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Abstract Compared to stratospheric SO, injection for climate intervention, alumina particle injection
could reduce stratospheric warming and associated adverse impacts. However, heterogeneous chemistry on
alumina particles, especially chlorine activation via CIONO, + HCl Sir: Cl, + HNOs, is poorly constrained
under stratospheric conditions, such as low temperature and humidity. This study quantifies the uncertainty
in modeling the ozone response to alumina injection. We show that extrapolating the limited experimental
data for CIONO, + HCI to stratospheric conditions leads to uncertainties in heterogeneous reaction rates

of almost two orders of magnitude. Implementation of injection of 5 Mt/yr of particles with 240 nm radius
in an aerosol-chemistry-climate model shows that resulting global total ozone depletions range between
negligible and as large as 9%, that is more than twice the loss caused by chlorofluorocarbons, depending on
assumptions on the degree of dissociation and interaction of the acids HCI, HNO,, and H,SO, on the alumina
surface.

Plain Language Summary Global warming caused by increasing greenhouse gases could be
temporarily reduced by introducing aerosol particles into the stratosphere. The most frequently studied
approach to climate intervention uses H,SO,-H,0 aerosols, which, however, could result in undesirably

strong warming of the stratosphere and significant ozone depletion. This might be improved by injecting

solid particles, for example, made of aluminum oxide. However, here we show that the extremely limited
availability of experimental studies on heterogeneous chemistry on alumina under the influence of stratospheric
concentrations of HC1, HNO,, H,SO,, and H,O leads to large uncertainties in the impact of alumina injection
on stratospheric ozone. In order to quantify these uncertainties, we integrated the currently available knowledge
about the most important heterogeneous reaction CIONO, + HCl Slr: Cl, + HNOs into an aerosol-chemistry-
climate model. We conclude that the uncertainty in the resulting heterogeneous reaction rate is more than two
orders of magnitude depending on the partitioning of HCI, H,SO,, and HNO, on the alumina surface. This
could lead to global ozone column depletion ranging between almost negligible and up to 9%, which would be
more than twice as much as the ozone loss caused by chlorofluorocarbons in the late 1990s.

1. Introduction

Since preindustrial times, atmospheric greenhouse gas (GHG) concentrations have risen to levels never before
experienced by humankind, with negative consequences for the environment and society (Arias et al., 2021;
Jouzel, 2013). Even if society succeeded in rapidly ceasing emissions, global warming and its impacts would
linger for millennia as carbon dioxide removal techniques may not prove efficient or may not be scaled up fast
enough (Clark et al., 2016; NRC, 2015). These prospects have motivated proposals for stratospheric aerosol
injection (SAI) as an affordable intervention strategy that could provide immediate cooling to counteract some of
the impacts of climate change (Budyko, 1977; Crutzen, 2006). SAI could potentially serve as a temporary supple-
ment to measures that actually address the cause of climate change, such as GHG mitigation and adaptation, until
society finds solutions on how to remove long-lived GHGs from the atmosphere (Keith & MacMartin, 2015;

VATTIONI ET AL.

1 of 10


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-4099-3903
https://orcid.org/0000-0001-5325-4731
https://orcid.org/0000-0002-5916-4013
https://orcid.org/0000-0002-2141-0733
https://orcid.org/0000-0001-7611-6163
https://orcid.org/0000-0003-4958-2657
https://orcid.org/0000-0002-1442-6200
https://orcid.org/0000-0002-8079-6314
https://doi.org/10.1029/2023GL105889
https://doi.org/10.1029/2023GL105889
https://doi.org/10.1029/2023GL105889
https://doi.org/10.1029/2023GL105889
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023GL105889&domain=pdf&date_stamp=2023-12-23

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL105889

Methodology: Sando Vattioni, Beiping
Luo, John A. Dykema, Frank Keutsch,
Thomas Peter

Project Administration: Thomas Peter,
Gabriel Chiodo

Software: Sando Vattioni, Aryeh
Feinberg, Andrea Stenke

Supervision: Frank Keutsch, Thomas
Peter, Gabriel Chiodo

Validation: Beiping Luo, Aryeh
Feinberg, Andrea Stenke

Visualization: Sando Vattioni, Rahel
Weber, Thomas Peter

Writing — original draft: Sando Vattioni
Writing — review & editing: Beiping
Luo, Aryeh Feinberg, Andrea Stenke,
Christof Vockenhuber, Ulrich K. Krieger,
Markus Ammann, Frank Keutsch,
Thomas Peter, Gabriel Chiodo

MacMartin et al., 2014). It has been proposed that SAI might help to limit global warming to 1.5°C, the target
set by the Paris Agreement in 2015 (MacMartin et al., 2018). However, despite potential benefits of SAI there
are large uncertainties about risks associated with negative side effects, for example, its impact on stratospheric
chemistry (e.g., Robock, 2008).

Until now, most research on SAI has focused on SO, as the injected species, motivated by the observed cooling
after explosive volcanic eruptions, such as Mt. Pinatubo in 1991 (Bluth et al., 1992; Wilson et al., 1993). Sulfuric
acid aerosols are formed after the oxidation of SO, in the stratosphere. However, SAI by sulfuric acid aerosols
bears several limitations, including optically inefficient aerosol size distributions (Vattioni et al., 2019), strato-
spheric ozone depletion (Tilmes et al., 2008; Vattioni et al., 2019; Weisenstein et al., 2022), and stratospheric
heating (Aquila et al., 2014; Dykema et al., 2016). This has repercussions for global atmospheric dynamics poten-
tially with additional feedbacks on stratospheric chemistry.

Recent studies have shown that the injection of solid particles, such as alumina (Al,O,), calcite (CaCO,) or
diamond (C) particles might reduce some of the limitations of sulfuric acid-based SAI (Dykema et al., 2016;
Ferraro et al., 2011; Keith et al., 2016; Pope et al., 2012; Weisenstein et al., 2015). In particular, it has been
suggested that the optical properties of some of these materials would result in smaller stratospheric heating
because of less absorption of infrared radiation and more efficient backscattering of solar radiation per strato-
spheric aerosol burden than SAI by sulfuric acid aerosols (Dykema et al., 2016). In addition, it has been suggested
that solid particles such as alumina or calcite could result in reduced ozone depletion compared to SAI by sulfuric
acid aerosols (Keith et al., 2016; Weisenstein et al., 2015; WMO, 2022). Based on these lines of evidence, the
IPCC-ARG6 inferred that injection of non-sulfate aerosols is likely to result in less stratospheric heating and ozone
loss (Arias et al., 2021). However, previous studies are based on simplifying assumptions about particle reactivity
under stratospheric conditions, due to lack of experimental data. Therefore, uncertainties remain high regarding
SAI of solid particles, especially concerning their impact on stratospheric ozone.

1.1. Aging and Non-Aging Solid Particles

There is only limited knowledge about the physical chemistry of solid particles under stratospheric conditions,
especially with respect to temperature (<220 K), relative humidity (<1%), interactions with stratospheric chem-
ical species, and UV irradiation. The various materials under consideration can be divided into two categories.
On the one hand, solids such as calcite (CaCO,) particles that are expected to undergo “chemical aging” during
their stratospheric residence time of about 1 year (Dai et al., 2020; Huynh & McNeill, 2021). On the other hand,
solids such as alumina (AL O,), which are not expected to undergo significant chemical aging. For example, in
the first category, calcite particles could change their composition and crystalline structure upon reaction with
the stratospheric acids H,SO,, HNO, or HCI, which is likely to affect their optical and chemical properties (Keith
etal., 2016). In the second category, alumina will likely not react with stratospheric gases, but a thin H,SO,-H,0
coating, partially or fully covering the particles, may result from H,SO,-H,O co-condensation and coagulation
with stratospheric background aerosol particles (see also Weisenstein et al., 2015). While the inertness of alumina
significantly reduces uncertainties of particle evolution under stratospheric conditions compared to solid particles
with chemical aging, it is at present uncertain whether “non-aging” particle surfaces may host heterogeneous
chemistry of trace gases such as HCI, CIONO,, HNO,, and H,SO,. The lack of experimental data makes it diffi-
cult to quantify surface processes and heterogeneous reactions on solid particles as a function of temperature,
relative humidity, and material properties, like hydrophilicity, under stratospheric conditions.

1.2. Experimental Data on Heterogeneous Chemistry on Alumina Particles

Molina et al. (1997) demonstrated that alumina may provide the surface for heterogeneous surface reaction R1,
which contributes to stratospheric chlorine activation:

CIONO, + HCI % Cl, + HNO;. (R1)

HCI and CIONO, are important reservoir species of stratospheric chlorine and nitrogen oxides, ClOy and NO,,
which destroy ozone catalytically. Thus, solid particles can provide surfaces for heterogeneous chlorine activation
reactions, which may result in significant ozone loss (after Cl, photolysis). Molina et al. (1997) provide the only
experimental study investigating R1 on alumina surfaces at stratospheric temperatures. They performed flow tube
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Figure 1. Reaction probability yciono, for CIONO, + HCl on alumina measured by Molina et al. (1997) as a function

of pyc (black symbols) in comparison with uptake coefficients calculated from isotherms of adsorption/desorption and
reaction rate coefficients (blue curves). Measurements were performed under dry conditions (crosses) or after adding

2.5 x 10~ hPa water and 4.5 x 10~7 hPa HNO, (circles), see Text S1 in Supporting Information S1. The uptake coefficient
based on dissociative adsorption of “HCl only” was calculated using 1/yciono, = 1/aciono, + 1/(8 \/]m ) with @ and p fitted
to the data, for HNO, co-adsorption using 1/yciono, = 1/aciono, + 1/(33 \/m ), and for non-dissociative HCI adsorption
using 1/yciono, = Vaciono, + 1/(B pyc) with fixed values aciono, = 0.02 and = 2.7 X 107 hPa, resulting in a “high”
Yciono, of 0.019 at 50 hpa and 1 ppb HCI (see Table S1 in Supporting Information S1). Typical stratospheric values of py
are 1 x 1077 hPa or lower (dashed vertical line). Axis on top shows HCI mixing ratio y;, for a total pressure of 50 hPa
representative of ~20 km altitude in the stratosphere, for reference.

measurements of R1 and found a reaction probability yciono, &~ 0.02 for temperatures ranging from 208 to 223 K
and HCI concentrations ranging from 4.5 x 1077 to 1.7 X 10~° hPa (corresponding to 9-35 ppb at 50 hPa, i.c.,
at about 20 km altitude, Figure 1). Their study aimed at quantifying the impact of space shuttle exhaust, which
contains alumina, HCI and water (Potter, 1978). Therefore, Molina et al. (1997) used HCI with concentrations one
order of magnitude higher than typical stratospheric volume mixing ratios (~1 ppb at 50 hPa under present day
conditions). Text S1 in Supporting Information S1 provides more details on their measurement conditions. We
extrapolate these measured reaction probabilities to HCI partial pressures representative of the present-day strat-
osphere by using a Langmuir-Hinshelwood molecular description of co-adsorption/desorption and reaction (e.g.,
Aguzzi & Rossi, 2001; Carslaw & Peter, 1997; Fernandez et al., 2005; Tabazadeh & Turco, 1993). This requires
knowledge of the temperature dependent second order rate coefficient of R1 and the Langmuir constants (i.e.,
the ratio of forward reaction constant for adsorption over backward reaction constant for desorption) for CIONO,
and HCI on alumina particles, which cannot be directly retrieved from the Molina et al. (1997) measurements.
Therefore, extrapolation to typical stratospheric partial pressures of HCl is subject to large uncertainty, which we
will quantify in this study.

1.3. Previous Modeling Studies on SAI of Alumina Particles

Using a 2D-aerosol chemistry climate model, Weisenstein et al. (2015) were the first to study alumina particles
for SAIL In their scenario, which resulted in the smallest ozone depletion in relation to the achieved radiative
forcing, 4 Mt/yr of alumina particles with a radius of 240 nm were injected. This simulation resulted in a globally
averaged clear sky shortwave radiative forcing of —1.2 W/m? and globally averaged depletion of the total ozone
column (TOC) of 3.4% with values of up to 7% over the poles assuming year 2000 concentrations of ozone
depleting substances (ODS).
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Weisenstein et al. (2015) distinguished between bare alumina particles and alumina particles, which acquired a
sulfuric acid coating due to gaseous H,SO, adsorption or coagulation with sulfuric acid particles. They estimated
that 70%-92% of the alumina surface area density (SAD) would be H,SO,-coated and applied the same heteroge-
neous chemistry as for aqueous H,SO, aerosols. Conversely, only 8%—-30% of the total resulting SAD increase in
the lower stratosphere was treated as bare alumina SAD for R1 with yciono, = 0.02. Extrapolation to HCI partial
pressures was done by scaling yciono, With the logarithm of the ratio [HCI]/[CIONO,], an ad-hoc assumption
which quenches R1 for very small [HCI], but is hard to justify physically or in view of Molina et al. (1997) meas-
urements (see also Text S2 in Supporting Information S1).

On aqueous sulfuric acid aerosol and on the H,SO,-coated fraction of the alumina surface, the N,O;
hydrolysis R2

N>Os + H,0 5 2HNO, (R2)

is the most important heterogeneous reaction. R2 removes active nitrogen from the NO,-induced ozone-depletion
cycle and, thus, also weakens deactivation of ClO,, via

NO; + CIO + M — CIONO; + M. (R3)

Therefore, in the present chlorine-rich stratosphere R2 results in increased ozone destruction, albeit to a lesser
degree than the direct chlorine activation via R1. The estimates of Weisenstein et al. (2015) are subject to
large uncertainties, mainly due to two factors, which both, will be addressed in this paper: (a) how the Molina
et al. (1997) measurements of R1 were extrapolated to present-day stratospheric HCI concentrations and (b) the
assumption made on SAD availability of bare versus H,SO,-coated alumina. In reality, the situation is more
complex. Bare alumina particles injected into the stratosphere would immediately be subject to adsorption of
stratospheric trace gas molecules HNO;, H,SO,,, HCl, CIONO,, and coagulation with H,SO,,,.
H,SO,, these gases are present at ppb mixing ratios, so their collision frequency with the surfaces would be suffi-

Except for

cient to establish a molecular monolayer within a few minutes. However, this neglects desorption and given the
low partial pressure of these gases it is unlikely that the coverage would exceed a small fraction of a monolayer.
In contrast, even though H,SO, has mixing ratios several orders of magnitude lower, it is the only trace gas whose
vapor pressure is low enough to form a stable aqueous solution. This results in co-condensation of H,SO,,, and
H,0,, on available surfaces, while other trace gases adsorb and readily desorb again. Assuming an alumina SAD
of 3 pm?cm? in the lower stratosphere (Figure S6b in Supporting Information S1), the condensation rate of
H,S0,, on the particle surface is roughly one monolayer of H,SO, per 2 weeks (Text S3 in Supporting Informa-
tion S1). In the initial phase after injection, the surface must still be treated as blank alumina with a few adsorbed
trace gas molecules, but during the stratospheric residence time the particles could acquire a H,SO,,,-coating of
nominally ~10 nm thickness (Text S3 in Supporting Information S1).

2. Methods

We performed Elastic Recoil Detection Analysis (ERDA, Kottler et al., 2006) experiments to test the assump-
tion of alumina being non-aging under stratospheric conditions. Figure S4 in Supporting Information S1
describes the results and provide evidence that alumina is unlikely to change its composition or crystalline
structure under exposures to HNO; as in the stratosphere. We further measured the wettability of the alumina
surface to determine whether the H,SO,-H,O condensate of nominally ~10 nm thickness on the alumina parti-
cles fully wets the surface or tends to contract and form small islands of liquid. Figure S3 in Supporting
Information S1 shows that aqueous H,SO, droplets on alumina single crystals have contact angles of around
30° (Corti & Krieger, 2007; McLachlan & Cox, 1975; Thomason & Peter, 2006). If this is also true for the
240-nm particles investigated here, the condensed material would contract and only cover a small fraction of
the surface. On the uncovered fraction of the surface HCI can react with CIONO,, but might be impaired by
the co-adsorbing HNOj;. Therefore, understanding R1 on these particle surfaces requires modeling, which we
describe subsequently.

2.1. Reactive Uptake on Alumina Surfaces

Heterogeneous reaction rates k can be calculated by
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where SAD is the surface area density, v is the mean molecular speed of the molecules colliding with the surface
and y is the reaction probability, that is, the probability that such a collision actually results in a reaction. For the
reaction CIONO, + HCI, yciono, depends on the amount of HCI available. SAD is determined by the injection
rate and size of the aerosol particles. For a given injection mass, smaller particles result in larger SAD because of
the larger surface-to-mass ratio and because of smaller sedimentation velocities.

The reaction probability, y, of heterogeneous reactions for reactants with low adsorptivity on alumina surfaces, such
as HCland CIONO, inR1, can be described for example, by a Eley-Rideal mechanism or a Langmuir-Hinshelwood
mechanism for adsorption/desorption and reaction. Some studies found that the Eley-Rideal mechanism is more
accurate to represent R1 (Fernandez et al., 2005). However, the Langmuir-Hinshelwood mechanism was also
successfully used to describe heterogeneous reactions such as R1 on polar stratospheric clouds (e.g., Aguzzi
& Rossi, 2001; Ammann et al., 2013; Burkholder et al., 2020; Carslaw & Peter, 1997; Crowley et al., 2010;
Fernandez et al., 2005). In this study we use the Langmuir-Hinshelwood mechanism to extrapolate the measure-
ments of Molina et al. (1997) to stratospheric HCI concentrations (i.e., ~1 ppb at 50 hPa). As derived in Text S5
in Supporting Information S1, the reaction probability yciono, can be described by

1 1 vo?

= + , 2
yciono,  aciono, 4 Kciono, kg T k! Oci- @

where aciono, is the surface accommodation coefficient of species CIONO, on alumina, ¢ is the surface area
per adsorption site, Ky is the Langmuir constant of species X, k”/ the second order surface reaction rate coef-
ficient of R1, k, the Boltzmann constant, and T the absolute temperature. Under stratospheric conditions, the
fractional surface coverage - depends not only on the HCI partial pressure, but also on the competitive HNO,
co-adsorption (Text S5 in Supporting Information S1):

Kuci puc Kuci puc
HC]— ~ ~

1
Onoy 1/ Kuno; puno, f

where the first expression, KHClPHCl/GNOQ reveals the dissociative nature of adsorption and the competition of HCI
and HNO, via H*-concentration on the surface. In Equation 3, fis the reduction factor by which the adsorption

v Kual puci, 3)

of HCl is diminished due to the presence of HNO, relative to a system without HNO, interaction. In the absence
of measurements on alumina, we have estimated f from a comparison of measurements of the HCI uptake on
ice with HNO, (Hynes et al., 2002) and without HNO, (Zimmermann et al., 2016) and find f = 33 (Text S5 in
Supporting Information S1). In Equations 2 and 3, we combine the unknown quantities Kciono,> Kycp» and k7 as
follows:

4 Kciono, ks T k™ 4/ K
B= — . )
vo’f
Thus:

1 1 1
= + .
YCIONO, acioNo, B +/puci ®)

This allows us to describe the measured yciono, by treating the unknown quantities aciono, and f as fit parameters.
Finally, we use the fit of Equation 5 to Molina et al. (1997) measurements and scale it down by f to take into
account the HCI-HNO; interaction.

Figure 1 shows Equation 5 (blue curves) fitted to Molina et al. (1997) data (black symbols) as a function of HCl
partial pressure. The curve labeled “dissociative yciono,, HCI only” shows a least squares best fit of Equation 5 to
the measurements with f= 1 for pure HCI uptake (i.e., HNO, and H,SO, absent). The curve labeled “dissociative
yciono,» HNO, co-adsorption” is the same, but with f= 33 derived from measurements of HCI uptake in compe-
tition with HNO; on ice. Finally, the curve labeled “non-dissociative, high yciono,” assumes HCI molecules not
to dissociate on the surface (Carslaw & Peter, 1997), and further assumes a high value of f, to span the full range
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of possible yciono, compatible with the data (Table S1 in Supporting Information S1 also provides examples with
medium and low yciono,)-

Besides CIONO, and HCI, Molina et al. (1997) also examined the effects of the presence of stratospheric concen-
trations of H,O and HNO,, but found no measurable change in yciono, (Within the range 0.018-0.022), which
is seemingly in contradiction with Equation 3. However, it would be misleading to assume that these two gases
have no effect on R1 under present-day stratospheric conditions. Because Molina et al. (1997) applied H,O and
HNO, at stratospheric concentrations, but HCI at concentrations more than 10-times higher, the effects of H,O
and HNO, were likely dwarfed by the excess of HCI. In addition, the impact of H,SO, was not examined by
Molina and coworkers. In summary, trace gases, such as HNO,, co-adsorb on the particle surface and H,SO, can
condense on it (with H,0). These acids, besides occupying adsorption sites on the surface, will likely dissociate
and lead to a highly acidic environment that reduces the adsorptivity of HCI (Text S5 in Supporting Informa-
tion S1). Therefore, yciono, measured by Molina et al. (1997) with no HNO; or too little HNO; is likely an over-
estimate compared to stratospheric conditions.

All curves in Figure 1 are plausible representations of the yciono, measured by Molina et al. (1997). Obviously,
the measured data do not help constraining yciono, for low stratospheric py,, where the Langmuir adsorption
isotherms are in the linear, unsaturated regime. At 1 ppb HCl, yciono, can be as large as 0.019 (“non-dissociative
high y”) or as small as 0.0003 (y with HNO, co-adsorption and dissociation), a ratio of almost two orders of
magnitude (Figure 1, Table S1 in Supporting Information S1).

2.2. Aerosol-Chemistry-Climate Model Description

We determined the stratospheric ozone response to injection of alumina particles by means of the
aerosol-chemistry-climate model SOCOL-AERv2 (Feinberg et al., 2019), which allows to represent all relevant
aspects of stratospheric chemistry and dynamics. Its dynamical core is ECHAMS.4 (Roeckner et al., 2003), which
is interactively coupled to the chemistry module MEZON (Egorova et al., 2003; Rozanov et al., 2001; Stenke
etal., 2013) and the sectional aerosol module AER (Sheng et al., 2015; Weisenstein et al., 1997). SOCOL-AERv2
employs a T42 horizontal resolution (i.e., 310 X 310 km at the equator) and 39 vertical sigma pressure levels up
to 0.01 hPa (i.e., ~80 km). It represents stratospheric chemistry with 40 sulfuric acid aerosol mass bins and 89
gas phase species including all relevant chlorine, nitrogen, carbon, bromine, oxygen, hydrogen, and sulfur species
which interact with each other through 16 heterogeneous, 58 photolysis, and 160 gas phase reactions. The aero-
sols, the chemistry, and the dynamics are fully interactive with each other allowing for accurate representation of
stratospheric dynamics and chemistry (e.g., Brodowsky et al., 2021; Friedel & Chiodo, 2022).

The aerosol module in SOCOL-AERV2 was extended to include tracers for spherical monomers and agglomer-
ates of alumina particles, assuming a density of 3.95 g/cm?. Ten prognostic variables (mass bins) were integrated
to represent the injection of monomers with 240 and 80 nm radius and their agglomeration, while assuming
mass doubling between subsequent mass bins. Self-coagulation of alumina particles follows the description of
Weisenstein et al. (2015). SAD is calculated as the sum of the area of the number of monomers per agglomerate
assuming the contact between single monomers within an agglomerate to be infinitely small. Their sedimenta-
tion as well as wet and dry deposition in the troposphere is treated the same way as for sulfuric acid aerosols
(Feinberg et al., 2019). Scattering and absorption of radiation by alumina particles and stratospheric sulfuric acid
aerosols were not accounted for in this study to isolate the impact of heterogeneous chemistry on alumina particle
surfaces. The alumina particles are assumed not to interact with sulfuric acid aerosols except in the scenarios
labeled “H,SO, coating.” In these scenarios, alumina particles acquire a sulfuric acid coating through coagulation
with sulfuric acid aerosols and H,SO,-H,O co-condensation (following Weisenstein et al., 2015), and the heter-
ogeneous chemistry on the entire resulting SAD is assumed to be identical to sulfuric acid aerosols (see Sheng
etal., 2015).

2.3. Modeling Scenarios

Each alumina injection scenario (Table S1 in Supporting Information S1) assumes an emission of 5 Mt/yr of
Al O, particles between 30°N and 30°S at all longitudes at the 54 hPa level (~20 km altitude). Particle radius is
240 nm (reference case) or 80 nm (sensitivity analysis). In Weisenstein et al. (2015) injections at particle radius
of 240 nm resulted in the best tradeoff between global cooling and ozone depletion per injected aerosol mass (see
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Figure 2. Zonal mean of 10 years averaged total ozone column depletion resulting from injection of 5 Mt/yr of alumina
particles assuming different parameterizations of R1 (Figure 1) or alumina particles to be covered with sulfuric acid (“H,SO,
coating”) simulated with SOCOL-AER under (a) 2020 and (b) 2090 ozone depleting substances and greenhouse gas
conditions. For comparison we also show an SO, injection scenario with equal injection rates as for the alumina injection
scenarios (i.e., 5 Mt SO, per year in red).

Section 1.3). A radius of 240 nm is also close to the optimal radius for backscattering solar radiation of 215 nm
reported by Dykema et al. (2016). Indeed, other simulations which account for scattering and absorption of
radiation show a top-of-atmosphere (TOA) all sky radiative forcing of about —0.75 W/m? for 5 Mt/yr injection
of 240 nm.

Scenarios were performed with different parameterizations for co-adsorption/desorption and reaction or different
assumptions on the partitioning of HNO, and H,SO, at the particle surface (blue lines in Figure 1 and Table S1
in Supporting Information S1). For comparison with sulfur-based SAI, a scenario with injections of 5 Mt of SO,
per year (i.e., 2.5 Mt of Sulfur per year) was also run. All simulations are time-slices spanning 15 years, with
climatological sea surface temperature (SST), sea ice concentrations (SIC), GHG, and ODS concentrations set
to 2020 or 2090 conditions. The first 5 years of each simulation served as spin-up to equilibrate stratospheric
aerosol burdens. Hence, all data shown in this study are 10-year averages. GHG and ODS concentrations were
taken from SSP5-8.5 (O’Neill et al., 2015) and WMO (2018), respectively, while SST and SIC were taken from
a 10-year average (2011-2020) of the Hadley data set (Kennedy et al., 2019) for 2020 conditions and CESM5-
CAMI1 RCP8.5 (2090-2099) for 2090 conditions (Meehl et al., 2013).

3. Results

The scenarios with injection of 5 Mt per year of particles with radius of 240 nm result in global mean strato-
spheric alumina burdens of about 3.7 Mt. The corresponding mean stratospheric particle residence times are
about 9 months and the resulting alumina SAD is 3—5 pm?/cm? in the lower stratosphere (Figure S6 in Supporting
Information S1). When applying the different parameterizations for co-adsorption/desorption and reaction for
7ciono, depicted in Figure 1, the “non-dissociative high yciono,” scenario for 240-nm particles results in a TOC
decrease of 9% globally, up to 16% over the poles and midlatitudes and about 6% in the tropics for present day
ODS (Figure 2a). When injecting particles of a radius of 80 nm instead of 240 nm at 5 Mt/yr, the global mean
aerosol burden increases to 5.2 Mt (due to reduced sedimentation). In the “non-dissociative high-yciono,” case
SAD increases to 5-16 pm?%cm?3 (Text and Figure S6 in Supporting Information S1), which enhances global mean
TOC depletion to more than 20% (Figure 2a).

However, most likely HNO, will co-adsorb on the alumina surface (Text S5 in Supporting Information S1).
The scenario “yciono, with HNO,,” which accounts for co-adsorption and dissociation of HCl and HNO, on the
particle surface, yields no substantial ozone loss. Furthermore, gaseous H,SO, can co-condense with water, and
aqueous H,SO, droplets can coagulate with the alumina particles. Therefore, alumina surfaces will be covered
partly or fully by sulfuric acid a few weeks after injection. A full coating (core-shell configuration) is not very
likely, given the contact angle of 25°-38° for macroscopic H,SO,-H,O droplets on alumina surfaces (Figure S3
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in Supporting Information S1). However, we analyze the sensitivity of the ozone response to alumina particles
by assuming a full coating by sulfuric acid (termed “H,SO, coating” in Figure 2). In this conservative scenario,
the entire resulting SAD (Figure S6 in Supporting Information S1) hosts the same heterogeneous chemistry as
on sulfuric acid aerosols. The impact on ozone in this scenario is small since the absolute sulfuric acid SAD
increase in the extratropics is only about 20% (Figure S6 in Supporting Information S1). The increase from coated
sulfuric acid SAD is partially compensated by the decrease in background sulfuric acid aerosol SAD. The TOC
increase in the southern polar stratosphere is due to less PSC in the “H,SO, coating” simulation, since the number
density of sulfuric acid aerosols is significantly reduced, which also explains the strong positive HNO, anomaly
over the south polar region (see Figure S8 in Supporting Information S1, AHNO,). However, the microphysical
interactions of alumina particles with sulfuric acid and PSC in the stratosphere is unknown and subject to large
uncertainty.

To put these results into a broader context, we also performed simulations for the year 2090 with much reduced
atmospheric chlorine loading using SSP5-8.5 GHG and WMO (2018) ODS boundary conditions. Under these
conditions, all SAI scenarios result in substantially less ozone depletion, which also reduces the uncertainty range
(gray area in Figure 2b). The reduced ozone depletion is mostly due to the much smaller chlorine loadings in these
scenarios. Depletion of TOC reaches 6% in the south polar region, but only 1% in the tropics and 3% in the north
polar region for the “non-dissociative high yciono,” scenario, which has the strongest depletion of TOC across all
scenarios with particle radius 240 nm. The more invasive scenario using particles with 80 nm radius still results in
TOC depletion of 13% over the south polar region and 3% in the tropics (Figure S9 in Supporting Information S1).

The difference between the modeled 2090 and the 2020 TOC levels (Figure 2b) is representing the effect of ozone
recovery which is consistent with projections from other models (WMO, 2022). Under 2090 conditions, all scenar-
ios result in significantly higher TOC compared with present day TOC. This means that the projected TOC changes
due to future ozone recovery are still much larger than the upper limit TOC depletion in any of the SAI scenarios.

4. Summary and Conclusions

Climate intervention to cool the climate by injecting alumina particles into the lower stratosphere could have
advantages over sulfur injection, such as enhanced backscattering of solar radiation and reduced stratospheric
heating. However, this study reveals that alumina injection is fraught with significant uncertainties in estimating
the chemical impact on the ozone layer. Using 5 Mt/yr of alumina particles with a radius of 240 nm which would
result in TOA radiative forcing of about —0.75 W/m?, we estimate that the global mean ozone loss could be as
high as 9% for 2020 conditions. This is about twice the historical peak ozone loss caused by chlorofluorocarbons
and other ODS at the end of the last century (WMO, 2022).

These simulations assume that the heterogeneous reaction of CIONO, with HCl has areaction probability yciono, ~0.02,
as suggested by the only available measurement (Molina et al., 1997). However, these measurements were made for
conditions in exhaust plumes from solid-fuel rocket motors with HCI concentrations more than an order of magnitude
higher than in the stratosphere today. We apply a Langmuir-Hinshelwood mechanism for co-adsorption/desorption
and reaction to extrapolate to lower concentrations in a physically consistent manner. This shows that yciono, is
not well constrained due to the sparsity of experimental data, but ranges from yciono, = 0.019 to yciono, = 0.0003,
depending on uncertain reaction rate coefficients and Langmuir constants, as well as due to the unknown effect of
co-adsorption and dissociation of HNO, and co-condensation of H,SO, on resulting C1~ availability. This has massive
repercussions for the modeled impacts of SAI by alumina particles. An additional complication is the uncertain wetta-
bility and degree of coverage by H,SO,-H,0O solutions, which may further reduce impact on stratospheric ozone (see
Table S1 in Supporting Information S1 for all scenarios). Other heterogeneous reactions on alumina, such as N,O;
hydrolysis, are presently unconstrained by experimental data, but likely play a much smaller role than R1 (Figure
S10b in Supporting Information S1). Interactions with PSCs represent a further source of uncertainty.

We have identified a number of key processes as sources of uncertainty: (a) extrapolation of measured data
for R1 to stratospheric trace gas concentrations, (b) lack of detailed knowledge of competitive co-adsorption
and interaction with other trace gases on the surface, (c) wettability by co-condensation of H,SO, and H,0 on
the surface, and (d) the effect of future ODS and GHG concentration changes. The findings of this study call
for investigations on heterogeneous chemistry on solid particles that incorporate present and future stratospheric
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