
Author Responses to Reviewer #1’s Comments

Original referee comments are in italics in black

Author responses are in blue

1. “The study is not comprehensive”.

We agree that the word “comprehensive” is not quite the right choice of word, and may
not accurately describe the novelty of this manuscript. We have replaced that with the word
“novel”. We have changed the title to “Novel Hemispherically-Symmetric Strategies for
Stratospheric Aerosol Injection”.

This study systematically explores how the choice of SAI strategy affects climate
responses, which is a key dimension of the range of possible climate responses to SAI. This
study describes four hemispherically-symmetric injection strategies, including three strategies
that are introduced for the first time and one equatorial injection strategy. Previous studies only
look at up to two strategies at the same time. Zhang et al. (2022) have estimated that there are
6-8 injection strategies that produce detectably different surface climate responses, when
providing 1C global cooling. The selection of these four injection strategies is based on the
conclusion in Zhang et al. (2022), and is explained in Line 33-66, and Line 76-111. We have
modified the paragraphs in Line 76-111 to better justify the selection of these strategies.

2. “The abstract is poorly written. It does not explain what global warming scenario is used.
It does not mention what climate models are used.”

We describe the global warming scenario and climate model in Section 2 and 3. The
global warming scenario is SSP2-4.5, and cooling scenario is one that starts in 2035 and ramps
down to a target of 1.0C above preindustrial; these are described in Section 3 – Simulations; we
do not think it is appropriate to go into this level of detail in the abstract as it is not directly
relevant to the conclusions. The climate model used is CESM2(WACCM6), which is described
in Section 2 – Climate Model; we have added this information to the abstract.

3. “It jumps right into SAI while ignoring the fact that it does not exist, and is only a
proposed scheme.”

In the first paragraph in the introduction section, we make it very clear that stratospheric
aerosol injection (SAI) could be an option in the future. We never said that it has been
implemented.

4. “It ignores the need to assess a wide range of potential benefits and risks before it is
ever implemented.”

There are many possible design strategies for SAI. The purpose of this paper is to
analyze how the surface climates respond to different strategies differently by simulating
multiple new strategies that have not been looked at in existing studies. Knowing the surface



climate responses to different strategies is one component, and we agree only one among
multiple, that helps evaluate the benefits and risks of injection aerosol in the stratosphere, and
the fundamental limits of this approach.

In line 33-40, we wrote, “To inform future decisions on SAI deployment, it is important to
have a sufficient understanding of the range of possible climate responses under SAI; these
would depend on both the scenario and strategy… Collectively, these two studies capture two
key dimensions of the range of possible climate responses to SAI”. In Section 6, we add
“Climate response is only one factor to evaluate in supporting future climate decisions; other
factors are also needed to be considered in evaluating benefits and risks of SAI ” to explicitly
note that there are many factors that need to be considered in evaluating benefits and risks of
SAI. We have also modified the abstract and explicitly note this in Line 3 (also see our response
to the first point in #10).

5. “It does not say what is being injected. In fact the experiments are injecting gas and not
aerosol.”

The term “Stratospheric Aerosol Injection” is a term used by the NASEM 2021 report,
“Reflecting Sunlight: Recommendations for Solar Geoengineering Research and Research
Governance”, and we prefer to adhere to that nomenclature. In the abstract, we mentioned that
in our simulations, SO2 is being injected in the stratosphere. In Line 30-32, we mentioned “such
an approach would consist of injecting aerosols, or their precursors, in the lower stratosphere to
reflect a small fraction of the incoming solar radiation back to space, as a result, lowering the
global mean temperature”. In Line 32, we have added “In this paper, we focus on SO2 injection”.

6. “The scientific questions being addressed by this paper are obscure. The paper says it
wants to examine the response to certain sulfur dioxide emissions with respect to one
global warming scenario using one climate model and specified injection altitudes and
temperature reduction goal. It is by no means comprehensive. But why are they doing
it?”

We believe that it is important to explicitly show that injection strategy plays an important
role when assessing the stratospheric aerosol injection approach, and to understand how
different the climate responses would be under different injection strategies. This is relevant not
just for understanding how the climate responds, but for ultimately being able to understand
trade-offs and fundamental limitations, which is clearly more than any single paper can ever do.

We disagree with the reviewer that these ‘scientific questions being addressed by this
paper are obscure’. In fact the crucial role of injection strategy in determining the simulated
climate response to SAI has been recognized by many published studies in existing literature;
those studies used either fixed-amount single-latitude injection simulations (Richter et al., 2017;
Tilmes et al., 2018; Visioni et al., 2023; Bednarz et al., 2022; 2023) or a pair of equatorial vs
multiobjective strategies (Kravitz et al., 2019; Visioni et al, 2021). While single-latitude injection
strategies at mid-high latitudes are useful for understanding underlying physical processes,
those are unlikely to represent responsible long-term deployment strategies due to the expected



large effect on ITCZ. While the second set of studies (Kravitz et al., 2019; Visioni et al., 2021)
demonstrate that the importance of injection location also holds for more complex strategies, it
is paramount to explore a broader range of such injection strategies.

As noted earlier we agree that “comprehensive” was not the correct word choice.
Nonetheless, as we expect (in this model, and at least plausibly in others) that there are of order
6-8 distinct choices, the linear combination of a relatively small number of distinct strategies
would span the range of possible climate responses. The selection of these four injection
strategies is based on the conclusion in Zhang et al. (2022), and is explained in Line 33-66, and
Line 76-111. This set of strategies would include the 4 new strategies simulated and evaluated
here, the multi-objective one also evaluated here, and some more asymmetric strategies. We
have rewritten the more general motivation in the introduction, and the specific motivation for
these particular choices in Section 3.

7. “The paper is very long and detailed, going through many variables from the climate
model simulations they did. I lost interest before I got halfway through.”

We believe it is important to assess how the strategy affects a range of climate
outcomes. Different strategies affect different climate variables differently. For example, a
strategy may overcompensate some climate variables but undercompensate others. It is
important to not only look at one or two climate variables, but a larger set of climate variables,
and evaluate how these strategies studied here affect each climate variable.

8. On line 65 the paper says, “The understanding that comes from the analysis of the
differences between these strategies lays the foundation for future work.” That is what a
technical report should be doing, not a journal article which needs new science to justify
publication.
We do not agree with this comment. New research is always built upon the

understanding and scientific knowledge from existing research; any good research paper should
both have new science and lay a foundation for future work; the latter being true is a good thing.
This study shows how the choice of SAI strategies impacts surface climate responses, which is
necessary and novel knowledge that future research on evaluating the benefits and risks of SAI
needs to be built upon.

9. In several places, “We note that” is in the text and should be deleted. Every sentence
should be noted or it should not be in the paper.
We deleted “We note that” in Line 87 and Line 108.

10. There are 45 additional comments in the annotated manuscript. If the authors chose to
reply to this review, a response of “we addressed all the comments” would not be
sufficient. Each comment should be listed with a specific response.
Below are our responses to the additional comments in the annotated manuscript:

1. Line 2: Change “Different injection strategies” to “Different stratospheric aerosol
injection strategies”. After “therefore, making informed future decisions on SAI
requires an understanding of the range of possible climate outcomes”, add “, in
addition to other considerations”.



2. Line 3: “therefore, making informed future decisions on SAI requires an
understanding of the range of possible climate outcomes” is changed to
“therefore, understanding the range of possible climate outcomes is crucial to
making formed future decisions on SAI”.

3. Line 6: The scope of this study is limited to climate goals. We have
acknowledged that there are other possible goals in the discussion session.

4. Line 9: this is the name of the strategy.
5. Line 11: before “We…”, we added “These strategies are simulated using the

Earth system model CESM2(WACCM6-MA) with the global warming scenario
SSP2-4.5”., in response to the comment on line 18.

6. Line 14: delete “notable”.
7. Line 15: Replace “Among other findings” with “In addition”.
8. Line 15: replace “in” with “in the”.
9. Line 31: This sentence is meant to briefly explain how SAI works. As the reviewer

suggested, there are many metrics for evaluating and quantifying the state of a
climate. Because many metrics can be used to evaluate the effects from climate
change and from SAI, we need to consider multiple metrics when evaluating the
SAI strategies, which is exactly what we did in this paper.

10. Line 33: we thank the reviewer for valid points. However, other potential risks are
beyond the scope of the current manuscript.

11. Line 39: “these two studies” are MacMartin et al. (2022) and this manuscript.
12. Line 41: change “can” to “could”.
13. Line 42: use “would” in this sentence. “would overcool the tropical region and

undercool…”, and “would primarily cool…”.
14. Line 51: change “do” to “potentially would”.
15. Line 63: change "are” to “is”.
16. Line 70: In line 71-73, we have described the chemistry in this model. In line 73,

we have added the following sentence, “The ocean component is based on the
Parallel Ocean Program Version 2 (POP2), the land component is Community
Land Model Version 5 (CLM5), and the sea ice component is CICE5
(Danabasoglu et al., 2020).”

17. Line 79: We have modified the sentence as “Although the estimate of 6-8 distinct
injection choices was made using CESM1(WACCM) simulations, the conclusion
is expected to hold relatively well in CESM2(WACCM) due to similarities in the
stratospheric circulation and aerosol microphysics between the two model
versions. This is demonstrated by the results of a set of fixed-amount
single-latitude injection simulations (Fig. S1 in supplementary material)”. Using a
completely different model is outside of the scope of this single-model study.
However, we agree that cross-model validation should be done in future work.

18. Line 81: The word “pragmatic” here was intended to mean that we consider the
strategies that are more likely to be considered for future deployment, in contrast
to highly-asymmetric strategies that would notably change T1 and shift ITCZ.
One can find many possible sets of 7 strategies that span the AOD design space
of the same 7 degrees of freedom found in Zhang et al. (2022), which are single



latitude injections at 7 different latitudes: 60°N, 30°N, 15°N, the equator, 15°S,
30°S and 60°S. We chose this particular set of strategies based on not just the
goal of spanning the same AOD design space, but also to focus only on
strategies that would not result in large shifts in ITCZ. We agree that the word
“pragmatic” was not a great choice of word as this word is somewhat subjective;
different people may reach different conclusions regarding pragmatic. We have
deleted this word in the manuscript.

19. Line 81: We thank the reviewer for the valid point. However, testing different
altitudes or different particles is beyond the scope of this manuscript.

20. Line 94: both are grammatically correct.
21. Line 98: The sign of the hemispheric asymmetry in injection rates that would be

needed to maintain T1 varies among different climate models. For example, in
CESM1 more injection was required in the NH and in CESM2 more injection was
required in the SH to compensate T1. We have rewritten this paragraph to better
explain our motivation.

22. Line 102: The radiative forcing from CO2 is roughly hemispherically symmetric,
and thus to first order one might reasonably expect a hemispherically symmetric
injection would compensate both T0 and T1. However, other effects - the fast
cloud-adjustment to increased CO2, as well as changes in AMOC and in
tropospheric aerosol concentrations lead to changes in T1 that require
asymmetric injection to compensate. These, however, are strongly model
dependent (e.g., in CESM1 more injection was required in the NH and in CESM2
more injection was required in the SH to compensate T1). This
model-dependency of the sign of the asymmetry in injection rates (NH-dominated
or SH-dominated) is one reason we focus here only on symmetric strategies.
Also see our responses in #21. We have rewritten this paragraph to better
explain our motivation.

23. Line 104: These hemispherically-symmetric strategies that only target T0 are
simpler to implement in many other climate models. It is relatively straightforward
to tune one variable (overall injection rate) to meet one objective (T0) by hand.
Simultaneously tuning multiple variables is more challenging without explicitly
coding a feedback control algorithm. Simulations such as GeoMIP G6
demonstrate that modeling centers can adjust injection to meet one goal without
needing to code a control algorithm. We have reworded the text to clarify.

24. Line 108: change “will” to “would”.
25. Line 112: same response as in #1.
26. Table 1: We have added explanations for MAM and SON in Table 1 caption. T0,

T1, and T2 are explained in line 91-92. We have changed “T0/T1/T2” to “T0, T1,
T2”.

27. Line 131: We have changed according to the reviewer's comment.
28. Line 142: We have changed according to the reviewer's comment.
29. Line 147: We have changed according to the reviewer's comment.
30. Line 159-163: We have removed our hypothesis on the overcompensation of T1.
31. Figure 1: We have increased the Font size in all figures.



32. Line 204: we have added citation: Butchart, 2014; Lee et al., 2021; Visioni et al.,
2023.

33. Figure 6: We have added a Jan column after Dec.
34. Line 363-365: we thank the reviewer for valid points. However, the analysis of the

above aspects is beyond the scope of the current manuscript. We have added
“including” after “a series of deliberate decisions”.

35. Line 366: We have changed the original sentence to “…a set of five SAI
strategies…”

36. Line 396: same response as in #1.



Author Responses to Reviewer #2’s Comments

Original referee comments are in italics in black

Author responses are in blue

“Claiming that the investigation presented here is "comprehensive," in a way that no previous
studies have been, is simply incorrect. The authors present 5 injection strategies. Four of these
are actually the same strategy, but with different injection latitudes - so actually only 2 different
strategies. This is very much in line with previous similar studies in the literature, including ones
that share many of the same co-authors with this paper. So this choice of language is deeply
puzzling.”

We agree with the reviewer that the word “comprehensive” is not quite the right choice of word,
and have replaced that with the word “novel”. We have changed the title to “Novel
Hemispherically-Symmetric Strategies for Stratospheric Aerosol Injection”.

This study systematically explores how the choice of SAI strategy affects climate responses,
which is a key dimension of the range of possible climate responses to SAI. Our use of the term
“strategy” is defined clearly on Line 36, and is the same as usage in other papers. Injecting at
different latitudes and/or seasons are considered as different injection strategies; that is, the
“strategy” describes all the different choices regarding how one meets a particular temperature
target. This study describes four hemispherically-symmetric injection strategies, including three
strategies that are introduced for the first time and one equatorial injection strategy. Previous
studies only look at up to two strategies at the same time. Zhang et al. (2022) have estimated
that there are 6-8 injection strategies that produce detectably different surface climate
responses, when providing 1C global cooling. The selection of these four injection strategies is
based on the conclusion in Zhang et al. (2022), and is explained in Line 33-66, and Line 76-111.
We have modified the paragraphs in Line 76-111 to better justify the selection of these
strategies.

“Far too little information is given on the technical approach. This aspect of the paper reads like
an internal report rather than a manuscript for the literature. The other reviewer also commented
on this. More information is needed on the model and climate scenario underpinning the
simulations.”

The climate model and global warming scenario are clearly explained in Section 2 and 3. The
climate model used is CESM2(WACCM6), which is described in Section 2 – Climate Model. The
global warming scenario is SSP2-4.5, which is described in Section 3 – Simulations. Additional
details on the controller are added as described below.



“The authors are surprisingly vague about the "controller(s)" which are used to determine
injection rates. Equations and parameters for this technical feature need to be shared - along
with some discussion of how this would be implemented in any kind of practical sense. The
authors are directed to another paper for these details - which would not be sufficient even if the
reference trail were clear - but it is not at all clear what paper is being referenced here (after 10
minutes searching I did not find a Visioni et al. 2022 with this title).”

The current manuscript refers to the preprint of the Visioni et al. study that includes most of the
important details behind the controller. Since this study has been accepted and published in
2023, the correct citation should be Visioni et al., 2023. We apologize for the confusion, and
have now corrected the typo. Visioni et al. 2023 describes the sensitivity to injection, and
MacMartin et al., 2014 and Kravitz et al., 2017 describe more generally how the controller is
designed. We have added a paragraph describing the details of the controller implementation
for the strategies described here.



Author Responses to Reviewer #3’s Comments

Original referee comments are in italics in black

Author responses are in blue

The manuscript presents an inter-comparison of different comprehensive set of stratospheric
aerosol injection (SAI) strategies with the background emission scenario from the Shared
Socioeconomic Pathway (SSP) 2-4.5 using WACCM climate model experiments. The
manuscript evaluates the injection rates as well as the impact of SAI on near-surface air
temperature, precipitation, Arctic sea ice, ITCZ, AMOC and tropical cyclone frequency. The
information is very useful as the world is slowly acting to meet the Paris agreement on time to
avoid severe climate impact and hazards. Although the manuscript contains some interesting
material, which should be published, it could be significantly improved qualitatively in some
parts (introduction and results). Some paragraphs and sections are poorly discussed, therefore,
they need to be revised by enhancing the discussion about the scientific content, the structure
of results presentations as well as combining certain figures to ease the understanding of the
manuscript findings and to improve the quality of the manuscript. Particularly, the precipitation
differences are overlooked. 30% changes of precipitation in keys regions such as Amazonia
forest and Congo basin will significantly impact wildlife and flora in these region as well as the
forest ability to absorb atmospheric CO2 as SAI has zero effect on CO2 removal. The
precipitation changes overland are much important to investigate because food security,
agriculture and so many others vital component for human survival.

We thank the reviewer for their helpful comments; in addition to the specific responses below we
will carefully go through the manuscript to clarify presentation; we have also added emphasis
and figures in supplementary material regarding the precipitation changes in key regions.

I recommend major revisions. In the following here are my major and specific points as well as
general concerns:

Major points:

1. The surface climate response to different SAI strategies is present with not much
caution know the role of the impact of model inter-annual variability on the distribution of SAI
into the stratosphere as well as its feedback on surface climate. According to Bittner et al
(2016), one need 7 ensembles in the tropics and 40 ensembles in the extra-tropics to
capture accurately model circulation response to SAI, therefore, the related feedback to
surface climate. There is a need to be caution on how to discuss the findings here. More
than 3 ensembles very like needed to constrained model internal variability.

We appreciate the reviewer’s concern as to the role of model internal variability in the
inferred responses. However, we believe that we acknowledge and account for the
uncertainty in the diagnosed responses. We examine a response to a continuous SAI
forcing, with 20-years of data per ensemble member (so 60 years in total for a single SAI



strategy). The Bittner et al. study examined the vortex response to a Tambora eruption (so
an instantaneous aerosols forcing) during a single year after the eruption; as such they
required a much larger number of ensemble members to confidently diagnose the response.

While increasing the number of ensemble members will improve the estimate of the forced
signal, when a difference between two strategies is large enough, we may not need more
than one ensemble member in order to show that the difference in the responses between
these two strategies is statistically significant and to explain the underlying mechanism. For
example, the equator-to-pole temperature gradient (T2) in response to 60N+60S is notably
different from T2 in response to other strategies; in this case, one ensemble member would
be sufficient to show the difference in T2 between 60N+60S and other strategies. This
notable difference is due to the offsetting of arctic amplification by providing more cooling at
high latitudes.

We note the main purpose of our study is to introduce a set of novel SAI strategies and
provide an overview of some of the main differences and similarities. As such, we chose to
optimize the usage of computing time and simulate as many strategies as possible by
running three ensemble members per each strategy, a compromise we believe is acceptable
in this case.

2. The manuscript overlooks the impact of SAI strategies on precipitation and ITCZ,
particularly in key region such as Amazonia and Congo Basin, which are key regions for
human. Such as “the difference is no more than 30% (page 14, line 295)” are misleading
regarding the interpretation of the SAI strategies on precipitation. Amazonia is responsible of
30% of oxygen production on Earth and is estimated to absorb some 2 billion tons of CO2
per year, meaning that it soaks up about 5% of the world's total carbon emissions. The peat
swamp forest of the Congo Basin stores around 29 billion tons of carbon, e.g. approximately
equivalent to three years' worth of global GHG emissions, while the Basin as a whole
absorbs nearly 1.5 billion tons of CO2 a year. Therefore, I recommend to add two specific
figures (like figure 1d) of precipitation changes under SAI strategies and SSP2-4.5 scenario
for the Section 4.3.2. Precipitation

We thank the reviewer for their comments. We have modified the sentence on Line 295 as
“For the corresponding changes in precipitation over the whole Earth surface (i.e. both land
and ocean), the difference in rms P-E response over land is no more than 30% when
comparing any SAI strategy with the SSP2-4.5 case (Fig. 8(b)). Although the difference in
these global metrics between two strategies might look small, differences in the regional
changes could be quite important and need to be evaluated individually”.

We have added precipitation plots for the Amazon Basin and Congo Basin and a discussion
of the results into Section 4.4. We also add regional precipitation maps for Amazon Basin
and Congo Basin in the Supplementary Material.

The following paragraphs are added to the section describing regional precipitation
responses.



“In this section, we focus on the Amazon Basin and Congo Basin in particular, to show that
different strategies have different impacts on regional precipitation. For the Amazon Basin,
we average precipitation over the region between 5N - 15S and 50W - 78W (a total land
area of 7.2x10^6 km^2). For the Congo Basin, we average temperature over the region
between 8N - 10S and 12E - 31E (a total land area of 4.6 x10^6 km^2). Precipitation
changes in these tropical river basins have direct effects on local ecosystems. Rainforests in
both regions act as carbon sinks and are thus of great importance to global climate. It is well
studied that El Niño Southern Oscillation (ENSO) is one of the main drivers of interannual
variability in convective precipitation over the Amazon Basin (Marengo and Espinoza, 2016;
Jiménez-Muñoz et al., 2016). Precipitation over the Amazon Basin is suppressed during
El-Niño events and enhanced during La Niña events (Marengo and Espinoza, 2016;
Jiménez-Muñoz et al., 2016).

In the Amazon Basin, the 20-year average (2050-2069) under SSP2-4.5 is similar to the
reference level (Fig. 12(a)), though with regional variations within the basin; the central
region becomes drier while the southeast area gets wetter (see precipitation map in the
supplementary material). All SAI strategies result in a reduction in the mean precipitation,
except for the 60N+60S case (which is not statistically significantly different from either the
reference or the SSP2-4.5 case). The multi-objective strategy yields the strongest
precipitation reduction. The hemispherically-symmetric strategies show a dependence of the
precipitation reduction on the latitude of injection, with the largest decrease in the Amazon
Basin precipitation in EQ and no statistically significant decrease in 60N+60S. This pattern
of precipitation changes is likely related to the corresponding changes in the intensity of the
tropospheric Walker Circulation and, thus, ENSO response, as also discussed in Bednarz et
al. (2023). We approximate the ENSO changes by calculating the ENSO index as a
difference in near-surface air temperature between the Nino 3.4 region (5N-5S,
120W-170W) and all tropical oceans (20N-20S), based on the method described in
Oldenborgh et al. (2021). The strength of the Walker Circulation is approximated by the
difference in sea-level pressure between the East Pacific Ocean (5N-5S, 80-160W) and the
Indian Ocean (5N-5S, 80-160E), based on the method described in Kang et al. (2020).
Figure S7 in the supplementary material shows that both changes in the Nino 3.4 index and
the strength of Walker Circulation partly explain the change of precipitation in the Amazon
Basin, with the coefficient of determination (R^2) of the best-fit linear regression functions
equal to 0.62 and 0.66, respectively.

In the Congo Basin, the average precipitation in the SSP2-4.5 scenario increases over time
(Fig.12(b)), likely as the result of the intensification of the global hydrological cycle under
increasing surface temperatures (Section 4.1). In contrast, all SAI strategies result in a
reduction in the mean precipitation in the Congo Basin compared to the SSP2-4.5 case as
the global mean surface temperatures are reduced to around the reference level (Fig. 1(a)).
While the multi-objective strategy brings the 20-year average (2050-2069) mean
precipitation back to the reference level, other strategies either undercompensate or
overcompensate the precipitation. The equatorial and 15N+15S injection strategies result in
statistically significant undercompensation of the Congo Basin precipitation compared to the
reference period, while 30N+30S and 60N+60S result in a small overcompensation. The



dependence of the precipitation reduction in the Congo Basin on the latitude of aerosol
injection is partly indicative of the corresponding impacts from the intensity change of the
tropospheric Hadley Circulation. As shown in Bednarz et al., 2023, Hadley Circulation
weakens significantly under EQ and 15N+15S strategies but stays unchanged for 30N+30S
and 60N+60S; these tropospheric circulation changes could thus contribute to and partially
explain the precipitation changes simulated in the Congo Basin across the strategies.”

List of references:

1. Marengo, J. A. and Espinoza, J. C.: Extreme seasonal droughts and floods in Amazonia:
causes, trends and impacts, International Journal of Climatology, 36, 1033–1050,
https://doi.org/https://doi.org/10.1002/joc.4420, 2016.

2. Jiménez-Muñoz, J. C., Mattar, C., Barichivich, J., Santamaría-Artigas, A., Takahashi, K.,
Malhi, Y., Sobrino, J. A., and Schrier, G. v. d.:Record-breaking warming and extreme
drought in the Amazon rainforest during the course of El Niño 2015–2016, Scientific
Reports, 6,33130, https://doi.org/10.1038/srep33130, 2016.

Fig 12. Time evolution of mean precipitation in (a) Amazon Basin and (b) Congo Basin. Each
solid line represents the ensemble mean of each injection strategy. The dashed line
represents the 20-year average during the reference period (2008--2027). The dots on the
right of each panel represent the 20-year average over 2050--2069; the uncertainties in the
calculated 20-year averages are estimated by ±1 standard error, and represented by the
error bars.



Figure S5. Changes in precipitation (averaged over 2050–2069) in Amazon Basin compared
to the reference period (2008–2027) for (a) SSP2-4.5 and (b)-(f) different SAI injection
strategies. Shaded areas indicate where the response is not statistically significant based on
a two-tailed Welch’s t-test with a confidence level of 95%.



Figure S6. Changes in precipitation (averaged over 2050–2069) in Congo Basin compared to
the reference period (2008–2027) for (a) SSP2-4.5 and (b)-(f) different SAI injection strategies.
Shaded areas indicate where the response is not statistically significant based on a two-tailed
Welch’s t-test with a confidence level of 95%.



Fig S7. Correlation of change in precipitation in the Amazon Basin with (a) change in the Nino
3.4 index and (b) change in the strength of the Walker Circulation. Precipitation in the Amazon
Basin is calculated as the average over the land region between 5N-15S and 50-78W. Nino 3.4
index is calculated as the difference in near-surface air temperature anomaly over the nino 3.4
region (5N-5S, 120-170W) and near-surface air temperature anomaly over all tropical oceans
(20N-20S). The strength of Walker Circulation is calculated as the difference in sea-level
pressure between the East Pacific Ocean (5N-5S, 80-160W), and the Indian Ocean (5N-5S,
80-160E). The change in these metrics is calculated as the difference between a 20-year
average (2050-2069) and the reference period level (2008-2027). The error bars represent the
standard error of the mean.

3. The discussion on the regional and global impact is mingled, therefore, I would like to
suggest to restructure the results section 4 as following:

a. 4. Results

4.1 Large-scale g…..

4.2 Injection rates and…

4.3. Global surface climate response (fig 7 and fig 9)

4.4. Regional surface climate response

b. Please reorder the subsection as the following. After the “precipitation minus
evaporation” section as well as “ITCZ”, please discuss “tropical Cyclone frequency” and
then followed by “SSI” and “AMOC”.



We thank the reviewer’s suggestions on the results section, and have made the changes
accordingly.

4. Regrouping several figures is necessary here to ease the clarity and understanding the
result better. Figure 8 and Figure 10 need to be put together.

We thank the reviewer for the comment. However, we don’t think those two figures should
be combined, as Figure 8 shows the rms changes of temperature and precipitation while
Figure 10 shows ITCZ.

5. Moving most of the figures in the appendix into the main manuscript is necessary for
clarity.

We thank the reviewer for this comment. We have moved most figures in the appendix to the
main paper, including combining what was Fig. A6 with Fig. 10 (on ITCZ). We have moved
Figure A3-A5 to Supplementary materials.

Minor points:

1. Page 2, line 51-58, this “the differences in surface climate responses between some
SAI strategies are much easier to detect than between others” needs to be rephrase each
strategy may depend on how many ensemble used for taking into account model internal
variability, which can induce different injection rates based on model and SAI strategy.
Please rephrase it.

We thank the reviewer for the suggestion: We have now rephrased the sentence to say:
“The detectability of the differences in surface climate responses between SAI strategies
depend on, among other factors, the level of global cooling and natural variability. While
different SAI strategies do not result in the same surface climate, the differences in surface
climate responses between some SAI strategies are much easier to detect than between
others.”

The reviewer is correct that natural variability will affect injection rates, yielding (slightly)
different injection rates for each ensemble member. However, the standard error of injection
rates among three ensemble members for each SAI strategy is relatively small, so this is a
small effect relative to the direct role of natural variability in assessing differences between
strategies. Therefore, model internal variability does not affect the conclusion quoted here
(line 51-52 in the manuscript). We have updated Figure 2(a) to reflect the standard error of
the injection rates.



2. Page 3, line 79, How can you affirm this “...the conclusion is expected to be reasonably
robust and model independent...” knowing the model internal variability is not constrained by
observations? Please rephrase it.

We have modified the sentence as “Although the estimate of 6-8 distinct injection choices
was made using CESM1(WACCM) simulations, the conclusion is expected to hold relatively
well in CESM2(WACCM) due to similarities in the stratospheric circulation and aerosol
microphysics between the two model versions. This is demonstrated by the results of a set
of fixed-amount single-latitude injection simulations (Fig. S1 in supplementary material)”. As
the estimate is primarily determined by stratospheric circulation, it is reasonable to expect
broadly similar number of distinct degrees of freedom in other models, but this needs to be
validated.

3. Page 8, line 184-185, Please replace the sentence by “Figure 2 shows the evolution
of the total SO2 injection rate in each SAI strategy (a), and the 20-year (2050–2069)
average injection rates (b).”

We have modified the sentence as “Figure 2 shows the evolution of the total SO2 injection
rate in each SAI strategy (Fig.2(a)), and the 20-year (2050–2069) average injection rates
(Fig. 2(b))”.

4. Page 8, line 190-192 I wonder the role of the BDC on the “This hemispheric
asymmetry in the distribution of SO2 injections is likely due to the rapid cloud responses to
elevated CO2 levels in CESM2(WACCM6), resulting in greater radiative heating that needs
to be mitigated in the SH (Fasullo and Richter, 2023).”

The reviewer is correct that asymmetry in BDC does mean that even a hemispherically
symmetric injection rate will lead to some asymmetry in the aerosol optical depth, but this is
a relatively small effect compared with the asymmetry that is needed in the multi-objective
strategy to compensate for the effect noted. A similar strategy executed in CESM1, which
has similar stratosphere, but different cloud fast response to CO2, required more injection in
NH to compensate (Fasullo and Richter, 2023).



We calculated the interhemispheric imbalance for zonal mean AOD, , for the𝑙1
hemispherically symmetric strategies 15N+15S, 30N+30S, and 60N+60S; the values of 𝑙1
for these three strategies are 0.004, -0.004, and -0.007, respectively, which are negligible
compared to the magnitude of zonal mean AOD and much smaller than the value of of𝑙1
-0.02 needed by the multi-objective strategy to compensate for T1. Thus, the hemispheric
asymmetry in the multi-objective strategy is not due to BDC. We add a brief note to the text
commenting on this.

Reference:

Fasullo, J. T. and Richter, J. H.: Dependence of strategic solar climate intervention on
background scenario and model physics, Atmospheric Chemistry and Physics, 23, 163–182,
https://doi.org/10.5194/acp-23-163-2023, 2023.

5. Page 9, line 221-222, this is misleading “This asymmetry arises as the northern
hemisphere has a stronger Brewer-Dobson circulation than the southern hemisphere”. The
inter-annual variability, which is much larger in NH than in SH, is what causes the
asymmetry as the BDC is stronger in SH than NH.

We believe the statement in the current manuscript is correct; the stronger magnitude of
climatological BDC in the NH than in the SH has been reported in a number of studies, e.g.
Holton, 1990, Rosenlof and Holton, 1993, and Rosenlof, 1995.

List of references:

1. Holton, J. R.: On the global exchange of mass between the stratosphere and
troposphere, Journal of the Atmospheric Sciences, 47, 392-395,
10.1175/1520-0469(1990)047<0392:otgeom>2.0.co;2, 1990.

2. Rosenlof, K. H., and Holton, J. R.: Estimates of the stratospheric residual circulation
using the downward control principle, Journal of Geophysical Research-Atmospheres,
98, 10465-10479, 10.1029/93jd00392, 1993.

3. Rosenlof, K. H.: Seasonal cycle of the residual mean meridional circulation in the
stratosphere, Journal of Geophysical Research-Atmospheres, 100, 5173-5191,
10.1029/94jd03122, 1995.

6. Page 10, line 229, please add “the seasonality in” before “the Brewer-Dobson
circulation” you add these citations.

We made the change.

7. Page 10, line 229, please remove “also”.

We reworded the sentence on line 230 as follows: “The distribution of AOD in the annual
injection cases exhibits a marked seasonal cycle, with extratropical AOD maximizing in
winter and spring at each hemisphere, due to seasonality in the strength of the stratospheric
transport”.



8. Page 12, line 265, this “as solar reduction doesn’t significantly change the Walker
Circulation” is not clear. Please clarify or remove it.

We modified the sentences to read:

“The pattern is similar to the pattern associated with the positive phase of the El-Nino
Southern Oscillation (ENSO; e.g. McGregor et al., 2022), albeit differing in the strength and
horizontal extent of the anomalous warming in the eastern equatorial Pacific. This is
associated with changes in the strength and the position of the Walker Circulation (Bednarz
et al., 2023-strategy2), caused likely in part by the the aerosol heating in the lower
stratosphere (Simpson et al., 2019), and the resulting changes on tropical precipitation
patterns in the region.”

9. Page 12, line 275-279, this paragraph is not clear. Please rephrase it.

We made a few edits on this paragraph and combined this paragraph with the previous
paragraph. “However, we find that in all SAI strategies, the rms temperature change is larger
than the rms temperature change that one would expect due to natural variability alone (i.e.
0.08◦ C, represented by the dashed line in Fig. 8a), indicating imperfect compensation of the
pattern of warming under climate change. Among the SAI strategies considered here, the
multi-objective strategy best minimizes the spatial rms of temperature changes, as indicated
by the lowest rms temperature change (rms T=0.38◦ C). The 60N+60S strategy results in an
uneven cooling with the highest rms temperature change (rms T=0.57◦ C), but still much
smaller than the rms temperature change in SSP2-4.5 without SAI (rms T=1.53◦ C).”

10. The result about precipitation responses in section 4.3.2 are overlooked. Please better
discuss these results.

We have added further discussions on the regional precipitation responses in section 4.4 as
described earlier.

11. Page 13, line 292-293, this “The difference in rms ... temperature responses.” is not
correct for Amazonia & congo basin (Fig 9).

We have updated this sentence to “The difference in the spatial rms of P-E and precipitation
responses between SAI simulations and the SSP 2-4.5 simulation is notably smaller than
the difference in rms temperature responses, indicating poorer compensation of these
metrics than temperature”. The metrics rms temperature, rms P-E, and rms precipitation are
global metrics (integrating regional changes across the globe), thus your statement is not
appropriate here, but we do add further discussion of the regional changes over these
regions as described earlier.



12. Page 14, line 295, this “the difference is no more than 30 %” is really misleading as the
precipitation changes as well as their importance on mainland and certain key regions are
not homogeneously distributed.

We have modified the sentence on Line 295 as “For the corresponding changes in
precipitation over the whole Earth surface (i.e. both land and ocean), the difference in rms
precipitation response is no more than 30% when comparing any SAI strategy with the
SSP2-4.5 case (Fig. 8(b)). While the difference in these global metrics between two
strategies is modest, the corresponding regional P-E and precipitation changes can be
locally statistically significant and thus need to be evaluated individually (Fig. 12)”.

13. Page 14, line 308-311, A discussion about the link between TICZ changes with different
SAI strategies is missing.

We have added the following sentences in the paragraph on line 308-311:

Line 310: “The difference in the shift of ITCZ between the hemispherically-symmetric
injection cases is modest, generally within one standard error.”

Line 311: “The multi-objective strategy is the only one that explicitly targets hemispheric
asymmetry; while T1 is an imperfect proxy for managing ITCZ, it does result in improved
compensation relative to the hemispherically-symmetric strategies, indicating the value of
including an objective associated with asymmetric compensation.”

14. Figures 8 and 10 should be combined for clear discussion and reduction the numbers.
For instance global and regional plots separately.

We thank the reviewer for the comment. However, as also noted in our response to the
major point #4, we don’t think those two figures should be combined, as Figure 8 shows the
rms changes of temperature and precipitation while Figure 10 shows ITCZ.

15. There is needs for separating global and region response better from page11 to the
end.

We thank the reviewer for the comment. As noted in our response to major point #3, we
separate the discussions on global surface climate responses and regional surface climate
responses into different sections.

16. Page 17, line 326, it is not figure Fig 11a but Fig. 12a.

We thank the reviewer for this comment. We have corrected this in Line 326.

17. Page 17, Paragraph 338-341 is speculative. Please rephrase it.

We have deleted this paragraph.



18. Please move most of the Appendix figures into the main text discussed.

We thank the reviewer for this comment. As noted in our response to major point #5, we
have moved most figures in the appendix to the main paper. We have moved Figure A3-A5
to Supplementary materials.


