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Abstract

The injection of sulfur dioxide (SO,) into the stratosphere to form an artificial stratospheric
aerosol layer is discussed as an option for solar radiation management. The related re-
duction of radiative forcing depends upon the injected amount of sulfur dioxide but aerosol
model studies indicate a decrease in forcing efficiency with increasing injection rate. None of
these studies, however, consider injection rates greater than 20 Tg(S) yr L. But this would
be necessary to counteract the strong anthropogenic forcing expected if “business as usual”
emission conditions continue throughout this century. To understand the effects of the in-
jection of larger amounts of SO, we have calculated the effects of SO, injections up to
100 Tg(S) yr—1. We estimate the reliability of our results through consideration of various
injection strategies and from comparison with results obtained from other models. Our cal-
culations show that the efficiency of the aerosol layer, expressed as the ratio between sul-
fate aerosol forcing and injection rate, decays exponentially. This result implies that the
sulfate solar radiation management strategy required to keep temperatures constant at that
anticipated for 2020. Maintaining “business as usual” conditions, would require atmospheric
injections of approximately 45 Tg(S)yr—! (& 15% or 7 Tg(S) yr—!) at a height correspond-
ing to 60 hPa. This emission is equivalent to 5 to 7 times the Mt. Pinatubo eruption each
year.

1 Introduction

Climate engineering (CE) aims to counteract anthropogenic forcing due to green house gas
(GHG) emissions by reducing the amount of incoming solar radiation through solar radiation
management (SRM). To estimate the climate impact of SRM, model comparison studies
have been performed (Kravitz et al.,|2011) to simulate mirrors in space (e.g.,|Schmidt et al.,
2012) or stratospheric injection of sulfur dioxide (e.g., |Pitari et al., 2013). Such injections,
first suggested by [Budyko| (1977) and later by |Crutzen|(2006), follow the example of volcanic
eruptions that naturally emit large amounts of SO, above the tropopause. Chemical and
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microphysical reactions in this region result in the formation of sulfate aerosols that reduce
through solar reflection, the available solar radiation at the earth’s surface, and absorb
outgoing longwave radiation in the stratosphere.

Initial studies of artificial sulfate aerosols estimated their effect on climate by performing
climate model simulations with prescribed particle size and relatively vague assumptions
for aerosol particle evolution (Rasch et al., 2008; |Robock et al., [2008; Tilmes et al., 2009).
A more comprehensive study, albeit two-dimensional, using a sectional aerosol microphys-
ical model showed that the particle size distribution of the sulfate aerosol cloud depended
strongly on the magnitude of the injections (Heckendorn et al., 2009) which has been con-
firmed by later studies (Pierce et al., |2010j; [Niemeier et al., 2011} [Hommel and Graf, 2011},
English et al.l [2012). However, the results differ in detail, in the simulated particle size dis-
tribution as in the poleward transport of stratospheric aerosol particles. These differences
have implications for the estimated radiative forcing and hence on impact of the strato-
spheric aerosols on the climate and ozone concentration.

These previous studies were performed with SO, injections in the range of 1 to
20 Tg(S) yr—!. Earth System Model studies, which try to counteract anthropogenic GHG
forcing to maintain 2020 forcing conditions within the Geoengineering Model Intercom-
parison Project (GeoMIP, Kravitz et al., 2011), estimated sulfur injection rates within this
range. For example Niemeier et al. (2013) previously used up to 6 Tg(S) yr~! to counteract
1.5 W m~2 forcing of GHG as prescribed in the RCP4.5 scenario, defined in the fifth phase
of the Climate Model Intercomparison Protocol (CMIP5, Taylor et al., [2012), for the second
half of this century. Counteracting the forcing of the stronger GHG scenario RCP8.5 will
require higher SO5 injection rates.

With increasing injection rate the forcing efficiency, the ratio of sulfate aerosol forcing
to injection rate, decreases (Heckendorn et al., 2009). This decrease in forcing efficiency
is non-linear and the injected SO, amount needed to reduce strong GHG forcings will be
high. This raises the question, if whether or not, it will be possible to counteract strong GHG
forcing, like RCP8.5 scenario, for example, down to a level anticipated for 2020. Therefore,
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we try to estimate a theoretical upper limit for possible SO injections after which a further
increase in injection rate causes only a negligible decrease in radiative forcing.

We have performed simulations with the middle atmosphere version of the General Cir-
culation Model (GCM) ECHAMS5 (Roeckner et al., 2006; Giorgetta et al., |2006) interactively
coupled to a modified version of the aerosol microphysical model HAM (Stier et al., 2005).
This three-dimensional modal aerosol model allows for dynamical feedback on particle dis-
tribution. Particle size is a crucial parameter for the effectiveness of stratospheric aerosols
as it influences absorption and scattering properties as well as the sedimentation veloc-
ity. The model is not coupled to an ocean model, neither to a full atmospheric chemistry
module. Thus, impacts on climate or ozone concentrations were not simulated.

ECHAMS5-HAM simulations of increasing injection rates of up to 100 Tg(S) yr—* will be
analyzed with respect to the efficiency of the injections (Sect. followed by a discussion
about injection strategies such as modification of the injection area size and different pro-
tocols defining the used aerosol module (Sect. [3.2). We compare our results in Sect.
to those obtained from other models (Heckendorn et al., 2009; Pierce et al., 2010; English
et al.,[2012) to provide a broader perspective. In Sect. 4] we consider the limitations of SO,
injection and give rough estimates of possible impacts of such a strong SO, injection re-
quired to counteract a GHG forcing of 5.5 W m~2, which would be necessary to reduce
RCP8.5 anthropogenic forcing to a level anticipated for the year 2020.

-1

2 Description of the model and the performed simulations
2.1 Model setup

The simulations for this study were performed with the middle atmosphere version of the
GCM ECHAMS5 (Giorgetta et al., |2006) with a spectral truncation at wave-number 42 (T42)
and 39 vertical layers up to 0.01 hPa. The GCM solves prognostic equations for vorticity,
divergence, surface pressure, water species, and temperature. In the model version used
the quasi-biennial oscillation (QBO) in the tropical stratosphere is not resolved and the
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model remains in a permanent east phase. The model runs in climate mode with fixed sea
surface temperature.

The aerosol microphysical model HAM (Stier et al. 2005) is interactively coupled to
the GCM, as well as to the radiation scheme of ECHAMS. The sulfate aerosol influences
dynamical processes via temperature changes caused by scattering of shortwave radia-
tion and absorption of near-infrared and longwave radiation. HAM calculates the sulfate
aerosol formation including nucleation, accumulation, condensation and coagulation, as
well as its removal processes via sedimentation and deposition. A simple stratospheric sul-
fur scheme is applied at the tropopause and above (Timmreck, [2001; Hommel et al., 2011).
The gaseous precursor species (OH, NO,, and Os3) are prescribed on a monthly bases,
as well as photolysis rates of OCS, H,SO4, SO5, SO3, and O3. OCS concentrations are
prescribed at the surface and transported within the model.

The microphysical core of HAM, M7 (Vignati et al., 2004), was modified to allow better
representation of the stratospheric sulfate aerosol. Nucleation was adapted to high HoSO,4
concentrations, so when the number of molecules in the critical cluster is small (< 4) the col-
lision rate of two molecules is calculated and used instead of the nucleation rate (Vehkamaki
et al.|[2002). The time stepping scheme for the H,SO4 gas equation is solved as described
in [Kokkola et al.| (2009), which increased the accuracy of the model compared to previous
versions (Wan et al., 2013). Within this stratospheric HAM version we treat only the sul-
fate aerosol and, apart from the injected SO,, only natural sulfur emissions are taken into
account in the simulations. Further details are described by |Niemeier et al.| (2009).

The original modal setup of M7, i.e., with seven modes, represents tropospheric con-
ditions and is not representative for the stratospheric sulfate aerosol. In accordance with
box-model studies (Kokkola et al., [2009) we applied a special setup of the modes to de-
scribe stratospheric sulfate aerosols: one for simulations of volcanic eruptions (Volc) and
one for SRM (Geo). Both are used in this study. The volcanic setup (Volc) contains no
coarse mode and a smaller accumulation mode (standard deviation 045 = 1.2). Model re-
sults using this setup show overall good agreement for particle size and radiation at the
top of the atmosphere (TOA) with measured data taken after the Mt. Pinatubo eruption
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(Niemeier et al., 2009} [Toohey et al., 2011). We see a slight overestimation of the poleward
transport in the aerosol optical depth (AOD) compared to satellite measurements (Thoma-
son et al., [1997), and, consequently, calculated aerosol concentrations in the tropics were
lower than observed six months after the eruption. The simulated tracer transport into the
Southern Hemisphere after the Mt. Pinatubo eruption in June 1991 and the related AOD
compare well with satellite measurements (Thomason et al., [1997).

For simulations of SRM with sulfate aerosols the modal setup of M7 was further opti-
mized. The sectional aerosol model simulations (Heckendorn et al., [2009) show a wider
size distribution for SRM than observed after a volcanic eruption, as the simulations of
Kokkola et al.| (2009) did for lower SO, concentrations. This reflects the smaller sulfur flux
(continuous emission) compared to those required for volcanic eruptions. Based on these
studies of the SRM distribution, the original ECHAM5-HAM distribution was changed to
a smaller standard deviation of the coarse mode (o = 1.2 instead of 2), while we kept the
normal standard deviation of ¢ = 1.59 in the model code for the accumulation mode. As
a result, the simulated particle number distributions compare better to those calculated by
the sectional aerosol model of Heckendorn et al.| (2009). This SRM setup was used to cal-
culate the amount of SO injections necessary to counterbalance anthropogenic forcing in
the GeoMIP G3 experiment (Niemeier et al.l [2013). The data from this model are used as
input data for a GeoMIP intercomparison study (Tilmes et al., [2015).
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2.2 Setup of simulations

To study the dependence of the particle size distribution on the amount of injected SO,
a series of numerical experiments were performed te-simulate-several-years with injections
between 1 and 100 Tg(S) yr—*. SO, was injected continuously at a height of 60 hPa (about
19 km) into one grid-box (2.8° x 2.8°) centered at the Equator at 121° E. In addition to the
geoengineering setup, we used the volcanic setup for 100 Tg(S) yr~! injection rate. All of
the results presented here are averaged over at least three years of a steady global sulfur
burden.

To estimate the uncertainty of the simulations, we varied the size of the injection area.
For an injection rate of 10 Tg(S)yr—! we increased the area of injections meridionally to
5°N and 5° S, and to 30° N and 30° S, as well as zonally to a one grid box wide circle along
the Equator (Table[f). We also varied the injection height and performed simulations with a
second injection height of 30 hPa (about 24 km) for two different meridional extensions: the
grid box and 30° N to 30° S. We did not alter the zonal position of the injection box because
a case study by Toohey et al.| (2011) revealed on average no significant longitudinal impact
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3 Results

In this study we aim to determine the efficiency of stratospheric SO, injections and their
dependency on the injection rate. The results are subject to several uncertainties, like the
modal setup and influence of injection area. We estimate their importance and impact on
the presented results within this section. The efficiency of SO, injections is the ratio of top
of the atmosphere (TOA) forcing to injection rate.

3.1 Impact of increasing injection rate

Figure [1] (left) shows the simulated change in global radiative fluxes at the top of the at-
mosphere (TOA) for different SO, injection rates. These data are derived from running the
radiation calculation in the model twice, once without and once with aerosols, whereby only
the latter is used for the model integration. With this method we calculate the instantaneous
aerosol forcing only. The orange curve shows the data for the TOA forcing (ARtoa), net
shortwave (SW) plus net longwave (LW) radiation, for the different injection rates. The sim-
ulations show a reduction of TOA forcing by —0.5, —2, —6, —8.5 W m~2 for injection rates
of 2, 10, 50, 100 Tg(S) yr 1, respectively. The red curve in Fig. 1| (left) is a fit of the ARtoa
as function of injection rate z (in Tg(S) yr~1):

_ (2246Tg(S) yr—1 ) 023
ARtopn = —65Wm~2.¢ v (1)
This fit to the simulated TOA imbalance extrapolates the simulated A Rroa for even higher
injection rates. Upon doubling the injection rate from 100 to 200 Tg(S) yr—* the fitted expo-
nential function yields an increase in the negative forcing from —8.5 to roughly —12W m—2.
Doubling of the injection rate, therefore, results in an increase of only 40 % in the forcing.
A more detailed illustration of the radiative forcing efficiency at TOA is given in Fig.
(right), where the A Rtoa is split in a SW and LW part. This figure clearly depicts that the
decreasing radiative forcing efficiency results from the SW part. An injection of 5 Tg(S) yr !
yields an efficiency of —0.23Wm~2(Tg(S)yr~1)~1, while an injection of 50 Tg(S)yr!
8
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yields an efficiency of —0.12W m~—2 (Tg(S)yr—1)~!: a tenfold increase in injection rate re-
sults in 50 % reduction in the efficiency. This result can be explained by Fig. 2} For small
injection rates (< 10 Tg(S) yr~!) Fig. shows that the number distribution is greater in ac-
cumulation mode than in coarse mode. As injection rates increase, particle number and
radii increase stronger in coarse mode than in accumulation mode. With increasing particle
size scattering becomes less effective. The parallel curves of SW and A Ryop efficiency in
Fig.[1] (right) indicate that the changes in scattering are mostly responsible for the decrease
of ARroa efficiency. In contrast, efficiency of LW radiation at TOA is almost constant and
positive at 0.1 Wm =2 (Tg(S) yr1)~1. So the TOA LW flux anomalies are linearly dependent
on the injection rate and contribute to the GHG effect instead of counteracting it.

Summarizing, the decrease in efficiency with increased injection rate follows exponential
decay and is the consequence of the increased particle size that occurs with increased in-
jection rate. Larger particle radii result in decreased scattering of SW radiation and a shorter
lifetime of the sulfate aerosol (Niemeier et al., |2011). LW absorption by the sulfate aerosol
scales linearly per injected mass.

3.2 Range of results within one model

In this section we investigate the robustness of the values given in Fig. |1} The general
performance of the global aerosol model has already been discussed in Sect. [2] Here, we
test the robustness of our results by varying the injection area and by changing the internal
M7 mode setup.

3.2.1 Impact of the size of the injection area — zonal extension

To further investigate the impact of the SO, injection flux per area the emission area was
increased in longitudinal direction for an injection rate of 10 Tg(S) yr—!. Table [2| gives the
resulting global values of sulfur burden, AOD, top of the atmosphere forcing A Rtoa, and net
SW radiation at TOA. The burden decreases with increasing emission area, as does AOD
and ARtoa. ARtoa decreases by 12% when SO, is injected zonally along the Equator
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(Geo10-lon) instead of into a single grid box. The reason can be found in aerosol micro-
physical as well as in dynamical differences (see below).

The temporal microphysical evolution of the stratospheric sulfate aerosol is a competing
process between nucleation, coagulation and condensation. The amount of nucleation or
coagulation depends on the SO, flux into the stratosphere, as well as on the amount of
existing particle (Heckendorn et al., [2009). An important difference between a case study
of an explosive volcanic eruption and of a sulfur SRM application, as considered here, is the
continuous sulfur emission flux. In the latter freshly injected SO is always available, which
has the following consequences for the microphysical processes of aerosol development:

1. Nucleation continuously forms small particles within the injection area.

2. HyS0y is always available within the injection area to condense on these particles, the
first growth step within the nucleation and Aitken modes.

3. Due to advection, larger particles in accumulation and coarse mode are globally dis-
persed.

4. The coagulation coefficient depends on the ratio of radii between fine and coarse
particles (Seinfeld and Pandis,|1998). The larger the ratio, the larger is the coagulation
coefficient. This is most effective between fine (r < 0.01 um) and coarse particles
(r>1 um). As a consequence of the continuous emission flux under sulfur SRM,
large and fine particle sizes are always available. Hence coagulation has a stronger
impact on particle size than condensation (Heckendorn et al., 2009) and is mostly
responsible for the growth of coarse sized particles.

Figure [3] shows the distribution of SO, burden (top) and coarse mode sulfate particle bur-

den (bottom) along the Equator for simulations Geo10 and Geo10-lon. For Geo10 the SO,

burden is high within the injection area and SO, is advected to the West with burden val-

ues declining steeply. In Geo10-lon the constant emissions along the Equator result in an

equal burden of about 10 mgm—3 of SO,. This is almost one order of magnitude smaller

than the maximum in Geo10 and an order of magnitude larger than the minimum in Geo10
10
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upwind of the injection area around AREA-145. H,SO,4 and nucleation mode particles be-
have similarly to SO, and occur mostly in the injection area as conversion processes occur
quickly. In contrast to the distribution of precursor gases and the particle in the nucleation
mode, the distribution of the coarse mode particle along the Equator in both simulations
is almost equal (Fig. [3, bottom). This indicates that the lifetime of the coarse particles is
longer than the zonal mixing time due to advection and diffusion and that transport plays an
important role for the larger particles. The distribution in the stratosphere of nucleation and
Aitken mode particles is mainly determined by microphysical processes, while accumula-
tion and coarse mode particle distributions depend on both microphysical processes and
on transport.

Figure [4 shows on the left the aerosol number size distribution of Geo10 as an average
over the downwind grid box AREA-115 and the upwind grid box AREA-145, and on the
right the zonal average of Geo10 and Geo10-lon at the Equator. Compared to AREA-145
the number size distribution of AREA-115 shows high particle numbers in all modes, indi-
cating that the processes of nucleation, condensation and coagulation are all in operation,
especially new particle formation. In AREA-145 SO, concentration is low, consequently, the
nucleation particle number and radius are both small. Additionally, low Aitken and accumu-
lation mode numbers indicate small amounts of nucleation and condensation. This shows
that the process of particle growth occurs mostly in, and downwind of, the injection area.
In Geo10-lon injections occur along the Equator. The size number distribution of the zonal
average, here representative for the injection area, is very similar to the one of AREA-115.
For Geo10-lon both fine and large particles are available at all longitudes (Fig. [3) and the
ratio of fine to large radii is large everywhere. Coagulation is, therefore, the dominant pro-
cess everywhere and particles are able to grow in size. This decreases SW scattering and
hence the forcing efficiency, by —12 % in ARroa (Sect.[3.1).

Earlier studies (Heckendorn et al., 2009; Niemeier et al., |2011) suggest a similar effect
when prolonging the time period of stratospheric injections. Changing the injection period
from pulse to continuous decreases the injection flux but results over time in a more even

11

TodeJ UOISSNOSI(]

TodeJ UOISSNOSI(]

TodeJ uOISSNOSI(]

TodeJ UOISSNOSI(]



20

25

distribution of particles and an overall quite regular availability of small particles. This results
in a change in efficiency of —3% (Niemeier et al., 2011).

3.2.2 Impact of the size of the injection area — vertical shift

To investigate the impact of the injection height, we shifted the area from a height corre-
sponding to 60 hPa to 30 hPa (about 24 km) and performed two simulations: Geo10-high,
the same design as Geo10 with different injection height only, and Geo10-30-high using the
design of Geo10-30 with an injection area between 30° N and 30° S.

Geo10-high shows an increase in efficiency by 50%. The main reason for this increase is
the longer sedimentation path through the stratosphere and the resulting larger AOD in the
stratosphere. It simply takes longer, until the sulfate reaches the troposphere, where wet
deposition is strong and sulfate removed quickly. A second reason is a slight difference in
transport due to differences in meridional transport at different heights. Meridional transport
out of the tropics is stronger in the lower stratosphere, while vertical transport gets stronger
in the middle stratosphere. This causes an additional vertical extension of the sulfate layer
in Geo10-high and increases the AOD further (Fig. 5] right).

3.2.3 Impact of the size of the injection area — meridional extension

The effect of increasing the size of the injection area meridionally was considered in simu-
lations Geo10-5, Geo10-30 and Geo10-30-high (Table[{). For Geo10-5 the injection area is
four times larger than for Geo10, for Geo10-30 20 times larger. The number size distribution
in Fig. [5 (left) shows smaller values for the Aitken and accumulation modes for Geo10-30.
This indicates a slight increase of coagulation in Geo10-30, resulting in a slight increase of
the final particle size of the coarse mode.

The zonally averaged AOD (Fig. [5} right) reveals clear differences in the meridional dis-
tribution of sulfate in Geo10-30 compared to Geo10 and Geo10-5. The equal distribution
of the injection over more latitudes reduces tropical AOD. The meridional cross sections of
the zonal and annual mean of the SO, and sulfate concentrations (Fig.[6) show clear differ-
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ences in the vertical distribution of SO, between Geo10 and Geo10-30. The temperature
within the sulfate cloud is higher and the vertical velocity is about 10 % larger in Geo10
than in Geo10-30. The consequence is an increased vertical transport of the aerosols in
the tropical stratosphere. The difference in the SO, and aerosol distribution is further re-
lated to stratospheric dynamics. At the boundary of the tropical region a subtropical trans-
port barrier hinders meridional mixing (Brasseur and Solomon, 2005). ECHAM5-HAM re-
sults indicate that this transport barrier in a simulation without quasi-biennial oscillation is
strongest around the latitude of 10° in the summer hemisphere (Punge et al., |2009). In
Geo10-30 parts of the SO, emissions are outside of this barrier, thus meridional transport
of SO, is greater (Fig.[6). Comparing the two cases with higher level injections (Geo10-high
and Geo10-30-high) this behavior is even more obvious. In the extra tropical region of the
southern hemisphere the AOD in Geo10-30-high is greater than the AOD of Geo10-high,
indicating stronger transport. The smaller tropical AOD, however, causes a smaller global
value than in Geo10-high.

In summary, decreased efficiency is observed when the injection area is increased zon-
ally. This causes a more even spread of precursor gases and fine particle. Coagulation is
increased and this results in the formation of larger particle radii and decreased SW scat-
tering. The tropical transport barrier is an important factor when increasing the meridional
injection area. Injecting outside of this barrier increases meridional transport and decreases
the lifetime of the sulfate aerosol.

3.2.4 Impact of the modal setup of HAM and the applied model configuration

HAM is a modal aerosol model, in which the aerosol size is simplified by the use of four
log-normal distributions. Therefore, we have considered the uncertainty range related to the
modal setup of our model. Additional, we discuss the impact of the vertical modal resolution
on the results.

Weisenstein et al.| (2007) compared a modal aerosol model with a fine bin model showing
that with an optimized mode width, a modal model can reasonably describe the distribution
of a bin model. [English et al.| (2013) highlighted the changing mode width over time af-
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ter a volcanic eruption. This changing time factor is not important under SRM as the size
distribution is in equilibrium. These results show, however, that different injection rates af-
fect the mode distribution. |[Kokkola et al.| (2009) compared in a box model study complex
aerosol bin models with different modal setups of M7, the microphysical core of HAM. The
results of the bin models showed that upon increasing the initial SO, concentration from
1078 to 10 ®kgkg~! the number distribution for radii » > 0.1 um becomes mono-modal
with a narrower mode width compared to standard M7. Consequently the simulation of
a volcanic eruption with very high initial SO, concentrations required the development of
parameters particular for this situation (Sect.[2). In Geo100, with a continuous injection rate
of 100 Tg(S) yr 1, the mean SO, concentration in AREA-115 is 3.5 x 10~® kg kg~ which is
within the range of large volcanic eruptions.

To estimate the resultant uncertainty, a simulation with the mono-modal volcanic setup
for an injection rate of 100 Tg(S) yr—! (Volc100) was performed. Although the number size
distribution between both modal set up differs, the difference in global AOD is only about
10% and even less for A Rtoa and the sulfur burden (Table . So although the efficiency of
injections of approximately 100 Tg(S) yr—! may be slightly underestimated with the chosen
set up, the TOA imbalance stays within the uncertainty range given for the different Geo10
experiments. We concluded that our chosen mode distribution is reasonably accurate for a
sensitivity study of different injection rates.

This study was performed with a relative coarse vertical resolution of 39 levels up to
0.01 hPa with stratospheric layers of 1.4 to 1.9 km depth. Increasing the amount of vertical
levels and, consequently, reducing the vertical grid space, would slightly increase efficiency
due to less numerical diffusion (3% higher burden estimated from a volcanic eruption study).

Adding the QBO via nudging may also impact efficiency. |Punge et al.| (2009) show that
methane concentrations in the tropics change by +10% and by up to £15% in extra tropical
regions depending on the QBO phase. These differences are caused by the different merid-
ional transport resulting from the different stratospheric transport barrier strengths between
the east and west phases of QBO (Plumb and Bell, [1982). A detailed analysis of the QBO
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impact on the tropical stratospheric aerosol layer was recently published by Hommel et al.
(2015). Comparing simulations with and without QBO they found only moderate statistically
significant QBO signatures (<10%) in the bulk of the stratospheric aerosol layer for most
of the analyzed parameters (including the effective radius). Simulating an internally gener-
ated QBO-like oscillation by increasing the vertical resolution to 90 levels would cause a
slowing of the QBO oscillation and for injection rates roughly about 8 Tg(S) yr—* a constant
QBO west phase in the lower stratosphere with overlaying easterlies (Aquila et al., [2014).
Increasing injection rates strengthen the constant QBO west phase and decrease efficiency
further by reducing the meridional transport.

3.3 Comparison to other studies

Comparison of the ECHAMS5-HAM results to those from other models is limited by the fact
that a range of slightly different SRM experiments has been performed. The experiments
differ in size and height of injection area and the studies determine different parameters.
Comparison is, therefore, difficult and we limit our self to sulfur burden and AOD. We have
compared our 3-D interactive GEO1-10 simulations with the results of three other studies
using two different aerosol models:

1. |Pierce et al.|(2010) (P10 thereafter) and (Heckendorn et al.,[2009) (denoted HO9 here-
after) used AER-2D (Weisenstein et al., [2007), a two dimensional sectional model.
The aerosol is coupled to a radiation scheme in the climate model while aerosol mi-
crophysics were calculated in a 2-D model with fixed circulation without coupling to
radiative effects.

2. |[English et al| (2012) (denoted E12 hereafter) used WACCM/CARMA which incor-
porates a three dimensional sectional aerosol model without coupling to a radia-
tion scheme. and-ismissing-the-dyramical-impact-of-aerosel-induced-heating-in-the
stratosphere:

The different treatments of the aerosol (2-D vs. 3-D, sectional vs. modal) impact tracer
transport and particle size, while feedback from aerosol heating on tracer transport is only
15
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available from ECHAMS5-HAM. These experiments encompass the range of the uncertain-
ties in the modeling of the relationship between SO, injection and TOA forcing.

Figure[7] (left) shows the global sulfate aerosol burden for the ECHAM5-HAM simulation
(Geo1 to Geo10), as well as results of SRM studies by P10 and E12. Both studies include
data for two injection areas: between 5° N to 5° S (50,-NARROW) and 30° N to 30° S (SO»-
BROAD). In addition, the injection height was increased, from 20 km in SO,-NARROW to 20
- 24 km in the SO,-BROAD simulations. The global burden values of ECHAM5-HAM Geo1
to Geo10 are quite similar to SO,-NARROW results of P10 and E12 {rarrew}, with a slightly

greater slope in ECHAM5-HAM. :Fhebread—mjeetreﬂeases—mﬁ{}ahd%wereughlyﬁa

Increasrng the |nJect|on herght in ECHAM5 HAM shows a strong increase in the burden of
50%, while an additionally meridionally increased injection area decreases this to 36% over
Geo10. Comparing to E12 and P10 we see a slightly stronger increase of the burden in E12
and a smaller increase in P12. The global burden of narrow simulations is rather similar in
all three models and we assume that in P10 and E12 also the increase of the injection
height causes the main increase in burden in the SO,-BROAD simulations.

Global and meridional pattern of other variables, AOD and SW flux, are less similar be-
tween models, which we attribute to stratospheric transport. In Sect.[3.2.3]the importance of
the tropical transport barrier on the tracer transport is discussed and from the results in H09,
P10 and E12 we assume a stronger barrier is present in both models. To show the differ-
ences between the results obtained from a model incorporating a stronger transport barrier
we show a schematic diagram of the zonally averaged AOD obtained for a narrow and
a broad injection area (Fig. /] right). Plots were created using values of Geo10 and Geo10-
30-high and estimated from “SO, NARROW” and “SO, BROAD” data after Fig. 9 in E12
(here named NARROW and BROAD) — secondary minima and maxima were smoothed
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to provide a better overview. Both narrow cases (Geo10 and NARROW) show a distinct
peak in the tropics suggesting a transport barrier in the tropical stratosphere stronger in
NARROW than that found in Geo10. The broad cases show a greater distribution of sulfate
aerosol over all latitudes and for BROAD higher AOD at mid latitudes and polar regions
than for NARROW. This shift of high AOD values from the tropics to mid latitudes indicates
mcreased meridional transport in BROAD compared to NARROW We—assume%haﬁhi&

It is important, therefore, to consider whether or not SO is injected inside or outside the
tropical transport barrier and how the permeability and the width of the barrier influence the
meridional transport in the model. Heating of the sulfate aerosol is not incorporated into E12
and it is difficult to estimate its effect on results. [Niemeier et al.[| (2011) show less vertical
transport in the tropics when switching off the coupling of aerosols to radiative processes.
Geo10-high and Geo10-30-high show that the main positive impact on efficiency is the
increase in injection height. The increase of the area in meridional directions decreases the
efficiency. We assume this is also a valid explanation for the difference between NARROW
and BROAD simulations.

4 Limit, uncertainties, and consequences of strong sulfur injections

The performed simulations have not given a final answer on the limit of SO, injections. The
fitted curve in Fig. describes an exponential decay and converges to —65W m~2, which
is a high and uncertain theoretical limit, only achievable with infinitely high injections being
technically impossible. This limit is estimated for the chosen setup of injecting SO, into one
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grid box at the Equator at a height of 60 hPa and might not be valid anymore, if the injection
strategy changes. Therefore, we tried to estimate different uncertainties by investigating dif-
ferent experiment designs. These simulations show that increasing the injection height has
the strongest impact on our results. Increasing the injection height by 5 km would increase
efficiency by 50%. Increasing the area from one grid box in longitudinal direction reduces
efficiency by up to —12% and by —11% when increasing the area meridionally (Table [2).
We also examined the impact of the modal concept of aerosol microphysics and the number
of vertical levels. None of these would impact the result by more than +£15%. Comparing to
other studies showed similar sulfate burdens, but differences in the meridional distribution
of the AOD mostly due to differences in the simulation of the stratospheric transport.

Reducing TOA forcing to counteract RCP8.5 anthropogenic forcing towards the end of the
century to a level anticipated for 2020 would require a negative forcing of about 5.5 W m—2
or an injection of 45 Tg(S) yr~!. This is about 85% of the anthropogenic sulfur emissions in
2010 (Klimont et al., |2013). Compared to volcanic dimensions, this corresponds to approx-
imately 6 to 7 Mt. Pinatubo eruptions per year — with 7 to 8 Tg(S) the strongest eruption
in the last century. Increasing the injection height from 19 km to 24 km would increase ef-
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ficiency by 50% and reduce the required amount of SO, to 30 Tg(S) yr—!, although, this
would be much more technically challenging. Following [McClellan et al.| (2012), existing
planes would require technical changes to reach a height of 18 to 20 km, while higher
injection levels might only be achieved by newly developed technology like hybrid air ships.

What would be the consequences of a 5.5 W m~2 reduction of the forcing, when coun-
teracting RCP8.5 in 2100 toward the forcing of 20207 Side effects may occur as a conse-
quence of reduced amount of incoming SW radiation at the surface but also from changing
indirect radiation, for example, on the growth rate of plants. Here we discuss some of these
possible consequences, taken from previous studies and extrapolated for high injection
rates.

Reducing the TOA forcing by 5.5 W m~2 would-have-several-consequences—it would re-
sult in a reduction of surface solar radiation by 7 to 8 W m~2, an overall 4% decline
resulting in a reduction of evaporation and precipitation. The multi-model ensemble
in|Schmidt et al.[(2012) allows an estimate of the precipitation change per reduced W m—2
TOA forcing: About 0.035 mm day (W m~2))~1, assuming a linear relation between pre-
cipitation change and TOA forcing. A —5.5 W m~—2 reduction in SRM forcing reduction would
result in a decrease in the mean global precipitation by 0.19 mm day !, or —6.3% of precip-
itation in RCP8.5 (2100) which is stronger than the increase in RCP8.5 since preindustrial
conditions. This estimate does not include the even stronger reduction of precipitation under
sulfate SRM (Niemeier et al.} 2013). Additionally, much larger changes would be expected
regionally.

Additional nuclei for cloud condensation may get into the upper troposphere via sedi-
mentation of sulfate aerosols.The resulting brighter clouds might reflect more sunlight; a
positive feedback that would provide some additional cooling. [Cirisan et al| (2013) de-
scribe the mid-latitudinal averages in the range of +0.04 W m~2 for injection rates up to
5 Tg(S)yr~L. Locally these values can be larger, but the overall global impact is small for
larger injection rates as well. Furthermore, [Kuebbeler et al| (2012) showed that a vertical
shift of the tropopause height caused by the warmer lower stratosphere has implications on
cirrus clouds and the cloud top height, with further impacts on the hydrological cycle.
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Injecting SO into the stratosphere also has consequences for the concentration of strato-
spheric ozone. Satellite observations after the Mt.Pinatubo eruption showed a decrease
of 10% in polar ozone concentration and +2% over the Tropics (Randel et al., (1995), a
value also simulated by different model studies. Previous geoengineering studies that in-
cluded ozone chemistry estimated changes over the polar region of -10% for an injection
of 2Tg(S)yr~! (Tilmes et al.| (2008)) and around -5% in a multi-model ensemble for 4 to
6 Tg(S) yr~! (Pitari et al. (2013)). Both studies show a slight increase of ozone concentra-
tion over the Tropics. For greater injection rates only studies on super volcano eruptions
can be taken as references. [ Timmreck and Graf| (2006) calculated height dependent ozone
changes within the stratosphere of +100% (lower stratosphere) and —25% in the Tropics
for a Yellowstone eruption of 850 Tg(S). [Bekki et al.[(1996) calculated for a simulation of the
Toba eruption (about 3000 Tg(S)) a decrease of 40% over the poles and -60% to +150%
at different heights over the Tropics.

Furthermore, these estimates do not take into account the questions of sulfur production
for the SRM injection or aeronautical logistics, both of which are substantial. The estimated
numbers are certainly based on the ECHAM-HAM calculations including all of the model
uncertainties discussed above. We have not considered indirect effects which may occur
under high injection conditions from radiation and dynamical changes. Finally, a changing
QBO may alter tracer transport, which feeds back into aerosol microphysics and radiative
forcing due to the different aerosol distribution (Aquila et al., 2014).

5 Conclusions

We have considered whether or not SO, injections into the stratosphere can theoretically
counteract future anthropogenic CO, forcings as described in the RCP8.5 scenario. We
investigated the efficiency of sulfur SRM, the ratio of TOA forcing to injection rate, with in-
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creasing SO, injections, as well as the influence of the size of the injection area. Our results
show that -efficieney-deereases-with-inereasing-injectionrates—the TOA forcing, resulting
from increasing injection rate of up to 100 Tg(S)yr?, follows an exponential decay. For
the chosen experiment design, injection into one grid box at 60 hPa height, the fit to this
curve converges to —65 W m~2 with an estimated uncertainty of £15%. This limit is far from
currently estimated injection rates.

all, changing the |nject|on flux via increasing the injection rate or the size of the |nJect|on
area changes the efficiency. Increasing the total injected amount, for example from 10 to
50 Tg(S) yr~!, increases the injection flux and the absolute forcing values, but reduces the
forcing to injection ratio, thus decreasing the efficiency. Increasing the injection flux per area
by injecting into a smaller area, for example into a box instead of along the Equator, or in-
creasing the flux by shortening the injection time, for example, from continuous to pulsed
injections, both result in increases to the absolute forcing and also the forcing efficiency.
In both cases the nucleated particles are less evenly distributed. The consequence are
changes in aerosol microphysical processes caused by the reduced availability of small
particles outside of the injection area and period. Consequently, the resulting particle size
is smaller and scattering of SW radiation is more effective.

increase in eff|C|ency results from an increase in injection helght Comparlng this result
to previous studies on the efficiency of injection strategies shows very similarly simulated
global sulfate burdens, but also reveals some differences. The strength and location of
the subtropical transport barrier, as well as poleward transport to high latitudes, influence
the simulated meridional aerosol distribution and contribute, therefore, to different model
responses.
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The limit of SO, injections provided here will differ from a possible limit calculated by
other models and should, therefore, not be taken as an absolute value. We described briefly
the impact of tracer transport, aerosol microphysical schemes and stratospheric dynamics.
A clear answer may be gained by a coordinated comparison of results on the microphys-
ical evolution and the transport of a volcanic cloud obtained from the different models. In
turn these results can be compared directly to empirical data. Such an approach is planned
within the SPARC initiative SSIRC (www.sparc-ssirc.org) and partly within upcoming Ge-
oMIP studies.

The decreasing efficiency rate of sulfate SRM for higher sulfur emission has already
foster the discussion of alternative approaches. Similar to the injection of SO, aerosol in-
jections could also be considered. [Ferraro and Charlton-Oerez| (2011) studied the impact
of limestone, titania (TiO,) and soot. Soot has a large green house effect, which reduces
its efficiency and the simulated forcing of titania showed strong dependencies on the parti-
cle size with even positive forcing. Following\Weisenstein and Keith|(2015) any solid aerosol
introduced into the stratosphere would grow via coagulation and accumulation with the con-
sequence of large uncertainties on simulated results. Alternative SRM designs like regional
implementation (e.g., Haywood et al., |2013) or reducing only the rate of temperature in-
crease (e.g., MacMartin et al., |2015) would require different amounts of SO, injection in
a RCP8.5 scenario. In addition to the above described technical limitations, the negative
side-effects of sulfur SRM on society and the environment might also set a necessary limit,
e.g. to limit the impact on ozone levels, sky brightness and changes in precipitation. Fhre

detailed-diseussion-ofthisis-beyond-the-scope-ef-thepaper:
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Table 1. Overview of the input parameters for the simulations performed with ECHAM5-HAM. The
injection rate differs between the simulations, as well as the injection area and injection height and
the mode configuration of the aerosol microphysics. Lonbox is one grid box at the Equator at 120.9
to 123.75° E. GeoX is a synonym for the injection rates of 1 to 100 Tg(S) yr~?

Simulation Rate Area Height Mode setup
Tg(S)yr
GeoX 1,2,3,4,5,6, 8,10, 2.8°Nto Eq. geoeng.
20, 30, 40, 50, 70, 100  lonbox 60 hPa o045 =159,005=1.2
Geo10-5 10 5°Nt0o5°S geoeng.
lonbox 60hPa o045 =1.59,0¢05=1.2
Geo10-30 10 30°Nto 30°S geoeng.
lonbox 60hPa o045=1.59, 0c5=1.2
Geo10-lon 10 2.8°N to Eq. geoeng.
all longitudes 60hPa o049=159,005=1.2
Geo10-high 10 2.8°Nto Eq. geoeng.
lonbox 30hPa o045 =1.59,00s=12
Geo10-30-high 10 30°Nto 30° S geoeng.
lonbox 30hPa o045 =1.59,00c5=1.2
Volc100 100 2.8°Nto Eq. volc.
lonbox 60hPa oc45=1.2
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Table 2. Burden, AOD, ARoa (net SW+ LW), and net surface SW radiation for the different simu-
lations. A Ryt is the relative difference of A Rtoa to Geo10 and Geo100. Geo10 and Geo100 follow
the design of GeoX (Tab. [1) with injection rates of 10 and 100 Tg(S) yr—1.

Iode UOISSTOSI(]

Simulation Burden AOD ARton AR SWqy
Unit Tg(S) W m—2 % Wm2
Geo10 6.44 0.18 —2.03 - —2.55
Geo10-5 6.36 0.17 —2.06 —-1.5 —2.52
Geo10-30 6.16 0.15 —1.81 -1 —2.3
Geo10-lon 598 0.14 —-1.79 —12 —2.3
Geo10-high 10.01 0.24 -3.02 +50 —-3.8
Geo10-30-high 956 022 —-2.76 +36 —-3.5
Geo100 623 0.79 —8.46 - —14.9
Volc100 61.8 0.89 —9.01 6 —15.43
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Figure 1. (Left) Top of the atmosphere (TOA) radiative fluxes (net shortwave plus net longwave,
orange) for different injection rates (GeoX, Tab. [f) and exponential fit of TOA forcing (red) (Eq. 1).
(Right) Forcing efficiency of TOA radiative forcing, forcing per injection [Wm~—2 (Tg(S) yr—1)~1], for

A Rroa (orange), SW and LW radiation (blue). -Geet0-the-+0-TFe(S)yr—L version-of simutation"Geo"
inTable—+

26

todeq uorssnosyq | Jedeg uwoissnostq | Iodeq uorssnosyq | 1edeq uorssnosi(q



107 5
10°
10°
10*
10°
10°

cod

Ll

N/dlogr (cm™®)

|

——100 Tg(S) yr"

10" o ——50 Tg(S) yr"
0 10 Tg(S) yr”

100 9——>5T1g(S) yr”

107 ——— ' T ' L ' L
10 102 10 10°
Dry radius (um)

Lol

Lol

Figure 2. Zonally averaged aerosol number size distribution at 54 hPa height at the Equator for
different injection rates. Given are values for nucleation mode (Radius (r) < 5nm), Aitken mode
(5nm < r <50 nm), accumulation mode (0.05um < r < 0.2 um) and coarse mode (r > 0.2 um). Only
particles in accumulation and coarse modes are radiatively active. Scattering of SW radiation is
strongest in accumulation mode and gets less effective with increasing particle size (Pierce et al.,
2010).
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Figure 3. Burden of (top) SO, and (bottom) sulfate coarse mode particles as calculated in the grid
box along the Equator for two different simulations. Within the two marked areas concentrations are
averaged for Fig. 4} downwind of the injection area at 110 to 120° E (green area, named AREA-115
later) and upwind to the injection area at 140 to 150° E (blue area, AREA-145). Meridionally both
areas are one model grid box wide, from the Equator to 2.8° N.
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Figure 4. Aerosol number size distribution of particles in a height of 54 hPa at the Equator for injec-
tion rates of 10 Tg(S)yr—!. (Left) Geo10 averaged over a 10° wide area upwind (AREA-145) and
downwind (AREA-115) of the injection area (see also Fig.[3). (Right) Zonal average of Geo10 and

Geo10-lon.
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Figure 5. (Left) Aerosol number size distribution as in Figure [4] but for the meridionally extended
regions (Geo10-g, Geo10 -30) and (right) zonally averaged data of AOD for experiments with injec-
tion rates of 10 Tg(S) yr—! and —Each-plot-shews-resulis-of-experiments-with varying extend of the
injection area in zonal (Geo10-lon) and meridional (Geo10-5, Geo10-30) direction, and increasing
injection level (Geo10-high, Geo10-30-high).
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Figure 6. Zonally and annually averaged SO, (top) and sulfate coarse mode (bottom) concentration
for Geo10 (left) and Geo10-30 (right) experiments with injection rates of 10 Tg(S) yr 1.
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Figure 7. (Left) The global sulfate aerosol burden for ECHAM5-HAM simulations Geo1 to Geo10
compared with results from|Pierce et al.[|(2010), P10, and[English et al.| (2012), E12, for two different
emission areas: SO,-NARROW, 5Nto 5 S, and SO,-BROAD, 30 N to 30 S. In the SO,-BROAD simu-
lation the injection area is additionally increased vertically to 20 — 24 km. (Right) Plots comparing the
zonal mean of the AOD for a narrow and a broad injection area. Plots were created using smoothed
values of Geo10 and Geo10-30-high and estimated from “SO, NARROW” and “SO, BROAD” data
after|English et al.| (2012).
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