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“It’s not a matter of predicting the future, but of being prepared for it.”

— Pericles, 490-429 BC

“The greatest threat to our planet is the belief that someone else will save it.”

— Robert Swan, *1959
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Abstract

The increasingly dismal prospects for climate change mitigation are driving research on
stratospheric aerosol injection (SAI), i.e., the injection of aerosols or their precursors into
the stratosphere with the aim of increasing the Earth’s albedo to cool the global climate.
SAI aims to quickly mitigate some of the adverse effects of climate change at low cost. The
idea arose mainly from observations of the cooling effect of explosive volcanic eruptions,
which explains why research on SAI has so far focused on the emission of SO2, the main
precursor of volcanic sulfuric acid aerosols in the stratosphere. However, SAI by means of
sulfuric acid aerosols could lead to a number of negative side effects such as impacts on the
ozone layer and stratospheric heating, and sizable effects on the large scale atmospheric
circulation.

A recent model intercomparison of chemistry-climate models with interactive strato-
spheric H2SO4/H2O aerosol has revealed large uncertainties in how the microphysical
aerosol processes are implemented. In particular, it was shown that compared to short-
duration volcanic SO2 emission, the continuous SO2 injections in climate intervention
scenarios can pose a greater challenge to the numerical implementation of microphysical
processes such as nucleation, condensation, and coagulation. This thesis shows how sim-
ply changing the timesteps and the sequencing of microphysical processes in the sectional
aerosol-chemistry-climate model SOCOL-AERv2 can result in globally averaged radiative
forcing ranging from -2.3 to -5.3 W/m2 when 25 Mt/yr SO2 is injected. This is mostly a
result of a too long microphysical timestep in combination with the strong non-linearity
of aerosol nucleation to H2SO4 supersaturation. Taken together these results underscore
how structural aspects of model representation of aerosol microphysical processes become
important under conditions of elevated stratospheric sulfur in determining atmospheric
chemistry and climate impacts.

Recent studies also suggest that the injection of solid particles such as calcite or alu-
mina particles could lead to more effective cooling per aerosol burden compared to SAI via
sulfuric acid aerosols. At the same time, solid particles could reduce some of the negative
side effects such as ozone depletion or stratospheric heating due to their better optical,
chemical and microphysical properties. However, this thesis shows that some of these
studies relied on highly simplified aerosol model approaches or nonphysical assumptions
on heterogeneous chemistry. Through experimental laboratory work and climate model-
ing, this thesis presents a holistic assessment of SAI using calcite and alumina particles
and their uncertainties compared to SAI using sulfuric acid aerosols .

Calcite particles have been proposed as potential injection candidates for SAI since
they can react with acidic gases in the stratosphere (i.e., HCl, HNO3 and H2SO4). Re-
moval of HCl can lead to faster healing of the ozone layer. Conversely, strong removal
of HNO3 could also result in enhanced ozone depletion due to decreased deactivation of
chlorine. This work used in situ X-ray photoelectron spectroscopy (XPS) and elastic re-
coil detection analysis (ERDA) to measure the uptake of HNO3 and HCl on calcite under
near-stratospheric conditions, and determined their penetration into deeper layers below
the surface and the subsequent chemical transformation of calcite into calcium chlorides
and nitrates. Uptake coefficients ranging from γHNO3 = 10−5 to 10−4 were measured for
HNO3 with XPS and ranging from γHNO3,HCl = 10−6 to 10−5 for both HNO3 and HCl mea-
sured with ERDA. Putting these results into context of SAI, the uptake of HCl and HNO3
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Abstract

decreases with stratospheric exposure time due to the formation of product layers at the
surface and subsequent limitation of the uptake by slow ion diffusion. The measurements
indicate that exposure of these particles to typically 5 ppb HNO3 and 1 ppb HCl over
stratospheric residence times of about 1 year leads to mean uptake coefficients < 10−4,
which represents a strong constraint to the uptake. Owing to the limited gas uptakes, the
effects of calcite SAI on ozone may be much smaller than previously thought.

To investigate this in more detail, this work has developed an interactive microphys-
ical scheme for solid particles and integrated it into the aerosol-chemistry climate-model
SOCOL-AERv2 and the Earth System Model SOCOLv4. These models make it possible
to investigate the risks and benefits of SAI of solid particles. The solid particles considered
in these models are fully interactive with the stratospheric sulfur cycle via the models’
microphysical scheme. The models allow for uptake of sulfuric acid at the particle surface
via coagulation with sulfuric acid aerosols and condensation of H2SO4(g) on the particle
surfaces, as well as the formation of solid particle agglomerates via coagulation of solid
particles. Furthermore, the solid particles are subject to advection, sedimentation and
interactive wet and dry deposition in the troposphere. Most importantly, the models rep-
resent the interaction of the solid particles with the radiative transfer code of the model.
Finally, they include the heterogeneous chemistry on the particle surface. The modu-
lar design of the models allows switching on and off the coupling of individual processes,
which enables them to investigate the sensitivity and importance of the different processes
relevant for the assessment of risks and benefits of SAI by means of solid particles.

Using these models, we show that SAI with alumina and calcite particles achieves a
larger effective radiative forcing (RF) compared to sulfuric acid aerosols only if the same
aerosol burden is maintained, but not when referring to the same unit of injected mass.
Reduced warming of the tropical lower stratosphere remains a major advantage of SAI of
alumina and calcite particles over SO2 injections, as well as reduced ozone depletion and
reduced diffuse radiation. However, the effects on stratospheric composition are highly
uncertain, as they largely depend on the assumptions made regarding the heterogeneous
chemistry on the solid particles.

The extremely limited availability of experimental studies on heterogeneous chemistry
on alumina under the influence of stratospheric concentrations of HCl, HNO3, H2SO4, and
H2O 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 ClONO2 +HCl
surf−−→ Cl2 +HNO3 into

SOCOL-AERv2. The uncertainty in the resulting heterogeneous reaction rate is more
than two orders of magnitude depending on the partitioning of HCl, H2SO4 and HNO3 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.

Given the current level of scientific understanding, sulfur-based SAI appears to have
smaller uncertainties than solid particles, and could therefore be considered potentially
safer. Conversely, SAI using solid particles has more potential for reduced side effects
but also greater uncertainties. To constrain this structural uncertainty in models, both
dedicated laboratory experiments as well as small scale field experiments will be required.
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Zusammenfassung

Die sich zunehmend verschlechternden Aussichten für die Eindämmung des Klimawan-
dels treiben die Forschung zu künstlicher stratosphärischer Aerosolinjektion (SAI) voran.
Die Injektion von Aerosolen oder deren Vorläufersubstanzen in die Stratosphäre hat zum
Ziel, die Albedo der Erde zu erhöhen, um das globale Klima abzukühlen. SAI zielt da-
rauf ab, einige der negativen Auswirkungen des Klimawandels schnell und kostengünstig
abzuschwächen. Die Idee entstand hauptsächlich aus Beobachtungen der kühlenden Wir-
kung explosiver Vulkanausbrüche, was erklärt, warum sich die SAI-Forschung bisher
auf die Injektion von SO2, der wichtigsten Vorläufersubstanz von vulkanischen Schwe-
felsäureaerosole in der Stratosphäre, konzentriert hat. SAI durch Schwefelsäureaerosole
könnte jedoch eine Reihe negativer Nebeneffekte haben, wie z.B. Auswirkungen auf die
Ozonschicht und die Erwärmung der Stratosphäre sowie erhebliche Auswirkungen auf die
globale atmosphärische Zirkulation.

Ein kürzlich durchgeführter Modellvergleich zwischen verschiedenen Klimamodellen
mit interaktiven stratosphärischen H2SO4/H2O-Aerosolen hat grosse Unsicherheiten in
der Implementierung der mikrophysikalischen Aerosolprozesse aufgezeigt. Insbesondere
hat sich gezeigt, dass im Vergleich zu kurzzeitigen vulkanischen SO2-Injektion kontinuier-
liche SO2-Injektionen in Klimainterventionsszenarien eine grössere Herausforderung für
die numerische Implementierung mikrophysikalischer Prozesse wie Nukleation, Konden-
sation und Koagulation darstellen können. In dieser Arbeit wird gezeigt, wie eine einfache
Modifikation der Zeitschritte und der Abfolge der mikrophysikalischen Prozesse im sek-
tionalen Aerosol-Chemie-Klimamodell SOCOL-AERv2 zu Unterschieden im resultieren-
den global gemittelten Strahlungsantrieb von -2.3 bis -5.3 W/m2 führen kann, wenn 25
Mt pro Jahr SO2 injiziert werden. Dies ist hauptsächlich das Ergebnis eines zu lan-
gen mikrophysikalischen Zeitschrittes in Kombination mit der starken Nichtlinearität der
Aerosolkeimbildung in Abhängigkeit von der H2SO4 Übersättigung. Zusammengenommen
unterstreichen diese Ergebnisse die Bedeutung struktureller Aspekte bei der Modellierung
mikrophysikalischer Aerosolprozesse unter Bedingungen von erhöhter stratosphärischer
Schwefelkonzentrationen für die Bestimmung der Auswirkungen auf das Klima und die
stratosphärische Zusammensetzung von Klimaintervention via SO2-Injektion.

Neuere Studien deuten auch darauf hin, dass die Injektion von Feststoffpartikeln wie
Kalzit- oder Aluminiumoxidpartikeln im Vergleich zu SAI via Schwefelsäureaerosolen
zu einer effektiveren Kühlung pro Aerosolladung führen könnte. Gleichzeitig könnten
Feststoffpartikel aufgrund ihrer besseren optischen, chemischen und mikrophysikalischen
Eigenschaften einige der negativen Nebeneffekte wie den Ozonabbau oder die Erwärmung
der Stratosphäre reduzieren. Die vorliegende Arbeit zeigt jedoch, dass einige dieser Stu-
dien auf stark vereinfachten Aerosolmodellansätzen oder unphysikalischen Annahmen zur
heterogenen Chemie beruhen. Durch experimentelle Laborarbeit und Klimamodellierung
wird in dieser Arbeit eine ganzheitliche Bewertung der SAI unter Verwendung von Kalzit-
und Aluminiumoxidpartikeln und ihrer Unsicherheiten im Vergleich zur SAI unter Ver-
wendung von Schwefelsäureaerosolen vorgenommen.

Kalzitpartikel wurden als potentielle Injektionskandidaten für SAI vorgeschlagen, da
sie mit sauren Gasen in der Stratosphäre reagieren können. Die Aufnahme von HCl auf
Kalzitpartikeln zu einer schnelleren Erholung der Ozonschicht führen. Umgekehrt kann
eine starke Aufnahme von HNO3 auch zu einem verstärkten Ozonabbau führen, da die
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Zusammenfassung

Deaktivierung von Chlor verringert wird. In dieser Arbeit wurde die Aufnahme von HNO3

und HCl auf Kalzit unter stratosphärischen Bedingungen mit Hilfe von In-situ-XPS und
ERDA gemessen und ihr Eindringen in tiefere Schichten unter der Oberfläche sowie die an-
schliessende chemische Umwandlung von Kalzit in Kalziumchlorid und -nitrat bestimmt.
Mit XPS wurden Absorptionskoeffizienten von γHNO3 = 10−5 bis 10−4 für HNO3 und mit
ERDA von γHNO3,HCl = 10−6 bis 10−5 für HNO3 und HCl gemessen. Wenn man diese
Ergebnisse in den Kontext von SAI stellt, nimmt die Aufnahme von HCl und HNO3 mit
der Expositionszeit in der Stratosphäre ab, was auf die Bildung von Produktschichten
an der Oberfläche und die anschliessende Begrenzung der Absorption durch langsame
Ionendiffusion zurückzuführen ist. Die Messungen zeigen, dass die Exposition dieser Par-
tikel mit typischerweise 5 ppb HNO3 und 1 ppb HCl über stratosphärische Verweilzeiten
der Partikel von etwa 1 Jahr zu mittleren Absorptionskoeffizienten < 10−4 führt, was
eine starke Begrenzung der Aufnahme darstellt. Aufgrund der begrenzten Gasaufnahme
könnte die Wirkung von SAI von Kalzitpartikeln auf Ozon wesentlich geringer sein als
bisher angenommen.

Um dies genauer zu untersuchen, wurde in dieser Arbeit ein interaktives mikrophysikali-
sches Schema für Feststoffpartikel entwickelt und in das Aerosol-Chemie-Klimamodell
SOCOL-AERv2 und das Erdsystemmodell SOCOLv4 integriert. Diese Modelle ermögli-
chen es, das Potential und die Risiken der SAI von Feststoffpartikeln zu untersuchen. Die
in diesen Modellen berücksichtigten Feststoffpartikel sind über das mikrophysikalische
Modul der Modelle vollständig mit dem stratosphärischen Schwefelkreislauf verbunden.
Die Modelle berücksichtigen die Aufnahme von Schwefelsäure an den Partikeloberflächen
durch Koagulation mit Schwefelsäureaerosolen und Kondensation von H2SO4(g) auf der
Partikeloberflächen. Darüber hinaus unterliegen die Feststoffpartikel der Advektion, der
Sedimentation und der interaktiven Deposition. Am wichtigsten ist, dass die Modelle
die Wechselwirkung der Feststoffpartikel mit dem Strahlungstransportcode des Modells
abbilden. Schliesslich berücksichtigen die Modelle auch die heterogene Chemie auf der
Partikeloberfläche. Der modulare Aufbau der Modelle erlaubt es, die Kopplung einzelner
Prozesse an- und abzuschalten und so die Empfindlichkeit und Bedeutung der verschiede-
nen Prozesse zu untersuchen, die für die Abschätzung von Risiken und Nutzen von SAI
mit Feststoffpartikeln relevant sind.

Mit diesen Modellen zeigen wir, dass SAI mit Aluminiumoxid- und Kalzitpartikeln im
Vergleich zu Schwefelsäureaerosolen nur dann einen grösseren effektiven Strahlungsantrieb
erzielt, wenn die gleiche Aerosolbeladung beibehalten wird, nicht aber, wenn auf die gle-
iche Einheit der eingebrachten Masse Bezug genommen wird. Die geringere Erwärmung
der unteren tropischen Stratosphäre bleibt ein wesentlicher Vorteil der SAI von Alu-
miniumoxid- und Kalzitpartikeln gegenüber der SO2-Injektion, ebenso wie der geringere
Ozonabbau und die geringere diffuse Strahlung. Die Auswirkungen auf die Zusammenset-
zung der Stratosphäre sind jedoch sehr unsicher, da sie weitgehend von Annahmen über
die heterogene Chemie auf den Feststoffpartikel abhängen.

Die äusserst begrenzte Verfügbarkeit experimenteller Studien zur heterogenen Chemie
von Aluminiumoxid unter dem Einfluss stratosphärischer Konzentrationen von HCl, HNO3,
H2SO4 und H2O führt zu grossen Unsicherheiten hinsichtlich der Auswirkungen der Alumi-
niumoxid-Injektion auf das stratosphärische Ozon. Um diese Unsicherheiten zu quan-
tifizieren, haben wir das derzeit verfügbare Wissen über die wichtigste heterogene Reak-

tion ClONO2 + HCl
surf−−→ Cl2 + HNO3 in SOCOL-AERv2 integriert. Die Unsicherheit

der resultierenden heterogenen Reaktionsrate beträgt mehr als zwei Grössenordnungen,
abhängig von der Verteilung von HCl, H2SO4 und HNO3 auf der Aluminiumoxidoberfläche.
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Zusammenfassung

Dies könnte zu einem weltweiten Abbau der Ozonsäule führen, der zwischen fast ver-
nachlässigbar und bis zu 9% liegen könnte, was mehr als doppelt so viel wäre wie der
Ozonverlust durch Fluorchlorkohlenwasserstoffe Ende der 1990er Jahre.

In Anbetracht des derzeitigen wissenschaftlichen Erkenntnisstandes scheint SAI via
Schwefelinjektion mit geringeren Unsicherheiten behaftet zu sein als SAI von festen Par-
tikeln und könnte daher als potenziell sicherer angesehen werden. Umgekehrt hat die
SAI mit festen Partikeln ein grösseres Potenzial für geringere Nebenwirkungen, aber auch
grössere Unsicherheiten. Um diese strukturellen Unsicherheiten in Modellen einzugrenzen,
sind sowohl Laborexperimente als auch Feldversuche in kleinem Massstab erforderlich.
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Chapter 1

Introduction

Since preindustrial times the atmospheric greenhouse gas (GHG) concentrations have risen
to levels never experienced by humankind. As stated by the Intergovernmental Panel on
Climate Change (IPCC, 2023): ”Human activities, principally through emissions of green-
house gases, have unequivocally caused global warming, with global surface temperature
reaching 1.1°C above 1850-1900 in 2011-2020”. Immediate global action would be neces-
sary to curb GHG emissions and thereby to reduce dangerous impacts on the environment
and society. Even if society achieved elimination of emissions today, global warming and
its impacts would linger for centuries if carbon dioxide removal techniques turn out to
not gain sufficient efficacy or to be unaffordable for large-scale application.

These dismal prospects have motivated researchers to reconsider the ideas of Budyko
(1974), who proposed to inject sulphuric acid aerosols or its precursors into the strato-
sphere with the aim of increasing Earth’s albedo and cooling the planet. For many years
this was looked at as an unsubstantiated supposition and became tabooed until Crutzen
(2006) suggested — driven by despair over the lack of progress in political climate pro-
tection —that sulfur-based “stratospheric aerosol injection” (SAI) should be scientifically
explored as a potential climate change mitigation tool. Studies confirmed that compared
to other actions against global warming, SAI could create an immediate global cooling
effect and deployment would not be expensive (Robock et al., 2009). Crutzen left no
doubt that this would not be a desirable development and that reducing GHG emissions
are the only real solution, yet his proposal received countless negative or rejecting re-
sponses as to its imponderable political, social and ethical concerns, as climate effects
of SAI might not be equally distributed globally (Szerszynski et al., 2013). Research on
the scientific aspects of SAI highlighted risks entailed (Robock, 2000), e.g. that SAI is
not directly comparable with volcanic eruptions but requires much higher sustained input
rates, resulting in different aerosol size distributions (Heckendorn et al., 2009; Vattioni
et al., 2019; Weisenstein et al., 2022), and that SAI introduces several environmental risks
such as stratospheric ozone depletion (Tilmes et al., 2008) or changes in the hydrological
cycle (Niemeier et al., 2013). These impacts are subject to large model uncertainties and
depend on the SAI scenario applied. Finally, lacking intergovernmental collaboration (e.g.
Tollefson, 2019) leads to legal loopholes, potentially enabling single, powerful nations to
unilaterally start SAI (Rabitz, 2016).

What remains is the potential that SAI might serve as temporary supplement to other
measures against climate change such as GHG mitigation and adaptation, until we have
reached net zero GHG emissions and until society finds solutions how to remove long-
lived GHGs from the atmosphere (MacMartin et al., 2014; Keith and MacMartin, 2015,
see Figure 1.1). Some experts therefore argue that SAI may be needed until appropriate
technologies are scaled up to decarbonise the global economy and remove greenhouse gases
from the air. Others argue that the necessary technologies have long been available and
that SAI would only delay their implementation (Tsipiras and Grant, 2022; Biermann
et al., 2022). However, proposals for SAI suggest that SAI could keep global warming
below 1.5°C (MacMartin et al., 2018), which is the target set by the Paris Agreement
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(UNFCCC; The Paris Agreement, https://unfccc.int/documents/184656, last access: 10
December, 2023). This motivates new research on the risks and benefits of SAI.

Business as usual

Decarbonisa�on

GHG removalClimate Interven�on

Climate
Risks

1.5 C°
target?

Adap�on

TimeDay of net zero
GHG emissions

Today

Figure 1.1: Schematic illustration adapted from (MacMartin et al., 2018) showing a poten-
tial scenario for stratospheric solar climate intervention to keep globally averaged warming
below 1.5°C. To stop global warming and to mitigate associated climate risks decarboniza-
tion of the global economy is required to arrive at net zero GHG emissions. This might
only be possible with negative injections such as GHG removal techniques (IPCC, 2023).
Climate risks could still rise due to positive climate feedbacks after net zero GHG are
reached. Scenarios presented in (MacMartin et al., 2018) would temporally reduce cli-
mate risks resulting from overshooting the 1.5°C global warming target until net zero
GHG emissions are reached and GHG removal techniques are scaled up.

Detailed assessments of risks and benefits need to be conducted, before the feasibility
of certain SAI techniques can be assessed. The National Research Council in the US
(NRC, 2015), the British Royal Society (Shepherd, 2009), the European EuTRACE ini-
tiative (Schäfer et al., 2015) and the US National Academies of Sciences, Engineering,
and Medicine (Field et al., 2021) presented assessments of the risks and benefits of SAI
in detailed reports and recommend conducting research on SAI, with the aim of gaining
further understanding of the climate system, and its human dimensions. However, an
international UN-based report was missing until the assessment of SAI was included first
in the ”Scientific Assessment of Ozone Depletion” (WMO, 2022) and subsequently for
the first time in the latest assessment report of the Intergovernmental Panel on Climate
Change (IPCC, 2023).

1.1 Ethics and governance of SAI

There is growing evidence that the 1.5°C-goal may not be achievable by cutting GHG
emissions alone, given that without other measures full decarbonization would be needed
before 2050. This is not reflected in current policy plans based on submitted ”Intended
Nationally Determined Contributions”, which would result in a global mean warming
between 2.6 °C and 3.1 °C by the end of the century according to Rogelj et al. (2016).
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Therefore, an open societal conversation addressing also the emerging topic of climate
engineering is required (Honegger et al., 2017). Apart from the scientific and technical
challenges facing SAI, international political collaboration and governance of SAI are
needed to prevent misuse (Pasztor, 2017). This has motivated Switzerland to submitting
a draft of a resolution to the United Nations National Assembly together with nine other
countries (Tollefson, 2019) in which they asked for the production of a new report about
guidance on possible future governance options and analysis of the implications of climate
intervention in addition to the scientific assessment by IPCC (2023). Unfortunately, the
draft was rejected due to strong refusal from the USA, Saudi Arabia and Brazil (Goering,
2019; Chemnick, 2019).

However, it has been shown that research on SAI is mainly conducted and funded
by rich, developed countries and private institutions in the Global North, which are the
countries having contributed the most to climate change, while the developing countries
and least developed countries, who are most vulnerable to impacts from climate change
do not have the resources to conduct research on SAI themselves (Winickoff et al., 2015;
Rahman et al., 2018). This is why the ”DEveloping country Governance REsearch and
Evaluation for SRM” (DEGREES, https://www.degrees.ngo/) initiative was launched in
2010 aiming for informed and confident representation from developing countries in SAI
research, outreach and community building. This is the basis for creating governance
frameworks, which account for global and inter-generational climate justice, while it does
not yet address the lack of enforceable political control of Global South countries in global
politics (Stephens and Surprise, 2020).

Due to the rapidly growing number of publications in the field and the coverage of
the topic in international assessments, combined with the controversial nature of the
topic, SAI is receiving increasing attention. This has led to a polarisation of the scientific
community on whether or not SAI should be assessed as part of potential climate change
mitigation strategies. On the one hand, there is a growing number of scientists across
the globe calling for an ”International Non-Use Agreement on Solar Geoengineering”
(https://www.solargeoeng.org/, Biermann et al., 2022), which calls for a ban of national
research funding, outdoor experiments, patents and deployment of SAI as well as support
from international institutions. The main argument of this call is that SAI is only a
technical fix and symptom treatment of climate change, but not a real solution (i.e.,
not removing GHGs from the air). However, Figure 1.1 provides a potential scenario in
which SAI could be part of a strategy to mitigate some climate risks. The call raises some
important aspects and concerns about the risks and ethical aspects of SAI including global
equality and missing involvement of the Global South. On the other hand, in response
to the above call, another open letter calls for ”balanced research and assessment of solar
radiation modification” (https://www.call-for-balance.com/about, Wieners et al., 2023).
This letter clearly states that limiting greenhouse gas concentrations is the only solution
to climate change. However, it also states that SAI could reduce some climate impacts,
but that not enough is known yet to judge its merits. Therefore, balanced deliberation and
transparent, interdisciplinary research on SAI must begin now, along with comprehensive
impact assessments, because the basis for deliberation and governance is research and
assessment.

It is important to note that the work presented here does not suggest actual deploy-
ment of SAI, but only explores potential environmental risks and benefits. Any proposals
for deployment would not be ethical at this stage, given the lack of governance and knowl-
edge of intended and unintended environmental impacts (Preston, 2020). Rather, the aim
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of this thesis is to assess the environmental and climatic risks faced by SAI in comparison
with the impacts of anthropogenic climate change.

1.2 State of research

It was found that SAI via gaseous SO2 injection has several limitations, including (1)
unfavourable size distributions due to continuous nucleation and condensation processes
(Heckendorn et al., 2009; Niemeier et al., 2011; English et al., 2011; Vattioni et al., 2019);
(2) stratospheric ozone depletion due to increased heterogeneous reactions and longer
lifetime of greenhouse gases (Pitari et al., 2014; Tilmes et al., 2018; Visioni et al., 2017;
Tilmes et al., 2022); (3) Disturbances in the hydrological cycle (Bala et al., 2008; Niemeier
et al., 2013; Tilmes et al., 2013; Kleidon et al., 2015); (4) Impacts on upper tropospheric ice
clouds (Kuebbeler et al., 2012; Visioni et al., 2018); (5) stratospheric heating (Heckendorn
et al., 2009; Ferraro et al., 2011), which modifies the Brewer-Dobson circulation, increases
stratospheric humidity (Ferraro et al., 2015; Simpson et al., 2019) and alters surface
climate such as the North Atlantic Oscillation and the Quasi Biennial Oscillation (Jones
et al., 2022); and (6) enhanced diffuse light at the Earth’s surface with implications for
ecosystems (Kravitz et al., 2012b).

Limitation (1) is due to the continuous flow of freshly nucleated particles, which leads
to increased coagulation and shifts the size distribution towards larger particles over
time. This leads to an increase in the sedimentation rate of the aerosols, reducing their
stratospheric residence time, its efficiency in backscattering solar radiation, and thus its
cooling potential (Heckendorn et al., 2009; Vattioni et al., 2019; Weisenstein et al., 2022).
Therefore, it is essential to obtain an optimal aerosol size distribution to achieve the most
efficient backscattering of solar radiation per injected aerosol mass, while minimising the
SAD available for heterogeneous chemistry. This limitation has been addressed by directly
injecting sulphuric acid droplets with a tailored size distribution into the stratosphere
(e.g., in the lower accumulation mode, AM, between 0.1 µm and 0.3 µm) or by adjusting
the dilution and injection rates of gaseous H2SO4 injection plumes to achieve the desired
aerosol size distributions after plume dilution with background air (Pierce et al., 2010;
Benduhn et al., 2016; Vattioni et al., 2019). However, feasibility of AM–H2SO4 production
within a injection plume or direct injection is subject to large uncertainty and is also
subject to limitations (2) to (6), which depend on the microphysical, chemical and optical
properties of the aerosols. Recent studies have shown that some of these limitations could
be reduced by injecting outside the tropical pipe, as this region is particularly sensitive
to stratospheric disturbances (Kravitz et al., 2019; Visioni et al., 2021), but adverse side
effects remain.

It has been recently suggested that injection of solid particles, such as calcite (CaCO3),
alumina (Al2O3), diamond (C), silicon carbid (SiC) or zirconium dioxide (ZrO2) might
overcome several of these limitations, while simultaneously increasing the cooling poten-
tial per resulting aerosol burden (Weisenstein et al., 2015; Dykema et al., 2016; Keith
et al., 2016). However, contrary to sulfuric acid aerosols, the solid particle types pro-
posed for SAI do not occur naturally in the stratosphere. The only solids occurring
in the stratosphere to date are meteoritic dust particles (Biermann et al., 1996), metal
particles resulting from satellite re-entries (Maloney et al.), black carbon (BC) emitted
from aircraft, aerosols from large wild fires (Solomon et al., 2023) as well as some other
nanoparticles such as nano-plastics (Revell et al., 2021), which get transported to the
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stratosphere via cross tropopause transport. However, their burdens are too small to be
of significance for the Earth’s radiative balance. Other naturally occurring solids are polar
stratospheric clouds (PSC, i.e., nitric acid trihydrate and ice PSC), which are relatively
well studied (WMO, 2022), but have significantly different surface properties, which are
not applicable to the solid particles proposed for SAI. Therefore, relatively little is known
about their microphysical interactions and chemical ageing processes, which could alter
their scattering properties, their stratospheric residence time as well as heterogeneous
chemistry hosted on the particles. This makes it very difficult to model the impacts of
solid particle injections on stratospheric chemistry and climate (Visioni et al., 2023).

Nevertheless, there have been several studies which investigated scenarios of SAI of
solid particles. The conceptual studies on calcite particles (Fujii, 2011) as well as on
TiO2, Al2O3, diamond (C), Al2O3, ZrO2, NaCl SiC and CaCO3 particles (Pope et al.,
2012) showed that these particles have larger refractive indexes compared to sulfuric acid
aerosols, which would reduce the stratospheric aerosol mass required for a given radiative
forcing. The latter study highlighted the large refractive index of TiO2. Ferraro et al.
(2011) was the first study which used a radiative transfer code to quantify stratospheric
heating rates resulting from SAI of CaCO3, TiO2 and black carbon (BC) particles. In
other follow-up studies, the dynamical feedbacks of SAI by TiO2 and BC on the global
circulation (Ferraro et al., 2015; Jones et al., 2016) as well as the impact on stratospheric
ozone from BC (Kravitz et al., 2012b) were investigated with global climate models and
chemistry climate models, respectively, but without interactively simulating microphysics.
In summary, the conclusion from these studies on SAI by BC and TiO2 is that these
materials are not suitable as injection species for SAI since both, TiO2 and BC have
strong UV-VIS absorption, which results in significant stratospheric heating. However,
while injection of BC would result in substantial ozone depletion, experimental studies
on heterogeneous chemistry on TiO2 surfaces indicated reduced impacts on modelled
stratospheric ozone (Tang et al., 2014, 2016; Moon et al., 2018) compared to sulfuric acid
aerosols, providing additional motivation for exploration of other species.

At the same time, Dykema et al. (2016) performed detailed radiative transfer calcula-
tions of various solid particles and concluded that solid particles such as calcite, diamond,
alumina and silicon carbid scatter solar radiation with better mass efficiency and less
stratospheric heating compared to sulfuric acid aerosols. Weisenstein et al. (2015) was
the first study who used a 2D chemistry transport model with interactive solid particle
microphysics as well as microphysical interactions of solid particles with condensed and
gaseous sulfuric acid to assess impacts from heterogeneous chemistry on alumina particle
surfaces. The resulting zonal mean number concentrations were then fed into a radiative
transfer code (RTC) offline to simulate the resulting radiative forcing. Limitations of
this study are stemming from a simplified representation of heterogeneous chemistry on
alumina particles (Vattioni et al., 2023a) as well as from the 2-D approach which causes
significant simplifications in atmospheric dynamics and transport of the injected particles.
Keith et al. (2016) used the same model to propose substantial stratospheric ozone in-
crease through removal of HCl from the stratosphere via uptake on calcite particle surfaces
and subsequent sedimentation. Later, Cziczo et al. (2019) pointed to the over simplified
assessment used in Keith et al. (2016), which applied simplified heterogeneous chemistry
such as neglecting the formation of hydrates at the particle surface and a potential sealing
effect (Dai et al., 2020) due to the formation of reaction products at the surface. However,
most importantly, this latter study showed that especially CaCO3 and Ca(NO3)2 as well
as their hydrates are good ice condensation nucleation materials, which could result in a
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33% reduction of the radiative forcing compared to Keith et al. (2016) due to increased
cirrus cloud coverage. Furthermore, also the interactions of aerosols with polar strato-
spheric clouds could create a feedback on polar ozone concentrations, which has not been
investigated so far (Cziczo et al., 2019). Despite the large uncertainties on the strato-
spheric ozone response IPCC (2023) concludes that: ”Injection of non-sulphate aerosols
is likely to result in less stratospheric heating and ozone loss” (AR6, WG1, Chapter 4,
Page 629).

1.3 Motivation

This motivates further research on the risks and benefits of solid particles. The over sim-
plified modelling frameworks used in previous studies studies (Weisenstein et al., 2015;
Keith et al., 2016; Dai et al., 2020) as well as the poorly constrained heterogeneous chem-
istry on calcite particle (Cziczo et al., 2019) motivates a new assessment of potential risks
and benefits of SAI of solid particles, which will be done via a combination of modelling
and experimental work. For the modelling part we will use the aerosol-chemistry climate
model SOCOL-AERv2 (Feinberg et al., 2019). The interactive coupling of aerosol micro-
physics with heterogeneous chemistry and radiation make the SOCOL models (Feinberg
et al., 2019; Sukhodolov et al., 2021) a powerful tool to explore feedbacks between micro-
physics, stratospheric chemistry, and radiation as well as tropospheric and stratospheric
climate. The SOCOL model family has been successfully used to reproduce the global
sulfur cycle under volcanically active (e.g., Mt. Pinatubo 1991) and quiescent conditions
(e.g., Sheng et al., 2015; Sukhodolov et al., 2018; Feinberg et al., 2019; Brodowsky et al.,
2021; Quaglia et al., 2023; Brodowsky et al., 2023) as well as to evaluate impacts of
sulfur-based SAI scenarios (Heckendorn et al., 2009; Vattioni et al., 2019; Weisenstein
et al., 2022), which makes them the tools of choice to evaluate SAI of solid particles.

The experimental work will mainly focus on calcite particles. Dai et al. (2020) has
highlighted the importance of potential passivisation effects with increasing exposure time
of HCl and HNO3 uptake at the surface. Therefore, experimental methods are required
that probe the very outer-most surface and also allow monitoring the slow diffusional
exchange processes on larger depth scales for calcite surfaces. Ambient Pressure X-ray
Photoelectron Spectroscopy (AP-XPS Orlando et al., 2016) and Heavy Ion Elastic Recoil
Detection Analysis (HI-ERDA Döbeli et al., 2005) are perfectly suited to robustly pro-
vide the required chemical and physical information (see Figure 4.1 for details). While
AP-XPS allows us to analyse the chemical composition of the upper 2-3 nm near-surface
bulk in-situ at stratospheic temperature, relative humidity and relevant trace gas con-
centrations, HI-ERDA is an ion beam detection method which allows us to analyse the
depth-resolved elemental composition of the upper few 100 nm of a sample offline after
longer time periods of up to months to assess long term solid diffusion of ions into par-
ticles. Combining these techniques will allow us to observe diffusive processes within the
sample to subsequently quantify time dependent uptake coefficients of HCl and HNO3.
The measured uptake coefficients will then be used in SOCOL-AERv2 to quantify impacts
on global stratospheric ozone.

In this thesis, the focus is on calcite and alumina particles since these are the only
potential solid particle types for which some information on heterogeneous chemistry is
available. For alumina there have been investigations on the impact of alumina-containing
solid-fuel space rocket exhaust on stratospheric ozone and radiative forcing. These stud-
ies used flow-tube experiments (Molina et al., 1997), 2D-chemistry transport modelling
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(Jackman et al., 1998; Danilin et al., 2001) as well as conceptual methods (Ross and
Sheaffer, 2014). For calcite particles the study by Keith et al. (2016) has propelled some
experimental work on the measurement of uptake coefficients of HCl and HNO3 on calcite
particles which will be extended by measurements in this thesis (Dai et al., 2020; Huynh
and McNeill, 2020, 2021).

1.4 Research questions

This thesis aims at providing a holistic assessment of SAI by alumina and calcite particles
based on current scientific evidence, which will be extended by novel experimental and
modelling work. The goal is to assess impacts of solid particles on the Earth’s radiative
balance, stratospheric warming and stratospheric composition, in particular stratospheric
ozone.

This was done by (1) performing laboratory studies to test chemical properties of
calcite particles at stratospheric conditions in respect to temperature, trace gas concen-
trations and relative humidity using HI-ERDA and AP-XPS and by (2) extending the
sectional aerosol-chemistry climate model SOCOL-AERv2 (Feinberg et al., 2019) by an
interactive solid-particle microphysics module, to explore the chemical, radiative and cli-
matic effects of these particles. The interdisciplinary approach of combining experimental
and modelling work fosters the understanding and identification of process uncertainties
to make suggestions for further research needs.

This thesis aims to be the first quantitative assessment of impacts of SAI of solid
particles within a coupled Earth System Model incorporating a interactive solid particle
microphysics scheme. The goal is to provide improved, more objective scientific basis for
the assessment of the risks and benefits of SAI approaches by solid particles in comparison
to SO2 injection. Furthermore, the first chapter of the thesis highlights the importance
of the microphysical timestep lengths under conditions of SAI via SO2 injections, which
is an issue that was discovered during the implementation of solid particle microphysics
module into SOCOL-AERv2.

Therefore this project aims to answer the following research questions (RQs):

� RQ 1.0: What role do microphysical processes play in climate intervention strate-
gies that use sulphate, calcite or alumina particles, and what uncertainties are as-
sociated with them?

� RQ 2.0: How can we better constrain the microphysical, chemical and radiative
processes of alumina and calcite particles and improve their representation in aerosol
chemistry climate models for the simulation of climate impact scenarios?

� RQ 3.0: Compared to sulfur-based stratospheric aerosol injection, what effects do
alumina or calcite aerosols have on the ozone layer, on Earth’s radiative balance
including diffuse radiation, and on the atmospheric circulation?

1.5 Thesis outline

Chapter 2 will address RQ1, which highlights model uncertainties resulting from the
representation of sulphuric acid aerosol microphysics in SOCOL-AERv2 under SAI con-
ditions (RQ 1). This is a paper resulting from the discovery of some inaccuracies in the
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aerosol microphysics module during the implementation of the solid particle microphysics
in SOCOL-AERv2. This chapter serves as a good start to get familiar with the the
aerosol microphysics module of SOCOL-AERv2. Chapter 3 then describes the solid par-
ticle microphysics module which was implemented in SOCOL-AERv2. It also discusses
the main uncertainties for the modelling of solid particles in aerosol chemistry climate
models (RQ 1 and 2). Chapter 4 provides a parameterisation for extrapolation of exper-
imental data to stratospheric conditions in terms of partial pressures of reactants, and
highlights the significant associated uncertainties in quantifying impacts on stratospheric
ozone (RQ 2). Chapter 5 presents experimentally measured uptake coefficients of HCl
and HNO3 on calcite surfaces measured under stratospheric conditions with respect to
temperature, relative humidity and trace gas concentrations using AP-XPS and ERDA.
Also it provides suggestions and conclusions for modelling the heterogeneous chemistry
of SAI of calcite particles in aerosol chemistry climate models (RQ 2). The final chapter
”Concluding perspectives” provides a summary of the findings of this thesis and puts the
results into perspective by addressing RQ 3.
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Chapter 2

Importance of microphysical settings for cli-
mate forcing by stratospheric SO2 injections
as modelled by SOCOL-AERv2

Abstract

Climate intervention as a sustained deliberate source of SO2 into the stratosphere has
been proposed as an option for climate intervention. Global interactive aerosol-chemistry-
climate models are often used to investigate the potential cooling efficiencies and asso-
ciated side effects of hypothesised climate intervention scenarios. A recent model inter-
comparison study for composition-climate models with interactive stratospheric aerosol
suggests that the modelled climate response to a particular assumed injection strategy,
depends on the type of aerosol microphysical scheme used (e.g., modal or sectional rep-
resentation), alongside also host model resolution and transport. Compared to short-
duration volcanic SO2 emission, the continuous SO2 injections in climate intervention
scenarios may pose a greater challenge to the numerical implementation of microphys-
ical processes such as nucleation, condensation, and coagulation. This study explores
how changing the timesteps and sequencing of microphysical processes in the sectional
aerosol-chemistry-climate model SOCOL-AERv2 (40 mass bins) affect model predicted
climate and ozone layer impacts considering climate intervention by SO2 injections of 5
and 25 Tg(S) yr−1 at 20 km altitude between 30°S and 30°N. The model experiments
consider year 2040 boundary conditions for ozone depleting substances and green house
gases. We focus on the length of the microphysical timestep and the call sequence of nu-
cleation and condensation, the two competing sink processes for gaseous H2SO4. Under
stratospheric background conditions, we find no effect of the microphysical setup on the
simulated aerosol properties. However, at the high sulfur loadings reached in the scenarios
injecting 25 Mt/yr of sulfur with a default microphysical timestep of 6 min, changing the
call sequence from the default ”condensation first” to ”nucleation first” leads to a massive
increase in the number densities of particles in the nucleation mode (R < 0.01 µm) and a
small decrease in coarse mode particles (R > 1 µm). As expected, the influence of the call
sequence becomes negligible when the microphysical timestep is reduced to a few seconds,
with the model solutions converging to a size distribution with a pronounced nucleation
mode. While the main features and spatial patterns of climate forcing by SO2 injections
are not strongly affected by the microphysical configuration, the absolute numbers vary
considerably. For the extreme injection with 25 Tg(S) yr−1, the simulated net global
radiative forcing ranges from -2.3 W m–2 to -5.3 W m–2, depending on the microphysical
configuration. “Nucleation first” shifts the size distribution towards radii better suited
for solar scattering (0.3 µm < R < 0.4 µm), enhancing the intervention efficiency. The
size-distribution shift however generates more ultra-fine aerosol particles, increasing the
surface area density, resulting in 10 DU less ozone (about 3% of total column) in the
northern midlatitudes and 20 DU less ozone (6%) over the polar caps, compared to the
”condensation first” approach. Our results suggest that a reasonably short microphysical
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time step of 2 minutes or less must be applied to accurately capture the magnitude of
the H2SO2 supersaturation resulting from SO2 injection scenarios or volcanic eruptions.
Taken together these results underscore how structural aspects of model representation
of aerosol microphysical processes become important under conditions of elevated strato-
spheric sulfur in determining atmospheric chemistry and climate impacts.

This chapter was published as a research paper:

Vattioni, S., Stenke, A., Luo, B., Chiodo, G., Sukhodolov, T., Wunderlin, E., and
Peter, T.: Importance of microphysical settings for climate forcing by stratospheric SO2
injections as modeled by SOCOL-AERv2, Geoscientific Model Development, 17,
4181–4197, https://doi.org/10.5194/gmd-17-4181-2024, 2024.
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2.1 Introduction

The idea of increasing the Earth’s albedo by injecting sulfur containing gases into the
stratosphere to reduce some of the adverse effects of greenhouse-gas (GHG) induced global
warming dates back to the 1970s (Budyko, 1974), and was 30 years later further elabo-
rated by Crutzen (2006). The arguments presented by Crutzen called for active scientific
research of the kind of activity, which became known under the somewhat misleading term
”geoengineering”. We term this here ”climate intervention”, following the recommenda-
tion of the NRC (2015). Crutzen’s idea is based on the fact that sulfur containing gases,
such as SO2, H2S or OCS, injected into the lower stratosphere will form aqueous sulfuric
acid aerosol particles via a chain of chemical and microphysical processes (Thomason and
Peter, 2006; Kremser et al., 2016). The resulting binary H2SO4-H2O solution droplets
scatter solar radiation back to space, causing a cooling at the Earth’s surface. At the
same time, however, they heat the stratosphere due to absorption of upwelling long-
wave radiation. Moreover, sulfate aerosols play an important role in stratospheric ozone
chemistry by providing surfaces for heterogeneous reactions (Solomon, 1999). While the
infrared absorptivity is determined to good approximation by the total aerosol volume,
the efficiency of scattering solar radiation depends strongly on the detailed aerosol size
distribution: Many small particles are more efficient than a few large particles, but they
also provide a larger surface area density (SAD) accelerating heterogeneous chemistry
(Heckendorn et al., 2009).

In the stratosphere, the total aerosol number density and size distribution are governed
by the microphysical processes of nucleation, coagulation, condensation, evaporation, and
gravitational settling (Kremser et al., 2016, and references therein). The formation of new
sulfate aerosol particles occurs via binary homogeneous nucleation of H2SO4 and H2O
molecules, or, via heterogeneous nucleation in the presence of appropriate condensation
nuclei like meteoritic dust or ions, which requires lower saturation ratios than homoge-
neous nucleation. The freshly formed particles can grow further through coagulation as
well as condensation of H2SO4 (together with H2O). As stratospheric temperatures in-
crease with altitude, the sulfate aerosol particles eventually evaporate above 32 to 35 km,
releasing H2SO4 back to the gas phase.

The effectiveness of climate intervention by SO2 emission has been intensively investi-
gated by using models of different complexity and assuming different injection scenarios
(e.g., Heckendorn et al., 2009; Pierce et al., 2010; Niemeier et al., 2011; English et al., 2011;
Niemeier and Timmreck, 2015; Tilmes et al., 2018; Vattioni et al., 2019; Weisenstein et al.,
2022; Laakso et al., 2022; Tilmes et al., 2022). Such modelling studies have advanced our
understanding of stratospheric aerosols, but they also highlighted uncertainties regarding
the transport, chemistry, and microphysics of the aerosol size distribution. In a recent
study, Weisenstein et al. (2022) presented a model intercomparison exploring the impacts
of stratospheric injections of SO2 gas as well as accumulation-mode sulfuric acid aerosol
(AM-H2SO4) on atmospheric chemistry and climate. Three general circulation models
(GCMs) with interactive aerosol microphysics conducted strictly coordinated model ex-
periments within the framework of the Geoengineering Model Intercomparison Project
(GeoMIP, Kravitz et al., 2011), namely the Community Earth System Model (CESM2)
with the Whole Atmosphere Community Climate Model (WACCM) atmospheric config-
uration (Danabasoglu et al., 2020), the middle atmosphere version of ECHAM5 with the
HAM microphysical module (MA-ECHAM5-HAM; Stier et al., 2005), and the SOlar Cli-
mate Ozone Links model with AER microphysics (Feinberg et al., 2019, SOCOL-AERv2;).

11



Chapter 2. Importance of microphysical settings for climate forcing by stratospheric
SO2 injections as modelled by SOCOL-AERv2

The model experiments included injections of 5 and 25 Tg(S) yr–1 in form of SO2 gas or
AM-H2SO4, emitted either as two point injections at 30° N and 30° S or as regional
injection between 30° N and 30° S. Two of the participating models, CESM2 and MA-
ECHAM5-HAM, assume the aerosol size distribution can be described by superimposed
lognormal size distributions (modal scheme), while SOCOL-AERv2 uses a size-resolving
(sectional) scheme.

The analysis of the simulated particle size distributions for the SO2 injection scenarios
revealed substantial differences between each pair of the three models. CESM2 generates
new particles and adds them directly to the Aitken mode (R ≳ 10 nm), so that there are
no nm-sized particles. In contrast, SOCOL-AERv2 treats these tiny particles down to
0.4 nm. Compared to MA-EACHM-HAM, SOCOL shows substantially fewer nucleation
mode particles, suggesting different roles of nucleation and condensation in both models:
the microphysical scheme in SOCOL-AERv2 appears to prefer condensational growth
of existing particles by uptake of H2SO4 over the formation of new particles, while the
opposite seems to be the case for MA-ECHAM5-HAM. The description of the results of
the microphysical processes by means of lognormal functions in modal models, such as
CESM2 and MA-ECHAM5-HAM, further complicates the interpretation.

Nucleation and condensation are competing sink processes for gas-phase H2SO4, which
occur simultaneously in the atmosphere, but typically with different speeds. The char-
acteristic time scale τ for removal of H2SO4 molecules by condensation is given by the
following equation:

τcond =
4

Av
, (2.1)

with A being the aerosol surface area density and v the mean thermal velocity of H2SO4

molecules. For background conditions with typical SAD values of 5 to 10 µm2 cm–3 in nu-
cleation regions, the equilibrium time scale for condensation is around 0.5–1 h. This value
decreases inversely with increasing SAD. Under volcanic or climate intervention conditions
with SAD ∼ 80 µm2 cm–3, typical for the 25 Tg(S) yr–1 injection scenario, the equilibrium
time scale is less than 5 minutes. As the nucleation rate strongly depends on the gas-
phase H2SO4 supersaturation, the model timestep used for condensation and nucleation
must be significantly smaller than the time required to approach gas-phase equilibrium in
order to avoid one process erroneously dominating the gas-to-particle transfer of H2SO4.
Furthermore, coagulation is also affected by the competition between nucleation and con-
densation, as it is most efficient at (initially) high number densities and between particles
of different size. Small particles move fast, but have only small cross-sections for collision,
while large particles exhibit slower Brownian motion, but provide good collision targets
for smaller particles (Seinfeld and Pandis, 1997). The correct numerical representation of
these simultaneously occurring processes is challenging, especially under sulfur-rich con-
ditions, when characteristic time scales become extremely short. This motivated us to
critically question the microphysical scheme of the sectional SOCOL-AERv2 model and
to systematically test the impact of the call sequence of the subroutines for condensation
and nucleation, as well as the microphysical timestep on the simulated aerosol properties
and the modeled climate response to stratospheric SO2 injection.

The paper is organised as follows: Section 2.2 presents a brief description of the
SOCOL-AERv2 model and details of the experimental setup. Section 2.3 discusses the
impact of the microphysical settings on the aerosol size distribution under stratospheric
background conditions as well as under stratospheric injections of SO2 gas (2.3.1), on
the global mean particle size, aerosol burden and radiative forcing (2.3.2), and on the
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meridional distributions of aerosol burden, radiative forcing, and ozone (2.3.3) resulting
from the SO2 injections. The influence of the microphysical settings on profiles of var-
ious quantities is briefly mentioned (2.3.4) and detailed in the Appendix. To evaluate
the changes in SOCOL aerosol microphysics against observations we also tested different
settings for the 1991 eruption of Mt. Pinatubo (2.3.5). Section 2.4 includes a summary
and discussion.

2.2 Model description and experimental setup

2.2.1 SOCOL-AERv2

A first version of the aerosol-chemistry-climate model SOCOL-AER had been introduced
by Sheng et al. (2015), who integrated the size-resolving (sectional) sulfate aerosol module
AER (Weisenstein et al., 1997) into the three dimensional grid of the chemistry-climate
model (CCM) SOCOLv3 (Stenke et al., 2013), which consists of the middle atmosphere
version of the spectral general circulation model MA-ECHAM5 (Roeckner et al., 2003,
2006) and the chemistry-transport model MEZON (Rozanov et al., 1999; Egorova et al.,
2003). Since then, the model’s tropospheric and stratospheric sulfur cycle have undergone
several improvements, resulting in the publication of SOCOL-AERv2 (Feinberg et al.,
2019).

SOCOL-AERv2 resolves the sulfate aerosol particles in 40 mass bins, ranging from
0.39 nm to 3.2 µm in radius. Since the mass bins refer to dry aerosol radius, they can also
be interpreted as aerosol H2SO4 mass bins, ranging from about 2.8 molecules to 1.6 × 1012

molecules of H2SO4 per aerosol particle. Neighboring mass bins differ by molecule number
doubling.

Detailed descriptions of the original AER microphysics and their adaptations for the
coupled model are provided in Weisenstein et al. (1997, 2007) and Sheng et al. (2015),
respectively. Aerosol composition, i.e. the sulfuric acid weight percent in the particles, is
calculated as function of ambient temperature and H2O partial pressure using the param-
eterization of Tabazadeh et al. (1997), which is also used for the calculation of the wet
aerosol radius of each mass bin. For the formation of new particles by binary homoge-
neous nucleation the scheme of Vehkamäki et al. (2002) is used. The scheme calculates
the nucleation rate as well as the radius and composition of new particles, meaning that
the nucleated mass is added to a single mass bin. The particles can grow through H2SO4

condensation and shrink through evaporation, both processes depending on the equilib-
rium concentration of H2SO4 above the particle surface (Ayers et al., 1980; Kulmala and
Laaksonen, 1990). Condensational growth leads to an increase of mass in the aerosol
phase and a shift of particles to larger mass bins, while evaporation does the opposite.
Changes in the net number density occur only upon evaporation from the smallest mass
bin or condensational growth of the largest mass bin. Finally, coagulation reduces number
densities and shifts aerosol mass to larger bins. Coagulation is solved by a semi-implicit
method (Jacobson and Seinfeld, 2004), whereas at most 90% of the available mass in
one mass bin is allowed to be lost by coagulation within one microphysical time step.
Otherwise, the coagulation timestep is reduced. The coagulation kernel, which defines
the collision probability of two particles, depends on the particle radius and the diffusion
coefficient (Fuchs, 1964). Finally, sedimentation, which affects the vertical distribution
of aerosol particles and reduces their residence time in the stratosphere, is parameterised
following the numerical scheme of Walcek (2000). The gravitational settling velocities of
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aerosol particles are calculated following Kasten (1968).

The CCM SOCOLv3 and the aerosol module AER are interactively coupled via the
chemistry and radiation routines. Sulfur chemical reactions (Sheng et al., 2015, see Table
1) are fully integrated into the model’s chemical solver, which is based on the implicit
iterative Newton-Raphson scheme (Stott and Harwood, 1993). In addition to gas-phase
chemistry, the model includes aqueous-phase oxidation of S(IV) to S(VI) by ozone (O3)
and hydrogen peroxide (H2O2) in cloud water (Jacob, 1986). The modeled sulfate aerosol
is fed directly into the heterogeneous chemistry and radiation schemes. The aerosol radia-
tive properties (extinction coefficients, single scattering albedos, and asymmetry factors
as functions of wavelength) required to drive the model dynamics are calculated online
from the aerosol size distribution using Mie theory with a temperature- and humidity-
dependent look-up table, which accounts for the aerosol H2O2 weight percent.

The model uses operator splitting. The dynamics module is called every 15 min,
whereas the chemistry, aerosol microphysics, and radiation schemes are called every 2 h.
For the microphysical processes, especially for nucleation with its highly nonlinear depen-
dence on gaseous H2SO4 concentration, sub-timesteps are used within the 2-h chemistry
loop, to avoid that the process called first mistakenly dominates the H2SO4-to-particle
exchange rate. The default procedure is to use Nmicro = 20 sub-loops within the chemical
timestep, which results in a microphysical timestep of 6 minutes (2 h/Nmicro = 2 h/20
= 6 min). The parameter Nmicro can be easily adjusted between runs. By default, the
call sequence for the microphysical processes is condensation first, followed by nucleation
(see ”CN” sequence in Fig. 2.1), and finally coagulation. At each chemical timestep, the
model first calculates the new H2SO4 gas-phase concentration resulting from chemical
production and transport. In the microphysical loop, the H2SO4 concentration is then
consecutively updated by condensation and nucleation. As we will see later, it is also
important to distribute the gaseous H2SO4 molecules produced during the 2-h chemi-
cal timestep homogeneously over the Nmicro sub-timesteps (see ∆ H2SO4 in Fig. 2.1),
rather than passing them as a total amount at the beginning of the microphysical loop.
Otherwise, under conditions of SO2 injections the 2-hourly call frequency of the chem-
istry scheme would lead to initially unrealistically high H2SO4 supersaturations in the
microphysical loop, which then causes artefacts in the aerosol microphysics. The aerosol
composition as well as the coagulation kernel are calculated only once every 2 h and
are kept constant for the microphysical calculations. Finally, sedimentation is calculated
after the microphysical sub-loop, again once every 2 h. To test the implications of the
aerosol microphysics on the simulated aerosol size distribution under various stratospheric
sulfur loadings, we performed several sensitivity simulations, for which we changed the
call sequence for condensation and nucleation or increased the number of microphysical
sub-timesteps Nmicro > 20.

2.2.2 SOCOLv4

Additionally, we performed simulations with the fully coupled Earth System Model (ESM)
SOCOLv4 (Sukhodolov et al., 2021), which is a further development of SOCOL-AERv2.
SOCOLv4, incorporates the same aerosol module, AER, as SOCOL-AERv2 (Sect. 2.2.1).
The major differences between the model versions is that SOCOLv4 is based on the MPI-
ESM1.2 (Mauritsen et al., 2019), which incorporates the fully coupled interactive ocean
module MPIOM (Jungclaus et al., 2013). SOCOLv4 has a finer atmospheric horizontal
and vertical resolution with T63 trunctation (1.9° x 1.9°) and 47 vertical pressure lev-
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Every 2 hrs:
SO2 → Δ H2SO4(chem)

Sedimentation

Loop: Nmicro = 20, 60 or 200

Chemistry

Aerosol composi�on
(H2SO4, wt%)

Coagulation kernel

Condensa�on Nuclea�on

Nuclea�on Condensa�on

Coagula�on

+ Δ H2SO4(chem) / Nmicro

“CN”    or    “NC”

Figure 2.1: Schematic representation of the call sequence for the microphysical processes
in SOCOL-AERv2. The scheme shows the setup with the microphysical sub-loop with
Nmicro = 20 steps by default, or an increased number of steps (60, 80, or 200) in the
test runs. By default, the condensation routine is called first and nucleation second
(”CN”), which was reversed (”NC”) for the tests. Furthermore, the amount of H2SO2

gas molecules produced by the chemistry scheme is uniformly distributed over the Nmicro

time steps, instead of providing the total amount at the first microphysical time step, as
done in the original set-up.

els also reaching up to 0.01 hPa. Compared to SOCOL-AERv2 the default dynamical
timestep was halved to 7.5 min, while the default chemical and microphysical time steps
are the same as for SOCOL-AERv2 (2h and 6 min, respectively). The interactive ocean
as well as the finer spatial resolution make SOCOLv4 computationally much more ex-
pensive than SOCOL-AERv2. Therefore, we performed most sensitivity simulations with
SOCOL-AERv2 using fixed sea surface temperatures (SST) and sea ice coverage (SIC,
see Section 2.2.3), while SOCOLv4 was primarily used to look at the impact on surface
temperature anomalies.

2.2.3 Experimental setup

For the present study, we employed SOCOL-AERv2 with a resolution of 39 hybrid
sigma-pressure levels in the vertical and a horizontal trunction of T42 (∼ 2.8° ×
2.8° in latitude and longitude). The simulations for this study include a reference
scenario for stratospheric background conditions as well as two perturbation scenar-
ios including stratospheric sulfur injections. The boundary conditions are identical to
the GeoMIP test-bed experiment ”accumH2SO4” (Details of the experiment protocol:
http://climate.envsci.rutgers.edu/geomip/testbed.html with GHGs and ozone-depleting
substances taken from the projections for 2040 from the SSP5-8.5 scenario (see also
Weisenstein et al. (2022)). SST and SIC are prescribed using an average of the years
1988–2007 of the CMIP5 PCMDI-AMIP-1.1.0 SST/Sea Ice dataset (Taylor et al., 2000).
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As SOCOL-AERv2 with 39 vertical levels does not generate a quasi-biennial oscillation
(QBO) internally, the simulated wind in the equatorial stratosphere is nudged towards
observed wind profiles (Stenke et al., 2013). We ran 20 model years for each scenario.
The first 5 years are considered as spin-up period (sufficient for the present application),
and we use the subsequent 15 years for our analysis.

Consistent with Weisenstein et al. (2022), the intervention scenarios examined here
apply gaseous SO2 injections of 5 and 25 Tg(S) yr–1 emitted uniformly in a 2 km thick
layer centred around 20 km altitude in the region between 30° S and 30° N over all longi-
tudes. These so-called ”regional injections” are complemented by an example of a ”point
injection” performed with SOCOLv4 (see Section 2.2.2) injecting 5 Tg(S) yr–1 of SO2 at
the same vertical extent but constrained to a region from 10°N to 10°S at the equator
only emitting at the 0° meridian. These point emission scenarios followed the G4 GeoMIP
scenario (Kravitz et al., 2011) with transient SSP5-8.5 boundary conditions and allow us
to explore the sensitivity of surface temperature to the call sequence in a fully coupled
ESM.

To determine the effects of the setup of the microphysical scheme (see Fig. 2.1) on the
computed size distribution and aerosol burden, we performed several model simulations
for background conditions as well as conditions of climate intervention. The different sim-
ulations vary by reversing the call sequence of the condensation and nucleation routines,
or by increasing the number of microphysical timesteps Nmicro. The model simulations
are summarized in Table 2.1. The experiment BG CN 20 represents the default setup of
the microphysical scheme in SOCOL-AERv2 and is used as the reference simulation.

In the absence of observational data of the stratospheric aerosol layer under climate
intervention conditions, we also tested the effect of different microphysical settings in
the modeling of the 1991 Mt. Pinatubo eruption, following the experimental setup of
the Interactive Stratospheric Aerosol Model Intercomparison Project (ISA-MIP, Quaglia
et al., 2023).
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Table 2.1: Overview of model simulations performed with SOCOL-AERv2 (except for
S5p, which was performed with SOCOLv4). Simulation names refer to the following
naming convention: ”SO2 emission scenario” ”Call sequence” ”Nmicro”. BG: background;
S5: 5 Tg(S) yr–1, regional emission; S5p: 5 Tg(S) yr–1, point emission simulated with
SOCOLv4; S25: 25 Tg(S) yr–1, regional emission; PIN: Pinatubo eruption (”shallow in-
jection” scenario of ISA-MIP (Timmreck et al., 2018)); CN: condensation first; NC: nu-
cleation first; Nmicro: number of microphysical timesteps.

Simulation SO2 emission Microphysical Microphysical
name scenario call sequence timesteps

BG CN 20 background Cond-Nuc 20
BG NC 20 Nuc-Cond 20

S5 CN 20 5 Tg(S) yr–1 Cond-Nuc 20
S5 CN 200 (regional) Cond-Nuc 200
S5 NC 20 Nuc-Cond 20
S5 NC 200 Nuc-Cond 200

S5p CN 20 5 Tg(S) yr–1 Cond-Nuc 20
S5p NC 20 (point) Nuc-Cond 20

S25 CN 20 25 Tg(S) yr–1 Cond-Nuc 20
S25 CN 200 (regional) Cond-Nuc 200
S25 NC 20 Nuc-Cond 20
S25 NC 60 Nuc-Cond 60
S25 NC 200 Nuc-Cond 200

PIN CN 20 Pinatubo 5 Tg(S) Cond-Nuc 20
PIN NC 20 (single event, point) Nuc-Cond 20
PIN NC 200 Nuc-Cond 200

2.3 Results

In this section, we first analyze how the microphysical settings in SOCOL-AERv2 affect
the calculated aerosol size distributions under stratospheric background conditions and
under scenarios with SO2 injection. Next, we examine how the changes in size distributions
affect global aerosol properties, such as aerosol loading and net radiative forcing. Finally,
we show that microphysical settings directly affect stratospheric chemistry and thus the
ozone layer via aerosol surface area density under conditions with climate intervention.

2.3.1 Influence of microphysical settings on aerosol size distri-
bution

The upper row of panels in Fig. 2.2 shows particle size distributions at 55 hPa in the
low latitudes (30°S-30°N) for unperturbed conditions and for conditions with climate
intervention. As obvious from panel (a), changing the call sequence of the nucleation and
condensation subroutines does not influence the simulated aerosol size distribution under
background conditions. Since maximum nucleation rates occur about 2-3 km below the
tropical tropopause (Thomason and Peter, 2006), we also examined the size distributions
at 115 hPa (not shown), and again find that the call sequence has no impact on the model
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results. This indicates that the default microphysical timestep of 6 min is sufficiently
shorter than the characteristic times of nucleation and condensation under background
conditions, so that none of the two processes inappropriately dominates the H2SO4-to-
particle conversion.

In contrast to background conditions, the SO2 injections scenarios are highly sensitive
to the microphysical settings. Initially, we kept the microphysical timestep constant
(Nmicro = 20), but reversed the call sequence from the default ”condensation first” (CN)
to ”nucleation first” (NC). This modification leads to a massive increase of nucleation
mode particles (R < 0.01 µm) (Fig. 2.2c, e, yellow and blue dotted lines).

To highlight differences in the coarse mode (R > 1 µm), we calculated the fifth
moment of the corresponding size distributions (lower row in Fig. 2.2). This provides an
estimate of the downward mass flux due to aerosol sedimentation, which is determined
by the product of particle volume (proportional to the third moment) and sedimentation
speed (roughly proportional to the second moment). Swapping from CN to NC leads to
a significant decrease of coarse mode particles (by one order of magnitude) for the S25
scenario (inset in Fig. 2.2f).

These significant differences in the size distributions demonstrate the dominating role
of the first-called process as H2SO4 sink, either condensation or nucleation, indicating
that the default timestep (2 h/Nmicro = 2 h/20 = 6 min) is too long to properly handle
elevated stratospheric sulfur loadings. Therefore, we increased the number of microphys-
ical substeps until the resulting particle size distributions of the CN and NC simulations
converge. For a sufficiently short microphysical timestep (0.6 min with Nmicro = 200), the
simulations develop a pronounced peak of nucleation mode particles (Fig. 2.2c, e, orange
and blue solid lines) similar to the CN 20 simulations, but with somewhat lower particle
number densities.

As expected, the computational costs of the model increase with a shorter microphys-
ical timestep. Increasing the number of microphysical substeps from 20 to 200 almost
doubles the required wall-clock time per model year from 4.6 h to 9 h, using parallel com-
puting on 64 CPUs. To assess possibilities to reduce the computational costs, we tested
the efficiency of Nmicro = 60 (and 80, not shown).

The red lines in Fig. 2.2e,f show the results for S25 NC 60, demonstrating excellent
agreement with Nmicro = 200, which gives us confidence in the accuracy of the model
solution. Furthermore, the computational demand increased only moderately by about
33% (60 min) per model year (relative to Nmicro = 20). In conclusion, in SOCOL-AERv2
nucleation first with Nmicro = 60 provides a very good description of climate intervention
scenarios, even when the loading is extremely high.

We also explored the effects of the distribution of gaseous H2SO4 molecules produced
during the 2-hourly call of the chemistry routine, either homogeneously across the Nmicro

sub-timesteps or as a total amount at the beginning of the microphysical loop. As Figure
2.6 in Appendix 2B shows, proper partitioning of the H2SO4 molecules among the Nmicro

sub-timesteps is critical to avoid an excessive formation of nucleation mode particles
due to artificially high H2SO4 supersaturations at the beginning of the microphysical
substepping. More details can be found in the Appendix (see Section 2.4).
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Figure 2.2: Upper row: Size distributions (dN/d lnR, particles cm–3) averaged between
30° S and 30° N at 55 hPa for the model simulations with (a) stratospheric background
conditions, (c) regional SO2 injections of 5 Tg(S) yr–1, and (e) 25 Tg(S) yr–1. Lower
row: The fifth moment (dNR5/d lnR, µm5 cm–3) of the aerosol size distributions as an
estimate for aerosol sedimentation mass flux (particle volume (∝ R3) times sedimentation
velocity (∝ R2)). Blue lines: simulations with condensation first; orange and red lines:
nucleation first. Dashed lines: Nmicro = 20 microphysical timesteps; solid orange and blue
lines: Nmicro = 200; solid red lines in (e) and (f): Nmicro = 60. Insert in (f) highlights the
differences for coarse particles.
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Figure 2.3: Effect of microphysical settings on the global averages of various calculated
aerosol and radiative quantities. (a) Global mean effective radius (µm) at 55 hPa. (b)
Global mean sulfuric acid aerosol burden increase (Tg(S)). (c) Global mean change in net
top-of-atmosphere (shortwave + longwave) radiative forcing (Wm–2). Injection scenarios
are: BG = background conditions (no injection); S5 = 5 Tg(S) yr–1 regional SO2 injection;
S5p = 5 Tg(S) yr–1 point SO2 injection; and S25 = 25 Tg(S) yr–1 regional SO2 injection.
Blue symbols: condensation first. Orange and red symbols: nucleation first. Open or
filled circles: Nmicro = 20 (or 60). Crosses: Nmicro = 200. Light blue shading in (a):
optimal effective radii for scattering of solar radiation from Dykema et al. (2016) and
Figure 4 in Weisenstein et al. (2022).
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2.3.2 Influence of microphysical settings on global means of par-
ticle size, aerosol burden and radiative forcing

The large differences in the simulated size distribution have wide implications for other
key metrics of stratospheric aerosols, namely the average size of the aerosol particles,
burden and radiative forcing: these are collectively shown in Fig. 2.3 in the three sets of
experiments. Figure 2.3a shows the globally averaged effective radius (Reff) at 55 hPa.
For background conditions both microphysical settings, CN and NC, result in an average
Reff of 0.15 µm. For the SO2 injections scenarios, most of the additional sulfur condenses
onto existing particles or is consumed in nucleation of new particles, which coagulate
preferentially onto the larger background particles. This increases the simulated Reff

compared to the background case, moving towards and into the range of optimal effec-
tive radius for scattering of solar radiation between 0.3 and 0.4 µm (Weisenstein et al.,
2022, see their Fig. 4). The standard microphysical setup (CN, Nmicro = 20, solid blue
circles) result in the largest simulated Reff , as condensation partly suppresses the subse-
quent formation of smaller particles via nucleation. Conversely, nucleation first with long
microphysical timesteps (NC, Nmicro = 20, solid orange circles) exaggerates the forma-
tion of small particles, resulting in an underestimation of Reff . Given a sufficiently short
timestep (Nmicro = 200), CN and NC converge to Reff of 0.38 µm for the S5 scenario, and
0.48 µm for the S25 scenario (blue and orange crosses). Compared to the modal models
MA-ECHAM5-HAM and CESM2, the sectional SOCOL-AER in general produces smaller
Reff for the regional injections. Hence, improving the SOCOL-AER aerosol microphysics
by swapping the sequence to nucleation first and increasing Nmicro leads to a slight reduc-
tion in the spread in Reff among these models.

Figure 2.3b shows the impact of microphysical settings on the total (troposphere and
stratosphere) aerosol burden increase in the intervention scenarios compared to back-
ground conditions. For background conditions, CN and NC with Nmicro = 20 show an
almost identical aerosol burden (see also Table 2.2 in Appendix 2A). For the SO2 injec-
tion scenarios, the original setup CN 20 reveals the smallest aerosol burden. The largest
aerosol burden is simulated by the simulation with NC 20 setting, since this setup shifts
the size distribution towards small particles, which have a longer stratospheric residence
time. For the S5 scenario the dependence on call sequence is small, but for S25 the sim-
ulated aerosol burdens differ by more than 30% (Table 2.2). Despite this large spread
in the simulated burden increase, SOCOL-AERv2 still falls between the CESM2 and the
MA-ECHAM5-HAM models, which showed for most of the simulated injection scenar-
ios the largest and smallest burden increase, respectively (Weisenstein et al., 2022, their
Fig. 1).

Figure 2.3c displays globally averaged changes in the net top-of-atmosphere short-
and longwave radiative forcing (RF) due to SO2 injections. Since SOCOL-AERv2 uses
prescribed SST and SIC, the climate intervention runs remain in non-equilibrium and the
perturbation in radiative fluxes at TOA directly quantify the Effective RF (Forster et al.,
2016). All S5 simulations show a rather consistent RF change of around -1.5 W m–2. For
the S25 simulations, however, we find a large spread in RF, ranging from -2.3 W m–2 for
the original microphysical setup (CN 20) to -5.4 W m–2 for the simulation with reversed
call sequence (NC 20). As already mentioned in Weisenstein et al. (2022), the differences
in RF between the various SOCOL-AERv2 simulations, but also between different models,
are mainly related to the respective burden increases (Fig. 2.3b). The simulations with the
largest burden increase also show the smallest Reff , which efficiently scatters the incoming
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solar radiation and enhances the negative RF.

As discussed in previous studies (Heckendorn et al., 2009; Kleinschmitt et al., 2018),
the efficacy of the SO2 injection, i.e. the RF per Tg of sulfur injected annually, de-
creases with increasing injection rate, since the aerosol particles grow larger, which in-
creases sedimentation and decreases scattering efficiency. However, the model intercom-
parison by Weisenstein et al. (2022) revealed that not only the radiative efficacy itself,
but also its decrease with increasing injection rates is strongly model dependent. For
SOCOL in Fig. 2.3c, the radiative efficacy of the various S5 simulations ranges mod-
erately between -0.28 and -0.34 W m–2 (Tg(S) yr–1)–1. For the S25 simulations, the
simulations with strongest and weakest efficacy differ by more than a factor of 2. The
applied microphysical improvements lead to a significantly stronger radiative efficacy
(-0.09 W m–2 (Tg(S) yr–1)–1 for S25 NC 60) compared to the default setup (-0.13
W m–2 (Tg(S) yr–1)–1 for S25 CN 20).

As SOCOL-AERv2 does not include an interactive ocean model, but prescribed SSTs,
it is unfeasible to test the impact of the call sequence on surface temperature anomalies.
To overcome this limitation, we performed the G4 GeoMIP scenario with the NC setup
(S5p NC 20) using the ESM SOCOLv4, a coupled model which shares the same exact
aerosol module as SOCOL-AERv2 (see methods). In this model, we use point injections,
in keeping with the G4 protocol (see Section 2.2.3). The simulation shows an increase
of 25% in stratospheric aerosol burden compared to the conventional S5p CN 20 scenario
(see Fig. 2.3b, left). The corresponding global averaged surface cooling is 0.65 K and 1.02
K for S5p CN 20 and S5p NC 20, respectively, which is an increase of 57%, whereas no
significant differences in global stratospheric aerosol burden and RF were found among
regional S5 scenarios performed with SOCOL-AERv2 (see Fig. 2.3b, middle). This un-
derlines the sensitivity of our results to the chosen injection scenario (point vs. regional)
as well as to the model resolution (Section 2.2.2). Both the model resolution and the
injection scenario can lead to locally very different H2SO4 supersaturation.

2.3.3 Influence of settings on meridional distributions of aerosol
burden, radiative forcing, and ozone

Figure 2.4a,b show the influence of microphysical settings on the modeled latitudinal
variation of the sulfate aerosol column burden (stratosphere plus troposphere) for the
climate intervention scenarios simulated with SOCOL-AERv2 (S5 and S25). In contrast,
background simulations (not shown) have almost no dependence on the call sequence (see
Table 2.2 in Appendix 2A). The SO2 injection scenarios show similar latitudinal patterns,
with aerosol column burdens peaking over the inner tropics, confined by the tropical leaky
pipe. After overcoming the subtropical jet, the burden again maximizes around 45° N/S
in the stratospheric surf zone, whereas the polar regions are isolated by the polar jets.
As discussed before (Fig. 2.3b), the original setting CN 20 results in the smallest aerosol
burden, whereas NC 20 with ”nucleation first” shifts the size distribution towards smaller
particles with less gravitational settling (see also Table 2.2).

The latitudinal variations of the radiative forcing (RF) in Fig. 2.4c,d show the mirror
image of the burden in Fig. 2.4a,b, with reduced irradiance at high aerosol loading, and
illustrate the direct radiative effects of the aerosol. However, in contrast to the smooth
distributions of aerosol loading, RF exhibits a much higher degree of small fluctuations
due to tropospheric cloud variability. The latitudinal variations in RF are very similar
for all S5 simulations and the S25 simulations also show a consistent geographic pattern.
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The negative RF covers more than 80% of the globe, with the exception of the polar caps
where absorption of outwelling infrared radiation by the aerosol predominates and the RF
becomes positive. The differences between the individual simulations become largest in
the tropics, reflecting the sensitivity of the aerosol loading to the microphysical setup.

Figure 2.4e,f shows the impact of the simulated SO2 injections on zonally averaged
total column ozone as difference to the reference simulation BG CN 20. As already dis-
cussed by Weisenstein et al. (2022), the SO2 injections lead to a massive reduction of
the ozone column. This is caused by accelerated ClOx -induced and HOx -induced ozone
destruction cycles, which in turn are due to heterogeneous N2O5 hydrolysis on the aerosol
particles (leaving less NO2 required for ClOx and HOx deactivation). The N2O5 hydrolysis
rate is proportional to the SAD (see next Section and Figs. 2.7 and 2.8 in Appendix 2C).
Both injection scenarios, S5 and S25, show similar patterns with the most pronounced
changes in mid- to high latitudes. In the polar regions, the ozone loss is mainly caused
by enhanced heterogeneous ClONO2 activation on the additional aerosol SAD. Further-
more, in agreement with the CESM2 model, SOCOL-AER simulates a decrease of the
ozone column in the tropics, where the accelerated Brewer-Dobson circulation leaves less
time for ozone formation by molecular oxygen photolysis. In the tropics, the presented
microphysical modifications do not show any significant impact on the simulated ozone
decrease (Figure 2.4e and f), despite clear differences in the simulated SAD for the same
sulfur injection (Figs. 2.7 and 2.8). This result indicates that above a certain threshold a
further SAD increase does not affect the NOx cycle and its coupling to the ClOx and HOx

cycles anymore. The fact that the S25 simulations result in a more pronounced total col-
umn ozone change than the S5 simulations is related to a more pronounced strengthening
of the Brewer-Dobson circulation, which reduces the time for chemical ozone formation,
and the increased stratospheric H2O entry, which enhances ozone loss by the HOx cycle
(Tilmes et al., 2018).

In mid-to high latitudes both injection scenarios, S5 and S25, reveal substantial differ-
ences in the total ozone loss simulated, depending on the microphysical settings used in
the simulations. For the S5 simulations (Fig. 2.4e), the total ozone losses over Antarctica
range between 24 and 30 DU. For the Northern Hemisphere, the spread in simulated
polar ozone losses is with 6 to 24 DU even larger. For the S25 simulations (Fig. 2.4e and
f), the simulated polar ozone loss range between 60 and 80 DU over the Southern Hemi-
sphere, and between 35 and 60 DU over the Northern Hemisphere. It should be noted
that the microphysical setup with the smallest ozone change in one hemisphere, does not
necessarily also show the smallest ozone change on the other hemisphere, which might be
related to the dynamical variability.

It should be emphasized that the discussed changes in total column ozone caused by
stratospheric SO2 injections refer to stratospheric concentrations of ozone depleting sub-
stances and GHGs projected for the year 2040. With further decreasing stratospheric
chlorine loadings in the future, the impact of the enhanced aerosol SAD under SO2 in-
jections on total column ozone might change as the coupling between the ClOx and NOx

cycle becomes less important.

2.3.4 Influence of settings on SAD and stratospheric tempera-
ture

Climate intervention by stratospheric SO2 emission yields an increase in aerosol surface
area density (SAD), which enables heterogeneous chemical reactions such as N2O5 hy-
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5 Tg(S)/yr 25 Tg(S)/yr

Figure 2.4: Effect of microphysical settings on the zonal averages of various calculated
aerosol, radiative and chemical quantities. Left column: regional SO2 injections of
5 Tg(S) yr–1. Right column: regional SO2 injections of 25 Tg(S) yr–1. (a,b) Sulfuric acid
aerosol burden per square meter (mg(S) m–2). (c,d) Zonal mean net top-of-atmosphere
(shortwave + longwave) radiative forcing (Wm–2). (e,f) Change in zonal average column
ozone (Dobson units). Blue lines: simulations with condensation first; orange and red
lines: nucleation first. Dashed lines: Nmicro = 20 microphysical timesteps; solid orange
and blue lines: Nmicro = 200; solid red lines: Nmicro = 60. All panels use the simulation
BG CN 20 as reference.
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drolysis, but which is also an approximate measure of the extinction and, hence, the
backscatter of shortwave radiation. Moreover, the aqueous H2SO4 aerosol absorbs out-
welling longwave radiation and some incoming solar radiation, which increases the air
temperature, with repercussions for stratospheric dynamics.

Both quantities, SAD and temperature, are also affected by the microphysical settings
CN versus NC and Nmicro. In brief, the NC setting with Nmicro = 200 yields higher SAD
than CN with Nmicro = 20, roughly by 20%. This is due to the smaller particles with
higher SAD and larger burden (see Figs. 2.7 and 2.8 in the Appendix 2C). The larger
burden, in turn, leads to more longwave radiative heating, which increases stratospheric
temperatures. This is a marginal effect in the S5 scenario, but corresponds to about 1 K
higher temperatures under S25 conditions (see Figure 2.9 in Appendix 2D). A strongly
temperature dependent reaction such as O3 + O → 2 O2 changes by about 4% for ∆T =
1 K, so that the impact of microphysical settings on ozone via SAD-changes is by far more
important than the impact via T -changes. Also differences from dynamical feedbacks
between the different settings are likely small since the absolute temperature increase
from the S25 scenarios is up to 15 K and thus much larger.

2.3.5 Influence of settings on modeling the eruption of Mt. Pi-
natubo

So far, our study has highlighted the impacts of the microphysical settings for continuous
injections in climate intervention scenarios. Here, we expand this analysis, by evaluating
the effects under conditions of volcanic eruptions on the 1991 eruption of Mt. Pinatubo
by using the PIN CN 20, PIN NC 20 and the PIN NC 200 settings (Table 2.1). We com-
pared the evolution of the computed global stratospheric aerosol burden with SAGE and
HIRS satellite data and the evolution of the computed mean effective particle radius with
balloon measurements over Laramie (Wyoming, see Figure 2.5). Details on the observa-
tional data sets and their uncertainties as well as model and inter-model uncertainties can
be found in Sukhodolov et al. (2018) and Quaglia et al. (2023). All model settings show
a very similar peak in the stratospheric aerosol burden, but distinctly different declines
during the years 1992/93. ”Nucleation first” shifts the size distribution towards smaller
particles, which have a longer stratospheric residence time. The slower decline is in better
agreement with observations, although it should be mentioned that the agreement with
observations strongly depends on the assumed SO2 emissions profile (Quaglia et al., 2023).
Regarding the mean Reff , PIN NC 20 simulates smaller values than PIN CN 20 for the
first couple of months after the eruption and higher values later on, as PIN CN 20 re-
turns faster towards background conditions due to faster sedimentation of larger particles.
Overall, the microphysical modifications do not overly influence the discrepancy between
modeled and observed Reff (Fig. 2.5b).

However, other than under climate intervention conditions the evolution of the aerosol
burden and Reff in the PIN NC 200 scenario are much closer to PIN CN 20 than to
PIN NC 20. The volcanic eruption is a point event in time and space, whereas the climate
intervention scenarios have continuous emissions across all longitude and 30°N and 30°S in
latitude, which establish a steady-state situation. This leads to H2SO4 production rates,
which locally are about 104 − 105 times larger in the Mt. Pinatubo case compared to
S5 and S25. Since nucleation is exponentially dependent on the H2SO4 supersaturation
this leads to erroneously large nucleation rates in the PIN NC 20 scenario. Coagulation
is not efficient enough to remove the large amount of nucleation mode particles in that
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scenario. When increasing Nmicro to 200 (PIN NC 200) the burden and the Reff of the
plume evolve following the PIN CN 20 scenario since local supersaturation are smaller
now and coagulation can keep up with efficiently removing the nucleation mode particles.

Therefore, for volcanic eruptions, where H2SO4 supersaturations are locally much
larger compared to climate engineering scenarios, the correct solution is much closer to
CN 20, since otherwise nucleation would erroneously dominate over condensation. This
is a good example of how the very different distributions of H2SO4 supersaturation in
space and time when simulating volcanic eruptions and climate intervention scenarios
lead to different challenges within aerosol microphysics schemes (Heckendorn et al., 2009;
Vattioni et al., 2019).
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Figure 2.5: (a) Evolution of the simulated global stratospheric aerosol burden (Tg(S)) for
PIN CN 20 and PIN NC 20 compared with HIRS- and SAGE-II-derived data (SAGE-
3,4λ and GLOSSACv2.2, Arfeuille et al., 2013; Thomason et al., 2018; Kovilakam et al.,
2020). HIRS-derived total (troposphere and stratosphere) aerosol sulfur burden assumes
75% sulfuric acid by weight (Baran and Foot, 1994). Light blue shaded area: uncertainties
of HIRS. (b) Effective particle radius (µm) averaged over the altitude range from 14 to
30 km compared to in-situ measurements taken at Laramie, Wyoming (OPC UWv2.0,
Deshler et al., 2019). Thin blue whiskers reflect the measurement uncertainty (adapted
from Quaglia et al., 2023). For comparison the steady-state values for S5 CN 20 and
S5 NC 20 from this work are shown as thin horizontal red and gray lines in both panels.

2.4 Comparison with other work and conclusions

In this study, we have shown the importance of properly setting the length of the micro-
physical timestep and the call sequence of nucleation and condensation for modeling the
global stratospheric sulfuric acid aerosol under conditions of SO2 injections for climate
engineering. In the aerosol-chemistry-climate model SOCOL-AERv2, the evolution of
the H2SO4 concentration in the gas-phase is determined by sequential operator splitting
using a sub-stepping approach for aerosol microphysics with a default timestep of 6 min,
i.e. the H2SO4 gas-phase concentration is consecutively updated by H2SO4 production
from chemistry, condensation and nucleation. We found the following:

� Under stratospheric background conditions, the call sequence does not affect the

26



Chapter 2. Importance of microphysical settings for climate forcing by stratospheric
SO2 injections as modelled by SOCOL-AERv2

model results, indicating that the default number of microphysical sub-timesteps
is sufficient to prevent the first called process from spuriously dominating the size
distribution.

� Under elevated H2SO4 supersaturations in the stratosphere the characteristic times
for nucleation and condensation may become shorter than the default microphysical
timestep. In such cases, the competition between the two H2SO4 sinks affects the
simulated aerosol size distribution and the microphysical time step must be reduced.

� The default setting ”condensation first” can massively underestimate the fraction
of nucleation mode particles, whereas ”nucleation first” tends to underestimate the
number of coarse mode particles. Tests of numerical convergence with very short
timesteps indicate that ”nucleation first” yields smaller numerical errors for regional
SO2 injections, whereas condensation first yields smaller numerical errors for the
simulation of volcanic eruptions with locally and temporally extremely high H2SO4

supersaturations.

� Despite significant shifts in simulated aerosol size distributions, the main response
patterns of atmospheric chemistry and climate to stratospheric SO2 injections as
simulated with SOCOL-AERv2 are robust to microphysical time integration ad-
justments, but the strength of the response can differ substantially in the case of
high injection rates (such as 25 Tg(S) yr–1) or point injections (such as 5 Tg(S) yr–1

point injections, S5p), which both lead to large H2SO4 supersaturations.

� The radiative forcing found for the 25 Tg(S) yr–1 injection scenario varies by more
than a factor of 2 between the different microphysical settings. Nevertheless, this
model-internal uncertainty in SOCOL-AERv2 is still smaller than the scatter be-
tween the three GCMs with interactive aerosol microphysics – CESM2-WACCM6,
MA-ECHAM5-HAM, and SOCOL-AERv2 – compared by Weisenstein et al. (2022)
in strictly coordinated climate intervention modeling.

The first part of our conclusions confirms the study by Wan et al. (2013), who investi-
gated different time integration methods to solve the H2SO4 continuity equation using two
versions of the ECHAM-HAM model: HAM1 with an Euler forward scheme with sequen-
tial operator splitting similar to SOCOL-AERv2, but without microphysical substeps;
HAM2 with a two-step time integration scheme implemented by Kokkola et al. (2009).
They identified sequential operator splitting with too long timesteps as major source of
numerical error in HAM1, and proposed simultaneous processing of condensation and nu-
cleation to better represent the competition between both processes. The microphysical
sub-stepping technique as applied in SOCOL-AERv2 improves the results of the operator
splitting approach, but requires a sufficiently large number of substeps. Instead of using
a fixed number of substeps, a dynamical timestep adjustment could be beneficial, but we
have not tested this here.

The importance of aerosol microphysics and the competition between nucleation and
condensation on the simulated aerosol size distribution and the radiative efficiency of
stratospheric sulfur injections was also shown by Laakso et al. (2022), who investigated dif-
ferent injection strategies using the ECHAM-HAMMOZ model with two different aerosol
schemes, the sectional SALSA scheme as well as the modal M7 scheme. SALSA describes
the aerosol size distribution in 10 mass bins, while M7 uses 7 lognormal modes. The
authors found that nucleation of new particles dominates over condensational particle
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growth in the sectional SALSA scheme, while the opposite is the case in the modal M7
module. In addition, the use of lognormal modes results in a minimum in the particle
size distribution in the optimal size range for solar scattering and restricts the growth of
particles in accumulation mode, tending to underestimate gravitational settling. These
differences resulted in smaller particles in SALSA and, therefore, a higher radiative forc-
ing. For an injection scenario of 20 Tg(S) yr–1, SALSA revealed a global net ToA radiative
forcing of around -8 W m–2, M7 resulted in -3 W m–2. This spread is even larger than
what we found for the S25 simulations S25 CN 20 and S25 NC 20. Laakso et al. (2022)
further investigated the impact of the competition between nucleation and condensation
by performing simulations with the nucleation being switched off in both aerosol modules
by emitting 25% of the sulfur directly as 3 nm particles. The results of these sensitivity
studies indicate that the different treatment of nucleation and condensation explains the
differences in radiative forcing between SALSA and M7 only partly: The difference in
radiative forcing was weakend from -5 W m–2 to about -3 W m–2.

Apart from time integration or representation of the aerosol size distribution, nu-
merical parameterizations of individual processes are another source of uncertainty. The
binary-homogeneous nucleation scheme by Vehkamäki et al. (2002), for example, is widely
used in models, including SOCOL-AERv2 or the above mentioned aerosol schemes SALSA
and M7. The latter two include an extension of the scheme for high sulfate concentra-
tions implemented by Kokkola et al. (2009), using the collision rate as maximum possible
nucleation rate. In a very recent study, Yu et al. (2023) evaluated simulated nucleation
rates in the lowermost stratosphere by CLOUD laboratory measurements under strato-
spheric temperatures. They found that the Vehkamäki scheme overestimates observed
nucleation rates by 3 to 4 orders of magnitude. As the particle size distribution is not
only determined by nucleation, but also by particle growth through condensation and
coagulation, Yu et al. (2023) compared the simulated size distributions to in-situ mea-
surements of the particle number densities down to a diameter of 3 nm obtained during
the NASA Atmospheric Tomography Mission (ATom) between 2016 and 2018. In the size
range between 3 to 10 nm, the number densities simulated with the GEOS-Chem model
using the Vehkamäki et al. scheme were 1-2 orders of magnitude higher than observed.
The same holds true for SOCOL-AERv2: under background conditions in the southern
hemisphere lowermost stratosphere (70 ° S, 12 km altitude), modeled number densities
for particles smaller than 10 nm in diameter range between 103 and 104 cm–3, while the
ATom observations indicate values between slightly below 101 to 102 cm–3. Using the
kinetic scheme for ion-mediated and binary homogeneous nucleation (Yu et al., 2020) cal-
culated nucleation rates, but also the size distributions simulated by GEOS-Chem were
closer to ATom. Furthermore, the results by Yu et al. (2023) suggest that under low
stratospheric background H2SO4 concentrations nucleation on ions, which is usually not
represented in global models, dominates over binary homogeneous H2SO4-H2O nucleation.
However, the importance of binary homogeneous nucleation is expected to increase under
high H2SO4 concentrations. Unfortunately, CLOUD measurements of nucleation rates re-
fer to stratospheric background conditions only and do not cover strongly elevated H2SO4

concentrations under SO2 injection scenarios or after volcanic eruptions, but based on
the findings of Yu et al. (2023) it may be that all models using the Vehkamäki scheme
overestimate the role of nucleation. This might explain the low bias in the simulated mean
effective radius compared to in-situ measurements following the eruption of Mt. Pinatubo.
Furthermore, this might have substantial repercussions on the simulated aerosol size dis-
tribution, aerosol burdens and radiative forcing under climate intervention conditions,
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most likely resulting in a decreased efficiency of SO2 injections.

This work adds to a series of recent publications that highlight the crucial role of
aerosol microphysics for simulated aerosol properties and modeled estimates of climate
intervention effects on atmospheric chemistry and climate. Our results clearly demon-
strate that there is considerable uncertainty when numerical schemes like the aerosol
microphysics in SOCOL-AERv2 are applied under unprecedented conditions, such as cli-
mate intervention with continuously large SO2 emissions, even if these models have been
thoroughly evaluated and are well capable of reproducing observations under background
or moderately perturbed conditions like volcanic eruptions. It should be emphasized that
our conclusions are mainly based on simulations of regional SO2 injections, which are sup-
ported by point injection scenarios and simulations of the 1991 Mt. Pinatubo eruption. As
the nucleation rate strongly depends on the gas-phase H2SO4 concentration, ambient tem-
peratures and relative humidities, the optimal number of microphysical (sub-)timesteps
will depend on the assumed SO2 injection rates, but also on the injection scenario and
region. Point injections of SO2, for example result in very high, but locally confined
H2SO4 supersaturations, potentially making the results more sensitive to the details of
the microphysical approach. The intention of this paper is to raise awareness within
the (aerosol) modelling community for potential numerical problems within conventional
aerosol microphysics modules when applying them to unprecedented extreme conditions
such as high H2SO4 supersaturations from SO2 injection for climate intervention.

While this study focused on the importance of a proper temporal resolution of aerosol
microphysics, it did not address effects of spatial resolution. Properly resolving the vari-
ous temporal and spatial scales, ranging from nanometers and seconds for microphysical
processes to kilometers and decades for global climate, remains a significant challenge for
aerosol-chemistry-climate models (Vattioni et al., 2019; Weisenstein et al., 2022). Contin-
uous model development, such as embedded SO2 emission plume modelling (Sun et al.,
2022), is indispensable to close the spatial and temporal gap between aircraft emission
plumes and large-scale model grids, and to effectively reduce existing model uncertainties
with respect to the effectiveness of climate intervention by stratospheric sulfur injections.
Furthermore, additional laboratory or small-scale field studies of aerosol formation, growth
and dispersion under various stratospheric conditions could also be beneficial to evaluate
and improve existing numerical models.

Data Availability

The original SOCOl-AERv2 code is available at https://doi.org/10.5281/zenodo.5733121
(Brodowsky et al., 2018). The simulation data using that model code, which does not
account for the interpolation of H2SO4 production within the microphysical sub-loop are
available at https://doi.org/10.3929/ethz-b-000610854 (Stenke et al., 2023). The modified
source code of SOCOL-AERv2 handling the microphysical sub-loop by taking into account
the interpolation of H2SO4 production within the microphysical sub-loop can be found
here: (https://doi.org/10.3929/ethz-b-000610854) and the data from these simulations
are available at http://hdl.handle.net/20.500.11850/622193 (Vattioni et al., 2023b).
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Appendix 2: Supplementary information

A: Summary of sulfur burdens and fluxes

Table 2.2 summarizes numerical results of sulfur burdens and fluxes for most of the simula-
tions performed in this study. Simulations names are the same as in Table 1. In addition,
the index ” no interp.” refers to the old representation of passing the H2SO4 produced
from the gas-phase chemistry routine to the microphysics module in one go, rather than
splitting it properly among the Nmicro substeps.
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B: Importance of proper treatment of gasphase H2SO4

concentrations

In previous versions of SOCOL-AER the total amount of H2SO4 molecules produced by
the chemistry scheme, which is called every two hours, was directly passed to the mi-
crophysical loop. The gaseous H2SO4 concentration was then consecutively updated by
condensation and nucleation. This approach leads to an artificial spike in H2SO4 concen-
trations and supersaturations each time at the beginning of the microphysical calculation,
which then gradually decreased over the microphysical loop. In reality, however, chemical
H2SO4 production as well as nucleation and condensation occur continuously, resulting
in a smoother evolution of atmospheric H2SO4 supersaturations. Therefore, it is impor-
tant to distribute the chemical H2SO4 production uniformly among the Nmicro substeps, in
particular under high sulfur conditions. This is done by updating the gasphase H2SO4 con-
centration by the term ∆ H2SO4/Nmicro after each microphyiscal substep, with ∆ H2SO4

= H2SO4afterchemistry - H2SO4beforechemistry being the total amount of chemically produced
H2SO4 molecules produced in one chemical timestep (Figure 2.1). This avoids erroneously
large H2SO4 concentrations at the beginning of the microphyiscal loop.

Figure 2.6 compares the resulting size distributions for the model versions with and
without ( no interp.) interpolation of the chemical H2SO4 production with Nmicro = 200.
In the no interp. case, the gas-phase H2SO4 reaches its equilibrium vapor pressure
through nucleation and condensation within the first few iterations of Nmicro. During
the remaining iterations of Nmicro coagulation is the only process influencing the size
distribution. This results in a peak in the nucleation mode around 3 nm and in higher
number concentrations below 0.3 µm compared with S25 NC 200. The new setup which
accounts for the interpolation of H2SO4 production within the microphyiscal sub-loop,
however, results in more reasonable nucleation and condensation rates in which the nu-
cleation mass flux is only 1-4 % of the condensation mass flux (see Table 2.2). The new
treatment of the gas-phase H2SO4 is especially important when dealing with high H2SO4

supersaturations, but has no significant effect under background conditions (see BG sim-
ulations in Table 2.2). All the data presented in this paper account for the interpolation
of H2SO4 production within the microphysical sub-loop.
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Figure 2.6: Size distributions (dN/d lnR, particles cm–3) averaged between 30° S and
30° N at 55 hPa for the model simulations with regional SO2 injections of 25 Tg(S) yr–1.
While the blue and orange curves show the convergence of the size distribution when
interpolating the H2SO4 molecules produced during the 2h-chemical timestep equally over
Nmicro, the black curve shows the resulting size distribution when passing the produced
H2SO4 molecules to the microphysical sub-loop in one go.

C: Influence of settings on aerosol surface area density

Climate intervention by stratospheric SO2 emission yields an increase in aerosol burden
and, thus, to a larger surface area density (SAD) available for heterogeneous chemistry.
The SAD does not only depend on the total burden, but also on the detailed size distri-
bution, as smaller particles have a greater surface area per unit mass.

Figures 2.7 and 2.8 show the zonal mean surface area density (SAD) of sulfate aerosol
for January and July. The injection of SO2 leads to a massive increase in SAD throughout
the whole lower stratosphere, with the highest SAD occurring in the polar lowermost
stratosphere, particularly during winter, and in the tropical lower stratosphere, i.e. the
injection region. Figure 2.7 reveals substantial differences between the two S5 simulations,
with S5 NC 200 showing about 20% higher SAD values, which can be explained by a 5%
increase in the stratospheric aerosol burden (Table 2.2), combined with a shift in the size
distribution towards smaller particles (Figure 2.2).
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Figure 2.7: Zonal mean surface area density (µm2 cm–3) for January (left) and July (right)
for the model simulations with 5 Tg(S) yr−1. Top: S5 CN 20, i.e. the original setting in
SOCOL-AER biased towards condensation. Bottom: the unbiased S5 NC 200 setting.

34



Chapter 2. Importance of microphysical settings for climate forcing by stratospheric
SO2 injections as modelled by SOCOL-AERv2

Figure 2.8: Same as Fig. 2.7, but for 25 Tg(S) yr−1.
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D: Influence of settings on atmospheric temperature

profile

Figure 2.9 presents changes in the tropical temperature profile for the two SO2 injection
scenarios. The simulations show a heating of the lower stratosphere caused by the ab-
sorption of longwave radiation by the aqueous sulfuric acid aerosol, and a cooling above
the aerosol layer due to reduced IR heating from below. For the S5 simulations, the
maximum temperature change ranges between 4.5 and 5 K. For the S25 simulations, the
warming of the lower stratosphere is much more pronounced and peaks around 15 K.
For a given mass loading, the longwave absorption by sulfate aerosol does not strongly
depend on the particle sizes (Lacis, 2015), so that the differences between the simula-
tions mostly reflect differences in aerosol mass loading and its vertical distribution. The
difference between the simulations increases at higher levels, reflecting the enhanced up-
ward transport of aerosol particles for simulations with many small, and thus lighter,
particles. However, the range spanned by different microphysical settings is not sufficient
to explain the inter-model spread presented in Weisenstein et al. (2022, their Fig. 10):
While the modeled temperature increase in MA-ECHAM5-HAM was only around 2 K
for 5Mt/yr injection with an aerosol burden increase smaller by about 30% compared to
SOCOL-AER, CESM2 showed a similar warming as SOCOL-AER, despite simulating a
50% higher aerosol burden increase.

Figure 2.9: Change in atmospheric temperature (K) averaged between 30° S and 30° N
due to SO2 gas injections of (a) 5 Tg(S) yr–1, and (b) 25 Tg(S) yr–1. The simulation
BG CN 20 is used as reference.

As discussed in Weisenstein et al. (2022), the stratospheric warming could lead to a
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strengthening of the Brewer–Dobson circulation, which in turn might enhance the trans-
port of H2O into the stratosphere. The actual amount of H2O entering the stratosphere,
however, is largely controlled by the temperature at the tropical cold point tropopause
(∼ 90 hPa). As Fig. 2.9 does not indicate any significant differences in the simulated
temperature changes at the cold point tropopause, we do not expect an influence of the
settings on the modeled changes in stratospheric H2O concentrations.
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Chapter 3

A fully coupled solid particle microphysics
scheme for stratospheric aerosol injections
within the aerosol-chemistry-climate-model
SOCOL-AERv2

Abstract

Recent studies have suggested that injection of solid particles such as alumina and cal-
cite particles for stratospheric aerosol injection (SAI) instead of sulfur-based injections
could reduce some of the adverse side effects of SAI such as ozone depletion and strato-
spheric heating. However, the heterogeneous chemistry and microphyiscal interactions
of solid particles with sulfuric acid are subject to large uncertainties due to lack of ex-
perimental data and observations under stratospheric conditions, which allows only for
simplified assumptions in modelling studies. Here, we present a version of the global
aerosol-chemistry-climate model SOCOL-AERv2 and the Earth System Model (ESM)
SOCOLv4 which incorporate a solid particle microphysics scheme for assessment of SAI
of solid particles. Microphysical interactions of the solid particle with the stratospheric
sulfur cycle were interactively coupled to the heterogeneous chemistry scheme and the
radiative transfer code (RTC) for the first time within an ESM. Therefore, the model
allows simulation of heterogeneous chemistry at the particle surface as well as feedbacks
between microphysics, chemistry, radiation and climate. We show that sulfur based SAI
results in a doubling of the stratospheric aerosol burden compared to the same injection
rate of calcite and alumina particles with radius of 240 nm, mainly due to the smaller
density and the smaller average particle size of sulfuric acid aerosols and thus, slower
sedimentation. Therefore, SAI using solid particles only leads to more effective radia-
tive forcing per resulting aerosol burden compared to sulfur-based SAI, not per injected
mass. The stratospheric sulfur cycle would be significantly perturbed, with a reduction in
stratospheric sulfuric acid burden by 53%, when injecting 5 Mt/yr of alumina or calcite
particles of 240 nm radius. We show that alumina particles will acquire a sulfuric acid
coating equivalent of about 10 nm thickness, if the sulfuric acid is equally distributed over
the whole available particle surface area in the lower stratosphere. However due to a steep
contact angle of sulfuric acid on alumina particles the sulfuric acid coating would likely
not cover the entire alumina surface, which results in available surface for heterogeneous
reactions other than the ones on sulfuric acid. When applying uptake coefficients of 1.0,
10−5 and 10−4 for H2SO4, HCl and HNO3, respectively, the same scenario with injections
of calcite particles results in 94% of the particle mass remaining in the form of CaCO3.
This likely maintains the optical properties of the calcite particles, but could significantly
alter heterogeneous chemistry occurring on the particle surface. However, due to the very
limited amount of experimental data on heterogeneous chemistry and solid particle micro-
physics under stratospheric conditions the modelled ozone and radiative forcing responses
are subject to substantial uncertainty, which could only be addressed with extensive, co-
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ordinated, experimental research efforts. To reduce this uncertainty we suggest research
on 1) the solid particle microphysics in the injection plume and degree of agglomeration
of solid particles on the sub-ESM grid scale, 2) the scattering properties of the resulting
agglomerates 3) heterogeneous chemistry on the particle surface and 4) aerosol-cloud in-
teractions. The model presented in this work offers a useful tool for sensitivity studies and
impact analysis of new experimental results on points 1) to 3) for SAI of solid particles.

This chapter was published as a research paper:

Vattioni, S., Weber, R., Feinberg, A., Stenke, A., Dykema, J. A., Luo, B., Kelesidis, G.
A., Bruun, C. A., Sukhodolov, T., Keutsch, F. N., Peter, T., and Chiodo, G.: A fully
coupled solid particle microphysics scheme for stratospheric aerosol injections within the
aerosol-chemistry-climate-model SOCOL-AERv2, EGUsphere, Geoscientific Model
Development, GMD [preprint], https://doi.org/10.5194/egusphere-2024-444, 2024.
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3.1 Introduction

Even if greenhouse gas (GHG) emissions stopped today, high GHG concentrations and
their effects would persist for centuries, if GHG removal techniques can not be scaled
up fast enough (IPCC, 2023). Stratospheric aerosol injection (SAI) has the potential
to rapidly mitigate some of the adverse impacts of climate warming by increasing the
Earth’s albedo. SAI would be feasible at low cost (Smith, 2020, i.e., about $ 18 billion per
year), but it also entails considerable risks such as adverse environmental side effects and
challenges such as governance of ethical considerations on global and inter-generational
equity and the power of decision (e.g. Robock, 2008; Burns, 2011). For these reasons,
the US National Academy of Sciences and others have proposed research, which explores
the risks risks and benefits of SAI (e.g., Shepherd, 2012; Schäfer et al., 2015; NRC, 2015;
Field et al., 2021).

The idea of SAI evolved from the temporary cooling effect of sulfuric acid aerosols
formed after stratospheric SO2 injections of large explosive volcanic eruptions and was
first proposed by Budyko (1974). In addition, solid particles as alternative materials were
explored in conceptual studies and reports on various climate engineering techniques (e.g.
Keith and Dowlatabadi, 1992; Teller et al., 1996; Keith, 2000). However, research on SAI
was initially a taboo among researchers since it does not present an actual solution to
climate change, but instead at best a treatment of some of its symptoms (MacMartin
et al., 2014; Keith and MacMartin, 2015). The need for research on SAI only became
more to the forefront with the growing appearance of impacts of climate change and
after the proposal to investigate the risks, benefits and the feasibility of SAI by Crutzen
(2006). Potential scenarios for SAI involve reducing the current rate of climate change
or in what is referred to as an ”overshoot scenario”, where SAI would aim at keeping
global temperature increase below 1.5 K, the target set by the Paris agreement in 2015,
until global net zero GHG emissions are achieved, and until solutions are found on how
to remove GHG from the air efficiently (MacMartin et al., 2014; Keith and MacMartin,
2015; MacMartin et al., 2022).

To date, research on SAI has mainly focused on injection of sulfuric acid aerosol pre-
cursor species such as SO2. This has a number of reasons: Due to the natural occurrence
of sulfuric acid aerosols in the atmosphere, the stratospheric sulfur cycle is relatively well
known and interactively simulated in many chemistry climate models (e.g. Thomason and
Peter, 2006; Deshler, 2008; Feinberg et al., 2019; Brodowsky et al., 2023), which makes
it easier for modellers to investigate sulfur-based SAI scenarios. Furthermore, heteroge-
neous chemistry and optical properties of sulfuric acid aerosols in the stratosphere are also
relatively well known from experimental studies (e.g., Burkholder et al., 2020; Ammann
et al., 2013). In addition, observations after large explosive volcanic eruptions such as
the Mt. Pinatubo eruption 1991 (e.g., Arfeuille et al., 2013; Thomason et al., 2018; Baran
and Foot, 1994; Kovilakam et al., 2020) allow for model evaluation of the chemical and
radiative impacts of large stratospheric sulfur emissions (e.g., Deshler et al., 2019; Quaglia
et al., 2023).

However, SAI via SO2 injections also are subject to several limitations making sulfuric
acid aerosols less attractive for a potential use in SAI. These limitations include (1)
aerosol size distributions that are inefficient for backscattering solar radiation with either
too many large or too many small particles (Vattioni et al., 2019), (2) ozone depletion
due to chlorine activation on aerosols (Tilmes et al., 2008; Weisenstein et al., 2022),
(3) stratospheric warming resulting in changes of the large-scale atmospheric circulation
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(Aquila et al., 2014; Tilmes et al., 2017; Visioni et al., 2021; Jones et al., 2022) as well
as (4) substantial inter-model uncertainties on resulting stratospheric aerosol burden and
radiative effects (Weisenstein et al., 2022).

Recent studies have shown that injection of solid particles could overcome several of
these limitations (e.g., Pope et al., 2012; Weisenstein et al., 2015; Keith et al., 2016;
Dykema et al., 2016). Many solid particle candidates such as alumina (Al2O3), calcite
(CaCO3) or diamond particles have larger backscatter efficiencies per stratospheric burden
compared to sulfuric acid aerosols (Dykema et al., 2016). Furthermore, the absorption
efficiency of radiation per resulting aerosol burden is significantly smaller for many solid
materials compared to sulfuric acid aerosols, resulting in reduced stratospheric warming.
Other studies showed that the injection of alumina or calcite particles would result in less
ozone depletion (Weisenstein et al., 2015; Dai et al., 2020) or even in ozone increase in
the case of calcite particles (Keith et al., 2016).

However, contrary to sulfuric acid aerosols, the solid particle types proposed for SAI
do not occur naturally in the stratosphere. Therefore, relatively little is known about
their microphysical interactions and chemical ageing processes, which could alter their
scattering properties, their stratospheric residence time as well as heterogeneous chemistry
hosted on the particles. This makes it very difficult to have confidence in the modeled
impacts of solid particle injections on stratospheric chemistry and climate.

There have been investigations on the impact of alumina-containing solid-fuel space
rocket exhaust on stratospheric ozone and radiative forcing. These studies used flow-tube
experiments (Molina et al., 1997), 2D-chemistry transport modelling (Jackman et al.,
1998; Danilin et al., 2001) as well as conceptual methods (Ross and Sheaffer, 2014). How-
ever, the rocket exhaust investigated in these studies also contains other species such as
water, HCl and black carbon, which makes attribution of the alumina particles effects on
ozone alteration and radiative forcing difficult (Vattioni et al., 2023a). Therefore, micro-
phyiscal interactions of solid particles with background aerosols, as well as their impact
on stratospheric chemistry and radiative forcing, remain subject to large uncertainties.

Nevertheless, there have been several studies that investigated SAI scenarios using
solid particles. Fujii (2011) and Pope et al. (2012) were among the first conceptual
studies which pointed at potential benefits, such as better scattering properties, form
SAI of various solid materials in their studies. At the same time Ferraro et al. (2011)
and Ferraro et al. (2015) used an RTC and a general circulation model, respectively,
to quantify stratospheric heating resulting from some materials as well as the dynamical
stratospheric feedbacks, while prescribing the stratospheric solid particle number densities.
Later, Jones et al. (2016) was the first study that compared tropospheric climate impacts
from SAI of sulfuric acid aerosols with injections of TiO2 and BC using a global circulation
model with an interactive ocean module, while simulating injection and transport of solid
particles with prescribed size distributions. However, non of these studies accounted for
heterogeneous chemistry on particle surfaces nor for microphysical processes. Impacts on
stratospheric ozone from SAI of solid particles were first assessed by Kravitz et al. (2012b)
who investigated SAI with BC aerosols using a chemistry climate model. In summary, the
conclusion from these first studies which mainly investigated SAI of BC and TiO2 particles
is that these materials are not suitable as injection species for SAI since both, TiO2 and
BC have strong UV-VIS absorption, which results in significant stratospheric heating.
However, while injection of BC would result in substantial ozone depletion, experimental
studies on heterogeneous chemistry on TiO2 surfaces indicated reduced impacts on model
stratospheric ozone (Tang et al., 2014, 2016; Moon et al., 2018) compared to sulfuric acid
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aerosols, providing additional motivation for exploration of other species.

At the same time, Dykema et al. (2016) performed detailed radiative transfer cal-
culations of various solid particles, including feedbacks from stratospheric water vapor
and concluded that solid particles such as calcite, diamond, alumina and SiC scatter
solar radiation with better mass efficiency and less stratospheric heating compared to
sulfuric acid aerosols. Weisenstein et al. (2015) was the first study to use a 2D chemistry
transport model with interactive solid particle microphysics as well as microphysical inter-
actions of solid particles with condensed and gaseous sulfuric acid to assess impacts from
heterogeneous chemistry on alumina particle surfaces. The resulting zonal mean number
concentrations were then fed into a RTC offline to simulate the resulting radiative forcing.
Limitations of this study stem from a simplified representation of heterogeneous chem-
istry on alumina particles (Vattioni et al., 2023a) as well as from the 2-D approach which
causes significant simplifications in atmospheric dynamics and transport of the injected
particles. Keith et al. (2016) used the same model to propose substantial stratospheric
ozone increase through removal of HCl from the stratosphere via uptake on calcite particle
surfaces and subsequent sedimentation. Later, Cziczo et al. (2019) pointed to the over
simplified assessment used in the latter study, which applied over simplified heterogeneous
chemistry such as neglecting the formation of hydrates as well as a potential sealing effect
due to the formation of reaction products at the surface. However, most importantly, this
latter study showed that especially CaCO3 and Ca(NO3)2 as well as their hydrates are
good ice nucleation materials, which could result in in a 33% reduction of the radiative
forcing compared to Keith et al. (2016) due to increased cirrus cloud coverage. Further-
more, the interactions of aerosols with polar stratospheric clouds could create a feedback
on polar ozone concentrations, which has not been investigated so far (Cziczo et al., 2019).

Therefore, to assess the real risks and benefits of SAI of solid particles compared to
the more conventionally researched sulfur based approach, it is important to interactively
couple 1) microphysical processes such as agglomeration and sedimentation of solid par-
ticles and their microphysical interaction with condensed and gaseous sulfuric acid with
2) heterogeneous chemistry on the particle surface and the subsequent impacts on strato-
spheric ozone and with 3) aerosol cloud interactions, as well as with 4) the resulting
dynamical feedbacks from changes in ozone, stratospheric warming and cooling of tropo-
spheric climate interactively in one model. Simulating all these effects in a self-consistent
way is crucial, because (1) strong agglomeration can significantly decrease the backscatter
efficiency or increase the sedimentation speed compared to a compact monomer, while (2)
can lead to significant ozone alteration depending on the material and (3) can result in
a positive or negative feedback on radiative forcing through cirrus cloud alteration (e.g.,
Cziczo et al., 2019). The combination of these processes ultimately determines the large-
scale circulation response and surface climate response to SAI with alternate materials.

This study presents a microphysics module for solid particles within the aerosol-
chemistry-climate model SOCOL-AERv2, which represents injected solid particles in-
teractively coupled to advection and sedimentation as well as to the model’s radiative
transfer and heterogeneous chemistry modules (see Figure 3.1). Additionally, the module
calculates microphysical interactions between solid particles and background sulfuric acid
in gaseous and condensed form online. This allows us to account for feedbacks between
different processes, which enables to comprehensively assess the risks and benefits of SAI
of solid particles. However, it has to be kept in mind that direct aerosol-cloud interactions
are not considered in this model, which could alter the resulting radiative forcing through
cirrus cloud feedbacks (e.g., Cziczo et al., 2019). In this study, we focus on the injection
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of alumina and calcite particles since these are some of the few potential particle types for
which some heterogeneous reaction rates have previously been measured (Molina et al.,
1997; Huynh and McNeill, 2020; Dai et al., 2020; Huynh and McNeill, 2021).

3.2 Model description

The interactive coupling of aerosol microphysics with heterogeneous chemistry and radi-
ation makes the SOCOL models (Feinberg et al., 2019; Sukhodolov et al., 2021) suitable
to explore feedbacks between microphysics, stratospheric chemistry, radiation as well as
tropospheric and stratospheric climate. The SOCOL model family has been successfully
used to reproduce the global sulfur cycle under volcanically active (e.g., Mt. Pinatubo
1991) and quiescent conditions (e.g., Sheng et al., 2015; Sukhodolov et al., 2018; Feinberg
et al., 2019; Brodowsky et al., 2021; Quaglia et al., 2023; Brodowsky et al., 2023) as well
as to evaluate impacts of sulfur-based SAI scenarios (Heckendorn et al., 2009; Vattioni
et al., 2019; Weisenstein et al., 2022), which makes them the tools of choice to evaluate
SAI of solid particles.

3.2.1 SOCOL-AERv2

SOCOL-AERv2 is based on the chemistry climate model SOCOLv3 (Stenke et al., 2013)
which consists of the middle atmosphere version of the spectral general circulation model
ECHAM5 (Roeckner et al., 2003, 2006) and the chemistry transport model MEZON
(Rozanov et al., 1999; Egorova et al., 2003). MEZON treats 59 gaseous species of the
nitrogen, oxygen, carbon, chlorine, bromine and sulfur families, which are subject to
ECHAM5.4 advection. The chemical solver of MEZON is based on the implicit iterative
Newton-Raphson scheme (Ozolin, 1992; Stott and Harwood, 1993) and accounts for 16
heterogeneous, 58 photolysis and 160 gas-phase reactions, which represent the most rele-
vant aspects of stratospheric chemistry. The sectional (size resolved) aerosol-microphysics
module of the chemistry transport model 2D-AER (Weisenstein et al., 1997, 2007) was
then interactively integrated into the three dimensional grid of SOCOLv3 resulting in
the first version of SOCOL-AERv2 (Sheng et al., 2015, i.e., SOCOL-AERv1), which was
later further updated by Feinberg et al. (2019, i.e., SOCOL-AERv2). SOCOL-AERv2
tracks sulfuric acid aerosols within 40 dry aerosol mass bins ranging from 2.8 molecules
to 1.6 × 10 12 molecules corresponding to dry radii from 0.39 nm to 0.32 µm (assuming
a density of 1.8 g/cm3) with the number of molecules doubling for subsequent bins. The
wet aerosol properties are then calculated in every SOCOL grid box taking into account
the H2SO4 weight percent as a function of relative humidity and temperature (Tabazadeh
et al., 1997). AER calculates microphysical processes such as sulfuric acid aerosol for-
mation from gaseous H2SO4 via nucleation (Vehkamäki et al., 2002) and condensation
as well as their evaporation (Ayers et al., 1980; Kulmala and Laaksonen, 1990). Coagu-
lation of sulfuric acid aerosols is calculated using the semi-implicit method of Jacobson
and Seinfeld (2004) while the coagulation kernel is calculated using the empirical formula
of Fuchs (1964). Finally, sedimentation is treated based on Kasten (1968) adopting the
numerical scheme of Walcek (2000) and aerosols are removed from the model via interac-
tive calculation of wet and dry deposition (Tost et al., 2006, 2007; Kerkweg et al., 2006,
2009; Revell et al., 2018). While in the troposphere prescribed aerosol quantities are
used and aerosol-cloud interactions are not accounted for, in the stratosphere the aerosol
number densities, the wet aerosol volume, the surface area density (SAD) as well as the
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H2SO4 weight percent of the aerosols resulting from AER are subsequently passed on to
the heterogeneous chemistry scheme and to the RTC of SOCOL-AER, which makes the
stratospheric aerosol module fully interactive.

The LW scheme of the RTC of ECHAM5.4 is based on the Rapid Radiative Transfer
Model (RRTM Mlawer et al., 1997) using the correlated k-method with a resolution of
16 bands in the spectral range from 10 cm−1 to 3000 cm−1. The shortwave (SW) code is
based on Fouquart and Bonnel (1980) and has a spectral resolution of 6 bands ranging
from 185 nm to 4 µm. While the short wave code accounts for scattering and absorption
of radiation on aerosols the RRTM accounts for absorption and emission of radiation.
Tabulated values of absorption and scattering efficiencies as well as asymmetry factors
are used together with the model’s aerosol number densities to calculate the scattering and
absorption coefficients of the aerosol size distribution, which are then fed into the RTC
of SOCOL-AERv2. The tabulated absorption and scattering efficiencies were calculated
as a function of aerosol size, H2SO4 weight percent and spectral resolution based on Mie
theory with refractive indexes from Yue et al. (1994) and Biermann et al. (1996).

The version of SOCOL-AERv2 used for this study has a vertical resolution of 39
sigma-pressure levels reaching up to 0.01 hPa (about 80 km altitude) and T42 horizon-
tal resolution (2.8° × 2.8°). The dynamical time step is 15 minutes, while chemistry is
calculated every 2 hours. The aerosol microphysics (nucleation, condensation and coag-
ulation) is calculated with operator splitting by applying a loop of 20 iterations within
the chemistry call every 2 hours, making the microphysical time step 6 minutes. How-
ever, Vattioni et al. (2023b) have shown that for enhanced H2SO4 supersaturations a
microphysical timestep of 6 minutes is not short enough. Therefore, we applied a mi-
crophysical timestep of 2 minutes (60 subloops within the chemistry routine) for all SO2

emission scenarios. Other processes relevant for aerosols such as wet and dry deposition
and sedimentation as well as calculations of aerosol quantities relevant for radiative trans-
fer and heterogeneous chemistry such as SAD, pH and number densities are calculated
and updated every 2 hours.

The same solid particle microphysics module was also incorporated in the fully coupled
ESM SOCOLv4 (Sukhodolov et al., 2021) a further development of SOCOL-AERv2 which
is based on the CMIP6 version of MPI-ESM (Mauritsen et al., 2019). While SOCOL-
AERv2 and SOCOLv4 share the chemistry and aerosol microphysics scheme, SOCOLv4
is based on ECHAM6 (Stevens et al., 2013), which incorporates an interactive ocean
module (Jungclaus et al., 2013). Furthermore, it provides a finer resolution of the short-
wave spectrum as well as a higher spatial resolution and a smaller dynamical timestep,
which makes it computationally much more expensive. This paper is based on SOCOL-
AERv2, which uses prescribed sea surface temperatures and sea ice concentrations to
study the effective radiative forcing as well as microphysics and impacts on heterogeneous
chemistry, while SOCOLv4 will be used in the near future for studies on tropospheric
climate impacts of solid particle injections.

3.2.2 The interactive solid particle microphysics module

For the representation of the solid particles we use a similar sectional approach as for
the sulfuric acid aerosols. Particles are injected as monomers, which can grow to larger
order agglomerates via coagulation (see subsections on ”Coagulation”). The injected
monomer radius can be determined in the model and varies between 80 nm and 320 nm
in this study to investigate trade offs between agglomeration, sedimentation speed and
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backscatter efficiency of different injected monomer radii. To keep track of the monomers
and their agglomerates the solid particles are represented by different mass bins (i=1-
10), with mass doubling between subsequent bins (i.e., 1-, 2-, 4-, 8-, 16-, 32-, 64-, 128-,
256- and 512-mers). Since coagulation is much more efficient for smaller particles we
only used all 10 solid particle mass bins (up to 512-mer) for injections of particles with
small monomer radii, while for radii larger than 200 nm 5 mass bins (up to 16-mers)
are sufficient due to only little agglomeration. The solid particles are fully interactive
with the stratospheric sulfur cycle including sulfuric acid aerosols (see subsections on
”Coagulation and Condensation”). We also accounted for heterogeneous chemistry taking
place on solid particle surfaces (see subsections ”Heterogeneous Chemistry”) as well as
for scattering and absorption of radiation (see subsection ”Radiation”), which makes this
the first fully coupled aerosol chemistry climate model to simulate SAI of solid particles
except for aerosol cloud interactions. The various processes, which are accounted for in
the model are depicted in Figure 3.1 and described in detail in the following subsections.

Gaseous H2SO4 / HNO3 / HCl molecules
Polydisperse H2SO4-H2O background aerosol
Monodisperse solid particles
Solid agglomerates (dimers, 4-mers, i-mers, … 512-mers)
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Figure 3.1: Schematic illustration of the different processes (yellow boxes) represented
in the solid particle microphysics model incorporated in SOCOL-AERv2 and SOCOLv4.
The right side of the figure depicts processes relevant for solid particles in general and
the left side depicts specific processes relevant to alumina (upper part) and calcite (lower
part) particles. Orange arrows represent most important feedbacks between processes
considered in the model.

46



Chapter 3. A fully coupled solid particle microphysics scheme for stratospheric aerosol
injections within the aerosol-chemistry-climate-model SOCOL-AERv2

3.2.2.1 Mobility radius

To represent processes such as sedimentation and coagulation of agglomerates the mobility
radius of the agglomerates (rm,i) is required (Spyrogianni et al., 2018). The mobility radius
of alumina (ρ = 3.98 g/cm3) and calcite (ρ = 2.71 g/cm3) agglomerates with primary
particle radii of 5 nm, 80 nm, and 215 nm for alumina particles as well 5 nm, 80 nm, and
275 nm for calcite particles were determined by using a discrete element model (DEM) of
particle motion and coagulation (Kelesidis and Kholghy, 2021). The model simulates the
coagulation dynamics of nanoparticles and has been validated with experimental data from
black carbon (Kelesidis et al., 2017a,b), zirconia (Eirini Goudeli and Pratsinis, 2016) and
silica (Kelesidis and Goudeli, 2021) nanoparticles. Furthermore, it was recently interfaced
with the discrete dipole approximation (Kelesidis and Pratsinis, 2019; Kelesidis et al.,
2020, 2023) and global climate models (Kelesidis et al., 2022) to accurately estimate the
direct radiative forcing from black carbon agglomerates. In brief, 1000 monodisperse
alumina or calcite particles with initial number concentration of 107−1014 cm−3 and radii
of 5, 80 as well as 215 or 275 nm are randomly distributed in a cubic simulation box at
constant pressure and temperature of 50 hPa and 240 K, respectively. Then, the particle
motion and coagulation are derived using an event driven method (Goudeli et al., 2015).
That way, the evolution of the total number concentration (Section S1, Fig. S1) and size
distribution (Fig. S2) can be derived accounting for the realistic agglomerate structure.
Furthermore, the agglomerate rm,i can be obtained from its projected area, Aproj,i (Rogak
et al., 1993):

rm,i =

√
Aproj,i

π
. (3.1)

No significant differences in the resulting average mobility radius of the agglomerates
could be observed resulting from the modelled range of initial concentrations (see Figure
3.2, S1 and S2). The mobility radii of other particle sizes (i.e., 160 nm, 240 nm, and
320 nm, see Section 3.3) can be linearly extrapolated from the radii resulting for 80 nm,
215 nm, and 275 nm particles. Further details on the DEM simulations can be found
in Appendix 3A (Figures 3.12 and 3.13). The representation of the particles with the
mobility radius is an improvement compared to previous studies (e.g. Weisenstein et al.,
2015, who used the radius of gyration assuming the same fractal dimensions of 1.6 or 2.6
for all agglomerates, see Figure 3.14 in Appendix 3A), especially for representation of sed-
imentation and thus, the resulting stratospheric aerosol burden. It should be noted that
the agglomerate fractal dimension evolves during coagulation and attains its asymptotic
value of 1.6-1.8 when agglomerates containing at least 15 monomers are formed (Goudeli
et al., 2015). Thus, assuming constant fractal dimensions can result in an overestimation
of the agglomerate number density and mobility radius (see Figure 3.14 in Appendix 3A
Kelesidis and Kholghy, 2021).

However, these DEM simulations also showed that it could be challenging to reduce
initial particle concentrations in an aircraft wake to levels that are small enough to avoid
rapid agglomeration in an aircraft wake (see 3.13). Most simulations showed agglomerates
size distributions peaking at agglomerates between 101 and 103 primary particles per
agglomerate after only two hours, which would reduce scattering efficiencies as well as
increase sedimentation speeds of the solid particles. However, these simulations neglected
the effect of dilution, which could reduce number concentrations and thus, coagulation.
Nevertheless, the neglected injection plume processes at the sub ESM grid scale remain
one of the major limitations of most global models including the one used in this study.
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Figure 3.2: The averaged mobility radius of different agglomerates for calcite (blue) and
alumina (red) particles with primary particle radius of 80 nm as a function of initial
concentrations modelled by a DEM. The averaged shape of agglomerates resulting from
initial concentrations of 2× 1012 cm−3 is illustrated in dark blue.

3.2.2.2 Sedimentation

The solid particles were integrated into the same sedimentation scheme as applied for
sulfuric acid aerosols in SOCOL-AERv2, which is based on Kasten (1968) and Walcek
(2000). Following Spyrogianni et al. (2018) we used the mobility radius for calculation of
the terminal velocity. The terminal velocity of a falling particle in a fluid can be described
with Stokes law, when the Reynolds number is significantly smaller than 1 (Seinfeld and
Pandis, 1997). This applies to falling sub-micron particles in the atmosphere. Assuming
buoyancy is negligible, the terminal velocity is reached when the drag force (FD, equation
3.3) and the gravitation force (FG, equation 3.2) of a falling particle are in equilibrium
(i.e., FG=FD).

FD =
6 π ηair rm,i

C(rm,i)
vt,i (3.2)

FG = mi g = ρp i
4

3
r30 g (3.3)

In equation 3.3 and 3.2 mi is the particle mass of mass bin i, g the gravitational constant,
ηair the viscosity of air, ρp the density of the particle, rm,i the mobility radius of the particle,
C(ri) the Cunningham correction of the particles in mass bin i, and r0 the monomer radius.
Solving for vt,i gives equation 3.4 which is used to calculate the sedimentation speed of
the solid particles in the aerosol sedimentation scheme of SOCOL-AERv2 Feinberg et al.
(2019):

vt,i =
mi g C(rm,i)

6 π ηair rm,i

. (3.4)

The resulting sedimentation speeds of solid particles and their agglomerates calculated in
SOCOL-AERv2 are shown in Figure 3.15 in Appendix 3B.

3.2.2.3 Wet and dry deposition

Solid particles are removed from the atmosphere via the same interactive wet and dry
deposition schemes as used for sulfuric acid aerosols in SOCOL-AERv2, which were im-
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plemented and tested in Feinberg et al. (2019, see Section 3.2.1). Uptake of solid particles
in cloud and rain droplets is calculated based on a mobility radius-dependent calculation
of nucleation and impaction scavenging. Solid particle mass released to the atmosphere
after cloud evaporation is added back to the largest available solid particle mass bin. Dry
deposition velocities are calculated following the resistance approach by Wesely (1989)
using the mobility radius (see Section 3.2.2.1) and the corresponding densities of the solid
particles.

3.2.2.4 Radiation

To make the solid particles interact with the RTC code, SOCOL-AERv2 requires a lookup
table with the absorption and scattering efficiencies (Qabs and Qsca) normalized to the
geometric cross-section obtained from their volume equivalent radii (rve,i) as well as the
asymmetry factor (gasy) for all mass bins, i. The volume equivalent radius is given by

rve,i =
3

√
i
4

3
πr30 , (3.5)

where r0 is the primary particle radius (i.e., monomer radius). While Qabs, Qsca and
gasy are required for all spectral SW bands, the LW bands only require the look up table
for Qabs, since the RRTM (Mlawer et al., 1997) incorporated in SOCOL-AERv2 does not
account for scattering in the LW spectral bands.

For the monomers these optical properties are calculated from Mie theory utilizing
the solution of (Bohren and Huffman, 2008) for calcite and alumina particles, imple-
mented with an open source MATLAB code (Mätzler, 2002). For the aggregates the code
developed by Rannou et al. (1999) was applied, which is a semi-empirical fit to a mean-
field theory solution of the Maxwell equations for interaction of fractal agglomerates with
electromagnetic waves. Both of these codes provide the full scattering phase function,
although it is not utilized by SOCOL-AER’s RTC. The required inputs for the monomer
code are complex refractive index as a function of wavelength and monomer size, which
were taken from Tropf and Thomas (1997) for alumina and from Ghosh (1999) and Long
et al. (1993) for calcite. This is also consistent with (Dykema et al., 2016). For the ag-
gregates, the number of monomers comprising the aggregate and the fractal dimension
are also required as an input. Within each SW radiative transfer model band the opti-
cal scattering and absorption are weighted by the incident top-of-the-atmosphere (TOA)
solar spectrum and averaged, whereas in the LW bands scattering is neglected and ab-
sorption is given as a simple average over each spectral band. The resulting Qabs for all
spectral bands as well as Qsca and gasy for the SW bands, which were subsequently used
into SOCOL-AERv2 are shown in Figure 3.16 and Figure 3.17 in Appendix 3C.

In SOCOL-AERv2 the scattering and absorption cross sections (σsca,i and σabs,i) of a
particle in mass bin i is given by:

σi = π r2ve,i Qi (3.6)

The scattering and absorption coefficients, ϵsca,i and ϵabs,i of each mass bin are then
calculated via equation 3.7 by multiplying the cross sections of each mass bin with the
number densities (Ni) of each mass bin. Summing up over all mass bins yields the total
scattering and absorption coefficient (ϵsca and ϵabs) for each spectral SW band:

ϵ =
10∑
i=1

ϵi =
10∑
i=1

Ni σi (3.7)
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The extinction coefficient (ϵext) as well as the single scattering albedo (ωssa) are given
by

ϵext = ϵsca + ϵabs (3.8)

ωssa =
ϵsca
ϵext

(3.9)

Additionally, the bulk asymmetry factor (gasy) for the solid aerosol size distribution is
calculated by the sum of each mass bin’s assymetry factor (gasy,i) weighted by the corre-
sponding scattering coefficient:

gasy =
1

ϵsca

10∑
i=1

gasy,i ϵsca,i (3.10)

Parameters derived from equations 3.7 to 3.10 are then fed to the RTC of SOCOL-AERv2,
where the absorption and the scattering due to solid particles is calculated for each spectral
band.

For simplicity, the optical properties of the monomers comprising all particles were
calculated assuming pure, unaged spheres for interactions of the particles with radiation,
although the model would allow applying optical properties as a function of particle aging
if data were available. We used the semi-empirical code of Rannou et al. (1999) to look
at the change of the optical properties of alumina particles with radius of 240 nm when
assuming a 10 nm thick spherical sulfuric acid coating (a valid assumption, see Section
3.4.3), but found only very little changes in scattering and absorption properties (not
shown). However, for this calculation an effective medium approximation (i.e., using
a volume-weighted function of the refractive indices of the constituent materials Lesins
et al., 2002) was applied to provide an effective refractive index for the alumina-sulfuric
acid core-shell. This was necessary because the Rannou et al. (1999) code can only handle
homogeneous spherical constituent monomers. Since composition changes of the particles
resulting from the simulations in this study are only small (see Section 3.4) with only
little impact on optical properties, we only accounted for the optical properties of bare
calcite and alumina particles. Changes in optical properties as a result of composition
changes of the solid particles through aging processes such as uptake of HNO3 on calcite
particles resulting in Ca(NO3)2 (see Section 3.2.4) or as a result of sulfuric acid uptake at
the alumina particle surface (see Section 3.2.3) were not accounted for.

3.2.3 Alumina particles

Alumina particles are represented with two sets of prognostic variables representing two
times the 10 mass bins for solid particle monomers and agglomerates. One set of mass
bins represents particles partially coated by sulfuric acid, while the other set represents
particles fully coated by sulfuric acid. Particles are emitted as spherical monomers with
density ρ=3.98 g/cm3 and a molar weight of 101.1 g/mol into the partially coated alumina
monomer mass bin. They can acquire a sulfuric acid coating via condensation of H2SO4(g)

or via coagulation with sulfuric acid aerosols. When the coating mass per primary particle
reaches a certain threshold (see Section 3.2.3.3, ”Contact angle”) they are moved to the
fully coated mass bins.

3.2.3.1 Coagulation of alumina particles

The coagulation dynamics of solid particles and their interaction with sulfuric acid aerosols
were integrated in the same semi-implicit coagulation schemes for sulfuric acid aerosols
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presented in Sheng et al. (2015) and Feinberg et al. (2019, see subsection ”SOCOL-
AERv2”). Coagulation of solid particles and sulfuric acid aerosols are represented fol-
lowing the description in Weisenstein et al. (2015, see their Appendix A), with the only
difference that here we do not account for pure solid particles and coated solid particles,
but for partially coated and fully coated particles (see Figure 3.1, alumina particles). We
account for self coagulation of sulfuric acid aerosols, partially coated solid particles and
fully coated sulfuric acid particles as well as coagulation between these three categories.
This results in a total of 2 sets of 10 solid particle mass bins for partially coated and fully
coated particles as well as one additional prognostic variable for each solid particle mass
bin to keep track of the sulfuric acid coating, which results in a total amount of 4 × 10
additional prognostics variables for solid particle representation.

As already stated in Weisenstein et al. (2015) applying a mass doubling between
subsequent bins leads to an artificial broadening of the particle size distribution since co-
agulation would often result in agglomerates of sizes, which fall in between two mass bins.
In these cases the resulting mass is split up between neighboring mass bins by applying a
statistical weighting Weisenstein et al. (see 2015, Appendix A). The errors resulting from
this discrete aerosol mass binning could lead to a broadening of the size distribution dur-
ing the coagulation process, which could result in somewhat overestimated sedimentation
of solid particles (Weisenstein et al., 2015). The resulting error depends on the coarseness
of the bin spacing (Weisenstein et al., 1997, 2007), which is a mass doubling in this case.
The mass doubling between subsequent mass bins applied in this model is a good com-
promise between accuracy of representation and usage of computational resources, since
computational resources increase with every additional prognostic variable.

The coagulation kernel was calculated using the mobility radius for solid particle
agglomerates (see previous section ”Mobility radius”) and the spherical radius for liquid
sulfuric acid aerosols for every possible combination of collisions i.e., self coagulation
between aerosol mass bins of every category (40 liquid sulfuric acid mass bins, 10 partially
coated and 10 fully coated solid particle mass bins) as well as coagulation between all mass
bins of every aerosol particle category. The calculation of the coagulation kernel followed
the same methodology as for sulfuric acid aerosols in SOCOL-AERv2 (see Section 3.2.1)
and was implemented following (Weisenstein et al., 2015, Appendix A). The representation
applied only accounts for Brownian coagulation and neglects gravitational, convective
and Van der Waals corrections, which results in slight underestimation of coagulation
efficiencies.

3.2.3.2 Condensation and evaporation of H2SO4

Condensation of H2SO4 on alumina particles and evaporation of H2SO4 from alumina
particles was treated the same way as described in Weisenstein et al. (2015, Appendix A)
following the methodology described in Jacobson and Seinfeld (2004). However, contrary
to Weisenstein et al. (2015) we accounted for condensation of H2SO4 not only on fully
coated, but also on partially coated solid particles. The H2SO4 condensation rates on
solid particles are calculated as a function of the SAD of a solid particle, their number
density, the molecular diffusion coefficient of H2SO4, the difference between the H2SO4

partial pressure and the H2SO4 equilibrium vapour pressure as well as the primary particle
radius of every agglomerate to account for the Kelvin effect. Evaporation of H2SO4 is
represented with the same scheme as for coagulation and occurs when the partial pressure
of H2SO4 is smaller than the equilibrium vapour pressure of H2SO4, which mainly occurs
above 35 km altitude.
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3.2.3.3 Contact angle of H2SO4(aq) on solid particles

For partially coated alumina particles sulfuric acid coating is represented by accounting for
the contact angle (θ) of H2SO4 –H2O on alumina particles to differentiate between surface
area covered by sulfuric acid and uncovered Al2O3 surface area. Figure 3.3 a) shows the
basic geometry of a partial sphere from which equations were derived to calculate the
share of the two types of surface area (Polyanin and Manzhirov, 2006). The volume of
liquid sulfuric acid per monomer (Vliq) as well as the contact angle (θ) is known and β
can then be determined by inserting 3.12-3.16 into 3.11 (see Figure 2c). In 3.11 Vp and
Vl are the volumes of the partial spheres of the solid particle and the liquid sulfuric acid
respectively (see Figure 3.3a), while h is referring to the height of the missing part of the
sphere, r to the radius of the partial spheres and c to the base radius of the partial spheres
(see Figure 3.3a) of liquid sulfuric acid (l) and the solid particle (p, see Figure 3.3c).

Vliq = Vl − Vp =
π

6
hl (3c

2 + h2l )−
π

6
hp (3c2 + h2p) (3.11)

hl = rl − rl (cos (θ + β)) (3.12)

hp = rp − rp (cos (β)) (3.13)

c = rp sin (β) (3.14)

c = rl sin (θ + β) (3.15)

rl =
sin (β) rp
sin (θ + β)

(3.16)

The solid particle surface area and the sulfuric acid surface area per solid particle monomer
can then be calculated with 3.17 and 3.18.

Sliq = π (c2 + h2l ) (3.17)

Ssolid = 4 π r2p − π (c2 + h2p) (3.18)

The liquid sulfuric acid volume of each mass bin is assumed to be equally distributed
over all primary particles within one agglomerate assuming that every primary particle
hosts the same amount of sulfuric acid. The whole alumina and sulfuric acid coating mass
is transferred to the fully coated mass bins as soon as β is larger than 90°, an arbitrarily
but realistic criteria for immersion (see Figure 3.3b). The fully coated mass bins assume
the alumina particles to be equally spherical and fully covered by sulfuric acid (see Figure
3.1, ”Alumina particles”).

3.2.3.4 Heterogeneous chemistry on alumina particles

The sulfuric acid SAD resulting from the partially coated alumina particles as well as the
one from fully coated alumina particles is added to the total available sulfuric acid aerosol
SAD and the same heterogeneous chemistry is assumed to take place on this surface area
as for sulfuric acid aerosols (Sheng et al., 2015). On alumina SAD of partially coated
alumina particles, we accounted for reactions 3.19 to 3.21:

ClONO2 +HCl → Cl2 +HNO3 (3.19)

ClONO2 +H2O → HClO + HNO3 (3.20)

N2O5 +H2O → 2HNO3 (3.21)
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Figure 3.3: Schematic illustration of the representation of the contact angle of H2SO4

(depicted in orange) on alumina particles (depicted in grey). Panel a) depicts the general
geometry of a partial sphere with basic equations. The criteria for immersion is illustrated
in panel b). An additional molecule of H2SO4 acquired on this particle will lead to transfer
of the particle mass to the fully coated mass bins. Panel c) illustrates the quantities used
for the equations used in the main text to determine the angle β (see 3.11-3.16), which is
then used to determine the sulfuric acid SAD and the alumina SAD (see 3.17 and 3.18).

Though Molina et al. (1997) measured uptake coefficients for reaction 3.19, their data
are not representative for low stratospheric HCl partial pressures. To extrapolate the
experimental data of Molina et al. (1997) to typical stratospheric values, we applied a
Langmuir-Hinshelwood representation of adsorption and reaction as detailed in Vattioni
et al. (2023a). For the this study we used the scenario “dissociative γ, α=0.1” to calcu-
late the uptake coefficient of ClONO2 on alumina particles for R1. Due to the lack of
experimental data on other heterogeneous reactions we only accounted for reaction 3.20
and 3.21 by assuming the same reaction rates as on sulfuric acid aerosols, which is an
upper limit estimate (Vattioni et al., 2023a).

3.2.4 Calcite particles

In contrast to alumina, calcite is alkaline and thus reactive towards the acids in the
stratosphere. Therefore, calcite particle can change their composition by forming salts at
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the surface (Keith et al., 2016; Cziczo et al., 2019; Huynh and McNeill, 2020; Dai et al.,
2020; Huynh and McNeill, 2021). This requires a different treatment than for alumina
particles, which do not undergo compositional changes, but only acquire a sulfuric acid
coating at the surface.

3.2.4.1 Heterogeneous chemistry on calcite particles

For calcite particles the following heterogeneous reactions upon uptake of HCl, HNO3 and
H2SO4 are considered (3.19-3.21):

CaCO3 + 2HCl → CaCl2 +H2O+ CO2 (3.22)

CaCO3 + 2HNO3 → Ca(NO3)2 +H2O+ CO2 (3.23)

CaCO3 +H2SO4 → CaSO4 +H2O+ CO2 (3.24)

To keep track of the reaction products (Ca(NO3)2, CaCl2 and CaSO4) additional prognos-
tic variables for all three products were implemented for every calcite mass bin, resulting
in a total of 40 prognostic variables (4 species times 10 mass bins). The total number
of molecules per particle is always the same, but depending on the uptake of acids they
are either in the form of CaCO3, Ca(NO3)2, CaCl2 and CaSO4. This changes the den-
sity of the particles (i.e., ρCaCO3=2.71 g/cm3, ρCaSO4=2.32 g/cm3, ρCa(NO3)2=2.50 g/cm3,
ρCaCl2=2.15 g/cm3) and therefore also their radius, which is accounted for in the model.
As stated by Cziczo et al. (2019) this is a simplification since in reality the reaction prod-
ucts would form hydrates, which are less dense then their anhydrous forms, and likely
also mixed salts.

Reactions 3.22-3.24 are treated as first order reactions resulting in the following mass
balance for calcite and the reaction products:

d[CaCO3]

dt
= −0.5[HCl]kHCl+CaCO3

− [H2SO4]kH2SO4
+CaCO3

− 0.5[HNO3]kHNO3
+CaCO3

(3.25)
d[CaCl2]

dt
= 0.5[HCl]kHCl+CaCO3

(3.26)

d[Ca(NO3)2]

dt
= 0.5[HNO3]kHNO3

+CaCO3
(3.27)

d[CaSO4]

dt
= [H2SO4]kH2SO4

+CaCO3
(3.28)

Values in brackets are the molecule number densities of the different species. The resulting
CO2 and H2O from reactions 3.22 to 3.24 is not further tracked since resulting quantities
are very small compared to background concentrations of these species. For the calculation
of heterogeneous chemistry CaCO3 molecules of all bins are summed up, but the resulting
products are redistributed to the different size bins depending on the share of available
SAD from each mass bin. The SAD is always assumed to be pure CaCO3, which means
that all reaction sites are always available for reaction. Therefore, no passivation occurs,
but instead a constant uptake coefficient (γ) is applied to calculate the reaction rate (k)
for reaction 3.22 to 3.24 following equation 3.29, where v is the thermal velocity of the
molecule colliding with the surface (i.e., HCl, HNO3 or H2SO4 in this case):

k =
γ v SAD

4
(3.29)
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The passivation effect of the surface must be accounted for via the uptake coefficient γ,
which should be representative for the whole stratospheric lifetime of the calcite particles
(about 1 year) and not only for the generally much larger initial reactive uptake on
pure calcite particles such as measured in Huynh and McNeill (2020, 2021). However,
neglecting the surface passivation effect over time is again a simplification, since in reality
the surface would most likely undergo passivation through the uptake of reaction products.
The reaction products would also form hydrates which might host other heterogeneous
reactions (Cziczo et al., 2019). However, the setup presented here allows for sensitivity
analysis of different processes such as varying the uptake coefficients and analyzing the
total uptake of HCl, HNO3 and H2SO4.

In this study we applied uptake coefficients of 10−4 and 10−5 for the uptake of HNO3

(3.23) and HCl (3.22), respectively, following Dai et al. (2020), and an uptake coefficient
of 1.0 for H2SO4 (3.24), assuming that every collision of a H2SO4 molecule with a cal-
cite particle results in immediate uptake and reaction to CaSO4. Other heterogeneous
chemistry on calcite particles is neglected.

3.2.4.2 Coagulation of calcite particles

Coagulation of calcite particles is calculated by the same schemes as for alumina particles.
However, instead of tracking the sulfuric acid coating, the CaCO3, Ca(NO3)2, CaCl2 and
CaSO4 mass per bin is tracked. Additionally, coagulation of calcite particles with sulfuric
acid aerosols is assumed to result in instantaneous and irreversible formation of CaSO4

(same as reaction 3.24).

3.3 Experimental setup

Each injection scenario (see Table 3.1) emitted continuously between 30°S and 30°N at
all longitudes at 54 hPa (∼20 km altitude). The baseline scenarios injected alumina
and calcite particles at particle radii of 240 nm at a rate of 5 Mt/yr. Additionally, we
performed sensitivity analyses with respect to the injected particle radius, the injection
rate, as well as the sulfuric acid contact angle on alumina particles (see Table 1 for
details). For comparison with sulfur-based SAI, different scenarios with injections of
gaseous SO2 as well as accumulation-mode aerosol of condensed H2SO4, assuming a log-
normal distribution with a mean radius of 0.95 µm and a σ of 1.5, were also simulated (see
Vattioni et al., 2019; Weisenstein et al., 2022, see Table 1 for details). The latter scenario
assumes that an optimised aerosol size distribution with a mean radius of 0.095µm can be
produced by injecting gaseous H2SO4 into an aircraft plume Pierce et al. (2010); Benduhn
et al. (2016); Vattioni et al. (2019); Weisenstein et al. (2022). The resulting aerosol size
distribution could result in larger RF, while simultaneously reducing some side effects such
as ozone depletion compared to SO2 injections. However, the underlying assumptions are
subject to large uncertainty (Vattioni et al., 2019).

All simulations are time-slices spanning 20 years with all boundary conditions set to
the year 2020. For sea surface temperatures (SST) and sea ice concentrations (SIC), a cli-
matological 10-year (2010-2019) average seasonal cycle from the Hadley dataset was used
(Kennedy et al., 2019), while GHG and ODS concentrations were taken from SSP5-8.5
(O’Neill et al., 2015) and WMO (2018), respectively. The first 5 years of each simulation
served as spin-up to equilibrate stratospheric aerosol burdens. Hence, all SOCOL-AERv2
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data shown in this study are 15-year averages. The boundary conditions follow the Ge-
oMIP test-bed experiment ”accumH2SO4”1 except for injecting the absolute mass of each
species and not the equivalent sulfur mass as well as for the boundary conditions following
the year 2020 instead of 2040 (see also Weisenstein et al., 2022).

Table 3.1: Overview of the simulations performed in this study. Columns show the emitted
species, the injection rate, the injected primary particle radius as well as the contact angle
where applicable. Injections were emitted continuously between 30°N and 30°S at 20 km
altitude. The baseline configurations are marked in bold.

Emitted Injection Rate Injected Primary Contact
Species (Mt yr−1) Particle Radius Angle

Alumina
1, 5,

10 and 25
240 nm

15°, 30°, 45°, 60°,
fully covered

Alumina 5
80 nm, 160 nm,
240 nm, 320 nm

30°

Calcite
1, 5,

10 and 25
240 nm n/a

Calcite 5
80 nm, 160 nm,
240 nm, 320 nm

n/a

SO2
1, 5,

10 and 25
n/a n/a

AM-H2SO4
1, 5,

10 and 25
r=0.95 µm, σ=1.5 n/a

3.4 Results

The stratospheric sulfur cycle is usually represented with sulfur equivalent burden (i.e.,
GgS), fluxes and injection rates (i.e., GgS/yr) in both, SAI and non-SAI studies (e.g.
Feinberg et al., 2019; Weisenstein et al., 2022; Brodowsky et al., 2023). This allows easy
comparison of burden and fluxes of different sulfur species. However, when comparing SAI
scenarios with injection rates and burden from gaseous (e.g., SO2), liquid (e.g., H2SO4)
and solid (e.g., CaCO3 and Al2O3) species to each other it is important to compare the
absolute burden and injection rates to allow for direct comparison (see Figure 3.4). Thus,
compared to the sulfur equivalent burden the resulting H2SO4 –H2O burden is larger by
a factor of about 3 when accounting for H2SO4 plus another 40-50% when accounting
for the water content. Therefore, the resulting sulfuric acid aerosol burden reported in
Figure 3.4a are much larger compared to previous studies (e.g., Weisenstein et al., 2015),
which compared the solid particle burden and injection rates to sulfur equivalent quantities
without accounting for H2O. The comparison shown in Figure 3.4a shows that, for a given
injection rate, the resulting sulfuric acid burden is about a factor of ∼2 larger compared
to the burden resulting from calcite and alumina particle injections. This is mainly due
to the larger densities (i.e., 1.69 g/cm3 for 70 wt% H2SO4, 2.71 g/cm3 for CaCO3 and
3.95 g/cm3 for Al2O3) as well as the larger particle radius for the solids, which makes
them sediment much faster.

1Details of the experiment protocol: http://climate.envsci.rutgers.edu/geomip/testbed.html
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The resulting globally averaged alumina particle burdens for an injection of 5 Mt/yr
of 80 nm, 160 nm, 240 nm and 320 nm particles are 5.6 Mt, 4.7 Mt, 3.8 Mt and 3.0
Mt, respectively, and therefore about one third smaller compared to the ones found in
Weisenstein et al. (2015). This is likely not a result of differences in sedimentation speeds
between the models since our modelled sedimentation velocities are slightly smaller com-
pared to the ones shown in (Weisenstein et al., 2015, see Figure 3.15) despite applying
different representations of the agglomerate particle radius (see Section 3.2.2.1). However,
compared to the original 2D-AER code used in Weisenstein et al. (2015) SOCOL-AERv2
has undergone several updates (e.g., Sheng et al., 2015; Feinberg et al., 2019; Vattioni
et al., 2023b), most notably the replacement of the simple updraft sedimentation scheme
by the numerical scheme of Walcek (2000) to reduce numerical diffusion, interactive wet
and dry deposition schemes and updates to the coagulation kernel. The difference in
burden might also be affected by the three dimensional representation of dynamics and
transport in our model compared to the 2D-zonal mean representation in 2D-AER. The
large number of differences between the two models make it difficult to identify which
specific processes are responsible for the difference in the results.

3.4.1 Radiative forcing efficiency

For the same injection rates we find that AM–H2SO4 injections result in the largest
net all sky ToA RF, slightly larger than CaCO3 injections of 240 nm radius. Injecting
SO2 results in similar net ToA all sky RF as for AM–H2SO4 for injection rates of 10
Mt/yr and smaller. At very large injection rates of 25 Mt/yr, a non-linearity in the
RF efficiency of SO2 injections becomes apparent; SO2 injections result in smallest net
ToA all sky RF values compared to injections of the other species investigated in this
study. This is mainly due to the unfavourable aerosol size distribution resulting from
the large continuous condensation fluxes at large SO2 injection rates, which shifts the
aerosol size distribution towards larger particles, which settle faster (Heckendorn et al.,
2009; Vattioni et al., 2019; Weisenstein et al., 2022). The injection of Al2O3 particles of
240 nm radius results in about 25% less net ToA all sky RF compared to injections of
AM–H2SO4 and CaCO3 particles with radii of 240 nm across all the investigated injection
rates. However, both the injection of Al2O3 and CaCO3 particles result in larger RF per
unit of stratospheric aerosol burden compared with the sulfur based injection scenarios.
Despite the larger aerosol burden in our model, the resulting net top of the atmosphere
(ToA) all sky radiative forcing (RF) shown in Figure 3.4b is in agreement with the net
clear sky RF values found in Weisenstein et al. (2015). However, the largest net all sky
ToA RF is achieved with SAI of 160 nm particles, which is in contrast with Weisenstein
et al. (2015) for alumina particles, where the largest RF was obtained for the slightly
larger particles (240 nm).

3.4.2 Coagulation

Both the resulting stratospheric burden as well as the RF scale almost linearly with
increasing injection rate for solid particles (see Figure 3.4). This linearity is mainly due
to the relatively small agglomeration found for the injected 240 nm particles even at large
injection rates (see Figure 3.5). This is likely different for injection of smaller particles
(e.g., r=80 nm) at larger injection rates or for more confined injection scenarios. The
fraction of monomers for injections of 5 Mt/yr of 80 nm, 160 nm, 240 nm and 320 nm
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Figure 3.4: Resulting stratospheric aerosol burden (a) and total net all sky ToA RF (b)
as a function of injection rate. Shown are absolute injection rates (i.e. Mt H2SO4/yr and
SO2/yr and not Mt S/yr) and absolute burdens (i.e., the wet sulfuric acid burden in Mt
H2SO4 –H2O and not Mt S).
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Figure 3.5: The resulting globally averaged stratospheric aerosol burden resolved for the
contribution of the individual mass bins resulting from 5 Mt/yr injection of 80 nm, 160
nm 240 nm and 320 nm particles as well as 1 Mt/yr, 5 Mt/yr, 10 Mt/yr and 25 Mt/yr
injection of 240 nm particles.

particles amounts to 13%, 48%, 82% and 92%, respectively, which is slightly more than
what was found in Weisenstein et al. (2015). The more efficient formation of agglomerates
in Weisenstein et al. (2015) could be due to the different representation of the radius of the
agglomerates (see Section 3.2.2.1) or updates in the coagulation scheme (see subsection
”Coagulation”). In our model, the only injection resulting in significant agglomeration is
that of 80 nm particles, where most of the particle mass is in the form of 16-mers (i.e.,
mass bin 5, see Figure 3.5). However, these results are subject to large uncertainties
due to neglecting sub-ESM grid scale injection plume processes in our model (Blackstock
et al., 2009). In the injection plume (e.g. of an aircraft) the particle concentrations would
be significantly higher, which could result in effective agglomeration, whereas we only
assume injections equally distributed to the grid of our climate model (i.e., about 325 km
x 325 km x 1.5 km in SOCOL-AERv2 at the equator at 50 hPa).

3.4.3 The Stratospheric Sulfur Cycle under conditions of SAI
of alumina particles

Previous studies showed that injection of solid particles will likely result in uptake of
sulfuric acid at the particle surface via coagulation with sulfuric acid aerosols and via
condensation of gaseous sulfuric acid Weisenstein et al. (2015); Keith et al. (2016). These
processes are also represented in the model presented here (see Figure 3.6). On the one
hand, injecting 5 Mt per year of alumina particles will deplete the global stratospheric
background sulfuric acid layer mass by 86%, 69%, 54% and 45% for injection of 80 nm,
160 nm, 240 nm and 320 nm particles, respectively (see Figure 3.6). The depletion of the
background sulfuric acid aerosols can also be seen in decreased number concentrations in
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Figure 3.6: The stratospheric sulfur cycle under conditions of SAI of 5 Mt/yr alumina
particles with radii of 80 nm (blue), 160 nm (violet), 240 nm (red) and 230 nm (orange).
All sulfur species are shown in Gg Sulfur for burden (boxes) and Gg Sulfur per year for
net fluxes (arrows). The alumina burden (gray box) is given as Gg Al2O3 and Gg Al2O3

per year. Cross tropopause fluxes are calculated by balancing the mass balance of the
individual species.

the sulfuric acid size distributions (see Figure 3.15 in Appendix 3D). On the other hand,
the mass of sulfuric acid coating on alumina particles reaches values of 78%, 53%, 35%
and 24% of the unperturbed global stratospheric sulfuric acid aerosol burden, respectively.
Therefore, the sum of the globally averaged stratospheric coating and sulfuric acid aerosol
mass are smaller than the unperturbed stratospheric sulfuric acid aerosol burden, which
is due to the faster removal via sedimentation of condensed sulfuric acid mass on heavier
solid particles compared to sulfuric acid aerosols. Injection of 80 nm particles results
in the largest coating mass of sulfuric acid; this is mainly due to the larger coagulation
efficiency with sulfuric acid aerosols of small particles, as well as due to the larger surface
area availability for condensation. The bigger fraction of sulfuric acid coating is acquired
via direct condensation of H2SO4(g) in all scenarios. However, the share of acquisition via
coagulation increases with decreasing alumina particle size from 18% for 320 nm particle
injection to 42% for 80 nm particle injection. The same tendencies in the response of
the stratospheric sulfur cycle to alumina injection can be observed when increasing the
injection rate from 1 Mt/yr to 25 Mt/yr (see Appendix 3E, Figure 3.19).

When distributing the sulfuric acid coating (i.e., the total condensed H2SO4 –H2O
mass on the alumina particles) equally on the alumina particles the corresponding coat-
ing thickness would reach values of maximal 6-10 nm, 4-8 nm, 7-14 nm and 8-16 nm for
injections of 5 Mt/yr of 80 nm, 160 nm, 240 nm and 320 nm particles in the lower strato-
sphere (see Figure 3.9). Similar coating thicknesses can be found for different injection
rates of particles with radius of 240 nm (see Figure 3.20 in Appendix 3E).
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Figure 3.7: The resulting coating thickness when injecting 5Mt/yr of alumina particles
with radii of 80 nm (a), 160 nm (b), 240 nm (c) and 320 nm (d). The values listed
above correspond to the average coating sickness of the mass bin with the largest coating
thickness, which is at the same time also the mass bin with the largest share of alumina
burden (i.e., bin 5 for 80 nm particle injection and bin 1 for the others). Other mass bin
have smaller coating thicknesses.

61



Chapter 3. A fully coupled solid particle microphysics scheme for stratospheric aerosol
injections within the aerosol-chemistry-climate-model SOCOL-AERv2

              Fully Coated              15° Angle         30° Angle         45° Angle              60° Angle285
290
295
300
305
310
315
320
325
330

Oz
on

e 
Co

lu
m

n 
(D

U)
1 Mt/yr
5 Mt/yr
25 Mt/yr

285
290
295
300
305
310
315
320
325
330

Reference

Global Average Ozone Column

Figure 3.8: The resulting globally averaged total ozone column from 1 Mt/yr, 5 Mt/yr,
10 Mt/yr and 25 M/yr alumina injections when applying a H2SO4 –H2O contact angle of
15°, 30°, 45° and 60° as well as when assuming the alumina particles to be fully covered
by sulfuric acid.

3.4.4 Contact angle sensitivity analysis

The coating on alumina particles shown in Figure 3.7 is only representative if the sulfu-
ric acid coating is distributed uniformly on the alumina particle surface, which is likely
not true for the real system. In Vattioni et al. (2023a) we have performed contact angle
measurements of H2SO4 at different weight percentages and we found a contact angle
of about 31°± 7° at 70 wt% H2SO4. This measurement is subject to large uncertainty,
since the contact angle is dependent on factors such as the relative humidity and the
temperature during the measurement as well as the surface characteristics (polished vs.
unpolished, cleaned vs. uncleaned). However, the results show that H2SO4 is likely con-
tracting on alumina surfaces, which would leave parts of the alumina surface uncovered
from H2SO4 –H2O. This is why the sulfuric acid coating on alumina particles is repre-
sented by accounting for the contact angle in our model (see Section 3.2.3.3). We have
performed sensitivity simulations on the stratospheric ozone response from applying con-
tact angles ranging from 15° to 60° as well as assuming the alumina particles to be fully
coated by sulfuric acid (see Figure 3.8).

This sensitivity analysis shows that particles assumed to be fully covered with sulfuric
acid lead to smallest impacts on stratospheric ozone. This is mostly due to the relatively
small resulting SAD of alumina particles when injecting 5 Mt/yr particles with 240 nm
radius (Fig. 3.10e). Depletion of background sulfuric acid aerosol SAD, which consist
mostly of much smaller particles (size distribution peaking at r=80 nm, see Figure 3.18
in the Appendix 3D) is compensated by the additional alumina SAD covered by sulfuric
acid. In the case of 1 Mt/yr injections, this reduces the overall sulfuric acid SAD and thus
even results in an ozone increase. However, as discussed previously complete coverage of
alumina particle by sulfuric acid is unlikely. Therefore, contact angles between 15° and
60° lead to higher ozone depletion, mainly due to the availability of uncoated alumina
surface and the resulting chlorine activation (see Subsection ”Heterogeneous chemistry
on alumina particles”). However, there are no significant differences between different
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contact (Fig. 3.8) angles since for all case at least 50% of the alumina surface will remain
uncovered by sulfuric acid and the sulfuric acid coating SAD does not significantly change
when represented with contact angles of 15° and 60°. Therefore, we use the measured
contact angle of 30° for the representation of the sulfuric acid coating on alumina particles.
This is a valid assumption given the only small coating thickness.

3.4.5 The Stratospheric sulfur cycle under conditions of SAI of
calcite particles

For the injection of calcite particles, the depletion of the background sulfuric acid aerosol
layer as well as condensation and coagulation fluxes on calcite particles are very similar
compared to the injection of alumina particles (Fig. 3.9). The only difference compared
to alumina particles is that sulfuric acid on calcite particles is immediately assumed to
undergo irreversible reaction with CaCO3 to form CaSO4. The resulting globally aver-
aged CaSO4 burden varies between 90 Gg and 296 Gg for 80 nm and 320 nm particles,
respectively. This corresponds to only 4.1 % and 2.3% of the entire stratospheric calcite
burden, respectively. The uptake of the acids is mainly dependent on the available SAD
(see Appendix 3G, Figure 3.22). The uptake of HCl on calcite with a uptake coefficient
of 10−5 results in CaCl2 burdens of 2 Gg and 24 Gg for 320 nm and 80 nm particle
injections respectively, which is 0.05% and 0.3% of the resulting total globally averaged
stratospheric calcite burden. The biggest fraction other than CaCO3 makes calcium ni-
trate, which results from uptake of HNO3 at an uptake coefficient of 10−4. Ca(NO3)2
burdens are between 65 Gg and 456 Gg for 80 nm and 320 nm particle injection, respec-
tively, accounting for 1.6% and 6.3% of the resulting total globally averaged stratospheric
calcite burden, respectively. Therefore, between 89% and 96% of the calcite burden will
remain unchanged in the form of CaCO3 during the entire stratospheric residence time
for injection of 80 nm particles and 320 nm particles, respectively. Thus, the scattering
and absorption properties of the calcite particles are unlikely to change significantly due
to ageing processes. However, the ageing has significant consequences for heterogeneous
chemistry on the particle surfaces, since these salts might host different heterogeneous
reactions at different reaction rates. The sensitivity analysis to detailed heterogeneous
chemistry of calcite particles using this model will be topic of another publication.

3.4.6 Solid particle number concentrations and surface area
densities

The resulting solid particle number concentrations reach values of up to 7 particles per
cm3 in the lower stratosphere when injecting 5 Mt/yr of alumina particles with radius
240 nm (Fig. 3.10b). For 25 Mt/yr of 240 nm paticles or 5 Mt/yr of particles with 80 nm
radius, these number concentrations reach values of up to 30 and 80 particles per cm3,
respectively (see Figure 3.10a and c; see Figure 3.22 in Appendix 3G for corresponding
resulting number densities from calcite injections). This is a substantial perturbation to
the otherwise relatively clean air in the lower stratosphere and the upper troposphere.
These particles will likely influence cirrus and polar stratospheric cloud abundances (e.g.,
Cziczo et al., 2019), an effect not accounted for by our model. However, we account for
heterogeneous chemistry on alumina and calcite surfaces (see Subsection ”Heterogeneous
Chemistry”). The total sulfuric acid SAD (i.e., sum of sulfuric acid coating and sulfuric
acid aerosols) for injection rates of 5 Mt/yr and 25 Mt/yr alumina particles with 240 nm
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Figure 3.9: The stratospheric sulfur cycle under conditions of SAI of 5 Mt/yr calcite
particles with radii of 80 nm (blue), 160 nm (violet), 240 nm (red) and 320 nm (orange).
All sulfur species (except CaSO4) are shown in Gg Sulfur for burden (boxes) and Gg
Sulfur per year for net fluxes (arrows). The solid species (colored boxes) are given in
Gg of the corresponding material. The HNO3 and HCl flux to Ca(NO3)2 and CaCl2 are
given in Gg HNO3 per year and Gg HCl per year. Cross tropopause fluxes are calculated
by balancing the mass balance of the individual species. See Appendix 3F, Figure 3.21
for the response of the stratospheric sulphur cycle to different injection rates of calcite
particles.

radius is not significantly different from the SAD of the reference simulation (see Figure
3.10h, 3.10i and also Section 3.4.4). This is mostly due to the small angle β for a constant
contact angle (θ) when the amount of sulfuric acid volume is small compared to the
solid particle volume (i.e., for large alumina burden and large primary particle radius, see
Figure 3.3). When emitting 5 Mt/yr of 80 nm particles, β gets much larger and so does
also the sulfuric acid surface area per particle (see Figure 3.10g). The alumina particle
number density and SAD increase linearly with injection rate when keeping the radius
constant. For the same injection rate, the number density is inversely proportional to the
radius with a cubic power law, while the SAD increases linearly with decreasing particle
radius, as observed in Figure 3.10a-f).

3.4.7 Ozone response to calcite and alumina particle injection

The resulting SAD presented in the previous section (see Figure 3.10) results in depletion
of the total ozone column (TOC), which mainly correlates with the available alumina
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Figure 3.10: The resulting zonal mean number densities (a-c), alumina SAD (d-f) and
total sulfuric acid SAD (sum of sulfuric acid aerosols SAD and SAD from sulfuric acid
coating on alumina particles, g-i) from injection of 5 Mt/yr of particles with 80 nm (a,d,f),
5 Mt/yr of particles with 240 nm particles (b,e,h) and 25 Mt/yr of particles with 240 nm
radius (c,f,i). The same Figure for calcite particles is shown in the Appendix G, Figure
3.22.
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SAD (see Figure 3.11). Injection of 5 Mt/yr of 80 nm particles and 25 Mt/yr of 240 nm
particles both result in TOC depletion of more than 4% in the tropics and up to 16%
and 12% in the polar regions, respectively. Our baseline scenario, which injected 5Mt/yr
of alumina particles with radius of 240 nm only resulted in TOC depletion of less than
2% across all latitudes. Only the injection of 5 Mt/yr of alumina particles of 320 and
240 nm results in a smaller TOC depletion than the sulfur-based scenarios. For 80 and
160 nm alumina particles the TOC depletion is enhanced (Fig. 3.11a). When injecting
25 Mt/yr of alumina particles with radius 240 nm the ozone depletion is 50% larger
compared to the injection of SO2 (see Figure 3.11). However, these results are subject
to large uncertainty (see Vattioni et al., 2023a) due to the lack of experimental data on
heterogeneous chemistry on alumina particles.

All calcite injection scenarios result in an increase of TOC in the polar regions of up
to about 6%, but almost no change at midlatitudes. This is mostly due to the removal of
HCl from the stratosphere on calcite particles in agreement with the findings of Dai et al.
(2020). However, the uptake of HCl, HNO3 and H2SO4 (Reactions 3.22-3.24) is the only
heterogeneous chemistry process considered on calcite particles, which is a simplification.
The resulting products will likely form hydrates (Cziczo et al., 2019), which may host
other heterogeneous reactions such as 3.19-3.21; our study only considers them on alumina
particles. However, there is no experimental data on such reactions available for calcite
surfaces, which makes the modelled response of the stratospheric ozone layer to calcite
particle injections highly uncertain.

Figure 3.11: The simulated zonal mean total ozone column anomaly resulting from (a)
injecting 5 Mt/yr of alumina and calcite particles with radii of 80 nm, 160 nm, 240 nm
and 320 nm as well as 5 Mt/yr injections of SO2 and AM–H2SO4 and (b) from injecting
1 Mt/yr, 5 Mt/yr, 10 Mt/yr and 25 Mt/yr calcite and alumina particles at radius of 240
nm as well as 25 Mt/yr SO2 and AM–H2SO4 injections.
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3.5 Conclusions

This study presents the first aerosol-chemistry climate-model incorporating an interactive
solid particle microphysics scheme to investigate the risks and benefits of SAI of solid
particles. The solid particles considered in this study are fully interactive with the strato-
spheric sulfur cycle. The model also allows for uptake of sulfuric acid at the particle
surface via coagulation with sulfuric acid aerosols and condensation of H2SO4(g) on the
particle surfaces, as well as for the formation of agglomerates via coagulation of solid
particles. The solid particles are subject to advection, sedimentation and interactive wet
and dry deposition in the troposphere. Furthermore, the model allows for representation
of heterogeneous chemistry on the particle surface, and in particular, for the representa-
tion of the radiative effects of the particles, even after their microphysical interactions.
The modular design of the model allows switching on and off the coupling of individual
processes, which makes it perfectly suited to investigate sensitivity and importance of the
different processes relevant for the assessment of the risks and benefits of SAI of solid
particles.

While this model was primarily developed for the evaluation of potential SAI scenarios
of calcite and alumina injections, the model could also easily be adapted for representation
of any other potential particle type or even for other applications. This could for example
be the re-evaluation of radiative and chemical impacts of alumina particles emitted to
the atmosphere from solid fuel space shuttle rocket launches, which will likely increase
significantly in the future (Jackman et al., 1998; Danilin et al., 2001; Ross and Sheaffer,
2014), the evaluation of the growing impacts of microplastic nanoparticles transported in
the atmosphere (Revell et al., 2021), analysis of wildfire impacts on stratospheric ozone
(Solomon et al., 2023), and analysis of the role of meteoritic dust in the upper atmosphere
(Biermann et al., 1996).

By using the model documented here, we show that the injection of solid particles
likely results in significantly smaller stratospheric aerosol burdens compared to the same
injection rate of SO2 and AM–H2SO4, even when injecting small particles with radius of
80 nm. This is mainly due to the larger average particle radius and the larger density of
solid particles compared to sulfuric acid aerosols. Therefore, the corresponding net all sky
ToA RF is largest for sulfur based injection scenarios when injecting the same amount
of material per year (see Figure 3.4). Thus, alumina and calcite particles injected at a
radius of 240 nm are only more effective in backscattering solar radiation per resulting
aerosol burden, but not per injection rate of material.

Furthermore, we show that injection of solid particles to the stratosphere would deplete
the stratospheric background sulfuric acid aerosol layer by more than 50% when injecting
5 Mt/yr of particles at 240 nm radius or smaller. Alumina particles would acquire a
sulfuric acid coating through condensation of gaseous sulfuric acid on the particle surface
and through coagulation of sulfuric acid aerosols with solid particles. The acquired sulfuric
acid coating would have the equivalent thickness of about 10 nm if equally distributed
over the resulting alumina SAD when injecting particles at 5 Mt/yr with radii of 240 nm.
The resulting coating thickness would be smaller when increasing the injection rate due to
a larger alumina SAD to sulfuric acid ratio. However, a sulfuric acid coating distributed
homogeneously over the alumina particles is unlikely due to a rather steep contact angle
of about 30° of sulfuric acid on alumina surfaces (Vattioni et al., 2023a). Thus, it is likely
that also some alumina surface would be available for heterogeneous chemistry.

Therefore, the response on TOC from alumina particle injections is largely dependent
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on the resulting SAD, which is a function of the alumina injection rate and the injected
particle size. While for small injection rates a large fraction of the alumina particles would
be covered by sulfuric acid, for large injection rates this fraction decreases significantly
when assuming injection of alumina particles with radii of 240 nm. We assumed a realistic
parameterisation from (Vattioni et al., 2023a, dissociative, HCl only with αClONO2=0.1)
for the heterogeneous reaction of ClONO2 with HCl (reaction 3.19) on alumina SAD and
the same heterogeneous chemistry on sulfuric acid coating as on sulfuric acid aerosols to
quantify the expect TOC alteration from alumina particle injections. Compared to the
same injection rate of sulfuric acid aerosols the resulting response of the the zonal mean
TOC from injection of alumina particles is only smaller for small injection rates or large
injected particle radii (see Figure 3.11).

For the injection of calcite particles we find similar perturbations to the stratospheric
sulfur cycle as for alumina particles. However, the sulfuric acid taken up on calcite
particles would react to CaSO4. Assuming uptake coefficients of 10−4 for HNO3 and 10−5

for HCl following Dai et al. (2020), 92% of average solid particle burden would remain in
the form of CaCO3 at injection rates of 5 Mt/yr CaCO3. This would likely not change
the scattering properties of calcite particles, but could significantly alter heterogeneous
chemistry hosted on the particle surface. Accounting for the uptake of HCl, HNO3 and
H2SO4 alone is not expected to alter stratospheric ozone significantly.

The two biggest limitations of the model which result in major uncertainty of the
presented results are the 1) missing interactions of the solid particles with clouds, such
as polar stratospheric clouds and cirrus clouds as well as 2) the missing sub-grid scale
microphysical injection plume-scale processes. Solid particles could serve as ice conden-
sation nuclei for cirrus clouds in the upper troposphere after re-entry to the troposphere
via sedimentation. Altering the cirrus cloud thickness could result in a strong positive
(cirrus cloud thickening) or a negative (cirrus cloud thinning) feedback on climate (Cziczo
et al., 2019). Furthermore, the effect of solid particles on polar stratospheric clouds is un-
clear, but theoretically, the solid particles could also serve as cloud condensation nuclei for
PSCs. It is only speculation whether this would result in overall less, but larger, or more,
but smaller, PSCs. The latter case could for example result in less denitrification over
the winter poles, which would result in less ozone depletion. This increases uncertainty
of impacts on stratospheric ozone even more.

The second major limitation concerns the dispersion methods within the stratosphere
(see also Blackstock et al., 2009). In contrast to a gas like SO2, solid particles cannot be
easily released to the stratosphere. They would require a carrier gas or a carrier liquid
which could add further perturbation to stratospheric composition. Furthermore, the
DEM modelling presented in this study (see Section S1 in the SI) shows that it could be
challenging to release solid particles to the stratosphere without immediate agglomeration.
However, processes such as wind speed, turbulence, dilution and Van der Waals forces
affect coagulation efficiencies. On the one hand, this could result in rapid formation of
big agglomerates, which significantly reduce the stratospheric residence time as well as
the backscattering efficiencies of the particles. On the other hand, particles could spend
more time as monomers if collision speeds in the turbulent plume overcome the large
Van der Waals forces of small particles. This limitation poses major uncertainty to the
results presented here and they can only be addressed via injection plume modelling at the
sub-grid scale or small scale field experiments such as proposed in Dykema et al. (2014).

With this study, we have shown that our model can be a useful tool to explore risks and
benefits of SAI of solid particles. However, the results are still uncertain due to a number
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of limitations, such as lack of experimental data needed to refine the parameterizations
of microphysical processes and heterogeneous chemistry. Given this model uncertainty, it
is presently unclear whether SAI of alumina and calcite particles would result in smaller
or larger adverse side effects compared to sulfur-based SAI. This is in contrast to (Arias
et al., 2021, IPCC, AR6, WG1, Chapter 4, Page 629 ) which states: ”Injection of non-
sulphate aerosols is likely to result in less stratospheric heating and ozone loss”, but more
in alignment with what was stated on SAI of solid particles in the latest ozone assessment
report (WMO, 2022), which highlights uncertainties.

Data Availability
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available in Vattioni (2024a).
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Appendix 3: Supplementary information

A: Discrete Element Model simulations

We have performed DEM simulations to quantify the resulting mobility radius of the
agglomerates represented in the solid particle microphysics scheme. The model (Kelesidis
and Kholghy, 2021) was run under a initial concentrations spanning 5 to 6 orders of
magnitude with primary particle radius of 5 nm, 80 nm and 215 nm for alumina particles
and 5 nm, 80 nm and 275 nm for calcite particles (see Figure 3.12). We assumed that
a global injection rate of 5 Mt/yr could be achieved with 200 airplane flights per day,
each with a flight distance of 1000 km in the stratosphere and by assuming each airplane
injecting a total of 69 t of particles from two injectors of which both have a square area
of 1 m2. This would result in an initial concentration of about 2×1013 particles per
cm3 when injecting 5 nm particles, 4×1012 particles per cm3 when injecting particles
at a primary radius of 80 nm and about about 1×108 particles per cm3 when injecting
particles at a radius of 240 nm. Figure 3.12 shows the resulting number concentration as a
function of time, while the DEM did not account for dilution of the air parcel with time,
which would additionally reduce the resulting number density with time significantly.
Since the simulations run for a fixed amount of computational time, the simulations
with lower initial concentrations and larger primary radius and thus less coagulation
resulted in simulation of a longer time period. The resulting size distribution at the
end of each simulation is shown in Figure 3.13. Most initial concentrations for alumina
particles of radius 215 nm and calcite particles of radius 275 nm result in size distributions
peaking at agglomerates of 10 1 to 10 3 monomers per agglomerate, which would result
in significantly decreased back scatter efficiencies and increased sedimentation rates for
injection of alumina particles with radius of 215 nm and calcite particles with radius of 275
nm particles. At this injection radii, only the lowest initial concentration of 105 particles
per cm3 would result in 20% of the alumina particles and about 50% of the calcite particles
remaining as monomers. This initial concentration is 3 orders of magnitudes less than
the initial assumption derived from injection of 200 airplane flights per day stated above.
It is still an open question whether taking into account dilution of air would reduce the
formation of larger agglomerates for 80 nm particle injection and 215 nm or 275 nm particle
injection to a level, which does not result in agglomerates with significantly reduced back
scatter efficiency or significantly increased sedimentation speeds.

Figure 3.14 shows the mobility radius of the agglomerates resulting from the DEM
simulations. The resulting radii are slightly larger compared to the coated alumina par-
ticles assuming a fractal dimension of 2.6 in (Weisenstein et al., 2015, see their equation
1) and significantly smaller compared to their pure alumina radii with fractal dimension
of 1.6.
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a) b) c)

f)e)d)

Figure 3.12: The evolution of the total particle number density as a function of time
assuming different initial number concentrations of particles with radii of 5 nm (a and d),
80 nm (b and e) as well as 215 nm (for alumina, c) and 275 nm (for calcite, f) simulated
with a DEM (Kelesidis et al., 2021).

a)

b

f)e)d)

b) c)

Figure 3.13: The resulting size distribution at the end of the simulations resulting from
coagulation with different initial concentrations of particles with radii of 5 nm (a and d),
80 nm (b and e) as well as 215 nm (for alumina, c) and 275 nm (for calcite, f) simulated
with a DEM (Kelesidis et al., 2021). Depicted size distribution are the one resulting at
the end of the simulations shown in Figure 3.12. The model does not account for dilution,
which would reduce the number densities with time.
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a) Bin Radii for Alumina Agglomerates (R0= 80 nm)
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b) Bin Radii for Alumina Agglomerates (R0= 215 nm)
Pure Alumina Radius (df=1.6, Weisenstein et al., 2015)

Coated Alumina Radius (df=2.6, Weisenstein et al. 2015)
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c) Bin Radii for Calcite Agglomerates (R0= 80nm)
Pure Alumina Radius (df=1.6, Weisenstein et al., 2015)

Coated Alumina Radius (df=2.6, Weisenstein et al. 2015)
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d) Bin Radii for Calcite Agglomerates (R0=275 nm)
Pure Alumina Radius (df=1.6, Weisenstein et al., 2015)

Coated Alumina Radius (df=2.6, Weisenstein et al. 2015)

Volume Equicalent Spherical Radius (df=3)
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Figure 3.14: Different radii for the agglomerates of primary particle radius of 80 nm (a)
and 215 nm (b) for alumina particles as well as of 80 nm (c) and 275 nm (d) for calcite
particles. Shown are calculated agglomerate radii applied in (Weisenstein et al., 2015,
see their equation 1) with fractal dimensions of 1.6 for their bare alumina particles (gray
solid line) and 2.6 for their coated alumina particles (grey stippled line), the resulting
mobility radii from the DEM simulations (blue), which are used in this study, as well as
the volume equivalent radii (black) for reference.
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B: Sedimentation velocities in SOCOL-AERv2

The resulting calculated aerosol sedimentation velocities in SOCOL-AERv2 are slightly
smaller than in Weisenstein et al. (2015), but compare generally well within the strato-
sphere (see Figure 3.15), while some deviations occur in the troposphere which might
be due the three dimensional resolution of the dynamics in SOCOL-AERv2 compared to
2D-AER.

Figure 3.15: The sedimentation velocities calculated by SOCOL-AERv2 with equation
3.4 in the main text zonally averaged between 15°N and 15°S over 15 years.
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C: Optical Properties used in SOCOL-AERv2

Figure 3.16 shows the absorption cross sections (σabs) for all spectral bands as well as the
scattering cross section (σsca) and the asymmetry factors (gasy) for the shortwave (SW)
bands of SOCOL-AERv2 for alumina and calcite particles as well as for 70 wt% H2SO4

aerosols of monomer radii of 80 nm, 160 nm, 240 nm and 320 nm. To get the absorption
and scattering cross sections, the scattering and absorption efficiencies (Qabs and Q sca),
which were derived from Mie theorie (Mätzler, 2002; Rannou et al., 1999), were multiplied
with r2ve,i (see Section ”Radiation” in the main text). Calcite particles show a relatively
large absorption in the visible and UV wavelengths, whereas sulfuric acid and alumina
particles only absorb little SW radiation (Figure 3.16a). In the longwave (LW) bands,
sulfuric acid is showing the largest absorption except for the bands 700-800 cm−1 and
1390-1480 cm−1 where alumina and calcite particles absorb more LW radiation, respec-
tively compared to sulfuric acid aerosols. While the absorption peak for alumina is at the
edge of the CO2 absorption band (∼7 µm) close to the atmospheric window of outgoing
LW radiation, the peak for the calcite particles is in the tail of the outgoing LW radia-
tion spectra within the water absorption band where outgoing LW radiation is absorbed
anyway (∼13.3 µm). Therefore, SAI of alumina particles is likely resulting in more strato-
spheric warming compared to calcite particles. Figure 3.17 shows the optical properties
derived with the semi-empirical code from Rannou et al. (1999) fed into SOCOL-AERv2
for agglomerates. The absorption cross sections in Figure 3.16 and 3.17 are largest for 80
nm particles and monomers, respectively. However, this is only valid on a per particle ba-
sis. Normalized per mass the particles would all show similar absorption coefficients since
absorption is proportional to mass. The scattering cross section (Figure 3.16d) is largest
for 320 nm particles and lowest for 80 nm particles. However, 320 nm particles also result
in smallest stratospheric aerosol burden since they sediment faster. The asymetry factor
(Figure 3.16b) is also generally largest for 320 nm particles and sulfuric acid aerosols in
the visible band between 440 nm and 690 nm and lowest for alumina particles. A large
asymetry factor stands for a large forward scattering fraction. The larger the agglomerate
the larger the scattering cross section and the larger the asymmetry factor, which results
in more forward scattering.
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Figure 3.16: Shown are the absorption cross section for the SW bands (a), the asymmetry
factor for the SW bands (b), the absorption cross section of the LW bands (c) as well
as the scattering cross section for the SW bands (d) for alumina and calcite monomers
with primary radius of 80 nm, 160 nm, 240 nm and 320 nm. The optical properties were
derived with the code of Mätzler (2002). As a reference, the optical properties for sulfuric
acid aerosols used in SOCOL-AERv2, which are based on Yue et al. (1994) and Biermann
et al. (1996) are also shown for aerosols with 70 wt% sulfuric acid.
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Figure 3.17: Shown are the optical properties of alumina particles with 80 nm pari-
mary radius as well as of the corresponding agglomerates up to 512-mers implemented
in SOCOL-AERv2. Optical properties for agglomerates were derived using the semi-
empirical code of Rannou et al. (1999). Shown are the absorption cross section for the
SW bands (a), the asymmetry factor for the SW bands (b), the absorption cross section
of the LW bands (c) as well as the scattering cross section for the SW bands (d).
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D: Stratospheric aerosol size distributions

The stratospheric aerosol size distribution for the injection scenarios of 5 Mt/yr calcite
particles (r=240 nm), alumina particles (r=240 nm), SO2, and AM–H2SO4 (r=0.95 µm
and σ=1.5). The size distributions clearly indicate a decrease in sulfuric acid particle
concentrations in the solid particle injection scenarios. The calcite particles result in
slightly larger agglomeration due to larger stratospheric aerosol burden and a smaller
density which makes coagulation more efficient compared to alumina particle emission. It
can also be seen that the sulfuric acid aerosol size distributions resulting from AM–H2SO4

result in larger number concentrations between 0.1 µm and 0.2 µm radius, which explains
the larger net TOA radiative forcing despite the slightly lower stratospheric aerosol burden
(see Figure 4 in the main text).

Figure 3.18: The resulting aerosol size distribution averaged between 15°N and 15°S at 50
hPa altitude (a) and between 40°N and 50°N at 100 hPa altitude (b). Solid lines show the
sulfuric acid aerosol size distribution and dashed lines the solid particle size distributions
for the 5 Mt/yr injection scenarios as well as the reference simulation (black).
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E: The stratospheric sulphur cycle under different alumina injec-
tion rates

Figure 3.19 shows the stratospheric sulfur cycle response to injection of alumina particles
with radii of 240 nm at different injection rates. The response of the stratospheric sulfur
cycle is proportional to the available solid particle surface area density (SAD), which
increases for larger injection rates. Therefore the response of the stratospheric sulfur cycle
when increasing the injection rate while keeping the alumina particle radius constant is
the same as when decreasing the particle radius at constant injection rate (see Figure 6
in the main text). Figure 3.20 shows the corresponding sulfuric acid coating thickness if
the sulfuric acid was distributed equally on the alumina particles. If the aerosol burden
is very small (i.e., 1 Mt/yr in Figure 3.20a) the coating thickness could be up to 44 nm
in the lower stratosphere, whereas the thickness would only be 2-4 nm for injection of 25
Mt/yr of alumina particles with radii of 240 nm.
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Figure 3.19: The stratospheric sulfur cycle under conditions of SAI with particles at radii
of 240 nm and injection rates of 25 Mt/yr (blue), 10 Mt/yr (violet), 5 Mt/yr (red) and
1 Mt/yr (orange). All sulfur species are shown in Gg Sulrur for burden (boxes) and Gg
Sulfur per year for net fluxes (arrows). The alumina burden (gray box) is given as Gg
Al2O3 and Gg Al2O3 per year. Net cross tropopause fluxes are calculated by balancing
the stratospheric mass fluxes of the individual species.
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Figure 3.20: The resulting coating thickness when injecting alumina particles with radii
of 240 nm at 1 Mt/yr (a), 5 Mt/yr (b), 10 Mt/yr (c) and 25 Mt/yr (d). The values listed
above correspond to the average coating sickness of the mass bin with the largest coating
thickness, which is at the same time also the mass bin with the largest share of alumina
burden (bin 1 for all scenarios). Other mass bin have smaller coating thicknesses.
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F: The stratospheric sulphur cycle under different calcite injec-
tion rates

Figure 3.21 shows the response of the stratospheric sulfur cycle to different injection rates
of calcite particles. The response of the stratospheric sulfur cycle is proportional to the
available solid particle SAD, which increases for larger injection rates. Therefore the
response of the stratospheric sulfur cycle when increasing the calcite particle injection
rate while keeping the radius constant is the same as for decreasing the particle radius
at constant injection rate (see Figure 9 in the main text). The larger the available solid
particle SAD the larger the uptake of H2SO4, HCl and HNO3.
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Figure 3.21: The stratospheric sulfur cycle under conditions of SAI of calcite particles
with radii of 240nm and injection rates of 25 Mt/yr (blue), 10 Mt/yr (violet), 5 Mt/yr
(red) and 1 Mt/yr (orange). All sulfur species (except CaSO4) are shown in Gg Sulrur
for burden (boxes) and Gg Sulfur per year for net fluxes (arrows). The solid species
(colored boxes) are given in Gg of the corresponding material. The HNO3 and HCl flux
to Ca(NO3)2 and CaCl2 are given in Gg HNO3 per year and Gg HCl per year. Cross
tropopause fluxes are calculated by balancing the mass balance of the individual species.
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G: Number concentrations and surface area densities for calcite
particles

Figure 3.22 shows the resulting number concentrations and the resulting calcite SAD for
various calcite injection scenarios. As resulting stratospheric aerosol burden for calcite
particle injections are about 25% larger for compared to alumina particle injection, also
the resulting number concentrations and solid particle SAD are larger. Figure 10 in the
main text shows the corresponding figure for alumina particles.

Figure 3.22: The resulting zonal mean number densities (a-c), calcite SAD (d-f) and
sulfuric acid SAD (g-i) from injection of 5 Mt/yr of particles with 80 nm (a,d,f), 5 Mt/yr
of particles with 240 nm particles (b,e,h) and 25 Mt/yr of particles with 240 nm radius
(c,f,i).

81





Chapter 4

Chemical impact of stratospheric alumina
particle injection for solar radiation modifi-
cation and related uncertainties

Abstract

Compared to stratospheric SO2 injection for climate intervention, alumina particle injec-
tion could reduce stratospheric warming and associated adverse impacts. However, het-
erogeneous chemistry on alumina particles, especially chlorine activation via ClONO2 +

HCl
surf−−→ Cl2 + HNO3, is poorly constrained under stratospheric conditions, such as low

temperature and humidity. This study quantifies the uncertainty in modelling the ozone
response to alumina injection. We show that extrapolating the limited experimental data
for ClONO2 + HCl to stratospheric conditions leads to uncertainties in heterogeneous re-
action 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%, i.e., more than
twice the loss caused by chlorofluorocarbons, depending on assumptions on the degree of
dissociation and interaction of the acids HCl, HNO3 and H2SO4 on the alumina surface.

This chapter was published as a research paper:

Vattioni, S., Luo, B., Feinberg, A., Stenke, A., Vockenhuber, C., Weber, R., Dykema,
J. A., Krieger, U. A., Ammann, M., Keutsch, F. N., Peter, T., Chiodo, G. (2023).
Chemical impact of stratospheric alumina particle injection for solar radiation modifi-
cation and related uncertainties. Geophysical Research Letters, 50, e2023GL105889.
https://doi.org/10.1029/2023GL105889
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4.1 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 (NRC, 2015; Clark et al., 2016). 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 supplement to measures
that actually address the cause of climate change, such as GHGmitigation and adaptation,
until society finds solutions on how to remove long-lived GHGs from the atmosphere
(MacMartin et al., 2014; Keith and MacMartin, 2015). 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 SO2 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 SO2 in the stratosphere. However, SAI by sulfuric acid aerosols bears several
limitations, including optically inefficient aerosol size distributions (Vattioni et al., 2019),
stratospheric 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 potentially with additional feedbacks on
stratospheric chemistry.

Recent studies have shown that the injection of solid particles, such as alumina
(Al2O3), calcite (CaCO3) or diamond (C) particles might reduce some of the limitations
of sulfuric acid-based SAI (Ferraro et al., 2011; Pope et al., 2012; Weisenstein et al., 2015;
Keith et al., 2016; Dykema et al., 2016). 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 stratospheric 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
(Weisenstein et al., 2015; Keith et al., 2016; WMO, 2022). Based on these lines of evi-
dence, the IPCC-AR6 inferred that injection of non-sulphate 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 con-
ditions, due to lack of experimental data. Therefore, uncertainties remain high regarding
SAI of solid particles, especially concerning their impact on stratospheric ozone.

4.1.1 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 hu-
midity (< 1%), interactions with stratospheric chemical species, and UV irradiation. The
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various materials under consideration can be divided into two categories. On the one
hand, solids such as calcite (CaCO3) particles that are expected to undergo “chemical ag-
ing” during their stratospheric residence time of about one year (Dai et al., 2020; Huynh
and McNeill, 2021). On the other hand, solids such as alumina (Al2O3), 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 H2SO4, HNO3 or HCl, which is likely to affect their optical and chem-
ical properties (Keith et al., 2016). In the second category, alumina will likely not react
with stratospheric gases, but a thin H2SO4-H2O coating, partially or fully covering the
particles, may result from H2SO4-H2O 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 con-
ditions 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
HCl, ClONO2, HNO3 and H2SO4. The lack of experimental data makes it difficult to
quantify surface processes and heterogeneous reactions on solid particles as a function of
temperature, relative humidity, and material properties, like hydrophilicity, under strato-
spheric conditions.

4.1.2 Experimental data on heterogeneous chemistry on alu-
mina particles

Molina et al. (1997) demonstrated that alumina may provide the surface for heterogeneous
surface reaction 4.1 (reaction 4.1), which contributes to stratospheric chlorine activation:

ClONO2 +HCl
surf−−→ Cl2 +HNO3. (4.1)

HCl and ClONO2 are important reservoir species of stratospheric chlorine and ni-
trogen oxides, ClOX and NOX, which destroy ozone catalytically. Thus, solid particles
can provide surfaces for heterogeneous chlorine activation reactions, which may result in
significant ozone loss (after Cl2 photolysis). Molina et al. (1997) provide the only experi-
mental study investigating reaction 4.1 on alumina surfaces at stratospheric temperatures.
They performed flow tube measurements of reaction 4.1 and found a reaction probability
γClONO2 ≈ 0.02 for temperatures ranging from 208 K to 223 K and HCl concentrations
ranging from 4.5 × 10−7 to 1.7 × 10−6 hPa (corresponding to 9-35 ppb at 50 hPa, i.e.,
at about 20 km altitude, Figure 4.1). Their study aimed at quantifying the impact of
space shuttle exhaust, which contains alumina, HCl and water (Potter, 1978). There-
fore, Molina et al. (1997) used HCl with concentrations one order of magnitude higher
than typical stratospheric volume mixing ratios (1-2 ppb at 50 hPa under present day
conditions). Appendix 4B provides more details on their measurement conditions. We
extrapolate these measured reaction probabilities to HCl partial pressures representative
of the present-day stratosphere by using a Langmuir-Hinshelwood molecular description
of co-adsorption/desorption and reaction (e.g., Tabazadeh and Turco, 1993; Carslaw and
Peter, 1997; Aguzzi and Rossi, 2001; Fernandez et al., 2005). This requires knowledge of
the temperature dependent second order rate coefficient of reaction 4.1 and the Langmuir
constants (i.e., the ratio of forward reaction constant for adsorption over backward reac-
tion constant for desorption) for ClONO2 and HCl on alumina particles, which cannot be
directly retrieved from the Molina et al. (1997) measurements. Therefore, extrapolation
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to typical stratospheric partial pressures of HCl is subject to large uncertainty, which we
will quantify in this study.

4.1.3 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 SAI. 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/m2 and globally averaged depletion of the total
ozone column of 3.4% with values of up to 7% over the poles assuming present day
concentrations of ozone depleting substances (ODS).

Weisenstein et al. (2015) distinguished between bare alumina particles and alumina
particles which acquired a sulfuric acid coating due to gaseous H2SO4 adsorption or coag-
ulation with sulfuric acid particles. They estimated that 70-92% of the alumina surface
area density (SAD) would be H2SO4-coated and applied the same heterogeneous chem-
istry as for aqueous H2SO4 aerosols. Conversely, only 8-30% of the total resulting SAD
increase in the lower stratosphere was treated as bare alumina SAD for reaction 4.1 with
γClONO2 = 0.02. Extrapolation to HCl partial pressures was done by scaling γClONO2 with
the logarithm of the ratio [HCl]/[ClONO2], an ad-hoc assumption which quenches reac-
tion 4.1 for very small [HCl], but is hard to justify physically or in view of Molina et al.
(1997) measurements (see also Appendix 4C).

On aqueous sulfuric acid aerosol and on the H2SO4-coated fraction of the alumina
surface, the N2O5 hydrolysis (reaction 4.2)

N2O5 +H2O
surf−−→ 2HNO3 (4.2)

is the most important heterogeneous reaction. Reaction 4.2 removes active nitrogen
from the NOX-induced ozone-depletion cycle and, thus, also weakens deactivation of ClOX

via

NO2 + ClO +M −−→ ClONO2 +M. (4.3)

Therefore, in the present chlorine-rich stratosphere reaction 4.2 results in increased
ozone destruction, albeit to a lesser degree than the direct chlorine activation via reaction
4.1. The estimates of Weisenstein et al. (2015) are subject to large uncertainties, mainly
due to two factors, which both, will be addresses in this paper: (i) how they extrapo-
lated the Molina et al. (1997) measurements of reaction 4.1 to present-day stratospheric
HCl concentrations; (ii) their assumption on SAD availability of bare vs. H2SO4-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 HNO3, H2SO4(g), HCl, ClONO2, and coagulation with H2SO4(aq). Except for
H2SO4(g), these gases are present at ppb mixing ratios, so their collision frequency with
the surfaces would be sufficient 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 H2SO4 has mixing ratios several orders of magnitude lower, it is the only trace
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Figure 4.1: Reaction probability γClONO2 for ClONO2 + HCl on alumina measured by
Molina et al. (1997) as a function of pHCl (black symbols) in comparison with uptake
coefficients calculated from isotherms of adsorption/desorption and reaction rate coef-
ficients (blue curves). Measurements were performed under dry conditions (crosses) or
after adding 2.5 × 10−4 hPa water and 4.5 × 10−7 hPa HNO3 (circles), see Appendix
4B. The uptake coefficient based on dissociative adsorption of “HCl only” was calculated
using 1/γClONO2 = 1/αClONO2 +1/(β

√
pHCl) with α and β fitted to the data, for HNO3

co-adsorption using 1/γClONO2 = 1/αClONO2 +1/(33 β
√
pHCl), and for non-dissociative

HCl adsorption using 1/γClONO2 = 1/αClONO2 + 1/(β pHCl) with fixed values αClONO2 =
0.02 and β = 2.7 × 10 7 hPa, resulting in a “high” γClONO2 of 0.019 at 50 hpa and 1
ppb HCl (see Table 4.1). Typical stratospheric values of pHCl are 1×10−7 hPa or lower
(dashed vertical line). Axis on top shows HCl mixing ratio χHCl for a total pressure of 50
hPa representative of ∼20 km altitude in the stratosphere, for reference.
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gas whose vapor pressure is low enough to form a stable aqueous solution. This results
in co-condensation of H2SO4(g) and H2O(g) on available surfaces, while other trace gases
adsorb and readily desorb again. Assuming an alumina SAD of 3 µm2/cm3 in the lower
stratosphere (Appendix 4G), the condensation rate of H2SO4(g) on the particle surface is
roughly one monolayer of H2SO4 per two weeks (Appendix 4D). 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
H2SO4(aq)-coating of nominally ∼10 nm thickness (Appendix 4D).

4.2 Methods

We performed Elastic Recoil Detection Analysis (ERDA, Kottler et al., 2006) experiments
to test the assumption of alumina being non-aging under stratospheric conditions. Ap-
pendix 4E describes the results and provide evidence that alumina is unlikely to change its
composition or crystalline structure under exposures to HNO3 as in the stratosphere. We
further measured the wettability of the alumina surface to determine whether the H2SO4-
H2O condensate of nominally ∼10 nm thickness on the alumina particles fully wets the
surface or tends to contract and form small islands of liquid. Appendix 4D shows that
aqueous H2SO4 droplets on alumina single crystals have contact angles of around 30°
(McLachlan Jr and Cox, 1975; Corti and Krieger, 2007; Thomason and 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 HCl can react with ClONO2, but might be impaired by the co-adsorbing HNO3.
Therefore, understanding reaction 4.1 on these particle surfaces requires modeling, which
we describe subsequently.

4.2.1 Reactive uptake on alumina surfaces

Heterogeneous reaction rates k can be calculated by

k =
γ v SAD

4
, (4.4)

where SAD is the surface area density, v is the mean molecular speed of the molecules
colliding with the surface and γ is the reaction probability, i.e., the probability that such a
collision actually results in a reaction. For the reaction ClONO2 + HCl, γClONO2 depends
on the amount of HCl 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, γ, of heterogeneous reactions for reactants with low adsorp-
tivity on alumina surfaces, such as HCl and ClONO2 in reaction 4.1, can be described
for example by a Eley-Rideal mechanism or a Langmuir-Hinshelwood mechanism for ad-
sorption/desorption and reaction. Some studies found that the Eley-Rideal mechanism is
more accurate to represent reaction 4.1 (Fernandez et al., 2005). However, the Langmuir-
Hinshelwood mechanism was also successfully used to describe heterogeneous reactions
such as reaction 4.1 on polar stratospheric clouds (e.g., Carslaw and Peter, 1997; Aguzzi
and Rossi, 2001; Fernandez et al., 2005; Crowley et al., 2010; Ammann et al., 2013;
Burkholder et al., 2020). In this study we use the Langmuir-Hinshelwood mechanism to
extrapolate the measurements of Molina et al. (1997) to stratospheric HCl concentrations
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(i.e., ∼1 ppb at 50 hPa). As derived in Appendix 4F, the reaction probability γClONO2

can be described by

1

γClONO2

=
1

αClONO2

+
v σ2

4 KClONO2 kB T kII θCl−
, (4.5)

where αClONO2 is the surface accommodation coefficient of species ClONO2 on alumina,
σ is the surface area per adsorption site, KX is the Langmuir constant of species X, kII the
second order surface reaction rate coefficient of reaction 4.1, kB the Boltzmann constant
and T the absolute temperature. Under stratospheric conditions, the fractional surface
coverage θCl− depends not only on the HCl partial pressure, but also on the competitive
HNO3 co-adsorption (Appendix 4F):

θCl− ≈
KHCl pHCl

θNO3
−
≈ KHCl pHCl√

KHNO3 pHNO3

≈ 1

f

√
KHCl pHCl , (4.6)

where the first expression, KHCl pHCl / θNO3
− , reveals the dissociative nature of ad-

sorption and the competition of HCl and HNO3 via H+-concentration on the surface. In
equation 4.6 (equation 4.6), f is the reduction factor by which the adsorption of HCl is
diminished due to the presence of HNO3 relative to a system without HNO3 interaction.
In the absence of measurements on alumina, we have estimated f from a comparison of
measurements of the HCl uptake on ice with HNO3 (Hynes et al., 2002) and without
HNO3 (Zimmermann et al., 2016) and find f ≈ 33 (Appendix 4F). In equation 4.5 and
equation 4.6, we combine the unknown quantities KClONO2 , KHCl, and k

II as follows:

β =
4 KClONO2 kB T kII

√
KHCl

v σ2 f
. (4.7)

Thus:

1

γClONO2

=
1

αClONO2

+
1

β
√
pHCl

. (4.8)

This allows us to describe the measured γClONO2 by treating the unknown quanti-
ties αClONO2 and β as fit parameters. Finally, we use the fit of equation 4.8 to Molina
et al. (1997) measurements and scale it down by f to take into account the HCl-HNO3

interaction.
Figure 4.1 shows equation 4.8 (blue curves) fitted to Molina et al. (1997) data (black

symbols) as a function of HCl partial pressure. The curve labeled “dissociative γClONO2 ,
HCl only” shows a least-squares best fit of equation 4.8 to the measurements with f=1 for
pure HCl uptake (i.e., HNO3 and H2SO4 absent). The curve labeled “dissociative γClONO2 ,
HNO3 co-adsorption” is the same, but with f = 33 derived from measurements of HCl
uptake in competition with HNO3 on ice. Finally, the curve labeled “non-dissociative,
high γClONO2” assumes HCl molecules not to dissociate on the surface (Carslaw and Pe-
ter, 1997), and further assumes a high value of β, to span the full range of possible
γClONO2 compatible with the data (Table 4.1 also provides examples with medium and
low γClONO2).

Besides ClONO2 and HCl, Molina et al. (1997) also examined the effects of the presence
of stratospheric concentrations of H2O and HNO3, but found no measurable change in
γClONO2 (within the range 0.018 and 0.022), which is seemingly in contradiction with
equation 4.6. However, it would be misleading to assume that these two gases have no
effect on reaction 4.1 under present-day stratospheric conditions. Because Molina et al.
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(1997) applied H2O and HNO3 at stratospheric concentrations, but HCl at concentrations
more than 10-times higher, the effects of H2O and HNO3 were likely dwarfed by the excess
of HCl. In addition, the impact of H2SO4 was not examined by Molina and coworkers.
In summary, trace gases, such as HNO3, co-adsorb on the particle surface and H2SO4

can condense on it (with H2O). These acids, besides occupying adsorption sites on the
surface, will likely dissociate and lead to a highly acidic environment that reduces the
adsorptivity of HCl (Appendix 4F). Therefore, γClONO2 measured by Molina et al. (1997)
with no HNO3 or too little HNO3 is likely an overestimate compared to stratospheric
conditions.

All curves in Figure 4.1 are plausible representations of the γClONO2 measured by
Molina et al. (1997). Obviously, the measured data do not help constraining γClONO2

for low stratospheric pHCl, where the Langmuir adsorption isotherms are in the linear,
unsaturated regime. At 1 ppb HCl, γClONO2 can be as large as 0.019 (“non-dissociative
high γ”) or as small as 0.0003 (γ with HNO3 co-adsorption and dissociation), a ratio of
almost two orders of magnitude (Figure 4.1, Table 4.1).

4.2.2 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 us to represent all relevant aspects of stratospehric chemistry and dynamics. Its
dynamical core is ECHAM5.4 (Roeckner et al., 2003), which is interactively coupled
to the chemistry module MEZON (Rozanov et al., 2001; Egorova et al., 2003; Stenke
et al., 2013) and the sectional aerosol module AER (Weisenstein et al., 1997; Sheng
et al., 2015). SOCOL-AERv2 employs a T42 horizontal resolution (i.e., 310 km x 310
km) and 39 vertical sigma pressure levels up to 0.01 hPa (i.e., ∼80km). 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 aerosols, the chemistry and the dynamics are fully interactive with
each other allowing for accurate representation of stratospheric dynamics and chemistry
(e.g., Friedel et al., 2022; Brodowsky et al., 2021).

The aerosol module in SOCOL-AERv2 was extended to include tracers for spherical
monomers and agglomerates of alumina particles, assuming a density of 3.95 g/cm3. Ten
prognostic variables (mass bins) were integrated to represent the injection of monomers
with 240 nm and 80 nm radius and their agglomeration, while assuming mass doubling
between subsequent mass bins. Self-coagulation of alumina particles follows the descrip-
tion 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 sedimentation 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 hetero-
geneous chemistry on alumina particle surfaces. The alumina particles are assumed not
to interact with sulfuric acid aerosols except in the scenarios labeled “H2SO4 coating”.
In these scenarios, alumina particles acquire a sulfuric acid coating through coagulation
with sulfuric acid aerosols and H2SO4-H2O co-condensation (following Weisenstein et al.,
2015), and the heterogeneous chemistry on the entire resulting SAD is assumed to be
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identical to sulfuric acid aerosols (see Sheng et al., 2015).

4.2.3 Modeling scenarios

Each alumina injection scenario (Table 4.1) assumes an emission of 5 Mt/yr of Al2O3

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 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/m2 for 5 Mt/yr injection of 240 nm (see Chapter 3, Figure 3.4).

Scenarios were performed with different parameterizations for co-
adsorption/desorption and reaction or different assumptions on the partitioning of
HNO3 and H2SO4 at the particle surface (blue lines in Figure 4.1 and Table 4.1). For
comparison with sulfur-based SAI, a scenario with injections of 5 Mt of SO2 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 dataset (Kennedy et al., 2019)
for 2020 conditions and CESM5-CAM1 RCP8.5 (2090-2099) for 2090 conditions (Meehl
et al., 2013).

4.3 Results

The scenarios with injection of 5 Mt per year of particles with radius of 240 nm result
in global mean stratospheric 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 µm2/cm3 in the lower stratosphere (Appendix 4G). When applying the different pa-
rameterizations for co-adsorption/desorption and reaction for γClONO2 depicted in Figure
4.1, the “non-dissociative high γClONO2” scenario for 240-nm particles results in a total
ozone column (TOC) decrease of 9% globally, up to 16% over the poles and midlatitudes
and about 6% in the tropics for present day ODS (Figure 4.2a). When injecting particles
of a radius of 80 nm instead of 240 nm at 5 Mt/yr, the global mean aerosol burden in-
creases to 5.2 Mt (due to reduced sedimentation). In the “non-dissociative high-γClONO2”
case SAD increases to 5-16 µm2/cm3 (Appendix 4G), which enhances global mean TOC
depletion to more than 20% (Figure 4.2a).

However, most likely HNO3 will co-adsorb on the alumina surface (Appendix 4F). The
scenario “γClONO2 with HNO3”, which accounts for co-adsorption and dissociation of HCl
and HNO3 on the particle surface, yields no substantial ozone loss. Furthermore, gaseous
H2SO4 can co-condense with water, and aqueous H2SO4 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 H2SO4-H2O droplets on alumina

91



Chapter 4. Chemical impact of stratospheric alumina particle injection for solar
radiation modification and related uncertainties

non-

(high γ )
dissocia�ve

80-nm ptcls:

SO2

dissocia�ve
HNO3 co-ads

H2SO4
coa�ng

2020

non-
dissocia�ve

(high γ )

dissocia�ve
HCl only

SO2

H2SO4
coa�ng

2090

non-
dissocia�ve

(high γ )

reference
2020

(a) (b)

non-

(high γ )
dissocia�ve

80-nm ptcls:

Figure 4.2: Zonal mean of 10 year averaged total ozone column depletion resulting from
injection of 5 Mt/yr of alumina particles assuming different parameterizations of reaction
4.1 (Figure 4.1) or alumina particles to be covered with sulfuric acid (“H2SO4 coating”)
simulated with SOCOL-AER under 2020 (a) and 2090 (b) ODS and GHG conditions. For
comparison we also show an SO2 injection scenario with equal injection rates as for the
alumina injection scenarios (i.e., 5 Mt SO2 per year).

surfaces (Appendix 4D). However, we analyze the sensitivity of the ozone response to
alumina particles by assuming a full coating by sulfuric acid (termed “H2SO4 coating” in
Figure 4.2). In this conservative scenario, the entire resulting SAD (Appendix 4G) 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% (Appendix 4G). 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 “H2SO4 coating” simulation,
since the number density of sulfuric acid aerosols is significantly reduced, which also
explains the strong positive HNO3 anomaly over the south polar region (see Appendix
4H, ∆HNO3). 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 4.2b). 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
γClONO2” 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
(Appendix 4H).

The difference between the modeled 2090 and the 2020 TOC levels (Figure 4.2b) is
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representing the effect of ozone recovery which is consistent with projections from other
models (WMO, 2022). Under 2090 conditions, all scenarios 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.

4.4 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 im-
pact 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/m2, 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 ClONO2 with HCl has
a reaction probability γClONO2≈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 HCl concentrations more than an order of mag-
nitude higher than in the stratosphere today. We apply a Langmuir-Hinshelwood mecha-
nism for co-adsorption/desorption and reaction to extrapolate to lower concentrations in
a physically consistent manner. This shows that γClONO2 is not well constrained due to
the sparsity of experimental data, but ranges from γClONO2 = 0.019 to γClONO2 = 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 HNO3 and co-condensation
of H2SO4 on resulting Cl– 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 H2SO4-H2O solutions, which may further reduce impact
on stratospheric ozone (see Table 4.1 for all scenarios). Other heterogeneous reactions on
alumina, such as N2O5 hydrolysis, are presently unconstrained by experimental data, but
likely play a much smaller role than reaction 4.1 (Appendix 4I). Interactions with PSCs
represent a further source of uncertainty.

We have identified a number of key processes as sources of uncertainty: (1) extrapola-
tion of measured data for reaction 4.1 to stratospheric trace gas concentrations, (2) lack of
detailed knowledge of competitive co-adsorption and interaction with other trace gases on
the surface, (3) wettability by co-condensation of H2SO4 and H2O on the surface, and (4)
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 conditions in terms of temperatures, partial pressures of relevant
trace gases (e.g., H2SO4, ClONO2, N2O5, HCl and HNO3) and relative humidity.

Data Availability

The modelled data used for this study are available in the ETH research collection via
Vattioni (2023a). The model code of SOCOL-AERv2 incorporating the solid particle
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microphysics scheme used for data generation is available via Vattioni (2023b).
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Appendix 4: Supplementary information

A: The different parameterizations assumed in this study

Tabel 4.1 gives an overview of the different parameterizatons of reaction 4.1, which were
presented in this study.

Table 4.1: Overview of model scenarios which are the basis of this work. This includes
uptake coefficients calculated based on Langmuir isotherms 1/ γClONO2 = 1/αClONO2 +
1/(β pHCl) for non-dissociative and 1/ γClONO2 = 1/αClONO2 + 1/(β

√
pHCl) for dissocia-

tive adsorption (see Appendix F for a derivation). The parameters αClONO2 and β have
been fitted to the γClONO2 measured by Molina et al. (1997) under high HCl conditions,
and γClONO2 has then been extrapolated to typical stratospheric conditions (i.e., ∼1 ppbv
HCl at 50 hPa which is ∼ 5× 10 –8 hPa). Based on simulations with the aerosol-chemistry-
climate model SOCOL-AER, the last two columns show results for the reduction of the
total ozone column (TOC) in percent. These are 10 year averages of global mean de-
pletions in TOC for 5 Mt/yr injection of alumina particles with radius of 240 nm for
time sliced conditions of the years 2020 and 2090 (referring to globally averaged TOCs
of 317 and 336 DU, respectively). The alumina scenarios are compared with a 5 Mt/yr
SO2 injection scenario and with a scenario in which the alumina particles are fully coated
by aqueous H2SO4 and their heterogeneous chemistry is treated like that of H2SO4-H2O
droplets. Entries marked “n/a” are not applicable (for the case of H2SO4 coating, SO2

injections and the reference simulation) or have not been determined (as some simulations
for 2090).

Langmuir Fit
typical γClONO2

(1 ppb HCl
at 50 hPa)

∆TOC (%)
Scenario name

αClONO2 β 2020 2090

Reference (γ=0) n/a n/a n/a 0 0
SO2 n/a n/a n/a -2.8 -1.4
non-dissociative
high γ 0.02 2.7×10−7 hPa–1 0.019 -9.1 -2.0
medium γ 0.02 2.7×10−6 hPa–1 0.017 -6.1 -1.3
low γ 0.02 2.7×10−5 hPa–1 0.007 -1.7 n/a

dissociative

only HCl, best fit γ 0.03 59 hPa–1/2 0.008 -2.6 n/a

only HCl, fitted γ, α=0.1 0.10 25 hPa–1/2 0.004 -1.3 n/a

γ with HNO3 co-ads. 0.03 1.79 hPa–1/2 0.0003 -0.03 n/a
H2SO4 coating n/a n/a n/a -0.5 -0.6

95



Chapter 4. Chemical impact of stratospheric alumina particle injection for solar
radiation modification and related uncertainties

B: Details and caveats of the Molina et al. 1997 measurements

The measurements by Molina et al. (1997) were performed in a flow tube with Helium
as carrier gas (2.5 torr) with a flow velocity of 2800 cm3/s. Figures 4.1 and 4.3 show the
measurements which were performed under dry conditions (crosses) and in the presence of
1.9× 10 –4 torr H2O (open circles), which corresponds to a water vapor mixing ratio χH2O

of 3.8 ppm at 50 hPa total pressure (open circles). Molina et al. (1997) indicated that
in their measurements on dry alumina surfaces their samples were dry-baked prior to the
experiment. However, they also state that between the drying and the measurements the
samples were exposed to ambient air. Even this short exposure to ambient air humidity
is likely enough to hydroxylate the alumina surfaces again. Although no change in their
measurements was observed when adding H2O to the carrier gas (Figures 4.1 and 4.3),
a dependence on H2O adsorption can still not be excluded, since all measurements could
have been performed in the presence of at least a few monolayers of water.

Furthermore, Molina et al. (1997) performed some experiments with pHCl = (1 - 10)
×10−7 torr, pH2O = 3.8 × 10−4 torr, and pHNO3 = 3.8 × 10−7 torr. While these H2O and
HNO3 partial pressures correspond roughly to present-day stratospheric conditions, the
HCl partial pressures are higher by 1-2 orders of magnitude than in the stratosphere. This
was on purpose, taking account of the HCl-rich conditions in a rocket plume examined by
Molina et al. (1997). To estimate the effect of the presence of the HNO3 concentrations
present in Molina et al. (1997) on the HCl uptake, which compared to HCl concentrations
are relatively small, we refer to the treatment of competitive co-adsorption in Appendix 4F
below (using co-adsorption on ice as a proxi). Instead of using Figure 4.7 for stratospheric
conditions indicated by the red double arrow, we apply it to the higher HCl concentrations
used by Molina et al. (1997) in their experiments, yielding the gray-shaded area in Figure
4.3. The competitive co-adsorption of HNO3 in these experiments is expected to have
a much weaker effect than HNO3 under stratospheric conditions. However, the effect
should still be discernible, whereas Molina et al. (1997) did not note any effect of their
HNO3 addition. We can only speculate why this is the case. First, Molina and colleagues
only provide a range for the HCl concentrations (1 × 10−6 - 1 × 10−5 torr) and possibly
most experiments where performed at the high HCl concentration end, which yields only
small effects. Second, we note that the reaction 4.1 itself is a source for HNO3, which
may remain on the surface and reduce the contrast between their experiments with and
without HNO3.

In summary, from the experiments of Molina et al. (1997) we cannot exclude an effect
of water vapor on the HCl adsorptivity and, hence, on the reaction rate of ClONO2 + HCl
(reaction 4.1). More importantly, the effect of HNO3, which quenches the HCl uptake
and slows the reaction, is expected to be much smaller in Molina et al.’s experiments than
under stratospheric conditions (see Figure 4.1). Thus, a physically consistent approach is
required to extrapolate these experimental data to stratospheric conditions (see Appendix
4F).
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Figure 4.3: Reactive uptake probability γClONO2 of ClONO2 on alumina surfaces as func-
tion of HCl partial pressure. Symbols show data measured by Molina et al. (1997). Blue
lines are identical to lines in Figure 4.1, i.e., γClONO2 in the absence of dissociating gases
other than HCl (upper curve) and γClONO2 in presence of dissociating HNO3 at strato-
spheric concentrations (lower curve, see also Appendix 4F). Gray area: estimated range
of reactive ClONO2 uptake as function of HCl partial pressure in the presence of the
very low HNO3 concentrations as in the experiments of Molina et al. (1997), namely
[HNO3]/[HCl]=0.03-0.3.
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C: Weisenstein et al. (2015) modeling details

For extrapolation to HCl partial pressures relevant for the stratosphere Weisenstein et al.
(2015) used the following parameterization:
For [HCl]/[ClONO2] > 10 γClONO2 = 0.02
For [HCl]/[ClONO2] ≤ 10 γClONO2 = log10([HCl]/[ClONO2]) · 0.02
For [HCl]/[ClONO2] ≤ 1 γClONO2 = 0.00

Figure 4.4 shows the Molina et al. (1997) data as well as the parameterization used in
Weisenstein et al. (2015) as a function of [HCl]/[ClONO2]. The measurements by Molina
et al. (1997) are not well captured by this parameterization. The calculated γClONO2 values
from this study are significantly different in magnitude and zonal mean shape compared to
the ones applied in Weisenstein et al. (2015), see (Figure 4.10a-f). Furthermore, reaction
4.1 on alumina particles could results in significantly increased ClONO2 concentrations
(see Appendix 4H and Figure 4.11, ∆ClONO2 of the “non-dissociative medium γClONO2”
scenario), which would further decrease the resulting γClONO2 proportionally to the in-
crease of ClONO2. The scenario in Weisenstein et al. (2015), which injected 4 Mt per
year of 240 nm alumina particles, resulted in about 1-4% less zonal mean TOC depletion
than the “non-dissociative low γClONO2” scenario in this study, which injected 5 Mt per
year of alumina particles at 240 nm radius. However, this could also be influenced due to
the very different microphysics between the two studies resulting in very different aerosol
burden and surface area densities (SAD).
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Figure 4.4: The black crosses represent measured values of γClONO2 for reaction 4.1 on
alumina surfaces as a function of [HCl]/[ClONO2] from Molina et al. (1997). The blue
line represents the fitting curve which was used to calculate γClONO2 in Weisenstein et al.
(1997) assuming a constant ClONO2 concentration.
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D: Contact angle measurements of sulfuric acid on alumina par-
ticles

The simulations which allowed for uptake of H2SO4 on alumina particles through coagula-
tion and condensation (see scenarios “H2SO4-coating” in Figure 4.2) resulted in an average
alumina SAD of about 3 µm2/cm3 with a H2SO4 –H2O layer of about 10 nm thickness
in the lower stratosphere when injecting 5 Mt/yr of alumina particles with a radius of
240 nm. In these simulations the H2SO4 –H2O was assumed to be equally distributed
over the whole alumina SAD. Taking the total stratospheric H2SO4 flux from gas phase
to condensed phase from Feinberg et al. (2019, see their Figure 8, sum of condensation
and nucleation equals 132 Gg Sulfur/yr in the form of H2SO4), the average time to build
up one monolayer can be estimated to be about 17 days (i.e., roughly two weeks). When
integrating this over the stratospheric residence time of the particles (i.e., about 9 months,
see Section 3, Results), this results in a thickness of roughly 6.5 nm, when not accounting
for H2O. This in good agreement with the resulting H2SO4 –H2O coating thickness of
10 nm in SOCOL-AER. However, it is not clear whether the H2SO4 –H2O on the surface
would cover the whole surface or form small accumulated islands on the surface.

We have performed contact angle measurements using the approach of Corti and
Krieger (2007) called the “inverted bubble method” (McLachlan Jr and Cox, 1975). In
the inverted bubble method, the solid surface (in our case alumina) is immersed in a
test solution and the contact angle is measured by means of small gas bubbles, which
are created by blowing air into the solution below the sample with a pipette (see Figure
4.5, left). The contact angle is then determined optically (see Figure 4.5, right). The
inverted bubble method is less sensitive to ambient conditions such as relative humidity
or temperature since the solution has a much larger volume compared to the sessile drop
method (see Figure 4.5, left). This is important since small highly concentrated sulfuric
acid droplets could dilute relatively fast by uptake of water from ambient air. Typical
stratospheric sulfuric acid aerosols have a weight percent of about 70 wt% sulfuric acid
(Thomason and Peter, 2006).

The contact angle of sulfuric acid solutions was measured as a function of weight
percent of sulfuric acid between 0wt% and 90wt% with steps of 10wt% by analyzing
multiple bubbles at every step at multiple samples. We found no significant dependence
of the contact angle on the weight percent of sulfuric acid. Measurements between 10wt%
and 90wt% resulted in an average contact angle of about 30° with values between 38° for
10wt% and 25° for 90wt%, whereas the contact angle for pure water resulted in 62°.

These measurements are subject to large uncertainties since the contact angle is not
only dependent on the solution characteristics, but also on the surface material properties.
Morphology, pollution and treatment of the sample surface (e.g. polishing or cleaning
with isopropanol or ethanol) could strongly influence the contact angle. Additionally,
especially for higher concentrated sulfuric acid solutions water uptake from ambient air
could have decreased the effective weight percent of the solutions. Furthermore, the
method is limited in accuracy by the simplified optical determination of the contact angle
(i.e. through commercial mobile cameras).

Despite these large uncertainties, the result of our measurements is unequivocal: The
wetting capability of aqueous sulfuric acid on alumina surfaces is quite limited, leading to
the formation of liquid droplets with a contact angle of about 30°, which do not spread
over the entire surface. While we cannot be sure that this is also true under stratospheric
conditions with microscopic particles, low temperatures and high UV radiation, we take
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Figure 4.5: Left diagrams show schematics of (a) an H2SO4-H2O droplet sitting in the
vapor phase supported by an Al2O3 surface and (b) the inverted bubble method using
vapor bubble in H2SO4-H2O submersed by an Al2O3 surface (e.g., Corti and Krieger, 2007,
see also Appendix 4D). Both cases develop the same contact angle, θ. (c) Measurements
of the wettability of Al2O3 single crystals by 70wt% H2SO4 solution using the inverted
bubble method showed a contact angle of about 31° (±7°, see Appendix 4D). If this is
also true for the 240-nm particles investigated here, the nominal 12-nm layer (left sketch)
would contract and only cover a small fraction of the particle surface (e.g. like in right
sketch).

this as an indication that there is a high probability that a large fraction of the particle
surface remains uncoated and may host the ClONO2 + HCl reaction.
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E: Experimental evidence for chemically aging and non-aging ma-
terials

We performed Elastic Recoil Detection Analysis (ERDA) experiments at the 1.7 MV
Tandetron accelerator (Kottler et al., 2006) at Laboratory of Ion Beam Physics at ETH
Zurich, Switzerland, to investigate how HNO3 interacts with alumina and calcite surfaces.
ERDA is based on the detection of elastically scattered recoils from the impact of 13 MeV
primary 127I ions hitting the sample surface under an angle of 17°. Recoiling atoms are
identified under a scattering angle of 34° by velocity and energy using a time-of-flight
spectrometer in combination with a gas ionization detector. This allows us to calculate
the elemental composition of the sample as a function of depth from the surface into a
depth of about 180 nm. We have put two samples of alumina (Al2O3) and calcite (CaCO3)
into an exicator above a bath of 65wt% H2SO4 containing 2wt% of HNO3. The exicator
was put into a fridge for 10 days at 253 K which resulted in a HNO3 mixing ratio of
80 ppm above the liquid at ambient pressure. Exposing the samples to HNO3 like this
for 10 days results in a HNO3 exposure (i.e., exposure time multiplied by the exposure
concentration in s/cm3) that is about 1000 times higher than the exposure of a solid
particle with a stratospheric residence time of about one year (assuming about 10 ppb
HNO3 at 50 hPa).

Strong uptake of HNO3 throughout the outermost 180 nm can be observed in the cal-
cite sample (Figure 4.6b). However, for alumina we did not detect any counts of nitrogen
throughout the accessible sample depth (Figure 4.6a). From this we conclude that the
bulk of the alumina particle does not react with the acids in the stratosphere. Thus, the
bulk of the alumina particles will likely not undergo any chemical aging in the strato-
sphere, but may serve as surfaces for adsorption of trace gases as well as condensation
and coagulation of H2SO4 onto the surface.
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Figure 4.6: Elastic Recoil Detection Analysis (ERDA) of an alumina (a) and a calcite
sample (b) after exposure to 80 ppm HNO3 at ambient pressure and 253 K for 10 days.
Depicted quantities are the elemental compositions of the samples as a function of depth
from the surface to 180 nm depth (see also Appendix 4E).
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F: Langmuir-Hinshelwood kinetics of ClONO2 + HCl on an
HNO3-dosed surface

We describe the co-adsorption/desorption and reaction mechanisms, while accounting
for dissociation of the involved species. We assume that the net reaction ClONO2 +

HCl
surf−−→ Cl2 +HNO3 (reaction 4.1) proceeds according to the following steps:

ClONO2(g) ⇌ ClONO2(surf) (4.9)

HCl(g) ⇌ HCl(surf) (4.10)

HCl(surf) +H2O(surf) ⇌ H3O
+ + Cl−(surf) (4.11)

Cl−(surf) + ClONO2(surf) ⇌ Cl2(g) +NO−
3(surf) (4.12)

HNO3(g) ⇌ HNO3(surf) (4.13)

HNO3(surf) +H2O(surf) ⇌ H3O
+ +NO−

3(surf) (4.14)

This means:

- HCl and ClONO2 both adsorb on the surface, where HCl has a much longer residence
time (before desorption) than ClONO2 (reaction 4.9 and reaction 4.10);

- On the surface, HCl is assumed to dissociate immediately and fully to H3O
+ and

Cl– (reaction 4.11);

- Both Cl– and ClONO2 undergo 2D-diffusion on the surface and can interact and
react with each other according to reaction 4.1;

- The presence of HNO3, which also fully dissociates, acidifies the surface and, thus,
reduces the uptake of HCl (reaction 4.13 and 4.14);

- Similar to HNO3 also H2SO4 may adsorb, dissociate, acidify the surface and reduce
the uptake of HCl, but much less because of its lower concentration and tendency
to contract into small droplets (see Appendix 4D);

We define:

- X = ClONO2, Y = Cl– , Z = NO–
3 or HSO–

4 ;

- NX, NY, N Z = number of molecules of X, Y, Z adsorbed on surface (molec/cm2);

- N tot = total number of adsorption sites on the surface (typically 10 14-10 15/cm2);

- θX, θY, θZ = fractional surface coverage of adsorption sites by X, Y, Z (dimensionless,
θX = NX σ etc.);

- σ = 1/N tot = surface area per adsorption site (typically 10 –15 cm2);

- [X] = molecule number density of molecules X in the gas phase (in cm–3);

- pX = [X] kB T = partial pressure of molecules X in the gas phase (in Pa);
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- kB = Boltzmann constant;

- T = absolute temperature;

- vX = mean thermal speed of molecules X;

- γX = reaction probability of X in reaction 4.1 (also called “reactive uptake coeffi-
cient”);

- αX = surface accommodation coefficient of X (=ClONO2, also called “sticking co-
efficient”);

- k II = second order surface reaction rate coefficient (in cm2/s2) for reaction 4.12;

- k abs = reaction rate of adsorption of X (in Pa–1s–1) in reaction 4.9;

- kdes = reaction rate of desorption of X (in s–1) in reaction 4.9;

- K = k abs/kdes = Langmuir constant of X (in Pa–1) in reaction 4.9;

For the description of the reactive uptake on the surface by adsorption, 2D-diffusion, and
then desorption or reaction (i.e., a Langmuir-Hinshelwood scheme), we need the following
equations 4.15-4.17.
The reactive flux equation for X:

jX =
1

4
[X] v γX =

1

4

pX
kB T

v γX = kII NX NY = kII θX θY σ
−2 . (4.15)

The mass balance for X on the surface:

dNX

dt
= kads pX (Ntot −NX −NY −NZ)− kdes NX − kII NX NY

= kads pX (1− θX − θY − θZ) σ−1 − kdes θX σ−1 − kII θX θY σ−2 .
(4.16)

Finally, the number of collisions of X with the surface leading to adsorption divided
by the number of all collisions as given by the surface accommodation coefficient:

αX =
kads pX (Ntot −NX −NY −NZ)

1
4
[X] v

=
4 kads kB T

v σ
(1− θX − θY − θZ) . (4.17)

Under steady state conditions, dNX/dt = 0 in equation 4.16. We use equation 4.15
and 4.16 to eliminate pX:

0 =
4 kads k

II kB T

v γX σ2
θY (1− θX − θY − θZ)− kdes − kII θY σ−1 . (4.18)

We insert equation 4.17 into equation 4.18, thereby eliminating θX, and use
kdes = kads/K:

0 =
kII

γX σ
θY αX −

kads
K
− kII θY σ−1 . (4.19)
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Re-sorting terms in equation 4.19 provides:

1

γX
=

1

αX

+
v σ2

4 kB T kII K θY (1− θX − θY − θZ)
. (4.20)

Since θZ represents nitrate, bisulfate and hydronium ions, θZ ≫ θX + θY, equation
4.20 simplifies to:

1

γX
=

1

αX

+
v σ2

4 kB T kII K θY (1− θZ)
. (4.21)

Here, αX is the surface accommodation coefficient on the HNO3-dosed surface. When ex-
pressing this in terms of the surface accommodation coefficient on HNO3-free and H2SO4-
free surface, αX,0 = αX/(1−θZ), we obtain

1

γX
=

1

αX,0 (1− θZ)
+

v σ2

4 kB T kII K θY (1− θZ)
, (4.22)

where θZ is the part not covered by nitrate, bisulfate or hydronium ions. Or explicitly
for reaction 4.1:

1

γClONO2

=
1

αClONO2,0 (1− θNO3
− − θHSO4

− − θH+)
+

v σ2

4 kB T kII K θCl−(1− θNO3
− − θHSO4

− − θH+)
.

(4.23)

Competitive, dissociative adsorption:
In order to express the term θCl− (1 − θNO3

− − θHSO4
− − θH+) in equation 4.23 by the

corresponding vapor pressures pHCl, pHNO3 and pH2SO4 , we have to consider that these
acids co-adsorb competitively and dissociate after accommodation on the surface.
We first treat this for a binary system, such as adsorption/desorption of HCl on a pure
material layer (e.g., alumina) and formulate the adsorption by the following reaction:

HCl(g) + 2S ⇌ H+−S + Cl−−S , (4.24)

where S marks an adsorption site on the surface and H+ –S and Cl– –S are the adsorbed
species (where we use H+ as short form for H3O

+). With NH+ and N Cl− being the
numbers of adsorbed ions, the number of vacant sites is N tot-NH+-N Cl− , and the rate
equation for adsorption/desorption reads:

dNCl−

dt
= kads pHCl (Ntot −NH+ −NCl−)

2 − kdes NH+ NCl− , (4.25)

In equation 4.25, the adsorption term depends on the square of vacant sites, be-
cause two such sites are required to accommodate the anion and cation. In steady-state,
dNCl−/dt = 0, and dividing by σ2, yields

kads pHCl (1 − θH+ − θCl−)
2 = kdes θH+ θCl− . (4.26)

For binary HCl-H2O adsorption, we have θH+ = θCl− , and with KHCl = k ads/kdes:

KHCl = pHCl (1− 2 θCl-)
2 = θ2Cl- , (4.27)
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or

θCl− =

√
KHCl pHCl

1 + 2
√
KHCl pHCl

. (4.28)

In equation 4.28, θCl− ranges between 0 and a maximum surface coverage of 0.5, when
the other half of sites is covered by H+. This adsorption isotherm replaces the common
Langmuir isotherm θX ––KX pX/(1 + KX pX) for non-dissociating species. It is important
to note that the square root dependence is simply a consequence of the binary nature
of the system with θH+= θCl− , which reverts back to a linear KXpX -dependence when
other species control θH+ (such as HNO3, which is of interest here). For the ternary
HCl-HNO3-H2O co-adsorption on a surface, equation 4.26 is replaced by

kads pHCl (1 − θH+ − θNO3
− − θCl−)

2 = kdes θH+ θCl− . (4.29)

In the stratosphere, HNO3 concentrations are typically one order of magnitude higher
than those of HCl. Therefore, HNO3 dominates in this competitive adsorption process,
i.e., θNO3

− ≫ θCl− , and equation 4.29 simplifies to

kads pHCl (1 − 2 θNO3
−)2 ≈ kdes θNO3

− θCl− . (4.30)

The resulting co-adsorption isotherm for HCl on the HNO3-dominated surface reads
then:

θCl- = KHCl pHCl

(1 − 2 θNO−
3
)2

θNO−
3

. (4.31)

where

θNO3
− =

√
KHNO3 pHNO3

1 + 2
√
KHNO3 pHNO3

. (4.32)

In the stratosphere, where HCl and HNO3 concentrations are generally low, we assume
the fractional coverages θH+ , θNO3

− and θCl− to be low. We further assume the ratio of
both species, R = pHNO3/pHCl, to stay roughly constant, which is the case for instance in
adiabatic air motion. Hence, equation 4.31 and 4.32 result in:

θCl− ≈
KHCl pHCl√
KHNO3 pHNO3

≈
√
KHCl√

KHNO3 reaction / KHCl

√
pHCl , (4.33)

Finally, introducing f =
√
KHNO3 R / KHCl, we obtain

θCl− ≈
1

f

√
KHCl pHCl . (4.34)

Note that the square root dependence on pHCl results from the competitive co-
adsorption and dissociation of HNO3 on the surface (or of H2SO4, albeit to a much
lower degree because of the much lower partial pressure). Here, f is the reduction factor,
by which the adsorption of HCl is reduced through the presence of HNO3 relative to a
system without HNO3 interaction. In the absence of measurements on alumina, we have
estimated f from measurements the HCl uptake on ice under conditions characteristic for
the lower stratosphere, with HNO3 (Hynes et al., 2002) and without HNO3 (Zimmermann
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et al., 2016). From this we find f ≈ 33 (see Figure 4.7). The equations 4.31 and 4.32
should be used if the condition θNO3

− ≪ 0.5 is not satisfied.
From equation 4.23 and 4.34 we obtain

1

γClONO2

=
1

αClONO2

+
1

β
√
pHCl

, (4.35)

which is identical to equation 5 in the main text with β given by equation 4 and
assuming θNO3

− + θHSO4
− ≪ 1.

We performed a least square fit of equation 4.35 to the data of Molina et al. (1997)
and obtained values for αClONO2 = 0.03 and β = 59 torr –0.5 (see curve labeled “dis-
sociative γClONO2 , HCl only” in Figure 4.1 and Table 4.1). However, when comparing
with uptake coefficients of ClONO2 on other materials (e.g., on water or aqueous sulfuric
acid, Ammann et al., 2013; Burkholder et al., 2020), a value of αClONO2 ≈ 0.1 might be
more realistic, which would further decrease estimates of γClONO2 at stratospheric partial
pressures of HCl (see gray fit in Figure 4.8 and Table 4.1).

If other acids such as HNO3 or H2SO4 co-adsorb (∼10 ppb HNO3 at 50 hPa in the
stratosphere), they will influence the concentration of protons on the surface. We need to
distinguish between stratospheric and laboratory conditions of Molina et al. (1997) with
[HNO3] ≪ [HCl], i.e., θ0

Cl−
≈ θ0

H+ . Under stratospheric conditions, when accounting for
the partitioning, co-adsorption and dissociation of HNO3 with f = 33, we obtain γClONO2

= 0.003, i.e. about an order of magnitude less than the nominal 0.02 measured under
other conditions by Molina et al. (1997, see Figure 4.8).
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Figure 4.7: Uptake of HCl on ice under near-stratospheric conditions. Data and curves:
adsorption isotherms for HCl on ice surfaces at ∼220 K measured in coated-wall flow-
tubes. Upper dataset: HCl on pure ice measured by Zimmermann et al. (2016). Lower
dataset: HCl on HNO3-dosed ice measured by Hynes et al. (2002) with pHNO3 held at
∼1.3× 10−6 hPa HNO3 (∼4.4× 1010 molecules cm3) in all experiments measured in the
same temperature range as Zimmermann et al. (2016). The vertical red arrow shows the
reduction factor f=33 by which the presence of HNO3 reduces the uptake of HCl.
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Figure 4.8: Reaction probability γClONO2 for ClONO2 + HCl on alumina measured by
Molina et al. (1997) as a function of pHCl (black symbols, see also Appendix 4B) in
comparison with uptake coefficients calculated from isotherms of adsorption/desorption
and reaction rate coefficients (blue curves). The uptake coefficient based on dissociative
adsorption of “HCl only” was calculated using 1/γClONO2 = 1/αClONO2 +1/(β

√
pHCl) as-

suming α = 0.1 and β fitted to the data and for non-dissociative HCl adsorption using
1/γClONO2 = 1/αClONO2 + 1/(β pHCl) with fixed values αClONO2 = 0.02 and varying β by
three orders of magnitude (see Table 4.1). Typical stratospheric values of pHCl are below
∼1×10 –7 hPa (below dashed vertical line).
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G: Sensitivity to injected particle size and surface area availability

When injecting particles with a radius of 80 nm instead of 240 nm at 5 Mt/yr, the globally
averaged aerosol burden is 5.2 Mt with a SAD of up to 16 µm2/cm3 (see Figure 4.9c).
Compared to injecting particles with radius of 240 nm SAD is increased about 4 times.
This significantly increases zonally averaged ozone column depletion to 35% in the south
polar region and 13% in the tropics for 80 nm particle injection using the “non-dissociative
high γClONO2” parameterization. When injecting 80 nm particles, also the lower estimate
scenario, “non-dissociative low γClONO2” results in significant total ozone column depletion
of up to 15% over the polar regions. This shows that the availability of SAD is a critical
factor for heterogeneous chlorine activation on alumina particles (see also Equation 1
in the main text). Injecting particles with a small radius or injecting fractals of larger
particles must be avoided since this results in significantly larger SAD while also reducing
the scattering efficiency of the particles (Dykema et al., 2016, e.g.,).

Injecting the same rate of SO2 instead of alumina particles with radius of 240 nm also
results in a much larger SAD (i.e., 16-20 µm2/cm3, see Figure 4.9), which is partially due
to the much larger particle size of the alumina particles compared to the average aerosol
size of the sulfuric acid aerosols. This results in larger SAD per mass unit for sulfuric acid
aerosols. However, the sulfuric acid aerosols also have a smaller density, which together
with the smaller particle size results in much lower sedimentation velocities and thus, in
larger stratospheric aerosol burden (∼10 Mt H2SO4 –H2O) compared to alumina injections
with a radius of 240 nm (∼3.7 Mt alumina). The resulting total top of the atmosphere
radiative forcing is about 1.0 W/m2 for SO2 injections compared to 0.75 W/m2 for alumina
injections at 240 nm radius when injecting 5 Mt/yr of material.
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Figure 4.9: Zonal mean of resulting total SAD of different model scenarios averaged over
10 years. Panel a) and e) show only sulfuric acid aerosol SAD of the reference and the SO2

injection scenario, respectively. Panel b) and c) show only bare alumina SAD resulting
from 5 Mt/yr injection of particles at radius of 240 nm and 80 nm, respectively. Panel
d) shows the sum of H2SO4 –H2O coated alumina SAD and sulfuric acid aerosol SAD for
the “H2SO4 coating” scenario (see scenarios in Table 4.1).
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H: Composition changes

HCl and ClONO2 represent two important reservoir species of stratospheric ozone chem-
istry. When injecting 5 Mt/yr of alumina particles with radius of 240 nm assuming the
“non-dissociative medium γClONO2” parameterization results in up to 70% HCl loss in the
lower stratosphere as a result of reaction 4.1 (Figure 4.11, left column). However, for
ClONO2 we observe an increase in concentrations of up to 90% (Figure 4.11, left column)
which is due to the much faster reformation of ClONO2 via reaction 4.3 compared to
destruction via R1. The significantly increased ClONO2 concentration would additionally
lower the calculated γClONO2 used in the parameterization from Weisenstein et al. (2015,
see Appendix 4C, and Figures 4.4, 4.10a and 4.10b), whereas our parameterization is not
dependent on pClONO2.

When assuming the alumina particles to be coated by sulfuric acid (Figure 4.11, mid-
dle column) or when injecting SO2 (Figure 4.11, right column) the increased sulfuric acid
aerosol SAD (Figure 4.9) provides surface for N2O5 hydrolysis (Reaction 4.36). This re-
sults in TOC depletion due to less availability of NOX and thus reduced deactivation of
ClOX via reaction 4.3 under present day concentrations of ozone depleting substances
(ODS, see Figure 4.11, middle and right column). However, due to the lower SAD avail-
ability in the ”H2SO4 coating” alumina injection scenario (see Appendix 4G), which as-
sumes the particles to be coated by H2SO4 –H2O (Figure 4.11, middle column) the ozone
alteration is much smaller compared to ozone alteration from SO2 injections.

Under 2090 conditions, when ODS concentrations are lower again, we still observe
the same effects on stratospheric composition changes, but with much smaller anomalies,
which is mainly due to the lower stratospheric chlorine concentrations (Figure 4.12).
However, the reduction in stratospheric chlorine by the year 2090 is not yet large enough
in SOCOL-AER to turn the ozone depletion in an ozone increase due to deactivation of
NOX.
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Calculated from "Reference"
following Weisenstein et al. (2015)

Calculated from "high "
following Weisenstein et al. (2015)

Figure 4.10: Panels a) and b) show the resulting γClONO2 when calculating following the
method used in Weisenstein et al. (2015, i.e. scaling with [HCl]/[ClONO2], see Appendix
4B and Figure 4.4) with HCl and ClONO2 concentrations resulting from a) our reference
simulation and b) the “non-dissociative high γClONO2” scenario. Panels c) to f) show the
resulting γClONO2 when applying our own “non-dissociative, HCl-only” parameterizations
derived in this paper (see Figure 4.1, Figure 4.8 and Table 4.1).
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medium H2SO4 coated� SO2 injection
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Figure 4.11: The resulting O3, HCl, ClONO2, HNO3, N2O5, NOX and ClOX anomalies
from the “non-dissociative, HCl only, medium γClONO2” and the “H2SO4 coated” scenarios
(see also Table 4.1) with injection radius of 240 nm as well as the SO2 injection scenarios
for 2020 ODS and green house gas (GHG) conditions. Dotted areas represent statistically
insignificant values on the 95% t-test interval.
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Figure 4.12: The resulting O3, HCl, ClONO2, HNO3, N2O5, NOX and ClOX anomalies
from the “non-dissociative, HCl only, medium γClONO2” and the “H2SO4 coated” scenarios
(see also Table 4.1) with injection radius of 240 nm as well as the SO2 injection scenarios
for 2090 ODS and GHG conditions. Dotted areas represent statistically insignificant
values on the 95% t-test interval.

113



Chapter 4. Chemical impact of stratospheric alumina particle injection for solar
radiation modification and related uncertainties

I: Sensitivity to injection altitude and to other heterogeneous
reactions on solid particles

Injection at 25 km (∼20 hPa) instead of 20 km (∼54 hPa) increases the stratospheric
alumina burden by 41% from 3.67 Mt to 5.19 Mt. SAD increases correspondingly and
leads to a decrease in zonal mean TOC across all latitudes (see Figure 4.12).

In addition to simulations representing the various parameters used for parameteri-
zations of reaction 4.1, we also performed simulations which account for heterogeneous
reactions 4.36 and 4.37 on alumina surfaces.

N2O5 +H2O+M
surf−−→ 2HNO3 +M (4.36)

ClONO2 +H2O
surf−−→ HOCl + HNO3 (4.37)

In view of the lack of experimental data, we assume the same γ as for heterogeneous
reactions on sulfuric acid aerosols for reactions 4.36 and 4.37 (Sheng et al., 2015). This
is likely an upper limit estimate, since the real γ of these reactions on solid particles is
possibly smaller due to larger availability of H2O on sulfuric acid aerosols compared to
solid particles.

Under conditions with present day stratospheric chlorine concentrations, reactions
4.36 and 4.37 are both expected to increase ozone depletion due to additional chlorine
activation (4.37) and decreased chlorine deactivation due to removal of NOX (reaction
4.3). However, the resulting TOC anomalies from taking into account these two reactions
only result in about 1-2% more ozone depletion compared to scenarios which do not take
these reactions into account (Figure 4.13). Therefore, we conclude that reaction 4.1 is the
most important heterogeneous reaction impacting stratospheric ozone under present day
chlorine conditions.
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(b)(a)2020 2020

R1 & SR8 & SR9

Figure 4.13: Zonal mean of 10 year averaged TOC depletion resulting from injection of
5 Mt per year of alumina particles simulated with SOCOL-AER under 2020 conditions.
Panel (a) shows TOC depletion resulting when applying the ”non-dissociative medium
γClONO2” scenario (see Appendix 4A and 4F) when injecting at 25 km altitude (red)
instead of 20 km altitude (blue). Panel (b) shows TOC depletion when applying the
”best fit dissociative γClONO2” scenario with αClONO2 set to 0.1 (see Appendix 4A and
4F), when only accounting for reaction 4.1 (blue) and when additionally accounting for
reactions 4.36 and 4.37 (red) with same heterogeneous reaction rates as for sulfuric acid
aerosols.
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Chapter 5

X-ray photoelectron spectroscopy and elastic
recoil detection analysis to quantify uptake
of HCl and HNO3 on calcite surfaces

Abstract

Stratospheric aerosol injection (SAI) has been proposed as a means for climate interven-
tion, for example by emitting SO2, which is oxidized and forms aqueous sulfuric acid
aerosols that scatter some of the incoming solar radiation back to space and cool the
planet. Recent studies have indicated that injecting calcite particles instead of SO2 could
reduce some of the adverse side effects of SAI, such as ozone depletion, if the uptake
of stratospheric HCl and HNO3 by calcite reduces the concentrations of ozone-depleting
chlorine and nitrogen species (ClOX and NOX). However, heterogeneous chemistry on
calcite particles in the stratosphere is subject to large uncertainties. Using in situ X-
ray photoelectron spectroscopy (XPS) and elastic recoil detection analysis (ERDA), we
measured the uptake of HNO3 and HCl on calcite under near-stratospheric conditions,
and determined their penetration into deeper layers below the surface and the chemical
transformation of calcite into calcium chlorides and nitrates. We find uptake coefficients
γHNO3 = 10−5 to 10−4 for HNO3 measured with XPS and γHNO3,HCl = 10−6 to 10−5

for both HNO3 and HCl measured with ERDA. The XPS measurements were carried
out under stratospheric conditions in terms of temperature, relative humidity and HNO3

concentrations and lasted up to 20 hours. They show that nitrate penetrates to sample
depths of a few nanometers within the first hours of exposure, followed by a progres-
sive slowdown of the uptake process at later times. In comparison, elemental analysis
with ERDA on samples exposed for 10 days to HNO3 or HCl concentrations 2-3 orders
of magnitude higher than in the stratosphere indicates a diffusion-like penetration of ni-
trogenous species to depths greater than 250 nm. Putting our results into context of SAI,
we conclude that the uptake coefficient of HCl and HNO3 decreases with stratospheric ex-
posure time. The reason for this is a layer that is increasingly enriched with nitrogen- and
chlorine-containing reaction products (likely Ca(NO3)2 and CaCl2 hydrates), whose depth
increases with exposure, as evidenced by the ERDA depth profiles. This, in turn, leads to
an increasing protection of the underlying CaCO3 core. The measurements indicate that
exposure of these particles to typically 5 ppb HNO3 and 1 ppb HCl over stratospheric
residence times of about 1 year leads to mean uptake coefficients < 10−4, which represents
a strong constraint on uptake. However, a burden of 5 Mt CaCO3 particles with an initial
radius of 240 nm could still reduce the gas phase of HNO3 and HCl by about 50% each
and convert half of the calcite mass to nitrates and chlorides. Owing to the limited gas
uptakes, the effects on ozone may be much smaller than previously thought.
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5.1 Introduction

Stratospheric aerosol injection (SAI) is a proposed technique designed to reduce risks of
climate change by injecting aerosol particles into the lower stratosphere to increase the
Earth’s albedo and cool the climate. In measures against climate change, SAI has the po-
tential to serve as temporary supplement to mitigation and adaptation, until society finds
solutions how to remove long-lived greenhouse gases from the atmosphere (MacMartin
et al., 2014; Keith and MacMartin, 2015). This motivates research on the risks and bene-
fits of SAI. A research focus has been on SAI applying sulfuric acid aerosols based on the
natural analogue of volcanic eruptions (Budyko, 1974; Crutzen, 2006). However, sulfur-
based SAI is associated with a number of adverse side effects, including stratospheric
warming (e.g., Aquila et al., 2014; Dykema et al., 2016) and depletion of the stratospheric
ozone layer (e.g., Tilmes et al., 2008; Weisenstein et al., 2022). Recent modeling studies
suggest that using solid particles such as calcite particles instead of sulfate aerosols would
result in more effective cooling per stratospheric aerosol burden due to better optical
properties and at the same time reduce the impact on stratospheric ozone (Weisenstein
et al., 2015; Dykema et al., 2016; Keith et al., 2016; Dai et al., 2020). Keith et al. (2016)
suggested that calcite particles could react with stratospheric acids such as HNO3, HCl
and H2SO4 (in the sequence of the abundance of these acidic gases in the stratosphere)
by generating calcium salts and releasing CO2 and H2O:

CaCO3 + 2HNO3
surf/bulk−−−−−→ Ca(NO3)2 +H2O+ CO2 , (5.1)

CaCO3 + 2HCl
surf/bulk−−−−−→ CaCl2 +H2O+ CO2 , (5.2)

CaCO3 +H2SO4
surf/bulk−−−−−→ CaSO4 +H2O+ CO2 . (5.3)

These chemical reactions are well-known, but their importance under stratospheric con-
ditions is uncertain. They can lead to significant removal of HNO3 and HCl, two reservoir
species of nitrogen and chlorine oxides (NOX and ClOX), via irreversible uptake by the
calcite particles (reactions 5.1-5.2) and subsequent removal of these particles from the
stratosphere via the atmospheric circulation and gravitational settling. On the one hand,
strong uptake of HNO3 may lead to increased ozone depletion under present day condi-
tions due to reduction of NO2 concentrations, which is important for the deactivation of
ClO:

NO2 + ClO +M −−→ ClONO2 +M . (5.4)

On the other hand, strong uptake of HCl would result in removal of reactive chlorine
from the stratosphere, which might accelerate the recovery of the stratospheric ozone layer
(Keith et al., 2016). However, the efficiency of the reactive uptake of HNO3, HCl and
H2SO4 on the calcite surfaces is highly uncertain, because the formation of a thin shell of
Ca(NO3)2, CaCl2 and CaSO4 could limit the diffusion of NO3

– ions into the solid particles
and passivate the calcite core, which remains unprocessed (Cziczo et al., 2019). In this
case the particles would largely maintain the optical properties of calcite and reduce
their impact on stratospheric ozone via uptake of HCl, HCl and H2SO4. Conversely,
depending on the particle type (Huynh and McNeill, 2020) and size and on the injection
rate persistent uptake could potentially lead to complete transformation of the particle
to Ca(NO3)2, CaCl2 and CaSO4, which could significantly alter the optical and chemical
properties of the particles. While Huynh and McNeill (2020, 2021) measured uptake
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coefficients larger than 7.6×10−3 for HNO3 and HCl, Dai et al. (2020) showed an increasing
passivisation effect with longer exposure times.

For reaction 5.3, an uptake coefficient (γH2SO4) of 1.0 can be assumed since the equi-
librium vapor pressure of aqueous H2SO4 is very low in the stratosphere leading to very
efficient condensation of H2SO4, together with H2O on any available surfaces. In con-
trast, under stratospheric conditions pHNO3 and pHCl are far below the equilibrium vapor
pressure of their aqueous solutions. However, concentrations of both species are high
enough to allow for a monolayer coverage within minutes when assuming γ = 1 (Vattioni
et al., 2023a). Various experimental studies used aerosol flow tube reactors or Knudsen
cell reactors and quantified the uptake coefficient of HNO3 and to a smaller extent of HCl
at wide ranges of relative humidifies (RH), temperature and concentrations of HCl and
HNO3 (summarized in Tables S1 and S2), for example by means of Fourier transform
infrared spectroscopy. The uptake coefficients of HNO3 (γHNO3) and HCl (γHCl) resulting
from these studies range between 1 × 10−5 and 1 × 10−1 for γHNO3 (Fenter et al., 1995;
Underwood et al., 2000; Goodman, 2000; Johnson et al., 2005; Vlasenko et al., 2006; Liu
et al., 2008; Santschi and Rossi, 2006; Dai et al., 2020; Huynh and McNeill, 2020) and
between 1×10−12 and 1×10−1 for γHCl (Santschi and Rossi, 2006; Dai et al., 2020; Huynh
and McNeill, 2020, 2021).

5.1.1 Factors influencing uptake coefficient measurements

In reviewing these studies, we identified several key processes which determine the uptake
coefficients reported in these studies (see Table and 5.3 and 5.4 in the Appendix 5A).

Exposition. Importantly, most of the measured uptake coefficients decrease with
increasing exposure (= reactant concentration times duration of exposition) suggesting
passivation with increasing uptake, which might be caused by a solid-state diffusion lim-
itation becoming stronger over time (Dai et al., 2020). Except for the measurements of
Huynh and McNeill (2020), the exposure dependence is particularly evident in the values
for the uptake of HCl (see Table 5.3 and Table 5.4). The reported uptake coefficients de-
pend on whether the long-term uptake or only the initial uptake was examined, with lower
γ or higher γ being preferred. The initial high uptake can be described by an adsorption-
reaction mechanism, which is important as long as surface sites are available. Beyond this
initial phase, further uptake of these acids depends on their solid-phase diffusivity and
reactivity in the CaCO3 matrix (see Section S2).

Temperature. Another major source of uncertainty of experimental work are the
temperature at which the measurements were carried out. Most experimental work re-
ported in Table 5.3 and 5.3 was performed at room temperature (except for Dai et al.,
2020; Huynh and McNeill, 2021), while the temperatures in the stratosphere can be 210
K and lower. On the one hand, lower temperatures lead to a decrease of the rate of ther-
mally activated reactions as well as of diffusion in the solid phase. On the other hand the
equilibrium coverage of adsorbed trace gases on the surface would increase with decreasing
temperature due to the change in adsorption enthalpy (Vlasenko et al., 2009). While it is
unclear, which of these two aspects dominates for reactions 5.1-5.2 in the surface mode,
the negative temperature dependence of the reactivity and diffusivity will dominate in
the bulk mode.

Relative humidity. In addition, the availability of water at the sample surface
can influence the initial uptake. On the reaction time scale of minutes, Fenter et al.
(1995) measured a decrease in γHNO3 by factors 2-3 when calcite pellets were dried after
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compression (see Table 5.4). On reaction time scale of 2 s, an increase of γHNO3 by a factor
5 when increasing RH from 10% to 80% occurred on Arizona test dust aerosol particles,
whose reactivity was assumed to be dominated by the presence of CaCO3 (Vlasenko et al.,
2006).

Accounting for stratospheric temperature and humidity during experiments is espe-
cially important since CaCl2 and Ca(NO3)2 form highly concentrated solutions at low
relative humidity (Zhu et al., 2018; Cziczo et al., 2019). Several studies have reported
a deliquescence RH (DRH) as low as 7% and 11% for Ca(NO3)2 at room temperature
(Liu et al., 2008; Al-Hosney and Grassian, 2005; Prince et al., 2007; Sullivan et al., 2009)
and even lower efflorescence RH. Uptake experiments conducted above this DRH mea-
sure another uptake reaction mechanism than those with effloresced salts (see Section
S2). The DRH depends on temperature (Stahlbuhk, 2016) and is larger at lower tem-
peratures. Under stratospheric conditions Ca(NO3)2 as well as CaCl2 might also form
hydrates (Stahlbuhk, 2016; Steiger et al., 2011) due to the strong hygroscopicity of these
salts. Several studies have shown that under ambient atmospheric conditions calcite sur-
faces show a termination layer with OH groups that will remain attached even under dry
and ultrahigh vacuum conditions at room temperature (Santschi and Rossi, 2006; Huynh
and McNeill, 2020, 2021). This Ca(OH)(HCO3) termination layer forms by dissociative
chemisorption of water. This hydroxyl terminated surface attracts additional reversibly
adsorbed water and allows an overall increased mobility of ions and thus uptake efficiency
of acids with increasing relative humidity (Dai et al., 2020). This may lead to stabiliza-
tion of liquid-like layers on the calcite surface that would allow diffusional exchange of
hydrated acids and the calcite underneath. Thus, information on the existence, the thick-
ness, the structure, the morphology and the hydration state of the CaCl2, Ca(NO3)2 or
CaSO4 products at the particle surface as well as their development in time is important
for impact analysis on stratospheric chemistry of potential calcite SAI scenarios.

Surface roughness. Santschi and Rossi (2006) found γHNO3 to be lower by a factor
of 4 on polished calcite compared with freshly cut, rough calcite. This difference could
be explained from the expected lower concentration of defect sites on the surface in case
of polished sample, which in return leads to less water absorbance and ultimately to less
Ca(OH)(HCO3) at the surface. For uptake of HCl, the polishing of the marble disks
(limestone, consisting chiefly of calcite) resulted in a reduction of HCl uptake below the
detection limit of their setup, which excludes bias of the uptake coefficients by taking the
geometric area and thus, omitting changes in available surface area in the calculations of
γ.

Surface area. Finally, there is an ongoing debate about the method how uptake
coefficients are calculated from experimental data. Measurement techniques, which derive
the uptake coefficients from differences between upstream and downstream gas phase
concentrations (e.g., in Knudsen cells or coated or aerosol flow tubes) require accurate
information about the available surface area of their samples. On the one hand, some
studies reasoned that the BET-surface is not the appropriate reactive surface to calculate
γ, since they found γ values to be independent of the grain size (Hanisch and Crowley,
2001) or of the sample type (powder vs. pellet, Fenter et al., 1995). However, the measured
uptake coefficient in Hanisch and Crowley (2001) decreased by a factor of 10 when going
from a CaCO3 powder to an unpolished calcite crystal. Therefore, this decrease can only
be explained by a decrease in reactive sites per geometric area. On the other hand, all
publications by the Grassian Group argue that the internal surface area is to be accounted
for when determining number of collisions for the initial uptake coefficient (Underwood
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et al., 2000; Goodman, 2000; Johnson et al., 2005; Liu et al., 2008). This correction
can lead to differences in reported uptake coefficients spanning more than one order of
magnitude as reported by (Johnson et al., 2005, see Table 5.3). However, using the entire
BET surface as available for collision might also be an overestimate and the reported
uptake coefficient might be too low. This further complicates comparison of experimental
results across publications. Related to the uncertainties associated with the accessible
surface area, aerosol flow tube studies are considered more reliable (Crowley et al., 2010).

Comparison of these factors. Tendencies of the uptake coefficient include: (i) a
decrease in the bulk mode of (5.1-5.2) when temperature decreases; (ii) a decrease when
decreasing RH or drying the sample before the measurement; (iii) a decrease when going
from a powder sample to a rough surface pellet to a smooth single crystal surface; (iv)
a decrease when accounting for the BET correction; (v) a decrease when increasing the
exposure. While there is some preliminary evidence that (i)-(iv) affect γHNO3 and γHCl on
calcite typically by less than a factor of 10, (v) affects the γ’s very strongly, i.e., different
exposures may change the γ’s by 3-12 orders of magnitude, see below. Therefore, the
influence of exposure on γHNO3 and γHCl is the main subject of this investigation.

5.1.2 The importance of ”long-term” depth-resolving experi-
ments under stratospheric conditions

Experimental methods are required that probe the first few monolayers directly below
the surface and also to enable monitoring the slow diffusion-like exchange processes at
greater depth scales for calcite. Ambient Pressure X-ray Photoelectron Spectroscopy (AP-
XPS) and Heavy Ion Elastic Recoil Detection Analysis (HI-ERDA) are perfectly suited
to provide the required chemical and physical information (see Figure 5.1 for details).

XPS is based on photoionization of core electrons of elements in a sample by X-
rays and measurement of the kinetic energy distribution of the escaping photoelectrons.
Photoelectrons from atoms in the outermost monolayer, which do not undergo inelastic
scattering, appear in well defined peaks at a kinetic energy (Ek) corresponding to the
difference between the exciting X-ray photon energy (Ehν) and the binding energy (EB)
of the core level of the different elements of a sample. EB is characteristic for the element
and its chemical state (oxidation state, bonding, environment). Hence, XPS not only
shows what elements are present, but also what other elements they are bonded to, i.e.
provides molecular information. For photoelectrons emerging from deeper levels, strong
inelastic scattering occurs with an Ek-dependent characteristic inelastic mean free path
(IMFP) of 1 to 3 nm in the range of 100 eV < Ek < 1000 eV. This enables XPS to
provide chemical composition information from within the outermost few nanometers of
a sample. While traditionally performed in ultra-high vacuum, recent developments of
AP-XPS allows performing XPS analysis at pressures up to a few hectopascals (Frank
Ogletree et al., 2009). Thus, in-situ experiments under stratospheric conditions with
respect to trace gas concentrations, temperature and RH have become possible (Orlando
et al., 2016).

HI-ERDA is an ion beam detection method which allows analyzing the depth-resolved
elemental composition of the upper few 100 nm of a sample. While it makes a much deeper
layer accessible than XPS, it provides only elemental composition and requires offline
sampling with long periods of up to months, to assess long term solid-phase diffusion of
ions deep into the matrix of samples. HI-ERDA is based on the bombardment of samples
with heavy ions (in our case 127I), which hit the surface at high, predefined energies
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Figure 5.1: Schematic overview of the experimental techniques applied in this study. XPS
detects the kinetic energy (Ek) of photoelectrons during X-ray irradiation, allowing the
atomic density and chemical state of the sample in the upper 2-3 nm to be determined in-
situ under stratospheric conditions in terms of temperature, relative humidity and trace
gas partial pressures. In contrast, HI-ERDA is an ex-situ measurement technique based
on the scattering of MeV ions to measure elemental composition depth profiles to a few
hundred nanometers. In this work we use 13 MeV iodine ions under 17° glancing incidence
to determine the elemental composition as a function of depth.

between 1.5 and 100 MeV, determining the penetration depth of the ions (L’Ecuyer et al.,
1976; Assmann et al., 1994). These heavy ions collide with the nuclei of the atoms in the
sample, which subsequently are elastically recoiled. Some of the recoiled atoms eventually
leave the sample. Their energies can be measured under a predefined scattering angle,
which allows us to determine the mass of the recoiled atoms and thus, the exact elemental
composition as a function of depth.

Combining these two techniques addresses the evolution of the surface composition
and the diffusion of ions (NO3

– and Cl− in this study) into the bulk of the calcite sam-
ples and thus, they allow quantifying time dependent uptake coefficients γHNO2 and γHCl

over relevant time and spatial scales (see Figure 5.1). The physico-chemical and kinetic
parameters obtained from the two methods are the backbone of understanding chemical
aging processes and their representation in numerical models.

5.2 Methods

This section describes first the AP-XPS method as well as the experimental AP-XPS
set-up and the attenuation model used to calculate the depth profiles measured with AP-
XPS. Subsequently a description of the HI-ERDA method as well as the experimental
setup applied in this study is provided.
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5.2.1 Ambient Pressure X-ray Photoelectron Spectroscopy
(AP-XPS)

XPS is a spectroscopic technique based on photo-emission of electrons due to ionising radi-
ation that impinges on the sample. With the use of monochromatic radiation with specific
energy E(hν), one can retrieve the binding energy EB of the photoemitted electrons in
force of the energy conservation, as from the following equation (equation 5.5):

EB = E(hν)− Ek −W , (5.5)

whereW is the work function and Ek is the measured kinetic energy of photoelectrons (see
also Figure 5.2). Electrostatic charging of a non-conducting sample leads to an additional
variable shift. The extent of shift due to charging and W can be taken into account by
calibrating the EB scale using an element with known Ek (see below).

In this work we exploit the elemental selectivity of XPS to investigate the relative
abundance of chemical species as a function of depth from the sample surface. This is
possible thanks to the specific binding energies of core-level electrons of different elements
and by exploitation of the electron mean free path of photoelectrons to tune the probing
depth by varying their kinetic energy (Matthew, 2004; Greczynski and Hultman, 2022).
The measured photo electron (PE) signal intensity (IX) related to a specific elemental
core level is the integral of the signal from all corresponding atoms from the surface to
infinite depth (z) below the sample, with the contribution from an atom at a given depth
to the measured signal decreasing exponentially with increasing depth (see equation 5.6
and also Figure 5.2), where θ is the acceptance angle of the spectrometer, which is 30° in
our setup:

IX,norm(Ek) =
IX

ϕ(hν,X) T (Ek) σX, tot(hν, ψ)
=

∫ ∞

0

nX(z) e
− z
λs(Ek) cos (θ) dz , (5.6)

Commonly, IX of a specific core level X (e.g., O 1s) is normalized according to equation
5.6. ϕ(hν,X) is the excitation photon flux (number of photons per second) with photon
energy hν used for the measurement of X. σX, tot(hν, ψ) for linearly horizontally polarized
light is the total differential photoionization cross section, which can be expressed with
equation 5.7:

σX, tot(hν, ψ) = σX(hν)
1 + βX(hν)

4π
, (5.7)

where σX(hν) is the photo-ionization cross section of the core level X under consideration
and βX(hν) is the asymmetry parameter of the core-level electronic orbital under consid-
eration, which are both a function of the excitation energy (i.e., photon energy hν). Both,
values for βX(hν) and σX(hν) were taken from Yeh and Lindau (1985) and Yeh (1993). T
includes the electron detection efficiency (D0(hν)) and the acceptance angle (Ω0) of the
electron spectrometer as well as the effectively analyzed area (A0), which is a few µm2:

T (Ek) = Ω0 A0 D0(Ek) . (5.8)

These quantities are assumed to be only slightly dependant on Ek. Therefore, they can
be assumed to be the same for measurements at the same Ek and when determining PE
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Figure 5.2: Schematic illustration of XPS (panel a). Photons hit the core level electrons
of an element with energy hν and eject the core level electrons at EK if the energy hν of
the photons are larger than EB of the core level under consideration, which is needed to
overcome the vacuum energy level of an atom. The larger the EK of the emitted photo
electrons the larger their inelastic mean free path, which also increases the probing depth.
Panel b) shows the surface sensitivity of XPS when assuming an inelastic mean free paths
(λ) of 2.1 nm and 1.0 nm at Ek of 700 eV and 250 eV, respectively. At EK of 250 eV 95%
of the signal originates from the uppermost 2.7 nm of the sample (black lines), whereas
at EK of 700 eV 95% of the signal originates from the uppermost 5.5 nm. Therefore, the
probing depth (defined as 3× λ cos(θ)) of CaCO3 in our setup varies between 2.7 nm for
EK of 250 eV and 5.5 nm for EK of 750 eV.

signal intensity ratios for two different elements (e.g., X and Y) at same Ek, T will cancel
out according to the following equation:

IX,norm(Ek)

IY, norm(Ek)
=

∫∞
0
nX e

− z
λs(Ek) cos (θ) dz∫∞

0
nY e

− z
λs(Ek) cos (θ) dz

. (5.9)

Given the exponentially decreasing contribution with depth, the surface sensitivity of
XPS is characterized either by the mean escape depth (MED) of electrons, λ cos(θ), from
which 63% of the signal originates (i.e., a fraction of 1-1/e), or the probing depth (PD),
3 × λ cos(θ), constituting 95% of the signal according to equation 5.6 (Greczynski and
Hultman, 2022, see also Figure 5.2). For Ek above 100 eV the electrion IMFP, and thus
the PD, increases almost linearly with Ek. When using tunable synchrotron radiation, the
different elements of interest can be probed by exciting their core-level electrons such that
the resulting photoelectrons appear at the same kinetic energy and thus the same PD. By
systematically varying the EK for each element between 250 eV and 700 eV, the sample
can be investigated with a PD between 2.7 nm and 5.5 nm (see Figure 5.2). Therefore,
XPS can be used to obtain quantitative elemental ratios for different MED values. Note
that these ratios are not directly related to the atomic density profiles of the elements as
a function of depth due to the nature of the integration described in equation 5.6.

5.2.1.1 Experimental details on AP-XPS

XPS measurements were carried out at the Swiss Light Source (SLS) at the in-situ spec-
troscopy (ISS) beamline. The solid-gas interface chamber, described in Orlando et al.
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(2016), Kong et al. (2017), Orlando et al. (2019) and Yang et al. (2021), allowed us to
perform experiments at pressures in the mbar range with tunable partial pressures of gases
of choice admitted by two leakvalves. One of the leakvalves was directly connected to a
perfluor alkoxy (PFA) co-polymer tube downstream of the valve that directly extended
to just 12 mm above the sample substrate, which facilitates the admission of sticky gases.
The temperature at the surface of the cryo sample holder was adjusted to 210 K from
the backside by an adjustable flow of N2 that passed through a coil immersed in liquid
N2 outside the chamber system. The substrate temperature was measured a few mm
away from the coldest spot in the center of the substrate by means of a thermocouple
spot-welded to its side. Note that the XPS analysis cell itself remained at ambient tem-
perature. The temperature offset between the sample surface and the thermocouple was
routinely calibrated by determining the frost point as a function of the water vapor partial
pressure. The frost point appears as a sudden drop in the water vapor partial pressure
due to condensation of ice. This offset was typically between 1.0 and 1.5 K. We measured
the O 1s, Ca 2p, C 1s and N 1s core level photo electron spectra through two different
approaches: 1) We measured the core levels at a constant photon energy of 730eV, which
corresponds to different kinetic energies for each element core level and thus different
MED for each element, to track and quantify the uptake of nitrogen at the sample surface
as a function of time. 2) We measured the same core levels at different photon energies
(only for experiments A, B and C) such that each elemental core level was measured at
the same 4 kinetic energies (i.e, 250 eV, 400 eV, 550 eV and 700 eV, see also Figure 5.2),
corresponding to 4 different MED. Since measuring all the core levels at 4 different kinetic
energies (i.e., approach 2) with sufficient quality takes about 4 hours, the depth profiles
were only measured when no additional uptake of nitrogen could be observed anymore
and steady state conditions at the surface were reached on timescales relevant for the
experiment.

ϕ(hν,X) is measured for each photon energy (hν) with a diode. The photon flux was
corrected for the fraction of second order light (Raabe et al., 2008). The EB scale was
calibrated by using the main C 1s peak of adventitious carbon. The samples analyzed
consist of calcite particles with a radius of 40 nm, which were first plasma-cleaned with
oxygen and argon and then exposed to a ultra sonic bath for 5 minutes prior to the
experiment to remove any contaminants and also to remove any agglomeration of particles
prior to dispersion to prohibit differential charging of the sample surface. The particles
were subsequently dispersed in ethanol, grinded and drop casted onto the cryo-sample
holder leaving a thin homogeneous layer of particles on the sample holder. The cryo-
sample holder temperature was set to 210 K for all our experiments.

To dose HNO3 in the chamber we made use of N2O5 hydrolysis. N2O5 will immediately
hydrolyse upon contact with surfaces exhibiting adsorbed water leading to the formation
of HNO3 (see reaction 5.11).

2NO + O3 +M −−→ N2O5 +M (5.10)

N2O5 +H2O
surf−−→ 2HNO3 (5.11)

Figure 5.13 in the Appendix 5C presents a sketch of the dosing scheme applied in
this experiment. The N2O5 was generated via reaction 5.10 within a reactor of 50 cm3

following the approach described in Gržinić et al. (2014). O3 was produced upstream via
an O2 flow through an O3-generator at T = 50 K, while NO was dosed from a NO/N2

gas bottle with a fixed NO to N2 mixing ratio. A detailed sketch of the dosing setup,
which also includes several dilution steps with N2 to reach the low stratospheric HNO3
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Table 5.1: Experimental conditions of sample A to E investigated in this study at a
temperature of 210K. Shown are the volume mixing ratio of HNO3, the total pressure,
ratio of the resulting experimental partial pressure to the stratospheric partial pressure
(equivalent stratospheric concentration), as well as the exposure time of the experiment
and the resulting γ.

Sample vmr ptot equiv. strat. Conc. RH Time γ

A 0.6/8.8 ppm 1 mbar 1.2/17.6 4% 10h/10h (2.50± 1.25)× 10−5

B 8.6 ppm 1 mbar 17.2 4% 14h (4.5± 1.0)× 10−5

C 1.4 ppm 1 mbar 2.8 4% 15h (1.0± 0.8)× 10−4

D 0.3 ppm 1 mbar 0.6 4% 14h (1.0± 0.8)× 10−4

E 6.1 ppm 1 mbar 12.2 0% 4.5h (6.5± 4.5)× 10−5

concentrations, is depicted and described in Figure 5.13 in the Appendix 5C. All mass
flows were controlled via mass flow controllers. Controlling the NO/N2 flow into the
N2O5 generator allowed tuning the N2O5 concentration in the chamber. Downstream of
the chamber a NOX and an O3 analyzer determined the exact N2O5 concentration in the
chamber. The gas flow was dosed to 1 mbar total pressure in the chamber via the leak
valve connected to the PFA tube mentioned above directly delivering this flow to the
region just above the sample. Detailed experimental conditions of experiments A to E
can be found in Table 5.1.

Water was dosed via Argon flowing above a liquid bath of water held at 24°C corre-
sponding to a equilibrium vapour pressure of 0.029 mbar of H2O above the liquid. This
humidified argon was then dosed to 0.01 mbar within the chamber via the second leak
valve. This humidified flow passed around the PFA tube containing the N2O5 flow and
only mixed with the latter just above the sample. These dosing conditions for H2O re-
sulted in a H2O partial pressure of 2.9× 10 –4 mbar of H2O. This corresponds to a volume
mixing ratio of 5.8 ppm H2O at 50 hPa altitude, which is the upper limit of observed water
volume mixing ratios in the stratosphere between 100 and 10 hPa (Wang et al., 2017) and
corresponds to about 4% RH at 210 K.

Using nitrogen as carrier gas for dosing N2O5 and argon for dosing water vapor allowed
using the residual gas analyzer attached to the 2nd differential pumping stage of the
electron analyzer to monitor the Ar/N2 ratio. This allowed us to quantify and monitor
the water and vapor pressure without the need to measure N2O5 and H2O directly, which
were beyond the detection limit of the mass spectrometer.

5.2.1.2 Attenuation model

The signal intensity ratios obtained as a function of Ek described above, which repre-
sent the ratios of exponentially weighted integrated density profiles, cannot directly be
inverted to obtain the density profiles of the atoms involved. Therefore, we developed
an attenuation model (see Figure 5.14 in the Appendix 5D) to calculate signal intensity
ratios based on different scenarios of the structure of the sample and its change upon
reaction. The model allows us to quantify the expected PE signal intensity ratios relative
to the Ca 2p PE signal intensity for specific sample compositions from the surface to
about 13 nm depth below the surface based on equation 5.12. For simplicity we applied
the same IMFP (λ) of CaCO3 taken from (Jablonski and Powell, 2010) as a function of
kinetic energy independent of sample composition and location within the sample. The
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inelastic mean free path of Ca(NO3)2 in the kinetic energy range of 250 eV and 700 eV
deviates between 7% and 8% from that of CaCO3 whereas for pure water λ would be
longer by 40 to 50%.

IX, norm(Ek)

IY, norm(Ek)
=

∑d
z=0 nX(z) e

− z
λs(Ek) cos (θ)∑d

z=0 nY(z) e
− z
λs(Ek) cos (θ)

, (5.12)

We applied a depth resolution of 0.01 nm, and elemental densities (nX) were calculated
based on material densities of 2.7 g/cm3 for CaCO3, 2.5 g/cm3 for Ca(NO3)2, 2.0 g/cm3

for Ca(NO3)2 · 3H2O, 1.6 g/cm3 for adventitious carbon and 1.0 g/cm3 for H2O. The
model assumes a top layer of adventitious carbon, followed by water containing adsorbed
HNO3. Subsequently the model assumes a Ca(NO3)2 layer with a CaCO3 bulk layer
below. This allows for 6 degrees of freedom to represent the measured PE signal ratio:
(1) the thickens of the adventitious carbon layer, (2) the thickness of the adsorbed water
layer, (3) the concentration of adsorbed HNO3 in the water layer, (4) the thickness of the
Ca(NO3)2 layer, (5) accounting either for pure Ca(NO3)2 or Ca(NO3)2 · 3H2O and (6)
accounting for either a homogeneous Ca(NO3)2 layer or a Ca(NO3)2 layer with a linear
decrease in Ca(NO3)2 content from 100% to 0% and a corresponding increase of CaCO3

with sample depth.

5.2.2 Heavy Ion Elastic Recoil Detection Analysis (HI-ERDA)

Elastic Recoil Detection Analysis (ERDA) is an ion beam analysis technique to analyze
quantitatively the composition of a sample surface region. It was first introduced by
L’Ecuyer et al. (1976) and is nowadays a valuable tool to complement classical Rutherford
Backscattering Spectromtery (RBS) in particular for the analysis of light elements in thin
films. Projectile ions in the several MeV range have enough energy to penetrate the
electron shell of a sample atom. If a projectile ion comes close to the nucleus of a sample
atom it scatters elastically on the Coulomb potential of the nucleus. In this process
energy and momentum is transferred from the projectile ion to the sample atom and
the recoiling atom moves forward under a scattering angle θ depending on the impact
parameter (Assmann et al., 1994). The ratio of the energy of the recoiled atom (Er) to
the energy of the projectile ion (Ep,0) can then be calculated using the masses of recoil
mr and projectile ion mp:

kr =
Er

Ep,0

=
4 mr mp

(mr + mp)2
cos2 θ . (5.13)

The final kinetic energy of the recoils depends on the depth x, where the elastic
collision in the sample appeared, since the projectile ions lose energy on their way into
the sample (∆Ep(x)) and the recoiled atoms lose energy on their way out of the sample
(∆Er(x)). Thus the detected energy of the recoil depends on x and is

Erdet(x) = kr (Ep,0 −∆Ep(x)) −∆Er(x) . (5.14)

These energy losses are zero at the surface (x = 0) and increase with depth x, which
gives rise to the mass curves in Figure 5.4. The energy losses can be calculated based on
the specific energy loss rate of the projectile |dE/dx|p,in and the recoiling atom |dE/dx|r,out
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HI-ERDA – Heavy Ion Elastic Recoil Detection Analysis on CaCO3

Figure 5.3: Schematic illustration of Heavy Ion-Elastic Recoil Detection Analysis. Inci-
dent heavy ions hit the surface under an angle α of 17° at E0,p. Within the sample the
incident ion loses energy (∆Ep) until it collides with an atom within the sample. In an
elastic collision energy from the incident ion is transferred to the recoiling atom. The
recoiling atom loses again energy (∆Er) on the way out of the sample. The detected
recoil mass can then be reconstructed via a combined measurement of the velocity and
the energy (Er) with a time-of-flight detector and a gas ionization chamber, respectively
(see Figure 5.4). From the energy profile of each mass a depth profile can be calculated.

within the matter under consideration and the incident and exit angle under the assump-
tion of small and thus constant energy loss rates:

∆Ep(x) =

∣∣∣∣dEdx
∣∣∣∣
p,in

· x

sinα
(5.15)

and

∆Er(x) =

∣∣∣∣dEdx
∣∣∣∣
r,out

· x

sin β
. (5.16)

The detected rate depends on the cross section, the solid angle of the detection system
and the mass-dependent efficiency. For several MeV ions the conditions for Rutherford
scattering are still valid and the differential recoil cross section can be calculated as(

dσ

dΩ

)
r

=

(
zpzre

2

2Ep,0

)2(
1 +

mp

mr

)
1

cos3 θ
(5.17)

with zp and zr the atomic numbers of projectile and recoil, respectively, and e2 = 1.44 eV
nm. The strong dependence on projectile mass and atomic number gives a high yield for
the detection of light elements for heavy projectiles.

Specifically, in heavy-ion ERDA (HI-ERDA), an energetic heavy ion beam in the MeV
energy range (e.g., 127I ions at 13 MeV in this setup) is hitting the sample under a small
angle of incidence α of 17° (see Figure 5.3 and Döbeli et al., 2005). The mass of the
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Figure 5.4: A typical 2D spectrum of a HI-ERDA measurement of a calcite sample which
was previously exposed to HNO3. The atomic mass of the detected recoils can be derived
from the energy and time-of-flight measurement via the relationship in equation 5.18.
The depth scale for each mass is calculated via the specific energy loss as a function of
depth into the sample of the matter under consideration. Note: the chlorine measured in
this sample is an artefact of the sample preparation, showing that care must be taken in
subtracting sample artefacts from measured signals after exposure to HCl.

recoiled particles and the collision depth is then identified by a combined measurement
of the recoil velocity vr in a time-of-flight spectrometer and the kinetic energy (Er) in a
gas ionization chamber under a scattering angle θ=34° (see Figure 5.4). The mass of each
detected recoil is derived from its combined velocity and energy measurement via

Erdet =
mr v

2
r

2
(5.18)

For each detected element (defined by its mass) the depth distribution is calculated from
the measured kinetic energy distribution and the respective energy-loss rate in the sample
material. The maximum sampling depth is in the order of hundreds of nm depending
on the energy of the projectile ion. In the measurements presented here the maximal
sampling depth, in which masses are still well resolved is about 240 nm for C, N, Ca and
O, and about 120 nm for H because of the lower recoil energy. The depth profiles can
then be calculated by creating mass spectra slices along the depth scale (i.e, grey arrow
in Figure 5.4) based on the measured counts, the recoil cross section (equation 5.17) and
a mass-dependent efficiency which is determined with calibration standards. The depth
resolution which is 12 nm in this study needs to be large enough to have enough counts
for reliable statistics.

Alternatively, for H detection He ions (typically with an energy of 2 MeV as used for
standard RBS measurements) can be used in a dedicated ERDA setup (called He-ERD).
The sample is rotated with respect to the incoming beam allowing for recoils to be detected
under a scattering angle of 30°. Due to the lower mass of the projectile only H recoils
gain sufficient energy to reach the detector which is here a solid state detector measuring
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the kinetic energy. Additionally forward scattered He projectiles reach the detector, but
are stopped in a 8 µm Mylar absorber foil due to the higher energy-loss rate. From the
measured energy the depth profile can be calculated. Since only H is measured in He-ERD
the H concentration profiles are normalized to the internal H standard.

5.2.2.1 Experimental details on HI-ERDA

HI-ERDA experiments were performed at the 1.7 MV Tandetron accelerator (Döbeli et al.,
2005; Kottler et al., 2006) at Laboratory of Ion Beam Physics at ETH Zurich, Switzerland
to quantify the uptake of HNO3 and HCl on calcite samples, which were previously exposed
to those gases. We put single crystal samples of CaCO3 (polished single crystal calcite
sample, c-axis vertical to the polished plate, 15 x 10 x 1 mm, from Korth Kristalle GMBH,
Kiel, D) into an desiccators containing either a H2SO4 –HNO3 or a H2SO4 –HCl solution
to get the desired HNO3 and HCl vapor concentration above the solution at -20°C (253 K,
see Figure 5.15). The desiccators were sealed by grease and stored in a commercial fridge
for cooling during the exposure. We used a combined 65wt% H2SO4 and 2 wt% HNO3 as
well as a 65 wt% H2SO4 and 0.2 wt% HNO3 bath to get HNO3 volume mixing ratios of 8
ppm and 0.8 ppm, respectively (see Table 5.4). For HCl we used a 35 wt% H2SO4 bath
containing 1 wt% HCl as well as a 35 wt% H2SO4 bath containing 0.15 wt% HCl to get
HCl volume mixing ratios of 1.2 ppm and 0.12 ppm, respectively (see Table 5.3). These
concentrations are about 2 to 3 orders of magnitude larger compared to the stratosphere
and conditions during the AP-XPS measurements. Lower concentrations cannot be dosed
with high enough accuracy in this setup. However, this setup allowed us to expose the
samples to much longer exposure times, compared to the AP-XPS measurements, which
is important to investigate slow diffusion processes. After exposure times of 10 days and 5
days for HNO3 and HCl, respectively, the samples were put into the measurement chamber
for Elastic Recoil Detection Analysis (ERDA), in which they were measured immediately
after evacuating the chamber. During the transport from the fridge to the measurement
chamber, the samples were exposed to ambient lab air (with ambient RH and temperature)
for about 1-2 minutes, which might be enough to dissolve some of the reaction products
at the surface. However, there is no mass loss, which allows us to quantify the share of
N and Cl atoms of the upper 240 nm of the CaCO3 sample, which is used to estimate
the uptake coefficient of HCl and HNO3 on our calcite samples by dividing the integrated
amount of N and Cl molecules throughout the sample depths (reacted HNO3 and HCl)
by the total collisions of HNO3 and HCl molecules with the surface integrated over the
exposure time (see Table 5.3 and 5.4 in the Appendix 5A).

5.3 Results

In this section we discuss first the results of the AP-XPS experiments and then the results
of the ERDA experiments.

5.3.1 AP-XPS results

Representative examples of the O 1s, N 1s, Ca 2p and C 1s spectral regions measured
for sample A (see Figure 5.5) show PE peaks at binding energies at around 531.5 eV,
406.0 eV, 346.5 eV and 288.5 eV, respectively (see Figure 5.16 in Appendix 5F for the full
survey spectra). This corresponds to kinetic energies of 198.5 eV, 324.0 eV, 383.5 eV and
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441.5 eV, respectively. The small kinetic energy for O 1s required measuring at lower pass
energy (20 eV) whereas the other measurements were measured with higher pass energy
(50 eV), which is why O 1s shows the smallest PE count rate of all elements in this
overview, despite having the largest atomic density. For the spectra shown a background
was subtracted. The EB scale was corrected for charging relative to the adventitious C 1s
peak at 284.8 eV EB. The charging was between 10 eV and 18 eV across measurements
in spite of the total gas pressure of 1 mbar in the chamber, that generally helps to reduce
charging of insulating samples. Charging is not always exactly homogeneous within the
field of view of the electron analyzer, which leads to some peak broadening. This makes
quantification of the exact binding energies challenging. But this is not of further relevance
for this study, since we are mainly interested in the total PE peak areas. While the O 1s
PE peak consists of the total signal contributed by oxygen within carbonate, nitrate and
water and the Ca 2p peak contains the combined signals of CaCO3 and Ca(NO3)2, the
N 1s nitrate peak and the C 1s carbonate peak are clearly distinguishable from other N
1s and C 1s peaks. The other measured N 1s and C 1s peaks originate from adventitious
carbon and nitrogen species resulting from the effect of X-rays and secondary electrons
as well as from the contribution of the N2 carrier gas in the chamber in the acceptance
volume of the analyzer also hit by X-rays. The black curves show the Gaussian fits of
the spectra, from which the peak area is calculated (i.e., IX). While the 1s peaks are
represented by single Gaussian peaks, the 2p peak shows the typical spin-orbit splitting
with a binding energy difference of about 3.55 eV between the 2 p3/2 and the 2 p1/2 peak
(e.g., Ni and Ratner, 2008).

The black fitting curve shows the fit to the data at the end of experiment A after 20h
of exposure and after a distinct N 1s nitrate peak has built up indicating the formation
of Ca(NO3)2 (see Figure 5.5). The pink line shows the fit to the data in the beginning
of the experiment when the N 1s nitrate peak was not present yet. The Ca 2p and C 1s
carbonate peaks both show a decrease with time, since the densities of these two atoms
decrease with increasing formation of Ca(NO3)2 (see also Figure 5.6).

Across all peaks the standard deviation from the fitting curve to the data is below 5%
of the total fitted peak area, except for the fit of the C 1s peak of carbonate, where the
standard deviation is higher (below 10%) due to the overlap with the adventitious carbon
peak. Therefore, the uncertainty from the peak fitting is relatively small compared to
other sources of uncertainty such as uncertainty from the subsequent corrections applied
to normalize the different peak areas to each other. These uncertainties include the higher
order light correction (± ∼ 20%), the cross section values (unknown) or the measurement
of the photon flux with the diode (± ∼ 10%). Therefore we assumed an uncertainty range
of about ±20% for all the measured normalized PE signals (see Figure 5.6).

The normalized PEI evolution of Sample C shows a decrease in PE signal of C1s of
almost 75%, while the one of Ca 2p decreases about 33% (Figure 5.6). The PE inten-
sities of adventitious carbon C 1s and O 1s are very stable with time, since C 1s is not
participating in reactions and O 1s might be dominated by the O 1s of water. The N 1s
nitrate signal increases from below the detection limit to a signal strength about equal
to the one of Ca 2p. PE signal evolution of experiments A, B, D and E can be found
in Figure 5.17 in Appendix 5F. We have also tested the stability of the N 1s peak when
switching off the N2O5 dosing and found no decrease in PE peak area (see Figure 5.17 in
the Appendix 5F, Sample B). Additionally, we also found the different peaks to be very
stable with respect to beam damage since the peaks are very stable over time also when
switching measurement spot on the sample (see Figure 5.17 in the Appendix 5F, Sample
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Figure 5.5: The photoelectron intensity (PEI) of O 1s, Ca 2p, N 1s and C1s for sample
A measured at 730 eV photon energy as a function of binding energy corrected only for
charging and background counts. Black dots represent measurements at the end of the
experiment after about 20 h of exposure and the black line the corresponding Gaussian
peak fitting curve, whereas the pink line represents the fitting curve of the measurement
at the beginning of the experiment after about 1h of dosing.

B).

For sample A, B and C also the PE signal intensities, representing exponentially
weighted integrated density profiles (equation 5.6), were measured at kinetic energies
of 250 eV, 400 eV, 550 eV and 700 eV (see Figure 5.7), once the N 1s peak in these
experiments has stabilized on timescales relevant to the experiment as shown above in
conjunction with Figure 5.6. The relatively flat N 1s gradient apparent in Figure 5.7 from
lower to larger kinetic energies, which can be observed in all three samples indicates that
after the exposure to HNO3 during the several hours of these experiments nitrate can not
only be located at the very surface but also further inside the sample to depths below more
than 4 nm, which is the MED at 700 eV. Ca(NO3)2 has a N/Ca ratio of 2, whereas CaCO3

has a N/Ca ratio of 0. Therefore, ratios observed in the measurements for the lowest Ek
and thus lowest MED indicate almost complete transformation of CaCO3 to Ca(NO3)2 at
the surface where measured N 1s/Ca 2p ratios are about 2. With increasing Ek and thus
more contributions to the signal from deeper in the bulk the N 1s/Ca 2p decreases to values
between 1 and 1.5 across all three samples, while the C1s carbonate to Ca 2p ratio is at
about 0.5 throughout all kinetic energy levels. To adequately simulate these measured PE
signal intensity ratios with the attenuation model (see Section 5.2.1.2), it was necessary
to account first, for a thin layer of adventitious carbon on top; second, an adsorbed
H2O/HNO3 layer; and third for a layer containing Ca(NO3)2 in form of its tetrahydrate
(i.e, Ca(NO3)2 · 4H2O) and therein for a linear gradient from 100% Ca(NO3)2 · 4H2O at
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C as a function of time. The lack of measurement points between 10 and 13 h is due to
the measurement of the depth profile (see Figure 5.12). The uncertainty bars all include
values ±20%. The PEI evolution of the other 4 samples can be found in Figure 5.17 in
the Appendix 5F.

the top of this layer to 0% tetra hydrate at the bottom of the layer (see Figure 5.14 in
Appendix 5D). The resulting thickness of this third layer are 8 nm, 7 nm and 5 nm for
sample A, sample B and sample C, respectively. The amount of Ca(NO3)2 contained
in this mixed layer would correspond to an effective pure Ca(NO3)2 layer of 3 nm, 2.7
nm and 1.9 nm thickness, respectively. The modelled HNO3 to H2O ratio within the
adsorbed water layer was assumed to be 1:3, 1:3 and 1:6, respectively. The modelled
sample layer composition for Sample A, B, and C can be found in Figure 5.14 in Appendix
5D. Only modelling a pure Ca(NO3)2 layer of this effective thickness without gradient
would result in an overestimation of the N1s/Ca 2p ratio and in an underestimation of
the C1s carbonate/Ca 2p ratio. However, the uncertainty of the model is likely as large
as ± 50%, since 1) the model does not agree with the measured profiles with absolute
accuracy (e.g., assumes a constant inelastic mean free path of CaCO3, independent of the
actually evolving composition, 2) there are many degrees of freedom such as for example
accounting for a tetra hydrate (and not a mono- or di-hydrate), the linear gradient of the
Ca(NO3)2 · 4H2O profile as well as 3) the amount of HNO3 within the adsorbed water
layer, which are all not well constrained, but choosen to plausibly represent the conceivable
structure.

We also attempted at estimating the effective Ca(NO3)2 layer thicknesses for the mea-
surements of the PE signal intensities at constant photon energy, but different kinetic
energy and thus, different surface sensitivities for all elements (see Figure 5.8). However,
compared to the simulation of the signal intensity ratios measured at constant MED dis-
cussed above, it was more challenging to reproduce the measured data with the model
due to the different MED values of the measurement of each element as well as due to the
O 1s peak being measured at lower pass energy compared to the other peaks. Therefore,

134



Chapter 5. X-ray photoelectron spectroscopy and elastic recoil detection analysis to
quantify uptake of HCl and HNO3 on calcite surfaces

0.0

0.5

1.0

1.5

2.0

2.5

0

5

10

15

20

25

200 300 400 500 600 700 no
rm

. P
EI

 R
at

io
 (N

 1
s &

 C
 1

s/
Ca

 2
p)

no
rm

. P
EI

 R
at

io
 (f

or
 O

 1
s/

Ca
 2

p)

Kinetic Energy (eV)

Sample A

250 eV                               400 eV 550 eV                                 700 eV 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0

5

10

15

20

25

200 300 400 500 600 700 no
rm

. P
EI

 R
at

io
 (N

 1
s &

 C
 1

s/
Ca

 2
p)

no
rm

. P
EI

 R
at

io
 (f

or
 O

 1
s/

Ca
 2

p)

Kinetic Energy (eV)

Sample B

250 eV                               400 eV 550 eV                                 700 eV 

C 1s Carb.
O 1s 
N 1s
C 1s adv.

0.0

0.5

1.0

1.5

2.0

2.5

0

5

10

15

20

25

200 250 300 350 400 450 500 550 600 650 700 750

no
rm

. P
EI

 R
at

io
 (N

 1
s &

 C
 1

s/
Ca

 2
p)

no
rm

. P
EI

 R
at

io
 (f

or
 O

 1
s/

Ca
 2

p)

Kinetic Energy (eV)

Sample C 

250 eV                                400 eV 550 eV                                 700 eV 

Figure 5.7: Measured values of the PE signal intensity ratios as a function of kinetic energy
are represented with dots, while the lines show the values simulated with the attenuation
model (see Section 5.2.1.2), which result in elemental compositions shown in Figure 5.14.
The depth profile was measured at 250 eV, 400 eV, 550 eV and 700 eV kinetic Energy.
While the left Y-axis shows the ratio of O 1s/Ca 2p, the right Y-axis is for the ratios is N
1s/Ca 2p, C 1s/Ca 2p. The error bars of the measurement points indicate a ∼20% range.
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we only simulated the N 1S and the C 1s carbonate peaks with a simplified model ver-
sion which only assumes layers of pure Ca(NO3) without gradient, without considering
hydrates and without considering adsorbed HNO3. This allowed estimation of the growth
of the Ca(NO3)2 layer with time (see figure 5.8). The resulting layer thicknesses at the
end of the measurements are about 33% to 50% smaller than the effective layer thick-
nesses modelled for the depth profiles for samples A, B and C, which is within the range
of uncertainty for the modelling. However, if we also accounted for adsorbed HNO3,
a Ca(NO3)2 gradient as well as hydrates in these modelling results, the effective layer
thicknesses would likely be higher by up to a factor of 2.
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Figure 5.8: The Ca(NO3)2 layer thickness evolution as a function of time based on ad-
justing the attenuation model to the measured PE intensities at 730 eV photon energy
for all peaks for samples A, B, C, D and E. The model assumed a pure Ca(CO3)2 layer at
the surface without gradient and hydrates, such that the C 1s carbonate/Ca 2p and the
N 1s/Ca 2p ratio of each measurement was reproduced (see 5.14 in the Appendix 5A).
The legend within the figure indicates the ratio of the HNO3 partial pressure relative to
the one in the stratosphere (i.e., about 5×10−7 mbar) labeled with ”Stat. conc.” as well
as the RH applied during the experiment.

The Ca(NO3)2 evolution of the thickness of the nitrate layer in Figure 5.8 derived
from adjusting the attenuation model are in good correspondence with the measurement
conditions applied. Sample A, the first sample we measured, was first exposed to very
low stratospheric HNO3 concentrations. After not detecting a N 1s nitrate signal for 7.5
hours the concentration was increased to 17.6 fold stratospheric concentrations. From
that time we could observe a constant increase in the effective layer thickness. With
sample B we reproduced experiment A under same conditions. The slightly steeper PE
signal increase in experiment B, compared to experiment A could be a result of sample A
having already been exposed to lower HNO3 partial pressures beforehand. The chamber
walls may become a source of HNO3 after continued exposure to N2O5 during the previous
experiments. The resulting layer thickness reaches similar levels in peaks A, B and E,
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whereupon switching off H2O dosing at similar HNO3 partial pressures (sample E) did not
result in a significantly different PE signal evolution than for sample B. However, even
though the H2O partial pressure during the measurement of sample E was switched off,
there were still some counts of H2O measured by the RGA which analyzed the residual
gas composition downstream of the chamber. The two samples, which were the closest to
stratospheric concentrations (sample C and D), were exposed to 280% and 60% strato-
spheric HNO3 concentrations, respectively. For the very low concentration (sample D) it
took more than 10 hours to detect a N 1s nitrate signal. The time it takes to detect a N
1s signal could also be influenced by N2O5 loss on walls as well as the stickiness of HNO3

on all surfaces. The sensitivity to this artefact increases the smaller the partial pressure
of N2O5 is, even though this loss was minimized by reducing the PVA tubing between
the N2O5 generator and the chamber to a minimal level (i.e., below 40 cm). However,
in contradiction to this, we must note that the time between the individual experiments
was less than one hour, and walls were likely saturated after the measurement of each
sample. However, we observed clean nitrate free conditions at the beginning of every
measurement. Furthermore, we want to point to the C 1s carbonate signal decrease in
Figure 5.6 and Figure 5.17 in the Appendix 5F (Sample D as well as Sample A), which
already starts before the detection of the N 1s nitrate signal indicating some changes in
the sample composition before any N 1s could be detected. The detection of the N 1s
peak at low nitrate coverages is somewhat challenging: with a binding energy of 406 eV,
when excited with E(hν) of 730 eV, its peak appears at a kinetic energy of 324 eV, which
is on the substantial inelastic scattering background of the O KLL Auger electrons ap-
pearing with a primary kinetic energy of around 510 eV, which leads to a lower signal to
noise ratio. Additionally nitrates are very sensitive to radiolysis by X-rays and secondary
electrons. While changing sample spots at already substantial nitrate coverages did not
indicate beam damage, at very low coverage, a reduction of the steady state surface cov-
erage could lead to a delay until the N 1s peaks becomes detectable, while the change in
the carbonate C 1s is already apparent.

The modelled effective Ca(NO3)2 layer thicknesses were used to calculate uptake coef-
ficients from these measurements by dividing the integrated amounts of HNO3 collisions
over time with the amount of nitrogen molecules in the effective Ca(NO3)2 layer accu-
mulating over a certain period of time. The resulting uptake coefficients fall in the range
between 10−4 and 10−5 and are listed in Table 5.1. These uptake coefficients are signif-
icantly lower compared to most previous measurements (see Tables 5.3 and 5.4 in the
Appendix 5A). This is related to the exposures and degree of conversion reached dur-
ing the present experiment. Note that a layer thickness of 1 nm corresponds to around
4.8× 1015 and 1.6× 1015 molecules per cm−2 and thus, 1.7 and 2.5 formal monolayers for
Ca(NO3)2 and CaCo3, respectively. This will be discussed later in the discussion section.

5.3.2 HI-ERDA results

Figure 5.10 shows mass spectra of the forward recoil scattered nuclei of a CaCO3 sample,
which was exposed to 0.8 ppm HNO3 for 10 days, i.e., an exposure of about four times
stratospheric values (assuming such particles to stay for about one year in the strato-
sphere). The two spectra clearly show the penetration of N and H atoms, most likely as
NO3

– and H2O, into the depth of the calcite matrix, with high concentrations in the 6-9
nm slab and much lower concentrations in the 36-39 nm slab. With count numbers of
10 and more, ERDA represents a highly accurate spectrometry, which enables to obtain
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Figure 5.9: The nitrogen gradient from the surface to the interior of the sample exposed
for 10 days to 0.8 ppm HNO3 with a depth resolution of 1 nm . The profile shows a
high correlation with a diffusion profile (red line, erfc-function with an effective solid-
state diffusion constant D = 10−18 cm2/s) from the surface to the interior of the sample.
Artifacts and uncertainties are as follows: the outermost 2 nm are depleted in N by beam
damage, marked by gray shading (counts decrease after starting irradiation, then stay
constant); uncertainties are mainly given by counting statistics and background subtrac-
tion; typically, there are 10-30 counts per 1-nm depth slice; thus, statistical uncertainties
are roughly ±20 %; systematic errors are small, as we conclude from the expected stoi-
chiometry for pristine calcite.

depth profiles as the one shown in Figure 5.9.

The profile in Figure 5.9 reveals a decrease of the N concentration with increasing
depth, which is well correlated with a complementary error function, erfc(x/

√
Dt) = 1−

erf(x/
√
Dt), with x being the depth in the CaCO3 sample. This is characteristic for

the profile of a species diffusing from one halfspace (here HNO3 in the gas phase) into
the other halfspace (here NO3

– in the solid CaCO3/Ca(NO3)2 matrix) with an effective
solid-state diffusion constant D = 10−17 cm2/s) (shown by the red line).

Figure 5.11 shows depth profiles of various elements in CaCO3 samples exposed to
different conditions (reference, 0.8 ppm HNO3 and 8 ppm HNO3 for ten days). The ERDA
measurement of a reference sample (Figure 5.11a), which was only exposed to ambient
air, shows an almost constant depth profile with the expected elemental composition of
CaCO3 of 20% Ca, 20% C and 60% O in the entire accessible depth to 240 nm below
the interface with the gas phase. The uppermost 0-12 nm of the depicted profiles are
subject to larger uncertainty due to challenges in clearly defining the surface onset of
different elements in our analysis method (gray shaded area in depth profiles in Figure
5.11). The experiment in which the sample was exposed to 8 ppm HNO3 for 10 days
at 1000 mbar which equals about 40 times stratospheric exposure (Figure 5.11c) shows
almost complete transformation of calcium carbonate throughout the whole depth profile,
since almost no carbon is left in the accessible depth range. Instead, significant amounts
of hydrogen and nitrogen (both at about 16%) are present indicating reaction to calcium
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Figure 5.10: Resulting HI-ERDA mass spectra of the sample, which was exposed to 0.8
ppm HNO3 for 10 days with measured counts between 12 and 15 nm depth (a), in which
a clear H and N peak was measured as well as between 42 and 45 nm depth (b) in which
no H and N peak was measured anymore.

nitrate in presence of hydrates. Santschi and Rossi (2006) reasonably postulated that
the OH group of the reactive intermediate Ca(OH)(HCO3) will react first since it is
more reactive towards acid uptake. They also experimentally ruled out the spontaneous
conversion of Ca(OH)(HCO3) to Ca(OH)2. Composition must thus be in the form of
Ca(OH)(HCO3) and Ca(NO3)2 · nH2O). This composition can then be derived by fitting
the shares of three species Ca(NO3)2, CaCO3 and H2O to match the composition of the
depth profile assuming that the water would then either be in the form of Ca(OH)(HCO3)
or Ca(NO3)2 · nH2O). The composition which represents the depth profile in Figure 5.11c
most accurately is 68% Ca(NO3)2, 9% CaCO3 and 23% H2O resulting in an elemental
composition of about 9% Ca, 2% C, 58% O, 15% N, and 15% H. The same setup in
which a sample was exposed to a concentration of 0.8 ppm for 10 days (about 4 times
stratospheric exposure) still showed a considerable portion of carbon atoms while only
detecting nitrogen to a depth of about 36 nm (Figure 5.11b). In the uppermost 36 nm,
this corresponds to a molecular composition of 9% Ca(NO3)2 and 91% CaCO3 resulting
in an elemental composition of 19% Ca, 18% C, 61% O and 2% N leading to HNO3 uptake
coefficients of about 3.2×10−6 and at least > 2.4×10−5 for the experiment at 4 times and
40 times stratospheric exposure, respectively. The uptake coefficient of the experiment
with the 40 times stratospheric exposure could also be much larger since nitrate penetrated
the crystal to depths beyond the detection limit of HI-ERDA. These resulting uptake
coefficients are non-intuitive since lowering the concentration in an uptake experiment
while not changing anything else should result in either no change or increased uptake
coefficients. Therefore, also other factors such for example RH could have influenced
the uptake of HNO3. The RH during the experiment was about 6% and 4.5% for the
experiment at 4 times and 40 times stratospheric exposure, respectively. At 253 K, both
of these RH are below DRH, which is 73% at this temperature (according to the phase
diagram for calcium nitrate in Steiger et al., 2011, see thier Figure 4.25). Between 3%
and 8% RH, the most stable hydrate form is Ca(NO3)2 · 2H2O, whereas below and above
these RH thresholds the mono-hydrate and the tetra-hydrate form are stable (Steiger
et al., 2011). Ion diffusion and thus the uptake coefficient is much faster the more water
is available, and thus the more hydrated the Ca(NO3)2 is. However, also contrary to this
the uptake experiment at 8 ppm HNO3 and 4.5% RH resulted in a larger uptake coefficient
compared to the one at at 0.8 ppm HNO3 and 6% RH (see also Section 5.1.1).

Subsequently, after the initial HI-ERDA measurement, the sample was stored in vac-
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Figure 5.11: Elemental composition as a function of depth measured with HI-ERDA from
the surface to 240 nm depth. (a) Reference CaCO3 sample with an elemental Ca:C:O ratio
of 1:1:3. (b) Elemental depth profile of a sample that was exposed to 0.8 ppm of HNO3 for
10 days (4 times stratospheric exposure), resulting in γHNO3 = 10−6). (c) Sample that was
exposed to 8 ppm HNO3 for 10 days (40 times stratospheric exposure, γHNO3 = 3×10−5).
(d) Same sample as in (c) after a further two weeks of storage in vacuum. The elemental
composition in the uppermost surface sensitive data points (gray shaded area) are subject
to large uncertainty since the surface cannot be accurately defined in HI-ERDA. The
error bars refer to ± 2σ statistical error. (Note that the hydrogen concentration was not
measured in (a) and (b) and was assumed to be constant between 120 nm and 240 nm in
(c) and (d), since the maximum detection depth of the H measurement is only about half
as large compared to the sensitivity of the other elements, but it can be assumed that H
does not change significantly up to a depth of 240 nm).
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uum for 10 days at room temperature and was then measured again (see Figure 5.11d).
The resulting depth profile shows that the nitrogen concentration in the sample decreased
and carbon was detected again. The gradients of the two species as a function of depth
indicate that carbon is diffusing from inside the sample to the surface, whereas nitro-
gen continues diffusing into the sample interior. This shows that ion diffusion plays an
important role in the uptake of HNO3 during time scales of days to weeks.

The exposure to HCl only resulted in very little formation of CaCl2 (not shown). The
profile only contained at most 2% of CaCl2 in the uppermost 40-50 nm (not shown). This
would correspond to uptake coefficients of 1.3× 10−8 and 1.3× 10−7 for the experiment
exposed to 1.2 ppm and 0.12 ppm HCl (i.e., 329 and 32.9 times stratospheric exposure),
respectively. However, since the H2SO4 –HCl solution had a much larger water weight
percent, compared to the HNO3 uptake experiments, the RH in these experiments was
much larger (∼ 70%), which is above DRH. It could well be that no CaCl2 was formed
since it immediately dissolved in a liquid layer at the surface.

5.4 Discussion

In most previous experimental studies, the initial uptake coefficient of HCl and HNO3

was measured using techniques that are not suitable for observing further uptake after
the reactive surface sites have been converted to Ca(NO3)2 or CaCl2. The high γ-values
last only for minutes or even seconds (depending on the applied gaseous concentrations).
Hence, these experiments investigated mostly an adsorption-reaction mechanism on the
calcite surface as compared to the reacto-diffusive mechanism deeper in the calcite matrix,
as it is relevant for the long-time exposure to HCl and HNO3 in the stratosphere (see also
Section S2.2 on diffusion mechanisms).

The AP-XPS uptake experiments presented in this study are the first allowing us
to observe the uptake of HNO3 at stratospheric conditions with respect to temperature,
RH and HNO3 concentrations in-situ over timescales of several hours. The measured
uptake coefficients fall in the lower range of uptake coefficients measured in previous
studies (see Figure 5.12). The experiments showed a slowdown in the uptake of nitrate
after several hours, which could either be a result of saturation of the surface sites in
conjunction with a subsequent limitation by ion diffusion or a limitation in sensitivity to
larger sample depths of the measurement technique (see Figure 5.2). It is also possible
that it is a combination of both factors, as carbonate was still detected at the very end
of the experiments. However, our measurements also detected nitrate to sample depths
of up to 8 nm within a few hours, which indicates strong ion diffusion. Significant ion
diffusion was also detected in the HI-ERDA measurements presented in this study on
timescales of weeks through sample depths of more than 250 nm.

The importance of ion diffusion becomes clear when considering the timescales relevant
to cover one monolayer with HNO3 and HCl in the stratosphere (see Table 5.2), which
even for small γ’s is only a small fraction of the total exposure time of the calcite particles
(typically 1/2 year for particles with radius 240 nm). These values were derived by
calculating the collision rate (J) of molecules with a surface,

J = k[X] , (5.19)

where X is the gaseous species (i.e., HNO3 or HCl) colliding with the surface. The reaction
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coefficient k can be determined from

k =
γ v SAD

4
, (5.20)

where v is the mean thermal velocity. This allows us to calculate time required to reach
monolayer-coverage in dependence of γ.

Table 5.2: Time required to cover a surface with one monolayer of HCl and HNO3 assum-
ing a total pressure of 50 hPa (about 21 km altitude), a temperature of 240 K and typical
stratospheric volume mixing ratios of HCl and HNO3 of 1 ppb and 5 ppb, respectively.
The molecule size was derived using densities of 1.49 g/cm3 and 1.51 g/cm3, yielding 8.5
and 6.0 ×1014 molecules per cm2 for HCl and HNO3 respectively.

γ tHCl tHNO3

100 2 min 18 s
10−1 20 min 2.8 min
10−2 2.3 h 28 min
10−3 1.5 d 4.6 h
10−4 14 d 2 d
10−5 138 d 20 d
10−6 3.8 yr 200 d
10−7 38 yr 5.2 yr

The timescales in Table 5.2 indicate that high uptake coefficients larger than 10−4

for HCl and 10−5 for HNO3 cannot be maintained for much longer than a few days if
the uptake mechanism consists only of adsorption and immediate reaction. After that,
free reactive surface sites will deplete quickly and a diffusion-based mechanism must take
effect. Given the realization from (Dai et al., 2020) that the products do not cover the
surface uniformly, the transition to a diffusion-based mechanism would occur even sooner.
Conversely, extremely low uptake coefficients, e.g., below 10−6 for HCl and below 10−7

for HNO3, would be unimportant for stratospheric chemistry on timescales relevant for
SRM.

5.4.1 Uptake coefficients representative for calcite particles
throughout their stratospheric residence time

We now determine uptake coefficients for HNO3 and HCl that are representative for the
injection of calcite particles into the stratosphere, which requires some aspects to be
considered. Although some researchers found that their γ values were independent of gas
phase concentration of the acid (Fenter et al., 1995; Huynh and McNeill, 2020), Tables
S1 and S2 suggest correlations between the measured uptake coefficient and the exposure
(= reactant concentration times duration of exposition applied in the experiment). This
correlation is depicted in Figure 5.12. A double logarithmic least-square fit function
was derived (see equation 5.21 and 5.22), resulting in correlation coefficients of 0.807
and 0.0034 for HCl and HNO3, respectively (see black line in Figure 5.12). While the
correlation for HNO3 is very poor, the HCl fit to the data is very good (which could be a
coincidence since the total amount of measurements is much smaller for HCl).

log(γHCl) = 9.845− 0.878× log(Exposure) (5.21)
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log(γHNO3) = 0.548− 0.242× log(Exposure) (5.22)

For calculation the corresponding stratospheric exposure of a calcite particle to HCl
and HNO3 we assumed the average stratospheric residence time of a particle to be 9
months when assuming a particle radius of 240 nm (see Chapter 3) and a total molecule
number concentrations of 1.25 × 1018molecules/cm3 at 50 hPa ( i.e. 20 km altitude) with
corresponding HCl and HNO3 mixing ratios of around 1 ppb and 10 ppb, respectively.
This results in a estimated exposures of 2.3 ×1016 s/cm3 and 2.3 ×1017 s/cm3 for HCl and
HNO3, respectively. Using the fit derived above, the uptake coefficients of these exposures
would result in an average uptake coefficient of 2× 10−5 and 2× 10−4 for HCl and HNO3,
respectively. However, this simplistic approximation disregards any dependence on other
factors such as those listed in 5.1.1 as well as temperature, which vary significantly across
all studies represented in Figure 5.12. Furthermore, the derived fits (E5.21 and E5.22)
used in this approximation are also flawed as they would lead to an illogical uptake
coefficient larger than 1 for very low exposure inputs. Therefore, it is difficult to indicate
any reliable uncertainty range. For the HCl fit, we indicated the uncertainty with plus
minus one standard deviation of the slope of the fit (gray lines). Due to the very small
correlation coefficient this is not possible for the HNO3 fit, since the uncertainty range
would cover the whole plot area. Therefore, we simply give the uncertainty as plus
minus 1.5 orders of magnitude. This results in an uncertainty range of uptake coefficients
representative for stratospheric exposures between 1 × 10−2 and 1 × 10−7 for HCl and
between 7 × 10−2 and 7 × 10−6 for HNO3, respectively (see Figure 5.12). This does not
further constrain the uncertainty range of uptake coefficients derived based on Table 5.2.

Even considering all this information, it is still not possible to determine an uptake
coefficient, representative for the stratosphere with any relevant certainty. Our AP-XPS
results show an uptake coefficients of up to 1 × 10−4 for HNO3 during the first hours of
exposure, which is likely an upper limit. The upper limit for HCl might be slightly lower
(see Figure 5.12). The open question remains whether or not these uptake coefficients
can be sustained in the stratosphere, which is likely a question of ion diffusion efficiency.
The diffusion efficiency is strongly dependent on the availability of water and thus, the
stable hydrate form of the Ca(NO3)2 and CaCl2 products at the particle surface, which is
a function of RH and thus, temperature. The ERDA results point at very strong diffusion
processes. Even though the ERDA measurements were performed at higher temperatures
compared to the stratosphere, it can not be excluded that diffusion is very efficient at
stratospheric temperatures too.

5.4.2 Estimate of gas phase HNO3 depletion through uptake by
calcite particles

With an emission of 5 Mt/yr of calcite particles with an initial radius of 240 nm, an
approximate residence time of these particles of one year in a 10 km thick layer ensheathing
Earth, the particle number density will be ≈ 6/cm3 and the surface area density in this
aerosol layer will be SAD ≈ 5 µm2/cm3. With γ = 10−4 as derived above, the buildup of
a monolayer of Ca(NO3)2 is then about one day. When ignoring the stratospheric HNO3

source from the N2O reaction with O(1D), the loss of HNO3 through uptake by calcite
has am e-folding time of τ = (γ v SAD/4)−1. Again, with γ = 10−4 we find τ ≈ 1 yr, i.e.
it takes roughly one year to reduce the stratospheric HNO3 to 35 % of its initial value.
Given the residence time of one year, stratospheric HNO3 will be reduced to about 1/3 of
its value without the calcite aerosol. Bear in mind that this is a very rough back-of-the-
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Figure 5.12: Uptake coefficients of HNO3 (left) and HCl (right) measured by different
studies ((see Tables 5.3 and 5.4 in the Appendix 5A) as a function of exposure (i.e.,
concentrations during the experiment multiplied with the exposure time). The thick
black lines represents a logarithmic least square fits to the experimental data. The thin
gray lines indicate for HCl ± the standard deviation of the slope of the fit and for HNO3

we simply indicate the error to be ± 1.5 orders of magnitude, which includes most data
points (whereas the standard deviation of the slope would be even larger). The blue
shaded ranges indicate the maximum stratospheric exposures of calcite particles injected
into stratosphere assuming a characteristic residence times and concentrations in the lower
stratosphere (e.g., about one year at 50 hPa with 5 ppb HNO3 and 1 ppb HCl).

envelope estimate, which requires confirmation by means of an aerosol-chemistry-climate
model.

5.5 Conclusions and outlook

We have performed HI-ERDA and AP-XPS experiments to quantify the uptake of HNO3

as well as HI-ERDA experiments to additionally quantify the uptake of HCl on calcite sur-
faces. The AP-XPS experiments allowed for the first time to monitor the uptake of HNO3

in-situ during up to 20 hours under stratospheric conditions with respect to temperature
(210 K), RH (∼ 4%) and HNO3 concentrations (∼ 10−7 hPa). The resulting Ca(NO3)2
layer reached an effective thickness at least 0.1 nm after 15 hours which corresponds to
an uptake coefficient of about (6.5 ± 4.5) × 10−5 (see Figure 5.8 and Table 5.1). This is
good agreement with Dai et al. (2020), who found uptake coefficients of (2.5±1.5)×10−4

with flow tube measurements under similar conditions. The HI-ERDA experiments were
performed at HNO3 and HCl concentration of 2-3 orders of magnitude larger than strato-
spheric concentrations at -20°K and at RH larger than in the stratosphere, but at much
longer exposure times of up to 10 days. The measured uptake coefficients for HNO3 are
at least 2.4× 10−5 and about (4.5± 1.0)× 10−5 when exposed to concentrations 2 and 3
orders of magnitudes larger compared to the stratosphere and for the uptake of HCl they
are 1.3× 10−7 and 2× 10−8 when exposed to concentrations 2 and 3 orders of magnitudes
larger compared to the stratosphere, respectively. The sample exposed to 3 orders of
magnitude larger HNO3 concentrations compared to the stratosphere showed complete
transformation of HNO3 to Ca(NO3)2 · n H2O, indicating the formation of hydrates. Mea-
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suring the same sample again after two weeks of storage indicated diffusion of CO3
2− ions

from the bulk towards the surface and of NO3
− in the other direction, indicating strong

diffusion processes within the sample, even after exposure.
As already shown in previous studies (e.g., Cziczo et al., 2019; Dai et al., 2020) it is

likely that the particle surfaces would passivate with time due to depletion of reaction sites
at the surface and increasing limitation of the uptake by diffusion. Comparing measured
uptake coefficients versus the applied exposure during the experiment, we show that
uptake coefficients representative for the average stratospheric residence time of a calcite
particles are around 2× 10−4 for HNO3 and 2× 10−5 for HCl (see Figure 5.12). However,
this estimate also contains measurements performed at room temperature, larger RH and
under significantly larger HNO3 and HCl concentrations. As shown by Dai et al. (2020)
as well as our own measurements the uptake coefficient is likely smaller when measuring
under stratospheric conditions.

Even with all this information in mind, it is not possible to determine an uptake
coefficient representative for stratospheric residence time of a calcite particle with any
relevant certainty. Using the reasoning and the calculations derived in the previous section
regarding 1) duration until monolayer coverage, 2) decrease of uptake coefficient with
increasing exposure, and 3) depletion of reactants with time it is reasonable to narrow
down the range of probable γ-values as it excludes unreasonable fast and slow uptake
coefficients. On the one hand, all Knudsen cell studies had various degrees of fast initial
uptakes with γ-values in the range of approximately 0.5 to 0.001 (see Table 5.3 and 5.4
in the Appendix 5A). After this fast uptake, further reactive uptake dropped below the
detection limit for this setup. Any uptake coefficient larger than 10−3 for HNO3 and
10−4 will therefore not be sustained over the entire exposure duration and will more likely
saturate the initial reactivity in a matter of hours. On the other hand, starting off with an
uptake coefficient at the lower end of literature values would only lead to enough reactive
uptake to cover a monolayer after years in the stratosphere. Therefore values smaller
than 10−6 are not altering the stratospheric reservoirs of HNO3 and HCl and neither the
calcite particles significantly.

From the present information, the limiting factor in the long-term uptake of gaseous
acids on the surface of calcite is the diffusion from and into the bulk. Additional ERDA
experiments spanning exposures across different timescales of up to several months at
stratospheric temperatures (i.e., lower than the -20°C in this study), while keeping the
exposure concentration constant would allow us to estimate diffusion coefficients. How-
ever, most importantly it would be necessary to determine the stable hydrate forms of
mixtures of CaCO3, Ca(NO3)2, CaCl2 and CaSO4 at stratospheric temperature and RH.
It would also be important to determine the exact diffusion or ion exchange mechanisms
within this system, which could for example be addressed by using models such as the
the kinetic multi-layer model for gas-particle interactions in aerosols and clouds (Shiraiwa
et al., 2012). For now the uptake of acids on calcite particles in the stratosphere is likely
smaller than 10−4.
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Appendix 5: Supplementary information

A: Uptake of HCl and HNO3 on calcite

The following tables provides uptake coefficients of gaseous HCl (Table 5.3) and HNO3

(Table 5.4) and on various forms of calcite, which were experimentally determined by
different studies including this one. Table 5.4 shows experimental results from studies
which measured γHNO3 (Fenter et al., 1995; Underwood et al., 2000; Goodman, 2000;
Hanisch and Crowley, 2001; Johnson et al., 2005; Vlasenko et al., 2006; Liu et al., 2008;
Huynh and McNeill, 2020) and Table 5.3 shows results from studies which looked at γHCl

(Santschi and Rossi, 2006; Dai et al., 2020; Huynh and McNeill, 2020, 2021).These values
have been determined through vastly differing procedures, measurement techniques and
measurement conditions which are elaborated on below.

Studies on the uptake of HCl on calcite:
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Santschi and Rossi (2006):

This study conducted experiments similarly to the previously explained nitric acid uptake;
using a Knudsen Cell (Golden et al., 1973).
Material and Preparation: Carrara marble was cut into 5mm disks with a radius of
50mm and then heated at 330K for 24 h. Using their experimental set up on polished
marble disks, it did neither provide any detectable uptake of HCl nor resulted in any
detectable product. The marble disk was therefore used unpolished A in Table 5.3. For
values B and C, they used precipitated CaCO3 powder crystals with a measured SBET of
3.7m2 g−1, a side length of 2µm (determined via SEM) and density of 1.3 g cm−3

Reaction Conditions: The reaction on the unpolished marble (experiment A) used an
HCl concentration of 1014molecules cm−3; albeit table 4 in their publication states this
as concentration of HCl3 in molecules cm3. The experiments on the calcite powder used
a gas phase concentration of 6× 1011molecules cm−3. All experiments were conducted at
300K and can be assumed to have dry conditions as usual for a Knudsen Cell.
Measurement and Calculations: A mass spectrometer was coupled to the reactor to
determine the uptake coefficients γ0 which was determined from the net loss of the gas
phase reactant HCl. Values B and C are referring to initial uptake coefficients whereas
the experiment on the marble disk measured a longer uptake. Unfortunately no mention
of a exposure time was found. Note: It is unclear what exactly the difference between
values B and C is supposed to be. In cases when a saturated sample was pumped or
left to regenerate before additional uptake experiments, this has been clearly stated in
the paper. The terms ”first” and ”third” uptake might just be them numbering their
experiments. So there is not really an explanation for the factor of two difference in γ0.

Dai et al. (2020):

They used two methods to determine the uptake coefficient for this reaction.
Material and Preparation: Both methods used calcite particles with a stated average
diameter of 200 nm and a BET surface area of 14.8 ± 0.5m2 g−1. For value A in Table
5.3, the calcite sample was deposited from an isopropanol solution on the walls of the
insert. The insert was subsequently heated in an oven to 250 ◦C for roughly 30min. It is
stated that the insert was covered with around 2.5 layers of particle. The sample inserts
are then placed into the flow tube and pumped for 2 h down to 60mTorr to remove any
physisorbed water. For the flask experiments (values B and C) 0.1 g of the calcite particles
were simply deposited on the bottom of the reaction vessel.
Reaction Conditions: The flow tube experiment was conducted at 215K and 1.7Torr.
Values 2.2 & 2.3 resulted from flask experiments using a glass vessel at 200K and ambient
pressure. The cooling was done with dry ice. A flow of HCl and N2 was used as a reactant
gas and the glass vessel was flushed with pure N2 before and after the exposure to HCl.
For the reaction leading to value A, it is stated that the semi steady-state occurs after
around 3min and this time period was thus used as a reaction time. The experiment with
which value B was determined had a reaction time of 10 s whereas value C was determined
from an experiment with a reaction time of approximately 106 s or 14 days.
Measurement and Calculations: The uptake coefficient in experiment A was calcu-
lated from a decrease in reactant flow determined with a coupled mass spectrometer. The
amount of reacted CaCO3 reacted to CaCl2 in the flask experiments was determined from
dissolved Cl– ions after the reaction.
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Huynh and McNeill (2020) and Huynh and McNeill (2021):

They determined the uptake coefficient of this reaction using two different methods. A
flow reactor with deposited CaCO3 particles was used for value A in Table 5.3 and the
other values were determined in an aerosol flow tube reactor.
Material and Preparation: The aerosols were generated from dry dispersing calcite
powder with an initial particle size of 200 nm. The aerosols had a size distribution peaking
around 1 µm. For value A these aerosols were then deposited on a ZnSe window.
Reaction Conditions: The deposited particle experiment was conducted similarly to
the HNO3 uptake experiment in the same paper (Table 5.4). Values A & B in Table 5.3
were obtained at room temperature (296K) and C was obtained from a later study at a
temperature of 207 ± 3K. The flow rate and dimensions in these experiments resulted
in a reaction time of 13 s for values B & C. All experiments were conducted at ambient
pressure and the relative humidity was measured to be below 5%.
Measurement and Calculations: Value A was quantified by observing the change in
the absorbance intensity via IR of the asymmetric stretching of CO3

2– . The calculation
is elaborated in the description of the experiment with nitric acid above. The uptake in
the flow reactor was quantified by measuring the change in the HCl concentration during
the experiment using a chemical ionisation mass spectrometer (CIMS) using SF6

– . The
change was monitored on the SF5Cl

– ion which was determined to linearly correlate to
the HCl concentration. The uptake coefficient was then calculated from the surface area
density determined via SPMS.

HI-ERDA (this study):

We determined the uptake coefficient on single crystal calcite with a long term experiment
at −20 ◦C.
Material and Preparation: We used single-crystal calcite slabs of dimension (15×10×
1)mm3 with polished surfaces.
Reaction Conditions: The experiment was conducted in a desiccator at −20 ◦C and
ambient pressure. The calcite sample was left in the desiccator for 5 days with an H2SO4

solution (30wt%) containing the required amount of HCl to provide a gas phase concen-
tration of 8 ppm in the case of experiment A in Tbale 5.3 and 0.8 ppm for experiment B.
The relative humidity was measured at around 70% which is far above the deliquescence
relative humidity for CaCl2 at −20 ◦C which was found by M. Steiger (unpublished) to
be 52.5%.
Measurement and Calculations: The uptake coefficient was calculated from the geo-
metric surface area of the crystal to determine the number of collisions, and the elemental
composition measured using ERDA measurements.
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Studies on the uptake of HNO3 on calcite:

Santschi and Rossi (2006) clearly differentiated value A from their other uptake experi-
ments with HCl as not being an initial uptake or γ0, while not indicating any reaction
time for that experiment. To observe any uptake at all, they had used a HCl concentra-
tion of a factor of 20 larger than for any of the other experiments. Due to the complete
lack of reaction time, no equivalent time in the stratosphere could be deduced nor could
this value be included in Figure 12. The value is nevertheless included in the table, as it
provides a comparison to the uptake on the powder sample.

Dai et al. (2020) stated uptake coefficients depending on the product layer thickness.
The range given for these values, determined using the flask setup, span five orders of
magnitude. Those values were determined from reactions with product layers of different
thickness. It is intuitive that the reactive uptake becomes lower if the reactive CaCO3

core is behind a thicker layer of product. Those values of different product layer thickness
also correspond to longer reaction time. Value B was determined from a reaction with a
0.05 Å product layer. This seems odd as 5 pm is over 36 times smaller than the radius of
a single chloride ion (around 181 pm). The product layer thickness for value C (3.3 nm)
would correspond to approximately 15 monolayers of product. This is in contrast to the
several 100 nm depth at which we found chlorine atoms in our ERDA experiments.
Dai et al. (2020) calculated the product thickness from the total amount of Cl– ions and
the BET surface area. Hence, it describes an average distribution assuming even surface
coverage. The difference shown in the previous paragraph shows that the product layer
of CaCl2 · xH2O is not an even distribution over the sample surface even after a reaction
time of 14 days (value C). The depth resolved ERDA measurements perfomed in this
study do not contradict this as carbon atoms were still present throughout the measured
range at both concentrations, unlike for the uptake of HNO3.

All in all, the four publications on this reaction can be put into two different cate-
gories: measurements determining the initial surface uptake (short-term) and measure-
ments which also observed reaction in the bulk through a form of diffusion (long-term).
Short-term would include values from Santschi and Rossi (2006), Huynh and McNeill
(2020) and Huynh and McNeill (2021).

150



Chapter 5. X-ray photoelectron spectroscopy and elastic recoil detection analysis to
quantify uptake of HCl and HNO3 on calcite surfaces

T
ab

le
5.
4:

V
ar
io
u
s
γ
H
N
O
3
m
ea
su
re
d
in

p
re
v
io
u
s
st
u
d
ie
s.

D
iff
er
en
t
co
lu
m
n
s
in
d
ic
at
e
th
e
le
ad

au
th
or

of
th
e
st
u
d
y,
th
e
eq
u
iv
al
en
t
st
ra
to
sp
h
er
ic

ex
p
os
u
re
,
i.
e.
,
th
e
ti
m
e
w
h
ic
h
a
sa
m
p
le
ex
p
os
ed

to
th
e
sa
m
e
co
n
ce
n
tr
at
io
n
s
as

in
th
e
sp
ec
ifi
c
ex
p
er
im

en
t
w
ou

ld
re
q
u
ir
e
to

re
ac
h
st
ra
to
sp
h
er
ic

ex
p
os
u
re
,
th
e
H
C
l
co
n
ce
n
tr
at
io
n

ap
p
li
ed

in
th
e,

m
ea
su
re
m
en
t,

th
e
d
u
ra
ti
on

,
as

w
el
l
co
n
d
it
io
n
s
su
ch

as
ti
m
e,

R
H
,
te
m
p
er
at
u
re

an
d

in
fo
rm

at
io
n
ab

ou
t
th
e
sa
m
p
le
,
th
e
m
ea
su
re
m
en
t
te
ch
n
iq
u
e
ap

p
li
ed

(m
et
h
o
d
),
th
e
ca
lc
u
la
ti
on

ap
p
li
ed

to
ge
t
γ
H
N
O
3
as

w
el
l
as

th
e
re
su
lt
in
g

γ
H
N
O
3
-V
al
u
e.

A
re
la
ti
ve

h
u
m
id
it
y
st
at
ed

as
”d

ry
”
is
as
su
m
ed

to
b
e
ar
ou

n
d
0%

b
u
t
w
as

n
ot

m
ea
su
re
d
d
u
ri
n
g
th
e
ex
p
er
im

en
t.

E
n
tr
ie
s
on

w
h
ic
h
n
o
in
fo
rm

at
io
n
w
as

fo
u
n
d
ar
e
m
ar
ke
d
w
it
h
N
.A

.,
i.
e.
,
n
ot

ap
p
li
ca
b
le

Le
ad

 A
ut

ho
r 

eq
. e

xp
. * 

Co
nc

. [c
m

− 
3 ] 

tim
e 

RH
 

T 
Sa

m
pl

e 
M

et
ho

d 
Ca

lc
ul

at
ed

 γ
HN

O3
-V

al
ue

A)
 F

en
ter

 19
95

1 s
 to

(0
.1

–1
00

)×
 1

01
1 

1 s
dr

y 
RT

 
dr

ied
 p

ow
de

r 
Kn

ud
se

n C
ell

 
ge

om
. a

re
a 

7.1
 × 

10
−2

B)
16

.6
7 m

in
pe

lle
ts 

("h
um

id"
)

(1
.5

 ± 
0.

3)
 × 

10
−1

C)
 

pe
lle

ts 
("d

rie
d"

)
6.

0 ×
 1

0−2

Un
de

rw
oo

d 2
00

0 
6.4

 s 
6.4

 × 
10

10
1 s

dr
y 

RT
 

po
wd

er
 

Kn
ud

se
n C

ell
 

BE
T 

co
rr.

1.
4 ×

 1
0− 

5

Go
od

ma
n 2

00
0

13
0 s

 
1.3

 × 
10

12
1 s

∼
0%

 
RT

 
po

wd
er

 
Kn

ud
se

n C
ell

 
BE

T 
co

rr.
(2

.5
 ± 

0.
1)

 ×
 1

0− 
4

A)
 H

an
ish

 20
01

6.
5 s

 
6.

5 ×
 1

01
0

1 s
dr

y 
RT

 
"d

ry"
 p

ow
de

r 
Kn

ud
se

n C
ell

 
ge

om
. a

re
a 

(9
.7 

± 
2.4

) ×
 1

0− 
2

B)
0.8

5 s
 

8.5
 × 

10
9

1 s
sg

l. c
rst

. u
np

ol.
(1

.7
5 ±

 0
.3

9)
 × 

10
−3

C)
 

sg
l. c

rst
. p

ol.
(0

.9
0 ±

 0
.1

2)
 × 

10
−3

A)
 J

oh
ns

on
 20

05
 

6.5
 s 

6.5
 ×

 1
01

0
1 s

dr
y 

RT
 

m
ult

p.
 p

tc.
 ly

rs
 

Kn
ud

se
n C

ell
 

BE
T 

co
rr.

(2
.0

 ± 
1.

0)
 ×

 1
0− 

3

B)
19

 s 
1.9

 × 
10

11
1 s

fra
ct.

 p
tc.

 la
ye

r
γ o

bs
(2

.0
 ± 

0.
4)

 ×
 1

0− 
3

C)
BE

T 
co

rr.
(1

.0
 ± 

0.
3)

 × 
10

−4

D)
Ho

ffm
an

n 
(2

.0
 ± 

0.
4)

 ×
 1

0−3

A)
 V

las
en

ko
 20

06
 

N.
A.

(1
0 ±

 1
) ×

 1
01

1
2s

 
33

%
 

RT
 

Ca
CO

3 a
er

os
ol 

ae
ro

so
l F

T 
SP

M
S

11
× 

10
−2

B)
(1

0 ±
 5

) ×
 1

01
0

2s
 

33
%

 
AT

D
(1

1±
 3

) ×
 1

0−2

C)
(1

0 ±
 1

) ×
 1

01
1

2s
 

33
%

 
AT

D
(3

 ± 
1)

 ×
 1

0− 
2

151



Chapter 5. X-ray photoelectron spectroscopy and elastic recoil detection analysis to
quantify uptake of HCl and HNO3 on calcite surfaces

A)
 Li

u 
20

08
23

–7
3 h

 
(5.

5–
8.8

) ×
 1

01
1 

va
rio

us
 10

%
 

RT
 

de
po

s. p
ow

de
r 

sta
gn

at.
 flo

w 
N.

A.
3.

2 ×
 1

0−3

B)
11

–1
4 h

 
(4

.1–
5.4

) ×
 1

01
1 

16
 m

in 
20

%
1.

4 ×
 1

0−2

C)
1.6

–1
.7 

h 
(1

.9–
2.0

) ×
 1

01
1 

5 m
in 

80
%

21
 × 

10
− 
2

Ta
ble

: (c
on

tin
ue

d)

Le
ad

 A
ut

ho
r 

eq
. e

xp
. * 

Co
nc

. [c
m

− 
3 ] 

tim
e 

RH
 

T 
Sa

m
pl

e 
Me

th
od

 
Ca

lcu
lat

ed
 γ

-V
alu

e

Da
i 2

02
0

∼
0%

 
21

5 K
 

de
po

s. p
tc 

flo
w 

tub
e 

se
mi

 ss
(2

.5 
± 

1.8
) ×

 1
0− 

4

Hu
yn

h 2
02

0
5.2

 h–
32

5 d
5.2

 × 
10

10
to

7.8
 × 

10
13

1 h
<5

%
 

RT
 

de
po

s. p
tc 

flo
w 

rea
cto

r 
N.

A.
(7

.5 
± 

6.5
) ×

 1
0− 

2

A)
 th

is 
stu

dy
 

44
 yr

1.6
 × 

10
14

10
 d 

6%
25

3 K
 

sin
gle

 cr
ys

tal
 

fla
sk

 
ge

om
. a

re
a 

>2
.4 

× 
10

−5

B)
 H

I-E
RD

A 
4.4

 yr
1.6

 × 
10

13
4.5

%
 

(H
I-E

RD
A)

3.
2 ×

 1
0−6

A)
 th

is 
stu

dy
14

.7 
d 

2.2
 × 

10
11

20
h 

4%
21

0 K
 

Ca
CO

3 p
ow

de
r 

AP
-X

PS
 

At
n. 

Mo
d. 

(2
.50

 ± 
1.2

5)
 ×

 1
0−5

B)
 A

P-
XP

S
10

 d 
2.1

5 ×
 1

01
1

14
h 

4%
21

0 K
 

(4
.5 

± 
1.0

) ×
 1

0− 
5

C)
1.7

5 d
 

3.5
 × 

10
10

15
h 

4%
21

0 K
 

(1
.0 

± 
0.8

) ×
 1

0− 
4

D)
8.4

 h 
7.5

 × 
10

9
14

h 
4%

21
0 K

 
(1

.0 
± 

0.8
) ×

 1
0− 

4

E)
2.3

 d 
1.5

25
 × 

10
11

4.5
h 

0%
21

0 K
 

(6
.5 

± 
4.5

) ×
 1

0− 
5

* "
eq

. e
xp

." 
ref

ers
 to

 th
e c

orr
es

po
nd

ing
 tim

e o
f e

xp
os

ure
 to

 st
rat

os
ph

eri
c H

Cl
 co

nc
en

tra
tio

ns
 of

 ea
ch

 ex
pe

rim
en

t. F
or 

the
 st

rat
os

ph
ere

, a
 nu

mb
er 

de
ns

ity

of 
air

 e
qu

al 
to 

10
18

 m
ole

cu
les

cm
−3

 
an

d a
 H

no
3 v

olu
me

 m
ixin

g 
rat

io 
of 

10
 pp

b a
t a

 to
tal

 pr
es

su
re 

of 
50

 hP
a w

as
 as

su
me

d. T
he

 du
rat

ion
 w

as
 th

en
 ca

lcu
lat

ed

fro
m 

the
 ra

tio
 o

f th
e g

as
 ph

as
e c

on
ce

ntr
ati

on
 us

ed
 in 

the
 ex

pe
rim

en
t to

 th
e s

tra
tos

ph
eri

c c
on

ce
ntr

ati
on

 m
ult

ipl
ied

 b
y t

he
 du

rat
ion

 of
 th

e l
ab

ora
tor

y e
xp

eri
me

nt.

A)
 S

an
tsc

hi 
20

06
 

27
 s 

2.7
 ×

 1
01

1
1 s

dr
y 

RT
 

pm
 di

sk
 

Kn
ud

se
n C

ell
 

ge
om

. a
re

a 
(8

.5 
± 

1.5
) ×

 1
0− 

3

B)
70

 s 
7.

0 ×
 1

01
1

1 s
pm

7×
 1

0−4

C)
54

 m
in 

2.
7 ×

 1
01

1
2m

in
pm

, s
tea

dy
-st

ate
2×

 1
0−3

D)
2.

33
 h 

7 ×
 1

01
1

pm
, s

tea
dy

 st
ate

7×
 1

0−4

E)
∼

20
 s

∼
2.

0 ×
 1

01
1

1 s
Ca

CO
3 p

ow
de

r 
0.3

152



Chapter 5. X-ray photoelectron spectroscopy and elastic recoil detection analysis to
quantify uptake of HCl and HNO3 on calcite surfaces

Fenter et al. (1995):

They used a Knudsen Cell with a low-pressure flow reactor, and measured the initial
uptake on various materials. The values herein stem from experiments on calcite powder
and two kinds of calcite pellets.
Material and preparation: Calcite powder samples were prepared by grinding the
material with a ”Wig-L-Bug” amalgamator. The powder density was determined to be
0.6 g cm−3. Grain size was determined to be between 5µm and 100 µm using scanning elec-
tron microscopy. Powders were dried in the evacuated Knudsen cell at around 10−7mbar
for 10 - 48 hours prior to the experiments. The calcite pellets used for measurements B
and C (see Table 5.4) were formed by compressing 500–700mg of undried CaCO3 powder
into disks of approximately 2mm thickness and a diameter of 13mm. Density of the
pellets was found to be 2.1 g cm−3, so a factor of 3.5 denser. The ”humid” pellets were
used freshly after being compressed whereas the ”dried” pellets had been pumped in the
reactor until the desorption of water reached background levels.
Reaction Conditions: Fenter et al. (1995) did not provide any temperature under which
the experiment was conducted, but it can be assumed from other similar experiments con-
ducted in Knudsen Cells that the reaction proceeded at room temperature. No pressure
in the reaction chamber was stated either but Knudsen Cell flow reactors are character-
istically operated at very low pressure in order to have a mean free path of the molecules
larger than the vessel diameterGolden et al. (1973). The reaction on the calcite powder
(measurement A) was conducted once. It used the smaller of the two reactors which had
a stated surface area of the powder sample of 10.8 cm2. The number density in both of
the reactors could be varied between (0.1–00) × 1011 cm3. Some other specifications of
the two reactors are summarised in a table in the original paper. The values provided
above were obtained from a table stating the ”low-dose experimental results” but it is not
further specified what exactly a ”low-dose” means.
Measurement and Calculation: The Knudsen Cell flow reactor was coupled to a
quadrupole mass spectrometer (MS). The MS signal was characterised as a function of
pressure change which could then be related to the mass flow. To determine the colli-
sion frequency, Fenter et al. (1995) used the surface of the sample without regard to any
interior surfaces or reactive sites. The uptake coefficient γ was then calculated from the
collision frequency ω via γ = kuni/ω where kuni is the first-order uptake of HNO3 which
was calculated via kuni = (Si/Sf − 1) · kesc. In this, Si and Sf are the the MS signal at
m/e = 46 before and after the establishment of a steady-state respectively.

Underwood et al. (2000):

This study used a passivated Knudsen Cell reactor and investigated the diffusion into
underlying layers. Alongside a variety of other reactions, the initial uptake of HNO3 on
CaCO3 into a powder sample was investigated.
Material and Preparation: For the uptake coefficient values provided in this summary,
Underwood et al. (2000) used CaCO3 powder with a bulk density of 0.96 g cm−3 and
with a SBET of 1.4m2 g−1 corresponding to 0.22 particle layers per mg of powder. The
graph illustrating the results in their paper shows three experimental measurements with
different masses of the powder in the same sample area resulting in different layers of the
samples. They appear to be around 20, 65 and 150mg respectively. This powder was
applied to the sample holder evenly using an atomiser.
Reaction Conditions: In the Knudsen Cell, 2µTorr of nitric acid was dosed to react
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with the CaCO3 powder and the data acquisition time spanned around half a second.
Using this pressure and the given reactor volume of 765 cm3, a number density of 6.4 ×
1010molecules cm−3 was approximated for the concentration of nitric acid using the ideal
gas law. The experiments were conducted at 298K. Prior to the reaction, the reactor was
passivated by flowing the reactant gas through it for at least 90min.
Measurement and Calculation: The uptake was measured using a quadrupole mass
spectrometer coupled to the reactor. The observed uptake γobs was determined from the
MS signal according to the following equation: γobs = Ah

As
·
(
Io−I
I

)
. In this, Ah and As

are the area of the escape aperture and of the sample holder respectively, and I is the
MS signal. Using the three experimentally observed uptake coefficients γobs with different
sample masses, Underwood et al. (2000) calculated a ”true” initial uptake coefficient γt to
correct for diffusion into underlying layers and account for the entire reactive area. This
was done with the BET surface area and the slope of a linear fit through the three γobs
values according to the following equation: γt = slope · (As/SBET) where As is equal to
the sum of the top layer surface and the area of the voids of the sample.

Goodman (2000):

This study used a Tefal passivated Knudsen Cell to determine the initial uptake coefficient
on calcite powder and further looked at the dependence on relative humidity with an
FTIR study.
Material and Preparation: For the uptake experiments, CaCO3 powder was used as
bought in two different sizes. The smaller particle size measured an average diameter
of 3.5 µm and a SBET of 0.59m2mg−1 whereas the larger particles measured an average
diameter of 7.4 µm and a SBET of 0.27m2mg−1. The results of the two powder sizes
varied only slightly, so the value listed in Table 5.4 is the average.
Reaction Conditions: The uptake coefficient was determined from an experiment
at a low pressure of around 40 µTorr which resulted in a gas phase concentration of
1.3 × 1012molecules cm−3, and at 295K. The relative humidity was stated to be ”near
0%”.
Measurement and Calculation: The initial uptake was measured with a coupled
quadrupole mass spectrometer which observed the NO2

+ signal at m/e = 46. The
calculation of γobs was done in the same fashion as explained in the section above on
Underwood et al. (2000). This uptake coefficient was again corrected for contribution
of underlying layers. This was done using a slightly adapted version of the KML-model
(Keyser et al., 1991) to correct uptake coefficients for the effect of gas diffusion into the
bulk. This resulted in the γ-value listed in the table.

Hanisch and Crowley (2001):

This study measured the uptake coefficient in 22 slightly varying experiments on calcite
powder as well as on polished and unpolished single crystal samples using a Knudsen
Cell.
Material and Preparation: The three values (A, B and C in Table 5.4) were
determined from different sample materials. For the sample experiments leading to value
A, 60mg of a CaCO3 powder with a particle diameter of less than 10 µm was used which
was dispersed onto the surface from an ethanol paste. In total the paper provides 22
measured initial uptake coefficients for the powder sample with varying experimental
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conditions. Values B and C used a single crystal calcite sample along the 104 surface in
its polished and unpolished state respectively. It had a size of (10× 10× 0.5)mm3. Both
the powder and the single crystal were dried for these experiments prior to the reaction
by heating them to 363K for 5 h under a vacuum (2× 10−6Torr).
Reaction Conditions: The total pressure in the Knudsen Cell was 0.4mTorr and
the reactions were conducted at 298K. Value A was determined with a low gas phase
concentration of 6.5×1010molecules cm−2 and and approximate HNO3 flow of 9×1013 s−1.
The single crystal experiment used an HNO3 flow of 2.6× 1013 s−1. The number density
was calculated from this to be 8.5×109molecules cm−3 via the equation n/V = 4F/(Ahc̄).
The average molecular velocity c̄ was calculated as c̄ = 1.46 · 104

√
T/M .

Measurement and Calculation: The reactor was coupled to a quadrupole mass spec-
trometer and to quantify the uptake, the decrease in HNO3 flow was again determined
from the NO2

+ signal at m/e = 46. The signal was integrated over a period of 0.8 s
to observe the initial uptake. The initial uptake coefficient was then calculated in a
comparable manner to Fenter et al. (1995) using γ = kuni/ω.

Johnson et al. (2005):

This study used a Teflon coated Knudsen Cell to measure the initial uptake of the
reaction at varying particle layer quantities and correcting them with different models.
Material and Preparation: CaCO3 was used in these experiments in the form of two
different powders - as received - with a SBET of 0.2m2mg−1 and 1.4m2mg−1 respectively.
The uptake on multi-layer sample was determined with both types of powder and
the fractional layer experiments used the finer powder and used 0.08, 0.09 and 0.18
monolayers of the powder.
Reaction Conditions: Prior to all experiments, a flow of nitric acid was used to further
passivate the reactor until a steady flow was obtained. The experiments determining
the uptake coefficient for a multi-layer sample A used a nitric acid concentration of
6.5× 1010molecules cm−3 which corresponded to a partial pressure of 2µTorr when using
the larger particle powder and a nitric acid concentration of 1.9 × 1011molecules cm−3

corresponding to a partial pressure of 6 µTorr for the finer powder. The experi-
ments leading to values B to D were conducted using a gas phase concentration of
6.5 × 1010molecules cm−3. Similar to all other Knudsen Cell measurements, these
measurements were done at room temperature (296K) and under dry conditions.
Measurement and Calculation: The uptake was measured with a coupled quadrupole
mass spectrometer. γobs was calculated in the same way as explained in the section
above on Underwood et al. (2000). This measured value was then corrected for the
multi-layer experiment by using the KML model as well as by assuming a slope for a
linear mass-dependent region (see section on Underwood et al., 2000). Both corrections
lead to the same initial uptake coefficient listed as value A in Table 5.4. The γobs for
fractional layers of particles is provided as value B and it was once corrected using the
same method as for A but as it yielded a much smaller uptake coefficient, it was also
corrected using the model described by Hoffman et al. (2003). These corrected values
correspond to C and D in Table 5.4.
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Vlasenko et al. (2006):

This study measured the uptake of HNO3 on airborne, dry-dispersed calcite aerosol as
well as on Arizona Test Dust (ATD) aerosol in a flow reactor.
Material and Preparation: The calcite aerosols were generated by nebulising a sat-
urated aqueous CaCO3 solution which was then dried in a diffusion dryer. The ATD
aerosols were generated using a solid aerosol generated which provided submicron parti-
cles from the dust.
Reaction Conditions: The flow tube experiments were conducted at atmospheric pres-
sure and room temperature. The reaction on CaCO3 was measured at a nitric acid
concentration of 10±1×1011molecules cm−3. Values B and C in Table 5.4) for ATD were
measured at two different nitric acid concentrations of 10 ± 5 × 1010molecules cm−3 and
10± 1× 1011molecules cm−3, respectively. All three values were determined at a relative
humidity of (33± 1)% which was measured downstream of the flow reactor.
Measurement and Calculation: The uptake of nitric acid onto the aerosols was de-
rived by measuring the decay of 13N isotopes which were included in the reactant flow
with a known ratio in the form of H13NO3. Vlasenko et al. (2006) clearly state that the
uptake obtained through their measurement only accounts for irreversibly absorbed nitric
acid which is still in the particulate phase when it reaches the aerosol filter, the initial loss
of gas phase nitric acid could well be higher. The total aerosol surface area was measured
using a Scanning Mobility Particle Sizer (SPMS).

Santschi and Rossi (2006):

This study used a Knudsen Cell and determined the initial uptake and a steady-state
uptake on marble disks and CaCO3 powder.
Material and Preparation: The polished marble disk (pm) used to obtain values A to
D in Table 5.4 were cut from Carrara marble with a thickness of 5mm and a diameter of
50mm resulting in total exposed geometric surface of 27.4 cm2. These disks were heated
at 330K for 24 h and polished to a roughness of 6 µm. An additional experiment E used
powdered CaCO3 crystals with a measured SBET of 3.7m2 g−1, a side length of 2µm
(determined via SEM) and density of 1.3 g cm−3.
Reaction Conditions: Two uptake experiments on the polished marble disk used a
concentration of nitric acid of 2.7 × 1011molecules cm−3 resulting from a flow rate of
5.5 × 1014molecules s−1. A third uptake experiment on the same substrate used a nitric
acid concentration of 7× 1011molecules cm−3. The reaction on the CaCO3 powder (value
E in Table 5.4) as well as value A & B, measured the initial uptake coefficient γ0. Value
A provided in the table above states the average γ0 of the two experiments and the
stated error is simply the range of results. The steady-states values (values C & D) were
obtained after ”an apparent saturation [...] after 2min or so” which is thus treated as
the reaction time. In steady-state conditions, the two measurements leading to value C
provided an identical uptake coefficient. All experiments were conducted at 300K and
can be assumed to have dry conditions as usual for a Knudsen Cell. The authors did
not provide a HNO3 concentration for the measurement of value E. Compared to similar
setups in this study it would most likely be in the range of 2 × 1011molecules cm−3 as
well.
Measurement and Calculation: The Knudsen Cell was coupled to a mass spec-
trometer and The uptake coefficients were then calculated in a comparable manner to
Fenter et al. (1995) using γ = kuni/ω. The collision frequency ω was calculated from the
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average molecular speed c̄ and the sample area As and the reactor volume according to
ω = (c̄/4V ) · As.

Liu et al. (2008):

They used a stagnation flow reactor at determined the uptake coefficients on deposited
calcite at various relative humidities.
Material and Preparation: The deposited CaCO3 particles for the uptake experiments
were generated by atomising a suspension of calcite powder in water. These particles
were then dried and deposited. A size selective deposition impactor (MOUDI) and
subsequent SEM imaging provided particles with a median diameter of 0.85µm.
Reaction Conditions: The stagnation flow reactor used a laminar flow of premixed
N2/H2O/HNO3 gases in desired ratios. The reactor was passivated with a flow of this
gas mixture for 2 h before each experiment. The gas phase phase concentration of nitric
acid was between (1.7–7.3) × 1011molecules cm−3. This range can be narrowed down by
using the experimental conditions table for the specific relative humidity. The concen-
trations there were stated in terms of parts per billion from which the concentration
was calculated with an assumed air density of 2.55 × 1019molecules cm−3Brasseur and
Solomon (1984).These concentration ranges at the respective relative humidity can be
found in the table above. This overview includes measurements at 10 %, 20 % and 80%
RH corresponding to values A, B and C in Table 5.4, respectively. All experiments were
conducted at room temperature and at atmospheric pressure. A range of reaction time
can also be found in the experimental conditions table in the original paper. For value A
it included one measurement at 25min and four each at 40min and 50min. Value B had
a reaction time of 16min and C of 5min. Liu et al. (2008) provide further values for the
uptake coefficient at varying relative humidities ranging in 10 % intervals from 10 % to
80% which was measured in line.
Measurement and Calculation: HNO3 at the exit of the reactor was measured using
a chemiluminescence NOy analyser. The extent of the reaction from CaCO3 to Ca(NO3)2
and the uptake coefficient was determined using the O/Ca ratio which was determined
using energy-dispersed X-ray spectrometry and quantified with reference values for
conversion at 0% and 100%.

Dai et al. (2020):

They determined the uptake coefficient using a flow tube reactor at stratospherically
relevant temperature.
Material and Preparation: Purchased calcite particles with a declared average
diameter of 200 nm and a measured BET surface area of 14.8 ± 0.5m2 g−1 were used
throughout the study. The desired amount of CaCO3 was deposited from an isopropanol
solution evenly on the walls of the insert. The insert was subsequently heated in an oven
to 250 ◦C for roughly 30min. It is stated that the insert was covered with around 2.5
layers of particle. The sample inserts are then placed into the flow tube and pumped for
2 h down to 60mTorr to remove any physisorbed water.
Reaction Conditions: The reaction was conducted at 1.7Torr pressure and 215K,
which was achieved using a cooling jacket with a circulating dry ice/ethanol mixture.
Dai et al. (2020) stated that the RH in the reactor could be treated to be 0. No HNO3
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concentration was found in the publication.
Measurement and Calculation: The uptake coefficient was calculated from a decrease
in reactant flow determined with a coupled mass spectrometer. They provided a semi
steady-state uptake coefficient which occurred after about 3min.

Huynh and McNeill (2020):

This study used a flow tube experiment to determine the uptake coefficient on impacted
CaCO3 aerosols.
Material and Preparation: Calcite powder with an initial particle size of 200 nm was
deposited on to a ZnSe window from dry dispersed aerosols which were size selected to
an average diameter of 1µm. The mass density and surface density of the aerosols was
observed using a scanning mobility particle sizer.
Reaction Conditions: The flow reactor was operated at 296K and ambient pressure
(760Torr). The carrier gas used was N2 and the HNO3 reactant gas was varied in con-
centration from 5.2 × 1010 to 7.8 × 1013 cm−3 or from approximately 3 to 267 parts per
billion respectively. Independent of the concentration used, all experimental runs used a
reaction time of 1 h. The relative humidity in the reactor was measured to be below 5%.
Measurement and Calculation: The reaction of CaCO3 to Ca(NO3)2 was quanti-
fied by observing the absorbance intensity S of the asymmetric stretching of CO3

2– at
876 cm−1. The uptake coefficient γ was then calculated using the forumula,

(S − S0)
Nd

[A]0
= −1

4
γω[A]0SA× t , (5.23)

where the left side is the normalised absorbance, SA is the surface area of impacted
CaCO3 available for reaction (although it is not elaborated how this surface area was
determined), ω is the molecular velocity and t is the reaction time of 1 h.

HI-ERDA (this study):

We measured the uptake from a 10-day long exposure to nitric acid of single crystal
calcite at stratospherically relevant temperature.
Material and Preparation: A single crystal calcite slab was used with the dimensions
(15× 10× 1)mm3.
Reaction Conditions: The experiment was conducted in a desiccator at −20 ◦C and
ambient pressure. The calcite sample was left in the desiccator for 10 days with an
H2SO4 solution (65wt%) containing the required amount of HNO3 to provide a gas phase
concentration of 8 ppm in the case of experiment A and 0.8 ppm for experiment B. The
relative humidity at these conditions corresponds to about 6 % and 4.5% for experiment
A and B in Table 5.4, respectively.
Measurement and Calculation: The uptake coefficient was calculated from the
geometric surface area of the crystal to determine the number of collisions, and the
elemental composition measured using ERDA measurements. This method only managed
to observe the first 180 nm or so, which means the uptake coefficient determined with
this method is a lower boundary.
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B: Proposed Mechanisms

Various publications have postulated that the intermediate Ca(OH)(HCO3) is the reactive
species during surface reaction of calcite with gaseous reactants (Santschi and Rossi,
2006; Al-Hosney and Grassian, 2005; Huynh and McNeill, 2020). The presence of surface
species SS–OH and SS–HCO3 was confirmed by Stipp and Hochella (1991) using X-Ray
Photoelectron Spectroscopy (XPS) and low-energy electron diffraction (LEED) to analyse
the binding energy. The Ca(OH)(HCO3) intermediate is formed through a number of
reactions pathways, but once formed is not easily reversed even under conditions using
ultra-high vacuum and/or heat (Stipp and Hochella, 1991). While the overall reaction

CaCO3(s) + H2O(g)←−→ Ca(OH)(HCO3) (5.24)

shows only the H2O stoichiometrically needed for the chemisorbed water, the proposed
mechanism includes CO2 necessary in the process (Santschi and Rossi, 2006). Formation
of this reactive surface intermediate can be considered a result of the high charge density
at the surface of calcium carbonate (Al-Hosney and Grassian, 2005). This surface inter-
mediate indicates that the gaseous acid can react with either anionic group. Using the
most simple overall reactions, reaction with the SS–OH will lead to HO product formation
whereas reaction with SS–HCO3 yields H2O and CO2 products. The flow reactor study
by Santschi and Rossi (2006) investigated the formation of these products in relation to
the uptake of HNO3 indicated by a loss in the reactant flow. They showed an approximate
1:1 relation of HNO3 reacted and H2O released while at first no formation of CO2 was
detected. This suggests the initial reaction of the calcite surface with HNO3 to be,

Ca(OH)(HCO3)(s) + HNO3(g) −−→ Ca(NO3)(HCO3)(s) + H2O(g) . (5.25)

After halting the inflow of HNO3 (Santschi and Rossi, 2006) observed a recovery of
around 20% of the previously adsorbed or absorbed HNO3. This indicates a reversible
adsorption to the surface before reaction. Taking the delayed formation of the product
CO2 into account they suggest the following reaction mechanism for the surface reaction
of HNO3 with CaCO3 where SS indicates a reactive surface site:

HNO3(g) + SS←−→ HNO3(ads)−SS , (5.26)

Ca(OH)(HCO3) + HNO3(ads)−SS −−→ Ca(NO3)(HCO3) + H2O , (5.27)

Ca(NO3)(HCO3) + HNO3(ads)−SS −−→ Ca(NO3)2 + CO2 +H2O . (5.28)

Yet, the absence of the chemisorbed water in the product while only one equivalent
H2O was detected requires this water to be accounted for elsewhere. At a very low
relative humidity, as prevalent in a Knudsen Cell, the prevailing hydrate form of calcium
nitrate would be Ca(NO3)2 ·H2O according to (Steiger et al., 2011). Equation 5.28 should
therefore rather be written as:

Ca(NO3)(HCO3) + HNO3(ads)−SS −−→ Ca(NO3)2 ·H2O+ CO2(g) . (5.29)

This would also align with findings on the ERDA measurements in this study that at a
slightly higher RH the atomic composition of the bulk indicated a hydrate form somewhere
between mono- and dihydrate.
Santschi and Rossi (2006) also observed a similar behaviour for the uptake of HCl. There
was a slight delay in observed CO2 formation and HCl desorption was measured after
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halting the flow. The same behaviour was again observed in Dai et al. (2020). However,
Santschi and Rossi (2006) did not detect any H2O product. They proposed that the two
equivalent of water are incorporated in a dihydrate form due to the high hygroscopicity
of calcium chloride. Therefore, a similar reaction mechanism for the initial uptake of HCl
on calcite was proposed as:

HCl(g) + SS←−→ HCl(ads)−SS , (5.30)

Ca(OH)(HCO3) + HCl(ads)−SS −−→ CaCl(HCO3) + H2O(ads) , (5.31)

CaCl(HCO3) + HCl(ads)−SS + H2O(ads) −−→ CaCl2 · 2H2O+ CO2 . (5.32)

Unlike the delayed formation presented by Santschi and Rossi (2006), Prince et al.
(2007) observed formation of CO2 closely correlating to the loss in HNO3. This is likely
due to the different experimental setups used. Prince et al. (2007) operated at much
higher overall pressure as well as higher relative humidity. Especially the influence of the
higher relative humidity is relevant to these differing observations. Huynh and McNeill
(2020) noted the overall reaction of the uptake as

2HNO3 + Ca(OH)(HCO3) −−→ Ca(NO3)2 +H2CO3(ads) + H2O , (5.33)

where the adsorbed H2CO3 readily dissociates to H2O and CO2 in the ”presence of water”.
Under dry conditions, Al-Hosney and Grassian (2005) identified H2CO3 and proposed the
surface reaction of calcite with nitric acid as follow:

Ca(OH)(HCO3) + HNO3(g) −−→ Ca(OH)(NO3) + H2CO3(ads) . (5.34)

Similarly, Fenter et al. (1995) stated that humidity is required to release gaseous CO2

product and (Hanisch and Crowley, 2001) found that it takes 2.7 and 3.4 equivalents of
nitric acid to react in order to release one equivalent of CO2 for a ”damp” and ”dry”
sample, respectively. In their study on the uptake of H2O, SO2 and HNO3 on CaCO3 (Al-
Hosney and Grassian, 2005) used IR spectroscopy to observe the different surface groups.
After exposure of the calcite to HNO3, H2CO3 and adsorbed nitrate were observed. The
produced carbonic acid would passivate the surface for further uptake if it would not
dissociate. Adsorbed carbonic acid is stable under high-vacuum conditions (Al-Hosney
and Grassian, 2005) but it only needs very small quantities of water to dissociate. This
could be a reason why Santschi and Rossi (2006) observed a delayed formation of CO2 in
their Knudsen Cell experiment (very low pressure and near 0 RH). In their publication,
Al-Hosney and Grassian (2005) proposed a reaction equation for the initial uptake that is
contrasting to the one later suggested by Santschi and Rossi (2006) in which the HCO3

–

group reacts in the first step:

Ca(OH)(HCO3) + HNO3(g) −−→ Ca(OH)(NO3) + H2CO3(ads) . (5.35)

This was reasoned from the observed presence of IR-bands corresponding to carbonic acid
and nitrate respectively. Without any remarks on the IR-bands of the hydroxy group,
this observation could also be explained with the mechanism formulated by Santschi and
Rossi (2006). Unfortunately, the selection of the spectrum presented in the publication
does not show the energy region which would be relevant for OH absorbance.
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5.5.0.1 Surface Water

The IR study by Al-Hosney and Grassian (2005) on CaCO3 showed an increase in the
O–H stretch signal with increasing RH as would be expected. They further showed a
broadening of the signal at around 50% RH when increasing the RH and at around
30% RH when decreasing the RH. This transition corresponds to the change from two-
dimensional, more ice-like water ”islands” on the surface at low RH to more liquid-like
3D clusters of surface adsorbed water at RH >50% (Al-Hosney and Grassian, 2005). The
difference of the behaviour of adsorbed water on the surface is also dependent on the
hydrophilicity of the surface. A rather hydrophilic surface can accommodate the water
either in an ordered ice-like state, a liquid-like state or a co-existence of the two, whereas
adsorbed water on an hydrophobic crystal surface assumes a liquid-like structure (Xiao
et al., 2019). Santschi and Rossi (2006) determined a molecularly bound and rather mobile
physisorbed waterlayer above the chemisorbed water in the form of Ca(OH)(HCO3). They
experimentally determined that this strongly bound, chemisorbed water represents only
about 0.4% of all adsorbed water at ambient conditions.

5.5.0.2 Diffusion

Most early studies into reactions (1) and (2) claimed a surface saturation after a few
minutes and never observed uptake into the bulk of the sample. However with the longer
exposure times in the measurements by ERDA in this study, the recoil signal of nitrogen
nuclei, most likely from NO3

– ions, was found all the way to the detection limit of the
measurement system at a depth of around 240 nm. There are two basic mechanisms of
how the deeper sample layers can react: either the reactant gas molecules or ions diffuse
through the product layer to the sample core; or CO3

2– ions (and HCO3
– in the presence

of H2O) migrate from the solid core through the product layer to the surface, where they
then react with the gaseous acids.

The ionic diffusion can occur through different modes to preserve local charge neutral-
ity. In a so-called inward diffusion mechanism, anionic groups, such as NO3

– or Cl−, diffuse
inwards through the bulk while the CO3

2– ions diffuse to the surface, whereas an outward
diffusion mechanism sees the cation Ca2+ diffusing to the surface alongside the anionic
CO3

2– . Sun et al. (2012) experimentally analysed the diffusion mechanism for the reaction
CaO + CO2 −−→ CaCO3 and found an inward diffusion mechanism. This means that
the reacting O2− diffuses outwards while the product CO3

2– diffuses inwards. Conversely,
the outward diffusion mechanism would see Ca2+ diffuse outwards alongside O2−. Due
to its larger size, CO3

2– has a higher diffusion energy barrier, hence the inward diffusion
mechanism is favoured. Co-diffusion in the outward mechanism requires a neighbouring
cation and anion vacancy, which are only present at very low concentrations, if at all (Sun
et al., 2012). This experimental finding might well not be applicable to reactions 5.1-5.3
as the product and reactant anion not only differ in size but also carry different charges
compared to the experiment by Sun et al. (2012). An inward diffusion mechanism would
require two NO3

– ions to diffuse to the CaCO3/Ca(NO3)2 transition zone, while one CO3
2–

migrates through the product to the surface to conserve charge neutrality. Putting aside
the exact method of ionic diffusion, it is likely a shrinking-core of the reactant CaCO3

and a layer of product from which CO3
2– diffuses to the surface to further react with the

acids replenished from the gas phase.
Xiaoyu et al. (2011) observed ”island formation” on the surface of a polished singly-

crystal calcite sample after it has been heated in the presence of CO2 to decompose and
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then reform CaCO3. This indicated diffusion through the reactant to specific reactive
sites. The investigated reaction of CaCO3 with SO2(g) to form CaSO4 was also shown
to form ”mound-like islands”. They observed the islands to grow until they coalesced
eventually, covering the entire surface. It has to be noted, that this sulfation experiment
was conducted at 600 ◦C.

While adsorption of gas molecules at the surface increases with decreasing tempera-
ture, the diffusion through the solid decreases with decreasing temperature. The tem-
perature dependence of the diffusivity D behaves Arrhenius-like (Heitjans and Kärger,
2005):

D = D0 · exp
(
−∆H

RT

)
, (5.36)

where T is the absolute temperature, ∆H is the activation enthalpy of diffusion and R is
the universal gas constant. The diffusion through the solid is further heavily influenced
by the exact structure of the solid including all kind of defects. The abundance of defects
however again increases with increasing temperature. In any case, it is very likely that
the solid diffusion is the limiting step for long-term uptake as the surface reaction is much
faster.
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C: AP-XPS experimental setup
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Figure 5.13: The dosing setup applied in this study. N2O5 was generated within a reactor
through reaction of NO+O3. O3 was generated via photolysis in a O3 generator at 50°C. O2

and NO were dosed with mass flow controllers in order to meet desired concentrations of
N2O5 downstream the reactor. The tubing between reactor and the chamber was reduced
to a minimum (abot 20-30 cm) to minimize N2O5 losses during transport. The desired
N2O5 concentration could be dosed via control of the NO flow to the reactor as well as
via a N2 dilution step after the reactor. The N2O5/O3/N2 flow was dosed in the chamber
via a leak valve and kept at 1 mbar total pressure. The excess flow was further diluted by
N2 to reach detectable concentrations in the NOX and the O3 analyzers before the flow
was released to the exhaust. Water was dosed via an Argon flow taking up water second
leak valve.
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D: Attenuation model
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Figure 5.14: The upper left Figure illustrates a schematic overview of the attenuation
model used in this study to model the photoelectron intensity (PEI) ratios relative to
the Ca 2p PEI signal. The model assumes elemental concentrations (nX) as a function of
depth (z) with a depth resolution of 0.01 nm to a depth of d = 13. The model assumes a
topmost adventitious carbon layer, followed by a H2O layer, which can contain a variable
amount of adsorbed HNO3 and a Ca(NO3)2 x H2O layer with a linear gradient from 100%
Ca(NO3)2 x H2O at the surface to 0% Ca(NO3)2 x H2O at the lower end of the layer as
well as a bulk CaCO3 layer. Other Figures represent the best fit configuration for the
depth profiles of samples A, B, and C. The resulting Ca(NO3)2 x H2O model thickness
was 8 nm, 7 nm and 5 nm for samples A, B, and C, respectively. The modelled HNO3 to
H2O ratio within the adsorbed water layer was assumed to be 1:3, 1:3 and 1:6 for samples
A, B and C, respectively.
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E: HI-ERDA experimental setup
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Figure 5.15: The experimental setup of the ERDA measurements. The calcite samples
were stored within an desiccator within a fridge at 255K. H2sO4 –HNO3 and H2sO4 –HCl
solutions resulted in corresponding vapour pressures of HNO3 and HCl above the liquid
and thus within the desiccator.

F: AP-XPS results
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Figure 5.16: An overview spectra showing the entire Kinetic Energy range between 270 eV
and 800 eV measured at 1000 eV photon energy. The spectra is clearly dominated by the
O 1s peak, the N 1s peak, the Ca 2p peak as well as the adventitious and carbonate C1s
peaks, whereas other peaks (e.g., trace elements or Auger peaks) are not distinguishable
from background.
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Figure 5.17: The normalized PEI signal of all peaks of samples A, B, D and E as a function
of time. The lack of measurement points between 16 and 20 h in sample A and between
5 and 8 h in Sample B is due to the measurement of the depth profile (see Figure 7 in the
main text). The gray shaded area in sample B indicate measurements at different spots
of the samples to check for beam damage effects as well as a period of measurements for
which we stopped the N2O5 dosing to check for stability of the products. The uncertainty
bars all include values ±20%. The PEI evolution with time of sample C can be seen in
Figure 6 in the main text.
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Concluding Perspectives

Abstract

Recent studies have suggested that stratospheric aerosol injections (SAI) of solid particles
instead of gaseous SO2 could reduce some of the related environmental side effects, such
as ozone depletion and stratospheric heating. We use a global aerosol-chemistry-climate
model (ACCM), which interactively couples microphysical interaction of alumina and cal-
cite particle with the stratospheric sulfur cycle to the models heterogeneous chemistry and
radiation schemes. In contrast with previous studies, we find that SAI of alumina and
calcite particles only achieves a bigger effective radiative forcing (RF) per unit of aerosol
burden compared to sulfuric acid aerosols, but not per unit of injected mass. Reduced
warming of the tropical lower stratosphere remains a major advantage of SAI of alumina
and calcite particles over SO2 injections. Our results also reveal that, when normalised per
unit of RF, calcite and alumina particles would lead to a smaller increase in diffuse radia-
tion and reduced ozone depletion compared to the injection of SO2. However, the effects
on stratospheric composition are largely dependent on the assumptions made concerning
the heterogeneous chemistry on the solid particles. Constraining this structural uncer-
tainty in models requires dedicated laboratory experiments. Sulfur-based SAI appears to
carry smaller uncertainties than solid particles, and could thus be deemed as potentially
safer. Conversely, SAI via solid particles has more potential for reduced side effects, but
also bigger uncertainties, which can only be reduced with a concerted laboratory effort
and small scale field experiments.

This chapter will be submitted as:

Vattioni, S., Weber, R., Dykema, J.-A., Luo, B., Stenke., A., Feinberg, A., Ammann,
M., Vockenhuber, C., Döbeli, M., Kelesidis, G.A., Krieger, U., Sukhodolov, T., Keutsch,
F., N., Peter, T., Chiodo G. (2024). Risks and benefits of stratospheric solar climate
intervention via solid particle injections. Nature Climate Change.
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6.1 Introduction

Climate intervention by stratospheric aerosol intervention has been proposed as a tech-
nique, which could rapidly, and at relatively low cost (Smith, 2020), mitigate some of
the adverse effects of climate change, especially in an overshoot management approach
(Budyko, 1974; Crutzen, 2006; Keith and MacMartin, 2015). This approach could po-
tentially help meeting the Paris agreement by keeping global warming below 1.5 K, until
we have reached net-zero green-house gas (GHG) injections and until GHG removal tech-
niques are developed and scaled up (Keith and MacMartin, 2015; MacMartin et al., 2018).
The idea mainly developed from observations of the cooling effect of explosive volcanic
eruptions, which also helps explain that research on SAI has so far focused on the injection
of SO2, the main precursor of volcanic sulfuric acid particles in the stratosphere (Mills
et al., 2016; Sukhodolov et al., 2018; Feinberg et al., 2019). Due to their natural relevance,
the microphysics, optical properties, and heterogeneous chemistry of stratospheric aque-
ous sulfuric acid particles are relatively well-studied and understood (Mills et al., 2016;
Sukhodolov et al., 2018; Timmreck et al., 2018; Quaglia et al., 2023). Nevertheless, model
intercomparison studies of SAI through SO2 injection have showed substantial uncertain-
ties in the resulting stratospheric sulfuric acid aerosol burden, the concomitant RF and
ozone depletion, most likely due to differences in the representation of various processes
in ACCMs (e.g, microphysics, transport or heterogeneous chemistry) as well as differ-
ences in their interaction with each other and their spatial and temporal resolution (e.g.,
Weisenstein et al., 2022; Jones et al., 2022; Tilmes et al., 2022; Vattioni et al., 2023b).

The latter study (i.e., Chapter 2) highlights the importance of the microphysical set-
tings for quantifying the climate forcing from stratospheric SO2 injection in the sectional
ACCM SOCOL-AERv2. Compared to short-duration volcanic SO2 emission, the con-
tinuous SO2 injections in climate intervention scenarios pose a greater challenge to the
numerical implementation of microphysical processes such as nucleation, condensation,
and coagulation. At high sulfur loadings reached in the scenarios injecting 25 Mt/yr of
sulfur with a default microphysical timestep of 6 min, changing the call sequence from
the default ”condensation first” to ”nucleation first” leads to a massive increase in the
number densities of particles in the nucleation mode (r < 0.01 µm) and a small decrease
in coarse mode particles (r > 1 µm), resulting in much larger stratospheric aerosol bur-
den. This is mostly due to the strong non-linearity of the nucleation rate as a function of
H2SO4 supersaturation. Depending on the microphysical timestep and the sequencing of
condensation and nucleation, the net global RF ranges from -2.3 Wm−2 to -5.3 Wm−2

for injection rates of 25 Tg Sulfur per year. The results suggest that a reasonably short
microphysical time step of 2 minutes or less must be applied to accurately capture the
magnitude of the H2SO4 supersaturation resulting from SO2 injection scenarios or vol-
canic eruptions. Taken together these results underscore how structural aspects of model
representation of aerosol microphysical processes become important under conditions of
elevated stratospheric sulfur in determining atmospheric chemistry and climate impacts.
Furthermore, the results highlight that aerosol microphysics and the resulting aerosol size
distributions under continuous stratospheric SO2 injections for climate intervention are
different compared to the one resulting from volcanic eruption plumes, which are the ones
ACCMs are usually validated with (e.g. Quaglia et al., 2023). Thus, volcanoes are not
a perfect analogue for stratospheric solar climate intervention scenarios with SO2; thus,
validation against observations from volcanic eruptions is not entirely possible, which
introduces uncertainty.
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Despite these uncertainties, there is agreement that SAI by sulfuric acid particles can
lead to some adverse side effects such as (1) unfavourable size distributions caused by
continuous nucleation and condensation, which makes aerosols sediment faster while re-
ducing their backscatter efficiency (English et al., 2011; Niemeier et al., 2011; Heckendorn
et al., 2009; Vattioni et al., 2019, 2023b), (2) increased surface area density, potentially
enhancing chlorine activation and thus ozone depletion (Weisenstein et al., 2022; Tilmes
et al., 2022), (3) stratospheric warming perturbing atmospheric dynamics (impacting e.g.,
the quasi-biennial oscillation (Jones et al., 2022; Richter et al., 2017; Aquila et al., 2014),
stratosphere-troposphere coupling (Banerjee et al., 2021), the North Atlantic oscillation
(Jones et al., 2022) or tropical precipitation (Niemeier et al., 2013; Simpson et al., 2019)),
(4) increased diffuse visible radiation whitening the sky and altering the net primary pro-
duction (Kravitz et al., 2012b; Xia et al., 2016; Zarnetske et al., 2021) or (5) feedbacks
from aerosol-cloud interactions (Kuebbeler et al., 2012; Cirisan et al., 2013; Visioni et al.,
2018) and altered GHG lifetimes (Visioni et al., 2017).

Recent studies suggest that compared to SAI by sulfuric acid aerosols the injection of
solid particles such as alumina (Al2O3) or calcite (CaCO3) may result in more effective
negative RF, while simultaneously reducing some of the negative side effects (1)-(4) due to
more optimal optical, chemical and microphysical aerosol properties (Weisenstein et al.,
2015; Dykema et al., 2016; Ferraro et al., 2011, 2015; Jones et al., 2016; Dai et al., 2020,
e.g.,). Most of these studies highlighted the reduced stratospheric warming from these
materials, but prescribed solid aerosol distributions (Dykema et al., 2016; Ferraro et al.,
2011, 2015) and neglected particle interactions with stratospheric chemistry (Dykema
et al., 2016; Ferraro et al., 2011, 2015; Jones et al., 2016). Other modelling studies have
calculated radiative feedbacks offline, but explicitly simulated solid particle microphysics
and heterogeneous chemistry (Keith et al., 2016; Weisenstein et al., 2015) building on only
few, idealised laboratory experiments (Molina et al., 1997; Dai et al., 2020; Huynh and
McNeill, 2020, 2021; Tang et al., 2014, 2016). In spite of the large uncertainties from solid
particle interaction with stratospheric chemistry, IPCC AR6 concludes that “Injection of
non-sulphate aerosols is likely to result in less stratospheric heating and ozone loss” (Arias
et al., 2021).

6.2 The interactive solid particle microphyiscs

scheme in SOCOL-AERv2

This thesis presents the first global ACCM (i.e., SOCOL-AERv2 Feinberg et al., 2019),
which simulates the injection of solid particles and their microphysical interactions such as
agglomeration via self-coagulation, coagulation with sulfuric acid aerosols, condensation
of H2SO4 on the particle surface and sedimentation interactively coupled to the model’s
radiation and heterogeneous chemistry schemes (see Chapter 3). While the model allows
for representation of heterogeneous chemistry on the solid particles (see Chapter 3, Section
3.2.3.4 and 3.2.4.1), the solid particles are also coupled to the models longwave and
shortwave radiation code via their scattering and absorption properties (see Chapter 3,
Section3.2.2.4). These unprecedented model capabilities make it possible to conduct a
comprehensive assessment of the risks and benefits of SAI by solid particles compared
to sulfur-based SAI, meeting the target set by the WMO 2022 concerning the need of
comprehensive climate model simulations for SAI using alternative materials (WMO,
2022).
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The focus of this thesis is on alumina and calcite particles since these are the only
potential injection candidates for which some experimental data on heterogeneous chem-
istry in the stratosphere is available (e.g. Molina et al., 1997; Dai et al., 2020; Huynh and
McNeill, 2020, 2021). The model treats alumina and calcite particles as very different rep-
resentatives of solid particles concerning their interaction with stratospheric chemistry.

On the one hand, alumina is thought to be largely unreactive and the bulk of the par-
ticles (i.e., Al2O3) will most likely not undergo chemical reactions in the stratosphere (see
Section 4.4 and Figure 4.6), whereas calcite is a base and is thus expected to readily react
with most of the acidic molecules available in stratospheric air (i.e., mainly HNO3 HCl and
H2SO4). However, alumina particles still provide surfaces, which allow for adsorption of
HCl and HNO3 as well as for condensation of H2SO4. Thus, the solid particle microphysics
model takes into account coagulation of solid particles with H2SO4 –H2O aerosols as well as
condensation of gaseous H2SO4 on alumina surfaces, while the condensed H2SO4 –H2O is
represented on the alumina particles taking into account the contact angle of H2SO4 –H2O
on alumina particles of about 30° (see Chapter2.2.1, Section 2.2.2). This leaves parts of
the alumina surface uncovered and available for hosting for example the heterogeneous
reaction HCl + ClONO2 −−→ Cl2 + HNO3, whose rate constant on alumina surfaces has
been measured in a study which explored chlorine activation on alumina containing space
shuttle exhaust (Molina et al., 1997).

On the other hand, calcite particles are thought to react with HNO3, HCl and HNO3

thereby altering the composition of the particles. Therefore, calcite is an example of
a material which is expected to undergo chemical ageing in the stratosphere, thereby
altering its chemical and optical properties over the course of its stratospheric residence
time. In case of SAI of calcite, the model thus allows for particle composition changes
via uptake of HNO3, HCl and H2SO4 resulting in particle mixtures of CaCO3, CaSO4,
Ca(NO3)2 and CaCl2 (see Section 3.2.4). With the XPS and ERDA measurements in
presented in Chapter 5 we have shown that the uptake coefficients of HCl and HNO3

are likely below 10−4 on timescales relevant for the stratosphere. Even though other
studies have measured much larger uptake coefficients (Huynh and McNeill, 2020, 2021)
we showed that these uptake coefficient can not be maintained for relevant timescales due
to increased passivisation of the surface with reaction products with time.

6.3 Experimental setup

To discuss and illustrate the main findings of this thesis, the baseline scenarios described in
Chapter 3, Section 3.3 were extended to an ensemble of three members each to get a more
robust estimate of the effective RF. Thus, a total of 5 ensembles were performed including
an ensemble for the reference run and four perturbation experiments with injections of
5 Mt/yr Al2O3, CaCO3, SO2 and direct injections of accumulation mode (AM, i.e., r =
0.095 µm) sulfuric acid aerosols. The latter scenario assumes that an optimised aerosol
size distribution with a mean radius of 0.095µm can be produced by injecting gaseous
H2SO4 into an aircraft plume Pierce et al. (2010); Benduhn et al. (2016); Vattioni et al.
(2019); Weisenstein et al. (2022). We assumed injection rates of absolute masses and not
sulfur equivalent masses since injection of elemental sulfur as proposed in Smith et al.
(2018) might not be technically feasible. Each perturbation experiment emitted 5 Mt of
material per year at 50 hPa (∼20 km altitude) between 30°N and 30°S with particle radii
of 240 nm for alumina and calcite injections. In addition to the baseline experiments with
timeslice boundary conditions with climatological sea surface temperature (SST), sea ice
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concentrations (SIC), GHG and ODS concentrations set to 2020 the five ensembles were
also simulated for timeslice 2090 boundary conditions. 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 dataset (Kennedy et al.,
2019) for 2020 conditions and CESM5-CAM1 RCP8.5 (2090-2099) for 2090 conditions
(Meehl et al., 2013). In the following, these boundary conditions will be referred to as
”2020 conditions” and ”2090 conditions”. Each ensemble member was simulated spanning
20 years, of which the first 5 years served as spin-up to equilibrate stratospheric aerosol
burdens. Hence, the five ensembles shown in this study are averages of 3 × 15-years (i.e.,
45 years).

For heterogeneous chemistry on alumina particles, we applied the ”dissociative HCl
only” extrapolation for reaction 6.1 with γClONO2 fitted to the Molina et al. (1997) data
assuming α=0.1 (see Table 4.1 in Chapter 4) as well as the same reaction rate as for
sulfuric acid aerosols for reaction 6.2 and 6.3 (see section 6.5).

ClONO2 +HCl
surf−−→ Cl2 +HNO3 (6.1)

N2O5 +H2O
surf−−→ 2HNO3 (6.2)

ClONO2 +H2O
surf−−→ Cl2 +HOCl (6.3)

HOCl + HCl
surf−−→ Cl2 +H2O (6.4)

For calcite particles we applied uptake coefficients of γHCl = 10−5, γHNO3 = 10−4,
γH2SO4 = 1 which are realistic assumptions for the stratosphere, when taking into ac-
count the dependence of the uptake coefficient on exposure, which was found with the
XPS and ERDA experiments conducted in Chapter 5 (see Figure 5.12).

CaCO3 + 2HCl
surf−−→ CaCl2 +H2O+ CO2 (6.5)

CaCO3 + 2HNO3
surf−−→ Ca(NO3)2 +H2O+ CO2 (6.6)

CaCO3 +H2SO4
surf−−→ CaSO4 +H2O+ CO2 (6.7)

(6.8)

6.4 Different perspectives on RF efficiency

Most previous studies investigating SAI of solid particles have compared sulfur equivalent
injection rates in the form of e.g., SO2 and resulting sulfur equivalent stratospheric aerosol
burden to absolute injection rates and burden of solid particles. This effectively resulted
in an underestimation of the resulting sulfuric acid burden and RF efficiency compared to
solid particles (e.g., Weisenstein et al., 2015). Therefore, in this study we emitted 5 Mt/yr
of calcite particles, alumina particles, SO2(g) and AM–H2SO4(aq) and we also provide the
resulting wet stratospheric sulfuric acid aerosol burden in Mt H2SO4 –H2O (see Figure
6.1) instead of the commonly used sulfur equivalent burden (Mt S). This allows for a direct
comparison of injection rates, resulting stratospheric aerosol burden and RF between SAI
with sulfur and solid particles (see Figure 6.1).

Injecting 5 Mt of material per year resulted in stratospheric particle burdens of 3.8 Mt
alumina, 4.8 Mt calcite, and about 10 Mt H2SO4 –H2O for 2020 conditions (see Figure 6.1
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Figure 6.1: Resulting globally averaged stratospheric aerosol burden resolved per agglom-
erate for solid particles (a) and top of the atmosphere (ToA) LW (red), SW (blue), and
total (black lines) all sky RF from 5 Mt/yr injection of each material (b) for 2020 con-
ditions. Uncertainty bars for RF represent the inter-annual standard deviation (see also
Table 6.1 for exact values).

and Table 6.1 in appendix A as well as Figure 6.8 with resulting number concentrations for
all bins in Appendix B). According to these results, the sulfur-based injection scenarios
result in about two times larger stratospheric aerosol burden compared to calcite and
alumina particle injections with radius of 240 nm. This is due to the higher density
and the larger particle radius of the alumina and calcite particles compared to sulfuric
acid aerosols, which results in much faster sedimentation velocities. According to these
results, stratospheric particle residence times are 0.82 years, 0.94 years, and about 2 years
for alumina, calcite and sulfur-based injections, respectively. Therefore, a correspondingly
larger injection rate would be necessary for alumina (1.3 (Mtyr−1)/Mt) and calcite (1.0
((Mtyr−1)/Mt) particles with radii of 240 nm to maintain the same stratospheric aerosol
burden as for SAI by sulfuric acid aerosols (0.5 (Mtyr−1)/Mt, see Figure 6.9b in Appendix
C).

As a result of SAI, the top of the atmosphere (ToA) shortwave (SW) RF for 5 Mt/yr
SO2 and AM-H2SO4 injections are -1.72 W/m2 and -1.74 W/m2, respectively, whereas
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Figure 6.2: Resulting globally averaged stratospheric aerosol burden (see Figure 6.1), in-
jection rate, total ozone column decrease, peak stratospheric heating and diffuse radiation
increase normalized by total all sky ToA RF, for SO2 (red), AM–H2SO4 (orange), alumina
(dark green, r=240 nm) and calcite particles (blue, r=240 nm). The standard deviation
of inter-annual variability is shown with continuous bars. Dashed uncertainty bars for
the ozone response indicate upper an lower sensitivity estimates for the ozone responses
(see Section 6.5 and Figure 6.3). Quantities normalized to resulting stratospheric aerosol
burden and injection rate are shown in Figure 6.9.

alumina and calcite injection result in -0.91 W/m2 and -1.02 W/m2, respectively (6.1).
However, the total ToA RF of the sulfur-based scenarios gets significantly reduced by
strong longwave (LW) absorption, whereas alumina and especially calcite are nearly non-
absorbing in the LW. The slightly stronger LW absorption of alumina is due to an absorp-
tion peak in the wavenumber range 700-800 cm−1, which is at the edge of the atmospheric
window. The calcite injection scenario almost results in a negative ToA LW RF due to
significant depletion of the background stratospheric sulfuric acid layer through H2SO4

uptake on the calcite particle surface (Figure 6.1).

In the case of alumina and calcite injections, the faster sedimentation rates cannot
be compensated by the better scattering properties (i.e, larger scattering cross sections,
see Figure 3.16), leading to more efficient RF for SO2 injections (4.9 Mtyr−1/Wm−2)
compared to alumina (7.5 Mtyr−1/Wm−2) and calcite injections (5.7 Mtyr−1/Wm−2, see
Figure 6.2). Other solid particle species, which have been considered as a potential SAI
injection species (e.g., TiO2, C, ZrO2, SiC, SiO2 Dykema et al., 2016), are expected to
behave similarly, when injected at the same rate and radius. Reducing the radius of the
injected particles would increase their stratospheric residence time and in some cases also
the RF efficiency. However, this would come at the cost of larger SAD availability for
heterogeneous reactions (see Chapter 4, Figure 4.2). Also, the RF efficiency per injection
rate of sulfur-based scenarios could be further increased by a factor of two when assuming
the lifting of liquid elemental sulfur (M=32 g/mol) with subsequent in-situ oxidation as
proposed by Smith et al. (2018). However, the feasibility of such an injection strategy is
subject to large uncertainty.

We confirm findings from previous studies, which showed that many materials such as
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calcite and alumina scatter more solar radiation per resulting stratospheric aerosol burden
while simultaneously absorbing less outgoing LW radiation compared to sulfuric acid
aerosols (see Figure 6.1 and 6.9b). However, when inter-comparing SAI across different
particle types, the normalization per stratospheric aerosol burden is less meaningful since
many of the effects of SAI such as impacts on heterogeneous chemistry, stratospheric
warming, diffuse radiation or the scattering efficiency are strong function of the material
properties, which are not necessarily proportional to the resulting burden in the same way
for different materials. Therefore, we propose to assess the impacts of SAI, by normalizing
the metrics that characterise the environmental effects of SAI of different particle types by
the resulting RF (see Figure 6.2) and not to stratospheric aerosol burden (see Figure 6.9b).
While Table 6.1 in Appendix A shows absolute global mean values resulting from 5 Mt/yr
injection for 2020 and 2090 conditions, the additional Figures 6.9 and 6.10 in Appendix C
show the quantities normalised per injection rate and per resulting stratospheric burden
for 2020 and 2090 conditions respectively.

Given that sulfur-based injections lead to larger RF compared to alumina and cal-
cite injections (see Figure 6.9a), the potential benefits from alumina and calcite particles
mostly come from reduced side effects compared to sulfuric acid aerosols; these are, for
example, reduced stratospheric warming, reduced ozone depletion, or reduced diffuse ver-
sus direct radiation normalised to the resulting RF (see Figure 6.2). These side effects
are discussed in detail in the subsequent sections.

6.5 Stratospheric chemistry

One metric of concern when it comes to environmental side-effects of SAI is the total ozone
column (TOC); changes in this metric can have first-order impacts on UV exposure and
are thus of great societal relevance. The TOC changes of the 4 perturbation ensembles,
representing realistic estimates of heterogeneous chemistry (see Section 6.3), are shown
with thick lines in Figure 6.3 for 5 Mt/yr injection. The resulting global mean TOC
depletion for 2020 GHG and ODS boundary conditions are -2.0%, -2.6%, -1.3% and 0.0%
for injection of SO2, AM–H2SO4, Al2O3 and CaCO3, respectively. Therefore, the best
estimate from current knowledge on heterogeneous chemistry on alumina and calcite par-
ticles would result in smaller TOC depletion compared to the sulfur based scenarios. Most
crucially, the impact on stratospheric chemistry would decrease significantly in the future,
when considering future ozone recovery from decreasing stratospheric chlorine loadings.
In 2090, the alumina and calcite injection scenarios result in almost no change of TOC
across all latitudes, whereas injection of SO2 and AM–H2SO4 would still result in about
5% lower TOC in the south polar region (see Figure 6.3). The resulting sulfuric acid SAD,
alumina SAD and calcite SAD of all five ensembles are shown in Appendix D, Figure 6.11,
which also highlights the substantial depletion of the background stratospheric sulfuric
acid aerosol layer for the alumina and calcite injection scenarios. In the case of calcite
particles, the depletion of sulfuric acid aerosols could explain part of the TOC increase in
the southern polar region, due to reduced polar stratospheric cloud (PSC) abundance.

However, the interaction of calcite and alumina with stratospheric acidity (i.e., HCl,
HNO3 and H2SO4(aq)) at stratospheric temperatures (< 220K), relative humidity (< 1%)
and strong UV irradiance is still poorly constrained, resulting in large uncertainties in
modelled responses on stratospheric chemistry and in particular the stratospheric ozone
layer. Therefore, additional simulations to estimate the upper and lower limit of potential
TOC responses were performed for alumina, calcite and SO2 injections.
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a) b)

Figure 6.3: Zonally averaged TOC for the SO2 (red), AM–H2SO4 (orange), alumina
(blue, r=240 nm), and calcite (green, r=240 nm) injections of 5 Mt/yr. Areas marked in
blue indicates the upper an lower TOC estimate which are assuming the alumina parti-
cles to be covered by H2SO4 –H2O and assuming the non-dissociative HCl-only scenario
without co-adsorption of H2SO4 and HNO3, respectively (see Chapter 4, Table 4.1). Area
marked in green indicates uncertainty range for calcite based on the uptake of HNO3 and
HCl. The upper estimate was simulated assuming γHNO3=10−5 and γHCl=10−3 and the
lower estimate was simulated assuming γHNO3=10−3 and γHCl=10−5, respectively. The red
shading indicates the range comprised between the upper and lower estimates of the TOC
response for SO2 injections, by assuming all heterogeneous reaction rates on sulphuric acid
aerosols and PSC to be a factor 5 increased and decreased. Similar as for calcite and alu-
mina particles we think this is a realistic upper and lower uncertainty estimate resulting
from SO2 injection. Panel a) shows scenarios for 2020 boundary conditions and panel b)
for 2090 conditions.

The upper and lower TOC estimate of alumina particles is based on reaction 6.1. We
have chosen the same scenarios as shown in Chapter 4, which is on the lower end the
”non-dissociative HCl only” scenario, which assumes extrapolation to stratospheric HCl
partial pressures based on a Langmuir-Hinshelwood parameterisation of the measured
uptake coefficients of ClONO2 for reaction 6.1 by Molina et al. (1997) without any co-
adsorption of HNO3 and without participation of H2SO4 at the surface (see Chapter 4,
Figure 4.1). While co-adsorption of HNO3 would likely significantly decrease the degree
of HCl dissociation at the surface, condensed H2SO4 –H2O on alumina particles could
displace HNO3 and HCl from the surface. Therefore, for the upper TOC estimate we
assume that all alumina particles are covered with a H2SO4 –H2O coating allowing the
same heterogeneous chemistry as on sulfuric acid aerosols. Both, the lower and the upper
estimate are not very likely, since HNO3 will co-adsorb at the alumina surface and also,
H2SO4 will condense on the surface, but it will likely not cover the whole alumina surface if
alumina SAD is large enough (e.g., resulting from injection 5 Mt/yr alumina particle with
r=240 nm) since the available H2SO4 –H2O is likely not enough to cover the whole surface
when accounting for the contact angle of 30° of H2SO4 on alumina surfaces (see Chapter 4,
Figure 4.5). The resulting uncertainty range for the TOC response from alumina particles
is shown in figure 6.3 and reaches from -9.1% to -0.5% in a global mean.
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For calcite particles, we assumed the uptake of HNO3 (reaction 6.6) and HCl (reaction
6.5) of 10−3 as the upper limit estimate. This is two and one order of magnitude larger than
the exposure dependent uptake coefficient for stratospheric exposure postulated in Figure
5.12 for HCl and HNO3, respectively. It is also significantly lower than the measured
initial uptake coefficient of 0.076 for HCl reported by Huynh and McNeill (2020), but still
larger than what was measured by Dai et al. (2020) and in this study (i.e., in HI-ERDA
and in AP-XPS) at stratospheric conditions in respect to temperature and HCl and HNO3

partial pressures. However, with uptake coefficients of 10−3 it would take several days to
form a product layer of the corresponding salts. Larger uptake coefficients can likely not
be maintained for a sufficiently long time due to increasing uptake limitation by diffusive
processes. Thus, we have performed additional simulations with uptake coefficients of
10−3 and 10−5 for HCl and HNO3, respectively to estimate the upper limit in the TOC
response, as well as a simulation with uptake coefficients of 10−5 and 10−3, respectively as
the lower sensitivity estimate for the TOC response to ozone alteration for 2020 and 2090
conditions (see green range in Figure 6.3). Conversely, the uptake coefficient for H2SO4

was kept at 1.0 for all calcite simulations, since H2SO4 has a very low equilibrium vapour
pressure.

On the one hand, assuming γHCl = 10−3 would result in healing of the ozone hole like
already shown by Keith et al. (2016) and Dai et al. (2020) with a TOC increase of up
to 25% in the southern hemisphere due to removal of chlorine from the stratosphere. On
the other hand, assuming γHNO3 = 10−3 with a low γHCl of 10

−5 could result in global
mean TOC depletion of 3.9%, a potential scenario which was not considered by previous
studies. This is mostly due to the removal of NOX from the stratosphere and thus, less
availability of NO2 for the deactivation of ClOX via reaction 6.9.

NO2 + ClO +M −−→ ClONO2 +M (6.9)

To estimate the upper and lower limit for the TOC response from the SO2 injection
scenarios, we uniformly multiplied and divided all heterogeneous reaction rates on sulfuric
acid aerosols and polar stratospheric clouds (reactions 6.1-6.4) by a factor of 5, except for
reaction 6.2, which was multiplied and divided by a factor of 2 due to the lower uncer-
tainty of this reaction Burkholder et al. (2020); Ammann et al. (2013). These factors were
chosen based on the uncertainty of measured reaction rates in the stratospheric temper-
ature and trace gas concentration range Burkholder et al. (2020); Ammann et al. (2013).
Furthermore, uncertainties in available SAD, which for example result from uncertainties
in the aerosol microphysics modules applied (see Chapter 2) scale the same way as the
reaction rates (see Equation 4.4 in Chapter 4). Thus, these factors also partly reflect
uncertainty from the lack of observations or experimental data on resulting aerosol size
distributions from continuous large SO2 injection rates into the stratosphere, which are
known to be different from the ones resulting from volcanic eruptions (Heckendorn et al.,
2009; Vattioni et al., 2019, 2023b). Furthermore, (Weisenstein et al., 2022) showed inter-
model differences of stratospheric aerosol burden of more than a factor of 2 from the same
injection scenario, which subsequently would also translate to very different stratospheric
SAD. Therefore, these factors are a valid range for estimating the uncertainty of the TOC
response to SO2 injection in SOCOL-AERv2. This results in TOC depletion between -
0.5% and -3.7% for present day GHG and ODS conditions, which is a much smaller range
compared to the same injection rate of alumina and calcite particles at radii of 240 nm.

In summary, based on present day knowledge, calcite and alumina particles are ex-
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pected to result in less depletion of TOC compared to SO2 and AM–H2SO4 injection, but
at the same time they are subject to substantially larger uncertainty, under present-day
stratospheric halogen abundances. While the the heterogeneous chemistry on sulfuric acid
aerosols is relatively well constrained (e.g., Burkholder et al., 2020), only relatively little
is known about heterogeneous chemistry on solid particles under stratospheric conditions
in respect to temperature, trace gas concentrations and relative humidity. It is important
to point out that the uncertainty ranges presented for solid particle injections are only
based on reaction 6.2 for alumina and reactions 6.5 and 6.6 for calcite injections, while
no experimental data is available for other reactions on these particle types.

Furthermore, the impact on stratospheric ozone is a strong function of the available
SAD and thus the particle size (see Chapter, 4, Figure 4.2), which provides further uncer-
tainty if particles were injected not exactly monodisperse. For example, when injecting 5
Mt/yr of alumina particles with 80 nm the global mean TOC depletion is more than 20%
assuming the ”non-dissociative, HCl only” scenario (see Table 4.1 and Figure 4.2). For
calcite particles, which undergo chemical ageing in the stratosphere, further uncertainty
results from changes of the surface properties with time. CaSO4, CaCl2 and Ca(NO3)2 as
well as their hydrates (see Chapter 5) might host different heterogeneous reactions at dif-
ferent reaction rates compared to calcite particles, which significantly alter heterogeneous
chemistry hosted on the calcite particles with time.

However, compared to present day global mean TOC conditions the 2090 reference
scenario results in 6.1% TOC increase, which is a significantly larger change than resulting
from any of our perturbation experiments. This reflects the TOC changes resulting from
decreased future halogen concentrations and well as from dynamical impacts of climate
change, which are based on the extreme business as usual SSP5-8.5 scenario.

6.6 Stratospheric warming and dynamical response

The major benefit of SAI by solid particles compared to sulfuric acid aerosols is reduced
stratospheric warming due to the low LW absorption of alumina and especially calcite
particles. Calcite injections leads to a tropical stratospheric warming of at most 0.8 K,
for SO2 injections warm this region by up to 2.5 K, when injecting 5 Mt/yr of mate-
rial (see Figure 6.4a and g). As a consequence, solid particles generally lead to smaller
perturbations in the stratospheric climate. The SAI scenario in which the stratospheric
age of air (AoA), defined as average time since an air parcel has passed the tropopause,
shows the smallest changes in the calcite injection scenario, indicating a negligible impact
on the Brewer-Dobson circulation (BDC, see Figure 6.4h). Most remarkably, the effects
of solid particles on the BDC are dwarfed by the impacts of SO2 injections, in which
the AoA in the upper stratosphere is up to 3 months younger compared to the reference
experiment 6.4b, indicating a much faster overturning, and enhanced mixing of tropical
and extra-tropical stratospheric air masses.

Stratospheric warming also increases the tropical cold point temperature at the
tropopause, which would also increase H2O concentrations in the stratosphere (Dessler
et al., 2013). Since H2O is an important GHG, increasing stratospheric H2O concen-
trations would not only alter stratospheric chemistry and composition via an increase
stratospheric HOX ozone depletion cycle, but also it would perturb the radiative balance
of the stratosphere. For 5 Mt/yr injections a H2O increase of 0.75 ppm (+18.0%) was
found in the lower stratosphere for SO2 injections, whereas the H2O increase is only in-
creased by 0.12 ppm and 0.10 ppm for alumina and calcite injections, respectively (+3%
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and +2.5%, Figure 6.13).
We show that stratospheric warming and its impacts such as stratospheric water

vapour increase, alteration of the BDC as well as zonal winds can substantially be re-
duced by calcite and to a slightly smaller degree by alumina particle injection compared
to sulfur-based SAI (see also Figure 6.13 and 6.12). However, it has to be noted, that
these effects are particularly strong in the equatorial injection scenario which was applied
in this study. Other studies have shown that impacts from stratospheric warming by
sulfuric acid aerosols can be reduced by injecting outside the tropical pipe (e.g., at 15°
and 30° north and south Tilmes et al., 2017; MacMartin et al., 2017; Richter et al., 2017;
Bednarz et al., 2023), which also would apply to solid particle injections. Furthermore,
the calcite injection scenario results in 0.88 W/m2 RF whereas the SO2 injection scenario
results in 1.04 W/m2, which means that the the benefits on dynamical impacts would be
slightly reduced when normalising to the same RF.

The dynamical response of SAI is also dependant on the background climate. The AoA
(AoA) of the 2090 reference simulation is decreased by about 20-30% compared to the 2020
reference simulation. This change in AoA is the result of faster overturning (i.e. faster
BDC), stronger and more efficient mixing (Eichinger et al., 2019) and faster stratosphere-
to-troposphere transport (Abalos et al., 2020), effectively decreasing the residence time
and thus speeding up the removal of any artificial material used for SAI applications.
Therefore, the same scenarios under 2090 conditions result in about 5-20% smaller aerosol
burdens under 2090 conditions (see also Figure 6.13 and Figure 6.12).
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Figure 6.4: The left column shows the zonally averaged temperature anomaly compared to
the reference run for all scenarios for 2020 boundary conditions. The right column shows
the corresponding anomaly of the AoA in months. Dotted area indicates statistically
significant data on the 95% significance interval (t-test). See Figure 6.13 for zonal mean
zonal wind, H2O and ozone anomalies for 2020 conditions and Figure 6.12 for all quantities
for 2090 conditions.
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6.7 Ecological impacts

Potential ecological impacts from SAI include among others effects from reduced tropo-
spheric temperatures, changes in moisture, increased UV irradiation, increased diffuse
radiation and changes in precipitation patterns (e.g., Dagon and Schrag, 2019). Changes
in diffuse radiation can alter ecosystems and crop yields and the net primary production
rates significantly (Xia et al., 2016), but the effects differ depending on the specific plant
species and ecosystem under consideration. Generally, more diffuse radiation is favourable
for plant growth and CO2 uptake (Robock et al., 2009; Gu et al., 2002). Additional fac-
tors such as temperature, moisture and nutrient availability also play an important role
(Dagon and Schrag, 2019). This makes quantification of effects of increased diffuse radi-
ation on ecosystems from SAI difficult. However, reduced alteration of diffuse radiation
would likely decrease the risk of unanticipated impacts on ecosystems. Additionally, more
diffuse radiation would whiten the skies with unknown psychological effects (Kravitz et al.,
2012a; Robock, 2015). The diffuse radiation increase from SAI is proportional to the mass
of aerosols in the stratosphere. Therefore, sulfur-based SAI results in much larger increase
of diffuse radiation normalised to the resulting RF (<10% increase per W/m2 in the trop-
ics) compared to injections of alumina and calcite particle injection with radius of 240 nm
(< 6% increase per W/m2 RF in the tropics, see Figure 6.5 a-d, and Figure 6.2).

Additionally, for sulfur-based SAI increased acid rain from increased sulfuric acid
deposition could decrease the soil pH (see Figure 6.5e and f). Visioni et al. (2020) have
quantified the effect of increased soil pH and found that the effect would be compensated
by the projected future reductions in anthropologically emitted SO2 from other sources.
However deposition patterns would change away from populated areas to more rural
regions in high latitudes, where the smaller stratospheric sulfuric acid aerosols would get
primarily deposited. For comparison, we show the change in sulfuric acid deposition fluxes
from the sulphur-based scenario compared to the reference run (Figure 6.5 e and f). The
change in deposition flux is only a small fraction of the total sulfuric acid deposition
flux and significant mostly in high latitudes, which is in agreement with conclusions on
changes in deposition patterns from Visioni et al. (2020).

The ecological impacts from alumina and calcite particle deposition at the surface
are expected to be small, since both materials are naturally abundant and in the case of
calcite even in large quantities. Furthermore, the proposed injection rates are orders of
magnitude smaller compared to natural dust injection (e.g., from deserts Laurent et al.,
2008). However, as in the case of SO2 injections, the deposition patterns of these mate-
rials is different when injected to the stratosphere compared to natural injections in the
troposphere (see Figure 6.5g and h).

The calcite and alumina particle deposition fluxes follow the pattern of global pre-
cipitation patterns since more than 98% of the injected alumina and calcite particles are
deposited via wet deposition (Figure 6.5 g and h). This solid particle deposition pattern is
different from the one found for TiO2 and black carbon particles from Jones et al. (2016)
since in that study particles were injected at much smaller radii (<50 nm), which were
transported to higher latitudes much more efficiently via the BDC. There are no studies
yet which have quantified the effect of deposition of these materials on ecosystems. How-
ever, other than sulfuric acid aerosols alumina and calcite particles would not result in
increased acidification of the soils. In the case of calcite particle injection, soils may get
more alkaline, with unknown effects on ecosystems.
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a)

c) d)

e) f)

g) h)

b)

Figure 6.5: Upper four panels (a-d) show changes in diffuse ultraviolet and visible radi-
ation (250 nm - 680 nm) normalized per resulting ToA all sky RF for all scenarios. The
lower four panels show the deposition fluxes (wet and dry deposition) of aerosol mass. For
SO2 and AM–H2SO4 deposition fluxes the difference to the reference run is shown. For
calcite and alumina particles absolute deposition fluxes are shown. Dotted area indicates
statistically significant data on the 95% significance interval (student-t-test), except for
solid particle deposition where the reference is zero deposition.
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6.8 Conclusion and Discussion

This thesis reveals that despite the higher real refractive indices of alumina and calcite
particles compared to sulfuric acid particles, they do not result in more efficient radiative
cooling, defined in terms of negative RF per units of injected aerosol mass. This is due
primarily to their higher densities as well as their larger particle size and thus, larger
sedimentation velocities compared to sulfuric acid particles. This reduces stratospheric
residence times of solid particles and correspondingly larger injection rates would be
needed to sustain the same stratospheric aerosol burden of solid particles compared to
sulfuric acid aerosols. Figure 6.6 summarises our main results indicating the stratospheric
aerosol burden as well as injection rates required to achieve -1 W/m2 total all sky ToA
RF for 2020 and 2090 ODS and GHG concentrations. Compared to SO2 injections, larger
injection rates are required, but a smaller stratospheric aerosol burden can achieve -1
W/m2 RF, which is due to their smaller average stratospheric residence time (see Figure
6.6). Compared to 2020 conditions, the injection rates and stratospheric aerosol burden
required to achieve -1 W/m2 RF are larger in 2090 due to a faster BDC in a much warmer
future climate and thus, faster removal of aerosols from the stratosphere.

The main advantage of SAI by alumina and especially calcite particles is the signifi-
cantly reduced stratospheric warming, which is < 0.7 K/Wm−2 for calcite injections. This
results in substantially smaller alterations of stratospheric climate, such as in changes of
the BDC, zonal winds as well as stratospheric water vapour (see Figures 6.13 and 6.12).
This is a major limitation of SAI by sulfuric acid aerosols, which could be significantly
reduced by injection of alternative materials. We also show that the injection of solid
particles results in reduced diffusive radiation increase compared to the injection of SO2

per resulting RF. Further solid particle injection does not result in acid rain and thus, in
potentially smaller ecological impact upon deposition.

The results presented in this thesis highlight that calcite and alumina particles could
potentially reduce ozone depletion compared to sulfuric acid aerosols. However, due to
only little experimental data on heterogeneous chemistry on solid particles under strato-
spheric conditions the modelled ozone response is largely dependant on the underlying
assumptions. Therefore, the uncertainties on modelled ozone are very large with potential
for both, substantial ozone depletion or, in the case of calcite particles, even a thickening
of the ozone layer, depending on underlying assumptions. Constraining this structural
uncertainty in models requires dedicated laboratory experiments on solid particle micro-
physics and heterogeneous chemistry under stratospheric conditions. While sulfur-based
SAI appears to carry smaller uncertainties than solid particles, and could thus be deemed
as potentially safer, SAI via solid particles have more potential for reduced side effects
but also bigger uncertainties that can only be reduced with a concerted laboratory effort
and small scale field experiments.

However, the modelling presented in this thesis has two major limitations. First,
model injections were released constantly over time and equally distributed into the grid
boxes of SOCOL-AERv2 which has a horizontal resolution of 325 km x 325 km x 1.5 km
at 50 hPa in the equatorial region. Therefore, it does not resolve the temporal and spatial
scale of microphysical processes as they would occur in the injection plume of an aircraft.
No solution was presented yet on how to disperse solid particles with sizes blow 1 µm.
This is a major limitation, since they are subject to strong Van der Waals forces, which
make them stick together (Blackstock et al., 2009), which would decrease their scattering
efficiency per mass and increase their sedimentation velocity. Most likely, a carrier gas
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or liquid would be necessary for dispersion, which could result in additional perturbation
of stratospheric composition. This is an uncertainty of SAI of solid particles, which does
not apply for SAI via injection of gaseous SO2.

Second, the ACCM used in this study does not account for aerosol-cloud interactions.
It is unclear how alumina or calcite particles alter cirrus cloud coverage by potentially
serving as cloud condensation nuclei for heterogeneous ice nucleation. While for sulfur-
based SAI Cirisan et al. (2013) have shown that the cirrus cloud thinning effect in regions
with cirrus clouds was canceled out by a cirrus cloud thickening effect in cirrus cloud free
regions, Visioni et al. (2017) found a net cirrus cloud thinning effect, which strengthened
the RF from SO2 injections. For calcite particles it has been shown that they are very
good ice nucleation particles, which could increase cirrus cloud coverage and thus weaken
RF from calcite particles (Cziczo et al., 2019). However, due to the large uncertainties
resulting from aerosol-cloud interactions, it remains uncertain how solid particles would
alter RF from SAI of solid particles.

Bearing in mind the large process uncertainties, our main simulations with alumina
and calcite injections conducted with most reasonable assumptions on heterogeneous re-
action rates based on present day knowledge result in slightly reduced ozone depletion
compared to sulfur-based scenarios. However, consideration of SAI of solid particles as an
alternative to sulfuric acid particles requires coordinated, inter-institutional and substan-
tial laboratory research campaigns to investigate heterogeneous reaction pathways and
rates on solid particles at stratospheric temperatures, partial pressures of relevant trace
gases, relative humidity and stratospheric UV irradiation to address uncertainties of im-
pacts on stratospheric composition. To quantify the real risks and benefits of SAI of solid
particles this research is inevitably needed for a robust assessment of SAI by alternative
materials compared to sulfur-based SAI. Given the large potential of reducing strato-
spheric warming and possibly reducing alteration of stratospheric composition compared
to sulfuric acid aerosols, we encourage conducting this research. However, from a present
day perspective we conclude that sulfur-based SAI may result in more efficient RF per
injection rate at significantly lower risk due to substantial uncertainty of the impact on
stratospheric composition by SAI of solid particles.
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Figure 6.6: Schematic overview of globally averaged quantities linearly normalised to -1
W/m2 total all sky ToA RF under 2020 boundary conditions in respect to GHG, SST,
SIC and ODS concentrations when injecting SO2 (left), alumina (middle) and calcite
(right) particles at radius of 240 nm. Shown are required stratospheric aerosol burden,
the injection rate, the resulting global average stratospheric residence time of the particles,
the resulting stratospheric heating and the resulting TOC. For comparison the TOC of the
reference scenario, the historical minimum in the years 1993-1997 (modelled by SOCOL-
AERv2) as well as the uncertainty ranges for the resulting TOC (grey areas) are shown
(see Section 2.3.3 for details on the uncertainty ranges). For 2090 conditions also the 2090
reference TOC is shown.
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Appendix 6: Supplementary information

A: Absolute global mean quantities

Table 6.1 shows the resulting globally averaged RF, the resulting stratospheric aerosol
burden, the resulting diffuse radiation as well as the resulting globally averaged TOC
for all scenarios simulated in for this chapter. Each simulation consists of 3 ensemble
members of 20 year-simulations of which the first 5 years served as a spin-up. Thus, all
ensembles consist of 3 times 15 years. Figure 6.7 yearly averages of RF and burden as a
function of time to provide a visualisation of inter-annual variability.

185



Chapter 6. Concluding Perspectives

Figure 6.7: Evolution of global annual mean values for Stratospheric aerosol burden (a),
all sky LW ToA RF (b), all sky SW ToA RF (c) and all sky total ToA RF (d) of all three
ensemble members for injection of 5 Mt/yr SO2 (red), AM–H2SO4 (orange), alumina
(dark green, r=240 nm) and calcite particles (light green, r=240 nm). Data shown in this
paper show averages over the last 15 years of each ensemble member.
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Table 6.1: Globally averaged all sky (AS), LW ToA RF, AS SW RF, AS total RF,
clear sky (CS) LW ToA RF, CS SW RF, CS total RF, stratospheric aerosol Burden (in
Mt alumina, calcite and H2SO4 –H2O), diffuse radiation, and TOC for 2020 boundary
conditions (upper part) and 2090 boundary conditions (lower part).

2020 Boundary Cond. Reference SO2 AM–H2SO4 Al2O3 CaCO3

AS LW RF (W/m2) n/a 0.71± 0.15 0.49± 0.16 0.19± 0.13 0.01± 0.17
AS SW RF (W/m2) n/a −1.73± 0.17 −1.64± 0.18 −0.87± 0.24 −0.89± 0.19
AS tot RF (W/m2) n/a −1.02± 0.19 −1.15± 0.21 −0.67± 0.21 −0.88± 0.21
CS LW RF (W/m2) n/a 0.95± 0.11 0.66± 0.13 0.27± 0.10 0.01± 0.11
CS SW RF (W/m2) n/a −2.49± 0.08 −2.48± 0.09 −1.28± 0.08 −1.40± 0.11
CS tot RF (W/m2) n/a −1.55± 0.12 −1.82± 0.13 −1.01± 0.10 −1.39± 0.11
Strat. Burden (Mt) 0.84± 0.01 10.12± 0.01 9.38± 0.13 3.82± 0.05 4.84± 0.06
Diff. Rad. (W/m2) 30.8± 0.1 32.0± 0.2 32.2± 0.1 31.3± 0.1 31.6± 0.1
TOC (DU) 316.5± 1.5 310.1± 1.3 308.3± 1.5 312.5± 1.6 316.6± 1.3

2090 Boundary Cond. Reference SO2 AM–H2SO4 Al2O3 CaCO3

AS LW RF (W/m2) n/a 0.72± 0.18 0.52± 0.15 0.26± 0.15 0.01± 0.12
AS SW RF (W/m2) n/a −1.72± 0.19 −1.56± 0.17 −0.80± 0.19 −0.81± 0.17
AS tot RF (W/m2) n/a −1.00± 0.20 −1.04± 0.18 −0.54± 0.21 −0.80± 0.19
CS LW RF (W/m2) n/a 0.99± 0.15 0.69± 0.13 0.32± 0.06 −0.02± 0.10
CS SW RF (W/m2) n/a −2.54± 0.06 −2.33± 0.06 −1.15± 0.06 −1.28± 0.05
CS tot RF (W/m2) n/a −1.56± 0.14 −1.64± 0.11 −0.83± 0.12 −1.30± 0.10
Strat. Burden (Mt) 0.69± 0.01 9.85± 0.14 8.48± 0.12 3.30± 0.07 4.20± 0.05
Diff. Rad. (W/m2) 29.6± 0.1 31.0± 0.1 31.0± 0.1 30.3± 0.2 30.1± 0.1
TOC (DU) 335.7± 1.7 332.3± 2.0 331.5± 1.6 334.2± 1.7 333.9± 1.6

B: Zonal mean particle number densities
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Figure 6.8: Particle number concentrations for 5 Mt/yr injection of alumina particles
with radius of 240 nm (left column), of alumina particles with radius of 240 nm (right
column). Panel (a) and (b) show monomers, panel (c) and (d) dimers, panel panel (e)
and (f) 4-mers, panel (g) and (h) 8-mers, and panel (i) and (j) 16-mers.

C: Global mean quantities normalised per injection rate and per
resulting stratospheric aerosol burden
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Figure 6.9: Resulting globally averaged stratospheric aerosol burden (see Figure 6.1),
injection rate, ToA all sky RF, total ozone column decrease, peak stratospheric heating
and diffuse radiation increase for SO2 (red), AM–H2SO4 (orange), alumina (blue, r=240
nm) and calcite particles (light green, r=240 nm) normalized by injection rate in (a) and
by resulting stratospheric aerosol burden in (b). Quantities normalised to RF are shown
in Figure 6.2 for 2020 conditions

.

D: Zonal mean SAD
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Figure 6.10: Resulting globally averaged stratospheric aerosol burden (see Figure 6.1),
injection rate, ToA all sky RF, total ozone column decrease, peak stratospheric heating
and diffuse radiation increase for SO2 (red), AM–H2SO4 (orange), alumina (blue, r=240
nm) and calcite particles (light green, r=240 nm) normalised by injection rate in (a) and
by resulting stratospheric aerosol burden in (b). Quantities normalised to RF are shown
in Figure 6.2

.
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Figure 6.11: The resulting SAD of all scenarios simulated in this chapter. The upper
row shows the the background sulfuric acid SAD of the reference run (a), when injecting
alumina particles (b) and when injecting calcite particles (c). The sulfuric acid SAD
resulting from SO2 injections and AM–H2SO4 injections are shown in (d) and (f). The
middle column shows resulting sulfuric acid coating SAD (e) and alumina SAD (g) for
alumina injections and resulting calcite SAD is shown in (h).

E: Zonal mean dynamical impacts for 2020 and 2090 conditions
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Figure 6.12: The uppermost row shows the zonally averaged temperature anomaly com-
pared to the reference run for all scenarios for 2090 boundary conditions. The second
row shows the corresponding anomaly of the zonal winds. The third row shows the corre-
sponding anomaly of H2O. The fourth row shows the corresponding ozone anomaly and
the last row shows the corresponding change in AoA. Dotted area indicates statistically
significant changes at the 95% significance level (t-test).
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Figure 6.13: The uppermost row shows the zonally averaged temperature anomaly com-
pared to the reference run for all scenarios for 2020 boundary conditions. The second
row shows the corresponding anomaly of the zonal winds. The third row shows the corre-
sponding anomaly of H2O. The fourth row shows the corresponding ozone anomaly and
the last row shows the corresponding change in AoA. Dotted area indicates statistically
significant data at the 95% significance level (t-test).

193





Chapter 7

Outlook

While this thesis presents first results from simulations of SAI of solid partilces with
SOCOL-AERv2, there are more studies underway, which did not make it into this thesis
anymore due to time constrains. These follow up studies include the simulation of other
particle injection types such as diamond particles, which were shown to have better optical
properties than alumina and calcite particles (Dykema et al., 2016). Additionally, a
detailed sensitivity analysis on the impact of SAI of calcite particles on stratospheric
ozone is underway. Furthermore, the ESM SOCOLv4 was used to simulate G4 and G6
GeoMIP simulations with alumina, calcite and diamond injections to analyze the impacts
of SAI of solid particles on tropospheric climate. The model presented in this work
will also allow for sensitivity analysis of future laboratory experiments on heterogeneous
chemistry or microphysics of various solid particle types.

The following subchapters provide some further research proposals, which aim at ad-
dressing the major uncertainties highlighted in this thesis. These uncertainties are sulfuric
acid aerosol microphysics under SAI conditions (Section 7.1) and solid particle micro-
physics within temporal and spatial scales ranging from injections from an aircraft over
plume dispersion to the ESM grid scale as well as the optical properties of resulting
agglomerates (Section 7.2). The proposed research could further reduce the uncertain-
ties on risks and benefits of SAI. These proposals were submitted to a call for proposals
of the Simons foundation in collaboration with Daniele Visioni, Zamin Kanji, Gabriel
Chiodo, Thomas Peter, Martin Gysel-Beer, Markus Ammann, Iris de Vries, Steven Hul-
shoff, Christof Vockenhuber, Arnold Müller, Heri Kuswanto, Roxann Stennett-Brown and
R. Krishnan. With agreement from these collaborators parts of the submitted proposals
are used verbatim in the two subchapters below. Further substantial uncertainty high-
lighted in this thesis concerns heterogeneous chemistry on solid particles. Additional
research using HI-ERDA and AP-XPS with improved dosing schemes accounting for a
wider range of stratospheric conditions (i.e., temperature and RH ranges, trace gases
(e.g., also H2SO4) and a variety of different particle materials could be beneficial to fur-
ther reduce uncertainties. Furthermore, uncertainty on heterogeneous chemistry could be
further reduced by performing flow tube experiments to measure reaction kinetics as well
as by performing experiments on particle aging processes.

However, despite all research efforts via modelling and experimental work it will never
be possible to have absolute certainty about risks and benefits of SAI applications in the
real world. Every experimental setup in the laboratory as well as every model will always
be only an idealisation of the real word. This idealisation might be subject to biases like
it is also illustrated in this thesis. Therefore, to reduce uncertainties on the real risks and
benefits of SAI it would be crucial to perform small scale field experiments such as pro-
posed with SOPEX (Dykema et al., 2014). The experiment proposes to carry a payload
including instruments such as a LIDAR to the stratosphere with a propeller controlled
balloon to inject small amounts (< 10 kg) of material, which would then allow to observe
the formation and evolution of aerosol plumes. Such experiments would not only be ben-
eficial for SAI, but also for research on stratospheric aerosols and chemistry in general.
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Despite, every trans-ocean aircraft flight releasing more emission to the stratosphere than
proposed in ScoPEx, the experiment is subject to intense ethical debates due to the large
controversy of the matter. The big dilemma on SAI research remains that we will never
be able to quantify the real effects of SAI with absolute certainty without implementa-
tion on a global scale due to the lack of observations. Therefore, future decisions about
implementation of SAI will most likely not only be a result of scientific arguments, but
more on ethical and political discourses on how the world should look like in which future
generations will be living in. Research can only contribute to this discussion by providing
scientific evidence. Since no one can predict the future, it is best to be prepared for a
variety of potential scenarios, including SAI.

7.1 Aerosol Microphysics, Optics and Radiation

Model Intercomparison Project (AMOR-MIP)

To date general climate models (GCMs) are the only tool to estimate the impacts of SAI.
The geoengineering model intercomparison project (GeoMIP) has contributed substan-
tially to highlight uncertainties on resulting stratospheric aerosol burden, surface area
densities, radiative forcing patterns and their impact on stratospheric heating, ozone al-
teration and climate impacts on global and regional scale (Visioni et al., 2023). The
project has revealed substantial uncertainty, for example, in the stratospheric aerosol
burden required to achieve a global surface cooling of 1 K, which varies by a factor of
up to 2 depending on the GCM used (Visioni et al., 2021; WMO, 2022). Other studies
found differences of up to a factor of 3 for resulting stratospheric aerosol burden and top
of the atmosphere radiative forcing, when simulating the same emission scenarios with
different aerosol-GCMs (WMO, 2022; Weisenstein et al., 2022). Similar inter model dif-
ferences were identified by the Volcano Model Intercomparison Project VolMIP and by
the Interactive Sulphate Aerosol Model Intercomparison Project ISA-MIP (for Pinatubo
and Tambora Marshall et al., 2018; Clyne et al., 2021; Quaglia et al., 2023). Most of these
MIP studies are conducted with general circulation models of very different complexity
(e.g., different parameterizations of processes, interactive aerosol microphysics and chem-
istry) and different spatial and temporal resolution, making it difficult to attribute the
differences between models. Reducing model uncertainty is a critical step in evaluating
the risks and benefits of SAI.

The formation and distribution of sulfuric acid aerosols from SO2 emissions and the
intended surface cooling depend on the representation of (1) chemistry, e.g. SO2 oxidation
by OH, O3 and H2O, (2) aerosol microphysics, e.g. condensation, nucleation, coagulation
and sedimentation, and (3) optical properties, i.e. scattering and absorption coefficients of
aerosols (Visioni et al., 2021). The aerosol, in turn, depends on temperature, advection as
well as temporal, spatial and spectral model resolution. Deficiencies and inconsistencies
in (1)-(3) as well as in the representation of aerosols in size-resolved distributions (“sec-
tional”) or in a much simpler modal representation can propagate, leading to errors in
SAI sedimentation mass flux, cooling efficiency, and global and regional climate impacts.
Dedicated comparisons of processes (1)-(3) are needed to determine the reasons for the
documented model differences. Previous intercomparisons of aerosol modules (Weisen-
stein et al., 2007; Mann et al., 2012) and shortwave radiative forcing by sulfuric acid
aerosols (Boucher et al., 1998) have been performed more than a decade ago, and since
then the models were further developed and their complexity increased. Furthermore,
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Figure 7.1: Resulting aerosol size distribution simulated by SOCOL averaged between
15°N and 15°S at 55 hPa resulting from emission of 5 Mt/yr in form of SO2 when calling
first nucleation or condensation. Results converge at small microphysical time steps.

those MIPs did not focus on SAI-conditions, but on tropospheric aerosols, volcanoes and
chemistry (Forster et al., 2011). A detailed analysis of the aerosol microphysics module
(AMM) AER incorporated in the ESM SOCOLv4 (Sukhodolov et al., 2021) has shown
that it adequately represents aerosol burdens, distributions and surface area densities
(SAD) under both volcanically quiescent and active conditions (e.g. Mt. Pinatubo), but
that significant deficiencies exist under SAI conditions (see Chapter 2). Depending on
the call sequence of nucleation and condensation within the AMM, differences of up to
25% were found in the resulting global stratospheric aerosol burden when emitting 5 Mt
of Sulfur per year as SO2, with resulting globally averaged surface coolings of 0.6 K and
1.0 K, respectively. This is due in part to the choice of a microphysical time step that,
while appropriate under background conditions, but way too large for the substantial
H2SO4 supersaturations under SAI conditions (see Figure 7.1). Given the H2SO4 super-
saturations involved in SAI studies, it is therefore critical to update the AMM with a
SAI-specific focus to understand the adequacy of current aerosol microphysics approaches
in the GCMs used for SAI assessments.

The overall goal is to assess the role of AMMs, as well as of aerosol optical properties
and radiative transfer codes (RTC) used in various state-of-the-art aerosol-GCMs. This
could be done by running these modules as zero-dimensional and one-dimensional process
models (box and column models) under prescribed boundary conditions allowing us to
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quantify and attribute model-differences under conditions ranging from background to
SAI, including effects on microphysics and radiative forcing efficiencies.

7.1.1 Anticipated outcomes

AMOR-MIP will shed light on the key processes driving uncertainties associated with
SAI in aerosol GCMs. This will inform future international assessments of SAI risks
and benefits, such as IPCC or WMO reports. Furthermore, its results will provide a
benchmark for future model development, especially when it comes to improving the
assessment capabilities of GCMs for SAI. Given the relatively low computational cost
of box-models, our results will be easily replicable and have the potential to be readily
integrated with new information related to better measurements of physicochemical and
optical properties of sulfuric acid aerosol.

7.2 Stratospheric Aerosol Injection across Scales

(SAIaS): From near-field agglomerates and size

distributions to global and regional impacts

To date, a major limitation of ESMs in simulating SAI is that particles are represented
by a uniform distribution in each model grid box with horizontal resolution of ∼200 km.
This neglects local variations in the sub-grid near-field turbulent plume directly behind
the emitting aircraft affecting aerosol size distributions, particle shapes, compactness, and
other particle properties. The global temperature response and many side effects of SAI
depend crucially on the properties of the particle population, as it develops during the
first moments after emission and then continues to evolve slowly, such as number densities
of monomers, higher order agglomerates, particle morphology, sedimentation speed and
optical properties (Dykema et al., 2016; Weisenstein et al., 2015; Arias et al., 2021, see
Figure 7.2).

Furthermore, it is uncertain whether solid particle aerosol size distributions with the
required properties for efficient global cooling can develop within the injection plume.
Therefore, experimentally informed modeling of turbulence, mixing and microphysics in
the injection plume at different temporal and spatial sub-ESM scales is key for estimating
effects of SAI on a global scale, and providing the required information for regional impact
assessment. Conditions governing the characteristics of aerosols of environmentally benign
materials with the properties required for SAI should be investigated and compared to
the characteristics of sulfuric acid aerosols.

7.2.1 Objectives and Research Qustions

The goal of SAIaS is to investigate the influence of sub-ESM-grid processes on the evolu-
tion of aerosol size distribution and particle morphology, to provide aerosol characteristics
for ESMs, which in turn quantify the radiative impact of SAI over their residence time
from injection into the stratosphere to reentry into the troposphere (after many months)
including their regional impacts. In particular the aim is tho investigate microphysical
processes on the clusters and aerosol particles in the turbulent near-field plume – e.g.,
bouncing, sticking, fragmentation – affect their size distributions, morphologies, sedimen-
tation speeds and optical properties, especially backscatter efficiencies, for different solid
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Figure 7.2: Dynamical regimes and the microphysical/radiative processes downstream of
an aircraft, which injects particles or gas into the stratosphere. Gas can nucleate/condense
into particles, and particles can stick, bounce, or fragment upon collision. This depends
on properties such as particle number density, size, composition, porosity, coating, and on
the turbulence-dependent relative velocity. These processes further determine the surface
area density and chemical reactivity, sedimentation speed and backscatter fraction, they
affect the ozone layer, cirrus cloudiness, as well as the regional and global climate. (LES
= Large Eddy Simulation; LPT = Lagrangian Particle Tracking; ESM = Earth System
Model; vsedi = particle sedimentation speed; hν = photon energy.)

particle candidate materials and how they compare to aerosol populations resulting from
injection of gaseous H2SO4. Furthermore, research should be conducted on how near-
field and mesoscale processes translate to scales relevant for input to global Earth System
Models, and what the consequences are for the overall cooling efficiency, stratospheric
chemistry, the ozone layer, cirrus cloudiness, atmospheric circulation and climate.

7.2.2 Proposed work in SAIaS

The turbulent wake directly behind the aerosol injecting aircraft determines the collision
frequency of particles along their trajectories, which will intersect streamlines due to par-
ticle inertia. A detailed description of the velocity and temperature fields in the aircraft’s
wake could be produced with large-eddy simulations (LES Fathi et al., 2022) using aero-
dynamic, propulsion, and atmospheric parameters characteristic of aircraft operations in
the stratosphere (Janssens et al., 2020). A composite wake description could be used for
Lagrangian Particle Tracking (LPT) to determine the frequency of solid aerosol particle
collisions and ultimately particle size distributions as a function of downstream position.

Furthermore, experimentally work could conducted using aerosol suspension and co-
agulation chamber to measure the sticking probabilities (#agglomerations/#collisions)
and coagulation coefficients of H2SO4-coated and uncoated solid particles of different ma-
terials under turbulent conditions (Kanji et al., 2013). The chamber could be equipped
with hotwire probes to measure the turbulent kinetic energy spectra at different locations
in an aerosol-free tank to determine the range of turbulence that can be generated by the
high-speed fan in the tank. By introducing sub-µm solid particles into the chamber with
known turbulence levels, the evolution of the aerosol size distribution, yielding aerosol
number density, agglomerate size, and fractal dimension can be measured (Gao et al.,
2022).
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Figure 7.3: Short wave forcing of 5 Mt/yr injection of Al2O3 particles as function of in-
jected monomer size and number of monomers per agglomerate forming after monomer
injection. In this model, adjacent agglomerate sizes result from monomer number dou-
bling. The short wave forcing is a function of the scattering efficiency and gravitational
removal of the agglomerates accounting for the full spectrum of incoming solar radiation.
The change of burden due to different sedimentation speed is taken into account using
the projected area of the agglomerates. The mass specific hemispheric backscatter cross
section is estimated assuming uniform porous spheres with equal projection area.

Combining experiments and simulations of aerosol optics, the phase functions of light
scattering by agglomerates with variable morphology and optical material properties could
be determined using in-situ polar nephelometry (Moallemi et al., 2023) and photo-acoustic
absorption spectroscopy. The experimental results can be compared with numerical pre-
dictions using multi-sphere T-matrix calculations (Romshoo et al., 2021) to develop an
optimal forward kernel for calculating aerosol optical properties. Using experimentally
determined aerosol size distribution and morphology parameters, the optical kernel will
provide the extinction coefficient, single scattering albedo and asymmetry parameter. The
mobility of aggregates as a function of their morphology, which directly affects particle
sedimentation speeds and thus their stratospheric residence time. These parameters will
feed into radiative transfer simulations and transport modules of the ESM to account for
particle morphology effects, which has not been considered.

In the end, findings will be used as input into the ESM SOCOL (see Chapter 3,
Sukhodolov et al., 2021) for an impact assessment for different SAI scenarios on the global
and regional scale. The results will be compared to climate change scenarios without any
intervention, to provide policy-relevant information on the risks of SRM versus the risks
of climate change for societally important impacts on e.g., natural hazard probability
(temperature and precipitation extremes) and agricultural productivity (Stennett-Brown
et al., 2017; Kuswanto et al., 2022).
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7.2.3 Relevance and impact of SAIaS

This project aims to enable the comprehensive representation of the atmospheric processes
relevant to SAI across scales, i.e., directly from particle injection all the way to re-entry
into the troposphere. Through a combination of experimental and modeling work, we aim
to fill the knowledge gap that exists for sub-ESM-grid processes in the turbulent near field.
This includes experimentally constrained consideration of particle morphology effects on
optical properties and lifetime. This sub-ESM-grid output will be fed into state-of-theart
sectional aerosol-ESMs allowing to determine, as a function of aerosol injection strategy,
(1) radiative backscatter efficiency and cooling at the Earth surface, including potential
feedbacks from changes in cirrus clouds, (2) changes in diffuse radiation at surface levels,
(3) thermal, dynamical and chemical changes in the stratosphere including impact on
the ozone layer, (4) changes in the troposphere, including drivers of extreme events,
(5) identification of regions particularly vulnerable to SAI impacts, particularly in the
Global South. This project will help improve representations of SAI scenarios featuring
novel aerosol candidates and their physical properties, to ultimately improve assessments
of their environmental impact and associated uncertainties and risks. This will allow
comparison of different SAI scenarios, including the well-researched injection of SO2 and
H2SO4 relative to scenarios without SAI under conditions of continued greenhouse gas
emissions.
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