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What is the limit of stratospheric sulfur climate engineering?
Ulrike Niemeier and Claudia Timmreck
Max Planck Institute for Meteorology, Bundesstr. 53, 20146 Hamburg, Germany

We thank all reviewers for the careful reading and the thoroughly suggestions. They
help us to improve many parts of the paper, especially the comparison to previous stud-
ies. Two reviewers were asking on putting more emphasis onto the injection height. We
performed two additional simulations with an increased injection height (24 km) and two
different meridional extensions (grid box and 30N to 30S). Efficiency is increased by 50%
and 36% in these simulations. This allowed a much better comparison to the results of En-
glish et al (2012) and Pierce et al (2010) and helped to explain the differences (Fig. 1). We
added an extra sub-section for this topic, added the two simulations to table 2 and changed
the text in the comparison to other model accordingly. Our main conclusion there is: From
Geo10-high and Geo10-30-high can we see that the main impact on efficiency is the in-
crease in injection height, while the increase of the area in meridional directions decreases
the efficiency. We assume this also be valid for the difference between “NARROW” and
“BROAD” in E12.
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Figure 1: 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: NARROW, 5 N to 5 S, and BROAD, 30 N to 30 S. In
the BROAD simulation 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 “SO2 NARROW” and “SO2 BROAD” data after English et al. (2012).

We completely rewrote section 4 and changed the headline to: Limit, uncertainties, and
consequences of strong sulfur injections? We included a short discussion of the uncer-
tainties estimated from the experiment design and the model concept. We also include a
discussion on some possible impacts: ‘What would be the consequences of a 5.5 W m−2

reduction of the forcing´´ and discuss briefly impacts on precipitation, ozone, cloud conden-
sation particles, which were estimated from previous studies.
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General Comments
I find the title somewhat misleading. The paper deals with climate engineering b y

injection of SO2 only. Other methods have been explored to inject sulfur (e.g. H2SO4 by
Pierce et al., 2010; and OCS injection) which are not dealt with here, and these could be
expected to have different efficiencies and limits. A more appropriate title might be ’What is
the limit of climate engineering by stratospheric injection of SO2?’

Thanks for this suggestion for a more precise title. We adopted the suggestion.

This paper represents a contribution to the literature on geoengineering by solar radia-
tion management. However, the main conclusion is not new or surprising. That geoengi-
neering injections become less efficient with increasing emissions has been demonstrated
and discussed previously by Heckendorn et al. (2009), English et al. (2012) and Pierce
et al. (2010).

This was not meant to be the main conclusion of this paper. This conclusion from pre-
vious publications raised the question what happens if we want to counterbalance RCP8.5
forcings? Would this be possible or not, as efficiency decreases. We write in the introduc-
tion: 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 SO2 amount needed to reduce strong GHG forcings will be
high. This raised the discussion if it will be possible to counteract strong GHG forcing, like
RCP8.5, down to e.g. to a level anticipated for 2020 or not. We try, therefore, to estimate
a theoretical upper limit for possible SO2 injections after which a further increase in injection
rate causes only a negligible decrease in radiative forcing.

This paper does look at sensitivity to injection region both longitudinally and meridionally,
which has been discussed in much less detail by previous authors. It also attempts to derive
an upper limit for TOA radiative forcing that could be achieved by SO2 injection, though the
uncertainty in this number is large and its utility questionable. And it is the first paper to
include radiative feedback in the calculation of aerosol distributions as part of the sensitivity
calculations.

We performed two additional simulations with an increased injection height (24 km) and
two different meridional extensions (grid box and 30N to 30S) to further complete this study.

The authors treat the subject of geoengineering by solar radiation management as if
there is only one possible method (injection of SO2) and if employed, it would be used to
halt future global warming. A more thorough discussion would mention other methods, such
as injection of H2SO4 or solid particles, e.g. soot or TiO2. It should also be mentioned that
amounts of geoengineering which slow, rather than attempt to halt, surface temperature
rise, may have a role in an effective climate strategy (see e.g. MacMartin et al., 2014).

We added a paragraph on other methods to the conclusions: Similar to the injection of
SO2 also aerosols could be injected. Ferraro and Charlton-Oerez (2011) studied the im-
pact of limestone, Titania and soot. Soot has a large green house effect, which reduced its
efficiency and the simulated forcing of Titania showed strong dependencies on the particle
size, with even positive forcing. Following Weisenstein and Keith (2015) any solid aerosol
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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 Haywood et al. (2013) or reducing only the rate of temperature increase
MacMartin et al. (2015) would require different amounts of SO2 injection in an RCP8.5 sce-
nario.

The fact that the very high levels of geoengineering discussed in this paper would almost
certainly present unacceptable risks to ozone gets one brief mention at the end of Section
4. This important point should be included in the introduction as well, and could include
an editorial comment that RCP8.5, with continued growth in use of fossil fuels, is extremely
undesirable and has no easy fix via geoengineering injection of SO2.

We added some published estimations on ozone impact to the text. The values are
very uncertain as all previous studies deal with much smaller amounts of sulfate:Previous
geoengineering studies including ozone chemistry estimated changes over the polar region
of -10% for an injection of 2 Tg(S)/y (Tilmes et al. (2008)) and around -5% in a multimodel
ensemble for 4 to 6 Tg(S)/y (Pitari et al. (2013)). Both studies show a slight increase in
the ozone concentration over the Tropics. The impact of higher injection rates might be
estimated from volcanic eruptions. Randel et al. (1995) show a decrease of -10% over high
latitudes and ±2% over Tropics from satellite measurements after the Mt.Pinatubo eruption,
similar to Aquila et al. (2014). These values seem to be similar to the ones from geoengi-
neering studies. For stronger injection rates only super volcano studies cab be taken as
reference. Timmreck and Graf (2006) calculated height dependent changes of + 100%
and − 25% in the tropics for a Yellowstone eruption of 850 Tg(S). Bekki et al. (1996) calcu-
lated for a simulation of the Toba eruption (about 3000 Tg(S)) a decrease of 40% over the
poles and -60% to +150% over the Tropics.

The paper’s methodology is sound and generally well documented, with a few excep-
tions noted under specific comments. The language could use some tweaks to improve
the English usage, as noted under ’technical corrections’. In places the discussion could
be broadened and I suggest three references to be added. I support publication after the
issues detailed here are addressed.

Specific Comments
Page 10941, line 16, and also in Abstract ’These previous studies were performed with

SO2 injections of 1 to 10 Tg(S)/yr ’ Pierce et al. (2010) show SO2 injections up to 20 MtS/yr.
We revised this to up to 20 MtS/yr.
Page 10943, line 7 ’Nucleation was adapted to high SO2 concentrations...’ Do you mean

high H2SO4 concentrations? SO2 plays no direct role in nucleation.
We changed this in the text.

Page 10945, lines 24-25’ These data are derived from a double radiation call’ Please
explain ’double radiation call’

We changed the text to: These data are derived from calling the radiation calculation in
the model twice, once without and once with aerosols, whereby only the latter is seen from
the climate model.. With this method we are able to calculate the instantaneous aerosol
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forcing only and get the radiative forcing of the aerosol.

Page 10951, line 23: The statement that ’the aerosol is coupled to a radiation scheme’
in the Pierce et al. (2010) work is misleading. That study and the Heckendorn et al. (2009)
study calculated changes in radiation due to aerosols but there was no feedback of radiation
into the aerosol distribution. Aerosols were calculated in a 2-D model with fixed circulation
off-line from radiative effects.

We took this into account and changed the formulation in the text.

Page 10953-10954, the paragraph spanning this page transition Robock (2009) did not
perform a serious analysis of delivery systems for geoengineering. The work of McClellan
et al. (2012) covers this topic in more depth and would provide a more appropriate citation.
Table 1 of that reference gives number of aircraft required to lift 1 Mt-S per year into the
stratosphere for several existing aircraft types. From this, the fleet size required to inject 26
or 45 Tg-S/yr can be estimated.

We rewrote the section and skipped, related to other reviewers comments, the discus-
sion on a necessary amount of flights. But we used the McClellan et al. (2012) paper for
citing the possible flight height.

Page 10954, lines 16 - 17 In the discussion of possible cloud feedback, add reference to
Cirisan et al. (2013). The reference indicates that this feedback might go either way. I sug-
gest changing ’would’ to ’might’: ’the resultant brighter clouds might reflect more sunlight, a
positive feedback’ You might consider replacing ’R TOA’with ’∆R TOA’ to be clear that you
are talking about the change in top-of-atmosphere radiative forcing due to geoengineering
aerosols, not total radiative forcing.

We use ∆R TOA now and changed the text on cloud feedback to: The resultant brighter
clouds might reflect more sunlight, a positive feedback. Cirisan et al (2013) describe the
mid-latitudinal averages in the range of ± 0.04 W m−2 for injection rates up to 5 Tg(S) yr−1.
Locally this values can be larger but the global impact can be assumed as small also for
larger injection rates. 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.

We included the technical correction in the text. Thank you very much for the careful
reading and the suggestions.
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