasing S@emission for lowatitude eruptions (yellow points) compared to high
latitude eruptions (purple points). Dependencies are explored in greater detail using

the statistical emulator&éction 3.3.2).

The increase in net radiative forcing is not linear with increasing®sion. Figure

3.3d shows that the forcing efficienayeakens with increasing S@®missions, in line

with previous modelling studies of volcanic eruptions and sulfate geoengineering
studies(e.g. Timmreck et al., 2010; English et al., 2013; Niemeier and Timmreck,
2015; Kleinschmitt et al.,2018) The weakening in forcing efficiency is
predominantly due to a decrease in the SW efficiency as aerosol particles increase in
size and become less effective at scattering SW radiation. The LW forcing efficiency
is more constant for increasing S@mission (FigureC.1). As a result, the net
radiative forcing efficiencydecreases (thforcing becomes less negative). The net
forcing efficiency is higher for loviatitude eruptions because of an increase in the
SW efficiency, but the LW efficiency also increases fav-latitude eruptions, which
offsets some of the forcing by SW radiation. This increased forcing efficiency is due
to increased insolation and outgoing radiation and likely the longer aerosol lifetime at
low latitudes. Against injection height, the forciefficiency is greatest for eruptions
with emission altitudes near 20 km. The most effective eruption (per Tg.0h8€3
emitted) occurs at a latitude H4°S with 24 Tg SQ emitted between 22 and 25 km.
The least effective eruptias at72°S, with 98 TgSO, emitted between 16 and 19 km
(Table3.2).

3.3.2 Multi -dimensional analysis using statistical emulation
3.3.2.1 Emulated response surfaces

We use the validated emulators (Fig@2) for each modebutputto predictthe
outputat other paramete@ombinations thatve have noexplicitly simulated. Figure

3.4 shows example response surfaces that reveal the relationship between each model
output and the value of latitude and the mass ofe®titted, at a fixed injection height

of 20 km.For visualiséion purposesnjection height was fixed at its central valoe

the emulatoias this parametdrasthe weakest relationship wittach of the model

outputs (Figure 3.3).
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(b) Integrated global mean sAOD

(a) Average global sulfate e-folding decay time
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Figure 3.4: Emulated response sadesfor each modeloutput (a-c) at a fixed
injection height of 20kmT he sur f ace shows the emul ato
response (z axis) against the mass of &@itted (x axis) and latitude (y axes). The

colour of the surface also indicates tredue of the predicted model output. Each
surface is plotted from 1600 combinations of latitude angn$f@nitude, which were
determinedver a grid o#40 equally spaced values of eaehiedparameter between

the minimum and maximum parameter input val(ilEable3.1).

The surfaces in Figure 3.4 further demonstrateldpendencies of the model outputs

on the mass of S&mitted by an eruption and its latitude. The average global sulfate
e-folding decay time shows a stronger dependence on the value of latitude, with a
sharp gradient observed in the response surface across the latitude dimensien. The e
folding decay timed more than 12 months for eruptions at the equator that have less
than ~24 Tg of S@emitted. The surfaces for integrated global mean sAOD and
integrated global mean net radiative forcing are more similar, with strong gradients

across th&O, emission magtude dimension especially for low latitude eruptions.

To explore the relationshipetween the model outputs and taétude andSO
emission of an eruption for other injection heights, we also sample the emulated
response surface at fixed injection heggof 16 km, 20 km and 24 km and show these

surfaces inwo-dimensiongFigure 3.5).
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(a) Average global sulfate e-folding decay time
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Figure 3.5: Emulated response surfaces at fixed injection heifgit®ach model
output For each emulatdgi c), we sample at fixed injection heights of 16 km, 20 km
(as in Figure 3.4) and 24 km. The resulting contour plots show the emulator prediction
of each model output against S€nission and latitude of the eruption at each of these
injection heights.

Now we begin to see more cleatlye influence of injection heiglin each model
output because the response surfaces are not the same at eackdveggiatmplefor
injectionsat 20 km, all model outputs reach greater vallé® symmetry across
latitude also changes with height; for example, at 16 kitegrated AOD for SQ
emissions greater than ~50 Tg is larger in the Northern HemisfiXeethan the
Southern Hemisphe(&H). However, the surface is more symmetrical across latitude

for injectionsat 20 km and 24 km.
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(a) Average global sulfate e-folding decay time
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Figure 3.6: Emulated response surfaces at fixatitudefor each modebutput For
each emulator (&), we sample at fixed latitudes of 60°S, 0° and 60°N. The resulting
contour plots show the emulator prediction of each model output againsirs3ion
and injection height of the emissions at each of these latitudes.

Figure 3.6 shows the emulated response sigfalodted against the S@®mission and
injection height at fixed latitudes 60°S, 0°, and 60N. At 60°S the integrated SAOD

and radiative forcing are highest for eruptions that have injection heights above ~20
km and the highest emissions. However, foissions less than ~50 Tg, the highest
forcing occurs for eruptions with emission altitudes nearer 20 km. For eruptions at the
equator, the largest integrated SAOD and radiative forcing occur for injection heights
near 20 km for all S@emissionsAt 60°N, the modeloutputsare less sensitive to
injection heightthan for eruptions at 88 and0° andare mainlydependent on the

SO emission For the sulfate-€olding decay time, the surfaces are more variable and
since this emulator validated the least wek, focus on the general patterns only. In
general, the decay time decreases for largere®@ssions and at 0° decreases for the
high-altitude injections of low S@emissions.



110

Chapter 3 Eruption source parameters and radiaiioeng

N
=

N
¥

=
@

Injection height (km)
= ]
o =1

20 Tg

—60-30 0 30 60

(a) Average global sulfate e-folding decay time

el
=

N
N

=
w

Injection height (km)
= %]
o S

45 Tg

—60-30 0 30 60

months

Injection height (km)

N
=

N
M

[}
o

=
o

—-60-30 0 30 60

months

Latitude Latitude Latitude
(b) Integrated global mean sAOD
20Tg 5 45 Tg 5 80 Tg .

24 24 €

g 13 g 13 E

22 1 =222 1 =

g 20 - 20 -

= S = S E=

c 7 E c 7 E c

£ 18 5 218 5 £

& o i

£ 16 3 £ 16 3 £

\ . . . . 1 \ . . . . 1
—-60-30 0 30 60 —60-30 0 30 60 —60-30 0 30 60
Latitude Latitude Latitude
(c) Integrated global mean net radiative forcing
20Tg 0 45 Tg 0 80 Tg 0

E 24 -100 £ 24 -100 £ -100
& v vy

et —200 = —200 = —200
s 22 2 22 =

=l -3004 O -3004 O -300
220 —a00 £ 220 —a00 £ £ _a00 £
c - = =
218 500 818 500 9 —500
o -600 9 —600 @ 600
£16 —700 E16 -700 £ —700

—60-30 0 30 60
Latitude

—60-30 0 30 60
Latitude

—60-30 0 30 60
Latitude

Figure 3.7: Emulated response surfaces at fi$€0 emissiongor each modebutput
For each emulator (&), we sample at fixed S@missions of 20 Tg, 45 Tg and 80
Tg. The resulting contour plots show the emulator prediction of emctel output

against latitude and injection height of the emissions for each of these emission
magnitudes.

Figure 3.7 shows the response surfaces at fixedeGWssions of 20 Tg, 45 Tg and

80 Tg. Here we see the dependency that the model outputs hasétadel and
injection height at these emission magnitudes. In general, these surfaces are more
similar in shape, with peaks in each model output for eruptions at the equator and for
injection heights at ~20 km. At higher latitudes, the model outputssselépendent

on the value of injection height. The surfaces are also not entirely symmetrical around
the equator.

The surfaces also revetilat the same model outputs can be achieved for notably
different combinations of parameter valuesr example, thenorecircular contours
in Figure3.7b for an injection of 43 g (middle panel), show that artegrated AOD
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of 6/ 7 monthscan be caused gn eruption at 0° with th80;, injected at 25 km or
an eruption a60°S with theS(Q, injected at 19 km.

3.3.2.2 Mechanisms br the parameter dependencies

Figures 3.83.7 consolidate the patterns and responses revealed by the individual
simulations (Figure 3.3) but allow us to explore the relationships at any point in
parameter space, in which the dependencies of the outputeoerdption source
parameters change. Thdéading decay time of the sulfate aerosol is a function of the
largescale stratospheric BDC and sulfate particle sizes, which dictates the
sedimentation rate. The integrated sAOD is a function of the masdatesagrosol,

its size distribution, and the sulfatdading decay time. The integrated net radiative
forcing is dependent on the volcanic SAOD, but additionally the insolatlond
coverand surface albeddn general, the varying response&igures 3.83.7 can be
explained by differences in the largeale stratospheric circulation and in aerosol

microphysical processes and are explored below.
Tropical eruptions

For tropical eruptions, the model outputs were more dependent on injection height
than for eruptions in the high latitudes, with a turning point at roughly 20 km for the
integrated global mean sAOD and net radiative forcing (e.g. FigurdrBtig tropics,
sulfate aerosol transport is influenced by the stratosphepicaipipe(Plumb, 1996),

which extends from roughly 21 km to 28 km and restricts meridional transport from
the tropicsto the extratropicgTrepte and Hitchman, 1992Lonsequently, sulfate
aerosol builds up in the tragl reservoir after an ertipn. However, in the lower
stratosphere the rapid shallow branch of the BDC allows greater transport of the
aerosol to high latitudes andittv increasing altitude, the strengtth the tropical
barrier reduces (e.g. Holton et al., 19%n0d smaller aerokparticles, which have

not sedimentedut can be transported to the extratropics in the upperchrahthe

BDC (e.g. Niemeier ad Schmidt, 2017)Arfeuille et al. (2014)ound that sulfate
aerosol simulated aftehe eruption of Mt. Tambora had a shorter residence time in
the tropics and stronger extratropical transport for-a2¥m injection compared to

a 2325 km injection, which is comparable to the results presented here.

In addition to variations in thersingth of subtropical transport barriers, the response
to injection height in the tropics is also in part due to changes in sulfate aerosol particle

size and sedimentatiofhe timeintegrated and global nature of these outputs means
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that several phases tife aerosol evolution are averaged and reflected in just one
number. We suggest that in general there are two phases of the aerosol evolution. The
firstp h a s egrowth phaseds the aerosol particles form and coagulate, in which
aerosol removainainly depends otthe latitude othe eruption, rather than ti&0,
emission. The secondl s e d i mephasa dccurs mafter several months when
particle growth has sloweahd sedimentation beconretatively more importaniVe
suggesthat longer air residencerte and subsequent growth to larger particles for
SO injections above ~20 km increases the sedimentation rate and hence aerosol decay
in the second phase of the aerosol evolution, causing a decreasertegnated

global mean sAOD and net radiative éomg. Radiative forcing islso weakened
because larger particles dess effective at scattering SW radiation. Similar effects

are also observed in geoengineering simulations of continuous sulfur emissions with
increasing injection heights, such that #féects of a longer lifetimend larger
particles cancel, andadiative forcing does not increase with higher altitude SO
injections(e.g. Niemeier and Schmidt, 2017; Tilmes et al., 2017; Kleindtlemal.,

2018)

As the mass of S{&mitted is increased from 20 Tg to 45 Trgg maximum values of

the average global sulfatd@ding decay time, integrated SAOD and radiative forcing
occur at decreasing injection heighiSigure 3.7),likely related to increased
sedimentation as particles grow larger for the biggereédssiors. This is also seen

in the average global sulfatef@ding decay time as the emission is increased from
45 Tg to 80 Tg, but thiss not the case for the integrated SAOD and radiative forcing.
The peak value in the average sulfatdlding decay time ats occurs for lower
injection heightscompared to the peak values in integrated SAOD and radiative
forcing. The sulfate-#olding decay time reflects the loss of sulfate aerosol mass, but
the sAOD is dependent on the aerosol surface area. As the partiolesagd
sediment, which decreases the average aerosol lifetime, the remaining particles are
more optically efficient, hence the integrated sAOD remains higimeredsed
upwelling due to aerosahduced radiative heatingnay increase the tropical
confinemeat and aerosdifetime (e.g. Niemeier et al., 2009; Niemeier et al., 2011)
when the strongest volcanic forcing ocguisspite a lower average@ding decay

time, which reflects all phases of the aerosol deaythe higher atude injections,
enhanced lofting may also result in the aerosol moving to altitudes at which the
tropical barrier is weaker, allowing it to spread meridion@lg. Young et al., 1994;
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Aquila et al., 2012)Additionally, higher temperatures at high altitudes may reduce
the amount of gaseous sulfuric acid that nucleates, and some of the formed aerosol
may then evaporate, reducing the sulfate aerosol mass. Some of this capalso
condense onto MSWhere it remaingin this version of UMUKCA) and photolysis

of sulfuric acidvapour will also produce SOHowever, we find that the proportion

of global sulfur that is in the form of gaseous sulfuric acid compared to sulfate aerosol
is very small in allof the 41 simulations. The largest fraction of global sulfur
accommodated onto MSP compared to the total sulfate aerosol plus gaseous sulfuric
acid at any time in a simulation was 0.23. These effects are unlikely to significantly

contribute to the respoado injection height shown here.

Aerosol radiative heating can also modify the Q@Q. Aquila et al., 2012; Aquila

et al., 2014; Niemeier and Schmidt, 2017; Kleinschmitt et al., 2@&@h further
modulates the tropical confinement and transport of sulfate aerosols out of the tropics
(e.g. Trepte and Hitchman, 1992; Trepte et al., 1993; Punge et al., 200@®uch

beyond the scope of the present study, such dynamical changes induced by the sulfate
aerosol are likely contributing to the response in the model output as fleen&Sion

increases.
Mid- to hightlatitude eruptions

Outside of the tropical pipe, the liflme of sulfate aerosol is dependent on the karge
scale meridional transport, isentropic mixing and transport to the troposphere via mid
latitude tropopause folds, sedimentation and lsage subsidence, where it is
eventually deposited by wet and drypdsition(e.g. Hamill et al., 1997or mid to
high-latitude eruptions, the effect of injection height on the model outputs is less
pronounced than those at low latitudes, as aerosol is not restricted by the tropical pipe
and due to the much faster decay times of sulfate aerosol there is less time for the
growth d particles to offset an otherwise increase in aerosol lifetime with increasing

altitude.

Eruptions with middle injection heights (~BP2 km) in the SH have larger values of

the model outputs than the equivalent eruptions in the NH (e.g. Figures 3.5, & 3.7)
although this is not the case for all emission magnitudes and latitudes. Because our
eruptions occurred in July, largeale mixing, poleward transport and deposition are
stronger in the winter SH at the time of the eruption (Holton et al., 1995). tiosola

at the time of the eruptias greater in the NHout in the majority of our simulations,
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the peak aerosol burden occurs-6-Gmonths after the eruption, consequently
coinciding with the peak summer insolatibthe eruption was in the SH and resugtin

in a larger radiative forcingClimatologically, transport is stronger in the NH and
therefore over the integrated time period NH eruptions may have a lesser impact as
more of the aerosol plume is transported into the troposphere. Differences in the
global model output between eruptions in each hemispdreralsorelated to other
aspects of the stratospheric dynamics such as the position of the tropopause and the
polar winter vortices. The tropopause is lower in the SH (Figure 3.1) such that the
lowest hjections in the NH will be closer to the tropopause where the aemsol i
removed more effectively via isentropic transpamtl tropopause foldsompared to

the equivalent SH eruptio.he polar winter vortices at ~60° inhibit transport of
aerosol to the gles, but effectively remove aerosol that is within the vortex, and the
vortex is stronger in the SH (Holton et al., 1995; Hamill et al., 1997).

In summary, e three outputs investigated are global and -titegrated values,
whose end value is a resualt processes that change in both time and spHue.
response surfaces shown here are the result of multiple interacting and compensating
effects, such as the level of tropical confinement, particle growth and sedimentation
and largescale transport and wing. The results highlight the necessity of using
models with interactive aerosol microphysics in contrast to simpler-bzasesi
aerosol schemes (with fixed size distribution) where increasing injection heights tends
to result in larger forcing (e.g. Janet al., 2017). These results illustrate the value of
using statistical emulation to explore the entirety of the tdneensional parameter
space, where the dependencies of the model output on the eruption source parameters
can change. An online tool alwing the user to explore the response surfaces for other
fixed values has been provided, the link to which is included in the supporting

information.
3.3.2.3 Average response of the model output

Figure 3.8 shows the average response of each model ougadh@ruption source
parameter over the thre@mensional parameter spacecfaand the percentage
contribution that each parameter makes to the model output value (d), calculated from
a variancebased sensitivity analysiSéction 3.2.5)The sensitivityanalysis allows
quantification of the features and trends seen in the initial scatter plots and response

surfaces (Figures 3.3.7).
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Figure 3.8: Sensitivity analysisresults showing the averagdfects of the S©
emission magnitude (red), latitude (orange) and injection height (teal) on the value of
each model output{@) and the prcentage of variance in each moalgiputexplained

by each eruption source parameter (d). The average respoag#sttad against the
normalized parameter range showing the effects from low to higle®@3sions (10

to 100 Tg), from high SH latitudes to high NH latitudes (80°S to 80°N) and from low
injection heights to high injection heightsoftom of the plume fra 15 to 25 km).

The red lines in Figure 3.8 show the response te &fission from low to high
emissions, which results in a decrease in aerosol decay time, and an increase in
integrated global mean sAOD and net radiative forcing. The response to injection
height (teal) from low to high altitudes is seen most clearly for the integrated sAOD.
The response to latitude (orange) from high southern latitudes to high northern
latitudes is most dominant for the sulfatéolling decay time. Interestingly the
averge response shows a ridge in the response to latitude in thte-high latitudes

in the SH, which is apparent for the sulfatéokling decay time and net radiative
forcing, but not for SAOD. The exact cause of the decrease in response remains
uncertainbut could be influenced by increasstidatospheréroposphere exchange

the jet stream regioreanddeposition of aerosol in the SH storm trafdesthe sulfate

e-folding decay time and due seasonally varying insolatidar the radiative forcing.
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For dl three model outputs, the injection height is relatively the least important
parameter, contributing to less than 5% of the variance in each output. As a result, any
change in the model outputs by changing the injection height is dwarfed by changes
to the SQ emission magnitude and latitude. For the average global sulfateirg

decay time, the Smission explains 23% of the variance and latitude explains 60%.
However, for the integrated global mean sAOD, we see the opposite situation, where
the SQ emission contributes more to the variance at 72% compared to 16% from the
latitude. The integrated global mean net radiative forcing is sensitive to the parameters
in a very similar way as we see for the integrated global mean sAOD, but with a
slightly lower contribution from the S©Oemission (63%) and a slightly higher
contribution from latitude (Z®). The contributions suggest that the decay rate of the
sulfate aerosol is primarily dependent on the stratospheric circulation, but the
integrated SAOD and daative forcing depends primarily on the S€nission, which
dictates the amount of aerosol that can form. The slightly larger contribution from
latitude for integrated radiative forcing compared to the integrated SAOD is likely due
to the fact that althagh primarily a function of the sAOD, the radiative forcing is also
dependent on the insolation and cloud cover, which vary as a function of latitude. The
variance contributions do not total to 100% as the total variance is also explained by
possible inteaiction effects (the combined effect of each parameter with the other
parameters) and random noise. In general, this contribution is very small and likely

noise related.

In the following section we explore some of the novel applications of the emulated

surfaces.
3.3.3 Emulator applications
3.3.3.1 Emulator predictions for the 1991 eruption of Mt. Pinatubo

The emulators can be used to predict the atmospheric effects of historic eruptions that
have eruption source parameters within our simulated ranges. There is substantial
uncertainty in both the mass of S€mitted and the injection height of emissions for
historic eruptions due to a lack of direct observations. We can use the emulators to
guantify the range of a model output that is consistent with the estimated urtgertain
range of the eruption source parameters. As an exarRgare 3.9 shows the
emulator response surfaces for parameter ranges relevant to the 1991 eruption of Mt.

Pinatubo (latitude 15°N). For one possible realisation of this eruption (the grey
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triangle) with 14 Tg of S@emittedbetweer21km and24 km, the emulator predicts
an average global sulfatef@ding time of 12 months, integrated global mean sAOD
of 3.6 months and integrated global mean net radiative forcirig3@fMJ n?. When
we account for the uncertainties in the eruption source parameter&g8ssions of
10-20 Tg and injection heightspanning18-25 km; Timmreck et al., 2018 and
references therein) we predict an average global suHtatielieg decay time of ~11

12 months, amtegrated global mean sAOD of ~247% months, and integrated global
mean net radiative forcing of abod33 to-229 MJ n?¥.

(a) Average global sulfate e-folding decay time
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Figure 3.9: Emulated response surfaces at the latitude of Mt. Pindtuteach model
output (ai'c). These surfaces show the predicted model outputs for possible
combinations of the S&&@mission and injection height estimated for the 1991 eruption
of Mt. Pinatubo. We sample a grid of 10000 parameter combinations with the SO
emisson ranging between 10 and 20 Tg (100 equally spaced values) and injection
height between 18 and 25 km (100 equally spaced vadpessenting the bottom of

the plume and latitude fixed at 15°N. The grey triangle maykspossible reasiation

of the 1991eruption with an S@emission of 14 Tg and injection height of 224

km (the triangle marks the bottom of th&® plume).
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Our estimates of average global sulfatéolding decay time, regardless of the
combination of S@ emission and injection heightreain good agreement with
observations and previous model simulations, which repfoideng decay times of
about 1 year (e.g. SPARC, 2006). The equivalent integrated global mean sAOD at
550 nm from the CMIP6 datasgtersion 3) (Thomason et al., 2018)2.5 months

(we calculate podgPinatubo sAOD anomalies by subtracting an estimate of the
background sAOD using years 192000) and is slightly less than the minimum
value of ~2.7 months predicted by the emulator when emitting 10 To&8®een 18

km and21 km.

We can also use the emul ators fiin reverseo
parameters that are consistent with a particular volcanic response. For example, as
seen in Figure 3.9b, there are other parts of the parameter space thatlcam aasu
integrated global mean sAOD close to 2.7 months. Toohey et al. (2011) calculated a
four-yearintegrated global mean volcanic AOD after the eruption of Mt. Pinatubo of
~3 months using a 17 Tg $@mission, which is comparable to our results. Tijeti

yellow region in Figure 3.9b shows the combinations of &@ission and injection
height that result in integrated SAOD <n®nths The SQ emissions must be less

than ~12 Tg, but the injection height can either be less than ~19.5 km or greater than
~24.5 km (given the assumed range i,®@ission and injection height). Of course,

not all combinations of the constrained S8#ission and injection height will result

in an integrated global mean sAOD less than 3; for example, if the mass; of SO

emitted vas 12 Tg, the injection height could not be 19.5 km.

To matd the integrated sAOD value of ~Zrdm CMIP6 for the 1991 Mt. Pinatubo
erugion, UM-UKCA requires S@emissions nearer 10 Tg, with an injection column
bottom nearer 18 km (Figure 3.9b). The small-metch between the CMIP6 value

of integrated sSAOD and the emulator prediction suggests that either the CMIP6 value
is too low, UMUKCA has overestimated theénaospheric perturbation, or the true
SO emission and injection height laid outside of our estimated rangeX)(Ig and

18-25 km). The UMUKCA simulations were also idealized, with an assuméad3
plume depth and were not nudged to 1991 meteorologyhwtas been shown to
influence the initial plume dispers@.g. dnes et al., 2016 However, since the two
estimates are very similar, and the estimated global suHaieiag decay time also

agrees well with observations, the emulators do a very good job at capturing the
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effects of the 1991 Mt. Pinatubo eruptioeflecting the validity of the emulators and
the idealized UMUKCA simulations.

Constraint of the eruption source parameters using the emulators is not limited to
historic eruptions. They can be usedcanstrain the eruption source parameter
combinationdor any given value or range of values of the model outputs attress

full threedimensional parameter spa&e¢tion 3.3.3.2).
3.3.3.2 Parameter combinations that result inintegrated sAOD > 10

Wefurther demonstrate the valoéthe emulators bilentifying parts of thesruption
source parametepacehat result in an integrated global mean sAOD greater than 10
months An integrated value of 10 is roughly 3 times greater than that from the 1991
eruption of Mt. PinatuboWe take a uniformly gridded sample daf million
combinations covering the full threfmensional parameter space (using 100 equally
spaced values across each of the parameter ranges in Table 3.1) and evaluate the
SAOD output at each combination using the emulator. We then retain only the
paraneter combinations that match our criterion of SAGDLO0. Theseresulting
parametecombinations are plotted in FiguB.10 The top row displays histograms

of each individual constrained parameter and the bottom row skiwevivo-
dimensionaprojections otheparameter spatdhatremainson constrain. The colour
indicates thedensity of parameter combinations in that part of remaining parameter
spaceA threedimensionaliew can be obtained using the online tool.

Only eruptions in whichmore than ~56 T@f SO, is emitted have the potential to
produce an integrated global mean sAODabfeastl0 (Figure 3.104a, d & f) as
sufficient sulfate aerosol must be formed. This is approximately the magnitude of the
mass ofSOG; emitted during the 1815 eruption of Miambora (Zanchettin et al.,
2016). Howeverthe injection height is not constrained and the coHomttom can

be at any height between k& and25 km Figure3.10c, d & e). The volcao must

be situated between ~&and 67°N (Figure3.10b, e & f), with higherlatitude NH
eruptions leading to temapid decay of the sulfate aerosol burden to sustain an sAOD
> 10. The constrained space in Figu8elO enables the joint thregimensional
parameter space to be explored. For example, for emissagnitudes in the lower

part of the range, the injection height must be nearer the middle of the range and the
eruption must be neéneequator. Theruptioncan only result in an integrated global

meansAOD > 10 with an injection height columhottom of 24 km if the SQ
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emission is greater than ~79. In general, as th8O, emissions increasend as the
eruption moves towards lower latitudes an integrafgdD > 10becomes more likely

(i.e., there are more values of injection height that can be cenhlrith these other

two parameters to produce sAOD18). At the extremes of the injection height
integratedsAOD > 10is less likely.Figure3.10also reveals some interesting shapes

in the sirfaces. For example, Figure 3eli8 asymmetrical around theusgor and the
eruption can occur at higher southern latitugigl high injection heightghan in the

NH. This is likely a seasonal response, given that our eruptions occur in July, but may
also reflect differences in circulation strength and pattdyetveen the two

hemispheres, such as the polar winter vortex.
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Figure 3.10: Parts of parameter space that result in an integrédedlgnean sAOD
greater than 10 monthBanels (a) to (c) are histograms of the individual constrained
parameter values using 10 bins and the dashed grey lines mark the median values.
Panels (d) to (f) show the combinations of two parameters that remain after constraint
and the colour indicateéle density of parameter combinations (lighter = fewer points,
darker = more points). Panels (d) to (f) are annotated in regions of the parameter space
where the integrated global mean sAOD is not greater thamd@ths with
explanations of why the SAOD hees are lower.
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3.4 Summary and conclusions

We have investigated the influence of the mass of&fitted (between 10g and

100 Tg), eruption latitude (betwee80 S to 80N) and injection height of the
emissions (between X and 25 knmwith an injection dpth of 3km) on the radiative
forcing of a largemagnitude explosive eruption, using a staft¢he-art global
climate model withinteractive aerosol microphysics. We have focussed on three
model outputs tainderstand the radiative impact: the global $el&folding decay

time, the timeintegrated global mean sAOD and the tim&grated global mean net
radiative forcing. In contrast to conventional climate model experimental designs in
which parameters are perturbedisolation we simulated 41 eruptisneach with
different combinations of the three eruption source parameter values. Using Gaussian
process emulators, we then predicted model output for parameter combinations that
we did not explicitly simulate. We calculated the average response of eagh mo
output to each parameter and quantified the relative importance of each parameter.

Our results reveal that thef@lding decay time of the global sulfate aerosol burden
depends primarily on the latitude of the eruption but the magnitude of the ietegrat
global mean sAOD and net radiative forcing is most dependent on the mass of SO
emitted. In general, for successively larger 8@issions and for eruptions closer to

the equator, the magnitude of the net radiative forcing increases due to an increase i
sulfate burden and a longefading decay time of sulfate aerosol in the tropics. As
the injection height of th&0; emissions increases from 15 km to ~20 km, the net
radiative forcing increases, but above ~20 km the net radiative forcing decreases due
to changes in aerosol decay ragesl the scattering efficien@s particles grow and
altitudedependent transport to the extratropics. Compared to the mass @n@@d

and eruption latitude, thenjection height is in relative termghe least important
parameter, contributing to less than 5% of the variance in made! output. Any
change to the net radiative forcing by changing the injection height is dwarfed by any
changes to the S@mission magnitude and eruption latitude. Bfao diagnose the
global and timdntegrated climatic impact of eruptions should therefore focus on

determining the initial mass &C; released rather than the injection altitude.

We have demonstrated that statistical emulation is a suitable and powwelftdr
investigating the volcanic radiative forcing of past and future eruptions. Firstly,

despite only running 41 model simulations, the emulated response surfaces allow us
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to predict in a matter of seconds the global sulfatelding decay time, théime-
integrated global mean sAOD and the timegrated net radiative forcing of any
eruption in the latitude range &to 80N, S& emission between 1Dg and 100 Tg

and emission injection height betweenkib and 25 km (e.gFigures3.5-3.8). An

online tool has been provided in whidwo-dimensionaland threedimensional
emulated response surfaces for all combinations of eruption source parameters can be

explored and constrained.

Secondly, the emulated surfaces expose relationships between the peramethe

model output across the whole parameter space, which in a conventional experimental
design would have been difficult to see. For example, we find that the dependency of
the net radiative forcing on injection height is more important for tropicgtions,

than for eruptions in the high latitudes (e.g. Figure 3.7). The emulated surfaces have
revealed many compensating effects between stratospheric circulation, sedimentation
and the scattering efficiency of particles in determining the net naglifdrcing,

which were not obvious from analysing the model output alone (Figure 3.3).

Thirdly, the emulators allow us to quantify the relationships between each parameter
and the model output such that we can determine the relative importance of each and
calculate the average effect of each parameter on the model output across the whole

parameter space (Figure 3.8).

Finally, we have also shown that the emulators can be used to constrain the eruption
source parameters for a given volcanic response (Fu@®, revealing multiple

solutions.

The emulators are not limited to the thddmensional space presented here nor to the
three model outputs that we chose. For example, we have builinZnsional
emulators to understand aerosol effective radiatikarfg (Regayre et al., 2018} 1-
dimensional emulators to understand deepvective cloudehaviour(Johnson et

al., 2015, and attempted to observationally constrairdZBensional emulators of
tropospheric aerosol processgee et al., 2016)In relation to volcanelimate
studies, future work could explore the contributions of other eruption source
parameters such as plume depth, eruption duration, season of reraptdcQBO
phase.These additional parameters could influence the importance of the three
parameters presented here. However, the emulated surfaces still provideraldirst

estimate of the effects of each of these parameters, which are still likelthi® fnest
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important. Our simulations also started with the same meteorological conditions, and
variations in meteorology could alter the initial plume evoluijery. Jones et al.,
2016) However since the stratospheric dynamican be modified by aerosol
radiative heating and the fact that we have analysed global arthtegeated output,

the effect of initial conditions is likely secomdder to that of the eruption source
parametersin simulations of the 1815 MiTambora eruption we also foutittle
variation amongst ensemble membeith different initial conditiongMarshall et al.

2018). Other model outputs such as peak responses or regional impacts, which are

likely to have larger extremes, could also be explored using this novel methadology

Our results have highlighted the importance of aerosol microphysical processes such
as ®dimentation in determining the magnitude of the volcanic forcing, but model
parameterizations of aerosol microphysical processes in volcanic clouds such as
nucleation and sedimentation are also important causes of model uncertainties (e.g.
English et al.2013). Changes to particle coagulation schemes, for example with the
inclusion of Van der Waals forces, have been shown to change aerosol distributions
(e.g. English et al., 2013; Sukhodolov et al., @0Future ensembles in which the

model process parameters are perturbed would allow quantification of the sensitivity

of volcanic forcing t o (d.ghleeetrad, @3B, dobnsame r o s

et al., 2015; Regayre et al., 2018)
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Appendix: Derivation of the average global sulfate €olding decay time

To determine the average global sulfatfolding decay time we plot the natural
logarithm of the montiyl mean global sulfate burdemomalies fronthe peak burden

and fit a linear regression line from one month after the peak burden to until the burden
has fallen below 10% of the peak burd€ig(re 3.1). Fitting from one month after

the peak ensures thiie sulfate burden is decaying, however the timing of the main

phase of decay does differ between eruptions.

We calculate the averagdading decay time by taking the fitted sulfate burden from

the first and last values of the regression line:

QOEREAN0G Qi ¢p A %

where b1l is the burden calculated from the first value of the regression line and b2 is
the burden calculated from the last value of the line (4"2°%. t2i t1 equals the time

in months between the two burdens.

3.5

== e-folding decay time: 9.1 months
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Figure 3.11: Global volcanic sulfate burder(loge) Tg S for one example model
simulation (red line and scatter points) from the maximum montlelgn burden and
linear regression line (dashed lifdjed from one month after the peak burden up
until the burden falls below 10% of the peak burden. The averégdieg decay
time is calculated using the fitted regression line.
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Key Points:

1 An aerosol microphysics model and statistical emulation are used to constrain
eruption source parameters from ice sheet sulfate deposition

1 Constrained combinations of eruption source parambéess a range in SO
emissions, latitude and radiative forcing dependent on season

f Volcanic aerosol radiative forcing ranges by more than ~300 MJan

eruptions consistent with the top 10 bipolar deposition signals
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Abstract

Reconstructions ohistoric volcanic aerosol radiative forcinigpr pre20" century
eruptionsare commonly based on sulfate aerosol burdens and stratospheric aerosol
optical depth estimated from ice core sulfate recofti® reconstructions rely on
transfe functions that link volcanic sulfate deposited on ice sheets sirtitespheric
sulfate burden, and hence radiative forciagd are in part calculated from these
quantities as observed after the 1991 eruption of Mt. Pinatdbaever, it is
uncertainwhether these functions hold for othargemagnitudeeruptions We use

an ensemble of simulations of an interactive stratospheric aerosol microphysics model
and statistical emulation to predict the ice shadfate deposition and radiative
forcing for housands opossibleeruptionswith a range of sulfur dioxide emissions,
injection heights, latitudes and seasons. fivid that a wide range of eruptien
realisationscan produce ice sheet deposition consistent with measured values after
historic eruptions demonstrating that previously derived transfer functions are
eruptionspecific. For the top 10 bipolar deposition signals recorded in ice cores over
the last 2500 years, the range inyéear integrated radiative forcing across each set

of constrained erdjpn-realisations is greater than ~300 MJ?mexceeding the
magnitude of the timentegrated forcing following the 1991 Mt. Pinatubo eruption by
about a factor of -3. As such, this uncertainty in historic volcanic aerosol radiative
forcing could cause anncertainty in global mean surface temperature response
exceeding the 0.5°C following Pinatubo, which is not accounted for in historic climate

model simulations.

4.1 Introduction

Explosive volcanic eruptions that inject large amounts of sulfur dioxidg) {8 the
stratosphere are significant drivers of natural climate variability on Jauftual to
decadal timescale@@.g. Myhre et al., 2013)Reconstructins of historic volcanic
radiative forcing are therefore required to understand and attribute historic climate
variability on millennial timescalg®.g. Hegerl et al., 2007; Crowley et al., 2008; Sigl

et al., 2015and are used as input to climate models for historical simulaf#ogs
Schmidt et al., 2011lungclaus et al., 2017)
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Despite their importance, recansctions of volcanic radiative forcing are uncertain

due to the lack of wsitu and remote sensing measurements for eruptions before 1963
Mt. Agung. When available, SGmissions and stratospheric aerosol optical depth
(SAOD) are derived from satellitetreevals (since ~1979k.g. Carn et al., 201@nd
groundbased optical measuremelfesg. Sato et al.,, 1993; Stothers, 1996; 2001)
Forcing datasets are otherwise constructed based on volcanic sulfate anomalies
measured in ice cores, which are used to estimate the mass of sulfur injected into the
stratospheréGao et al., 2008; Toohey and Sigl, 20br)the sAOD(Crowley and
Unterman, 2013)Alternatively, the injected mass of sulfur can be estimbatau
petrological and geochemical studies of eruption dep@sitgs Devine et al., 1984;
Scaillet, 2003; Self et al., 2004; Metzner et al., 2014; Vidal et al., 2016)

Sulfatemeasured in ice cores provides a record of volcanism with high temporal
resolution over hundreds to thousands of yéars Sigl et al., 2014; 201Hlowever,

several assumptions must be made to translate measured volcanic sulfate in ice cores
into stratospheric sulfate aerosol burdens,-wisthle SAOD and radiative forcing.
Established methods include using transfer functions to estimate hemispheric
stratospheric sulfate burdefGao et al., 2008; Sigl et al., 2015; Toohey and Sigl|,
2017)or sAOD (Crowley and Unterman, 201&pm ice core composites. Transfer
functions are derived from the measured ice core sulfate and observed stratospheric
sulfate burden or SAOD following the 1991 eruption of Mt. Pinatubo, #stimates

of radioactive material in the stratosphere and measured in ice cores following nuclear
weapons testing in the 1950s and 19@0g. Clausen and Hammer, 198&8) from

climate nodel simulationgGao et al., 2007)

There are several factotisat may affect the relationship between ice sheet sulfate
deposition and stratospheric sulfate burdens and sAOD. Consequently, it is unknown
whether these transfer functions are applicable to eruptions other than 1991 Mt.
Pinatubo. Polar sulfate depositi is modulated by the seas@@ao et al., 2008;
Toohey et al., 2013; Toohey et al., 2018a) atmospheric variabilitfRobock and

Free, 1995; Toohey et al., 2013pohey et al. (2013) found that transfer functions

for tropical eruptions varied with both eruption season and the magnitude of injection
because of differences in transippand dynamical responses, such as a stronger polar
vortex that inhibited aerosol transport to the poles. Stratosphesim@Clions larger

than Mt. Pinatubo may also lead to larger sulfate aerosol particles which have a lower
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radiative forcing efficieng per unit masge.g. Pinto et al., 1989; Timmreek al.,
2010)

Further uncertainties also exist in converting estimated sulfats@dyurdens into
sAOD and radiative forcing. For the reconstruction of Gao et al. (2008), a linear
scaling is applied between the sulfate aerosol mass and é3i0tbers, 1984)Other
reconstructions scale ice sheet sulfate deposition to SAOD based on this relationship
after 1991 Pinatubo but attempt to account for changes to particle sizes for larger
eruptions by applying an idealized 2/3 power scaling (Crowley and Unterm&n 201
Toohey and Sigl, 2017). sAOD is then converted to radiative forcing using further
conversion factors based on climate model simulations of the 1991 eruption of Mt.
Pinatubo (Hansen et al., 2005)However, the relatisship between sAOD and
radiative forcing is uncertain as it is dependent on the aerosol particle size distribution
(Lacis et al., 19923nd the latitude and season of an eruptfordersson et al., 2015)
Derived values aralso dependent on the model configuration and values used include
-20 W m? (Wigley et al., 2005pnd -25 W m? (Hansen et al., 2005; Myhre et al.,
2013)per unit of SAOD. Models may also derive the radiative forcing internally by
using the sAOD as the forcing or from individual Si@jections if the models

coupled to an aerosol microphysics schéAréeuille et al., 2014)

The expected spatial and temaloevolution of the sulfate aerosol mass and sAOD is
based on simple parameterized transport models and/or that following Mt. Pinatubo
(Ammann et al., 2003; Gao et al., 2008; Cleyvand Unterman, 2013Joohey and

Sigl (2017) derived sAOD from individual stratospheric8@ections using the Easy
Volcanic Aerosol (EVA) forcing generat@ioohey et al., 2016bMany eruptions
identified in ice core sulfate records are unattributed, and therefore the eruption season
and latitude must be estimated drittarily assigned. For season, unknown eruptions
are assigned to either Janufyowley and Unterman, 2013; Toohey and Sigl, 2017)

or April (Gao et al., 2008), which introduces further uncertainty because the season
of eruption affects the transport of stratospheric sulfate aerosol and its degGston

et al., 2008; Toohey et al.,, 2011; 201Byuptions are assumed to be tropical if
simultaneous sulfa signals occur in both Antarctica and Greenland (bipolar
deposition signals) and if the ratio between the sulfate deposited on each ice sheet is
close to 1. Unipolar sulfate deposition signals are assumed to arise from extratropical
eruptionge.g. Gao et al., 2008; Sigl et al., 201Bipolar deposition signals may still

be attributed tonid-latitude eruptions, which have polar deposition ratios that diverge
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from 1 because more sulfate is deposited on the closer ic Bbekey et al., 2016a)
Conversely, Toohey et al. (2013) found that it was still possible for a tropical eruption
to have considerable asymmetry in deposited sulfate on Antarctica versus that in
Greenland, with an eruption of 700 Tg Sdring NH winter leading to Greenland
deposition 5 times that of Antarctica deposition. As such, the ratio between Greenland
and Antarctica deposition can vary for a given latitude of eruption, and for tropical

eruptions the ratio may be considerably déferfrom 1.

The difficulty with any reconstruction of radiative forcing is that it does not scale
directly with the deposited sulfate. The forcing (integrated over time) depends on the
global spread of the volcanic aerosol in the stratosphere, itamifetand the
microphysical properties of the aerosol (size, mass and number). All of these depend

on the emission strength, the altitude and latitude of emission and the eruption season
(e.g. Marshall et al., under review). Consequently, for any obsergaie volcanic

sul fate deposition there i s-rpeatlerstaitalolny ¢

a wide range of associated forcings.

Some attempts have been made to estimate the uncertainty enfs3ions derived

from ice core sulfate composg by considering uncertainties in the ice core
composites themselves and in the transfer functions (e.g. Toohey and Sigl, 2017) but
the possible range in radiative forcing has not been quantified. Previous sensitivity
studies investigating the relationgkibetween eruption source parameters and sulfate
deposition in modelling studies have also been based on specifistadass (e.g.

Toohey et al., 2016a) or at single latitudes (Toohey et al., 2013).

Here, we use a staté-the-art interactive stratosghic aerosol microphysics model

to simulate a wide range of largeagnitude eruptions and use the results to build
statistical emulators that describe how sulfate deposition and radiative forcing vary
with eruption magnitude, latitude and injection hei¢fig. Marshall et al., under
review). The emulators enable us to predict the sulfate deposition and radiative forcing
for thousands of eruptions that we did not simulate and subsequeritlyestigate
uncertainties in radiative forcing derived from m@e sulfate recordd$Ve examine

the combinations of eruption source parameters that could lead to measured ice sheet
deposited sulfate anomalies and estimate the associated range in radiative forcings.
Consequently, we calculate the radiative forcing opgons from icecore sulfate

records independently of transfer functions and conversion factors.



136 Chapter 4 Volcanic radiative forcing derived from ice cores

We describe the model setup and statistical emulati®adtion 4.2 and examine the
range in ice sheet sulfate deposition across our simulati@esiion4.3.1. InSection

4.3.2 we constrain the eruption source parameters for the top 10 bipolar deposition
signals recorded in ice cores and examine the volcanic aerosol radiative forcing in
Section 4.3.3. Implications for current reconstructions of histooicanic aerosol

forcing are discussed Bection 4.4.

4.2 Methods

4.2.1 Model description and experiment design

Simulations of volcanic eruptions were performed with the-UKICA interactive
stratospheric aerosol microphysics mod@ehomse et al., 2014as outlined in
Marshall et al. (under review)'he model has a horiztal resolution of 1.875°
longitudeby 1.25°latitudewith 85 vertical levels up to 85 km am@san internally
generatedQuasi Biennial Oscillation GBO) (e.g. Osprey et al., 2013)The
simulationswere atmospherenly and free running, with year 2000 background
conditions that included prescribed climatological sea surface temperatures and sea
ice exteniReynolds et al., 2007)

Aerosol processes were simulated using the GLOM#AIe aerosol microphysics
schemgMann et al., 201Qwith aerosol mass and number concentrations staulila
using 7 lognormal modes. GLOMA#node includes primary emissions, new particle
formation, condensation, coagulation, cloud processing, sedimentation and dry and
wet deposition. In the version used here {UMCA includes stratospheric and
tropospheric cemistry(Morgenstern et al., 2009; O'Connor et al., 2@ aerosols,

and interactive sulfur chemistry as well as aeroadiative heating, which has been
shown to influence volcanic plume dispersion and subsequent radiative effects
(Aquila et al., 2012; Mann et al., 2015)

Two ensembles of simulations were conducted, each contaddireguptions with
different valuesof three eruption source parametefge mass of SPemitted,the
eruption latitude andthe emissioninjection height(as in Marshall et al., nder
review). SQ emissions ranged between 10 Tg and 10®fT§O, latituderanged
between 80°S and 807Mnd thebottom injection height variedetween 15 km and

25 km with a plume depth of 3 knThevalues of theeruption source paramesdor

each ensmble simulationweredefinedby usingad ma x i mi ndé L adésigm hyper cub
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(Figure D.1) to achieve good coverage of the thdémensional parameter space
(Morris and Mitchell, 1995; ke et al., 2011; Marshall et al., under revie@he
ensemble was performed for eruptions daduary and the other on 1 July to examine
the seasonal dependence of meridional stratospheric aerosol transport and sulfate
deposition. Each eruption (simulation) was initialized bydtijey the SQ into the

grid boxes within the -Em plume over 24 hours. Both ensembles were initialized
during similar easterly QBO phases. Two control simulations were also conducted
without any volcanic perturbation, initialized from the same point ds easemble.

The two control simulations together provided 9 years of background data. The
ensemble simulations were run for 38 months post eruption, by which time the
majority (at least 83%, mean = 93%) of the injected sulfur had been deposited as
sulfate.

The simulated sulfate deposited in each month (kg I8®%) was calculated by
summing the dry and wet deposition flux components (kg I8®? s') for each
aerosol mode and multiplying by the number of seconds in each month. The volcanic
sulfate depositio was determined by subtracting the climatological monthly mean
sulfate deposition derived from the 9 years of control simulation. These anomalies
were integrated over the 38 months (~3 years) of each simulation to produce the total
volcanic sulfate depason. Timeintegrated radiative forcing was similarly calculated

by integrating the net (shortwave + longwave)-tdthe-atmosphereutgoingall-

sky globaimean radiative flux anomaliesver the 38 months of the simulation.
Radiative flux anomalies wereedved from a control simulation initialized at the
same point as the volcanic simulatioge use the term RF to refer to the time
integrated global mean radiative forcing.

4.2.2 Statistical emulation

Statistical emulators are used as surrogate statisticasegations of the UM
UKCA model, which can be evaluated in a fraction of the time compared to the
simulations themselves. An emulator maps a model output (e.g. total sulfate deposited
on Greenland) to the input parameters (here thee®@ssion, latitudend injection
height) and is used to predict that model output for any combination of the input
parameters that was not explicitly simulated. By sampling from an emulator thousands
of times, a multidimensional response surface of the model output caererajed

across parameter space, based on only a small set of model simulations.
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We build four Gaussian process emula{@3%1agan, 2006; Lee et al., 2011; Johnson

et al., 2015)of the simulated deposition: total sulfate deposited on Greenland for
eruptions in January and July, and total sulfate deposited on Antarctica for eruptions
in January and July. We build eachwdator using RR Core Team, 2017) and the
DiceKriging package(Roustant et al., 2012)Following a Bayesian statistical
approach, each model response is assumed a priori to follow a Gaussian process,
which is then updated with theodel output from 30 of the 41 ensemble members,
known as Otraining runsbo, to generate the
provides a mean prediction of the model output along with an estimate of the variance
in this prediction. The remaining libsilations of each ensemble are used to validate
each emulator by comparing the emulator mean prediction with uncertainty for the
parameter combinations of each simulation to the actual model output of each

simulation.

The amount of sulfate deposited or the sheets for a given atmospheric burden is a
result of a chain of several processes that includes the-deade stratospheric
transport of sulfate aerosol, stratospheoposphere exchange and deposition. These
processes, especially the depositang variable due to stratospheric variability (e.qg.
because of the QBO) and tropospheric meteorological variability such that varying
the initial conditions of our freeunning simulations could lead to different ice sheet
sulfate deposition fluxes. Hereewdo not run a meteorological ensemble for each
training point in parameter space and cannot account for this internal variability in the
conventional way. Instead, we account for the internal variability using an alternative
method by adding a noise vari@e term when building the emulatgRoustant et al.,
2012) The addition of the variance term allows the emulator to vary more smoothly
such that the meaemulator predictiordoes not have to exactly pass throulgé
model training datde.g. Johnson et al., 2011; Andrianakis and Challenor, 2012;
Williamson et al., 2015; Salter and Williamson, 2016his way, we can effectively
characterize conventional ensemble member variahili the construction of the
emulator with the emulator mean prediction reflecting a meteorological ensemble
mean. The uncertainty on the emulator predictamtounts fothe inherent emulator

uncertainty and the additional noise term because of inteanability.

The variance is included by specifying an estimated variance on the model output of
each training run during the construction of the emulator. We choose to add a
homoge®rous noise term to each emulator. We estimate that the calculate@ sulfat
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deposition output has a standard deviation due to the internal variability of 10:kg SO
km2in Greenland and 2.5 kg S®m?2in Antarctica. These values were chosen based
on prior knowledge of deposition in Antarctica and Greenland from previous
modelling studies, from the deposition variability in previous WUMCA
simulations, and whether the validation of the new emulator was improved compared
to an emulator built without a noise term. For example Toohey and Sigl (2017)
suggested relative standard dgwns (RSD) of 16% in Greenland and 9% in
Antarctica due to the meteorological state, based on ensembles of atmasphere
simulations of eruptions with a range of S&nission magnitudes from 8.5 Tg to 700

Tg (Toohey et al., 2013). Similarlgao et al. (2007)eported ~120% differences

in sulfate @position over Greenland and Antarctica amongst ensemble members
following simulations of eruptions with S@jections ranging from 5 Tg to 122 Tg.

We found that across 5 meteorological ensemble members of simulations-of UM
UKCA (also atmospherenly) ofthe eruption of Mt. Tambor@arshall et al., 2018)

the standard deviation of the Greenland deposition was 6.2 kKknS&RSD = 20%)

and the standard deviation of Antarctica deposition was 1.6 kr8&RSD = 8%).

Given that the simulation of Mt. Tambora was initialized with a 60 Tg injection at the
equator, it is reasonable that an average noise variance term for our ensemble with
emissions spanning 10 Tg to 100 Tg-S@Dd across both high and low latias] is
higher. Regardless of the value of estimated noise, the overall shape and pattern of the
emulated surfaces remains the same but emulator validation is improved using the
given values. We found that higher estimates of this noise variance led & poor
emulator validation and response surfaces with reduced variation in model output

versus the eruption source parameters.

We build two further Gaussian process emulators of the RF for each season (January
and July). These emulators are built without ndiseause the radiative forcing
signals have relatively low variability (they are not determined by tropospheric
meteorology) and validation of the emulators was reasonable without an additional

noise term (Marshall et al., under review).

Validation of theemulators we use is shown in Figures D.2 and D.3. The emulator
predictions follow the 1:1 line in all casdsut Greenland deposition tends to be
slightly underestimated by the emulator (Figure D.2). The 95% confidence bounds on
the emulator predictionsre larger for the deposition emulators (Figure D.2)
compared to the RF emulators (Figure D.3) because the fit is more uncertain and
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because of the additional noise term in the build. Overall, the emulators are reasonable
surrogates of the UNUKCA output. Enulated response surfaces of the model outputs
were produced by sampling the predicted mean response of each emulator 1 million
times over a thredimensional grid generated with 100 values of each eruption source

parameter (covering the range in valuesudated for each parameter).

4.3 Results

4.3.1 UM-UKCA -simulated sulfate deposition

Figure 4.1 shows the tirmiategrated sulfate deposition anomalies (over 38 months)

for the 82 UMUKCA model simulations plotted against the SS#ission, latitude

and injection heighof each simulation. Deposition increases on each ice sheet as the
SO emission increases and for eruptions at high latitudes (i.e. closer to the ice sheets).
Because the deposition is dependent on both these parameters, there are eruptions that
are cloe to the ice sheets but have low deposition because thend§sion was low

and eruptions with high S@missions but low deposition because they are far away
from the ice sheet (freedimensional view is shown imé supporting information

(Figure D.4)). There does not appear to be an obvious relationship between the

injection height and the deposition.

On average, we find that the deposition on Greenland is higher than on Antarctica,
with a maximum of 148 kg S{km2 deposited for an eruption at 79°N occurring in
January, with a SOemission of 84 Tg. The maximum simulated Antarctica
deposition of 65 kg S£km™ occurs for a July eruption at 72°S with a;Smission

of 98 Tg. Lower deposition on Antarctica compare@teenland was also found by
Toohey et al. (2013) for tropical eruptions, most likely because of stronger meridional
transport in the NH and increased deposition because the NH is relatively more
dynamically active than the SH. In the SH the stronger poldex will inhibit more

of the poewardsaerosol transport. Deposition on the ice sheets will also vary with
SO emission magnitude given an increase in sedimentation as particles grow larger
such that they may be deposited before reaching the ice simekettronger polar
vortices arising from aerosalduced stratospheric heatirfoohey et al., 2013;
2014)
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Figure 4.1: Time-integratedanomalousieposied sulfateon (a) Greenland and (b)
Antarctica in each simulation versus theuption source parametefeft = SQ
emission, middle = latitude and right = injection heigbgposition from the January
eruptions are shown in teal and in orange for the July eruptions. There are different
scales on the y axes between (a) and (b). A #lieensional view is shown irne
supporting information (Figure D.4).

Deposition on Greenland is higher for tropicaliions occurring in January (teal
circles in Figure 4.1a) because more sulfate aerosol is transported to the Northern
Hemisphere (NH) via the Brewer Dobson CirculafiB®C), which is stronger in the
winter hemisphere. Similarly, both total Southern Hemisphere (SH) deposition (not
shown) and deposition on Antarctica from tropical eruptions is greater if they occur
in July (orange circles in Figure 4.1b) following thesenal cycle of the BDC. For
eruptions at latitudes greater than ~30°N/S we find that the total hemispheric
deposition is similar between the seasons, but ice sheet deposition varies between
seasons, but is not consistently larger in either one. Diffeseimcéhe seasonal
response for midio-high latitude eruptions could be dependent on thged@ssion
magnitude and injection height but also seasonal variationstratosphere
troposphere exchange amdifate aerosol deposition rates for example in theé mi
latitude storm trackée.g. Kravitz and Robock, 20115easonal differences may also

arise due to internal variability.

Figure 4.1 shows that theeis some spread in the ice sheet sulfate deposition values
around zero for eruptions located at high latitudes in the opposite hemisphere to the
ice sheet. The time series of the sulfate deposition anomalies can be very noisy, and
it is not certain thathe anomalies are always due to the deposition of volcanic sulfate

(Figure D.5). This is because the difference between the ice sheet sulfate deposition
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in the volcanicallyperturbed simulations and in the control climatology includes not
only the volcant sulfate deposition, but changes to the background tropospheric
sulfate aerosol deposition because of changes to stratospheric dynamics and
tropospheric meteorology induced by the eruption (i.e. the control and perturbed runs
effectively behave like two eteorological ensemble members). Consequently, the
amount of background tropospheddginating sulfate aerosol can be very different

in each perturbed simulation compared to the control climatology. For example,
integrated deposition anomalies can evennegative because the climatological
deposition is higher than in the perturbed simulation, which represents just one
possible realisation of reality (an example is included in Figure D.5). Similarly,
integrated anomalies can also be the same magnityalesaible volcanic signals if

the background deposition in the perturbed run was higher than in the climatology.
For example, an eruption simulated at 63°S results in Greenland depokRibikg

SOy km?, unlikely to be of volcanic origin (Figure D.5).di a false positive) and
which is similar in magnitude to the signal recorded in Greenland ice cores after the
tropical eruption of Mt. Pinatubo in 199(@Sigl et al., 2015) There is more
anthropogenic sulfate in the NH, which may also add to the increased variability
simulated in Greenland depositioice sheet deposition signals from eruptions at
latitudes of greater than ~30°N/S in the opposite hemisphere may therefore result from
variability in the norvolcanic background deposition, although we do find that sulfate
aerosol can be transported globally for eruptions at latitudes as high as 79° (not
shown). The emergence of a signal showing an increase in deposition with increasing
latitude occurs once the deposition is greater than ~20 kd®@®in Greenland and

once it is greater than ~10 kg $Kn2 in Antarctica.

Ice core records of sulfate degtion represent only one realisation of the possible
deposited sulfate and although the variability in background sulfate deposition is less
in the preindustrial atmosphere, our results (in a modern atmosphere) still demonstrate
that the deposition isrsingly influenced by tropospheric meteorological variability
and that many eruption signals could be masked or even inflated by internal
variability. Attempts are made to remove variable background deposition when
detecting volcanic signals in ice corefaté measurements, such as by filtefjeg.
Castellano et al., 2005; Gao et al., 2008; Ferris et al., 2bblyever, these are still
subjective, and volcanic events may be missing, unoleeven oveipredicted in
volcanic brcing reconstructiong@.g. Gao et al., 2008; Sigl et al., 2015)
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Next, we build statistical emulators of the deposition to each ice sheet for each season
and from this point forward the emulatpredictions araised in place of the UM

UKCA simuldion output The emulatedesponsesurfacesdescribethe trends and
patterrs seen acroshe UM-UKCA simulations (Figurd.1) but enable us to see how

the deposition varies continuously across the parameter values. Ho@esem|and
deposition below ~20 kg S@m™ and Antarctica deposition below ~10 kg

may be produceldy nonvolcanic sulfate deposition as identified in Figure 4.1.

Emulated response surfaces showing the predicted deposition against the latitude and
SO emission of an eruption for three fixed injection heights are shown in Figure 4.2.
The surfaces highlig further the dependency of deposition on the combination of the
SO and latitude Sigl et al. (2014suggested that Antarctica deposition following a
tropical eruption was insignificantly different for eruptions at different latitudes (4°S
versus 15°N). Our emulated surfaces show that this may be the case for S@alle

emissions, but not necessarily for the largest emissions.

The majority of predicted deposition appears independent of injection haigtihe
response may be masked by the inherent noise in the deposition sigoalse
injection height is the bsst important parameter in determining the magnitude of the
deposited sulfate (Figurel). In Figure 4.2c the curved response at high latitudes and
high SQ emissions is likely due to the emulator fit, which struggles at the edge of the

parameter space.

The difference between the emulated deposition in the two seasons (shown in Figure
D.6) shows clearly that the deposition is higher on the ice sheet in the winter
hemisphere if the eruption is tropical and these differences increase in magnitude as
the SQ emission increases. For eruptions between ~30°S and ~60°S, Antarctica
deposition is higher if they occur in January (summer) likely related to a weaker polar
vortex, which otherwise inhibits the depositioflowing an eruptionn July (winter),
althoughthe effect will depend on the time it takes for the aerosol to form and be
transported to Antarctica and how strong the vortex is at this point.
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Figure 4.2: Emulatedresponsesurfaces at fixed injection heights for each of the
deposition emulators(a) Greenland deposition following a January eruption, (b)
Greenland deposition following a July eruption, (c) Antarctica deposition following a
January eruption and (d) Antarctickeposition following a July eruption. Each
emulator is sampled at fixed injection heights of 16 km, 20 km and 24 km. The
surfaces show the emulatareanprediction of the deposition against S€mission

and latitude of eruption at each of these heighterd are different colw scales for

the Greenland and Antarctica deposition.

4.3.2 Constraining eruption source parameters

The validated emulators can be used to predict the sulfate deposited on each ice sheet
for any combination of S©emission, latitude andnjection height within our

parameter space, for eruptions occurring in either January or July. By using the

emul ated sulfate deposition fAin reverseo

we
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source parameters that lead to deposition within a measured Tamngés similar in
concept to analysis by Toohey et al. (2016a) who constrained the likely parameters
for the 536 CE and 540 CE unattributed eruptions by comparing the deposition in
potential candidate simulations with measured ice sheet depositiont thegpsed

the ratio of the ice sheet sulfate deposition as opposed to the absolute magnitude. To
illustrate the constraint procedure in this study, we take the emulated deposition and
constrain the source parameters of eruptions that lead to the iee slifate
deposition derived from ice cores for the 1815 eruption of Mt. Tamboraolee
derived deposited sulfate from the most recent comprehensive andebajition

array of ice cores is 39.7+10.4 kg £Kn? in Greenland and 45.8+5.3 $&m2in
Antarctica (Table 4.1; Sigl et al., 2015).

Figures 4.3a and 4.3b show the thdé®mensional constrained parameter space for
each season using the ranges of ice sheet mean deposition on Greenland and
Antarctica provided by Sigl et al. (2015). The uncertasiton the emulator
predictions (that the emulator itself derives) are included during the constraint. These
uncertainties increase with distance (in parameter space) from the training runs
because there is less information on how the model output vaesiastion of the

input parameters. Here combinations of parameters are retained if the emulator mean
prediction plus or minus one standard deviation (SD) falls within the range of the ice
corederived sulfate deposition estimates. The colour in FiguBe sthows the

emulated mean prediction of the RF for each eruption and is expldsedtian 4.3.3.

For an eruption occurring in January, the predicted deposition falls within both the
Greenland and Antarctica deposition constraints only if theé®@ssim is greater

than 73 Tg and the latitude of the eruption is between 20°S &&d Bl®e injection

height remains unconstrained. For an eruption in July, only eruptions wigh SO
emissions greater than 81 Tg and with a latitude between 4°S a8d&® produe
Greenland and Antarctica deposition that matches both ice sheet constraints. The high
SH latitude eruptions may be returning combinations where the Greenland deposited
sulfate is a result of newolcanic sulfate. Constrained combinations that have
latitudes greater than ~38/S and result ira bipolar deposition signahould be
interpreted with cautiogiventhat it is plausible that thiewer ice sheet deposition
magnitudes in the opposite hemisphare produced by nois@-igure 4.1, Figure

D.5).
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Figure 4.3: Constrainegparametespace showing the combinations of;2®mission,

latitude and injection height that result in the possible range-abieederived sulfate
deposition following 1815 Mt. Tambofeom Sigl et al. (2015). (a) and (b) show the
constrained space for January and July eruptions. (c) and (d) Bbaweristrained

space if the iceorederived estimates are divided by 2 for January and July eruptions,
respectively. Parameter combinations are retained if the emulator mean prediction
plus or minus 1 SD for both the Antarctica and Greenland depositiomittain the
ice-corederived constraints. The constrained space is made up of scatter points of the
parameter combinations and the colour of each scatter point shows the emulator mean
prediction of the RF for each of these eruptidsection 4.3.3).

Only eruptions in July return matches of plausible eruption source parameter
combinations that match the Mt. Tambora latitude of 8°S and thee®{3sion of

these combinations must be greater than 96 Tg. These combinations are also on the
very edge of the latide range retained. Because oup 8Aissions are capped at 100

Tg, it may be that for an eruption at 8°S to produce the measured deposition, it is more
likely that the emission needs to be much higher. We have also only built emulators
for eruptions occuing on 1 January and 1 July, whereas Mt. Tambora erupted in
April 1815. The predicted deposition is generally higher in Greenland for January
eruptions, and higher in Antarctica for July eruptions (Figure 4.2) and deposition
following an April eruption wuld also vary given seasonally varying stratospheric

transport of sulfate aerosol and depositional processes (e.g. Gao et al.,, 2008).















































































































































































































