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Abstract Injection of SO, into the stratosphere has been proposed as a method to, in part, counteract
anthropogenic climate change. So far, most studies investigated injections at the equator or in a region in
the tropics. Here we use Community Earth System Model version 1 Whole Atmosphere Community Climate
Model (CESM1(WACCM)) to explore the impact of continuous single grid point SO, injections at seven
different latitudes and two altitudes in the stratosphere on aerosol distribution and climate. For each of
the 14 locations, 3 different constant SO, emission rates were tested to identify linearity in aerosol burden,
aerosol optical depth, and climate effects. We found that injections at 15°N and 15°S and at 25 km
altitude have equal or greater effect on radiation and surface temperature than injections at the equator.
Nonequatorial injections transport SO, and sulfate aerosols more efficiently into middle and high latitudes
and result in particles of smaller effective radius and larger aerosol burden in middle and high latitudes.
Injections at 15°S produce the largest increase in global average aerosol optical depth and increase the
change in radiative forcing per Tg SO,/yr by about 15% compared to equatorial injections. High-altitude
injections at 15°N produce the largest reduction in global average temperature of 0.2° per Tg S/yr for the
last 7 years of a 10 year experiment. Injections at higher altitude are generally more efficient at reducing
surface temperature, with the exception of large equatorial injections of at least 12 Tg SO,/yr. These findings
have important implications for designing a strategy to counteract global climate change.

1. Introduction

The continuous injection of SO, into the tropical stratosphere has been suggested as one of the most
promising methods of climate engineering to modify the Earth’s albedo and thus in part counteract global
impacts resulting from increasing greenhouse gases (Committee on Geoengineering Climate, 2015; Crutzen,
2006; Schéfer et al.,, 2015). The injection of SO, into the stratosphere results in the formation of sulfate
aerosols due to oxidation. Both SO, and the newly formed aerosols subsequently spread in longitude and
are transported toward higher latitudes, driven by the stratospheric equator-to-pole circulation, also called
the Brewer-Dobson circulation (BDC) (e.g., Andrews et al., 1987). Stratospheric tracer transport is further
controlled by large-scale mixing and by transport barriers of the polar jets (Butchart, 2014).

Transport of aerosols into different areas of the globe has been observed after large volcanic eruptions,
indicating that the resulting aerosol distribution strongly depends on the injection location and timing. For
example, during the eruption of Mount Pinatubo in 1991, the injection of about 5 to 10 Tg sulfur (S) into the
tropical stratosphere at a latitude of about 15°N led to an aerosol cover over low and middle latitudes after a
couple of months and a global coverage including high southern latitudes after about 7 months (Aquila et al.,
2013). Aerosol clouds from volcanoes that emitted SO, poleward of the subtropical jet stayed mostly in one
hemisphere (Sakai et al., 2016).

In addition to transport, microphysical processes change the size and spatial distribution of aerosols. In con-
trast to volcanic eruptions where sulfur is injected into a clean background atmosphere, climate engineering
applications continuously injecting SO, over many years result in an enhanced background aerosol layer.
Newly formed particles coagulate with existing larger particles, which continuously increases the particle size
with SO, emission amount. The resulting increase in sedimentation and reduced reflectivity of larger particles
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leads to reduced scattering of sunlight and efficiency to cool the climate per Tg S injection (e.g., Kravitz et al.,
2017; Niemeier & Timmreck, 2015; Visioni et al., 2017).

To investigate the impact and efficiency of SO, injections on the global climate, the inclusion of compre-
hensive processes in models is important, including stratospheric chemistry to simulate the formation of
sulfate aerosols from SO, and their impact on chemical reactions. A parameterization of complicated aerosol
microphysical processes to simulate formation, coagulation, condensational growth, lofting, evaporation, and
sedimentation is required. Depending on aerosol size distribution and location, interactions with radiation
and chemistry cause changes in temperature and chemical components including water vapor and strato-
spheric ozone (Pitari et al., 2014; Tilmes et al., 2009), which have impacts on surface climate (Marsh et al., 2013;
Visioni et al., 2017). An internally generated quasi-biennial oscillation (QBO) is further required to include
important interactions of stratospheric aerosols and dynamics (Shuckburgh et al.,, 2001). For instance, Aquila
et al. (2014) demonstrated that enhanced stratospheric aerosol loading may significantly alter the QBO.

Earlier studies used simpler models without an aerosol microphysical model for simulating injections of SO,
into the stratosphere (e.g., Rasch et al., 2008; Robock et al., 2008). Those simulations produced an unrealisti-
cally high burden of aerosols and therefore an unrealistic estimation of achieved radiative forcing reduction.
Recent papers have addressed SO, and H,SO, injection strategies using microphysical models (Aquila et al.,
2014; English et al., 2012; Heckendorn et al., 2009; Hommel & Graf, 2011; Niemeier et al., 2011; Niemeier &
Timmreck, 2015; Pierce et al., 2010). Some of these studies used a two-dimensional aerosol microphysical
model to simulate the aerosol distribution of SO, or H,SO, injections and then prescribed the aerosol distri-
bution in a global climate model (GCM). Others used models that coupled aerosols and dynamics in the GCM,
but none of those included interactions between aerosols, chemistry, and climate. Aerosols were injected
right at the equator and also spread over a larger vertical region between 20 and 25 km and a larger horizon-
tal region between 30°S and 30°N. It was shown that injections distributed evenly between 30°N and 30°S
and additionally over an extended altitude region resulted in a spread of aerosols farther poleward (English
etal., 2012; Pierce et al., 2010). Injection into higher altitudes were shown to be more efficient in producing a
higher aerosol burden (Aquila et al., 2014; Niemeier & Timmreck, 2015). All these studies agree that increasing
aerosol injections in the tropics will lead to increases in particle size and sedimentation and therefore reduced
effectiveness with injection amount. The nonlinearity of the effective radiative forcing reduction with injec-
tion amount depends therefore on the injection strategy (e.g., English et al., 2012; Heckendorn et al., 2009;
Niemeier et al., 2011).

Previous models used for SO, injection simulations did not include full coupling between aerosol micro-
physics, dynamics, chemistry, radiation, and climate (Pitari et al., 2014), and reasons for changing aerosol
pattern with injection strategy have not been systematically explored. A detailed investigation of the effect
of single injection locations at and outside the equator on the shape of the aerosol distribution and effec-
tiveness of SO, injection on AOD and climate has not been performed to date. In this work, we perform for
the first time a more comprehensive investigation of the impact of different SO, injection locations at 14
single injection locations in the stratosphere using a fully interactive model, as described in section 2. The
newly developed Community Earth System Model version 1 Whole Atmosphere Community Climate Model
CESM1(WACCM) with extensions described in Mills et al. (2016) includes all the above described processes
interactively. This model reproduces the formation and lifetime of aerosols after recent volcanic eruptions very
well (Mills et al.,, 2017). It also shows good agreement with observations in the forced response of radiation
to past volcanic eruptions and is therefore well suited to use for the investigation of climate engineering pro-
cesses using stratospheric sulfur injections. The goals of this study are (a) to assess the sensitivity of aerosol
spatial distribution and radiative forcing to single-point SO, injection in the stratosphere at different latitudes
and altitudes (sections 3.1 and 3.2), (b) to examine the linearity and efficiency of aerosol mass and size distri-
bution and aerosol optical depth as a function of SO, injection amounts (section 3.3), and (c) to assess how the
latitude and altitude of injection affect the impact on climate (section 4). Impacts on stratospheric dynamics
and chemistry of these experiments will be investigated in a companion study (Richter et al., 2017). Building
on the results of this study, companion studies (MacMartin et al., 2017; Kravitz et al., 2017) show how the
combination of different SO, injection latitudes and amounts can be used to meet different climate objectives.
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Table 1

Summary of the Single Injection Matrix of Simulations

Injection Latitude 50°S 30°S 15°S Equator 15°N 30°N 50°N

Amount (Tg SO,/yr) 6,8,12 6,8,12 6,8,12 6,812 6,812 6,812 6,812
Altitude (km) 12,17 18,23 20,25 20,25 20,25 18,23 12,17

2. Model and Experimental Design

In this study we use CESM1(WACCM), a fully coupled Earth System model, which includes atmosphere, land,
ocean, and sea ice components. This model version is based on CESM1 (Neale et al,, 2013), with modifi-
cations discussed in Mills et al. (2017). Simulations were carried out on the Yellowstone high-performance
computer platform (Computational and Information Systems Laboratory, 2012). The model horizontal reso-
lution is 0.95° in latitude by 1.25° in longitude, with 70 vertical levels extending from the surface to 145 km.
The configuration of the model used here fully couples the Community Atmosphere Model version 5 (CAM5),
the Community Land Model version 4.0 (CLM4.0), the Parallel Ocean Program version 2 (POP2), and the Los
Alamos sea ice model (CICE Version 4). The land model was run with interactive carbon and nitrogen cycles,
and the atmospheric and land components are coupled to the chemistry. Biogenic surface emissions are cal-
culated online in CLM using the Model of Emissions of Gases and Aerosols from Nature (MEGAN), version 2.1
(Guenther et al., 2012).

WACCM includes comprehensive stratospheric chemistry and an interactive modal treatment of tropospheric
and stratospheric aerosols, including sulfate produced by natural and anthropogenic precursor gases. Strato-
spheric aerosol properties calculated in WACCM have been validated against a variety of observations
spanning the period 1990-2014, which includes perturbations from large and moderate inputs of volcanic
S0O,, as well as nonvolcanic background levels (Mills et al., 2016).

A control simulation was performed starting in 1975, with initialized land, ocean, and sea ice from the CESM1
transient simulation used for the large ensemble (LE) simulation (Kay et al., 2015) that does not include interac-
tive stratospheric chemisty. The LE simulation started from a 402 year preindustrial control simulation, which
provided a long spin-up for the ocean. For atmospheric initial conditions in 1975, we used results from the
Chemistry-Climate Model Initiative (CCMI) simulations performed with an earlier version of WACCM (Garcia
etal., 2017).

The control simulation is following historical emissions before 2000 and the Representative Concentration
Pathway (RCP) 8.5 (Meinshausen et al.,, 2011) after the year 2000, with steadily increasing greenhouse gas
concentrations through the year 2100, as described in Morgenstern et al. (2017). Results were evaluated based
on observations, in particular, for the time after the eruption of Mount Pinatubo eruptions in 1991 (Mills et al.,
2017). The radiative forcing response to volcanic eruptions good agreement with satellite observations. The
model also reproduces other observed quantities well, including stratospheric winds and temperatures, water
vapor and the slope of the tape recorder, phase and amplitude of the QBO, and total ozone including the
evolution of the Antarctic ozone hole (Mills et al., 2017). This analysis points to reasonably well reproduced
stratospheric dynamics. However, due to differences in the representation and tracer transport of different
models, specifics of the aerosol distribution are expected to be model dependent and need to be addressed
in a multimodel intercomparison study.

Starting from the control simulation in 2040, forty-two 10-year simulations were performed, over the period
2040 to 2049, that continuously injected a specific amount of SO, into a single grid point at one longitude
(180°E) of the model in the stratosphere. Single grid point injections produce sulfate aerosols of smaller size
that reflect sunlight more efficiently than injections over a longitude band (not shown). The experiments differ
in altitude, latitude, and amount of annual SO, injections as shown in Table 1. Seven different latitude loca-
tions and two altitude locations were chosen, as well as three different amounts of injection. Simulations with
injections that were performed at about 5 km above the tropopause are referred to as “high-altitude injection
cases” in the following, and injections at about 1 km above the tropopause are referred to as “low-altitude
injection cases,” consistent with earlier studies (English et al., 2012; Niemeier et al., 2011). Due to variations
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Figure 1. Aerosol optical depth in the visible (550 nm) from stratospheric sulfate for 12 Tg SO,/yr injection simulations
minus the control as a function of time (in months) for different injection locations, (first row) 15°N, (second row) 15°S,
(third row) 30°N, and (fourth row) 30°S and injection altitude (left column) 5 km above the tropopause and (right
column) 1 km above the tropopause.

of the tropopause altitude with latitude, injection locations vary between 17 km (50°N and 50°S) and 25 km
(15°N and 15°S and the equator) for the high-altitude injection cases and 12 km (50°N and 50°S), and 20 km
(15°N and 15°S and the equator) for the low-altitude injection cases. Annual injection amounts, distributed
equally over the entire year, include 6, 8, and 12 Tg SO, per year.

The resulting patterns of enhancements in aerosol optical depth (AOD) are illustrated for different injection
locations in Figure 1 and for different injection amounts at the equator in Figure A1. For all injection cases,
AOD values increase for about 2 years until they reach a steady state distribution (see Figure A2, 12 Tg SO, /yr
equatorial injection case at 25 km) and produce a reoccurring seasonal pattern, as discussed in the following
based on seasonal and annual averages over the period 2042-2049 for sulfate burden, AOD, and effective
radius. Resulting temperatures continue to decline with time but show the strongest adjustments in the first
3 years (see Figure A2, bottom). Averages for surface temperature, precipitation, and top of the atmosphere
imbalance are therefore averaged over the period 2043-2049.
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Figure 2. Seasonal zonal average SO, mixing ratios averaged between 2042 and 2049, (top left) December-February
(DJF), (top right) March-May (MAM), (bottom left) June-August (JJA), and (bottom right) September-November, for the
continuous injection of 12 Tg SO,/yr at 25 km altitude at the equator (yellow dot), minus the control. Streamline
averages of the TEM for the same period are indicated as black solid (positive) and dashed (negative) lines. The
tropopause is indicated as a solid black line.

3. Distribution and Linearity of Sulfate Aerosols and the Effect on AOD

The steady state zonally averaged seasonal distribution of sulfate aerosols for different SO, injection loca-
tions and amounts is strongly controlled by the seasonal varying stratospheric transport driven by the
Brewer-Dobson Circulation (BDC) and by large-scale mixing. The continuously injected SO, is advected
toward different regions, depending on location and time (as discussed below), and oxidizes within about
45 days to form gas-phase H,S0O,, which very quickly nucleates to sulfate aerosols or condenses on existing
aerosols. The formation and growth of sulfate aerosols are therefore dependent on the SO, distribution and
the background aerosol concentration. Aerosols undergo further changes with time due to microphysical
processes including self-coagulation and coagulation depending on the amount and size of already existing
aerosols, evaporation, and lofting, sedimentation, and, once they reach the troposphere, removal through
wet and dry deposition. Because of the nature of stratospheric transport and mixing, as described below, the
production, size and removal of aerosols, and, therefore, its lifetime, strongly depend on the injection location.

The BDC is often illustrated as streamlines of the residual meridional circulation (see Figure 2), consisting of a
deep branch in the tropics, lofting tracers upward and poleward into high altitudes with a lifetime of about
4-7years.The deep branch is strongest in winter and spring of each hemisphere but stronger for the Northern
Hemisphere (NH) than the Southern Hemisphere (SH) due to differences in the underlying topography, which
change momentum deposition from gravity and planetary waves (e.g., Garcia and Randel 2008). The shallow
branches are observed in both hemispheres throughout the year and result in transport of air masses from
the lower tropical stratosphere directly toward the pole within a few months.

Streamlines of the transformed Eulerian mean (TEM) mass stream function are based on nongeostrophic eddy
transportin the zonal mean flow (Plumb & Ferrari, 2005), as shown in Figures 2, 4, and 5, are projected onto the
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SO, distribution (Figures 2 and 4) and onto the sulfate distribution (Figure 5) averaged between years 3 and
10 of the experiment. The divergence of the streamlines from positive (toward the NH) and negative (toward
the SH) varies with time and alternates with season between about 30°S in December-February (DJF) and
30°N in June-August (JJA). Besides residual transport, tracers are also influenced by mixing and diffusion,
which are notincluded in theillustration of streamlines. The mixing is driven by planetary Rossby waves, which
occur primarily in winter in the so called “surf zone" between the subtropics and the polar jet stream, and by
synoptic-scale waves above the subtropical jets (Butchart, 2014).

In the following sections, we investigate the SO, spatial distributions that result for different injection loca-
tions and discuss the difference between the single injection experiments and the control simulation, to
illustrate locations where sulfate aerosol nucleation and condensational growth is expected. Differences in
SO, and sulfate aerosol distributions with latitude for altitude injections at about 5 km above the tropopause
arediscussed in section 3.1. Those are contrasted with distributions resulting from altitude injections at about
1 km above the tropopause in section 3.2. The linearity of sulfate burden, AOD, and effective radius with
injection amount is discussed in section 3.3.

3.1. Seasonality of SO, and Sulfate Aerosol Distributions for Injections 5 km Above the Tropopause
3.1.1. Tropical Injections

For injections at the equator, shown in Figure 2, enhanced SO, mixing ratios are mostly distributed between
30°N and 30°S and at altitudes between 25 and 30 km for all seasons, due to the upward transport of SO,
following the deep branch of the BDC. This is leading to the formation of sulfate aerosol mostly in the trop-
ics and sedimentation of aerosols into altitudes below the injection location. As a result of these processes,
the sulfate aerosol distribution (Figure 3, top) shows a maximum stratospheric sulfate burden at the equator,
a minimum around 25-30°N and 25-30°S, and a secondary maximum around 40-50°S and 50-60°N, in
winter and spring of each hemisphere, with the secondary maximum being less than half as high as in the
tropics (Figure 3, top). The distribution is strongly controlled by the containment of aerosol particles within the
tropical pipe and the large-scale mixing in winter and spring midlatitudes in each hemisphere causing rapid
transport of sulfate aerosols away from the tropics creating a minimum at 25-30°N and 25-30°S. Horizontal
mixing is more strongly limited between middle and high latitudes in the SH in winter and spring than in the
NH, due to the existence of a stronger polar vortex in the SH. This leads to larger aerosol mass burden in the SH
midlatitudes in June-August and September-November. A small enhancement of SO, compared to the con-
trol simulation occurs in both hemispheres above about 20 hPa (Figure 2) and is the result of photolysis of
sulfuric acid after the evaporation of enhanced sulfate aerosol at these altitudes for the injection experiments.
3.1.2. 15°N/15°S Injection

The SO, distribution of injections at 15°N and 15°S and at 5 km above the tropopause is very different from
the tropical injection case (Figure 4). In summer of the injection hemisphere (DJF for 15°S), the SO, pattern
indicates that tracers have been following the deep branch of the BDC, showing SO, mixing ratios extended
upward and slightly across the equator toward the opposite hemisphere of the injection location. This trans-
port is stronger for injections in the SH than in the NH, since the transport of the BDC is stronger toward
the NH in winter and spring. Based on the location of enhanced SO, mixing ratios in a region close to the
injection location, a maximum in sulfate mass burden can be found in that region as well (Figure 5, top left).
Existing enhanced sulfate burden that is located poleward of the divergence point is further transported
toward the pole of the injection hemisphere, which results in a secondary maximum in DJF (Figure 3, second
row, left panel).

For 15°S in winter (JJA), the divergence of streamlines has moved away from the injection location (Figures 4
and 5). Mixing in the surf zone causes SO, and sulfate aerosols to be distributed throughout the tropics
and midlatitudes of the injection hemisphere, while the polar jet blocks further transport toward the pole
at around 60°, which results in a second and larger maximum in winter and spring (JJA and SON) (Figure 3,
second row, left panel). This maximum is only about 10% smaller than the tropical peak for the injection at
the equator for high-altitude injections. The shape of the aerosol distribution differs for injections at 15°N
and at 15°S. More sulfate burden is simulated for injections in the SH than in the NH due to differences in the
strength of the polar vortex and mixing.

3.1.3. 30°N/30°S and 50°N/50°S Injections

For the 30°N/30°S injections, SO, is injected into the subtropical lower stratosphere. Therefore, SO, and sul-
fate aerosol are mostly impacted by isentropic mixing within the injection hemisphere and only in summer
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Figure 3. Seasonal zonal averaged stratospheric sulfate total mass burden (g/m? S) averaged between 2042 and 2049,
December-February (DJF) (blue), March—-May (MAM) (green), June-August (JJA), (red), and September—November
(SON) (black), for the continuous injection of 12 Tg SO, /yr at different locations for high-altitude injections, only
(different panels), minus the control. Variability within different years in terms of standard deviation is indicated as

shaded regions around the lines.
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Figure 4. Same as Figure 2 but for continuous injections of 12 Tg SO,/yr at 25 km altitude at 15°S.

impacted by the deep branch of the BDC (Figure A3). Almost no enhancement in aerosol mass compared to
the control simulation can be found at the opposing injection hemisphere for the 30°N and 30°S injection
cases. As for the 15°N and 15°S injection, the sulfate aerosol distribution peaks in winter and spring at middle
and high latitudes for the 30°N injection, while for the SH, the polar vortex blocks tracer transport at around
60°S and therefore results in a larger maximum in midlatitudes than for the NH injection. This results in a 20%
larger peak in sulfate mass for the 30°S high-altitude injection case than for the 30°N injection and is also
larger than the tropical peak of injections at the equator (Figure 3, third row).

High-altitude injections at 50°N and 50°S and at 17 km result in similar SO, distributions to the 30°N/30°S
distribution. However, the SO, distribution is concentrated poleward of 30° of the injection hemisphere, since
the injection location always poleward of the subtropical jet (not shown). Since aerosols are located closer to
the shallow branch and downward directed streamlines of the BDC, the removal of tracers is faster and the
aerosol mass is about 30-40% lower than for the 30° injections for each injection hemisphere.

In summary, injections 15° or farther away from the equator allow SO, and sulfate aerosol to be transported
more effectively toward middle and high latitudes up to 10°S to 60°S, allowing for additional nucleation and
condensational growth in that region. Varying injection locations with season could be a way to increase
the aerosol formation region, which would influence the size of the aerosols and the sulfate mass distri-
bution. However, due to the lifetime of sulfate, seasonal variations are also strongly controlled by residual
stratospheric transport, transport barriers, and mixing.

3.2. Sulfate Mass Distribution for Injections at About 1 km Above the Tropopause

The injection at 5 km above the tropopause, as discussed in section 3.1, results in annually averaged aerosol
distributions that cover altitudes between the tropopause and up to 35 km (about 100-15 hPa) in the tropics
(Figure 6). For the low-altitude injection cases, at about 1 km above the tropopause, most of the enhanced
stratospheric sulfate mass is located between the tropopause and 25 km (25 hPa) (Figure 7) and produces a
shallower aerosol distribution in the stratosphere than for the high-altitude injection cases. The peak of the
sulfate mass for injections at the equator (Figure 8, top, middle panel) is much smaller for the low-altitude

TILMES ET AL.

CLIMATE SENSITIVITY TO SO, INJECTIONS 12,598



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD026888

DJF 12Tg 25km 15°S
I T I

= -~ ~
& _ S~ ] €
= X = ~
~— ~— ~ ~—
E . I z
§ i A=y § i ey
& 70 2 % & 70 %
150 150
250 L 10 250
400 - 400
T T T
908 608 308 0 30N 60N 90N 908 308
ug S/kg air ug S/kg air
[ I I I I I | I I | [ I I I I I
2 4 10 20 30 40 50 60
JJA 12Tg 25km 15°S SO,
L P - L | - 1 L 1 P L
o~ ~ g ~
Y SV £
= X = ~
=2 = £ =
e — 2 -
3 < 3 30 <
2 o 2 2
= o 2 7 ©
[aW) T ~ 7 T
150
250
400
T . -
908 608 308 0 30N 60N 90N 908
ug S/kg air
[ I I I I I | I I | [ I I I I I
2 4 10 20 30 40 50 60 2 4 10 20 30 40 50 60

Figure 5. Seasonal zonal average sulfate mixing ratios (ug S/kg air) averaged between 2042 and 2049, (top left)
December-February (DJF), (top right) March—-May (MAM), (bottom left) June-August (JJA), and (bottom right)
September—-November (SON), for the continuous injection of 12 Tg SO,/yr at 25 km altitude at 15°S (yellow dot), minus
the control. Streamline averages of the TEM for the same period are indicated as black solid (positive) and dashed
(negative) lines. The tropopause is indicated as a solid black line.

injection cases (solid lines) than for the high-altitude injection cases (dashed lines), while the changes in mid-
dle and high latitudes are comparable. This is because for the high-altitude injection case aerosols mostly
remain in the tropics and grow larger, while for the low-altitude injections aerosols are moved faster toward
midlatitudes.

For the 15°N and 15°S injection cases (Figure 8, right and left columns), the shapes of the sulfate mass distri-
bution for low- and high-altitude injection cases are very similar. However, the amount for sulfate mass is up
to 50% larger for the high injection cases including the peak of sulfate mass at the injection location. Since the
location of the injection is lower, a larger fraction of tracers is influenced by the airflow of the shallow branch
of the BDC. As for the injections at the equator, this results in a faster transport of SO, toward high latitudes.
The injections at 30°N and 30°S are less efficient in accumulating sulfates for the low-altitude injection cases
compared to the high-altitude injection cases, and almost no sulfate remains in the stratosphere for the 50°N
and 50°S injection cases (Figure A4). Differences in aerosol distribution also impact the temperature response,
which changes stratospheric transport and condensation and evaporation of aerosols. A detailed discussion
on differences between high and low injection locations for combined injections at 15°N and 15°S injection
will be performed in future studies.

3.3. Sulfate Lifetime and AOD Changes With Injection Amount

In this section, we explore the dependency of stratospheric sulfate lifetime and AOD with injection amount
at different injection locations and therefore identify injection locations that are more efficient than others to
influence radiation and climate. In addition, depending on the injection location, relative changes in global
sulfate aerosol and AOD with increasing injection amount are not linear and the ability to manipulate AOD
with changes in sulfate burden therefore also depends on the injection amount.
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Figure 6. Stratospheric sulfate mass mixing ratio (ug S/kg air), 2042-2049 annual averages minus the control simulation
for the same period, for the 12 Tg SO, injection cases at (top) 5 km above the tropopause at the equator, at (second
row) 15°S (left) and 15°N (right), at (third row) 30°S (left) and 30°N (right), and at (fourth row) 50°S (left) and 50°N
(right). All differences are significant at the 5% level. The injection location is illustrated as a yellow point in each panel,
and the averaged location of the tropopause from the injection simulation is shown in black.
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Figure 7. Same as Figure 6 but for the 12 Tg SO, injection cases at 1 km above the tropopause

3.3.1. Zonal Changes in SO, Burden and AOD for Different Injection Cases

Increasing amounts of SO, injections at the equator result in a large increase in the peak value of sulfate bur-
den in the tropics for high-altitude injection cases (Figure 8, first row, middle panel). In contrast, low-altitude
injections result in a relatively smaller increase in the peak at the equator, as discussed above, and a similar
increase in middle and high latitudes compared to the high-altitude injection cases. AOD follows a similar
pattern to the zonally averaged sulfate distribution for the different injection cases (Figure 8, second row).
However, peaks in the sulfate distribution are relatively larger than peaks in the zonal AOD distribution, in
particular, for the high-altitude injection cases at the equator. This is because AOD is dependent on the size
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Figure 8. Annually and zonally averaged (top row) stratospheric sulfur mass, (middle row) aerosol optical depth from sulfate aerosols, minus the control, and
(bottom row) effective wet radius weighted by surface area density for different injection locations, 15°S (left column), equator (middle column), and 15°S
(right column), different injection altitudes, 1 km above the tropopause (solid lines) and 5 km above the tropopause (dashed lines), and for different injection

amount, 6 Tg SO,/yr (blue), 8 Tg SO,/yr (green), 12 Tg SO, /yr (red).

distribution and the effective radius of sulfate particles, since larger values of effective radius for the same
mass result in reduced scattering of light and therefore reduced AOD per sulfate burden.

The largest effective radius values are simulated at the SO, injection location, where nucleation, coagulation,
and condensational growth on existing background aerosols is expected to be largest. The enhanced back-
ground aerosols are largest for high-altitude injections at the equator (Figure 8, third row). For injections at the
equator and at 15°N and 15°S, the size of the effective radius declines toward the poles (Figure 8, third row).
For the 30° and 50° injection cases, the effective radius is more similar for the entire injection hemisphere
(Figure A4), since condensational growth occurs over a larger region. For the low-altitude injection locations,
the effective radius is smaller and does not vary nearly as much with latitude. Therefore, low-altitude injection
cases result in a larger change in AOD per sulfate burden change than for the high-altitude injection cases.
3.3.2. Linearity of Sulfate Lifetime and AOD per Injection Amount

In the following discussion, we discuss changes of global stratospheric sulfate lifetime and AOD changes per
injection amount with regard to injection location and amount (Figure 9 and Tables 2 and 3). The stratospheric
lifetime is defined as the global stratospheric aerosol burden in Tg S divided by the injection rate in Tg S/yr.

The injection at high altitudes (5 km above the tropopause) results in about 50% larger mass burden in the
stratosphere due to an increase in vertical extent of the aerosol particles and less removal due to a longer
sedimentation path compared to the low-altitude injection case (Figure 9, top row). On the other hand, with
increasing SO, injection amount, the lifetime of sulfate decreases for the high-altitude injection cases, espe-
cially for injections at the equator and at 15°N and 15°S by around 8% between 6 and 12 Tg SO, injections per
year (see Table 2). The main factor is the increase in effective radius with emission amount for high-altitude
injection cases, in particular, for the injection at the equator, which results in a faster removal of aerosol mass.
The stratospheric sulfate lifetime is largest for injection at 15°S, while it is larger for injections at the equator

TILMES ET AL.

CLIMATE SENSITIVITY TO SO, INJECTIONS 12,602



@AG U Journal of Geophysical Research: Atmospheres

10.1002/2017JD026888

Strat. Sulfate Lifetime (yr)

AOD SO, ( /TgS yr‘l)

Effect. Radius (um)

EQ 15N,15S 30N,30S
16 1 1 1 1 1 16 1 1 1 1 1 16 1 1 1 1
o. ..
14 - \‘0“““--0 LS 14 15N o-. o R SRV 30N i
2" 1ss oo |3 "]s0s
12 : 12 £ 12
2 4 o :;_) 2 4 o é 24 o e o
-o—° 2 F ° °
4 L o i L @ i L
1.0 2o ././. 2 o g o
] 3
v w
0.8 o - 08 - oo —® | 03 -
g g
7 7] o o ———©
0.6 06 1 06 1 -
o—0—9o
T T T T T T T T T T T T T T T T T T
2 4 6 8 10 12 14 2 4 6 8 10 12 14 2 4 6 8 10 12 14
EQ 15N,15S8 30N,30S
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.040 - L o0 4 15N o._ L 00 4 30N -
o._ —_ 15S 0. O ~ 30S
S e n e P
—---0 5 O 5,
0.030 - e ¢ —® | 0030 © & 0030 4 0o __o |
£ R & o
— o—eo —© N2 9~——7;;;;9
0.020 - F o 0020 F & 0.020 oo o |
%) Zl o —o—o
g g
0010 - L < 0010 4 L = 0010 4 -
0.000 T T T T T 0.000 T T T T T T 0.000 T T T T T T
2 4 6 8 10 12 14 2 4 6 8 10 12 14 2 4 6 8 10 12 14
EQ 15N,15S 30N,30S
060 1 1 1 1 1 1 060 1 1 1 1 1 060 1 1 1 1 1
o 15N 30N
0.50 - o - 0s0415S e [ %07 30S -
o g e /
0.40 F 2 040 (- F 2 040 //:;::/8 o
'/./. z ././. 2 g::ﬁ:/,
030 S 030 ./0/. S 030 - L
= > ./0/.
3 3
020 - -3 020 -8 020 -
3] (3]
0.10 - 010 010 1 -
0.00 T T T T T T 0.00 T T T T T T 0.00 T T T T T T
2 4 6 8 10 12 14 2 4 6 8 10 12 14 2 4 6 8 10 12 14

Injection Amount (TgSO,/yr)

Injection Amount (TgSO,/yr) Injection Amount (TgSO,/yr)

Figure 9. Annually and globally averaged (top row) stratospheric sulfate mass, (middle row) aerosol optical depth from sulfate aerosols, minus the control and
divided by the injection amount, and (bottom row) effective wet radius weighted by surface area density, shown for different injection amounts and for different
injection altitudes, 1 km above the tropopause (solid lines and filled circles) and 5 km above the tropopause (dashed lines and open circles), and for different
regions (different columns). The uncertainty of global values due to natural variability in both the injection and control simulations is less than 2%.

than injections at 15°N (Table 2). This is due to differences in the transport of SO, and sulfate aerosols into
different hemispheres.

In contrast, for the low-altitude injection case, sulfate lifetime is not decreasing with injection amount but is
actually increasing from 8 to the 12 Tg SO, per year injections, despite the fact that global-averaged aerosol
effective radius is larger. This is because the effective radius grows more equally over all latitudes (Figure 9,
bottom row), since more aerosols are transported outside the tropics, which likely results in reduced sedi-
mentation compared to the high-altitude injection case. The wet effective radius for the low injection cases
reaches values up to 0.45 pm, compared to up to 0.7 pm for the high injection cases at the equator (Figure 8,
bottom and middle rows). Furthermore, the aerosol lifetime is larger for injections at the equator than outside
the equator (Table 2). In this case, the effective radius is similar for both injections at the equator and at 15°N
and 15°S.

Difference in normalized AOD changes between high- and low-altitude injections are in general much smaller
than differences in the sulfate lifetime (Table 3 and Figure 9, middle row), as a result of the differences in the
effective radius. AOD per injection amount decreases with high injection rates for the high-altitude cases but
does not change for the low-altitude injections. For the injections at the equator, high injection rates become
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Table 2

Stratospheric Sulfate Lifetime (Year) With Injection Latitude, Derived Between 2042 and 2049

Altitude Injection 50°S 30°S 15°S Equator 15°N 30°N 50°N
30 hPa 6Tg SO, 0.51 1.14 1.56 1.50 141 0.99 0.44
30 hPa 8Tg SO, 0.51 1.12 1.48 1.44 1.36 0.96 043
30 hPa 12Tg SO, 0.51 1.12 1.43 141 1.33 0.94 043
60 hPa 6 Tg SO, 0.04 0.65 0.89 1.01 0.78 0.56 0.05
60 hPa 8Tg SO, 0.04 0.64 0.92 1.00 0.79 0.56 0.04
60 hPa 12Tg SO, 0.04 0.66 0.95 1.07 0.82 0.55 0.04

Note. Uncertainty is less than 2% for all cases.

less effective with injection amounts, leading to only about 7% larger normalized AOD values for the high-
compared to the low-altitude injection case for 6 Tg S per year. As for the equatorial injections, normalized
AOD values also differ less between high- and low-altitude injections with increasing injection amount for
injection outside the equator. Changes in AOD per injection amount are largest for injections at 15°S and
similar for injections at the equator and injections at 15°N for high-altitude injections, while they are largest
for injections at the equator for low-altitude injections.

In conclusion, the injection at lower altitudes results in smaller particles, which scatter more sunlight than
larger particles and therefore are more efficient in reducing AOD for the same amount of mass. On the other
hand, for the low-altitude injection cases, transport through the lower branch of the BDC moves aerosols
faster toward high latitudes, where they are more quickly removed from the stratosphere compared to the
high-altitude injections for the same injection amount. Low-altitude injections at the equator lead to the
largest sulfate lifetime, while high-altitude injections lead to largest sulfate lifetime outside the equator.
The difference between AOD per injection amount for high and low injections at the equator is more similar
than outside the equator and values become more similar with increasing injection amount.

4. Climate Response

4.1. Zonal Changes in Climate Variables for Different Injection Cases

The increase in AOD as discussed above results in reduced incoming solar radiative flux. This changes the
energy budget and, with this, the residual top of the atmosphere (TOA) radiative imbalance. TOA imbalance
is defined as the difference between net short-wave (SW) and net long-wave (LW) radiation. It therefore takes
into account changes in the SW radiation, including reductions as a result of increase in AOD, adjustments
of clouds, and seasonality of sunlight and surface albedo, in particular, from changes in sea ice. Furthermore,
changes in the long-wave radiation are a result of changes in clouds, adjustments in greenhouse gases
including water vapor, ozone, and atmospheric and surface temperatures. Changes in the TOA imbalances
are therefore not directly related to change in stratospheric AOD and vary strongly with latitude (Figure 10,
second row).

Table 3

AOD Change per Tg S/yr With Injection Latitude, Derived Between 2042 and 2049

Altitude Injection 50°S 30°S 15°S Equator 15°N 30°N 50°N
30 hPa 6 Tg SO, 0.016 0.031 0.040 0.037 0.036 0.027 0.013
30 hPa 8Tg SO, 0.016 0.030 0.037 0.034 0.033 0.025 0.013
30 hPa 12 Tg SO, 0.016 0.029 0.035 0.032 0.031 0.024 0.013
60 hPa 6Tg SO, 0.002 0.020 0.026 0.029 0.023 0.017 0.002
60 hPa 8Tg SO, 0.002 0.019 0.027 0.029 0.023 0.017 0.002
60 hPa 12 Tg SO, 0.002 0.020 0.026 0.030 0.023 0.017 0.002

Note. Uncertainty is less than 2% for all cases.
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Figure 10. Annually and zonally averaged (first row) aerosol optical depth from sulfate aerosols, (second row) TOA imbalance, (third row) surface temperature,
and (fourth row) precipitation, minus the control, for different injection locations, (left column) equator, (middle column) 15°N and 15°S, and (right column) 30°N
and 30°S, and different injection altitudes, 1 km above the tropopause (solid lines) and 5 km above the tropopause (dashed lines), using an injection of

12 Tg SO,/yr for all cases.

The large increase in AOD for tropical SO, injections (Figure 10, top left) results in a reduction in the TOA imbal-
ance relative to the control simulation, which is largest in the tropics with a minimum in midlatitudes and
small changes in high latitudes. On the other hand, for the 15°N and 15°S and 30°N and 30°S injection cases,
the largest AOD increase occurs around 40-60°S for the corresponding injection hemisphere and stays high
toward the poles. The largest changes in TOA imbalance are, however, found closer to the tropics especially
for the 15°N and 15°S injection cases, with rather small changes at high latitudes. Reduced sunlight in high
latitudes results in reduced effectiveness of AOD changes on the TOA imbalance in high latitudes. In addition,
changes in clouds play an important role. Tropical precipitation (Figure 10, bottom row) and therefore convec-
tive systems and clouds shift toward the opposing hemisphere of the injection hemisphere (Haywood et al.,
2013). This results in a decrease of the TOA imbalance poleward of the equator in the injection hemisphere
and an increase in the opposing hemisphere. For the injections at the equator, some shift in precipitation from
NH to SH tropics is likely the result of a stronger increase of AOD in the NH.

For the 15°N and 15°S cases, the largest differences in the TOA imbalance occur close to the tropics, where
the largest changes in precipitation and clouds have occurred (Figure 10, bottom row). The largest differences
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northern latitudes, counteracting the large winter warming in northern high
latitudes as a result of increasing greenhouse gases (Figure A5). The cooling in
the tropics and midlatitudes is a major driver for reducing the atmospheric and
= oceanic heat transport to the Arctic, as discussed by Tilmes et al. (2014). This
A results in reducing the winter warming of the Arctic caused by increasing green-
GOk house gases in an RCP8.5 scenario, even for injections in the SH. The cooling

0.0
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Figure 11. September Arctic sea ice area for the CESM1(WACCM)
control simulation (black) and for different injection scenarios
considering only 12 Tg SO,/yr injections. The NH injection cases are

T
2000

2(;20 2040 2060 effect is significantly stronger in the NH, where the TOA imbalance is reduced
years more strongly in the NH middle and high altitudes than in the SH. A contribut-

ing factor to the cooling in the NH is also the recovery of the summer Arctic
seaice (Figure 11). Arctic September sea ice has grown back to about 2010 val-
ues for the 15°N and 30°N injections. Besides the reduced heat transport from

shown as solid line; the SH injection cases are shown as dashed lines. atmosphere and ocean, the direct reduction of incoming sunlight in the high

injection cases compared to the low injection cases results in further reductions
in surface temperatures.

Very little cooling is achieved over the Southern Ocean around 55°S for all injection case, including for the
injection in the SH (Figure A6). The short period of the experiment covering only 10 years is not sufficient
to have a strong cooling effect in the Southern Ocean. Surface temperatures over the Southern Ocean and
over middle and high northern latitudes show increased cooling for an extended injection experiment over
20 years, as shown by MacMartin et al. (2017, Figure 1). An additional reason for the reduced cooling over the
Southern Ocean may be changes in the location of the SH polar vortex with SO, injections, as described by
Richter et al. (2017). A shift in the Antarctic polar vortex as a result of sulfur injections can lead to a warm-
ing belt in the Southern Ocean and therefore a warming rather than a cooling, as discussed by McCusker
etal. (2015).

4.2. Linearity of Climate Variables to Injection Amount

The efficiency and linearity of globally averaged TOA imbalance, surface temperature, and precipitation
changes with injection amount are illustrated in Figure 12 for different single injection locations and listed in
Tables 4 and 5. Here we illustrate the TOA imbalance minus the control simulation divided by the injection
amount in Tg S to investigate linearity. The TOA imbalance per Tg S injection is reduced in most cases with
increasing injection amount. The strongest decrease occurs for the high-altitude injection cases (dashed lines
and open symbols), in correlation with the strongest decrease in AOD per Tg S injection with emission amount
(Table 4 and Figure 12, top row). The largest reduction in radiative TOA imbalance from the control simulation
is reached for the 15°S high-altitude injection case and is about 15-30% larger (depending on the injection
amount) than what can be achieved with the injection at the equator (Figure 12, top row). These differences
are, however, within the range of uncertainties due to natural variability. In addition, the 15°N injection case
shows slightly larger and the 30°S injection case shows comparable changes to the injections at the equator.
For low-altitude injection cases, the injections at the equator and the 15°S injection case show similar values in
AOD changes per injection amount, while the 15°N and both 30°N and 30°S injection cases are less effective.

Surface temperature changes per injection amount decrease for most cases with increasing injection amount,
similar to what is found for the TOA imbalance (Table 5). However, for low-altitude injections at 15°N, 15°S,
and 30°S, surface temperatures per injection amount increase. The increasing efficiency of the surface tem-
perature reduction per injection amount is larger in the NH than in the SH, despite the fact that the efficiency
of TOA imbalance is larger in the SH than in the NH. As pointed out in section 4.1, extra cooling in the NH may
be achieved due to the recovery of the Arctic sea ice and by the difference in land versus ocean area which
provides a different heat capacity. Also, less cooling of the Southern Ocean occurs due to the short period
of the experiment, while faster cooling is expected over land. For 12 Tg SO,/yr injections at the equator,
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Figure 12. Annually and globally averaged (top row) TOA imbalance, (middle row) surface temperate, and (bottom row)
precipitation, minus the control, and divided by the injection amount, shown for different injection amounts and for
different injection altitudes, 1 km above the tropopause (solid lines and filled circles) and 5 km above the tropopause
(dashed lines and and open circles), and for different injection locations, (left column) equator, (middle column) 15°N
and 15°S, and (right column) 30°N and 30°S. Error bars indicate the uncertainty due to natural variability in both the
injection and control simulations.

Table 4
Top of the Atmosphere Imbalance (in W/m? per Tg S/yr) With Injection Latitude, Derived Between 2043 and 2049
Altitude Injection 50°S 30°S 15°S Equator 15°N 30°N 50°N
30 hPa 6Tg SO, 0.16 + 0.08 0.34 + 0.09 0.41 £0.09 0.31+£0.11 0.33 +£0.09 0.15 £+ 0.09 0.11 £0.10
30 hPa 8Tg SO, 0.15 £ 0.07 0.28 + 0.06 0.35 £ 0.07 031 +£0.07 0.29 + 0.07 0.13 +£0.07 0.11 £0.07
30 hPa 12 Tg SO, 0.13 +£0.04 0.24 + 0.06 0.29 £ 0.04 0.25 + 0.06 0.29 +£0.05 0.13 +£0.03 0.12 £0.05
60 hPa 6Tg SO, 0.17 £0.10 0.19+0.10 0.26 +£0.10 0.26 + 0.09 0.19 £ 0.08 0.22 +£0.11 0.02 +£0.08
60 hPa 8Tg SO, 0.15 £ 0.07 0.20 + 0.07 0.22 +0.07 0.26 + 0.08 0.19 £ 0.06 0.25 + 0.07 0.05 £ 0.06
60 hPa 12 Tg SO, 0.10 £ 0.04 0.16 + 0.04 0.22 +£0.05 0.23 £0.05 0.18 +£0.05 0.22 + 0.04 0.05 +0.04
Note. The listed uncertainty of the values is due to natural variability in both the injection and control simulations.
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Table 5

Surface Temperature Reduction in K per Tg S/yr, With Injection Latitude, Derived Between 2043 and 2049

Altitude Injection 50°S 30°S 15°S Equator 15°N 30°N 50°N

30 hPa 6Tg SO, 0.05 +0.03 0.17 +0.03 0.22 +0.03 0.22 +0.03 0.24 +0.03 0.21 +0.04 0.11 +0.03
30 hPa 8Tg SO, 0.06 + 0.02 0.14 + 0.02 0.19 + 0.02 0.19 + 0.02 0.22 +0.02 0.19 + 0.02 0.13 +0.02
30 hPa 12 Tg SO, 0.06 + 0.01 0.13 +0.02 0.18 + 0.01 0.17 +0.01 0.20 + 0.01 0.17 +0.01 0.10 + 0.02
60 hPa 6 Tg SO, 0.06 + 0.03 0.09 + 0.03 0.11 + 0.04 0.18 + 0.03 0.15 +0.03 0.13 +0.01 0.03 +0.01
60 hPa 8Tg SO, 0.05 +0.03 0.06 + 0.02 0.12 +0.02 0.18 + 0.02 0.12 +0.02 0.12 + 0.04 0.02 +0.01
60 hPa 12Tg SO, 0.05 + 0.02 0.10 + 0.02 0.12 +0.02 0.16 + 0.02 0.14 + 0.01 0.11 + 0.04 0.01 +0.01

Note. The listed uncertainty of the values is due to natural variability in both the injection and control simulations.

surface temperature changes do not differ significantly, independently of the injection altitude, despite some
differences in AOD. The strongest cooling per injection amount is achieved for high-altitude injections at 15°N
and 15°S, aligned with the strongest reduction in TOA imbalance. Interestingly, for low-altitude injections of
12 Tg SO,/yr, the difference in temperature changes between injections at the equator and at 15°N are within
the uncertainty due to natural variability, despite significant differences in sulfate lifetime and AOD change
per injection amount.

Precipitation changes are influenced by both change in energy flux and surface temperature. A reduction in
short-wave downwelling radiation changes the latent heat flux and therefore results in reduced global precip-
itation (e.g., Bala et al., 2010; Tilmes et al., 2013), while increasing temperatures will result in increasing global
precipitation. Since temperature efficiencies with increasing injection amount respond differently for NH and
SH injection locations, precipitation changes show a mixed signal for those cases (Figure 12, bottom row).

5. Discussion and Conclusions

Forty-two single-point injection experiments were performed using the fully coupled Earth system model,
CESM1(WACCM), to explore the sensitivity of stratospheric aerosol mass, AOD, and climate to stratospheric
SO, injection location. We find that single-point injections outside the equator are more efficient in reduc-
ing global temperatures than injections at the equator for high-altitude injections (at about 5 km above the
tropopause) and equally efficient for high-altitude injections at 30°S. For injections at 25 km at the equator,
sulfate burden is mostly contained in the tropics. For high-altitude injections at 15°N and 15°S, both SO,
and sulfate are more effectively transported outside the tropics and toward middle and high latitudes, which
results in a smaller effective radius at the injection location than for injections at the equator. For injection
locations farther poleward, here 30°N and 30°S, SO, and sulfate aerosol remain mostly outside the tropics
and accumulate in middle and high latitudes. Injections at 50°N and 50°S result in much less stratospheric
sulfate burden, since most of the SO, is injected in the downwelling branch of the BDC, which removes gas
and aerosol particles quickly from the stratosphere.

We find that largest surface cooling per injection amount can be achieved for high-altitude injection locations
at 15°N and 15°S instead of at the equator. Global surface temperature reductions of 0.16-0.17 + 0.02° per
Tg S/yr injection for 12 Tg S/yr injection could be archived for both high- and low-altitude injections at the
equator over a 10 year experiment, averaging the last 7 years of the simulation. Injections at 15°N and 15°S
and at 25 km altitude resulted in temperature reduction of 0.20 + 0.01 and 0.18 + 0.01° per Tg S/yr injection,
respectively, and 0.17 + 0.01° per Tg S/yr injection at 30°N and at 22 km. Since these results are based on
10 year simulations further cooling would be expected in longer simulations since temperatures are not in
steady state at that time (see Figure A2 and MacMartin et al., 2017). Simultaneous injections at 25 km and
at both 15°N and 15°S with each 12 Tg SO,/yr were shown to lead to changes in AOD of 0.032 per Tg S/yr
compared to injections at the equator with 24 Tg SO,/yr that lead to changes in AOD of 0.026 per Tg S/yr
(MacMartin et al,, 2017). This supports our findings that injections outside the equator at 25 km are more
efficient to change AOD and therefore also temperature than at the equator.

In general, SO, injections at high altitudes are more efficient in increasing aerosol burden in the stratosphere,
which is in agreement with earlier studies (English et al., 2012; Niemeier et al., 2011). Injections at 5 km above
the tropopause produce about 50% more aerosol mass, which is mostly located in the tropics. However, in
contrast to earlier studies, AOD differences between the high and low injection cases are smaller than changes
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in aerosol mass because of differences in the effective radius. Transport toward midlatitudes is also more
efficient in the low-altitude injection case. This results in similar AOD and surface temperature change for
injections of 12 Tg SO, at the equator for both injection altitudes. Besides, injections at low altitudes are likely
cheaper using aircraft and injections at the equator are slightly more efficient to reduce temperatures than
outside the equator for the investigated injection amounts.

Changes in transport and stratospheric temperatures between the different injection cases also cause
changes in the QBO. A detailed investigation of these changes for high-altitude injection cases is discussed in
Richter et al. (2017). For equatorial injections, the QBO does show a prolonging westerly phase, as simulated in
earlier studies (Aquila et al., 2014; Pitari et al., 2016; Visioni et al., 2017), and therefore adds to the confinement
of tracers within this region. On the other hand, our simulations show that the QBO period can decrease for
injections away from the equator (Richter et al., 2017). Besides, differences in aerosol distribution and strato-
spheric temperatures for low- and high-altitude injection cases impacts stratospheric water vapor and ozone
differently. These questions will be explored in a future study.

In comparison to earlier studies, stratospheric sulfate lifetime (sulfate burden per injection amount) is slightly
higher in our simulations. SO, injections at the equator result in stratospheric sulfate burden of about 6.6 Tg S
per 6 Tg S/yr injections at around 20 km (60 hPa), while Niemeier and Timmreck (2015) and English et al. (2012)
report sulfate burden of around 6 Tg S for 10 Tg S/yr injections at a similar injection location. Differences may
be a result of the smaller injection amount tested compared to earlier studies. Also, differences are possible
due to the larger complexity in our model, including interactions between aerosols, chemistry, radiation, and
climate, resulting in a larger stratospheric aerosol lifetime (Mills et al., 2017). In terms of TOA radiative imbal-
ance for injections at 60 hPa at the equator, Niemeier and Timmreck (2015) reported a forcing efficiency of
around 0.2 W/m? per Tg S/yr injection (for injection amounts up to 10 Tg S/yr), which is similar to our result of
0.22 Tg S per Tg S/yr injection for up to 6 Tg S injection amount.

Injections at 15°N and 15°S and at 5 km (30 hPa) above the tropopause result in a forcing efficiency of
0.28 W/m? per Tg S/yr for injections of 12 Tg SO,/yr, which is an increase in forcing efficiency by over 25%
compared to injections at the equator. Pierce et al. (2010) and Benduhn et al. (2016) further considered the
injection of H,SO, in addition or instead of using SO,, in order to better control the particle size. The preva-
lence of smaller particles in the stratosphere would allow an even more efficient radiative forcing reduction
with injection amount.

Based on these findings, the combination of injection locations outside the equator allows one to change
the stratospheric aerosol distribution in a controlled way and, with that, AOD and surface climate (Kravitz
et al,, 2017; MacMartin et al.,, 2017). Improved adjustments of the aerosol mass distribution and AOD may
be possible by varying the location and timing of injections aligned with the location of the divergence
of the stream functions of the BDC and considerations of large-scale mixing and transport barriers. Since
the TOA imbalance and temperature changes are not directly correlated to AOD changes, and therefore to
shortwave radiative forcing, considering transport characteristics of the stratosphere for identifying injection
regions may be more efficient than following the maximum intensity of solar radiation, as suggested by Laakso
etal. (2017).

However, due to the long lifetime of sulfate, the aerosol distribution is controlled by stratospheric transport,
which limits the ability to perfectly manipulate the location of aerosols in the stratosphere. In addition to the
single-point injection experiment described here, combined injection experiments are required if more than
one injection location would be considered for climate engineering. Finally, SO, emissions into a certain loca-
tion may translate into a different aerosol distribution using a model with different transport characteristics.
Even if the same aerosol distribution would be used in a different model, as suggested by Tilmes et al. (2015),
resulting changes in radiative forcing and temperature pattern may be strongly model dependent and have
to be therefore explored in multimodel comparison studies.

Appendix A

The appendix contains additional figures to support the discussion in the main text. Figure A1 is similar to
Figure 1 but illustrates additional injection cases to visualize differences in the injection amount. Figure A2
shows the annual evolution of global mean AOD and surface air temperature to justify the averaging
period between years 2 and 9 for AOD and between years 3 and 9 for surface air temperature, as used
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Figure A1. Aerosol optical depth in the visible (550 nm) from stratospheric sulfate for the equatorial SO, injection
simulations minus the control as a function of time (in months) for different injection amounts, (top row) 12 Tg SO, /yr,
(middle row) 8 Tg SO,/yr, and (bottom row) 6 Tg SO,/yr and injection altitude (left column) 5 km above the tropopause,
30 hPa and (right column) 1 km above the tropopause, 60 hPa.
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Figure A2. Annual and global mean (top) AOD and (bottom) surface air temperature for the 12 Tg SO, /yr equatorial SO,
injection simulation, between 2040 and 2059. Dashed lines indicate the average between 2042-2029 (Figure A2, top)
and 2043-2049 (Figure A2, bottom). The averaged period is also marked as a solid red line.
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Figure A5. Seasonal zonal averaged surface temperature averaged between 2042 and 2049 for the (top left panel)
control simulation and (other panels) surface temperature differences from the control for continuous 12 Tg SO, /yr
injections at different injection locations (different panels); December—February (DJF) (blue), March—-May (MAM) (green),
June-August (JJA), (red), and September-November (SON) (black). Variability within different years in terms of standard
deviation is indicated as shaded regions around the lines.
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Figure A6. Maps of surface temperature differences between the continuous 12 Tg SO,/yr injections at different
injection locations (different panels) averaged between 2040 and 2049 and the control (averaged between 2000 and
2009). Values greater in magnitude than 0.5°C are statistically significant at the 95% confidence level as calculated by a
two-sample unpaired Student’s t test.
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in the main text. Figure A3 is similar to Figure 2; however, it shows the outcome of a different injection loca-
tion, namely, at 30°S. Figure A4 is similar to Figure 8 but also illustrates the result of injections at additional
locations, as investigated in the study. Figure A5 shows the seasonal change in zonally averaged surface tem-
perature. This information was not added to the main text, since the discussion is mostly focused on annual
changes, but is expected to be useful for the reader. Finally, Figure A6 adds information on regional response
of surface temperature changes between 2040-2049 and 2000-2009 (left column, top) and the response to
SO2 injections of 12 TgSO,/yr at different locations between 2040 and 2049.
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