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Abstract

Stratospheric Aerosol Modification (SAM) is one way of solar radiation manage-
ment (SRM) and has been increasingly discussed as a potential measure against
global warming. So far, most studies exploring SAM have focused on injections of
sulfur dioxide (SO,) since in volcanic eruptions this strategy has a well studied and
observed natural analogue. However, multiple studies found that for SO, injections
the efficiency of the achieved negative radiative forcing per injected mass unit of sul-
fur — the so-called forcing efficiency — decreases significantly with increasing injection
rates. This problem is mainly related to the fact, that for increasing SO, injection
rates also the resulting sulfate particle size increases on average. To overcome this
limitation it has been recently proposed to inject sulfuric acid (HsSO4) instead of
SOs. It is expected that for this strategy the coagulation of sulfate aerosols would
be reduced and, therefore, the resulting sulfate aerosol size distribution would have
significantly more particles in the optimal size range for backscattering of incoming
short wave radiation (ISR), especially for high injection rates.

To test this hypothesis and to determine the differences between injections of SO, and
HySOy4, within this study the injection of both injection species has been simulated for
injection rates of 5, 10, and 25 Tg(S) yr~! for ten years each. In order to achieve robust
results, for each injection species and rate three different injection strategies have
been tested. For all simulations the general circulation model (GCM) MAECHAMS5
was used, which was coupled interactively to the modal aerosol microphysical model
HAM. HAM calculates all necessary aerosol microphysical processes.

The simulations show that an injection of HySO, significantly enhances the forcing
efficiency compared to an injection of SOy for all three injection strategies and for
all three injection rates. This can be traced back to the size distribution of the sul-
fate aerosols, which has overall smaller particles for all H,SO, injections compared to
their respective SO, injections as well as significantly more particles in the optimal
size range for backscattering of ISR. For all H,SO, injections the radiative forcing
efficiency stays constant with increasing injection rate while for SO, injections it de-
creases with increasing injection rate. This is explained by the fact that for injections
of HySOy4 the relative size distribution stays constant with increasing injection rate.
Furthermore, it was found that modifications of the quasi-biennial oscillation (QBO)
and the Brewer-Dobson Circulation (BDC) caused by the aerosol-induced strato-
spheric warming are independent of the injection species. However, these dynamic

responses have been found to depend strongly on the injection rate and strategy.
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Zusammenfassung

Das kiinstliche Einbringen von Sulfataerosolen in die untere Stratosphére (SAM, von
engl. Stratospheric Aerosol Modification) ist eine Methode des Strahlungsmanage-
ments, die derzeit verstarkt als eine mogliche Mafnahme gegen den Klimawandel
diskutiert wird. Bisher lag der Fokus der meisten Studien, die sich mit SAM beschéf-
tigt haben, auf einer Injektion von Schwefeldioxid (SO2), da diese Methode in Form
von Vulkanausbriichen ein bekanntes und gut beobachtetes natiirliches Gegenstiick
hat. Diese Studien haben jedoch gezeigt, dass die Effizienz des durch die Sulfatae-
rosole verursachten Strahlungsantriebs fiir eine Injektion von SO, mit zunehmender
Injektionsrate drastisch sinkt. Dies liegt daran, dass die resultierenden Sulfatpartikel
mit zunehmender Injektionsrate im Mittel immer grofer werden. Aus diesem Grund
wurde zuletzt vermehrt eine direkte Injektion von Schwefelsdure (HySO,) als Alter-
native zu einer Injektion von SO, diskutiert. Es wird erwartet, dass diese Strategie
die Koagulation von Sulfataerosolen deutlich reduziert und daher deutlich mehr Sul-
fatpartikel eine Grofe haben werden, die fiir die Riickstreuung von einfallender kurz-
welliger Strahlung (ISR, von engl. incoming short wave radiation) besonders geeignet

ist. Dies gilt insbesondere fiir hohe Injektionsraten.

Um diese Hypothese zu testen und um die Unterschiede zwischen einer Injektion von
SO, und einer Injektion von HySO4 zu bestimmen, wurden in dieser Arbeit sowohl die
Injektion von SO, als auch die Injektion von HySO, jeweils mit einer Injektionsrate
von 5, 10, und 25 Tg(S) yr~! iiber einen Zeitraum von zehn Jahren simuliert. Um ver-
léssliche und robuste Ergebnisse zu erhalten, wurden fiir jede Injektionsrate sowohl
fiir die Injektion von SOs als auch fiir die Injektion von HySO,4 drei verschiedene
Injektionsstrategien getestet. Alle Simulationen wurden mit dem globalen Zirkula-
tionsmodell (GCM, von engl. global circulation model) MAECHAMS5 durchgefiihrt,
welches interaktiv mit dem modalen Aerosolmikrophysik-Modell HAM gekoppelt ist.

Dabei werden von HAM alle notwendigen mikrophysikalischen Prozesse berechnet.

Die Simulationen zeigen, dass eine Injektion von HySO, die Effizienz des Strahlungs-
antriebs im Vergleich zu einer Injektion von SO, fiir alle drei getesteten Injektionsra-
ten und fiir alle drei getesteten Injektionsstrategien deutlich erh6ht. Dies kann darauf
zuriickgefiihrt werden, dass die Sulfatpartikel fiir eine Injektion von HySO, insgesamt
deutlich kleiner bleiben als fiir die entsprechende Injektion von SOs. Auferdem ha-
ben fiir eine Injektion von HySO, deutlich mehr Partikel eine Grofse, die optimal
fiir eine effiziente Riickstreuung von ISR ist. Dariiberhinaus bleibt die Effizienz des

Strahlungsantriebs fiir alle Injektionen von HySO,4 mit zunehmender Injektionsrate
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konstant, wohingegen sie fiir eine Injektion von SO, mit zunehmender Injektionsrate
sinkt. Dies lasst sich damit erkldren, dass die relative Grofenverteilung der Sulfatae-
rosole unabhéngig von der Injektionsrate ist. Weiterhin zeigt diese Studie, dass sowohl
die Modifizierung der quasi-zweijahrigen Schwingung (QBO, von engl. quasi-biennial
oscillation) als auch die Modifizierung der sogenannten Brewer-Dobson-Zirkulation
(BDC, von engl. Brewer-Dobson circulation) unabhéngig davon ist, ob SOy oder
H,SOy injiziert wurde. Die Modifizierung dieser Prozesse wird durch die von den Sul-
fataerosolen verursachte Erwarmung der unteren Stratosphére ausgelost und héangt

vielmehr stark von der Injektionsrate und der Injektionsstrategie ab.
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1 Introduction

Since the concentrations of atmospheric greenhouse gases (GHG) continue to increase
and since it is still not conceivable when significant emission reductions start to take
place, the achievement of the 2°C warming goal from the 2015 Paris agreement is
currently more than questionable. Quite the contrary, the global GHG emissions
still increase making 2018 the year with the highest global COy emissions on record
(United Nations Environment Programme, 2019). Consequently, the available GHG
emission budget to achieve the 2 °C warming goal decreases dramatically as well as the
likelihood that simply decreasing anthropogenic GHG emissions would be sufficient
to prevent exceeding this goal (DFG SPP 1689, 2018). As a consequence, already the
fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC)
assumes negative emissions of carbon dioxide (COs) in most of its scenarios to limit

global warming to 2°C (IPCC, 2014).

Nevertheless, according to Haszeldine et al. (2018) most methods of negative emis-
sions of CO; like Carbon Capture and Storage (CCS) or Carbon Dioxide Removal
(CDR) are technically not feasible on a large scale at the moment and it is yet not
clear when they will be. Therefore, besides negative emissions of CO, also the idea of
SRM increasingly gains attention as a measure against anthropogenic global warm-
ing. The basic idea of SRM is to reflect parts of the incoming solar shortwave (SW)
radiation back into space by enhancing the albedo of the Earth system which would
reduce the net ISR at Earth’s surface. The resulting surface cooling would then at
least partly compensate for the surface warming due to anthropogenic GHG. Without
strong emission reduction SRM technologies would have to be implemented continu-
ously over a very long time range due to the millenial atmospheric residence time of
CO,. Consequently, they are highly questionable as a permanent and only measure
against global warming, a concern which was for example presented by Pierrehumbert
(2019). Nevertheless, SRM technologies could act as an important bridge technology
until net negative emissions of CO5 are reached globally. An according possible SRM

scenario was for example presented in Tilmes et al. (2016).

One method of SRM which is currently widely discussed is the continuous injection
of sulfur into the stratosphere, an idea which was first proposed by Budyko (1977)
and which is referred to as SAM. Especially after Crutzen (2006) suggested more
investigation into SAM as a potential measure against global warming, research into
this method has intensified. Currently, the most studied method of SAM is the

artificial injection of sulfur dioxide (SO2) into the lower stratosphere. On this method
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multiple studies with numerical models of different complexity have been performed,
for example Heckendorn et al. (2009), Jones et al. (2010), Niemeier et al. (2011),
Niemeier and Timmreck (2015), Laakso et al. (2016), or Tilmes et al. (2017).

An artificial injection of SO, basically mimics the processes taking place after a large
stratospheric volcanic eruption, which builds a well studied and observed natural ana-
logue. Consequently, following the stratospheric sulfur cycle, which is for instance
outlined in Hartmann (2016) or in Feinberg et al. (2019), the artificially injected
gaseous SO, oxidizes to gaseous sulfuric acid (HySO4). This process is rather slow
and has an e-folding time of approximately one month. Within the lower stratosphere
the vapor pressure of HySOy is in principle above its saturation pressure. Therefore,
the HySO,4 rapidly nucleates to small sulfate aerosols or condensates onto larger pre-
existing background aerosols. Due to coagulation between sulfate aerosols of different
size, the aerosols further grow. Ultimately, these aerosols form an artificial strato-
spheric aerosol layer with a size distribution depending on the injection rate and the
injection strategy. This artificial aerosol layer then exerts a negative radiative forcing
onto the Earth system by the backscattering of ISR, which would counteract the

warming because of increasing atmospheric GHG concentrations.

However, it has been shown for instance by Heckendorn et al. (2009), English et al.
(2012), or Niemeier and Timmreck (2015) that the forcing efficiency — which is the
achieved radiative forcing per injected unit mass of sulfur — decreases significantly
with increasing injection rates of SO,. Following Niemeier and Timmreck (2015) this
limitation arises because of the ongoing simultaneous availability of fine and coarse
sulfate particles. During a continuous injection of SO, gaseous H,SO, and freshly
nucleated small particles are always available within the injection area as well as large
background sulfate particles, which are distributed globally. Since the coagulation
coefficient depends on the ratio of the radii between fine and coarse particles, favoring
coagulation between particles with a large radii difference (Seinfeld and Pandis, 1998),
most of the freshly nucleated small sulfate particles directly coagulate onto the larger
background particles. An increase of the injection rate now enhances the availability
of freshly nucleated small sulfate aerosols. However, most of these additional small
particles also coagulate onto larger background particles rapidly, which, ultimately,
leads to increasingly large sulfate particles for higher injection rates. Since larger
sulfate particles sediment faster, the average stratospheric lifetime of the aerosol
population decreases when increasing the injection rate (Heckendorn et al., 2009).
Furthermore, the backscattering properties of the sulfate particles worsen as their ra-
dius becomes larger than ~ 0.3 pm, which is the radius of the maximum mass specific
up-scattering of solar radiation according to Dykema et al. (2016). Consequently,

with increasing injection rate the radiative forcing efficiency of stratospheric SO in-



jections decreases exponentially (Niemeier and Timmreck, 2015). Furthermore, this
limitation of stratospheric SO, injections is of general nature, which means that it
is independent of the injection strategy. Accordingly, it has been found for multiple
injection locations, including equatorial point-like injections, extratropical point-like
injections, and injections into a belt along the equator, for different injection heights,
as well as for continuous and pulsed injections (Niemeier et al., 2011; Niemeier and
Timmreck, 2015; Tilmes et al., 2017).

In order to overcome this limitation of SOs injections, other SAM approaches have
been explored with the goal to avoid the loss in radiative forcing efficiency for in-
creasing injection rates. One of these approaches is to directly inject gaseous HySOy
instead of SO2, a method which was for the first time suggested by Pierce et al. (2010).
They showed that an injection of gaseous HoSO, into an expanding aircraft plume
could rapidly lead to the formation of an aerosol population with most of its particles
in accumulation mode. A study by Benduhn et al. (2016) basically confirms these
results. Since the freshly formed sulfate particles would all be roughly of the same
size, it is expected that coagulation would be significantly reduced and, therefore, the
sulfate particles would stay on average smaller. Additionally, sedimentation would
be reduced, which would enhance the stratospheric lifetime of the sulfate particles.
Due to their on average smaller size, also the backscattering ability of the sulfate
particles is expected to be enhanced compared to an SO, injection case, which would

ultimately also enhance the forcing efficiency significantly.

First studies by Pierce et al. (2010) and Vattioni et al. (2019) basically support the
hypothesis that an injection of HoSO, instead of SO, could lead to a significantly
enhanced radiative forcing efficiency. Using a zonal mean 2-dimensional sectional
aerosol model, Pierce et al. (2010) found that for the same sulfur injection rate a
5060 % higher negative radiative forcing could be achieved. In experiments with
a 3-dimensional version of the same model Vattioni et al. (2019) found the negative
radiative forcing to be enhanced by 30-40 %. Simulations by Niemeier et al. (2011)
and English et al. (2012) basically support these results with different model setups
by showing a clearly higher forcing efficiency for an injection of HySO, compared to

a respective injection of SO,.

Apart from these few studies the radiative and microphysical characteristics of an
injection of HySO,4 compared to an injection of SO, have basically not been tested
with a state-of-the-art GCM or an Earth system model (ESM). Especially the impact
of the injection strategy on the aerosol population as well as its behavior for high
injection rates above 10 Tg(S) yr~! are currently poorly understood for an injection of
HySOy4. Additionally, HoSO, injections have never been investigated in a structured

multi-model context.
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The possibility of a different dynamical impact of an injection of HoSO4 compared
to an injection of SO, has also not been investigated so far. For injections of SO,
for example Heckendorn et al. (2009) and Ferraro et al. (2011) as well as many other
studies observed a significant warming of the lower tropical stratosphere, which is
caused by the absorption of parts of the outgoing longwave radiation (OLR) and the
incoming near-infrared (NIR) radiation by the sulfate particles of the the artificial
aerosol layer. This stratospheric warming then causes an acceleration of the tropical
upwelling branch of the BDC, which was shown for instance by Aquila et al. (2014)
and Niemeier and Schmidt (2017) for injections of SO,. Additionally, Aquila et al.
(2014) found that an injection of 2.5 Tg SOs in a height between 22 km and 25km
causes a prolonged westerly phase of the QBO. An injection of 5.0 Tg SO, into the
same height range causes the QBO to be even locked in its westerly phase continu-
ously. They attribute these modifications of the QBO to a disruption of the thermal
wind balance, which is caused by the aerosol-induced stratospheric warming, and to
the increased tropical upwelling, which results out of the observed acceleration of the
BDC. Niemeier and Schmidt (2017) and Richter et al. (2017) basically confirmed
these results with other models. Niemeier and Schmidt (2017) further investigated
the impact of the observed dynamical changes onto the artificial stratospheric aerosol
layer and its radiative forcing. They discovered that the breakdown of the QBO
reduces the meridional transport of sulfate particles towards the extratropics. There-
fore, the particles are confined to the tropics and grow on average larger, which
decreases their SW backscattering potential and, ultimately, reduces the radiative
forcing efficiency of the SO, injection (Visioni et al., 2017). Whether — and if so, how
— these dynamical feedback processes might change when injecting HySO, instead of

SO, has not been investigated so far.

Therefore, this study presents a comprehensive comparison of an injection of SOy and
an injection of HySO, as two potential methods of SAM. In order to determine the
potential differences between both injection methods, a set of 19 numerical simula-
tions with the 3-dimensional GCM MAECHAMS5, coupled interactively to the aerosol
microphysical model HAM, were performed. MAECHAMS5 is the middle atmosphere
version of the GCM ECHAMS5 (Roeckner et al., 2006; Giorgetta et al., 2006) and has
a high vertical resolution, which allows the internal generation of the QBO. HAM
(Stier et al., 2005) is a modal aerosol module, which simulates the evolution of the
aerosol size distribution by calculating all necessary aerosol microphysical processes.
Due to the internal generation of the QBO, MAECHAMS5-HAM allows the simula-
tion of the full dynamical feedback onto the sulfate aerosol size distribution, which is

crucial with regards to the resulting aerosol radiative forcing.



This study is a contribution to the Geoengineering Model Intercomparison Project
Phase 6 (GeoMIP6) testbed experiment accumH2S0/, which addresses the lack of a
structured multi-model study of an artificial injection of H,SO, by defining a transpar-
ent set of experiments for a direct comparison of H,SO, injections and SO, injections
(Kravitz et al., 2015; Weisenstein and Keith, 2018).

In order to give an overview of the stratospheric transport processes which determine
the global distribution of the sulfate aerosols, Section 2 presents a basic description
of the stratospheric circulation system including the BDC and the QBO. Further-
more, Section 2 contains a comprehensive explanation of the dynamical impact of the
stratospheric warming caused by artificial sulfate aerosols. In Section 3 the setup of
the model MAECHAMS5-HAM as well as the performed simulations are described.
The results of these simulations are presented and discussed in two sections: The
impact of the injection rate and the injection strategy onto the aerosol microphysical
and radiative properties of a sulfur injection is studied in Section 4, while in Section 5
the modification of the stratospheric temperature and transport processes as well as
the dynamical feedback are investigated. Thereby, the SO, injection scenarios are
always compared to their respective H,SO, injection scenarios. This study ends with
a discussion of the advantages and disadvantages of both injection species in Section 6

and a conclusion in Section 7.






2 Background: Stratospheric Trans-
port of Sulfate Aerosols

The size distribution of artificial stratospheric sulfate aerosols is mainly determined
by aerosol microphysical processes. However, for their spatial distribution large-scale
dynamical transport processes are much more important than aerosol microphysical
processes. These dynamical processes cause a zonal, meridional, and vertical trans-
port of the sulfate aerosols away from their injection locations. While the vertical and
meridional transport of sulfate aerosols within the stratosphere is dominated by the
slow BDC and isentropic mixing, its zonal transport within the tropical stratosphere

is dominated by the equatorial jets of the QBO.

2.1 The Brewer-Dobson circulation (BDC)

The BDC is a slow global-scale transport regime, which causes a mean advective
mass transport from the tropics towards the poles within the stratosphere. It can be
characterized as a single hemispheric cell with rising air in the tropics, which is then
transported towards the poles in the middle stratosphere before it descends again
at the poles. The characteristics of the BDC strongly depend on the season with a
clearly stronger BDC in the winter hemisphere.

Despite it has no clear formal definition, the BDC is commonly described by the
transformed Eulerian mean (TEM) equations, which can be derived from the zonal-
mean zonal momentum and thermodynamic energy equations (Andrews and Mcln-
tyre, 1976). For a quasi-geostrophic motion on a midlatitude $-plane, Andrews et al.
(1987) formulate the TEM equations as follows:

au

1 L
 _f ot =—_V -F+X 2.1
BT Jov Py + (2.1)

06 .00, Q
E + w az = Cp . (22)

Equation 2.1 and Equation 2.2 are linked by the TEM form of the continuity equation:

o 1 9(pow*)
— =0. 2.
dy " po 0z ! (23)

Within the TEM framework given by Equations 2.1, 2.2, and 2.3, uw represents the
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zonal mean zonal wind speed, fy represents the Coriolis parameter of the respective
B-plane, po represents the density of the air, and X represents the zonal mean drag
due to small-scale eddies. Further on, © represents the zonal mean potential tem-
perature, 00, /0z represents the mean vertical gradient of the potential temperature,
@ represents the zonal mean diabatic heating, and ¢, represents the isobaric specific
heat capacity. The forcing of the zonal mean circulation by eddy heat and eddy mo-

mentum fluxes is entirely described by the single term V - F , which is the divergence
of the so-called Eliassen-Palm flux (EP flux) F.

The BDC itself is featured by the set of residual velocities (7*,w*), which is also
referred to as the residual circulation. Equation 2.1 clearly shows that in steady
state conditions the BDC is driven by the dissipation of upward propagating waves,
for example planetary-scale Rossby waves (Holton, 2004; Butchart, 2014). Since the
wave activity is stronger in the winter hemisphere, also the BDC and its induced
vertical and poleward transport of artificial sulfate particles is stronger in the winter
hemisphere (Shepherd, 2000; Niemeier and Schmidt, 2017). Figure 12.8 of Holton
(2004) illustrates the BDC and its transport viewed from the TEM perspective.

However, while the BDC is the main reason for the vertical transport of tracers
like artificial sulfate particles in the tropics and the polar regions, it plays only a
minor role for meridional transport of those tracers within the lower midlatitude
stratosphere of the winter hemisphere (Butchart, 2014). The transport within this
region — also called the midlatitude ,surf zone* (McIntyre and Palmer, 1984) — is
dominated by rapid isentropic, quasi-horizontal transport and mixing, which is caused
by the breaking of planetary waves itself (Butchart, 2014). The mixing within the
surf zone creates sharp gradients of potential vorticity at its edges in the subtropics
and along the winter polar vortex (Trepte and Hitchman, 1992; McIntyre et al., 1995).
These gradients of potential vorticity form a transport barrier, which strongly inhibits
the meridional transport of tracers out of the tropics and into the polar regions in
heights between 21 km to 28 km (50 hPa to 15hPa). Consequently, the rising branch
of the BDC is rather isolated from the midlatitudes by the subtropical transport
barrier, which is why it forms a natural reservoir for tracers (Trepte and Hitchman,
1992), such as artificial sulfate particles injected inside the tropics. Therefore, the

rising branch of the BDC is also often referred to as the ,tropical pipe* (Plumb, 1996).

The stratospheric transport of artificial sulfate aerosols out of the tropical pipe to-
wards the extratropics happens via two transport branches. The first transport
branch is below the transport barrier. According to Niemeier and Schmidt (2017) it is
the main transport branch for the majority of artificial sulfate aerosols, especially for

large ones. The second transport branch is above the transport barrier. Within this
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transport branch only small sulfate particles can be transported out of the tropics
(Niemeier and Schmidt, 2017).
A schematic sketch of the circulation and transport patterns described in this sub-

section is presented in Figure 1 of Haynes and Shuckburgh (2000).

2.2 The quasi-biennial oscillation (QBO)

The QBO is a zonally symmetric oscillation of the zonal wind in the tropical strato-
sphere, which has an average period of approximately 28 months. It is characterized
by an alternating downwelling of westerly and easterly winds from the upper strato-
sphere, above 5 hPa, into the tropopause region, where these wind patterns are rapidly
attenuated due to friction (Baldwin et al., 2001; Holton, 2004). Consequently, the
QBO winds cause a strong zonal transport of artificial sulfate aerosols in the tropical
stratosphere, of which the direction depends on the QBO phase.

The first fundamental explanation of the QBO was developed by Lindzen and Holton
(1968) and Holton and Lindzen (1972). According to them the QBO is basically
caused by an alternating filtering of upward propagating eastward traveling equato-
rial Kelvin waves and westward traveling mixed Rossby-gravity waves by the lower
stratospheric zonal mean flow. This alternating filtering results in an alternating
dissipation of equatorial Kelvin waves and mixed Rossby-gravity waves in the upper
stratosphere. Accordingly, the upper stratospheric mean flow is driven by an alter-
nating deposition of westerly and easterly momentum, which results in an oscillation
between westerly and easterly winds. Since the critical line for dissipation, which is
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, moves downward due to the ongoing deposition of momentum, also the
zonal wind patterns in the upper stratosphere start to propagate downward. The re-
sult of this process is the observed QBO pattern of an oscillation between downwelling
westerly and easterly winds. Some more detailed explanations of the wave-mean flow
interactions resulting in the QBO can be found in Baldwin et al. (2001) and Holton
(2004).

Besides determining the direction of the zonal transport of artificial sulfate aerosols
within the tropical stratosphere, the phase of the QBO also impacts the strength
of their vertical and meridional transport, mainly by inducing secondary meridional
circulation (SMC) (Plumb and Bell, 1982; Baldwin et al., 2001; Punge et al., 2009).
The SMC results out of the Coriolis force, which causes an equatorward motion
during westerly QBO winds and a poleward motion during easterly QBO winds.
As a consequence of continuity, during QBO phases of easterly shear (westerlies in
the lower stratosphere, easterlies in the upper stratosphere) the SMC shows rising

motions in the tropics, while during QBO phases of westerly shear (easterlies in the
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lower stratosphere, westerlies in the upper stratosphere) it shows sinking motions in
the tropics (Plumb and Bell, 1982). These vertical motions within the tropics are
compensated by opposite vertical motions in the subtropics. Within the tropical pipe,
the vertical transport of the SMC superimposes on the general tropical upwelling of
the BDC. This leads to stronger upwelling during QBO phases of easterly shear and
weaker upwelling during QBO phases of westerly shear. A schematic diagram of the
SMC is given in Figure 1 of Punge et al. (2009).

Also the location of the critical line for the dissipation of waves and, therefore, the
location of the surf zone depends on the phase of the QBO (Shuckburgh et al., 2001;
Punge et al., 2009). Thereby, the phase of the QBO also impacts the meridional
transport of artificial sulfate aerosols due to isentropic mixing. Furthermore, the
phase of the QBO might also have an impact on the propagation and dissipation of
extratropical waves: Following Holton and Tan (1980), during easterly QBO phases
planetary waves tend to dissipate more poleward in the northern hemisphere, which
might cause a strong disturbance of the polar vortex (Holton-Tan mechanism). Since
the polar vortex forms a poleward transport barrier for artificial sulfate aerosols, the

QBO might also be able to impact the aerosol distribution in polar regions.

2.3 Impact of aerosol-induced heating on the strato-
spheric circulation

Sulfate aerosols have absorption bands in the infrared (IR) part of the electromag-
netic wave spectrum and, therefore, absorb parts of the OLR as well as parts of the
incoming NIR radiation. The absorption of IR radiation results in a heating of the
lower stratosphere, which was shown for instance by Heckendorn et al. (2009) and
Ferraro et al. (2011) for an injection of SO3. The accompanied aerosol-induced strato-
spheric temperature anomaly modifies stratospheric dynamics in two ways: It causes
a strengthening of the tropical upwelling of the BDC and it modifies the thermal
wind balance.

The strengthening of the tropical upwelling can be explained using Equation 2.2. Un-
der the assumption that during an ongoing implementation of SAM the stratospheric
temperature field would reach a new steady state at some time, Equation 2.2 then
simplifies to

09, Q

In the absence of significant changes of the stratospheric stratification 00,/0z, an
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increase of diabatic heating @ consequently causes an increase of the residual vertical
velocity w*, considered the very stable stratification of the stratosphere (00y/0z >
0Km™'). Due to continuity (see Equation 2.3) this increase of tropical upwelling
extends well above the heated aerosol layer and speeds up the whole BDC. Accord-
ingly, an increase of w* and the BDC has been found in multiple studies of SAM, for
example in Niemeier et al. (2011), Aquila et al. (2014), Niemeier and Schmidt (2017),
Richter et al. (2017), or Tilmes et al. (2018), as well as in studies of large volcanic
eruptions, for example in Niemeier et al. (2009) or Aquila et al. (2012).

The second consequence of an aerosol-induced stratospheric heating is the disruption
of the thermal wind balance. This is accompanied by a modification of the QBO
winds, which are approximately in thermal wind balance with the stratospheric tem-
perature field within the tropics. The thermal wind balance links the vertical wind
shear to the meridional temperature gradient and formulates as

ou R 0T

for an equatorial 5-plane (Holton, 2004). In Equation 2.5 % denotes the zonal mean
wind speed and T denotes the zonal mean temperature. Furthermore, Equation 2.5
contains three constants: The gas constant for dry air R, the scale height H, and the
meridional gradient of the Coriolis parameter § at the equator. Assuming equatorial
symmetry of the zonal mean temperature T, one can set 9T /0y = 0Km™! at the
equator (y = O0m) and apply the rule of L’Hospital (Holton, 2004). As a result, the
thermal wind balance at the equator can be written as
ou R 0°T

5 = " Hio (2.6)

According to Baldwin et al. (2001) Equation 2.6 can be further approximated for

QBO variations centered at the equator with a meridional scale L:

% N H%% | (2.7)
Following Equation 2.7, an aerosol-induced positive temperature anomaly in the lower
stratosphere results in an increased westerly shear within the heated aerosol layer.
This results in an additional westerly component of the zonal wind above the heated
aerosol layer, which prolongs the westerly phase of the QBO in the lower stratosphere
(Aquila et al., 2014). For high injection rates Aquila et al. (2014) and Niemeier and
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Schmidt (2017) found the QBO to be even locked in a constant westerly phase in the
lower stratosphere.

These disturbances of the QBO are supported by an increased residual vertical ad-
vection of zonal momentum (—w* du/dz) by the BDC. Since the residual vertical
velocity w* increases due to the aerosol-induced heating of the lower stratosphere,
also the upward advection of the now predominantly westerly momentum in the lower
stratosphere increases. According to Aquila et al. (2014) the resulting stronger east-
ward forcing in the shear zone might (over-)compensate the westward forcing applied
by the dissipation of gravity waves, which in the absence of SAM causes the downward
propagation of the QBO. Therefore, depending on the strength of the stratospheric
heating anomaly, the downwelling of the QBO easterly winds is significantly slowed
down or even completely stopped. Accordingly, also the SMC, which accompanies
the QBO, would be locked in the corresponding state in which it strengthens the
BDC and the tropical upwelling.

As aresult of the modification of the BDC and the QBO, also the transport patterns of
the sulfate aerosols are modified. For injections of SO9, Niemeier and Schmidt (2017)
found that the modified transport patterns lead to a stronger tropical confinement
of the aerosol layer. This can be explained by the strengthening of the BDC and
the SMC, which causes a stronger equatorward transport in the lower stratosphere
resulting in a reduced transport towards the extratropics. Furthermore, the increased
tropical upwelling within the tropical pipe causes a higher vertical extent of the aerosol
layer within the tropics. Niemeier and Schmidt (2017) also showed that meridional
shifts of the surf zone might cause interhemispheric differences in the sulfate aerosol
distribution. An overview of potential dynamical feedback mechanisms can be found
in Visioni et al. (2017).
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3 Setup of the Model and the Simu-

lations

The simulations of this study were performed with the 3-dimensional GCM MA-
ECHAMS, which was interactively coupled to the aerosol microphysical model HAM.
The coupled model system MAECHAMS5-HAM has been used in multiple SAM stud-
ies before, for example Niemeier et al. (2011), Niemeier and Timmreck (2015) or
Laakso et al. (2016). Apart from the horizontal and vertical resolution, the model
settings used in those studies are identical to the ones used in this study. The setup of
MAECHAMS5-HAM within this study is exactly the same as in Niemeier and Schmidt
(2017).

3.1 General circulation model MAECHAMS5

The GCM MAECHAMS is the middle atmosphere version of the GCM ECHAMS5
(Roeckner et al., 2003; Giorgetta et al., 2006; Roeckner et al., 2006). ECHAMS5 is
a spectral GCM, which simulates the evolution of atmospheric dynamics by numer-
ically solving prognostic equations for temperature, surface pressure, vorticity, and
divergence in terms of spherical harmonics. The different phases of water as well as
tracers are transported within the model using a flux form semi-Lagrangian transport
scheme (Lin and Rood, 1996). Details on ECHAMS5 can be found in Roeckner et al.
(2003).

Compared to ECHAMS5, its middle atmosphere version MAECHAMS5 has a larger
vertical domain which extends from the surface up to 0.01 hPa while being resolved
by 90 sigma-p levels. Additionallyy, MAECHAMS5 also accounts for the momentum
flux deposition of unresolved gravity waves originating from the troposphere via a
parametrization. Therefore, MAECHAMS5 internally generates a QBO in the tropical
stratosphere, which, does not have to be prescribed to the model externally (Giorgetta

et al., 2006).

For this study, MAECHAMS5 was used with a spectral truncation at wave number 42
(T42) resulting in a horizontal grid with 64 x 128 grid boxes, which corresponds to
a size of 2.8125° x 2.8125° per grid box. The time step used within all simulations
was 600s in order to ensure compliance with the Courant-Friedrichs-Lewy criterion

throughout the whole simulation.
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3.2 Aerosol microphysical model HAM

HAM (Hamburg Aerosol Model) is a modal aerosol microphysical model, which is
based on the microphysical core M7 developed by Vignati et al. (2004). It describes
the size distribution of the whole aerosol population by seven log-normal modes;
three insoluble and four soluble ones. However, since H,SO, dissolves in water easily,
within HAM the sulfate aerosol size distribution n(Inr) is entirely described by a
superposition of the four soluble log-normal modes i, which are the nucleation mode
(NS-SOy), the Aitken mode (KS-SO,), the accumulation mode (AS-SO,), and the
coarse mode (CS-SO,):

N=4

N; (Inr — lnFi)Q)
n(lnr :E —exp|—————"—] . 3.1
(lnr) P V21 In oy p( 21n? o; (3.1)

In Equation 3.1, N; represents the total sulfate aerosol number of mode i, o; represents
the standard deviation of mode i, and 7; represents the number median radius of the
sulfate aerosols in mode ¢. Consequently, each mode of the sulfate aerosol spectrum
can be fully described by these three parameters, which are the so-called first three
moments of the respective mode. Since in HAM the standard deviation o; of each
mode 7 is set to a constant value, this reduces to just two parameters: The sulfate
aerosol number N; and the number median radius 7; of the sulfate aerosols in the
respective mode 7 (Stier et al., 2005).

Assuming the sulfate aerosols are of spherical shape and have a constant density p,
according to Niemeier (personal communication, 2019) the number median radius 7;
of the sulfate aerosols in mode ¢ can be derived from its total sulfate aerosol number

N; and its total sulfate aerosol mass M; by

3 1 1
e — (3.2)
4m N p exp (1.51n ai)
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Consequently, the evolution of the whole sulfate aerosol size distribution can be fully
simulated by calculating the evolution of the total sulfate aerosol number N; and the
total sulfate aerosol mass M; of each mode 1.

The respective changes of the total sulfate aerosol number and mass of all four modes
at a given location due do aerosol microphysical processes are calculated by HAM.
Aerosol microphysical processes included in HAM are the sulfate aerosol formation
via nucleation, accumulation, condensation, and coagulation as well as the sulfate
aerosol depletion via sedimentation and deposition (Stier et al., 2005; Niemeier and

Timmreck, 2015). The modification of the sulfate aerosol number and the sulfate
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aerosol mass of a given mode also modifies its number median radius following Equa-
tion 3.2. Therefore, after each timestep HAM performs a reallocation of the sulfate
aerosol number and mass. This means that particles with a larger radius than the
upper size limit of a given mode 7 are transferred to the next larger mode 7 4+ 1 in
order to stay within the modal size ranges (Vignati et al., 2004). An overview of the

size ranges for the particle radius of all four soluble modes is given in Table 3.1.

Apart from aerosol microphysical processes, the total sulfate aerosol number and mass
of all four modes at a given location can be also changed by large-scale dynamical
transport processes. This type of changes is calculated by MAECHAMS5 by including
the total sulfate aerosol number and the total sulfate aerosol mass of all four modes
as passive tracers. Consequently, MAECHAMS-HAM is able to prognosticate the
entire evolution of the sulfate aerosol size distribution due to aerosol microphysical

processes and dynamical transport processes (Stier et al., 2005).

Since HAM was initially designed for tropospheric aerosol studies, its default setup
is not representative, and hence not applicable for studying stratospheric sulfate
aerosols. Therefore, in this study HAM is used in its SAM setup described in Niemeier
and Timmreck (2015), which is in accordance with box-model studies from Kokkola
et al. (2009). In this setup the standard deviation of the nucleation mode, the Aitken
mode, and the accumulation mode is kept at its respective default value of ¢ = 1.59.
The standard deviation of the coarse mode is reduced from its default value of o = 2.0
to 0 = 1.2 in order to produce size distributions which fit to those produced by the
more accurate sectional aerosol model of Heckendorn et al. (2009). Additionally, some
further minor changes have been applied to the microphysical core of HAM in order
to use it for SAM studies, which can be found in Niemeier et al. (2009) and Niemeier
and Timmreck (2015).

The sulfur chemistry scheme used in this setup of HAM is a simple stratospheric sulfur
chemistry which is applied at and above the tropopause (Timmreck, 2001; Hommel
and Graf, 2011). It has been used in several previous studies, for example in Niemeier
et al. (2009), Niemeier and Timmreck (2015), or Niemeier and Schmidt (2017), where
also more details on it can be found. This scheme uses prescribed monthly oxidant
fields of OH, NO,, and O3 and prescribed photolysis rates of OCS, HySOy4, SO, SOs3,
and Og (Stier et al., 2005). Therefore, the impact of SAM onto stratospheric ozone
can not be simulated within MAECHAMb5-HAM and results of earlier studies, which
found that ozone depletion will be enhanced due to SAM (Heckendorn et al., 2009;
Tilmes et al., 2018; Vattioni et al., 2019), can’t be reproduced. This also includes

possible ozone feedback mechanisms.

Apart from the injected SO, or H3SOy4 only some natural sulfur emissions are taken

into account. These include natural dimethyl-sulfide (DMS) and carbonyl-sulfide
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Table 3.1: Radius size ranges of the four soluble modes of HAM.

NS-SO, 0.0005 pm < 7 < 0.005 pum
KS-SO, 0.005pm < r < 0.05 pm
AS-SO, 0.05pm < r < 0.2um
CS-S0Oy4 0.2pm < r

(OCS) emission, with OCS concentrations being prescribed at the surface and trans-
ported throughout the model. Natural sulfur emissions from biomass burning and
wildfires as well as from continuous and explosive volcanic eruptions are not taken
into account.
Due to its coarse horizontal resolution, MAECHAMS5-HAM is not able to simulate
the rapid initial formation of AS-SO,4 particles within an aircraft plume in a HySO4
injection case (Weisenstein and Keith, 2018). This problem has to be modeled by
a plume dispersion model, which was done by Pierce et al. (2010) and Benduhn
et al. (2016). They showed that the resulting aerosol size distribution could mainly
contain particles with a radius between 0.095—0.15 pm when the plume has expanded
sufficiently (Weisenstein and Keith, 2018). Subsequently, the resulting aerosol size
distribution of the plume dispersion model can be injected into the GCM with a
coupled aerosol microphysical model to simulate the global dispersion as well as the
radiative forcing of the sulfate aerosols. Therefore, within this study the H5SOy
injection cases were modeled as a direct injection of an AS-SO, population with a
mode radius of 0.075 pm and a standard deviation of 1.59. These values are the default
values for a primary AS-SO, emission within HAM. The mode radius of 0.075 pm is
slightly below the values suggested by Pierce et al. (2010) and Benduhn et al. (2016).
Nevertheless, since there is still considerable uncertainty in the mode radius that the
AS-SO, potentially will have, the used value of 0.075 pm is reasonable and represents
the lower edge within the range of potential mode radii.
To enable a direct injection of AS-SO4, HAM had to be modified. In contrast to
injections of a molecular gas like SO,, where just the total mass of injected SO5 in a
certain period has to be prescribed, for an injection of AS-SOy also the total number
of injected particles in this period has to be prescribed. Given the number median
radius of the injected AS-SOy, which is 7 = 0.075 pm, and the standard deviation
of the accumulation mode, which is ¢ = 1.59, the total number injection rate N
of AS-SO, particles can be calculated out of the total mass injection rate M of the
injected AS-SO, as

N:%%g_ ! — (3.3)

\/r exp (1.5 In 0)
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which is simply a rearrangement of Equation 3.2. The density of the aerosol was
prescribed to p = 1841 kgm™2, which is the density of HySO4 used in HAM.
A detailed overview of the microphysics of HAM can be found in Vignati et al. (2004).

3.3 Coupling of MAECHAMYS5 and HAM

The GCM MAECHAMS5 and the aerosol microphysical model HAM are coupled in-
teractively to the 3-dimensional model system MAECHAMS5-HAM. The coupling
between both models is performed via multiple interfaces, for example via radia-
tion, advection, atmospheric water, or rain. Therefore, it enables the simulation of
dynamical feedback processes of SAM.

Via the coupling of HAM onto the radiation scheme of MAECHAMS5, the radiative
properties of the stratospheric sulfate aerosol layer are recognized in the radiation
scheme of MAECHAMS5. That is important to simulate dynamical feedback pro-
cesses. Due to the absorption of OLR and incoming solar NIR radiation, sulfate
aerosols cause a heating of the lower stratosphere, which modifies dynamical trans-
port processes within the stratosphere (Aquila et al., 2014; Niemeier and Schmidt,
2017). Consequently, the stratospheric sulfate aerosol layer is able to modify the
stratospheric circulation within the coupled MAECHAMb5-HAM.

The coupling of HAM onto the radiation scheme of MAECHAMS5 also allows for an
accurate calculation of the SW as well as the longwave (LW) radiative forcing exerted
by the sulfate aerosol layer. The aerosol radiative forcing is calculated by a so-called
double-radiation call. This means that the sulfate aerosol forcing is calculated as
the difference between the radiative forcing obtained in a simulation with radiative
coupling of HAM on MAECHAMS5 and the radiative forcing obtained in a simulation
without a radiative coupling between of HAM on MAECHAMS5.

The coupling of HAM onto MAECHAMS5 via the advection scheme of MAECHAMS5
allows for an interactive transport of artificial sulfate aerosols. Since this transport
of artificial sulfate aerosols may change their local availability, it also modifies local
microphysical processes. Therefore, also local sulfate aerosol size distributions are

influenced by the dynamic transport of the sulfate aerosols.

3.4 Performance of MAECHAM5-HAM

Since SAM has never been performed in reality so far, a direct evaluation of SAM
results of MAECHAMS-HAM against potential measurements is not possible. How-
ever, MAECHAMb-HAM has been evaluated against several measurements after the
eruption of the tropical volcano Mt. Pinatubo in June 1991 by Niemeier et al. (2009)
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and Toohey et al. (2011) to ensure a realistic simulation of the stratospheric sulfate
aerosol layer. Both studies used a volcanic setup of HAM, which is slightly differ-
ent to the SAM setup of HAM as it has no coarse mode and a smaller standard
deviation in the accumulation mode (¢ = 1.2 instead of ¢ = 1.59). This is due to
the fact that the sulfur injection differs significantly between a short and strong vol-
canic eruption and a SAM injection, which is continuous and weak. Niemeier et al.
(2009) and Toohey et al. (2011) found that the modeled evolution of aerosol prop-
erties as well as the modeled evolution of dynamical and radiative features after the
eruption shows a rather good agreement with related measurement data from Lidar
and satellite measurements. For the particle size of the sulfate aerosols, the top of
the atmosphere (TOA) radiation, and the timing and location of the aerosol optical
depth (AOD) peak value the model results match the measurements overall well and
MAECHAMS5-HAM has not shown a systematic bias for these parameters.

However, Niemeier et al. (2009) found that the poleward transport of the AOD is over-
estimated by 10 % —20 % in MAECHAMS5-HAM compared to satellite measurements.
This overestimation of aerosol transport out of the tropical eruption region, conse-
quently, leads to an underestimation of tropical aerosol concentrations six months
after the eruption (Niemeier et al., 2009). Nevertheless, despite the slight overesti-
mation of the poleward transport, the studies by Niemeier et al. (2009) and Toohey
et al. (2011) have shown that MAECHAMS5-HAM delivers reliable results in simulat-
ing volcanic eruptions which match the observations overall well. Therefore, also for
simulations of SAM one could expect reliable results by MAECHAMS-HAM, despite
the slightly different HAM setup used by Niemeier et al. (2009) and Toohey et al.
(2011) compared to the one used in this study.

Nevertheless, when interpreting the results of MAECHAMS-HAM, one should con-
sider its modal setup carefully since it may limit their significance as well as their
comparability. HAM resolves the size distribution of soluble sulfate aerosols by a su-
perposition of four log-normal modes (see Eq. 3.1). Besides this modal approach, the
sulfate aerosol size distribution can also be resolved by a discretization into several
distinct size bins, which is done in so-called sectional aerosol microphysical models.
Compared to detailed sectional aerosol microphysical models modal aerosol micro-
physical models like HAM show an overall worse performance in resolving the size
distribution accurately. This may result in significant differences of the calculated
stratospheric aerosol mass, which has been shown for example by Weisenstein et al.
(2007), who compared modal and sectional models for binary sulfuric acid-water
aerosols in a global 2-dimensional model. They found that the simulated aerosol
mass of the modal model can be different from the one simulated by a detailed 150-

bin sectional model by up to 40% at a height of 30km. They account this large
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difference mainly to differences in the calculated sedimentation velocity resulting out
of the different resolutions of the aerosol size distribution. Since the overall strength
of sedimentation especially depends on the size of large sulfate particles, they argue
that o of the largest log-normal mode is a crucial parameter for modelling a correct
stratospheric sulfate mass within a modal model.

The results of Weisenstein et al. (2007) have been basically confirmed for HAM in a
study by Kokkola et al. (2009), in which they compared HAM with three sectional
aerosol models in the framework of ECHAMSb. For stratospheric conditions they also
found that the usage of HAM results in a too low stratospheric sulfate mass compared
to the sectional models. In order to at least partly mitigate the unrealistically strong
sedimentation, o of CS-SO, was reduced from ¢ = 2 to ¢ = 1.2 within this study.
However, the simulated stratospheric sulfate mass within this study may be too low.
Also the low horizontal resolution of MAECHAMS of T42 tends to result in a rather
low stratospheric sulfate mass. As shown by Niemeier et al. (2020), an increase of the
horizontal resolution within MAECHAMS5 from T42 to T63 — keeping all else equal
— results in a significantly larger stratospheric sulfate mass as well as in a stronger
tropical confinement of the sulfate aerosols. This may be a consequence of weaker
numerical diffusion when using a higher horizontal resolution. Consequently, when
comparing the results of this study to the results of studies, which use models with
a different horizontal and vertical resolution, it should be considered that numerical

diffusion can partly account for possible differences.

3.5 Setup of performed simulations

In this study, in total 18 different numerical simulations of SAM experiments have
been performed in order to compare a stratospheric injection of SO2 to a strato-
spheric injection of H2SO4, modeled as an injection of an AM-SO, population (see
Section 3.2). The experimental setup of these simulations is in accordance with the
proposal of the GeoMIP6 testbed experiment accumH2S04 (Weisenstein and Keith,
2018).

Within this study, three different injection strategies have been tested for both in-
jection species: An injection into one single grid box centered at 1.4° N, 180° E, from
now on referred to as point, a simulatenous injection into two grid boxes centered at
29.3° N, 180° E and 29.3° S, 180° E, from now on referred to as 2point, and a injection
into a zonally symmetric belt from 30° N to 30°S along the equator, from now on
referred to as region. Figure 3.1 shows the injection locations of the three different
injection strategies. While the 2point and region injections are mandatory injection

strategies within accumH2504, the point injection strategy has been chosen addi-
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Figure 3.1: Injection locations of the different injection strategies. The blue point marks
the injection location of the point injections (point-so2 and point-so4), which is a single grid
box centered at 1.4°N 180° E. The red points mark the injection locations of the 2point
injections (2point-so2 and 2point-so4), which are two grid boxes centered at 29.3° N 180° E
and 29.3°S 180° E. The greyish bar marks the injection location of the region injections
(region-so2 and region-so4), which is a belt along the equator ranging from 30° N 180° E to
30°S 180° E.

tionally in this study to enable the comparison with earlier studies, which have often

focused on equatorial point-like injections of SO,.

For all injection strategies, the SO, and the HySO,4 were injected continuously with
a constant injection rate. They were injected into three adjacent model layers which
are centered at 68.02hPa, 62.32hPa and 57.14 hPa. This corresponds to an injec-
tion height of approximately 18 km to 20km according to the 1976 U.S. standard
atmosphere (National Geophysical Data Center, 1992).

For both investigated injection species and all tested injection strategies, simulations
with three different injection rates of 5, 10, and 25 Tg(S) yr~! have been performed.
The denomination of the SAM experiments within this study follows the scheme
(injection strategy)-(injection species)-(injection rate). An overview of all performed

simulations, their setup, and their denomination can be found in Table 3.2.

Besides the SAM simulations, also one control simulation without any SAM was
performed, which is termed contr-000. Contr-000 serves as a reference and represents
the state of the atmosphere without artificial SAM. Therefore, all anomalies presented
in this studies are relative to contr-000. Furthermore, all simulations including contr-

000 were performed for a period of ten years. However, it takes a few years until the
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artificial stratospheric sulfate layer has reached equilibrium. Therefore, the results
presented in this study have been averaged only over the last six years of the respective
simulation.

Also the boundary conditions of all performed simulations within this study have
been set in accordance with the proposal of accumH2S04 (Weisenstein and Keith,
2018). The greenhouse gas concentrations are taken from the SSP5-8.5 scenario of
ScenarioMIP (O’Neill et al., 2016) for the year 2040, resulting in a CO5 concentra-
tion of ¢(COy) = 494.57 ppm, a CHy concentration of ¢(CHy) = 2.19ppm, and a
NO; concentration of ¢ (NOy) = 0.35ppm. The concentrations of ozone depleting
substances (ODS) have also been prescribed to 2040 ScenarioMIP levels, resulting in
a CFC-11 concentration of ¢ (CFC-11) = 165.83 ppt and a CFC-12 concentration of
¢ (CFC-12) = 408.97 ppt.

Within the simulations of this study MAECHAMb5-HAM was neither coupled to an
ocean model nor a landbiosphere model. Therefore, only the atmospheric response
to SAM is simulated within the simulations of this study, while the response of the
ocean and the vegetation to SAM is not simulated. The lack of an ocean model
further implies that the sea surface temperature (SST) and the sea ice concentra-
tion (SIC) had to be prescribed to MAECHAMSb5 as boundary conditions and were
fixed throughout the simulations. According to the proposal of accumH2504, in all
simulations the SST and the SIC were set to monthly climatological values of the
period 1988 to 2007 out of the SST data set from the Atmospheric Model Inter-
comparison Project (AMIP). In order to start all simulations with a balanced and
consistent state of the atmosphere which has adjusted to the described boundary
conditions, all simulations including contr-000 have been initialized with the output

of a 10-year spin up simulation, which was performed without any SAM.
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Table 3.2: Setup of all performed simulations. The X in the simulation name denotes the

injection rate.

Experiment Injection Injection Injection location

species rate
(Tg(S) yr™")

contr-000 - - -
point-so02-X SO, 5, 10, 25 Grid box centered at 1.4° N
180° E
2point-s02-X SO, 5, 10, 25 Grid box centered at 29.3° N
180° E and grid box centered at
29.3°S 180° E
region-so2-X SO, 5, 10, 25 30° N to 30°S, all longitudes
point-so4-X HySOy as 5, 10, 25 Grid box centered at 1.4° N
AS-SO, 180° E
2point-so4-X H,S0, as 5, 10, 25 Grid box centered at 29.3° N
AS-SOy4 180° E and grid box centered at
29.3°S 180° E
region-so4-X H>SO, as 5, 10, 25 30° N to 30°S, all longitudes

AS-S0,4
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4 Comparison of Aerosol Microphys-

ical and Radiative Properties

Within this section the radiative forcing exerted by the artificial stratospheric aerosol
layer as well as its causes are compared for an injection of SO, and an injection of
H2SOy4, modeled as an injection of an AS-SO,4 population. The total radiative forcing
exerted by stratospheric sulfate aerosols depends mainly on two things: Their size
distribution and their vertically integrated stratospheric mass, which is often referred
to as the sulfate burden M. However, also the sulfate burden itself depends on the
sulfate aerosol size distribution significantly via sedimentation.

The sulfate modes which are able to backscatter incoming SW radiation efficiently
within HAM are AS-SO, and CS-SOy, while NS-SO, and KS-SO, particles are too
small for efficient backscattering of solar radiation (Dykema et al., 2016). Addition-
ally, the stratospheric mass of NS-SO, and KS-SO, is neglectable compared to the
stratospheric mass of SO,, AS-SOy4, and CS-SO,4. Therefore, within this study the
term sulfate burden refers to the sum of the radiative active AS-SO, burden and
CS-SO4 burden. The sum of the AS-SO4 burden, the CS-SO, burden, and the SO,
burden is termed the sulfur burden. An overview of the burden of all considered
stratospheric sulfur species for all SAM experiments performed in this study is given
in Table 4.1.

The impact of the injection species — SOy or HoSO4 — onto the stratospheric sulfate
burden as well as the net radiative forcing exerted by the aerosols is examined in
Section 4.1. In Section 4.2 the aerosol microphysical and radiative properties of
an injection of SOy and an injection of HySO, are compared with respect to an
increasing injection rate, while in Section 4.3 they are compared with respect to a

varying injection strategy.

4.1 Impact of injection species

Stratospheric sulfur basically exist in the form of gaseous SOy and in the form of
sulfate aerosols of different sizes. Since SO, does not backscatter incoming SW radi-
ation, it is desirable to keep the SO, fraction of artificial stratospheric sulfur as small
as possible during a performance of SAM. However, when injecting SO, a constant
fraction of the stratospheric sulfur remains in the form of SO, for all three injection
strategies as visible in Figure 4.1. This fraction is independent of the injection rate:

For the point injections, approximately 15 % of the stratospheric sulfur remains in
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Table 4.1: Global artificial burden of different sulfur species in Tg(S) for all SAM exper-
iments. Values in brackets represent the respective burden relative to the global artificial

sulfur burden, which is denoted by its chemical symbol S and corresponds to 100 %.

Experiment SO, AS-SO, CS-S0O, SO, S

point-s02-5 0.6 (16.2%) 0.5 (13.5%) 2.6 (70.3%) 3.1 (83.8%) 3.7
point-s02-10 1.1 (14.9%) 0.5 (6.7%) 5.8 (184%) 6.3 (85.1%) 7.4
point-s02-25 3.0 (15.9%) 0.5 (27%) 15.3 (81.4%) 158 (84.1%) 18.8
point-sod5 0.0 (0.0%) 0.7 (13.7%) 4.3 (86.3%) 5.1 (100.0%) 5.1
point-sod-10 0.0 (0.0%) 0.9 (8.0%) 10.4 (82.0%) 11.3 (100.0%) 11.3
point-sod-25 0.0 (0.0%) 1.1 (3.1%) 34.7 (96.9%) 35.8 (100.0%) 35.8
opoint-s02-5 0.8 (21.6%) 0.4 (10.8%) 2.5 (67.6%) 2.9 (784%) 3.7
9point-s02-10 1.6 (21.9%) 0.5 (6.8%) 52 (71.3%) 57 (781%) 7.3
opoint-s02-25 4.1 (22.9%) 0.5 (2.8%) 13.3 (74.3%) 138 (T7.1%) 17.9
2point-sod-5 0.0 (0.0%) 0.9 (21.4%) 3.3 (18.6%) 4.2 (100.0%) 4.2
9point-sod-10 0.0 (0.0%) 1.1 (122%) 7.9 (87.8%) 9.0 (100.0%) 9.0
9point-s04-25 0.0 (0.0%) 1.2 (4.6%) 24.7 (95.4%) 25.9 (100.0%) 25.9
region-s02-5 0.7 (20.6%) 02 (5.9%) 25 (73.5%) 2.7 (7194%) 3.4
region-s02-10 1.3 (20.0%) 0.3 (4.6%) 4.9 (85.4%) 5.2 (80.0%) 6.5
region-s02-25 3.4 (22.3%) 0.2 (1.3%) 12.1 (76.4%) 123 (77.7%) 15.7
region-so4-5 0.0 (0.0%) 1.6 (34.8%) 3.0 (65.2%) 4.6 (100.0%) 4.6
region-sod-10 0.0 (0.0%) 2.1 (21.1%) 7.8 (78.9%) 9.9 (100.0%) 9.9
region-s0d-25 0.0 (0.0%) 3.2 (1L1%) 25.7 (83.9%) 28.9 (100.0%) 28.9

the form of SO,, while for the other two injection strategies it is slightly above 20 %.
In contrast, when injecting HoSOy4 no artificial SO, is added to the stratosphere and
consequently all artificial stratospheric sulfur exists in the form of radiative active

sulfate, independent of injection rate and strategy (Tab. 4.1).

The absolute global artificial sulfate burden Mgoy4 is also higher for an injection of
H5SO, than for an injection of SO, (Fig. 4.2a). It holds true for all three tested injec-
tion rates and all three tested injection strategies. For an injection rate of 5 Tg(S) yr=?
the global sulfate burden is approximately 1.5 times higher for an injection of HySO4
than for an injection of SO,. For an injection rate of 25 Tg(S)yr~! it is even up to

approximately 2.4 times larger.

The significantly lower global sulfate burden, which results out of an injection of SO,
can only be partly attributed to the remaining of some sulfur in the form of SOs.
The main reason for the significantly lower global sulfate burden are differences in

the aerosol size. As indicated by the particle number density in Figure 4.3, the AS-
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Figure 4.1: Fraction of the global artificial sulfur burden which remains in the form of

SO; as a function of injection rate. Only experiments with an injection of SOy are shown.

SO, and CS-SO, particles stay on average clearly smaller for an injection of HySO,
than for the corresponding injection of SO5. Smaller aerosol particles have a lower
mass compared to larger ones, which is why they also sediment slower (see Seinfeld
and Pandis (1998), eq. 8.42). Accordingly, the sedimentation velocity v is clearly
smaller, i.e. less negative, when injecting HySO, instead of SO, (Fig. 4.4). Slower
sedimentation results in a longer stratospheric lifetime of an aerosol particle and,
consequently, in a higher global aerosol burden. This explains the observed differences

of the global sulfate burden between an injection of HySO4 and an injection of SOs.

The on average smaller sulfate particle size, which results out of an injection of
H>SO,4 compared to an injection of SOs, is a general feature of an injection of HySOy,
independent of the injection rate and the injection strategy. It can basically be
traced back to differences in the strength of coagulation. When injecting SO,, the
injected SO, slowly oxidizes to HySO,, which rapidly forms NS-SO, and KS-SO,
via nucleation. Accordingly, for an injection of SOy the aerosol size distribution
contains many NS-SO4 and KS-SO, particles, independent of injection strategy and
injection rate (Fig. 4.3). Since the NS-SO, and KS-SO, particles are significantly
smaller than the larger AS-SO, and CS-SO, particles, coagulation between these
particles is very strong. As a result, large sulfate particles grow continuously, which
is further supported by condensation of gaseous H,SO,4 formed by the oxidation of SO,
(Niemeier and Timmreck, 2015). In contrast, a direct injection of HoSO4 results in
the rapid initial formation of AS-SOy4 particles within the aircraft plume, which is why
it was modeled as a direct injection of AS-SO, particles (see Section 3.2). However,
NS-SO,4 and KS-SO, particles have no artificial sources, which is why their particle
number is very low for all injections of HySO,, independent of the injection strategy
and the injection rate (Fig. 4.3). Therefore, most sulfate particles have approximately

the same size, and particle growth by coagulation is weak. Accordingly, the initial
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Figure 4.2: Global artificial sulfate burden Mgo4 (a) and global mean TOA all-sky net
forcing ARpoa exerted by artificial sulfate aerosols (b) as a function of injection rate.
Within (b) the dashed black line marks ARroa = —4 W m ™2, which would be the negative
forcing necessary to reduce the ScenarioMIP Tierl high forcing scenario SSP5-8.5 to the
corresponding Tierl medium forcing scenario SSP2-4.5 (O’Neill et al., 2016).

AS-SO, particles hardly grow in size, which is why they are on average smaller than
for an injection of SO,.

As a direct consequence of the significantly higher global sulfate burden, also the
radiative forcing is significantly stronger for an injection of H,SO,4 than for the corre-
sponding injection of SO, for all tested injection strategies and rates. This is clearly
indicated by the global mean TOA all-sky net forcing A Rroa exerted by the artificial
stratospheric sulfate aerosols (Fig. 4.2b). Consequently, counteracting a given GHG
radiative forcing by an injection of SO, requires the injection of a significantly larger
mass of sulfur than the injection of HySO, when using the same injection strategy.
This gets very obvious for the GeoMIP6 experiment G6sulfur (Kravitz et al., 2015),
which proposes to reduce the ScenarioMIP Tierl high forcing scenario SSP5-8.5 to
the corresponding Tierl medium forcing scenario SSP2-4.5 by applying SAM. This
would imply to counteract a forcing of 4.0 Wm=2 (O’Neill et al., 2016). To coun-
teract a forcing of 4.0 Wm™2 by an injection of SO,, the injection rate has to be
clearly larger than 25 Tg(S) yr~! for all tested injection strategies (Fig. 4.2b). For an

1 .
, 1.e.

injection of HySOy the injection rate has to be only slightly above 10 Tg(S) yr™
at maximum 12.5 Tg(S) yr~! for the 2point injection. This corresponds to a reduction
of the injection rate by clearly more than 50 %.

The maximum ARroa achieved in the performed experiments is -10.94 Wm~2 for a
point injection of 25 Tg(S) yr~! in the form of HySO,. The injection rate, which would
be necessary to achieve the same A Rroa by a point injection of SOq, can be calculated

using the exponential function given in Eq.1 of Niemeier and Timmreck (2015).
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Figure 4.3: Global mean sulfate aerosol size distributions at 62.32 hPa, which is the central
level of the injection layer, for the point injections (top), the region injections (center),
and the 2point injections (bottom). Subfigures in the right panel are a closeup of the
corresponding subfigures in the left panel, which focus on AS-SO4 and CS-SOy4. The grey
bar marks the size range in which the backscattering efficiency of an aerosol particle with a
respective wet radius is at least 70 % (i.e. 0.12 pm—0.40 pm) of its maximum value following
Dykema et al. (2016). The maximum value is achieved for aerosols with a wet radius of

0.30 pmm (Dykema et al., 2016), which is marked by a thick solid black line.
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Figure 4.4: Vertical profile of global mean sedimentation velocity vy of CS-SO4 particles
for all tested injection strategies and all tested injection rates. The grey bar marks the

injection layer.

In their model setup, ARrox = —10.94 Wm™2 corresponds to a point injection of
182Tg(S) yr~! in the form of SO,, which is a more than seven-fold increase of the
injection rate. An overview of the absolute numeric values of A Rroa for all performed
experiments is listed in Table 4.2.

Besides the higher global sulfate burden, also the on average smaller sulfate particles
itself are a major reason for the significantly stronger ARrpoa when injecting Ho SO,
instead of SO5. This is shown by the sulfate aerosol size distributions in Figure 4.3
as well, which indicate that for an injection of H,SO4 the majority of the CS-SOy4
particles has a radius near ~ 0.3pm. According to Dykema et al. (2016), sulfate
particles with a radius of ~ 0.3um have a maximal backscattering efficiency for
incoming SW radiation (black solid line in Fig. 4.3). Particles with a radius between
~ 0.12pm and ~ 0.4pm have a backscattering efficiency of at least 70% of the
maximal value (grey bar in Fig. 4.3). However, for an injection of SO, the majority
of the CS-SO,4 particles has a larger radius than 0.4 pum, independent of injection
rate and injection strategy. Therefore, they are too large for efficient backscattering.
Consequently, the backscattering process itself is clearly more efficient for an injection

of HySO, than for an injection of SO,.

4.2 Impact of injection rate

The impact of an increasing injection rate onto the sulfate aerosol size distribution,
onto the global sulfate burden as well as onto the aerosol-induced radiative forcing

has been already investigated for an injection of SOs in several studies, for example
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Table 4.2: Global mean TOA all-sky net forcing ARpoa exerted by artificial sulfate
aerosols for all SAM experiments. The Y in the experiment name is a placeholder for the
injection species. Column 2 and 3 show ARtoa in Wm™2 for the respective injection

species.

Experiment AR10a(SO2) (Wm™2)  ARtoa(H2SO4) (Wm™2?)

point-Y-5 -1.18 -2.12
point-Y-10 -1.93 -4.26
point-Y-25 -3.69 -10.94
2point-Y-5 -1.10 -1.65
2point-Y-10 -1.82 -3.22
2point-Y-25 -3.99 -7.92
region-Y-5 -0.86 -1.86
region-Y-10 -1.40 -3.78
region-Y-25 -2.56 -9.38

Heckendorn et al. (2009), Niemeier et al. (2011), English et al. (2012), or Niemeier
and Timmreck (2015). It has been found that with increasing injection rate the
sulfate particles get on average larger, which reduces their global lifetime as well
as their backscattering efficiency. This is due to the fact that for an injection of
SO, an increase of the injection rate simply increases the availability of NS-SO, and
KS-SO, particles in the vicinity and downwind of the injection area. Consequently,
more sulfate mass is able to coagulate onto the large background particles, which
makes them to grow on average larger than for lower injection rates. The same holds
true for the condensation of gaseous HoSO,4 onto sulfate aerosols: A higher injection
rate enhances the availability of HySO,, which results in stronger condensation onto

pre-existing larger particles.

These characteristics of an injection of SO, were clearly confirmed within this study.
As indicated by the sulfate aerosol size distribution, for an injection of SO, an in-
crease of the injection rate results in a significant increase of both the CS-SO, radii
and the CS-SO4 number (Fig. 4.3). This is independent of the injection strategy.
Concurrently, the particle radii and number of the other three modes are nearly inde-
pendent of the injection rate (note the logarithmic scaling within Figure 4.3), which
indicates that the additional sulfur mass more or less only accumulates in CS-SOy,
particles. Accordingly, for an increasing injection rate also the sedimentation veloc-
ity v; clearly decreases — indicating stronger sedimentation — throughout the whole
middle stratosphere when injecting SOy (Fig. 4.4). This decrease is independent of

the injection strategy.
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Figure 4.5: Global artificial sulfate lifetime 7504 (a) and global mean TOA all-sky net
forcing efficiency I'toa of the artificial sulfate aerosols (b) as a function of injection rate.

The forcing efficiency can be interpreted as forcing per injection rate.

However, as shown in Figure 4.5a, the strengthening of sedimentation due to an
increase of the injection rate does not cause a significant reduction of the global
stratospheric sulfate lifetime, which would be expectable. When injecting SO,, the
sulfate lifetime stays rather constant with increasing injection rate for all injection
strategies. This apparent contradiction is caused by changes in the strength of tropical
upwelling due to the aerosol-induced stratospheric heating, which is discussed in detail

in Section 5.4.

As already mentioned in Section 4.1, the backscattering efficiency of sulfate particles
decreases with increasing particle size when exceeding the optimum particle radius of
~ 0.3 pm (Dykema et al., 2016). For an injection of SOy the CS-SO4 number and radii
increase with injection rate, while the AS-SO4 number and radii stay approximately
constant. Consequently, the mass fraction of particles within the size range of most
efficient backscattering (i.e. 0.12 pm - 0.4 pm) decreases with increasing injection rate
(Fig. 4.3). Accordingly, for an injection of SO5 also the global mean TOA all-sky net
forcing efficiency I'roa of the artificial sulfate aerosols — from now on simply termed
forcing efficiency — reduces with injection rate (Fig. 4.5b). The forcing efficiency is

the ratio of the TOA all-sky net forcing ARroa to the injection rate M:

ARroa

Froa = (4.1)
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Note, that within this study a decrease or a reduction of the forcing efficiency I'roa
means that it is getting closer to I'mox = 0 W m ™2 (Tg(S) yr—!)~!, regardless of sign.
As shown by Figure 4.5b, the decrease of the forcing efficiency with injection rate is
further independent of the injection strategy. This is in accordance with the afore-
mentioned studies and causes the exponential-like decay of ARroa with injection
rate (Fig. 4.2D).

In contrast, for an injection of HySO, the absolute values of the forcing efficiency
are significantly higher (i.e. more negative) than for an injection of SO, (Fig. 4.5b).
This is a direct consequence of the significantly stronger ARrtoa achieved for an
injection of HySO,4. Furthermore, the slope of the forcing efficiency with increasing
injection rate is fundamentally different between both injection species. As visible in
Figure 4.5 b, the achieved forcing efficiency is nearly independent of injection rate for
an injection of HySO4. This is explained by the fact, that for an injection of HySOy4
the particle size of the sulfate aerosols does on average not increase with injection
rate. Accordingly, for an injection of HoSO,4 an increase of the injection rate only
increases the number of the AS-SO4 and CS-SO, particles but on average not their
radii (Fig. 4.3). Therefore, for all injection strategies the relative size distribution of
the sulfate aerosols is independent of the injection rate. Since the majority of the
CS-SO,4 particles have a size within the size range of most efficient backscattering
(i.e. 0.12pm - 0.4m), also the overall backscattering properties are independent of
the injection rate for an injection of HySO4. This results in a nearly constant forcing

efficiency.

Microphysically, the independence of the average size of AS-SO, and CS-SO,4 particles
from the injection rate is explained by the fact, that the AS-SO, particles, which
initially form after an injection of HoSOy, have all approximately the same size. They
also have nearly the same size as the the pre-existing sulfate particles in the aerosol
layer. Therefore, an increase of the injection rate only results in an increase of the
amount of same-sized particles, which, however, does not cause a significant increase
of coagulation. Hence, the relative sulfate aerosol size distribution stays constant
with increasing injection rate.

As an important consequence, A Rtos depends on the injection rate approximately
linearly for an injection of HySO4 but not for an injection of SO,. Accordingly,
increasing the injection rate by a factor of 5 from 5Tg(S) yr=! to 25 Tg(S) yr~! yields
a strengthening of ARtoa by a factor of approximately 5 for the HySO, injections,
but only by a factor of around 3 for the SO, injections (Fig. 4.2b).

When splitting up the forcing efficiency in its SW part (I'roa,sw) and its LW part
(I'toa, 1w ), further differences between an injection of SO9 and HoSO, are identifiable

(Fig. 4.6). As already demonstrated by Niemeier and Timmreck (2015), for an injec-
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tion of SOy the reduction of the SW forcing efficiency with injection rate is clearly
caused by its SW part due to less efficient backscattering for increasing particle size.
In contrast, the LW forcing efficiency is approximately independent of injection rate
for an injection of SO and has a value of ~ 0.1 Wm ™2 (Tg(S) yr~!)~* for all injection
strategies. This is a consequence of the fact, that the absorptivity of sulfate for IR
radiation is nearly independent of the aerosol size. According to the Lambert-Beer
law (Beer, 1852), it does rather depend on the absolute stratospheric sulfate burden.
Since the global sulfate burden increases approximately linearly for an injection of
SO, (Fig. 4.2a), also the global mean TOA LW forcing ARroa, 1w exerted by arti-
ficial sulfate aerosols increases approximately linearly with increasing injection rate.

This explains the independence of the LW forcing efficiency from the injection rate.

For an injection of HySO,4 the global sulfate burden increases superlinearly with injec-
tion rate (Fig. 4.2a). Consequently, the LW forcing efficiency slightly increases with
increasing injection rate as well, for all three injection strategies (Fig. 4.6). More-
over, also the SW forcing efficiency slightly increases with increasing injection rate
(i.e. gets more negative). This results out of the fact that for an injection of HySO,
the backscattering properties of the sulfate aerosol population are on average nearly
independent of injection rate. Consequently, the global mean TOA SW radiative
forcing ARroa, sw exerted by artificial sulfate aerosols only depends on the total
number of sulfate particles. Therefore, the SW forcing scales linearly with the global
sulfate burden for an injection of H,SO,4. Since the global sulfate burden increases
superlinearly with injection rate, also the SW forcing gets slightly more efficient with

injection rate.

When summed up, the slight increase of both the SW forcing efficiency and the
LW forcing efficiency approximately cancel out each other for an injection of HySOj,.
Therefore, the net forcing efficiency I'toa is nearly independent of injection rate for

all three injection strategies as already discussed.

While the TOA net forcing is important to describe the forcing exerted onto the
whole Earth system, many processes or quantities within the climate system, for
example evaporation or the global mean temperature in the reference height of 2m,
depend on the net forcing at Earth’s surface (SFC). Figure 4.7 shows the according
global mean SFC all-sky net forcing efficiency I'spc of artificial sulfate aerosols. It
is visible that the SFC net forcing efficiency is higher (i.e. more negative) than the
TOA net forcing efficiency (Fig 4.6 b) of the corresponding injection scenario. The
difference between the TOA net forcing efficiency and the SFC net forcing efficiency
corresponds to the TOA LW forcing efficiency. This is explained by the fact, that
the absorption of OLR and incoming NIR radiation takes place within the sulfate

aerosol layer, which is located in the lower stratosphere. Therefore, the LW forcing
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Figure 4.7: Global mean SFC all-sky net forcing efficiency I'ar, src of artificial sulfate

aerosols as a function of injection rate.

of the sulfate aerosols only impacts the net forcing above the sulfate aerosol layer,
i.e. at TOA, significantly. For the global mean SFC all-sky net forcing ARgpc the
LW part is nearly neglectable. Consequently, the SFC LW forcing efficiency has a
value of ~ 0.0l Wm™2(Tg(S)yr~')~! for all injection rates and strategies, which
is approximately ten times smaller than the respective TOA LW forcing efficiency.
Accordingly, the global mean SFC net forcing efficiency can be approximated by its
SW part. This has an important implication for an injection of H,SO4. Due to the
lack of a LW forcing, the SFC net forcing efficiency increases (i.e. gets more negative)
with injection rate for all injection strategies (Fig 4.7). In contrast, the TOA net
forcing efficiency was found to be approximately independent of injection strategy

since increases of the SW and LW forcing efficiencies cancel out each other.

It was shown that for an injection of H,SO4 both the TOA SW and the TOA LW
forcing scale linearly with the global sulfate burden, which increases superlinearly
with injection rate (Fig. 4.2a). A superlinear increase of the global sulfate burden is
equivalent with an increase of the global sulfate lifetime. Accordingly, for an injection
of HySO, an increase of the injection rate from 5 Tg(S) yr~! to 25 Tg(S) yr~! results in
an increase of the global sulfate lifetime by 0.41yr, 0.20 yr, and 0.23 yr for the point,
2point, and region injections, respectively. In the first place, this increase of the
global sulfate lifetime with injection rate does not fit to the observed characteristics
of the sedimentation velocity v, which was found to stay constant with injection rate
for an injection of HySO,4 (Fig. 4.4). Therefore, one would initially expect the global
sulfate lifetime to be independent of injection rate as well. However, the reason for
this apparent contradiction are again dynamical feedback processes, on which details

can be found in Section 5.4.
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4.3 Impact of injection strategy

So far, the basic qualitative characteristics of an injection of SO, and an injection
of HySO, as well as their differences have been found to be rather independent of
the injection strategy. The injection strategy only seems to have an impact on the
absolute values of the global artificial sulfate burden and global mean TOA all-sky net
forcing. However, this impact can be quite substantial as visible in Figure 4.2. For
instance, for an injection of HySO, with an injection rate of 25 Tg(S) yr~!, the global
sulfate burden is higher by ~ 10Tg(S) for the point injection than for the 2point
injection. This results in an ~ 3Wm™2 or 38.1% stronger global mean forcing.
When injecting SO, with an injection rate of 25 Tg(S)yr—!, the global mean forcing
is even 44.1 % stronger for a point injection than for a region injection. Furthermore,
the injection strategy also impacts the meridional distribution of the sulfate aerosols
significantly. Therefore, within this section the impact of the injection strategy will

be investigated in more detail.

For an injection of SO, the huge impact of the injection strategy can be partly at-
tributed to differences in microphysical processes. For example, Niemeier and Timm-
reck (2015) found that an injection into a zonally extended area causes the sulfate
particles to grow on average larger than for a point-like injection into a single grid
box. They attribute this feature to the greater availability of NS-SO, and KS-SO4
particles when injecting into an extended area instead of into a single grid box. Since
small NS-SO,4 and KS-SO, particles mainly occur in the injection area and downwind
of it, also significant particle growth by coagulation with the globally dispersed coarse
particles mainly occurs in this region. However, when injecting into an extended area
also small NS-SO, and KS-SO, particles are available in a larger region, which leads
to stronger coagulation and larger particles (Niemeier and Timmreck, 2015). Also
in the simulations of this study, the region injections result in the on average largest
sulfate particles for an injection of SO,, as visible in Figure 4.8. For all injection rates,
the number median radius of the CS-SO, particles is largest for a region injection of
SO, compared to the respective point and 2point injections. Consequently, also the
sedimentation of the CS-SO, particles is strongest for the region injection strategy.
This causes the lower global sulfate burden compared to the other injection strategies
(Fig. 4.2a).

Additionally, for an injection of SO, the resulting CS-SO, particles have worse backscat-
tering properties when injected into a region as compared to the other injection strate-
gies (Fig. 4.8). This explains — together with the lower global sulfate burden — the

lower forcing efficiency compared to the other injection strategies (Fig. 4.5b).
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Figure 4.8: Global mean sulfate aerosol size distributions at 62.32 hPa, which is the cen-
tral level of the injection layer, for an injection rate of 5Tg(S) yr! (top), 10Tg(S) yr!
(center), and 25 Tg(S)yr ' (bottom). Subfigures in the right panel are a closeup of the
corresponding subfigures in the left panel, which focus on AS-SO4 and CS-SO, particles.
The grey bar marks the size range in which the backscattering efficiency of an aerosol par-
ticle with a respective wet radius is at least 70% (i.e. 0.12pm—0.40 pm) of its maximum
value following Dykema et al. (2016). The maximum value is achieved for aerosols with a
wet radius of 0.30 pm (Dykema et al., 2016), which is marked by a thick solid black line.

The data presented in this figure is the same as Figure 4.3, but rearranged.
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Compared to the point and the region injections, the 2point injections of SOy re-
sult in the on average smallest CS-SO, particles, which is shown in Figure 4.8. It is
clearly visible, that the resulting sulfate aerosol population shows better backscat-
tering properties. Consequently, despite a lower global sulfate burden compared to
the point injections, the 2point injections achieve nearly the same global mean forc-
ing for all injection rates, as shown in Figure 4.2. The small CS-SO, particle size
for the 2point injections of SO is a consequence of the point-like injection strategy,
which reduces coagulation significantly compared to the region injections. Further-
more, the injection rate at each of the two injection points is only half as high as
for the single injection point in the point injection, which reduces the concentration
of small NS-SO, and KS-SO, particles downwind of the injection area. Therefore,
coagulation is weaker compared to the point injection, which results in on average
smaller particles. However, the poleward transport and the sedimentation of the sul-
fate aerosols is stronger for the 2point injections compared to the point injections due
to the extratropical injection locations of the 2point injection strategy. Accordingly,
the stratospheric sulfate lifetime for the 2point injections is shorter than for the point
injections, despite the on average smaller sulfate particles (Fig. 4.5a). This explains

the lower global sulfate burden compared to the point injections.

In contrast to an injection of SO,, for an injection of HySO, the average particle size
of the AS-SO,4 and CS-SO4 particles is rather independent of the injection strategy
for all tested injection rates (Fig. 4.8). This can again be attributed to the approx-
imately uniform size of the initial AS-SO, particles, which form rapidly out of the
injected HySO,4 within the aircraft plume. The nearly uniform size effectively prevents
any significant coagulation for all tested injection strategies. However, when looking
at Figure 4.8 in detail, one can see that the point injections result in slightly more
CS-SO4 and less AS-SO, particles than the region injections. This can be explained
by the higher number concentration of AS-SO, within the injection area when inject-
ing at a single point compared to when injecting into an extended area. A higher
number concentration of AS-SO, increases the collision probability of two particles
and, consequently, also the probability of self-coagulation. Nevertheless, compared
to an injection of SO,, the microphysical differences between the injection strategies

are neglectable for an injection of HySOy.

As a consequence, the backscattering properties of the sulfate aerosol size distribution
are rather independent of the injection strategy for an injection of H,SO,. Therefore,
the achieved global mean radiative forcing of an injection primarily depends on the
global sulfate burden. This gets very obvious in Figure 4.8: For a given injection rate,
the point injections of HoSO, result in the highest global sulfate burden as well as

the strongest global mean radiative forcing. On the other hand, the 2point injections
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result in the lowest global sulfate burden as well as the lowest global mean radiative
forcing.

Obviously, for an injection of HySOy, aerosol microphysical processes cannot account
for the observed substantial impact of the injection strategy onto the global sulfate
burden and the global mean radiative forcing. For an injection of SO, aerosol mi-
crophysical processes can only partly explain the observed huge differences between
the injection strategies. Consequently, the strong dependency of the global sulfate
burden and the global mean radiative forcing on the injection strategy can only be
explained by differences in the poleward transport of sulfate aerosols. Since sedi-
mentation and aerosol deposition processes are weak within the tropics compared to
the extratropics and polar regions, the strength of the poleward transport of sulfate
aerosols is crucial for the stratospheric lifetime of sulfate aerosols. It significantly
depends on the injection strategy via the position of the injection locations relative
to the subtropical transport barriers (Niemeier and Timmreck, 2015; Niemeier and
Schmidt, 2017; Tilmes et al., 2017).

The effect of the subtropical transport barriers gets clearly visible in Figure 4.9,
which shows the zonally averaged distribution of the sulfate burden (Fig. 4.9a) and
the TOA net radiative forcing (Fig. 4.9b). The zonally averaged distribution of the
sulfate burden shows a clear dependence on the injection strategy, while being nearly
independent of injection species and rate. For the point injections, the meridional
distribution of sulfate aerosols is characterized by a clear maximum at the equator be-
cause the injection point is located directly within the tropical pipe. Since the tropical
pipe is bounded by strong subtropical transport barriers, the meridional transport of
artificial sulfate aerosols out of the tropical pipe towards the extratropics is strongly
inhibited. This causes the strong tropical confinement of the sulfate particles, which
is clearly visible in Figure 4.9 a. The tropical confinement is further enhanced by the
general tropical upwelling of the BDC, which counteracts sedimentation. As a con-
sequence, for both injection species the point injections result in a low extratropical
(i.e. poleward of approximately 30°N and 30°S) sulfate burden (Fig. 4.9a). How-
ever, the tropical confinement is slightly stronger for an injection of HoSO, than for
an injection of SO,. This is caused by dynamical feedback processes, for which de-
tails can be found in Section 5.4. The strong tropical confinement of sulfate particles
significantly enhances their global stratospheric lifetime (Fig. 4.5a). Therefore, for
both injection species the point injections result in the highest global sulfate burden

(Fig. 4.2a) as well as the highest global mean forcing efficiency (Fig. 4.5b).

For the region injections, a significant part of the injection area is located outside of
the tropical pipe and, hence, poleward of the subtropical transport barriers, which

are located at approximately 10°S and 10° N. Therefore, the tropical sulfate burden



4.3 Impact of injection strategy

39

25 } } } :

—— point-s02-5

—— 2point-s02-5

region-so2-5
===- point-so4-5
===- 2point-so4-5

===- region-so4-5

Eq 30°N  60°N  90°N
Latitude

[\) W =
< < <

Burden (mg (S) m~2)

—_
o

— point-s02-10
—— 2point-s02-10
— region-s02-10 T

; Vo point-so4-10
I\ —==- 2point-s04-10
\ === region-sod-10 |

Eq 30°N  60°N  90°N
Latitude

B

-2

—— point-s02-25

— 2point-s02-25

— region-s02-25
N\ ===- point-sod-25
===- 2point-s04-25
=== region-so4-25

TOA net forcing (Wm™?)

TOA net forcing (Wm~2)

Burden (mg (S

85 60’ 30°S

(a) Msoa

30°N  60°N  90°N

TOA net forcing (Wm™2)

_34 — point-s02-5

—— 2point-s02-5

region-so2-5

;  ===- point-sod-5 |
I

I —==- 2point-so4-H
===- region-so4-5

—4 y }
90°S  60°S  30°S

Eq 30°N 60°N 90°N

Latitude

—G+ — Dpoint-s02-10

region-so2-10

— 2point-s02-10

/'I ===- point-so4-10 1
—==- 2point-so4-10
===- region-so4-10

~S0°s 60’ oS

Eq 30°N 60°N 90°N

Latitude
5 + t t t t
25 Tg(S)
0
;:Q:“
5EY At
1 -~ =7
L) Y /7 )
\\\\ ey =,/ 1
1> -
S RS
~10t Nl P T
~ \:\ 1 I’
\ s
]
. \ I .
—15+ point-s02-25 1\ F==- point-s04-25
. \ " .
—— 2point-s02-25 1 / ---- 2point-sod-25
. 7 .
region-so2-25 < ==-=- region-so4-25

-2 } }
80"8 60°S  30°S

Eq 30°N 60°N  90°N

Latitude

(b) ARTOA

Figure 4.9: Zonal mean artificial sulfate burden Mgo4 (a) and zonal mean TOA all-sky net
forcing ARToa exerted by artificial sulfate aerosols (b) for an injection rate of 5 Tg(S) yr~
(top), 10 Tg(S) yr ' (center), and 25 Tg(S) yr ' (bottom). Note the different scaling on

the y-axes.
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is significantly lower for the regional injections than for the point injections. For
both injection species the zonally averaged distribution of sulfate aerosols reveals
only a slight local maximum at the equator, as visible in Figure 4.9 (a). Furthermore,
sulfur which is injected outside the tropical pipe and into the surf zone is transported
rapidly towards higher latitudes. Consequently, for the region injections one would
expect a higher extratropical sulfate burden than for the point injections. However,
this is only the case for an injection of H,SO4 with an injection rate of 5 Tg(S)yr—?
and 10 Tg(S) yr~!. For the region injections of SO, the extratropical sulfate burden
is rather low and approximately as high as for the respective point injection. This
can be attributed to the on average larger particles, which form during a region
injection compared to a point injection (Fig. 4.8) and have a shorter stratospheric

sulfate lifetime.

To conclude, the global stratospheric sulfate lifetime is clearly reduced due to partly
injecting outside of the tropical pipe and the accompanied stronger poleward trans-
port of the sulfate particles (Fig. 4.5a). Therefore, for both injection species the
global sulfate burden as well as the global mean radiative forcing are lower for a
region injection than for a respective point injection (Fig. 4.2a).

Furthermore, for the point as well as the region injections the zonally averaged dis-
tribution of sulfate aerosols exhibits a clear local minimum located approximately
at 25°S and 25° N (Fig. 4.9a). This minimum is explained by the strong poleward
isentropic mixing within the stratospheric surf zone, which is located at this latitudes.
Within the 2point injection strategy, the injection points are located at 30° N and
30°S and, hence, directly within the surf zone. Therefore, the majority of the injected
sulfur is rapidly transported polewards. Consequently, the 2point injections reveal
the highest extratropical as well as the lowest tropical sulfate burden of all three
tested injection strategies (Fig. 4.9a). Furthermore, the strong poleward transport
of the majority of injected sulfur reduces its global stratospheric lifetime significantly
(Fig. 4.5a). Therefore, for an injection of HySO, the 2point injections exhibit the
shortest global sulfate lifetime of all three injection strategies and, consequently, the
lowest global sulfate burden. For an injection of SOs, the global sulfate lifetime
is slightly longer for the 2point injections than for the region injections, despite a
stronger poleward transport of the sulfate aerosols. This can be attributed to the
smaller sulfate particles, which result out of the point-like injection strategy of the
2point injections.

For all three injection strategies and independent of injection species and rate, the
zonally averaged distribution of the sulfate aerosols exhibits a local maximum located
at approximately 50°S and 50° N. This local maximum is especially pronounced in

the southern hemisphere and is caused by the winter polar vortex, which forms a
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meridional transport barrier and prevents a farther poleward transport of the sulfate
aerosols. Therefore, the particles accumulate slightly equatorward of the winter polar
vortex.

Since the TOA radiative forcing depends strongly on the sulfate burden, also the zonal
mean TOA radiative forcing exhibits significant meridional differences (Fig. 4.9b).
Especially within the tropics the exerted radiative forcing strongly depends on the
injection strategy. The point injections result in the strongest radiative forcing within
the tropics for both injection species as well as for all tested injection rates. This
would potentially lead to an overcooling of the tropics compared to the extratropics.
The tropical overcooling would be stronger for an injection of HySO, than for a
respective injection of SOs: For an injection of HySO, the radiative forcing at the
equator is approximately twice as strong as the radiative forcing in the midlatitudes
(i.e. 45° S and 45° N), while for an injection of SO it is only about 50 % stronger than
at the equator. The stronger tropical overcooling for an injection of HySO, conforms
to the stronger tropical confinement of sulfate particles.

For all three injection rates, the 2point injections clearly exhibit the weakest tropical
forcing of all three injection strategies. It is clearly weaker than the extratropical
forcing for both injection species, which would lead to a significant tropical under-
cooling. The region injections exhibit the meridionally most uniform radiative forcing
of all three injection strategies. For both injection species, the difference between the
tropical and the extratropical forcing is small, which would result in a meridionally
uniform cooling. Within the extratropics, the differences of the radiative forcing
between all three injection strategies are relatively weak.

However, the local maxima of the sulfate burden at approximately 50°S and 50° N,
which are associated with the winter polar vortex, as well as the local minima of
the sulfate burden at approximately 30°S and 30° N, which are associated with the
strong meridional transport of the surf zone, are not existent in the zonally averaged
distribution of the TOA radiative forcing. This can be attributed to the decrease
of incoming SW radiation towards the poles, which compensates for the observed
differences of the sulfate burden. Consequently, the resulting radiative forcing is
meridionally rather uniform between 30°S and 60° S as well as 30° N and 60° N.
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5 Comparison of the Stratospheric
Warming and the Induced Dynam-
ical Feedback

Radiative heating of the tropical lower stratosphere is a well-known adverse side ef-
fect of SAM, which has been observed in multiple studies, for example Heckendorn
et al. (2009) or Ferraro et al. (2011). It is caused by the absorption of both OLR
and incoming NIR radiation by the stratospheric sulfate aerosols. The accompanied
positive temperature anomaly of the lower stratosphere modifies the BDC as well as
the QBO (Aquila et al., 2014). The modified transport patterns then may change the
distribution of the sulfate aerosols as well as their microphysical properties. This dy-
namical feedback has been investigated for example by Niemeier and Schmidt (2017).
However, so far almost all studies investigating these adverse side effects of SAM
have focused on an injection of SO5. Therefore, within this section, the stratospheric
heating and following dynamical changes are compared between an injection of SO,

and HySOy.

5.1 Modification of the stratospheric temperature

In contrast to scattering, the absorption of radiation is rather independent of the
sulfate particle size, since it depends on the molecular structure of the sulfate ion. For
that reason, the absorption of OLR and incoming NIR radiation by sulfate particles
in a given height can be assumed to depend purely on the sulfate concentration in
that height. This can be clearly seen in Figure 5.1, which shows the zonal mean
net heating rate 9T /0t, from now on termed T, and the zonal mean sulfate mass
mixing ratio mgos for the injections with an injection rate of 10 Tg(S)yr—!: The
heating of the stratosphere due to the absorption of OLR and NIR radiation and
the sulfate load clearly coincide with each other with regard to their meridional and
vertical extent as well as their strength. Accordingly, a higher sulfate load at a
given location clearly results in a stronger heating anomaly at that location. For
a higher vertical extent of the sulfate layer, like for point-so4-10, the stratospheric
heating anomaly extends higher up. It is clearly discernible, that the heating of the
lower stratosphere itself is in principle independent of the injection species. However,
since an injection of HoSO, results in a higher sulfate load, the stratospheric heating

anomaly is stronger for an injection of HySO,4 than for a respective injection of SOs.
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Figure 5.1: Vertical profile of the zonal mean net heating rate T; for injections with an

—1. Black contour lines indicate the zonal mean sulfate mass

with a contour interval of 10 pgkg—!.

injection rate of 10 Tg(S) yr

mixing ratio mgo4 in pgkg! The respective plots
for the injections with an injection rate of 5Tg(S)yr=! and 25 Tg(S) yr~! can be found in

appendix Al.
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jections with an injection rate of 10 Tg(S)yr~!. Stippling indicates areas for which AT is
not significant at the 95 % level in a student’s ¢-test. Black contour lines show the anomaly
of the residual mass stream function (Ax*) in kgs™! with contour intervals increasing by
powers of two. The thick solid line denotes Ax* = Okgs™!. Solid lines indicate a clock-
wise circulation anomaly, dashed lines indicate an anticlockwise circulation anomaly. The
respective plots for the injections with an injection rate of 5 Tg(S)yr—! and 25 Tg(S) yr—*

can be found in appendix A2.
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The meridional structure of the stratospheric heating anomaly clearly depends on
the injection strategy due to its dependence on the location and concentration of the
stratospheric sulfate layer (Sec. 4.3). The point injections result in a strong heating
anomaly, which is clearly confined to the tropical lower stratosphere. For the region
injections, the strongest heating anomaly is located in the tropical lower stratosphere,
as well, but less confined and weaker than for the point injections. For the 2point

injections, the strongest heating anomalies are located in the subtropics at approx.

30° N and 30°S.

The aerosol-induced heating causes a warming of the lower stratosphere. Thereby,
the location and strength of the lower stratospheric warming basically follows the
location and strength of the stratospheric heating anomaly, which is clearly visible
in Figure 5.2. Accordingly, also the warming of the lower stratosphere is slightly
stronger for an injection of HySO, than for a respective injection of SOs, but does in
principle not depend on the injection species. When comparing the different injection
strategies, the zonal mean temperature anomaly AT exhibits the same differences as
the zonal mean heating rate. The point injections result in a very strong warming
of the lower tropical stratosphere with the highest temperature anomalies directly
located at the equator. The region and 2point injections lead to a meridionally more
uniform warming of the lower stratosphere between approx. 30° N and 30°S. Based
on a student’s t-test, the warming of the lower tropical and subtropical stratosphere
is significant at the 95 % level for all three injection strategies and for both injection

species.

For the injections with an injection rate of 5 Tg(S) yr~! and 25 Tg(S) yr~! the heating
and the warming of the lower stratosphere exhibit basically the same characteristics
as for the injections with an injection rate of 10Tg(S)yr~!, which were discussed
in this section. However, since the strength of the stratospheric heating anomaly
strongly depends on the stratospheric sulfate mass mixing ratio, it also significantly
depends on the injection rate. Therefore, for both injection species and all injection
strategies, an injection with an injection rate of 5 Tg(S) yr~! results in a clearly weaker
warming than an injection with an injection rate of 10 Tg(S) yr~!. An injection with
an injection rate of 25 Tg(S) yr~! results in a significantly stronger warming than an

1

injection with an injection rate of 10 Tg(S)yr~'. The respective plots of the zonal

mean net heating rate (Fig. 5.1) and the zonal mean temperature anomaly (Fig. 5.2)

1

for the injections with an injection rate of 5 Tg(S) yr~! and 25 Tg(S) yr~! can be found

in appendix Al and A2.
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5.2 Modification of the QBO

For an injection rate of 10 Tg(S) yr~!, the warming of the lower tropical stratosphere
causes a significant modification of the QBO for the point and the region injections,
which is clearly visible in Figure 5.3. For both point injections, the QBO is locked in a
constant westerly phase in the lower stratosphere after the first year of SAM. On top
of the constant westerlies, constant easterlies are prevalent in the upper stratosphere.
For point-so4-10, the westerlies extend up to approx. 10 hPa, while for point-so2-10
the westerlies extend only up to approx. 15 hPa. With values of the tropical mean (i.e.
5° N to 5°S) zonal wind Ug,.p of up to approx. 25ms™, the westerlies are also slightly
stronger for point-so4-10 than for point-so2-10, for which the maximum winds only
reach approx. 21 ms~!. This is in accordance with other studies, for example Aquila
et al. (2014), Niemeier and Schmidt (2017), or Richter et al. (2017), who observed a
significant prolongation of the QBO westerly phase depending on the injection rate,
and — for a sufficiently high injection rate — persistent westerlies within the lower

stratosphere.

For both region injections, the period of the QBO is significantly prolonged and
westerlies clearly dominate in the lower stratosphere. Furthermore, the modification
of the QBO is slightly stronger for an injection of HySO, than for an injection of
SO, for the region injections as well. However, in contrast to the point injections
of 10 Tg(S) yr~!, the QBO is not locked in a permanent westerly phase. This is in
agreement with Niemeier and Schmidt (2017), who showed that an injection of SO,
with an injection rate of 10 Tg(S) yr~! into a belt along the equator between 30° S and
30° N results in a weaker modification of the QBO than an equatorial point injection

of SO, with the same injection rate.

In contrast to the point and region injections, the QBO is basically not modified
for the 2point injections. For both injection species, the periodicity as well as the

strength of the QBO winds are not changed significantly compared to contr-000.

The respective Hovmgller diagrams of the QBO for the injections with an injection
rate of 5 Tg(S) yr~! and 25 Tg(S) yr~! can be found in appendix A3. For the injections
with an injection rate of 5 Tg(S) yr~!, the modifications of the QBO are weaker than
for the respective injections with an injection rate of 10 Tg(S) yr~!. Accordingly, the
QBO only breaks down in point-so4-5, where it is locked in a constant westerly phase
up to approx. 20 hPa. In the experiments region-so2-5, region-so4-5, and point-so2-5
the period of the QBO is prolonged but the tropical stratospheric winds remain in a
QBO-like pattern. In 2point-so2-5 and 2point-so4-5 the QBO is not modified. For
the injections with an injection rate of 25Tg(S) yr~!, the modifications of the QBO

are stronger than for the respective injections with an injection rate of 10 Tg(S) yr—1.
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the stratosphere during the study period of ten years for injections with an injection rate of
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In point-s02-25 and point-so4-25 the QBO is locked in a very strong westerly phase.
The QBO further breaks down in region-so2-25 and region-so4-25, which results in
constant westerlies within the lower stratosphere as well.

In 2point-s02-25 and 2point-so4-25 the QBO is not modified significantly, but, how-
ever, its easterly phase is slightly prolonged in the lower stratosphere, which is accom-
panied by slightly weaker westerlies in this region. Similar results have been found
by Tilmes et al. (2018) for a simultaneous injection of SO, at 15°S and 15° N. For
injection rates of 12 Tg(S)yr~! as well as 16 Tg(S)yr~!, they found slight easterly
anomalies of the zonal wind in the lower tropical stratosphere due to a slight prolon-
gation of the QBO easterly phase. Additionally, Richter et al. (2017) showed that
for subtropical single-point injections of 6 Tg(S) yr~! at 15°S, 15° N, 30° S, and 30° N
the QBO speeds up instead of slowing down.

Furthermore, the modification of the QBO is slightly stronger for an injection of
HySO4 than for the corresponding injection of SO, for all injection rates. This is
explained by the fact that for a given injection strategy and rate the stratospheric
warming is stronger for an injection of HySOy4 than for an injection of SOy (Sec. 5.1).
However, the principle response of the QBO to an aerosol-induced warming of the
lower tropical stratosphere is independent of the injection species, but does strongly

depend on the injection strategy.

5.2.1 Dynamic mechanisms of the modification of the QBO

The dynamic mechanisms which cause the observed modification and breakdown
of the QBO have been investigated by Aquila et al. (2014) for an equatorial point
injection of SO,. They assume that for equatorial point injections of SO, a disruption
of the thermal wind balance in the tropical stratosphere (Eq. 2.6) due to the aerosol-
induced warming is the main reason for a modification of the QBO. However, they
did not explicitly investigated the meridional gradient of the zonal mean temperature
OT /9y, from now on termed Ty, as well as the meridional curvature of the zonal mean
temperature 0°T /Oy?, from now on termed Tyy, in order to validate their assumption.
This is done for the simulations of this study, whereby the disruption of the thermal
wind balance in the tropical stratosphere due to the aerosol-induced warming is clearly
confirmed as the main reason for the observed modification of the QBO for all three
tested injection strategies.

For the point injections, the strong warming abates the usually positive poleward
meridional temperature gradient Ty within the lower tropical stratosphere signifi-
cantly, as shown for point-so4-10 in Figure 5.4 a (top). This is accompanied by a signif-
icant negative anomaly of the meridional temperature curvature Tyy (Fig. 5.4 b, top).

A region of negative Ty, anomalies is accompanied by stronger westerly wind shear
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Figure 5.4: Vertical profile of the anomaly of the meridional zonal mean temperature

gradient (ATy) (a), and the meridional zonal mean temperature curvature (ATyy) (b),
for injections with an injection rate of 10 Tg(S)yr~—!. Note that in (a), a positive AT}y in

the southern hemisphere is equivalent to a negative ATy in the northern hemisphere, both

indicating a weaker poleward gradient. Stippling indicates areas which are not significant
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denotes @ = 0ms~!. Solid lines denote a westerly anomaly, dashed lines denote an easterly

anomaly. Respective plots for the other injection scenarios can be found in appendix A4.
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according to Equation 2.6. For the point injections, the strongest negative anomaly of
Tyy within the tropics is centered in the injection layer around 60 hPa (Fig. 5.4 b, top).
Consequently, the injection layer must be accompanied by constant westerlies on top
of it in order to maintain thermal wind balance, which results in the observed constant
westerly QBO phase for point-so4-10. Accordingly, the maximum westerly anomaly
of the zonal mean zonal wind u within the tropics is located directly above the region
with westerly shear, where T, ~ 0Kkm~2 (Fig. 5.4 b, top).

Furthermore, the strength of the QBO modification was found to depend clearly on
the injection rate and the injection species for the point injections. For the point

injection of HoSO4 with an injection rate of 25 Tg(S) yr—*

, i.e. point-so4-25, the mod-
ification of the QBO was found to be stronger than for point-so4-10. This is ex-
plained by the stronger warming of the lower tropical stratosphere for point-so4-25
(Sec. 5.1), which also results in a stronger and vertically more extended negative
anomaly of the tropical (i.e. 5°S to 5° N) mean meridional temperature curvature
Ty trop (Fig. 5.5a,top). Consequently, also the westerly anomaly of the tropical (i.e.
5°S to 5° N) mean zonal wind %y, above the injection layer gets stronger and reaches
farther up for point-so4-25 (Fig. 5.5 b, top). On the other hand, for the point injection
of HySO, with an injection rate of 5 Tg(S) yr~!, i.e. point-so4-5, the modification of
the QBO was found to be weaker This is explained by the weaker warming of the
lower stratosphere for point-so4-5. Accordingly, the lower stratospheric anomaly of
Tyy7trop as well as the westerly anomaly of %, are clearly weaker than for point-so4-
10 (Fig. 5.5, top), which explains the weaker modification of the QBO. This is also
the explanation for the observed weaker modification of the QBO for a point injection
of SO, compared to a respective point injection of HoSO,. Since the stratospheric
warming is weaker for a point injection of SOy than for the according point injection
of HySOy, the lower stratospheric anomaly of Tyy,tmp and, accordingly, the westerly

anomaly of Ty, are weaker as well (Fig. 5.5, top).

For the region injections with an injection rate of 10 Tg(S) yr~!, i.e. region-s02-10 and
region-so4-10, the period of the QBO was found to be clearly prolonged, but it was not
locked in a permanent westerly phase like for the point injections of 10 Tg(S) yr~.
This is explained by the meridionally more uniform warming of the lower tropical
stratosphere for a region injection compared to a point injection, which is visible in
Figure 5.2. Therefore, the strongest modifications of Ty are located at approximately
30°N and 30°S, while its modifications within the deep tropics are not significant
(Fig. 5.4,center). Accordingly, also the negative anomaly of T, and — following
thermal wind balance (Eq. 2.6) — the induced anomaly of westerly shear is weak
near the equator. Consequently, the period of the QBO is prolonged in region-so2-10

and region-so4-10, but it is not locked in a permanent westerly phase. This is also
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indicated by the anomaly of %, which is only slightly positive with values of up to
U~ +3ms~! between 30 hPa and 40 hPa (Fig. 5.5, center).

For the region injections, the modification of the QBO has been found to depend
on the injection rate and the injection species as well, which becomes clearly ap-
parent in Figure 5.5b (center). For an injection rate of 25Tg(S)yr™!, the observed
breakdown of the QBO is indicated by significant westerly anomalies of o, of ap-
proximately +10ms™!, which are slightly stronger and vertically more extended for
an injection of H,SO,4 than for an injection of SO,. This is explained by the fact that
for region-so2-25 and region-so4-25 the strong modification of Ty at approximately
30°S and 30°N reaches far into the deep tropics due to the very strong aerosol-
induced warming. Therefore, a significant negative anomaly of Tyy emerges at the
equator (Fig. 5.5 a, center), which results in the observed breakdown of the QBO. For
region-so2-5 and region-so4-5, Ty% trop 'emains nearly unchanged within the tropics
(Fig. 5.5 a, center) and, therefore, the westerly anomaly of w4y, within the lower trop-
ical stratosphere is only small (Fig. 5.5 b, center). Accordingly, also the period of the
QBO has been found to be only weakly prolonged for region-so2-5 and region-so4-5
(Fig. A.7, Fig. A.8).

For the 2point injections with an injection rate of 10 Tg(S) yr™*

, 1.e. 2point-s02-10
and 2point-so4-10, the QBO was not found to be modified significantly and its nat-
ural periodicity was found to be basically preserved. This can again — like for the
point and region injections — be attributed to the meridional structure of the aerosol-
induced stratospheric warming anomaly. Like for the region injections, also for the
2point injections the stratospheric temperature anomaly is meridionally nearly uni-
form between approximately 30°S and 30°N (Fig. 5.2, bottom). Furthermore, for
the 2point injections, the strongest warming of the lower stratosphere is located
at approximately 15°S and 15°N. This is in contrast to the other injection sce-
narios, for which the strongest warming is centered at the equator. Therefore, for
2point-s02-10 and 2point-so4-10, the usually positive poleward meridional tempera-
ture gradient in the lower stratosphere is slightly intensified directly within the tropics
between approximately 15°S and 15°N compared to contr-000 (Fig. 5.4 a, bottom).
Accordingly, Tyy has a slightly positive anomaly centered directly at the equator at
approximately 50 hPa (Fig. 5.4 b, bottom). This, especially, becomes apparent in Fig-
ure 5.5 a (bottom). Following thermal wind balance (Eq. 2.6), the positive anomaly of
Tyy is accompanied by a weak anomaly of easterly shear within the tropical injection
layer, which induces an additional westward component of the zonal mean zonal wind

w on top of it. This can be clearly seen in Figure 5.5b (bottom), which shows slight

ecasterly anomalies of U, above the injection layer for 2point-so4-10.
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For the other injection rates, the anomaly of Tyy,tmp is slightly positive above the
injection layer for the 2point injections as well (Fig. 5.5a, bottom), which indicates
that this is a generic feature of the 2point injection strategy. However, the magnitude
of the anomaly of Tyy,trop is rather independent of injection rate and species. This is a
consequence of the far extratropical injection locations of the 2point injections, which
result in a meridionally more or less uniform lower stratospheric temperature anomaly
even for high injection rates. Accordingly, also the induced additional westward
component of U, within the lower tropical stratosphere is only slightly stronger
for the injections with an injection rate of 25 Tg(S)yr~! than for the ones with an
injection rate of 5 Tg(S) yr~! and 10 Tg(S) yr~!, as apparent in Figure 5.5 b (bottom).
Consequently, the period and strength of the QBO winds remain basically unchanged
for the 2point injections with an injection rate of 5 Tg(S) yr~! and 10 Tg(S) yr~! com-
pared to contr-000 (Fig. 5.3, bottom, Fig. A.5, bottom). For the 2point injections
with an injection rate of 25 Tg(S) yr!, i.e. 2point-s02-25 and 2point-so4-25, the east-
erly phase of the QBO within the lower stratosphere is slightly prolonged while the

lower stratospheric QBO westerlies are moderately weakened (Fig. A.6, bottom).

5.2.2 Dependency of the QBO response on the injection strategy

The fundamentally different response of the QBO to an aerosol-induced warming
of the lower tropical stratosphere for different injection strategies has been clearly
linked to the observed temperature anomalies using the tropical thermal wind bal-
ance given in Equation 2.6. Thereby, the meridional structure of the aerosol-induced
stratospheric temperature anomaly explains the observed QBO response adequately
for all three tested injection strategies. Hence, the results of this study explicitly
explain the slight prolongation of the QBO easterly phase within the lower strato-
sphere, which was observed for the 2point injections, as a result of the weaker pole-
ward meridional temperature gradient. This is a clear advancement compared to
Tilmes et al. (2018), who did not further investigate the observed QBO modifications
for subtropical 2point injections and argued that their short simulation period may
be a reason for the observed slight prolongation of the QBO easterly phase within the
lower stratosphere. The clear dependency of the QBO modification on the meridional
structure of the lower stratospheric temperature anomaly via thermal wind balance
may also be useful to explain the significant accelaration of the QBO found by Richter
et al. (2017) for extratropical single-point injections at 15°S, 15° N, 30° S, and 30° N.
However, due to their different injection strategy compared to those of this study, a
clear conclusion of their results based on this study is not possible.

Furthermore, the validity of the approximation of the tropical thermal wind bal-

ance given in Equation 2.7 is very limited when comparing the response of the QBO
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to different injection strategies. This approximation assumes that the anomaly of
the vertical wind shear is directly proportional to the absolute strength of the tem-
perature anomaly. The limited validity of this approximation gets clearly obvious
when comparing for example 2point-so4-25 and point-so4-5. For 2point-so4-25, the
anomaly of the tropical (i.e. 5° N to 5° S) mean temperature Ttmp reaches nearly +9 K
within the injection layer, while for point-so4-5 it is only approximately +4 K. How-
ever, for point-so4-5, the QBO has been found to break down, while for 2point-so4-25
its periodicity remains nearly unchanged. This comparison clearly shows that the

modification of the QBO depends on the tropical anomaly of T\, as indicated in

Y
Equation 2.6, and not on the tropical anomaly of T. Therefore, the tropical anomaly
of T cannot be used as an indicator for the strength of the QBO modification when
comparing different injection strategies. This was done for example in Niemeier and
Schmidt (2017) to explain the weaker QBO response for an injection into a belt
along the equator from 30°S to 30° N compared to a corresponding equatorial point
injection. However, within this study it was clearly shown that not the weaker abso-
lute strength of the tropical temperature anomaly but its meridionally more uniform
structure is the root cause for the weaker QBO response. Nevertheless, within one
specific injection strategy the dependency of the strength of the QBO modification

on the injection rate and species can still be approximated by the approximation of

the tropical thermal wind balance given in Equation 2.7.

Besides via a disruption of the thermal wind balance, the aerosol-induced warming
of the lower tropical stratosphere also modifies the QBO by increasing the tropical
upwelling of the BDC (Aquila et al., 2014). A stronger tropical upwelling of the BDC
is accompanied by a stronger residual vertical advection of zonal momentum —w*u,,
which weakens the downwelling of the QBO induced by gravity wave dissipation.
Therefore, a stronger tropical upwelling of the BDC prolongs the period of the QBO
following Aquila et al. (2014). These results were confirmed by multiple studies, for
example Niemeier and Schmidt (2017) or Richter et al. (2017).

However, within this study the tropical mean anomalies of —w*u, are rather small for
those injections, for which the QBO was not found to be locked down in a permanent
westerly phase (Fig. 5.6). For the 2point injections, this can be attributed to the very
small anomaly of the residual vertical velocity w* within the tropical pipe due to their
extratropical injection locations (see Sec. 5.3). Therefore, also the anomaly of —w*w,
is weak within the tropical pipe. This explains why the period of the QBO remains
nearly unchanged for the 2point injections even for an injection rate of 25 Tg(S) yr—.
For the region injections, the small tropical mean anomalies of —w*u, are a conse-

quence of the data presented in Figure 5.6 being temporal averages. As long as the

QBO preserves its oscillating behavior, an increased vertical advection of westerly
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momentum during a QBO westerly phase is compensated by an increased vertical
advection of easterly momentum during a QBO easterly phase within a sufficiently
long temporal average, which results in the observed small net anomalies. However,
the absolute vertical advection of zonal momentum increases for the region injec-
tions, as indicated by positive anomalies of w* within the tropical pipe (see Sec. 5.3).
For those injections, for which the QBO was found to be locked in a permanent
westerly phase, —w*u, has strong positive anomalies in the shear zone between the
lower stratospheric westerlies and the upper stratospheric easterlies. The maximum
of these positive anomalies is located at the height of Uy, ~ Oms™ (Fig. 5.5b).
The strength of the anomaly of —w*u, clearly corresponds to the strength of the
QBO westerly anomaly. Consequently, in the case of a completely disrupted QBO
with constant westerlies in the lower tropical stratosphere, the intensified vertical
advection of westerly momentum supports these westerlies against the downwelling

wave-induced QBO easterlies and enhances their vertical extent.

5.3 Modification of the BDC

Besides modifying the QBO, the aerosol-induced warming of the lower tropical strato-
sphere also results in an intensification of the tropical upwelling within the tropical
pipe, which subsequently accelerates the whole BDC due to continuity. This is clearly
visible in Figure 5.7 for the experiments with an injection rate of 10 Tg(S) yr~!. The
anomaly of the residual mass stream function y* clearly indicates an intensification
of the BDC for all three injection strategies and for both injection species. The in-
tensification of the BDC is accompanied by slightly positive anomalies of w* within
the tropics and subtropics and slightly negative anomalies of w* within the mid-
latitudes and polar regions. However, there are substantial differences between the
different injection strategies regarding the strength and the spatial structure of the

intensification of the BDC and the accompanied anomalies of w*.

For the point injections, the BDC clearly shows the strongest intensification of all
three injection scenarios. Within the tropical pipe, w* increases statistically signifi-
cantly by up to 0.62mms~! for point-so4-10 and 0.44mms~! for point-so2-10. Ver-
tically, the positive anomalies of w* extend approximately from 50 hPa up to 5hPa,
with the maximum being located in the middle stratosphere approximately between
15hPa and 10 hPa, which is the region of strongest wind shear. The anomaly of y*
exhibits a predominantly vertical orientation, which clearly indicates that most of
the additional meridional mass transport of the BDC happens via its upper branch

above the subtropical transport barriers. The accompanied negative anomalies of w*
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(Aw*) for injections with an injection rate of 10 Tg(S) yr Stippling indicates areas for

which Aw* is not significant at the 95% level in a student’s t-test. Black contour lines

1 with contour

indicate the anomaly of the residual mass stream function (Ax*) in kgs™
intervals increasing by powers of two. The thick black line denotes Ax* = 0kgs™'. Solid
lines indicate a clockwise circulation anomaly, dashed lines indicate an anticlockwise circu-
lation anomaly. The respective plots for injections with an injection rate of 5Tg(S)yr—*

and 25 Tg(S) yr~! can be found in appendix A5.
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outside of the tropical pipe are mostly not statistically significant at the 95 % level

in a student’s t-test.

For the region and the 2point injections the modification of the BDC is clearly weaker
than for the point injections (Fig. 5.7, center, Fig. 5.7, bottom). Larger connected ar-
eas of positive anomalies of w* can only be found in the upper tropical stratosphere
above ~ 10 hPa, but are, however, not statistically significant. In the middle and the
lower tropical stratosphere, the positive anomalies of w* are very small, especially for
an injection of SO,. For an injection of HySO,, small areas of statistically significant
positive anomalies of w* are apparent: For region-so4-10, w* increases statistically
significantly by ~ 0.1mms~' between 50 hPa and 20hPa within the deep tropics.
For 2point-so04-10, w* increases statistically significantly by ~ 0.1 mms~! between
80 hPa and 40 hPa at approximately 30°S and 30° N. The negative anomalies of w*
outside of the tropics are not statistically significant. Furthermore, the modification
of the BDC is mostly restricted to the lower stratosphere below ~ 40hPa, as indi-
cated by the anomalies of x*. Consequently, most of the additional meridional mass
transport of the BDC happens via its lower branch below the subtropical transport
barriers. These observations also hold true for the experiments with an injection rate
of 5Tg(S)yr~! and 25 Tg(S) yr~'. The respective plots for these experiments can be
found in appendix A5.

Obviously, the increase of w* within the tropical pipe and the accompanied modi-
fication of the whole BDC strongly depends on the injection strategy. This can be
explained by splitting up the increase of the tropical upwelling into two parts: A
direct and an indirect one. The direct acceleration of the tropical upwelling of the
BDC is the thermodynamic response to a warming of the lower stratosphere, which is
associated with an implementation of SAM (Aquila et al., 2014; Richter et al., 2017).
As described in Section 2.3, in steady-state conditions the diabatic heating anomaly
caused by the aerosols must be balanced by an increase of adiabatic cooling (Eq. 2.4).
Following Equation 2.4, for a constant stable stratification an increase of adiabatic
cooling can only be achieved via an increase of w*. Consequently, the resulting in-
crease of w* is more or less strongly coupled to the respective regions of the strongest
aerosol-induced warming, which are located in the lower stratosphere between 40 hPa
and 80hPa (Fig. 5.2). However, due to continuity it does also extend farther up
(Holloway and Neelin, 2007; Garfinkel et al., 2013). This mechanism explains the
weak but statistically significant anomalies of w* observed in the lower stratosphere
at ~ 40 hPa (Fig. 5.7). For the point and region injections, the strongest lower strato-
spheric warming was found to be centered at the equator (Fig. 5.2) and, accordingly,
also the strongest increase of w* is located in the deep tropics for point-so2-10, point-

s04-10, and region-so4-10. For 2point-so4-10, the strongest increase of w* within the
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lower stratosphere is located at approximately 30°S and 30° N, which coincides with
the location of the strongest lower stratospheric warming. Furthermore, this is in
accordance with the almost unmodified period of the QBO observed for the 2point
injections (Sec. 5.2): Since the anomalies of w* are strongest at approximately 30° N
and 30°S but weak at the equator, the anomaly of the vertical advection of zonal
momentum by w* is also weak within the deep tropics. Therefore, the QBO as an
equatorial system is not modified significantly and basically maintains its natural
period despite sulfur injections. Implicitly, this means that the direct strengthening
of the tropical upwelling is the main mechanism which weakens the downward prop-
agation of the QBO and prolongs its period for the point and region injections as

explained in Section 5.2.2.

However, the direct thermodynamic acceleration of the tropical upwelling cannot
account for the strong increase of w* in the middle stratosphere observed in point-
$02-10 and point s04-10, since the increase of w* is not accompanied by corresponding
diabatic heating anomalies (Fig. 5.1top, Fig. 5.7top). These anomalies of w* are
caused by the so-called indirect acceleration of the tropical upwelling, which is a
result of a modification of the SMC coupled to the QBO. For point-so2-10 and point-
s04-10, the QBO was found to be locked in a permanent phase of strong westerlies
(Fig. 5.3). According to Plumb and Bell (1982), a westerly phase of the QBO is
accompanied by a SMC consisting of tropical upwelling and subtropical downwelling,
both centered in the middle stratosphere at ~ 15hPa. Consequently, for point-so2-
10 and point-so4-10 the SMC is locked in a state of permanent and strong tropical
upwelling. This increases the general tropical upwelling between 50 hPa to 5hPa

significantly, as observed in Figure 5.7.

The indirect acceleration of the tropical upwelling can be observed in all experiments,
in which the sulfur injections result in a breakdown of the QBO (Fig. 5.8). For all
experiments with a broke-down QBO (i.e. all point injections apart from point-so2-
5 as well as region-so2-25 and region-so4-25), the tropical (i.e. 5°N to 5°S) mean
residual vertical velocity w*i.op exhibits significant positive anomalies in the middle
stratosphere of up to 0.8 mms~! for point-so4-25. Since the strength of the induced
permanent westerlies depends on the strength of the lower stratospheric temperature
anomaly (Sec. 5.2.1), the indirect acceleration of the tropical upwelling is clearly
stronger for higher injection rates as well as for an injection of HySO, compared to a

respective injection of SOs (Fig. 5.8).

In contrast, the direct thermodynamic increase of w*y,p, in the lower stratosphere as a
response to the aerosol-induced warming leads to anomalies of only up to 0.1 mms™1.
Therefore, the direct thermodynamic acceleration of the tropical upwelling and the

indirect acceleration of the tropical upwelling via the SMC coupled to the QBO
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are clearly distinguishable from each other. This gets clearly evident for the region
injections (Fig. 5.8b).

Furthermore, also the direct thermodynamic increase of w* exhibits a clear depen-
dency on the injection rate and species. For a higher injection rate as well as for an
injection of HySOy instead of an injection of SO, the direct increase of w* is slightly
stronger (Fig. 5.7, Fig. A.12, Fig. A.13). This can be explained using Equation 2.4,
which states that a stronger lower stratospheric temperature anomaly also results in a
larger anomaly of w* given an approximately constant vertical temperature gradient.
The direct and indirect acceleration of the tropical upwelling result in a significant in-
crease of w* within the tropical pipe. Due to continuity (Eq. 2.3), this increase results
in the observed speed up of the whole BDC, which is indicated by the anomalies of the
residual mass stream function y*. However, the accompanied anomalies of the resid-
ual vertical motions are not balanced by an aerosol-induced diabatic heating apart
from within the aerosol layer. Following Equation 2.2 and setting @ = 0Js 'kg™', a
positive anomaly of w* results in a negative adiabatic temperature anomaly and vice
versa. This explains the significant negative temperature anomalies in the middle
and upper tropical stratosphere, which have been observed especially in the exper-
iments with a broke-down QBO (Fig. 5.2, Fig. A.3, Fig. A.4). In the extratropical
and polar stratosphere the increased downwelling of the BDC explains the positive
temperature anomalies in these regions. However, these positive anomalies are mostly
not statistically significant due to the high natural variability within the respective

regions.

5.4 Dynamical feedback on the sulfate distribution

The meridional and vertical transport of artificial sulfate aerosols within the strato-
sphere is an important parameter with regard to their stratospheric lifetime and,
consequently, the achievable radiative forcing during an implementation of SAM.
However, due to the modification of the QBO and the BDC caused by the aerosol-
induced warming of the lower stratosphere, the stratospheric transport patterns of
artificial sulfate aerosols are significantly altered. For instance, Niemeier et al. (2011)
or Niemeier and Schmidt (2017) showed for an injection of SO, that especially the
strengthening of the tropical upwelling significantly increases the stratospheric life-
time of artificial sulfate particles. This dynamical increase of the stratospheric sulfate
lifetime is commonly referred to as the dynamical feedback of SAM. The dynamical
feedback of SAM has been also found in the experiments performed within this study,
as shown in Figure 5.9 for tropical (i.e. 5°N to 5°S) mean conditions. Within the

SAM experiments, the increased residual vertical velocity w* compensates for a larger
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fraction of the sedimentation velocity v; than within contr-000. Therefore, the net
vertical velocity wyet of the sulfate particles, which is the sum of w* and vy, increases,
indicating a slower downward movement. This holds true for both injection species,
SO, as well as HySO4. However, sedimentation is significantly weaker for an injec-
tion of HySO,4 compared to an injection of SOy due to the resulting CS-SO,4 particles
staying overall smaller (Sec. 4.1). Therefore, also the net downward movement of the
sulfate particles is significantly weaker for an injection of H,SO, than for an injection
of SO, for all injection strategies. For some point and region injections, wye; is even
slightly positive in the middle stratosphere, indicating a net upward movement of the

sulfate particles.

For an increasing injection rate, the net vertical movement of the sulfate particles ex-
hibits fundamental differences between an injection of SO5 and an injection of HySOy.
These differences result in a significantly different behavior of the stratospheric life-
time for an increasing injection rate between both injection species (Fig. 5.9). For
an injection of SO, the sedimentation velocity increases with injection rate for all
three injection strategies due to an increasing particle size. In the middle and upper
stratosphere above ~ 25hPa, this increase of sedimentation is roughly balanced by
the increase of w* for the point and region injections, resulting in a weak dependency
of wpet on the injection rate. In the lower stratosphere between the injection layer
and ~ 25hPa, w* is nearly independent of the injection rate and, therefore, cannot
account for the increase of sedimentation. This holds true for the 2point injections
throughout the whole stratosphere. Consequently, wye; slightly decreases with injec-

tion rate.

For an injection of HySOy, the sedimentation velocity is nearly independent of the in-
jection rate due to an approximately constant particle size, especially within the lower
stratosphere. Therefore, the increase of w* with increasing injection rate, especially
in the middle and upper stratosphere, results in an increase of wy. with injection
rate for the point and region injections. For the 2point injections, also w* is nearly
independent of the injection rate, which causes an approximately constant we for all
injection rates. Furthermore, wye; gets increasingly positive for higher injection rates
throughout more and more layers for the point and region injections. Consequently,
for these injection strategies, the sulfate aerosols are lifted increasingly farther up
for higher injection rates, which is shown in Figure 5.10 (right panel) for the point
injections of HoSO4: With increasing injection rate, the height of the sulfate aerosol
cloud, which is represented by the zonal mean sulfate mass mixing ratio mgoq, clearly
increases within the tropical pipe and even exceeds the 5hPa level for point-so4-25.
It is clearly visible that mgos coincides with wye, which gets increasingly positive

throughout the tropical pipe for an increasing injection rate. In contrast, for an in-
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Figure 5.10: Vertical profile of the zonal mean SO4 mass mixing ratio mgo4 for the point
injections. Black contour lines indicate the zonal mean net vertical velocity wWyet of the
CS-SOy particles in mms~! with a contour interval of 0.4 mms~!. Dashed lines indicate a
negative Wyet (i-e. a net downward movement), while solid lines indicate a positive Wyet (i.e.
a net upward movement). Regions with a net upward movement are further highlighted
by stippling. The respective plots for the region and the 2point injections can be found in

appendix A6.
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jection of SOy wye is negative throughout the whole tropical pipe for all injection
rates. Accordingly, the sulfate aerosols are not transported upward and stay within

the injection layer for all injection rates.

This has a significant impact on the stratospheric lifetime of the sulfate aerosols
(Fig. 4.5). For an injection of HySOy, the increasing upward transport of the sulfate
particles significantly increases their stratospheric lifetime for an increasing injection
rate, which holds true for all three injection strategies. This further explains the
superlinear increase of the stratospheric sulfate burden Mgp4 observed for injections
of HySO,4 (Fig. 4.2). In contrast, for an injection of SO, the stratospheric sulfate
lifetime stays approximately constant or slightly decreases with increasing injection
rate for all three injection strategies, which is explained by the observed independence
of wyet On the injection rate. Consequently, the stratospheric sulfate burden increases

approximately linearly with injection rate.

Besides increasing the global stratospheric sulfate lifetime, the strengthening of the
BDC also results in a stronger tropical confinement of the sulfate aerosols (Niemeier
and Schmidt, 2017). The tropical confinement is further increased for higher injection
rates. This is clearly indicated by the relative zonal mean sulfate burden for all
three injection strategies and both injection species (Fig. 5.11). The relative zonal
mean sulfate burden is the quotient of the zonal mean sulfate burden Mgos and the
global mean sulfate burden Mgps. In between of 30° N and 30° S the sulfate burden,
relatively speaking, slightly increases with increasing injection rate, especially for the
H2SOy injections. Poleward of approximately 30°S and 30° N it, relatively speaking,
decreases with increasing injection rate. For the point and region injections the
tropical confinement of the sulfate aerosols is stronger for an injection of H,SO,4 than
for an injection of SO,. This is indicated by the equatorial values of the relative zonal
mean sulfate burden: For instance, for point-so4-25 it is 176 %, while for point-so02-25
it is only 144 %, and for region-so4-25 it is 125 %, while for region-s02-25 it is only
119 %.

The increasingly stronger tropical confinement is caused by equatorward transport
anomalies of the BDC within the lower stratosphere, which get stronger with increas-
ing injection rate. As illustrated by the anomalies of the zonal mean residual mass
stream function x* for the injections with an injection rate of 10 Tg(S) yr~! (Fig. 5.7),
the transport into the tropical pipe is clearly enhanced at ~ 80hPa and 30°S and
30° N for all three injection strategies and for both injection species. Consequently,
the usually poleward meridional transport of sulfate aerosols within the lower branch
of the BDC is weakened. This is also the case for the injections with an injection
rate of 5 Tg(S)yr~! and 25 Tg(S)yr~! (Fig. A.12, Fig. A.13). Furthermore, also the

stronger upwelling within the tropical pipe itself strengthens the tropical confinement
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of the sulfate particles since it enhances their tropical residence time by transporting
them into the middle stratosphere, where the meridional transport is weak due to the

subtropical transport barriers.
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6 Potential, Limits, and Concerns of
Different SAM Setups

Within this study, the stratospheric injection of SO, and the stratospheric injection
of HySOy4, which was modeled as the stratospheric injection of AS-SOy4, have been
compared comprehensively with regard to their aerosol microphysical and radiative
properties. The results of this comparison clearly show that an injection of HySOy4
is advantageous compared to an injection of SO, from a radiative forcing efficiency
standpoint, especially for high injection rates. This basically confirms the results
of earlier studies by Pierce et al. (2010), Benduhn et al. (2016), and Vattioni et al.
(2019). Due to an on average significantly smaller sulfate particle size, an injection
of Hy,SO, leads to a 43 % to 134 % times higher artificial sulfate burden and a 50 % to
266 % stronger artificial aerosol radiative forcing than a respective injection of SO,
for all tested injection scenarios. Since in contrast to an injection of SO, the average
size of the resulting sulfate particles has been further found to be nearly independent
of the injection rate for an injection of HySO,, also the radiative forcing efficiency
stays constant with injection rate for an injection of HySOy4, while it increases for an

injection of SO,.

Therefore, the sulfur mass which would be necessary to counteract a given anthro-
pogenic GHG forcing would be significantly lower when injecting HySO, instead of
SO, especially when counteracting high forcings. For instance, counteracting a ra-
diative forcing of 4.0 Wm™2, as it is proposed in the experiment G6sulfur (Kravitz
et al., 2015), would require a point injection of ~ 9 Tg(S)yr~! in the form of HySOy,
but ~ 29 Tg(S) yr~! in the form of SO,. This corresponds to a stratospheric sulfate
burden of approximately 10 Tg(S) and 18.5 Tg(S), respectively. Since the strength of
the aerosol-induced warming of the lower stratosphere and the accompanied modifi-
cation of the QBO and the BDC have been found to clearly depend on the absolute
stratospheric sulfate burden, these negative side effects are expected to be also sig-
nificantly weaker when injecting H,SO, instead of SO,. Accordingly, in the given
example of counteracting a radiative forcing of 4.0 Wm™2 the injection of HySOy
would result in an anomaly of the tropical (i.e. between 5° N and 5° S) mean temper-
ature Ti,op of ~ 8K directly above the injection layer. In contrast, the injection of
SOy would result in an anomaly of T, of well above 12 K. Following Vattioni et al.
(2019), also other potential negative side effects of SAM, which were not considered

within this study, would be smaller for an injection of H,SO4 than for an injection
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of SOs, when normalized to a given radiative forcing. This includes the depletion of
stratospheric methane and ozone as well as the increase of stratospheric water vapor.
Therefore, an injection of H,SO,4 would be potentially preferable over an injection of
SO,, especially in scenarios where the counteraction of strong radiative forcings may

be necessary.

Furthermore, the sulfur transportation into the stratosphere would be logistically
much more challenging for an injection of SO, instead of HySO, due to the signifi-
cantly higher injection rates, which would be necessary to counteract a given radiative
forcing. In contrast, the transportation of HySO, inside an airplane would be techni-
cally more demanding than the one of SO, and is less effective due to the larger mass
of a HySO,4 molecule compared to a SO, molecule. This implies that delivering costs
of a HySO, injection would not be reduced by the same factor as the injected sulfur
mass. In the considered example of counteracting a radiative forcing of 4.0 W m ™2
by SAM, injecting HoSO, instead of SOy would reduce the required sulfur mass by
approx. 67 %, while the total mass which has to be transported into the stratosphere
would only reduce by about 53 %. Therefore, producing H,SO,4 out of elemental sul-
fur onboard an aircraft is discussed as a potential alternative, for instance by Smith
et al. (2018). However, they found that conversion rates larger than 70 % would be
hard to reach and the remainder would be released as SO,. Consequently, the sig-
nificantly higher radiative forcing efficiency of a HoSO, injection found in this study
may be impossible to reach in reality. However, Smith et al. (2018) found that the
production of SO, or HySO,4 onboard an aircraft could still — all else equal — roughly
halve the absolute delivering costs for counteracting a given radiative forcing. Nev-
ertheless, additional research on a safe and efficient technology for providing HySO4

for stratospheric injections is urgently needed.

The results of this study further show that the impact of the dynamical feedback,
which results out of the lower stratospheric warming, significantly depends on the
injection species when increasing the injection rate. For an injection of HySOy, the
dynamical feedback was found to increase the sulfate aerosol lifetime with increasing
injection rate, while for an injection of SO, the sulfate aerosol lifetime was found to
stay almost constant with increasing injection rate. This might be another advan-
tage of an HoSOy, injection since it would additionally reduce the amount of injected
sulfur, which would be necessary in high forcing scenarios. However, for the point
and the region injections the dynamical feedback was also found to result in a clearly
stronger tropical confinement for an injection of HySO,4 than for an injection of SO,
even when normalized to a given radiative forcing. Since a meridionally uniform
cooling is clearly desirable in order to minimize potentially negative side effects on

atmospheric dynamics and potential socio-economic conflict sources resulting from
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an over- or undercooling of the tropics, a stronger tropical confinement of the sulfate
particles is unfavorable. Therefore, the stronger tropical confinement compared to
an injection of SO, is a substantial shortcoming of an injection of HySOy. A sig-
nificantly more uniform radiative forcing is also the reason, why a region injection
might be beneficial compared to the point and 2point injections, despite an approx.
0.05Wm~2(Tg(S) yr—!)~! lower global mean radiative forcing efficiency compared to
the point injection.

With regard to a potential adverse modification of the QBO, a 2point injection would
be clearly preferable over the point and region injections based on the results of this
study. Even for a high injection rate of 25Tg(S)yr~!, the QBO remains nearly
unmodified, which was shown to be a direct consequence of the meridional nearly
uniform aerosol-induced temperature anomaly. Since the QBO has an impact on the
extratropical stratospheric circulation and the polar vortex (Holton and Tan, 1980)
as well as on tropospheric winds (Garfinkel and Hartmann, 2011) and precipitation
(Seo et al., 2013), its modification by SAM would potentially also modify the surface

climate significantly and should, therefore, be avoided.

To conclude, the results of this study may favor an injection of HySO4 over an injec-
tion of SO,, while a clearly preferable injection strategy was not identified. However,
an explicit and overarching answer to the question which injection setup might be
favorable for a deployment of SAM is not possible. It strongly depends on the de-
sired specific goal of SAM as well as on the individual degree of willingness to accept
potential negative side effects of a given injection setup. Therefore, multiple indi-
vidual answers to this question may exist. A detailed answer would further imply a
comprehensive cost risk analysis of each injection setup, which would go beyond the

scope of this study.

Additionally, regardless of the injection strategy, the injection species, and the overall
injection setup, the implementation of SAM would cause substantial adverse environ-
mental changes. The reduction of ISR would result in less evaporation, which would
slow down the hydrological cycle and reduce precipitation significantly. For instance,
Schmidt et al. (2012) estimated the global mean precipitation reduction per reduced
TOA SW forcing to be approx. 0.035 mm day ' (Wm™2)~! within their multi-model
ensemble, assuming a linear dependency. Within their study, this would overcom-
pensate the reduced evaporation over many continental areas, indicating increasing
dryness. Niemeier et al. (2013) found even larger values for SAM experiments and,
furthermore, drastic local changes of precipitation patterns. This would have sig-
nificant impacts on crop growth, which could potentially risk the food security of
millions of people. Furthermore, the reduction of the total ISR in combination with

an increased fraction of diffuse radiation may have additional impacts on crops and
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natural vegetation, a concern which was for example presented by Robock et al.
(2008).

The adverse side effects of SAM such as the aridification of continental areas could be
mitigated by choosing an adequate injection strategy. As shown within this study, for
example the slowdown and disappearance of the QBO could be prevented by using the
2point injection strategy, while the region injections would prevent a so-called tropical
over- or undercooling. Another prominent strategy to reduce adverse side effects to
the physical climate system was presented by Kravitz et al. (2017). They used an
algorithm for calculating the yearly injection rates at four different injection points
(30°S, 15°S, 15° N, and 30° N), which would be necessary to maintain three different
climate objectives on a baseline level: The global mean surface air temperature,
the interhemispheric surface air temperature gradient, and the equator-to-pole air
temperature gradient. After each year, the injection rate at each injection location
is adjusted in order to maintain these climate objectives. They showed that this
setup would significantly mitigate the aridification of continental area and result in
a meridionally more uniform surface cooling compared to equatorial point injections
(Kravitz et al., 2019). The QBO was not altered within their experiments as well,

which can be explained by thermal wind balance based on the results of this study.

Besides its technical and environmental risks, especially societal and governmental
issues have been raised as major concerns against SAM, for example by Robock et al.
(2008) and Pierrehumbert (2019). Currently, the civil implementation of SAM is
not adequately regulated by international law and liability rules (Saxler et al., 2015).
Therefore, a single person, company, or state may be currently able to conduct strato-
spheric sulfur injections (Niemeier and Tilmes, 2017). However, since an implemen-
tation of SAM would always have a global impact on climate, the establishment of
international governance of SAM is essential in order to prevent international con-
flicts or, in a worst case scenario, climate wars. Even if the global community would
create the legal bases which would allow for a coordinated implementation of SAM, a
global consensus of the desired degree of cooling by SAM has to be achieved. Given
the uneven distribution of benefits and negative consequences of global warming as
well as SAM, this is more than questionable. For example, it is very likely that one
state wants to achieve a lower global mean temperature by the implementation of

SAM than another one, which is another major conflict source emerging out of SAM.

Robock et al. (2008) and Pierrehumbert (2019) also mention the risk of a so-called
termination shock, which would happen after an abrupt halt of SAM. Since the
stratospheric lifetime of sulfate is in the order of one year (Fig. 4.5), the termination of
SAM from one day to another would result in a dramatic climate warming within a few

years, which would make adaption impossible. Robock et al. (2008) assume, that such
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a termination shock could be provoked for example by a technological, societal, or
political crisis. Pierrehumbert (2019) further points out that the risk of a termination
shock could be a dramatic psychological burden for mankind. Furthermore, the risk
that SAM technologies may not stay limited to civil use only once they have been
deployed is a major concern presented by Robock et al. (2008).

Finally, the implementation of SAM would potentially also undermine the neces-
sary aggressive mitigation of GHG emissions according to Schneider (2001). Given
the fact, that a ,business as usual“scenario without significant global warming could
be possible when implementing SAM with a sufficient strength, the willingness of
mankind to reduce GHG emissions is expected to decrease dramatically. Furthermore,
humans may neglect or even ignore the dramatic impacts of increasing atmospheric
GHG concentrations in view of SAM — the so-called moral hazard (DFG SPP 1689,
2018) — despite the fact that some of its major consequences like ocean acidification
cannot be fixed by SAM.
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7 Conclusion and Outlook

Within this study, the stratospheric injection of SOy and the stratospheric injection
of HySO,4, which was modeled as the stratospheric injection of AS-SO,4, have been
compared comprehensively with regard to different aspects of SAM. Thereby, aerosol
microphysical and radiative properties have been found to depend strongly on the
injection species in all tested injection scenarios. Due to an on average smaller sulfate
particle size, an injection of HoSO, is radiatively much more efficient than an injec-
tion of SO5 and results in less severe adverse side effects for a given radiative forcing
as well. This confirms the results of earlier studies by Pierce et al. (2010), Benduhn
et al. (2016), and Vattioni et al. (2019). The aerosol-induced warming of the lower
stratosphere and the accompanied modification of the QBO and the BDC are in prin-
ciple independent of the injection species. These dynamical responses do rather show
a strong structural dependence on the injection strategy. Thereby, the meridional
structure of the temperature anomalies within the lower tropical stratosphere was
found to clearly explain the observed response of the QBO via thermal wind balance.
This is a clear advancement compared to earlier studies like Niemeier and Schmidt
(2017) or Tilmes et al. (2018), who did not adequately discussed differences in the
QBO response between different injection strategies. The strength of the dynamical
feedback, which results from the aerosol-induced modification of the QBO and BDC,
does again strongly depend on the injection species. This was identified to be a result

of the structural different interplay between sedimentation and tropical upwelling.

The results of this study basically coincide with the results of the two other models
participating in the GeoMIP6 testbed experiment accumH2504 (Weisenstein and
Keith, 2018), which are CESM2(WACCM) (Danabasoglu et al., 2020; Gettelman
et al., 2019) and SOCOL-AERv2 (Sheng et al., 2015). Results from these mod-
els in principle confirm the aerosol microphysical and radiative advantages of an
injection of HySO4 over an injection of SOy as well as the observed differences be-
tween the region and 2point injection strategies (Weisenstein 2020, personal com-
munication). The stratospheric sulfate burden and the net radiative forcing ef-
ficiency roughly agree quantitatively for MAECHAMS-HAM and SOCOL-AERv2.
This can be attributed to the fact that SOCOL-AERv2 has the same dynamic core
as MAECHAMSb5-HAM. However, both quantities are significantly larger when simu-
lated with CESM2(WACCM). This can be attributed to the meridional transport of
stratospheric tracers, which was found to be significantly stronger in MAECHAMS5-
HAM than in CESM2(WACCM) (Niemeier 2020, personal communication). Also
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compared to satellite measurements after the eruption of the tropical volcano Mt.
Pinatubo in June 1991, MAECHAMS5-HAM overestimates the poleward meridional
transport of sulfate by 10% — 20 % (Niemeier et al., 2009), which indicates an un-
realistically strong transport in MAECHAM5-HAM (see Sec. 3.4). A too strong
poleward transport of sulfate reduces its global mean lifetime. The higher horizontal
resolution of CESM2(WACCM) (0.95° x 1.25°), which reduces numerical diffusion,
may be another reason for its higher global sulfate burden. Furthermore, the residual
upwelling within the lower tropical stratosphere is significantly stronger in WACCM
than in MAECHAMS5-HAM, which further enhances the global mean sulfate lifetime
(Niemeier et al., 2020). Therefore, also the strength of the dynamical feedback might
be overestimated in the simulations of this study. Since the SST is further prescribed
to the same fixed values for all tested injection scenarios, potential differences in the
convective wave forcing of the QBO are not adequately taken into account within this
study. This adds additional uncertainty to the observed strength of the dynamical
feedback.

Vattioni et al. (2019) found that the equilibrium size distribution of the sulfate par-
ticles depends significantly on the size of the injected sulfate particles. They showed
that an increase of the mode radius of the injected AS-SO,4 population from 0.095 pm
to 0.15 nm would result — all else equal — in an increase of the SW radiative forcing
by 19.7% due to more particles being in the optimal size range for backscattering
following Dykema et al. (2016). The mode radius of the injected AS-SO, particle
population in this study was set to 0.075pm (0 = 1.59) and is, thereby, clearly
smaller than the one used in CESM2(WACCM) and SOCOL-AERv2, which was
0.1ym (0 = 1.5). This may be another reason for the observed spread between
MAECHAMb5-HAM and the other models participating in accumH2S0/. It is also
clearly smaller than the mode radius suggested by Pierce et al. (2010) and Benduhn
et al. (2016), who found that a sulfate particle population with a mode radius between
0.1 m and 0.15 pm may be produced out of the injected HySO, after the dispersion
of the aircraft plume. Therefore, the resulting sulfate particles for the injections of
H>SO,4 may be potentially too small in this study. The position of the maximum
of the sulfate aerosol size distribution directly at the particle size of maximum mass
specific backscattering according to Dykema et al. (2016) (i.e. 0.3 um) may further
be rather coincidentally (Fig. 4.3, Fig. 4.8).

Another major shortcoming of this study is the lack of an interactive ozone chem-
istry within MAECHAMSb5-HAM. Multiple studies have shown that SAM would cause
a substantial depletion of stratospheric ozone via changes of sulfur-related chemical
reactions and via modified dynamical processes. For example, Pitari et al. (2014)

calculated a global mean reduction of column-integrated ozone of approximately 5 %
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for an injection of 4 to 6 Tg(S) yr~! within a multi-model ensemble. They found neg-
ative anomalies of up to almost -10 % in the polar regions, but even slightly positive
anomalies within the tropics. These SAM-induced changes in stratospheric ozone are
accompanied by changes of the radiative heating by the absorption of ISR (Richter
et al., 2017). The ozone-induced modification of the stratospheric radiative heating
has been found to feedback on stratospheric dynamics (Richter et al., 2017) and the
net sulfate aerosol forcing itself (Pitari et al., 2014). Since the ozone concentrations
are prescribed offline to MAECHAMS-HAM instead of being calculated interactively,
SAM-induced ozone depletion as well as accompanied changes of stratospheric radia-
tive heating are not covered by this study.

MAECHAMS5-HAM was further not coupled to an ocean nor a landbiosphere module
within this study. The SST and the SIC were prescribed to the same level for all
performed simulations, independent of the injection rate. Therefore, the detailed re-
sponse of the surface climate to an injection of SO5 and an injection of HoSO4 could
not be compared within this study. Especially SAM-induced changes in the surface
temperature, cloudiness, and precipitation are of great importance for the environ-
ment, the agricultural sector, and the society as a whole. SAM-induced changes in
the SST and the SIC could have significant adverse impacts on marine ecosystems and
fishery. In order to compare an injection of SO, and an injection of H,SO, with regard
to these important parameters, simulations of injections of both injection species with
a fully coupled ESM are clearly desirable for future research. However, this should not
obscure the fact that even the most current ESM do not adequately capture impor-
tant interactions within the climate system (Niemeier and Tilmes, 2017). Therefore,
unexpected consequences of SAM would be very likely during its implementation
despite detailed model studies. Furthermore, not a single SAM method would be
able to reproduce a climate state similar to a natural one with the same global mean
temperature. Consequently, a substantial reduction of anthropogenic GHG emissions

is still the only responsible way of preventing a drastic global warming.
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A1l: Heating rates
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Figure A.1: Like Figure 5.1, but for injections with an injection rate of 5 Tg(S) yr—1.
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Figure A.2: Like Figure 5.1, but for injections with an injection rate of 25 Tg(S) yr~".
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A2: Temperature anomalies
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Figure A.3: Like Figure 5.2, but for injections with an injection rate of 5 Tg(S) yr—1.
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A4: Temperature gradient and curvature
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Figure A.8: Like Figure 5.4, but for injections of H2SO,4 with an injection rate of
5Tg(S) yr—1.
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Ab5: Residual vertical velocity
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A6: Net vertical velocity

Pressure (hPa)

Pressure (hPa)

Pressure (hPa)

2.5

......

20167 7

o

G

160 0

2.5

S 60°S  30°S

Eq
Latitude

30°N  60°N

5.0

100"

20,04 7"

regionigo2-10 |- L

: ":I‘:D.“\‘\“ G

30°N

Eq
Latitude

30°S

90°N

20.04
40.0+

80.0

10.0 /
! /
/
/
/

........

7708
ISP e LR

..........

6

0°S  30°S  Eq

Latitude

e

120

15 30

30°N 60°N  90°N

45

60

Pressure (hPa)

5.0

Pressure (hPa)

800

20.04

40.0H

region-so4-10
10.047-

2.5

5.0T

Pressure (hPa)

20"
/l ——.“-.*1.6’/"'—

R

!
J
/
. /,
A
/
/

| }
region-so4-25 [ .y N

oo i

160. ~ 1
6080"8 60°S  30°

75

90

105

Mass mixing ratio (ug(S)kg™*)

S

Eq
Latitude

135

30°N 60°N  90°N

150

Figure A.14: Like Figure 5.10, but for the region injections.
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Figure A.15: Like Figure 5.10, but for the 2point injections.
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Versicherung an Eides statt

Hiermit versichere ich an Eides statt, dass ich die vorliegende Arbeit im Studien-
gang M. Sc. Meteorologie selbststéindig verfasst und keine anderen als die angegebe-
nen Hilfsmittel — insbesondere keine im Quellenverzeichnis nicht benannten Internet-
Quellen — benutzt habe. Alle Stellen, die wortlich oder sinngeméf aus Veroffentlichun-
gen entnommen wurden, sind als solche kenntlich gemacht. Ich versichere weiterhin,
dass ich die Arbeit vorher nicht in einem anderen Priifungsverfahren eingereicht habe
und die eingereichte schriftliche Fassung der auf dem elektronischen Speichermedium
entspricht.

Weiterhin stimme ich einer Ausstellung dieser Arbeit in der Fachbibliothek ausdriick-

lich zu.
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