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SUMMARY

A simple physical model of the atmospheric effects of larga@sive volcanic eruptions is developed. Using
only one input parameter - the initial amount of sulphur diexnjected into the stratosphere - the global average
stratospheric optical depth perturbation and surface ¢eatpre response are modelled. The simplicity of this
model avoids issues of incomplete data (applicable to monepeehensive models), making it a powerful and
useful tool for atmospheric diagnostics of this climatefiog mechanism. It may also provide a computationally
inexpensive and accurate way of introducing volcanic #gtimto larger climate models. The modelled surface
temperature response for an initial sulphur dioxide ingegtcoupled with emission history statistics, is used to
demonstrate that the most climatically significant volcamtuptions are those of sufficient explosivity to just reach
into the stratosphere (and achieve longevity). This stusty aighlights the fact that this measure of significance
is highly sensitive to the representation of the climat&panse and the frequency data used, and that we are far
from producing a definitive history of explosive volcanison &t least the past 1000 years. Given this high degree
of uncertainty, these results suggest that eruptions ¢fedise around and above 0.1 MtsSi@to the stratosphere
have the maximum climatic impact.

KeEYwoORDsS Wolcanic Eruption Sulphate aerosol Climate response

1. INTRODUCTION

Volcanic eruptions provide a unique test of climate sevigjtiThey are short-term
events which generate a transient response in the atmespinercan lead to a transient
change in the global surface temperature. To attempt a itptarg measure of volcanic
eruption significance for climate, there are two aspecttfanism which require an
understanding. Firstly, we must understand how the clonasponse depends upon
the initial material released into the atmosphere by anosiy volcanic eruption. The
second is a consideration of the frequency of occurrencesstbe spectrum of eruptive
magnitudes. In order to address these issues, a simple maddleen developed to
reproduce the change in global average stratosphericabplapth after an explosive
volcanic eruption as a function of time, and to then caleuktcharacteristic global
temperature response. The model is made up of a series atahygchanisms, each
of an appropriate and similar sophistication given the igalf available data for
validation. The model is then used in an attempt to undedstauption size significance
by considering eruption strength frequency data. This isedn show which class of
eruption may be most climatically important when their fregcy is taken into account.

Natural atmospheric perturbations are important for ustdeding anthropogenic
effects, in order to accurately attribute cause to short land-term global climate
change. Volcanic events can provide an understanding of demgitive the climate
is to large chemical and radiative perturbations. The apiesc effects of volcanic
eruptions can be both regional and global. Direct effectva€anic eruptions on
regional climate are caused by ash, which can smother ahagaebil and vegetation
(Decker and Decker 1997). The build-up of gaseous produuntsaerosols in the
troposphere from frequent small, or effusive eruptions, iogpair air quality (Stothers
1996). Significant global effects are usually associatdt \girge explosive eruptions
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that are powerful enough to inject material directly inte siratosphere (Grainger and
Highwood 2003). The ash material will fall out due to gratidaal settling within
months, but optically active aerosols develop from sulpbhargases in the plume.
These may remain there for typically 2-3 years. Gaseous &@ sulphate absorb
strongly at infrared wavelengths, and result in local mgaptiChanges in heating rates
in the stratosphere can lead to changes in the pole-wardetatoype gradient, and
have been shown to affect the dynamical circulation in mo@bbock 2000). Other
effects include a significant perturbation of atmosphehienaistry (Coffey 1996), and
more indirectly the possible nucleation of clouds in thgtrephere (Tabazadeh al.
1997). Only the development of sulphate aerosols in théosiphere and their effects
on the net radiative flux are considered here. Attention reenlfocused on very
large eruptions like Pinatubo (McCormick 1992; and othealhough it is known that
smaller, more frequent eruptions can dominate in terms of &@issions (Graét al.
1997). Detailed numerical simulation of the sulphate a@rpsoduced by a specific
eruption has developed a good understanding of the dyngroieamical and radiative
processes which occur after a large eruption (PudykiewiddZxastoor 1995; Timmreck
et al. 1999; and others).

The main aspect of volcanism pertinent to this problem isemmssion history
of SO, into the stratosphere. Explosive eruptions are stochastats. Evidence of
their historical activity comes from ice core samples, teptheposition analysis and,
more recently, atmospheric optical depth measurementsatetlite observations. The
method used here is likely to have a significant influence enabults of this study.

The volcanic sulphate recorded within ice cores can proaidannual to decadal
record of atmospheric state from snowfall for up to thousaofl years. However,
the potential for pollution of the sulphate signature frothes sources is substantial,
particularly in the Northern Hemisphere from the interamtt effusions of Icelandic
volcanism, and from marine sulphate. Even after efforts doect for these, event
strength requires calibration against a well known erupfior a process that may
not be entirely linear. It has recently been shown that gmoisl can arise from this.
In the case of the 1883 Krakatau eruption particularly, lis\atological effects do
not agree well with the estimated mass of,.Sfought to have been released (Shine
and Highwood 2002), and yet it has been used as a referenpgoerfLamb 1970;
Hyde and Crowley 2000; Satet al. 1993). At present, ice core sampling can only
in the first instance represent atmospheric depositionefpties, where conditions
mean that they have remained frozen. There is thereforeldamnoof associating the
strength of a volcanic signal with the latitude at which tmepdion took place, and
how representative this might be of the contemporary glaolsttibution of sulphate
aerosol. Simultaneous use of ice core samples from botls padelld be an optimal
way of estimating the strength of a global eruption, withtter calibration with well-
characterised eruptive events. However, inter-compaiigandependent ice-cores can
present additional calibration problems to be overcomddg@ai et al. 1997). The
extent to which the measurements represent the constitaroéntrations of the global
atmosphere at the time of deposition is open to interpmiatlthough in a semi-
guantitative way, ice cores are self-consistent indicass to the periodicity of large
volcanic eruptions in the past. The historical frequencgrofptions emitting less than
3 Mt is indiscernible, since it is unlikely that their sigre@n be accurately detected in
ice cores samples above noise (Crowley 2003, personal caomation). We can get
a fair approximation of the eruptive frequencies for smaliptions by using satellite
observations over the past 30 years.
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Tephra, or fallout sediment analysis, can provide an estiohthe explosiveness
of a known eruption event. It is however not obviously rafate the amount of S©
emitted by the eruption. The Volcanic Explosivity Index (YYEvas derived to cata-
logue the explosive magnitude of historical eruptionsgllasn the order of magnitude
of erupted mass, and gives a general indication as to thédnthiig eruptive column
reached. The VEI itself is inadequate for describing theoatrheric effects of volcanic
eruptions. This is clearly demonstrated by two eruptiorgyifg (1963) and El Chichon
(1982). Their VEI classification separates them by an orfleramnitude in explosivity
although the volume of S{released into the stratosphere by each was measured to be
broadly similar, as shown by the optical depth data for the émuptions (Satet al.
1993). For modern volcanism, $@mission is estimated using geological analysis in-
cluding the ‘petrologic method'. This involves the comgan of gas inclusions formed
within the magma chamber (under pre-eruptive conditionsl) @upted inclusions. It
has been found that this technique can significantly unterate the S@ emission
when compared to satellite estimates (Self and King 1996tkkh and Gerlach 1992).
The refinement of this technique remains an ongoing chadlémgthe geological com-
munity. Satellite measurements themselves, by far the awusirate of such methods,
deliver mass estimates with up to 30% uncertainty (Krieget. 1995), but good records
only exist for the last 25 years.

The second data component needed for this study is the fiegudata for past
volcanism: this has significant shortcomings, and is gdiyer@complete (Newhall
and Self 1982). The decadal rate of all eruptions recordedeircores has remained
approximately uniform for the last 1000 years (Zielingitial. 1994). The eruptive
frequency data from other sources (for the past 500 yeamy shmarked increase
in eruptive rate as they approach the present, especially twe advent of satellite
observations which were able to catalogue smaller eruptitwbally (Newhall and Self
1982; Sateet al. 1993; Bluthet al. 1997). The relative frequencies of eruptions for the
period 0—999 AD are much less than for the period 1000-2000#A®unclear whether
this is an actual lull in volcanism or that the record hasefhiio capture or preserve the
events. As such, eruptive frequency estimates can depefifteaize of eruption, the
period of time considered and the type of measurement tggenExtensive ice core
samples reflect the occurrence of large eruptions, butdadlapture the small ones.
Conversely, recent short-term observations accurat@gesent small, more frequent
eruptions, but the repose times of the larger eruptionseyrerid the length of the record.

Pyleet al. (1996) used the generally accepted premise that the glacar®nce
of large eruptions of a given magnitude follows a Poissotritligion for mid to large
eruptions. They used satellite observations to model thguigncy of the mid-range
eruptions (over a 10 year period) and ice core and compoaitesitts to model larger
eruptions with greater repose times. Ice-core sulphafégsavere then used to estimate
the stratospheric sulphur flux per year. These and otheraghagsis techniques can be
used to extrapolate as much information as possible froiapaata. In this study
however, only eruption statistics for equatorial eventsiclv are most likely to have
global consequences, are considered. This also affordsegr@mplicity for the model
being developed here.

It has been demonstrated (Stothers 2001; S%atal. 1993), that northern and
southern hemisphere optical depth perturbations diveogsiderably for an eruption
away from the tropics, but can be similar for equatorial &oms. This is because
erupted material, upon reaching a great enough height, maad in the meridional
circulation in the stratosphere (WMO 1998; Roscoe 2001)alSeruptions which
would reach the stratosphere at high latitudes may not da $wei tropics, where the



tropopause is up to 5 km higher. The classification of theasipity of these boundary
region eruptions is poorly defined, as is the degree to whiabi@no’s elevation may
contribute to where it lies on this scale.

With large shortcomings in the available data of the fregyeand magnitude of
historical volcanism, models of these events are limitedhto extent to which they
can be validated with observations of the real atmosphericBlarly, attribution of
global temperature change to one eventis problematic &dlithate response variable.
It is therefore reasonable to question whether thoroughcamdplex models can be
any more accurate at representing historical volcanism ¢ghaimple physical model
designed to capture gross characteristics of past globasgheric eruptive effects,
with a consistant level of sophistication throughout eaelys. Section 2 describes the
development of such a model, which is validated in sectiolm 3ection 4, the model
is used together with a frequency distribution for erupgiom determine which size is
most climatically important.

2. SMPLIFIED MODEL

Stothers (1984) modelled northern hemisphere visual etidim observations after
the 1815 eruption of Tambora to obtain an empirical relatigm describing the evo-
lution of the aerosol optical properties. It was of the fouym = 3.0t%%exp(—1.1¢),
whereAm is a measure of optical depth ahid the time since the eruption in years. This
model fit to a few data points allowed the peak stratospheading and time evolution
of the aerosol to be estimated; however it was eruption 8pgwith too many degrees
of freedom to make it adaptable to other eruptions.

Bluth et al.(1997) used TOMS (Total Ozone Mapping Spectrometer) dateetate
a potential aerosol loading model, and attempted to repmdue optical depth time
series from Satet al. (1993). They created a simple box model governed by two rate
equations. The first described the rate of formation ££6, from the oxidation of S@,
and the second the rate of aerosol removal. It was foundhisattodel achieved a peak
aerosol loading approximately four times faster than treeoled aerosol optical depth
peaks, and was attributed to a rate-limiting reaction mg&om the chemistry of the
model. Here, the concept of a simple box model is extendeitikaah initial eruption
of SO, to a change in surface temperature. This process is entgefgnised as five
steps. Conceptually, this model would ideally describectiwution of the atmospheric
constituents and their physical properties at uniform fsdimtime and space.

e A mixing ratio of sulphur dioxide is injected into the strafinere and distributed
over time, formally described by b, (¢, z, ¢, 8), where t and z represent time and
altitude,¢ andé horizontal coordinates.

e A mixing ratio of aerosol evolves over time from the oxidaticondensation and
coagulation of S@ characterised by Mosol(t, 2, 8,6, n(r)), wheren(r) is the
aerosol size distribution.

e Anoptical depth perturbation results from the optical pndies of aerosol present
7(t, 0,9).

A radiative forcing results from the change in optical de@k(r, ¢, 0, ¢).

The surface temperature changes as a response to thevaftieting, AT (AFt, 6, ¢).
It is important to note that whilshF andAT; are both functions of and¢, AF
does not necessarily map LT ; geographically.
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At present, the available data could only validate some ekéhsteps. It is also
important that the relative sophistication of each stepilmitdd by the mechanism
modelled or validated with the most uncertainty. With reigatio the relatively simple
parameterisations used here, it is the surface temperagpense to a radiative forcing,
AT, which is global by definition. Furthermore, with this motieg gross global effects
are captured at a resolution that can be reasonably validéth the available optical
depth data. As such, a range of assumptions and approximaie required. Firstly,
the aerosol precursors are taken to be spread homogenaouslgtratospheric box
from the moment of eruption. Such an assumption limits th@iegtions of this model
to simulating equatorial eruptions, since their matesahst efficiently distributed to
both hemispheres (Roscoe 2001; Stothers 2001). The totalrarof SQ injected into
the stratosphere is assumed to be directly related to theirineoupted, although this
relationship is beyond the scope of the model.

Sulphur evolution is prescribed by steady rate constards iaptimally oxidising
stratosphere. The long-wave effects of sulphate aerosolsegjlected here as they are
thought only to account for 10 % (after Pinatubo) of the magté of total volcanic
radiative forcing (but opposite sign to short-wave) (Stékav et al. 1998). Possible
dynamical changes due to long-wave heating in the stragwepre also neglected here,
since the climate model used is based solely on the concepoloél energy balance.
Optical depth is considered to be independent of the aewvastital profile. It is also
assumed that the background stratosphere is ‘clean’, thtrial integral to the model
forms the only aerosol present.

(@) Sulphur Dioxide and Aerosol Evolution

It is proposed that a linear average of the spatial propgedfethe atmospheric
products is a reasonable concept. This means that takinglti@l mean erupted
SO, which initially would be concentrated at the source and aristent elsewhere, is
equivalent to modelling the mass spread homogeneouslytiiermoment of eruption.
The formation and evolution of sulphate aerosol will be niledehere by 3 equations.
Firstly erupted S© will be oxidised, the gaseous product will then condenseoin t
aerosols, and these aerosols will gradually fall out of theg@spheric box. For a given
mass of SQ@ released from an explosive volcanic event, spread homaogeshg an
appropriate column mass is evolved subiject to the follovdifigrential equations. For
the decay of S@gas in moless

ds _
dt
with the boundary condition(0) = M, the total mass injected into the stratosphere.

is the rate constant which describes the decay of &0t is oxidised. The amount of
gaseous KiSOy, g and liquid HSOy 4, I, is determined from

—as Q)

dg
2 _gs — 2
o s by (2)
dl

The rate of change of the concentration of gaseowS® is controlled by a
gain term from the oxidation of SO(as) and a loss as aerosol particles are formed
(bg). This formation is taken to occur at a constant rdteThis intermediate rate
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constant grossly describes a number of processes that foc@uiphate aerosols to be
produced, including nucleation, condensation, and ceaaignl (Pruppacher and Klett,
1997). Equation (3) describes the evolution of aerosoldhayg are formed, and are
subsequently lost from the stratosphere by gravitaticedihsentation, governed by rate
constant. The solutions are

s(t) = Me™® (4)
I(t) = ia_]\i (e_“t — e_Ct) + —(c _aj)Q(]I\)4_ J (e_“t — e_Ct) ©

abM _ ¢
ey )

There is a mass factor introduced upon the oxidation of 8Caccount for the
molecular mass increase from 64 to 9884,). The liquid aerosol formed in the model
are taken to be composed of 75%30, and 25% HO (Hofmann and Rosen 1983), so
the total mass increases gxyjpon the introduction of water to the mass oS0, ;). The
inital mass of S@is doubled upon development to mature aerosol. Thus ratdaois:
andc have been inferred from satellite measurements. For thtieruof Mt. Pinatubo,

a was of the order og% per day, i.e. it had an e-folding time of 35 days (Resal.2000).
The loss of mature aerosol from the stratosphere for thigtiemuhad an e-folding time
of 365 days (Lamberet al. 1997). A best fit for Pinatubo was obtained whérmok

a value ofﬁ. This rate constant is not measured directly in the real sprinere. The
extension of using these rates universally for the sizegafgruptions considered here
is supported by validation against a number of eruptionsaofimg strength, including
Agung (1963) and El Chichon (1982).

The individual solutions to these equations are shown in Ffgr a Pinatubo-like
17 Mt initial injection of SGQ. When the model aerosol (6) is eventually converted to
an appropriate optical depth it is found to under-estimagedatellite retrieved global
average optical depth for all eruptions. The effect is ma@npunced with smaller
column concentrations. Rather than a deficiency in the alptiepth calculation, this
is attributed to insufficient aerosol mass being createchbyntodel. It is thought that
this may be due in part, to poor representation of the sedatien process. As shown
in Fig. 1, the material ‘sediments’ fromx0, when in reality the aerosol would be too
immature to do so (Blutket al. 1997; Pruppacher and Klett 1997). In the atmosphere,
the rate of growth of aerosol is related to the ambient comagon of the reagents,
but here this is compounded by immediate fall out. Furtheen®edimentation velocity
is a function of aerosol size and height (Pruppacher and K@97). None of these
factors are implicitly included in the model. In order to cheterize a more realistic
representation of the sedimentation process, a delay iesatpupon its initialisation
(Eq. (7-8)). This delay allows aerosol in the model to ‘gréavgenerate a more realistic
optical depth than if they sedimented from the start of thgpton at a uniform rate. It
is worth noting here that the mass distribution of aerosalsld/show that the action of
the heavier particles dominates the mass transpoit)agarticles with a radius of 0.1
pm have the equivalent mass of one/Af particle, although the smaller ones may be
more optically important at short wavelengths.



-2

0055 “““““““““““““““ ;
0.04 :

0.03 F

ps=nam
/
/
|

0.02F | :

0.01F ¢ e ;

0.00F e
0 100 200 300
Time / Days

Column concentration / g m
/7

Figure 1. The solutions of the differential equations (4n8 8). The lines show the relative concentrations of

SO, (dashed), HSOy (dot-dashed) and aerosol (solid) for the first 300 days afteinatubo-like eruption. The

SO, depletes exponentially, with a characteristic e-foldingetof 35 days. The gaseous 80y is created at this

rate, but is gradually evolved into liquid aerosol and saeleses. The aerosol increases at this rate, but is lost as

it sediments out of the box with an e-folding time=fl year. Also shown is the lower concentration of aerosol
predicted by eq. 6 (dotted). See text for an explanation atothis is too low.

After a finite time ofp days, an upper bound to the rate of change of the aerosol con-
centration is prescribed, and represents the latest tiatasdaimentation can reasonably
be considered to have begun.

dl. [ bg t<p
ﬁ_{bg—cl t>p (7)
This has solution:
R e L) vy
R = R R e =R =) Ll I
(8)

A good fit to the optical depth data after Pinatubo is achidee@=300 days. This
is close to the peak aerosol loading time of mid to large @wnpt(Satoet al. 1993).
Using this method in combination with the previous (6), whseedimentation begins
att=0, the model can represent a range of sedimentation sosndhis delay factor
is an indication that in order to accurately describe thdutiam of the aerosols, more
rate-determining steps would be required than the thrdgésmtodel. It is found that the
same value op adequately parameterises these processes for the sizeaigmgiptions
considered here, and the model remains computationabkpareive.

(b) Optical Depth
The model is then required to calculate a visible opticaltllémm the calculated
column of HSQO,. A conversion relationship was derived using balloon-keasptical
particle counter data (Deshlet al. 2003). Vertical profiles of size-resolved aerosol
concentrations in the wake of the Pinatubo eruption weresored above Laramie,
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Figure 2. The optical depth, corresponding to a measuraghrsoimass of HSOy. A linear trend line to data
provides a linear conversion factor from modelled coluny8B, and an associated optical depth perturbation.
See text for an explanation.

Wyoming (4T N). A sample of these vertical profiles was integrated oveirthize
distribution to find their mass concentration with heightdahen summed through
the stratospheric column to find the total mass of aerosa. fElsults are shown in
Fig. 2, and compared against the column optical depth medswvom the ground.
The measurements made at this one site are taken to be amsltwgaerosol optical
properties globally. This may introduce some uncertaimsywill a possible difference
in the optical properties of nascent and mature aerosdig@adth this is likely to be
small). The effects of the height distribution of the aet@se considered to be minimal.
Note that Fig.2 contains volcanic and non-volcanic measargs and so includes the
variability of effective radius. The figure shows that optidepth can be parameterised
in terms of stratospheric column liquid sulphuric acid. Tabal average optical depth
conversion from a column mass of aerosol (¢ found by this method is:

7= (3.56 + 0.11)] 9)

The uncertainty specified here results only from the spré#tealata. For compar-
ison, Zielinski (1995) used an value of 3.4/ based on a theoretical study by Stothers
(1984).

(c) Radiative Forcing and Surface Temperature Change

A radiative forcing resulting from the optical depth petation is then required (in
accordance with this chain of processes) to estimate adhealrsurface temperature
response. This model uses the standard relationship foadittive forcing of

AF ~ (=30 F7.5)T (10)

(IPCC 1996; Laciset al. 1992), although this is likely to be an over-estimate of the
radiative forcing due to aerosols (Andronaitaal. 1999; Trentmanet al. 2002; Hansen

et al. 1992). The climate response to forcing is calculated usiogeadimensional En-
ergy Balance Model (EBM)(Shine and Highwood 2002). The timeg/ing temperature
response of the atmosphere is represented by Eq. 11.



dAT,
dt

C represents an effective heat capacity of the ocean-atmmosgystemAF the time-
varying radiative forcing and the climate sensitivity. The EBM calculates a change in
the global mean effective surface temperature. Shine aglovtiod (2002) evaluated an
0.3 K agreement of the EBM with a GCM for a doubled £i0rcing. This results in an
error on an equilibrium calculation of 12.5 %. This error &tcularly sensitive to the
value of\ used. EBMs are widely used by the IPCC and in the literature y&eld good
simulations of the evolution of historical global mean sud temperature deviations
when compared to observations (Kinfe 2003). The naturei®B&BM means that it will
calculate a linear response to forcing. The degree of masdiity in the actual climate
response is an open question at present.

C

AT,
=AF(t) — TS + noise (11)

3. VALIDATION

The model was tested by reproducing the global averageabmtépth for initial
stratospheric injections of sulphur dioxide accordingite magnitudes in the literature
for Mt. Pinatubo (1991), El Chichon (1982) and Agung (196R)ese were all near-
equatorial eruptions (less than30 °) that the model was designed to represent. These
eruptions produced aerosol clouds which spread initialgifferent hemispheres. In
the lower stratosphere the material is spread prefergnt@mlthe winter hemisphere,
but if the aerosol is resident for more than one season rahteitl eventually spread
to both hemispheres and the atmospheric effects are gléhelbiggest uncertainty
arises from the estimate of initial SQeleased from an eruption, but it is a pivotal
variable in the model. The mass estimate of erupted f&@n Pinatubo is taken from
Bluth et al. (1992). An SQ mass of 9 Mt was used to model El Chichén. This value
lies at the upper end of the range of uncertainty for the vaktenated by Bluthet
al. (1997). A best fit was achieved for Agung using a;S@ass of 7 Mt, which is in
good agreement with estimates of Self and King (1996). Thelte of the model were
compared with measurements of global average optical defitiwing the eruptions
(Satoet al. 1993), shown in Fig. 3. Optical depth measurements weretdfieliminate
the background level before comparison with the model testihe good agreement
between observations and the model suggests that the nsanfeddequate complexity
to represent the global average time-varying optical depiperties of volcanic aerosol,
based on an initial injection of SO

Figure 4(a) shows the peak change in temperature predigtédebmodel in its
delayed sedimentation regime for a range of initiab$@ass injections. In response to
an estimated S©Oloading, the model predicts maximum global average optieaths
and temperature perturbations for three eruptions, asrshowable 1. These results are
compared with observed maximum optical depths and temperahanges calculated
using more complex models or observations.

For comparison, also plotted is a best fit line to 5 eruptifmen Sigurdsson and
Laj (1992), attributing a change in Northern Hemispherdasar temperature to the
sulphur yield of an explosive eruption. Four of these wengadgrial and the remainder
Northern Hemisphere, so the comparison with this tropiaghgon model is not entirely
a fair one. As mentioned, associating a change in globaldéeatgre with an eruption is
difficult, and heavily reliant on computer models. The NerthHemisphere eruptions
used in the data within Sigurdsson and Laj (1992) includei (Ak83) and Mt. St.
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Figure 3. The 0.5%m optical depth reconstruction of three equatorial expksblcanic eruptions. The solid

line represents modelled optical depth evolution fromah0O, mass injections (see text for discussion). Also

plotted are month and global mean observed stratospheticabgepth, associated with a 25% uncertainty

estimate, according to Sa#t al. (1993). The second peak in the Agung plot is possibly sparitue to poor

contemporary sampling [Dyer and Hicks, 1968]. Despite iitgpéicity, this model achieves a good fit to these
observations.

TABLE 1. MODEL VALIDATION

Optical Depth Max. GlobalAT/ °C
Eruption SQ/Mt  Observed Model Observed Modél
Pinatubo 17 0.14- 0.04 0.17+ 0.05 0.5+? 0.54+0.15
El Chichon 9 0.09: 0.02  0.089+0.025 04+? 0.2940.08
Agung 7 0.088+ 0.02 0.06% 0.02 0.3+£? 0.22+0.06

1 Satoet al(1993).

2Based on model error of 28 % (see section 3).

3Hanseret al. (1992).

4Predicted, but observations coincided with an El Nifio e{®obock and Mao 1995).
5Sadleret al. (1999).

? Uncertainty on these measurements not given

Helens (1980). These are not the types of eruptions the memhk}s to represent.
The former was an effusive event, with eruptive episodesioir intermittently over

a period of many months in the higher Northern mid-latitydesd there is some
debate over whether any $@ould have made it to the stratosphere (Highwood and
Stevenson 2003). The latter was again in the mid-latitudasd, whilst powerful its
blast was predominantly sideways of the volcano, and thegstion of SGQ which
reached the stratosphere was significantly reduced. Mt. ektrid does not show a
signature in polar ice core samples, and was associatedowiyha large, local (and
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very temporary) temperature change. Furthermore, thegsatyre changes attributed
to these eruptions have uncertainty associated with theitadR et al. (1976a) give a
modelled relationship between optical depth and globakmestemperature pertubation
of

AT =0.35 — 6.87 (12)
This study has produced an alternative relationship of
AT = (—4.5F 7.5)T (13)

This results in the final relationship between total,S@ading (in grams) and
maximum temperature response of

AT =-3.2F0.9 x 10 *[SOyy)] (14)

We have calculated a conservative estimate of model erroe 28 % formulated
from errors in each step of the model. The model error is leas the measurement
error of SQ loading, which at best is 30 % and at worst an order of mageitud

This relationship is valid for amounts of S@p to 25<10'g. Above this, non-
linear effects in aerosol formation, and possibly climagponse, would suggest caution
is needed. It has been proposed that self-limiting effeots fstratospheric dehydration
may prolong the lifetime of the aerosols (Bekki 1995), orh@g concentrations may
promote increased aerosol coagulation and shorten tliefinie in the stratosphere
(Pintoet al. 1989). Future chemical modelling and GCM experiments wbelteeded
to determine the validity of this relationship for largeuptions.

4., ERUPTION SIGNIFICANCE

A measure of the climatic significance of a particular sizeroftion can be under-
stood as a product of the magnitude of an explosive volcanjt®n and its frequency.
Small eruptions are frequent, very high magnitude oneswhiay discernibly affect
global temperature are rare, and a spectrum exists in betviess therefore asked,
which magnitude of eruption is climatically more signifitamhen its frequency is also
taken into account?

With the data presently available, an effort at describiregftequency distribution
of large equatorial eruptions is attempted. An importamisideration in any frequency
analysis of this sort is that various data sets from diffesenirces over different periods
of time will yield dissimilar frequency estimates. Hyde a@rbwley (2000) produced
a volcanic radiative perturbation PDF, based on 600 yeac®wiposite ice core data,
to predict the chance of future climatically significant lggd eruptions. Efforts have
been made to combine what frequency data is available tga@asa the properties of
eruptions. These include the Volcanic Sulphur dioxide ¥déSI (Schnetzleret al.
1997) and Volcanic Gases Into the Stratosphere, VGIS (Hal®@7) (both tied to the
VEI), but there are many statistical ways of analysing suatadand it is not clear
whether one particular method is more valid than another.

Here, two data sets are considered in order to describedatiffgegions of the
frequency and strength spectra. These measures have lzssmdb be directly related
to actual aerosol mass loading amounts. Firstly, it has Hearonstrated that data from
the TOMS (Total Ozone Mass Spectrometer) can be used tevetrdlumn S@amount
(Bluth et al. 1997). The satellite data set used here spans 16 years.driog includes
the eruptions of El Chichén (1982) and Pinatubo (1991)sTikithe most accurate
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Figure 4. (a) Temperature change predicted by the model fgvem initial volcanic S@ injection into the
stratosphere from an explosive equatorial eruption witldeherror bounds (solid lines) and modelled/observed
data (dashed lines) for northern hemisphere temperatapomee (Sigurddson and Laj 1992 unless otherwise
stated). Data points from left to right are Fuego, Agun@fl)Maria, Krakatau, Agung (2, Sadleral. 1999), El
Chichon (Robock and Mao 1995), Pinatubo (Hansetal), Tambora. (b) Frequency distribution from ice core
(triangles) and satellite data their (diamonds - see t&kB.points are mean annual frequency estimates with large
SO, mass uncertainty estimates. The line is a fitted distributiche two parts of the trend. (c) The product of the
annual rate of eruption from the combined data sets and ehiangjobal average surface temperature modelled
for an emission of S@(solid line) and northern hemisphere observations (dakhed

record of large S@ emissions into the atmosphere. Secondly, GISP2 (Greemtand
Sheet Project 2) data, as presented in Zielinski (1995)usee to describe historical
volcanism over the last 1360 years (dated from the first emgifter a break in the data

in which no eruptions could be retrieved). This length ofdire more likely to include
more, larger eruptions, which have repose times greatarttizd of the shorter satellite
record. Zielinski (1995) parameterises a maximum totaloafpheric mass loading of
H,SQO, to eruption S@* signatures in the ice core. Intermediate estimates of half
this predicted atmospheric loading (as calculated in @i (1995)) are used here
to account for uncertainties in the conversion and so thateffects of sampling are
adequately represented.

Figure 4(b) shows the annual frequencies calculated fongeraf SQ emissions
from the two data sets. These may be considered Poissoncoemfi for each size
range (Pyleet al. 1996). Two linear relationships have been fitted to diffenearts
of the distribution: before and after the maximum. This fiilkely to change upon the
introduction of other data sets, particularly the peak ®and the shape of the turning
point.

Figure 4(c) shows the product of the change in temperat@wdigied from a mass
of SO,, and the annual frequency of eruptions of each mass rangeciitve peaks
sharply where the frequency data indicate the largest arfhuxaof SO, occurs. It
demonstrates that the most climatically significant eangiare those that occur most
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often, but which just reach the stratosphere: eruptiongtiegnion average 0.1 Mt. The
dashed line shows the product of the Sigurdsson and Laj §18932fit multiplied by
the frequency distribution, and shows that the quantificedif the significance of larger
eruptions appears to be strongly dependent upon how thestaiape response of the
atmosphere is modelled or measured.

5. CONCLUSIONS

A simple model has been developed to estimate the globahgeesurface tem-
perature response to an injection of sulphur dioxide intodtiatosphere from a large
explosive volcanic eruption. The model is built upon thegpaeterisation of five steps
whereby this process is understood to occur. The concemtrat SO, within a strato-
spheric box, representative of the global average, is edointo a mass of sulphate
aerosol. A relationship between aerosol mass and an opligah perturbation is pa-
rameterised from balloon data of the Pinatubo aerosol. ifhiarn is converted to a
radiative forcing, all of which is adjoined to a simple enelmlance model to predict
an idealised global average surface temperature response.

There is little data to directly connect an $Q@erturbation with a change in
surface temperature resulting from the optical propexieserosol that follows. The
temperature change predicted by the model compares aeéggudth other more
sophisticated climate model results for two eruptions, ibshould be stressed that
the energy balance model is one-dimensional, and prediotear response to direct
forcing. Sedimentation in the real atmosphere is a compiebspatially varying process
after an eruption, but a good parameterisation of its glakatage properties has been
achieved with some relatively simple mechanisms. The ustelafyed sedimentation
allows the progressive sedimentation due to the differatgsr of aerosol growth and
location in the stratosphere after an idealised eruptiobet@xpressed. The primary
strength of the model lies in its ability to accurately reate the global average
optical depth perturbation from some significant eruptiarséng only simple physical
relationships, from a single input variable (§OConsistent levels of sophistication
are maintained throughout the model and yet it does fairly. Where are some direct
applications of this part of the model, including puttingdnd large volcanic eruptions
into more sophisticated climate models in an accurate bupcationally inexpensive
way. Working backwards to retrieve an initial mass estinfrate global average optical
depth measurements could prove illuminating for histéreraption recreation, but
would be complicated by multiple events. There are obviougdtions to the model.
There is no account of the background aerosol layer, or @rathclei or aerosols that
could already be present in the atmosphere. The model isaonfyppropriate analogue
for eruptions of a size that can be validated with obsermatioptical depth data, and
that are not so large that non-linearities become impartant

By linking volcanic SQ to global average temperature change in a physical
way, an attempt to characterise historical volcanism imseof strength and climatic
significance is made. This required a frequency distrilbuti@ modelled, and two
combined sets of volcanic eruption records were used to ftarhasis. In principle,
satellite data for a recent period of 16 years provides ateunformation about mid-
range frequent eruptions, but cannot capture the frequdistsibution of eruptions
larger than any that have occurred within the satellite’'srapon. Ice cores represent
a different problem, in that they may describe well the fitgies of large eruptions,
but large uncertainties are associated with values of &0pted, and these are crucial
for climate studies. It is likely that some kind of responsadtion which varies with
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both time and eruption strength must be applied to ice cgreass, but the shape of this
function is undetermined. Ice cores do however provide #s imformation available
about historical explosive volcanism.

The size significance maximum (Fig.4(c)) is very sensitivéhe frequency distri-
bution (especially for larger eruptions), but possibly msp to the rate at which the
atmospheric response changes with eruption size. Foriensph the range of 0.1 Mt —
20 Mt, this model achieves a good representation of the élesage properties it seeks
to reproduce. Below this range it is probable that eruptamesnot powerful enough to
significantly perturb the stratosphere, and are less signififor global climate change
for timescales of more than one year. Furthermore, the gilemage temperature per-
turbation from an eruption emitting less would be undetadetabove natural variability.
It is likely that eruptions of 0.1 Mt, where figure 4(c) peakffect the atmosphere in
more subtle ways than direct radiative forcing, or resuteimperature changes compa-
rable with natural variability. Such mechanisms cannot lagribsed with this model,
but their sheer frequency suggests their importance.

Above this range the stratospheric response to such a sugauing is uncertain,
but may be complicated by non-linearities not included iis timodel. Eruptions of
this size are rare in the period of modern measurements, aydwot be climatically
significant on decadal to century timescales by themseBe#ier observations of
climate response and transport are required to validaterandel output. The biggest
uncertainties for future work lie in not knowing preciselgvihmuch SQ was released
by individual historical eruptions, and in inferring the ygain which the atmosphere
was affected by these and modern eruptions.

Any attempt to provide a comprehensive estimate of the tdstifrequency of the
various size ranges of volcanic eruptions will be subjedatge uncertainties. Equally
(in importance, and possibly more so in magnitude), efftotcalculate a generic
temperature response from the climate will be uncertaintduee complexity of the
system. The process developed here is considered to be phasoation appropriate
to these high levels of uncertainty. This method of caleutpt temperature response
that is directly related to the initial volcanic $@erturbation (for the range considered)
begins to show how two different eruptions can be comparethéar potential climatic
impact, based on their stratosphericsSnission alone.
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