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Stratospheric sulfate aerosols and their impact on climate:
from volcanoes to proposed human interventions

by Ilaria Quaglia

Aerosols are fine solid, liquid or mixed-phase particles suspended in the air.
Their chemical composition, concentration, size and shape is highly variable in the
troposphere, while the stratosphere contains a persistent layer of predominantly sul-
fate particles, due to the different sources and transport mechanisms involved in the
two layers of the atmosphere.

Aerosols are a key component of the Earth’s atmosphere because they affect air
quality, meteorology and climate. They interact directly with solar and planetary
radiation through its scattering and absorption, altering the Earth’s energy balance
and, in turn, affecting changes in temperature and precipitation. Indirect interaction
with radiation occurs through modification of cloud reflectivity, as aerosols act as
cloud condensation nuclei for cloud droplets and ice particles and thus affect the
droplet size and number concentration.

The aim of this thesis is to provide an overview of atmospheric aerosols cover-
ing main sources and sinks, the chemical and microphysical processes involved, and
the optical properties which affect aerosol interaction with radiation. The main fo-
cus is on sulfate aerosols, which are dominant in the stratosphere, because of their
implications in climate change.

Sulfate aerosols scatter the incoming solar radiation and absorb the infrared ra-
diation resulting in a cooling of the surface and heating of the region of the strato-
sphere where they resides, which in turn impact the atmospheric circulation, the
stratospheric heterogeneous chemistry and the hydrological cycle.

The main contributor to stratospheric aerosols under perturbed condition are
volcanic eruptions, which can inject sulfate precursor gases directly into the strato-
sphere along with ash, water vapor and other compounds; therefore, due to the
climatic impact of sulfate aerosols, volcanic eruptions are a natural cause of climate
change. Here we study the evolution of the simulated stratospheric aerosol cloud
following the well-observed June 1991 Mount Pinatubo event, comparing six inter-
active stratospheric aerosol microphysics models with different observations, and
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we show where there is agreement among the models and where there are differ-
ences in relation to differences among the dynamical, microphysical, and chemical
modeling schemes.

Simulating volcanic eruptions can be considered a test case for evaluating cli-
mate models and interest in assessing the reliability of climate models in simulating
stratospheric sulfur injection has recently increased because of the similarity to geo-
engineering experiments, aimed to counteract global warming. Here we show the
advances in Stratospheric Aerosol Injection (SAI) which is one of the geoengineer-
ing strategies and involves the continuous injection of sulfate precursor gases. We
propose, among the SAI strategies proposed so far, the increased surface emission
of carbonyl sulfide, a sulfate precursor gas in the stratosphere, evaluate its risks and
benefits compared with the more commonly studied sulfur dioxide injection strat-
egy. Finally, we assess the hydrological impact of large explosive volcanic eruptions
occurring during SAI deployment, considering a medium and large case of large vol-
canic eruption and define the risks and whether an SAI strategy could be modified
in order to limit them.
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Introduction

Aerosols are a fundamental component of Earth’s atmosphere because they affect air
quality, meteorology, and climate. Aerosols are defined as fine solid, liquid or mixed-
phase particles suspended in the air, and their concentration, chemical composition,
size and shape are highly variable across the planet and determine their impact on
climate. We can make a clear distinction between aerosols in the troposphere, the
first layer of the atmosphere up to the tropopause, which lies between 8 and 16
km depending on latitude, and the stratosphere, above the tropopause up to ∼50
km, because of the different sources and processes involved in their formation and
removal. This thesis focuses on the stratospheric aerosol layer and the impact on
climate of its perturbation due to natural events or deliberate interventions.

The stratosphere normally contains a layer of aerosol particles that is stable, con-
stant in time and space, and composed mainly of sulfate particles (Junge and Manson,
1961). Sulfate aerosols interact with radiation by scattering and absorption, and their
enhancement results in global cooling of the Earth’s surface and warming of the re-
gion of the stratosphere in which they reside, which in turn affects precipitation and
atmospheric dynamics.

The formation of sulfate aerosols in stratosphere occurs through homogeneous or
heterogeneous nucleation of sulfuric acid, present in the stratosphere from the oxida-
tion of sulfur dioxide (SO2). The main contributor of sulfur compounds to the strato-
sphere under background conditions is carbonyl sulfide (COS), which is a long-lived
species that allows it to be transported up to the stratosphere where it takes part in
chemical reactions that lead to the formation of SO2 (Khalil and Rasmussen, 1984;
Ulshofer et al., 1996). Other sulfur compounds such as carbon disulfide, dimethyl
sulfide, hydrogen sulfide and SO2 emitted at the surface have too short a lifetime to
be transported to the stratosphere however large explosive volcanic eruptions might
inject these sulfur precursor gases directly in the stratosphere.

Large explosive volcanic eruptions are considered a natural source of changes in
climate because of the strong perturbation they produce on the stratospheric aerosol
layer. The Mount Pinatubo eruption of 1991, one of the largest volcanic eruptions in
the past 100 years, along with those of Mount Agung in 1963 and Mount El Chichón
in 1982 (for which fewer observations are available), and it injected between 4 and
22 Tg of SO2 (Bluth et al., 1992a; Guo et al., 2004a) and produced a global cooling
up to -0.3 K in 1992-1993 (Dutton and Christy, 1992; Hansen et al., 1992; Canty et al.,
2013).
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The cooling effect observed due to increases in stratospheric aerosol loading af-
ter large volcanic eruptions has prompted modeling studies of the viability of inten-
tional stratospheric aerosol enhancement to offset the climate effects of increasing
concentrations of greenhouse gases (Budyko, 1977; Crutzen, 2006). Stratospheric
Aerosol Injection (SAI), which mimics volcanic eruptions by injecting aerosols or
aerosol gas precursors into the stratosphere, is one of the strategies proposed under
what is known as Solar Radiation Modification (SRM), a deliberate climate interven-
tion aimed at changing the reflectivity of the atmosphere. The growing interest in
SRM has highlighted the importance of assessing the reliability of chemical-climate
models in reproducing the radiative forcing associated with stratospheric aerosol
injection, which, by analogy, can be verified by comparing model simulations with
observations of volcanic eruptions.

In Chapter 1, we provide a general overview of atmospheric aerosols covering
main sources and sinks, the chemical and microphysical processes involved, and the
optical properties which affect aerosol interaction with radiation. We then focus on
the stratospheric aerosol layer and its formation under background conditions and
the implications produced by its perturbation by explosive volcanic eruptions and
SAI.

In Chapter 2 we discuss a new model inter-comparison study based on the origi-
nal paper Quaglia et al. (2023) concerning the simulation of the June 1991 Mt. Pinatubo
eruption, as prescribed in the Historical Eruptions SO2 Emission Assessment exper-
iments (HErSEA), in the framework of the Interactive Stratospheric Aerosol Model
Intercomparison Project (ISA-MIP; Timmreck et al., 2018). We compare results of six
global circulation models with interactive aerosol microphysics (ECHAM6-SALSA,
EMAC, ECHAM5-HAM, SOCOL-AERv2, ULAQ-CCM and UM-UKCA) with a range
of observations, to show the agreement and discrepancies between the models and
between the models and observations, at different initial sulfur amounts and injec-
tion altitude.

In Chapter 3 we propose and simulate for the first time with the ULAQ-CCM
model an enhancement of tropospheric emission of carbonyl sulfide as an alterna-
tive to the more common geoengineering strategy of injecting SO2 into the strato-
sphere. The impact on radiative forcing, ozone chemistry, and acid deposition and
the feasibility of the method are discussed and compared with the simulation of sul-
fur dioxide injection into the tropical lower stratosphere. This study is based on the
original paper Quaglia et al. (2022).

In Chapter 4, we assess the impacts of a large explosive volcanic eruptions oc-
curring during a potential SAI deployment, considering a lower- and upper- bound
case of large volcanic eruption and define the risks and whether an SAI strategy
could be modified in order to limit the side effects. Simulations are perfomed with
CESM2(WACCM6) model for different injection settings and using a feedback algo-
rithm to control global temperatures and their horizontal gradients which affects the
pattern of precipitation change and ITCZ shift.
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Finally, in Chapter 5 main findings are summarised and discussed.
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Chapter 1

Literature review of background
concepts

1.1 Atmospheric aerosols

Aerosols are defined as solid, liquid or mixed phase particles suspended in a gas.
In the atmosphere they extend from the surface up to 40 km altitude, with compo-
sition and sizes that varies spatially (Fig. 1.1). The interest in aerosols is related to
their impact on air quality and health, meteorology and climate. Impact on climate
include the change in Earth’s radiative balance through scattering and absorption of
radiation by aerosols, and, indirectly, through changes in cloud coverage as aerosols
serve as cloud condensation nuclei for cloud droplets and ice particles form. There-
fore, they also affect precipitation and provide surface available for heterogeneous
chemistry. Their impact depends on their composition and size which differently
interact with the radiation and affects their residence in the atmosphere.

FIGURE 1.1: Examples of aerosol in the atmosphere: from left to right
volcanic ash, pollen, sea salt, and soot. The image is taken from
NASA, compiled from USGS, UMBC (Chere Petty), and Arizona State

University (Peter Buseck).

Atmospheric aerosols composition relevant for climate contains organic matter,
soot, sulfate, nitrate, ammonium, sea salt, soil dust. They are emitted in the at-
mosphere directly as particles (primary aerosols) or formed in the atmosphere by
gas-to-particle conversion (secondary aerosols). Natural emissions include up-lift
of soil dusts and sea salt by the winds over sea surface and lands, respectively, in-
jection of silicate minerals and sulfate aerosol by volcanic eruptions, and emissions
of organic matter, soot and soil dust by natural biomass burning. Cosmic dust is
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another natural source of primary aerosols, called Meteoric Smoke Particles, which
are mainly found in the mesosphere, upper stratosphere and winter polar regions.
These are samples from comets and asteroids that, upon entering the atmosphere,
ablate, giving rise to metal atoms that become oxidized and polymerize into par-
ticles (Rapp et al., 2012; Kremser et al., 2016). Anthropogenic emissions include
particles as organic matter, soot, sulfate, and metals through fossil-fuel combustion,
anthropogenic biomass burning and industries emissions. Secondary aerosols in-
cludes sulfate, ammonium, nitrate and organic compounds which are chemically
produced by oxidation of precursor gases, as nitrogen oxides (NOx), sulfur oxides
(SOx), and Biogenic Volatile Organic Compounds (BVOCs), into gases with a lower
saturation vapor pressure.

Aerosol precursor gases can form new particles through gas-to-particle conver-
sion (or homogeneous nucleation), in which gas molecules aggregate to form a clus-
ter that condenses to form small liquid droplets, or they participate in condensation,
in which gas diffuses and changes its state to liquid or solid over the surface of the
nucleated particle, increasing its size. Particle growth can also occur through coag-
ulation, a process in which two particles collide and stick together during random
motions. The prevalence of one growth process over the other, depends on the parti-
cle number concentration, precursor gases concentration and size of the particles: in-
deed, the rate of coagulation is increased by high numbers facilitating collisions and
reduced by the presence of larger particles due to their slower random motion. As
revers of condensation, evaporation occurs when aerosols are moved into a warmer
environment and it is the case of stratospheric aerosols transported upward by the
Brewer-Dobson Circulation (BDC) in the tropical stratosphere. Other atmospheric
aerosol removal processes are wet and dry deposition and gravitational settling. Dry
deposition consists of turbulent diffusion transport of gases or aerosols from the at-
mosphere to the surface where on contact they stick to or react with the surface. Wet
deposition consists of the scavenging of atmospheric gases or aerosols by hydrome-
teors (incorporation into cloud droplets, fog drops, rain, snow) and consequently re-
moved by rainout. Gravitational settling or sedimentation (or gravitational settling)
is the sinking of particles at their fall speed, determined by the balance between the
force of gravity and the opposing force of drag due to air viscosity. The processes of
aerosol formation, growth, and removal are illustrated in Figure 1.2.

The size of these aerosols varies from a few nanometers to 100 µm in diameter
and depends on their origin and formation. A first distinction in size is between
fine and coarse particles, with diameters less than 2.5 µm and greater than 2.5 µm,
respectively, which identify particles formed from the nucleation and condensation
of vapors from those particles originating by mechanical processes, such as wind-
blown dust, sea spray, and volcanoes (Fig. 1.3). Fine particles are additionally dis-
tinguished in nucleation mode with diameters up to 0.01 µm, Aitken mode with
diameters from about 0.01 to 0.1 µm and accumulation mode for diameters from
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FIGURE 1.2: Schematic representation of the microphysical processes
involved in aerosol formation, growth and removal. Figure taken

from https://www.global-climate-change.org.uk/6-6-1.php.

about 0.1 to 2.5 µm. The nucleation mode includes fresh particles formed by the ho-
mogeneous nucleation of atmospheric gases that grow within minutes or hours in
the Aitken mode. The accumulation mode includes particles grown through coagu-
lation of Aitken mode particles and through condensation of vapors on pre-existing
particles. Particles in the accumulation mode are removed mainly by wet and dry
deposition, particles in coarse mode through rainout and sedimentation, which here
is more efficient than for the accumulation mode because of higher sedimentation
rates due to their sizes.

The size and composition of aerosols are some of the parameters that determine
the radiative effects in their interaction with radiation. When an electromagnetic
wave of a certain wavelength, emitted in this case by the Sun or the Earth’s sur-
face, impinges on a particle, the particle can to re-transmit it in a certain direction
(scattering) and convert some of the electromagnetic energy into internal (thermal
and chemical) energy of the particle (absorption). Scattering implies a change in the
direction of propagation of the electromagnetic wave and, in case of inelastic scatter-
ing, change of its wavelength. The combined effect of scattering and absorption is
referred to as extinction and the scattering and extinction efficiency can be retrieved
resolving the Maxwell’s equations of electromagnetism.

The simplification of the solutions of the equations based on assumption on size
and shape of particles defines three scattering regimes: Rayleigh, Mie and Geomet-
ric scattering. Atmospheric particles are considered spherical and homogeneous
to a good approximation and fall into the Mie scattering regime. Mie solutions to
Maxwell’s equations show that extinction and scattering efficiencies (Qext and Qsca)
for a single particle depend only on the size parameter (x), defined as the ratio of the

https://www.global-climate-change.org.uk/6-6-1.php
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FIGURE 1.3: Schematic representation of distribution of surface
area of atmospheric aerosols. Figure taken from https://www.

e-education.psu.edu/meteo300/node/671.

radius of the spherical particle to the wavelength of the incident radiation, and the
complex refractive index (n) of the particle, composed of a real (nr) and imaginary
(ni) part representing respectively the non-absorbing and absorbing components. As
a result, the differences between Qext and Qsca is defined absorption efficiency (Qabs).
Figure 1.4) shows the dependence of Qsca and Qabs on the size parameter x and re-
fractive index: in panel a with ni set to zero, the maximum of Qsca increases and its
position shifts to smaller parameter sizes by increasing the real part of the refractive
index; in panels b and c, with nr constant at 1.53, ripples in Qsca are smoothed out
and the maximum value of Qsca decreases by increasing ni, while Qabs increases with
increasing size parameter until it reaches a maximum which, in turn, increases and
its position shifts to smaller parameter sizes by increasing ni.

For an ensemble of different sizes with identical refractive index and a number
size distribution function n(r), we define the volume scattering, absorption and ex-
tinction coefficient which represent the energy removed from a beam per unit distance
by absorption, scattering and both absorption and scattering (Grainger, 2018), given by
equations 1.1 and measured in m−1.

https://www.e-education.psu.edu/meteo300/node/671
https://www.e-education.psu.edu/meteo300/node/671
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FIGURE 1.4: Dependence of Qsca and Qabs on the size parameter x and
refractive index. Panel a shows Qsca for different values of the real
part of the refractive index typical of water, sulfate and soot (nr=1.33,
nr=1.53, nr=1.75, respectively) with ni=0. Panels b and c show Qsca
and Qabs or different values of the imaginary part of the refractive
index (panel a) with nr=1.53. Figure adapted from Bellouin and Yu

(2022).

βabs =
∫ ∞

0
π r2Qabs(λ, r) n(r) dr (1.1a)

βsca =
∫ ∞

0
π r2Qsca(λ, r) n(r) dr (1.1b)

βext =
∫ ∞

0
π r2Qext(λ, r) n(r) dr (1.1c)

(1.1d)

The column-integrated extinction is called the optical depth and measures the at-
tenuation of incident radiation passing through the atmosphere (Eq. 1.2). It depends
on the size and optical properties of the particle, as well as for extinction efficiency,
and the particle number density.

τ(λ) =
∫ ∞

0
βext(z)dz (1.2)

As a counterpart of absorption, particles re-emit radiation in the form of thermal
radiation as idealized black bodies, according to Plank’s law. Therefore, the pertur-
bation of the Earth’s energy budget due to the presence of aerosols depends on the
balance between the scattering and absorption of solar and planetary, but also on
the presence of clouds and the albedo of the underlying surface whose efficiency in
reflecting radiation could be compromised. However, the overall negative change of
the radiative energy result in a cooling of the atmosphere, vice versa in the case of
a positive change, which in turns affect evaporation, latent heat release, and hence
precipitation.
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1.2 Stratospheric aerosol layer

The stratosphere contains a layer of aerosol particles with radii in the range of 0.1
to 2 µm, located between the tropopause and 30 km altitude, it is stable, constant
in time and space, and composed mainly of sulfate particles (Junge and Manson, 1961).
The composition can be distinguished in particles of tropospheric origin with radii
between 0.01 and 0.1 µm, hygroscopic particles containing sulfur with radii between
0.1 - 1.0 µm, and particles of extra-terrestrial origin with radii larger than 1.0 µm
(Junge, Chagnon, and Manson, 1961).

Tropospheric aerosols and aerosol gas precursors can be transported across the
Tropical Tropopause Layer (TTL) into the stratosphere through deep tropical convec-
tion or, outside the tropics, convection systems such as the Asian monsoon, quasi-
isentropic transport from the tropical upper troposphere into the extratropical low-
ermost stratosphere, and cross-isentropic transport from the TTL into the tropical
stratosphere (Kremser et al., 2016) (Fig. 1.5). Once in the stratosphere, the spatial
distribution of the aerosols is controlled by the strong zonal winds, the BDC and the
Quasi-Biennal Oscillation (QBO).

FIGURE 1.5: The figure taken from Kremser et al. (2016) summarises
the most relevant sources and the chemical, dynamical and micro-

physical processes that governs the stratospheric aerosol layer.

The BDC consists of two circulation branches (Fig.1.6) with an upward motion in
the tropics, a poleward motion in the extratropics, and a descending motion over the
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polar regions. They are both driven by breaking of synoptic waves and planetary-
scale Rossby waves propagating upwards from the troposphere at upper levels in
the stratosphere where they deposit their momentum and cause the driving force
(Holton et al., 1995; Butchart, 2014). The "deep branch" is a single cell poleward
transport above 20 km that occurs in the winter hemisphere and with transport
scale of few years, the “shallow branches” are two-cell structure active year-round
below 20 km with transport timescales of months (Plumb, 2002). The air in the trop-
ical stratosphere (between 30°S and 30°N) remains isolated from that in the mid-
latitudes in the altitude range of 21 to 28 km (Trepte and Hitchman, 1992), and this
is why it is called "tropical pipe" air (Plumb, 1996). The transport out of the tropi-
cal pipe is influenced by the QBO which is a periodic oscillation (approximately 28
months) of downward propagating easterly (easterly shear) and westerly (westerly
shear) wind regimes in the equatorial stratosphere between 70 and 10 hPa (Baldwin
et al., 2001). The the easterly shear of QBO amplifies the upwelling motion and in-
crease the confinement in the tropical pipe, the westerly shear stronger produces a
stronger poleward transport because of descent motions over the equator that trans-
port the aerosol downward close to the tropopause (Trepte and Hitchman, 1992).

FIGURE 1.6: Schematic representation of Brewer-Dobson circula-
tion. Shadded regions represent the regions of breaking waves such
as synoptic-scale waves (S), planetary-scale waves (P), and gravity

waves (G). Figure taken from Plumb (2002).

The main source of stratospheric aerosols is COS which is emitted directly from
oceans or anthropogenic sources or chemically produced by sulfur species emitted
from oceans or anthropogenic sources. It is water insoluble, has a low chemical
reactivity in the troposphere and is efficiently lost at the surface via dry deposition
on soils and vegetation. It has a long tropospheric lifetime and therefore it diffuses
into stratosphere where wavelengths from 185 to 300 nm are available to break the
C=S bond in COS through photodissociation, producing a sulfur atom that is further
oxidised in SO2 (Eq. 1.3).
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COS + hν S + CO (1.3a)

S + O2 SO + O (1.3b)

SO + O2 SO2 + O (1.3c)

Other sulfuric species emitted from various surface sources are carbon disulfide
(CS2), dimethyl sulfide (DMS), hydrogen sulfide (H2S) and SO2. These short-lived
compounds are quickly oxidised mainly by hydroxyl radical (OH) in the tropo-
sphere, therefore do not persist enough to be transported in the stratosphere. How-
ever, CS2 and DMS in their oxidation chain might produce COS then contributing to
the enhancement of the stratospheric aerosol layer.

Large explosive volcanic eruptions are the main contributors of enhancement of
the stratospheric aerosol layer over several years by injecting directly in the strato-
sphere ash, aerosols and gases, mainly water vapor (H2O), carbon dioxide (CO2),
SO2 and H2S. The eruption of Mt. Pinatubo in June 1991, the largest eruption of the
20th century, injected between 10-20 Tg of SO2 which resulted in a sulfate aerosol
cloud peaking at 14 Tg in September (Lambert et al., 1993; Baran and Foot, 1994), up
to 60 times larger compared to background condition.

For modest volcanic eruptions the volcanic plume does not reach the strato-
sphere and aerosols are formed in the troposphere where are are removed after a
couple of weeks or a month. However, they might contribute to the stratospheric
sulfate load by injection of sulfur into the upper tropical troposphere followed by
transport across the TTL.

Sulfur chemistry governs the stratospheric aerosol layer, which is mainly com-
posed of sulfate aerosols in the form of H2SO4-H2O solution droplets with a weight
percentage of H2SO4 of about 75% (Yue, 1981). The first step for sulfate formation is
the oxidation of SO2 to sulfur trioxide within a few weeks and that in turn converts
almost instantaneously to gas-phase sulfuric acid (H2SO4) (Eq. 1.4).

SO2 + OH + M HSO3 + M (1.4a)

HSO3 + O2 SO3 + HO2 (1.4b)

SO3 + H2O H2SO4 (1.4c)

The H2SO4 vapor partial pressure in the stratosphere is generally supersatu-
rated therefore it quickly condenses through homogeneous and/or heterogeneous
nucleation (Kremser et al., 2016) (Fig. 1.7). Homogeneous nucleation occurs when
H2SO4(g) and H2O cluster in the absence of any pre-existing particles and the cluster
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continues to grows and overcomes the nucleation barrier forming H2SO4-H2O liq-
uid droplets. Heterogeneous nucleation which is the condensation of H2SO4(g) and
H2O vapor on the surface of pre-existing particles is a competitive nucleation pro-
cess that occurs at low concentrations H2SO4 and H2O (Yue, 1981). Then particles
grow through coagulation (collision of aerosols) or condensation (uptake of water
and H2SO4).

FIGURE 1.7: Schematic representation of formation and growth of
sulfate aerosols in the stratosphere. Figure taken from Curtius (2006).

Non-sulfur gasses or particles such as organic and black carbon, CO2, CO, NOx

and CH4 can be found in the lower stratosphere by direct injection through biomass
burning in the form of pyrocumulonimbus, and other refractory aerosol from cosmic
dust.

Stratospheric aerosols provides surface for heterogeneous chemical reactions that
affect ozone cycle. Reactions on and in sulfate aerosols relevant for atmospheric
chemistry are given by 1.5 (Hendricks et al., 1999), because of the transformations of
inert compounds into catalytically active species.

N2O5 + H2O (l) 2 HNO3 (1.5a)

ClONO2 + H2O (l) HOCl + HNO3 (1.5b)

ClONO2 + HCl (l) Cl2 + HNO3 (1.5c)

HOCl + HCl (l) Cl2 + H2O (1.5d)

BrONO2 + H2O (l) HOBr + HNO3 (1.5e)

HOBr + HCl (l) BrCl + H2O (1.5f)

HOBr + HBr (l) Br2 + H2O (1.5g)
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1.3 Volcanic eruption

Volcanic eruptions emits ash, sulfur-containing gases such as SO2, CO2, and H2S,
and other gases such as H2O and hydrogen chloride (HCl) and other halogen com-
pounds.

Ash are rock fragments with a high percentage of silicon, irregular shape and
sizes ranging from submicrometer to millimeter in diameter (Rose and Durant, 2009).
Because of their size, they are rapidly removed through sedimentation and rainout,
and their residence in the atmosphere can range between 30 minutes up to couple of
weeks for particles with diameters smaller than 10 µm (Rose and Durant, 2009). Ash
particles absorb short-wave and long-wave radiation producing radiative heating
whose climatic impact is negligible, due to their short duration, but which impacts
the initial transport of the volcanic cloud (Niemeier et al., 2009; Stenchikov et al.,
2021). Large ash particles have large surface areas for heterogeneous uptake of SO2

and H2SO4 gas, removing sulfate precursor gases from the stratosphere (Zhu et al.,
2020).

Halogen compounds which are important for their implication on the strato-
spheric ozone cycle are mainly removed by rainout within the troposphere (Textor
et al., 2003; Kremser et al., 2016).

The contribution of volcanic CO2 emissions as greenhouses gas to atmospheric
concentrations is negligible, therefore it has no direct impact on the greenhouse effect
(Robock, 2000).

Increased water vapor (or greenhouse gases in general) affects the radiative bal-
ance by warming the troposphere and cooling the stratosphere, as a result of the bal-
ance between increased absorption of ascending planetary radiation and the emis-
sion of more infrared radiation by the stratosphere (Rind and Lonergan, 1995; F.
Forster and Shine, 1999; Solomon et al., 2010), Water vapor also affects the strato-
spheric chemistry involving ozone loss by decreasing the O3 formation through the
reaction with O(1D) that forms two OH radicals and through the increase of OH
concentration in the stratosphere which react with SO2 resulting in a much faster
production of sulfate aerosols (LeGrande, Tsigaridis, and Bauer, 2016). In addition,
temperature decreases in the stratosphere due to increased water can change strato-
spheric ozone both negatively due to cooling throughout the stratosphere, particu-
larly in the polar lower stratosphere where increases the polar stratospheric cloud,
and positively due to changes in atmospheric circulation (Rosenlof, 2018).

However, the most significant climatic impact of volcanic eruptions is due to
the injection of SO2 into the stratosphere, where aerosols persist for about 1-3 years
due to slow circulation and lack of removal processes, compared to their residence
in the troposphere of a couple of weeks or a month. Figure 1.8) summarises their
impacts on climate, which include changes in the Earth’s energy balance, changes in
atmospheric dynamics, disruption of the QBO, reduced precipitation, weakening of
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monsoons, shifting of the Intertropical Convergence Zone (ITCZ), ozone depletion
(Timmreck et al., 2012; Marshall et al., 2022).

FIGURE 1.8: Schematic representation of large explosive volcanic
eruptions and their impact on climate, from emissions to sulfate

aerosol formation. Figure taken from Timmreck et al. (2012).

Sulfate aerosols have radii of about 0.5 µm, resulting efficient in scattering in-
coming solar radiation (English, Toon, and Mills, 2012) and causing a reduction in
surface insolation and cooling the surface globally. They also absorb the infrared so-
lar and planetary radiation heating of the region of stratosphere where reside. After
the Pinaubo eruption in June 1991, a stratospheric warming of up to 3.5 K (Labitzke
and McCormick, 1992) and a peak global surface cooling of ≃ 0.5 K compared to
pre-Pinatubo levels was observed from Microwave Sounding Unit measurements
(Dutton and Christy, 1992), which is reduced to 0.3 K when ENSO contribution is
removed (Soden et al., 2002), to 0.14 K when the contribution of the other modes of
variability are removed (Canty et al., 2013).

The warming of the lower stratosphere increase the equator-to-pole temperature
gradient in the lower stratosphere, which, through the thermal wind balance, leads
to stronger westerly winds (Robock, 2000). Stronger westerlies resulting from the
thermal wind balance and the strengthening of tropical upwelling in the ascending
branch of the BDC cause a change in the QBO, which induces a permanent west-
erly winds in the tropical lower stratosphere and thus prolongs the easterly shear
(or westerly phase) (Aquila et al., 2014; Visioni et al., 2018b; Franke, Niemeier, and
Visioni, 2021).

Cooling the surface stabilizes the atmosphere and reduces evaporation both mak-
ing an overall contribution to the reduction of precipitation (Bala, Duffy, and Tay-
lor, 2008; Cao, Bala, and Caldeira, 2012). However, on a regional scale, the varia-
tion in precipitation can be either positive or negative. Indeed, the decrease of the
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hemispherical thermal contrast weakens the cross-equator flow and, the decrease of
land-ocean thermal contrast weakens the monsoon circulation, drying and wetting
the climatological wet and dry region, respectively (Held and Soden, 2006; Iles et al.,
2013; Iles and Hegerl, 2014; Zuo, Zhou, and Man, 2019).

Volcanic aerosols provide a surface for heterogeneous chemical reactions with
consequences for the ozone cycle (see Section 1.2) depending on temperature and
chlorine concentration in the stratosphere. In fact, the reactions that make chlo-
rine available for ozone destruction occur in the isolated and extremely cold spring
vortex of the southern hemisphere, where chlorine is transformed into the catalyt-
ically active species while nitrogen oxides are suppressed. Volcanic aerosols also
provide surface at lower latitudes, where chemical ozone destruction is less effec-
tive. However, changes in atmospheric dynamics result in an upward flow of low
ozone concentration from the troposphere to the stratosphere at low latitudes, while
subsidence at high latitudes increases ozone concentration, masking its chemical de-
struction (Robock, 2000).

The capability of affecting the climate system depends on the mass of SO2 emit-
ted, the altitude and latitude of injection (Fig. 1.9). Low-latitude eruptions result in
a longer e-folding time than high-latitude eruptions, due to the slower removal con-
trolled by the different transport branches of the BDC and confinement within the
tropical pipe. The longer e-folding time results in a larger stratospheric aerosol op-
tical depth and larger net (more negative) radiative forcing (RF). The more negative
RF for low-latitude injections is also driven by the higher insolation in the tropics.
Higher SO2 emissions result in decreased e-folding time because growth by con-
densation and coagulation prevails over the formation of smaller fresh particles, in-
creasing aerosol size and sedimentation rate. The stratospheric aerosol optical depth
increases and the net RF becomes more negative with increasing SO2 emissions, but
not linearly because the scattering efficiency decreases due to the formation of larger
particles. Increased injection altitude results in longer e-folding, larger stratospheric
aerosol optical depth, and more negative RF, up to 21 km, after which the behaviour
is complicated by the microphysics and latitude on which the circulation depends
(e.g. formation of larger particles if confined to the tropics) Marshall et al. (2019).

1.4 Stratospheric aerosol intervention

The effects of climate change have begun to undermine societies and ecosystems,
and it is expected to get worse in the future even with strong mitigation efforts. In
fact, even achieving a net zero carbon dioxide emissions target by 2100 and scaling
up the removal of carbon dioxide may not prevent the risks of climate change in
the short period; therefore, it is likely that society might consider the possibility of
manipulating the climate to ameliorate the worst of climate change in the future.
These interventions goes by the name of geoengineering and can be distinguished
into two main groups: Carbon dioxide removal (CDR) and SRM as summarised in
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FIGURE 1.9: Dependence of e-folding time (first row), stratospheric
optical depth (second row), radiative forcing (third row) and forcing
efficiency (fourth row) on eruption source parameters. First column
shows the dependence on SO2 emission: the color of the points in-
dicates the latitude of the eruption and the size the injection altitude
(the larger the point, the higher the injection altitude). The second col-
umn shows the dependence on the latitude of the eruption: the color
of the points indicates the amount of SO2 emitted and the size the
injection altitude. Third column shows the dependence on injection
altitude: the color of the points indicates the latitude of the eruption
and the size the amount of SO2 emitted (the larger the point, higher

the SO2 emission). Figure taken from Marshall et al. (2019).
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Figure 1.10. CDR aims to reduce the longwave radiation trapped in the atmosphere
by reducing the levels of GHGs in the atmosphere through the enhancement of their
capture and storage with different biological and engineered systems. Those are
mainly focused on CO2 removal because it is one of the long-lived species and with
the highest concentration. SRM aims to reduce the incoming solar radiation increas-
ing the planetary albedo through the enhancement of the stratospheric aerosol layer,
cloud modification or introducing space mirrors (Shepherd, 2009).

FIGURE 1.10: Summary of main geoengineering strategies, distin-
guished in Solar Radiation Management and Carbon Dioxide Re-

moval. Figure by Rita Erven/Kiel-Earth-Institute.

The cooling effect observed due to increases in stratospheric aerosol loading fol-
lowing large volcanic eruptions has prompted modeling studies of the viability of
intentional stratospheric aerosol enhancement to offset the climate effects of increas-
ing concentrations of greenhouse gases (Budyko, 1977; Crutzen, 2006). SAI is one
of the SRM strategies based on increasing the Earth’s albedo, mainly with the use
of SO2 being partially justified by the analogy with volcanic injections that provide
a reliability test for Earth System models for geoengineering applications (Marshall
et al., 2018; Clyne et al., 2021; Quaglia et al., 2023).

The analogy with the impulsive emission of SO2 after a volcanic eruption sug-
gested that sustained injection of aerosols into the stratosphere could lead to similar
side effects, such as reduced global precipitation, ozone depletion, and acid deposi-
tion (Robock, 2000; Timmreck et al., 2012; Marshall et al., 2022). However, the risks
of SAI depend on how it would be applied, and its deployment should be weighed
against the risks of non-deployment in the event that emissions reduction and car-
bon dioxide removal cannot prevent further risks on a short timescale. The efficiency
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of SAI and the reduction of its side effects have been evaluated considering differ-
ent parameters for aerosols injection such as type of reflective particle or precursor
gases, altitude and latitude of injection, rate and time of the year of injection.

Pierce et al. (2010) proposed the injection of gas-phase H2SO4 as an intermediate
product during SO2 to aerosol conversion. H2SO4 vapor would form aerosol mass in
the aircraft plume by nucleation or condensation within seconds after the emission
compared to SO2 injection that can condense on pre-existing particles and oxidises
within a few weeks producing nucleation-mode particles that preferentially coagu-
late with larger particles. Therefore, the same sulfur mass of H2SO4 and SO2 results
in a larger burden and higher RF for H2SO4 injections compared to SO2 injections,
and that the overall side effects are smaller considering the less burden needed to
achieve the same radiative cooling (Weisenstein et al., 2022).

To minimise the particle mass for the injection and obtain more reflective aerosols,
the injection of several minerals has been proposed (Pope et al., 2012). However, this
approach does not have the natural analogue and uncertainties in chemical reaction
in the stratosphere are still present. Among these compounds, the use of calcite pro-
posed to reduce the heating of the stratosphere and ozone loss (Weisenstein, Keith,
and Dykema, 2015; Keith et al., 2016) has been questioned after laboratory researches
because of the decrease in absorption coefficients as gases accumulate on calcite (Dai
et al., 2020).

Crutzen (2006) proposed and discarded the hypothesis of increasing surface emis-
sions of COS, as it is the main contributor of the stratospheric aerosol layer under
volcanic quiescence conditions. Quaglia et al. (2022), as reported in Chapter 3, sim-
ulates and analyses for the first time this strategy with the ULAQ-CCM model. This
strategy produces a more uniform global distribution of the aerosol layer and more
efficient particles in scattering the solar radiation, resulting in a more latitudinally
even cooling, an overall increase in stratospheric ozone, especially at the poles, and
an increase in sulfur deposition.

The spatial and size distribution of aerosol for SO2 injections can be partially
managed by the combination of different latitudes and altitudes for injection to opti-
mise the climate impact. Tilmes et al. (2017) performed with CESM1(WACCM) sev-
eral simulation of the evolution of the aerosol cloud based on the different latitudes
(50°S/N, 30°S/N, 15°S/N, equator), altitudes (1 and 5 km above the tropopause)
and amounts of SO2 injected (6, 8, 12 Tg of SO2/yr), showing how these affects the
stratospheric burden, the aerosol size, the optical depth and the corresponding sur-
face temperature change which does not change linearly with the changes in the
optical depth and TOA imbalance.

Figure 1.11 shows the latitudinal distribution of stratospheric sulfate aerosols for
three different injection latitudes (15°S, equator, 15°N), two different injection alti-
tudes (1 and 5 km above the tropopause) and the three different injection amount.
For injections at the equator, aerosols are distributed mainly between 30°S-30°N,
with a peak at the equator because of confinement within the tropical pipe, and
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a second maximum around 50°S/50°N controlled by BDC and large-scale mixing.
For injections at 15°S/15°N, aerosols are mainly transported to the hemisphere of
injection following transport to the pole of the surface or deep branch of the BDC,
depending on the altitude of injection. For injection locations more poleward, sul-
fate aerosols mostly remain outside the tropics and accumulate at mid- and high-
latitudes; the total sulfate load is lower for injections at 50°S/50°N because of the
location of the downwelling branch of the BDC. High-altitude injections result in
higher sulfate burden due to increased vertical extent of aerosol particles and less
removal through sedimentation than low-altitude injections. As the amount of SO2

injected increases, the sulfate burden increases due to larger particle growth and
increased gravitational sedimentation.

FIGURE 1.11: Annually and zonally averaged (top row) stratospheric
sulfur mass for different injection locations, 15°S (left column), equa-
tor (middle column), and 15°N (right column), different injection al-
titudes, 1 km above the tropopause (solid lines) and 5 km above
the tropopause (dashed lines), and for different injection amount, 6
Tg SO2/yr (blue), 8 Tg SO2/yr (green), 12 Tg SO2/yr (red). Figure

adapted from Tilmes et al. (2017).

Based on these results, MacMartin et al. (2017) demonstrated with the same
model CESM1(WACCM) that injecting SO2 simultaneously at four different lati-
tudes allows to control three different spatial distributions of AOD: constant with
the latitude, linear with sine of latitude (Ψ) increasing northward or southward, and
quadratic with sine of latitude (Fig. 1.12). The temperature and RF pattern does not
correspond to that of AOD, due to different latitudinal insolation, changes in cloud
pattern and local feedbacks. However, each pattern of AOD results in a different
pattern of temperature that allows to manage three temperature metrics (T0, T1, T2),
consisting of the projection of temperature onto the first three Legendre polynomial
functions (L0, L1, L2). This can be done with a feedback algorithm that first solves
the required spatial model of AOD and then the injection rates.
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T0 =
1
A

∫
Ψ

T(Ψ) cos(Ψ) dΨ (1.6a)

T1 =
1
A

∫
Ψ

sin(Ψ) T(Ψ) cos(Ψ) dΨ (1.6b)

T2 =
1
A

∫
Ψ

3 sin2(Ψ) − 1
2

T(Ψ) cos(Ψ) dΨ (1.6c)

where A =
∫
Ψ

cos(Ψ) dΨ (1.6d)

(1.6e)

L0 = 1 (1.7a)

L1 = sin(Ψ) (1.7b)

L2 =
3 sin2(Ψ) − 1

2
(1.7c)

(1.7d)

FIGURE 1.12: Relationship between different patterns of AOD and
surface air temperature: a) injection at 15°S and 15°N to achieve AOD
constant with the latitude; b) injection at 15°N and 30°N minus results
from case a) to achieve AOD linear with sine of latitude; c) injection
at 30°S and 30°N minus injection at 15°S and 15°N to achieve AOD
quadratic with sine of latitude. Figure taken from MacMartin et al.

(2017).

Additionally, the temperature response can be managed by changing the amount
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of SO2 injected at each latitude, with the limitations of changes in stratospheric circu-
lation and microphysical processes that depend on the distributions of aerosol itself.
The strategy can be further optimised basing the time of injection on the seasonality
of the Brewer-Dobson circulation which drives the stratospheric equator-to-pole cir-
culation, taking advantage of periods of higher intensity of solar radiation. Injecting
over some season rather than all year allows to achieve the same global target and
control the regional impact such as Arctic sea ice and precipitation (Laakso et al.,
2017; Visioni et al., 2020b).
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Chapter 2

Interactive stratospheric aerosol
models’ response to different
amounts and altitudes of SO2
injection during the 1991 Pinatubo
eruption

Large-magnitude volcanic eruptions can emit SO2 and other gases directly into the
stratosphere. An abrupt increase in stratospheric SO2 creates a long-lived volcanic
aerosol cloud that scatters incoming solar radiation, absorbs solar and infrared ra-
diation, and affects the composition of the stratosphere. Such volcanically induced
enhancements of the stratospheric aerosol layer exert strong direct effects on climate
because they influence the Earth radiation budget and cool the surface via the re-
duced insolation (McCormick, Thomason, and Trepte, 1995; Soden et al., 2002); they
also show a range of indirect effects, due to the volcanic aerosols effects on strato-
spheric circulation, dynamics and chemistry (e.g., Robock et al., 2009; Timmreck et
al., 2012; Kremser et al., 2016).

Here we investigate the evolution of the volcanic aerosol cloud after the Mt.
Pinatubo eruption in June 1991 by analyzing coordinated simulations within the
HErSEA experiments, in the framework of the Interactive Stratospheric Aerosol
Model Intercomparison Project (ISA-MIP; Timmreck et al., 2018). Mt. Pinatubo
is located in the western part of the island of Luzon, Philippines (15.1°N, 120.4° E).
After preliminary eruptions from 12 June 1991, the climatic phase started at 05:30
UTC on 15 June 1991 and lasted for approximately 9 hours. The volcanic cloud con-
tained gases and particles of ice, ash, and sulfate and reached a maximum altitude
of 40 km (Holasek, Self, and Woods, 1996). Ice and ash burden peaked at about
80 and 50 Tg respectively, and early-formed sulfate mass was estimated at 4 Tg,
based on infrared satellite data from the Advanced Very High Resolution Radiome-
ter (AVHRR), the TIROS Operational Vertical Sounder (TOVS), and High Resolution
Infrared Radiation Sounder/2 sensors (Guo et al., 2004a). Initial SO2 mass estimates
from the ultraviolet Total Ozone Mapping Spectrometer (TOMS) and infrared TOVS
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and altitudes of SO2 injection during the 1991 Pinatubo eruption

sensors, indicated that the eruption injected 14-22 Tg of SO2 (Bluth et al., 1992a;
Guo et al., 2004a). Other uncertainties pertain to the vertical extension of the vol-
canic cloud: SO2 mass was injected between 18-30 km (Bluth et al., 1992a; Baran,
Foot, and Dibben, 1993) and concentrated around 25 km, over a rich ash layer peak-
ing around 22 km (Guo et al., 2004b). The sulfate aerosol cloud peaked at 14 Tg in
September (Lambert et al., 1993; Baran and Foot, 1994), with the largest aerosol con-
centration between 20 and 25 km of altitude and much lower amounts between 15
and 20 km (Winker and Osborn, 1992a; Winker and Osborn, 1992b; DeFoor, Robin-
son, and Ryan, 1992). Recent volcanic SO2 emission databases suggest for Pinatubo
an amount and location of SO2 emitted between 15 and 18 Tg of SO2, at an altitude
of between 19 and 28 km (Independent Volcanic Eruption Source Parameter Archive
Version 1.0, ivespa.co.uk, VolcanEESM: Global volcanic sulphur dioxide emissions
database from 1850 to present - Version 1.0, Multi-Decadal Sulfur Dioxide Clima-
tology from Satellite Instruments; Aubry et al., 2021; Neely III and Schmidt, 2016;
Carn, 2022).

Several modeling studies have evaluated the simulated global and tropical sul-
fate loadings compared to observations, with some studies (Niemeier et al., 2009;
Toohey et al., 2011; Brühl et al., 2015) finding agreement when emitting in the mid-
range of the best-estimate stratospheric SO2 loading of 14-22 Tg SO2 (Guo et al.,
2004a). In contrast, a number of recent studies found agreement only when inject-
ing an amount of SO2 below the lower limit observed of 10 Tg-SO2, considering
different injection heights and vertical distributions (Dhomse et al., 2014; Sheng et
al., 2015a; Mills et al., 2016); this difference partly motivates the design of the ISA-
MIP HErSEA intercomparison (see Timmreck et al., 2018). Approaching the prob-
lem from a model intercomparison perspective, different past projects have revealed
large differences in the simulation of the aerosol radiative forcing, and not just for
Pinatubo.

A first multi-model intercomparison study of global stratospheric interactive
aerosol models was set up in the frame of the Model Intercomparison Project on
the climatic response to Volcanic forcing (VolMIP; Zanchettin et al., 2016). To cre-
ate a common forcing data set for VolMIP experiments which considers a volcanic
eruption with radiative forcing comparable to that of the 1815 Tambora eruption,
a pre-study was set up (Marshall et al., 2018). This VolMIP-Tambora ISA experi-
ment establishes a well-defined set of injection parameters to simulate the Tambora
volcanic aerosol cloud interactively with stratospheric aerosol models. Multi-model
analysis of the simulated volcanic aerosol distribution shows large inter-model dif-
ferences (Marshall et al., 2018; Clyne et al., 2021).

Marshall et al. (2018) used Arctic and Antarctic ice core information about sulfate
deposition to constrain the VolMIP-Tambora ISA model simulations. The four mod-
els involved in this experiment revealed large discrepancies in the simulated aerosol
burden (50-58 Tg-SO4 at the peak), resulting in deposition magnitudes in Antarctica
ranging from 19 to 264 kg km−2. They attributed the differences between the models,
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and between models and observations, to different sulfate formation and transport
through meridional circulation and stratosphere-troposphere exchange and differ-
ent deposition schemes. The contribution to the overall uncertainty of the sulfate
formation processes was then further investigated in a subsequent study by Clyne
et al. (2021), which focused on the evolution of the global stratospheric aerosol op-
tical depth. The reasons for the discrepancies between the models were attributed
to differences in particle size, which influence the scattering efficiency and the life-
time of the stratospheric aerosols, and the treatment of OH chemistry, which in turn
affects the timing of sulfate formation.

The Geoengineering Model Intercomparison Project Phase 6 (GeoMIP6; Kravitz
et al., 2015) also includes experiments with injection of stratospheric sulfate aerosol
precursors (G6Sulfur) in an amount necessary to reduce the net radiative forcing
from the SSP5-8.5 scenario to the SSP2-4.5 one. Participating models in G6Sulfur
directly injected SO2 in the tropical stratosphere with different altitude and latitude
ranges of injection or prescribed the aerosol optical depth or aerosol distribution
derived from previous simulations. The amount of SO2 required to achieve the pro-
posed cooling varies by a factor of 2 between models, and results in a different tem-
poral and latitudinal distribution of aerosols that affects surface temperature and
local precipitation differently (Visioni et al., 2021).

In contrast to the aforementioned model intercomparison studies, the ISA-MIP
HErSEA experiments offer a test of the reliability of these models by allowing a di-
rect comparison of the simulated volcanic enhancement of the stratospheric aerosol
layer with observation data sets, especially during the Mt. Pinatubo eruption, for
which several satellite and in situ measurements are available. Hence, HErSEA was
developed to determine which set of volcanic emission source parameters allows
models to reproduce the available measurements, and understand how their dif-
ferent chemical and microphysical schemes, stratospheric dynamics, and radiative
transfer treatment influence these choices. Specifically, HErSEA focuses on the un-
certainty in the initial volcanic emission in terms of amount and injection altitude
of SO2 for the recent large-magnitude volcanic eruptions in the last 100 years (Mt.
Agung in 1963, Mt. El Chichón in 1982, Mt. Pinatubo in 1991); multiple interactive
stratospheric aerosol simulations of each of the volcanic aerosol clouds with com-
mon upper-, mid- and lower-estimate amounts and injection altitudes of sulfur diox-
ide were performed. Here we investigate the evolution of the volcanic aerosol cloud
after the Mt. Pinatubo eruption by analyzing Atmospheric Model Intercomparison
Project (AMIP)-type (Gates et al., 1999) simulations within the HErSEA framework.
In particular, we ask whether previous results in inter-model differences are con-
firmed in this new MIP; the presence of multiple injection settings common between
all models will also allow an exploration of the reason for these differences, based on
the models abilities to reproduce observations with different sets of initial conditions
of the volcanic emissions.

The experimental design, the main features of the participating models and the
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observational data sets are described in Section 2.1. Section 2.2 shows model results
of the optical and microphysical properties of the volcanic aerosol cloud, which are
summarized and discussed in Section 2.3.

2.1 Methods and data

2.1.1 Methods

Experimental protocol

There is a degree of uncertainty over the thickness of the injected SO2 cloud, based
on available measurements. Therefore, different modeling centers may have selected
different simulated injection altitudes for the Pinatubo eruption in the past. Within
Dhomse et al. (2020) UM-UKCA set the SO2 injection altitude at 21-23 km based on
the altitude of the first detection of the Pinatubo cloud at Mauna Loa (Antuña, 2002).
Further UM-UKCA analysis by Shallcross (2020) demonstrated improved model cor-
respondence with the July-Aug 1991 Mauna Loa lidar measurements when running
the model with “pre-nudged free-running”, rather than the “approximate QBO free-
running” approach used in Dhomse et al. (2020). Sheng et al. (2015b) performed
atmospheric simulations of the Pinatubo eruption with AER 2-D 300 by varying the
emission parameters and found agreement with several observations by injecting
14 Tg of SO2 with a vertical distribution peaking at 18-21 km. Similar emission pa-
rameters (10-12 Tg of SO2 at 18-20 km) were used in Mills et al. (2016) with CESM1-
WACCM. Niemeier et al. (2009) showed comparable aerosol optical depth and ef-
fective radius with satellite and lidar measurements, simulating with MAECHAM5-
HAM the injection of 17 Tg of SO2 at about 24 km together with 100 Tg of fine ash
at about 21 km. Stenchikov et al. (2021) simulated with WRF-Chem v3.7.1 the same
amounts of SO2 and ash but centered at 17 km showing that the radiative heating of
ash can raise the sulfur cloud by 7 km during the first week of the eruption. These
differences motivated the design of the ISA-MIP HErSEA intercomparison.

The HErSEA Pinatubo experiment design includes five different emission sce-
narios considering different amounts and altitudes of injection of SO2, as summa-
rized in Figure 2.1. The first three emission scenarios describe injections at medium
altitude (between 21-23 km) of an amount of SO2 that varies from the lowest value
of 5 Tg-S (Low-22km) to a medium of 7 Tg-S (Med-22km) and the highest value of
10 Tg-S (High-22km). The medium injection scenario (7 Tg-S of SO2) has three dif-
ferent injection altitude settings: Med-22km, as discussed; another shallow one at
lower altitudes (18-20 km, Med-19km); and one over deep altitude-range (18–25 km,
Med-18-25km).

The Mt. Pinatubo-like eruption is timed on June 15, 1991. SO2 is injected in
models in a single grid cell close to the Pinatubo location (15°N, 120°E) and at the
prescribed altitudes, with the precision given by the specific vertical and horizontal
model resolution (table A.1). UM-UKCA provided an additional set of simulations,
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FIGURE 2.1: Graphical representation of injection setting parameters.
The reddish boxes represent an injection of 5, 7, and 10 Tg-S of SO2
centered at 22 km; the blue and light-blue boxes represent the injec-
tion of 7 Tg-S of SO2 for injection altitudes centered at 19 km, and one

deep injection between 18 and 25 km.

called meridional-spread injection simulations, and the EMAC simulation differs
from the protocol: this differentiation is highlighted by the addition of a * after the
model name. In UM-UKCA*, SO2 is injected at Mt. Pinatubo longitude and in a lati-
tude range between 0° and 15°N (12 model grid boxes), a common strategy (Dhomse
et al., 2014; Mills et al., 2016) to match the initial southward spread of the aerosol
cloud (Bluth et al., 1992a). In EMAC (we will use EMAC* only in the figures and
tables), volcanic SO2 injections are entered at one single point in time as 3D mixing
ratio perturbations derived from satellite data using an inventory for the period 1990
to 2019 (https://doi.org/10.26050/WDCC/SSIRC_3). For the Pinatubo period also
the eruptions of Cerro Hudson (August 10, 1991), Spurr (June 27, 1992) and Lascar
(April 18, 1993) are included in EMAC. The amount of SO2 injected is 8.5 and 0.65
Tg-S for Pinatubo and Cerro Hudson, respectively, and top heights of the volcanic
plumes are approximately 23 km and 18 km.

All models are radiatively coupled to the volcanically enhanced stratospheric
aerosol in order to resolve the composition–radiation–dynamics interactions. Pre-
vious model studies (e.g., Young, Houben, and Toon, 1994; Timmreck, Graf, and
Kirchner, 1999; Aquila et al., 2012; Sukhodolov et al., 2018) showed that inclusion
of the interaction between volcanic sulfate aerosol and radiation is essential for a
reliable simulation of the transport of the volcanic cloud. Radiative heating of ash
and SO2 is also important for the initial uplift of the volcanic cloud (Lary, Balluch,
and Bekki, 1994; Young, Houben, and Toon, 1994; Gerstell, Crisp, and Crisp, 1995),
but the contribution of SO2 is smaller than that of ash, in the first week, or sulfate
aerosols, in the subsequent weeks (Stenchikov et al., 2021). About 80 Tg of ash was
injected during the Pinatubo eruption (Guo et al., 2004b). However, both ash and
SO2 radiative effects are not included in all model simulations as it is outside the
scope of the project which focuses on the long-term evolution of the Pinatubo vol-
canic cloud.

Modeling groups performed transient AMIP-type runs of the Mt. Pinatubo erup-
tion in which sea surface temperatures and sea ice extent are prescribed as monthly

https://doi.org/10.26050/WDCC/SSIRC_3
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climatologies from the Met Office Hadley Center Observational data set (Rayner
et al., 2003). Boundary conditions are also prescribed for greenhouse gases and
ozone-depleting substances as recommended for the SPARC CCMI (Stratosphere-
troposphere Processes And their Role in Climate Chemistry-Climate Model Initia-
tive) hindcast scenario REFC1SD (Eyring et al., 2013), in order to match those for the
time period. The evolution of the QBO must be consistent through the post-eruption
period, as it affects the dispersion of the volcanic plume to mid-latitudes (Trepte and
Hitchman, 1992; Baldwin et al., 2001; Punge et al., 2009) and consequently the size
distribution and lifetime of stratospheric aerosols (Hommel et al., 2015; Pitari et al.,
2016b; Visioni, Pitari, and Aquila, 2017). Accordingly, models with internally gen-
erated QBO re-initialized it in order to be consistent with the actual meteorological
conditions, or used specified dynamics approaches (e.g. Telford et al., 2008). All
groups submitted a three-member ensemble for each different injection setting, ex-
cept for ULAQ-CCM and EMAC, which submitted only one realization. The genera-
tion of the ensemble for each model is explained in the respective sections describing
the model. Unless otherwise specified, all results shown refer to the ensemble mean.

Cerro Hudson simulations To evaluate the role of the Cerro Hudson eruption, we
performed two additional simulations with the ULAQ-CCM model that, while out-
side the scope of ISA-MIP, helped clarify some issues raised by the initial results.
The two simulations add the Cerro Hudson eruption to the Med-22km experiment
with lower and upper estimates of SO2 injection based on the Neely III and Schmidt
(2016) and MSVOLSO2L4 inventory (Carn, 2022), respectively. The additional erup-
tion consists in the injection of SO2 with a uniform vertical distribution on August
10, 1991 in the grid cell corresponding to the Cerro Hudson location (45.9°S, 72.9°W).
The lower-end emission, termed Med-22km + Low-Hud, includes 1.5 Tg of SO2 be-
tween 11 and 16km, and the upper-end emission Med-22km + High-Hud includes 4
Tg of SO2 at 12-18km.

Participating models

The ISA-MIP multi-model ensemble includes simulations from five global aerosol
models: ECHAM6-SALSA, ECHAM5-HAM, SOCOL-AERv2, ULAQ-CCM,
UM-UKCA. In addition closely related simulations from a sixth model, EMAC, are
considered. The main characteristics of the participating models are reported in Ta-
ble 2.1. ECHAM5-HAM, SOCOL-AERv2 and EMAC are based on the same general
circulation model (GCM), ECHAM5 (Giorgetta et al., 2006), but with different hori-
zontal and/or vertical resolutions, while ECHAM6-SALSA uses the updated version
ECHAM6.3 (Stevens et al., 2013); all have different chemical and aerosol modules.
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ECHAM6-SALSA ECHAM6-SALSA (ECHAM6.3-HAM2.3-MOZ1.0) is an inter-
active aerosol-chemistry-climate model based on ECHAM6.3 general circulation mo-
del (Stevens et al., 2013). A T63L95 resolution was used in ECHAM6-SALSA sim-
ulations, which corresponds to an approximately 1.9°x1.9° horizontal grid and 95
vertical layers reaching up to 80 km. The QBO is internally resolved by the model
(Laakso et al., 2022). The GCM is interactively coupled with the HAMMOZ aerosol-
chemistry model (Schultz et al., 2018), which is a combination of the Hamburg
Aerosol Model (HAM) and the Model for OZone And Related chemical Tracers
(MOZART) chemistry model. However MOZART was not used in the simulations
for this study, and OH and ozone concentrations were prescribed by a monthly mean
climatology; a simplified sulfate chemistry scheme of HAM was used. The aerosol
model HAM calculates the emissions, removal, and radiative properties of aerosol.
It simulates five major global aerosol compounds: sulfate, organic carbon, black car-
bon, sea salt and mineral dust. The aerosol emissions from anthropogenic sources
were based on the Community Emission Data System (CEDS) for the CMIP6 an-
thropogenic emission inventory. Sea salt and dust emissions were calculated online.
Aerosol microphysics were calculated by the sectional aerosol module SALSA. A
detailed description of the model is given in Kokkola et al. (2018). SALSA describes
aerosols using 10 size bins in size space, and the 7 largest bins are separated into
externally mixed soluble and insoluble populations. Ensemble members were pro-
duced by using insignificantly different values for one of the tuning parameters (the
rate of snow formation by aggregation) for January 1991 of each ensemble member.

ECHAM5-HAM ECHAM5-HAM has the ECHAM5 GCM (Giorgetta et al., 2006),
used as a high-top model in the middle atmosphere (MA) version, and is interac-
tively coupled to the aerosol microphysical model HAM (Stier et al., 2005). The
horizontal resolution is about 2.8° in longitude and latitude, in a spectral trunca-
tion at wave number 42 (T42), with 90 vertical layers up to 0.01 hPa (about 80 km)
and an interactive simulation of the QBO. The aerosol microphysical model HAM
(Stier et al., 2005) calculates the oxidation of sulfur and sulfate aerosol formation,
including nucleation, accumulation, condensation, and coagulation processes. The
width of the HAM modes has been adapted to the conditions under a high sulfur
load. The aerosols are prescribed in three modes with a fixed width (Niemeier et
al., 2009). HAM was further adopted to stratospheric conditions by applying a sim-
ple stratospheric sulfur chemistry above the tropopause (Timmreck, 2001; Hommel,
Timmreck, and Graf, 2011). ECHAM prescribes oxidant fields of OH, NO2, and O3

on a monthly basis, as well as photolysis rates of OCS, H2SO4 SO2, SO3, and O3.
The sulfate was radiatively active for both SW and LW radiation and coupled to the
radiation scheme of ECHAM. Further details are described in Niemeier, Riede, and
Timmreck (2021). The ensemble members were produced by increasing the strato-
spheric horizontal diffusion from one level to the next above on January 1 of the year
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of the eruption. The parameter generating different dynamical state is perturbed be-
tween 1.0, 1.0001 and 1.001.

SOCOL-AERv2 SOCOL-AERv2 is an interactive aerosol-chemistry-climate model
that is also based on the ECHAM5 GCM but coupled to the MEZON chemistry
(Egorova et al., 2003) and AER sulfate aerosol microphysics (Weisenstein et al., 1997)
modules. The model version used here has a horizontal resolution of about 2.8° in
longitude and latitude (T42) and 39 vertical layers up to 0.01 hPa. Because of the
coarse vertical resolution (∼1.5 km in the lower stratosphere), the QBO is nudged
to the observed equatorial wind profiles. The chemistry module calculates the inter-
actions of 89 chemical species of the oxygen, hydrogen, nitrogen, carbon, chlorine,
bromine, and sulfur groups in gas-phase, photolysis, and heterogeneous reactions,
including reactions in/on aqueous sulfuric acid aerosols. The sulfate aerosol mod-
ule resolves the aerosol particles in 40 size bins (the highest aerosol size resolution
compared to other participating models), ranging in dry radius from 0.39 nm to
3.2 µm, and calculates nucleation, condensational growth, evaporation, coagulation,
and sedimentation of sulfate aerosol bins. H2SO4 weight percent is calculated on-
line based on actual temperature and relative humidity. Dry and wet deposition of
species are interactively calculated based on actual meteorological conditions in the
model (Feinberg et al., 2019). Modeled aerosols and chemical species are coupled
with the shortwave- and longwave-radiation schemes. Aerosol radiative proper-
ties are treated following a lookup-table approach with precalculated values using
Mie theory for actual H2SO4 weight percent and temperature. All boundary con-
ditions follow the recommendations of ISA-MIP (Timmreck et al., 2018). Three en-
semble members were produced by scaling the global CO2 concentration by ±0.05%,
which started in January 1991 and was maintained for the whole simulation. Be-
sides the 39-level version, SOCOL-AERv2 can also be run on 90 levels, as the other
two ECHAM5-based participating models ECHAM5-HAM and EMAC. However,
increased resolution more than doubles the computational expenses of the already
heavy calculations of interactive chemistry and highly resolved sectional aerosol mi-
crophysics. Therefore, the model is mostly used in the 39-level configuration. To test
the effects of increased resolution, SOCOL-AERv2 has been additionally used here
for the Low-22km experiment with the 90 levels instead of the 39 reference levels.
With this configuration, the model has been spun up to the conditions of 1991. Be-
sides changed resolution, all other settings have been kept the same.

ULAQ-CCM ULAQ-CCM (University of L’Aquila Chemistry Climate Model) is a
global-scale climate-chemistry coupled model with a horizontal resolution of 5°x6°
(T21) and 126 log pressure levels (approximate pressure altitude increment of 568 m),
from the surface to the mesosphere (0.04 hPa). However, the QBO is not internally
resolved and is nudged to observed values (Morgenstern et al., 2017) and its future
values are repeated from the historical time series. The chemistry module includes
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medium- and short-lived species (Ox, NOy, NOx, CHOx, Cly, Bry, SOx) and the major
component of stratospheric and tropospheric aerosols (sulfate, nitrate, organic and
black carbon, soil dust, sea salt, polar stratospheric clouds). The microphysical code
for aerosol formation and growth includes a gas-particle conversion scheme, homo-
geneous and heterogeneous nucleation, coagulation, condensation and evaporation
(Pitari et al., 2002; Pitari et al., 2016a). It also includes heterogeneous chemical reac-
tions on sulfuric acid aerosols and polar stratospheric cloud particles; both heteroge-
neous and homogeneous upper tropospheric formation processes are also included
(Visioni et al., 2018a). The aerosol module calculates the aerosol extinction, asymme-
try factor, and single scattering albedo, given the calculated size distribution of the
particles for different wavelengths and they are passed daily to the radiative transfer
modul, which is is a two-stream delta-Eddington approximation model (Toon et al.,
1989).

UM-UKCA UM-UKCA model simulations are performed using the Global Atmo-
sphere 4.0 configuration (Walters et al., 2014, GA4) of the UK Met Office Unified
Model (UM v8.4) general circulation model with the UK Chemistry and Aerosol
chemistry–aerosol sub-model (UKCA). The GA4 atmosphere model has a horizontal
resolution of 1.875°×1.25° and 85 vertical levels (N96L85) ranging from the surface to
about 85 km, with an interactive simulation of the QBO. The UM-UKCA configura-
tion adapts GA4 with aerosol radiative effects from the interactive GLOMAP aerosol
microphysics scheme and ozone radiative effects from the whole-atmosphere chem-
istry, which is a combination of the detailed stratospheric chemistry and simpli-
fied tropospheric chemistry schemes (Archibald et al., 2020). The GLOMAP strato-
spheric aerosol microphysics scheme is described in Dhomse et al. (2014), and model
setup is described in Dhomse et al. (2020). Briefly, the model uses the GLOMAP
aerosol microphysics module coupled with the troposphere-stratosphere chemistry
scheme, and modeled aerosols are coupled with the radiation scheme. The model
also uses greenhouse gas (GHG) and ozone-depleting substance (ODS) concentra-
tions from Ref-C1 scenario used in the CCMI-1 (Morgenstern et al., 2017) activity.
Simulations are performed in atmosphere-only mode, and CMIP6-recommended
sea surface temperatures and sea ice concentration that are obtained from https://

esgf-node.llnl.gov/projects/cmip6/ (last access: 25 March 2021) are used. Three
ensemble members were initialized using the fields of 3 model years of 20-year time-
slice simulations prior 1990 that gave a QBO transition approximately matching that
of ERA-Interim reanalysis (for more details Dee et al., 2011; Dhomse et al., 2020).

EMAC EMAC is the ECHAM5 general circulation model coupled with the Modu-
lar Earth Submodel System Atmospheric Chemistry (Brühl et al., 2015; Brühl et al.,
2018). The resolution is T63/L90, i.e. about 1.9° latitude and longitude and 90 layers
up to about 80 km with a vertical resolution of about 500 m near the tropopause. The
QBO is internally generated but slightly nudged to observations compiled by the

https://esgf-node.llnl.gov/projects/cmip6/
https://esgf-node.llnl.gov/projects/cmip6/


32
Chapter 2. Interactive stratospheric aerosol models’ response to different amounts

and altitudes of SO2 injection during the 1991 Pinatubo eruption

Free University of Berlin. Below 100 hPa and above the boundary layer dynamics
and temperature are nudged to ERA-Interim. It contains comprehensive gas-phase
and heterogeneous chemistry. The applied aerosol module GMXE (Pringle et al.,
2010) accounts for seven modes using lognormal size distributions (nucleation, solu-
ble and insoluble Aitken, accumulation, and coarse modes). The boundary between
accumulation mode and coarse mode, a model parameter, is set at a dry particle ra-
dius of 1.6 µm to avoid too-fast sedimentation of a too-large coarse-mode fraction
in case of major volcanic eruptions. Optical properties for the types sulfate, dust,
organic carbon and black carbon (OC and BC), sea salt (SS), and aerosol water are
calculated using Mie-theory-based lookup tables for each mode consistent with the
selected size distribution widths of the modes. This also means that no overall ef-
fective radius is used. The resulting total optical depths, single-scattering albedos
and asymmetry factors are used in radiative transfer calculations which feed back to
atmospheric dynamics. The results from EMAC were taken from an existing 30-year
transient simulation for comparison (Schallock et al., 2021).
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2.1.2 Observation data sets

AVHRR

The Advanced Very High Resolution Radiometer (AVHRR/2) is a space-borne sen-
sor that measures the reflectance of the Earth in five spectral bands covering visible
and infrared wavelengths (0.63, 0.86, 3.7, 11, 12 µm). AVHRR/2 instrument was on
board of the polar-orbiting satellites (POES) NOAA-11 that provided global cover-
age data with a resolution of 1.1 km and a frequency of Earth scans of twice per day
(https://www.avl.class.noaa.gov/release/data_available/avhrr/index.htm,
last access: 12 January 2023). The data used here are on a 1°x1° grid as monthly
averages (as archived at NOAA’s National ClimateData Center). As in Long and
Stowe (1994) and Aquila et al. (2012), the stratospheric optical depth at 0.5 µm is
calculated by removing monthly mean background values (June 1989 to May 1991)
from AVHRR observations. The optical depth at 0.5 µm is retrieved through a radia-
tive transfer surface/atmosphere model (RAO, STOWE, and McCLAIN, 1989) there-
fore, combined with the previous assumption, AVHRR cannot detect the changes in
stratospheric AOD smaller than 0.01 but can detect values up to 2.0 (Russell et al.,
1996).

SAGE II

The Stratospheric Aerosol and Gas Experiment II (SAGE II) is a satellite-based sun
photometer that was launched in October 1984 aboard the Earth Radiation Budget
Satellite (ERBS) and retired in August 2005. The instrument measures the extinction
of the solar radiation through the limb of the Earth’s atmosphere in seven channels
ranging from 385 to 1020 nm, with a global coverage from 80°S to 80°N latitude and
a vertical resolution of 1 km for the retrieved data (Mauldin et al., 1985). We used
the effective radius and the surface area density of aerosol particles from SAGE II
version 7.0 (Damadeo et al., 2013; NASA/LARC/SD/ASDC, 2012). The SAD (and
thus the effective radius) is derived by a method that is a linear mix between the
Thomason, Poole, and Deshler (1997) method, which is valid for the 525-1020 nm
extinction ratio below 1.5, and the Thomason and Burton (2008) method for ratios
above 2.0 (Damadeo et al., 2013). Both methods assume that aerosols are spherical
droplets of H2SO4-H2O solution with a constant composition of 75% H2SO4 and
25% H2O by weight. The Thomason, Poole, and Deshler (1997) method uses the
principal component analysis to derive the SAD from a linear combination of four
aerosol extinction measurements (386, 452, 525, 1020 nm). In the Thomason and
Burton (2008) method, SAD is derived from the 525 and 1020 nm channels using an
empirical parameterization based on the 525-1020 nm extinction ratio.

The stratospheric sulfate burden is taken from the SAGE-3λ data set (ftp://
iacftp.ethz.ch/pub_read/luo/CMIP6/, last access: 12 January 2023) that was com-
piled for Phase 6 of the Coupled Model Intercomparison Project (CMIP6). H2SO4

particle number density (and other secondary products not used here) is derived via

https://www.avl.class.noaa.gov/release/data_available/avhrr/index.htm
ftp://iacftp.ethz.ch/pub_read/luo/CMIP6/
ftp://iacftp.ethz.ch/pub_read/luo/CMIP6/
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the SAGE-3λ algorithms that assume a single mode lognormal size distribution of
stratospheric aerosol where number density, mode radius and width are obtained
by fitting the SAGE II extinction coefficients at three wavelengths (452, 525 and 1024
nm) (Revell et al., 2017).

HIRS

The High Resolution Infrared Radiation Sounder (HIRS) is an infrared-scanning ra-
diometer that has been onboard several NOAA platforms starting with the first satel-
lite of the Television Infrared Observation Satellite series (TIROS-N), followed by
NOAA-6 up to NOAA-19 (Borbas and Menzel, 2021). It measures the reflectance
of the Earth in 19 infrared channels (3.7 to 15 µm) and 1 solar channel (0.69 µm)
with a spatial resolution at nadir of 20.4 km on HIRS/2. Baran and Foot (1994) used
HIRS/2 cloud-cleared radiances at 8.3 µm (NOAA-10/12) and 12.5 µm (NOAA-11)
to retrieve the column number density of sulfuric acid aerosols from May 1991 to
November 1993. Among the assumption and the approximations, the stratospheric
aerosols are assumed to be 75% H2SO4 and 25% H2O, with a spectral transmittance
based on dustsonde measurements by Deshler et al. (1992) and a single-scattering
albedo calculated from Mie theory by integrating the extinction and scattering coefficients
over a lognormal size distribution using a mode radius 0.35 µm and a normalized standard
deviation of 1.6 (Baran and Foot, 1994). The data cover the latitudes from 80°N to 80°S
and all longitudes with 5° of resolution and are affected by a systematic error of 10%
due to the sensitivity of the retrieved method and uncertainties in the background.

OPC

The University of Wyoming balloon-borne Optical Particle Counter (OPC) is a spec-
trometer that measures the light-extinction cross section of the particles using a
broadband incandescent light source, developed by Rosen (1964), providing the par-
ticle size and the number concentration. The stratospheric aerosol measurements
from 1991 to 2012 are made over Laramie (Wyoming) with the so-called OPC40,
which can detect particles throughout the size range 0.1-10.0 µm, distinguished in
8 or 12 channels, depending on the instruments (Deshler, 2003). Here we used the
revised data set (UWv2.0; http://www.atmos.uwyo.edu/~deshler/Data/Aer_Meas_
Wy_read_me.htm, last access: 12 January 2023) of the OPC measurements (Deshler
et al., 2019). Surface area density and volume density are calculated from the size
distribution derived from particle size and concentration by fitting the data to a uni-
modal or bimodal lognormal distribution (depending on the number of measure-
ments and on which of the two minimizes the difference between the calculated and
the measured number concentration) (Kovilakam and Deshler, 2015).

http://www.atmos.uwyo.edu/~deshler/Data/Aer_Meas_Wy_read_me.htm
http://www.atmos.uwyo.edu/~deshler/Data/Aer_Meas_Wy_read_me.htm
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GloSSAC

The Global Space-based Stratospheric Aerosol Climatology (GloSSAC) is a global
and gap-free data set of zonally averaged optical properties of stratospheric aerosols
(focused on aerosol extinction coefficient at 525 and 1020 nm) from 1976-2018. It is
mainly based on the Stratospheric Aerosol and Gas Experiment (SAGE) and on the
Optical Spectrograph and InfraRed Imager System (OSIRIS) and the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation (CALIPSO). Ground, airborne,
and balloon-based instruments were used to fill major gaps in the data set (Thoma-
son et al., 2018). Here, we used the updated version v2 (NASA/LARC/SD/ASDC,
2012) from Kovilakam et al. (2020).

2.2 Results

The various sets of initial conditions of SO2 injections result in an aerosol cloud with
different optical properties depending on the dispersion of the cloud over time and
the size of the aerosols produced.

In the following section, we start by analyzing the AOD and how the models
reproduce the measured AOD with different volcanic emission source parameters.
Since the amount of attenuation depends on the particle number concentrations and
size, we then investigated both the magnitude and distribution of the sulfate burden
and the size of the sulfate aerosols.

2.2.1 Aerosol optical depth

The stratospheric AOD simulated by the different interactive aerosol microphysi-
cal models is evaluated by comparing it with satellite observations from AVHRR
and GloSSAC (Fig. 2.2). The AOD is calculated at a wavelength of 550 nm in EMAC,
ECHAM5-HAM, ULAQ-CCM and UM-UKCA, 533 nm in ECHAM6-SALSA, 525 nm
in SOCOL-AERv2 and GloSSAC, and 600 nm in AVHRR. Differences between those
wavelengths are however negligible. GloSSAC provides zonal values with a latitu-
dinal resolution of 5° and uniform spatio-temporal coverage up to the year 1994. As
it is mostly based on SAGE II measurements, the instrument saturates for optical
depth of about 0.15, therefore it is less accurate in the center of tropical clouds in the
first months after the eruption (Russell et al., 1996). Conversely, AVHRR can only
measure stratospheric AOD larger than 0.01. Because of the paucity of data points,
"global values" when comparing against AVHRR are calculated between 60°S-60°N.

Figure 2.2 shows the time evolution of the zonal-mean stratospheric AOD for
each model and ensemble mean. It is clear that medium and high injection of SO2

(Med-22km and High-22km, respectively) overestimate the stratospheric AOD in
the tropics or/and in the Northern Hemisphere (NH) extratropics compared to both
observations. The ability to reproduce the observed values in the Southern Hemi-
sphere (SH) extratropics depends on both the model and the injection parameters.
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TABLE 2.2: Correlation (COR) and root-mean-square-difference
(RMSD) of the stratospheric AOD calculated between observations
and model results, for the experiments that best reproduce the obser-

vations.

AVHRR (June 91 - May 92) GloSSAC (June 91 - May 92) GloSSAC (June 92 - May 93)
Model Experiment COR RMDS Experiment COR RMDS Experiment COR RMDS
ECHAM6-SALSA Med-18-25km 0.74 0.08 Med-19km 0.60 0.07 Med-19km 0.79 0.02
ECHAM5-HAM High-22km 0.74 0.09 Low-22km 0.71 0.07 Med-22km 0.82 0.02
EMAC 0.79 0.07 0.54 0.10 0.63 0.03
SOCOL-AERv2 Med-19km 0.73 0.08 Med-19km/Low-22km 0.61 0.09 Med-19km 0.86 0.02
ULAQ-CCM Med-19km 0.84 0.07 Med-19km 0.74 0.07 Med-19km 0.69 0.03
UM-UKCA Low-22km 0.56 0.12 Low-22km 0.63 0.11 Med-19km 0.47 0.05
UM-UKCA* Low-22km 0.87 0.07 Low-22km 0.82 0.09 Med-19km 0.86 0.02

* highlights models with spatially distributed SO2 injections.

UM-UKCA* and EMAC, contrary to other models, show more southward transport,
probably due to the different injection settings (see section 2.1.1). In UM-UKCA* the
meridional-spread emission (0-15°N) accounts for the initial west-southwestward
drift of the volcanic cloud (Bluth et al., 1992a), contributing to a more hemispher-
ically symmetric aerosol distribution (Dhomse et al., 2014; Mills et al., 2016; Jones
et al., 2017). EMAC used a 3D-plume injection and also included smaller eruptions
such as that of Cerro Hudson in the Southern Hemisphere in August 1991 (45.9°S,
72.9°W). The additional injection is a 3D-plume injection of 0.65 Tg-S of SO2, whose
maximum in terms of mixing ratio is at 18 km, and differs from the two additional
cases performed with ULAQ-CCM (2.1.1.1). In ULAQ-CCM, the Med-22km+Low-
Hud includes a similar amount of SO2 but at lower altitudes compared to the Cerro
Hudson eruption in EMAC, and its effect on the stratospheric burden and AOD is
negligible. In contrast, Med-22km+High-Hud enhances them in the Southern Hemi-
sphere, approaching observation, but only for a few months after the eruption (Fig.
A.6).

A quantitative comparison with the observations is shown with the use of Taylor
diagrams (see Appendix A) in Figure 2.3. Model results are compared for the first
year after the eruption with both AVHRR and GloSSAC (first row and second row,
respectively) and for the second year only with GloSSAC (third row). Three-member
ensembles, when provided, are represented with smaller circles of the same color
with respect to the ensemble mean of a specific simulation. In ECHAM6-SALSA, the
differences between members of the same scenario are greater than those between
scenarios because of differences in local winds at the time of the eruption in each
ensemble member. The impact of local winds is weaker when SO2 is injected over
the deep altitude range between 19 and 25 km (blues circles in Figure 2.3 panels a and
h). There are various sets of initial conditions for SO2 injections which, depending
on the model, are close to the observations. The experiments that best reproduce the
observations are those with similar variability to that of the observations, defined
by their standard deviations (SDs), higher correlation (COR) and lower root-mean-
square difference (RMSD). The values of COR and RMSD for these experiments are
summarized in Table 2.2.

During the first year after the eruption, all models show better agreement with
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FIGURE 2.2: Time evolution of zonal stratospheric AOD for all mod-
els, in Low-22km (first column), Med-22km (second column), High-
22km (third column), Med-19km (fourth column), Med-18-25km
(fifth column). The last row includes the different scenario simulated
by EMAC* and the two observations used for comparison: GloS-
SAC and AVHRR. AOD is calculated at a wavelength of 550 nm in
ECHAM5-HAM, EMAC, ULAQ-CCM and UM-UKCA, 533 nm in
ECHAM6-SALSA, 525 nm in SOCOL-AERv2, 525 nm in GloSSAC,

600 nm in AVHRR. * Models with spatially spread SO2 injections.
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FIGURE 2.3: Taylor diagrams for the global stratospheric AOD. Zonal
monthly mean values for different time periods have been used to cal-
culate the standard deviation, correlation, centered root mean square
difference between model experiments and measurements. In the 1st
row, model results are compared with respect to AVHRR over the pe-
riod June 1991 to May 1992; in the second row with respect to GloS-
SAC over the period June 1991 to May 1992; and in the third row
with respect to GloSSAC over the period June 1992 to May 1993 (See
appendix A for more details). * Models with spatially spread SO2 in-

jections.

AVHRR than GloSSAC: correlations range between 0.73 and 0.78 with AVHRR ver-
sus 0.54 and 0.82 with GloSSAC, for which RMSDs are also higher. In ECHAM6-
SALSA, SOCOL-AERv2 and ULAQ-CCM, the injection of 7 Tg-S of SO2 closer to the
tropopause is a good compromise between the too-high and too-low stratospheric
AOD produced in the tropics by an injection of 5 and 10 Tg-S of SO2, respectively,
and this scenario also produces a better southward and northward transport (Fig.
2.2). The best set of initial parameters also depends on the observation considered
for comparison: in ECHAM6-SALSA Med-18-25km and Med-19km reproduce bet-
ter AVHRR and GloSSAC measurements, respectively, and in the comparison with
GloSSAC the correlation increases, and the RMSD decreases over time (Fig. 2.2a5).
For SOCOL-AERv2 and ULAQ-CCM, Med-19km is in good agreement with both
AVHRR and GloSSAC in the two different periods considered (Fig. 2.2 panels c4 and
d4). During the first year after the eruption, the correlation between Med-19km and
the observations is higher for ULAQ-CCM (0.84 and 0.74 compared with AVHRR
and GloSSAC, respectively) as it better reproduces the tropical confinement, while
in the following year (June 1992 - July 1993), in SOCOL-AERv2 comparable values
of stratospheric AOD persist for longer in the extratropics compared with GloSSAC
(correlation of 0.86). In ECHAM5-HAM the injection at 21-23 km results in a compa-
rable stratospheric AOD in the tropics and SH extratropics compared to both obser-
vations, but overestimates NH extratropics values by up to a factor of 2 (Fig. 2.2b1,
b2 and b3). The amount of SO2 to obtain the highest correlation between modeling
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experiments and observations depends on the observation and on the period consid-
ered: High-22km and Low-22km when compared with AVHRR and GloSSAC dur-
ing the first year after the eruption, respectively, Med-22km when compared with
GloSSAC the following year. In UM-UKCA, the point injection and meridional-
spread emission agree that Low-22km better reproduces the stratospheric AOD of
both observations during the first year after the eruption, as it shows a good tropical
confinement and comparable values in the NH, and for the meridional-spread emis-
sion also in the SH (Fig. 2.2e1 and f1). Therefore, the correlation is higher and the
RMSD is lower for the meridional-spread emission experiment. The poleward trans-
port, especially in the NH, is enhanced in Med-19km (Fig. 2.2e4 and f4) and found to
have a higher correlation with GloSSAC one year after the eruption (COR of 0.86 and
0.47 for UM-UKCA* and UM-UKCA, respectively). During the first year after the
eruption, EMAC has comparable values in the tropics and northern mid-latitudes
with respect to AVHRR, while in the southern mid-latitudes the stratospheric AOD
is up to twice as large and results in a correlation of 0.79. The correlation decreases to
0.63 when comparing with GloSSAC during the following year because of the more
rapid decline in the stratospheric volcanic cloud.

The persistence of the volcanic aerosol in the stratosphere is shown in Figure 2.4,
which represents the global normalized stratospheric optical depth, calculated as
explained at the beginning of section 3.1. The Med-19km experiment is shown for
all models, as it is the experiment which best reproduces the GloSSAC observations
after June 1992 for all models, with the exception of Med-22km for ECHAM5-HAM
and EMAC with the only experiment provided. The e-folding time, calculated as
the time between the maximum and the 1/e value, is 13 months in AVHRR and
15 months in GloSSAC. This range includes ULAQ-CCM and UM-UKCA with an
e-folding time of 14 months and UM-UKCA*, with an e-folding time of 15 months.
Lower values were found for SOCOL-AERv2 with 12 months, ECHAM6-SALSA and
ECHAM5-HAM with 11 months, and EMAC with 10 months.

2.2.2 Sulfate burden

Figure 2.5 shows the time evolution of the global and tropical stratospheric sulfate
burden of different injection setups for each model. The results of each model are
compared with satellite measurements from HIRS and the SAGE-3λ data set. Large
differences are evident in the temporal evolution of the sulfate burden between the
aerosol model simulation on one hand and the satellite data set on the other, which
show similar values and a similar temporal evolution for the sulfate burden.

In the 6 months following the eruption (July-December, termed the build-up
phase), ECHAM6-SALSA, ECHAM5-HAM, SOCOL-AERv2, and ULAQ-CCM best
match the global stratospheric sulfate burden of HIRS and SAGE-3λ with the in-
jection 5 Tg-S of SO2 (Low-22km), a lower amount compared to the one required
for a comparable stratospheric aerosol optical depth (Fig. 2.5 panels a,b,d and e).
For SOCOL-AERv2, Med-19km also shows values within the uncertainties in the
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FIGURE 2.4: Time evolution of monthly values of the normalized
global stratospheric AOD for models (colored lines) and AVHRR and
GloSSAC observations (black lines). The dashed gray line represents
the 1/e value. The experiments shown are Med-19km for ECHAM6-
SALSA, SOCOL-AERv2, ULAQ-CCM, UM-UKCA and UM-UKCA*
and Med-22km for ECHAM5-HAM. For EMAC*, it refers to the only
experiment provided. * Models with spatially spread SO2 injections.

HIRS measurements. However, Low-22km, and also Med-19km for SOCOL-AERv2,
anticipates the peak and underestimates the tropical burden in ECHAM6-SALSA,
ECHAM5-HAM and SOCOL-AERv2, while the peak is reached later and larger val-
ues are produced in ULAQ-CCM (Fig. 2.5 panels h,i,k and l). In UM-UKCA, point
and meridional-spread injection show similar results for the global stratospheric sul-
fate burden and agree with observations with Med-19km and Med-18-25km exper-
iments (Fig. 2.5 panels f and g). The differences between the two strategies emerge
in the tropics where values are lower for point injection experiments due to the lack
of aerosols transported to the southern tropics and that are therefore confined to
the Northern Hemisphere. For the point injection, Low-22km and Med-18-25km
approaches SAGE-3λ for the first months and HIRS for the last 3 months of the
build-up phase. All the experiments with larger amounts of injected SO2, includ-
ing the EMAC experiment with 8.5 Tg-S of SO2, overestimate the measured global
sulfate burden; all experiments in ULAQ-CCM and the single scenario in EMAC
overestimate the tropical burden, while in ECHAM6-SALSA, ECHAM5-HAM and
SOCOL-AERv2 overestimate the burden in the NH extratropics (Fig. A.5).

In the build-up phase, SAGE-3λ assumes the lowest values and slowly reaches
a peak of 5.0 Tg-S in December, compared to 5.4 Tg-S of HIRS in September. Lower
values in SAGE-3λ are related to the saturation effects of the limb-occultation in-
strument, therefore HIRS measurements are to be considered more reliable for this
initial period (Sukhodolov et al., 2018). For EMAC, the injection of 8.5 Tg-S of SO2

produces a sulfate aerosol cloud that peaks in September at 7.0 Tg-S, a value compa-
rable to the results of the Med-22km experiment (performed by the other models), in
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which 7 Tg-S of SO2 is injected. For SOCOL-AERv2 and UM-UKCA with both injec-
tion strategies, Med-19km shows the best agreement with HIRS in terms of peak and
timing of the peak (September for SOCOL-AER, October for UM-UKCA), whereas
in Low-22km and the other experiments it is reached 1 month later. This is followed
by ECHAM6-SALSA in October (November only in High-22km) and ULAQ-CCM
in November. ECHAM5-HAM is more sensitive to the altitude of injection: it peaks
between October in Med-19km, November in Med-18-25km and December in the
experiments with the same altitude of injection (Low-21km, Med-21km and High-
21km); the values of the peak are 14.3% lower in Med-19 km and 7.1% lower in
Med-18-25km compared to Med-22km.

The sensitivity to injection altitude depends on the model: during the build-up
phase, the Med-18-25km and Med-22km curves coincide in ECHAM6-SALSA and
SOCOL-AERv2, and, compared to these experiments, the values in Med-19km are
up to 9% and 20% smaller for each model, respectively. In ULAQ-CCM, ECHAM5-
HAM, and UM-UKCA, the more SO2 is injected at lower altitudes the smaller the
value of the peak is, but for ULAQ-CCM the peak is only 1% and 6% lower in Med-
18-25km and Med-19km compared to Med-22km. The value and time of the peak
for all models and experiments are summarized in table A.2. In general, when the
amount of SO2 injected is exclusively in the lowest levels or in some vertical levels
that include the lowest levels (Med-19km and Med-18-25km respectively), the sul-
fate burden is lower, and therefore this effect is less pronounced at Med-18-25km,
as the aerosol distribution is more dependent on the balance between gravitational
sedimentation in the lower stratosphere and the strength of vertical transport by the
Brewer-Dobson Circulation, as well as the height of the tropopause.

Differences among models and experiments in terms of amount and timing dur-
ing the build-up phase are influenced by the oxidation of SO2 by OH that deter-
mines the timescale for aerosol formation (Clyne et al., 2021). For this reason, we
distinguish between models with prescribed OH (ECHAM6-SALSA and ECHAM5-
HAM) and those with interactive OH (SOCOL-AERv2, ULAQ-CCM, UM-UKCA)
when looking at the SO2 evolution. The global normalized SO2 burden curves (Fig.
A.4a) coincide for all models with prescribed OH. An exception is Med-19 km in
ECHAM6-SALSA, which has lower values and might depend on an early removal
through tropopause flux, facilitated by injection near the tropopause. In ULAQ-
CCM and UM-UKCA, when comparing High-22km with Low-22km we find that a
higher injected SO2 mass produces a longer initial e-folding time for SO2. The same
applies when comparing injections concentrated in a few kilometers (Med-22km and
Med-19km), i.e. where SO2 oxidation depletes OH more quickly (Mills et al., 2017),
with those where the same amount of SO2 is injected over a wider altitude band.
Consequently, initial values of the stratospheric sulfate burden in Med-18-25km are
slightly higher compared to Med-22km and Med-19km.

In order to better understand the models sensitivity to the different emission sce-
narios and eventual non-linearities, in Figure 2.6 we normalize the resulting global
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FIGURE 2.5: Time evolution of monthly values of global and tropical
stratospheric sulfate burden in Tg-S (first and second column, respec-
tively). Each panel refers to the respective model in which the differ-
ent results of the experiments (colored lines; different line styles for
different experiments, see legend on the left) are compared with the
HIRS and SAGE-3λ data sets (black lines, see legend on the right). *

Models with spatially spread SO2 injections.
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sulfate burden by the amount of SO2 injected. Thus, in the build-up phase we would
expect all the curves for all experiments to reach a value of 1, since no SO2 and sul-
fate aerosols have yet been removed from the atmosphere. This will highlight the
differences in the aerosol removal (wet removal, deposition, sedimentation) depend-
ing on the injection altitude and differences in microphysical growth, especially in
the descending phase. Not all models and experiments, however, reach the value
of 1: ECHAM5-HAM in Med-19 km and Med-18-25 km and ULAQ-CCM in Med-
19 km do not, nor do any experiments in ECHAM6-SALSA, SOCOL-AERv2, and
UM-UKCA. This is due to the use of monthly averages for our analyses and the
faster removal, near the tropopause, of sulfate aerosol and SO2 not yet converted to
aerosols, especially in Med-19km and Med-18-25km experiments. To confirm this,
we observe that this is particularly evident in Med-19km with the lowest injection
height. The curves of the experiments with injection between 21-23 km coincide in
the build-up phase and the differences emerge later, after 1992: the aerosol lifetime
decreases with increasing mass of SO2 injected (table A.2), which corresponds to the
increase in the aerosol size in all models. In UM-UKCA, the lifetime is increased
by 1 to 2 months for the meridional-spread emission compared with the point in-
jection. In ECHAM6-SALSA the lifetime increases when increasing the injected SO2

mass. However, Figures 2.3 and A.1 show that the differences in results between en-
semble members of the same scenarios are larger in ECHAM6-SALSA than in other
models. This indicates that differences in aerosol lifetimes between Low-22km, Med-
22km and High-2km scenarios are probably not statistically significant in ECHAM6-
SALSA. Figure A.11 panel a shows the sulfate burden from SOCOL-AERv2 for the
Low-22km experiment calculated with two vertical model resolutions. This figure
further confirms the faster removal of volcanic sulfur during the first months after
the eruption in SOCOL-AERv2 even in the 22 km injection experiments. The lower-
vertical-resolution version shows much lower burden peak already in the late 1991,
while the higher-resolution version peaks at exactly the emitted amount of 5 Tg-
S plus the background value of ∼0.17 Tg-S and maintains this peak till early 1992.
This is an effect of increased vertical diffusion in the lower-resolution version, which
quickly redistributes the volcanic cloud vertically in both directions. This brings
some of the volcanic sulfur mass closer to the tropopause and the shallow branch
of the Brewer-Dobson circulation, reducing its confinement in the tropical reservoir
and enhancing removal from the stratosphere (Brodowsky et al., 2021). This agrees
with the results of 22km experiments of high-resolution ECHAM5-HAM, which also
maintain the emitted amount for some months after the eruption (Fig. 2.6).

Among all models and experiments, the shortest e-folding time of the global
stratospheric sulfate burden is 8 months for EMAC, ranges between 10 and 14 months
for ECHAM6-SALSA, ECHAM5-HAM, SOCOL-AERv2 and ULAQ-CCM, and reaches
the highest values for UM-UKCA with values between 17 and 23 months, which
more closely matches those of HIRS and SAGE-3λ of 21 and 20 months, respectively.
The e-folding time of the tropical stratospheric sulfate burden is 12 and 13 months in
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HIRS and SAGE-3λ and half for the models with the exception of ECHAM5-HAM
for Low-22km, Med-22km and Med-18-25km with a longer duration of 9 months,
and UM-UKCA for which it varies between 8 and 14 months, based on the experi-
ments and injection strategy. No model except UKCA can reproduce the observed
slow-descent phase during 1992 of the stratospheric sulfate burden, and only the
High-22km scenario approaches the measured values at the end of 1992 for these
models, while strongly overshooting them in the preceding months.

Overall, we find that Low-22km and High-22km are the experiments that, in
all models, better reproduce the observations in the build-up and descent phase, re-
spectively (Fig. 2.5 and A.6). The spatio-temporal development of the sulfate burden
(Fig. A.6) reflects in general that of the AOD (Figs. 2.2, 2.3). In the SH, the strato-
spheric burden shown in SAGE-3λ is not reproduced by the models in Low-22km,
therefore more SO2 (High-22km) must be injected for the aerosol cloud to persist for
as long as in SAGE-3λ and reach the same values. This way, however, the burden
in the NH is overestimated (Fig. A.5). There are clear differences in the position of
the stratospheric AOD peak, which lies between 5-20°N in the models, but around
5°S-10°N in the observations pointing to differences in the meridional transport in
the early phase after the eruption (Fig. 2.2). In addition, Figure A.11b-c illustrate
that the volcanic aerosol mass redistribution between the hemispheres could also
be affected by the vertical resolution of the models, because it affects the timings of
tropical confinement and across-tropopause removal.

In order to discuss the meridional transport, Figure 2.7 shows the aerosol mass
fraction of the simulated sulfate burden in the tropics (20°N-20°S), in the northern
mid-latitudes (35°-60°N) and in the southern mid-latitudes (35°-60°S) with respect
to the global value, for SAGE-3λ (black line), and for all models and scenarios (first
row for the different injection amounts, second row for the different injection alti-
tudes). Tropical confinement (panels 2.7a and d) as shown in the observations, is
not captured by ECHAM6-SALSA, ECHAM5-HAM, SOCOL-AERv2, and EMAC,
which underestimate the tropical aerosol mass fraction, resulting in a stronger trans-
port to the NH for the first three models and to the SH for EMAC. ULAQ-CCM
overestimates the fraction during the first 6 months after the eruption and becomes
comparable thereafter. UM-UKCA shows tropical confinement comparable to that
of SAGE-3λ for the 21-23km injection experiments for point injection and shallow
and deep injection for meridional-spread emission, otherwise underestimated or
overestimated in the other experiments, respectively. However, the similarity be-
tween observations and the 21-23km injection experiments for the UM-UKCA point
injection masks the lack of aerosols in the southern tropics (0-20°S) and a higher
load in the northern extratropics (0-20°N). Indeed, the fraction of burden for the
NH mid-latitudes (panels 2.7b and e) is overestimated with differences of up to 20%
compared to SAGE-3λ (2.7h) while for the SH (2.7c and f) it is underestimated but
to a smaller extent with differences of 10% compared to SAGE-3λ (2.7i). The same
happens for ECHAM6-SALSA, ECHAM5-HAM, and SOCOL-AERv2. Overall, NH
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FIGURE 2.6: Time evolution of global stratospheric sulfate burden
normalized to the amount of injected SO2. Each panel refers to the
respective model in which the different experiments are compared.



2.2. Results 47

transport is favored in all models at the expense of tropical confinement.
In most models, varying the injected SO2 mass does not affect the fraction of

aerosols transported out of the tropics towards both hemispheres (2.7a, b, and c). The
only exception is ECHAM6-SALSA, where an increased injected SO2 mass increases
the tropical confinement, especially in the first 6 months after the eruption. All mod-
els, except ULAQ-CCM, show that the tropical confinement is reduced in favour of
transport towards both hemispheres when SO2 is injected below 20 km (Med-19km).
Compared to high-altitude injection settings (>20 km), Med-19km has the greatest
transport in SH. The increase in altitude of injection (Med-22km and Med-18-25km)
produces a higher confinement in the tropics with a consequent reduced transport
toward both hemispheres in ECHAM6-SALSA, SOCOL-AERv2 and UM-UKCA. In
ECHAM5-HAM, the strongest confinement is achieved in Med-22km, while Med-
18-25km shows a similar behavior to Med-19km as most of the sulfate aerosols are
found below 20 km. In ULAQ-CCM differences among the injection settings emerge
six months after the eruption and the injection at lower altitudes (Med-19km) shows
a more efficient polewards transport, especially towards the NH.

2.2.3 Effective radius and surface area density

Figure 2.8 shows the time evolution of the observed and simulated stratospheric
effective radius in the tropics (20°S-20°N) and over Laramie (41°N-105° W) (calcu-
lation of the effective radius and error bar in Appendix A2). In the tropics (Figs.
2.8 a-g) the stratospheric effective radius is calculated as the SAD-weighted aver-
age between 21-27 km because of a paucity of tropical measurements below 21 km
in SAGE II. Over Laramie (Figs. 2.8 h-n), the stratospheric effective radius is de-
fined as the SAD-weighted average between 14-30 km in order to compare it with
in situ OPC measurements (Deshler et al., 2019). Model results are calculated as
the value of the nearest grid cell to Laramie; therefore, the ability to reproduce the
OPC measurements is more influenced by atmospheric circulation patterns as zonal-
mean comparisons discussed earlier and depends also on the horizontal resolution
(see Table A.1).

Before the eruption, the simulated evolution of the tropical-mean effective radius
in most models is almost steady compared to SAGE II. Only ULAQ-CCM reproduces
the observed seasonal variation and matches the pre-eruption measurements, result-
ing in particles with a radius of 0.27 µm, similar to SAGE II (calculated over the 5
months before the eruption). The other models have smaller background particles
with a constant value of 0.14 in ECHAM6-SALSA, 0.17 in ECHAM5-HAM, 0.17 in
EMAC, 0.15 in SOCOL-AERv2 and 0.10 in UM-UKCA. Over Laramie, ECHAM6-
SALSA, ECHAM5-HAM, EMAC and SOCOL-AERv2 have comparable radii to the
OPC ones, while ULAQ-CCM and UM-UKCA lie outside the uncertainty range with
larger and smaller radii, respectively. The causes of these differences are unclear;
however, an in-depth exploration of the background behavior is out of the scope
of this paper and needs to be addressed by studies specifically designed to study
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FIGURE 2.7: Time evolution of the latitudinal partition of the strato-
spheric sulfate burden. The aerosol mass fraction is calculated with
respect to the total burden, for the tropical burden (20°N-20°S) (a, d,
g), for the burden integrated over the northern mid-latitudes (35°-
60°N) (b, e, h), and for the burden integrated over the southern mid-
latitudes (35°-60°S) (c, f, i). The first row includes the experiments
with different amounts of SO2 injected, the second row experiments
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change in the latitudinal partition for all model experiments com-
pared to SAGE-3λ. Experiments are identified here with different line
styles; the different colors refer to the models. * Models with spatially

spread SO2 injections.
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aerosol microphysics and transport under volcanically quiescent conditions such as
the ISA-MIP Background experiment (Timmreck et al., 2018).

After the eruption, all models are able to capture the same decay rate as the
SAGE II measurements, remaining flat around the peak reached approximately af-
ter October 1991. Most produce a comparable tropical effective radius for about a
couple of years, based on different injection settings. The models agree that par-
ticle size increases with increasing injected SO2 mass, with differences from the
medium-injection scenario within 15% in ECHAM6-SALSA and 10% in ECHAM5-
HAM, SOCOL-AERv2, ULAQ-CCM and UM-UKCA. The differences are larger when
comparing different injection altitude scenarios, and corresponding increase in the
particle size is model-dependent. In ECHAM6-SALSA and SOCOL-AERv2, High-
22km shows a tropical stratospheric effective radius within 10% of SAGE II until the
end of 1993, peaking, respectively at 0.47 and 0.49 µm compared to 0.51 in SAGE II.
In ECHAM5-HAM, all experiments except High-22km, which best fits the observed
AOD, produce similar effective radii, ranging between 0.46 and 0.51 µm, and are
comparable with SAGE II until the end of 1992. High-22km differs by larger radii
reaching a maximum of 0.56 µm. One year after the eruption, the differences among
the different ECHAM5-HAM experiments disappear, and the effective radius de-
creases more rapidly than in SAGE II. EMAC peaks at 0.33 µm in October and radii
stay around 0.30 µm for less than 1 year. The low bias hides the faster decrease in
the effective radius at about 22 km altitude than in most other models, while in the
stratosphere below it is similar to observations. In ULAQ-CCM, the effective radius
of Med-19km reproduces the SAGE II measurements with a similar time decrease,
as differences stay within 10% until the end of 1995, while other experiments pro-
duce larger particles, with peaks ranging between 0.53 and 0.71 µm. In UM-UKCA,
the growth of the effective radius is slower compared to other models, particularly
for point injection, but both injection strategies show the slowest decay, which is
closest to that of SAGE II. After peaking at different times, the radii between the
two injection strategies are similar and range between the smallest value of 0.10 for
Med-19km and the largest value of 0.49 in High-22km, which is comparable with the
observations.

Over Laramie, all experiments of ECHAM6-SALSA, SOCOL-AERv2 and UM-
UKCA produce radii within the estimated uncertainties in the OPC measurements
for all 5 years in the first two models and after the end of 1991 in UM-UKCA.
ECHAM5-HAM and EMAC show comparable values during the pre-eruption phase
but in ECHAM5-HAM radii rise faster compared to the observation during the
build-up phase while in EMAC, after reaching a peak that is about 30% smaller than
that of OPC, the radii assume the smallest values, below the uncertainty. In ULAQ-
CCM, all experiments overestimate OPC measurements until early 1992, in particu-
lar Med-19km peaks at 0.78 µm in November 1991, and the effective radius remains
at the upper extreme of measurement uncertainty from there on. Increased vertical
resolution calculations with SOCOL-AERv2 reveal no difference to the aerosol size
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before and 1.5 years after the eruption compared to the reference configuration (Figs.
A.11 f-g). During the period of the tropical residence, however, the effective radius
noticeably increases due to more aerosol staying in the tropics and the stratosphere
and thus available for coagulational growth.
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FIGURE 2.8: Time evolution of stratospheric effective radius (µm) in
the tropics (panels a-g) and over Laramie (41°N, 105° W, panels h-n).
In the panels of the first row, the stratospheric effective radius of the
models is calculated between 21-27 km (50-20 hPa) to be compared
with the available SAGE II observations. In the panels of the second
row, it is calculated between 14-30 km (130-10 hPa) to be compared
with the OPC observations. * Models with spatially spread SO2 injec-

tions.

Figure 2.9 summarizes the information regarding the vertical distribution of the
effective radius, SAD and extinction at 0.5 µm for the Med-22km experiment, in
the tropical area (20°S-20°N), and over Laramie, 6 months after the eruption. A
corresponding figure including all available experiments is shown in Figure A.10.
By looking at the vertical profiles of various quantities, biases that are hidden in
integrated variables emerge. Figure 2.9c reveals that the vertical profiles differ not
only between models and observations but also strongly between the observations
themselves.
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In the tropics, the effective radius peaks between 100-50 hPa in ECHAM6-SALSA,
EMAC, and ULAQ-CCM and between 50-20 hPa in ECHAM5-HAM and UM-UKCA
as in SAGE II, with values within 30% of that measured, except for ULAQ-CCM,
where the radii are up to 4 times larger. In UM-UKCA, the peak of SAD for point in-
jection is centered at higher altitude, around 30 hPa compared to 20 hPa for meridional-
spread emission, and with smaller values. SOCOL-AERv2 shows good agreement
with SAGE II between 100-20 hPa with values that remain constant around 0.44 µm
above 70 hPa. The tropical SAD simulated by the models follows the same vertical
distribution as that of SAGE II, and all models have a peak between 50-20 hPa, with
the exception of EMAC whose peak is around 50 hPa. In that range of altitudes,
the values of the SAD are comparable with the observations for SOCOL-AERv2 and
ULAQ-CCM for most of the attitudes, and are up to 2 times larger in the other mod-
els.

The tropical extinction follows the same distribution of the SAD. In this case,
the extinction is compared with SAGE II and GloSSAC, and large differences ex-
ist between them: below 20 hPa the extinction in GloSSAC is larger than in SAGE
II, and the differences increase with decreasing height up to 100% compared to
SAGE II because of its gap-filling with ground-based measurements (Thomason et
al., 2018; Kovilakam et al., 2020). Above 70 hPa, around the lower bound of the in-
jection altitude, models extinction is even larger than GloSSAC: ECHAM6-SALSA,
SOCOL-AERv2, and ULAQ-CCM approach the measurements at the limit of max-
imum uncertainty around at 70-25 hPa, and EMAC does so between 40-20 hPa,
while ECHAM5-HAM and UM-UKCA overestimate measurements up to twice their
value. Below 70 hPa, all models underestimate the GloSSAC data, but the models
extinction is still larger than that of SAGE II, with the exception of EMAC, which
shows the greatest extinction below 50 hPa, where it peaks. Considering that the
SAD depends on the size and the number of particles, we can assume, for the mod-
els that show a comparable radius and a larger SAD compared to SAGE II in the
tropics, that they overestimate the number of optically active particles and therefore
show a larger extinction (ECHAM5-HAM and UM-UKCA).

Over Laramie, the vertical distribution of the effective radius is within the error
bar of the OPC measurements up to 20 hPa in ECHAM6-SALSA, ECHAM5-HAM,
and SOCOL-AERv2, while ULAQ-CCM produces larger particles especially below
50 hPa. In EMAC the effective radius is at the lower limit of the uncertainty but
is the only model able to reproduce the vertical profile of the SAD from OPC mea-
surements for most of the altitudes. The models that showed faster transport in the
northern mid-latitudes overestimate the observed SAD for most of the altitudes.

The ability to reproduce the observations also depends on the period considered
(Figs. A.8 and A.9): in the first months after the eruption models and observations
show large differences, especially for SAD and extinction, which are overestimated
at both latitudes considered. This may be related both to the sensitivity to the actual
meteorological conditions that climate models are unable to accurately replicate, and
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to the absence in HErSEA simulations of volcanic ash injection that could remove
some of the initial SO2 gas or affect the local winds and the SO2 dispersion (Ayris et
al., 2013; Zhu et al., 2020; Dhomse et al., 2020; Kloss et al., 2021; Niemeier, Riede, and
Timmreck, 2021). This sensitivity to the initial conditions of SO2 injections decreases
the more time passes after the eruption. One year after the eruption, the models still
show a vertical profile of the effective radius comparable to observations, while the
simulated SAD starts to decrease everywhere after six months from the eruption,
underestimating tropical values but still overestimating OPC measurements.
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FIGURE 2.9: Vertical profile of the effective radius in µm (left panels),
surface area density (SAD) in µm2/cm3 (middle panels), and extinc-
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Laramie (second row) for Med-22km in December 1991. Model re-
sults are compared with SAGE II and GloSSAC in the tropics and
with OPC over Laramie. * Models with spatially spread SO2 injec-

tions.

2.3 Discussion

With the use of Taylor diagrams, we highlighted the experiments that better match
the observations in terms of stratospheric AOD, in two different time periods, based
on the reliability of the measurements. Each model requires different injection sce-
narios to reproduce the observations, due to differences in the transport and micro-
physical processes and their mutual interaction. Even considering the best set of
initial parameters based on AOD (Fig. 2.2), differences with observations more or
less persist in the models, and we cannnot unequivocally define a “best” model as
that varies depending on the variable considered and the timing of the observation.

Comparing the results of the models between the experiments with the same
injection setup, we observe a large difference between models in reproducing the
stratospheric optical depth compared to the similar evolution of the global strato-
spheric sulfate burden. It is hard to disentangle the transport and the microphysics
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contribution to the differences in the considered variables, i.e., what fraction of it de-
pends on microphysical schemes or different dispersion of the aerosol cloud. We first
considered the contribution of SO2 oxidation by OH to differences in the timing of
the peak for the stratospheric sulfate burden (Fig. 2.5) and, consequently, AOD (Fig.
A.2). For models with prescribed OH, differences in the stratospheric rate of SO2

conversion may depend on the injection altitude, due to an earlier removal through
the tropopause flux when the injection is closer to the tropopause. For models with
interactive OH we observe a longer e-folding time for higher mass of SO2 injected
and when injected in a narrow altitude range (Med-22km vs Med-18-25km). Due to
the availability of only monthly values, some observations of the SO2 behavior at
a more finely resolved temporal scale are not possible here. Furthermore, since the
lifetime of sulfate depends on OH concentration and transport and mixing into ad-
jacent grid boxes, when comparing different models, the timing of the peak cannot
be simply related to the treatment of OH.

However, we find a common problem in transport, either too fast from the trop-
ics to high northern latitudes (ECHAM6-SALSA, ECHAM5-HAM, SOCOL-AERv2),
confined in the NH (UM-UKCA for point injection), or too confined to the tropics
(ULAQ-CCM). The different tropical confinement can be affected by a different ver-
tical advection scheme between ULAQ-CCM and the other models, based on the
same dynamical core ECHAM5 or ECHAM6. Here, the tropical confinement de-
pends on the different horizontal resolution (Niemeier, Richter, and Tilmes, 2020)
while the particular definition of the tropical pipe (see Waugh et al., 2018) may also
strongly affect this conclusion. The vertical resolution of a model can also affect
the transport from the tropics to high northern latitudes: Brodowsky et al. (2021)
showed for the SOCOL-AER model that a longer tropical confinement was found
with increased vertical resolution. Hence, the transport to NH and SH can depend
on model version and injection setting: the previous MAECHAM5-HAM simulation
of the Mt. Pinatubo eruption by Niemeier et al. (2009) showed a similar pattern for
the stratospheric AOD compared to AVHRR and SAGE II, by injecting a mid-range
amount of (8.5 Tg S) into one grid box at the location of Pinatubo and a model layer
around 24 km, but assuming fewer vertical levels without internally generated QBO.
The Typhoon Yunya, which cannot be reproduced with coarse resolution in models,
might have played a role in the equatorward transport of the volcanic cloud as well,
causing a stronger transport into the SH than in most model results. Better transport
to the SH showed EMAC, which has been nudged to the real meteorological condi-
tions and the UM-UKCA version with emissions between 15°N and the Equator.

The meridional transport in the models depends on the vertical wind structure
and on the vertical distribution of the simulated volcanic cloud in the first months
after the eruption. Labitzke and McCormick (1992), based on SAGE II measure-
ments, showed for the early post-Pinatubo period an upper transport regime (above
20 km) in which aerosols remain confined to the tropical reservoir spreading be-
tween 30°N and 10°S and a lower transport regime (below 20 km) in which aerosols
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mainly spread to northern high latitudes. Between August and September, aerosols
above 20 km spread across most of the SH, reaching latitudes of 50°S, followed in
November and December by an enhancement in the NH due to the transition from
boreal summer to winter circulation in the middle and upper stratosphere. Most
of the models show that a faster transport in the NH is favored when aerosols are
mainly distributed in the lower transport regime (Timmreck, Graf, and Kirchner,
1999). The lower-stratospheric part of the injection profiles is also strongly affected
by the inconsistencies between the modeled and real tropopause heights at the time
of eruption (Brodowsky et al., 2021). This effect can be additionally enhanced in
the models with low vertical resolution (Fig. A.11). We note that the strength of
the meridional transport is also seasonally dependent, and therefore eruptions hap-
pening in other seasons would result in different distributions of the aerosol cloud
(Visioni et al., 2019; Toohey et al., 2011). We find that the injection rate does not af-
fect the fraction of aerosols transported out of the tropics towards both hemispheres
with the exception of ECHAM6-SALSA where an increased injected SO2 mass in-
creases the tropical confinement, especially in the first 6 months after the eruption.
This is probably due to a stronger radiative interaction from the absorption of more
longwave radiation by larger particles. The behavior of the other models is consis-
tent with the findings of Young, Houben, and Toon (1994) and Aquila et al. (2012)
where the aerosol heating by absorption of the infrared radiation induces a lofting
and a divergent motion that affects only the initial transport (within 1 month) of the
aerosols towards and within both northern and southern tropics.

Even when models and measurements look comparable for the integrated vari-
ables (Figures 2.8 and A.2), these similarities hide the models inability to reproduce
the observed vertical structure depending on the latitude and time period after the
eruption under consideration (Figs. 2.9, A.8, and A.9). Most models take up to 6
months before they can reproduce the vertical structure of effective radius, SAD and
extinction in the tropics and up to a year at mid-latitudes. The vertical distribution of
SAD and effective radius in three moments identifying the build-up, maximum and
descent phase of the evolution of the sulfate burden (September and December 1991
and June 1992, respectively) shows an initial overestimation of the observations and
an underestimation 1 year after the eruption. The lack of ash co-emission, a process
not included in HErSEA simulations, could be crucial in the first days/month to bet-
ter reproduce the initial cloud evolution (Stenchikov et al., 2021). On one hand, the
ash may have removed parts of the initial sulfur cloud through the SO2 or H2SO4 up-
take on these coarse particles, which have a significant fall velocity (Zhu et al., 2020);
on the other hand, the presence of smaller ash particles causes greater heating and
vertical lofting of the volcanic cloud (Niemeier, Riede, and Timmreck, 2021; Kloss
et al., 2021), which could result in slower meridional transport and longer lifetimes
of stratospheric volcanic aerosols, depending on the latitude and injection altitude
of SO2 (Niemeier et al., 2009; Stenchikov et al., 2021). Aberystwyth lidar measure-
ments from Vaughan et al. (1994) show a signature of depolarizing particles around
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16 km between November and December 1991. That corresponds to the sudden en-
hancement of the SAD from the Laramie measurements and has been identified as
ash-rich particles (Pueschel et al., 1994). The faster transport to the northern mid-
latitudes in the models than observed may have removed most of the stratospheric
particles, so that the aerosol lifetime in the models is about half that observed.

In addition to different transport and microphysical mechanisms, the neglection
of the Cerro Hudson eruption in August 1991 that injected about 0.75-2.0 Tg-S of
SO2 between 12 and 18 km (e.g. Saxena, Anderson, and Lin, 1995; Bluth et al., 1997;
Neely III and Schmidt, 2016; Carn, 2022) in the simulations, may partially explain
the lack of the observed sulfate aerosol in the southern extratropics that we find
in all model scenarios. The only exception is EMAC, which included the eruption
of Cerro Hudson and nudged the meteorological variables. The importance of the
Cerro Hudson eruption has therefore been evaluated with ULAQ-CCM performing
two additional simulations that consider the lower and upper estimates of the SO2

injection in addition to the Med-22km experiment. Significant deviations from the
results of Med-22km emerge only when including the Cerro Hudson eruption with
the injection of 4 Tg SO2 at 12-18km altitudes (Fig. A.7c, g, k-n). We observe an
increase in the stratospheric sulfate burden and optical depth in the SH that better
reproduces the observations for the 2 months following the Cerro Hudson eruptions.
However, the shorter e-folding time of stratospheric aerosol for the extra-tropical
eruption does not affect the global stratospheric lifetime and is still not sufficient to
explain the lack of aerosol in the SH in the following months, which we therefore
attribute to transport.

The inter-model differences may depend on numerous factors that interact with
one another; this makes it hard to group models by perceived similarities, for in-
stance a similar modal scheme, similarities in the large-scale transport or an absence
of interactive stratospheric chemistry. Laakso et al. (2022), for instance, used the
same climate model (ECHAM-HAMMOZ) with two different aerosol microphysics
schemes, one sectional and one modal. Even just this difference produced an ef-
fective radius up to 52% greater in the sectional scheme than in the modal scheme
simulation for the same amount of injected SO2. Further, Niemeier, Richter, and
Tilmes (2020) showed that, in two models with a similar modal scheme but differ-
ent vertical advection (CESM-WACCM-110L and MAECHAM-HAM), the resulting
vertical distribution of the aerosol cloud can be substantially different. Even in the
same model (CESM1-WACCM), Richter et al. (2017) showed that the presence or not
of interactive chemistry could strongly affect the local stratospheric warming, and
thus the residual vertical velocity changes, due to feedback from the changing ozone.
In our case, all of these differences are compounded, therefore it is hard to identify
which exactly is the cause of the disagreement. Furthermore, in all the works cited
above, SO2 was injected continuously for a number of years rather than in an impul-
sive way, whereas in the case of a volcanic eruption, the synoptical conditions at the
time of the eruption play an important role (Thomas et al., 2009; Toohey et al., 2014;
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Niemeier, Riede, and Timmreck, 2021; Jones et al., 2016). In our case, the experi-
mental protocol requires the consistency of the QBO with observations through the
post-eruption period; nonetheless, there are smaller-scale processes and variability
that are not reproducible by models with a coarse resolution that would affect the
initial state of the system, such as the formation of a mesocyclone during the first
day after the eruption (Chakraborty, Gioia, and Kieffer, 2009) or the passage of Ty-
phoon Yunya within 75 km northeast of the eruption (Oswalt, Nichols, and O’Hara,
1996).

2.4 Conclusion

The ISA-MIP HErSEA experiment protocol was designed to investigate the differ-
ences and the consensus among a group of climate models, all with interactive
stratospheric aerosol microphysics, by comparing them with measurements after
the Mt. Pinatubo eruption in 1991. This is done through a well-defined experi-
mental protocol with different sets of initial parameters for the stratospheric SO2,
in terms of both magnitude (5, 7 or 10 Tg-S injected) and altitude of the SO2 cloud
(18-20, 21-23, 18-25 km, uniformly distributed). One important finding from this in-
tercomparison is that there is now a general consensus among the models that an
SO2 emission amount at or below the lower end of the observed stratospheric SO2

mass loading (14-23 Tg) is required to reproduce the observed sulfate aerosol load-
ing from that time period. However, the set of injection parameters that best fits the
observation changes in some models depending on the variables to be considered
(aerosol optical depth, effective radius, sulfate burden, surface area density).

The main reason for the disagreement with observations is stratospheric trans-
port, which is too fast towards the northern mid-latitudes for some models or results
in stronger tropical confinement in others. The transport consequently influences the
growth of sulfate aerosols and their global distribution, which in turn affects the per-
sistence of aerosols in the stratosphere, with a feedback on the transport itself (Brühl
et al., 2015; Niemeier and Schmidt, 2017; Visioni et al., 2018b). Other reasons could
be related to the absence of processes such as the absence of the Cerro Hudson erup-
tion in the southern extratropics 2 months after the Pinatubo eruption, which may
partly explain the initial lack of sulfate aerosols in the Southern Hemisphere, and
the omission of ash injection, which would be crucial in the early days/months to
better reproduce the initial evolution of the cloud. Our results highlight the need for
some specific experiments that might be needed to disentangle the different com-
ponents that contribute to the overall uncertainty. For instance, simulations that
nudge stratospheric transport to reanalyses (as done in Schmidt et al., 2018, in
CESM(WACCM)) in multiple models could clarify the role of different microphys-
ical schemes. Similarly, consistently turning interactive stratospheric chemistry on
and off in multiple models could highlight the importance of ozone feedback (as
done in Richter et al., 2017). Last but not least, dedicated tracer experiments of an
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idealized volcanic cloud excluding chemical microphysical processes are necessary
to assess the role of stratospheric transport in the models.

Overall, considering the best set of initial parameters, differences between mod-
els and observations remain, and the inter-model differences are still large, as found
before in other multi-model experiments of explosive volcanic clouds (i.e., Tambora
in Marshall et al., 2018; Clyne et al., 2021). We also note that the observations them-
selves show disagreement, sometimes as high as inter-model differences, because of
various issues with the saturation or sensitivity of the particular instrument. Our
observations around the reliability of the measurements during the Pinatubo event
highlight the future need for more observations in order to be better prepared for fu-
ture explosive volcanic eruptions (Newhall, Self, and Robock, 2018; Marshall et al.,
2022), both for understanding short- and long-term impacts and as a benchmark test
for current Earth System models. In the absence of large volcanic eruptions in the
early 21 century, where a wealth of observational data exist it might therefore be also
an alternative to focus on moderate eruptions in future aerosol model intercompar-
isons studies, e.g., the Raikoke eruption in 2019.

As a first study of the inter-model differences within ISA-MIP HErSEA, we fo-
cused on the aerosol optical depth and the variables on which it depends, such as the
loading and size of the sulfate aerosols. Therefore, we suggest for follow-up studies
the comparison of radiative forcing and ozone changes, which immediately follow
the analyses done here.
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Chapter 3

An approach to sulfate
geoengineering with surface
emissions of carbonyl sulfide

Reducing part of the incoming solar radiation has been proposed as a strategy to
reduce surface temperatures and thus mitigate some of the worst side-effects of
greenhouse-gases-induced global warming (Budyko, 1977; Institute of Medicine and
National Academy of Sciences and National Academy of Engineering, 1992; Crutzen,
2006). Various methods have been proposed to achieve this, but the injection of sul-
fate precursors into the lower stratosphere to obtain a cloud of aerosols capable of
reflective a portion of the incoming sunlight has been, by far, the most studied due to
the observation of a similar cooling effect produced by explosive volcanic eruptions
in the past (Robock, 2000). While preliminary estimates for the cost of an eventual
deployment already exist (Smith and Wagner, 2018), from an engineering perspec-
tive there are no known technologies readily available to carry SO2 or any other
precursors considered up to now from the ground up to the lower stratosphere in
the quantities needed to obtain a noticeable effect on the surface climate (Lockley,
MacMartin, and Hunt, 2020). Since any proposed compound would quickly react to
form sulfate aerosols, they would need to be carried, sealed, to the desired altitude,
and then released, to ensure a high enough lifetime compared to that of the same
aerosols in the troposphere (Lamarque et al., 2013).

We explore here a different approach to increasing the aerosol optical depth in the
stratosphere, that makes use of emissions of a gaseous precursor of sulfate aerosols,
i.e., COS. COS has a long atmospheric lifetime (4 to 6 years; Khalil and Rasmussen,
1984; Ulshofer et al., 1996) due to its very low reactivity in the troposphere. Be-
cause of this, it is also uniformly mixed in the atmosphere, with an average concen-
tration of 0.5 ppbv (par per billion by volume), and therefore it easily reaches the
stratosphere. In quiescent volcanic conditions, COS is the main contributor of sul-
fate aerosols in the Junge layer (Brühl et al., 2012), where after photodissociation by
ultraviolet light and oxidation processes, it is turned into SO2 and subsequently oxi-
dized into sulfuric acid, forming sulfate aerosols (Crutzen, 1976). It is naturally pro-
duced by various biological processes and environments, such as saline ecosystems,



60
Chapter 3. An approach to sulfate geoengineering with surface emissions of

carbonyl sulfide

rainwater (Mu et al., 2004), and biomass burning. Furthermore, it is also produced
in various industrial processes (Lee and Brimblecombe, 2016) after CS2 is oxidized.
Its chemical life is very long (35 years; Brühl et al., 2012), and thus, its main sink is
the uptake from oxic soils (Kuhn and Kesselmeier, 2000; Steinbacher, Bingemer, and
Schmidt, 2004) and vegetation (Sandoval-Soto and Stanimirov, 2005).

In the concentrations found in the atmosphere, it is not a toxic gas for humans:
negative effects have not been found even at around 50 ppm (par per million), which
is 100,000 times more than the background mixing ratio, and for long exposure times
in mice and rabbits (Svoronos and Bruno, 2002). Higher concentrations than that
can, however, be harmful (Bartholomaeus and Haritos, 2006). Not much is known,
however, about the response of ecosystems in the presence of high concentrations of
COS. Stimler et al. (2010) showed that high levels of COS enhance the stomatal con-
ductance of some plants, which might in turn further increase COS uptake and "alter
the functioning of the terrestrial biosphere" (Hobe et al., 2023); furthermore, Conrad and
Meuser (2000) proposed that high COS concentrations may interact with soils and
possibly change soil pH. For the reasons listed above, Crutzen (2006) discarded the
idea of using surface emissions of COS to increase the stratospheric aerosol burden.

In this work, we use the University of L’Aquila Climate Chemistry Model (ULAQ-
CCM) to perform simulations to verify if the increase in surface emissions of COS
would be a viable form of sulfate geoengineering, by obtaining a stratospheric AOD
similar to that obtained with the injection of 8 Tg-SO2 in the stratosphere. We also
perform simulations where the release of COS is localized in the tropical upper tro-
posphere. This allows us to investigate whether the increase in surface concentra-
tions of COS can be avoided, while, at the same time, circumventing the need to
reach altitudes that are currently unattainable with modern aircraft (Smith et al.,
2020). Together with assessing the resulting aerosol cloud, we also explore the even-
tual side effects on key chemical components in the atmosphere in order to deter-
mine how the side effects from COS-induced sulfate geoengineering compare with
those from SO2-induced sulfate geoengineering. For the latter, there is ample litera-
ture assessing its effect on stratospheric ozone (Tilmes, Müller, and Salawitch, 2008;
Pitari et al., 2014; Xia et al., 2017; Vattioni et al., 2019). The increase in surface area
density, stratospheric heating, and dynamical effect all play a part in determining
the overall changes (Tilmes et al., 2018c; Richter et al., 2017) to the ozone column
that, in turn, determine the changes in surface UV (Visioni, Pitari, and Aquila, 2017;
Madronich et al., 2018) that would be important when considering adverse health
effects (Eastham et al., 2018).

3.1 Model description and set-up of numerical experiments

The simulations presented in this paper have been carried out with the University of
L’Aquila Climate Chemistry Model (ULAQ-CCM), a CCM robustly tested and used
before in evaluating the radiative, chemical and dynamical effects of stratospheric
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and tropospheric aerosols (Pitari et al., 2002; Eyring et al., 2006; Morgenstern et al.,
2010). It has also been used for various sulfate geoengineering simulations (Pitari
et al., 2014; Visioni et al., 2018a; Visioni et al., 2018b) and, as part of the Climate-
Chemistry Model Intercomparison project (Morgenstern et al., 2018), where it has
been extensively validated with other CCMs. The high vertical resolution (127 lev-
els) allows for a proper representation of large-scale transport of gas and aerosol
species in the troposphere (Orbe et al., 2018) and in the stratosphere (Visioni, Pitari,
and Aquila, 2017; Eichinger et al., 2019), and the detailed chemistry, including het-
erogeneous chemical reactions on sulfuric acid aerosols, polar stratospheric cloud
particles, upper tropospheric ice and liquid water cloud particles allows for a full
assessment of the effects of the increased sulfate burden on the atmospheric com-
position. ULAQ-CCM-simulated COS also compares reasonably well with available
measurements of seasonal COS concentrations (see Fig. B.1) from Kuai et al. (2015),
with an average annual error of 6.5%, albeit with peaks in some areas and months
of up to 30%.

In addition to a reference historical model experiment (1960-2015), we performed
the following four sets of simulations: a baseline unperturbed (BG) case and three
geoengineering experiments (SG-COS-SRF, SG-COS-TTL and SG-SO2), which were
all run between the years 2021-2055, with analyses focusing on the 2046-2055 decade.
All experiments take place under the Representative Concentration Pathway 6.0
(RCP; Meinshausen et al., 2011) emissions.

The first geoengineering experiment, SG-COS-SRF, tries to produce a signifi-
cant stratospheric aerosol burden by enhancing current anthropogenic emission of
COS (0.12 Tg-S/yr, see table B.1) by 40 Tg-S/yr. These emissions are located at the
ground, in the main regions of anthropogenic COS surface emissions (see Fig. 3.1).
The second experiment, SG-COS-TTL, tries to replicate the same stratospheric aerosol
burden as SG-COS-SRF by injecting 6 Tg-S/yr of COS directly below the tropopause,
at 16 km in altitude and at the Equator. In the following text, whenever we are re-
ferring to results pertaining to both COS experiments, we will use the term SG-COS.
Finally, the experiment SG-SO2, similar to previous experiments discussed in the
literature (Kravitz et al. (2011) in the G4 experiment), consists of the injection of 4
Tg-S/yr in the form of SO2 at the Equator, between 18 and 25 km in altitude.

For the geoengineering experiments, ULAQ-CCM is driven by time-dependent
sea surface temperatures (SSTs) from the Community Climate System Model-Com-
munity Atmosphere Model version 4 (CCSM-CAM4; Neale et al., 2013), an coupled
atmosphere-ocean model that ran similar geoengineering experiments to those in
SG-SO2 (as described by Tilmes et al., 2015). This allows for the inclusion of the cool-
ing produced by geoengineering on the surface to the assessment of the dynamical
and chemical effect as simulated by ULAQ-CCM. To include the important radiative
effects produced by other atmospheric components (mainly, geoengineering-driven
changes in greenhouse gases concentration and in ice clouds; Visioni, Pitari, and
Aquila, 2017; Visioni et al., 2018a) the radiative module of ULAQ-CCM calculates, at
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b) Increased emission fluxes of COS in SG-COS-SRF

-180 -120 -60 0 60 120 180

Longitude

-90

-60

-30

EQ

30

60

90

L
a

ti
tu

d
e

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

1
0

-1
2
 T

g
-S

/m
2
/y

r

90 60 30 EQ -30 -60 -90
0

5

10

15

20

25

A
lt

it
u

d
e

 (
k

m
)

a) Increased emission fluxes of COS in SG-COS-TTL and SO
2
 in SG-SO2

SG-COS-TTL = 16.2  10
-12

 Tg-S/m
2
/yr

SG-SO2 = 10.8  10
-12

 Tg-S/m
2
/yr 

FIGURE 3.1: a) Vertical and latitudinal distribution of COS emissions
per year and unit of surface area (10−12 Tg-S/m2/yr) in the SG-COS-
TTL experiment (green box) and SO2 emission fluxes in the same unit
in SG-SO2 (blue box). The quantities are distributed in a single ver-
tical level for SG-COS-TTL, and in 12 vertical levels for SG-SO2. b)
Geographical distribution of COS emission fluxes per year and unit
of surface area (10−12 Tg-S/m2/yr) in the SG-COS-SRF experiment.

The annual upward flux is averaged over the period 2046-2055.
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each time-step, the surface temperature perturbation produced by the radiative flux
changes induced by these components and includes them in the CCSM-CAM4 SSTs.
This approach has been further explained and validated by Visioni et al. (2018a).
While the prescribed SST set-up has been shown to correctly capture the dynamical
changes produced by SRM (Visioni, Pitari, and Aquila, 2017), it clearly does not cap-
ture the potential feedbacks that may be relevant for surface climate, such as those
produced by the different latitudinal distribution of the aerosol optical depth that we
will show later on. These differences may also, in turn, feed back onto changes in
COS lifetime through precipitation changes (Whelan et al., 2016), which we cannot
consider here. We will therefore limit ourselves to analyzing changes in atmospheric
composition and dynamics and how those contribute to the overall radiative forc-
ing from the aerosols. Future experiments with a more comprehensive Earth system
model will be necessary to determine the full extent of the climatic response.

3.2 Results

3.2.1 Sulfate burden

COS is the most abundant sulfur-containing species in the atmosphere under qui-
escent conditions (i.e. not considering explosive volcanic eruptions). It is efficiently
lost at the surface via dry deposition on soils and vegetation. Taking this sink into
account, the net global lifetime (atmospheric chemistry plus surface deposition) is
approximately 4 years, depending on the assumed magnitude of the soil and vege-
tation sink (Sandoval-Soto and Stanimirov, 2005; Van Diest and Kesselmeier, 2008).
In the troposphere the COS chemical reactivity (mostly with the hydroxyl radical)
is rather slow. COS is thus well-mixed and is easily transported in the stratosphere
through the TTL. In the mid-stratosphere COS becomes efficiently photolyzed by
solar UV radiation, becoming an important source for stratospheric SO2 and, finally
,for sulfuric acid aerosols.

When increasing the surface emission fluxes in SG-COS-SRF, it takes ∼ 15 years
before the concentration reaches a new equilibrium, from 0.5 to 35.5 ppbv (Fig. 3.2a),
whereas in SG-COS-TTL the equilibrium value is 4.8 ppbv. In the same time span,
the global AOD increases reaching a value of 0.08 by 2035 in SG-COS-SRF and by
2030 in SG-COS-TTL, similar to the global value that is reached by the direct injection
of SO2 in the Equatorial stratosphere in SG-SO2; in that case, however, the steady-
state value is reached in only 1-2 years. In the GeoMIP G6sulfur experiment (Visioni
et al. (2021)), the average global surface cooling reported by six Earth system models
for a similar stratospheric OD was 0.46 K. At the end of 2055, the increased COS
and SO2 injections are stopped. Average tropospheric COS concentrations follow an
exponential decay guided by the atmospheric lifetime (3.8 years due to chemistry
but mainly due to soil deposition), reaching a value of 1.3 ppbv after 20 years in SG-
COS-SRF (during 2075), whereas a similar value only takes 10 years to be reached
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in SG-COS-TTL. This means an increase in 0.8 ppbv with respect to background
condition, that would produce a direct RF that is negligible compared to other well-
mixed greenhouse gases. The exponential decay of the stratospheric AOD in both
SG-COS experiments is regulated by the stratospheric lifetime of COS (Fig. 3.2b),
which is ∼10 years, and it is mainly due to the reaction with OH and photolysis, from
which stratospheric SO2 and finally sulfuric acid aerosols are formed. This is also
combined with the depletion of the source of COS from the troposphere (Fig. 3.2a).
Therefore, the e-folding time for stratospheric AOD is longer with respect to the one
resulting from SG-SO2 (Fig. 3.2c). In 2075, the global stratospheric AOD reaches a
value of 0.01 in the SG-COS experiments with respect to 0.003 in the background
case.
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FIGURE 3.2: a) Monthly values of globally averaged tropospheric
COS volume mixing ratio (ppbv) in both SG-COS experiments. The
background value of 0.5 ppbv at the beginning of the simulation is
highlighted. b) Monthly values of global stratospheric COS burden
(in Tg-S) in both SG-COS experiments. c) Globally averaged strato-
spheric sulfate optical depth monthly values in SG-COS-SRF (red),
SG-COS-TTL (green) and SG-SO2 (blue). The grey line in all panels
indicates the time when emissions of COS and SO2 are stopped, at the

end of 2055.

3.2.2 Sulfate aerosol properties

In both COS experiments, COS emissions are adjusted so as to have the same global
AOD ≈ 0.08 (see table 3.1). This is done in order to more easily compare the latitudi-
nal distribution of the aerosols, and to better quantify the differences in the radiative
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forcing from both direct and indirect (ozone, methane, and water vapor) changes in
atmospheric composition.

BG SG-COS-SRF SG-COS-TTL SG-SO2 SG-COS-SRF - BG SG-SO2 - BG
Total Sulfate
OD

0.054±0.003 0.134±0.005 0.134±0.004 0.128±0.004 0.080±0.005 0.074±0.005

Tropospheric
Sulfate OD

0.051±0.003 0.056±0.003 0.054±0.003 0.054±0.003 0.005±0.0054 0.003±0.004

Stratospheric
Sulfate OD

0.003±0.001 0.078±0.002 0.080±0.004 0.074±0.001 0.075±0.002 0.071±0.001

Sulfate effec-
tive radius
(µm)

0.18±0.01 0.46±0.01 0.47±0.01 0.59±0.01

Ice OD 0.589±0.006 0.573±0.007 0.569±0.008 0.566±0.005 -0.016±0.008 -0.023±0.009

Ice effective
radius (µm)

35±1 33±1 33±1 32±1

TABLE 3.1: Summary of calculated sulfate aerosol and cirrus ice
globally-annually averaged quantities relevant for RF calculations
(i.e., optical depth at λ=0.55 µm and effective radius). Last two
columns show the calculated SG changes with respect to the BG case

(years 2046-2055).

There is a large difference in the latitudinal distribution of stratospheric sulfate
optical depth, as shown in Figure 3.3a. Both SG-COS experiments produce an AOD
that is more uniformly distributed over all latitudes with respect to the SG-SO2 case,
where the increase in optical depth is most prominent in the tropics; this is due to the
efficient tropospheric mixing of COS before it reaches the stratosphere even when,
as in SG-COS-TTL, the injection happens close to the tropopause.

The differences in the latitudinal distribution of AOD are also observable in the
differences in the particle sizes and in the SAD. Figure 3.3b shows that the strato-
spheric effective radius is smaller in the SG-COS experiments and uniform for all
latitudes, with a global value of 0.46 µm. In SG-SO2, the effective radius is higher in
the tropics (0.59 µm). AOD is also larger in the tropics in that case, due to a larger
concentration of particles there, even if larger particles are less effective at scattering
incoming solar radiation (English, Toon, and Mills, 2012).

Figure 3.4 shows a comparison of the effective radius (Fig. 3.4a) and SAD (Fig.
3.4b) between the BG, SG-COS-SRF, SG-COS-TTL and SG-SO2 cases, separating the
tropics, mid-latitudes and polar regions. As SO2 is injected at the Equator, all ox-
idation and nucleation happens in the tropics in SG-SO2. This is reflected in the
vertical distribution which has a maximum in the lowermost stratosphere. On the
other hand in SG-COS, the effective radius increase is reached at higher altitudes,
between 18-30 km, which is consistent with COS reaching higher altitudes through
deep tropical convection before it is photochemically destroyed (Barkley et al., 2008).
The same explanation is valid for the tropical SAD in Fig. 3.4b.

As the size of the particles is determined by nucleation in the tropical region,
where SO2 oxidation occurs, mid-latitude and polar behaviour of the aerosols de-
pends on the poleward transport by the BDC.
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FIGURE 3.3: a) Latitudinal distribution of zonal mean values of
stratospheric sulfate optical depth for the BG (black), SG-COS-SRF
(red), SG-COS-TTL (green) and SG-SO2 (blue) cases. b) Stratospheric
effective radius (in µm, from tropopause to 6hPa). All quantities are

annually averaged over the years 2046-2055.

In SG-SO2, aerosols grow rapidly in the tropical region due to the high concen-
tration of SO2, and their larger size affects sedimentation rates, thus decreasing their
lifetime. Consequently, the number of aerosols transported to higher latitudes is
lower; in SG-COS, smaller particles with a higher lifetime are either easily trans-
ported towards the poles or directly formed there. Smaller particles at a higher con-
centration, and larger particles at a lower concentration may then result in a SAD,
which looks similar at mid-latitudes and polar region, but for different reasons.

The vertical distribution of particles and their optical properties are shown in
Figure 3.5 (see Fig. B.2 for COS, SO2 and SO4 concentration changes; only values for
one of the SG-COS experiments is shown here, as they are indistinguishable). The
vertical distribution of the SAD is fundamental for understanding the role of the
heterogeneous reaction and their effect on stratospheric ozone. The baseline cases
in Fig. 3.5a and b are a reference for understanding their changes in the SG-COS
experiments (Fig. 3.5c and d). The particles transported via the BDC to the poles are
large enough to efficiently scatter the solar radiation so that the SAD and extinction
changes show a similar behaviour, with a global increase in stratospheric values with
maxima at higher latitudes between 15-25 km.

Figure 3.5f and d show the extinction and SAD changes between the three SG ex-
periments, to underline that in SG-SO2, the extinction of the radiation is confined in
the tropical stratosphere between 15-25 km, meaning that there is a negative change
in SG-COS. As discussed before, the formation of larger particles in SG-SO2 in the
tropical region reduces the amount of aerosol transported to the poles compared to
the SG-COS cases, where a larger number of smaller particles produce a positive
change in SAD and, consequently, in extinction.
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FIGURE 3.4: Vertical profiles of sulfate effective radius (in µm, a) and
surface area density (in µm2/cm3, b) at different latitudinal bands
(20°N-20°S for the Tropics, 30-50° at both N and S for the Mid-lat and
60°-90 at both N and S for the Polar plots). All quantities are annually

averaged over the years 2046-2055.
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(c) Ext Change [SG-COS-SRF - BG]
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(d) SAD Change [SG-COS-SRF - BG]
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(f) SAD Change [SG-COS-SRF - SG-SO2]
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FIGURE 3.5: Zonal mean values of sulfate extinction (in 10−4 km−1)
and SAD (in µm2/cm3) in BG (panels a and b, respectively) and their
change in the case of the SG-COS-SRF experiment (panels c and d).
Panels e) and f) show extinction and SAD changes between SG-COS-
SRF and SG-SO2. All quantities are annually averaged over the years

2046-2055.
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3.2.3 Deposition

The enhancement of the stratospheric sulfate burden would produce an increase in
sulfur deposition, both in dry form through acid gas deposition, and in wet form,
through rain, fog, and aerosol particles.

Acid deposition may damage human health when high concentrations of parti-
cles with a diameter below certain thresholds (PM2.5 and PM10) are inhaled. The
acidification of soils and water may damage plants, microorganisms and aquatic
animals, but the impact on the ecosystem depends on the rate at which acidifying
compounds are deposited from the atmosphere, compared with the rate at which
acid neutralizing capacity is generated within the ecosystem (Driscoll et al., 2001).

Here we analyse how the dry and wet deposition of sulfur species are distributed
globally as a result of the two SG interventions. Table 3.2 and 3.3 summarize the wet
and dry deposition rates for the SG-COS, SG-SO2 and BG experiments, and they
include the contribution of each species to the total deposition. In particular, in
both SG-COS experiments the increase in COS fluxes produces both an increase in
sulfuric deposition, after its photolysis and oxidation to sulfuric acid, and in the dry
deposition of COS itself, as it is removed to the ground through uptake by vegetation
and soils (Kettle, 2002).

Experiment MSA SO2 SO4 COS CS2 H2S Total
BG 1.0±0.1 35.2±1.4 9.4±0.4 0.39±0.01 0.47±0.03 1.5±0.1 48.0±1.8

SG-COS-SRF 1.0±0.1 36.4±1.5 9.9±0.4 31.6±0.1 0.47±0.03 1.5±0.1 80.9±1.7

SG-COS-TTL 1.0±0.1 35.8±1.5 9.7±0.4 3.5±0.1 0.47±0.03 1.5±0.1 52.0±1.7

SG-SO2 1.0±0.1 35.6±1.5 9.5±0.4 0.39±0.01 0.47±0.03 1.5±0.1 48.5±1.8

TABLE 3.2: Globally-annually averaged dry deposition rates of sulfur
species (Tg-S/yr) (years 2046-2055). Note: MSA is methanesulfonic

acid.

Experiment MSA SO2 SO4 Total Net [sources-sinks]
BG 1.5±0.1 3.0±0.1 43.2±1.5 47.7±1.6 +0.3±0.1

SG-COS-SRF 1.5±0.1 3.4±0.1 49.4±1.5 54.3±1.6 +0.8±0.1

SG-COS-TTL 1.5±0.1 3.2±0.1 45.2±1.5 49.9±1.6 +0.1±0.1

SG-SO2 1.5±0.1 3.2±0.1 46.5±1.5 51.2±1.6 +0.3±0.1

TABLE 3.3: Globally-annually averaged wet deposition rates of sulfur
species (Tg-S/yr) (years 2046-2055). The last column shows the net

balance of total sulfur sources and sinks (Tg-S/yr).

The global distribution of COS deposition for the baseline case is shown in Figure
3.6(a) while the increase in deposition from the SG-COS-SRF experiment is shown
in Figure 3.6(b). For the SG-COS-TTL case, the spatial distribution is identical to
SG-COS-SRF, but its magnitude is 10 times lower than in SG-COS-SRF. COS uptake
by plants is concentrated mainly in the tropical rainforests of South America, Africa,
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and southeast Asia and boreal coniferous forests across North America, northern
Europe, and northern Asia. Uptake by soils occurs mainly in arid and semiarid
regions, such as savanna regions in northern and southern Africa and in the south-
western regions of North America, in the pampas of Argentina, in Australia, and in
the steppes of central Asia (Kettle, 2002). Dry deposition of COS does not contribute
to acid deposition, and currently, there is no information available on how different
soils or ecosystems would be affected by higher local COS concentrations; therefore,
we assumed that their uptake efficiency does not change. The robustness of this
assumption will need to be studied.

The global distribution of SOx deposition is also shown in Fig. 3.6c and d, which
show dry and wet deposition, respectively, for the background case. Dry deposition
maxima are localized in urban areas close to the source where the emitted sulfur
dioxide is immediately oxidized, while wet deposition distribution depends both
on sulfate concentration and precipitation.

Figure 3.6e and f show the total SOx deposition change in SG-COS-SRF with
respect to the baseline case, in absolute terms and as a percentage of the baseline
case, and most of its increase is due to wet deposition (see tables 3.2 and 3.3; see
Tables B.1-B.4 for a breakdown of global sources and sinks of sulfur species). In both
figures, the distribution of deposition is more uniform over the globe with respect
to the tropical injection of SO2, except for the polar regions, because of the reduced
precipitation rates. Consequently, Figure 3.6 (f) shows a large increase in percent
deposition in the polar region (17% in the Arctic and 8% in Antarctic; these values
are reduced to 1.7% and 0.8 % in SG-COS-TTL; see Fig. B.4) because of very low
values in the baseline case. On the other hand, the deposition change is close to zero
in polluted regions.

Globally, the annual differences in deposition fluxes for all species compared to
the background case amount to 8.3 ± 0.2 Tg-S/yr for SG-COS-SRF and 3.1 ± 0.2 Tg-
S/yr and 3.9 ± 0.2 Tg-S/yr for SG-SO2, which equates to an increase in 8.9 ± 0.3 %,
3.3 ± 0.3 %, and 4.2 ± 0.3 %, respectively.

3.3 Indirect effects

The simulated enhancement in the stratospheric aerosol layer would produce two
main effects, namely, an increased scattering of solar radiation, that, in turn, would
reduce surface temperatures, and the local absorption of more near-infrared solar
and terrestrial radiation that would warm the stratospheric layer where the aerosols
reside (as observed for volcanic eruptions, see Lacis, Hansen, and Sato, 1992; Lab-
itzke and McCormick, 1992). Furthermore, the increase in the surface area density
of the aerosols would affect the heterogeneous chemistry of ClOx and NOx, with
implications for ozone concentration and UV radiation at the surface (Tilmes et al.,
2009; Tilmes et al., 2018c; Tilmes et al., 2021).
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(b) COS Dry Deposition [SG-COS-SRF - BG]
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(c) SOx Dry Deposition [BG]
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(d) SOx Wet Deposition [BG]
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(e) SOx Deposition [SG-COS-SRF - BG]
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(f)  SOx Deposition [SG-COS-SRF - BG]
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FIGURE 3.6: a) Surface dry deposition fluxes (10−12kg/m2/s) of
COS in the background case. b) Change in COS dry deposition
fluxes in SG-COS-SRF compared to a). c) SOx dry deposition fluxes
(10−12kg/m2/s) in the background case. d) SOx dry deposition fluxes
(10−12kg/m2/s) in the background case. e) Change in SOx total de-
position fluxes in SG-COS-SRF compared to the background. f) as e)

but in % of the background values.
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For SO2, it has been shown that the combination of surface cooling, perturbation
of stratospheric temperatures and changes in tropospheric ozone and in UV at the
surface also affect methane lifetime (Visioni, Pitari, and Aquila, 2017). In this section
we analyse the differences in these changes also for the SG-COS experiments.

Figure 3.7 shows the ozone changes in SG-COS-SRF and SG-SO2 with respect
to the BG case. As expected from the similar value and distribution of the SAD, in
SG-COS-TTL the ozone changes are equivalent to SG-COS-SRF (and are therefore
not shown). Figure 3.7a and b show the monthly total ozone column changes as a
function of latitude. Close to the Equator there is a small reduction in the overall
column, mostly due to a reduction in tropospheric ozone, as visible in Fig. 3.7c and
d, as a direct consequence of the surface cooling (Nowack et al., 2016). On the other
hand, at higher latitudes, an overall increase in the total column is observable due to
an increase in stratospheric ozone. This is particularly evident closer to the poles.

During springtime months, there is some Antarctic ozone depletion, while in the
Arctic a recovery of ozone is observable. In the Antarctic spring, the polar vortex is
strengthened by the stratospheric heating in the tropics that affects the Equator-to-
pole thermal wind balance (Visioni et al., 2020a), resulting in greater confinement of
cold air that, in turn, enhances the ozone depletion by the polar stratospheric clouds
(PSCs). The tropical stratospheric heating is higher in SG-SO2 with respect to SG-
COS as the aerosols are less confined (Fig. B.6). Consequently, the strengthening of
polar vortex in SG-SO2 produces a higher ozone depletion. In the Arctic, on the other
hand, PSC-related ozone loss is lower (Tilmes et al., 2018a), and the predominant
effect is that from an acceleration of the BDC transporting ozone-rich air from lower
latitudes.

Figure 3.7c and d show the annual mean of ozone mixing ratio percentage change
as a function of altitude and latitude. In both SG experiments, negative changes be-
low the tropopause are governed by the decrease in solar radiation which comes
into play in the photo-dissociation reaction of NOx as an ozone precursor (NO2 +
hν (λ < 420 nm) → NO + O(3P)). Sunlight reduction also affects the O3 photolysis,
decreasing the ozone loss. Positive changes are due to the balance of the previous
reactions and the increase in methane (see table 3.4) as a source of ozone in its oxi-
dation chain, and mainly due to the decrease in the tropospheric water vapour in a
clean air environment (low NOx), such as the tropics (Nowack et al., 2016; Xia et al.,
2017).

Above the tropopause, there is a negative ozone change in the lower stratosphere
in all SG experiments, except for the Arctic region where we observe a small in-
crease in the Arctic lowermost stratosphere in all cases. The key drivers of strato-
spheric ozone change are the increase in heterogeneous reactions, as a result of the
enhancement of stratospheric aerosols, and the perturbation of the dynamics gov-
erning ozone transport.

Negative ozone changes correspond to the region where the SAD reaches its
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maximum values (fig. 3.5d and f): between 10-20 km in the polar regions for SG-
COS and mainly between 15-25 km at tropics for SG-SO2. The increase in the SAD
enhances heterogeneous chemistry and results in denitrification via hydrolysis of
dinitrogen pentoxide (N2O5 + H2O M−→ 2HNO3). The loss of NOx decreases the
rate of ozone depletion through its catalytic cycle. Whereas in the mid-stratosphere,
where the cycles of chlorine (ClOx) and bromine (BrOx) are dominant, there is an in-
crease in ozone loss since there is a reduction in NOx that normally bounds chlorine
(ClONO2), thus allowing more ClO-driven ozone destruction (Tilmes et al., 2018c;
Grant et al., 1992).

At low latitudes, stratospheric ozone concentration is also driven by changes in
tropical upwelling (Visioni, MacMartin, and Kravitz, 2021). The reduction in the
tropical upwelling of ozone-poor air coming from the lowermost stratosphere leads
to higher ozone concentration at altitudes of about 20-22 km (Tilmes et al., 2018c).

Figure B.7e shows the change in tropical upwelling in relation to changes in the
residual vertical velocity (w∗) with respect to the baseline case. Negative w∗ anoma-
lies in SG-COS mean weaker tropical upwelling as consequence of tropospheric cool-
ing. In SG-SO2, the highest concentration of absorbing aerosols leads to positive w∗

above 20 km due to the local warming. but this does not affect the transport of
ozone-poor air from the lower layers.

Above the discussed altitudes, there is a net ozone production in all SG experi-
ments, with a higher increase in the ozone mixing ratio in the SG-COS experiment
with respect to SG-SO2, especially in the extra-tropical region. Ozone depletion at
these altitudes is mainly controlled by the catalytic cycle of NOx, that is inhibited by
the denitrification process due to heterogeneous reactions on aerosols.

Globally, the annually averaged ozone column increases by ∼5 and 1.5 DU for
SG-COS and SG-SO2, respectively (table 3.4). Increasing stratospheric ozone affects
ultraviolet B (UVB) at the surface because it is absorbed by ozone during its pho-
todissociation, while aerosol could affect ultraviolet A (UVA) radiation by scattering
processes. The projected changes are shown in Figure 3.8 for both UVA and UVB
for each season and for the annual mean. We estimated these changes using the tro-
pospheric ultraviolet and visible (TUV) radiation model (https://www2.acom.ucar.
edu/modeling/tropospheric-ultraviolet-and-visible-tuv-radiation-model,
last access: 29 April 2022), using in input our model latitudinal and monthly values
for the period of 2046-2055, for aerosol optical depth, total ozone column, climato-
logical cloud cover and surface albedo.

https://www2.acom.ucar.edu/modeling/tropospheric-ultraviolet-and-visible-tuv-radiation-model
https://www2.acom.ucar.edu/modeling/tropospheric-ultraviolet-and-visible-tuv-radiation-model
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BG SG-COS-SRF SG-COS-TTL SG-SO2 SG-COS-SRF - BG SG-COS-TTL - BG SG-SO2 - BG
COS [troposphere]
(ppbv)

0.47±0.1 35.5±0.2 4.8±0.1 0.47±0.1 35.0±0.2 4.3±0.2 0.00±0.1

CH4 lifetime (yr) 8.72±0.13 9.83±0.18 9.85±0.17 9.78±0.20
1.11±0.13

[(+12.7±1.4) %]
1.13±0.13

[(+13.0±1.4) %]
1.06±0.17

[(+12.2±2.0) %]

H2O [stratosphere]
(ppmv)

6.08±0.08 5.99±0.16 5.95±0.15 6.13±0.13 -0.09±0.14 -0.13±0.15 0.05±0.12

O3 column (DU) 289.3±1.8 294.2±1.5 294.8±1.6 290.7±1.6 4.9±2.3 5.5±2.4 1.4±1.7

TABLE 3.4: Summary of calculated globally-annually averaged quan-
tities of greenhouse gases directly and indirectly perturbed by SG and
relevant for RF calculations (i.e., COS mean tropospheric mixing ra-
tio, CH4 atmospheric lifetime, H2O mean stratospheric mixing ratio,
O3 column). Last two columns show the calculated SG changes with

respect to the BG case (years 2046-2055).
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(b) Total Column Ozone Change [SG-SO2 - BG] (DU)
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(c) Ozone Change [SG-COS-SRF - BG] (%)
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FIGURE 3.7: a,b) Monthly mean zonal values of SG ozone total col-
umn changes (DU) with respect to the BG case for SG-COS-SRF and
SG-SO2 respectively. c, d) ozone mixing ratio percent changes with
respect to the BG case. All quantities are annually averaged over the

years 2046-2055.

In all SG experiments, the negative changes of UVB radiation at the surface, ex-
cept in the Antarctic region, are related to changes in stratospheric ozone and the
interannual variations that are larger at the poles, due to the seasonal variability, as
discussed before. In the Antarctic spring (September-November; SON) the ozone
depletion is enhanced in SG-SO2, while in SG-COS-SRF it is limited to the month
of October, with differences compared to BG of less than -5 DU. Therefore, the UVB
change compared to BG for SON over Antarctica remains negative in SG-COS-SRF
with a value of -2.7% versus a +5.8% increase in the SG-SO2 experiment. In DJF
(December-February), on the other hand, a small increase in UVB is observable at
mid-to high latitudes in the Northern Hemisphere. This is connected to an observ-
able decrease in stratospheric ozone in the same locations, possibly due to a reduced
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advection of air from the tropics. UVA decreases everywhere in all SG experiments.
In particular, the correlation between UVA change and particles scattering is evident
if we compare this latitudinal distribution with the stratospheric AOD of Figure 3.3a.
The globally averaged UVB and UVA changes at surface are summarized in table 3.5.

Methane is an indirect source of tropospheric ozone (West and Fiore, 2005), and
it is also a greenhouse gas. Knowing its variation is fundamental for understanding
the final contribution to the radiative forcing that one would wish to achieve with
this geoengineering method. From table 3.4, we find a global increase in methane
lifetime of ∼ 13% in SG-COS and 12.2% in SG-SO2, which we can identify in the
increase in methane itself. The reason for the increase in methane is to be found
in the behaviour of OH, as the main sink of methane is the oxidation reaction with
OH; a decrease in OH means an increase in the methane lifetime. As discussed by
Visioni, Pitari, and Aquila (2017), mechanisms that cause an increase in OH are as
follows: (a) surface cooling lessens the amount of tropospheric water vapor and
inhibits the temperature-dependent reaction of NO + O3; (b) a decrease in tropo-
spheric UV, due to enhancement of ozone and scattering radiation, reduces O(1D)
that takes part of the reaction O(1D) + H2O → 2 OH; (c) an increase in SAD en-
hances the heterogeneous chemistry, reducing the amount of NOx (NO + HO2, NO +
RO2); (d) a increase in the tropical lower stratosphere temperature that regulates the
stratosphere-troposphere exchange, which can be positive or negative, depending
on the net result of the superimposed species (CH4, NOy, O3, SO4) in the extratropi-
cal upper troposphere-lower stratosphere (UTLS).

The warming of the TTL is shown in Figure B.7d. In SG-SO2, larger particles
confined in the tropical region produce a greater warming of the TTL with respect
to smaller ones distributed all over the globe in SG-COS. The role of the dimensions
and distributions of aerosols in stratospheric warming is confirmed by the heating
rates, as shown in Fig.B.6.

BG
(W/m2)

SG-COS-SRF
(W/m2)

SG-COS-TTL
(W/m2)

SG-SO2
(W/m2)

SG-COS-SRF - BG
(%)

SG-COS-TTL - BG
(%)

SG-SO2 - BG
(%)

UVB 0.206±0.002 0.197±0.001 0.196±0.001 0.201±0.001 -4.4±0.6 -5.8±0.6 -2.4±0.9

UVA 11.35±0.01 11.13±0.01 11.12±0.01 11.17±0.01 -1.9±0.1 -2.0±0.1 -1.6±0.1

TABLE 3.5: Summary of calculated globally-annually averaged quan-
tities of UVB and UVA at surface. Last two columns show the calcu-
lated SG percentage changes with respect to the BG case (years 2046-

2055).

3.4 Radiative forcing

The ULAQ-CCM radiative transfer module calculates online the radiative forcing
due to aerosols, GHGs, and low and high clouds. The effects of single components
have been estimated offline for both shortwaves (SWs) and longwaves (LWs) with
the same radiative transfer core, for sulfate aerosols, clouds, COS, CH4, stratospheric
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FIGURE 3.8: Zonal UVB and UVA surface changes per each season
in percentage with respect to BG case in SG-COS-SRF (panels a and
b, respectively) and SG-SO2 (panels c and d). All quantities are aver-

aged over the years 2046-2055.

H2O, stratospheric and tropospheric O3 in order to properly separate the contribu-
tions.

Tables B.8, B.9 and B.10 summarize the individual contributions of GHGs changes
for SG-COS-SRF, SG-COS-TTL and SG-SO2, respectively. Similar increases of methane
in all SG experiments produce the same positive LW RF; the TTL warming (which
results in an increase in stratospheric water vapor), results in a small but positive
contribution from H2O in SG-SO2. Contributions from both stratospheric and tro-
pospheric O3 changes have also been estimated, but are negligible.

In both SG-COS experiments, obviously, the increase in COS concentration, which
is a GHG, must be taken into account. We estimated its contribution to the radiative
forcing based on the definition of global warming potential (GWP) on a mass/mass
basis as in Brühl et al. (2012) for a time horizons of 30 years (2021-2050). GWP can
be approximated, as follows, by the expression of Roehl et al. (1995), assuming that
the perturbation of the radiation balance of the Earth by greenhouse gases COS and
CO2 decays exponentially after a pulse emission for a time horizon ∆T.

GWP∆t ≃
RFCOS

RFCO2

× τCOS

τCO2

× 1 − e
−∆t
τCOS

1 − e
−∆t
τCO2

(3.1)

We assumed an overall lifetime of τCOS=3.8 yr and τCO2=75 yr, and the radiative
forcing of 1 kg of COS relative to 1 kg of CO2 added to the present atmosphere
(RFCOS/RFCO2) is 724 (Brühl and Crutzen, 1988). This results in a GWP of 111. For
our time period, the mass of COS and CO2 added to the atmosphere (∆m) is 1.97 ×
1012 kg of COS (for SG-COS-SRF), 0.35 × 1012 kg of COS (for SG-COS-TTL) and 1.23
× 1015 kg of CO2. Therefore, the COS radiative forcing can be calculated as follows:
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RFCOS = GWP∆t × RFCO2 ×
∆mCOS

∆mCO2

(3.2)

where RFCO2 in RCP6.0 is estimated to be 0.83 W/m2 considering an increase in
68.5 ppm from a baseline of 409.2 ppm. Overall, this results in a radiative forcing
from the COS increase in 0.17 W/m2 in SG-COS-SRF and of 0.03 W/m2 in SG-COS-
TTL.

The main contributions of sulfate aerosols and clouds are summarized in tables
B.5, B.6 and B.7 for SG-COS-SRF, SG-COS-TTL and SG-SO2, respectively. The con-
tribution of sulfate aerosols is the sum of the cooling effects given by the efficient
scattering of solar radiation by particles of radius of around 0.5 µm and the absorp-
tion of LW by larger ones. Globally, the estimated values are similar for the clear-sky
SW and LW forcing from the sulfate aerosols: in terms of the latitudinal distribution,
however, SG-SO2 presents a peak in the tropics whereas the forcing from SG-COS is
much more latitudinally even.

The reduction in optical depth from cirrus clouds (see table 3.1) produced by the
aerosols (Kuebbeler, Lohmann, and Feichter, 2012; Visioni et al., 2018a) results in
a net negative radiative forcing. This is given by the balance between the positive
RF in the SWs due to the reduction of reflected solar radiation and the negative RF
in the LWs due to the decrease in the trapped planetary radiation, which reduces
the contribution to the greenhouse effect. In the SG-COS cases, at the Equator the
positive RF from the cirrus ice thinning locally balances the direct forcing from the
aerosol (Figs.3.9 and B.8).

Table 3.6 summarizes the total contribution of sulfate aerosols and greenhouse
gases under all-sky conditions.

Total RF (W/m2) SW LW NET
SG-COS-SRF -1.47±0.12 +0.21±0.25 -1.26±0.13

SG-COS-TTL -1.41±0.12 -0.06±0.25 -1.47±0.13

SG-SO2 -1.58±0.10 -0.11±0.23 -1.69±0.13

TABLE 3.6: Globally-annually averaged total RF of sulfate aerosols
and greenhouse gases for the SG experiments with respect to BG

(shortwave, longwave and net) (W/m2) (years 2046-2055).

3.5 Technical feasibility of SG through COS emissions

We briefly discuss here the technical feasibility of the approach described in this
paper, as it is mainly related to the increase in surface COS emissions (for SO2 injec-
tions, see for instance Smith and Wagner, 2018; Smith et al., 2020).

Patent number 3,409,399 (1968) has developed a method for the high yield syn-
thesis of COS (93.2-96.6%) as follows:
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FIGURE 3.9: a-c) Mean zonal shortwave (cyan), longwave (orange),
and net (black) All-Sky radiative forcing (in W/m2) in SG-COS-SRF,
SG-COS-TTL and SG-SO2 respectively. d) Comparison of the net ra-
diative forcings from SG-COS-SRF (red), SG-COS-TTL (green) and
SG-SO2 (blue). All quantities are annually averaged over the years
2046-2055. Shadings in all panels represent 1 standard deviation in

the interannual variability.
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CO2 +CS2
100− 600◦C

−−−−−−−−−−−−−→ 2COS

CO2 is abundant, even in concentrated (90%+) streams, from various natural and
industrial sources, particularly with cooperation from states or industries. For exam-
ple, capturing flue gas from coal-fired power plants is an established technology and
may yield over 90% CO2 (Wang et al., 2013). CS2 is produced via numerous means,
perhaps the easiest being from coke (carbon) and molten sulfur, as follows:

C+ 2S
high temperature
−−−−−−−−−−−−−→CS2

Approximately 1 × 106t of CS2 is produced per year (Madon and Strickland-
Constable, 1958), with China consuming approximately half of the global production
of CS2 for rayon manufacture. CS2 is highly unstable and is flammable in air. It is
also toxic at low concentrations (10 ppm).

Given the reactions above, about 0.5 Tg of S will produce 0.94 Tg of COS. This
amounts to 0.16 Tg of C (coke) and 0.55 Tg of molten sulfur. In the last decade,
approximately 70 Tg of sulfur were produced worldwide, so this would constitute
an increase in S production of 0.8%. The price varied between USD 50 and USD
200 per ton, leading to an annual cost of approximately USD 25 million-USD 100
million. The worldwide production of coke was around 640 Tg, so this increase in
production is negligible. The price of coke varies between USD 50 and USD 100 per
ton, leading to an annual cost of approximately USD 8 million-USD 16 million. To
this we would have to add the cost of CO2, in addition to the production and energy
costs. Considering an estimate of USD 400 million per year for each Tg of S between
CO2 and production and energy cost, and assuming an effort shared between 1000
locations, this would add up to USD 400.000 per location per year per each Tg of
S. The overall cost is roughly of the same order of magnitude as that in Smith and
Wagner (2018) for a stratospheric aerosol deployment at ∼ 20 km of injection (so
different from the injection set-up in our study for SG-SO2), but without the need to
develop a new aircraft-based delivery system. For the SG-COS-TTL case, the overall
cost would be a combination of the production costs of COS as described above (but
almost 10 times less per year to obtain the same AOD as SG-COS-SRF) and those of
a deployment in the upper troposphere, which may result in being less expensive
than a deployment in the lower stratosphere as needed for SO2.

3.6 Conclusion

We have presented here the results of a modeling experiment with the aim of pro-
ducing an optically thick cloud of sulfate aerosols in the stratosphere without the
injection of sulfate precursors directly into the stratosphere but rather by using in-
creased surface or upper tropospheric emissions of COS. The low reactivity of COS
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in the troposphere, where it is not reactive and where it is predominantly absorbed
by some soils and by plants, allows for a large portion of its emissions to reach the
stratosphere, where it is turned into sulfate aerosols by photo-dissociation and oxi-
dation.

We compare the results obtained in the following injection scenarios: (i) 40 Tg-
S/yr of COS injected from the surface (roughly 400 times more than the background
emissions), (ii) 6 Tg-S/yr of COS injected in the Equatorial upper troposphere (15
km), and (iii) 4 Tg-S/yr of SO2 injected in the Equatorial stratosphere, as prescribed
in previous experiments (Kravitz et al., 2011; Visioni, Pitari, and Aquila, 2017). All
experiments result in a similar global optical depth from the produced stratospheric
aerosols (∼ 0.08), but with different latitudinal distributions. For SO2, as previ-
ously observed in various modeling experiments, Equatorial injections result in an
increased concentration of aerosols in the tropical stratosphere that tends to overcool
the tropics and undercool the high latitudes (Kravitz et al., 2018; Jiang et al., 2019),
while also reducing the efficacy of the backscattering from the aerosols due to the
increased size of the particles (Visioni et al., 2018b). On the other hand, with COS
emissions, independently from the injection height, the uniform mixing of the gas
allows for a more uniform distribution of the produced aerosols in the stratosphere,
resulting in increased optical depth that is also at very high latitude.

The differences in the distribution and size of the particles result in different
changes to the composition of the atmosphere. Smaller particles absorb and heat the
stratosphere less, thus resulting in fewer dynamical changes. From a chemical per-
spective, stratospheric ozone would be impacted differently from the two geoengi-
neering schemes. For SO2 injections, previous studies have shown that the overall
effect is the result of a combination of various dynamical and chemical factors that
behave differently depending on the latitude and altitude of the aerosols. At low lat-
itudes the increase in lower stratospheric water vapor produced by the warming of
the tropopause layer enhances the halogen-driven destruction of ozone in the lower
stratosphere (Tilmes et al., 2018c) due to NOx depletion. This effect is balanced by
reduced ozone destruction in the middle stratosphere due to the slowing down of
the NOx cycle produced by enhanced heterogeneous chemistry (Pitari et al., 2014;
Richter et al., 2017; Franke, Niemeier, and Visioni, 2021).

Overall, in the case of COS emissions the further increase in surface area den-
sity produced by smaller particles increases the inhibition of the ozone cycles in the
middle stratosphere, resulting in a net increase in stratospheric ozone and, thus, in
a larger decrease in UV radiation at the surface. Similarly, the larger sulfate burden
at high latitudes produces further ozone recovery and thus also less UV radiation at
the poles for the COS case.

Our results point to the feasibility of increased emissions of COS as a possible
substitute to stratospheric SO2 (or other sulfate precursors) injections to produce
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stratospheric sulfate aerosols. Surface emissions would sidestep the problem of de-
ploying methods not already available to bring the sulfate at those altitudes, includ-
ing the development of novel aircraft (Bingaman et al., 2020). Since COS is already a
byproduct of human activities, it might be possible to devise methods of mass pro-
duction of the required quantities that may be cheaper than the known proposed
methods (Smith et al., 2020). However, this strategy necessitates a larger amount of
emissions to achieve the same global stratospheric AOD, resulting in larger amounts
of deposition. Furthermore, while the toxic levels of COS concentrations are orders
of magnitude larger than the one achieved in our simulation (Kilburn and Warshaw,
1995; Bartholomaeus and Haritos, 2006), the effects of prolonged exposure to lower
concentrations would have to be assessed; the effect of increased COS concentra-
tions on ecosystems would also require careful investigation. Estimations of the
tropospheric radiative effect would also need to be refined to make sure that it is not
larger than previously estimated, thus, reducing the efficacy of the aerosol-induced
cooling. We have shown that tropospheric injections of lower quantities of COS
would produce the same optical depth and indirect effects while resulting in an in-
crease in tropospheric COS concentrations 10 times lower than those with surface
emissions. This would, however, still require the deployment of an aircraft fleet as
in SO2 emissions, but the technical challenges of reaching 15 km might be less than
those faced when reaching 20 km Smith et al. (2020).

Overall, there may be other weak points in the geoengineering strategies using
COS emissions compared to SO2 that need to be addressed. They would be less
easily scalable, and both the deployment and phaseout, as we have shown, would
require a longer time frame compared to the almost instantaneous effect produced
by SO2 injections. Considering the dangers to ecosystems presented by a too fast
deployment or termination of sulfate geoengineering (Trisos et al., 2018), this might
not actually be a large drawback, but it does remove the possibility of rapidly regu-
lating the necessary amount of stratospheric sulfate in case of changes in strategy or
external conditions (such as a Pinatubo-like volcanic eruption; Laakso et al., 2016).
The comparison between our two COS experiments suggests that the mixing hap-
pening in the troposphere would not allow any control in the latitudinal or seasonal
distribution of the resulting aerosols, as proposed elsewhere for SO2 injections (Mac-
Martin et al., 2017; Dai, Weisenstein, and Keith, 2018; Visioni et al., 2019); however,
future investigations may expand on this work by exploring whether a different
combination of injection altitudes and locations may offer at least some control over
the aerosol cloud.

Clearly, this study is intended to be just a pilot study of this method, and further
simulations with other climate models, possibly with a coupled ocean and interac-
tive land model to determine the full surface response, are needed. The agreement
between the baseline results presented here and the information present in the lit-
erature point to a robustness of our results, but further studies are required to un-
derstand different aspects of the climate response. For instance, studies would need
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to investigate the possible response of vegetation and soils to the increased concen-
tration of COS in the troposphere, and if the efficacy of the sinks would change due
to shifts in temperature and precipitation produced by both climate change and the
intervention.

Overall, however, the results obtained in this work show that, as a geoengineer-
ing technique, emissions of carbonyl sulfide should be further studied and consid-
ered by the scientific community as a possible alternative to the others already stud-
ied in the literature.
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Chapter 4

Reassessing the risks of an
explosive volcanic eruption during
a Stratospheric Aerosol Injection
deployment

The enhancement of the stratospheric aerosol layer after explosive volcanic erup-
tions perturbs the energy budget of the atmosphere and oceans by reducing incom-
ing solar radiation and warming the lower stratosphere and, consequently, alter-
ing atmospheric dynamics and ocean circulation, in turn modifying stratospheric
ozone concentrations and affecting the hydrologic cycle, reducing global precipi-
tation, weakening monsoons, and shifting the position of the Inter-Tropical Conver-
gence Zone (ITCZ) (Robock, 2000; Timmreck et al., 2012; Aquila et al., 2013; Marshall
et al., 2022).

The eruption of Mt. Pinatubo in June 1991, which injected between 14 and 22 Tg
of SO2 (Bluth et al., 1992b; Guo et al., 2004a), was estimated to produce a global cool-
ing between 0.14-0.5 K compared to pre-Pinatubo levels in 1992-1993 (Dutton and
Christy, 1992; Soden et al., 2002; Canty et al., 2013) and substantially decrease pre-
cipitation over land (Trenberth and Dai, 2007). Idealized simulations of the Pinatubo
eruption within the Max Planck Institute Grand Ensemble framework show that a
sulfur injection of ≥ 20 Tg may lead to a significantly decreased monsoon precipita-
tion beyond the effect of internal variability, driven by changes in atmospheric circu-
lation (D’Agostino and Timmreck, 2022). Even smaller eruptions, such as Agung in
1963 and Santa Maria in 1902 (5-13 and 13 Tg of SO2 injected in the stratosphere, re-
spectively; Textor et al., 2004) that still produce asymmetric inter-hemispheric forc-
ing, may have produced a significant impact on regional hemispheric precipitation
(Yang et al., 2019).

The altered hemispherical thermal contrast due to the asymmetry of the zonal
stratospheric aerosol distribution can shift the position of the Hadley cell and, there-
fore, of the ITCZ, which is pushed away from the cooler hemisphere towards the
warmer one, altering regional precipitation patterns (Broccoli, Dahl, and Stouffer,
2006; Iles and Hegerl, 2014; Zuo, Zhou, and Man, 2019; Jacobson et al., 2020). Through
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this mechanism, volcanic eruptions in the Northern Hemisphere (NH) may move
the ITCZ southward and cause droughts in the Sahel region (Haywood et al., 2013;
Jacobson et al., 2020), whereas Southern Hemisphere (SH) eruptions may shift the
ITCZ northwards, as evidenced by the increased rainfall in Belize in the year follow-
ing the Mt. Tambora eruption in 1815 (Ridley et al., 2015).

Through a similar mechanism, the increase in anthropogenic aerosol emissions
in the NH since the early 1900s produced an asymmetric cooling between the hemi-
spheres that has led to a southward migration of the ITCZ, a drying of the northern
tropics, most significant in the Sahel region, and a moistening of the southern tropics
(Hwang, Frierson, and Kang, 2013).

Stratospheric Aerosol Injection (SAI) would mimic the mechanism behind vol-
canic eruptions-induced cooling by continuously injecting SO2 in the lower strato-
sphere to temporarily offset the greenhouse gas induced global warming (Crutzen,
2006; Institute of Medicine and National Academy of Sciences and National Academy
of Engineering, 1992). If the locations of the artificial injections are limited to one
hemisphere, SAI might produce a forcing asymmetry and lead to similar changes
in regional precipitation as observed for volcanic eruptions (Jones et al., 2010; Hay-
wood et al., 2013). On the other hand, a combination of multiple injection locations
might result in a more even aerosol distribution and potentially allow the manage-
ment of not just global mean temperature, but also inter-hemispheric and equator-
to-pole temperature gradients. (MacMartin et al., 2014; Kravitz et al., 2016; Lee et al.,
2020).

Such an injection strategy was used in the Stratospheric Aerosol Geoengineer-
ing Large Ensemble (GLENS; Tilmes et al., 2018b), which considered four injection
locations (30◦N, 15◦N, 15◦S, and 30◦S) with an injection rate based on a feedback al-
gorithm (Kravitz et al., 2016; Kravitz et al., 2017; MacMartin et al., 2014) to keep the
global mean near-surface air temperature and its inter-hemispheric and equator-to-
pole gradients at their 2020 values under the Representative Concentration Pathway
8.5 (RCP8.5). These simulations showed that strategic SAI may ameliorate some of
the effects of global warming by offsetting changes in precipitation in the tropics and
mid-latitudes (Simpson et al., 2019; Da-Allada et al., 2020).

Subsequently, a more realistic emission scenario (SSP2–4.5) was considered in
MacMartin et al., 2022; in that case, lower injection latitudes (21.5 km, compared
to 25 km in GLENS) where chosen, while using the same injection latitudes and a
similar feedback-control algorithm to maintain global mean near-surface air temper-
atures at 1.5 K above preindustrial levels. Richter et al., 2022 showed that under this
strategy the precipitation increases over the equatorial Pacific Ocean in the warming
climate can be decreased with SAI; however, both SSP2-4.5 and SAI showed a drying
of the regions north of the equator, and SAI also showed more intense drying of the
southern tropics compared to SSP2-4.5.
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Since large explosive eruptions have a recurrence frequency of about one erup-
tion every 50-60 years on average (Schmidt et al., 2018), it is likely that under poten-
tial future deployments of SAI, a large volcanic eruption could occur, and thus it is
necessary to assess volcanic contributions under SAI conditions: such an occurrence
would further increase the stratospheric aerosol layer and potentially overcool the
hemisphere where it occurs, compromising the targeted cooling.

Laakso et al. (2016) simulated a volcanic eruption of 17 Tg of SO2 injected at
the location of Mt. Pinatubo occurring during a SAI deployment, which in their
case consisted of a constant injection of 16 Tg-SO2/yr between 30◦N and 30◦S; after
the simulated eruption, they considered the possibility of either continuing or com-
pletely suspending the SAI deployment. They found that in all simulations (with or
without SAI) surface cooling and precipitation change occur mainly in the tropics
with different patterns based on the background in which occur. They also found
that the volcanic contribution to the increase in negative radiative forcing, as well
as the decrease in global temperature and precipitation, is less when the eruption
occurs under SAI conditions than when it occurs under non-SAI conditions, due
to microphysical factors that determine the non-additivity of volcanic eruption and
SAI.

Here we expand upon that study by considering two potential eruptions: a
"medium" one (10 Tg-SO2), and a "large" (50 Tg-SO2) occurring at the latitude of
Pinatubo during SAI deployment, and by considering the same simulated SAI de-
ployment framework as MacMartin et al., 2022, where injection amounts are laittude-
dependant to manage multiple temperature-dependant degrees of freedom. Withing
this framework, we will demonstrate that in such a scenario it would be possible to
modify the injection strategy in different ways in order to account for the exogenous
increase in aerosol load, and that each way may come with different trade-offs in
terms of impacts on the surface climate. Nonetheless, we show that, were an erup-
tion to happen under an SAI deployment, less detectable surface impacts may be
expected as opposed to an eruption happening without an SAI deployment.

4.1 Model and simulations

4.1.1 The CESM2(WACCM6) earth system model

We use the Community Earth System Model, version 2, with the Whole Atmosphere
Community Climate Model version 6 as the atmospheric component, CESM2(WACCM6)
(Gettelman et al., 2019; Danabasoglu et al., 2020). CESM2(WACCM6) is a global cli-
mate model that includes interactive atmosphere, ocean, land, and sea ice compo-
nents, with an horizontal resolution of 0.95◦ latitude × 1.25◦ longitude, and 70 ver-
tical layers up to 140 km; the resolution allows a reasonable simulation of internal
variability in the stratosphere (e.g., internally-generated Quasi-Biennial Oscillation).
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The WACCM6-MA configuration used includes the Middle-Atmosphere (strato-
spheric) chemistry without representation of species and reactions that are signifi-
cant only in the troposphere (Mills et al., 2017; Davis et al., 2022). Aerosols are simu-
lated using the Modal Aerosol Model version 4 (MAM4) that includes black carbon,
primary organic matter, secondary organic aerosols, sea salt, dust, and sulfate inter-
nally mixed in four lognormal modes (Primary carbon, Aitken, Accumulation, and
Coarse modes) (Liu et al., 2016).

4.1.2 Simulations

The volcanic eruptions and SAI simulations happen under the Shared Socioeco-
nomic Pathway 2-4.5 (SSP2-4.5; Meinshausen et al., 2020) as a background green-
house gas emission scenario (MacMartin et al., 2022).

The SAI simulations are 35 years long, starting in 2035, and consist of yearly in-
jections of SO2 at four latitudes (30◦N, 15◦N, 15◦S, and 30◦S), at longitude 180◦E in
the gridbox centered at 21.5 km (with a vertical resolution of 1.2 km). The injec-
tion rates of SO2 are controlled by a feedback algorithm (Fig. 4.1) aimed at main-
taining global mean temperature at 1.5 ◦C above the preindustrial level (defined as
the average over the 2020-2039 period in CESM2), and also at maintaining inter-
hemispheric and equator-to-pole temperature gradient constant at the same refer-
ence period (2020-2040) (Kravitz et al., 2016; MacMartin et al., 2022).

FIGURE 4.1: Time series of SO2 injection rate (Tg/year) in SAI at the
four injection locations with longitude 180◦E and latitude a) 30◦S, b)
15◦S, c) 15◦N, and d) 30◦S. The dashed black line indicates the time

when the eruption occurs.

The volcanic eruptions of 10 and 50 Tg-SO2 are simulated both in the background
scenario without SAI (Volc10Tg and Volc50Tg, respectively) and in the SAI scenario;
they consist of an injection between 18-25 km at the location of Mt. Pinatubo (15.1◦N,
120.4◦E); for simplicity, we chose the date of January 1 2055 for the eruption.

4.2 Process for strategy determination

For the eruptions happening under an SAI deployment, we consider different changes
to the injection strategy based on the global evolution and latitudinal distribution of
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TABLE 4.1: Summary of simulations

Simulation name Description
SSP2-4.5 Background emission scenario SSP2-4.5
SAI SSP2-4.5 + continuous injection of SO2 controlled by feedback algorithm
Volc10Tg 10 Tg of SO2 eruption on January 1st, 2055
Volc50Tg 50 Tg of SO2 eruption on January 1st, 2055
Volc10Tg+SAI_off SAI suspended everywhere on January 1st, 2055 + Volc10
Volc10Tg+SAI_nhoff SAI suspended in NH on January 1st, 2055 + Volc10
Volc50Tg+SAI_off SAI suspended everywhere on January 1st, 2055 + Volc50

stratospheric sulfate burden and stratospheric aerosol optical depth (sAOD) in the
two cases simulated under background conditions (Fig. 4.2).

We start from the assumption that the risks associated to a volcanic eruption with
a change in the inter-hemispheric and equator-to-pole temperature gradients can
be limited during an SAI deployment by controlling the distribution of the sulfate
aerosols in the stratosphere.

Figure 4.2 shows the evolution of global sulfate burden changes with respect to
SSP2-4.5 and stratospheric aerosol optical depth, and the zonal change of sAOD av-
eraged during the first year after the eruption (2055), for both eruption magnitudes.

Both Volc10Tg and Volc50Tg sulfate burden and sAOD reach their maximum
value 5 months after the eruption (May 2055) at 6.3 and 28.1 Tg for the sulfate bur-
den and at 0.13 and 0.55 for the sAOD, respectively. Sulfate burden and sAOD in
Volc10Tg reach a peak that is close in value to the SAI ones, and a value 4.4 times
larger in Volc50Tg, with an e-folding time for sulfate burden and sAOD of between
16 and 18 months for all cases. The eruptions mainly increase sAOD in the northern
hemisphere, where they occur. During the first year after the eruption (2055) when
both sulfate burden and sAOD show the highest values (Fig. 4.2c and f), Volc10Tg
produces a sAOD of 0.18 in NH (and 0.03 in SH) which is higher than that produced
in SAI in the same hemisphere of 0.10 but comparable to that in SH of 0.16. For the
same year, Volc50Tg results in a sAOD of of 0.77 in the NH and 0.15 in the SH.

This latitudinal distribution of the lower eruption case suggests two possible
strategies: i) stopping sulfate injections only in the hemisphere where the eruption
occurs (Volc10g+SAI_nhoff), in order to equalize the differences in the horizontal
distribution of stratospheric aerosols between the two hemispheres and, thus, keep
the inter-hemispheric temperature gradient constant and ii) stopping sulfate injec-
tions in both hemispheres (Volc10Tg+SAI_off) in order to prevent global overcooling
by reducing sAOD quickly. For the higher eruption case, achieving the same goal
of offsetting the disparity between the two hemisphere would require an injection
of SO2 of roughly the same magnitude as the eruption, which would have extreme
impacts on global mean temperature and precipitation. In this case, therefore, the
only plausible choice is to stop SAI everywhere (Volc50g+SAI_off).

The additional stratospheric aerosol burden and sAOD from the volcanic erup-
tions on top of the already increased ones from SAI (Volc10Tg+SAI_off and
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FIGURE 4.2: Monthly values of globally averaged sulfate burden
change with respect to SSP2-4.5 for 10 Tg and 50 Tg of SO2 eruption
in a) and d), respectively. b) and e) as before for the globally averaged
stratospheric aerosol optical depth, c) and f) for the zonal aerosol op-

tical depth averaged over 2055.
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Volc50Tg+SAI_off) are smaller and decrease more rapidly than those on top of SSP2-
4.5 (Volc10Tg and Volc50Tg) (Fig. 4.2b and e). This happens both because SAI
injections are reduced post-eruption, but also because when SO2 is injected into a
perturbed stratospheric aerosol layer, aerosols growth by condensation prevails on
nucleation producing larger aerosols and, in turns, resulting in faster sedimentation
(Laakso et al., 2016; Visioni et al., 2019). Thus, independently from the background
on which the eruption occurs, the stratospheric sulfate burden and aerosol optical
depth returns to the unperturbed levels in almost 3 years.

In the cases with a 10 Tg-SO2 eruption under SAI, the global sulfate burden and
the sAOD take 1 year to return to pre-eruption SAI values if SAI is stopped every-
where, whereas it takes 2 year if SAI is stopped only in one hemisphere; for the
50TgSO2, two years are necessary. In Volc10Tg+SAI_nhoff, NH SAI injections are
restarted 2 years after the eruption in order for the global sulfate burden and sAOD
to return to pre-eruption values. In Volc10Tg+SAI_off and Volc50Tg+SAI_off, SAI is
not restarted at all.

Even if SAI is stopped, the latitudinal distribution of sAOD during the first
year after the eruption results in the NH in a 0.05 higher value with respect to the
Volc10Tg case, whereas in the SH it results in a value 0.03 lower with respect to the
SAI case. Stopping the injection only in the NH results therefore in a more symmetri-
cal inter-hemispheric distribution, but a higher global sAOD. The climatic-trade-offs
between these two cases will be analyzed in the next sections.

4.3 Results

4.3.1 Temperature

Figure 4.3 shows the time series of the running mean (5 months) of the three degrees
of freedom for surface temperatures that are being managed by the multi-location
SAI injections: global mean temperature (GMT, T0), the inter-hemispheric tempera-
ture gradient (T1), and the equator-to-pole temperature gradient (T2).

Figure 4.3a shows that under SAI GMT is held at 1.5±0.1 K above preindustrial
(PI), while SSP2-4.5 temperature continues to increase at a rate of 0.3 K decade−1.
Following the eruption, a cooling of 0.3 K and 1.1 K in Volc10Tg and Volc50Tg is de-
tected under SSP2-4.5; this cooling is 0.2 K lower when the eruption happens under
SAI. GMT returns to the respective background values after 3 years for Volc10Tg un-
der SSP2-4.5, while it takes more than 5 years Volc50Tg. Under SAI, the return time
for GMT depends on the strategy: if injections are stopped everywhere, it takes only
2 years, whereas if injections are maintained in one hemisphere, the time is similar
to that under SSP2-4.5.

While both SSP2-4.5 and SAI maintain a roughly-constant inter-hemispheric tem-
perature gradient (0.93±0.07 K in SSP2-4.5 and at 0.84±0.06 K in SAI, Fig. 4.3b), all
simulations with volcanic eruptions which mainly cool the NH and result in lower
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values of T1. For the 10 Tg SO2 eruptions, there is a similar decrease in T1 in the
two following years: 0.76±0.8 K in Volc10Tg, 0.73±0.07 K Volc10Tg+SAI_off and
0.74±0.08 K Volc10Tg+SAI_nhoff, whereas the 50 Tg SO2 eruptions lead to the much
lower values of T1 (lowest value of 0.13 in Volc50Tg and 0.14 K in Volc50Tg+SAI_off)
and a subsequent return towards higher values.

In Figure 4.3c, T2 increases (becomes less negative) in SSP2-4.5 from 2035 at a
rate of 0.03 K/decade due to increased Arctic warming, while under SAI it roughly
constant at -5.89±0.06 K. After the volcanic eruption, as a result of a larger cooling
in the northern extratropics compared to the tropics, T2 decreases by 0.1 and 0.3 K
for the 10 and 50 Tg-SO2 eruptions compared to the respective background, with a
slightly smaller decrease when SAI is continued in SH for the medium eruption and
for the larger eruption occurring during SAI.

In Figure 4.4 we show maps of temperature changes, only highlighting regions
where the differences are statistically significant at the 95% significance level. Panels
4.4a and b show the temperature change in SSP2-4.5 and SAI for 2050-2069 compared
to the 20-years average over 2020-2040 in SSP2-4.5 (Baseline): in this case, statistical
significance is meant to imply a deviation of the two compared steady states, either
introduced by the longwave-induced warming or because of an imperfect balance
from SAI.

In SSP2-4.5 the increase in greenhouse gases results in a warming that affects
almost the entire globe except for a region in the North Atlantic Ocean (due to a
projected continued slowdown of the Atlantic Meridional Overturning Circulation;
see Figure 3 in MacMartin et al., 2022; Gervais, Shaman, and Kushnir, 2018). A
higher warming compared to the global mean is evident in the Artic region (1.8 K)
due to Arctic amplification which produces a fast melting of sea ice (Fig. C.1, black
line) and weaker ice-albedo feedback (Rantanen et al., 2022). Under SAI, the balance
between the cooling exerted by increased aerosol reflection and the GHGs-induced
warming results in some residual warming relative to Baseline with a temperature
change of 0.1 K (globally averaged) and a faction of land with statistically significant
change of 25.2% versus the of 0.9 K and 99.9% in SSP2-4.5.

In Figure 4.4c and d we show the temperature change over the 2 years following
the eruptions compared to 20-years average in SSP2-4.5 (2050-2069); likewise panels
4.4e-f show the changes for the eruptions occurring under SAI (Volc10Tg+SAI_off,
Volc10Tg+SAI_nhoff, Volc50Tg+SAI_off) compared to the 20-years average in SAI.
Unlike for panels a and b), here we aim to highlight the direct perturbation produced
by the eruption compared to the simulated climatology: shaded areas here are meant
to indicate regions where the change produced by the eruption are comparable to the
variability calculated over the 20 years periods.

As discussed before, the eruptions mainly decrease the surface air temperature
in the hemisphere where they occur, however, the temperature change compared
to the respective background is significantly smaller when the eruptions occur dur-
ing SAI: the average cooling contribution from the eruption in the NH is 0.6 K in
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FIGURE 4.3: Time series of monthly mean of (a) global temperature
(T0) in K above preindustrial levels (PI), (b) inter-hemispheric temper-
ature gradient (T1) and (c) equator-pole temperature gradient (T2). T1
and T2 are calculated from the monthly values of T0 from which sea-
sonality, given by detrended background values with a linear fit over
the years 2035-2069, was subtracted. All variables are rolling mean

over 5 months.



92
Chapter 4. Reassessing the risks of an explosive volcanic eruption during a

Stratospheric Aerosol Injection deployment

FIGURE 4.4: Maps of statistically significant change of temperature
from different background simulation based on the considered simu-
lation. Gray areas are the region where the differences are non statisti-
cally significant at the 5% significance level. (a, b) show the tempera-
ture change in SSP2-4.5 and SAI averaged over 2050-2069 from Base-
line (SSP2-4.5 averaged over 2020-2039) and the statistics are calcu-
lated over all the simulation years for the three ensemble members. (c,
d) as (a, b) for Volc10Tg and Volc50Tg averaged over 2055-2056 from
the 20-years average in SSP2-4.5. (e-g) as (a, b) for Volc10Tg+SAI_off,
Volc10Tg+SAI_nhoff and Volc50Tg+SAI_off averaged over 2055-2056

from the 20-years average in SAI.
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Volc10Tg and 2.0 K in Volc50Tg, and it is 0.4 K smaller, regardless of eruption mag-
nitude, when it occurs during SAI. As for the sAOD, the smaller cooling under SAI
is due to the suspension of the injection to contain the over-cooling and because of
the presence of a larger aerosol load when the SO2 injection happens. Furthermore,
the fraction of land with statistically significant temperature changes from the back-
ground is lower for eruptions occurring under SAI background, as shown in the
table in Figure 4.4.

Stopping SAI injections to compensate for the volcanic eruption, thereby trying
to avoid a GMT overcooling, implies that while NH changes are reduced for the
eruption happening under SAI compared to those under SSP2-4.5, there are regions
in the SH that result less cooled than under the SAI case alone: for the 10 Tg volcanic
eruption, an overall warming of 0.13 K (if injections are stopped everywhere) and
0.05 K (if injections are stopped only in the NH) is detected. For the 50 Tg case,
where the overall cooling is stronger (-0.30K in the SH under SSP2-4.5) stopping
injections results less than half (-0.12K) overall cooling compared to the SAI case in
the SH.

4.3.2 Precipitation and ITCZ shift

Variations in surface temperature affect global precipitation, and variations in the
inter-hemispheric thermal contrast affect the location of the tropical Hadley circu-
lation, identified by the location of the ITCZ, in turn resulting in changes in the
regional distribution of precipitation. We note that the metric we choose to predict
ITCZ-shifts (T1 in Figure 4.3b) constitutes only a rough estimate of its behavior (see
Figure 8 of Lee et al., 2020).

Figure 4.5 shows the change in global precipitation with respect to the mean
precipitation in Baseline. In SSP2-4.5 the global precipitation increases compared to
the reference period, with a rate of 0.02 mm/day per decade from 2040, whereas
Under SAI it remains similar to Baseline.

Due to the global temperature changes, volcanic eruptions decrease global mean
precipitation with a reduction that depends on their magnitude; the volcanic-driven
precipitation reduction is also smaller when occurring under SAI. Under SSP2-4.5
the precipitation change due to a medium to large eruption ranges between -0.03
and -0.07 mm/day over 2055-2056, respectively, and the precipitation decrease is
0.02 mm/day smaller under SAI, independently from the magnitude of the eruption
and SAI strategy adopted for the medium case.

The main change in precipitation occurs over the Tropics, as shown in Figure
4.6 (calculated as in Figure 4.4). Global warming in the panel 4.6a produces an in-
crease in precipitation around the equator in the Pacific Ocean, in the Atlantic Ocean
extending over Brazil and regions of west-central Africa, and over a small eastern
region on the Indian Ocean facing east-central Africa. Above these regions, a drying
belt extends into the northern tropic and the overall change in precipitation (wetting
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FIGURE 4.5: Time series of the monthly values of the five-month
rolling-mean of the globally averaged precipitation change from

SSP2-4.5 averaged over the reference period (2020-2039).

plus drying) that is statistically significant involves 29.9% of lands. This percent-
age decreases to 14.0% when SAI is deployed, and the main difference compared to
SSP2.4 is a drying belt over the Indian Ocean below the equator that extends to the
tropical South Pacific through Indonesia and northern Australia and no significant
changes in the Atlantic Ocean.

The clear response of volcanic eruptions is a decrease in precipitation in the
northern tropics and an increase in the southern tropics, with changes that are larger
in magnitude and cover wider regions latitudinally and longitudinally depending
on the magnitude of the eruption. The fraction of land affected by the change in
precipitation (see table in Figure 4.4) and the magnitude of wetting and drying are
comparable (medium eruption) or even attenuated (large eruption) when the erup-
tion occurs during SAI compared with that occurring in SSP2-4.5.

The reduction in precipitation in the northern tropic and an increase in precipi-
tation in the southern tropic determine a southward shift of ITCZ. In Figure 4.7, the
annual mean position of the ITCZ is calculated as the latitude around the equator
where the meridional mass stream function at 500 hPa changes sign, and the shift
is calculated compared to the ITCZ position in Baseline, which is the mean value of
the ITCZ position in SSP2-4.5 over the reference period (2020-2039).

The ITCZ position undergoes a southward shift in both SSP2-4.5 and SAI, and
keeps moving southward in SSP2-4.5 with a rate of 0.2◦/decade from 2040 while
is almost constant in SAI (0.02◦/decade). The displacement is larger in SSP2-4.5
with a 30-year mean (2040-2069) of -0.7±1.5 degrees and smaller in in SAI, with -
0.1±1.3 degrees, but the differences between the two simulations are not statistically
significant. For volcanic eruptions, with or without SAI, the decrease in T1 about a
year after the eruption results in a southward ITCZ shift, the magnitude of which
increases with respect to the change in T1 but with a no strong linear correlation.

One year after the eruption, the ITCZ displacement from Baseline is at its max-
imum for all simulations with volcanic eruptions. The ITCZ shift is -4.4◦ in Volc10Tg
and decreases to -3.0◦ in Volc10Tg+SAI_off and further to -2.6◦ in Volc10Tg+SAI_nhoff.



4.3. Results 95

FIGURE 4.6: Maps statistically significant change of precipitation
from different background simulation based on the considered simu-
lation. Gray areas are the region where the differences are non statisti-
cally significant at the 5% significance level. (a, b) show the precipita-
tion change in SSP2-4.5 and SAI averaged over 2050-2069 from Base-
line (SSP2-4.5 averaged over 2020-2039) and the statistics are calcu-
lated over all the simulation years for the three ensemble members. (c,
d) as (a, b) for Volc10Tg and Volc50Tg averaged over 2055-2056 from
the 20-years average in SSP2-4.5. (e-g) as (a, b) for Volc10Tg+SAI_off,
Volc10Tg+SAI_nhoff and Volc50Tg+SAI_off averaged over 2055-2056

from the 20-years average in SAI.
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Similarly, the ITCZ shift is larger in Volc50Tg with -8.2◦ and decrease to -7.3◦

Volc50Tg+SAI_off. When compared with the corresponding background simula-
tion, the ITCZ response, is smaller in case the eruption occurs under non-SAI back-
ground than under SAI, however, the ITCZ shift from the Baseline is smaller when
the eruption occurs under a SAI.

FIGURE 4.7: Time series of annual mean of the ITCZ shift with respect
to ITCZ position in Baseline, calculated as the average position of the

ITCZ in SSP2-4.5 over the reference period (2020-2039).

4.4 Discussion and conclusion

If SAI is ever deployed, it is extremely likely that it would have to be maintained
over many decades (Baur et al., 2023): it is therefore also extremely likely that,
given the frequency of large-magnitude volcanic eruptions (about 1 every 50-60
years (Schmidt et al., 2018)), at least one would happen during a deployment, un-
derscoring the importance of assessing the combined effects of the two.

In particular, the increased sulfate loading in the stratosphere after a volcanic
eruption rich in sulfur may result in a strong and asymmetric surface cooling, which
would in turn affect the hydrological cycle. A further increase of sulfate loading in
the stratosphere after a volcanic eruption under SAI could result in an asymmetric
surface cooling with effects on the hydrologic cycle and in a decrease in the scatter-
ing efficiency of sulfate aerosols, due to the competitive processes of formation of
smaller fresh particles or growth of particles formed through condensation.

Here we consider the injection of 10 and 50 Tg of SO2 at the location of Mount
Pinatubo (15.1◦N, 120.4◦E) on January 1, 2055 during an SAI deployment where
multiple injection locations and amounts are varied yearly in order to maintain the
global mean near-surface air temperature and its inter-hemispheric and equator-to-
pole gradients at levels corresponding to 1.5 K above preindustrial: furthermore, to-
gether with analyzing cases where all SAI is stopped, we also consider a case where
the injection strategy is modified, but not completely stopped, in order to avoid in-
terhemispheric imbalances.
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Other differences from previous work concern the SAI strategy in terms of in-
jection location, here by injecting at 15◦S/N in addition to 30◦S/N, and the SO2

injection rate that is adjusted in order to maintain the global mean near-surface air
temperature and its inter-hemispheric and equator-to-pole gradients at levels cor-
responding to 1.5 K above the preindustrial. In the period close to the eruption
(2054-2056), the SO2 injection rate is about 7.5 Tg, including 5.5 Tg in SH and 2 Tg in
NH, compared with the constant rate of 16 Tg of SO2 in Laakso et al. (2016).

The decrease of the hemispherical and land-ocean thermal contrast due to the
overcooling of one hemisphere weakens the cross-equatorial flow, consequently shift-
ing the ITCZ position, causing drying and wetting of the climatological wet and dry
regions, respectively (Haywood et al., 2013; Iles and Hegerl, 2014; Zuo, Zhou, and
Man, 2019). In background conditions, the two tropical eruptions in the Northern
Hemisphere mainly increase the sAOD in the respective hemisphere, amplified by
the fact that in this case the eruption occurs in the boreal winter, when the upper
branch of the BDC is directed toward the winter hemisphere. The use of four injec-
tion latitudes allows us to interrupt SAI only at select latitudes in order to compen-
sate for the asymmetric enhancement of the stratospheric aerosol layer, depending
on the magnitude of the perturbation.

To limit the risks associated with overcooling of a single hemisphere, we de-
cided to interrupt SAI in the hemisphere where the eruption occurs to reduce the
changes in T1 and T2. For the upper limit case, maintaining injection in the southern
hemisphere would not compensate for the hemispheric asymmetry in stratospheric
aerosol loading, and increasing injection in the southern hemisphere to compensate
for it would have a drastic impact on global temperature and precipitation. There-
fore, we interrupt the injections everywhere, although the magnitude of SAI is small
compared to the 50 Tg eruption, therefore it would probably not matter in either
case.

In agreement with the findings Laakso et al. (2016), we found the eruption ra-
diative impact of SAI and volcanic eruption is not additive, producing global sur-
face cooling and precipitation reduction that is smaller when the eruption occurs
in a geoengineering background than in a non-geoengineering background, and
microphysical-related issues cause pre-eruption conditions to be recovered faster for
a volcanic eruption under SAI conditions Laakso et al. (2016). However, in our sim-
ulations, both temperature and precipitation patterns are similar among volcanic
simulations, and differences are in the magnitude and size of regions with statisti-
cally significant changes.

All volcanic eruption cases mainly cool the hemisphere in which occur and re-
sult in a global mean cooling that is about 0.2 K lower when the eruption occurs in
a geoengineered background for both lower and upper-limit eruptions. The cooling
contribution by a lower and upper-limit eruption occurring during SAI would fur-
ther decrease the global mean temperature change in SAI compared to pre-industrial
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levels by a maximum between 22.1% and 82.4%, respectively, with the largest per-
turbation involving the Arctic region. In a non-geoengineerd background a warm-
ing of the southern oceans is observed after the eruptions, a warming of the south-
ern oceans is observed after all eruptions and in a geoengineerd background also a
warming over the southern continents when SAI is interrupted everywhere for the
lower-limit eruption. While for the eruption of 10 Tg of SO2 the stratospheric sulfate
load in the SH decreases below the respective background values, the eruption of
50 Tg of SO2 also increases the sulfate load in the SH with values similar to those of
SAI at least for the 2 years following the eruption, which is the reason why the same
warming is not observed on lands.

As with the temperature, the decrease in global precipitation due to a volcanic
eruption is on average, in the 2 years following the eruption, about 0.02 mm/day
lower when the eruption occurs in a geoengineering background. In all eruption
simulations the regional response of precipitation results in a decrease in the north-
ern tropics and an increase in the southern tropics, which in turn determines a south-
ward shift of the ITCZ. The magnitude of drying and wetting of the climatological
wet and dry regions and the size of regions where the changes are statistically sig-
nificant increases for larger eruptions, and changes under SAI are comparable or
even attenuated than under a non-SAI background. Despite the similarity among
the precipitation patterns, the exact lcoation of drying and wetting regions results in
a larger displacement of the ITCZ when eruption occurs under geoengineering con-
ditions. However, the deployment of SAI allows to keep the ITCZ constant in time,
within its variability, from the current position (average position over the period
2020-2039), reducing the overall displacement when concurrent eruption occurs.

We found that, overall, the climate risks posed by a large volcanic eruption dur-
ing SAI are no worse than under background conditions. For eruptions occurring in
the SH, we can similarly optimize the SAI strategy and find a latitudinal precipita-
tion change opposite to that observed for NH eruptions and a different latitudinal
of temperature change, especially in the Arctic, but with similar consideration when
comparing results between SAI and non-SAI conditions.
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Conclusions

This thesis has explored the consequences of the perturbation of the stratospheric
aerosol layer as a result of natural events or deliberate interventions. The strato-
spheric aerosol layer consists mainly of sulfate particles formed from the photoly-
sis of the long-lived COS species after entering the stratosphere, under background
conditions, and by direct injections of SO2 after explosive volcanic eruptions. The
global cooling observed after the explosive volcanic eruptions (Robock and Mao,
1995; Canty et al., 2013), suggested the hypothesis of mimicking volcanic eruptions
with sustained injections of SO2 as a climate intervention to counteract global warm-
ing
(Crutzen, 2006). The study of climate interventions, and stratospheric aerosol in-
jection in particular, consist of a vast amount of modeling studies that have shown
some broad areas of agreement, but also large discrepancies in the evolution in time
and space of the aerosol cloud after geoengineering interventions even within the
same model, if the spatial resolution and microphysical schemes are changed (Vi-
sioni et al., 2021; Tilmes et al., 2022; Weisenstein et al., 2022; Laakso et al., 2022). The
analogy between climate engineering experiments and large volcanic eruptions has
highlighted the possibility of testing the reliability of climate models by comparing
them with measurements from volcanic eruptions, of which Mount Pinatubo in June
1991 is the best observed one.

In Chapter 2, we present the results of a model inter-comparison study on Mt.
Pinatubo eruption in June 1991, based on the original paper Quaglia et al. (2023).
The study follows the prescriptions of the Historical Eruptions SO2 Emission As-
sessment experiments which is part of the Interactive Stratospheric Aerosol Model
Intercomparison Project (Timmreck et al., 2018). Six global models with interactive
aerosol microphysics (ECHAM6-SALSA, EMAC, ECHAM5-HAM, SOCOL-AERv2,
ULAQ-CCM and UM-UKCA) performed different simulations of the eruption to ex-
plores the uncertainties related to the initial SO2 emission by varying the amount of
injected SO2 (ranging between 5 and 10 Tg-S), and injection altitude (between 18-25
km). Comparison with several satellite and balloon-borne observations shows that
simulations in which more than 5 Tg-S of SO2 are injected overestimate the initial
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sulfate burden in the tropics and, in some models, in the northern hemisphere, fol-
lowed by a more rapid reduction from the sulfate-burden peak in the tropical strato-
sphere. The shorter e-folding time in the models than in the observations is related
to stronger transport towards the extratropics in the Northern Hemisphere at the ex-
pense of the observed tropical confinement, suggesting a much weaker subtropical
barrier in all models. Furthermore, the higher surface density a few months after the
eruption compared with values measured in the tropics and in-situ measurements
over Laramie draws attention to the importance of including processes such as ash
injection for removal of initial SO2 and aerosol lofting through local heating.

Because of the discrepancies discussed above, in Chapter 3 we propose a pi-
lot study based on the original paper Quaglia et al. (2022) on the increased surface
emission of carbonyl sulfide among the SAI strategies proposed so far, which we
recommend to be tested further with other climate models. We ran two experiments
with the ULAQ-CCM model from 2021 to 2055 on increasing of COS emissions, as-
suming an artificial global COS flux of 40 Tg-S/yr (SG-COS-SRF), geographically
distributed according to current anthropogenic COS emissions at the surface and
the injection of 6 Tg-S/yr of COS into the tropical upper troposphere (SG-COS-TTL).
Results are discussed in comparison with the more common SAI strategy consisting
in the injection of 4 Tg-S/yr in the form of SO2 at the equator (SG-SO2), between 18
and 25 km of altitude. The amount of COS and SO2 emitted per year are chosen in
order to obtain the same global sulfate aerosol optical depth (∼ ∆τ=0.080 in years
2046-2055) for the three experiments as a common reference to discuss the differ-
ences on aerosol microphysical properties, surface SOx deposition, radiative forcing
and effects on ozone. The convenience of intervening directly at the surface with
SG-COS-SRF compared with using aircraft to bring sulfate to the lower stratosphere
(SG-COS-TTL and SG-SO2) involves the use of more COS, which would result in
more SOx deposition at the surface (+8.9 % for SG-COS-SRF vs. +3.3 % for SG-COS-
TTL +4.2 % for SG-SO2). The resulting net radiative forcing (RF), which includes
indirect effects on ozone, methane, and stratospheric water vapor, is -1.3 W/m2 for
SG-COS-SRF and -1.5 W/m2 for SG-COS-TTL, and is comparable to the correspond-
ing RF of -1.7 W/m2 obtained in SG-SO2, but with a more latitudinally uniform forc-
ing for SG-COS experiments than for SG-SO2, which is mainly concentrated in the
tropics. Significant changes for stratospheric ozone are found in both SG-COS exper-
iments with respect to SG-SO2 (∼5 DU versus +1.4 DU, globally). According to the
model results, the resulting UVB perturbation at the surface accounts for -4.3% as a
global-annual average (versus -2.4% in the SG-SO2 case), with a springtime Antarc-
tic decrease of -2.7% (versus a +5.8% increase in the SG-SO2 experiment). Overall,
we find that an increase in COS emissions may be feasible as an alternative to strato-
spheric SO2 injections in the context of SRM, however, our assumption that the rate
of COS uptake by soils and plants does not vary with increasing COS concentra-
tions will need to be investigated in future works, and more studies are needed on
the prolonged exposure effects to higher COS values in humans and ecosystems.
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The spatial and size distribution of aerosol for SO2 injections can be partially
managed by the combination of different latitudes and altitudes for injection to op-
timise the climate impact Tilmes et al. (2017) and MacMartin et al. (2017). In Chapter
4 we consider an SAI experiment performed with CESM2(WACCM6) consisting of
the continuous injection of SO2 at four latitudes (30°N, 15°N, 15°S) with the aim to
to maintain the global mean temperature 1.5 K above the pre-industrial and mantain
the interhemispheric temperature gradient and equator-to-pole temperature gradi-
ent which control the precipitation patterns. The focus of this work is the hydrologi-
cal impact of further increasing the stratospheric aerosol layer due to volcanic erup-
tions occurring during SAI deployment. We simulate two large volcanic eruptions
consisting of the injection of 10 Tg and 50 Tg of SO2 at the location of Mt. Pinatubo
(15.1°N, 120.4°E) on January 1, 2055, both under background conditions and during
SAI. We find a global decrease in surface temperature followed by a global decrease
in precipitation that is not linearly dependent on the amount of SO2 injected, and the
non-additivity of volcanic eruptions and SAI results in changes in the wet and dry
climatological region and the shift in the ITCZ that are comparable or even smaller
when the eruption occurs during SAI than when it occurs under background condi-
tions. Therefore, overall, the risks of a large volcanic eruption occurring during SAI
are no worse than under background conditions.
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Appendix A

Supplementary material:
Interactive stratospheric aerosol
models’ response to different
amounts and altitudes of SO2
injection during the 1991 Pinatubo
eruption

A.1 Analysis of model output

A.1.1 Taylor Diagrams

In section 3.1 we use Taylor diagrams (Taylor, 2001) in order to summarize all the
information regarding the reproducibility of the stratospheric optical depth simu-
lated compared to satellite observations. Taylor diagrams provide a concise statis-
tical summary of how well patterns from simulations and observations match each
other in terms of their correlation (COR, azimuthal angle), their root-mean-square
difference (RMSD, proportional to the distance between the observations - grey and
black circles on the x axis- and experiments - colored circle), and the ratio of their
variances (SDs on x and y axis). SDs, RMSs and CORs are calculated for zonal val-
ues of the stratospheric AOD for two different time periods (first year and second
year after the eruption). Therefore, similar STD, higher COR and lower RMSD mean
similar amplitudes of variation in terms of latitudinal distribution and time evolu-
tion.

A.1.2 Effective radius

The effective radius is calculated as the ratio of the third and second moments of the
number size distribution of the aerosol particles. This results in Eq. A.1 for models
with a sectional scheme; in this case, the sum is over the bins and ni is the number
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response to different amounts and altitudes of SO2 injection during the 1991
Pinatubo eruption

of particles and ri is the radius of particles in each bin. In models with a modal
scheme, the effective radius is calculated as the sum over the modes as in Eq. A.2,
where SADi is the surface area density and voli is the volume density. In EMAC
(modal scheme) the quantity is estimated from the median radii for accumulation
and coarse mode particles since it was not stored in the output.

re f f =
∑i ni · r3

i

∑i ni · r2
i

(A.1)

re f f =
3 · ∑i voli
∑i SADi

(A.2)

The stratospheric effective radius (reffstrat) for the models and SAGE II is calcu-
lated in Eq. A.3 by integrating the provided effective radius (reff) from the tropopause
to the top of the atmosphere weighted with the SAD. The thickness of the vertical
layer (h) is calculated from the hypsometric equation (Eq A.4)

re f fstrat = ∑z(SAD · h · re f f )z

∑z(SAD · h)z
(A.3)

h =
R · T

g
· ln

Pz+1

Pz
(A.4)

For the OPC measurements, we calculate the stratospheric effective radius (Eq.
A.5) as in Kleinschmitt et al., 2017 for the updated UWv2.0 data set. The measure-
ment error bars consider a 40% uncertainty in SAD and vol and assume a correlation
coefficient of 0.5 between SAD at different altitudes, vol at different altitudes and
SAD and vol at the same altitude.

re f fstrat =
3 · ∑z volz

∑z SADz
(A.5)

A.2 Tables

TABLE A.1: Models overview

Model Horizontal resolution (lat x lon) Vertical resolution (model top, # levels) Reference
ECHAM6-SALSA 1.9 1.9T63) 0.01 hPa, 95 levels Kokkola et al. (2018) and Laakso et al. (2017)
ECHAM5-HAM 2.8 2.8T42) 0.01 hPa, 90 levels Niemeier et al. (2009) and Toohey et al. (2013b)
EMAC* 1.91.9T63) 0.01 hPa, 90 levels Jöckel et al, (2010), Brühl et al. (2018)
SOCOL-AERv2 2.8 2.8T42) 0.01 hPa, 39 levels Sheng et al. (2015) and Sukhodolov et al. (2018)
ULAQ-CCM 5 6T21) 0.04 hPa, 126 levels Pitari et al. (2016) and Visioni et al. (2018)
UM-UKCA 1.25 1.875N96) 80 km, 85 levels Marshall et al. (2019) and Dhomse et al. (2020)

* highlights models with spatially distributed SO2 injections.

A.3 Figures
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TABLE A.2: Peak value of the global stratospheric sulfate burden (in
Tg-S), month in which it is reached since January 1991 and e-folding

time for each model and experiment.

Low-22km Med-22km High-22km Med-19km Med-18-25km
Model Peak Month e-fold Peak Month e-fold Peak Month e-fold Peak Month e-fold Peak Month e-fold
ECHAM6-SALSA 4.8 10 10 6.7 10 11 9.5 11 12 6.1 10 9 6.7 10 13
ECHAM5-HAM 5.0 12 11 7.0 12 10 9.9 12 9 6.0 10 11 6.5 11 11
EMAC* 7.0 9 8
SOCOL-AERv2 4.8 10 14 6.6 10 13 9.4 10 13 5.4 9 13 6.6 10 14
ULAQ-CCM 5.0 11 13 7.0 11 13 9.8 11 12 6.6 11 10 6.9 11 13
UM-UKCA 4.2 11 21 5.9 11 19 8.4 11 18 5.4 10 14 5.7 11 17
UM-UKCA* 4.2 11 23 6.0 11 21 8.6 11 20 5.3 10 15 5.6 11 19

* highlights models with spatially distributed SO2 injections.
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FIGURE A.1: Time evolution of the stratospheric AOD in the northern
(NH) and southern hemisphere (SH) simulated by ECHAM6-SALSA,
ECHAM5-HAM and SOCOL-AERv2 for the experiments with differ-
ent amounts of SO2 injected at about 22 km altitude. The thick line
represents the ensemble mean, the shaded area the region between
the minimum and maximum values between the ensemble members

(thin lines).
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response to different amounts and altitudes of SO2 injection during the 1991
Pinatubo eruption
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FIGURE A.2: Temporal evolution of monthly global stratospheric
AOD values. Each panel refers to the respective model in which
the results of the different experiments (coloured lines) are compared
with GloSSAC and AVHRR measurements (black lines). * Models

with spatially spread SO2 injections.
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injected (b) in all model experiments. The models are identified by
the different colours (top legend), the different scenarios by the dif-
ferent line styles (bottom legend). * Models with spatially spread SO2

injections.
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response to different amounts and altitudes of SO2 injection during the 1991
Pinatubo eruption
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Pinatubo eruption
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over Laramie (second row) for Med-22km in September 1991. Model
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tion at 0.5 µm in 1/km (right panel) in the tropics (first row) and over
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FIGURE A.10: Vertical profile of the effective radius in µm (left pan-
els), surface area density (SAD) in µm2/cm3 (middle panels), and
extinction at 0.5 µm in 1/km (right panel) in the tropics (first row)
and over Laramie (second row) for all experiments in December 1991.
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with spatially spread SO2 injections.
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FIGURE A.11: Time evolution of the monthly averages of global
stratospheric sulfate burden (a), in extratropical NH, and extratrop-
ical SH (c) for Low-22km performed in SOCOL-AERv2 with 39 and
90 vertical levels (light orange lines, different line style) compared
with the observations (black lines, different line style). Panels d and
e show the time evolution of zonal stratospheric AOD for Low-22km
performed in SOCOL-AERv2 with the two vertical resolutions. Pan-
els f and g are the same as panels a-c but for the stratospheric effective
radius in the tropics and over Laramie. The legend is common to pan-

els a-c and f-g.
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Appendix B

Supplementary material: An
approach to sulfate geoengineering
with surface emissions of carbonyl
sulfide

B.1 Tables

Experiment Surface
upward flux

Chemical
production

Surface dry
deposition

Chemical
loss

Net
[sources-sinks]

BG 0.12 ±0.01 0.40±0.01 0.39±0.01 0.13±0.01 0.00±0.01
SG-COS-SRF 40.1 ±0.1 0.39±0.01 31.6 ±0.1 8.8 ±0.1 +0.1 ±0.1
SG-COS-TTL (0.12+6.0*)±0.1 0.39±0.01 3.5 ±0.1 3.1 ±0.1 -0.1 ±0.1

TABLE B.1: Globally-annually averaged COS sources and sinks (Tg-
S/yr) [years 2046-2055]. *Additional flux of COS injected in the trop-

ical upper troposphere.

COS sources Gg-S/yr %
Surface flux from oceans 39.8 8.3
Surface anthropogenic flux 76.3 15.8
Chem prod from CS2 ocean sources 76.8 15.9
Chem prod from CS2 anthropogenic sources 117.6 24.4
Chem prod from DMS ocean sources 171.5 35.6

TABLE B.2: Globally-annually averaged COS sources for BG (Gg-
S/yr and percent of the total direct surface upward flux and total at-

mospheric chemical production) [years 2046-2055].
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COS sink Gg-S/yr %
Dry deposition on soils 125.6 24.1
Surface dry dep on vegetation 252.6 48.5
Chemical loss by OH 102.7 19.7
Chemical loss by photolysis 30.1 5.8
Chemical loss by O 9.7 1.9

TABLE B.3: Globally-annually averaged COS sinks for BG (Gg-S/yr
and percent of the total surface dry deposition or total atmospheric

chemical loss) [years 2046-2055].

Experiment DMS SO2 SO4 COS CS2 H2S Total
BG 25.9 63.7 1.41 0.12 0.88 4.0 96.0
SG-COS-SRF 25.9 63.7 1.41 40.1 0.88 4.0 136.0
SG-COS-TTL 25.9 63.7 1.41 6.1 0.88 4.0 102.0
SG-SO2 25.9 67.7 1.41 0.12 0.88 4.0 100.0

TABLE B.4: Globally-annually averaged sources of sulfur species (Tg-
S/yr) [years 2046-2055].

SG-COS-SRF - BG: Sulfate
aerosols RF (W/m2)

SW LW NET

Clear sky -2.49 +0.48 -2.01
Cloud adjustment
[background clouds]

+0.81 -0.06 +0.75

Cloud adjustment
[cirrus ice thinning]

+0.26 -0.51 -0.25

Cloud adjusted -1.42±0.12 -0.09±0.25 -1.51±0.13

TABLE B.5: Temperature-adjusted tropopause RF of sulfate aerosols
in the SG-COS-SRF case with respect to BG (shortwave, longwave
and net) (W/m2) [years 2046-2055]. First row shows RFs under clear
sky conditions. Second and third rows present the cloud adjustment
of RFs, separately for the mere presence of background clouds and
for the cirrus ice thinning produced in SG conditions (see Kuebbeler

et al., 2012; Visioni et al., 2018).
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SG-COS-TTL - BG: Sulfate
aerosols RF (W/m2)

SW LW NET

Clear sky -2.49 +0.48 -2.01
Cloud adjustment
[background clouds]

+0.80 -0.06 +0.74

Cloud adjustment
[cirrus ice thinning]

+0.33 -0.64 -0.31

Cloud adjusted -1.36±0.16 -0.22±0.26 -1.58±0.13

TABLE B.6: As in Table B.5, but for the SG-COS-TTL case.

SG-SO2 - BG: Sulfate
aerosols RF (W/m2)

SW LW NET

Clear sky -2.72 +0.52 -2.20
Cloud adjustment
[background clouds]

+0.80 -0.06 +0.74

Cloud adjustment
[cirrus ice thinning]

+0.36 -0.71 -0.35

Cloud adjusted -1.56±0.10 -0.25±0.23 -1.81±0.13

TABLE B.7: As in Table B.5, but for the SG-SO2 case.

SG-COS-SRF - BG: Greenhouse
gases RF (W/m2)

SW LW NET

COS 0.00 +0.17±0.02 +0.17±0.02
CH4 0.00 +0.12±0.01 +0.12±0.01
H2O [stratosphere] 0.00 -0.024±0.004 -0.024±0.004
O3 [stratosphere] -0.048±0.005 +0.010±0.001 -0.038±0.005
O3 [troposphere] 0.00±0.01 +0.02±0.01 +0.02±0.01
Total -0.05±0.01 +0.30±0.03 +0.25±0.03

TABLE B.8: Temperature-adjusted tropopause RF of greenhouse
gases in the SG-COS-SRF case with respect to BG (shortwave, long-
wave and net) (W/m2) [years 2046-2055]. First five rows present the
RF contributions of specific greenhouse gases affected directly and in-
directly by SG (i.e., COS, CH4, stratospheric H2O, stratospheric and

tropospheric O3. Last row shows the gas net total RF.
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SG-COS-TTL - BG: Greenhouse
gases RF (W/m2)

SW LW NET

COS 0.00 0.03±0.01 0.03±0.01
CH4 0.00 +0.12±0.02 +0.12±0.02
H2O [stratosphere] 0.00 -0.024±0.004 -0.024±0.004
O3 [stratosphere] -0.048±0.005 +0.010±0.001 -0.038±0.005
O3 [troposphere] 0.00±0.01 +0.02±0.01 +0.02±0.01
Total -0.05±0.01 +0.16±0.03 +0.11±0.03

TABLE B.9: As in Table B.8, but for the SG-SO2 case.

SG-SO2 - BG: Greenhouse
gases RF (W/m2)

SW LW NET

COS 0.00 0.00 0.00
CH4 0.00 +0.11±0.02 +0.11±0.02
H2O [stratosphere] 0.00 +0.009±0.001 +0.009±0.001
O3 [stratosphere] -0.015±0.01 0.00±0.01 -0.015±0.01
O3 [troposphere] 0.00±0.01 +0.02±0.01 +0.02±0.01
Total -0.02±0.01 +0.14±0.02 +0.12±0.02

TABLE B.10: As in Table B.8, but for the SG-SO2 case.

B.2 Figures
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FIGURE B.1: COS surface mixing ratio (in pptv, left axis) evalua-
tion at NOAA stations: NWR: Niwot Ridge, United States; THD:
Trinidad Head, United States; HFM: Harvard Forest, United States;
LEF: Wisconsin, United States; MHD: Mace Head, Ireland; BRW: Bar-
row, United States; SUM: Summit, Greenland; ALT: Alert, Canada.
Red line is the COS surface mixing ratio averaged over 2046-2055 as
calculated by ULAQ-CCM, black line is the NOAA observations in
2006. On the right axis, we report the absolute difference (in %) be-

tween the two lines.
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FIGURE B.2: Mean zonal values of volume mixing ration (in ppbv)
in BG and changes in both SG-COS experiments of COS (a, b and c,
respectively), SO2 (d, e and f) and SO4 (g, h and i) . All quantities are

annually averaged over the years 2046-2055.
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(a) Ext Change [SG-COS-TTL - BG]
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(b) SAD Change [SG-COS-TTL - BG]

-90 -60 -30 EQ 30 60 90
0

10

20

30

40

0

5

10

15

m
2
/c

m
3

FIGURE B.3: Zonal mean values of sulfate extinction (in 10−4 km−1)
and SAD change (in µm2/cm3) in SG-COS-TTL with respect to the
background. All quantities are annually averaged over the years

2046-2055.
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(b) SOx Deposition [SG-COS-TTL - BG]
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(c)  SOx Deposition [SG-COS-TTL - BG]
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FIGURE B.4: a) Change in COS dry deposition fluxes in SG-COS-
TTL compared to the background. b) Change in SOx total deposition
fluxes in SG-COS-TTL compared to the background. c) as b) but in %

of the background values.
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FIGURE B.5: Monthly values and annually averaged changes in SG-
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BG of atmospheric stratospheric ozone column (in DU) (panels a and
b, respectively), methane lifetime (in yr) (panels c and d), and TTL

temperature (in K) (panels e and f).
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FIGURE B.6: Mean zonal values of aerosol heating rates for shortwave
(SW) and longwave (LW) wavelengths, and net (NET) in SG-COS-
SRF (a, c and e, respectively), and SG-SO2 (b, d and f). All quantities

are annually averaged over the years 2046-2055.
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FIGURE B.7: Tropical vertical profiles of the aerosol shortwave (SW),
longwave (LW) and net (NET) heating rates (a, b, c) anomalies (in
K/day), temperature anomaly (in K, d), and residual vertical velocity
(in %, e) and O2 photodissociation coefficient percentage anomalies

(f). All quantities are annually averaged over the years 2046-2055.

FIGURE B.8: Latitudinal distribution of zonal mean values of sin-
gle contribution to shortwave RF (in W/m2) in SG-COS-SRF: sulfate
aerosols in Clear-1sky condition (blue), cloud adjustment for the pres-
ence of background clouds (orange) and for the cirrus ice thinning
produced (yellow). Sulfate All-Sky RF in black is the sum of all pre-

vious contributions.
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FIGURE B.9: (a) Zonally averaged surface temperature (Ts, in K)
anomalies between SG-COS-SRF and BG under different conditions:
Ts anomalies between SG-SO2 and BG (black dashed line); as above,
but adding the Ts anomalies due to the SO4 imbalance between SG-
COS-SRF and SG-SO2 (blue line); as above, but adding the Ts anoma-
lies due to cirrus ice changes (green line); as above, but also adding
the Ts anomalies due to GHG changes (red line). (b) Lat–lon distribu-
tion of the Ts anomalies calculated online in the ULAQ-CCM model
considering cirrus ice changes, the SO4 imbalance between SG-COS-
SRF and SG-SO2 and GHG changes. (c) Lat–lon distribution of the Ts
anomalies between SG-SO2 and BG. (d) Lat–lon distribution of the Ts

anomalies between SG-COS-SRF and BG.
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Appendix C

Supplementary material:
Reassessing the risks of an
explosive volcanic eruption during
a Stratospheric Aerosol Injection
deployment

C.1 Figures

FIGURE C.1: Time series of monthly mean values of Arctic September
sea ice extent in m2 in all simulations (solid lines). The black dashed
line represents the average of Arctic September sea ice extent over

2020-2039 in SSP2-4.5.
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FIGURE C.2: Time series of zonal mean precipitation change in
mm/day in (a) SSP2-4.5 and (b) SAI from Baseline, defined as the
mean over 2020-2039 in SSP2-4.5. The minimum and maximum val-

ues of SAT and precipitation are shown in each panel.

FIGURE C.3: Latitudinal distribution of zonal mean SAT (surface air
temperature) averaged over 2 year following the eruption (2055-2056)
minus the zonal SAT in SSP2-4.5 averaged over the reference period

(2020-2039).
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FIGURE C.4: Latitudinal distribution of zonal mean precipitation av-
eraged over 2 year following the eruption (2055-2056) minus the zonal
precipitation in SSP2-4.5 averaged over the reference period (2020-

2039).
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